THERMAL CONDUCTIVITY OF ROCES

A Thesis Submitted
By
MOHAMMED EL-SAYED EL-BAYQUMY SHALABY
B.Sc. , Diploma in Geophysics
For \L“ﬁ YN
The Degree of iaster of Sciencs

To

The Faculty of Science,

Alexandria University. »
U. A. K.
e
et
July 1967.

Central Library - Ain Shams University



To
My Brothner & Childien
and

Memory of iy Father.

e 1 et s s B

Central Library - Ain Shams University



:

Central Library - Ain Shams University



Ca

U T EnTS

Page
Acitnowledgment
Aim of t;he WOI‘k LA I B L B A I ] LA L AR B R A R I I R R R L B B AR L B B B ) l

CHAPTER I

Laboratory Methods of Thermal Conductivity Measure—

MEIITS eweeesonreassatonsasesonernessaeencnsonnnsenass 4
INnGrOQUCTION seteeestransesoernnnsnsonnesenonanennns 4
Bteady~State MethoGS seaeetreeenrenssanarooennonenns 5
Beck's Theoretioal Consideration seeeeeveceveceesess 10
Useful Range 0f BeoX'S ADDATALUS eev.vveeoerroneenee 12
Transient METhOGAS seseacecseavensnnecarsonensennnees 14
Effect of Moisture Content eveeeverisinsoeceesnnesns 16
Cylindrical Probe lethod R R
Theory of Cylindrical Probes eseeveceeesecesseeease. 20

CHAPTER II

Thermal Conductivity Field MethodS seeeveoressnnn... 27
Irsroduction L T T T TR T
Theory of Field Methods evecevnsrneonennnnmnnn.. cae
Methods of Field Measurements S .
(1) Sudden Heating of the Interior of the Hole.. 55
.1i) Heating Borehole as a Whole .......econn.... 54

Ve O
N~

-

LT R III

f
]

Description and Theory of the Construcited Cylindrical

P;‘:‘Obe .oaa.lo--uooo.-.-on-.o-.p--ooao-ocuc----ao-‘.. 5,—/

IIltI‘OdU.GtiOIl ll-..o.lll-o‘obnu.oonl-q-cooll-. ...... @ :5?

cen 38
Simplified Theory of the Probe secaratansasarenuaa 40

Description of the Probe et et es ettt et enona

Central Library - Ain Shams University



Eaf3y HE

itefinement of the Theory of the Probe cevevie.oes 42
The Temperature-Sensing Element “The Thermistory. 48

CHdA PR ER IV :

Experimental Procedure .seesseievessarsnnenoncanse D1
Choice and Preparation of the Test Sample s...... 51
Calibration of the Thermisior +veisericicrasocee 52
Drift Test of the Thermistor seseveccirecrreseses 55
Construction of the Calibration Curve .v..eccu.e. 56
The Cylindrical Probe e.viesesvsvsareccecnnscnnnss 57

Calculation of the Thermal Conductivity of the
Iuimestﬂne Test Sample L I O I B B B N B B BN R B AN I B B Y 64

CHAPTER V3

General Discussiocon and ConclUuSions seeesessocoses 66
Iimitations of the Laboratory Methoeds «........ N Y

RefO]’.‘eDOES ® # & 4 4 o5 a9 88 L B R B L L B B A B B I B B T R R R A B ) ‘75

R D

Central Library - Ain Shams University



ACKNOWLEDGMEDNT

I wish to express my thanks and gratitude to Professor
Dr. Moustafa Kamel, for suggesting the problem of research
and for his continucus interest, encouragement, supervision,
helpful guidance and valuable discussions throughout this

work and during the preparation of the thesis.

The author is deeply indebted to Dr. A. Ghozlan of the
Physics Department, Alexandria University who greatly aided

in the experimental tasks.

Thanks are also due 3o the technicians of the Technical
Service Department, Faculty of Science, Alcxandria University

for their help in the construction of the probe.

Central Library - Ain Shams University



B . L 173 Y

There has been a consideravle rise of interest, recently
in the equilibrium heat flux across the garth!s crust, both
over the crntinents and over the ocean floors. The equili-
brium heat flux is of great lmporsance to an understanding of
many physical problems connected with the earth®s interior.

The measured flux, however, is affected by a number of factors
whioh depend mainly on the geological history of the earth.

To find the flux occuring locally; it is necessary Lo determine
the temperature gradient and the thermal conductivity of the
rocks in the area. If the dimensions of the area are small
compared with the dimensions of the corth —nd 1F fhere i o
horizonbal variation of constituents, the heat flow may be
considered linear and the fiux ig given by the product cf the
temperature gradient and ths thermal conductivity, To account
Por the effects of the sevl zical history of the area a correct
ion, generally to the temperacure gradient, can be applied to
arrive at a value for the equiliprium heat Flux. Uanfortunately,
oven the corrected values are considered approximatlons oniy,
because the geological history of an area is, in generai, nob

known with sufficient accuracys.

Furthermore, in such an investigation, 1T appears that

there is a need for a ltarge number of regulits from different
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areas all over the world. when these gnthered results are
plotted on a world map and isoplan lines are drawn, it may
be hoped that some gener:! ;i twre of the pattern heat flow

will be represented.

The fundamental implications of the results so far
obtained are comprehensively reviwed in articles by Bullard

(1952) and Jacobs (1954).

It is now a faot that the temperature in a mine or a
borehole increases with depth, the temperature gradient ranges
normally between lOOC and 5000 per kilometer. The gradient is
due to a flow of heat from within +the earth whiech can be cshi-
nated if the temperature gradient and the thermal conductivity

axre known.

Measurements of temperature gradient can be made in bore-
holes, mines and tunnels on land with very simple equipment.
The temperature gradient in the sciiment beneath the ocean
floor has been measured along o probe 3 o 5 m. long forced
into the soft sediment. Usually thermocouples or thermisto-g

are used in such measurements at sen.

The thermal conductivity measurement of Limestone in
El=Max region at Alexandria is the main concern of this work.
The author hopes that the results obtained in this work will

stimulate further thermal conductivity mersurements f ~ther
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types of rocks in the area as well as temperature gradient
neasurements. The future colleoted data will pave the way
towards a future determination of the equilibrium heat Llux

in the region of Alexandria.
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CHAFPTER 1

LABORATORY METHODS OF THERMAL

CONDUCTIVITY MEASUREMENTS

Introduction :

The first experiments to determine the thermal oconducti-
vity of rocks were not connected with an investigation into
e flow of heat from the crust of the earth; they were con-
ducted merely to collect geophysical data.

~ Rook oonductivities may be determined in- two fundament-

ally different ways : by measurements in situ and by measure-
ments in the laboratory.y In both cases a troublescne contact
resistance between the specimen and the Gemperabure—measuring
device has to be eliminated. The first determinations were
made using in situ methods which were superseded, at least
temporarily, by laboratory btechnigues introduoccd by Herschel
and ILebour (1873) which at that time were less laborious. In
more recent times it has been realized that in certain cases
the small rock specimens used in ths. laboratory are not repre=-
sentative of a large mass of the rock. For this reason,
attention has again turned to in situ methods using boreholes

or short probes in the sides of tunnal walls,
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The disadvantages of laboratory methods may be summed

up as follows

(a) They require additional apparatus and time for the pPrepar=

ation of the disos.

(b) They are selective in the sense that discs oan only be
prepared from fairly sound rock and that cores may not be

recovered at all from highly altered or sheared zones.

(¢) They use specimens that are frequently too small to be

represenbtative of even the sound rock.

(d) They do not take into account the effect of open veins or

joints in the rock, which may well be important.

(e) They are used at pressures that are different from the

bpressures prevailing in situ.

All these disadvantages are considerably reduced by the
measurement of the conductivity of the rock in situ in a

borehola,

Steady~-State Methods ;

Until recently the apparatus for the measurement of
thermal conductivity of solid materials of lower conductivity
than metals such as soils and clays has generally been of one
type namely, the steady-state hot-plate method. This oonsists
of a small cylindrical prism of the sample, the ends of which
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are bownd by metal slets of nigher conductivity. Heat is
supplied at a known rate to onc of the slabs and taken away
at the other, so that the spocimen is a part of {he path of
uniform flow of heat. Under these conditions, the temperature
difference on both sides of the specimen is measured and the
conductivity can readily be calculated. ©Several hours may be
required for the determination of the conductivity of a speci-
men with this method because of the long time neoessary for

the attainment of equilibrium.

For the absolubte measurement of thermal rock conductivie
ties, the steady-state hot-plate method can be applied. In
this method, a heater and an ice mixture are placed on both
sides of a disc-shaped specimen. The determination of the
thermal conductivity by this method, however, requirecs, also

a relatively long time of the order of several hours.

Reocent improvements by Beck (19%7) have reduced this
long time somewhat. The Busk steady-state method for the
rapid measurement of thermal conductivity had reduced the time
reguired for the thermal conduetivity measurement to a matter

of minutes.

It was shown by Beck fthat if the time required for steady

condition is estimated theoretically it was found that almost

all the time lag is due to apparatus design and that a suitably

constructed divided bar apparatus should reac1 the stcady-state
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Wwithin ten minutes. his comparatively short time interval

is suiuablc not only because of the time saved, but also

becausc little accurate work hzs been done on the variation

of the thermal conductivity of porous rocks with changes in
water content, it is not possible to do this by methods
involving long time lags sincc they give in-uccurate results due

to evopomation  and migration of water.

Tn this method a disc of rock is introduced between two
oylindrvical metal bars, usually brass and heat is supplied
to the remote cnd of onc bar while the remote end of the
other is coolal with thermostatically controlled water. By
measuring the temperature of the bars after steady-state has
been renchced the thermal conductivity of the specimen is
determined in terms of the conductivity of the bars. The
effect of the thermal contact resistance between the bars and
the specimen is eliminated by making measurements with three

or more digcs of different thickness.

In general, the bars are arranged vertically with an
clectrical heater, at the top end of the upper bar, situated
wnder o platform on which weights are placed to make the
contact resistance as uniform as possible. In the electrically
heated divided bar, heat is supplied at a constant rate so that
when the total thermal resistance is altered by changing a

specimen then. because the bottom end is controlled
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thermostbatically, the temperature has to change at various
polnts along the system and in particular at fthe hecater end
of the bar. The main tiz. .ag sccurs for in many apparatus a
comparatively small heater supplying approximately one cal.
cm"'2 secfl has to heat a large mass of metal. Furthermore,
the thermal insulabtion around the metal bars also ozuses a
time delay since this too has to reach equilibrium. It is
interesting to note also that when using a set of three or
more discs of rock, it is generally assumed that during the
measurenents the contact resistance and the rock specimens
are at a given mean temperature to a first approximation.
This is true provided that the thermal resistances of all the
specimens to be measured arc nearly equal. However it oan
readily be seen that if chonging o specimen causes the total
thermal resistance to increase then. assuming the upper end
to be supplied with heat at a constant rate and the bottom
end controlled thermostatically, and that the mean temperature
of the upper end rises while that of the lower end rcmains
constant the mean temperature of both the specimen and the
contact resistance will increase. This effect is partly
reduced in practice because heat is not supplied at a constant
rate to the divided bar section of the apparatus. If one
specimen is replaced by another of higher thermal resistance

then the rate of supply of heat will fall since the heater
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