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ABSTRACT

Apparent thermal conductivity and diffusivity in the unsaturated

zone were measured in situ using a heated resistance wire in backfilled,

vertical holes and observation wells. Values of apparent thermal conduc-

tivity ranged from 0.00171 to 0.0061 cal/cm/sec/ °C. The variation

observed was due primarily to spatial moisture content differences in the

medium. Overall, these values were consistent with results obtained by

other researchers.

Measurements were made where resistance wire and temperature

sensor were I) in the same tube within one bore hole, II) in different

tubes within one bore hole, and III) in different tubes within separate

bore holes. Method III provided data with the least noise.

Apparent thermal diffusivity values ranged from 0.00183 to 0.106

2
/sec. The higher values were obtaicm	 ned using methods I and II. The

values obtained by method III agreed with results obtained by other

researchers. However, the extra effort required for method III decreases

its usefulness as a field method because thermal diffusivities can be

measured easily and more accurately using other methods.

viii



INTRODUCTION

Statement of the Problem 

Thermal conductivity and diffusivity of earth materials near the

surface or at depth are important to the understanding of heat transfer

to and from the earth and, therefore, to the energy balance of the earth-

atmosphere system. This exchange of heat affects climatic changes and

the hydrologic cycle. Thus, these parameters are important to meteorol-

ogists, hydrologists, soil scientists, agronomists, geologists, oceanog-

raphers, and engineers.

Hooper and Lepper (1950), Skeib (1950), De Vries (1952) and

Buettner (1955a) used the above thermal constants in the study of the

energy balance of the earth's surface, temperature regime of the upper

soil and lower air layers, and measurement of soil moisture content by

thermal methods. Bullard, Maxwell and Revelle (1956) made measurements

of these thermal constants in sediments deposited in the ocean. Blackwell

(1954), D'Eustachio and Schreiner (1952) and Hooper and Lepper (1950) made

measurements of the thermal constants of insulating materials. Beck,

Jaeger and Newstead (1956) made measurements of these thermal constants

in rocks.

In recent years, various investigators have begun to utilize the

measured distribution of temperature in space and/or time, both within

aquifers and near the land surface, in order to infer the flow of ground-

water in the horizontal or vertical directions. Bredehoeft and

1
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Papadopulos (1965) used a portion of the earth's thermal profile to esti-

mate vertical groundwater movement. Stallman (1963) used temperature

data to compute groundwater velocities. Supkow (1971) employed tempera-

ture versus depth measurement at shallow depths in the unsaturated zone

of the ground to estimate relative groundwater flow rates at depth in an

aquifer. For the most part, in their calculations, these investigators

have used average values of thermal constants as obtained from handbooks

based on laboratory measurements or values measured by in situ measure-

ments close to the land surface.

A need exists to improve the accuracy of calculations by better

estimates of the thermal properties of earth materials. This is espe-

cially true for thermal conductivity which has a high range of variability.

The thermal diffusivity is dependent upon the thermal conductivity and

heat capacity of the earth materials. Since the heat capacity of earth

materials is known to vary within narrow limits (Beck, Anglin and Sass,

1971; De Vries, 1963), the values of thermal diffusivity is much more

dependent on the thermal conductivity. Bredehoeft and Papadopulos (1965)

show that the vertical velocity of groundwater is related to the thermal

conductivity of the medium by the equation:

v=z	 c0p0L

where v
z 
= the vertical velocity,

= a dimensionless constant,

X = the thermal conductivity of the medium,

c
0
 = the specific heat of the fluid,
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P o = the density of the fluid, and

L = a length.

The error in groundwater velocity values obtained is, therefore, directly

proportional to the error in thermal conductivity value.

The purpose of this research is to evaluate the in situ, apparent

thermal conductivity of earth materials in the unsaturated zone. In this

study, the determination of thermal diffusivity is only secondary.

Although the study here is limited to depths between 5 and 30.3 feet, the

method used is applicable to any depth.

Method 

The method used in determining the apparent thermal conductivity

and diffusivity at depths ranging from 5 to 30.3 ft. within the unsatu-

rated zone in the soil uses the theory of an infinite line source of heat

in a semi-infinite medium. This is the theory from which Theis (1935),

by analogy, developed the non-equilibrium formula for the lowering of

water level due to a pumping well in an extensive aquifer.

In this method, the linear heating element which is assumed to be

infinitely long is placed in drilled holes and is surrounded by the soil

medium whose thermal constants are to be determined. The medium is

assumed to be infinite in extent, homogeneous and isotropic. As the heat

spreads out radially, record of the temperature of the heating element or

medium is made as a function of time. The temperature rise depends upon

several factors, the most important of which are the heat input, the

contact resistance between the heating element and the medium, and the

thermal properties of the medium. For a given heat input and contact
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resistance, the greater the thermal conductivity and diffusivity of the

medium, the lower the rate of temperature rise. The apparent thermal

constants of the medium are calculated from a semi-logarithmic plot of

the temperature-rise versus time data and application of the theoretical

equation of the temperature distribution produced by a linear source of

heat as a function of time.

The next section is devoted to a review of the pertinent

theoretical and experimental work related to this research.



LITERATURE REVIEW

Heat Transfer in Porous Media 

Heat transfer in porous media can take place by conduction through

the solid, liquid and gaseous phases, by air or water movement in the

voids, by radiation across the voids and/or through the grains, and by

evaporation and condensation.

Due to the intricate nature of porous media and our inability to

account for each of the above processes exactly, certain simplifying

assumptions must be made. For example, in unsaturated porous media, heat

transfer by radiation and convection is assumed to be negligible

(Woodside and Messmer, 1961).

When the heat transfer is by conduction alone, as is the case in

dry and sometimes in saturated soils, the thermal properties can be

obtained by a variety of relatively straight-forward techniques. In the

case of moist soils, however, temperature gradients induced by the act

of measurement cause heat to be transferred via moisture migration as

well as by conduction (Smith, 1943; Philip and De Vries, 1957). Hence,

the resulting value of thermal conductivity is apparent.

Basic Definitions of Thermal Constants 

Two independent thermal properties enter into a quantitative

description of heat transfer in any substance. These are the thermal

5
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conductivity and the heat capacity. The quotient of the two, which is

called the thermal diffusivity, also appears in many heat flow studies.

Thermal Conductivity

The basic definition of thermal conductivity arises from the

theory of conduction as suggested by the following experiment (Carslaw

and Jaeger, 1959).

A homogeneous and isotropic plate of some solid is given, bounded

by two parallel planes of such an extent that, so far as points near

the center are concerned, these bounding surfaces may be supposed

infinite. The two planes are kept at different temperatures. When these

conditions have endured for a sufficient time, the temperature of the

different points of the solid settles down towards its steady-state value

and at points well removed from the ends the temperature will remain the

same along planes parallel to the surface of the plate.

Consider the part of the solid bounded by an imaginary cylinder

of cross-sectional area S, in cm
2 , whose axis is normal to the surface of

the plate. The cylinder is supposed close to the center that no flow of

heat takes place across its generating lines. Let the temperature of the

upper and lower surfaces be v0 °
C and v1 

°C, respectively, and let the

thickness of the plate be d centimeters. The results of the experiment

upon different solids suggest that, when

has been reached, the quantity of heat which

t seconds over the surface S is equal to

x(vo-yst
Q = 	 d

the steady state of temperature

flows through the plate in

[1 ]
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where	 Q = the quantity of heat in calories,

= a constant called thermal conductivity in calories per

cm sec

S = cross-sectional area in cm
2

,

t = time in seconds,

d = thickness in cm, and

vo ,v i = temperature in °C (where vo > v 1 ).

Strictly speaking, the thermal conductivity, X, is not a constant

for the same substance but depends upon the temperature. However, when

the range in temperature is limited such that it will not cause any

sensible change in the property of the solid, this change in X may be

neglected (Carslaw and Jaeger, 1959).

From Equation [1], the thermal conductivity is then given as

Qd - (v0-v 1 )St

In the cgs system of units, values of X are expressed in calories per

second per centimeter per ° C.

Heat Capacity

The heat capacity, C, of a substance is the amount of heat

required to raise the temperature of a unit volume of the substance by

one degree Centigrade. It is also expressed as (Sellers, 1965):

C = pc

where C = heat capacity in calories/cm
3 / 0 C,

C specific heat in calories/gm/ °C, and

P = density in gm/cm3 .

[2]

[3]
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Like the thermal conductivity, the heat capacity is temperature dependent

since the specific heat, c, is temperature dependent. However, if the

range of temperature is small, it may be taken as a constant with

negligible error.

Thermal Diffusivity

The thermal diffusivity of a substance is the ratio of its

thermal conductivity, A, to its heat capacity, C (Sellers, 1965). That

is,

k = — = —
C	 pc

[4]

where k is the thermal diffusivity expressed in cm
2/sec. The thermal

diffusivity of a substance determines its heating or cooling rate

accompanying a given heat input or output. A substance with a high

diffusivity transfers heat efficiently, i.e., it will have a relatively

small thermal gradient for a given rate of heat transfer.

Definitions of the Thermal Constants 
of a Porous Medium

Thermal Conductivity

In the simplest case, a porous medium consists of two substances

only, i.e., a continuous medium, with volume fraction X0
 and thermal

conductivity A 0 , in which granules with a volume fraction Xs 
= 1 - X0

and thermal conductivity A s are dispersed. This case corresponds, for

example, to a dry soil or a saturated soil consisting of particles all of

which have the same thermal conductivity, while the continuous medium is

air or water, respectively.
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An average thermal conductivity of the medium as a whole can be

defined as follows. Consider the cube of such a material with side d,

where d is large in comparison with the dimensions of the granules.

Assume the upper surface is kept at a temperature v o and the lower sur-

face at a temperature v
1 

< v
0 .
 Then, in accordance with Equation [1], a

constant heat flux passes through the material which is proportional to

the temperature gradient, the factor of proportionality being X. The

value of X will be somewhere intermediate between X and X. Such a
0	 s

definition requires that the volume of the cube be large compared to the

size of the individual particles or pore spaces (De Vries, 1963).

In unsaturated soils the transfer of heat is complicated by the

fact that temperature gradients cause moisture movement, so that moisture

will tend to redistribute itself when the temperature field changes. The

moisture movement which occurs, both in the liquid and vapor phases,

gives rise to a transport of sensible and latent heat which again

influences the temperature distribution.

A quantitative treatment of the combined transport of heat and

moisture is complicated. For a full discussion of this problem, the

reader is referred to papers by Philip and De Vries (1957) and Smith

(1943). In the simplified theory, the transport of sensible heat due to

moisture movement is neglected. The transport of latent heat is found in

the unsaturated pores, where water vapor diffusion occurs under the

influence of temperature gradients that give rise to gradients of vapor

pressure. These gradients result in heat transport which shows up as an

apparent increase in the heat conduction of the pores. In other words,
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the apparent thermal conductivity of an unsaturated pore is composed of a

conductive component due to heat conduction through the gas and a convec-

tive component due to vapor movement. In unsaturated soils, the apparent

thermal conductivity results from an increased heat transfer due to the

contribution of vapor movement through the pores (De Vries, 1963).

Heat Capacity

The heat capacity of an unsaturated porous medium can be simply

expressed as the sum of the volume fractions and the heat capacities of

the constituents. Thus, if X , X and X denote the volume fractions of
s w	 a

solid material, water (or ice) and air, respectively, according to

De Vries (1958), the heat capacity, C, can be expressed as:

C =XC +XC + XC
s s	 w w	 aa [5]

Denoting the organic and mineral matter fractions by Xo 
and Xm' and the

heat capacities by Co and Cm , respectively, substituting Cw = 1.000 and

neglecting XaCa (since C a = 0.00030 is very small compared to Co = 0.61

and Cm = 0.48), 
the heat capacity of soils can be found from:

C = 0.61Xo 
+ 0.48X + X	 [6]

m	 w

if the volume fractions of the components can be estimated (De Vries,

1958). Because of the above relationship, the heat capacity of an

unsaturated porous medium varies much less than its thermal conductivity

and can be predicted much more accurately. Values of heat capacities

calculated from Equation [6] are expected to be accurate within + 5%.
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Thermal Diffusivity

The thermal diffusivity of a porous medium is the ratio of its

thermal conductivity to its heat capacity as given by Equation [4]. Like

thermal conductivity, thermal diffusivity is highly dependent on moisture

content of the medium.

For many soils, the thermal diffusivity is greatest at moisture

contents of between 8 and 20 percent (Figure 1). Within this range the

thermal conductivity is not far removed from its maximum value and the

heat capacity is relatively small. At higher moisture content the thermal

diffusivity is reduced because of the large heat capacity of the medium

and at lower moisture content it is reduced because of the poor conduc-

tivity of the solids, resulting from poor contact between the grains.

Factors that Influence the Thermal 
Constants of Porous Media 

The thermal constants X, C and k, of a porous medium are highly

dependent upon its composition. Higher moisture content increases the

thermal conductivity and the heat capacity depending on soil type. The

thermal diffusivity passes through a maximum value at a moisture range

between about 8 and 20 percent by volume.

Starting with dry soil, the increase in thermal conductivity with

moisture content is due to the replacement of the air in the pore spaces

by water which has a higher conductivity. De Vries (1963) and Van Wijk

(1963) have shown that the increase in conductivity of porous media with

moisture content is nonlinear. Figure 2 shows their findings for four

types of soils. The data for the two sands are taken from material
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Fairbanks sand (X 
s
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Quartz sand (X 
s
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Peat (X =0.100)         
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Figure 1. Dependence of the Apparent Thermal Diffusivity, k, on the
Volume Fraction of Water, X w

, for Four Different Soil Types.

Xs is 
the volume fraction of solids. (After De Vries, 1963,

and Van Wijk, 1963)
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Figure 2. Dependence of Apparent Thermal Conductivity, X, on the Volume
Fraction o f Water, X w , for Four Different Soil Types.

(After De Vries, 1963, and Van Wijk, 1963)
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presented by De Vries (1963) and the data for the clay and peat soils are

from information presented by Van Wijk (1963). The rate of increase of

thermal conductivity with moisture content is highest up to moisture

content of about 20% by volume. From there on, the total value of

conductivity rises but the rate of increase becomes smaller.

Heterogeneity in the composition of the solid components of

porous media can produce great variations in the value of thermal conduc-

tivity. Scarcity or abundance of such minerals as micas and pyrites

could produce significantly different values of X within a single

lithologic unit.

In addition to heterogeneity in composition, Beck and Judge

(1969) and Hyndman and Sass (1966) have conjectured that hidden structures

in the media could cause inexplicable variation of heat flow between

boreholes in a very small area or with depth in a borehole. Hence,

structure could have an influence on the thermal conductivity of earth

materials.

Methods of Measuring the Thermal 
Constants of a Porous Medium

Steady-State Methods

The conventional methods of thermal conductivity measurements are

steady-state methods. These involve the simultaneous measurement of the

steady-state heat flux and temperature gradient through the samples in

the form of slabs, cylinders, or spheres for which solutions to the

differential equation of heat conduction are readily available. Because

no perfect thermal insulation exists, complicated guarding systems are
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required to minimize edge or end effects. A further drawback common to

all steady-state methods is the long time required to attain thermal

equilibrium. In the case of unsaturated porous media, many difficulties

are encountered. The application of the temperature gradients for a long

period of time results in a non-uniform liquid saturation due to the

effects of thermal osmosis (Woodside and Messmer, 1961; Philip and

De Vries, 1957). The conductivity so measured may depend upon sample

size and the magnitude of the temperature differences applied.

Transient Methods

In contrast with steady-state methods, transient methods are fast

and, therefore, less likely to produce non-uniform saturation distribution

in the case of unsaturated porous media. In this method the rise in

temperature versus time of a linear heating element with a constant input

of heat or the temperature versus time of a point in the medium by which

the linear heating element is surrounded is recorded. The mathematical

expressions for the conduction of heat and the appropriate initial and

boundary conditions are used to derive equations of temperature as-a

function of time from which the thermal constants of the medium can be

obtained. Because of the relatively shorter time required for transient

methods, they are convenient for making in situ measurements of the

thermal constants of unsaturated porous media.

The cylindrical probe used in the determination of thermal

constants by De Vries and Peck (1957), Buettner (1955a) and Woodside and

Messmer (1961) for soils, and by Blackwell (1954) and Hooper and Lepper

(1950) for insulating materials, is treated as a transient line source.
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Determination from Analysis
of Components

If the composition of the medium is known, it is possible to

determine the heat capacity, C, and thermal conductivity, X, of porous

materials as a function of composition and the specific heats and the

thermal conductivities of the constituent materials. However, in the

case of the thermal conductivity, this is more intricate. An approximate

solution to the problem has been developed which allows determination of

the thermal conductivity of unfrozen soils with an accuracy of ± 5%

(De Vries, 1958 and 1963). The value of C, however, can be determined

easily with the same accuracy.

Theory of the Infinite Line 
Source of Heat 

In its simplest form, the theory of the cylindrical probe is

based on the infinite line source of heat embedded in an infinite, homo-

geneous, isotropic

given by

DT	 1,
Bt = -

medium.

D 2T	 1 DT

[

The Fourier equation of heat conduction,

[7]4- 7: Dr
Dr

2

is subjected to the following initial and boundary conditions:

T = T0 
for t = 0 and for r	 co [8]

Q = - lim 27rXr 
2
Ilfor t > 0
Drr40

[9]

The solution to this problem is (Carslaw and Jaeger, 1959):



QO = T - T = (	 )[ El(- r
2

0	 4TrX	 4kt I

For values of 4kt/r2 >> 1, to a good degree of approximation,

4k6 = T - T = e-9--[ y + ln t + ln(-2-)]0	 47X

where	 T = temperature at any time,

T
0
 = initial temperature,

t = time,

ln = natural logarithms,

r = radial distance from the line source,

Ei(x) = exponential integral

-x
f —

e
x 

dx = -y - ln(x) + x -x
12

= 	,
4

y = Euler's constant = 0.5772, and

0 = T - T
0
 = rise in temperature.

Determination of Thermal
Conductivity from the Theory

The temperature rise at a given radial distance, r, between times

t
1 

and t2 is given by

	Q 	 2
AO = 8 2 - 0 1 

= 
41TX

where e 1 = Tl - TO and e 2 T2
 - T0 or

, in logarithms to the base 10,"

t 2
AO = -47;3,- (2.3) log -z-

L 1
[13]

For one log cycle t 2/t 1 = 1, therefore

17

[10]

[12]



X - 2.3Q = 0.183 Q47A6	 Ae

where A6 is the temperature rise per log cycle. The thermal conductivity

is, thus, evaluated from the slope Q/47X of the straight line obtained by

plotting 6 versus log (t).

Determination of Thermal
Diffusivity from the Theory

The straight line plot can be extrapolated to its intersection

with the zero temperature rise axis. At this intersection 8 = 0, and

from Equation [11]

(4ktol
y = ln

r2

where t 0 is the 
time where 0 = 0. Solving for the thermal diffusivity,

r
2

k = eY[
0

[16]

With r equal to the radius of the probe, for the case where the tempera-

ture sensor and the heating element are together, or for r equal to the

radial distance between the heating element and the temperature sensor,

when they are placed in different holes within the medium, the thermal

diffusivity, k, can be evaluated.

Assuming a contact resistance at the probe-medium interface,

De Vries and Peck (1957) give the following equation:

k = e
1-2n[ r2

4t0

18

[14]

[15]

[17]
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where n is the contact resistance. This equation contains two unknowns.

Hence, k cannot be solved for unless an estimate of n is available. If

contact resistance is assumed to be zero, Equation [17] reduces to

Equation [16].

It has been suggested by some authors (Skeib, 1950; Misener,

1952) that the thermal diffusivity can be obtained from the above method,

whereas others (Buettner, 1955b; Beck, Jaeger and Newstead, 1956) have

pointed out the difficulties of doing so.

Limitations of the Theory

There are several sources of error in the method:

1. The first is due to dropping the highest terms in Ei(- r2/4kt)

series. According to Woodside and Messmer (1961), this error

can be minimized by having the temperature sensor close to the

heating element and by discounting the early part of the

temperature record.

2. Secondly, the theory applies to a perfect line heat source,

i.e., one with an infinitely large length-to-diameter ratio.

Blackwell (1956) has shown theoretically that a length-to-

diameter ratio of 30 or more is required in order to produce

negligible errors in this respect. The error caused by the

finite probe length can, therefore, be made arbitrarily small

by a proper choice of the probe dimensions.

3. The theory also applies to a medium of infinite extent. This
•

will depend on the lateral dimensions of the medium and the

total length of heating time. If the medium is limited in
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extent and the heating time is limited to the time before the

heating effect is felt at the boundaries, the medium will

behave as though it were infinite in extent.

4. An error also arises due to the contact resistance between

the probe and the medium.

5. Finally, there is an error due to the variation in the

resistance of the heating wire with temperature. This error

can be made negligible by the choice of a wire with a low

temperature coefficient of resistance as the heater or by

monitoring the power input and varying the voltage to provide

a constant power input.



METHODOLOGY

Apparatus and Materials 

The apparatus is simple and easily available. It consists of a

linear heating element, a source of electrical power and an electronic

sensor for detecting the transient temperature rise. The linear heating

element and the probe are inserted in a vertical hole drilled in the

ground which is lined with 2- or 1/2-inch diameter plastic tubing or

2-inch diameter metal casing.

Drilled Holes and Observation Wells

The holes used in this study were drilled using a 2-, 4- or

6-inch drill bit. Their depths ranged from 10 to 40 feet, with most

holes drilled to a depth of 20 feet. After drilling, a 1/2-inch diameter

plastic tube, closed at its bottom end, was centered in the hole along

its full length and the annular space between the tube and the hole was

backfilled. The backfill material was compacted using a long metal rod

as backfilling progressed. Where the drilled holes were equipped with

2-inch diameter casing materials, the same procedure was followed. Steel,

aluminum or polyvinylchloride (PVC) with an open bottom end was used for

casing. In filling up the annular space, mixing of the fill material

from the different depths could not be avoided.

Observation wells for groundwater level monitoring were also used

in this study. They were equipped with 2-inch diameter steel casings and

21
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were 100 feet or more in depth. The depth to water was more than 75 feet.

The casings were surrounded by concrete grouting approximately two inches

thick.

Probe Construction

The probe in this study consists of a linear heating element, the

plastic or metal casing lining the holes drilled in the ground, and the

fluid (air or water) between the casing and the heating element. The

heating element is movable while the casing is fixed.

Two different types of linear heating elements were used. The

first, a simple electrical resistance wire 40 feet long, was enamelled

and then wrapped with an insulation. This was done to prevent electrical

short-circuiting between the heating element and the ground. This

heating element is made of #23-gage, nichrome wire with a total resistance

of 53.7 ohms. It was found convenient for use in drilled holes equipped

with 1/2-inch diameter plastic tubes. The second heating element con-

sisted of 11.6 feet of plastic insulated wire with a total resistance of

163.9 ohms. This heating wire is commercially available for use in

heating water pipes to prevent freezing. It was equipped with an inflat-

able rubber tube along its full length and was found convenient for use

in observation wells or drilled holes equipped with 2-inch diameter

casings. When inflated, the tube helps to make a good contact between the

casing and the heating element. Figure 3 is a schematic diagram showing

each of the two linear heating elements.

Water occupies the space between the linear heating element and

the 1/2-inch diameter plastic casings whose bottom ends are closed.
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Because of its higher conductivity, water brings about a better thermal

contact between the two. Where the bottom ends of the casings are open,

as in the case of observation wells and drilled holes with 2-inch diameter

casings, air occupies the space. Better thermal contact between the

casings and the linear heating element, in this case, is brought about by

the inflated rubber tube.

The requirement that the probe have a length-to-diameter ratio of

30 or more if it is to be considered as an infinite line source of heat

(Blackwell, 1956) is satisfied in this study. The smallest depth of

drilled holes was 10 feet (120 inches) and the largest diameter was 2

inches. Thus, the smallest length-to-diameter ratio was 60. Actually, a

thin heating wire inserted into the ground would be ideal as a line

source of heat. However, it is not always suitable. Because relatively

large temperature gradients would form close to the wire, a strong

moisture migration near it in the case of moist soils would be inevitable.

The casing and the fluid between the casing and linear heating element in

this study help to contain the steepest gradient within them and, thus,

decrease the degree of moisture migration.

Power Source for Heating and
Power Consumption

The power source for heating used is an A.C. power line, with an

output of approximately 115 volts. The voltage varies slightly during

the day, the magnitude and degree of fluctuation varying with location.

A voltmeter connected to the heating circuit detected fluctuations of the

voltage during the experiments.

The 40-foot linear heating element has a total resistance (R)

equal to 53.7 ohms. With a power source of a constant voltage (E) of



25

115 volts, the power input (P) is (where P = E 2
/R) 247 watts. Since one

calorie per second is equal to 4.19 watts, the heat produced by this

linear heating element is 58.8 calories per second. Assuming this amount

of heat is released instantaneously into the medium, the heat input (Q)

per centimeter length of the linear heating element per second is 0.0483

calories. Similarly, the 11.6-foot linear heating element with inflatable

rubber tube and with R = 163.9 ohms delivers 0.054 calories per centimeter

length of the linear heating element per second into the medium. However,

because the voltage of the electrical power source fluctuates, the

arithmetic average of voltages observed at equal intervals of time for

each experiment was used as the value of the assumed constant input.

Where the depth of the drilled holes was 20 feet, the 40-foot

linear heating element was folded in half. In this case, the heat input

(Q) is double the value given above. Where the 11.6-foot long linear

heating element was used, deeper holes were not heated throughout their

total length.

Temperature Sensing Apparatus

Two high impedance thermistors, of 100,000 ohms at 25 °C, were

used with a bridge circuit using a Keithly transistor voltmeter as a null

detector to measure the temperature rise of the heating element and the

temperature rise in the medium. Each of the thermistors was previously

calibrated by means of a mercury thermometer calibrated to tenths of a

degree Centigrade, while the thermistor and the thermometer were immersed

in a water bath whose temperature was continually varied by heating or
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cooling. Temperatures were estimated to the nearest hundredth of a degree

by means of a magnifying glass attached to the thermometer.

Values of temperature and electrical flow obtained thus were used

in a computer program to define an equation for the temperature versus

the reading on the meter. Then a computer printout in the form of a

chart was prepared for an easy conversion to temperatures from the meter

readings. The temperature sensing assembly, therefore, could resolve

temperature rises to a hundredth of a degree, Centigrade.

There was no major difference between the two thermistors used

and the same meter was used to calibrate and read temperatures in the

experiments.

Procedure

Probe and Thermistor Set-Ups

Three different set-ups of probe and thermistor were used in this

study. In the first (Figure 4), the thermistor and the heating element

were in one single hole. That is, the thermistor was placed at a point

inside the probe (usually at the mid-length of the linear heating

element). In the second (Figure 5), the linear heating element and the

thermistor were in different plastic tubes separated by backfill material

within the same drill hole. In the third (Figure 6), the linear heating

element and the thermistor were placed in separate plastic tubes in

different drill holes separated by an undisturbed part of the medium

whose thermal constants were to be determined. The first set-up was used

with both the 40-foot linear heating element and the 11.6-foot linear

heating element equipped with an inflatable rubber tube. The second and
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Figure 4. Set-Up I: Thermistor Inside the Probe.



Ne	 •

. -

••••	 •••.

Undisturbed	
, . .

28

PLAN VIEW

medium
• .	 •

•.	 . •I

. A. 	/

Backfill
	Power cord connection	 aterial ,-*---Thermistor wire

Land surface

• .

"  Plastic. tube.• 1	Outline of drillea	 1 •
'hole .	 • -

1
• 1. 1	  TherMistor -I

• tineaT heating	 10
-

.element	 1•
t.

Plastic 'tube 	

CROSS-SECTION

Figure 5. Set-Up II: Thermistor and Linear Heating Element in Separate
Plastic Tubes Within the Same Drill Hole.
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third set-ups, however, were exclusively used with the 40-foot linear

heating element.

Determination of Soil Moisture

Soil moisture determinations were made for the purpose of

comparing the apparent thermal conductivity values obtained in this study

under field conditions with apparent thermal conductivity values obtained

at similar moisture contents by other researchers.

Determinations of moisture content were made at depths ranging

between 1 and 20 feet using a neutron soil moisture probe. As a check,

gravimetric moisture content determinations of samples collected at the

depths of interest were made. The samples collected from the soil auger

were compacted to make them as close as possible to their original

volume. The volumetric moisture content was determined by dessicating

the samples in an oven at about 85 °C for three days.

Description of a Typical Run

Following the drilling and installation of the plastic tubes and

casing materials, the holes were allowed to dissipate the heat generated

by the drilling process and come to equilibrium with the surrounding

medium. When the rate of temperature drop at some depth within the hole

became negligible, the hole was assumed to have come to equilibrium with

its surroundings. The time required for equilibrium in a drilled hole is

inversely dependent upon the thermal diffusivity of the medium and

directly upon the diameter and depth of the hole and the length of
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drilling time. Two days was the average time required by holes drilled

for this study to come to equilibrium.

After a reading was made to determine the initial temperature, the

experiment was started by plugging the heating circuit into the electrical

power source. For set-up I, where the thermistor was within the probe,

frequent readings (one or two minutes apart) were required during the

early part of the experiment. For the other two set-ups, the first

reading to show a temperature rise was made an hour or more after the

experiment had started. For all cases, the rate of temperature rise

decreased with time, thus allowing less frequent readings as the

experiment progressed. With each dial reading on the temperature sensing

meter, the voltage of the power source was measured with the voltmeter

and recorded. The meter readings were then reduced to a form from which

temperature rise versus the log (t) could be plotted. Table 1 shows how

the data was recorded and reduced.

The total length of each experiment was about 36 hours. The time

required before a straight-line plot on semi-logarithmic graph could be

obtained varied with the diameter of the drilled hole and the casing.

The larger the drilled hole, the greater was the length of time before

the influence of the backfill material disappeared and the effect of the

undisturbed medium appeared.

Determination of the Apparent
Thermal Conductivity

The temperature rise versus time data for each experiment was

plotted on a semi-logarithmic graph paper with time on the logarithmic
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Table 1.	 Data Recording and Reduction.

Time
Meter

Reading Voltage
Temperature

(°c)

Time Since
Heating Started

(seconds)

Temperature
Rise
(°C)

1012 855	 (R-3) 114 22.23 0 0.0
1013 970	 11 114 23.49 60 1.26
1014 133	 (R-4) 114 25.19 120 2.96
1015 175	 " 114 25.65 180 3.42
1016 247 114 26.47 240 4.24
1017 399 114 27.08 300 4.85
1018 349	 if 114 27.66 360 5.43
1020 434	 It 114 28.73 480 6.50
1022 SOO	 " 114 29.49 600 7.26
1024 585	 " 114 30.55 720 8.32
1027 644	 ,, 114 31.30 900 9.07
1031 717	 " 114 32.24 1,140 10.01
1035 763	 " 114 32.84 1,380 10.61
1040 849	 " 114 33.97 1,680 11.74
1046 905	 " 114 34.72 2,040 12.49
1052 994	 " 114 35.92 2,400 13.69
1100 288	 (R-5) 115 36.59 2,880 14.36
1108 329	 " 115 37.14 3,360 14.91
1115 409	 " 115 38.22 3,780 15.99
1130 438	 " 115 38.62 4,680 16.39
1145 465	 " 115 38.99 5,580 16.76
1200 497 115 39.43 6,480 17.20
1225 539 115 40.03 7,980 17.80
1245 565 115 40.40 9,180 18.17
1310 582	 ,, 117 40.64 10,680 18.41
1335 628	 u 117 41.32 12,180 19.09

1400 649	 I, 117 41.63 13,680 19.40

1505 678 116 42.07 17,580 19.84

1605 712 116 42.59 21,180 20.36

1705 733	 ,, 115 42.92 24,780 20.69

1905 770	 It 115 43.51 31,980 21.28

2005 800	 9, 114 44.00 35,580 21.77

2143 817	 ,, 114 44.28 41,460 22.05

2345 845	 ,, 115 44.75 48,780 22.52

Date and place of experiment: September 15, 1973, Location A
Type, diameter and depth of hole: Drilled, 6" in diam., 40' deep

Material and size of casing: 1/2-inch diameter plastic pipe
Type of heating element: 40-foot wire
Type of set-up: I
Thermistor at depth of: 20 feet
Fluid inside probe: Water
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axis. The heat input per centimeter length of the linear heating element

per second and the change in temperature rise per log cycle obtained from

the straight line defined by the plotted points of the late data were

used in Equation [14] to calculate the apparent thermal conductivity of

the medium. Figure 7 is a plot of the temperature rise versus time data

presented in Table 1. The calculation of the apparent thermal

conductivity is illustrated.

By running the test long enough for the straight line portion

defined by the late data to appear on the temperature-rise-versus-time

plot, time is sacrificed as a tradeoff in order to bypass the uncertain-

ties in the probe and test hole properties.

Determination of the Apparent
Thermal Diffusivity

The straight line defining the apparent thermal conductivity from

the temperature-rise-versus-time plot for each experiment was extended

until it crossed the zero-temperature-rise line. The value of time, to ,

obtained from this intercept was used in Equation [16]:

2
k = et

4t
0

[16]

with r equal to the radius of the probe for the case where the thermistor

and the heating element were in one hole or the distance between the two

for the case where they were in different holes. The procedure is

illustrated in Figure 7.

The assumption of zero thermal contact resistance at the probe-

medium interface, and the usage of Equation [16] instead of Equation [17]
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overestimates the value of the apparent thermal diffusivity except where

the thermistor and the linear heating element are in different holes as

in set-up III (Figure 6). An easier and more accurate method of evalu-

ating the thermal diffusivity will be discussed in later sections of this

work.

The System as Idealized to Conform 
to the Theory 

The system in this study is defined by Figure 8. The broken line

at the bottom, and the land surface define the lower and upper boundaries

of the system. In the lateral direction, it is very extensive and may be

thought of as unbounded. As idealized to conform to the theory, the

system is closed. That is, the upper and lower boundaries are assumed to

be perfect insulators. The validity of this assumption is examined below.

Effect of the Temperature Variations
at the Surface

The temperature variations at the surface influence the tempera-

ture of the ground at some depths. According to Sellers (1965), the

daily wave penetrates to a depth of 1 to 3 feet, and the yearly wave can

extend as far as 40 to 60 feet. For the depths of concern in this study

(5 to 30.3 feet), the effect of the daily wave is probably small.

Comparisons of the time scale of the yearly wave with the time scale of

the experiments shows the latter to be very small. Assuming a

diffusivity value of 0.008 cm
2/sec and a temperature amplitude of 18 ° C

at the land surface due to the yearly wave, the resulting maximum change

in temperature at a depth of 10 feet for an experimental time of 3 days
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Figure 8. The Medium as a Closed System.

Heat does not traverse its boundaries.



duration was calculated using the following equation (Sellers, 1965):

1

- z(Li—j 	12k= l'+ ATe	 sin [wt - z( (-T (zt)	 ---)-fi,	 2k

where T (z,t) = temperature at any depth and time, °C

71-7 = the mean (daily or annual) soil temperature (assumed to be

the same at all depths), ° C;

AT = amplitude of the surface temperature wave, °C;
0

w = the angular frequency of oscillation, sec
-1

= 27/P, where P is the period of the wave (a day or a year),

sec;

z = depth below the land surface, am;

t = time, sec; and

k = thermal diffusivity, cm
2
/sec.

The maximum changes in temperature occur at times t = 0 and t = 6 months

(1.565 x 107 sec) when the temperature given by the equation above is

equal to T. For the assumed values, it was found that the resulting

maximum change in temperature at a depth of 10 feet for the 3 days experi-

mental duration was 0.15 °C. This change is small compared to the total

temperature rises observed in the experiments in this study and was,

therefore, neglected.

Effect of the Geothermal Gradient

Temperatures in the ground are known to increase with depth. The

magnitude of this gradient varies from place to place on the earth. In

37
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the United States, most values range between 1 °C and 3 ° C per 100 meters

(Clark, 1966). Taking the maximum value of the gradient, the maximum

temperature difference that could exist in the depths of concern in this

study (5 to 30.3 feet) was found to be about 0.25 °C. This is very small

in comparison to the temperature rises observed in any one experiment and

it was, therefore, neglected.

The effect of all temperature inputs to the system is additive.

Therefore, the effects of the seasonal temperature variation at the

surface and that due to the geothermal gradient could be subtracted out

and the residual plotted on semi-logarithmic graph paper.

The Assumption of Radial Flow

Assuming that the medium is initially at a uniform temperature,

i.e., ignoring the small temperature gradients that actually exists in

the vertical direction, heat will flow as shown in Figure 9. The flow in

a horizontal plane near the mid-length of the heating element is almost

radial. At the upper and lower horizontal surface, however, heat will

traverse the boundaries of the system, and the heat path will have a

vertical as well as a radial component. Temperature-rise measurements

made here will, thus, be lower, falsely implying a higher conductivity.

To avoid this, the thermistor was placed at a depth equivalent to the

mid-length of the heating element in this study.

The divergence from radial flow also increases with increasing

radial distance from the heating element. Therefore, the thermistor must

be placed as close as possible to the linear heating element. Where the

thermistor is placed in a separate hole, it follows from the criterion



Heat flow on this side
is a mirror image of the
heat flow on the right-
hand side.

39

Figure 9. Heat Flow from the 
Heating Element into the Medium.

Flow at a depth equivalent to the 
mid-length of the linear

heating element is almost radial.
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for an infinite line source of heat (Blackwell, 1956) that the thermistor

should be placed at a maximum distance of L/60 (where L is the length of

the linear heating element) away from the linear heating element.

Volume of the Medium Sampled 

The volume of the medium heated during an experiment is directly

proportional to the total length of the heating time. To get an estimate

of this volume, set-up III of the linear heating element and thermistor

was used. The thermistor was placed about 6 inches away from the 20-foot

linear heating element and the experiment lasted for 280,000 seconds

(about 78 hours). It was observed that 25,000 seconds (about 7 hours)

were required before a temperature rise within the sensitivity range of

the meter used (0.01 °C) could be detected by the thermistor. If it is

assumed that the medium is isotropic and that the heating front spreads

out equally in all directions, the volume heated during this time is the

volume of a cylinder with a radius of 6 inches and a depth of 20 feet and

equals about 16 ft
3
. Since the radial distance covered by the heating

front increases at a decreasing rate, the volume heated in the first 7

hours was probably a substantial fraction of the total volume heated at

the end of the experiment.

The interval of the medium from which the thermistor senses the

temperature rise is always very small. However, the temperature rise at

any time in this interval is an average reflection 
of that part of the

medium heated up to that time. Therefore, with 
longer heating times,

larger volumes of the medium are sampled. In 
contrast to conventional



laboratory methods which use small specimens of the medium for the

determination of thermal conductivity, in situ thermal conductivity

measurements sample larger volumes of the medium.
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RESULTS

Apparent Thermal Constants 

The apparent thermal conductivities and diffusivities obtained in

this study are summarized in Table 2. Figure 10, which is a sketch

showing the position of the drill holes in location A relative to a

septic tank and tile drain system, is helpful in making interpretations

of the values of apparent thermal conductivity obtained there.

Moisture Content of the Medium 

Drill holes 4, 5, 6, 6a, 6b and 6c were used for moisture content

determinations with depth using a neutron moisture probe. From

comparison with observations made during drilling, the moisture content

values obtained using the neutron moisture probe were much higher than

expected. A laboratory determination of the moisture content of 
samples

taken from drill hole 5 is compared in Table 3 with 
the values obtained

using the neutron moisture probe in drill holes 4 
and 5. For drill hole

5, the moisture content values from the 
two methods of determination are

in fair agreement. In spite of 
their closeness to each other, however,

the moisture contents obtained for the 
two drill holes using the neutron

moisture probe are not in agreement. 
Since moisture content determina-

tions made using the neutron 
moisture probe in the other drill holes were

also high, it is believed that water incorporated 
in the clay structure

of the medium is probably being accounted 
for. Laboratory determination
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Location

Apparent
Thermal

Diffusivity

(cm2/sec)

Type of Linear
Heating
Element General Comments

Apparent
Experiment	 Thermal
Duration	 Conductivity
(seconds)	 (cal/sec/cm/°C)

1.71x10 -3 9.55x10 -372,000

2.77x10 -3

1.53x10 -3

1.92x10 -3

3.43x10 -3

3.46x10 -3

1.69x10 -3

1.85x10 -3

2.12x10 -2

5.45x10 -1

1.12x10 -2

3.34x10 -2

8.45x10 -)

280,000

49,000

32,500

171,900

186,720

65,000

2.29x10 -3

3.84x10 -3
4.37x10 -2

-11.06x10

31,500

10,800

A

A

Heating element folded to half length

Ewing Farm Trial one terminated after 10,800 seconds because
of power failure

105,000

175,000

175,000

-11.44x10

2.87x10 -2

-16.08x10

3.84x10 -3

3.72x10 -3

4.50x10 -3

Ewing Farm

Ewing Farm

Ewing Farm

40-ft. linear

40-ft, linear

40-ft. linear Thermistor at botton end of heating element

276,000

169,100

200,000

2.61x10 -2

3.88x10 -2

-4.10x10 2

3.48x10 -3

5.90x10
-3

6.10x10 -3

11.6-ft. linear with
inflatable tube

11.6-ft. linear with
inflatable tube

11.6-ft. linear with
inflatable tube

Water Resources
Research Center

Water Resources Heating is between 25 and 36.6 ft. depth in the well
Research Center

Water Resources Heating is between 25 and 36.6 ft. depth in the well
Research Center
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A	 Heating element folded to half length

A	 Thermistor at bottom end of heating element

A	 Near septic tank

A	 Near septic tank

A

40-ft. linear

40-ft. linear

40-ft. linear

40-ft. linear

11.6-ft. linear with
inflatable tube

11.6-ft. linear with
inflatable tube

11.6-ft. linear with
inflatable tube

40-ft. linear

40-ft. linear

Table 2. Summary of Results Obtained in This Study.

Holes in the Medium

Type
of

Set-Up

Depth to
Thermistor

(feet)

Drill
Hole
No.

Original
Drill-Hole

Size
(inches)

Size & Type
of Casing
(inches)

Total
Drill-Hole

Depth
(feet) Type of Hole

1 6 1/2, plastic 20 drilled II 10

2 6 1/2, plastic 20 drilled III 10

3 4 1/2, plastic 40 drilled 20

3(a) 4 1/2, plastic 40 drilled 40

4 6 2, aluminum 1 0 drilled 5.0

5 6 2, PVC 20 drilled 5.8

6 4 2,	 steel 10 drilled 5.0

7 4 1/2, plastic 40 drilled 20

8 1/2, plastic >100 abandoned well II 20

8(a) 1/2,	 plastic >100 abandoned well II 20

8(h) 1/2, plastic >100 abandoned well II 20

8(c) 1/2, plastic >100 abandoned well II 40

9 2,	 steel >100 observation well 5.8

10 2,	 steel >100 observation well 30.3

10(a) 2,	 steel >100 observation well 30.3
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6	 6b

Figure 10. Position of the Drill Holes in Location A Relative to a Septic
Tank and Tile Drain System.
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Table 3. Comparison of Moisture Content Determinations Made Using a
Neutron Moisture Probe and Laboratory Methods.

Probe Determinations Laboratory Determinations

Depth
(ft)

Moisture Content (% by vol.) Depth
Range
(ft)

Moisture Content of Samples
from Drill Hole 5

(% by volume)Drill Hole 4 Drill Hole 5

1 10.1 8.35

2 18.3 12.07 2-3 12.3

3 17.8 12.48

4 16.1 15.00 3-4 13.9

5 21.7 16.46

6 24.0 17.35 4-5 15.3

7 26.2 17.08

8 26.6 18.03 8-10 20.5

9 29.0 18.24

10 16.59

11 17.15

12 16.42

13 18.82

14 22.80

15 21.23
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of soil moisture content by slow dessication of samples in an oven does

not account for this water. Two months later, soil moisture content

determinations made in drill holes 4 and 5 were compared with laboratory

moisture content determinations of samples from a newly drilled hole near

drill hole 5. The same moisture content trends as in Table 3 were

observed, with the values determined using the neutron moisture probe

being slightly higher. However, the moisture contents had increased due

to increased flow into the septic tank and tile drains resulting from

newly constructed waste-water discharging mains.

Based on observations made during drilling and moisture content

values obtained by means of the neutron moisture probe, the following

volumetric moisture contents are believed to be representative of the

drill holes in location A at the depths of sampling:

1. Drill holes 4 and 5: 18 to 20%.

2. Drill hole 2: 8 to 10%.

3. Drill holes 1, 3 and 6: 6 to 8%.

Moisture content determinations of drill holes and observation

wells in the other locations (Table 2) were not made. However, conditions

indicative of high or low moisture contents from observations at the

surface near these drill holes and observation wells were made.

Discussion of Results 

Apparent Thermal Conductivities

For convenience in discussion, the apparent thermal conductivity

values, the depths of sampling and the moisture contents at the depths of

sampling for location A are listed in Table 4, along with apparent
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Table 4. Comparison of Apparent Thermal Conductivities from
Location A with Values Obtained by Other Researchers.

Apparent Thermal Conductivities
(cal/cm/ °C/sec) Drill Moisture Depth of

	Hole	 Content	 Sampling Soil in
	No.	 (% volume)	 (ft)	 This Study	 Clay*	 Quartz Sand**

1	 6-8	 10	 1.71x10 -3	(1.5-2)10 -3 	(3.7-4.2)10
-3

2	 8-10	 10	 2.77x10 -3 (2-2.5)lO

3	 6-8	 20	 1.53x10 -3
	(1.5-2)10 -3 	(3.7-4.2)10

-3

4	 18-20	 5.0	 3.43x10
-3

(3.4-3.6)10 -3 (5.2-5.3)10 -3

5	 18-20	 5.8	 3.46x10 -3 (3.4-3.6)l0

6	 6-8	 5.0	 1.69x10
-3

	(1.5-2)10 -3 	(3.7-4.2)10 -3

*From Van Wijk, 1963.

**From De Vries, 1963.
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thermal conductivity values for clay and quartz sand given by De Vries

(1963) and Van Wijk (1963) for the appropriate moisture contents (see

Figure 2). Even though the depths of sampling are small intervals above

and below the thermistor, they are referred to the depths at which the

thermistor is placed. The soils in the area are sandy clay soils. The

observed range of variation of the apparent thermal conductivities is a

reflection of the moisture content distribution imposed by the septic

tank and tile drain system. Comparisons with the values for clay and

quartz sand at equivalent moisture contents show that there is overall

consistency of results.

The close agreement of the three values of apparent thermal con-

ductivities from Ewing farm (Table 2) indicates the good reproducibility

of results that can be obtained by the method employed in this study.

Moisture content determinations were not made here, but the well is

almost completely surrounded by irrigated fields, and a dense growth of

tall grass flourishes close to it. At the depth of sampling, moisture

content is probably close to 25%. The values obtained are in fair agree-

ment with the values of apparent thermal conductivity in Figure 2, for

the appropriate moisture contents. The fourth value of apparent thermal

conductivity obtained at this site was from data collected by placing the

thermistor at the bottom end of the heating element and will be discussed

separately.

The apparent thermal conductivities from the Water Resources

Research Center were obtained from measurements in two observation wells

equipped with 2-inch diameter steel casings surrounded by a concrete
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grouting approximately two inches in thickness. In this area, the occur-

rence of highly permeable channels and sporadic high moisture contents

have been reported by Dr. L. G. Wilson (personal communication, 1973).

Recharge experiments being carried on close to the observation wells and

the presence of these highly permeable channels could be responsible for

the sporadic high moisture contents reported. In turn, these high mois-

ture contents may explain the high apparent thermal conductivities

observed. However, a substantial amount of the heat produced by the

relatively short linear heating element could be lost from the test sec-

tion by vertical conduction through the thick steel casing that extends

to the full depth of the observation wells. Together with possible high

moisture content, this is probably responsible for the large values of

apparent thermal conductivity of about 6 x 10
-3 cal/sec/cm/ °C observed at

a depth of 30.3 ft. Such a value of apparent thermal conductivity is

possible for quartz sand at saturation (see Figure 2). The value of

3.48 x 10 -3 cal/sec/cm/ ° C observed at a depth of 5.8 ft is probably also

overestimated due to this heat loss.

Apparent Thermal Diffusivity

The thermal diffusivity values summarized in Table 1 are apparent

because the thermal conductivity values to which they are directly

proportional are themselves apparent. According to Sellers (1965), the

thermal diffusivities of most soils lie between 0.001 and 0.012 cm
2
/sec.

Apparent thermal diffusivity values ranging from 0.00185 to 0.106 cm
2
/sec,

where the thermistor was placed at a depth equal to the half length of
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the linear heating element, were observed. Only 4 of 13 values deter-

mined fell within the range of thermal diffusivity for most soils.

Determination of the apparent thermal diffusivity using the

intercept method was found to be unreliable for a number of reasons. For

an accurate determination using set-up I, where the thermistor and the

linear heating element are in the same hole, it is required that the

contact resistance be known. It was neglected in this study because it

was not possible to estimate it before the experiment was conducted.

Besides, the contact resistance varies in space. Differences in the

apparent thermal diffusivities determined from drill holes 4, 5 and 6, in

all of which the same type of set-up was used, were probably due to

differences in contact resistances at each of the sites. Another problem

with using the intercept method was finding the proper radius to use in

Equation [16] to calculate the thermal diffusivity. Even if the contact

resistance were known and the proper radius value could be selected,

diffusivity values obtained with the intercept method would still be

inaccurate. This is because the intercept time, t0 ,
 used in the

calculation is very sensitive to small errors in fitting the line

defining the apparent thermal conductivity of the medium to the data

points on the semi-logarithmic plot. It also looks as if the initial

temperature of the medium has an effect on the value of the intercept

time obtainable. About five hours after the first experiment was

prematurely terminated by a power failure, it was decided to continue the

experiment without waiting until the medium had come to equilibrium. The

result obtained is shown in Figure 11. The slopes of the lines are the



Il

00
r•-•

1-1

IINEMINIIr

ami

0
0
0

0
0
1-1 ....

--

Il
/ / ï

-vi I
-

,—-
,—

OMO

-

-
-,:o

/
00
N

E
O 	,--1 --

-
—,

-
_I

-

I
	

i -
...

..

•MI

Ni
$.,

s	

0
4-)
ci-

	N 	 CN1

	

4-1 •	 r—,
- V) 	CN1	 CN-

	d) /-1	 'HI	 .
	4- , • H	 NI

-1-1 t1-1

	

II 	,--4
Cd	 ,....., 71-	 r—I

I	 e-1-1
•H 00 M 0 	• .-1 	II	 I I

$-1 g
CI) • H	 g	 Lf")	 ,	

	g-1 4-, 0 0	 0

	

Ii	 NI	 4-1

0 Cd	 +-

• 

I

	

4-) Ln cd	 ;..4 	s	 ,

-OU) 	g	 >-
g 4-, • H	 CD

O g 2	 Il
O ..p

00  0

I.	 1	
. I	 1c.n	 cd +-)

i

-
0
0

u 0
a)
U)	 C_

—

NI
E
(..)

Ni	 t,-)	 71-	 Lo

(3 0 ) a siça oan	 wil -eioda -).-

0

4-)
g),
1.)
L)
E-1
a)
4-,

1-1

(1)
.-
4-)

0

t	 E
r—.	 • r1

a)	 a)
v)

a)
-d	 -g
4-n
F-I	 4-1
cd	 0
4-)
in	 a)

F-4
tv)
E 4--)

•H	 Cd

cd	 a)
a)	 g),

a)
a)	 E-
u

,-1
•H	 Cd
Ln	 •H

4-)

CD	 • H
E g

•H	 --1
E-

a>

LI:4-j "Ci
o a)

g
4-> • H
Ci cc$
CD 4-)

t4-1 ,n
LI--4 0
P-I

0
(1.) E

r--1
,-1

a)
$-)

td.0

P-n

51



52

same. But, due to the relative shifting of one line with respect to the

other, and the resulting difference in the intercept time, to , the thermal

diffusivities obtained are different.

It is possible to evaluate the apparent thermal diffusivity of the

medium with fair accuracy using set-ups II and III, as illustrated by the

results from drill holes 1 and 2 (Table 2). This is because the effect of

the contact resistance between the probe and the medium is eliminated with

the provision of a separate hole for sensing the temperature rises in the

medium with time. However, the extra effort for such - a provision is not

necessary since diffusivity values can be obtained with other relatively

easier and more accurate methods.

Temperature measurements with depth made in the ground can be used

to get good estimates of thermal diffusivities of soils. For details of

the theory, the reader is referred to Sellers (1965). The thermal

diffusivity can be calculated from the equation:

1 r 
Z
2
 - Z 1 ,2

k = 2w I-	 max

wherewhere	 k = thermal diffusivity, cm2/sec;

Z
2'

Z
1 
= two arbitrary depths in the ground, cm;

w = angular oscillation, sec
-1

= 2n/P, where P is the period in seconds; and

and 
tmax(2) 

are the timesAtmax = tmax(2) 
- tmax(1)

, where tmax(1)

when the maximum soil temperatures occur at the respective

depths.

Use of the above equation is based on the assumption of a homogeneous,

semi-infinite soil whose surface temperature corresponds to the daily or

[ 19]
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annual solar heating cycles. This equation has been applied by many

investigators and found to give satisfactory results for the annual cycle,

but not for the daily cycle. The reader is referred to papers by Lettau

(1954), Van Wijk and De Vries (1963) and Van Wijk and Derksen (1963).

Effects of the Thermistor Position 

The effects of the placement of the thermistor at the extreme

lower end of the linear heating element is shown by two results obtained

(Table 2). The values of thermal constants deduced from data of tempera-

ture rise versus time with such an arrangement are higher than those

obtained from the data where the thermistor is placed at a depth equal to

the mid-length of the linear heating element. This is believed to be due

to the vertical component of heat flow at this extreme end. Some heat is

lost vertically from the system, making the medium appear to be much more

conductive than it actually is. The diffusivity obtained from such an

arrangement was also higher since it is directly proportional to the

apparently high value of the thermal conductivity.

Since the deviation from radial flow of the heat is at its minimum

at a depth equal to the mid-length of the heating element, the temperature

sensor should be placed at this depth for a better estimate of the thermal

constants.

Duration of Experimental Runs 

In the experiments in this study, the duration of experimental

runs ranged from as long as 280,000 seconds (about 3 1/4 days) to as

short as 10,800 seconds (3 hours), where there was a power interruption
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(see Table 2). The average duration of run was 126,000 seconds (about

1.5 days). The time when the first temperature rise is sensed by the

thermistor and the time required before that straight-line portion from

which the apparent thermal conductivity of the medium can be obtained

varied mainly with the type of set-up. For set-up I, the first tempera-

ture rises were sensed less than 100 seconds after the experiment had

started. This time was more than 1,000 seconds for set-up II, and on the

order of 25,000 seconds for set-up III. For the first appearance of the

straight-line portion on the semi-logarithmic plot, over 3,500 seconds

(about one hour) were required for set-up I, over 5,000 seconds (about

1.5 hours) for set-up II, and over 100,000 seconds (over one day) for

set-up III. Definite correlation was not obtained between the time

required before the straight-line portion appears and the size of the

original drill -hole. However, it is logical to expect longer times for

larger drill holes where the quantity of backfill material would be

greater.

The duration of experimental runs was found to be more than

adequate for getting enough points on the semi-logarithmic plot of

temperature rise versus time to define the line from which the apparent

thermal conductivities can be determined.

Comparison of the Three Types of Set-Ups 

The apparent thermal conductivity of the medium at any depth can

be determined from any of the three set-ups used in this study, using

drill holes designed for thermal conductivity measurements or observation

wells which were constructed for other purposes.
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Set-up I is the easiest, requiring only one hole in the ground in

which both the linear heating element and the thermistor can be placed.

In the case of drilled holes equipped with plastic tubes whose lower ends

are closed, when the heating experiment is conducted with water as the

fluid in the probe, convection cells in the water cause temperature

fluctuations and make accurate temperature readings difficult. Such

fluctuations were found to be small where the fluid was air. Figure 12

is an example of the plot obtainable from set-up I with water as the

fluid in the probe. The straight line obtained from the plot of the

early data is believed to define the apparent thermal conductivity of the

relatively loosely packed backfill material surrounding the probe, while

the less steep straight line defines the apparent thermal conductivity of

the undisturbed medium surrounding the bore hole. The small scatter of

the plotted points is due to the convection of the water within the

probe. The trend shown by the last seven plotted points is probably a

reflection of growing vertical heat loss from the system as the line

source of heat appears to be more like a point heat source as the radial

dimensions of the heated soil zone grow.

In set-up II, because the linear heating element and the

thermistor are in separate holes, the effect of convection in the fluid

within the tube containing the thermistor upon the scatter of data points

is eliminated. Noise due to the effect of sources like non-constant

power input into the heating element is also probably damped out before

it reaches the sensor. However, longer times are required before the

effect of the heating can be felt at the thermistor. However, once this



t-r) rr)

04 00 Cf)
-1.-)

F--1

II II II

I I

111111111111111 1 iII I I IIIIII 
Lr) oo	 cr)	 '71-	 \ D	 r"---

e--I

r-i

56

asTa aanveaadwai



57

point is reached, the straight line defining the apparent thermal conduc-

tivity of the undisturbed medium appears soon after. Figure 13 is a plot

obtained with such a set-up. The apparent thermal diffusivity determined

from this set-up falls within the range for most soils.

Set-up III requires the availability of two drill holes very

close to each other. The degree of noise due to any source and origi-

nating at the linear heating element is at its minimum. However, the

extra effort required does not lend itself to a quick determination of

the constants. But the thermal diffusivity obtainable from such a set-up

is believed to be more accurate than in the others. Figure 14 is a plot

obtained from this set-up.
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SUMMARY AND CONCLUSIONS

The theory of an infinite line source of heat in a semi-infinite

medium has been applied to the determination of the apparent thermal

conductivities in the unsaturated part of the ground at depths varying

from 5 to 30.3 feet. Two linear heating elements were used in conjunc-

tion with drilled holes and observation wells, employed in groundwater

level monitoring, to heat the medium. A record of time versus the

transient temperature rise of the heating element or the medium was

collected using a temperature sensing circuit consisting of a thermistor

and a bridge circuit attached to a transistor voltmeter. From a plot of

the temperature rise versus log (t) and application of the appropriate

theoretical equations, the apparent thermal conductivities were deter-

mined. Determinations of the apparent thermal diffusivity of the medium

from application of the theory were secondarily attempted even though

easier and more accurate methods are known.

The first linear heating element consisted of a 40-foot long

insulated nichrome resistance wire. This was found convenient for use in

drilled holes equipped with 1/2-inch diameter plastic tubes. The second

linear heating element consisted of an 11.6-foot long insulated resistance

wire which is commercially available for heating water pipes to prevent

freezing. It was equipped with an inflatable rubber tube and was found

convenient for use in drilled holes and observation wells with 2-inch

diameter casings. The linear heating elements, the casings of the holes

60
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in the medium, and the fluid (air or water) between them constituted the

probe in this study.

Three types of probe and thermistor set-ups were used experi-

mentally. In the first set-up, the linear heating element and the

thermistor were placed in the same hole. This was invariably used with

observation wells. In the second set-up, the linear heating element and

the thermistor were placed in different, cased holes within the same

drill hole with backfill material separating them. In the third set-up,

the linear heating element and the thermistor were placed in different

drill holes separated by the undisturbed medium. The apparent thermal

conductivities could be determined with any of the above set-ups.

However, the degree of noise in the data obtained in the first set-up

makes analysis uncertain.

The apparent thermal conductivities obtained showed distinct

variation with the moisture content of the medium, though some of the

variation may be due to the inhomogeneity of the compostion of the

medium. These values were also consistent with values quoted by other

researchers. However, determination of the apparent thermal diffusivity

from the theory was found to be unreliable, especially with 
data collected

using the first set-up. This was because the thermal contact 
resistance

between the probe and the medium, whose 
magnitude was not known, was

assumed to be zero. In addition, it was found out that a small error 
in

fitting the line that determines the apparent thermal 
conductivity of the

medium to the plotted points can result in a large error 
in the apparent

thermal diffusivity calculated. Values determined from the data 
collected
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using the second and third set-ups are better. But, more accurate values

of apparent thermal diffusivity can be determined using other methods

requiring much less effort.

To obtain reliable results, it is necessary to run the experiments

long enough so that the straight-line part of the plot defining the

apparent thermal conductivity of the medium is well established. In the

use of observation wells for such determination, it is very important

that the length of the linear heating element be made long enough so that

the vertical heat loss from the system via the part of the casing not

covered by the linear heating element will be only a small fraction of

the heat produced.

Even though the study was limited to depths ranging from 5 to

30.3 feet, the method can be employed to determine the apparent thermal

conductivities at any depth in the ground.
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