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ABSTRACT 

This project investigates the heat flow from the rock into 

ventilating airways by studying various parameters. Two approaches 

have been used: laboratory measurement of thermal properties to study 

their variation, and analytic and numerical models to study the effect 

of these variations on the heat flow. 

Access to a heat-flux system and special treatment of contact 

resistance has provided the opportunity to study thermal conductivity 

as a function of moisture contained in rock specimens. For porous 

sandstone, tuff, and concretes, thermal conductivity can double when 

the specimens are soaked; the functional dependence of conductivity on 

moisture. for the first two cases is definitely non-linear. Five 

previous models for conductivity as a function of porosity are shown 

not to explain this new phenomenon. A preliminary finite element 

model is proposed which explains the key features. Other variations 

of conductivity with applied pressure, location, constituents, 

weathering or other damage, and anisotropy have been measured. 

In the second phase of the research, analytical and numerical 

methods have been employed to consider the effects of the variation in 

the thermal properties plus the use of insulation on the heat flow 

from the rock into the ventilated and cooled airways. Temperature 

measurements taken in drill holes at a local mine provide confirmation 
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for some of the models. Results have been provided in a sensitivity 

analysis mode so that engineers working on other projects can see 

which parameters would require more detailed consideration. The 

thermal conductivity of the rock close to the airways is a key factor 

in affecting heat loads. Dewatering and the use of insulation, such 

as lightweight foamed shotcretes, are recommended. 
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SECTION A 

GENERAL INTRODUCTION 
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CHAPTER 1 INTRODUCTION 

1.1 INTRODUCTION TO THE PROJECT 

Thermal properties of rock have been measured over many years; 

for example, the first thermal conductivity measurements were reported 

by Weber (1895) and, later, measurements were described by Poole 

(1914a and 1914b). Clark (1966) and, more recently, Robertson (1979 

and 1988) have collected the information about thermal properties in 

monograph forms. These books/reports and other references are often 

used by design engineers as sources of information for the thermal 

properties used in their calculations. 

In some respects, this long history is unfortunate. Many feel 

that "all is known", so that further research is unnecessary, and that 

needed data can be obtained from tables. When ventilating underground 

airways, it is first necessary to gauge whether heat flow will play a 

significant role in any particular application. For this initial 

estimation, values from books can be used, just as general values can 

be used for rock mechanics feasibility studies. But in rock 

mechanics, when the details of the design of an actual underground 

construction is undertaken, specimens of the local rocks are tested in 

the laboratory for appropriate parameters, such as tensile and 

compressive strength, and failure envelopes. 

procedure should be followed for thermal design. 

Therefore, the same 
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However, one should ask when is it necessary to go beyond the 

feasibility stage? How do heat flow and heat loads on ventilation 

systems change with various thermal-related parameters? How sensitive 

is the heat flow to specific changes in conductivity, diffusivity, 

transfer capabilities, anisotropy, pressure, moisture, rock formation, 

geological structure, and jOints/fractures? When is it worthwhile to 

consider the use of inSUlations to reduce the impact of heat? In 

other words, when is it necessary to spend time and money for 

laboratory measurements on local rocks and a careful design of the 

thermal aspects of a project? Or, from another perspective, when is 

it satisfactory only to estimate thermal effects with simple "back of 

the envelope" calculations? 

This Ph.D. project grew out of an interest in answering at least 

some of these questions. With a unique combination of knowledge and 

sources available to the author, a new perspective could possibly be 

given. A mathematics background gave an understanding of analytical 

solutions and use of numerical techniques. A colleague (T. Ashworth) 

had an interest in designing equipment for measuring temperatures 

within the rock and for measuring the thermal properties in a 

laboratory environment. This equipment was available for measure-

ments. A local mine (Homestake Gold Mine, Lead, South Dakota) is the 

deepest in the United States. Heat influx could be a determining 

factor in the economics and the feasibility of recovering any ore 

which may be deeper; this is of concern for the ventilation engineer. 
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Access to the mine and discussions with the mine ventilation engineer 

were possible. 

Further justification for initiating the project came from the 

lack of information to answer many of the questions. In numerous 

cases, the thermal properties of one or two specimens of each rock 

type are measured to quantify the heat loads. There is a reluctance 

to justify the extra expense of more measurements because there 

appears to be no feel on how sensitive the heat load calculations were 

to the different parameters. 

In buildings, insulation is applied to reduce heat fluxes into 

or out of the building. Is it possible to use "insulation" in under-

ground airways to reduce the heat load? An attempt to answer this 

question requires knowledge of the thermal properties of insulation 

materials. standard building insulation materials such as fiberglass 

or foams are not viable for use underground because of the obvious 

health hazards. Thus, other insulation materials need to be 

considered. Concretes have some potential. Therefore, a natural 

extension of the project includes investigations of the potential use 

of concrete as an insulator. 

All of the above considerations have led to five different 

aspects of the research in this project:-

• a summary of existing data and relevant references, 



• the investigation in the laboratory of changes in the thermal 

conductivity of rocks and concretes with various parameters, 
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• the modeling of heat flows under many different conditions derived 

from the results in the laboratory, 

• the study of the potential use of concretes as underground 

insulation, and 

• the application of the results, through general discussion, to 

ventilating underground airways in hot rock and the potential 

for their insulation. 

1.2 INTRODUCTION TO THE DISSERTATION 

The dissertation includes details of the five aspects of the 

project listed above. Chapter 2 contains a detailed historical back-

ground for the project including appropriate references. 

Additionally, for the first aspect, the summary of existing thermal 

data and of their use in calculation of heat flow into underground 

openings is presented in the form of an extensive bibliography. The 

procedure employed to derive this significant bibliography is 

explained in Chapter 3. Appendix A contains a shortened form of this 

information; it has been collected by database and library searches 

and from other sources. The resulting information is available as 

computer files and will be of benefit to others working in the area of 

heat flow in rock, either research or engineering applications. 

The laboratory procedures are described in Chapters 4 through 7 

with various sets of results in Chapters 8 through 10. Extensive 
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measurements have been made over numerous years using a number of 

thermal conductivity laboratory systems. These have evolved into one 

system which now allows unique measurements of thermal conductivity as 

a function of moisture contained in the rock specimen. To complete 

the suite of parameters of thermal conductivity and thermal 

diffusivity (the latter calculated from density and specific heat) 

needed for heat flow studies, a heat-pulse calorimeter, which has been 

used to measure specific heat, is described in Chapter 6. Methods for 

in situ measurements of both thermal conductivity and diffusivity are 

discussed, mainly for comparison purposes, in Chapter 7. This chapter 

also includes details of the temperature probes utilized in the 

Homestake Gold Mine to determine the virgin rock temperature and 

temperature profiles around airways. 

The variability in thermal conductivity for a variety of rocks 

has been studied in detail to obtain information of when this 

variability should be of concern to the design engineer. Results show 

that, in some cases, anisotropy is important. In other cases, 

moisture content can significantly change the thermal conductivity. 

Chapter 8 includes this information, while Chapter 9 concentrates on 

the moisture effects on thermal conductivity for three specified rock 

types. 

For the potential application of concretes as underground 

insulation, thermal properties have been measured for four concretes, 
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including a lightweight foamed shotcrete. The results for the 

moisture study on these four concretes are presented in Chapter 10. 

Modeling studies are described in Chapters 11 through 13. In 

order to have wider application than just one mine, the analytical and 

numerical modeling has been performed in a sensitivity analysis mode 

so that engineers on other projects can see which parameters require 

more detailed consideration in their design calculations. In essence, 

this investigates the heat load from the rock into the ventilating 

airways in a mode similar to that of Tiktinsky (1988) in which he 

presents a numerical parametric sensitivity study of thermal and 

mechanical properties for a high-level nuclear waste repository. 

"The sensitivity study consisted of varying parameters one 
at a time and comparing the results to the base case. The 
results of this sensitivity study will be used by the NRC 
staff in the review of the NNWSI Site Characterization 
Plan. This study will aid the NRC in the review of DOE 
test plans with respect to mechanical and thermomechanical 
parameters that should be investigated during site 
characterization. This study should also provide insight 
about the effects of variations of mechanical and 
thermomechanical parameters on the performance of the 
underground openings and the extent of the disturbed zone." 
[Tiktinsky (1988)] 

sensitivity has been developed for cases from the simplest cylindrical 

symmetry using analytical methods (Chapter 11) to the more complex 

cases of heat flow as a function of time when insulation is applied to 

a dead-end tunnel requiring finite element analyses (Chapter 12). 

In essence, this project provides additional information to the 
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assumptions which are behind those used in climate simulation models. 

To complete this interaction, Chapter 13 discusses the availability of 

climate simulation methods and how information obtained in this 

research project can be applied to the use of these methods. 

Practical application of the results are presented in Chapter 

14. Where appropriate, each main chapter includes a discussion 

section. Thus, Chapter 14 presents the general discussions and con

clusions for the overall project together with specific recom

mendations which should benefit the practicing engineer. 

Appendices are added to the main text. Extensive calculations 

have been performed to contribute background details for a number of 

items, such as data analysis, modeling, estimation of effective 

porosity, and potential theoretical models for the moisture effects on 

thermal conductivity. These are presented in separate Appendices to 

avoid destroying the continuity of the main text while still 

demonstrating how detailed information was obtained. 

1.3 SYMBOLS, TERMINOLOGY AND UNITS 

Symbols, which are used in equations and text, are explained at 

the location where they are first introduced. Wherever possible, 

commonly accepted symbols are utilized. Relationships between those 

symbols employed in the different aspects of the project are clearly 

presented to avoid confusion. 
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The terminology in this dissertation is basically that of 

Carslaw and Jaeger (1959). Definitions of the common terms used are 

as follows: 

Thermal Conductivity (K) is the measure of the ability of a material 

to conduct heat. It is defined by Fourier's Law: 

. 
Q = - K A dT 

dx 

. 
where Q is the heat flow through a cross-sectional area A when a 

temperature gradient dT/dx exists in the direction of the heat 

flow. 

specific Heat (Cp ) is the measure of the amount of heat needed to 

increase the temperature of a unit mass of the material by one 

degree. 

Thermal Diffusivity (D) is the measure of the speed at which thermal 

energy flows into/through a material. It is defined as: 

D = K 

p~ 

where f is the density of the material. 

Alternatively, thermal diffusivity is defined for the one dimensional 

case by the relationship: 

= 1 aT 

The Heat Transfer Coefficient (h) across a boundary is the constant of 

proportionality relating the heat flow and the temperature 

difference between the surface (T) and the surrounding medium 

(To). Thus, the boundary condition in a one-dimensional problem 

is stated as: 



dT 

dx 
= - h (T - To) 

Another Heat Transfer Coefficient (8) can be used where h = 8/K and 

the boundary condition becomes: 

K dT = - H (T - To) 
dx 
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A Steady state condition exists when there are no changes with time, 

whereas Transient conditions include variables which change with 

time. 

A material which is Homogeneous exhibits no parameter changes with 

spatial coordinates. 

The term Isotropic assumes that there are no changes with direction 

whereas the term Anisotropic assumes that tensorial variables 

change with direction. 

S.I. units are used for calculations and results throughout the 

text, except in special circumstances. These special circumstances 

include quotes from other sources and the utilization of standard 

English sizes. In these cases, S.I. equivalents are cited where it is 

considered appropriate for comparisons and ease of reading. The S. I. 

units for K, C, D, h, and Hare W/(m-K), J/(kg K), m2/sec, m-1 , and 

W/ (m2-K), respectively. Appendix H contains a conversion table for 

the more common thermal-related units, again to assist the practicing 

engineer who may not be familiar with S.I. units. 
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CHAPTER 2 TECHNICAL BACKGROUND 

2.1 GENERAL HISTORIC BACKGROUND 

The flow of heat in rocks has been of interest since geologists 

realized that the core of the earth was molten. By measuring what was 

called "Terrestrial Heat Flow", information was gained on the 

thickness of the solid mantle, location of underground magmatic 

activity, etc. Many papers have been published on these measurements 

at different locations in the world. Typical ones are Birch (1950), 

Beck (1965), Bullard and Niblett (1951), and Clark (1961). Geologists 

have incorporated the knowledge gained from these measurements to 

studies of beneath-surface structure, metamorphism, location of ore 

zones, etc. 

However, it has been only in recent years that other 

applications of the knowledge about heat flow in rock has emerged. As 

mines follow orebodies when they go deeper, the rock temperature 

increases necessitating refrigeration of the air in the mine; in some 

cases this uses a significant amount of energy. When structures, such 

as oil pipelines and mines, are placed on or in permafrost, the heat 

generated by or within the structure can cause melting of the 

permafrost, thereby destroying its strength; failure of the structure 

can result. As the necessity to find a suitable location for the 

accumulating nuclear waste in the world becomes more critical, burial 

in rock is one option that has been considered seriously; the 
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dissipation of heat generated by the decaying waste is an important 

factor in the design of such burial sites. As the cost and difficulty 

of finding domestic oil has increased, steam and heat injection can 

increase the production of existing wells. As renewable sources of 

energy are encouraged" geothermal becomes a real option, either by 

removing hot water from an underground reservoir or by fracturing hot 

dry rock with a liquid transmitted through the fractures to remove the 

heat. As the use of underground space increases for many activities 

the requirement of heat removal again forms part of the design of the 

space and its use; the Superconducting super-collider is an extreme 

example. Even as the moon ia studied for a possible manned outpost 

and mineral source, the thermal properties of lunar rocks are being 

measured for general interest and later engineering application. 

2.2 MEASUREMENT OF THERMAL CONDUCTIVITY 

As indicated in Chapter 1, thermal conductivity measurements 

have been performed for close to 100 years. Many methods have been 

developed during the years, with methods designed specifically for the 

material being measured or for a range of thermal conductivity values. 

In 1969, Tye edited a two-volume book which introduced all the general 

methods to that date. A series of International Thermal Conductivity 

Conferences have been held biannually, resulting in refereed papers 

published by Plenum in Thermal conductivity xx. The latest conference 

was held in 1990 at the University of Kentucky, with the book Thermal 

conductivity 21 published by Plenum in 1991. 
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While interest is high in measuring thermal conductivity for 

insulation materials, interest in rocks and materials of conductivity 

in the range 0.5 to 10 W/(m-K) has declined so that few of the new 

papers published have specific application to heat flow in rocks. 

Patnaik and Singh (1978) wrote a two article paper summarizing the 

methods appropriate for rocks. In addition, Ashworth et al (1985) 

presented discussions on five general methods; this paper included 

thirty four references and a section on the use of standard reference 

materials (SRM's) for measurements in this range of thermal conduct iv-

ity. SRM's are accepted internationally to have given thermal 

properties. They are then used in a specific measuring system to be 

able to calibrate the system and refer future measurements back to 

international standards for comparison between laboratories and 

specimens. 

"Even though many methods have been developed and much data 
exists, there is need for additional work. Each method has 
specific attributes. A good design must consider a number 
of factors; magnitude of the thermal conductivity being 
measured, appropriate temperature gradient within the 
specimen, applied pressure to the specimen, moisture in the 
specimen, ease of specimen fabrication, homogeneity/inhomo
geneity and isotropy/anisotropy of the rock, and a system 
symmetry which allows the development of known isotherms. 
Steady-state techniques give thermal resistance and hence 
conductivity directly. Transient techniques usually meas
ure thermal diffusivity and the thermal conductivity then 
calculated. 

Unfortunately, geological materials present many problems. 
Their thermal conductivity is low, requiring sensitive 
measuring systems or high heat input giving a high temper
ature gradient. The latter can cause relative expansion of 
parts of the specimen modifying thermal contact unpre
dictably. Rocks are difficult to machine - this makes 
accurate location of temperature sensors in small grooves 



difficult. There is large variability from one location to 
another even within the same rock type requiring many 
specimens to be measured to best quantify thermal 
properties for a specific site. Site knowledge is highly 
recommended (Touloukian in Touloukian and Ho (1981». 
Anisotropy can be significant requiring the measurement of 
conductivity in a defined direction. The design of the 
laboratory system should not ignore the expected in situ 
conditions such as crack, joints, moisture and pressure." 
[Ashworth and Ashworth (1990a)] 
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The series of thermal conductivity systems which are described 

in Chapters 4 and 5 have been designed both with these factors in mind 

and with intimate knowledge of previous work. In essence, they 

integrate the basic principles of the divided bar method, the 

comparator, and the unguarded stack. Special treatment of contact 

resistance has allowed the use of the latest heat-flux system to give 

accurate results for specimens which are dry or contain differing 

amounts of moisture. The moisture measurements presented in later 

chapters are believed to be the first of their type and therefore 

unique. 

The divided-bar method uses two cylindrical metal bars placed on 

either side of the rock specimen of the same diameter. One end is 

heated and the other end is cooled. Thermocouples are placed at 

various locations along the bars to give the temperature distribution. 

By assuming that the contact resistance is negligible, the thermal 

conductivity of the specimen can be calculated. The method was 

originally described by Benfield (1947) and Bullard (1939). Others 

have used the method, including Mossop and Gafner (1951), Beck and 
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Beck (1958), Beck (1977), and the South African Chamber of Mines 

[Whi1lier (1979)]. 

The comparator method has been described in many papers; two of 

the early ones are by Mirkovich (1961, 1965). The use of this method 

has been reviewed by Flynn (1969). Recently, Sweet et al (1985, 1986) 

discuss such a system in detail, including a thorough analysis of the 

errors by finite difference analyses and various data analyses 

methods. Their system was the commercially available Dynatech RID 

Model TCFCM Thermal comparator. 

"The sample to be measured is shaped in the form of a disk 
with coplanar top and bottom surfaces. It is then sand
wiched between two similarly shaped pieces of reference 
materials with a known conductivity. The three element 
reference-sample-reference stack is sandwiched between 
heaters which establish an axial heat flux through the 
stack. The references serve as heat flux gauges to measure 
this flux, and the conductivity of the sample is determined 
from the measured flux, and the thermal gradient across the 
sample. The temperatures are measured by thermocouples 
embedded in the faces of the stack elements and located at 
the stack center line. Guard heaters adjust the temperat
ure of the guard to be similar to those in the stack to 
reduce heat losses." [Sweet et al (1986)] 

For the unguarded stack, the system is simpler than the 

comparator described above since there is no guard system. Heat 

losses are estimated instead of being reduced close to zero. For 

medium-conductivity materials and using small temperature gradients, 

the errors are small. This is confirmed by Sweet et al (1985). Other 

examples of unguarded hot-plate systems can be found in Moore et al 
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(1983) and Ashworth et al (1983a, 1983b); Birch (1950) was one of the 

first to describe a similar system to those used in this research. 

In situ measurements of thermal properties would be ideal. 

Unfortunately, rock has a low conductivity and a heat pulse placed at 

one site cannot be measured at other surrounding locations to 

determine the heat flow between and as a function of orientation, such 

as the tomography techniques for stress wave velocities and hydraulic 

conductivities. Attempts have been made to measure heat flow by using 

strings of temperature sensors places along one drill hole [Robertson 

et al (1966), Kinsie (1972), Deglon (1980), Chancellor (1981)], or by 

removeable sensors [Mahajan (1982), Mousset-Jones and McPherson 

(1985)]. Thermal conductivity values are still required to allow the 

conversion of temperature gradients into heat flow. Heater experi-

ments have been performed at many potential sites for nuclear waste 

repositories. Some examples are discussed in section 7.5. 

Heat-flux meters attached to the surface of the rock have been 

tried (Mousset-Jones and McPherson (1985), Shen et al (1991». Since 

there is a great deal of variation on the very rough and jagged rock 

surfaces in most underground openings to date, this has not been 

completely successful. In fact, the use of a pyrometer (Mousset-Jones 

(1985» gave a visual display of the significant variation that can 

occur when quartzite veins cut into the airways. Danko and Cifka 

(1984) measured the convective heat transfer. Mousset-Jones and 
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McPherson (1985) sealed a dead-end drift and monitored the temperature 

variation with tim9 when ventilation was reintroduced under controlled 

and measured conditions. 

A probe developed by Danko (1987) is another attempt to measure 

in situ thermal conductivity and diffusivity of the surrounding rock. 

The probe consists of a heater with temperature sensors placed along 

its length at specified intervals. The sensors monitor with time the 

response to a heat pulse and, by back-calculating the different heat 

paths through the rock, the thermal properties of the local rock can 

be determined. Results from this probe (Danko and Mousset-Jones 

(1988» and a general discussion of probes are given in section 7.6. 

2.3 HEAT FLOW IN ROCK AND INTO UNDERGROUND OPENINGS 

The study of heat flow in rock appears to be cyclic in nature. 

There was activity in the forties and fifties with interest in 

terrestrial heat flow. Goch and Patterson wrote their original paper 

discussing heat flow into tunnels in 1940. An international interest 

has developed over the last decade, particularly related to the 

potential burial of high level nuclear waste. 

Specific application of heat flow calculations to mining has 

generated little interest in the United states. However, the South 

African Chamber of Mines and their member companies have a great deal 

of interest; the gold mines in South Africa are some 14,000 ft (about 
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4,500 m) deep. Research on heat-related problems has been underway 

for a number of years, including the effects of heat on human workers. 

The divided-bar method for measuring the thermal conductivity of rock 

has been used in their laboratories [(Whi11ier (1979»). Their methods 

for cooling air and water for use underground have been at the 

forefront. Whi11ier (1981) and van der Walt et a1 (1978, 1983) became 

world consultants in the use of chilled water, design of refrigeratlon 

systems, underground cooling towers, etc. McPherson (1976a, 1976b) 

worked with the South African group and developed a computer climate 

simulation program which considers heat loads from the rock and from 

equipment working in the mine. Starfield (1966a, 1966b, 1967, 1969, 

1983) studied the transfer of heat from the rock to the air within the 

mine. Recently, experiments have been performed underground to 

investigate the effect of insulations [Bottomley (1985, 1987»). 

The Japanese have hot mines which are caused by high geothermal 

gradient and volcanic activity. Hiramatsu et al (1980), Amano et a1 

(1982), Kimaru (1980), and Matsumura (1984) discuss climate simulation 

and cooling of hot mines. Guney (1980) and Guney and Bell (1979, 

1982) presented work which they undertook in the Zambian copper mines. 

Some lesser interest has occurred relating to the English mines. 

Some of the National Coal Board's mines have strata temperatures above 

350 C [Whittaker (1980») which, together with heat generated by 

equipment, requires the mine to be cooled. Anderson (1987) discusses 
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strategies for cooling British coal mines. Cheung (1988) and Rabia 

and Cheung (1989) have been working on transient climate simulation 

computer programs which will consider the heat loads. There is some 

interest in Europe as indicated by the papers of Dohmen and Hagen 

(1989) and Chorosz et al (1987). 

As early as 1961, Sherratt and Hinsley used a heating experiment 

to determine in situ properties. other heating experiments have been 

used to determine the rocks response to heat input, mainly related to 

the emplacement of nuclear waste. For example, Gregory and Kim (1981) 

discuss the heater tests at shallow depth of the Hanford site and van 

Sambeek et al (1980) has described work at Avery Island. Cook and 

Hood (1978), Chan et al (1980, 1983), and many others report on the 

extensive heater tests performed at stripa. In fact, Chan and Jeffrey 

(1983) describe scale and water-saturation effects on thermal 

properties which have been determined by temperature measurements as a 

function of time in response to the heat input. 

The work by Chan and Jeffrey is similar to that which was per

formed at the Homestake Gold Mine. Thermistors were placed in drill 

holes to measure the temperature profiles and anisotropic parameters 

were then modified within numerical models until the modeled and 

measured temperatures matched [Ashworth (1983), and Ashworth and 

Ashworth (1984)]. By this indirect method, the in situ thermal 

conductivity could be found and heat flows calculated. 
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CHAPTER 3 DEVELOPMENT OF AN EXTENSIVE BIBLIOGRAPHY 

3.1 INTRODUCTION 

As can be seen from Chapter 2, there have been many publications 

written which relate to this project, mainly because of the very wide 

range of topics which are covered. Consolidation of the resource 

information in some organized way was crucial for future reference. 

The author was introduced to Pro-Cite (marketed by Personal 

Bibliographic software) a number of years ago. At the beginning of 

this research, some information, particularly on thermal properties of 

rock, already existed in previously created computer files. The 

decision was made to attempt an extensive bibliography by searching 

national databases to add to this collection of citations from papers, 

books, and conference proceedings. 

Since one of the five aims of this project was to assist the 

practicing engineer as well as any future researcher, details of the 

databases, search services, and Pro-Cite software, which have been 

learned for the project, are included in this chapter. The extensive 

bibliography, which has been developed, is presented in Appendix A 

using a short format. Specific references, which are identified in 

the text of the dissertation by name and date (as already utilized in 

the previous Chapter), are given as a separate standard reference list 

in References. Pro-Cite database files on disk exist for both lists. 
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In many cases, the record stored in Pro-Cite for each citation 

contains further information such as abstracts, indexes, source of the 

information, paper copy availability, location of paper copy, etc. 

Copies of these computer disks could be made available to anyone with 

Pro-Cite software; alternative, for those without Pro-Cite, an ASCII 

listing in paper or disk format is available. 

3.2 PRELIMINARY INFORMATION 

Before starting to utilize any bibliographic software, it is 

recommended that the user learn some basic terminology relating to 

databases and library practice; Pro-Cite is designed to be similar in 

function to DBASE, with specific fields assigned to the items used by 

technical people and librarians to identify the type of information as 

well as the information itself. New users can operate the software 

simply by accepting the default settings already in the system. As 

experience is gained, the many capabilities and "switches" can be 

utilized. Later customization to specific needs can be easily 

accomplished after a basic understanding of the process has been 

gained. 

To begin with, some minor frustration was experienced due to 

lack of knowledge of all the bibliographic terminology and 

difficulties in finding a few things in an otherwise well-written 

manual, but this has been replaced with admiration of the flexibility 

and power of this software. The more it has been used, the more the 
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user can appreciate its capabilities, even after three years of 

operatlon. 

3.3 SEARCH SERVICES 

A search service acts as the interface between the user's 

computer (usually in the library) and the many available databases. 

An annual membership fee buys easy access to many different databases 

and the user needs only to learn one protocol language to access all 

the databases available through a given search service. 

There are a number of national search services. Some concen-

trate on specialized types of information, such as social sciences, 

political affairs, or scientific publications. Others try to offer a 

large range of databases. The membership fee buys only access via a 

password and account number. Other costs include charges for connect 

time, costs of searches, and costs for items captured. Full citations 

usually cost more than just bibliographic citations. Sometimes, the 

connect costs include the capturing of citations. Additional costs 

may be incurred for the long distance telephone calls (Tymnet or 

Telenet: $10-12/hr), though some services have local numbers, and then 

they recover the long distance telephone costs in the connect costs. 

Costs to the user vary from database to database and from search 

service to search service. For example, the hourly connect costa 

range from $108 to $125, on-line prints from $0.30 to $0.65, and the 

off-line prints $0.45 to $0.65 per citation. 
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Tables are given in Ashworth (1991), which list a summary of 

some of the on-line search services, including the company name, 

number of databases available for each service, specific databases 

appropriate for the geomechanics community, and an estimated member-

ship fee, and show some general information about six of the databases 

which have relevance to the ventilation/rock mechanics/mining 

community. Some brief observations regarding these databases, based 

on personal experience using them are given below. 

"COMPENDEX PLUS has produced the more comprehensive 
information, including citations from the ventilation and 
rock mechanics symposia, SME preprints, Bureau of Mines 
Reports, and other mining-related publications. For 
example, 40 citations were found for the search parameters 
"HOT and MINE and VENTILATION", 684 for "THERMAL and 
PROPERTY and ROCK or MINERAL", 103 for "THERMAL and 
CONDUCTIVITY and ROCK", and 217 for "(HEAT or THERMAL or 
HOT) and (FRACTURE or CRACK or SHOCK) and (ROCK or MINERAL 
or MINERALS)" used for a thermal fracture study. 

INSPEC seems to contain mainly electrical engineering and 
physics journals. The symposia relating to thermal proper
ty measurements are included, but there seems to be some 
inconsistency in that not all symposia of a series are 
included. As a direct comparison with COMPENDEX, there 
were only 188 citations for "THERMAL and PROPERTY and ROCK 
or MINERAL". 

Geomechanics Abstracts may be the best for general rock 
mechanics related subjects. There were only 36 citations 
for the specialized "THERMAL and PROPERTY and ROCK or 
MINERAL" search but they tended to be different from those 
in either INSPEC or COMPENDEX PLUS. 

MINTEC is expected to be very relevant to the ventilation, 
geomechanics and mining community but unfortunately getting 
access is not easy and has not been accomplished. It 
requires a special search service membership; the common 
DIALOG service did not give access at the time of this 
work." [Ashworth (1991)] 
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A word of caution is appropriate. The final results from the 

use of bibliographic databases depend upon the quality of the 

information supplied from the source database. Problems, such as 

inconsistency of terms, typographical errors, variations in tagging, 

use of upper case in the earlier citations, etc. need to be corrected 

by editing before Pro-Cite can show its full potential. 

3.4 CAPTURING INFORMATION 

Capturing information is a two-step process. Preferably, the 

citations received from the search service should be in "tagged" 

format; a two-character code placed in front of each field which 

identifies the type of information the field contains. For example, 

AU represents "author", IN "journal", DT "date", AB "abstract", etc. 

Further information was presented in Ashworth and Ashworth (1989). 

Special translating or linking software is then needed to read these 

tags and place the corresponding information into the appropriate 

field in the Pro-Cite database. Since the formats of the search 

services may vary, this software needs to match the search service. 

Biblio-Links is the general name of the software. D2L!NK is the 

version for use with the DIALOG II Service. In the linking software, 

the user can specify where the different tagged fields should be sent. 

This may vary from database to database - e. g. SO is used for the 

Journal title in COMPENDEX whereas IN used in INSPEC. Again, it is 

suggested that the beginner use the default options until they are 
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familiar with the software, the resulting fields generated in the 

database, and how these are treated by the punctuation files when 

citation output is generated. 

Pro-Cite databases can be generated in several ways, including 

any combination of the following methods: 

• Records can be typed directly into the database from information 

that is already known to the user. 

• Records can be converted from library searches. 

• Existing text files containing a reference list can be "tagged", 

or otherwise modified, with word processing software to allow 

D2LINK or other Biblio-Links files to convert the information to 

Pro-Cite fields and records. 

3.5 UTILIZATION OF THE INFORMATION 

The great benefit of the personal bibliographic software is 

that, once obtained, the databases can be very easily manipulated. 

Records can be selected using many different options so that, for 

example, selection can be by specified authors, within certain dates, 

from specified journal or conference, containing designated terms in 

the text, with selected index terms (the quickest method), or by 

browsing abbreviated forms of the records for the ones of interest. 

Another powerful feature is the ability of the software to scan a 

document, such as a report or dissertation, and PICK OUT the citations 

referenced in the document to produce a reference or bibliography 

list. 
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Once selected, the information can be produced in printed form, 

in disk form, or on a screen following ANY FORMAT. Specific examples 

are given in Ashworth and Ashworth (1989) and Ashworth (1991). A 

bibliography can be changed to satisfy any journal with simple changes 

of option switches. If the 25 built-in punctuation files do not match 

specifications required, users can define their own punctuation files 

to follow the guidelines required for any document. The different 

punctuation files used in the References section of this dissertation 

and the Selected Bibliography (Appendix A) are CHICAGOB and ANSI, 

respectively. 

3.6 RESULTS OF THERMAL-RELATED SEARCHES 

A number of searches have been performed. The searches used as 

the base for the bibliography in Appendix A were on INSPEC and 

COMPENDEX using DIALOG and the terms "HOT and MINE and VENTILATION", 

"THERMAL and PROPERTY and ROCK or MINERAL", "THERMAL and CONDUCTIVITY 

and ROCK", and "COOLING or REFRIGERATION and MINE or TUNNEL". Another 

search for a special project on thermal fracture of rock and ice used 

"(HEAT or THERMAL or HOT) and (FRACTURE or CRACK or SHOCK) and (ROCK 

or MINERAL or MINERALS)" resulted in two hundred and seventeen 

citations; data from this search were used for the examples in 

Ashworth (1991). Most of the searches were made through the Science 

Library at the University of Arizona. The citations were retrieved on 

to disk in many sessions on Quicksearch, which allows about 40 full 

citations to be captured per half-hour session. Quicksearch enables 
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students to access the DIALOG system, at no charge, during off-peak 

hours for a scheduled half-hour. This option is available from DIALOG 

when there is a large paid usage at other times. 

All citations containing tagged citations, in a standard ASCII 

format, were downloaded to disks in the library. These files were 

read by D2LINK which then allocated the tagged fields into designated 

fields in separate Pro-Cite databases. These databases were inspected 

for records of specific interest. Items considered to be relevant 

were chosen using the Browse submenu of the Select Records option in 

the main menu. Then, the chosen citations were merged into one new 

database called DISSERT, using the Merge Selected Records option. 

There are currently over 500 records (citations) in the file DISSERT. 

The database DISSERT has been further "massaged" to: 

1) correct typographical errors in the original search, 

2) change to lower case for some of the old citations, 

3) move misplaced information due to wrong tags or mismatch in the 

D2LINK process 

4) add new relevant index terms, including an indication when a paper 

copy is available and where it is filed 

5) add personally known citations not found in the search, using 

Ventilation Conferences and previous dissertations and reports. 

The capabilities of full-screen editing and copying, and extensive 

menus and help options make these tasks easy, even for a beginner. It 

is the very easy manipulation and printing of the stored information 
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that is the beauty of Pro-Cite. Anyone who has written a number of 

reports and has had to struggle with bibliographies will appreciate 

the capabilities of this bibliographic software; especially Ph.D. 

candidates. 

3.7 ADDITIONAL SOURCES OF INFORMATION 

There are two additional sources of information which should be 

mentioned. The Center for Information and Numerical Data Analysis and 

Synthesis (CINDAS), located at Purdue University, has both a 

bibliographic service and several numerical databases, some on-line. 

The High Temperature Materials Properties Database contains actual 

material properties in tabular and graphical form which can be 

transmitted to the user's computer. The Thermophysical and Mechanical 

Properties Database on Rocks and Minerals contains physical properties 

of 155 types of rocks and 293 minerals. At the present tine, this 

latter information is available off-line. Further detailS may be 

obtained from CINDAS at 2595 Yeager Road, West Lafayette, IN 47906, 

telephone (317) 494-9393. 

In 1974, the First Geothermal Implementation Conference recom

mended the setup of a database containing hydrologic and geo-chemical 

data on geothermal fluids and sites to assist in the evaluation of the 

geology, geochemistry, and hydrology of geothermal systems. This 

database was called GEOTHERM and contained actual data about 
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geothermal sites. It was terminated in 1983 due to lack of funding. 

Some lessons learned are reported by Bliss (1986). He states: 

"one of the problems is the requirement that the database 
contain data that are both reliable and useful. Therefore, 
the maintenance of data quality is a primary concern." 
[Bliss (1986)] 

His paper includes a discussion of the problems in "shutting down" a 

database. GEOTHERM was "released and safeguarded for the future" by 

being transformed to the general Electric Mark III time-share network, 

and to a magnetic tape available from NTIS, and by being published as 

a series of US Geological Survey Open-File Reports. 
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SECTION B 

EXPERIMENTAL SYSTEMS 



CHAPTER 4 THERMAL CONDUCTIVITY LABORATORY MEASUREMENT 

TECHNIQUES AND EQUIPMENT 

4.1 INTRODUCTION 
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The laboratory equipment used in this research was NOT designed 

or built by the author. But, since the design and the capabilities of 

the equipment are important to the accuracy of the results and their 

subsequent interpretations, brief descriptions of the systems will be 

presented in this chapter in the order that the systems were develop

ed. In addition, the historical development shows the progression 

toward the system in current use and an indication why the accuracies 

claimed are deserved. Reference will be given, where appropriate in 

the text, to publications which further explain details of the design 

and fabrication. 

The author has been responsible for extensive use of the 

equipment including, in many cases, their calibration and the develop-

ment of the systems to new applications. It will be clearly stated 

when the work belongs to others and where the ideas are those of this 

author. 

4.2 UNGUARDED HOT-PLATE SYSTEM (STEADY OR TRANSIENT MODE) 

The first system used for the measurement of thermal conductiv

ity of rocks and similar materials was a simple linear flow apparatus 

which was described in Ashworth et al (1978). Figure 4.1 shows a 
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schematic of this first system, which will be termed ' 6" unguarded 

system' in future reference. It could be used in a steady-state or a 

transient (drift mode). In the latter mode, the temperatures of the 

heater and sink are allowed to drift in a controlled manner. This 

allows a more rapid acquisition of data, with adequate accuracy, than 

the many hours needed for a series of steady-state measurements. 

"The disk-shaped sample is sandwiched between a circular 
heater plate and cooling unit. Two thermocouples are 
located such that one measures the absolute temperature of 
the sample and the other ia used to measure the temper
ature difference across the sample induced by the known 
heat passing through. The heater plate, sample and cool
ing unit are held in thermal contact under slight pressure 
by a system of steel plates and springs. The entire 
sample is surrounded by high grade styrofoam or fiberglass 
insulation." [Ashworth and Ashworth (1979)] 

In drift mode, the solution of the heat flow equation includes 

two unknowns; the thermal conductivity of the specimen and a shape 

factor term. In order to find the two unknowns, the system is first 

operated in an upward drift mode, that is the temperature is 

continually increased over the temperature range, and then the 

temperature of the system is allowed to drift in a cooling mode. 

Measurements of temperature and heat input are measured with time. 

Theoretically, these two sets of measurements are adjusted so the two 

curves match; the adjustment being the value of the shape factor. 

However, since measurements were taken at different time intervals and 

temperatures, the shape factor term has to be adjusted by iteration 

until the values of conductivity in both modes were in close 
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agreement. If the system could have been computerized and measure-

ments made AT THE SAME TEMPERATURE in the upward drift mode as in the 

downward drift mode, then both the shape factor and the thermal 

conductivity could have been directly calculated. Data obtained from 

this system for microconcrete specimens in the range 275 to 310K will 

be presented in Chapter 10. 

A finite element model of this measuring system was created by 

the author using a code modified from that written by Nickell and 

Wilson (1966). The algorithm assumed two dimensions, either plane or 

axisymmetrical, Dirichlet and Neumann boundary conditions, and time 

dependent/steady state. A linear temperature variation was assumed 

across each triangular element of the mesh. The original code was 

modified with the addition of inputted background nodal temperatures, 

the addition of anisotropic thermal conductivity capabilities, and the 

addition of plotter output. Details of these modifications and a 

listing of the modified program was presented in Ashworth (1983). An 

example of the finite element mesh, using quadrilateral elements which 

were sub-divided into linear temperature triangles by the computer 

code, is shown in Figure 4.2. Results from the modeling made it 

possible to make the following statements about the accuracy of the 

system. 

With appropriate values for the thermal conductivity of all the 

constituents, the model showed that a linear temperature gradient was 
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achieved in the center of the disks, with less than C.loC deviation at 

the edge of the stack from the temperatures at the center. Thus, the 

radial location of the thermocouples on the specimen was not critical. 

Heat losses of the order of 2% were indicated by the model, which was 

in good agreement with the expected values from other calculations. 

The observed time taken to achieve steady-state in the laboratory 

apparatus agreed with that predicted by the modeling. By using 

different parameters for some of the elements in the model, non

uniformity of specimen, heater, and heat sink were investigated. The 

results indicated that the larger error would come from non-uniformity 

of the specimen, and that this was less than 1%. 

4.3 6" and 4" UNGUARDED SYSTEMS WITH UNIAXIAL PRESSURE 

With the availability of an old stiff-testing machine previously 

used in the rock mechanics laboratory, it became possible to study the 

thermal conductivity of rock specimens as a function of uniaxial 

pressure. The system contains the hydraulic ramping components to 

apply uniaxial pressure across the thermal conductivity stack. (It 

has been used also in the latest system defined in Section 4.4 with 

Figure 4.8 showing a photograph of the overall system containing the 

newer thermal conductivity stack). The full system is described in 

detail in Murdock (1979) and Ashworth et al (1983b) and will be termed 

, 6" unguarded pressure system'. Since the pressure plates of the 

stiff-testing machine could not be thermally isolated from the 

specimens, they were used as heat sinks and a symmetrical 6" diameter 



59 

stack designed, as shown schematically in Figure 4.3 and photograph-

ically in Figure 4.4. 

ment. 

"Ruggedness and simplicity of design and assembly were of 
considerable importance. In the past, we have used differ
ential thermocouples to measure temperature differences. 
In this application, thermistors were tried and found 
suitable. They were carefully mounted in copper plates 
with silicone rubber. This allowed the measuring device to 
be slightly prominent and thereby acquire direct intimate 
contact with the sample, but the mounting yielded so the 
thermistor was not subjected to significant stress." 
[Ashworth et al (l983a)] 

Two specimens were needed for each thermal conductivity measure-

If the two specimens were taken from the same material and 

assumed to be identical, then the heat generated would be divided 

between the two specimens allowing the average conductivity to be 

calculated. If one of the specimens was a "standard" material of 

known conductivity then the heat flowing through this specimen could 

be calculated from the temperature difference. Consequently, the 

remaining heat generated would be flowing through the specimen whose 

conductivity was being measured. The standard had to have a similar 

conductivity to that of the rocks being measured for the best 

accuracy. Comco Brand Nylon 66 was used as the standard in these 

experiments. 

Thermistors were calibrated and experiments were performed on 

the nylon standard specimen to investigate its pressure dependence as 

a function of cycling. Pressure cycling was accomplished using the 

hydraulic component of the stiff-testing machine, with pressures up to 
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FIGURE 4.4. Components of the 6" unguarded hot-plate pressure system. 

(The top thermistor plate is turned upside-down to show the placement of two thermistors) 
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18.3 Mpa (2653 psi) applied to the 6" diameter specimens. Results 

obtained by Murdock (1979) and later by Alexander (1981) for the 

thermal conductivity dependence on pressure for a variety of rocks are 

presented in Section 8.6. In each experiment, the pressure was 

adjusted to a given value and the total system allowed to come to 

thermal equilibrium before the conductivity measurements were taken. 

The next thermal conductivity system in the sequence (the '4" 

unguarded system') was a smaller version of the system just defined. 

Since the hydraulic component had attained its maximum pressure on the 

6" stack, a 4" stack was fabricated by Sun (1985) to permit a higher 

stress to be placed on the specimen. These components are shown 

separated in the photograph of Figure 4.5. The specimens shown in the 

photograph are the nylon ones used as standards. The circles of 

rubber sheeting, also in the photograph, were being tested as 

provisional interfacial material. 

Also, Sun built a new Wheatstone bridge system to allow 

measurements of the resistances of the thermistors and the voltages 

across the heater and a standard resistance to be taken with greater 

ease and accuracy. Switches allow one Keithley digital multimeter 

(4.5 digit) to be used as the accurate measurement device for values 

of all resistances and voltages. The electronic circuit details can 

be found in Sun (1985). Particulars of the measurement methods will 

be given in the Chapter 5 on Measurement and Calibration Techniques. 
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FIGURE 4.5. Components of the 4" unguarded hot-plate system. 

(The two specimens are the nylon standards; 
rubber sheeting was tried as an interfacial material) 
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4.4 2" HEAT-FLUX SYSTEM 

The thermal conductivity system in current use is a variation of 

all of the above. Conceptually, the thermal conductivity stack of the 

new system combines the principles of a comparative system [Sweet et 

al (1986)] and a heat-flux transducer (sometimes called a divided-bar 

system [Beck and Beck (1958)J). 

"Two heat-flux transducer (HFT), between which the specimen 
is placed, and a heater assembly are the primary 
components. Each transducer (meter) consists of 1.27 nun 
(0.050") thick disk of nylon (of known thermal conductiv
ity) sandwiched between two copper disks of thickness 3.81 
nun (0.1 50" ) • Extreme care' was taken to ensure that the 
faces of the disks were both parallel and flat. Figure 4.6 
shows a schematic of these units; details of their 
fabrication are given in Ashworth et al (1990b). High 
stability thermistors are located in the copper disks. 
Leads from the thermistors are attached to copper posts at 
the edge of the disks for thermal anchoring and ease of 
attachment of the external leads. The thermistors are 
calibrated using a thermometer calibrated by the National 
Bureau of Standards (now NIST). Any shift in calibration 
simply shifts the calibration curve; thus the temperature 
differences used in this method are still measured 
accurately. An additional copper disk contains the 
heater." [Ashworth and Ashworth (1990a)J 

The other major consideration in the design and operation of the 

new stack is the treatment of the contact resistance. In the 

previously described systems, contact resistance was avoided by 

inserting the thermistors or the thermocouples within grooves on the 

specimens thus measuring the actual temperature differences within the 

specimen. Or, the contact resistance was minimized by allowing the 

thermistor to slightly protrude, as described in section 4.3. 
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"In the past (for a flux or divided-bar system), materials 
such as greases with high thermal conductivity have been 
used to minimize contact resistance. For any given 
specimen, the thickness of the grease is variable from one 
measurement to the next. Also, it has been shown that the 
viscosity of the grease plays a role [Anderson et al 
(1970)]. A grease of higher conductivity produced higher 
contact resistance than one with a lower conductivity 
because the latter could be spread thinner. There is an 
additional problem with rock specimens - grease can soak 
into the rock, giving unknown contamination." [Ashworth and 
Ashworth (1990a)] 

66 

Sun (1985) presented data which showed a 10% variability in thermal 

conductivity, in addition to a change in stress dependence when grease 

was applied to the rock specimens. 

The principle used in this new system is not to minimize the 

contact resistance but to minimize its variability. A known contact 

resistance can be subtracted from the measured total thermal 

resistance (specimen plus its contacts with the copper disks) to give 

the resistance of the specimen. Several candidate interfacial mater-

ials were tried. The most successful, in terms of repeatability, is 

Teflon tape (which is about 0.025 rom (0.001") thick). The location of 

the Teflon tape is indicated in Figure 4.6. Interfacial resistance is 

dependent upon a number of factors including the roughness of the 

copper and the specimen surfaces. Plastic bags give a constant value 

of interfacial resistance, but the results are not reproducible from 

bag to bag due to variations in the thickness of the plastic material. 

Further details are given in Section 5.6 which discusses the 

calibration of this system. 



67 

The thermal conductivity stack was mounted between the anvil 

(the bottom pressure plate) and head (the upper pressure plate) of the 

stiff-testing machine. The stack is surrounded by fiberglass insula

tion, which in turn is surrounded by polystyrene cut to fit between 

the supports of the stiff-testing machine. This insulation reduces 

but does not eliminate heat losses. Most of the measurements have 

been made using a 141 Kg (311 lb) load (the weight of the stiff

testing machine head) on the stack for consistency in the contact 

resistance. A nylon cylinder is placed above the heater to transmit 

the pressure and to act as a thermal insulator against upward heat 

flux. A ball-bearing on the top of the nylon cylinder helps to ensure 

uniform pressure distribution on the specimen. 

For specimens with low strength, such as the light-weight shot

crete, the use of a lighter load was required; a special head weighing 

43 Kg (95 lb) was built for this purpose. Figure 4.7 shows the 

schematic of the overall system; Figure 4.8 shows a photograph of the 

stack without the insulation, and Figure 4.9 shows the stack in the 

stiff-testing machine. 

The large steel components of the stiff-testing machine are used 

as heat sinks. In the past, the components provided some measure of 

thermal stability. However, the recent addition in December 1990 of 

an insulated temperature-regulated enclosure around the machine has 

greatly improved the thermal stability of the heat sinks. Simple off-
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FIGURE 4.7. Schematic of the overall 2" heat-flux system. 



FIGURE 4.8. The 2" heat-flux system in place without the surrounding 
insulation layers. 
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FIGURE 4.9. The 2" heat-flux system components in the stiff-testing machine. 
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on control maintains the air temperature in the enclosure to ± O.2SoC, 

resulting in heat-sink temperatures stable to ± O.OloC over extended 

periods of days. 

4.5 DISCUSSION 

The number of years of experience has led to the development of 

systems which could be termed primitive but which, due to their 

simplicity, are very appropriate to the measurement of thermal 

conductivity on readily available rock specimens. Variations in 

thermal conductivity due to pressure, temperature, anisotropy, and 

moisture can be determined in addition to statistical variation 

between specimens of the same rock type. Precise fabrication of the 

2" heat-flux systelR has added to the accuracy of this latest system. 

This will be clearly shown in the next chapter on calibration and the 

results on moisture effects to be presented later. 
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CHAPTER 5 MEASUREMENT AND CALIBRATION PROCEDURES 

5.1 INTRODUCTION 

More details of the actual measurement systems are given in this 

chapter, together with the procedures used to calibrate the systems. 

The latest 2" heat-flux system is presented in detail since the author 

developed these procedures. Calibration is of great importance since 

the thermal conductivity systems described in Chapter 4 are basically 

comparative techniques. 

The electronic measuring circuitry, which was used in the 4" 

unguarded system, was briefly discussed in section 4.3. The same 

electronic equipment continues to be used in the 2" heat-flux version 

of the thermal conductivity system; this equipment is shown in the 

photograph in Figure 5.1. For simplicity of monitoring the condition 

of the thermal conductivity stack, the thermistors are switched first 

into two Wheatstone bridges. One monitors the equivalent temperature 

difference between the thermistors in the upper heat-flux transducer 

(HFT), and the other the temperature difference in the lower HFT. 

These differences are initially fed into a chart recorder which 

monitors their values as a function of time. The chart-recorder trace 

is only used to determine when equilibrium has been established, as 

indicated by traces which are straight lines parallel to the chart 

direction. An example of a trace for a series of measurements, with 

accompanying explanation, can be found in Appendix B. 



FIGURE 5.1. Electronic measuring equipment for the 4" unguarded hot-plate 
and the 2" heat-flux systems. 
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Once equilibrium is well established, the thermistors are 

switched out of the bridge circuit and each resistance individually 

measured with the Keithley multimeter. Equilibrium times for speci-

mens with conductivity from 1 to 400 W/(m-K) range from about 4 to 2 

hours. Lately, with the addition of the temperature controller and 

with quick changes of specimens, equilibrium can be achieved in about 

2 hours, even for some rock specimens of low thermal conductivity. 

A heat-flow rate of 0.8 watt is usually used. This produces a 

temperature difference of about 1.4oC across each HFT and about twice 

that value across a typical rock specimen. The heat-flow rate is 

adjusted for specimens of different conductivities. 

Since the measuring systems are precise and the thermistors are 

accurately calibrated, relative temperatures can be measured to 

O.OOloC. Consequently, there is no need to use a large temperature 

gradient in order to obtain the required accuracy for the thermal 

conductivity values. This low temperature gradient more nearly 

matches that found within a mining or general underground environment 

and avoids the possibility of warped specimens and measuring disks 

causing unknown errors. 

The basic principles of heat flow (Fourier's Law from Carslaw 

and Jaeger (1959» in a linear system require that the amount of heat 

. 
flowing (Q) is given by: 



Q = K A .a.T 

.a. x 

75 

[5.1] 

where K is the thermal conductivity of the material, A is the cross-

sectional area, and .a. T/ .a. x is the temperature gradient across a 

thickness of .a. x • The thermal resistance (R), for any specimen of 

material, can then be defined as: 

R = .a.x 

KA 

with units of K/W (degrees per watt). 

Combination of these two equations gives: 

R = .a.T 

Q 

[5.2] 

[5.3] 

Equation [5.1] is the form used to obtain the heat flow through 

the HFT' s from the measured temperature differences across each HFT 

and known thermal conductivity of the nylon. Then, for the specimen, 

Q is the average of the two heat flows through the HFT's, compensating 

for any heat loss from the side of the stack. When .a. T is measured 

across the specimen (plus the two contacts with the copper measuring 

disks) , Equation [5.3] gives the total thermal resistance of the 

specimen plus the contact resistance at the upper and the lower 

boundaries with the copper measuring disks. After quantifying the 

contact resistance of the two boundaries, the thermal resistance of 

the specimen can be found and its thermal conductivity calculated from 

Equation [5.2]. 
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5.2 CALIBRATION PROCEDURE 

To calibrate any system, a carefully planned procedure is 

required. In the early thermal conductivity systems, calibration was 

a three-step process:-

1) The thermistors were calibrated to give a temperature-resistance 

curve for each thermistor utilized in the system. Hence, from 

measured resistances, temperature differences in each part of the 

stack could be calculated. 

2) The heat losses were calculated by theoretical considerations and 

by finite element analyses. This allowed heat flow through the 

stack to be calculated from the known electrical heat input. 

Knowledge of the temperature differences and heat flow gave the 

thermal resistance and hence thermal conductivity for a determined 

specimen geometry. 

3) The overall system was verified by use of standard specimens whose 

thermal conductivity was already known and accepted by colleagues 

in the field. When results agreed with previous experiments, 

confidence was gained in the measurement procedures employed. 

Claims of accuracy determined from calculations were thus 

verified. 

In the 2" heat-flux system, the calibration becomes a four-step 

process:-

1) The thermistors were calibrated to give a temperature-resistance 

curve for each thermistor utilized in the system. 

2) The HFT's needed to be calibrated to allow the heat flux through 

each to be determined accurately from the measured temperature 

differences. The heat flux through the specimen was calculated as 

the average heat flux through the two transducers. Thus, the 



small heat losses were accounted for in the calculations of the 

thermal resistance of the stack. 
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3) The interfacial resistance needed to be estimated as accurately as 

possible. Once the thermal resistances of the contacts between 

the specimen and measuring disks were known, these values could be 

deducted from the total thermal resistance of the stack yielding 

the thermal resistance of the specimen. Thermal conductivity is 

then easily calculated from the shape of the specimen and its 

thermal resistance. 

4) Finally, the whole system and process needed to be calibrated or 

verified by use of standard specimens whose thermal conductivity 

was already known and accepted by colleagues in the field. 

These identified processes are explained in more detail in the 

following sections. 

5.3 THERMISTOR CALIBRATION 

All the thermistors used in the various systems have been 

calibrated against a standard platinum thermometer (Rosemount 162D) 

which traces its calibration back to the National Bureau of standards 

(now the National Institute of Standards and Technology (NIST». 

various references [Murdock (1979), Alexander (1981), Mahajan (1982), 

and Sun (1985)] contain information on the calibration techniques. 

For example: 

"The platinum thermometer and thermistors already embedded 
in the copper plates were placed in a constant temperature 
bath. Resistance of all five thermistors and the platinum 
thermometer were recorded at various temperatures. Each 
temperature was calculated from the platinum resistance 
reading with a standard equation. The accuracy of the 



platinum thermometer is ±O.0030 C in a temperature range of 
OOC to 500 C. Twenty one data points were taken for each 
thermistor and the resistance versus temperature for all 
five thermistors were plotted. Readings for the different 
thermistors at the same temperature are so close that they 
overlap one another, which shows the high quality of the 
thermistors. They all have the same type of formula: 

Ln(R) = A + B(1/T)." [Sun (1985)J. 
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The constants for each thermistor were determined with a least-

squares error technique. Thus, the relationship between temperature 

and the measured resistance could be obtained by inverting the above 

resistance-temperature relationship. The constants were included in 

the computer program which calculated the temperatures at each of the 

thermistors. Initially, the constants were built into a BASIC 

computer program. Now, they are included in a Quattro-Pro spread 

sheet which is used to calculate temperatures, temperature differ-

ences, and eventually the thermal resistance of the stack and the 

thermal conductivity of the specimen. Appendix C shows a typical 

printout of the spread sheet incorporating the thermistor constants 

for those currently in use. 

5.4 HEAT LOSS CALCULATIONS 

One procedure for heat loss calculations has already been 

outlined in Section 4.2 for the 6" unguarded system. In this case, 

finite element analysis using the parameters determined from the 

experiment were used to predict the location of the isotherms and the 

heat losses from the stack. Heat losses of about 2% were calculated. 

These agreed with those estimated from analytical calculations. 
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Consequently, "guarding", by supplying an external temperature 

gradient similar to that found in the stack, was considered to be an 

unnecessary sophistication. The estimated heat losses were then used 

in the calculations to determine the heat flow through the specimen, 

and hence its thermal resistance and thermal conductivity. 

As another example of finite element analysis, reported in Ash-

worth and Ashworth (1985), the parameters obtained in the experiments 

performed by Alexander (1981), using the 6" unguarded pressure system, 

were incorporated in a finite element model. The axisymmetrical model 

is shown in Figure 5.2 where the system contains two granite 

specimens. The parameters utilized in the model are listed in Table 

5.1 and Table 5.2 presents the resulting modeled temperatures for two 

extreme cases of thermal conductivity of the insulation around the 

stack. The node numbers represent the nodes identified in Figure 5.2 

along the cylindrical axis at a radius of 0.0 m. 

"Temperature values in the model show that the temperature 
variations throughout the samples, for a given radius, are 
linear in all cases studied. There was a small change in 
the temperature radially, the largest being o. 030 C. Heat 
losses were found to be less than 3% in the worst case and 
compared well with those estimated from the laboratory 
experiments. The actual temperatures measured by Alexander 
were very close to those found in the finite element 
analysis. The temperature difference across the one 
specimen was measured at 3.18oC and modeled at 3.26oC, 
while the values for the second specimen were 3. 870 C and 
3.76oC, respectively. Since one specimen has a positive 
difference and the other specimen a negative difference, 
this indicates that the two specimens did not have the same 
conductivity value as assumed in the model. The finite 
element model was thus adjusted to give two different 
values of thermal conductivity for the granite specimens 
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TABLE 5.1 Material parameters used in the finite element model 

Material Material Thermal Heat Generation 
# Description conductivity /unit volume 

W/(m-K) w/m3 

1 styrofoam (insulation)* 0.001 0.0 

[0.100] [0.0] 

2 Steel (rams) 16.76 0.0 

3 Copper (thermistor disks) 400.0 0.0 

4 Copper (heater) 400.0 1.103x10S 

5 Granite (specimen) + 2.17 0.0 

* Insulation thermal conductivity was not known accurately so three 
values were used, the best and worst [ ] cases are reported here 

+ Average value obtained in the experiments. 
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TABLE 5.2 Modeled temperature values (oe) as a function of location 
and conductivity of the insulation for the 6" unguarded system. 

Radius (m) 
0.00 0.03 0.06 0.07 0.072 0.076 

Node # Stack styrofoam 

241 21.55 21.55 21.55 21.55 21.55 21.61 
[21.50] [21. 50] [21. 50] [21. 50] [21. 50] [21.55] 

Thermistor Plate 
227 21.58 21.58 21.58 21.58 21.58 21. 77 

[21.53] [21.52] [21.52] [21. 52] [21.52] [21. 71] 

Sample 1 
181 24.90 24.88 24.87 24.87 24.87 23.94 

[24.78] [24.75] [24.72] [24.71] [24.71] [23.80] 

Heater 
158 24.90 24.88 24.88 24.88 24.88 24.06 

[24.77] [24.75] [24.72] [24.71] [24.71] [23.92] 

Thermistor Plate 
149 24.86 24.84 24.84 24.84 24.84 23.92 

[24.74] [24.71] [24.69] [24.68] [24.67] [23.78] 

Sample 2 
80 21.04 21.04 21.04 21.04 21.04 21.29 

[21.01] [21. 01] [21.01] [21.01] [21.01] [21.24] 

Thermistor Plate 
66 21.02 21.02 21.02 21.02 21.02 21.12 

[20.99] [20.99] [20.99] [20.99] [20.99] [21.08] 

The identified nodes are located along the axis, i.e. radius = 0.0 m 

[ ] values are for K = 0.10 W/(m-K) for the Styrofoam insulation 



and the values adjusted until a closer match of temperature 
was obtained. The two conductivities were 2.3 W/(m-K) and 
2.0 W/(m-K), respectively." [Ashworth and Ashworth (1985)]. 

5.5 ANALYSIS OF THE HEAT-FLUX TRANSDUCERS 
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In the latter apparatus used (2" heat-flux system), a carefully 

dimensioned disk of nylon was used as the heat-flux metering medium. 

This was sandwiched between two copper disks which have been 

accurately machined. The copper disks contained permanently emplaced 

calibrated thermistors. The nylon has known conductivity. Its 

thickness and diameter and hence its shape factor was meticulously 

measured. Hence, the heat flux through each meter could be determined 

from the measured temperature differences. Heat losses accounted for 

the small differences between the two heat fluxes. The heat flux 

through the specimen was then assumed to be the average of the heat 

fluxes through the two transducers. 

5.6 INTERFACIAL MATERIALS 

As stated earlier, the principle used in the 2" heat-flux system 

was to estimate the value of the contact resistance at both surfaces 

with some degree of accuracy instead of assuming it was zero, as in 

previous work. The sequence of choices for a suitable interfacial 

material started with the requirement of an elastic material which 

could deform to accommodate minor irregularities on the surface of the 

specimen and to give a reproducible contact resistance with the same 

and other specimens. Thin silicon rubber sheet was first tried. 
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Circles of this material are included in the photograph of the 

components shown in Figure 4.5. Unfortunately, it was not possible to 

purchase a single sheet of thickness less than 1. 59 mm, although 

thinner sheets are manufactured. In principle, this scheme worked, 

though the interfacial resistance was significantly larger than 

desired. 

Thin elastic sheets of other materials were tried, but by far 

the most suitable results were obtained using 0.05 mm (0.002" nominal) 

thick Teflon tape. This material was thick enough to accommodate the 

level of surface irregularities that have been experienced (its self

lubricating properties were helpful in this respect), it was readily 

available from any hardware store (albeit in 0.75" wide form), and it 

did not cause any contamination of the specimen. 

An added unexpected advantage was found: it was possible to 

visually inspect the Teflon after removal of the specimen. Thinning 

of the Teflon in areas showed when the stack had not been aligned and 

the data could be in error. "Pinholes" in the Teflon indicated a too 

rough surface which had given some penetration so that the contact 

resistance value may be inappropriate. The actual thickness of the 

Teflon could be measured after the stack was removed. Consistency has 

been found even from roll to roll of Teflon tape. 
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5.7 CONTACT RESISTANCE 

In all the remaining discussions, the term "contact resistance" 

is used for the total thermal resistance of the interface between the 

copper and the interfacial material, the interfacial material itself, 

plus the interface between the interfacial material and the specimen 

at BOTH faces, unless specifically stated otherwise. 

Various experiments were undertaken to quantify the contact 

resistance. At the outset, the calibration of the contact resistance 

was intended to be a fairly straight forward procedure:- measurement 

of the thermal resistance of the stack containing a specimen whose 

thermal conductivity was known. As will be seen in the following 

paragraphs, it has turned out to be a much more complex problem than 

anticipated. Further research is needed to investigate the surface 

phenomenon involved. This work is still ongoing by the author and is 

beyond the scope of this dissertation. However, the study of contact 

resistance using Teflon with a Pyrex reference specimen has provided 

enough information to allow an adequate numerical estimation versus 

surface roughness when time and applied stress remain constant. The 

information presented here is a partial account of work already 

completed and selected for its relevance. 

contains some further details. 

Ashworth et al (1990b) 

Initially, copper specimens were used to estimate the contact 

resistance. Copper has a high conductivity (400 W/(m-K», and hence a 
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very low thermal resistance. consequently, the contact resistance 

would contribute almost all of the total resistance measured for the 

stack and, thus, could be measured very accurately. Thermal resist-

ance measurements were taken using a number of copper specimens with a 

variety of roughened surfaces. A quantitative evaluation of the 

surface finish was obtained using a Surf-Indicator profilometer, 

manufactured by Clevite. This instrument gives a value of surface 

roughness in micro-inches. Curves for the contact resistance as a 

function of logarithm of the surface roughness were generated, giving 

complex curves presented in Ashworth et al (1990b). Figure 5.3 gives 

one such curve. 

The results given in Figure 5.3 are not fully understood at this 

time. There appears to be a peak in the curve which cannot be 

explained at this time. Two suggestions are given. The surface prep

aration of the copper may have been suspect, in that contamination of 

the surface could have resulted for the less rough surface. Alterna

tively, and more likely from the results of the finite element study 

discussed later in this section, a rougher surface with sharp peaks 

could penetrate the Teflon. With a high conductivity specimen such as 

copper this significantly reduces the effective thickness of the 

Teflon and hence the contact resistance at higher roughness values. 

Also, the use of a profilometer only gives the quantification of 

short-range linear changes in the surface even though many measure-
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FIGURE 5.3. Contact resistance as a function of logarithm of surfac.e 
roughness for two copper specimens. 
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ments were taken at different locations and orientations. As indi-

cated above, further work is planned on characterizing surfaces and 

the resulting contact resistance. This work will include an improved 

method of surface preparation and the use of stereographic images from 

a scanning electron microscope to "see" the surface roughness. 

Additionally, the effect of long-range surface changes, such as those 

from warping of the specimen, will be investigated. 

Additional specimens to be used to determine contact resistance 

were prepared from a sheet of commercial grade Pyrex heat-resistant 

glass. This material was chosen since it has a known thermal 

conductivity close to that of most rock, it was easy to fabricate, and 

its surfaces could be easily roughened and visually inspected. For 

these specimens, the contact resistance increased apparently linearly 

with the logarithm of the roughness, as can be seen from the graph 

(Figure 5.4). Thus, thermal contact resistance for this apparatus can 

be adequately represented by a logarithmic dependence on roughness as 

measured by the profilometer. Additional curves have been derived for 

the plastic bag interface with and without the presence of moisture. 

The resistance is significantly better known under these conditions 

than applying unknown thicknesses of grease to specimens of variable 

porosity. 

The data for the Pyrex specimens appear to be more consistent. 

The surfaces were easier to roughen when using the Pyrex than the 



Q) 
() 

c 
CO -U) .-
U) 
Q) 

a:: -() 
co -c 
o 
o 

89 

K/W 

0.6 

0.2 
• Pyrex Specimens 

O.O+-----+-----r---~~--_+----_+----

0.0 1.0 2.0 LOG {Micro-inches} 

Surface Roughness 
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copper. In addition, one of the significant differences between 

Figures 5.3 and 5.4 has been initially explained by a simple finite 

element study performed by the author. Finite element models were 

constructed to approximately represent the "ups and downs" on the 

surface of the Pyrex or the copper specimen. However, the copper 

measuring disk has been assumed perfectly smooth for these approximate 

analyses. Heat-flux boundary conditions were placed on the models. 

Figures 5.5 and 5.6 show the respective isotherms generated by the two 

cases. 

"Because of the significantly higher values of conductivity 
for copper, the copper finite element penetrating into the 
PTFE (Teflon) tape modifies the heat flow by presenting a 
path of least resistance. This is clearly shown by the 
"vectors" added to Figure 5.5. The isotherms are appropri
ately bent even into the copper specimen itself, as can be 
seen in the same figure. When the finite elements pene
trating the PTFE tape are closer spaced and not as large, 
approximately representing a smoother finish on the copper 
surface, the isotherms are nearly straight within the non
penetrated layer of the tape. In essence, the "effective" 
tape thickness has been reduced, not increased, when the 
roughened surface of the copper becomes smoother. 

Alternatively, when the specimen has a low conductivity 
such as the pyrex, the heat flow is not preferentially 
drawn to the one element of the Pyrex penetrating into the 
PTFE tape. 

In fact, just the opposite occurs. The heat flow chooses 
the tape path, though the effect is not as dramatic as for 
copper because the conductivities of Pyrex and PTFE tape 
are closer together. Adding more penetrations to the 
finite element model causes little change in the isotherms. 
This is shown in Figure 5.6. Thus, the effective thickness 
of the tape is unchanged when the specimen is of a low 
conducting material." [Ashworth et al (1990b)] 
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For the stuuies of the thermal conductivities of rock and 

concretes, the curve presented In Figure 5.4 has been used as the 

calibration curve. It establishes the contact resistance for a given 

surface roughness of the specimen. Each rock or concrete specimen has 

its surface roughness measured to find the appropriate contact 

resistance. Further work on the variation of contact resistance with 

pressure and time is in progress. 

5.8 SPECIMEN PREPARATION 

The rock and concrete specimens were usually prepared using 

standard rock mechanics laboratory equipment. An appropriate size of 

rock drill barrel was chosen and cores were taken using a heavy-duty 

drill press. The later specimens were prepared with a new SBEL drill. 

Slices were taken from the cores utilizing a Hi11quist diamond rock 

saw, with water as the cutting fluid. These slices were then finished 

with a center1ess grinder. Again, water was used as the cooling, 

lubricating, and flushing fluid. After finishing, the specimens were 

generally washed in acetone to remove any oil-based impurities if no 

reaction was anticipated. After a thorough water bath, the samples 

were dried at 2000 F for 72 hours or in a vacuum desiccator. The final 

step in preparation was allowing the specimen to come to equilibrium 

at room temperature for a period of one week prior to any testing, 

thus allowing stabilization of the temperature and moisture content 

throughout the specimen. 
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It is important that the faces of the finished rock disk must be 

flat and as near parallel as possible. A ratio of thickness to 

diameter of 1: 6 is maintained to assist with achieving linear heat 

flow through the disk by reducing heat losses around the sides. When 

two "identical" specimens were needed for the earlier unguarded 

systems, they were chosen from close proximity and then carefully 

inspected to avoid defects, such as cracks, liquid, or air pockets, 

etc. or, at least, an attempt was made to match any such defects. A 

significant variation in the specimen pairs would affect the accuracy 

of the system since heat-flow symmetry would not be maintained. The 

data presented for these specimen pairs represent "average" values. 

The centerless grinder gave different quality finishes depending 

upon the type of rock being prepared. Slow hand feeding of the head 

for the latter cuts avoided the breaking-off of grains and small edge 

fragments for loose grained materials. Also, this careful preparation 

increased the smoothness of the surface making for, in general, a 

better and more consistent contact with the measuring disks and a more 

accurate application of the calibration curve for the contact 

resistance of the Teflon in the heat-flux measuring system. 

The only exception to this preparation method were the light

weight foamed concretes. This material was not structurally strong 

enough to withstand coring and grinding. Instead, the specimens were 
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prepared by hand with a regular hacksaw, a circular template, and 

various grades of emery paper placed on a lapping table. 

5.9 STANDARD MEASUREMENT PROCEDURE 

The standard measurement procedure that has been established for 

specimens at ambient humidity was:-

1) The specimen was prepared using a 2" rock drill, rock saw and 

center less grinder as found in any standard rock mechanics 

laboratory. 

2) The specimen was dried in an oven for 72 hours or in a vacuum 

desiccator, for at least 48 hours, to remove the water that has 

been introduced during preparation. change in weight was 

typically less than 0.1% of the original weight. 

3) The specimen's surface roughness was measured using a profilometer. 

4) The specimen was placed in the stack with one layer of Teflon on 

either side. Lips on the copper disks aided correct alignment. 

5) The heater was turned on. The system was allowed to come to 

thermal equilibrium, which usually took about 3 hours. To check 

when this had occurred., temperatures were monitored on a chart 

recorder. An example of the chart recorder trace is given in 

Appendix B. 

6) Values of the electrical resistances of the thermistors and the 

voltages across the heater and standard resistance were recorded. 

7) Calculations, originally using a BASIC computer program, gave the 

thermal resistance of the specimen plus its contacts. Now, both 

the calculations and additional data analyses are performed using 

a Quattro-Pro spread sheet. An example of one of many spread 
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sheets can be found in Appendix C. The calculations were made 

from the thermistor calibration constants, the temperatures at 

each thermistor, the power supplied to the heater, the specimen's 

shape factor (determined from its diameter and thickness), the 

contact resistance of the Teflon layers (taken from the 

calibration curve in Figure 5.4) to give finally the thermal 

conductivity of the specimen. 

8) After the measurement was complete, the Teflon layers were 

inspected for any defects, thinning, penetrations, etc. and any 

measurement that may be suspect was rejected. 

9) The above procedure was repeated by removing the specimen and 

replacing the layers of Teflon. In all cases, results reported 

are from at least two such independent measurements, and, during 

the calibration period, from many more. The Quattro-Pro spread 

sheet analysis gives averages and standard deviation for the 

repeated measurements. 

5.10 VERIFICATION OF THE SYSTEM CALIBRATION 

All of the systems described in this chapter have been checked 

using specimens from materials of known conductivity, normally termed 

standard reference materials. Further testing with standard reference 

materials continues in an attempt to eventually achieve an ASTM 

standard authorization for the heat-flux system. 

The first calibration tests on nylon and sintered cordierite, 

both of which had been previously measured in other systems, indicated 

that a small correction was needed to the calculation of the heat flux 

through the two transducers. The same correction was indicated by the 
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measurements on both of the materials, and it was consistent with the 

assumption of a very small contribution to the overall thermal 

resistance of the HFT's by the epoxy used to cement the nylon to the 

copper thermistor plates. This modified calibration was then checked 

by measurements on a SRM specimen (Pyrex 7740 obtained from Lafayette 

Instruments for which a value of thermal conductivity of 1.15 W/(m-K) 

was given). Over a period of a year, nine measurements were made 

yielding an average thermal conductivity of 1.147 ± 0.015 W/(m-K) at 

22.5 ± O.soC. Further information about the use of this value as the 

standard can be found in Ashworth and Ashworth (1991). 

5.11 PROCEDURE FOR MOISTURE MEASUREMENTS 

Previous works summarized in Clark (1966) and Robertson (1988) 

contain values for dry and saturated rocks. The data indicate that 

the thermal conductivity of many rocks is dependent on moisture 

content. From their reported results and from data to be presented in 

Chapters 9 and 10, it has become apparent that moisture content has a 

strong effect upon thermal conductivity in some materials. 

Measurements at different moisture levels would add to knowledge 

already available and enable studies to be made on, and models 

developed for, partially saturated systems. Thus, under the author's 

specific direction, a sequence of measurements was designed so that 

the heat-flux system described in the Section 4.4 could be used for 

specimens containing any amount of moisture. 
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To determine the influence of moisture, the heat-flux system has 

been used in the following manner:-

1) measurement of the specimen at ambient humidity with a Teflon 

layer. The roughness of the surface allows estimation of the 

contact resistance of the Teflon and, hence, the thermal resis

tance (and conductivity) of the specimen could be calculated. 

2) measurement of the specimen at ambient humidity in a plastic bag. 

The now known thermal resistance of the specimen allows the 

thermal resistance of the plastic bag to be calculated. 

3) measurement of the specimen with any amount of water added or 

removed. The thermal resistance of the plastic bag can be 

subtracted from the total thermal resistance to give the new 

thermal resistance (and conductivity) of the moist specimen. 

Thermal resistance measurements normally take about 3 - 4 hours 

for the system to come to thermal equilibrium. This period of time 

allows the moisture that has been added to distribute itself 

throughout a relatively porous specimen. Longer periods of time have 

been used for less porous materials. The thermal gradient also acts 

as a driving force which "encourages" water molecules to move, though 

both thermal and moisture steady-state conditions are achieved before 

measurements of thermal conductivity are made. Details of moisture 

movement are discussed in Chapters 9 and 10 in conjunction with the 

moisture results for rocks and concrete and in Appendix E where models 

are presented to possibly explain the effects of moisture on thermal 

conductivity. 
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Care has been taken to remove immediately the specimen still in 

its plastic bag from the thermal conductivity system for weighing. 

The specimen was weighed in its bag, out of its bag, and the bag 

weighed with any condensation and then again dried. This allowed both 

the determination of the moisture in the specimen and the amount of 

water condensed. In all cases, the time between the actual thermal 

resistance measurement and the determination of the weight, and thus 

the moisture content, was less than 10 minutes. 

Weight measurement after the thermal resistance measurement 

avoided any errors that may be caus~d by loss of moisture from the bag 

or condensation on the bag on the relatively cold side of the specimen 

during the time taken to come to thermal and moisture steady state. 

It should be noted that condensation only occurred when the moisture 

content became close to saturation. The small temperature gradients 

across the specimen (usually about 30 C) and approximately room 

temperature measurements were significant factors in reducing 

condensation. When condensation occurred, the typical amount of water 

has been found to be 0.05 gm which is less than 1% of the water 

contained within the specimen. 

5.12 DISCUSSION 

It has been shown, by careful manufacture and use of the above 

calibration techniques, that together with nearly two year's 

experience with the heat-flux system and many year's of experience 
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with the previous systems, the claim of 1% precision and at least 5% 

accuracy is not inappropriate. Precision represents the reproducibil

ity of the measurements. Accuracy is a measure of whether the value 

given is correct. In a comparative system, accuracy depends on the 

calibration against standard reference materials; precision is an 

indication of the quality of the system. These claims are further 

substantiated with clearly seen reproducibility on many of the graphs 

which will be presented in Chapters 8, 9, and 10. The absolute values 

of thermal conductivity for these results may have some error but the 

functional variations of thermal conductivity with several parameters 

are quite accurate. 



CHAPTER 6 LABORATORY SPECIFIC HEAT AND THERMAL 

DIFFUSIVITY MEASUREMENT TECHNIQUES 

6.1 INTRODUCTION 
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A heat-pulse calorimeter had been developed and was available. 

The system has been used to obtain the specific heat values for some 

of the rock specimens involved in this studr. Since the description 

of this particular apparatus is not generally available, a brief 

overview of the system and its operation is given in this chapter. In 

addition, some general comments will be added concerning diffusivity 

measurements, even though the thermal diffusivities used for the later 

models were calculated from thermal conductivity, specific heat, and 

density measurements. 

6.2 HEAT-PULSE CALORIMETER 

The principle used in this calorimeter was to add a known amount 

of heat during a small interval of time and to measure the temperature 

of the specimen and its container as a function of time during the 

fore period, the heating period, and the after period of the pulse. 

Because the rocks have a low diffusivity, the equilibrium time was 

long (usually 10 to 20 minutes). Thus, the heat losses were expected 

to be very significant. Providing that Newton's law of cooling, which 

states that, for free convection, heat loss is proportional to the 

difference in temperature of the surface and the air, is applicable, 

the heat losses could be determined by comparison of the temperature-
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time curve before and after the heat pulse. The temperature-time 

curve before allows the constant of proportionality to be found. This 

is then applied to the temperature-time curve after the heat pulse to 

determine the heat losses. Thus, the corrected temperature rise (that 

which would have occurred if the system had been adiabatic with no 

heat losses) could be established and the heat capacity of the 

calorimeter and its contents could be calculated. Subtraction of the 

measured heat capacity of the empty calorimeter would give the heat 

capacity of the small specimen and then its specific heat. 

The apparatus is shown schematically in Figure 6.1, and Figures 

6.2a and 6.2b present photographs of the inner system with the fiber

glass insulation removed; one looking inside with the suspended speci

men container, the other showing the outside. The primary components 

were the specimen container, the isothermal shield, the temperature 

reference block and a multiple-element (10 copper-constantan segments) 

thermocouple. A linearized thermistor allowed determination of the 

temperature of the copper reference block. Although the calibration 

of this thermistor was accurate only to ± 0.02K, its resistance

temperature relationship was very stable and sensitive and allows 

changes in the block temperature to be determined to ± O.OOlK. 

Junctions at one end of the thermocouple were distributed over 

the surface of the specimen container, the other ends were thermally 
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FIGURE 6.2a. View of the inside of the heat-pulse calorimeter. 
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,in, 

FIGURE 6.2b. View of the outside of the heat-pulse calorimeter. 
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attached to the reference block. At ambient temperature, this thermo

couple had a sensitivity of 400 J-lv/K and was monitored by a device 

with a 1 J-lv capability. A four-lead heater was wound on the specimen 

container. A small quantity of water (usually 4 ml) was placed in the 

container to enhance thermal contact between itself and the specimen. 

Fine stainless steel wires suspended the container within a 

copper shield which was maintained at a constant temperature. This 

provided an environment in which Newton's law of cooling could be 

applied, that is, the extraneous heat transfer from the specimen 

container (radiative, conductive, and convective flow) are proportion

al to the temperature difference between the calorimeter and the 

shield. It was preferred that the system not be operated with vacuum 

to allow the use of water as a thermal contact fluid. Hence, very 

lightly packed fiberglass was needed around the calorimeter and shield 

to reduce convective transfers. 

A simple data acquisition/control system was used to regulate 

and monitor the calorimeter. It comprised an Apple lIe computer with 

an IEEE-48B interface, Hewlett-Packard 349SA Scanner and 34SSA Digital 

Multimeter, and Lambda programmable power supplies. Operation was 

completely under computer program control (times of heating and data 

collection, and heater power were input variables). Data from the 

thermocouple, thermistor, heater, and interval clock ( located on a 

board in the Apple lIe) were collected and stored on disk. A small 
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BASIC program converted the data into temperature-time· values and 

incrementally integrated the curve. A simple calculation then gave 

the heat capacity of the container/specimen unit. 

Figure 6.3 shows the graph of a typical temperature profile for 

a Homestake schist specimen. This graph has been annotated to define 

the quantities used in the derivation of the corrected temperature 

change, and then the heat capacity. The background theory contains 

three unknown constants; the constant of proportionality of the 

Newton's law of cooling (C), the reference temperature (related to the 

reference area/unit time under the curve (Ao», and the heat capacity 

of the calorimeter containing the specimen. The changes in tempera-

ture on the cooling curves before and after heating allow two of these 

(C and Ao) to be determined. The intervals of time Atl and At2 were 

chosen to be equal (At) so that AOl = A02 = AoAt. Thus: 

Ao A1 AT2 A2 ATl [6.1J 
Atl At2 

AT2 - ATl 

and C = - AT2 [6.2J 
A2 - Ao At2 

The corrected temperature (that is the temperature if there had been 

no heat losses) was then calculated from: 

Tcorr = Tmeas + C (AA - Ao At) [6.3J 



108 

0 
ci v 

-Q) 

~ 

+ 
~ 
<I 

<0 
ai 
C? 

C\I C\I « C\I ..... 

~l C\J 
ai C? _ 

en ....... 
"Cen 
c:"C o c: u rn 
Q) en 
en ::J 
-0 
Q).c 

« ..... .£; t:. 
COl-

<I <I cO 
C? 

t= 
<I ...., 
'. Ii 
'I 
I t v 

cO 
C? 

0 ..... ..... « « <I 

q 
CO 

0 0 0 0 0 q oC? 
cD to -i- ("Ij ~ ..- ci 
C\J C\J C\J C\I C\I C\I 

(~.cJ aJnleJadwal 

FIGURE 6.3. Temperature variation with time for the heat-pulse calorimeter 
containing a Homestake schist specimen. 

(symbols defined in the text) 



The heat capacity was then found from the basic equation: 

Heat capacity = heat ina rate * heating period 
temperature rise 

Example calculations for the Homestake specimen gave: 

~Tl = -0.001133 °c Al = 648.362 °c sec 

~T2 = -0.30403 °c A2 = 1359.06 °c sec 

with Ao = 1.6145 °c and C = 0.000432 sec-1 

Tcor = 24.2284 °c (shown as plus symbols in Figure 

109 

6.3) • 

The sharp peak above this value is an overshoot in the tempera-

ture of the outside of the specimen container as the heat is adsorbed 

by the rock specimen inside. Following the above equations gave the 

heat capacity for the calorimeter water and specimen as 50.633 J/oc. 

From previous measurements with the calorimeter containing only 4 ml 

of water, the heat capacity of the specimen was found to be 23.253 

J/oc. Since the mass of the specimen was 32.60 gm, the specific heat 

of the specimen was 713 J/ (kg-K). Measurements on a piece of pure 

copper gave a value of 387 J/(kg-K)i the accepted value for copper is 

385 J/ (kg-K). 

6.3 DIFFUSIVITY TECHNIQUES 

It is appropriate that a brief discussion of laboratory thermal 

diffusivity measurements should be included here. Thermal diffusivity 

can be measured directly using transient methods, in essence the 

principle of applying a heat pulse and monitoring the temperature at 

one, or several, locations with time. Danielson and Sidles wrote a 
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review chapter in Tye (1969) in which they discuss the various methods 

which have been used. 

"The most distinctive feature of non-steady-state methods 
for measuring thermal-transport properties is a temperature 
distribution that varies with time. In contrast to steady
state measurements, these methods involve the complete 
differential equation for heat flow, where the time 
variable plays a role of importance equal to that of the 
space variables. Normally, non-steady-state methods 
determine thermal diffusivity, D, which is defined as the 
ratio of thermal conductivity, K, to specific heat per unit 
volume. However, under certain experimental conditions, 
they can determine K directly, even though temperatures are 
changing with time." [Danielson and Sidles (1969)] 

The methods which they discuss range from periodic schemes using a 

variety of geometries to transient techniques with geometries which 

can approximate a simplified form of the time-dependent differential 

equation. The long rod geometry is the basic principle behind the in 

situ probe developed by Danko and Mousset-Jones (1989). 

A popular method today is the flash technique, which involves 

the application of a pulse (flash) of heat to one face of a thin 

specimen with thermocouples placed on the back face of the specimen. 

"Flash methods are those, whatever the geometry of the 
sample, in which a flash of thermal energy is supplied to a 
sample surface within a time interval that is short 
compared to the time required for the resulting thermal 
transient to propagate through a thin sample, or to 
propagate between two temperature sensors in the case of a 
thicker sample. Experimentally, they are characterized by 
their great simplicity, by requiring only small amounts of 
sample material, and by being readily extended to high 
temperatures.. Freeedom from heat-loss problems stems 
largely from the short-time aspect of the method." 
[Danielson and Sidles (1969)] 
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Calculations made from the variation of the temperature with 

time can determine D for the specimen. Initially, this technique 

required the assumption of a homogeneous specimen, though Maillet et 

al (1990) describe the theory for the application to anisotropic 

materials, in their case multi-layered materials. Another application 

of this technique has been used by Moyne et al (1990) for wet porous 

materials. Some of their results will be compared with those 

presented in later chapters. 

At the current time, the capabilities of measuring thermal 

diffusivity for rock specimens do not exist locally. However, the 

relationship between thermal diffusivity, thermal conductivity, 

specific heat and density allows calculation of thermal diffusivity 

from the measurements which can be made. In essence, the "loop" has 

been completed in that some of the rock types which will be discussed 

in later chapters have been measured using specimens prepared from 

cores taken from the drill-holes used for Danko and Mousset-Jones' 

probe. Their thermal conductivity results have been derived from 

diffusivity measurements. Since there is good agreement between their 

conductivity results and those found by the author, the confidence in 

calculating thermal diffusivity is increased. In addition, Figures 2 

and 5 of Moyne et al (1990) present very similar results to those 

presented in Chapters 7 and 8 for thermal conductivity, obtained from 

diffusivity measurements, for a light-weight concrete and a compacted 

clay. 
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CHAPTER 7 IN SITU TECHNIQUES 

7.1 INTRODUCTION 

When the study of heat flow began at the Homestake Gold Mine in 

Lead, South Dakota in 1979, it was necessary first to determine the 

virgin rock temperature (VRT) at various deep locations within the 

mine. Temperature probes were developed to accomplish this task; with 

the system used it was also possible to obtain details of the 

temperature profiles around the mine openings. 

Two different types of probes were developed; one for permanent 

placement and the other for removal and change in location. They will 

be briefly discussed here. The results obtained will be used to 

compare the "real world" with the theoretical world in the later 

analytical sections. In addition, a slightly different temperature 

probe was used by Mousset-Jones and McPherson (1983 and 1984) in other 

experiments. 

completeness. 

A short description of this probe is included for 

The probes gave details of the temperature profiles. As will be 

shown in Chapter 11, this allows changes in the in situ conductivity 

to be found, but, without an estimate of the heat flow in the rock, 

the actual value of the in situ thermal conductivity cannot be 

established. Pyschrometric measurements in the airflow can give 

average heat flows into the total length of the opening but not at 
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specific locations where the temperature profiles have been measured. 

In an attempt to do this, Mousset-Jones and Danko (1988) have 

developed a device which contains a heater in addition to a series of 

temperature measuring devices. When the temperature history is found 

in response to heat input, an estimate of the in situ thermal 

conductivity and diffusivity around their probe is possible. The 

description of their device will be presented in this chapter. Their 

results will be used to compare with values obtained in the laboratory 

in Chapters 8 and 9. 

7.2 PERMANENTLY PLACED IN-SITU THERMISTOR PROBES 

The first probe, which was put into operation in 1980, was 

designed to be permanently placed with connections available at the 

rock/air interface on intermittent occasions. The use of computer 

acquisition systems was not feasible, from both an economic point of 

view or from the availability of technology suitable for use in the 

hostile environment of a mine at the time of the study. The probes 

used consisted of a round wooden stock with a thermistor attached. 

Thermistors were chosen as temperature sensors instead of thermo

couples because they were more rugged, they could have longer leads 

without adverse effects on the accuracy of the measurements, and no 

reference temperature was needed. 

The attachment was such that the steel spring, to which the 

thermistor was thermally but not electrically attached, could be 
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depressed into the wood stock or raised to make contact with the rock 

surface around the small drill hole. Figure 7.1 shows a schematic of 

the probe. 

"O-rings were placed at both ends of the probe to provide a 
snug fit in the drill hole, and to stop convection currents 
from developing. Electrical wires connected the thermistor 
to female jacks embedded in a rubber stopper which plugged 
the drill hole and again prevented convection currents or 
water entering the hole. Precision resistors were placed 
in the circuit, one near the thermistor and one at the 
rubber stopper, to provide a check against partial shorts 
in the system caused by moisture." [Chancellor (1981)] 

The probes were calibrated in the laboratory using a constant-

temperature bath and a metal cylinder to simulate the drill hole. 

Some multiple probes were made so that the temperature of the rock 

could be measured at different depths into the rock at the same time. 

Measurements were taken over time ranging up to 140 days. 

Deterioration of some of the probes due to very wet conditions and due 

to completion of a M.S. thesis by Chancellor under the author's 

supervision [Chancellor (1981)] terminated the project. The probes 

were not recovered. Discussions by the author with researchers at the 

Bretby Research Establishment of the, then, National Coal Board in the 

united Kingdom indicated that they had seen the same problem with 

analogous experiments after about a similar time interval. It was 

postulated that dissolved minerals in the water and/or ionization 

could be causing deterioration of the insulation surrounding the 
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thermistors. Consequently, it was decided that reusable thermistor 

probes would be used for the next project. 

7.3 RE-USABLE THERMISTOR PROBES 

Data taken in the laboratory using the above probe [Mahajan 

(1982») showed that there was a maximum of O.loC difference when the 

thermistor was raised in contact with the "rock" surface and when it 

was lowered, not in direct contact. Therefore, an adequate thermal 

contact rather than direct physical contact was chosen for the re-

usable probe. This decision assisted in the design of the probe and 

allowed for anyone probe to be inserted and retracted many time 

without damage to the thermistor. The design is shown schematically 

in Figure 7.2. 

"A nylon strip was attached to the wooden probe body, to 
form a spring bow. A copper strip was mounted on the nylon 
strip. The thermistor was mounted to be in contact with 
the lower end of the copper strip. This design provided 
thermal contact between the rock and the thermistor and at 
the same time reduced chances of damage due to the 
thermistor rubbing on hole walls, while the probe was being 
placed or withdrawn. 

Presence of water in a hole may reduce the probe resistance 
due to a short circuit and/or ionization, leading to erron
eous results. Presence of dissolved salts will increase 
the ionization effect. Further, the thermistor will record 
water temperature rather than rock temperature if it is 
covered by the water current. To overcome this: 
i) Measurements were done in horizontal or up-holes. 
ii) Holes with more than a drip of water were avoided, 

except where the effect was desired to be studied. 
iii) Open lead wires and connections were insulated by 

epoxy resin. 
iv) While placing a probe in the hole, the thermistor was 

kept uppermost." [Mahajan (1982») 
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The probes were calibrated in the same manner as the first set 

of probes. The constants for each thermistor, in the equation 

liT = A + B Ln RT [7.1) 

were found by least-squares error method, giving a correlation of 

better than 0.99. A slight drop in resistance was observed when water 

was included in the copper tube used for the calibration. The change 

was considered insignificant and the same calibration curve was used 

for a given probe independent of whether it was in dry or wet holes. 

The results of temperature profiles as measured using these 

probes will be presented in later sections where modeled temperature 

profiles are compared with measured ones. In most of the probe 

utilization, the age of the airway was sufficiently old that some 

semblance of steady state could be assumed. Time variations were only 

seen as "skin effects" close to the airway. 

Mousset-Jones and McPherson (1983 and 1984) chose to use a 

string of thermocouples on a probe to be inserted into existing drill 

holes. The lead thermocouple included an anchor to attach it to the 

rock at the closed end. A data-logger was attached to a thermocouple 

connector plate to monitor the temperature changes of each 

thermocouple relative to a reference temperature junction. Poly-

styrene prill was originally blown into the holes to avoid air 

convection. Later, foam rubber stoppers were used to avoid the mess 

caused by the prill. The results of the use of these probes at the 
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Sunshine Mine, Kellogg, Idaho and at the Homestake Mine, Lead, South 

Dakota were presented in Mousset-Jones and McPherson (1985). In their 

conclusions, they state: 

"A problem with the test procedures to date may be the 
need to measure to 1/1000 C rather than 1/100 C. This will 
require the use of thermistors needing accurate calibra
tion, which makes the procedure more complicated for the 
mine ventilation engineer." [Mousset-Jones and McPherson 
(1985)] 

7.4 GENERAL CONSIDERATIONS FOR IN SITU MEASUREMENTS 

The measurement of thermal properties in situ would be ideal. 

Accomplishing this objective is far from trivial. For example: 

a) for steady state measurements, attainment of equilibrium or some 

form of quasi-steady state would require a long time, even when 

large amounts of heat are "injected" into the rock, since rock 

has low thermal diffusivity. 

b) for non-steady state, some symmetry in the geometry is needed to be 

able to obtain simplified differential equations which then can 

be solved to predict temperature profiles as a function of time. 

By comparison of temperatures which have been measured to those 

predicted from varying the thermal parameters in the equations 

the thermal parameters can be estimated. Those parameter values 

are chosen which give least differences in some way. The terms 

"back-calculate" or "inversion" are used for this process, which 

is an indirect way of finding the in situ thermal properties 

from measured temperature profiles. 

c) in order to determine both thermal conductivity and diffusivity, 

heat input (or outflow) as a function of time needs to be 

measured, in addition to the temperature profiles. 



120 

d) the mere process of locating (emplacing) the temperature sensors 

can significantly modify the heat flow pattern for a long time. 

Also, drill holes can form good conduits for thermal convective 

currents. 

e) The actual presence of thermistors or thermocouples can cause heat 

flow changes, particularly if electrical leads are not thermally 

tempered. Metal wires can provide good "shunts" for heat flow 

when placed in low conductivity materials. 

An example, which shows Gome of the difficulties, is the 

Homestake temperature profile study utilizing the probes described in 

the earlier sections. The study is reported in detail in Ashworth 

(1983) and summarized in Ashworth and Ashworth (1984). Further 

discussion is included in Section 11.6. The temperature values were 

measured when the rock was assumed to have attained thermal equi

librium under the conditions of relatively 'constant air ventilation. 

Thus, any changes of temperature or heat flow with time could be 

assumed negligible. No heater was used in the experiment so that heat 

flow into the area was not known. In addition, precise control of the 

ventilation air was not possible for long periods of time so that heat 

losses from the area could not be calculated accurately. 

The changes in the slope of the temperature-distance graph 

(presented in Figure 11.5 and discussed in Section 11.6) gave 

indications that the thermal conductivity had changed at these 

locations along the drill hole. Assuming that the heat flow was only 

in the direction parallel to the drill hole, that is inwards toward 
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the airway, then the slope changes allowed calculations to determine 

the ratio of thermal conductivity of the different rock formations 

encountered. But, without an estimate of the heat flow, the actual 

value of thermal conductivity could not be found. Added complications 

for the Homestake project were that the rock was anisotropic and rock 

formations have very complex geological structure. 

A finite element parameter study was performed. In this study, 

the anisotropic thermal conductivities for the two identified rock 

formations, together with boundary conditions, were changed until a 

"good fit" between the measured and calculated temperatures was 

obtained. However, no systematic technique was developed to provide 

convergence to the parameter values which gave the "best fit". In 

addition, it was thought at the time of the research, though never 

proved, that the parameter values obtained were not unique; many other 

combinations of thermal properties and boundary conditions values 

could have given similar predicted temperature profiles. As can be 

seen, this analysis was complex with no guarantee of success and yet 

it did not even include the extra consideration of time changes! 

7.S HEATER EXPERIMENTS 

The heat flow differential equation can be solved using a 

cylindrical symmetry assumption if cylindrical symmetry can be assumed 

within the rock AND the symmetry maintained by designing a cylindri

cal shaped heater. A long powerful heater, or series of heaters to 
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simulate a line heat l:Jource, could be placed along the airway. The 

airway would have to be sealed and the temperature measurements in the 

rock should be made some distance from any possible "end-effects" at 

either end of the airway. 

Sherratt and Hinsley (1961) reported such an experiment. They 

drilled 10 radial holes, 6 meters in length. Each hole contained 

eleven thermocouples. Measurements were made on the temperature 

profile immediately after the heaters were turned on. since time and 

heat input were known, average values of both thermal conductivity and 

thermal diffusivity could be determined from the experiment. 

There are many reports regarding heater tests at various potent

ial nuclear waste repositories. Chan and Jeffrey (1983) report speci

fically about the thermal properties measured at the stripa Mine in an 

easily accessible paper. A total of 756 temperature measurements from 

27 thermocouples spanning 100 m3 over a 70 day period were used in a 

least square regression either for a one-parameter fit (to provide 

thermal conductivity) or a two-parameter fit (to provide both diffus

ivity and conductivity). The estimated in situ properties were con

firmed by comparing temperatures calculated using the in situ values 

with temperature data from an independent experiment. Good agreement 

was achieved. 
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If a method is valid for the heat input case , then it will also 

be valid for cooling. Vost (1976) reported such an experiment. 

Thermistors were employed to measure the temperature profile as an 

airway was cooled by air at approximately constant temperature and 

velocity. Thus, the cooling effect and heat loss on the interior of 

the rock could be calculated. A best fit was found for both thermal 

conductivity and diffusivity by a least-squares analysis combined with 

a finite difference explicit scheme. 

In another similar experiment, Mousset-Jones and McPherson 

(1985) allowed a dead-end airway to warm by sealing it. The locale of 

the airway at depth at the Homestake Mine and the corresponding high 

VRT produced the heating portion of the experiment. After some 

semblance of steady state was achieved, the sealant at the open end of 

the airway was removed to give a sudden air temperature change. 

Temperatures were subsequently monitored at various radii in two 18 ft 

drill holes with thermocouples for a few months. Originally, each 

drill hole was packed with styrofoam prills to prevent air convection 

in the drill holes. This was a troublesome procedure so that later 

foam rubber attachments isolated each thermocouple. Since the amount 

of cooling into the dead-end airway was not measured only thermal 

diffusivity could be found. 

The above three techniques produce average (or gross values) for 

the thermal properties. They are also substantial experiments, part-
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icularly for the amount of time and effort taken. The airways need to 

have been developed well-ahead of the experiments and be available for 

the length of the experiments and under the control of the experi

menter. The latter two considerations are difficult to achieve in a 

working mine or a developing tunnel. 

7.6 DIFFUSIVITY/CONDUCTIVITY PROBES 

In an attempt to look at an interim scale between the large

scale heater experiments and the laboratory measurements, probes have 

been developed which can be placed in an existing drill hole. 

Blackwell (1954) devised a "thermal probe". In his method, a long 

cylindrical heat source of known dimensions and thermal properties was 

embedded in the rock or soil or unknown conductivity. From a record 

of the probe temperature as a function of time, the in situ thermal 

properties could be deduced. Logistic limitations often restrict 

these measurements to short durations using small probes, which may 

not be sufficient to sample a representative volume of a heterogeneous 

rock mass. 

Later, in 1959, von Herzen and Maxwell reported the results from 

their "needle-probe method". The probe was a hypodermic needle 

enclosing a single loop of heating wire and a temperature sensing 

thermistor placed at the middle of the needle. From theory with the 

assumption of "large time" the plot of temperature with Ln(time) would 

give a straight line the slope of which determines conductivity for 
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known values of heat supplied to the heater. The linearity assumption 

was found to be valid between 20 seconds and about 10 minutes. 

Measurements taken on deep sea sediments compared very well with 

steady-state laboratory measurements made on specimens brought to the 

surface. 

Another probe (called REKA abbreviated from Rapid Evaluation of 

k and alpha) has been developed by Danko and also reported in various 

papers by Danko and Mousset-Jones. Original data have been presented 

in the report to the Bureau of Mines (Danko and Mousset-Jones (1988) 

and summarized in their paper (Danko and Mousset-Jones (1989». This 

probe was approximately 0.9 m long, comprising a heater in the center 

portion with 14 thermocouples located along the probe at equally-

spaced intervals. Measurements of the time history of each of the 

thermocouples linked with a two-dimensional optimization procedure for 

the generated elliptical isotherms gave both thermal conductivity and 

diffusivity results after an 8 hour measurement period. 

7.7 DISCUSSION 

As with the large scale heater experiments, any probe technique 

has its drawbacks which must be considered before use. The measure

ment of the temperature increase in Blackwell's heater probe can be 

affected by many unknowns ranging from the effect of the existence of 

the drill hole on the temperature field in the rock, to details of 

contact resistance between the probe and the rock surface. If a large 
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amount of heat is inputted then the contact resistance can change with 

temperature due to relative expansions. The effects of large 

temperature gradients on rock may not be insignificant for some rock 

types. Thermal expansion creates stress which can affect cracks, 

which in turn can affect the effective thermal conductivity. 

Substantial temperature differences can cause problems with any 

moisture associated with porous rock but additional opening of cracks 

which would increase both permeability and any associated moisture 

migration. Then, what parameter is actually being measured; a mass 

transfer coefficient? What real application does this measured value 

represent, remembering that the experimental set-up involved the 

sudden injection of a very large heat pulse? With small probes such 

as the needle probe, the thermal conductivity values obtained could be 

from very localized areas and may be strongly influenced by mineral 

grains and other variations over a small scale within the rock. 

Many of the same concerns can be expressed about the REKA probe. 

In fact, the developers stated that: 

"the method was tried in a porous and completely saturated 
sandstone formation at the Mt. Taylor uranium mine. It was 
observed that moisture evaporation significantly disturbed 
the measurement if boiling occurred at the heater, but it 
was possible to obtain values of the thermophysical 
properties by controlling the heater temperature below the 
moisture boiling point". [Danko and Mousset-Jones (1990)] 

Their paper does not say what temperatures were used for this 

particular experiment but average heater temperatures of eooe were 
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common in ~heir previous work (Danko and Mousset-Jones (1988». Is 

this low enough to stop significant evaporation and recondensation of 

moisture? Again, the question of what parameter is being measured 

should be raised. 

Another concern of this author is what volume of rock is being 

measured. For REKA, the heat generated by the heater is assumed to be 

traveling through the rock around the drill-hole in an elliptical 

front, with minimal or corrected heat flow along the probe. The 

authors claim, for example in Danko and Mousset-Jones (1988), that the 

volume is approximately one cubic meter and the "volume of the rock 

involved in the measurement is sufficiently large to be considered a 

Representative Element Volume (REV) characteristic of the fractured 

rock formation". Yet, in their 1990 paper, they state that "as 

expected, the in situ and the laboratory-measured values of k and 

alpha compared favorably". Since the laboratory measurements on some 

of their specimens were performed on the previously described equip

ment and are reported in the following chapters, can the extension be 

made than a 2" diameter, 1/2" thick disk is a REV? Or is the claim of 

zero scale effect justifiable? 

The one advantage that the REKA probe should have over the 

laboratory measurements is the ability to see changes along a drill 

hole, particularly to look at effects of fracture zones, faults, etc. 

which have until now been avoided in the specimens prepared for the 
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laboratory measurements. As in rock mechanics, competent specimens 

have always been used. In fact, the REKA developers must have had 

the same idea since they stated in (1990) that "the measurement 

evaluation provides values for both conductivity (k) and diffusivity 

(alpha) as well as the spatial variation of these properties along the 

probe length". However, review of their raw data and the derived 

thermal properties in their 1988 report, particularly thermal 

conductivity, causes serious doubts that this claim was verified. The 

reasons for these doubts are illustrated in the following 

observations. 

In their measurements at the Waldo mine, there were three 

different drill holes in the mine with measurements made at two 

different penetrations in each drill hole. Thus, six different 

locations were available for measurements of in situ conductivity. 

The calculations, which they performed, led to six separate tables of 

thermal conductivity (and diffusivity). In each table, calculated 

thermal conductivity values were presented between thermocouple number 

1 and 2, 1 and 3, through 1 and 7 and then 8 with 9 through 14. These 

two sets represented the two sides of the heater. Thus, six values of 

thermal conductivity along the drill hole AHEAD of (or shallower to) 

the heater location and six values PAST (or deeper than) the heater 

are available for six holes. It was assumed by this author that these 

thermal conductivity values would be representative of the changes in 
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the rock along the drill-hole and so they were entered into a spread 

sheet and plotted for better visualization. 

The spread sheet results are presented in Table 7.1. The 

thermal conductivity values are given for the six mine locations and 

the 12 pairs of thermocouples, six ahead of the heater and six past 

the heater, together with calculated row-wise and column-wise averages 

and standard deviations. The variations are significant ALONG one 

drill hole, for example an average value of 3.50 W/(m-K) seems 

typical for the six values. A standard deviation of 1.00 produces a 

large 28.6% coefficient of variation. Yet, the variations BETWEEN 

different drill holes for the same pair of thermocouples are 

significantly lower, with a typical CV of 5%. The dramatic changes in 

conductivity such as 2.78 to 5.80 W/(m-K) in 0.25 m and 2.22 to 4.93 

W/(m-K) in 0.10 m do not seem plausible when: 

a) the volume for the values closer to the heater seems to be included 

in the calculations for the values farther from the heater, 

b) the variation over a large "specimen" volume averages out highs and 

lows more than over a smaller volume, so that the laboratory 

results would be expected to have more variation than those 

found in situ, particularly in a relatively dry limestone. 

The variation discussed above plus the two graphs (Figures 7.3 

and 7.4) seem to indicate some serious systematic errors, either with 

the probe itself, or in the method for calculating the parameters from 

the temperature data. The curves are systematic in nature with 
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TABLE 7.1 Thermal Conductivity values in W/(m-K) 

from Danko and Mousset-Jones (1.988) 

Thermocouple Mine Mine Mine Mine Mine Mine Average SO 
Location Location Location Location Location Location Location /thermocouple 
relative to #1 #2 iI3 #4 #S #6 
heater (m) 

(past - deeper) 
0.20 2.86 2.82 2.63 2_78 2.61 2.43 2.69 0.15 
0.25 3.08 3.02 2.99 3.00 2.78 3.17 3.01 0.12 
0.30 2.84 3.03 3.28 3.01 2.95 3.36 3.08 0.18 
0.35 3.30 4.32 4.36 4.01 3.20 4.23 3.90 0.48 
0.40 4.02 3.67 4.11 4.73 3.18 4.07 3.96 0.47 
0.45 4.29 3.14 3.02 5.80 2.16 3.51 3.65 1.15 

Average 3.40 3.33 3.40 3.89 2.81 3.46 3.38 
S.D./hole 0.56 0.51 0.63 1.09 0.36 0.59 

(before - shallower) 
-0.20 1.99 1.88 1.73 2.01 2.22 1.72 1.93 0.17 
-0.25 3.56 3.64 3.24 3.47 4.07 2.87 3.48 0.37 
-0.30 4.18 4.22 4.01 3.82 4.93 3.49 4.11 0.44 
-0.35 4.29 4.29 4.41 3.90 4.87 3.58 4.22 0.40 
-0.40 4.76 5.22 5.14 4.81 3.97 3.68 4.60 0.58 
-0.45 2.37 2.65 4.10 3.54 0.78 2.69 2.69 1.04 

Average 3.53 3.65 3.77 3.59 3.47 3.01 3.50 
S.D./hole 1.02 1.11 1.07 0.83 1.50 0.68 
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FIGURE 7.3. In situ thermal conductivity versus thermocouple location ahead 
of the heater. 
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definite form within 0.35 meters of the heater. At larger distances, 

the results seem to have more a random component. There are some 

changes in the average results from locations to location but then 

these changes show no consistency at either side of the heater in the 

same drill hole, with a 2.81 W/(m-K) at one side and a 3.47 W/(m-K) at 

the other side of the heater. This change would be even more 

substantial if the 0.78 W/ (m-K) value was omitted from the calcula-

tions. Yet, inexplicably, the "averages" seem to give values similar 

to those found in the laboratory for different rocks and mines. The 

authors need to explain their data in much more detail before 

confidence can be gained in their claim that local variation in 

thermal properties along a drill hole can be obtained. 

Very recently, Shen et al (1991) reports on the use of a thermal 

conductivity meter which can be placed on the surface of airway to 

determine the local in situ thermal conductivity. The basis of the 

new meter was a transient technique using a ring source probe 

(Somerton and Mossahebi (1967». 

"The structure of the K probe is rather simple. The heat
ing wire with a thin insulation coat of 130 is uniformly 
wound on a flat rings of inner and outer diameters of 6 and 
10 mm, respectively. The warm knot of a lab-calibrated 
copper-constantan differential thermocouple is set at the 
center of the ring while its cold knot is attached to the 
outer surface of the T probe to sense the environmental 
temperature." [Shen et al (1991)] 

The probe was used by application to a flat surface. Calibra-

tion of the probe in the laboratory using two reference materials; 
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fused quartz and aluminum oxide determined the slope of the 

Ln(conductivity) versus Ln(thermocouple potential). The probe was 

then used on surfaces underground including a natural flat surface for 

a mudstone, manmade flat surfaces of a sandstone and coal, and an 

unflat surface of a sandstone. Values obtained in thermal conductiv

ity appear reasonable and within expected ranges; the manmade surfaces 

yielded less variability (about 3%) with the unflat surface giving a 

15% standard deviation. 

The device has the advantage of being small and portable; its 

weight including electronics, computer, and thermal printer was 30 kg. 

The authors claim less than 5 minutes for a measurement including a 

printout of the results. They indicate that a quick surface treatment 

by a hand-held abrasive wheel assists the reproducibility. 

However, the same questions arise as with the other techniques 

discussed in this section. What is the actual conductivity being 

measured? How many measurements are needed to characterize the length 

of an airway in a complex geology? Moisture will play an unknown 

role. Also, it is suspected from results to be presented in section 

11.6 that blasting could affect thermal properties of the skin around 

an opening. 
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SECTION C 

EXPERIMENTAL RESULTS 



CHAPTER 8 THERMAL CONDUCTIVITY LABORATORY RESULTS 

AT AMBIENT HUMIDITY 

8.1 INTRODUCTION 
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The data presented in this chapter have all been obtained from 

the systems described in Chapter 4, using the appropriate procedures 

outlined in Chapter 5. Since there has been a large amount of data, 

summaries or examples of results are presented in this text with 

references given to where further information and details are 

published. Later in this chapter and for data on specimens containing 

moisture (Chapters 9 and 10), the results are given in their entirety 

as they were recently taken and analyzed and yet to be published. In 

addition, the moisture results are believed to be the first present

ation of this type of data and represents entirely new work. 

8.2 "NEAR FIELD" VARIATION WITH LOCATION 

The 2" h('lat-flux thermal conductivity system has been used for 

measurements on many types of rocks, some in a research mode, others 

in a laboratory-testing mode. The results reported here are those 

which have been released for publication and represent about half the 

data taken with this equipment. In each reported case, at least two 

different specimens have been prepared (such as HM #1 and HM #2) and 

measured in one of the thermal conductivity systems. The results are 

compared between the specimens and, in two examples, the pair of 

values are compared with previous measurements on specimens from the 
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same location or a closeby location. 

The original samples of rock were supplied as cores, large 

pieces, or already prepared specimens. When long cores or large 

pieces are available, it was possible to make specimens whose 

proximity to each other was known. Four specific examples are given 

in the following paragraphs using results of measurements taken on 

pairs of specimens with known separation - the examples used were a 

Homestake schist, a granodiorite, a limestone, a tuff, and a foamed 

lightweight shotcrete. 

The schist specimens from the Homestake formation were taken 

from a previous 6" diameter thermal conductivity specimen which had 

been used in the earlier system. The two 2" specimens (HM #1 and HM 

#2) were re-cored and their relative locations are clearly shown in 

the photograph in Figure 8.1. Also incorporated in this figure are 

the two specimens (HM #5 and HM #6) used for determination of specific 

heat values and their relative location. In this example, the speci

mens were chosen because they were visually alike and had densities 

which were comparable. The data presented in Table 8.1 includes for 

reference the value of thermal conductivity from the old measurements 

on the 6" diameter specimen. 

The two specimens of granodiorite (WMC #3.1 and WMC #3.2) were 

taken from the same core with a linear separation between the 



FIGURE 8.1. Two thermal conductivity specimens and two specific heat 
specimens of the Homestake schist and their original 
location within the larger specimen. 

138 



139 

TABLE 8. 1 Measured thermal parametel:."s for pairs of specimens with 

close separation 

Specimen 
ID 

Density 

Schist (8M 11) 
Schist (8M 12) 
Schist 13 
(old specimen) 

Limestone (JW 11) 
Limestone (JW 12 
Limestone (upper) 
Limestone (lower) 

Granodiorite(WMC 3.1) 
Granodiorite (WMC 3.2) 
Granodiorite (WMC 4.1) 
(larger grains) 

Tuff: 
Unwelded (UWT 16) 
Unwelded (UWT 17) 

2909 

2580 
2507 
2672 
2666 

2750 
2604 
2750 

Partly welded (PWT 11) 2089 
Partly welded (PWT 13) 2121 

Welded (WT #5) 
Welded (WT #6) 

Foamed shotcrete (LWC/1) 374 
Foamed shotcrete (LWC#2) 383 
Foamed shotcrete (LWC#3) 379 

Thermal 
conductivity 

(WI (m-K» 

1.847 ± 0.024 
2.197 ± 0.016 
2.040 ± 0.170 

2.838 ± 0.023 
2.601 ± 0.008 
2.766 ± 0.091 
3.090 ± 0.081 

1.800 ± 0.048 
2.010 ± 0.009 
2.060 ± 0.024 

1.27 
1.34 

0.140 ± 0.001 
0.139 ± 0.002 
0.136 ± 0.002 

specific 
Heat 

(JI (kg oC» 

713 
777 

824 
824 
N/A 
N/A 

837 
837 
822 

N/A 
N/A 

777 
777 

N/A 
N/A 

1000 
1000 
1000 

Thermal 
Diffusivity 

m2/s 

1.36 x 10-6 
0.97 x 10-6 

1.34 x 10-6 
1.26 x 10-6 

0.78 x 10-6 
0.92 x 10-6 
0.91 x 10-6 

0.78 x 10-6 
0.81 x 10-6 

0.37 x 10-6 
0.36 x 10-6 
0.36 x 10-6 

* Where ± is used, at least three independent measurements were taken 
and the ± value represents one standard deviation. 

+ Initial values from preliminary measurements 
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specimens of less than 4". These specimens are shown in Figure 8.2. 

In this example, the specimens were specifically chosen because they 

had some visual differences. The second specimen (WHC #3.2) has some 

visible quartzite content, shown white in the photograph. A third 

specimen from the same mine has been measured. This specimen (WHC 

#4.1) came from a different core. While the constituents are similar, 

the grains are significantly larger and a different level of meta

morphism is likely. 

For the limestone, two sets of pairs of values are available. 

One specimen was prepared from an identified "upper limestone" and one 

from an identified "lower limestone" for a previous project. The 

physical separation is unknown for these two specimens; they came from 

the same level in the experimental mine (Waldo mine) belonging to New 

Mexico Institute of Mining and Technology. For another project, a new 

core of length 8" was available and two specimens (JW #1 and JW #2) 

were prepared from the two ends of the core. The latter two specimens 

had visual differences with one containing a re-cemented fracture 

which penetrated through the specimen disk. The cement could be 

calcite and was about 1 mm wide. The original core (dry) and two wet 

specimens are shown in Figure 8.3. The significant darker color of 

wet specimens was of advantage in the later moisture study. The color 

change allowed the presence of moisture to be identified. Values for 

all four specimens are presented in Table 8.1 for comparison. 



FIGURE 8.2. Two thermal conductivity specimens of granodiorite from the 
same core and one specimen from a different location. 
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JW#1 
(wet) 

JW original core 
(dry) 
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FIGURE B.3. Two thermal conductivity specimens of limestone and the core 
from which they came. 

(To show the effect of moisture, the specimens are shown wet) 
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A number of samples of tuff have been obtained. Thermal 

conductivity measurements have been made and continue at the time of 

writing. Originally, the samples came from the Apache Leap field in 

Arizona, and range from unwelded to densely welded. Various 

specimens have been fabricated from one long core of welded tuff (WT 

series), from another long core of unwelded tuff (UWT series), and 

from three samples of partly welded tuff (PWT series) with unknown 

relative location. Figures 8.4a, 8.4b, and 8.4c are photographs of 

these three types of tuff. comparisons for the conductivity of dry 

specimens are included in Table 8.1 to show variation with location. 

In section 8.7, results are presented to indicate the differences in 

conductivity with the "degree of welding" for dry specimens, with 

moisture effects introduced in Chapter 9. 

Three specimens of the foamed lightweight shotcrete were taken 

for the moisture study to be reported in Chapter 10. The photographs 

of the specimens will be given at that time. However, the thermal 

conductivity of the dry specimens are included in Table 8.1 as another 

example of "near field" variation. The three specimens were prepared 

from a 9" cube of foamed shotcrete with a separation for the specimens 

of less than 4". The third specimen appeared to have larger "pores" 

yet there was little change in the density from the other specimens. 

The data presented in Table 8.1 will be discussed within a 

greater context in Chapter 14. At this time, it suffices to comment 
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FIGURE 8.4a. Unwelded tuff specimen (UWT #7). 

FIGURE 8.4b. Welded tuff specimen (WT #6). 



FIGURE 8.4c. Two partly welded tuff specimens, one wetted to show 
color variation with moisture. 
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on some specific points. The first observations relate to the first 

two schist specimens (HM #1 and HM #2). 

"Care was taken to obtain 'adjacent' specimens, from the 
same plane, containing what seems to be continuous banding. 
Both specimens looked the same -- dark gray, very compact 
with a few thin light-gray bands approximately parallel to 
the faces of the disk. Both specimens were good quality, 
with similar very smooth finish on both faces. The thermal 
conductivity results were quite surprising. What seemed to 
be two very similar specimens, with very similar density, 
had thermal conductivities which differed by 20% 1 " 
[Ashworth and Ashworth (1990a)]. 

The third larger specimen of schist gave a more average value showing 

that a larger specimen may have the advantage of being more 

"representative" for general engineering calculations. The smaller 

specimens have the advantage of showing local variation for more 

detailed studies. 

Measurements on a large number of small specimens can give a 

better idea of the variability and an estimate of mean and standard 

deviation for use of the results in the field. The more complex and 

time consuming ASTM standard measurement system allows only a small 

number of values to be obtained for same the cost. These fewer values 

would give less information on the potential variability and thus less 

knowledge of whether the specimens measured were representative of the 

in situ values. Either sets of results can be applied to field 

calculations, with the engineer remembering the source of the values 

and the implications about representativity and variability of the 

data obtained with each respective system. 
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The two closely-spaced limestone specimens (JW #1 and JW #2) 

exhibited nearly 10% change in conductivity. The recemented fracture 

had only a marginal effect, possibly since the cementation material 

was of similar conductivity to the host material. A larger 20% varia

tion was seen in the other specimens with unknown spatial separation. 

A 20 % variation was also manifest in the granodiorite specimens 

(WMC #3.1 and WMC #3.2). While spatial separation was small, mineral 

content was varied. Other similar variations will be seen in section 

8.6 where a higher conductivity quartz content can significantly 

change the thermal conductivity. 

The data for the unwelded and welded tuff is only provisional, 

but again about a 20% change in conductivity seems to be present. It 

is not clear why the partly welded specimens (PWT #1 and PWT #3) 

showed less variation in their thermal conductivity. Their relative 

locations were unknown and their sources could have come from 

different cores. 

The three foamed lightweight shotcretes (LWC #1-3) show very 

little variation. This is to be expected since it was a manufactured 

product instead of naturally occurring as all the other materials. A 

new study is in progress to investigate whether there is any 

modification in the thermal conductivity of various shotcretes with 

position in a mold, position around an opening, or orientation. 
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8.3 "FAR FIELD" AND PRESSURE VARIATION 

Specimens have been obtained at different depths from the 

Homestake Mine with the original idea of characterizing the thermal 

conductivity as a function of depth. However, not enough data has 

been collected to statistically say that the variation which has been 

measured is attributed only to the depth of the specimen. It has been 

found that there is sufficient variability between specimens from the 

same level of the mine that a very large number of specimens would 

have to be measured for dependence on depth to be established. The 

complexity of this type of characterization has been increased by the 

very complicated structure to the geology at the Homestake mine caused 

by a large number of folding events of differing magnitudes and at 

different times. 

Nevertheless, it is expected that depth will modify the thermal 

conductivity. Two mechanisms could be involved:- modifications in the 

rock itself due to alterations in its metamorphism at a different 

depth (pressure and temperature) and modifications just due to a 

higher in situ compressive stress within the rock. Pressure allows 

the grains to have better physical and, hence, thermal contact. In 

addition, the pore space could be reduced (decrease in porosity) 

leading to a decrease in the amount of air entrapped within the rock -

still air makes an excellent insulator. 
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Durham and Abey in their 1981 paper have discussed the effect of 

applied stress or pressure more extensively. 

"Micro fractures or more specifically microfracture porosity 
exists in most rocks as they reside in the laboratory. 
Such porosity generally impedes thermal transport, and 
since hydrostatic pressure acts to reduce porosity, press
ure can be expected to affect the thermal transport. The 
relationship between crack porosity and thermal conductiv
ity has been studied theoretically and experimentally (see 
Sweet (1979) for a review). We shall often refer to a 
classic work by Walsh and Decker (1966) on the subject. 
They constructed a simple but reasonable model for the 
arrangement of cracks in a solid and backed up the model 
with laboratory measurements on a granitic rock. They came 
up with the striking result that the application of 
pressure to squeeze out a crack porosity of 0.4% in a dry 
rock will cause a 15% increase in thermal conductivity." 
[Durham and Abey (1981)]. 

The research reported by Durham and Abbey utilized a system in which 

the test specimens were thick-walled cylinders about 8" long. The 

rock specimens were clad in a leak tight copper jacket to exclude the 

pressure medium which in one case was argon. A heater was placed 

along the axis of the specimen. Eight thermocouples were located at 

different radii within the specimen to give appropriate average values 

over large grained specimens. 

Robertson (1988) summarized a number of reports on the effect of 

pressure. He stated that for rocks with low porosity the change of 

conductivity with pressure was approximately linear. This linear 

coefficient ranges from O.l%/MPa for limestone (Bridgman (1924» to 

40%/MPa for dry sandstone (Clark (1941». Walsh and Decker (1966) 

reported that granite gave a 2%/MPa and 12%/MPa for dry and wet 
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specimens, respectively. Fused quartz has an apparent negative 

coefficient (GoSS and Combs (1975» • It is not clear under what 

stress conditions all these measurements were made. It is likely that 

similar cylindrical systems to Durham and Abey (1981) were utilized 

which would give pressure applied equally in two dimensions. In the 

work to be discussed below, unaxial pressure was applied. The heat 

flow symmetry requires that the pressure be applied in the same 

direction; a symmetry to apply hydrostatic pressure would not maintain 

the isotherms. 

The unguarded thermal conductivity system described in Section 

4.3 took advantage of the availability of a stiff-testing machine. 

This stiff-testing machine had a hydraulic system allowing uniaxial 

pressure to be applied to the specimens. In fact, in an attempt to 

quantify the effect of pressure on the thermal conductivity of the 

rock specimens being studied, Murdock (1979) built the equipment and 

both Murdock (1979) and Alexander (1981) measured the thermal 

conductivity of various rocks as a function of applied uniaxial 

pressure. The results presented here are a new and combined analysis 

of the data previously presented in Murdock (1979), Alexander (1981), 

Ashworth et al (1979), and Ashworth et al (1S83b). 

This particular 6" unguarded pressure system required two 

specimens of similar type or a specimen of rock with a "standard" 

specimen. The first experimental series studied the effect of 
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pressure on the nylon specimen which was to become the "standard". 

Figure 8.5 shows the results of one loading-unloading cycle performed 

by Murdock and then a further load and unload cycle taken by 

Alexander. 

The results shown in Figure 8.5 imply that, during the first 

loading sequence of two nylon specimens (the black squares), there is 

some adjustment in the material matrix. The unloading sequence shown 

with a "+,, reveals that the nylon does not recover to its unstressed 

state. The time scale of these measurements from the beginning of the 

loading to the end of the unloading is of the order of many weeks 

since each measurement took 4-6 hours to come to steady state. The 

applied pressure of 20 Mpa is not large enough to cause significant 

permanent changes in the specimen, but there could have been some 

adjustment in the matrix of the material, such as possible alignment 

of the polymer molecules. Alexander's measurements were made on the 

SAME specimens, approximately one year later. It is obvious that the 

nylon has NOT recovered to its pre-stressed state even after this long 

a period of time and that there is NO LONGER any dependence on 

pressure for the thermal conductivity of this material. It is 

believed that the scatter shown in Figure 8.5 is an indication of the 

accuracy of the measurements. 

Murdock (1979) used a Minnekahta limestone which was available 

locally as the initial specimen in the apparatus he had built. (This 
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limestone is from a completely different formation than the limestone 

from New Mexico previously discussed.) Murdock's initial data, shown 

with black squares and crosses in Figure 8.6, were inconclusive. The 

high values of conductivity obtained during the loading and a possible 

reduction in the thermal conductivity with pressure was contrary to 

expectation. In hindsight, there was probably problems with fluid 

inclusions, seating of the specimens, and greases used for thermal 

contact. The unloading sequence appeared to be more realistic. 

The premise for Alexander's research was to repeat Murdock's 

experiment and then investigate the pressure dependence of thermal 

conductivity for other types of rock. First, he studied the effect of 

cycling on the nylon specimen, showing that there was a slight 

pressure effect with limited hysteresis that reduced with the number 

of cycles. It appeared that the nylon was becoming strain hardened. 

After the hysteresis had diminished, the nylon specimen became the 

standard against which other specimens were compared, that is, the 

nylon specimen was located on one side of the heater and the rock 

specimen on the other side. However, in some cases, two specimens of 

the specific rock were used with the reported values of conductivity 

equal to the average of the two specimens. 

Figure 8.7 shows the first load and unload cycle for two pairs 

of specimens of granite taken from the Harney Peak district of the 

Black Hills and labelled 1 through 4. 
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"Petrographic analysis of thin sections shows that this to 
be a silica-rich granite. Quartz grains ranging between 
0.1 mm and 2.0 mm comprise approximately 15 percent of the 
rock. Their texture is anhedral. Biotite is fairly 
prevalent, too. It occupies 10 percent of total rock 
volume and the crystals are from 0.5 mm to 1. 5 mm with 
anhedral texture. Plagioclase minerals comprise 15 percent 
of total volume, are generally subhedral, and twinning is 
well developed. The grain size is between 0.25 mm and 1.8 
mm. By far the majority of the rock volume consists of 
microcline. Microcline crystals exhibit excellent "cross
hatching" twinning and are gener.ally subhedral and 
anhedral. Their size ranges between 0.35 rom and 2.2 mm. 
Microcline comprises 60 percent of total volume." 
[Alexander (1981)]. 
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The thermal conductivity for the 1-2 pair is lower than that for 

the 3-4 pair. with this exception, the pressure dependencies and the 

hystereses are very similar, showing approximately 20% increase in 

conductivity for a 18 MPa applied uniaxial pressure. These values are 

consistent with those reported by Roberston (1988) giving an 

approximately linear coefficient of pressure dependence with a value 

above l%/MPa. 

Alexander also studied a carbonate gneiss from the Black Hills 

in South Dakota. It is a good combination of a polyrnineralic rock 

with fabric. From observations of a thin section, he comments: 

"Calcite dominates with approximately 50% of rock sample 
volume. Calcite grains range from 0.02 rom to 1. 0 mm and 
are anhedral to subhedral. Actinolite occurs locally and 
varies between 5% and 45% with 25-27% being a good average. 
These grains range from 0.3 mm to 1.5 mm in size and are 
subhedral also. Very nicely formed diopside crystals are 
isolated by a groundrnass of calcite and account for 5% of 
mineral volume. Their size ranges from 1. 0 mm to 1. 5 mm 
with the crystals being euhedral. Their occurrence is 
localized also. Sphene crystals, ranging in size from 



0.1 rom to 0.4 rom, are uniformly scattered throughout the 
samples. The texture is euhedral to subhedral and they 
comprise approximately 7% of total volume." [Alexander 
(1981)J. 
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Figure 8.8 shows the thermal conductivity as a function of uniaxial 

pressure for two load cycles. For this specimen, the conductivity has 

about 20% change with increased load, but the second loading gives a 

lower value of conductivity than the first loading. The only 

explanation would be a realignment of the mineral grains giving less 

contact than the original. 

The results shown in Figures 8.7 and 8.8 are for specimens which 

were in rock outcrops. Weathering was avoided where possible by 

preparing the specimens from the interior of the rock. However, these 

specimens were obviously NOT under any significant pressure for many 

years before their preparation for the laboratory measurements, as 

were the rock specimens of the schists from the Homestake and Poorman 

formation presented in the following section. 

The hystereses seen in these figures appear to be consistent 

with similar effects found in permeability (Roegiers (1990». When 

rock grains are subjected to pressure the contact between adjacent 

grains is improved and both the pore space and the connectivity of 

pores (permeability) decreases. This gives an increase in the heat 

conduction across the grains and a reduction in permeability between 

the grains. Researchers in the petroleum industry have extensively 

studied permeability. They have seen hysteresis effects if the rock 



158 

2.8~----------------------------------------------~ 

q 
E 2.6;r---=::=::a===~~~~~:::;;~:1 
~ 
f 
"0 
:J 
"0 
c: o 
() 

ro 
E 
ID 2.2'~~~------------------------------------------~ 

..c: 
I-

2.0+---~----~--~----r---~--~r---~--~----~--~ 
o 4 8 12 

Pressure (MPa) 
16 20 

FIGURE 8.8. Thermal conductivity of one pair of carbonate gneiss specimens 
as a function of pressure for two loading and unloading cycles. 

• First Load o First Unload * Second Load X Second Unload 



159 

is not allowed to remain at the lower stress for a period of time. 

The grains apparently remain "stuck" together immediately after the 

pressure is reduced and time is needed for the pore space and 

permeability to increase. In some cases, the changes are permanent so 

that re-applying pressure would result in data following the previous 

unloading curve. Further research work for the thermal conductivity 

as a function of pressure is planned along with the "weathering" 

experiments discussed later. Comparisons with specific data from the 

petroleum applications, particularly for time constants, will be 

included in this new research. 

8.4 ANISOTROPIC VARIATION 

Two experimenters have investigated the anisotropy effects of 

local rock utilizing the equipment described in Chapter 5. Van stone 

(1985) studied the effect of orientation on thermal conductivity 

employing the 6" unguarded pressure system described in Section 4.3. 

Specimens were cored parallel and perpendicular to obvious foliation 

for a graywacke, a dark gray mica schist, and a white muscovite 

schist. Results are summarized in Table 8.2, showing that, for a rock 

containing mica and muscovite, an anisotropy ratio over 2 is not 

uncommon. 

Sun (1985) also studied the effect of anisotropy on the thermal 

conductivity using the 4" system also described in Section 4.3. This 

study combined anisotropy with pressure dependence. A synopsis of the 
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TABLE 8.2 Summary of anisotropy thermal conductivity values 

Specimen Orientation Thermal Conductivity Pressure 
Identification w.r.t foliation (WI (m-K» (MPa) 

Graywacke Perpendicular 2.62 0.0 
Parallel 3.32 0.0 

Mica Schist Perpendicular 1.50 0.0 
Parallel 3.76 0.0 

Muscovite Schist Perpendicular 1.97 0.0 
Parallel 4.20 0.0 

Homestake Schist Perpendicular 2.57 0.0 
Parallel 3.66 0.0 

Homestake Schist Perpendicular 3.86 42.0 
Parallel 5.71 42.0 

Poorman Perpendicular 3.12 0.0 
Parallel 5.83 0.0 

Poorman Perpendicular 4.13 42.0 
Parallel 7.15 42.0 
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results for zero applied presDure and at 42 MPa applied uniaxial 

pressure is included in Table 8.2. In addition, Figures 8.9 and 8.10 

present the full data showing the respective parallel and 

perpendicular curves for the schists from the Homestake and Poorman 

formations as a function of applied pressure. The same type of 

hysteresis as in Figures 8.7 and 8.8, though not as pronounced, is 

seen in Figure 8.9. The samples from which these specimens were 

prepared came from depth at the mine and may already have been 

recently compressed up to the pressure exerted in the laboratory and 

hence the "first" pressure cycle in the laboratory did not have the 

same effect as on a rock taken from closer to the surface. 

These graphs for the schists from the Homestake and Poorman 

formations seem to indicate that when external pressure is applied the 

anisotropy ratio is slightly reduced if the zero pressure ratio from 

Figure 8.9 is not included. From a practical point of view, this 

makes sense. In the perpendicular direction, pressure is squeezing 

the mica flakes together to allow better contact and a relative 

reduction in the thermal conductivity. However, an indirect method of 

obtaining in situ thermal conductivity anisotropy used at depth in the 

Homestake mine (Ashworth (1983) ) indicates that if moisture were 

present its migration would increase the effective thermal 

conductivity by transporting more heat parallel to the foliation than 

perpendicular to it. 



6.0 

5.5 -S2' 
I 

E - 5.0 
~ 
f 4.5 
'0 
:J 
"0 
c: 4.0 o 
U 
m 
E 3.5 
Q) 

f= 
3.0 

IE: 

Iii 2.5 
o 

I 

5 

* -~-

* * 

0 0 • 0 • 
0 • 
• 

I I I I I I 

10 15 20 25 30 35 
Applied Uniaxial Pressure (MPa) 

* 

• 

I 

40 

FIGURE 8.9. Thermal conductivity of a Homestake schist specimen versus 
uniaxial pressure when load and heat flux are applied parallel 
and perpendicular to foliation. 

• Load Perpendicular 0 Unload Perpend. * Load Parallel 

162 

45 



7.0 

-2' -
I 

E 
~ 6.0 

t-

f -
::J 
'0 
c: o 
(.) 

5.0 

m 
E ... 
Q) r= 4.0 

3.0 

-

• o I 

5 

+ 
;-

+ 
+ 

+ 

- • • • • 
I I I I I 

10 15 20 25 30 35 40 
Applied Uniaxial Pressure (MPa) 

FIGURE 8.10. Thermal conductivity of a Poorman schist specimen versus 
uniaxial pressure when load and heat flux are applied parallel 
and perpendicular to foliation. 

• Load Perpendicular + Load Parallel 

163 

45 



"A good correlation has been shown between the thermal 
conductivity ratio in situ and the ratio from laboratory 
work for rock samples of the Homestake and Poorman Forma
tions. Anisotropy, which was indicated from laboratory 
measurements, is more pronounced in situ, enhanced, it is 
believed, by moisture migration." [Ashworth and Ashworth 
(19B4) ] 

8.5 VARIATION WITH TEMPERATURE 
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Variation with temperature has not been I3tudied in detail in 

this project. Up this time, the thermal conductivity systems have 

been operated close to ambient temperature. The stiff-testing machine 

has provided a large heat sink which has been beneficial in 

maintaining nearly constant ambient temperature. It is difficult to 

heat to high temperatures. However, in two instances, some informa-

tion has been obtained about variation over small temperature ranges 

by changing the power in the heater supply. 

In the record keeping for all specimens, the average temperature 

of the specimen (average of the temperature of the upper copper disk 

and the lower copper disk) has always been calculated and recorded. 

This information then allowed graphs to be plotted to show the thermal 

conductivity as a function of temperature, all other factors being 

equal. One such graph is shown in Figure B.11. In this experiment by 

Alexander, four different heater power settings were employed for each 

pressure setting. Each power created a different temperature gradient 

across the specimen, even though the temperature around the stack 

remained at the ambient temperature of the laboratory. The graph 
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shows the conductivity of this granite specimen to be insensitive to 

change in the average specimen temperature for the given SoC range. 

Morgan and West (1980) measured a Westerly granite and found a linear 

relationship between K and l/T, giving comparable 2.42 and 2.41 w/(m

K) at 19 and 240 C, respectively. 

The new more sensitive measuring system allows for small 

temperature dependencies to be seen. For example, Figure 8.12 shows 

the thermal conductivity for a foamed lightweight shot crete specimen, 

which will be described in detail in Chapter 10. Since this specimen 

has a very low conductivity, the customary heater power produced a 

larger temperature gradient than normal, and thus a higher average 

temperature within the specimen. Adjustments to the heater power were 

essential to reduce the temperature gradient to a more acceptable 

value. The ensuing data allowed the graph in Figure 8.12 to be 

produced, yielding a very small temperature coefficient for this 

specimen of 6 x 10-4 W/(m-K)/oC) or 0.5% change in conductivity per 

°C. As previously indicated, Morgan and West's (1980) linear rela

tionship was between K and l/T, so that as the temperature increased· 

the conductivity decreased. Others (for example Hasan (1978), Skvarla 

et al (1981), Messmer (1965), and in Roberston (1988), have also found 

a negative temperature coefficient, though Messmer reported a small 

positive coefficient for quartz sands in the range 0 to 10000 F and 

Skvarla et al showed an increase for the Hanford basalt. 



167 

0.141 

• 
...... 
S2' 

I 

E ...... 
~ 0.139 

~ 
a 
:::J 
u 
c: 
0 
0 
co 0.137 
E ... 
Q) 
.c 
l-

• 
0.135-t----,r----r---.-----r--...,.---~-__,_-__I 

22 23 24 25 26 27 28 29 30 
Temperature ('c) 

FIGURE 8.12. Thermal conductivity of a lightweight foamed shotcrete specimen 
as a function of temperature. 



168 

The temperature controller around the stack will now allow the 

temperatures to be increased without modifying the temperature 

difference across the specimen, that is the heater power. Large 

temperature differences could cause warping and errors in the contact 

resistance estimation and therefore should be avoided. 'l'he 

experiments of increasing the environment temperature have yet to be 

performed. 

8.6 VARIATION WITH CONSTITUENTS 

Earlier in section 8.3, the results for three granodiorite 

specimens had implied that different constituents, such as larger 

grains or inclusion of high conducting materials (in this case quartz

ite) , C011ld change the conductivity. In the extreme case, three Home

stake schist specimens have been measured containing various amounts 

of quartzite. Photographs of the three conductivity specimens, the 

two specific heat specimens, and the remains of the original larger 

specimen are presented in Figures 8.13a and 8.13b, where the white 

quartzite is clearly visible against the dark Homestake schist. HMQ 

#3 was essentially quartzite with HMQ #4 about half and half quartzite 

and schist, with some visible p~V'rite close to the contact. 

The measured thermal conductivity for HMQ #3 was 6.4 WI (m-K) , 

which is very consistent with the values reported by Hasan (1978) for 

a quartzite containing a large per cent of quartz at 300K. The 



FIGURE B.13a. Two specimens of Homestake schist containing various 
amounts of quartzite .. 
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FIGURE 8.13b. One conductivity specimen, two specific heat specimens, 
and the original large specimen of Homestake schist 
containing large amounts of quartzite. 
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conducti vity for specimen HMQ #4 was 5.7 w/ (m-K) and for HMQ #5 5.4 

W/(m-K). The existence of quartzite penetrating through the thickness 

of the specimen acts as a relative easy heat path, essentially short-

circuiting the remainder of the specimen. Large amounts of pyrite has 

added to the increase of the thermal conductivity of the two latter 

specimens. 

The blO granodiorite specimens did not exhibit as large an 

increase in conductivity with the presence of quartzite. In their 

case, the quartzite nodules were small did not penetrate through the 

specimen. The remaining rock matrix thus dominated the thermal 

conductivity for the specimen. 

8.7 VARIATION WITH WEATHERING, CRACKING, AND POROSITY 

One of the research projects, which was ongoing at The 

Pennsylvania state University in 1985, was a study of the effects of 

artificial weathering on a sandstone. specimens which had been 

"weathered" were available for thermal conductivity measurements. 

"Representative rock samples were selected from five 
vertical boreholes drilled through the Loyalhanna sandstone 
• • • •• Physical weathering was simulated in the laboratory 
by subjecting all specimens to cycles of alternate 
operations of wetting and drying. Up to 100 cycles were 
performed and the dry and saturated weights of each 
specimen were determined and recorded for every cycle. The 
wetting was achieved by immersion in a tank with distilled 
water at a temperature of 200 C for a period of 12 hours; 
the drying was effected by allowing the specimens to stay 
in an oven at 1050 C for another equal period of 12 hours. 
A full cycle consisted of the combination of these two 
operations'. " [Santos (1986)] 



"While the results of the thermal conductivities do not 
show large changes in magnitude, a pattern seems to have 
emerged. Unexpectedly, going from 20 weathering cycles to 
100 appears to INCREASE the conductivity on the order of 2 
to 6%. It was thought that weathering would open micro
cracks, reducing the ability to conduct heat from grain to 
grain. But the weathering process may have caused "better' 
contact through some chemical action. The thermal conduct
ivity measurements were not performed immediately after the 
weathering, allowing perhaps "healing" to take place. 
Time, it is now believed, plays an important role in this 
type of study." [Ashworth and Ashworth (1990a)] 
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The specimens remain available for further study with the 

possibility of repeating the weathering process. other rock types 

could be studied in the same manner to investigate whether different 

rock types exhibit the same relationship between thermal conductivity 

and weathering. This work would be interfaced with the moisture 

studies proposed in Chapter 9 and the possible models discussed in 

Appendix E. 

Temperature profiles near to mine openings (Figures 11. 5 and 

11.11, and Ashworth and Ashworth (1984» appear to be modified, 

possibly due to damage of the rock caused by blasting. Similar 

changes in permeability and hydraulic conductivity have been observed 

in groundwater studies (Neuman (1990». However, to be able to 

determine the effect for thermal conductivity in the laboratory, 

"before" and "after" specimens would be needed. 

"In an attempt to do this, a series of measurements were 
taken on specimens of a sandstone being studied by micro
seismic sensors at The Pennsylvania State University by X. 
Sun, a graduate student of Dr. H. R. Hardy, Jr. specimens 



were prepared from rock samples which were unstressed and 
others stressed to near failure. It was hoped that the 
conductivity values would correlate with the seismic 
activity, which in turn would be a measure of the 
microcracks and the "damage" done to the rock." [Ashworth 
and Ashworth (1990a)] 
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This experiment yielded the results shown in Table 8.3. On 

average, the specimens, which had been previously stressed, seemed to 

have a higher thermal conductivity. In fact, the specimen with the 

highest conductivity had produced the most microseismic activity. The 

acoustic emission rate measured by Sun's experimental system (Sun 

(1986, 1991) and plotted as a function of stress for both the stressed 

specimens is shown in Figures 8.14a and 8.14b. These rates are 

relatively low for this type of experiment. It is therefore concluded 

that: 

a) this particular sandstone exhibited little damage before final 

failure under triaxial stress, and 

b) the application of triaxial stress caused a compaction of the 

sandstone grains without significant development of microcracks. 

This compaction resulted in an increase in thermal conductivity. 

Since it is now realized that time could be an important 

parameter in this study, these experiments need to repeated under the 

constraint of a consistent short time interval between the application 

of the stress and the measurement of the thermal conductivity. It is 

unfortunate that the specimen configuration required for stress 

application and the optimal shape for the thermal conductivity 
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TABLE 8.3 Thermal conductivity of four sandstones, two stressed and 

two unstressed. 

Specimen Thermal Conductivity 
W/(m-K) 

Stressed (ASH1) 2.113 ± 0.031 

Stressed (ASH2) 2.196 ± 0.008 

Unstressed 2.1 2.106 ± 0.002 

Unstressed 2.2 2.157 ± 0.017 
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measurements are not compatible m'iking specimen refabrication 

necessary between the two tests. 

The three different types of tuff have shown a variation in 

thermal conductivity. The unwelded specimens have a significantly 

lower conductivity with some variation between the two specimens of 

the same type. The degree of welding obviously affects the contact 

between the grains and extra air space acts as an insulator. Even 

when partly welded, better thermal contact exists and heat can flow 

through the specimens more easily resulting in a higher thermal 

conductivity. The variation between the two specimens of each type is 

as larger as the deviation between the partly welded and welded. 

Changes in density are indicative of the changes in conductivity. 

Porosities have not been determined in detail though the adsorption of 

the water under vacuum is indicative of effective porosity. 

In the past, variation of thermal conductivity with porosity has 

been studied in detail with data presented, for example, by Walsh and 

Decker (1966) and Robertson (1988). Particularly, Robertson (1988) 

published many graphs showing that thermal conductivity of sandstone 

appears to be a linear function of (solidity)2 where his solidity is 

1 - porosity. Thus, his and other results show, as expected, a 

reduction in conductivity with porosity. 
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However, it is the curves of thermal conductivity versus 

porosity which have been used as a mechanism for testing potential 

theories for predicting thermal conductivities of fluid-saturated 

rocks. These models will be discussed in further detail in Appendix 

E, mainly in conjunction with the moisture data to be presented in 

Chapter 10. As a summary, Hashin and Shtrikman (1962) developed upper 

and lower bound curves and Zimmerman (1988) used a spheroidal pore 

model to calculate the effective conductivity as a function of both 

the .porosity and a factor depending on the aspect ratio of the pore. 

Further work using the variability of the porosity in the tuff 

specimens is underway to add further experimental data to prove or 

disprove these previously proposed theories and models. 

8.8 DISCUSSION 

It is apparent from the sections in this chapter that thermal 

conductivity of rock varies with many factors. Obviously, not all 

these factors are applicable to each rock type and to each engineering 

project. Later chapters will indicate whether these potential 

variations playa significant role in the determination of heat flows. 

However, the information presented here clearly indicates that site

specific measurements are necessary, that the choice of specimens 

should be made carefully and with geologic knowledge, and that the 

number of specimens be sufficient to determine the extent of potential 

variations for the rock type(s) in the project. 
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CHAPTER 9 MOISTURE STUDY FOR VARIOUS ROCKS 

9.1 INTRODUCTION 

This chapter discusses the results of laboratory measurements of 

the thermal conductivity of various rocks as a function of moisture. 

The experimental procedure was described in section 4.3; the work has 

also been reported in Ashworth and Ashworth (1990a and 1991). 'l.'he 

rock types used in this portion of the study were chosen because of: 

1) their availability to the author, 

2) their applicability to the later mining heat-flow study, 

3) the diversity of their type and porosity, and 

4) the possible comparison with data from other sources. 

The results for each rock type will be presented in separate sections. 

At the outset of the research reported in this chapter, the 

moisture studies were to be a small portion of the project and would 

have been reported in a section similar to those in the previous 

chapter. However, it soon became clear that some significant new data 

were being taken and the work took on more substantial importance. 

The development of the techniques for wetting and drying 

specimens, which are currently utilized, took some time. The earlier 

measurements were taken on "soaked" specimens, where the specimens 

were simply placed in distilled water for at least 48 hours. 
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Appropriate criticism was given that this may not guarantee 

"saturation". The current preparation method is to vacuum soak the 

specimens. This has been accomplished by placing the specimens in a 

tray within a bell jar attached to a vacuum pump. The specimens are 

evacuated to at least 200 microns (- 25 Pal for at least 4 hours. 

While still under vacuum, water is then introduced into the tray, 

completely covering the specimens. Pumping continues for another 1/2 

hour to remove any air which may be trapped in the water. This 

follows the procedure outlined by others in particular Guillot et al 

(1989). Other procedures are discussed in Appendix D. 

The specimens are immediately weighed and sealed in individual 

plastic bags. since the thermal conductivity measurement technique 

does encompass a small loss of water, when the specimen is full of 

water, due to condensation in the bag, the maxima % by weight (or % by 

volume) moisture content which are plotted on the graphs, may be lower 

than the corresponding values for fully saturated specimens. Again, 

it should be noted that the moisture content was determined 

immediately after the thermal conductivity measurement and saturated 

weight, when found, was determined immediately after vacuum soaking. 

Thus, the following terminology is used: 

"soaked" represents the earlier procedure where only soaking was 

done 

"'saturated" represents the later procedure where vacuum soaking was 

performed, and 



"dry" is used when the specimen was dried in an oven for over 48 

hours at 1050 C. 
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Since the results in this chapter are mainly for "porous" rocks, it is 

believed that these methods are adequate and certainly should not 

detract from the data presented. Results are presented in the order 

taken. Effective porosity is given for each specimen. Details on how 

the effective porosity values were calculated are in Appendix D. 

significant further research into the moisture aspects is planned. 

9.2 ARKOSE SANDSTONE 

A research study at Mackay School of Mines, University of 

Nevada-Reno, involved the development of an in situ thermal 

conductivity system as reported in Chapter 7 and in, particularly, 

Danko and Mousset-Jones (1988). Several rock samples were provided by 

these researchers to this author for the comparison of their in situ 

values with those obtained in the laboratory on the equipment 

described in this dissertation. 

Initially, measurements were performed on specimens at ambient 

humidity. Very similar values of thermal conductivity were determined 

for some limestone specimens. However, there was little agreement 

(1.60 W/(m-K) in the laboratory versus 2.33 W/(m-K) in situ) for the 

Arkose sandstone (Danko and Mousset-Jones (1990». The only apparent 

difference was that the in situ conditions for the Arkose sandstone 

were wet. Hence, the attempt by this author to measure the effect of 

moisture on the thermal conductivity of the laboratory specimens. 
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A close-up photogFaph, showing angular grains with recementation 

of the sandstone, is given in Figure 9.1. Its geological description 

is: "Upper C band of the west water Canyon sandstone formation of the 

Morrison formation. It is Jurassic and arkosic with medium to fine 

grains." Many thermal conductivity measurements were taken on this 

sandstone specimen. First, the technique to estimate the contact 

resistance of the plastic bags had to be developed. 

possible effect of hysteresis needed to be considered. 

Second, the 

And, third, 

what appeared to be, with just a few data points, a linear dependence 

and then later a non-linear relation required further confirmation. 

Figure 9.2 shows four drying or wetting cycles for this 

specimen. During the first cycle, an attempt was made to produce 

results at approximately equal intervals on the moisture scale, 

starting with a dry specimen. Since it was not always possible to 

predict the final moisture level at the beginning of each measurement 

(the losses during measurement increased with moisture content), this 

attempt was only partially successful. After plotting the results for 

this cycle, the two values of thermal conductivity at about 8% 

moisture appeared to be in error, even though they were two 

independent measurements. The second cycle (drying the now wetted 

specimen) was performed to confirm (or otherwise) these two values and 

to check for any hysteresis. As can be clearly seen from Figure 9.2, 

the results were reproducible, and the plateau region just below 1.8 

W/(m-K) was now more pronounced. 



FIGURE 9.1. Close-up view of the Arkose sandstone specimen 
(SDST #2). 

(The ruler shows centimeters) 
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The third cycle was used to try to find a moisture level which 

would give a conductivity between 1.8 and 2.0 W/(m-K); this was not 

successful. The curve seems to jump suddenly at about 10% moisture. 

The fourth cycle was to repeat the same experiment starting from a dry 

specimen and increasing the wetness. The reproducibility of the 

thermal conductivity values in the 11 to 13% moisture content range 

does not appear as good as the reproducibility at the lower levels of 

moisture content. For this high range, a thin layer of water can be 

formed, though not always, between the specimen and the plastic bag; 

this layer could reduce the contact resistance. However, such a 

reduction in contact resistance has already been considered in 

plotting the highest conductivity as 2.4 W/(m-K) instead of the 

calculated 2.6 W/(m-K) for 13%. A zero contact resistance would only 

decrease the 2.4 W/(m-K) to a value above 2.2 W/(m-K). This potential 

change in contact resistance only occurs at the higher moisture 

levels. 

It is noted that these "wet" values are now very consistent with 

the in situ reported value of 2.33 W/(m-K). 

The figure (Figure 9.2) plainly shows that the remaining values 

are extremely reproducible; in other words, the 2" heat-flux system 

produces what appears to be very accurate results. As will be seen in 

later sections, the plateau region varies with specimen and is not a 

function of the measuring system. 
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At the time of the thermal conductivity measurements, it was 

suspected, from the ease of wetting and drying the specimen, that the 

specimen had a relative high porosity compared with the other rocks 

studied. A drop of water placed on the surface was easily adsorbed 

and drying by applying warm air from an air drier quickly removed 

mois'ture from the specimen. However, no data on porosity were avail

able from the original source of the rock samples. Hence, the attempt 

to estimate its porosity from the relative weights of the dry and 

saturated specimen as outlined in Appendix D. 

The effective porosity for the Arkose sandstone specimen appears 

to be about 0.17 (or 17% to be consistent with the use of moisture 

content as % by volume). However, since the specimen was not vacuum 

soaked during period of the thermal conductivity measurements, the 

highest value for moisture content (% by volume) is somewhat lower. 

It is believed that this is mainly due to the loss of moisture from 

the, specimen during the time taken for the thermal conductivity 

measurement and not that it was not well soaked before the 

measurement. Any such moisture loss is more pronounced with this 

sandstone because of the openness of the surface and the observed easy 

loss of water from the specimen. 

9.3 NEW MEXICO LIMESTONE 

section 8.2 introduced specimens of limestone prepared from rock 

from the main level of the Waldo mine operated by New Mexico Institute 
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of Mining a~d Technology. The lower levels of the mine are flooded. 

A research study is underwllY at the mine to create a scaled-down 

version of a ventilation drift and to investigate the effect in the 

rock around the drift when there is heat and humidity in the "model" 

drift. consequently, these limestone specimens were explored for the 

variation of conductivity with moisture content for application to 

their study. 

The resulting data are presented in different forms in Figures 

9.3 - 9.5. Figure 9.3 plots the thermal conductivity as a function of 

moisture (!is volume) for the first specimen (the one with the small 

filled fracture). This figure indicates clearly that a similar non-

linear relationship exists to that of the sandstone and that wetting 

or drying cycles cause little hysteresis in the thermal conductivity 

measurements even though, as will be discussed later, there is a small 

loss of mass. Figure 9.4 shows the same results for the second 

limestone specimen. For comparison, the two sets of results have been 

combined in Figure 9.5. One immediate conclusion from Figure 9.5 is 

that the first specimen does not absorb as much water, indicating that 

its porosity is likely to be smaller; this also correlates with a 

measured higher density. Geologically, this can be explained by the 

pre~ence of geologic liquid which flowed through the originally open 

fracture. This flow has enabled elements to be precipitated into the 

original pores creating a less porous material. 
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In an attempt to quantify the effective porosity, the two lime

ston,e specimens were subsequently soaked for 40 days, dried, vacuum 

saturated, dried and vacuum soaked again. The resulting weights 

allowed the effective porosity to be estimated (Appendix D) giving 

three values for each specimen. It was noticed that there were losses 

in weight on each subsequent drying and wetting, indicating that a 

small fraction of the limestone was dissolved out of the specimen. 

The effective porosity was first measured as 0.045 and 0.07, the 

second values were 0.03 and 0.04, and finally 0.01 and 0.02, respect

ively. Obviously, porosity for this rock needs to be obtained using 

more sophisticated techniques. Since the thermal conductivity values 

were mainly taken during the first soaking cycle, the values of 4.5% 

and 7% have been indicated on the respective graph to be consistent 

with the units of moisture content. 

Other observations from Figure 9.5 are: 

1) the 10% higher thermal conductivity for specimen #1 is maintained 

throughout the moisture content range. 

2) the plateau region for each specimen occurs in a comparable 

fashion (similar to that for the sandstone in the previous 

section) • 

3) the same sudden increase occurs in the thermal conductivity when 

specimens are close to saturation. 

4) the increase in conductivity with moisture is about 10% for the 

first specimen and about 20% for the second specimen. 
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Additional data continue to be taken to better characterize the 

curve in the upper moisture levels. Again, the increase at the 

highest moisture levels may be caused by a reduction in contact 

resistance when a layer of moisture is present between the plastic bag 

and the specimen. However, as before, this effect is not significant 

since a reduction of the contact resistance to zero would not reduce 

the high values in this region (- 3.15 W/(m-K» to the other values on 

the graph « 3 W/ (m-K) ) • Thus, further work on standard reference 

materials when moisture is present is proposed. 

9.4 APACHE LEAP TUFF 

In Chapter 8, results have been presented for three types of 

tuff from the Apache Leap formation in northern Arizona. These types 

ran~e from unwelded to densely welded. In this section, the effect of 

moisture will be presented for one type. Concentration is given to 

the partly welded tuff because this material is being studied for 

moisture movement by the Department of Hydrology and Water Resources 

at the University of Arizona. The samples were supplied by Dr. 

Rasmussen. Two specimens of partly welded tuff were prepared for 

study. Their dry densities were 2089 and 2121 kg/m3 respectively, in' 

good agreement with Davies (1987). He reported a porosity of 0.20 

making these specimens good candidates for the moisture study. They 

adsorbed moisture easily and quickly, and dried out equally easily 

without any apparent loss of weight. 
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There had been a concern about the specimens in the moisture 

study being in a steady-state condition. This concern can be 

alleviated, at least for this specimen, by comparison with Davies' 

research. Daily, he performed gamma measurements at several positions 

a10I\g the length of his 12 cm long core until .. it appeared that the 

water content profile had reached a steady state." His experiment can 

be scaled down to the specimen size in this project by noting that, 

for any diffusional process, the time scale is the square of the 

distance scale due to the relationship between the second order 

spatial derivative to the first order time derivative. Thus, the 0.9 

cm approximate length of cores used in this project to his 12 cm long 

core provide a 1/225 factor in the time scale; this equates Davies' 17 

days to about 1.8 hours for this project. While the temperature 

gradients were not exactly the same, it should be acceptable that the 

minimum of 3 hours (very often overnight) taken to obtain thermal 

steady state in the conductivity apparatus produced also a steady

state moisture gradient. 

The trace on the chart recorder, one example copied in Figure 

9.6, adds confirmation to these statements about attainment of steady 

state conditions from both thermal and moisture aspects. The trace 

shows the changes in the temperature difference across the lower heat

flux transducer as the moisture moves through the specimen before 

coming to steady state. This trace was for a very moist specimen, 

hence the changes in temperature were noticeable at the early times. 
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FIGURE 9.6. Example of a trace from the chart recorder for a wet specimen. 
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Furthermore, these specimens had the characteristic of changing . 

color when moisture was present. This is easily seen in Figure 8.4c. 

A color gradient, hence moisture gradient, was noticeable in all cases 

when the moisture content was in mid-range. Capabilities to quantify 

the moisture gradient was not available at the time of these experi

ments but there was definite visual confirmation of Davies' data. For 

example, in his Figure 6.9, the moisture content decreased from 14% (% 

by volume) at the hot face to 2% at the cold face of the specimen. 

The thermal conductivity as a function of moisture content for 

partly welded tuff specimens is shown in Figures 9.7 and 9.8. The two 

specimens, each with an effective porosity of about 0.19, exhibited 

very similar behavior. The first plot (Figure 9.7) shows the 

reproducibility and lack of hysteresis of the acquired data for one 

specimen. The different symbols on the graph show, as indicated, the 

initial wetting, drying, rewetting, and vacuum saturating sequence. 

On the other-hand, Figure 9.8 presents the reproducibility between two 

spedimens, more noticeable for this rock type than the previous 

limestone. Again, the consistent shape of the two curves affirm that 

the non-linear shape should have a physical basis, though the 

relationship between thermal conductivity and moisture is somewhat 

different for this rock type than previous types. 

Additional measurements are planned for these partly welded tuff 

specimens to confirm the not so pronounced sudden raise at about 12% 
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moi~ture. Moisture studies for the other types of tuff are currently 

underway and will be presented in Ashworth (1992). The welded 

specimens absorb very little water but it is expected to obtain a full 

curve for the unwelded tuff. This rock type has to be handled with 

care since grains easily break off. Injection of water with a syringe 

may be required to avoid removing the specimen from the measuring 

system each time as with the lightweight foamed shotcrete to be 

described in Chapter 10. water content is harder to estimate but the 

reference mass of the specimen does not change with each measurement 

and the plastic bags sustain less damage. 

9.5 ADDITIONAL ROCKS 

Moisture effects have been investigated for other rock types. 

However, most are very tight rocks allowing little water to be added. 

A detailed study for thermal conductivity as a function of moisture 

was not possible but changes in conductivity between soaked and dry 

were recorded and presented in graphical form in Ashworth and Ashworth 

(1990) and duplicated in Figure 9.9. The Arkose sandstone and lime-

stone were included in the same graph as references. (All the points 

on this graph represent early data before vacuum saturation was used 

and hence only an estimate of effective porosity was available). 

There appears to be no systematic explanation of these conductivity 

values, since quartzite has an increase of 45% with only a 1% moisture 

content increase, while, for the granodiorite, only a 26% increase in 

thermal conductivity results from a 6% increase in moisture content. 
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9.6 DISCUSSION FOR MOISTURE IN ROCKS 

Placing the specimens in a plastic bag has the advant:age that, 

aa the specimen is removed from the thermal conductivity stack, the 

specimen-bag interface can be inspected through the bag before that 

interfacial contact is disturbed. Although it was not a qt.7.antitative 

measure, the color of many specimens was indicative of the level of 

moisture contained in the surface layers of the material. It has 

always been found that the lower specimen surface, the one in contact 

with the cooler surface during the measurements, appeared to have a 

higher concentration of moisture than the upper surface. In view of 

the relationship between the vapor pressure of water and temperature, 

this was to be expected. 

It was also possible to see through the clear plastic bag 

whether any liquid ("free") water was present at the specimen-bag 

interface. For steady-state measurements, there was always the 

concern that there would be progressive condensation at the cooler 

surface of the specimen, and which would lead to dehydration of the 

interior material. Two pieces of evidence suggest, quite strongly, 

that this was not happening. First, the thermal resistance of the 

stack, and therefore also of the specimen, did not increase with time 

after a steady state had been reached, even when the specimen remained 

under measurement conditions for periods of several days. Second, 

liquid water has never been observed to have collected at the 

specimen-bag interface, even when the specimen contained large amounts 
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of water and has been in the apparatus for an extended period of time. 

This may well be due to the fact that the temperature monitoring 

system was sufficiently accurate that measurements could be and were 

made with small temperature differences across the specimen, usually 2 

The observation of lack of liquid water also suggests that 

water in these materials was present as "adhesive" water # in De 

Marsily's (1986) terminology. 

These observations are consistent with a new study which has 

been performed by Guillot and his colleagues (1989). They utilized 

NMR to study moisture within limestone specimens during the drying 

process. 

"Its (the limestone) porosity ranges between 22% and 29% 
with pore sizes spread between r = 0.015 and 1 ~m. The 
dimensions of the stone are 10 x 10 x 10 cm3 • The sample 
was dried in an oven at 1050 e to some water content, and 
then left at room temperature for at least 90 min to reach 
thermal equilibrium before beginning any NMR experiment. 
We have defined a 'dried state' reference as follows: (i) 
after 24 h in the oven at 1050 e, the detected weight loss 
is negligible with the experimental reproducibility, 
typically less than 0.5 g after five days; (ii) after this 
complete drying, the sample recovers 19 of water when left 
for 8 h at 210 e. The weight of the 'dried stone' is then 
1966.5 ± 0.5g at 210 e. The maximum water content at 210 e 
is 253.5 ± 0.5g; this saturated state is obtained by 
putting the sample in water under a 20 mbar vacuum for 30 
min. 

The drying of a limestone block was studied by analyzing 
one-dimensional proj ections and three-dimensional NMR 
images as a function of the amount of water remaining in 
the sample at various stages of the drying process. We 
have found evidence of a threshold saturation which can be 
interpreted as the irreducible saturation. Under this 
threshold two compartments appear, a central heart where 
the remaining liquid is concentrated and lateral shoulders 



in which the physio-chemical state of protons is not yet 
clarified." [Guillot et al (1989)J 
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In addition, these researchers have used very similar drying and 

wetting procedures to that used in this project providing independent 

reinforcement to the procedures which have been developed by the 

author. They discuss a "threshold saturation" which may have some 

relationship to the apparent discontinuities in the curves presented 

in this chapter and/or the presence of condensation at the higher 

moisture content values. Another suggestion (Kemeny (1991» would be 

the potential of percolation theory to give an explanation of the 

sudden changes in the curves. All these avenues are being considered 

for further research and design of wetting and drying cycles, and new 

measurement procedures. 

Only four references have been found where thermal conductivity 

of rocks has been presented as a function of moisture compared with 

the many measurements and data reported for dry and saturated 

specimens. Values for saturated specimens are often reported as they 

result from applying pressure to a cylindrical specimen with the fluid 

allowed to penetrate into the specimen. In fact, variation of 

saturated thermal conductivity with porosity has been used to compare 

models for effective thermal conductivities with experimental data. 

In an early report, Horai and Uyeda (1960) describe a "relation 

between thermal conductivity of sedimentary rocks and water content". 
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However, this title is misleading in that their data appears to be 

loose sand. They obtain a sharply increasing upward curve for a water 

content less than 20% (weight %) with a doubling of the conductivity. 

Above 20% the curve for thermal conductivity decreases with a slope 

which reduces with moisture content. They plot to a 100% moisture 

content which appears to be total water-no sand mixture with a thermal 

conductivity of water as the value at 100%. On reading the text 

closely, the downward curve occurs when the specimen is "super

saturated" and "when the solid particles of spherical shape are 

dispersed in water without mutual interaction" which would seem to 

indicate that there is more water than sand. Thus, these results 

should not be compared with any of the data for competent rock 

presented here. 

Messmer (1965) also presented data as a function of moisture; 

his specimen was 100/140 quartz sand with a porosity of 0.45. (The 

more widely referred to papers of Woodside and Messmer (1961a and 

1961b) relate thermal conductivity as a function of porosity and 

saturant) • His thermal conductivity data was obtained utilizing a 

line heat source method in which a thin he,ater was placed along the 

axis of a cylindrical specimen. His Figure 3 has been presented in 

Figure 9.10 because of the remarkable similarity to Figure 9.2. Since 

he had limited data in the mid-range of water saturation, he drew a 

straight line as his interpretation. In view of results presented 

here, it is possible that he actually had a plateau region in the 
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curve from 15 to 40% saturation. Without data in the 40% to 55% 

region, it is not possible to say whether a sudden jump occurred as in 

Figure 9.2 or whether it was a gradual increase back to the 1 inear 

function which he indicated. 

More recently, Deguchi and Kiyohashi (1988) presented data for 

silica sand. Unfortunately, the paper is in Japanese with the. 

abstract in English and so full details of their methods is not 

currently available. Their moisture content is plotted as degree of 

water saturation in the range of 0 to 1. It appears from their Figure 

1-3 that, in the lower ranges of moisture content, there is enough 

variability in their data to suggest that their model may be 

inadequate. Also, comparison of their four values with the detailed 

number of values is inappropriate. 

And very recently, a group of Indian researchers discuss in 

Singh et al (1990) the theory and measurement of thermal conductivity 

of moist sands. Their measurement procedure was to utilize a heater 

probe (a thin needle 1 rom in diameter and 13 cm in length) along the 

central axis of a cylindrical soil container and find the effective 

conductivity by measuring the temperature at two different times. 

This is the standard transient method discussed previously. Their 

Figure 1 shows the changes in thermal conductivity with moisture for a 

dune' sand whose full moisture content was about 25% by weight at 

saturation. They plot 3 curves; one for -150 C, one for 200 C, and a 
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third for 70oC. For direct comparison with data from this project, 

the 200 C curve should be utilized. They have plotted five points in. 

the range of 0 to 1 for "fraction of pore space filled with water". 

Again, there is a hint of a plateau region, with their measured data 

points falling below their theoretical ones. As will be discussed in 

Appendix E, their theory predicts a smooth curve with decreasing slope 

as moisture content is increased. Their theory does not explain the 

data presented in this chapter. 

To conclude, it is thought that the data presented here for the 

sandstone, limestone, and tuff are the first to provide results which 

are accurate enough to show an unmistakable non-linear variation of 

thermal conductivity with moisture. Attempts have been made to 

explain the mechanisms which would produce such a curve. First, five 

simple theories, which have been used previously by others to explain 

the conductivity-porosity relationship, are unable to provide a satis

factory description of the conductivity-moisture relationships 

reported. Calculations using these five theories have been included 

in Appendix E. The theory developed by Singh et al ( 1990) is not 

adequate. Zimmerman's suggested explanation (Zimmerman (1988» for 

the porosity curve is currently being investigated for its 

applicability for the moisture data. 

Second, a simplified finite element model has been used to 

attempt to explain the development of moisture connections between 
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grains using pendular rings from Bear and Verruijt (1987). Details of 

this model are presented in Appendix F, with some promising 

conc'lusions. 

For engineering calculations and design, the details of the 

curve and the mechanisms causing it may not be of significance. The 

curve indicates that, in most cases, three values of conductivity 

could be used depending upon expected moisture conditions. For 

example, for the Arkose sandstone, a value of 1.2 W/(m-K) for dry, 1.8 

WI (m-K) for unsaturated conditions, and 2.2 WI (m-K) for saturated 

locations would be recommended. Since, for this rock, the latter 

value is nearly 100% higher than the first value, heat loads would be 

increased by a similar amount (Section 11.4). A summary of all the 

results for this chapter with pertinent information of density, 

effective porosity, and dry, partly saturated, and "soaked" values for 

the thermal conductivity is given in Table 9.1. 
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TABLE 9.1 Summary of the results for thermal conductivities (dry, 

Specimen 
ID 

Sandstone 
SDST #2 

Limestone 
JW #1 

Limestone 
JW #2 

Tuff 
PWT #1 

Tuff 
PWT #3 

partly saturated, and wet) of various rock specimens 

Density 

1980 

2579 

2507 

2089 

2121 

Effective 
Porosity 

17% 

4.5% 

7.0% 

19% 

19% 

Dry 
Condo 
W/(m-K) 

1.16 

2.84 

2.59 

1.21 

1.27 

Partly 
Saturated 

W/(m-K) 

1.77 

2.97 

2.81 

1.67 

1.66 

Wet 
Condo 

W/(m-K) 

2.41 

3.16 

3.14 

2.09 

1.90 
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CHAPTER 10 MOISTURE STUDY FOR VARIOUS CONCRETES 

10.1 INTRODUCTION 

This chapter discusses the results of laboratory measurements of 

the thermal conductivity of various concretes as a function of moist-

urea The experimental procedure is described in Section 4.3. 

concretes used in this portion of the study were chosen because of: 

1) their availability to the author, with one provided by the 

Homestake Mine and another provided by the Bureau of 

Mines, 

2) their potential applicability to the later heat flow study 

when used as an insulation layer in an airway, 

3) the diversity of their type, and, in one case, 

The 

4) the availability of previous data using a transient thermal 

conductivity method. 

Since the results are similar, the specimens will be described 

together and the results will be given collectively in the following 

sections instead of treating each concrete as a different specimen, as 

in the previous chapters. 

10.2 PREPARATION OF SPECIMENS 

The specimens were fabricated as described in section 5.7. The 

equipment used for coring, slicing and grinding requires water as a 

cooling and cutting fluid. Thus, after fabrication, the specimens 

need to be conditioned before the series of measurements were started . 
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by allowing them to come to the "ambient" humidity within the 

laboratory (between 20% and 40% relative humidity most of the year). 

As indicated previously, the first series of measurements are always 

taken at ambient moisture with Teflon interfaces. Following this 

"baseline" measurement with the Teflon interfaces, measurements as a 

function of moisture content can begin from ambient humidity, from a 

soaked state, or from a fully dry state. As in the previous chapter, 

the term moisture content is being used and calculated as the ratio of 

the weight of water added to the dry weight of the specimen. Results 

will also be presented with moisture added expressed as a volume 

percent to provide information pertinent to other disciplines and to 

give another method of presenting and comparing the data. 

Again, the two terms soaking and saturation will be used where 

"soaking" was accomplished simply by soaking the specimen in distilled 

water, which was continued until there was no further increase in the 

moisture content as determined by weighing. Some later values were 

taken after the specimens had been vacuum saturated using the proce-

dure given in Section 9.1. The effective porosities for each, as 

measured by the vacuum saturation technique, are given in appropriate 

sections and summarized later in Table 10.5. 

Specimen drying procedures are not nearly as straightforward. 

In much earlier work on microconcrete, specimen drying had been 

accomplished by placing them in an oven at a temperature slightly 
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above lOOoe [Lacey, (1975)]. This is the same procedure used by 

hydro-geologists for evaluating the water content of aquifer materials 

[for example: De Marsily (1986) and Davies (1987)]. Heating to these 

temperatures does invoke some risk of removing some structural water 

molecules from the concrete, and, preferably, this possibility should 

be avoided. 

Thus, an attempt was first made to vacuum dry the specimens. 

Specimens were placed in an evacuable desiccator. A liquid nitrogen 

trap was used between the rotary vacuum pump and the desiccator to 

further reduce the water vapor partial pressure in the desiccator and 

to prevent oil from backstreaming from the pump. water removal was 

accomplished, but test pieces of material dried along with the 

specimens showed significant additional weight reduction when baked at 

1050 e for a few hours. This result indicated that it was necessary to 

use the baking procedure to thoroughly dry the specimens or spend many 

days in the vacuum drying. Since all the concretes used were "mature" 

(all older than 3 years), there was less concern for loss of struct

ural water than there would have been for recently poured material. 

The results for weight loss obtained during the vacuum drying will be 

discussed below. Thermal conductivity results presented later 

indicate that there is no hysteresis in the cases where the specimens 

were rewetted a few times and additional measurements taken. However, 

multiple cycling may affect the values of thermal conductivity as 

shown in the weathering study [Ashworth and Ashworth (1990a)]. 
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10.3 SPECIMEN DESCRIPTION 

Each concrete is described below 1n as much detail as available. 

Figures 10.la - 10.lc are photographs of three prepared concrete 

specimens used in this study. (PMJ is a standard concrete, WLG 

designates microconcrete, and SHOTCR represents shotcrete). Figure 

10.2 is a close-up photograph of the lightweight foamed shotcrete 

specimen (LWC #2). It should be noted that the dark areas in the 

three high density materials in Figure 10.1 are pieces of aggregate, 

whereas the small circular dark areas in Figure 10.2 are pores. 

Reinforcing metal fibers are visible in the shotcrete specimen but 

these are difficult to see in the photograph. 

Concrete: The concrete sample was supplied by Dr. Jan Wolski of 

the Department of Mining, Environmental and Geological Engineering at 

New Mexico Institute of Mining and Technology. The concrete is being 

used as part of a research program on the effects of heating mine air 

and rock, particularly during to mine fires. He indicates that 

"it is 2,000 psi concrete made from Portland Cement Type I 
with 3/8" aggregate. Small molds were poured in December 
1987 and then moist cured for 30 days. The specimens were 
then cored from these molds." [Wolski (1991)] 

Microconcrete: The microconcrete was prepared at South Dakota 

School of Mines and Technology in 1974 for a previous research 

project. Its thermal conductivity was formerly measured by a drift 

technique [Ashworth et al (1978)]. 
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FIGURE 10.1a. Concrete specimen (PMJ #1). 

FIGURE 10.1 b. Microconcrete specimen (WLG #1). 
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FIGURE 10.1 c. Shotcrete specimen (SHOTCR #1). 



FIGURE 10.2. Close-up of lightweight foamed shotcrete specimen 
(LWC #2). 
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"Microconcrete is a type of concrete used in model analysis 
to augment numerical simulation. It is used to construct a 
physical model of a structure which is then tested to 
simulate actual conditions. Physically, microconcrete 
differs from normal concrete only in that the sizes of the 
aggregate is scaled down from that of ordinary concrete 
which it represents. The microconcrete is required to 
satisfy the laws of similitude and posses reproducible 
mechanical properties and geometric stability as does the 
real concrete." [Lacey (1975)] 
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The constituents of the microconcrete used for this work are 

listed in Table 10.1. The aggregate used in the samples was river 

sand taken from the Cheyenne River near Oral, South Dakota. It is a 

silica sand with negligible clay content and meets ASTMC Standard 33. 

Specimens were poured in a standard 3" concrete mold. They were then 

cured at room temperature under lime water for 28 days. 

Shotcrete: The shotcrete was retrieved, after original emplace-

ment, from the Homestake Gold Mine in Lead, South Dakota. It had been 

in place underground in one of the main airways, close to the top of 

an underground cooling tower since 1988. The shotcrete was pre-mixed 

and contains standard aggregate and metal fibers, most of which lie 

perpendicular to the direction of heat flow in the thermal resistance 

measurement. 

Lightweight Foamed Shotcrete: This material was obtained from 

Eugene H. Skinner at the Spokane Research Center of the u.S. Bureau of 

Mines. It is a non-structural grade, lightweight foamed shotcrete 

which is used as a crushable (frangible) liner with "a 28-day 
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TABLE 10.1 constituents of micro concrete 

Constituent Pass Retain Weight % by 
sieve on sieve (gm) weight 

Aggregate #8 #16 2134} 
#16 #30 2134 63 

#30 pan 1067 

Portland cement 2134 25 

Type I 

Water 1063 12 

TABLE 10.2 Mix of the lightweight foamed shotcrete 

Per cubic yard: 

Cement (Type III, 3 sacks) 

water 

Foam 

Water/cement ratio (by weight) 

128 Kg 

53 Kg 

0.67 m3 

0.41 

(282 1b) 

(116 Ib) 

(23.7 ft3 ) 
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compressive strength of about 100 psi". The density of the specimen 

used was 383 Kg/m3 (24 lb/cu ft). preparation and use of the material 

are described in Skinner (1988). The mix, per cubic yard is given in 

Table 10.2. The material was produced using specialized shotcrete 

equipment manufactured by Putzmeister-Neopor, Nurtingen, Germany. In 

the mixing process, cement was added to the water and, 

"after mixing, foam was added for 1min 48s from the foam 
generator. In addition, a recommended amount of CaC12 was 
added to decrease the setting time. NEOPOR foaming agent 
was used." [Skinner (1988)J 

The thermal conductivity specimen was prepared from a "test block of 

lightweight aerated concrete" which was produced in 1986. 

10.4 DRYING EXPERIMENT RESULTS 

Figures 10.3 and 10.4 show the weight losses of the concrete, 

microconcrete, and shotcrete as a function of time under vacuum 

drying, as described in Section 10.2. It became clear that the vacuum 

drying was a very slow process with no indication that all the 

moisture could be removed. Thus, after 65 hours, it was necessary to 

resort to oven drying. In consequence, the results in Figures 10.3 

and 10.4 are presented as RELATIVE changes, using the final weight 

achieved after the final 4 hours of oven drying as the reference 

weight. The relative weight is plotted with respect to the logarithm 

of time (Figure 10.3) and to linear time (Figure 10.4). Thus, a value 

of 1.00 on the vertical axis represents the final weight of each 
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concrete after drying and a value of 1.05 indicates a 5% higher weight 

due to inclusion of moisture before drying. The SHAPES of the curves 

show the amounts of water removed by vacuum drying and the RELATIVE 

POSITIONS of the curves indicate the amount removed by heating. Water 

removal rates provide some information regarding the mobility and 

mechanism of movement of the water molecules within the porous matrix. 

Reduction of the vapor pressure of water at the surface of the 

material to a very low value provides an environment in which moisture 

would move under a concentration gradient. Diffusional processes such 

as this are characterized by exponential changes; for this reason the 

data are first presented in a linear-log form. 

These observations are consistent with similar ones described in 

Guillot et al (1989) when they monitored drying of limestone 

specimens. 

"In the early stage of the drying, usually called the 'con
stant drying rate period', water is transported from the 
inside to the outside of the sample in a continuous liquid 
phase. The liquid migration is essentially due to capill
ary action and the water content W, or the weight of water 
relative to the weight of dry rock, is higher than a 
particular value Wo proportional to the so-called 
'irreducible saturation', So. Below the irreducible 
saturation threshold, drying is in the stage usually called 
the ' falling drying rate period'; in the heart of the 
sample, W may be greater than Wo while near the surface it 
is weaker, and mass transport takes places in the liquid 
phase as well as in the vapour phase. Evaporation then 
occurs inside the sample. It is well known that as the 
moisture content is lowered, liquid mass transport due to 
capillary action becomes more difficult. However, the 
exact conditions of moisture transport from the heart to 
the surface of the sample in the last stage of drying are 
still a controversial topic." [Guillot et al (1989) 
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The simplest curve to discuss in Figure 10.3 is that for micro-

concrete. This shows a single exponential function with a correlation 

r2 = 0.997. At first glance, the other curves could be interpreted as 

straight lines on this linear-logarithm plot, with some deviations for 

drying times longer than 40 hours. However, since the weight could be 

determined very accurately, the data presented is worthy of a closer 

inspection • 
• 

When plotted on an alternative linear-linear graph (Figure 

10.4), the shotcrete shows a linear relationship for the first five 

points, with a r2 = 0.995, then approximates an exponential for the 

last four points. By similar use of a linear-linear plot and 

correlations, the concrete specimen exhibits two different mechanisms, 

possibly two exponentials. Figure 10.4 shows the fitted straight 

lines for immediate visual comparison. Although there is insufficient 

data for a more detailed analysis, these observations suggest that 

more than one mechanism is involved. These mechanisms could be 

diffusional processes within the materials, but with the loss rate 

controlled by, say, an evaporative process at the surface in the 

initial period for some of the samples. 

When these measurements were taken, their implication for 

understanding the drying processes was not fully appreciated. 

Repetition of the experiment is planned with an emphasis given to 

close evenly-spaced measurements throughout an extended period of 
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time. These measurements will become an extension of the work 

presented here. 

10.5 THERMAL RESISTANCE OF THE STACK 

Thermal resistance of the stack, depending on which specimen was 

being measured, varied from 2.5 to 30 K!W. There were considerably 

different dependencies on moisture content. For the purposes of 

displaying all the data on a single graph in a comparative manner, the 

thermal resistances normalized to the dry values are plotted against 

the moisture content normalized to soaked in Figure 10.5. This graph 

shows that the stack resistance and, hence, the thermal resistance of 

the specimen, is a linear function of the moisture content for both 

microconcrete and shotcrete. The lightweight shot crete is obviously a 

non-linear function of moisture. 

The curves shown in Figure 10.5 have been obtained by combining· 

the summaries of four different spread sheet analyses. One typical 

analysis for a rock specimen has been presented in Appendix C for 

reference. Comparison between the resistances of the stack for the 

Teflon interface and the plastic bag interface allows the contact 

resistance for the plastic bag to be calculated. Thus, the thermal 

conductivity values for each moisture level can be calculated by: 

1) subtracting the contact resistance from the total resistance 

2) inverting the resistance of the specimen, and 

3) multiplying by the form factor for the given specimen. 
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The results of these calculations can be seen in the identified 

columns of the example spread sheet in Appendix c. 

10.6 THERMAL CONDUCTIVITY VALUES 

Figures 10.6 - 10.10 show the resulting thermal conductivities 

for the concrete, microconcrete, shotcrete, and two lightweight foamed 

shotcrete specimens, respectively. All thermal conductivity data 

given in these graphs were taken at 27.0 ± O.Soc. 

concrete specimen data are presented in Figures 10.6a and 10.6b. 

The two graphs in Figure 10.6 are given to show the relationship 

between the moisture by weight and moisture by volume. The plots are 

similar and represent the same data with just a change in the x-axis. 

The .moisture content expressed as a volume percent is used by other 

disciplines. The two graphs also give the opportunity to present the 

data in different detail. For example, Figure 10.6a shows details of 

the effect of wetting and drying cycles and Figure 10.6b presents the 

data after making what appears to be an appropriate assumption that 

cycling has no effect. However, in the detailed discussions which 

follow, the moisture content by weight percent will be used for 

consistency with other work reported here. 

For this first data set for concrete, particular care was taken 

to obtain values at carefully spaced intervals. However, the data 

wer~ not acquired in a single cycle of dry to soaked. Readings were 
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11.10 CASE IV (Transient, radial symmetry, inner and 

outer boundaries Dirichlet) 

a) Assumptions: Transient, with no dependence on e or Z, so that 

T = T(r,t) 

b) Boundary conditions: T = Ti = Ta at r = ri' and 

T = Tv at r = rv 

and T = Tv at t = 0, all r 

c) Simplified differential equation: 

d (r <h) 
a-r dr 

= for 

where 0 is the thermal diffusivity of the material. (0 has been used 

instead of the more common a because of later conflict with the a's 

which represent the zeros of the Bessel function solutions. 0 has the 

dimensions of time-1 .) 

d) General solution: 

The general solution is given by Cars law and Jaeger - see 

equation (12) of page 207, 2nd Edition (1959). The solution includes 

both types of Bessel functions since the cylinder being studied did 

not include either the origin or infinity. The general solution is 

given in terms of the temperature distribution f(r) at zero time and 

is a combination of series of terms including integrals and Bessel 

functions. 



TABLE 10.3 -- summary of curve fitting for 

thermal conductivity as a function of moisture content 

Concrete 

Microconcrete 

Shotcrete 

Lightweight 

Slope 
(Wi (m-K» 1% 

0.0763 

0.0735 

0.0527 

0.0043 

Intercept Correlation 
(WI (m-K) ) 

0.997 0.999 

1.453 0.997 

0.954 0.989 

0.142 0.990 
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The linear behavior is strikingly different to the behavior 

reported for rock specimens as seen in Chapter 9. The linear behavior 

supports Campbell-Allen and Thorne's (1963) conclusion that "the con

ductivity of any concrete varies approximately linearly with moisture 

content." But, it is not clear whether they mean linear with such a 

high correlation since their theoretical model (given in more detail 

in Appendix E) predicts some curvature to the thermal conductivity 

function showing a decreasing slope with increasing moisture content. 

The data presented in Figures 10.7a and 10.7b for microconcrete 

show a very similar linear function as for the concrete data, though 

there is some very slight curvature. A smooth curve can be placed 

through all the data points; several points are again double points in 

this data set, and the scatter on the data is so small that this 

slight curvature is believed not to be an artifact. Again, data was 

taken during several cycles of drying and wetting as identified in 

Figure 10.7a. The effective porosity of this specimen was 20%. 

Figures 10.Sa and 10.Sb present the corresponding thermal 

conductivity data for shotcrete. Linear dependence is again evident 

in the moisture range 0 to about 6%. For the shotcrete, there is a 

strong increase in the thermal conductivity when the specimens are 

very wet. Observations during measurement of thermal conductivity did 

not indicate that condensation was any more pronounced in this case 

than the previous cases. The increases are substantial enough that 
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they would not be reduced back to the straight line by any reduction 

in contact resistance. Even a zero contact resistance, which is not 

physically possible, would not reduce the values to the line. The 

effective porosity of the shotcrete was 26%. 

Measurements on the lightweight foamed shot crete were th~ most 

difficult to perform. The greatest challenge was keeping the fragile 

disk in one piece throughout the measurement sequence. Even when a 

specially designed smaller and lighter head for the stiff-testing 

machine was used so that the pressure on the specimen was lowered, the 

safety factor during specimen placement and loading was quite small. 

Based on experience gained during preliminary measurements, a scheme 

was developed whereby carefully measured amounts of water could be 

injected into the center of the specimen while it remained mounted, 

under load, in the stiff-testing machine. This was accomplished by 

drilling a 0.17 mm diameter hole from the edge of the specimen to its 

center. A fine hypodermic needle could then be inserted to place the 

water. Visual inspection of the technique on a sample outside the 

stack showed that it was successful for this highly porous and 

permeable specimen. 

The response of the thermal resistance of the stack to the 

introduction of a "shot" of water was interesting. Immediately, the 

central portion of the specimen became wet, and shortly there 

afterwards the thermal resistance decreased. It was expected that 
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this wet central region would thermally "short:-circuit" the rest of 

the specimen, and then, as the moisture became uniformly distributed 

throughout the specimen, the resistance would increase somewhat. In 

fact, the opposite occurred. As the moisture became evenly 

distributed, the stack resistance continued to decrease until 

equilibrium was achieved. The values of thermal conductivity for this 

ligl'\tweight foamed shotcrete specimen have not been plotted since 

limited values were found before the specimen was damaged. 

A second and a third specimen of lightweight foamed shot crete 

have been prepared since this material is a good candidate for 

insulation of a mine. (This second specimen is the one shown in the 

photograph of Figure 10.2 and labelled LWC #2). The procedure for the 

introduction of moisture into the specimen which is described above 

was repeated. 

The values obtained for the thermal conductivity of specimen LWC 

#2 as a function of moisture content are shown in Figure 10.9a. In 

this case, only one graph is given, with % by volume chosen, since 

these values were all obtained in increasing the moisture level, that 

is one cycle. This specimen was not vacuum saturated due to its 

potential loss during the process - the soaking procedure gave an 

effective porosity of 19%. Since the physical pores were so large and 

the cement matrix easily absorbed water, it is not expected that 

vacuum saturation would give any larger value. 
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The results for the third specimen (LWC #3) are shown in Figure 

10.9b. The effective porosity of this specimen is about 16%. There 

is some hysteresis in this data, with the wetting portion of the cycle 

showing some curvature; this curvature is the only case which closely 

resembles the theory of Campbell-Allen and Thorne (1963). However, 

the drying portion of the data returns to linear behavior. The 

regression line is for the wetting cycle data points. 

not fully understood and further studies are planned. 

10.7 DISCUSSION AND CONCLUSIONS FOR MOISTURE 

This data is 

To start this section, there will be a discussion of the 

comparison between the results for the two lightweight specimens. The 

section will then proceed to elaborate on previous results on micro

concrete, the rock specimens in the previous chapter, and will suggest 

mechanisms and future work to confirm the suggested mechanisms. 

A quick comparison between Figures 10. 9a and 10. 9b yields the 

conclusions summarized in Table 10.4. These values are close enough 

to confirm that the measurements were made on the same material and 

that the thermal conductivity system gives consistent results. Visual 

inspection of the second specimen provided the observation that its 

pores are larger. The larger pore size, the lower density, and the 

less moisture adsorbed are all consistent and leads to the conclusion 

that the availability of surface for attachment of the water molecules 

is the key factor to the retention of water within the specimen. 
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TABLE 10.4 Comparison of thermal conductivity results for 

Specimen #2 

Specimen #3 

two lightweight foamed shotcrete specimens 

Conductivity 
(W/ (m-K» 

0.145 

0.135 

Slope 

0.0016 

0.0019 

Density 
(Kg/m3 ) 

383 

379 

Max Moisture 
(% by vol) 

19.0 

15.5 

TABLE 10.5. Summary of results for four concretes: 

Thermal conductivity as a function of moisture content 

Density Effective Conductivity Change 
Specimen kg/m3 Porosity W/(m-K) % A(conduct} 

[lb/cu ft] % % A(moisture) 

Concrete 1938 [120.9] 24 1.00 7.6 

Microconcrete 2074 [129.4] 15 1.45 5.1 

Shot crete 2057 [128.4] 22 0.95 5.5 

Lightweight 383 [ 23.9] 19 0.14 3.0 
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The water layer on the free surface could be the mechanism which 

gives "better contact" between the grains (solid constituents). This 

increased contact would predict a higher conductivity without any 

migration of water molecules through the specimen. The contact idea 

will be investigated further in Appendix F, though the mechanism for 

concrete appears to different than for rocks. One explanation for the 

difference could be that the water molecule is chemically part of the 

hydrous concrete but not chemically bound to the rock grains. 

Values of thermal conductivity presented in graphs and 

summarized in Table 10.5 are in agreement with previously reported 

values for similar materials • • The value for the lightweight foamed 

shotcrete in the dry state is consistent with cellular concrete data 

summarized in Valore (Figure 20 of Valore (1954». The concrete and 

microconcrete values are somewhat higher than the conductivity density 

curve suggested by Brewer (1967) ; they support Tye and Spinney's 

contention (1976) that the conductivity is higher for higher density 

concretes. The value reported here is consistent with values reported 

by Campbell-Allen and Thorne (1963). 

Shotcrete values are difficult to compare, since this material 

contains metal fibres, which increase the density but may have little 

effect on the conductivity since the fibres are oriented perpendicular 

to the heat flow; however, the values are in very close agreement with 

Sparks' data for concrete mortar with 4% and 10.4% moisture [Sparks 
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(1981)]. As indicated earlier in the chapter, the linear behavior 

shown by these concretes generally supports campbell-Allen and 

Tho~ne's (1963) conclusion. 

For further comparison, percent increases in conductivity per 

percent increase in moisture values were calculated for the four 

materials and included in Table 10.5. They are in good agreement with 

the values summarized by Valore (1976). 

Previous work by Lacey [Lacey (1975) and Ashworth et al (1978)] 

used the first thermal conductivity system (Section 4.2) in a drift 

mode to measure the conductivity of the same bulk micro concrete 

sample. Figures 10.10 and 10.11 show Lacey's thermal conductivity 

results in two different formats - one as a function of temperature 

for various moisture contents, the other as a function of moisture for 

various temper-atures. Values of 0.95 to 1.46 W/(m-K) are shown for a 

moisture content range of 0 to 9% as compared with values of 1.47 to 

2.04 W/(m-K) shown in Figure 10.7a; the higher values of conductivity 

are interpreted in terms of an increase in bonding as the material has 

matured over the 15 year period; this reasoning is Bupported by the' 

fact that not as much moisture could be added to the specimen in the 

current study. The measurement system currently used is capable of 

significantly greater accuracy, in terms of the measurement of the 

thermal conductivity and the determination of specimen moisture 

content, than that of the previous. 
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The dependence of the thermal conductivity of concretes upon 

moisture content, which has been observed, has many different implica

tions, from modeling detailed mechanisms of heat flow through porous 

wet media [Woodside and Messmer (1961) and Su and Somerton (1983)] to 

estimating heat loads for large projects. In practical engineering 

terms and from the point of view of energy conservation in industrial 

applications and buildings, the data presented indicates the advantage 

of incorporating into the design of the structure mechanisms which 

will keep the concretes as dryas possible. This is particularly 

important for lightweight materials since heat transfer rates can at 

least double as the material becomes wet. 

Even though a linear dependence does not occur for the whole 

range of moisture contents, an assumption of linearity between just 

the saturated and dry values would predict a larger than appropriate 

conductivity for intermediate moisture levels and would lead to a 

conservative design for heat load analyses. 
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SECTION D 

ANALYTICAL AND NUMERICAL MODELING 



246 

CHAPTER 11 ANALYTICAL MODELS 

11.1 INTRODUCTION 

Certain engineering applications of heat flow into underground 

openings can be modeled by obtaining closed-form analytical solutions 

of differential equations with appropriate boundary conditions. These 

solutions are, in most cases, simplifications of the real problems. 

However, they have been used here in four ways: 

1) Simple models gave quick approximate results. These could be 

compared with similar numerical models to verify the models. 

2) Simple models gave an initial prediction of the sensitivity of the 

heat flow into the airway to various parameters. Then, these 

parameters could be selected for further study. 

3) By starting with the simplest case, the effect of each additional 

complexity could be determined to see when, in practice, it was 

necessary to use the more complex model. 

4) The analytical models could assist in determining which numerical 

models and boundary conditions are appropriate when it became 

necessary to move into the problems without analytical 

solutions. 

For the analytical models considered, cylindrical geometry has 

been assumed to be defined by the coordinates r, a, z, with z measured 

along the underground airway, and a measured counter-clockwise from 

the 'horizontal. For a right-handed coordinate system, the coordinate 

z points out of the plane towards the observer as shown in Figure 
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11.1. The location of the variables used in the following sections 

are also represented in Figure 11.1. The notation used in the 

remainder of the chapter is: 

ri = radius of wall of opening 

rv = radius at which the "virgin" rock temperature is specified 

rb = radius at which a boundary occurs between two rock types 

or between rock and insulation 

Ta = temperature of the air in the opening 

Ti = temperature of rock at r = ri 

Tv = "virgin" rock temperature measured at r = rv 

Tb = temperature of the rock at r = rb 

K = thermal conductivity of the rock 

D = thermal diffusivity of the rock (=K/(fCp) 

f = density of the rock 

Cp = specific heat at constant pressure for the rock 

h = heat transfer coefficient (as used by Carslaw and Jaeger) 

H = measured heat transfer coefficient = h/K 

Q = heat flow 

Additional suffixes have been used to identify the rock type or 

the location. The "virgin" rock temperature (VRT) was assumed to be 

the temperature at which the rock would be for a given location if 

there had been no development of airways, stapes, etc. It was assumed 

also to be the temperature of the "infinite" heat source which 

surrounded the airway and so the VRT remained constant with time. The 



FIGURE 11 .1. Coordinate system and symbols used for analytical 
solutions. . 
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heat transfer coefficient (h) was the constant of proportionality for 

a linear radiation assumption, that is the heat flow across the 

boundary equals the product of the heat transfer coefficient and the 

difference in temperature between the rock surface and the air. This 

was the definition used by Carslaw and Jaeger (1959) and equals H/K, 

where H is the usual form of the heat transfer coefficient. Natural 

logarithm has been abbreviated by Ln, since ln could be mistaken for 

the word "in", particularly in the plots which are to be presented. 

The general differential equation, for conduction of heat in 

these cylindrical coordinates, assuming that the rock is isotropic and 

homogeneous, is [Carslaw and Jaeger (1959)] 

1 ~ (r ~T) + 
dr ~r 

+ [11.1 ] 

r 

The heat flow INTO the cylindrical opening per unit length is 

Q = 2 1f K ri dT/ 

dr r=ri 

[11. 2] 

Appropriate assumptions allow this differential equation to be 

simplified. A number of cases have been considered; they are present-

ed with the simplest first. For each case, the practical implications 

are given, and, where available, data obtained from the underground 

study at the Homestake Gold Mine in Lead, South Dakota is presented. 

Also, sensitivity curves have been calculated where appropriate. 
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The base case for all the sensitivity graphs which follow is 

given in Table 11.1. These values were chosen for the ease of 

manipulation while still being representative of some mines, the 

Homestake Mine being one such example. SI units are used throughout 

the studies presented in this chapter. Since practicing engineers 

frequently use other units, approximate values in commonly used units 

are ·given in parentheses at appropriate places. 

are given in Appendix H. 

Conversion factors 

The parameters varied in the sensitivity analyses were chosen 

because their values could be altered either with physical changes in 

the problem, such as the air temperature, or with errors in 

determining the values, such as the VRT. The sensitivity results have 

been normalized to show percent changes in each parameter and their 

resulting percent change in the heat load into the airway. 

11.2 CASE I (Steady state, radial symmetry, equal rock/ 

air, temperature - Dirichlet boundary conditions) 

a) Assumptions: steady state, with no dependence on 0 or z, so that 

T = T(r), 

and the rock/air interface is at the same temperature: 

Ti = Ta 

(This is equivalent, in essence, to an infinite value for h, though. 

mathematically the boundary conditions are of Neumann type where the 

value of the variable, not the flux, is specified at the boundary.) 
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TABLE 11.1 Values used in the base case heat flow analysis 

Air temperature (Ta) = 

Virgin rock temperature (Tv) = 

Radius of the circular opening (ra) = 

(= 86oF) 

(= 122oF) 

(= 6 ft) 

Radius at which VRT assumed (rv) = 21 m (= 69 ft) 

Thermal conductivity of the rock (K)= 2 W/(m-K) 

(= 1.16 Btu/(hr ft2 °F/ft» 

Transfer coefficient (h) = 

(The equivalent H value is 10.0 w/(m2-K) for a rock of thermal 

conductivity 2 W/(m-K). This value of H was used by Bottomley (1987» 



b) Boundary conditions: T 

T = Tv at r = rv 

c) Simplified differential equation: 

g (r dT) 
dr dr 

= 0 

d) General solution: 

T = A + B Ln r 

e) Specific solution: 

T = Ta Ln(rv/r) + Tv Ln(r/ri) 

Ln (rv/ri) 

f) Heat flow into the airway/unit length 

. 
Q = 2 1t K (Tv - Ta) 

Ln (rv/ri) 
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[11. 3] 

[11. 4] 

[11. 5] 

g) Heat flow into the airway/unit length of the airway, for the base 

case = 107 W/m 

h) Practical constraints: It would be very difficult for this simple 

model to be applicable since in essence there must be no air flow in 

the airway. The temperature of the rock surface Tr is assumed to the 

temperature of the air, with no heat transfer occurring between the 

rock and the air. 
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11.3 PRACTICAL OCCURRENCE OF CASE I 

Figure 11.2 shows the measured rock temperatures for the 

reusable probe described in Section 7.3. Even with only three points 

measured in each drill-hole, the linear dependence of temperature on 

the natural logarithm of the radial distance can be seen, confirming 

the applicability of Equations [11.3] and [11.4]. These results were 

taken 9 months after the deveJ.opment and continued ventilation of the 

7700 level main drift at the Homestake Mine in Lead, South Dakota and 

so steady state is a valid assumption. 

It is clear that the slopes of the curves for each of the drill 

holes are different. In these plots, the slope represents B from 

. 
Equation [11.3], which in turn is the quantity Q/(2 ~ K). Obviously, 

this quantity varies for the four radial drill-holes. These holes are 

at the same location along the drift in a fan drilling pattern as 
, 

shown in Figure 11.3a. The location of the drill holes relative to 

. 
other mine developments are shown in Figure 11.3b. The Q/K for each 

hole is 49.6, 46.9, 23.2 and 29.5 for holes 13900, 13906, 13920, and 

13927, respectively. With this type of measurement, it is not 
. . 

possible to separate the Q/K ratio into Q and K values. At the time 

of the measurements, only temperature profiles were being studied and 

detailed measurements of airway temperatures were not made. But some 

suppositions can be made. 

. 
For example, the differences in Q/K for drill-holes 13906 and 
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13900 compared with 13920 and 13927 could be accounted for by 

anisotropic thermal conductivity (an anisotropy ratio of 2 has been 

measured in the laboratory) or by a general geothermal gradient effect 

(about 20 C per 100 meters has been measured at Homestake). The report 

of "about 2 liters of water per minute at 440 C" seems to be the best 

explanation, as this would account for the significantly larger 
. 

temperature even close to the drift. The low value of Q/K and 

temperature for drill hole # 13920 could be explained by the relative 

close position of a branch in the drift. While its position is 20 m 

away in the plane of the drill holes, it becomes closer and eventually 

joins the main drift (Figure 11.3b). A 2D approximation is no longer 

strictly applicable. The heat load into these two drifts combined 

will be less than the load calculated for each. The cool air in one 

obviously affects the other for not insignificant distances along the 

drift away from the junction. In this example, the effect seems to be 

detected for more than 30 meters. 

11.4 SENSITIVITY ANALYSIS FOR CASE I 

Using a Quattro spread sheet analysis, the changes in the heat 

load for variations in each parameter have been calculated. Figure 

11.4a shows the mathematical sensitivity analysis performed for Case I 

for temperature changes, with Figure 11.4b shows the sensitivity on 

conductivities and radii. The same scale has been used on the 

vertical axes to allow for direct comparison of the two graphs. 
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Heat flow is most sensitive to the virgin rock temperature 

value. For example, a 20% change in Tv (± lOoC) causes a 50% change 

in the heat load, whereas a 20% change in Ta (± 60 C) causes only a 25% 

change in heat load. (Note that all percent changes in temperatures 

are calculated with OOC as the origin of the temperature scale. 

Scientifically, this is not correct but it does allow the curves for 

changes in temperature to be plotted on the same type of sensitivity 

graph as all the other variables.) The heat load is more sensitive to 

a. l,o°C change in Tv than a lOoC change in Ta, 50% and 41% 

respectively. It should also be stated that the heat load has a lower 

sensitivity to changes in the temperature difference Tv - Ta, so that 

a similar error in measurement of these temperatures has little 

effect. The least sensitive parameters are the values of the radius, 

either the location of the rock face or the location of the VRT 

measurement though at 20% the change in rv is only 0.4 m. The radii 

curves are not linear because of the Ln function. 

It should be noted that there is a 1 to 1 correspondence between 

heat load and the value chosen for thermal conductivity K. So that a 

value of 2.4 W/(m-K) instead of 2.0 W/(m-K) leads to a 20% increase in 

heat load which would become ~ w/m. Thus, as a practical result, 

this simple model has indicated that the two of the more difficult 

parameters to determine, the VRT and K, affect the heat load in a 

significant way. This case has limited'practical application. 
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11.5 CASE II (Steady state, radial symmetry, equal 

rock/air temperature, two materials - Dirichlet boundary 

conditions) 

a) Assumptions: steady state, with no dependence on 0 or Z, so that 

T = T(r) 

Material 1 has conductivity K1 from r = ra to r rb 

and material 2 has conductivity K2 from r = rb to r = rv 

b) Boundary conditions: 

T = Tv at r = rv 

and 

c) Simplified differential equation: 

g (r dT) 
dr dr 

= 0 

d) General solution: 

T = A + B Ln r [11. 6) 

e) Specific solution: 

T = Ta Ln(rb/r ) + Tb Ln(r/rl) ri < r < rb [11. 7) 

Ln (rb/rl) 

or T = TaLn(rb) - TbLn(rl) + (Tb - Ta)Ln(r) ri < r < rb [11.8) 

Ln (rb/ri) 

T = Tb Ln(rv/r) + Tv Ln(r/rb) rb < r < rv [11. 9) 

Ln (rv/rb) 

or T = TbLn(rv ) - TvLn(rb) + (Tv - Tb)Ln(r) rb < r < rv [11.10) 

Ln (rv/rb) 
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f) Heat flow into the airway/unit length 

Q = 2 " K1 K2 (Tv - Ta) [ 11.11] 

(K1 Ln(rv/rb) + K2 Ln(rb/ri) 

g) Heat flow into the airway/unit length of airway for the base case, 

with both materials having a thermal conductivity of 2 W/(m-K) 

= 107 W/m 

h) Practical constraints: this solution represents applications, where 

there are two rock formations (though maintaining the cylindrical 

geometry is highly unlikely in practice) and where an additional layer 

has been added to the rock, such as concrete, shotcrete, or 

insulation. 

11.6 PRACTICAL OCCURRENCE OF CASE II 

In one of the temperature probe studies performed by Mahaj an 

(1982) and reported by Ashworth et al (1983a), the temperature profile 

was measured to a depth of nearly 20 meters in one diamond drill hole 

(# 13906) at the 7000 level of the Homestake Gold Mine. When the data 

were plotted on a Ln scale, it was apparent that there were three 

linear sections, matching Equations [11.8] and [11.10]. These results 

are shown in Figure 11.5. The mine geologist indicated that there was 

a change in geological formation at about 8 meters into the drill 

hole; the change in slope of the graph represents the relative change 

in thermal conductivity from the schist of the Homestake Formation and 

schist of the Poorman Formation. However, the geologist did not have 

a similar explanation for the sudden change at shallow depths. It is 
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thought that this change in thermal conductivity was caused either by 

damage to the rock by blasting or by the drying out of the rock due to 

the ventilation of the airway. Hydrogeologists have observed (Neuman 

(1990» similar changes in permeability close to excavations. 

Actually, it could be a combination of the two effects; blasting 

causing some damage and increase in porosity and permeability allowing 

the air to penetrate to dry out the rock. 

11.7 CASE II SENSITIVITY ANALYSIS AND PRACTICAL RESULTS 

Case II has similar sensitivities as those of Case I if an 

equivalent thermal conductivity, Ke, is used to represent the 

"average" effect of the two rock types. The equivalent conductivity 

can be calculated from: 

= + [11.12 ] 

However, there are now two new parameters involved; the location of 

the boundary between the two rock types and the relative conductivity 

of the second rock type compared to that of the first. 

Figure 11.6 shows plots of the percent changes in the heat flow 

for different values of thermal conductivity as the radius of the 

boundary, rb' between the two layers changes. The vertical line is 

the e,lCample when the boundary occurs at a radius of 8 m. If K1 was 

2 W/(m-K) and K2 was 3 W/(m-K) then the heat flux would be 20% above 
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the base case ( all the rock having a value of 2 W / (m-K) ) • If the 

second rock was quartzite with a conductivity of 6 W/(m-K) beyond the 

8 m distance then the heat load would increase by about 140%. On the 

other hand, if the quartzite was close to the opening (K1) then the 

increase would be over 60%. For a larger percent of quartzite the 

heat load significantly increases, up to 200% above the base case, if 

all the rock was quartzite. An obvious conclusion is that when the 

material with the lower conductivity is closer to the airway, the heat 

flow is more restricted; higher resistance occurs at the smaller 

radius. 

One immediate practical result is that the main airways should 

be developed in the lowest conductivity material if there is a choice. 

Fortunately for the Homestake Mine, the Poorman Formation has a lower 

conductivity than the Homestake Formation; the latter is the ore

bearing formation and, thus, development in it is avoided as much as 

possible. Without considering thermal design, they have reduced the 

heat load as much as possible in the local geological environment. 

The second practical result is the immediate adaptation of the 

two material model on the use of insulation materials to be applied to 

the rock surfaces of the airways. Calculations have been made where 

the material close to the opening was of lower conductivity than the 

rock. Choices of values for the thermal conductivity of the 

"insulation" layer were influenced by the values reported in Chapter 
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10 •• A value of 1.0 W/(m-K) was typical of concretes which may be used 

for structural support; the range of 0.1 to 0.5 W/(m-K) were typical 

of the lightweight foamed shotcretes and some new shotcretes 

containing nylon fibers which are currently being measured; the 0.05 

W/(m-K) value represented standard insulation materials, such as foams 

and fiberglass. 

Since these results are of immediate importance to the 

ventilation engineer, the variations have been presented in two 

different ways. First, the base case of K = 2 W/(m-K) was chosen and 

calculations were made on the reduction in the heat flow. The 

insulation could be included in the original design with the inner 

radius (ri) of the airway constant and the use of "insulation" 

changing the value of the boundary (rb)' Figure 11. 7a shows the 

curves of heat flow for different insulation thermal conductivities 

against the various thickness of the insulation layer. This would be 

the practical case where the finished diameter of the tunnel had to be 

the same, independent of the thickness of "insulation" materials. 

Alternative, the curves in Figure 11.7b show the heat flow reduction 

for the same parameters but when rb remains at 2 m and the 

"insulation" is added, reducing ri by the thickness of the insulation. 

Thus, this figure represents the case where the "insulation" is 

appl.ied to an already excavated airway. The latter case produces the 

most reduction, particularly for the higher values of Kins' again 

because the radius is reduced adding further restrictions to the heat 
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flow. As a practical conclusion from these two figures, the heat load 

can be reduced close to 50% with the application of 10 cm (-4") of 

insulation whose thermal conductivity is 0.05 W/(m-K); 20 cm (-8") of 

insulating concrete would have a similar effect. 

The second method of presenting the results was to create 

curves, which could be used whatever the rock thermal conductivity, 

that is dimensionless curves. Reworking of Equation [11.12] gives the 

relationship 

= 
Ln(rb/ri) + Ln(rb/ri) K2 

Kins 

[11.13 ] 

Thus, the effective conductivity to be used in any future calculations 

such as climate simulation can be calculated from Equation [11.13] for 

any insulation of any thickness and any rock thermal conductivity. 

Figure 11.8 shows the results of applying this equation for the cases 

discussed above using the dimensionless ratio Kins/K as the variable 

parameter. The Kins/K ratio of 0.017 was calculated from the case 

where the rock was quartzite (K = 6 W/ (m-K» and the insulation was 

0.1 W/(m-K). The curve with the open squares could be for quartzite 

and shotcrete. A layer of 20 cm reduces the effective conductivity to 

one half and would subsequently reduce the heat load by the same 

amount. The calculated reductions in heat flow were of sufficient 

significance that further work is considered worthwhile. 
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11.8 CASE III (Steady state, radial symmetry, inner 

boundary Neumann, outer boundary Dirichlet) 

a) Assumptions: Steady state, with no dependence on e or z, so that 

T = T(r) 

b) Boundary conditions: dT 
dr 

h(T - Ta) = 0 at r = ri' and 

T = Tv at r = rv 

The h in the above equation is the coefficient of linear heat 

transfer, used by Carslaw and Jaeger (1959). The units of hare m-1 • 

In more practical terms, their h can be written as H/K, where H is the 

transfer coefficient in units of W/(m2-K). These are the more common 

units; see for example Mousset-Jones et al (1987) and Bottomley 

(1987). 

c) Simplified differential equation: 

g (r dT) 
dr dr 

= 0 

d) General solution: 

T = A + B Ln r 

e) Specific solution: 

T = Ta hri Ln(rv/r) + Tv(l + hri Ln(r/ri» 

(1 + hri Ln (rv/ri» 

[11.14 ) 

[11.15 ) 



f) Heat flow into the airway/unit length 

Q = 2 1r K (Tv - Ta) 

1 + Ln (rv/ri» 

hri 
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[11.16 ) 

Writing Equation [11.16) in this form immediately shows that, when the 

coefficient of heat transfer tends to infinity, the heat flow reverts 

to that for fixed temperature boundary conditions. Thus, fixed 

temperature boundaries are the "worst" case scenario for airways after 

steady state has been reached. 

g) Heat flow into the airway/unit length of the airway, for the base 

case, = 102.5 w/m 

h) Practical constraints: The air in the tunnel remains at 300 e 

throughout its length in spite of this heat flow into the airway. 

This is of some concern and will be addressed in discussions later. 

11.9 CASE III, PRACTICAL OCCURRENCE AND SENSITIVITY 

Figure 11.2 has already represented the physical occurrence of 

this model, in that the temperature measurements were made along the 

drill hole while the drift was being ventilated, that is there was 

heat transfer from the rock to the air. Mahajan (1982) measured the 

temperatures with his probes on a weekly basis. His results for one 

drill hole are presented in Figure 11.11, which is located in section 

11.11, where the time dependence is discussed in detail. It can be 

seen from this figure that there was a difference of about +4oe 
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between the air temperatures and the rock temperatures just inside the 

drill hole on one day and -2oC on another. The latter was the result 

of restarting the fans in that area of the mines. 

The small reduction in heat flow caused by the existence of the 

Neumann boundary condition would seem to indicate that the heat flow 

is not sensitive to the value of the heat transfer coefficient h. As 

can be seen from Equation [11.16], if h was large then there would be 

little effect, but if h was made small by some means then the 

reduction would be more significant, with the larger contribution to 

the denominator of the l/(h ri) term. A sensitivity graph has been 

calculated; h has been included with the thermal conductivity and 

radii parameters. The results of the spread sheet calculations are 

shown in Figure 11. 9. As expected, the changes in heat flow with h 

were extremely small compared to the other parameters. Numerically, 

an increase of 100% to a value of 10 m-1 (or H equal to 20 W/(m2-K» 

resulted in only an increase of 2% for the heat flow, up to 104.6 W/m; 

alternatively, a reduction of 50% to 2.5 m-1 only caused a 2% 

reduction in the heat flow to 98.5 W/m. 

The heat transfer coefficient can in fact be considered, as with 

two materials, to be a component of an effective conductivity for all 

additional calculations. This effective conductivity, K', can be 

calculated from a modification of Equations [11.15] and [11.16] giving 

the relationship: 
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= (l/hri + Ln (rv/ri» 

K 
[11.17 ] 

This effective conductivity could be incorporated into the case with 

multiple materials. In this way, the effect of the insulation layer 

could be calculated, noting that the smoother surface of the 

insulation would also reduce the heat transfer coefficient. Thus, the 

addition of an insulating layer would bring into play two mechanisms 

which reduce heat flow. 

Most of the work described in this section was completed before 

access was obtained to the M.S. thesis of Bottomley (1987), though 

some information about his work was known through Bottomley et al 

(1987). He has approached the problem from the aspect of the heat 

flowing into the airway and not from considering the heat flowing from 

the rock, as in the above calculations. He computes an effective heat 

transfer coefficient by incorporating the insulation layer in the 

following way: 

"Thus, for example the effect of a layer of insulation can 
be accounted for by ignoring its heat storage capacity and 
calculating an effective surface heat transfer coefficient. 
Neglecting the very small area change due to the thickness 
of the insulation x the effective surface heat transfer 
coefficient he is given by he = 1/ (x/k+l/h) where k is 
the insulation thermal conductivity and h is the surface 
convective heat transfer coefficient." [Bottomley (1987)] 

Calculations still need to be performed to check if the two methods 

give the same result, and, if not, under what conditions differences 

would occur. 
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11.10 CASE IV (Transient, radial symmetry, inner and 

outer boundaries Dirichlet) 

a) Assumptions: Transient, with no dependence on e or Z, so that 

T = T(r,t) 

b) Boundary conditions: T = Ti = 

T = Tv at 

and T = Tv at 

c) Simplified differential equation: 

Q. (r dT) 
dr dr 

= ! dT 
o dt 

Ta at r = ri' and 

r = rv 

t = 0, all r 

where 0 is the thermal diffusivity of the material. (0 has been used 

instead of the more common a because of later conflict with the a's 

which represent the zeros of the Bessel function solutions. 0 has the 

dimensions of time-1 .) 

d) General solution: 

The general solution is given by Carslaw and Jaeger - see 

equation (12) of page 207, 2nd Edition (1959). The solution includes 

both types of Bessel functions since the cylinder being studied did 

not include either the origin or infinity. The general solution is 

given in terms of the temperature distribution f(r) at zero time and 

is a combination of series of terms including integrals and Bessel 

functions. 
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e) Specific solution: 

earslaw and Jaeger (1959) give the solution for constant initial 

temperature, plus both boundaries at oOe for the remaining time. 

However, substituting their equation (13) in their equation (15) on 

page 207 to give specified temperatures at the boundaries r = ri and r 

= rv and rewriting the result in the notation used here gives: 

T = 

<Xl 

_ 1TL exp(-D a n
2 t) 

n = 1 

exp(-D a n
2 t) Jo(ri an) Uo(r an) 

Jo(ri an) + Jo(rv an) 

Tv Jo(ri an) - Ta Jo(rv an) 

J o2(ri an) J o2(rv an) 

+ Ta Ln(rv/r) + Tv Ln(r/ri) 

Ln (rv/ri) 

where Uo(r a) 

Jo(x) = Bessel function of zeroth order, 

and Bessel function of first order. 

[ 11.18] 

f) Heat flow into the airway per unit length could be calculated as a 

non-trivial function of time using the Bessel formulation by differ-

entiating the temperature function. However, this would have been 

extremely time consuming, though not impossible. It was considered 

not worth the effort since estimates of heat flow could be made from 

the graphs showing the variation of temperature for four different 

values of time using the scheme explained in Section 12.2. 
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h) Practical constraints: Technically, this solution did not allow for 

the case of Neumann boundary conditions at the inner radius. However, 

by using the effective conductivity concept, the heat transfer 

coefficient could be partially considered without requiring a new 

solution. strictly, this formulation came from the steady state 

condition. Before achieving the steady state the effective conductiv

ity would involve the Bessel functions and not the simpler Ln 

functions. Alternatively, Carslaw and Jaeger present the solution for 

heat flux at the inner boundary. Another practical constraint would 

be no change in ventilation temperature; obviously, this is 

impractical in a real mining situation but, for burial of nuclear 

waste, there would be less change in the air temperature caused by 

modifications in the ventilation systems and in the working areas. 

11.11 CASE IV, SENSITIVITY AND PRACTICAL OCCURRENCE 

To start, the solution of Equation [11.18] was calculated using 

a spread sheet format. Details of the procedure to find the zeros of 

the Uo ' to look up values of J o and Yo from tables, to interpolate 

those values, to combine them with the exponential term, to sum the 

results for the series, to combine the three separate terms of the 

equation, and to plot the results are given in Appendix G. There were 

restrictions on what could be done. For instance, only the first five 

zeros of J o and Yo were available and J o and Yo were only tabulated to 

x = 17.5 in readily available sources, for example Carslaw and Jaeger 

(1959) and Abramowitz and stegun (1972). Thus, small times could not 
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be calculated; they needed many more than five terms in order to 

obtain convergence of the series to the "correct" answer and a smooth 

curve. Assuming that the base case had a thermal diffusivity of 

1 x 10-6 sec-1 , then a reasonable curve could be plotted using just 

five terms of the series when time was greater than 1.5 x 106 seconds. 

The fifth term contributes 0.271 to the exponential portion. In 

contrast, for 3.0 x 107 seconds, the fifth term has 4 x 10-11 as the 

exponential portion. Figure 11.10a shows the results for four times 

and steady state for comparison. This plot uses radial distance in 

meters so that penetration of the temperature modifications can be 

seen immediately. After 20 days, the cooling has penetrated less than 

4 meters into the rock. It takes about 100 days to cool the rock to a 

depth of 6 meters. 

For heat flow analysis, the same data have been plotted using 

the Ln scale. This plot (Figure 11.10b) shows that the curves were 

approximately Ln type close to the opening and the heat flows could be 

calculated as before using ~T/A(Ln r). After 20 days, the heat load 

was estimated to be 310 W/m, and 144 w/m after 1 year. 

The sensitivity of these curves to changes in time was easy to 

calculate. The only term involving time was exp(- D a n
2 t). If the 

diffusivity was doubled then the same curves would result with times 

halved. Thus, a 100% increase in diffusivity would result in the 

curve with the solid squares representing the temperature profile 
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after 10 days. The dimensionless quantity Dt/ri2 has often been used 

to plot temperature curves for different times. 

The results in Figures 11.10a and 11.10b are somewhat confirmed 

with the temperature profile along one drill hole (Figure 11.11) which 

was measured at three different t.imes separated by about a week with 

the temperature of the air changing due to major modifications in the 

ventilation. The air temperatures are shown with different symbols. 

On the 18th December 1981 (12/18), the air temperature was cooler than 

the rock temperature (some 40 q) as would be expected. However, 

sometime in the next five days, the fan was turned off. With these 

short-term fluctuations, the temperatures deeper into the drill-hole 

had not been modified, as would be expected with the time constant of 

the process shown in Figures 11.10. For longer term changes in air 

temperature, the impact could be noticed deeper in the rock. 

11.12 DISCUSSION 

It is clear from the above calculations that analytical methods 

do not correspond to the real world problem of ventilating underground 

openings; a fact known for many years. However, these solutions, even 

the time solution, can easily be studied today with a variety of 

parameters using the powerful capabilities of spread sheets. The work 

presented in this chapter has helped to show how the solutions change 

with different parameters and has assisted the author to interact with 

the problem; she has obtained an understanding of the scope of the 
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problems and determined what models were essential for the finite 

element analysis. Also, the basis of checking the finite element 

models has been formed - a computer program should always be compared 

with a known solution. 

comparison. 

Now, some known solutions are available for 
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CHAPTER 12 FINITE ELEMENT MODELS FOR HEAT FLOW INTO 

AIRWAYS 

12.1 INTRODUCTION 

While the analytical methods shown in the previous chapter allow 

some understanding of the heat flow into underground openings, it was 

necessary to use numerical modeling techniques to analyze the role of 

some factors, in particular anisotropy of thermal conductivity and a 

background geothermal gradient. Finite difference techniques have 

been used traditionally for heat flow studies and other diffusion type 

3 problems. Finite element analysis, on the other hand, has been used 

traditionally to solve structural problems where stress and 

displacements are calculated. Both methods have their advantages and 

will be used for different applications here. 

Comparisons have been made between the two methods, for example 

Ashworth and Ashworth (1985) and Betts et al (1979). 

"In some senses, a finite element mesh is less abstract 
than a finite difference mesh. For example, the heat 
source or sources can now be assumed to be within a certain 
element instead of at a node and the boundaries can be 
better modeled. It is possible for each element to be made 
of a different materials. In addition, anisotropic thermal 
conductivities can be incorporated easily into the model. 
The angle of anisotropy can be varied with each element 
thus making this type of analysis ideal for studying heat 
flow in materials having complex structures such as geolog
ical materials, concretes, or composites." [Ashworth and 
Ashworth (1985)] 
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Table 12.1 summarizes the main advantages and disadvantages of 

the two methods. The characteristics of the models studied here fall 

into the advantage column of the finite element method. Thus, finite 

element analysis has been chosen to be used in this chapter to study 

the heat flow into the airways. 

"The finite element method grew out of the matrix method 
used for studying forces and displacements in structures. 
The basic method was expanded to include a continuum 
divided into 'elements' connected at specific points called 
nodes. Assumptions about displacement or temperature var
iation are made within each element. Application of the 
basic equations of equilibrium in an integral form leads to 
a system of equations with the displacements at each node 
as the unknown variables. For heat flow by conduction, the 
basic differential equation (9.1) is converted to an equiv
alent integral equation, through the use of a 'functional'. 
The resulting linear system of equations are solved for the 
unknown nodal temperatures by inverting the 'conductivity' 
matrix [K] which contains information on the elements, 
location of the nodes, and the material parameters." 
[Ashworth and Ashworth (1985)] 

The finite element software which has been used for all the 

analysis reported in this chapter was developed at the University of 

Swansea and marketed as Rockfield Software. The choice of this 

software was made because of its ease of use on an IBM 286 computer, 

specifically changes in parameters, and quick graphics output. More 

sophisticated software was considered unnecessary when performing 

parameter and sensitivity stUdies where absolute accuracy was not the 

primary concern. Orders of magnitude of changes under different 

conditions was the main focus. In total, over 200 cases have been 

calculated. Bottomley (1987) used ADINA. Other available software 
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TABLE 12.1 comparison of finite element method (FEM) and 

finite difference method (FD). 

ADVANTAGES 

No iteration for steady state 

Matches complex boundaries 

Easily models multiple 
materials 

Complex material laws included 

Handles various boundary types 
including infinity 

DISADVANTAGES 

Re~Yires large matrix inversion 
sometimes at each time step 

Error analysis difficult 

Time studies need iteration, 

Numerical integration needed 
for complex elements 

Programming not easy though new 
element types added as subroutines 

Finite difference mesh easy 

Time studies easily added to 
iteration process 

Upper bounds on errors can be 
calculated 

Easy to program 

Approximates complex boundaries 

Convergence slow in some 
problems 

Multiple materials and complex 
laws difficult 
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packages include ANSYS and EMRC. All these packages incorporate the 

thermal studies as a separate or integral part of stress analysis 

software. 

The Rockfield software utilizes a two dimensional model, either 

planar or axisymmetrical. The elements are 8-noded isoparametric. 

Time dependent boundary conditions are allowed, with specified temper

atures, heat fluxes, linear radiation (heat transfer coefficient), and 

fourth order radiation. Non-linear thermal properties and anisotropic 

thermal conductivities are allowed. steady state and time dependent 

studies can be performed. Elements can be eliminated to simulate 

excavation. As an example of the efficiency of using this software, a 

200-element steady-state model was solved in about 5 minutes, and many 

of the time studies were completed in less than 1 hour. 

12.2 CASE V (STEADY STATE, RADIAL SYMMETRY, TWO 

MATERIALS) 

The first model, designed to identify factors of importance to 

heat flow into the airway opening, was an axisymmetric cylinder. The 

mesh was defined in the x-z plane with cylindrical symmetry created by 

rotation about the z-axis (reference Figure 11.1). Since this was the 

first application, three meshes were constructed; an extremely coarse 

mesh with 13 nodes and 2 elements, a fine mesh with 170 nodes and 565 

elements, and a medium mesh with 36 nodes and 135 elements. While the 

coarse mesh actually predicted the exact analytical solution for the 
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temperature as a function of radial distance, it was considered 

inadequate for the various parameter changes anticipated. The coarse 

mesh was still of benefit since the software has the ability to use it 

as a base for various refinements utilizing a graphics screen and 

options of subdivision along edges. The fine mesh was considered to 

be too detailed for calculating many different parameters -- a waste 

of computer and personal time. The medium mesh has been utilized for 

the remainder of the work within this section. A quarter of this mesh 

is shown in Figure 12.1, where nine of the elements are identified and 

the axis of cylindrical symmetry is at x = o. 

As is customary when operating new software, the first case 

repeated the analytical solution found in section 11.2 to confirm that 

the software was working correctly and, more importantly, that the 

user knew ho\.,. to operate the software. As expected for the base case 

used in Chapter 11, the resulting temperature dependence was logarith-

mic with radial distance. The temperature dependence for the base 

case has been added to Figure 12.2 for information. As additional 

verification of the validity of both the software and the analytical 

calculations, the next case assumed that there were two materials, 

separated at the radial distance of 8 m to compare with one of the 

curves in Figure 11.6. The inner material had a thermal conductivity 

of 2 wi (m-K) and the outer material had a value of 6 WI (m-K) • The 

steady-state results are shown in Figure 12.2. 
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The numerical results of temperature as function of Ln(radial 

distance) for these cases (and future examples) have been entered in a 

Quattro spread sheet. From these numbers, it is possible to calculate 

the heat load into the opening per unit length along the opening from 

Q 2 7C K r dT 
dx 

= 2 7C K (chanae in T) 
(change in Ln r) 

[12.1] 

= 2 7C K slope of curve for T versus Ln r 

Using Equation [12.1], the heat flow into the airway for the 

base case was 106.88 W/m, identical to the results in Chapter 11. The 

two material case yielded 143 W/m which corresponds to the inter-

section of the r = 8m line and the K1/K2 = 2/6 curve in Figure 11.6. 

12.3 SENSITIVITY FOR CASE V 

Now it is possible to extend the analysis, with some confidence, 

into cases not studied in Chapter 11. As could be seen from Figure 

11.6, when the inner material was of greater conductivity, the heat 

flow into the airway was higher; 176 W/m compared with 147 W/m. 

Similar increases were found when a linear heat transfer coefficient 

was assumed between the rock and the air. Two values of this coeffic-

ient H were assumed: 20 and 5 W/(m2-K) respectively. The Rockfield 

software uses H as input for the constant of proportionality between 

heat flow and temperature difference. The results reported in this 

chapter will be in these units with the value of h added for 
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comparison. h can be variable even for constant H since the thermal 

conductivity K of the rock adjacent to the airway is the conversion 

factor. Practically, H makes more sense since it is a function of the 

airflow (McPherson (1984» and surface characteristics of the rock 

(Mousset-Jones et al (1987». 

Figure 12.3 presents the results of the temperature for each 

heat transfer value and for the two thermal conductivities. It should 

be noted that the slopes of the graphs are misleading in that the 

lower slope of the last case has to be multiplied by 6 to provide the 

heat load, whereas the upper slopes have to be multiplied by 2. Table 

12.2 contains the numerical values for immediate comparison. 

One conclusion which can be drawn from the values in Table 12.2 

confirms that a fixed temperature boundary condition allows more heat 

to flow into the airway and could therefore be considered as the worst 

case scenario for calculations of heat loads. Another conclusion 

substantiates the sensitivity graphs in Figure 11. 9; a reduction in 

the value of the heat transfer coefficient from 20 to 5 WI (m2-K) 

reduces the heat load but not by a significant amount. This reduction 

plays a more important role when the inner material has higher 

conductivity. 

The next case which was studied by the same finite element model 

allowed the temperature to vary along the airway, similarly to the 
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TABLE 12.2 comparison of heat flow per unit length (W/m) into an 

airway for two-material systems, steady state. 

Inner 
Boundary 

Fixed 300 C 

Fixed 300 C 

Fixed 300 C 

H = 20 W/(m2-K) 
(h = 10 m-1 ) 

H = 20 w/(m2-K) 
(h = 10 m-1 ) 

H = 20 W/(m2-K) 
(h = 3.33 m-1 ) 

H = 5 W/(mLK) 
(h = 2.5 m-1 ) 

H = 5 W/(mLK) 
(h = 2.5 m-1 ) 

H = 5 W/(m2-K) 
(h = .833 m-1 ) 

K1 
W/(m-K) 

2 

2 

6 

2 

2 

6 

2 

2 

6 

K2 
W/(m-K) 

2 

6 

2 

2 

6 

2 

2 

6 

2 

Heat flow 
W/m 

106.9 

147.2 

176.1 

104.7 

143.0 

170.1 

98.5 

131.3 

154.4 

% change 

0 

+38 

+65 

- 2 

+34 

+59 

- 8 

+23 

+44 
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increase in temperature of the heat flow. At this stage of the 

analysis, there was no attempt to calculate what an actual temperature 

rise would be. Such calculations require assumptions of the amount of 

airflow and pyschrometric calculations to determine the actual 

increase in temperature from one location in the airway to the next. 

This will be discussed in more detail in the next chapter. Instead, 

each node spaced at 50m along the drift was allowed to increase by 

lOCI these boundary conditions would actually simulate a linear 

increase of 10C along the length of the airway in the finite element 

model. The results of this example are shown in Figure 12.4, where 

only the first 8m are plotted in the radial direction to separate the 

curves for easier comparison. These graphs are basically straight 

lines; each slope is close to that which would have been obtained if 

all the airway were at the given temperature. For example, the heat 

flow/unit length at the mid node is 117.15 W/m as compared with 117.57 

W/m if all the tunnel was at 280 C. This gives the strong indication 

that no heat is flowing within the rock in the direction of the 

airway; a 2 dimensional analysis is adequate. If so desired, an 

analysis similar to case VII can be performed at different locations 

along the airway to account for the increase in the air temperature. 

12.4 CASE VI (TRANSIENT, RADIAL SYMMETRY, TWO MATERIALS) 

The next step was to consider time. The same mesh as in Case V 

was used to study the time effects for two materials. Since the mesh 

had been created with a possible boundary at 8m, a duplication of Case 
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II Section 11. 7 should be obtained. With the R09kfield software, 

incorporation of a time study involved a simple editing of the mesh 

data file. One "switch" was changed to instruct the program to 

perform a time study, identified time steps and printout intervals 

were given, and heat capacities were added to the material parameters. 

The base case, which has two materials whose conductivity equals 

2 W/(m-K), was evaluated using a diffusivity of 1 x 10-6 m2/s. This 

was then consistent with previous work in Chapter 11. Most rocks have 

a diffusivity of this order. Consequently, the specific heat capacity 

(JPCp ) for each material was 2 x 106 J/(m3-K). The results from the 

finite element were printed to a file with portions manipulated within 

a Quattro spread sheet to produce both the graphs shown in Figures 

12.5, 12.6 and 12.7 and the calculated heat flows listed in Table 

12.3. Figure 12.5 shows the heat flow for the base case for fixed 

temperature boundary conditions. The results have been given in a 

format similar to Figure 11.10b to give an immediate comparison; the 

two sets of results are indistinguishable, building further confidence 

in the software. Figure 12.6 gives a more detailed view of the heat 

flow close to the airway for the case when the heat transfer 

coefficient to the air was 20 W/(m2-K). 

12.5 SENSITIVITY FOR CASE VI 

Unfort.unately, the heat flow for early times now cannot be 

estimated with any accuracy. On the Ln plot of Figure 12.5 the early 
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time "curves" appear to be straight lines. This was caused by the 

lack of detail in the mesh close to the airway and the inadequacy of 

further information provided by the software between the nodal points 

at r = 2m and r = 3m. A new 2D section with a finer mesh around the 

airway will be presented in Section 12.8. In the meantime, however, 

some benefit can be obtained from considering changes from the base 

case. 

The shape of the curves remained the same for the different 

cases; these have not been presented here. However, the heat flow per 

unit length has been calculated and presented in Table 12.3. Values 

for early times have been omitted as they were not accurate due to the 

slope calculations and the elements being too large for the changes in 

temperature encountered. The other values were expected to be 

relatively accurate since the curves approximated straight lines close 

to the airway after these times; the cooling pulse had gone beyond the 

first few meters. 

Figure 12.7 displays the values of heat flow as a function of 

time for the cases as indicated in Table 12.3. The values for early 

time have not been included and a marker indicates the 100 day 

location on the curves. A four-fold increase in the transfer 

coefficient H appeared to produce significantly less than a two-fold 

increase in the heat flow (Cases 21 and 23) for the first few days; 

the increase reduced with time so that at 10 days there was a 
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TABLE 12.3 comparison of heat flow per unit length (W/m) into an 

airway for two-material systems and choice of times. 

CASE 21 
K1=2,K2=2 
H=5,HC=2x10 6 

CASE 23 
K1=2,K2=2 
H=20,HC=2xl06 

CASE 22 
K1=2,K2=2 
H=5,HC=lx106 

CASE 25 
K1=6,K2=2 
H=5,HC=2x106 

CASE 24 
K1=6,K2=2 
H=20,HC=2xl06 

CASE 26 
K1=2,K2=2 
FIXED,HC=2x106 

1/4 
hr 

620 

2.5 
hr 

614 

1 
day 

503 

318 

1115 

570 

5 
days 

328 

433 

302 

560 

892 

460 

20 
days 

261 

304 

221 

460 

619 

318 

6 1 
months year 

151 129 

163 138 

134 120 

271 218 

310 241 

168 142 
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negligible change. Alternatively, increase in the conductivity of the 

rock around the airway to 6 W/(m-K) (Cases 24 and 25) caused nearly 

doubling of the heat flow. The increase from Case 25 and Case 21 

remained for all time, again indicating the importance of driving 

airways in low conducting rock or the addition of insulation. A 

reduction in heat capacity for the rock close to the airway (Case 22) 

reduced the heat flow by a noticeable amount; this rock has not stored 

as much thermal energy and so less is extracted to cool it to the 

airway temperature. 

The heat flow curves will be better delineated in a later 

section when there are more accurate predictions of the heat flow with 

a finer mesh and smaller time intervals. In addition, an attempt to 

integrate with time the more detailed curves will produce an estimate 

of the total heat flowing into the airway over a given period of time, 

instead of at the given instants of time which have been shown in 

Figure 12.7. 

12.6 CASE VII (EFFECT OF TUNNEL FACE, STEADY STATE) 

In order to consider "end effects", a finite element model has 

been constructed to represent the end of an airway or face of a 

tunnel. This is an axisymmetrical model, in which SOm behind the face 

(in the airway) and SOm ahead of the face (into the rock) has been 

modeled, with the assumption of cylindrical symmetry for the geometry, 

elements, and parameters. Figures 12.8a and 12.8b show the total mesh 
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and a close up of the mesh around the face, respectively. The mesh 

was chosen to allow a choice of insulating materials; for the study 

presented here the thickness of the insulation was assumed to be 0.2m 

(about 8"). Any thinner layer would require a more complex finite 

element mesh since long narrow elements are often cause of errors. 

Many different cases have been calculated, mainly to be compar

able with the parameters chosen for the analytical solutions and the 

long tunnel example. Presentation of the results can be accomplished 

in various ways. A selection is given in Figures 12.9 through 12.14. 

The base case, as usual, is K1 = 2 W/(m-K), K2 = 2 W/(m-K), with Tv = 

SOoC and Ti = 30oC, steady state. Figure 12.9 shows the variation of 

temperature as a function of radial distance at indicated locations 

along the airway relative to the face. 

In the solid rock ahead of the face, there is variation of 

temperature with distance from the face since there is heat flow 

toward the face in addition to radial heat flow. The temperature 

variation is no longer logarithmic. However, to obtain some idea of 

this variation, the temperatures on the center line in the unexcavated 

rock are plotted on the same graphs. 

identified as "ahead" values. 

These temperatures have been 

The first conclusion from Figure 12.9 is that the temperature 

profile is similar to a long tunnel until about Sm behind the face. 
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Heat from ahead of the face is mainly extracted at the corner, as is 

shown with the increase slope of the curve (X's in the figure) located 

exactly at the face. The Rockf ield software can produce contour 

graphs of various parameters. Figure 12.10 shows the temper-ature 

contours for the region close to the face; the regions are colored on 

the computer screen but are presented here using different black/white 

fill patterns. 

Figure 12.11 contours the flux in the x-direction. The small 

dark shading just ahead of the face is a possible error caused by the 

long narrow element. This region should have close to zero x-flux due 

to the nearby location of the symmetry axis. The possible error was 

not considered to be of significance for the remainder of the study 

and the general conclusions which are drawn. The next figure (Figure 

12.12) gives the contours for the flux in the y-direction. The y-flux 

becomes greater than -1. 607 about one meter behind the face; the 

contours do not delineate the zero flux contour since the software 

chooses the 12 contour levels it uses. In another representation, 

Figure 12.13 displays contours for the length of the flux vector; the 

same contours are shown in Figure 12.14 as lines and the vectors 

showing the direction of heat flow are overlaid. The software draws 

nine vectors in each element. It is therefore the length and direc-

tion of each vector, not the concentration, which shows the magnitude 

and direction of the temperature gradients. 
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12.7 SENSITIVITY FOR CASE VII 

The parameters in the model have been modified to reflect 

different possible insulations and different heat transfer conditions. 

For the fixed temperature case, the insulation has been assumed to 

have thermal conductivities of 1, 0.5, 0.2, 0.1, and 0.05 t-7/(m-K). 

For the different heat transfer cases, only 2.0, 0.2, and 0.05 W/(m-K) 

conductivities have been used, with the transfer coefficient equal to 

5 W/(m2-K) or 20 W/(m2-K). Since the functional behavior is similar, 

it was considered unnecessary to perform any more parameter studiea. 

The temperature profiles are modified by these changes as expected; 

Figure 12.15 shows the effect of 0.2 W/(m-K) insulation when H = 5 

W/(mLK) • 

Contours similar to Figures 12.10 to 12.14 have been plotted 

(not included) to show the effect of the insulation in blocking the 

heat flow. The -0.307 y-flux contour occurs about 0.4 meters behind 

the face; again confirming that there is little impact of the face 

beyond the 5 meter location. Contours showing the effect of 

insulation, for the time dependent case, will be presented later. 

As before, the increased slope of the temperature curve through 

the insulation element was misleading when heat flux was of interest. 

Thus, the results from the finite element model have been entered into 

a spread sheet so that heat fluxes could be quantified and yet another 

view of the information presented. The heat flux in the radial 
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direction remained the ratio of the temperature slope and Ln r 

multiplied by 2 1C times the conductivity (Equation [12.1]). Figure 

12.16 shows the heat flux at various locations relative to the face 

for the different thermal conductivity values of the inner elements. 

These curves show the immediate added advantage of placing insulation 

at the corner; the very large heat flux of 265 W/m at this location 

has been reduced to below 50 W/m in addition to the already calculated 

general reduction of over 50% along the length of the airway. 

However, since this heat flux acts only over a relatively small area, 

the impact is actually not so dramatic. An integration procedure 

would be needed to obtain the total reduction due to the insulation. 

Table 12.4 includes the heat fluxes for all the cases studied for 

immediate comparison. 

Since it is not possible with these models to represent the air 

in the tunnel, a modified boundary condition has been considered. For 

the case of H = 5 w/(m2-K), an increase in the temperature of the air 

has been assumed for the face; 350 C, instead of 300 C, was the 

"ambient" temperature for the elements close to the face. This is 

more likely to represent the "real world" and, as can be seen from 

Table 12.4, a reduction in the heat flux at the corner results. 

Figure 12.17 displays the variation of heat flux with position for 

four identified cases. 
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TABLE 12.4 Comparison of heat flow per unit length (W/m) at various 

positions along the airway relative to the face for steady state and 

fixed temperatures at the boundary. 

Location relative 50m 
to the face 

Fixed boundary temperatures 

K1 = 2 109 

K1 = 0.5 97 

K1 0.2 80 

K1 = 0.1 61 

K1 0.05 42 

H = 20 W/(mLK) 

K1 = 2 107 

K1 = 0.5 98 

K1 = 0.2 78 

K1 = 0.05 41 

H = 5 W/(mLK) 

K1 = 2 101 

K1 = 2* 101 

K1 0.2 75 

K1 = 0.05 40 

25m 5m 

110 123 

98 109 

80 88 

61 66 

42 44 

108 120 

98 109 

79 87 

42 44 

101 113 

102 122 

75 82 

41 43 

2m Face 

149 289 

126 201 

97 130 

71 85 

46 52 

141 265 

126 201 

95 125 

45 51 

130 198 

120 145 

90 112 

44 49 

* This case assumed that the air temperature at the face was 35°C, not 

the 300 C used for all the other cases. 
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12.8 CASE VIII (EFFECT OF TUNNEL FACE, TRANSIENT) 

The mesh described in Section 12.6 has been used for a transient 

study. The Rockfield software allowed for time increments to be 

specified with printouts of the results at specified frequencies. 

Since the time dependence was expected to be exponential in general, 

small time increments were specified for beginning time with larger 

and larger increments as time progressed. For the given material 

parameters, the times were seconds; the software did not have the 

capability for handling large times which would have allowed the 

temperature profile to be calculated after one year. Consequently, 

the heat capacities were reduced by a factor of 103 , with a similar 

reduction in times. Calculations were performed to confirm that the 

results were the Game with this minor modification. The time incre

ments have been chosen to give outputs after 1000 secs, 10000 secs 

(-2.5 hours), 1 day,S days, 10 days, 20 days, 40 days, 100 days, 6 

months, and 1 year. In the results given here, not all the times are 

reported. 

The temperature variation with time at the entry, 50m behind the 

face, has been plotted as a function of radial distance (Figure 12.18) 

to assure that time choices and software were producing appropriate 

results. This graph can be compared directly with Figure 12.6. The 

curves at earlier time in Figure 12.18 are a significant improvement 

over those in Figure 12.6; the smaller mesh allows for better 

prediction of time-temperature curves. Even so, the results in Figure 
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12.18 cannot be accepted as totally accurate since some problems did 

occur from the finite element/finite difference scheme used to 

calculate the time steps. Some values over 50.000 e were found with 

some small oscillatory variations ahead of the cooling pulse. 

However, for the general indication of heat flow with time and 

comparison of different cases, the calculated values from the finite 

element software was considered adequate. Besides, the boundary 

conditions of suddenly having air flowing at 300 e (or at 350 e as in 

some cases) are not practical. More sophisticated boundary conditions 

would have to be applied to attempt to match the "real" situation; the 

software allows for boundary conditions changing with time so this 

would be possible but not considered necessary for the sensitivity 

work reported here. 

The heat flow into the airway for the base case as a function of 

position relative to the face and time has been plotted in Figure 

12.19. As could be observed in both Figures 12.18 and 12.19, the heat 

flow is largest at earlier times with substantial decreases by 5 days. 

This immediately implies that any insulation material would have to be 

emplaced as soon as possible after blasting to obtain the most 

benefit, though as will be seen in the next section, benefits are 

still sUbstantial even if a few days elapse. 
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12.9 SENSITIVITY FOR CASE VIII 

A number of different cases have been studied to try to obtain 

an understanding on the impact of air temperature, insulation conduct

ivity, and heat transfer coefficient on the heat flow into the tunnel 

face and airway. Many graphs could be constructed to look at each 

variation. However, one simple graph is presented in Figure 12.20 to 

visually show the consequence of insulation applied to the walls and 

face of the tunnel immediately after blasting with a typical heat 

transfer coefficient of 5.0 W/m2 before and after the application. 

Even a layer (noting in these cases the layer is 0.2m) of insulation 

of thermal conductivity 0.5 W/ (m-K) reduces the heat flow by nearly 

1/2, giving a significant reduction after 2.5 hours which continues 

throughout the time of study. An insulation of lower conductivity 

(0.05 W/(m-K» gives an a-fold reduction! 

A tabular form of most of the cases calculated is exhibited in 

Table 12.5. Several observations are appropriate: 

1) Initially, the heat flow into the main part of the airway is 

larger than that close to the face. The corner acts as a 

"restriction" for a beginning, but then as heat flows from a 

larger volume with the penetration of the "cooling front", more 

heat flow occurs at and close to the face. This occurs during 

the 2 - 5 day period. 

2) The heat transfer coefficient, when no insulation is applied, 

plays a significant role for the earlier times allowing more 

heat to be extracted. But, then it has less significance in the 

heat flow as time progresses. For example, Case 45 has 25% more 
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TABLE 12.5 Comparison of heat flow per unit length (W/m) into an 

airway for different insulation, heat transfer coefficients and 

choice of times. 

Values for 2.5 1 5 20 
K1/K2/H/temp hr day days days 

CASE 44 
2/2/5/30 738/676 637/616 434/490 283/374 

661 522 338 208 

CASE 43 
0.5/2/5/30 446/421 356/357 285/312 216/261 

386 295 230 168 

CASE 41 
0.05/2/5/30 109/106 70/71 59/59 55/59 

111 64 48 48 

CASE 45 
2/2/20/30 1787/1695 1000/1110 545/747 320/525 

1594 873 472 268 

CASE 49 
0.05/2/20/30 109/76 70/54 59/47 55/46 

83 49 41 38 

CASE 46 
2/2/20/35 1788/1278 1000/872 544/599 319/429 

1220 683 383 230 

CASE 47 
0.5/2/20/35 631/481 448/379 340/321 244/260 

435 309 234 167 

CASE 48 
0.05/2/20/35 120/85 73/57 61/50 55/46 

91 52 43 38 

CASE 50 
0.5/2/5/35 446/320 356/278 285/245 216/206 

297 230 181 134 

Reported values are: Radial heat flow at entry/radial heat flow at face 
Linear heat flow from face for total area 

1 
year 

130/232 
128 

115/178 
113 

46/52 
43 

140/311 
157 

45/40 
33 

139/251 
147 

123/166 
109 

47/42 
35 

115/135 
91 
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time progresses. For example, Case 45 has 25% more hea~ flow at 

5 days than Case 44; at 1 year the increase is only 7%. 

(Incidentally, the heat flows at the entry are similar to those 

reported for the comparable cases studied in Section 12.5. The 

flows at earlier times are slightly higher here, as expected.) 

3) The heat transfer coefficient plays a minor role when insulation 

is added. There is barely any difference in Cases 41 and 49. 

4) The more practical situation of an increase of SoC in the air 

temperature at the face reduces the heat flow on average about 

20% at the face. In addition, it does not affect the heat flow 

at the entry. However, as would be expected, the heat flux in 

the y direction does penetrate further behind the face. For 

reference, Figure 12.21 shows the temperature profiles for Case 

50 after 5 days; Figures 12.22 and 12.23 present the correspond

ing heat fluxes in the x and y directions, respectively. 

5) The practical recommendation from this data would be to attempt to 

go from Case 45, where a high heat transfer coefficient is 

coupled with cool temperatures at the face, to Case 50, where a 

lower heat transfer coefficient is coupled with warmer air 

temperature in conjunction with an insulation layer. 

The practical possibilities will be discussed in Chapter 14. 

12.10. CASE IX (SECTION ACROSS AIRWAY, STEADY STATE) 

It was shown by the previous two models that a two dimensional 

analysis was not inappropriate. By using the same software it was 

possible to study a two dimensional section through a tunnel. The 

model created is shown in Figure 12. 24a with a close-up near the 

airway in Figure 12. 24b. Since the parameters of interest for this 

study were anisotropy and a background geothermal gradient only a half 
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FIGURE 12.21. Temperature contours close to the face of a circular 
tunnel for case 50 after 5 days. 
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FIGURE 12.22. Heat fluxes in the x direction close to the face of a 
circular tunnel for case 50 after 5 days. 
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FIGURE 12.23. Heat fluxes in the y direction close to the ,face of a 
circular tunnel for case 50 after 5 days. 
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FIGURE 12.24a. Finite element mesh for the 20-section model, 
showing nodal and element numbers. 
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FIGURE 12.24b. Details of the finite element mesh for the 2D-section 
model, showing nodal and element numbers near 
the airway. 
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section was necessary, though inner elements were chosen to be 0.2m 

wide so that an insulation layer could be added to provide results 

which could be compared with the previous model. 

The base case was again conductivities equal to 2 W/(m-K), heat 

transfer coefficient equal to 5 w/m2, and outer temperature = 500 C. 

For this case, the calculated heat flow was 104 W/m. For fixed temp

erature inner boundary, the heat flow was 129 W/m. These represent 

slight variations from the previous calculated values. There are two 

possible explanations. Mesh refinement was probably needed; the 

transition from the small element to the next size of element should 

have been more gradual. In addition, the opening was not actually 

circular, with straight line approximations as can be seen in Figure 

12.24b. However, repeating that this was a sensitivity study, the 

changes encountered with modifications in the parameters should be 

compared with the values reported in this paragraph and not with 

previous work reported in earlier sections. 

12.11 SENSITIVITY FOR CASE IX 

The first parameter changed was thermal conductivity. The 

isotropic values were changed to anisotropic values specified in the x 

and y directions. Figure 12.25 presents the temperature profile for 

an anisotropic ratio of 2. The mesh boundaries have been identified 

so that the elliptical nature of the isotherms is easily visible. For 

example, the isotherm at 41. 660 C, between the cross hatching the 
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FIGURE 12.25. Temperature contours close to the airway for an 
anisotropy ratio of 2 and fixed temperature 
boundary conditions. 
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dotted regions, can be seen to be inside the element boundary in the x 

direction and outside the same boundary in the y direction. The 

temperature profiles are no longer logarithmic, with a significant 

variation away from the straight line plot. Figure 12.26 shows the 

temperature as a function of Ln(radial distance) for the more extreme 

case where the anisotropy ratio was 3. 

Table 12.6 presents a summary of many of the cases studied. The 

angle 0 was measured from the x-axis in a counterclockwise direction. 

The heat flow in a given direction has been calculated from Equation 

12.1 using the effective conductivity by rotating the conductivity 

tensor to the appropriate direction of the nodal temperature values. 

For example, for Kx = 2 W/(m-K) and Ky = 4 W/(m-K), the conductivities 

employed were 3.5 at 600 and 2.5 at 300 • The average heat flow has 

been calculated from arithmetic average and the isotropic heat flow 

was that which would have occurred if the isotropic conductivity was 

the average of Kx and Ky. In general, the average anisotropic heat 

flow is larger than that which would have been calculated for an 

equivalent isotropic case. As the heat transfer coefficient was 

reduced to 5 , the two heat flow values are closer with the isotropic 

case slightly overestimating the heat flow. It would seem that the 

heat transfer coefficient is acting as a barrier causing less effect 

from the anisotropy. 

similar role. 

An inSUlation would be expected to play a 
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TABLE 12.6 Comparison of heat flow per unit length (W/m) into an 

airway for anisotropic conductivities. 

€I 90 60 30 o Ave Iso 

CASE 31 
AR = 2 195 194 185 173 187 160 
Fixed temps 

CASE 32 
AR = 3 251 254 241 206 238 214 
Fixed temps 

CASE 33 
AR = 2 261 246 195 151 213 206 
H = 20 

CASE 34 
AR = 2 230 216 171 132 187 189 
H = 5 

CASE 35 
AR = 2 154 151 143 132 146 134 
H = 5, grad 150 149 141 

CASE 36 
AR = 2 176 176 164 151 166 147 
H = 20,grad 169 168 161 

CASE 37 
AR = 1 119 119 118 117 117 104 
H = 20,grad 114 114 115 

AR = anisotropy ratio. Results are for Kx = 2 W/(m-K) and Ky = AR*Kx 
The second line of numbers represents the cases where a temperature 
gradient was the outer boundary condition. 
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Another parameter has been changed. An attempt to find the 

influence of a background geothermal gradient has been made by 

specifying the temperature of the outer boundary of the finite element 

model to vary with the y coordinate. The temperature at y = Om was 

assumed to be SOoC with a O.OSoC/m temperature gradient (-1.0oF/100 

ft). For the isotropic case, with H = 20 W/(m2-K), the heat flow at 

the roof apex was 119 W/m, at the side 117 W/m, and the center of the 

floor 114 W/m. These values did not appear to have a large variation, 

though it should be noted that the base case of SOOC with H = 20 

W/(m2-K) was calculated earlier with a heat flow of 104 W/m. Thus, an 

average increase of 12% has occurred in the heat flow; the thermal 

gradient has destroyed the Ln dependence of temperature with some heat 

being transmitted by non-linear paths from the outer boundary to the 

cooler inner boundary. 

These results were more significant when anisotropy was coupled 

with the geothermal gradient. The heat flow values for the three 

cases calculated have been added to Table 12.6. In addition, Figure 

12.27 presents the temperature profiles for the case when anisotropy 

ratio was 2 and the heat transfer coefficient was 5 W/ (m2-K) • The 

values in Table 12.6 indicate that the geothermal gradient has some 

influence on the heat flow and not in an entirely predictable manner. 

For example, the values at 0 = 0 have been confirmed as correct; they 

are lower than the values for the other angles. Analytical methods 

cannot be used for a gradient boundary condition. Finite element 
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models allow the complex heat flow to be estimated especially when 

combined with other factors. 

12.12 PARAMETER ESTIMATION FOR IN SITU TEMPERATURES 

The ultimate finite element model would be to analyze the heat 

flow in complex geology around an airway and compare predicted with 

actual measured temperature profiles for confirmation of the modeL 

By changing the thermal parameters in an organized manner, estimation 

of the in situ parameters would be possible. This has been accom

plished with heater studies at the Stripa Mine and at potential 

nuclear waste repositories. However, this detailed study is beyond 

the scope of most mining applications and this project. 

In previous work (Ashworth (1983», a simpler version of such a 

project became possible. Temperatures were measured in a series of 

drill holes at one section of one level in the Homestake Mine at Lead, 

South Dakota. Thermal parameters had been measured in the laboratory 

on the 6" unguarded hot-plata system. The values of these parameters 

were utilized as the initial guesses in the finite element model whose 

mesh matched the determined geologic structure. The parameter values 

were then changed to obtain a reasonable match between the in situ 

temperatures and the modeled temperatures. This was an indirect 

method for determining in situ thermal properties. Some success was 

reported with results presented in Ashworth (1983) and Ashworth and 

Ashworth (1984). 



"Before a detailed finite element model was developed to 
match the geological structure, a very coarse mesh was 
made. The coarse mesh showed that it was possible to model 
the non-symmetric temperature profile. It was then consid
ered worth-while to use a model with a finer mesh of 
elements. It was drawn as an overlay on the geological 
structure provided by the Homestake' s Geology Department. 
The parameters of the finite element model were adjusted 
until a reasonable match with the measured temperatures 
occurred. With the limited data available an exact match 
was not possible, but Fig. 2 (Figure 12.28) includes the 
modeled contours that are to be compared directly with the 
measured values." [Ashworth and Ashworth (1984)] 

Conclusions from this study included: 

12.13 

"A good correlation has been shown between the thermal 
conductivity ratio in situ and the ratio from laboratory 
work for rock samples of the Homestake and Poorman Forma
tions. Anisotropy, which was indicated from laboratory 
measurements, is more pronounced in situ, enhanced, it is 
believed, by moisture migration. 

Finite element modelling can be included as a 'tool' of the 
ventilation engineer. It should be possible in future to 
obtain the temperature profile measurements in conjunction 
with exploration drilling. Heat-flow modelling can then be 
performed." [Ashworth and Ashworth (1984)] 

DISCUSSION 
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From the work presented in this chapter, it can be seen that 

finite element analysis can be of assistance in understanding the 

importance of different factors. Many more cases could be studied but 

the significance of the method has been proven at this stage. It 

would now be even more beneficial to concentrate on specific case 

studies beyond the one reported in the previous chapter; specific case 

studies have not been the objective of this dissertation. 
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FIGURE 12.28. Measured and modeled temperature profiles around 
an airway at the Homestake Mine (from Ashworth 
and Ashworth (1984}). 

All temperatures are in °C. 
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Recently developed finite element codes, make this type of 

analysis available to most engineers, including ventilation engineers. 

The attempt in this chapter was to look at the different parameters to 

show their relative significance. Meshes were easily developed with 

user-friendly interactive menus and graphics. The multitude of cases 

calculated for this sensitivity work were accomplished in a short time 

frame on a microcomputer (IBM compatible 386 computer). 

To perform specific case studies, it may be necessary to use a 

more sophisticated software package than the simple 2D approximations 

available using the Rockfield software. However, it would still be 

possible to look at, say, development of a drift in a complex geology 

or the development of a stope, even though they would require some 

approximating assumptions to allow a 2D analysis. The engineer would 

need information on changes in the geology to determine mesh 

locations, thermal parameters of the different geological formations, 

the type of boundary conditions and values which would be appropriate, 

and the times for potential changes in the boundary conditions. The 

studies presented here indicate the relative importance of the various 

parameters for such modeling. 
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CHAPTER 13 CLIMATE SIMULATIONS 

13.1 INTRODUCTION 

A key ingredient in the study of heat flow into a large mine or 

underground airway is the modification of the intake air with the 

addition of heat and moisture and the modification of the heat flow in 

the rock with changes in airflow. If the airflow is very large then 

the heat flow from the rock has only a small effect on the thermo

dynamic parameters of the air, but if the airflow is small, as in deep 

drifts, then the impact of the heat flow on its temperature and 

humidity is substantial. It was beyond the scope of this research to 

analyze in detail the impact of the heat flow in the rock on the 

airflow. Besides many others, as discussed in detail later in the 

chapter, have concentrated on the airflow aspect. For completeness of 

the information facet of the project, discussions will be presented on 

the different methods available to simulate the changes in the 

conditions of the air and thus how the work presented here interacts. 

Such a simulation is not trivial, especially when moisture is 

involved. In a dry situation, the heat flow from the rock would be 

added to the energy content of the air; mathematically, a thin section 

of airway would be considered with. conservation of energy such that: 

enthalpy inflow in the air 

+ heat flow from the rock 

+ heat from additional sources 

= enthalpy outflow in the air 
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Thus, the air leaving the thin section would have a different 

temperature dependent upon the conditions in the section and the 

amount of air flowing through it. The amount of heat flowing from the 

rock affects the temperature of the air entering the next thin 

section, which in turn affects the amount of heat flowing from the 

rock in the subsequent section, which affects the temperature of the 

air leaving the next section, and so on ••••• 

When moisture is involved, there are exchanges of both heat AND 

moisture between the rock and the air. Both latent and sensible heat 

associated with the humidity and temperature of the air now have to be 

considered. This has a two-fold effect for the next airway section. 

Again, the temperature of the air is modified, but now the evaporation 

from the wet rock is reduced when the air is more humid. This will 

cause changes in the heat flow in addition to those due to the change 

in the temperature of the air. The value of linear heat transfer 

coefficient (h or H) is affected by the airflow rate (laminar or 

turbulent flow) and evaporation of moisture at the surface. In turn, 

the heat flow from the rock to the air is dependent upon the heat 

transfer coefficient and the temperature difference between the rock 

and the air. 

Time also plays an important role. When the airway is "new", 

there are transient effects as the newly introduced air continues to 

modify the temperature in the rock from the virgin conditions. When 
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the airway is mature, then some semblance of a steady-state can be 

reached, though this will be disturbed as ventilating changes are 

made, such as adding more airflow with new fans or changing temper

ature with cooling devices. Since the thermal diffusivity of many 

rocks is very low, the rock temperature takes a long time to respond 

to perturbations. Consequently, small changes in the ventilation 

system will only significantly affect the "skin" of the rock 

surrounding the airway. This was clearly seen in Figure 11.11, where 

significant air temperature modifications had only penetrated about 3m 

into the rock. 

It is the time-dependent problem which causes the greatest 

difficulties. As was shown in Sections 11.10 and 11.11, the solution 

of the heat conduction equation involves two types of Bessel functions 

even for constant temperature boundary conditions. Variations with 

time in the airflow temperature add further complexity. The following 

sections present work that has been reported by others on methods to 

address the climate aspect of heat flow into airways. 

13.2 TABLES AND CHARTS 

In the early days, Goch and Patterson (1940) developed tables 

which could be used to predict heat inflow into the airway using the 

assumption of a cross-section with circular symmetry and a constant, 

known rock surface temperature. The calculations presented in Appen

dix G and discussed in Chapter 11 are based on similar assumptions. 
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with the uevelopment of computers and spread sheets, the Goch and 

Patterson tables could now be replaced by this type of spread sheet 

calculations. 

"Jaeger and Chamalaum (1966) and Starfie1d (1966a) 
tabulated the solution for a circular airway in which there 
is convection to air at a constant temperature. These 
solutions can be used to calculate heat and moisture 
transfer rates, and hence air-temperatures in an airway in 
an isotropic homogeneous medium provided the entire surface 
of the airway is completely wet or dry. " [Z,lack and 
Starfield (1985)] 

Starfield and Dickson (1967) developed a variation of this model 

in which they calculated the temperatures in the rock surrounding the 

airway at successive time intervals by a finite difference solution, 

with appropriate psychrometric equations for the calculation of the 

heat and moisture transfer. They showed that the tables of Goch and 

Patterson provided a reasonably accurate correction factor for the age 

of the airway (and the rock diffusivity, which can be associated with 

age in the Goch-Patterson tables). They produced a number of graphs 

showing the variation of the dry bulb temperature gradient, along the 

airway in of/lOa ft, with the wet-bulb temperature. These graphs were 

obviously dependent on the wetness of the footwall, virgin rock 

temperature, thermal conductivity of the rock, air quantity, perimeter 

of the airway, the age of the rock, and the thermal diffusivity of the 

rock. 

In later work, Starfield (1969) developed a computer program 

which in essence, synthesized some 80 of these graphs for different 
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values of the parameters. Thus, a user of his published FORTRAN 

program could input the parameters for their own conditions and the 

program would rapidly estimate the temperatures (dry and wet-bulb) 

along the airway. The graphs and hence the computer estimations were 

valid for air quantities from 20,000 to 120,000 cfm [10 to 60 m3/sec], 

wet bulb temperatures in the range of 65 - 950 F [20 - 350 C], airway 

perimeters of 30 to 50 ft [9 to 15m], VRT from 90 to 1450 F [32 to 

650 C], thermal conductivities from 2 to 4 Btu/(hr ft of) [3.45 to 7 

W/(m-K)], and airways older than one year. (The bottom of the thermal 

conductivity range is high compared with both the values obtained for 

a variety of rocks in this project, even for wet specimens, and other 

published tabulations). 

The Goch-Patterson tables and the Starfield computer program 

allowed estimations of the temperature along the airways. Engineering 

and design calculations could be performed, at least in a feasibility 

mode, using these estimations. However, the tables and program are 

very restrictive, as admitted by Starfield himself. 

"In real airways the restrictions under which the tabulated 
solutions apply seldom hold. Air temperatures are not 
constant but fluctuate from day to day and over the course 
of a year. Geometrically, airways are seldom circular in 
cross-section, and the surface wetness is not uniform. The 
surrounding may be neither homogeneous nor isotropic. 
Geometry is the least important of these considerations 
unless the cross-section is very far from circular or 
square." [Mack and Starfield (1985)] 

Even more restrictive is the assumption that the airway is older than 

one year. The heat flow into the airway is highest when the airway 
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has just been developed, as shown in Chapters 11 and 12. The tables 

and program cannot give an estimate of this higher heat load. 

13.3 CLIMSIM 

One commercially available computer program for climate simul-

ation is called CLIMSIM. This software is marketed by Mine Ventila-

tion Services, Inc. It was developed by M. J. McPherson and his staff 

and originally based on the work by Gibson (1976). 

"The numerous sources of heat and moisture plus the com
plexity of the relationships which govern the behaviour of 
parameters to be considered virtually rule out any possib
ility of an analytical approach to predicting temperatures 
in mine roadways. It might be possible to develop an 
empirical method of prediction using extensive data from 
existing roadways, but such a method would always be 
suspect when used in conditions other than those from which 
it was developed. 

Another alternative is to create a mathematical model to 
'mimic' the actual conditions. Such a model would have to 
rely on a certain number of assumptions and approximations 
and these would have to be studied to ascertain their 
degree of influence. This could be done theoretically and/ 
or practically by correlating the model with existing 
conditions. 

The model adopted in the simulation program 'TEMPRISE 4' is 
based 011 a finite element approach. The roadway is 
considered, along its axis, to be made up of a series of 
elements of very small length. All parameters are 
considered to remain constant within an element and any 
changes in condition are applied between elements. One of 
the advantages of using finite elements is that they may be 
manipulated to simulate different types of roadway. For 
example, by having elements of different age in one roadway 
a heading could be modelled or similarly, by varying the 
air quantity in each element the effect of' leaking air 
ducts can be imitated." [Gibson (1976)] 
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The "strata" heat contribution to these finite elements along 

the roadway was handled by the following procedure: 

• Each parameter in the differential equation and boundary conditions 

was converted to a dimensionless parameter. For example, time t 

was converted to 'the ageing coefficient' T = D t/r2. 

• The outer boundary was considered to be at r = ro 

• The solution for the normalized temperature gradient, related to 

the heat flux into the roadway, was written aD a definite 

integral involving four Bessel functions. 

• This integral was approximated by a three-point quadrature 

(Simpson's trapezoidal rule) in the computer calculations. 

• Since this procedure used a significant amount of computer time, 

the results were calculated for a number of cases and a 

"surface" fitted. 

• Thus, values for the normalized temperature gradient (hence heat 

flux) could be determined, with reasonable accuracy, for a given 

ageing coefficient T and a dimensionless heat transfer factor. 

McPherson (1988) presents further details and the development of later 

versions of CLIMSIM. 

The results from CLIMSIM are given as a tabulated listing which 

describe the variation of ten climatic/thermodynamic parameters along 

the airway. For each output station, the program lists the distance 

from the intake end, dry bulb temperature, wet bulb temperature, 

moisture content, relative humidity, barometric pressure, air density, 
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air cooling power, plus any requested additional parameters. Graphs 

can be produced for plots of wet and dry bulb temperature or any other 

computed parameters. 

13.4 FINITE DIFFERENCE METHODS 

At about the same time as Gibson, another approach was being 

developed by Zipf (1978). He wrote the three conservation laws (mass, 

momentum, and energy) for the airway in dimensionless forms. He then 

decoupled these laws from the conduction equation by noting that the 

characteristic times are very different, with changes in the wallrock 

too slow to cause significant time-dependent changes in the airflow. 

For assumptions of dry air with friction, elevation changes, and 

temperature changes with pressure, the three equations were able to be 

transformed into a system of first-order ordinary differential 

equations. These were then solved on the computer with a Runge-Kutta 

method or on a programmable calculator by a simpler Euler method. 

To include the heat flow from the rock, the conduction equation 

was added to the existing system of equations. This led to a tridia

gonal set of finite difference equations for the temperatures at ad-

jacent nodes and times. The Douglass-Rachford alternating direction 

implicit method was programmed into a FORTRAN subroutine. The two 

sets of solutions were coupled to combine the fluid mechanics aspect 

of the airflow with the heat transfer from the wallrock. 



"The work was done in order to clarify the methodologies 
necessary to solve the heat problem which occurs quite 
frequently in mine ventilation, particularly at the 
development headings. The primary purpose of the work is 
research, but it can be used directly in reasonably dry 
headings. While the models are developed for dry air, the 
methodology can be rationally extended to include the 
effect of water vapor." [Zipf (1978)] 
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These programs were checked using some artificial problems. They have 

not been developed further or confirmed with real data. 

13.5 NEW DEVELOPMENTS 

In a recent paper, Mack and Starfield (1985) introduced two new 

concepts to be added to Starfield's previous quick calculation 

methods. One concept is the "equivalent wetness". This is defined as 

the uniform wetness over the entire surface which leads to exactly the 

same heat AND moisture transfer rates as in the actual problem which 

could have a relatively dry upper three-quarters and wet lower 

quarter. This equivalent wetness can then be applied to the sym-

metrical equations previously used in tables and in Starfield's latest 

method (Starfield and Bleloch (1983» using a quasi-steady-state 

algorithm on a microcomputer. 

The second concept dealt with potentially daily fluctuations in 

the airflow. 

"These crude approximations ignore the effect of heat 
stored in the rock near the airway surface during fluctu
ations. We will show how the concept of equivalent 
wetness, together with Duhamel's theorem, can be used to 



compute this storage effect •••••• (and in their conclusions) 
the heat storage capacity of the rock may be ignored for 
seasonal fluctuations, but cannot be ignored when pre
dicting the effect of daily fluctuations in the inlet air 
temperature." [Mack and Starfield (1985)]. 
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Rabia and cheung (1989) have developed computer methods for 

predicting the temperatures along long-wall faces for steady state and 

transient conditions. For steady state, they made the assumptions of 

cylindrical symmetry, no geothermal gradient, and constant venti-

lation. In order to facilitate common airway geometries, they did 

introduce an area equivalent airway radius as the radius of a circular 

airway with the same heat flow characteristics. 

For the transient model, they also used Duhamel's theorem which, 

as they indicate, limits the model to a single surface which is 

partially wetted. They added an additional component of heat from the 

coal conveyor by modeling the conveyor as a parallel slab at a varying 

temperature. Many plots were presented showing the predicted and the 

measured temperatures for the maingate and tailgate at Wearmouth 

Colliery over a two week period. In the conclusions, they state that: 

"The steady state model of heat transfer in mines is simple 
and it can be run on a microcomputer. In addition, less 
data input is required for the steady state model with one 
measurement of temperature being sufficient. The transient 
model at present is run on a main frame computer. It is 
possible to run the transient model on a micro-computer but 
the run is very long. 



The transient model is superior to the steady state solu
tions when variations in air temperatures of up to several 
°c are encountered. Generally, the steady state model 
tends to predict higher temperatures than the transient 
model. The latter tends to predict lower temperatures than 
measured. Further validations of the transient model will 
be required to enhance its accuracy. The effect of air 
leakage through the waste should also be considered." 
[Rabia and Cheung (1989)] 
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It is this leakage that Tuck and Longson (1989) has attempted to 

address. They indicate that the goaf (broken waste behind the face) 

heat source can make a significant contribution, typically 30-40% to 

the total heat pickup in an advancing longwall coal face. Thus, they 

have modeled the goaf as laminar air flow through uniformly packed 

spheres with the local VRT taken to be the temperature of the caved 

rock particles. An empirical equation, with a basis on the theory of 

convective heat transfer, has been developed. 

"The model has theoretical base but it's development to 
it's present level of predictive capability has been very 
dependent on many underground visits to observe and measure 
actual conditions. This has enabled the values of physical 
constants required within the model to be established. It 
has also resulted in the authors gaining a better apprecia
tion of particular process mechanisms, interactions and the 
magnitude of temporal variations associated with heat pick 
up within the face/goaf areas when using this mining 
system. 

A steady state approach has been adopted although it is 
appreciated that this is never realized •••• It is anticip
ated that this goaf heat model will develop in an evolu
tionary way alongside other modules of the face climate 
prediction program. The principle tole of the model is to 
contribute to an improvement in climatic prediction for the 
coalface." [Tuck and Longson (1989)] 
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In addition, the South Africans continue to work in all aspects 

of heat flow into mine openings. Bottomley (1985, 1987) and Bottomley 

et al (1987) present some recent work and show their interest in 

insulation. As this dissertation was nearing completion, a copy of 

Bottomley's thesis (Bottomley (1987» became available. A summary of 

the method, which he used to estimate the effect on the airflow, is 

presented here, with a discussion on his use of finite element 

analysis and application of insulation to follow in Chapter 14. 

"The basis of the method as used by Starfield and Bleloch 
(1983) is that instead of attempting to solve the transient 
heat diffusion equation, the variation of temperature with 
time is neglected and the much simpler Laplace equation is 
solved. A hollow cylinder is assumed, with the internal 
radius being that of the tunnel, and the external radius 
receding with time. The selection of the outer radius is 
such that the thermal gradient at the internal surface 
matches that given by the Goch and Patterson tables. The 
authors then assumed that, for typical mining conditions, 
the position of the far boundary is insensitive to the pre
cise form of the boundary conditions at the tunnel surface. 
By using finite difference methods as a comparison this was 
shown to be the case, except for small time periods where 
the errors became excessive. It is therefore possible to 
use the quasi-steady approach to solve more complex 
problems by choosing an outer radius using the expression 
above [R = exp(l/G(t» where G(t) is the true thermal 
gradient], and solving Laplace's equation with the appropr
iate surface boundary conditions." [Bottomley (1987)] 

Bottomley modified this method to accommodate partial insulation. In 

his later calculations for the temperatures along the airway, he used 

the quasi-steady algorithm and a simpler version incorporating an 

approximation of the Jaeger and Chamalaum (1966) tables. He presents 

all of the results including the application of insulation in the form 

of nomograms. 
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13.6 DISCUSSION 

This chapter has presented various approaches to climate simu-

lation. Even though different approaches have been taken, each one 

makes some simplifying assumptions in order to be able to solve or 

numerical compute the temperatures from the complex differential 

equations. It is the aim of the author to study these different 

programs in detail and to check on their interaction with the work 

presented here and their application to various locations at the 

Homestake Mine. 
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CHAPTER 14 CONCLUSIONS AND RECOMMENDATIONS 

14.1 INTRODUCTION 

Discussion has been included at the end of many of the chapters. 

This discussion was relevant to the specific topics in each individual 

chapter. The conclusions presented here discuss the overall picture 

from three perspectives. The first is a scientific perspective: the 

development of laboratory techniques and the resulting new data for 

the thermal conductivity of porous materials as a function of moisture 

content. The second is a mathematical perspective: the. analytical 

methods and the finite element modeling which allow better 

understanding of heat flows. The third is an engineering perspective; 

what does the project mean to a practising engineer? Then, to 

complete the chapter and the project, recommendations for further 

extensions of the research have been added as the last section. 

14.2 LABORATORY MEASUREMENTS 

The historical development of the laboratory thermal conductiv

ity systems has led to the latest 2" heat-flux system which has been 

shown to be cost and time effective. Since it has a simplicity of 

design and ease of use, specimens of rocks and materials of similar 

conductivity can be measured, after little special fabrication, in 

less than half a day. Reproducibility of measurements has been shown 

to be excellent and rivals that of the much more complex ASTM standard 

methods. Absolute accuracy depends on the quality of the calibration 



361 

against standard reference materials which continues to be improved, 

though no standard reference material exists in the required thermal 

conductivity range. pyroceram is being considered as a candidate. 

Much larger specimens are generally used for ASTM designated 

methods. Particularly for ASTM-C117 (the guarded hot-plate method), 

specimens with dimensions 8" diameter and 1 " thickness are desired. 

To obtain specimens of this size from rock is extremely difficult. In 

addition, using ASTM temperature differential specification with these 

materials, many problems such as specimen warpage can cause 

measurements to be invalid. 

The speed and ease of measurement in the 2" heat-flux system 

allows characterization of many specimens for the cost (time and 

money) of one 8" diameter specimen in this ASTM standard system. 

Since the specimens can be obtained from standard cores taken for 

other purposes, the cost of a larger series of measurements still 

remains low. While the smaller specimens may have more variability 

than one larger specimen, this can be used to advantage by choosing 

specimens from different locations and investigating both local and 

long-range variation with statistical techniques. 

Results from the many laboratory measurements over the years has 

shown that variations of up to 20% can be found in specimens taken 

from close proximity. Metamorphism levels in tuff and granodiorite 
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appear to affect the values of thermal conductivity. Thus, in 

general, measurements on an appropriate number of specimens, whatever 

their size, is required to obtain both a mean and standard deviation 

for the thermal conductivity of rocks with expected metamorphic and 

structural changes. 

Quartz, and other similar minerals, have a significantly higher 

thermal conductivity than most rocks. Vugs and other relatively small 

inclusions completely surrounded by rock of 19wer conductivity can be 

ignored in gross calculations of heat flow. Larger continuous 

structures such as veins of quartzite need ·to be at least considered 

in such calculations. A simple finite element analysis, which 

approximately models the scope of any structures, can give an estimate 

of the importance of their presence. 

For some rocks, anisotropy can change the conductivity by a 

factor of more than 2. In a bedded deposit where micaeous rock is 

present, then the anisotropy factor should be considered in estimating 

the heat load. It has been shown that the total heat load is higher 

than would be calculated by assuming the ave:t"age of the two thermal 

conductivity values. While calculations could be performed using the 

average value, this would underestimate the heat load. If the 

anisotropy is very localized and changes with short range geological 

structure then a weighted average for the thermal conductivity should 

be used with more weight added to the higher conductivity value. 
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The main contribution of the project to the ?-dvancement of 

scientific knowledge has been the determination of the variation of 

thermal conductivity of porous rocks and concretes with moisture. It 

has been shown that, for porous materials, the conductivity may be 

strongly affected by the presence of moisture, even small amounts. 

For concretes, the variation appears linear. However, the variation 

is non-linear between the dry value and the wet value of conductivity 

for rocks. This has a practical advantage in that the mid-level 

plateau gives a value of conductivity which could be used in the 

estimation of heat loads for partially saturated rocks within a range 

of moisture contents. 

The value of conductivity of saturated rocks can be significant

ly higher than that for dry and even partially saturated specimens. 

There has been some difficultly in characterizing the saturated values 

with the same accuracy as the non-saturated values and further 

research is necessary to improve the accuracy of the laboratory system 

when water is present at the plastic bag and specimen interface. How

ever, it is clear that, for some rock types, the thermal conductivity 

of saturated specimens can be dramatically larger. 

It is concluded that the test system and methodology reported 

here provide and accurate and effective (cost and time) means of 

evaluating the thermal performance of some materials of importance to 

the construction industry (surface and underground), the ventilation 
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of hot mines, and the design of underground nuclear waste reposi-

tories. This includes a wide range of materials; those of low and 

intermediate conductivity, those with high porollity, and those with 

significant moisture content. 

14. 3 MODELING 

Modeling (analytical or numerical) has been applied to many 

cases in this project. These techniques have assisted with: 

1) the calculation of potential errors in the laboratory measurement 

systems, 

2) some insight into the heat flow patterns at macroscopic interfaces 

which may explain differences in contact resistance for 

materials of diverse thermal conductivity, 

3) a significant understanding of the effects of changing the 

parameters for determining heat flow into airways 

Initially, finite element models were used to estimate heat 

losses and potential errors in the experimental systems (Section 4.2 

and Section 5.4). Calculation of the isotherms within and around the 

thermal conductivity stack confirmed that an assumption of linear heat 

flow was appropriate. The process was similar to an indirect proof: 

the values of conductivity measured for the specimens, and assumed for 

the standard materials such as copper and insulation, predicted the 

temperature profiles which could then be confirmed against those 

measured. If the modeled and measured temperatures were in sufficient 

close agreement then the model was validated and extensions to new 
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conditions could be made. Heat losses were then estimated and 

conclusions drawn about the accuracy of the thermal conductivity 

stack, as indicated in Section 5.4. 

The 2" heat-flux thermal conductivity system has not been 

analyzed by a finite element model in detail at this time. In this 

system, the heat losses are automatically compensated for by calcula

tion of the heat fluxes through both the upper and lower transducers 

to determine the heat flux through the specimen. However, numerical 

analysis will be performed in conjunction with the use of standard 

reference materials during further calibration of the system. 

Finite element analysis was beneficial in the problem associated 

with characterizing the contact resistance. Even with a very simple 

model, a better understanding of the role of the conductivity of the 

specimens and surface roughness was achieved. These models were 

generated using the Rockfield software, as described in Chapter 12. 

Even though the model utilizes a 2D approximation, the elements are 

isoparametric allowing temperature to vary non-linearly over each 

element thus predicting temperatures with more accuracy. 

In the model for the surface roughness, very approximate 

assumptions were made; a rough surface was represented by a thicker 

element and a smoother surface had a thinner element. In addition, 

each element on the boundary could be chosen as copper, pyrex, or 
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Teflon allowing further changes in the surface characteristics. 

Symmetry on both the upper and lower edges of the model allowed repre-

sentation of an infinite surface. Some general conclusions were 

obtained from these simple models (Ashworth et al (1991». No attempt 

has been made to actually quantify the models; their benefit was only 

to obtain some understanding of why the Pyrex and copper specimens 

were producing different results. 

Analytical solutions of the heat flow equations cannot easily be 

found. However, by making simplifying assumptions, temperature 

profiles, solutions are available for both steady state and transient 

cases. Instead of analyzing a large number of cases or trying to 

match one case study, the results have been presented in a sensitivity 

analysis mode. This analysis has shown that the thermal conductivity 

of the rock plays a significant factor in the amount of heat flowing 

from the rock into the airway, which is unfortunate in the sense that 

the choice of location of an underground excavation is usually 

controlled by other considerations. The engineers often have little 

option where the airway is located. The only answer is to measure the 

thermal conductivity as accurate as possible to determine the 

appropriate heat loads, or, as discussed in more detail later, try to 

reduce the heat loads by applying insulation and/or dewatering the 

area around the airway. 
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other factors play less of a role. While the heat transfer 

coefficient is difficult to quantify and would seem to be important in 

the physical sense of being "the last barrier between the rock and the 

air", sensitivity analysis indicates that it is important at early 

times but its significance reduces with time. 

Another role for (again) relatively simple finite models is to 

extend beyond the analytical solutions. The work presented here has 

investigated mainly the effect of anisotropy within the rock, 

variation of temperature along the airway, and a geothermal gradient. 

Gibson (1976) used similar techniques for the geothermal gradient and 

different shaped openings under steady state conditions. 

14.4 PRACTICAL IMPLICATIONS 

The research has produced many practical implications which 

should be considered in heat load calculations. These will be 

generally discussed here and rewritten as specific engineering 

recommendations in the next section. 

It is possible that blasting can cause damage to the rock mass 

such as enhancing microcracks. This should reduce the thermal 

conductivity of the rock in the vicinity of the openings. The lower 

conductivity would be of benefit in reducing the heat flow, IF no 

moisture were present; the presence of the fractured rock could 

enhance any water flow which in turn could increase the total heat 



368 

flow. At the present time, quantifying this effect is not possible 

and further work is necessary. 

Reducing the heat transfer coefficient can have some impact -

reduction by a large amount is necessary since a 50% reduction in h 

(or H) causes only a 2% reduction in heat flow. Smooth blasting, 

coating the rock surface to give a smoother finish, and reduction of 

water would be beneficial in reducing the heat transfer coefficient. 

An additional benefit of smoothing the usually very jagged surface 

would be a reduction in the air turbulence caused by jagged rocks, 

which in turn would cause a reduction in the friction factor for the 

airflow and subsequent decrease in pressure head losses in the 

ventilation system. 

It has been clearly shown from the analytical and numerical 

modeling that application of insulation reduces the heat inflow by 

significant amounts for both transient and steady state conditions. 

Even application of standard shot crete designed for structural 

purposes can cause some reduction. Obviously, the better insulation 

candidates are the lightweight foamed or cellular shotcretes. The 

foamed shotcrete studied here has a suitable thermal conductivity of 

0.15 W/(m-K) but has little strength. using the foamed concrete as a 

heat buffer between stronger concretes, as suggested for structural 

considerations by Skinner (1989), may be a possibility, though the 

cost is likely to be too high for just ventilation benefits. other 



369 

shotcretes with nylon fibers are currently being tested by the author 

to see if they would be good candidates. They have a higher tensile 

and compressive strength and would give some structural support which 

would be offset by less heat load reduction. 

In an actual experiment in a South African mine, Bottomley 

(1987) reported about insulation applied in a test section which was 

"dry with no fissure water and quiet with no through traffic". An 

insulation foam was applied directly to the rock wall. The foam had a 

conductivity of 0.041 W/(m-K) with an original prescribed thickness of 

50 mm even though the average final thickness was close to 75 mm. 

His modeling predicted approximately 70% reduction in heat flow 

(or a Ke/K = 30%). This is consistent with the values predicted in 

this work shown in Figure 11.8, since his Kins/K < 0.008. The actual 

measured reduction in heat flow in the mine was about 55%. As 

mentioned earlier, the thermal conductivity values which he used seem 

high - an average of 5.47 W/(m-K). Most rocks, which have been 

measured and reported, except formations containing large amounts of 

quartzite, have conductivities in the range of 1.5 to 3 W/(m-K). If 

he had used a lower rock conductivity then the model would have 

predicted a smaller reduction in heat flow. For example, if the 

conductivity was 2 W/(m-K), then Kins/K = 0.021 and Ke/K - 50% from 

Figure 11.8; this is in much closer agreement with the effect found in 

the mine. 
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Materials currently in use as insulations in other engineering 

applications are not suitable for utilization underground. Their 

detrimental contributions to the ventilating air under normal 

circumstances and the toxicity of some types if burnt restrict their 

use to well ventilated surface areas, not mineD where workers would 

have to breathe the contaminated air. For instance, there is concern 

with the foam insulation used in South Africa. Some new materials, 

which are currently under investigation (for example silica aerogel 

(Fricke et al (1990» have the potential of delivering a product which 

should not be hazardous to the health of the workers. Progress in the 

development of these materials will be continually monitored to see if 

and when they would be suitable for underground applications. 

While the models considered here were applied to cases where the 

rock was hot and the airway cool, the sensitivity analysis results are 

such that they are useful when the situation is reversed, as in 

nuclear waste burial or the supercollider project. In fact, the 

sensitivity results reported here are similar to those given by 

Tiktinsky (1988) who considered the important factors for the thermal 

and mechanical properties for a high-level nuclear waste repository. 

Thermal conductivity was listed as one of the parameters having the 

largest effect with the statement that 

"the thermal conductivity can significantly affect the 
temperature profiles that will occur in the vicinity of the 
waste canister". [Tiktinsky (1988») 
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The scope of this project has not included scale effects in any 

detail. There is always the concern that a small 2" diameter specimen 

cannot represent a rock mass. For rock mechanics stress/strain 

analyses, it has been clearly demonstrated that a small competent 

specimen measured in the laboratory does NOT represent the rock mass 

if the rock mass contains fractures, joints, and other weakness zones. 

It is these weakness zones which will determine the ultimate failure 

of the rock mass, not the areas of competent rock between them. 

The same can be said about fluid-related problems. water flow 

is again mainly determined by the permeability and porosity of the 

fractures and not the rock. The fracture permeability cannot be 

measured in the laboratory. In thermal-related problems, the reverse 

is true when there is no significant presence of water. Conductive 

heat is transmitted mainly through the competent rock, with the 

fracture areas acting as barriers to the heat conduction if they play 

any role. If a zone is full of fractured rock, there is still heat 

conduction across the zone from the rock to rock contact. The zone 

would have to be very thick to have any impact on the parallel heat 

flow. Anisotropic heat flow may result even though the competent rock 

itself does not exhibit anisotropy. 

Thus, measurements on laboratory-sized specimens could potent

ially predict the rock mass thermal properties in relatively dry 

regions. This prediction will overestimate the thermal conductivity 
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and thus the heat flow. Hence, a conservative design will result, 

instead of grossly underestimating the situation as for the "inverse" 

problem of fluid flow. 

other results tend to confirm this conjecture. The in situ 

measurements made using the REKA probe gave very similar results to 

those obtained in the laboratory. 

"The laboratory and in situ value for the Waldo mine l.·ock 
are quite similar, which is as expected because the in situ 
limestone at the Waldo mine is dry and only lightly 
stressed" [Danko and Mousset-Jones (1988)]. 

The sampled rock volume from using this probe was estimated to be 

approximately 1 m3 • If the authors are able to refine this probe so 

that accura-te measurements could be made at different locations along 

the drill-hole then the effects of weakness zones could be better 

determined to confirm or reject the conjecture that scale effects are 

not very significant. 

Chan and Jeffrey (1983) used temperature probes in a heater 

experiment to estimate in situ properties, obtaining a value 5% higher 

than the laboratory value, again for dry conditions. 

"In fact, considering the variability of rock properties it 
is doubtful whether any significance can be attached to the 
percentage differences... The absence of any significant 
"scale effect" for the thermal properties of Stripa 
granite, as indicated by the in situ thermal parameters 
estimated in the inverse problem above, may appear surpris
ing considering the dramatic variation of mechanical and 
hydrological properties with sample size for some rocks." 
[Chan and Jeffrey (1983)] 
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From a similar experiment a~ the Near Surface Test Facility at 

Hanford, Hocking et al (1990) reported results of rock mass thermal 

properties evaluated by three back-analysis methods from temperature 

measurements with time around two single heaters. 

"The field determined values of rock mass thermal 
conductivity and specific heat were within statistical 
limits of those measured in the laboratory for intact 
Pomona basalt." [Hocking et al (1990)] 

When water is present, then there is much more potential for 

significant scale effects. The weakness and fractured zones start to 

play a more important role. From one personal experience, the in situ 

measurements at the Homestake Mine (Ashworth and Ashworth (1984) 

indicated a much higher anisotropy ratio in situ than that measured in 

the laboratory, with the conclusion that it was preferential water 

movement which was the contributing factor. 

The data already gathered, with work continuing, for Apache Leap 

tuff show that the effect of moisture cannot be ignored from the 

thermal design as well as from the groundwater contamination 

calculations for nuclear waste repositories. Even though potential 

repositories are well above the water table, the presence of any 

moisture in the tuff would cause a change in thermal conductivity 

which cannot be discounted in calculations of temperature profiles 

around the buried canisters. 
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Thus, the presence of water is obviously of major concern in any 

heat flow calculations. Not only does it change the thermal 

conductivity of the rock as shown in this research, but it is an 

excellent transporter of heat if it flows in rock fractures; it can 

vaporize, permeate, and recondense providing an additional and 

significant heat transfer mechanism; any thermal anisotropy effects 

can be further enhanced by the presence of water. Evaporation at the 

rock/air interface needs to be included in any calculations for the 

condition of the air (temperature and humidity) in the ventilating 

airway. This type of heat transport needs to be considered as a 

separate subject and calculations. 

14.5 ENGINEERING RECOMMENDATIONS 

The following recommendations are made based on the experience 

gained in this research. They have been divided into "cases" in which 

a specific rock/project condition indicates the recommended response. 

There is some repetition with earlier sections, but this section has 

been designed to be "stand alone" in the sense that it can be read 

without referring to the discussion and details which are given 

elsewhere. 

1) Dry, homogeneous, isotropic rock. 

Recommend: a few measurements of thermal conductivity and specific 

heat on laboratory specimens to characterize the particular site. 
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2) partially saturated porous homogeneous rock 

Recommend: measurement of thermal conductivity as a function of 

moisture to obtain an estimate of the variation due to moisture. Use 

the mid-level value for most calculations. 

3) saturated porous rock 

Recommend: measurement of thermal conductivity of vacuum saturated 

rocks in the laboratory and/or measurement of thermal conductivity in 

situ over a period of time. Care must be taken to estimate the 

temperature gradient in the rock for the project and reproduce this if 

possible in the measurements both in the laboratory and in situ. 

Moisture flow should be estimated to see if this will add to the 

transfer of heat and hence give a different effective conductivity. 

4) Inhomogeneous, isotropic rock 

Recommend: measurement on a number of laboratory specimens to obtain a 

statistical value of thermal conductivity. If the inhomogeneity is 

expected to be significant, such as veins of another rock type, then a 

finite element model may be appropriate using the values obtained in 

the laboratory for the vein and wall rock. Quartz and similar rocks 

have a significantly higher conductivity than general sedimentary 

rocks. Volcanic porous rocks have a low conductivity. Use general 

references such as Clark and Robertson to determine if large changes 

in conductivity between the types of rock in the project can be 

expected to develop a specimen sampling strategy (that is number and 

from where they should be taken) and any numerical model. 

5) Anisotropic rocks 

Recommend: if the rocks contain mica or are foliated or bedded then 

specimens should be prepared so the heat flow across the specimen is 

parallel and perpendicular to the bedding or foliation. In such a 

way, two values of thermal conductivity will be measured. A third 

orientation may be considered to check if the conductivity within the 
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bedding planes is non-directional. A finite element model should be 

used for calculations of heat flow if the anisotropy ratio is greater 

than 1.5. The use of an average conductivity of Kper and Kpar will 

UNDERESTIMATE the heat flow. The higher K value be~ween the two will 

OVERESTIMATE the heat flow. So calculations for these two cases give 

the upper and lower bounds for the heat flow. 

6) At depth or under pressure 

Recommend: measurements should be made in the laboratory under applied 

pressure to simulate the rock being at the depth or under the local in 

situ stresses. These measurements should then counteract the release 

of the stresses at the time the cores were taken. 

7) Some moisture present 

Recommend: measurements should be made on a number of laboratory 

specimens for the full range of moisture content from dry to vacuum 

saturated. If the results are similar to those reported for the 

Arkose sandstone and the Apache Leap tuff, then three values of 

thermal conductivity can be used: the dry value, the mid-range valup. 

(for partly saturated rock), and the saturated value. 

8) Significant water flow 

Recommend: In coal mines, methane infiltration into the ventilating 

airways is reduced to acceptable levels by drainage of the methane 

ahead of the working area by either drilling from surface to release 

the pressure or by "draining" the methane into areas of the mine. For 

a hot and wet underground environment, there could be a similar 

advantage to "draining" water by advanced drilling, or by sealing with 

grout or by some other means. For heat load calculations, the thermal 

conductivity of saturated specimens should be used with the results 

augmented by estimates of the amount of heat being transported by the 

water flow itself. 
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9) Airways in complex geological structures 

Recommend: Measurements should be made of the thermal properties of 

all the major formations, including anisotropic values for thermal 

conductivity. Finite element models should be utilized where the 

elements in the model closely represent the geological structure. 

CLIMSIM or other climate simulation could be used to determine the 

effects on the ventilating air. 

10) Extensive heat or cold 

Recommend: The potential use of insulation should·be further 

investigated if there is large heat loads either from the rock into 

the airway, as at the deep mines, or from the airway to the rock, as 

in permafrost. In addition, reduction in moisture should be 

considered. Finite element models and climate simUlations can assist 

with information on initial feasibility. While it may not be cost 

effective to insulate substantial lengths of airways, insulation 

applied to areas close to cooling units could enhance their cooling 

capacity by reducing heat flow where the temperature differences 

between the VRT and the air is largest. Use of inSUlation in newly 

developed areas may be another location which could be studied. The 

problem here would be access to place the insulation and the effect of 

the insulation material as the stope or drift is further developed. 

The ideal project to predict heat loads would be a substantial 

study in one underground area already developed or being developed. 

Temperature sensors placed in STRATEGIC locations in the rock, CAREFUL 

CONTROL of the ventilation systems to simulate both transient and 

steady-state conditions, laboratory and in situ measurements of 

thermal properties to give CORRELATIONS, and numerical modeling of 

both the heat flow in the rock and in the airway must be COMBINED to 
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fully understand the p~oblem. Additional effects such as grouting and 

insulation could be studied if the project was sustained for a number 

of months, preferably years. From this knowledge, extensions could be 

modeled from mainly laboratory data to give predictions with some 

degree of accuracy for deeper areas or for different ventilating or 

heating conditions. This type of study has been undertaken to some 

extent for the nuclear waste repository sites with heater experiments 

but, unfortunately, for most other applications, the cost and time 

commitment has been difficult to justify. However, this is the only 

way to understand the very complex situation for heat flow in rock. 

14.6 FUTURE WORK 

As with any project of this size, the questions to be answered 

at this stage are more than those at the start. The one important 

consequence of the project is that it has provided many of the tools 

necessary to answer these questions. 

While it is hoped that the heat flow cases which have been 

studied will be of benefit to many engineers, it is the moisture study 

that has produced the new and exciting results and raised most of the 

questions. The differences in the functionality of the thermal 

conductivity with moisture was unexpected. The accuracy of the 2" 

heat-flux thermal conductivity system has allowed these differences to 

be seen for apparently the first time. 
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This moisture data could indirectly assist with the under-

standing of partly saturated porous materials. Any models should be 

able to explain the results presented in Chapters 9 and 10. Already, 

it has been shown that the simple models do not apply. More complex 

models are still being investigated; the finite element model 

presented in Appendix F was just an initial attempt to obtain a basic 

understanding of the heat flow mechanisms. Further work, including 

investigation of other models, such as Zimmerman (1988), is planned 

for the near future. 

The capability of making measurements of the thermal 

conductivity of materials with excellent reproducibility creates many 

avenues of investigation. The effects of weathering, damage, and 

thermal, pressure, and moisture cycling, etc., can be determined if 

the experiment is designed so that measurements are taken on the same 

specimen. The different types of behavior of thermal conductivity 

with moisture needs further investigation: why do some materials 

exhibit the expected curve, others straight lines, while yet others 

functions which appear to have some discontinuity? The equipment now 

exists to make more measurements on a variety of rock types. 

specif ically, decrepitation under different conditions can be 

investigated, which may be of importance to the compressed air energy 

storage projects currently being evaluated. 
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It may be possible to study the role of microcracks and grain to 

grain contact in heat flow. The ideal situation would be to incor-

porate more sophisticated techniques for measuring porosity and 

permeability, though at the current time different specimens would be 

required since one is cylindrical and the other disk shaped. 

The one main engineering question is can insulation be 

successfully used underground? specifically, where could it be used 

to be most effective: along airways behind chillers to try to increase 

their efficiency so that the cool air travels further before heated; 

in permanent tunnels where reduction in heat flow would have the added 

advantage of friction reduction, and increased structural stability; 

in newly developed areas including working stopes so that the 

substantial inflow of heat would be reduced where people are working? 

Continued research and work with the Homestake Mining Company is 

planned to attempt to answer these questions more definitively. 



SECTION F 

APPENDICES 



381 

APPENDIX A SELECTED BIBLIOGRAPHY 

Abey, A. E.; Durham, W. B.; Trimmer, D. A.; Dibley, L. L. Apparatus for Determining the Thermal 
Properties of Large Geologic Samples at Pressures O. to 2 GPa and Temperatures to 750 K. 
Rev. Sc. Instr.; 1982; 53: 876·879. 

Abramowitz, M.; Stegun, I. Handbook of Mathematical Functions: Dover. 

Adiutori, E. F. Origins of the Heat Transfer Coefficient. Mech. Eng.; 1990; August: 46-50. 

Adler, D.; Flora, L. P.; Senturia, S. D. Electrical Conductivity in Disordered Systems. Solid State 
Communication; 1973; 12: 9-12. 

Advani, S. H.; Lin, Y. T.; Shuck, L. Z. Thermal and Structural Response Evaluation for Undel'ground 
Gasification. Soc. Pet. Eng. J.; 19n; Dec: 413-422. 

Aimone, C. T. Heat Transfer and Moisture Pick-up in Circular Mine Airways - A Comparative Study for 
the Square Airway Model [Report]: University of Minnesota; 1980. 32. 

Aldred, R.; Pearce, R. J.; Richardson, G. Development and Application of Underground Cooling Plant 
in the UK. Min. Eng. (London); 1984; 143: 609-614. 

Alexander, N. A.; Bluhm, S. J.; March, T. W.; Bottomley, P.; von Glehn, F. The Measurement of Heat 
Loads in A Deep Level Stope in the KLerksdorp Gold Fields. Proceedings of Mine Vent '86: 
Mine Vent. Soc. S. Africa; 1986. 

Alexander, T. M. Investigation of Thermal Conductivity of Natural Materials [M. S. Thesis]: SDSH&T; 
1981. 

Alm, 0.; Backstrom, G. Thermal Conductivity of NaCl up to 40 k bar and 240-400K. High Temp.-High 
Press.; 1975; 7: 235-239. 

Altena, H. Cooling the Air Stream in Faces and Gateroads. Gluckauf; 1982; 118: 381-386. 

Amano, K.; Mizauta, Y.; Hiramatsu, Y. An Improved Method of Predicting Underground Climate. Int. J. 

Rock Mech. Min. Sci. & Geomech. Abstr.; 1982; 19: 31-38. 

Anand, J.; Somerton, W. H.; Gomaa, E. Predicting Thermal Conductivities of Formations from other 
known Properties. Soc. Pet. Eng. J.; 1973; 13: 267-273. 

Anderson, A. C.; Rauch, R. B.; Kreitman, M. H. Another Comparison of Thermal Bonding Agents. Rev. 
Sci. Inst.; 1970; 41: 469-470. 

Anderson, J. M. A Cooling Strategy for British Coal Mines. Proceedings of the 3rd Mine Ventilation 
Symposium: SHE; 1987: 152-157. 

Anderson, J. M. The Future Use of Refrigeration in British Coal Mines. Int. J. Min. Geol. Eng.; 
1987; 6. 



382 

Anderson, J. M. The Optimisation of Ventilation and Refrigeration in Underground Coal Mines [Ph.D. 
, thesis]: University of Nottingham; 1985. 

Anderson, J. H. Thermal Conductivity Measurements in Established Airways [B.Sc. Hons Thesis]: 
University of Nottingham; 1980. 

Anderson, J.; Longson, I. The Optimisation of Ventilation and Refrigeration in Britsh Coal Hines. 
The Mining Engineer; 1986; 146: 115-120. 

Anon. Cooling Hot Gold Mines. E & M J; 1982; 183: 92·93, 95. 

Aronson, J. R.; Bellotti, L. H.; Eckroad, S. W.; Emslie, A. G.; McConnell, R. K.; von Thuna, P.C. 
Infrared Spectra and Radiative Thermal Conductivity of Minerals at High Temperatures. J. 

Geophys. Res.; 1970; 75: 3443·3456. 

Asaad, Yoursi. A Study of the Thermal Conductivity of Fluid-Bearing Porous Rocks [Ph.D. Thesis]: 
University of California, Berkeley; 1955. 71. 

Ashworth, E. Access to Geotechnical Information. Rock Mechanics as a Multidisciplinary Science, 
Proc. 32nd US Symp. Rock Mechanics: A. A. Balkema Publishers; 1991: 821-830. 

Ashworth, E. The Applications of Finite Element Analysis to Thermal Conductivity Measurements [M.S. 
Thesis]: SOSM&T; 1983. 120. 

Ashworth, E. The Variation of the Thermal Conductivity of Tuff with Moisture - Experimental Results 
and Proposed Model. Proc. 33rd US Symp. Rock Mech.: A. A. Balkema Publishers; 1992. 

Ashworth, E.; Ashworth, T. Application of Finite-Element Analysis for Comparison of In-situ and 
Laboratory Measurements of Rock Thermal Properties. Third International Mine Ventilation 
Congress: IMM; 1984: 343-347_ 

Ashworth, E.; Ashworth, T. Availability and Accessibility of Information for Thermal Properties of 
Rocks for Mine Ventilation Studies. 4th Mine Ventilation Symposium; 1989. 

Ashworth, E.; Ashworth, T. Finite Element Analysis of Unguarded Hot-Plate Thermal Conductivity 
Apparatuses. Thermal Conductivity 18: Plenum Press; 1985: 599-609. 

Ashworth, E.; Ashworth, T. A Rapid Method for Measuring Thermal Conductivity of Rock Cores and its 
Preliminary use for Finding the Thermal Resistance of Cracks. Proc. 31st US Symp. Rock 
Mech.: A. A. Balkema Publishers; 1990a: 613-620. 

Ashworth, E.; Ashworth, T. A Simple Apparatus for Thermal Conductivity Measurements of Rocks and 
Similar Poor Conducting Materials. Proc. 20th US Symp. Rock Mechanics; 1979: 27-33. 

Ashworth, E.; Mahajan, J. K.; Ashworth, T. Study of Temperature Profiles in Rock using a New 
Thermistor Probe: SME; 1983a. 7. 

Ashworth, T.; Alexander, T. M.; Ashworth, E. Thermal Conductivity of Carbonate Gneiss under Applied 
Uniaxial Pressure. Thermal Conductivity 17: Plenum Press; 1983b: 737-744. 



Ashworth, T.; Ashworth, E.; Ashworth, S. F. A New Apparatus for Materials of Intermediate 
Conductivity. Thermal Conductivity 21: Plenum Press; 1990b: 51-65. 

Ashworth, T.; Ashworth, E. Thermal Conductivity of Several Concretes as a Function of Moisture. 
Insulation Materials: Testing and Applications, Volume 2, ASTM STP 1116; 1991: 415-429. 

383 

Ashworth, T.; Lacey, W.C.; Ashworth, E. Drift Measurement Techniques Applied to Poor Conductors. 
ASTM Special Technical Publications 660; 1978: 426-436. 

Ashworth, T.; Murdock, R.A.; Ashworth, E. Thermal Conductivity Systems for Measurements of Rock 
Under Applied Pressure. Thermal Conductivity 16: Plenum; 1983: 91-99. 

Ashworth, T.; Smith, D. R.; Ashworth, E. Measurement Methods for Thermal Transport Properties of 
Rocks. Proc. 26th US Symp. Rock Mech.: A. A. Balkema Publishers; 1985: 797-805. 

ASTM C 177-76. Standard Test Method for Steady-State Thermal Transmission Properties by Means of 
the Guarded Hot Plate. ASTM Annual Book: ASTM; 1978: 19-52. 

ASTM C 518-76. Standard Test Method for Steady-State Thermal Transmission Properties by Means of 
the Heat Flow Meter. ASTM Annual Book: ASTM; 1978: 213-244. 

ASTM C 236-66. Standard Test Method for Steady-State Thermal Transmission Properties of Built-up 
Sections by Means of the Guarded Hot Box. ASTM Annual Book: ASTM; 1978: 76-87. 

Baklanov, A. A.; Kalabin, G. V. Mathematical Modelling of Diffusive and Heatmass Transfer Processes 
in Ventilating Mining Workings of an Arbitrary Form. 2nd US Mine Ventilation Symposium: 
SME; 1985: 465-470. 

Bala, K.; Pradhan, P. R.; Saxena, N. S.; Saksena, M. P. Effect of Medium on Effective Thermal 
Conductivity of a Macroporous Solid. J. Phys. D: Appl. Phys.; 1990; 23: 748-750. 

Barenburg, A. W. T. Psychrometry and Psychrometric Charts: Chamber of Mines, South Africa; 1974. 

Barla, G.; Innaurato, N.; Pantaleoni, G. Heat Transfer in the Rock Mass around Mine Openings. ISRM 
Proceedings, 5th Symposium; 1983; 2: E141-146. 

Bear, J.; Verruijt, A. Modeling Flow in the Unsaturated Zone. Modeling Groundwater Flow and 
Pollution: Reidel Publishing; 1987: 123 - 133. 

Beck, A. E. A Potential Systematic Error when Measuring the Thermal Conductivity of Porous Rocks 
Saturated with a low Conducting Fluid. Tectonophysics; 1977; 41: 9-16. 

Beck, A. E. Techniques in Measuring Heat Flow on Land. Terr. Heat Flow: AGU Monograph; 1965: 24-57. 

Beck, A. E.; Anglin, F. M.; Sass, J. H. Analysis of Heat Flow Data in situ Thermal Conductivity 
Measurements. Can. J. Earth Sc.; 1971; 8: 1-19. 

Beck, A. E.; Beck, J. M. On the Measurement of the Thermal Conductivities of Rocks by Observations 
on a Divided Bar Apparatus. AGU Trans.; 1958; 39: 1111-1123. 



384 

Beck, A. E.; Jaeger, J. C.; Newstead, G. The Measurement of the Thermal Conductivities of Rocks be 
Observations in Boreholes. Aust. J. Phys.; 1956; 9: 286·96. 

Beck, J. M.; Beck, A. E. Computing Thermal Conductivities of Rocks from Chips and Conventional 
Specimens. J. Geophys. Res.; 1965; 70: 5227-5239. 

BenfieLd, A. E. A Heat Flow Value for a Well in California. American J. Science; 1947; 245: 1-18. 

Benfield, A. E. Terrestrial Heat Flow in Great Britain. Proc. Roy. Soc.; 1939; A173: 428-50. 

Benhaim, V. The Exploitation of Steep Seams in the Lorraine Collieries. Proceedings of the 1st 
International Symposium on Thick and Steep Coal Mining: Miller Freeman; 1980. 

Bentsen, L.D.; Hasselman, D.P.H. Role of Porosity in the Effect of Microcracking on the Thermal 
Conductivity of Brittle Ceramic Composites. Thermal Conductivity 18. 

Berry, P.; Piga, P.; Sammarco, o. Thermodynamic Characteristics of the Ventilation in a Hot Mines. 
Proceedings of the 3rd Mine Ventilation Symposium: SME; 1987: 104. 

Betts, P.L.; Haslam, J.C.; Lidder, J.S. Comparisons of Four Computer Programs for Two-Dimensional 
Convection in Closed Cells. Num. Methods Thermal Problems, Proc. First Int. Conf.; 1979: 
243-252. 

Birch, F. Flow of Heat in the Front Range. GSA Bulletin; 1950; 61: 567-630. 

Birch, F.; Clark, H. An Estimate of the Surface Flow of Heat in the West Texas Permian Basin. 
American J. Science; 1945; 243-A: 69-74. 

Birch, F.; Clark, H. The Thermal Conductivity of Rocks and its Dependence upon Temperature and 
Composition. American J. Science; 1940; 238: 529-558 and 613-635. 

Blackwell, J. H. A Transient-Flow Method for Determination of Thermal Constants of Insulating 
Materials in Bulk, Part I - Theory. J. Appl. Phys.; 1954; 25: 137-144. 

Bliss, J. D. Management of the Life and Death of an Earth-Science Database: Some Examples from 
GEOTHERM. Compo & Geosc.; 1986; 12: 199-205. 

Blossom, J. S.; et al. Mass Transfer. ASHRAE Handbook and Directory: ASHRAE; 1978: 9-15. 

BLuhm, S. J. Heat Transfer Characteristics of Direct-contact CrossfLow Spray Coolers [M.S. Thesis]: 
University of Witwatersrand; 1981. 

Bluhm, S. J. Performance of Direct Contact Heat Exchangers. J. Mine Vent. Soc. S. Africa; 1981; 
August/September. 

Bluhm, S. J.; Alexander, N. A.; March, T. W.; Bottomley, P. B.; von Glehn, F. H. The Measurement of 
Heat Loads in a Deep Level Stope in the Klerksdorp Goldfield. J. Mine Vent. Soc. S. 
Africa; 1986; Oct. 



385 

Bluhm, S. J.; Bottomley, P. B.; von Glehn, F. H. Theoretical Evaluation of Heat Flow from Rock in 
South African Gold Mines - the State of the Art. Frigair '86 Cooling - its vital role in 
agriculture, factories and building; 1986. 

Bluhm, S. J.; Whillier, A. The Design of Spray Chambers for Bulk Cooling of Air in Mains. J. S. 
African IMH; 1979; 79: 3-11. 

Bossard, F. C.; Stout, K. S. A Study of Underground Mine Heat Sources. 3. Underground Mine Air
Cooling Practices: US Bureau of Hines; 1973. 73. 

Bottomley, P. The Reduction in Heat Flow due to the Insulation of Rock Surfaces. 2nd US Mine 
Ventilation Symposium: SME; 1985: 457-464. 

Bottomley, P. The Thermal Insulation of Mine Airways: University of Witwatersrand; 1987. 169. 

Bottomley, P.; von Glehn, F.; Matthews, M. Predicting and Reducing Stope Heat Flow in South African 
Gold Mines. 3rd US Mine Ventilation Symposium: SHE; 1987: 53-65. 

Bourke, P. J.; Hodgkinson, D. P.; Batchelor, A. S. Thermal Effects in Disposal of Radioactive Waste 
in Hard Rock. Seminar on in Situ Heating Experiments in Geological Formations: OECD 
Nuclear Energy Agency; 1978: 109-118. 

Boyd, R.D. Forced Cooling of a Nuclear Waste Repository Mine Drift-A scoping Analysis. Nucl. Eng. & 
Design; 1982; 73: 4911-13. 

Brewer, H. W. J. of PCA; 1967; 9: 48-60. 

Bridgman, P. W. The Thermal Conductivity and Compressibility of Several Rocks under High Pressure. 
American J. Science; 1924; 7: 81-102. 

Browning, E. J. The Emission of Heat in Longwall Coal Mining. Ventilation Group, MRDE, NCB, UK. 
First Session, Working Group No 1., International Bureau of Mining Thermophysics; 1980. 

Browning, E. J.; Burrell, R. A.; Palin, R. A.; Verma, C. J.; Sokhi, B. S.; Adamah, P. Study of Mine 
Climate; 1977. 82. 

Browning, E. J.; Burrell, R. A.; Adamah, P.; Maneylaws, A./Norman, G.; Sokhi, B. S.; Verman, Y. K. 
The Use of Dust Suppresion Water and other Techniques to Control Heat Emission on the Coal 
Face; Harch, 1981. 

Bruijn, P. J.; van Haneghem, I. A.; Schenk, J. An Improved Nonsteady-state Probe Method for 
Measurements in Granular Materials. Part 1: Theory. High Temp. - High Press.; 1983; 15. 

Brunner, D. J. Ventilation Models for Long-wall Gob Leakage Simulation. Proceedings 2nd US Mine 
Ventilation Symposium: A.A. Balkema Publishers; 1985: 655-665. 

Bullard, E. C. Heat Flow in South Africa. Proc. Roy. Soc.; 1939; A173: 474-502. 

Bullard, E. C.; Niblett, E. R. Terrestrial Heat Flow in England. Monthly Notices Roy. Astronom. 
Soc., Geophys. Sup.; 1951; 6: 222-238. 



Burrell, R. A.; Maneylaws, A. Transient Heat Flow from Strata in Hines. Fourth IBMT Session: 
British Coal HQTD; 1985: 15. 

Burrows, J.; et al. Psychrometry and Refrigeration - Theory and Operation. Environmental 
Engineering in South Africa: The Mine Ventilation Society; 1982. 

386 

Burrows, J.; Hemp, R.; Holding, W.; Stroh, R. M. Environmental Engineering In South African Hines: 
The Mine Ventilation Society of South Africa; 1991. 987. 

Butler, D. W. (Unpublished). Handbook of Physical Constants: GSA Hemoir; 1966; 97: Table 21-11, p. 
479. 

Bystron, H. Relationship between Heat Loads in Hine Workings and Natural Ventilation Energy. 
Archiwum Gornictwa; 1985; 30: 3-17. 

Campbell-Allen, D.; Thorne, C.P.- The Thermal Conductivity of Concrete. Hag. Concr. Res.; 1963; 15: 
39-48. 

Carlsson, H. A Pilot Heater Test in the Stripa Granite: Lawrence Berkeley Lab.; 1978. 

Carlsson, H.; Stephansson, O. A Pilot Heater Test in the Stripa Granite. Seminar on in Situ Heating 
Experiments in Geological Formations: OECD Nuclear Energy Agency; 1978: 177-190. 

Cars law, If. S.; Jaeger, J. C. Conduction of Heat in Solids: Oxford University Press; 1959. 510. 

Cassini, P. Test d'un programme de Calcul des Conditions Climatiques en Aerage Secondaire dans Deux 
Chantiers Progressane dans le Conglomerat de Merlebach: CERCHAR; 1984. 

Centralia Hine Fire Assessment Drilling and Diagnostic Monitoring: Office of Surface Mining; 1983. 
198 pages. 

Chadwick, J. R. Ice Cooling for Deep Hines. World Hining; 1983: 38-39. 

Chan, T.; Binnall, E.; Nelson, P.; Stolzman, R.; Wan, 0.; Weaver, Co; Ang, K.; Braley, J.; McEvoy. 
Thermal and Thermomechanical Data from in situ Heater Experiments at Stripa, Sweden: 
Lawrence Berkeley Lab.; 1980. 

Chan, T.; Cook, N. G. W.; Tsang, C-F. Theoretical Temperature Fields for the Stripa Heater Project: 
Lawrence Berkeley Lab.; 1978. 

Chan, T.; Hood, H.; Witherspoon, P. A. Predicted and Heasured Temperatures, Displacements and 
Stresses from the Stripa Heater Experiments. 

Chan, T.; Hood, H.; Board, M. Rock Properties and their Effect on thermally-induced Displacements 
and Stresses. J. Energy Res. Tech., ASME; 1980. 

Chan, T.; Jeffrey, J. A. Scale and Water-saturation Effects for Thermal Properties of Low-porosity 
Rock. Proc. 24th US Symp. Rock Hech.: AEG; 1983: 287-301. 



387 

Chan, T.; Nyland; E.; Gough, D.I. Partial Melting and Conductivity Anomalies in the Upper Mantle. 
Nat. Phys. Science; 1973; 244: 89-91. 

Chan, T.; Witherspoon, P. A.; Javandel, I. Heat Transfer in Underground Heating Experiments in 
Granite, Stripa, Sweden. ASME, Heat Transfer, Div., HTD: ASME; 1980; 11: 1-8. 

Chancellor, R. A. Temperature Profile Studies in a Deep Hot Mine [M. S. Thesis]: SDSM&T; 1981. 74. 

Chang, X.; Greuer, R. E. Simplified Method to Calculate Heat Transfer Between Mine Air and Mine 
Rock. 2nd US Mine Ventilation Symposium: SME; 1985: 429-438. 

Cheung, J. A Transient Model to Predict the Weekly Temperatures of the Ventilation Air in a 
Partially Wetted Airway. Int. J. Min. Geol. Eng.; 1988; 6. 

Cheung, J.; Rabia, H. Transient Iteat Flow from the Cut Coal on a Continuous Conyevor. J. Min. Sc. & 
Tech.; 1989. 

Chilled Service Water is Key to Cooling South African Mines. E & M J; Mar 1980: 52. 

Chorosz, G.C. HEATFLOW: an Interactive Computer Program for the Analysis of Heat Production in Gold 
Mines [M.Sc. Thesis]: University of Witwatersrand; 1986. 142. 

Chorosz, G. C.; Ouederni, M. A.; Deliac, E. P. Assessment of Heat Flow in French Deep Mines. 
Proceedings of the 3rd U.S. Mine Ventilation Symposium: SME; 1987: 163-172. 

Clark, H. The Effects of simple Compression and Wetting on the Thermal Conductivity of Rocks. AGU 
Trans., Tectonophysics; 1941; 22: 543-544. 

Clark, S. P. Jr. Absorption Spectra of some Silicates in the Visible and Near-Infrared. American 
Mineralogist; 1957; 42: 732-742. 

Clark, S. P. Jr. Effect of Radiative Transfer on Temperatures in the Earth. GSA Bull.; 1956; 67: 
1123-1124. 

Clark, S. P. Jr. Handbook of Physical Constants: GSA; 1966; Memoir 97. 587 pages. 

Clark, S. P. Jr. Heat Flow in the Austrian Alps. Geophys. J.; 1961; 6: 54-63. 

Clark, S. P. Jr. Radiative Transfer in the Earth's Mantle. AGU Trans.; 1957; 38: 931-938. 

Clark, S. P. Jr.; Niblett, E. R. Terrestrial Heat Flow in the Swiss Alps. Monthly Notices, Roy. 
Astro. Soc., Geophys. Sup.; 1956; 7: 176-195. 

Clark, S. P. Jr.; Peterman, Z. E.; Heier, K. S. Abundances of Uranium, Thorium, and Potassium. 
Handbook of Physical Constants: GSA, Memoir; 1966; 97: 522-541. 

Climatic Heat Exchanger Conditions Air at Creighton. E & M J; 1982; May: 47, 51. 



388 

Conlisk, A.T.; Christensen, R.N.; Roy, J. Comparison of Theoretical and Experimental Models of Heat 
Transport from a Nuclear Waste Repository. Proc. Int. Conf. Radioactive Waste Management: 
Canadian Nuclear Society; 1982: 641 - 648. 

Cook, N.W.G.; Hood, M. Full-Scale and Time-Scale Heating Experiments at Stripa: Preliminary 
Results. Seminar on in Situ Heating Experiments in Geological Formations: OECD Nuclear 
Energy Agency; 1978: 1~7-160. 

Cook, N. W. G.; Witherspoon, P.A. In Situ Heating Experiments in Hard Rock: Their Objectives and 
Design. Seminar on in Situ Heating Experiments in Geological Formations: OECD Nuclear 
Energy Agency; 1978: 97-108. 

Cooling Hot Gold Mines. E & M J; 1982; Nov: 92-95. 

Coster, H. P. Terrestrial Heat Flow in Persia. Monthly Notices Roy. Astro. Soc., Geophys. Sup.; 
1947; 5: 131-145. 

Crane, R.A.; Vachon, R.I.; Khader, M.S. Thermal Conductivity of Granular Materials· A Review. 
Proceedings of 7th Symposium on Thermophysical Properties: ASME; 1977: 109-123. 

Cremers, C. J. Thermal Conductivity of Apollo 14 Fines. Geochimica et Cosmochimica Acto; 1972; 3: 
2611-2617. 

Cremers, C. J. Thermophysical Properties of Apollo 14 Fines. Icarus; 1973; 18: 294-303. 

Daly, R. A. Average Densities of Holocrystalline Igneous Rocks. Handbook of Physical Constants: 
Geological Society of America; 1966; Memoir 97: Table 4-1, p 20. 

Danielson, G. C.; Sidles, P. H. Thermal Diffusivity and Other Non-steady-state Methods. Thermal 
Conductivity: Academic Press; 1969; 2: 149-201. 

Danko, G. Measurement of the Physical Heat Transfer Coefficient. Proceedings 30th Heat Transfer and 
Fluid Mechanics Institute; 1987: 109-125. 

Danko, G.; Cifka, I. In Situ Measurement of Coefficients for Heat Transfer Processes in Mines, Part 
I: The Measurement of Thermal Characteristics of Rocks. The 4th Session of the Int. Bur. 
Min. Thermophysics; 1985: 1-15. 

Danko, G.; Cifka, I. Measurement of the Convective Heat Transfer Coefficient on Naturally Rough 
Tunnel Surfaces. Third International Mine Ventilation Congress: IMM; 1984: 375-380. 

Danko, G.; Mousset-Jones, P.; McPherson, M.J. Development of an Improved Method to Measure In Situ 
Rock Properties in a Single Drill Hole. Proceedings of the 3rd u.S. Mine Ventilation 
Symposium; 1987: 33-41. 

Danko, G.; Mousset-Jones, P. In Situ Measurement of the Heat Conductivity and Thermal Diffusivity 
at the Waldo Mine: U.S.B.M. Research Report; Sept. 1988. 61. 

Danko, G.; Mousset-Jones, P. In Situ Measurement of the Heat Conductivity and Thermal Diffusivity 
at the Waldo Mine. PI'OC. the 4th US Mine Ventilation Symposium: SME; 1989: 287-296. 



389 

Danko, G.; Mousset-Jones, P. An In Situ Technique for Rock Thermophysical Property Measurement and 
Site Characterization. ASHRAE-FrigAir Conference: CSIR; 1990. 

Danko, G.; Mousset-Jones, P. A Simultaneous Measurement of In Situ Thermal Conductivity and 
Diffusivity Using the REKA Method at the Waldo Mine. 4th U.S. Mine Ventialtion Symposium. 

Darbha, D. M.; Schloessin, H. H. Anisotropic Lattice Thermal Conductivity of Alpha Quartz as a 
Function of Pressure and Temperature. Thermal Conductivity 14: Plenum Press; 1975: 183-
190. 

Davies, W. Measurement of the Thermal Conductivity and Diffusivity in an Unsaturated Welded Tuff 
[M.S. Thesis]: University of Arizona; 1986. 

De Marsily, G. Quantitative Hydrogeology: Academic Press; 1986. 

de Wet, B. G. J. Ventilation Requirements for Developing with a Tunnel Borer. J. Mine Vent. Soc. S. 
Africa; 1984; 37: 44-46. 

Deglon, P. Measurement of Virgin Rock Temperatures in Stopes and Development Ends of 
Blyvooruitzicht Gold Mine. J. Mine Vent. Soc. S. Africa; 1980: 14-20. 

Deguchi, M.; Kiyohashi, M. Estimation of Effective Conductivities of Soil in situ with a Simplified 
Technique. The Ninth Japan Symposium on Thermophysicsl Properties; 1988: 65-68. 

Desai, C. Numerical Techniques in Geotechnical Engineering: McGraw-Hill; 1977. 

Diment, W. H. Thermal Conductivity of Serpentinite from Mayaguez, Puerto Rico, and other 
Localities. A Study of Serpentinite - The AM SOC Core Hole near Mayaguez, Puerto Rico: 
National Academy of Science; 1964. 92-106. 

Diment, W. H.; Marine, I. W.; Neiheisal, J.; Siple, G. E. Subsurface Temperature Thermal 
Conductivity, and Heat Flow near Aiken, S.C. J. Geophys. Res.; 1965; 70: 5635-5644. 

Diment, W. H.; Pratt, H. R. Thermal Conductivity of some Rock-Forming Minerals: USGS; 1988. 15. 

Diment, W. H.; Werre, R. W. Terrestrial Heat Flow near Washington D.C. J. Geophys. Res.; 1964; 69: 
2143-2149. 

Dipprey, D.F.; Sabersky, R.H. Heat and Momentum Transfer in Smooth and Rough Tubes at Various 
Prandtl Numbers. Int. J. Heat Mass Transfer; 1963: 329-353. 

Dohmen, A.; Hagen, G. Strategies for Improvement of the Thermal Environment in Deep Coal Mines. 4th 
US Mine Ventilation Symposium: SME; 1989: 278-286. 

Durham, W. B. Thermal Properties of Climax Stock Quartz Monzonite to 523 K and 50-MPa Confining 
Pressure: Lawrence Livermore National Lab.; 1982. 15. 

Durham, W. B.; Abey, A. E. Effect of Pressure and Temperature on the Thermal Properties of a Salt 
and a Quartz Monzonite. Proc. 22nd US Symp. Rock Mech.: Rock Mechanics from Research to 
Application: MIT; 1981: 85-90. 



390 

Durham, W. B.; Abey, A. E. Thermal Conductivity and Diffusivity of Climax Stock Quartz Monzonite at 
High Pressure and Temperature: Lawrence Livermore National Lab.; 1981. 10. 

Durham, W. B.; Abey, A. E. Thermal Properties of Rock Salt and Quartz Monzonite to 573 K and 50-MPa 
Confinin~ Pressure. Paper 81-IIT-51: ASME; 1981. 6. 

Durham, W. B.; Abey, A. E. Thermal Properties of Avery Island Salt to 573 K and 50 HPa Confining 
Pressure: Lawrence Livermore National Lab.; 1981. 12. 

Durham, W. B.; Abey, A. E. Thermal Conductivtiy and Diffusivity of Climax Stock Quartz Monzonite at 
High Pressure and Temperature. Thermal Conductivity 17: Plenum Press; 1983: 459-468. 

Durham, W.B.; Abey, A.E.; Trimmer, D.A. Thermal Conductivity, Diffusivity and Expansion of Avery 
Island Salt at Pressure and Temperature. Thermal Conductivity 16: Plenum; 1983: 181-92. 

Eckert; Gross, Introduction to Heat and Mass Transfer: McGraw-Hill; 1963. 

Emery, A. F.; Kobayashi, A. S.; Bieler, T. R. Consequences of Varying Surface Heat Transfer 
Coefficients, Material Properties, and Cyclical Ambient Temperatures upon Stress Intensity 
Factors for Edge cracks. Fracture Mechanics Methods for Ceramics, Rocks, and Concrete: 
ASTM; 1981; STP 745: 257-272. 

Eucken, A. Uber die Temperatuabhangigkeit fester Nichtmetalle. Ann. Physik; 1911; 34: 185-221. 

Fathi, N. Theoretical Study of the Temperature Profile within the Rock medium Surrounding 
Subsurface Drifts [Special Investigation Report]: SDSM&T; 1981.36. 

Fish, R. Concerns in Modern Ventilation Design and Practice - Part 1. Can. Min. J.; 1978; Jul: 28-
34. 

Flynn, D. R. Mechanical and Thermal Properties of Ceramics: NBS; 1969. 63-123. 

Fountain, J. A.; Scott, R. W.; West, E. A. Thermal Conductivity of Particulate Materials: Space 
Science Laboratory; 1973. 64. 

Fourie, H. J. Aspects of Environmental Control of a Deep to Ultra-deep Gold Mine. IMH Section A; 
1990; 99: A1.37-41. 

Fricke, H. A Mathematical Treatment of the Electric Conductivity and Capacity of Disperse Systems. 
Phys. Rev.; 1924; 24. 

Fricke, J.; Arduini-Schuster, M C.; Buttner, D.; Ebert, H.-P.; Heinemann, U.; Hetfleisch, J.; 
Hummer, E.; Kuhn, J.; Lu, X. Opague Silica Aerogel Insulations as substitutes for 
Polyurethane CPU) Foams. Thermal Conductivity 21: Plenum Press; 1990: 235-245. 

Froger, C. Climatisation des Chantiers: CERCHAR; 1977. 287-305. 

Fujii, N.; Osako, M. Thermal Oiffusivity of Lunar Rocks under Atmospheric and Vacuum Conditions. 
Earth Planet. Sc. Let.; 1973; 18: 65-71. 



391 

Fujisawa, H.; Fujii, N.; Naoyuki, H.; Kanmori, H.; Akimoto, S. Thermal Diffusivity of Mg2 Si04, Fe2 
Si04, and NaCl at High Pressures and Temperatures. J. Geophys. Res.; 1968; 73: 4727·4733. 

Fukao, Y. On the Radiative Heat Transfer and Thermal Conductivity in the Upper Mantle. Bul. 
Earthquake Res. Inst.; 1969; 47: 549·569. 

Fukao, Y.; Mitzutani, H.; Uyeda, S. Optical Absorption Spectra at High Temperatures and Radiative 
Thermal Conductivity of Olivines. Phys. Earth & Planetary Interiors; 1968; 1: 57-62. 

Gibson, K. L. The Computer Simulation of Climatic Conditions in Underground Mines [Ph. D. Thesis]: 
University of Nottingham; 1976. 

Gillies, A.D.S. A Probabilistic Method for Mine Heat Prediction. Proceedings of the 3rd Mine 
Ventilation Symposium: SME; 1987: 145-151. 

Gillies, A.D.S.;" Alexander, N. A. The Development End Heat Load. J. South African IMM; 19877 

Glasby, H. Some Aspects of Coal face Machine Development and Performance. The Mining Engineer; 1982; 
141: 487-495. 

Goch, D. C. Heat Flow into the Developing Tunnel: Chamber of Mines of South Africa; 1973. 

Goch, D. C.; Patterson, H. S. The Heat Flow into Tunnels. J. Chern., Metall. Min. Soc. S. AfricA; 
1940: 117-128. 

Goedecke, M. Solving Climatic Problems in Potash Mines. Neue Bergbautechnik; 1978; 8: 625-629. 

The Thermal Properties of Solids: Dover Publications; 1965. 72. 

Goldsmid, H. J.; Bailey, A. E. Thermal Conduction in Mica along the Planes of Cleavage. Nature; 
1960; 187: 864-865. 

Goranson, R. W. Heat Capacity of Rocks. Handbook of Physical Constants: GSA Special Paper 36; 1942: 
Table 16-2, p 235-236. 

GOss, R.; Combs, J. Thermal Conductivity Measurements and Prediction from Geophysical Well Log 
Parameters with Borehole Application. Proc. Second United Nations Symposium on the 
Development and Use of Geothermal Resources; 1975; 2: 1019·1027. 

Greenberg, R. J.; Brace, W. F. Archie's Law for Rocks Modeled by Simple Networks. J. Geophys. Res.; 
1969; 74: 2099-2102. 

Gregory, E.C.; Kim, K. Preliminary Results from the Full-Scale Heater Tests at the Near-Surface 
Test Facility. 22nd u.S. Symp. Rock Mech.: M.I.T.; 1981: 137-142. 

Fundamentals of Heat Transfer: McGraw Hill; 1961. 527. 

Gueguen, Y.; Dienes, J. Transport Properties of Rocks from Statistics and Percolation. Math. 
Geology; 1989i 1: 1-13. 



392 

Guillot, G.; Trokiner, A.; Darasse, L.; Saint-James, H. Drying of a Porous Rock Monitored by NMR 
Imaging. J. Phys. 0: Appl. Phys.; 1989; 22: 1646-1649. 

Guney, M. Thermal Heat Balance in Mindola Mine, Zambian Copperbelt. Inst. Min. Metall., 
Transactions A; 1980; 89: A 165-204. 

Guney, M.; Bell, A. R. Planning of Ventilation and Air-Conditioning in Hot and Deep Mines. SME-AIME 
Annual Meeting Preprint: SME; 1982; Preprint 82-75. 17. 

Guney, M.; Bell, A. R. Ventilation and refrigeration practices together with environmental thermal 
problems at the Mindola Mine, Zambia. Can. Min. Metall. Bull.; 1979; 72: 63-9. 

Hamm, E. Central Refrigeration Plants ofr Air Conditioning in the Mines of Ruhrkohle Ag. 
Proceedings of the 2nd International Mine Vent. Congress; 1980. 

Hardee, H. C. Heat Transfer Measurements of the 1983 Kilauea Lava Flow. Science; 1983; 222: 47-48. 

Hardin, E.L.; Barton, N.; Voegle, M.D.; Board, M.P.; Lingle, R.; Pratt, H.R.; Ubbes, W. Measuring 
the Thermomechanical and Transport Properties of a Rockmass Using the Heated Block Test. 
Proc. 23rd US Symp. Rock Mech.: SME; 1982: 802-813. 

Hardin, E.L.; Voegle, M.D.; Board, M.P.; Pratt, H.R. Development of a Test Series to Determine In 
Situ Thermomechanical and Transport Properties. Proc. Meas. Rock Properties at Elevated 
Pressures and Temperatures, ASTM Special Technical publication 869: ASTM; 1983: 128-149. 

Hasan, S. E. Thermophysical Properties of Rocks. 19th US Symp. Rock Mech.: SME; 1978: 210-217. 

Hashin, Z.; Shtrikman, H. A Variational Approach to the Theory of the eeffective Magnetic 
Permeability of Muliphase Materials. J. Appl. Phys.; 1962; 33. ' 

Heard, H. C. Mechanical, Thermal, and Fluid Transport Properties of Rock at Depth. Issues in Rock 
Mechanics, Proc. 23rd Symp. Rock Mech.: SME; 1982. 

Hemp, R. Air Temperature Increase in 53 Haulage East, Crown Mines Ltd.: Rand Mines Ltd.; 1966. 

Hemp, R. Heat Flow in Drives - Measurements at Six sites at Harmony Gold Mining Company Ltd.: Rand 
Mines Ltd.; 1967. 

Hemp, R. Heat Flow Measurements at Libenon Gold Mining Company Ltd.: Rand Mines Ltd.; 1969. 

Hemp, R. Sources of Heat in Mines. Environmental Engineering of South African Mines: Mine Vent. 
Soc. S. Africa; 1982. Chap. 22, p 605. 

Hemp, R.; Deglon, P. A Heat Balance in a Section of a Mine. 2nd International Mine Ventilation 
Congress: SME; 1980: 523-533. 

Hemp, R.; Deglon, P.; Cilliers, P.F. Heat Load in a Longwall Stoping Section of a Deep Gold Mine. 
3rd International Mine Ventilation Congress: IMM; 1981. 



393 

Herrin, E.; Clark, S. P., Jr. Heat Flow in West Texas and Eastern New Mexico. Geophysics; 1956; 21: 
1087-1099. 

Herschel et al. Brit. Assoc. Advancement Sci. Report; 1881. 

Higashi, A. Thermal Conductivity of Frozen Soil. Hokkaido University Faculty Science Journal; 1952; 
4: 95-106. 

Hiramatsu, Y.; Sugisaka, M.; Amano, K.; Mizuta, Y. Cooling in Development Workings in very Hot 
Ground. 2nd Interntational Mine Ventilation Congress: SME; 1980: 549-555. 

Hitchcock, J.A.; Jones, C. Heat Flow into a New Main Roadway. Colliery Eng.; 1958; 35: 73-76, and 
117-122. 

Hocking, G.; Williams, J.; Boonlualohr, P.; Mathews, I.; Mustoe, G. Numerical Modeling of the Near 
Surface Test Facility #1 and #2 Heater Tests. Proc. 22nd US Symp. Rock Mech.: M.I.T.; 
1981: 143-149. 

Hocking, G.; Williams, J. R.; Mustoe, G. G. W. Post-test Assessment of Simulations for in situ 
Heater Tests in Basalt - Past I. Heater Test Description and Rock Mass Properties. Int. J. 
Rock Mech. Min. Sci. & Geomech. Abstr.; 1990; 27: 143-159. 

Hood, M. Some Results from a Field Investigation of Thermo-mechanical Loading of a Rock Mass when 
Heater Canisters are Emplaced in the Rock. Proc. 20th US Symp. Rock Mech.; 1979: 429-437. 

Hooker, V.E.; Duvall, W.I. In Situ Rock Temperature: U.S. Bureau of Mines; 1971. 12. 

Horai, K. Thermal Conductivity of Rock-Forming Minerals. J. Geophys. Res.; 1971; 76: 1278-1308. 

Horai, K.; Baldridge, S. Thermal Conductivity of Nineteen Igneous Rocks, I, II. Phys. Earth 
Planetary Interiors; 1972; 5: 151-166. 

Horai, K.; Fujii, N. Thermo-physical Properties of Lunar Material Returned by Apollo Missions. The 
Moon; 1972; 4: 379-407. 

Horai, K.; Simmons, G. Thermal Conductivity of Rock-Forming Minerals. Earth Planet. Sci. Lett.; 
1969; 6. 

Horai, K.; Uyeda, S. Studies of the Thermal State of the Earth, 5, Relation between Thermal 
Conductivity of Sedimentary Rocks and Water Content. Bull. Earthquake Res. Inst. Tokyo 
Univ.; 1960; 38. 

Horai, K.; Winkler, J. L. Jr. Thermal Diffusivity of Lunar Rock Sample 12002, 85. Lunar Science 
Conference Proceedings; 1975; 6: 3207-3215. 

Horai, K.; Winkler, J. L. Jr. Thermal Diffusivity of Four Apollo 17 Rock Samples. Geochimica et 
Cosmochimicta Acta; 1976; 3: 3183-3204. 

Howarth, D. F.; Gillies, A. D. S. An Examination of Insulation used on Mine Refrigeration Chilled 
Water Pipes. Int. J. Min. Geol. Eng.; 1987; 5. 



394 

Howes, M.J. A Review of Current Mine CooLing Practices in South African GoLd Mines. Proceedings of 
InternationaL Mine VentiLation Congress; 1975. 

Hughes, D. S.; Sawin, F. ThermaL Conductivity of DieLectric SoLids at High Pressure. Phys. Rev.; 
1967; 161: 861-863. 

Hurtig, E. Untersuchungen der WarmeLeitfahigkeits anisotropie von Sandsteinem, Grauwacken und 
Quartziten. Pure AppLied Geophys.; 1965; 60: 85-100. 

Hurtig, E. Zum probLem der Anisotropie petrophysikaLischer Parameter im geoLogischen Korpern. 
Geophysik and GeoLogie; 1968; 12: 3-36. 

Hutt, J. R.; Berg, J. Jr. ThermaL and ELectricaL Conductivities of Sandstone Rocks and Ocean 
Sediment. Geophysics; 1968; 33: 489-500. 

Hyndman, R.D.; Sass, J.H. GeothermaL Measurements at Mount Isa, QueensLand. J. Geophys. Res.; 1966; 
71: 587-599. 

Ide, J. M. The VeLocity of Sound in Rocks and GLasses as a Function of Temperature. J. GeoLogy; 
1937; 45: 689-716. 

IngersoLL, L. R.; ZobeL, o. J.; IngersoLL, A. C. Heat Conduction; with Engineering, GeoLogicaL and 
other AppLications: University of Wisconsin Press; 1954. 325. 

Insinger, T. H.; BLiss, H. Transmission of Heat to BoiLing Liquids. AICE Transactions; 1940; 36: 
491-513. 

Irani, M. C.; Chaiken, R. F.; DaLverny, L. E.; MoLinda, G. M.; Soroka, K. E. DeveLopment of the 
Burnout ControL VentiLation System. WorLd Mining Equipment; 1984; 8: 58-61. 

Jackowski, R. Freezing TunneLs. PoLish TechnicaL Review; 1980: 15-16. 

Jaeger, J. C. Conduction of Heat in an Infinite Region Bounded InternaLLy by a CircuLar CyLinder of 
a Perfect Conductor. Aust. J. Physics; 1956; 9: 167-79. 

Jaeger, J. C. Proc. Roy. Soc. Edinburgh; 1942; 61: 223-228. 

Jaeger, J. C. The Use of CompLete Temperature-Time Curves for Determination of ThermaL Conductivity 
with ParticuLar Reference to Rocks. Aust. J. Physics; 1959; 12: 203-217. 

Jaeger, J. C.; ChamaLaun, T. Heat FLow in an Infinite Region Bounded InternaLLy by a CircuLar 
CyLinder with Forced Convection at the Surface. Aust. J. Physics; 1966; 19: 475-488. 

Jaeger, J.C.; Sass, J.H. A Line Source Method for Measuring the ThermaL Conductivity and 
Diffusivity of CyLindricaL Specimens of Rock and Other Poor Conductors. Brit. J. App. 
Phys.; 1964; 15: 1187-1194. 

Jakob, M. Heat Transfer in Evaporation and Condensation, II. ASME, MechanicaL Engineering; 1936; 
58: 729-739. 



395 

Jakob, M. Heat Transfer, Volume 1: J. Wiley; 1949: 758. 

Janza, F. J. Interaction Mechanisms. Manual of Remote Sensing: Amer. Soc. Photogrammetry; 1975: 75-
179. 

Jeffery, J. A.; Chan, T.; Cook, N.G. W.; Witherspoon, P. A. Determination of In Situ Thermal 
Properties of Stripa Granite from Temperature Measurements in the Full-Scale Heater 
Experiments, Method and Preliminary Results: Lawrence Berkeley Lab.; 1979. 

Jeffrey, J.A.; Chan, 1.; Cook, N.G.W.; Witherspoon, P.A. Determination of in situ Thermal 
Properties of Stripa Granite from Temperature Measurements in the Full-Scale Heater 
Experiments, Method and Preliminary Results: Lawrence Berkeley Lab.; 1979. 

Jones, C.; Browning, E.J. Estimating and Controlling the Heat and HIJDidity of Coal Mines Airflow: 
British Coal HQTD, Bretby, UK; 1974. 1-4. 

Jordan, D.W. The Numerical Solution of some Boundary Value Problems in Heat Conduction by means of 
Convolution Integrals. Brit. J. Appl. Physics; 1961; 12: 14-19. 

Kanamori, H; Fujii, N.; Mitzutani, H. Thermal Diffusivity Measurement of Rock-forming Minerals from 
300 to 1100K. J. Geophys. Res.; 1968; 73: 595-605. 

Kanamori, H.; Mizutani, H.; Fujii, N. Method of Thermal Diffusivity Measurement. J. Phys. Earth; 
1969; 17: 43-53. 

Kawada, K. Studies of the Thermal State of the Earth - the 15th paper. Variation of Thermal 
Conductivity of Rocks. Part 1: Bull. Earthquake Res. Inst.; 1964; 42: 631-647. 

Kawada, K. Studies of the Thermal State of the Earth - the 17th paper. Variation of Thermal 
Conductivity of Rocks. Part 2: Bull. Earthquake Res. Inst.; 1966; 44: 1071-1091. 

Kays, W. M. Convective Heat and Mass Transfer: McGraw-Hill Co.; 1980. 

Kersten, M. S. Thermal Properties of Soils: Minnesota University Engineering Experimental Station; 
1949. 94. 

Kieffer, S. W.; Getting, I. C.; Kennedy, G. C. Experimental Determination of the Pressure 
Dependence of the Thermal Diffusivity of Teflon, Sodium Chloride, Quartz, and Silica. J. 
Geophys. Res.; 1976; 81: 3108-3024. 

Kimura, Osamu. Measures to Counter High Temperature at Miike Colliery. 4th Joint Meeting MMI Japan
AIME: AIME; 1980; Technical Session B.5: 59-74. 

King, W.; Simmons, G. Heat Flow near Orlando, Florida and Uvalde, Texas Determined from Well 
Cuttings. Geothermics, Int. J. Geothermal Res.; 1972; 1: 133-139. 

Kinzie, P.A. The Routine Measurement of Rock Temperatures. Routine Mine Ventilation Measurements: 
Chamber of Mines of South Africa; 1972. 



396 

Kiyohashi, H.i Kyo, M.i Ishihama, W. In Situ Measurements and Estimation of the Heat Transfer 
Coefficient from Mine Airway Surfaces to Ventilation Air: Part I, Measurement Results. J. 
Min. Metall. Inst.i 1977j 93: 931-7. 

Klemens, P. G. Thermal Conductivity and Lattice Vibration Modes. Solid State Physics: Academic 
Press; 1958; 7: 1-98. 

Kopietz, J.; Neumann, W. Thermal Conductivity and Thermal Diffusivity Measurements of Salt Rocks by 
Different Methods. Thermal Conductivity 18: Plenum Press; 1985: 661-685. 

Krech, W. W.; Henderson, F. A.; Hjelmstad, K. E. A Standard Rock Suite for Rapid Excavation 
Research: US Department of the Interior. 

Kunii, D.; Smith, J. M. Thermal Conductivities of Porous Rocks Filled with Stagnant Fluid. Soc. 
Pet. Eng. J.; 1961; 1: 37-42. 

Lacey, W. G. A Low Temperature Gradient Method of Measuring the Thermal Conductivity of 
Microconcrete [M.S. Thesis]: SDSM&T; 1975. 41. 

Laird, W. Spray Fan Ventilation to Improve Underground Productivity in Underground Mines: SME; 
1980. 5. 

Lambrechts, J. de V. An Empirical Study of Heat Flow in Stopes in South African Gold Mines. J. S. 
African IMM; 1959; 59. 

Lambrechts, J. de V. Prediction of Wet Bulb Temperature Gradients in Mine Airways. J. S. African 
IMM; 1967; 67: 595-610. 

Langseth, M. G. Jr.; Clark, S. P. Jr.; Chute, J. L. Jr.; Keihm, S. J.; Wechsler, A. E. The Apollo 
15 Lunar Heat-flow Measurement. The Moon; 1972; 4: 390-410. 

Lin, J. D.; Love, T. J. Analysis of a Method of in-situ Thermal Properties Determination for 
Geologic Formations. J. Energy Res. Tech., Transactions ASME; 1985; 107: 122-127. 

Lindroth, D. P. Thermal Diffusivity of Six Igneous Rocks at Elevated Temperatures and Reduced 
Pressures: U. S. Bureau of Mines Report of Investigations; 1974. 33. 

Lindroth, D. P.; Krawza, W. G. Ileat Content and Specific Heat of Six Rocks at Temperatures to 1000 
C: U. S. Bureau of Mines Report of Investigations; 1971. 24. 

Longson, I.; Tuck, M.A. The Computer Simulation of Mine Climate of a Longwall Coal face. Proceedings 
of 2nd US Mine Ventilation Symposium: A.A. Balkema Publishers; 1985: 439-449. 

Lundstrom, L.; Stille, H. Large Scale Permeability Test of the Granite in the Stripa Mine and 
Thermal Conductivity Test: Lawrence Berkeley Lab.; 1978. 

Lyubimova, A. I.; Maslennikov, A. I.; Ganiev, Y. A. Thermal Conductivity of Rocks at Elevated 
Temperatures and Pressures in the Water- and Oil-saturated State. Phys. Solid Earth; 1979; 
15: 358-361. 



397 

Mack, M. G.; Starfield, A. M. The Computation of Heat Loads in Mine Airways Using the Concept of 
Equivalent Wetness. 2nd US Mine Ventilation Symposium: SME; 1985: 421-427. 

MacPherson, W. R.; Schloessin, H. H. Lattice and Radiative Thermal Conductivity Variations through 
high P, T Polymorphic Transitions and Melting Points. Phys. Earth Planetary Interiors; 
1982; 29: 58-68. 

Magnitskii, V. A.; Petrunin, G. E.; Yurchak, R. P. Povedenie Tempera Turoprovodnosti Nektorik 
Polevik Shpaton i Plagioklazon pri Temperaturak 300-1200 K. Doklady Akademiya nauk SSSR; 
1971; 199: 1058-1060. 

Magri, E.J.; Unsted, A.D. Mine Production, Ventilation and Refrigeration Planning-A Unified 
Approach via Mathematical Programming. Automation in Mining, Mineral and Metal Processing 
Conference: Chamber of Mines of South Africa; 1977. 

Mahajan, J.K. Development of Reusable Probes for Rock Temperature Measurements [M S. Thesis]: 
SDSM&T; 1982. 

Maillet, D.; Lachi, M.; Degiovanni, A. Simultaneous Measurements of Axial and Radial Thermal 
Diffusivities of an Anisotropic Solid in Thin Plate: Application to Multi Layered 
Material. Thermal Conductivity 21: Plenum Press; 1990: 91-107. 

Manger, G. E. Porosity and Bulk Density, Dry and Saturated, of Sedimentary Rocks. Handbook of 
Physical Constants: GSA; 1966; Memoir 97: Table 4-4, pp 23-25. 

Marks, J.R. Computer Aided Design of Large Underground Direct-Contact Heat Exchangers. Proceedings 
of the 3rd U.S. Mine Ventilation Symposium: SME; 1987: 158-162. 

Martinez, J.D.; Kumar, M.B. Thermal Migration of Formation Waters in Salt Domes. EOS Trans. AGU; 
1980; 61: 1177-8. 

Matsumura, Y. Outline of Mining at Toyoha Mine. Nippon Kogyo Kaishi/J. MMI Japan; 1984; 100: 869-
872. 

Matthews, M.K. The Implications of Backfilling on Environmental Control. Mintek, SAIMM Symposium on 
Backfilling. 

Matthews, M.K. The Measurement of Heat Flow in a Backfilled Stope. J. Mine Vent. Soc. S. Africa; 
1987. 

Maughan, K. Computer Modelling of the Climatic effects Caused by Recirculation of Mine Air [M.S. 
Thesis]: University of Newcastle upon Tyne; 1987. 

Maxwell, J. C. A Treatise on Electricity and Magnetism: Clarendon Press; 1892. 

McCarthy, K. A.; Ballard, S. S. Thermal Conductivity of Eight Halide Crystals in the Temperature 
Range 220K to 390K. J. App. Phys.; 1960; 31: 1410-1412. 

McElroy, D.L.; Moore, J.P. Radial Flow Methods for the Measurement of the Thermal Conductivity of 
Solids. Thermal Conductivity: Academic Press; 1969; 1: 186-240. 



398 

McGaw, R. W.; Outcalt, S. I.; Ng, E. Thermal Properties and Regime of Wet Tundra Soils at Barrow, 
Alaska. Proc. of the 3rd Int. Conf. Permafrost: NRC Canada; 1978: 47-53. 

McPherson, M. J. The Analysis and Simulation of Heat Flow into Underground Airways. Int. J. Min. 
Geol. Eng.; 1986; 4: 165-196. 

McPherson, M. J. The Changing Techniques of Ventilation Planning. Trans. I.M.E.; 1974; 133: 509-
515. 

McPherson, M. J. Heat Problem Underground, with Particular Reference to South African Gold Mines. 
Trans. IMM; 1976a; 85: A63-A74. 

McPherson, M. J. Mine Ventilation Planning in the 1980s. Int. J. Min. Geol. Eng.; 1984; 2: 185-227. 

McPherson, M. J. Refrigeration in South African Gold Mines. Min. Eng. (London); 1976b; 135: 245-
258. 

Meincke, W.; Hurtig, E.; Weiner, J. Temperaturnerteilung, Warmeleitfahigkeit und Warmefluss in 
Thuringer Becken. Geophysik und Geologie; 1967: 40-71. 

Mercer, J.W.; Pinder, G.F. Finite Element Analysis of Hydrothermal Systems. Finite Element Methods 
in Flow Problems: University of Alabama in Hunstville Press; 1974. 

Messmer, J. H. The Effective Thermal Conductivity of Quartz Sands and Sandstones: SPE; 1965; 
Preprint 13011. 

Messmer, J. H. Thermal Conductivity of Porous Media: Packings of Particles. Fourth Conference on 
Thermal Conductivity: US Naval Radiological Defense Laboratory; 1964: III-C. 

Meyer, L. Results of Thermomechanical Tests on Specimens of Hanford Basalts: Lawrence Berkeley 
Lab.; 1982. 65. 

Middleton, J.N. Computer Simulation of the Climate in Underground Production Areas [Ph.D. thesis]: 
University of Nottingham; 1979. 

Mirkovich, V. V. A Comparative Method Apparatus and Standards for Measuring Thermal Conductivity: 
Dept. of Mines and Tech. Surveys; 1965. 

Mirkovich, V. V. Comparative Method and Choice of Standards for Thermal Conductivity 
Determinations. J. Am. Ceramic Soc.; 1965; 48: 387-391. 

Mirkovich, V. V. Experimental Study Relating Thermal Conductivity to Thermal Piercing of Rocks. 
Int. J. Rock Mech. & Min. Sc.; 1968; 5: 205-218. 

Mirkovich, V. V.; Durham, W. B.; Heard, H. C. Measurement of Thermal Diffusivity of Rocks at High 
Pressure: Lawrence Livermore Lab.; 1982. 18. 

Misener, A. D.; Thompson, L. G. D.; Uffen, R. J. Terrestrial Heat Flow in Ontario and Quebec. AGU 
Trans.; 1951; 32: 729-738. 



399 

Misra, G. B. A Comparative Assessment of some Models of Heat Transfer in Wet Mine Airways. Proc. 
3rd Mine Ventilation Symposium: SME; 1987: 66·71. 

Mizutani, H.; Osako, M. Elastic·Wave Velocities and Thermal Diffusivities of Apollo 17 Rocks and 
their Geophysical Implications. Geochimica et Cosmochimica Acta; 1974; 3: 2891-2901. 

Moiseenko, von U. I. Warmeleitfahigkeit der Gesteine bei Hohen Temperaturen, Freiberger 
Forschungshefte. Geophysik; 1968: 89-94. 

Moore, J. P.; Graves, R. S.; Standley, J. G.; Hannah, J. H.; McElroy, D. Some Thermal Transport 
Properties of a Limestone Concrete: Oak Ridge National Laboratories; 1969. 

Moore, J. P.; McElroy, D. L.; Jury, S. H. A Technique for Measuring the Apparent Thermal 
Conductivity of Flat Insulations: Oak Ridge National Laboratories; 1979. 

Moore, J. P.; McElroy, D. L.; Jury, S. H. A Technique for Measuring the Apparent Thermal 
Conductivity of Flat Insulations. Thermal Conductivity 17: Plenum Press; 1983. 

Morgan, M. T.; West, G. A. Thermal Conductivity of the Rocks in the Bureau of Mines Standard Rock 
Suite: ORNL; 1980. 54. 

Morris, I.; Walker, G. Changes in the Approach to Ventilation in Recent Years. Trans. I.M.E.; 1982; 
141: 401-412. 

Mossop, S. C.; Gafner, G. The Thermal Constants of some Rocks from the Orange Free State. J. Chern., 
Metall. & Min. Soc., S. Africa; 1951; 52: 61-67. 

Mousset-Jones, P. Determination of In situ Rock Thermal Properties and Improved Simulation of the 
Underground Mine Climate: University of London; 1987. Ph.D. Dissertation. 

Mousset-Jones, P.; Danko, G.; McPherson, M.J. Heat Transfer in Mine Airways with Natural Roughness. 
Proceedings of the 3rd U.S. Mine Ventilation Symposium: SME; 1987: 42-52. 

Mousset-Jones, P.; McPherson, M. J. Determination of Design Parameters for the Improved Planning of 
Airflow and Climate Underground. Proc. Generic Mineral Technology Center, Mine System 
Design and Ground Control: VPI; 1983: 113-142. 

Mousset-Jones, P.; McPherson, M. J. The Determination of in situ Rock Thermal Properties and the 
Simulation of Climate in an Underground Mine. Int. J. Min. Geol. Eng.; 1986; 4: 197-216. 

Mousset-Jones, P.; McPherson, M. J. In Situ Measurement of the Thermal Transport Properties in an 
Underground Airway. Proceedings of the Frigair '86 Conference; 1986; 1: 1-9. 

Mousset-Jones, P.; McPherson, M. J. Measurement of in situ Thermal Conductivity in an Underground 
Mine. Proc. Second Generic Mineral Technology Center, Mine System Design and Ground 
Control: Mackay School of Mines; 1984: 113-132. 

Mousset-Jones, P.; McPherson, M. J. Measuring the Insitu Rock Thermal Conductivity and Diffusivity. 
SME-AIME Fall Meeting Preprint: SME; 1985; Preprint 85-338. 18. 



400 

Moyne, c.: Batsale, J. c.: Degiovanni, A.: Maillet, D. Thermal Conductivity of Wet Porous Media: 
Theoretical Analysis and Experimental Measurements. Thermal Conductivity 21: Plenum Press; 
1990: 109·120. 

Mucke, G. Preliminary Testing of Cold Suites for the Mining Industry. Gluckauf; 1982: 118: 394-399. 

Mukherjee, S. K.; Procarione, J. A. Development of a Thermodynamic-based Mine Climate Simulator. 
Proc. 3rd Mine Ventilation Symposium: SME: 1987: 103. 

Murdock, R. A. Determination of Thermal Conductivity of Naturally Occuring Materials under Varying 
States of Stress [M.S. Thesis]: SDSM&T; 1979. 

Murphy, H. D.; Lawton, R. G. Downhole Measurements of Thermal Conductivity in Geothermal 
Reservoirs. J. Pressure Vessel Tech.; 1977: 4: 607. 

Murray-Smith, A.I.: Whillier, A. The Measurement of Thermal Properties of Rock: Chamber of Mines of 
South Africa: 1978. 16. 

Naga, S. A. R. Optimum Working Conditions in Thick Walled Cylinders. J. Eng. Mat. & Tech.: 1986: 
108: 374-376. 

National Academy of Sciences. Limitations of Rock Mechanics in Energy-Resource Recovery and 
Development: National Academy; 1978. 67. 

National Research Council. Rock Mechanics Research Requirements for Resource Recovery, Construction 
and Earthquake-Hazard Reduction: National Academy Press; 1981. 222. 

Osnes, J.D. The Development of a Finite Element Program to Model Coupled Convective and Conductive 
Heat Transfer. 29. 

Ouederni, M.A. L'Equilibre Climatique du Tracage Pro fond [Ph.D. thesis]: ENSMP/CMI; 1987. 

Ouederni, M.A. Prevision des Conditions Climatiques dans un Tracage Profond [DEA thesis]: 
ENSHP/CMI: 1984. 

Ouederni, M.A.; Deliac, E.P.: Cassini, P. Modelling and Prediction of Climatic Conditions in a Deep 
Level Development Tunnel. Proc. 2nd u.S. Mine Vent. Symp.: A.A. Balkema Publishers; 1985. 

Owen, P.R.; Thomson, E.R. Heat Mass Transfer across Rough Surfaces. J. Fluid Mech.; 1943; 15: 321-
334. 

Parrott, J. E.: Stuckes, A. D. Thermal Conductivity of Solids: Pion Ltd.; 1975. 157. 

Partyka, J.; Koczkodaj, W.W. Spreadsheet Application in Air Conditioning Design. Proc. 3rd Mine 
Ventilation Symp.: SHE: 1987: 105-109. 

Patnaik, N. K.: Singh, R. D. Critical Review of the Methods of Determining the Thermal Conductivity 
of Rocks. J. Mines, Metals & Fuels: 1978: 26: 274-282. 



401 

Patnaik, N. K.; Singh, R. D. Critical Review of the Methods of Determining the Thermal Conductivity 
of Rocks. J. Mines, Metals & Fuels; 1978; 26: 239-246. 

Patterson, A. M. Existence of an Optimum Air Quantity in Hot Development Ends. Proceedings, 12th 
Congo Council of Mining and Metallurgical Institution: S. African IMM; 1982; 2: 905-908. 

Patterson, A. M. Existence of an Optimum Air Quantity in Hot Development Ends. J. Mine Vent. Soc. 
S. Africa; 1982; 35: 89-93. 

Pearce, R.J. The Provision of an Acceptable Working Environment in British Coal Mines [M. Phil. 
Thesis]: University of Nottingham; 1980.321 pages. 

Peck, D. L.; Hamilton, M. S.; Shaw, H. R. Numerical Analysis of Lava Lake Cooling Models: pt 2, 
Application to Alae Lava Lake, Hawaii. Amer. J. Science; 1977; 277: 415-437. 

Penner, E. Anisotropic Thermal Conduction in Clay Sediments. International Clay Conference, V. 1 
International Series Monographs, Earth Science: Pergamon Press; 1963; 14. 

Petrunin, G. I.; Yurchak, R. P. Ob Izmerenii Temperaturprovodnosti Gornik Porod. Fizika Zemli; 
1973: 92-95. 

Petrunin, G. I.; Yurchak, R. P.; Tkach, G. F. Temperature Conductivity of Basalts at Temperatures 
from 300 to 1200 K. Fizika Zemli; 1971: 65-68. 

Philip, J. R. The Scattering Analog for Infiltration in Porous Media. Rev. Geophysics; 1989; 27: 
431-448. 

Pickering, A.J. Airflows and Methane Emissions in Fully Caved, Mechanical Longwall Coal faces in 
South Nottinghamshire. Trans. IME; 1969; 110: 93-107. 

Pohl, R. 0.; Vandersande, J. W. Thermal Conductivity of Waste Forms and Geologic Media. Mat. Res. 
Soc. Symp.; 1983; 15. 

Poole, H. H. On the Thermal Conductivity of Some Rocks at High Temperatures. Phil. Mag.; 1914a; 24: 
45-62. 

Poole, H. If. On the Thermal Conductivity and Specific Heat of Granite and Basalt at High 
Temperatures. Phil. Mag.; 1914b; 27: 58-83. 

Powell, R. W. Experiments using a Simple Thermal comparator for Measurement of Thermal 
Conductivity. J. Sci. Instr.; 1957; 34: 485. 

Powell, R.W. Thermal Conductivity Determination by Thermal Comparator Methods. Thermal 
Conductivity: Academic Press; 1969; 2: 276-338. 

Pratt, H.R.; Schrauf, T.A.; Bills, L.A.; Hustrulid, W.A. Thermal and Mechanical Properties of 
Granite: Stripa, Sweden: Terratek; 1977. 



402 

Preece, R.J.; Blowers, R.M. A Numerical Method for Evaluating Coupled Heat and Moisture Diffusion 
through Porous Media with Varying Physical Properties. Numerical Methods in Thermal 
Problems, Proc. First Int. Conf.; 1979: 527-538. 

Preuss, K.; Narasimhan, T. N. A Practical Method for Modeling Fluid and Heat Flow in Fractured 
Porous Media. SPE Journ.; 1985; 25. 

Purdy, A. 25 Years on - the Story of Gullick Dobson. The Mining Engineer; 1982; 141: 523-533. 

Rabia, H.; Cheung J. A Transient Model for Predicting Mine Air Temperatures. 4th us Mine 
Ventilation Symposium: SME; 1989: 263-270. 

Rabia, H.; Maughan, K. Use of Computer Modelling to Predict Cimatic Effects Caused by Recirculation 
of Mine Air. Mining Engineer; 1988. 

Rajen, G.; Kulacki, F.A. Natural Convection in a Porous Layer Locally Heated from Below - A 
Regional Laboratory Model for a Nuclear Waste Repository. Heat Transfer Problems in 
Nuclear Waste Management 24th National Heat Transfer Conf.: ASME; 1987; HTD - 67: 19-26. 

Ramsden, R. Estimation of Heat Pickup in Mine Airways: Chamber of Mines, South Africa; 1966. 

Raspet, R.; Swartz, J.H.; Lillard, Major E.; Robertson, E.C. Preparation of Thermistor Cables used 
in Geothermal Investigations: USGS; 1966. 11. 

Ratcliffe, E. H. Thermal Conductivity of Fused and Crystalline Quartz. Brit. J. App. Phys.; 1959; 
10: 22-25. 

Ratcliffe, E. H. The Thermal Conductivities of Ocean Sediments. J. Geophys. Res.; 1960; 65: 1535-
1541. 

Reuther, E-U.; Uhlig, H.; Hagen, G. Optimization of Spray Cooler for Cooling Deep Coal Mines. Proc. 
4th Mine Ventilation Congress; 1988. 

Reuther, E-U.; Unruh, J.; Dohmen, A. Simulation Techniques for the Optimization of High Capacity 
Refrigeration in German Coal Mines. Proc. 20th APCOH: S. African IMM; 1987; 1: 307-317. 

Robertson, E. C. Physical Properties of Limestone and Dolomite Cores from the Sandhill Well, Wood 
County, West Virginia: West Virginia Geological Survey; 1959. 112-144. 

Robertson, E. C. Thermal Conductivities of Rocks: USGS; 1979. 31. 

Robertson, E. C. Thermal Conductivities of Rocks: USGS; 1988. 106. 

Robertson, E. C.; Peck, D. L. Thermal Conductivity of Vesicular Basalt from Hawaii. J. Geophys. 
Res.; 1974; 79: 4875-4888. 

Robertson, E.C.; Raspet, R.; Swartz, J.H.; Lillard, Major E. Properties of Thermistors used in 
Geothermal Investigations: USGS; 1966. 34. 



Radionov, X. P. Problem of the Effect of Hydrostatic Pressure on the Thermal Conductivity of 
Insulators. Phys. Metals & Metallography; 1958; 6: 160'164. 

403 

Le Roux, W. L. Le Roux's Notes on Mine Environment Control: Mine Vent. Soc. S. Africa; 1991. 190. 

Rowley, F.B.; Algren, A.B. Thermal Resistance of Air Spaces. Trans. American Soc. Heat. Vent. Eng.; 
1929; 35: 165-181. 

Roy, R. F.; Beck, A. E.; Touloukian, Y. S. Thermophysical Properties of Rocks. Physical Properties 
of Rocks and Minerals: McGraw-Hill; 1981. 

Sandford, T. C.; Decker, E. R.; Maxwell, K. H. The Effect of Discontinuities, Stress Level, and 
Discontinuity Roughness on the Thermal Conductivity of a Maine Granite. Proc. 25th US 
Symp. Rock Mech.: SME; 1984: 304-311. 

Santos, C. A. F. Effect of Laboratory Simulated Weathering on the Properties of Loyalhanna 
Sandstone [M.S. Thesis]: The Pennsylvania State University; 1986. 

Sass, J. H. The Thermal Conductivity of Fifteen Feldspar Specimens. J. Geophys. Res.; 1965; 70: 
4064-4065. 

Sass, J. H.; Lachenbrunch, A. H.; Munroe, R. J. Thermal Conductivity of Rocks from Measurements on 
Fragments and its Application to Heat-Flow Determinations. J. Geophys. Res.; 1971; 76: 
3391-3401. 

Sass, J. H.; Le Marne, A. E. Heat Flow at Broken Hill, New South Wales. Geophys. J.; 1963; 7: 477-
489. 

Satter, M.; Ashworth, T. An Investigation of Thermal Contact Resistance in Thermal Conductivity 
Measurements of a Thin Nylon Sample. Thermal Conductivity 18: Plenum; 1985: 641-650. 

Scharli, U.; Rybach, L. On the Thermal Conductivity of Low-porosity Crystalline Rocks. 
Tectonophysics; 1984; 103: 307-13. 

Scharmeli, G. H. Identification of Radiative Thermal Conductivity of Olivine up to 25 kbar and 1500 
K. High-pressure Sci. & Tech_: Plenum Press; 1977; 2: 60-74. 

Schatz, J. F.; Simmons, G. Thermal Conductivity of Earth Materials at High Temperatures. J. 
Geophys. Res.; 1972; 77: 6966-6983. 

Schlichting, H. Boundary Layer Theory: McGraw-Hill Co.; 1968. 

Schlich, H.; Jockwer, N. Simulation of Water Transport in Heated Rock Salt. Scientific Basis for 
Nuclear Waste Management IX: Materials Research Society; 1985; 50: 577-585. 

Schloessin, H. H.; Dvorak, Z. Anisotropic Lattice Thermal Conductivity in Enstatite as a Function 
of Pressure and Temperature. Roy. Astro. Soc., Geophys. J.; 1972; 27: 499-516. 



404 

Schneider, W. A. Investigation of the Radiative Contribution to the Thermal Conductivity in Sodium 
Chloride, Dunite and Fused Quartz [Ph. D. Thesis]: M.I.T.; 1961. 160 pages. 

Schuermann, F. Remote Monitoring and Control Options for Slow Moving Operational Processes in the 
Inbye Area. Gluckauf; 1984; 120: 168-173. 

Scott, D. R. Ventilation of Hot Headings. Colliery Eng.; 1956; 34: 503-512. 

Shankland, T. J. Electrical Conduction in Rocks and Minerals: Parameters for Interpretation. Phys. 
Earth Planetary Interiors; 1975; 10: 209-219. 

Shankland, T. J. Pressure Shift of Infrared Absorption Bands in Minerals and the Effect on 
Radiative Heat Transport. J. Geophys. Res.; 1970; 75: 409-413. 

Shankland, T. J.; Nitson, V. T.; Duba, A. G. Radiative Heat Transfer in Olivine. J. Geophys. Res.; 
1979; 84: 1603-1610. 

Shankland, T. J.; Waff, H. S. Conductivity in Fluid-Bearing Rocks. J. Geophys. Res.; 1974; 79: 
4863-4868. 

Shen, X-j.; Yang S-z.; Zhang, W-r. Portable in situ Wall-rock Thermal Conductivity Meter for Mine 
Pits. Rev. Sci. Instrum.; 1991; 62: 1581-1586. 

Sherratt, A.F.C.; Hensley, F.B. A Heating Experiment to Determine the Thermal Constants of Rocks In 
Situ. The Mining Engineer; 1961: 700-714. 

Sibbitte, W.L.; Dodson, J.G.; Tester, J.W. Thermal Conductivity of Crystalline Rocks Associated 
with Energy extraction from Hot Dry Rock Geothermal Systems. J. Geophys. Res.; 1979; 84: 
1117-1124. 

Simmons, G.; Nur, A. Granites: Relation of Properties in situ to Laboratory Measurements. Science; 
1968; 162: 789-791. 

Sinclair, T.J.E.; Asgain, M.I.; Boyd, R.D. Determination of Temperature Regime Surrounding Burried 
Liquid Gas Pipelines. Numerical Methods in Thermal Problems, Proc. First Int. Conf.; 1979: 
117-130. 

Singer, J. M.; Tye, R. P. Thermal, Mechanical, and Physical Properties of Selected Bitumous Coals 
and Cokes: Bureau of Mines Report of Investigations, RI 8364; 1979. 37. 

singh, A. K.; Singh, R.; Chaudhary, D. R. Prediction of Effective Thermal Conductivity of Moist 
Porous Materials. J. Phys. D: Appl. Phys.; 1990; 23: 698-702. 

Skagius, K.; Neretnieks, I. Diffusivity Measurements and Electrical Resistaivity Measurements in 
Rock Samples Under Mechanical Stress. Water Resour. Res.; 1986; 22: 570-580. 

Skinner, B. J. Thermal Expansion. Handbook of Physical Constants: GSA; 1966; Memoir 97: 75-96. 



Skinner, E. H. Structural Uses and Placement Techniques for Lightweight Concrete in Underground 
Mining: USBM RI 9266; 1989. 31. 

405 

Skvarla, M. J.; Vandersande, J. W.; Linvill, M. L.; Pohl, R. o. Thermal Conductivity of Selected 
Repository Minerals. Scientific Basis for Nuclear Waste Management: Plenum Publishing; 
1981; 3. 

Smith, W.O.; Byers, H. G. The Thermal Conductivity of Dry Soils of Certain of the Great Soil 
Groups. Soil Sc. Soc. America Proc.; 1938; 3: 13-19. 

Solberg, P.; Lockner, D.; Byerlee, J. D. Hydraulic Fracturing in Granite under Geothermal 
Conditions. Int. J. Rock Mech., Min. Sc. & Geomech. Abs.; 198D; 17: 25-33. 

Somerton, W. H. Some Thermal Characteristics of Porous Rocks. AIME Transactions; 1958; 213: 375-
378. 

Somerton, W.; Mossahebi, M. Ring Heat Source Probe for Rapid Determination of Thermal Conduction of 
Rocks. Rev. Sci. Instrum.; 1967; 38: 1368-71. 

Sondergeld, C. H.; Turcotte, D. L. An Experimental Study of Two-Phase Convection in a Porous Medium 
with Applications to Geological Problems. J. Geophys. Res.; 1977; 82: 2045-2053. 

soubrouillard, G. Improvement of Working Conditions by Ventilation. Industrie Minerale. (Mine 
Supplement to Industrie Minerale); 1975; 4: 399-405. 

Sparks, L. L.; Arvidson, J. M. Thermal and Mechanical Properties of Polyurethane Foams and a Survey 
of Insulating Concretes at Cryogenic Temperatures: National Bureau of Standards; 1984. 

Starfield, A. H. The Computation of Temperature Increases in Wet and Dry Airways. J. Mine Vent. 
Soc. S. Africa; 1966b; 19: 157-165. 

Starfield, A. M. A Rapid Method of Calculating Temperature Increases along Mine Airways. J. S. Afr. 
Inst. Min. Metall.; 1969: 77-83. 

Starfield, A. M. Tables for the Flow of Heat into a Rock Tunnel with Different surface Heat 
Transfer Coefficients. J. S. Afr. Inst. Min. Metall.; 1966a; 66: 692-694. 

Starfield, A. M.; Bleloch, A. L. A New Method for the Computation of Heat and Moisture Transfer in 
a Partly Wet Airway. Journ. S. Afr. Inst. Min. Metall.; 1983; 84: 263-269. 

Starfield, A. M.; Dickson, A. J. A Study of Heat Transfer and Moisture Pick-up in Mine Airways. J. 
S. African IMM; 1967; 67: 211 - 229. 

Starfield, A. M.; Dickson, A. J. A Study of Heat Transfer and Moisture Pick-up in Mine Airways. J. 
S. African IMM; 1968; 68: 364-367. 

Stephens, D. R. High Temperature Thermal Conductivity of Six Rocks: University of California 
Radiation Laboratory; 1963. 15. 



406 

Strack, K. M.; Ibrahim, A. W.; Keller, G. V.; Stoyer, C. H. A Method for the Determination of the 
Thermal Conductivity of Sandstones using a Variable State Approach. Geophys. Prospecting; 
1982; 30: 454-469. 

Su, H-J,; Somerton, W. H. Thermal Behavior of Fluid Saturated Porous Media with Phase Changes. 
Thermal Conductivity 16: Plenum Press; 1983: 193-204. 

Sugawara, A.; Yoshizawa, Y. An Experimental Investigation on the Thermal Conductivity of 
Consolidated Porous Materials. J. Appl. Phys.; 1962; 33: 3135-3138. 

sugawara, A.; Yoshizawa, Y. An Investigation on the Thermal Conductivity of Porous Materials and 
its Application to Porous Rock. Austr. J. Phys.; 1961; 14: 469-480. 

Sukharev, G. M.; Sterlenko, Z. V. Thermal Properties of Sandstone Saturated with Distilled Water 
and Oil). Doklady Akademiya Nauk, SSSR; 1970; 194: 683-685. 

Sukharev, G.M.; Taranuka, U.K.; Yaroshenko, A.A.; Vlacova, C.P.; Blagonranov, N.S. Vliyanie na 
teplofizicheskie svoistva gornik porod ik kimicheskovo sostava. Doklady Akademiya Nauk, 
SSSR; 1972; 204: 196-199. 

Sun, V-To Thermal Conductivity of Anisotropic Rocks under Uniaxial Pressure [M. S. Thesis]: SDSM&T; 
1985. 84. 

Sweet, J.N. Pressure Effects on Thermal Conductivity and Expansion of Geologic Materials: Sandia 
National Laboratories; 1979. 46. 

Sweet, J.N.; McCreight, J.E. Thermal Conductivity of Rocksalt and other Geologic Materials from the 
Site of the Proposed Waste Isolation Pilot Plant: sandia National Laboratories; 1980. 29. 

Sweet, J.N.; McCreight, J.E. Thermal Conductivity of Rocksalt and other Geologic Materials from the 
Site of the Proposed Waste Isolation Pilot Plant. Thermal Conductivity 16: Plenum Press; 
1983: 61-78. 

Sweet, J. N.; Moss, M.; Sisson, C. E. The Use of Numerical Heat Transfer Techniques to Analyze 
Thermal Comparator Conductivity Measurements. Thermal Conductivity 18: Plenum; 1985: 43-
59. 

Sweet, J. N.; Roth, E. P.; Moss, M.; Haseman, G. M.; Anaya, A. J. Comparative Thermal Conductivity 
Measurements at Sandia National Laboratories: Sandia Report; June 1986. 74. 

Tabbagh, A. New Apparatus for Measuring Thermal Properties of Soils and Rock in situ. IEEE Trans. 
Geosc. & Remote Sensing; 1985; GE-23: 896-900. 

Taylor, S. R.; McClennan, S. M. The Continental Crust: its Composition and Evolution: Blackwell 
Scientific Publication; 1985. 312. 

Thimons, E. D.; Daniel, J. H. Water Spray Cooler -- An Update: Technical Progress Report - U.S. 
Bureau of Mines; 1981. 9. 

Thimons, E. D.; Torbin, R. N. Thermal Energy Recovery for Deep Mines. E & M J; 1982: 98-99. 



Thimons, E. D.; Vinson, R. P.; Kissell, F. N. Water Spray Vent Tube Cooler for Hot Stopes -- A 
Preliminary Report: Technical Progress Report - U.S. Bureau of Mines; 1979. 11. 

407 

Thompson, N.E. A Note on the Difficulties of Measuring the Thermal Conductivity of Concrete. Mag. 
Concr. Res.; 1968; 20: 45-49. 

Thorp, N. Cooling Tower Performances. J. South African IMM; 1979: 12-18. 

Thorpe, R. Characterization of Discontinuities in the Stripe Granite Time-Scale Heater Experiment: 
Lawrence Berkeley Lab.; 1979. 

Tiktinsky, D. H. Numerical Parametric Sensitivity Study of Thermal and Mechanical Properties for a 
High Level Nuclear Waste Repository. Proc. 29th US Symp. Rock Mech.: A. A. Balkema 
Publishers; 1988: 428-439. 

Torbin, R.N. Alternate Methods of Energy Recovery for the Mining Industry. IEEE Trans. Ind. Appl.; 
1989; 25: 811-18. 

Torbin, R.N.; Thimons, E. Power from Mine Cooling Water. Power Eng.; 1986; 90: 27-8. 

Touloukian, Y.S.; Ho, C.Y. Physical Properties of Rocks and Minerals: McGraw-Hill Book Company; 
1981. 548. 

Troussart, L. R. Three-dimensional Finite Element Analysis of the Guarded Hot Plate Apparatus and 
its Computer Implementation. J. Thermal Insulation; 1981; 4: 225-254. 

Tsunoda, N.; Maekawa, K.; Kashiwagi, T. In-Situ Permeability and Heater Tests on HLW Disposal 
Technology Developments in Japan. Proc. Int. Conf. Radioactive Waste Management: Can. 
Nuclear Society; 1982: 136 - 142. 

Tuck, M.A. Computer Simulation of Climate on a Longwall Coalface [ph.D. thesis]: University of 
Nottingham; 1986. 

Tuck, M. A.; Longson, I. Heat and Moisture Transfer within Advancing Longwall Coalface Goafs and 
the Effect on Face Climatic Conditions. 4th US Mine Ventilation Symposium: SME; 1989: 271-
2n. 

Tye, R. P. Thermal Conductivity: Academic Press; 1969. 

Tye, R. P.; Spinney, s. C. Thermal Conductivity of concrete: Measurement Problems and Effects of 
Moisture. Bull. Inst. Int. Froid; 1976; Annexe 1976-2: 119-127. 

Tyler, L.D.; Cuderman, J.F.; Krumhansl, J.L.; Lappin, A. Near-Surface Heater Experiments in 
Argillaceous Rocks. Seminar on in Situ Heating Experiments in Geological Formations: OECD 
Nuclear Energy Agency; 1978: 31-44. 

Valore, R.C. Cellular Concretes, Part 1 Composition and Methods of Preparation. J. Am. Concr. 
Inst.; 1954; 25 Pt. 1: 773-795. 



408 

Valore, R.C. Cellular Concretes, Part 2. Physical Properties. J. Am. Concr. Inst.; 1954; 25: 817-
836. 

Valore, R.C. Insulating Concretes. J. Am. Concr. Inst.; 1956; 28: 509-532. 

van der Walt, J.; de Kock, E. M.; Smith, L. K. Analysis of Ventilation and Cooling Requirements for 
Mines. J. South African IMM; 1983; 83: 25-34. 

van der Walt, J.; Whillier, A. Considerations in the Design of Integrated Systems for Distributing 
Refrigeration in Deep Mines. J. South African IMM; 1978; 31: 217-243. 

van der Walt, J.; Whillier, A. Engineering of Systems for Cooling Mines. 2nd International Mine 
Ventilation Congress: SME; 1980: 627-634. 

van der Walt, J.; Whillier, A. Heat Pick-up from the Rock in Gold Mines: the Water-rock Thermal 
Balance and the Thermal Efficiency of Production. J. Mine Vent. Soc. S. Africa; 1979; 32: 
125-147. 

van Haneghem, I. A.; Schenk, J.; Boshoven, H. P. A. An Improved Nonsteady-state Probe Method for 
Measurements in Granular Materials. Part 2: Experimental Results. High Temp. - High 
Press.; 1983; 15: 367-374. 

Van Sambeek, L.L.; Sticknet, R.G.; Wagner, R.A. Thermo-mechanical Assessment of in situ Heater 
Tests in Dome Salt at Avery Island. Proc. 21st US Symp. Rock Mech.: University of 
Missouri-Rolla; 1980: 175-182. 

van Stone, L. Measurement and Prediction of Anisotropic Thermal Conductivity [M.S. Thesis]: SDSM&T; 
1985. 

Vandersande, J. W.; Pohl, R. o. Negligible Effect of Grain Boundaries on the Thermal Conductivity 
of Rocks. Geophys. Res. Let.; 1982; 9: 820-822. 

Verma, Y. Control of Mine Climate. The Mining Engineer; 1984; 143: 315-323. 

von Glehn, F. A User's Manual for the Computer Program 'AIRWAY' for Calculating Heat Pickup in Mine 
Airways: Chamber of Mines of South Africa; 1984. 

von Glehn, F. H.; Bluhm, S. J. Flow of Heat from Rock in an Advancing Stope. GOLD 100, Proc. Int. 
Conf. Gold: S. African IMM, Series S8; 1986; 1: Gold Mining Technology: 179-190. 

von Glehn, F. H.; Wernick, B.J.; Chorosz, G.; Bluhm, S. J. ENVIRON: A Computer Program for the 
Simulation of Cooling amd Ventilation Systems on South African Gold Mines. Proc. 20th 
APCOM: South African Institute of Mining & Metallurgy; 1987. 

von Herzen, R.; Maxwell, A. E. Measurements of Thermal Conductivity of Deep-sea Sediments by a 
Needle-probe Method. J. Geophys. Res.; 1959; 64. 

Voss, J. A New Method for the Calculation of Climate in Coal Mines. Gluckauf; 1969: 321-331. 



409 

Vost, K.R. In Situ Measurements of Surface Heat Transfer Coefficient in Underground Airways. J. S. 
Afr. Inst. Min. Metall.; 1972; 73: 269·72. 

Vost, K.R. In Situ Measurements of the Thermal Diffusivity of Rock Around Underground Airways. 
Trans. IMM; 1976; 85: A57·A62. 

Wallis, P. F.; King, M. S. Discontinuity Spacings in a Crystalline Rock. Int. J. Rock Mech. Min. 
Sci. & Geomech. Abstr.; 1980; 17: pp 25-33. 

Walsh, J. B.; Decker, E. R. Effect of Pressure and Saturating Fluid on the Thermal Conductivity of 
Compact Rock. J. Geophys. Res.; 1966; 71: 3053-3061. 

Watson, A. The Contribution of Conveyed Coal to Mine Heat Problems [Ph. D. Thesis]: University of 
Nottingham; 1981. 

Watson, K. E. Thermal Conductivity of Selected Silicate Powders in Vacuum from 150 K - 350 K [Ph.D. 
Thesis]: California Institute of Technology; 1964. 

Weast, R. C.; Astle, M. J. CRC Handbook of Chemistry and Physics: CRC Press; 1981: E-3, E-10, F-12. 

Weber, H. C.; Berry, C. H.; McAdams, W. H.; Hottel, H. C. Heat. Mechanical Engineers Handbook: 
McGraw Hill; 1981. 2,236. 

Weber, M. Conductibilite Calorifique des Roches et des Corps Mauvais Conducteurs. Sc. Phys. et 
Naturelles Archives; 1895; 23: 590·591. 

Wechsler, A. E.; Glaser, P. E. Pressure Effects on Postulated Lunar Materials. Fourth Conference on 
Thermal Conductivity: US Naval Radiological Defense Laboratory; 1964: III-D. 

Wetherill, W.; Messmer, J. H. Radioactive Decay Constants and Energies. Handbook of Physical 
Constants: GSA; 1966; 97: 514-519. 

Whillier, A. The Design of Underground Cooling Towers. J. Mine Vent. Soc. S. Africa; 1972; May. 

Whillier, A. Predicting the Performance of Force-Draught Cooling Towers. J. Mine Vent. Soc. S. 
Africa; 1977; January. 

Whillier, A. Predicting Cooling Requirements for Caving and Sub-level Stoping in Hot Rock. Design 
and Operation of Caving and Sublevel stoping Mines: SME; 1981: 787-793. 

Whillier, A.; Ramsden, R. Sources of Heat in Deep Mines and the Use of Mine Service Water for 
Cooling. Third Int. Mine Ventilation Cong.: Mine Vent. Soc. S. Africa; 1975. 

Whittaker, D. Heat Emission in Longwall Coal Mining. 2nd Int. Ventilation Cong.: SME; 1980: 534-
548. 

Wiles, G.G.; Quilliam, J.H. Some Temperature Gradients Observed in Specially Selected Underground 
Airways. J. S. African IMM; 1959; 59: 360-368. 



410 

Wilson, E. L.; Nickell, R. E. Application of the Finite Element Method to Heat Conduction Analysis. 
Nuclear Eng. & Design; 1966; 4: 276-286. 

Witherspoon, P. A.; Cook, N.G.W.; Gale, J.E. Geologic Storage of radioactive Waste: Field Studies 
in Sweden. Science; 1981; 211: 894-900. 

Wolski, J. K. Method for Predicting Airway Climatic Conditions during a Fire and its Validation 
Using Reduced Scale Experiments. Min. Sc. & Technology; 1991; 12. 

Wolski, J. K. Mine Fire Real-time Simulator can help in Selecting the Best Fire Fighting 
Strategies. 5th Mine Ventilation Symposium: SME; 1991: 84-87. 

Woodside, W.; Cliffe, J. B. Soil Science; 1959; 87: 75-82. 

Woodside, W.; Messmer, J. H. Thermal Conductivity of Porous Media. I. Unconsolidated Sands. J. 

Appl. Phys.; 1961a; 32: 1688-1699. 

Woodside, W.; Messmer, J. H. Thermal Conductivity of Porous Media. II. Consolidated Rocks. J. Appl. 
Phys.; 1961b; 32: 1699-1706. 

Wrobel L.C.; Brebbia, C.A. The Boundary Element Method for Steady State and Transient Heat 
Conduction. Numerical Methods in Thermal Problems, Proc. First Int. Conf.: 58-73. 

Yamada, S.E. A Transient Technique for in situ Thermal Property Measurements. Int. J. Rock Mech. 
Min. Sci. & Geomech. Abstr.; 1982; 19: 149-152. 

Zierfuss, H. Heat Conductivity of some Carbonate Rocks and Clayey Sandstones. AAPG Bull.; 1969; 53: 
251-260. 

Zierfuss, H.; van der Vliet, G. Measurement of Heat Conductivity of Sedimentary Rocks. AAPG Bull.; 
1956; 40: 2475-2488. 

Zimmerman, R. W. The Effect of Pore Structure on the Pore and Bulk Compressibilities of 
Consolidated Sandstones [Ph.D. Thesis]: University of California at Berkeley; 1984. 

Zimmerman, R. W. Thermal Conductivity of Fluid-Saturated Rocks: Lawrence Berkeley Lab.; 1988. 

Zimmerman, R. W.; Haraden, J. L.; Somerton, W. H. The Effects of Pore Pressure and Confining 
Pressure on Pore and Bulk Volume Compressibilities of Consolidated Sandstones. Measurement 
of Rock Properties at Elevated Pressure and Temperatures: American Society for Testing and 
Materials; 1985. 24-36. 

Zipf, Jr., R. K. Problems with Temperature Prediction Along Underground Mine Airways [Report for 
graduate colloquium]: The Pennsylvania State University,; 1985. 

Zipf, Jr., R. K. Temperature Prediction in Underground Mine Airways [M.S. Thesis]: University of 
Arizona; 1978. 172. 



411 

APPENDIX B CHART RECORDER TRACE 

Figure B.l presents a typical sequence of measurements as traced 

by the chart recorder. The speed of the recorder was 1 cm/hour. The 

three pens are off-set by 0.5 cm so that they can be easily 

identified. (The three different colors used for the pens cannot be 

distinguished on this black and white copy.) The two traces close 

together represent the changes in temperature differences across the 

two heat-flux transducers (HFT). The separate trace represents the 

temperature of the chamber containing the stack. 

The chart recorder traces are used only to indicate thermal 

equilibrium. Such equilibrium is clearly identified when the traces 

are parallel and perpendicular to the movement of the paper. A slight 

drift in the temperature of the chamber is acceptable. During the 

daytime, measurements can be taken about every three hours. The 

system remains switched on overnight with the chart recorder used as a 

monitor. 

To measure the actual resistances of the thermistors and the 

voltage across the heater and standard resistance, a sensitive multi

meter is switched into the circuit in place of the chart recorder. It 

is these multimeter values which are recorded and entered into the 

calculations for the thermal resistance and conductivity. 
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FIGURE B.1. Chart recorder trace for typical sequence of measurements. 

A - Temperature of the system environment 

B - Temperature difference across the upper HFT 

C - Temperature difference across the lower HFT 
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APPENDIX C EXAMPLE OF QUATTRO SPREAD SHEET FOR THERMAL 

CONDUCTIVITY DATA ANALYSIS 

The following tables are printouts of a typical spread sheet 

used in the calculations of all the results. This example contains 

the data for the moisture study of the limestone (JW #1) from New 

Mexico Institute of Mining and Technology. 

explained and identified on the printouts. 

Each section is briefly 

section I contains the information on the calibration constants 

for the thermistors currently in use. The left part of the block is 

for information giving the formulas in text format. The right part of 

the block contains the numbers used in the formulas which calculate 

the respective temperatures from the measured resistances. UHFMCONST 

and FHFMCONST are the upper and lower heat-flux meter calibration 

constants used later to determine the heat flow from a given 

temperature difference across the meters. 

section II contains the physical measurements of the specimen, 

including its size and weight. Each dimension is measured four times 

with an accurate gage. The four measurements are used to determine if 

the specimen is cylindrical and if the thickness shows that the two 

faces are parallel. The form factor is calculated from the average 

dimensions by dividing the area by the thickness. This is used later 

in the determination of the thermal conductivity of the specimen from 

its calculated thermal resistance. The dry weight is either the 
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ambient humidity weight or the weight after desiccation depending 

which is being used for the base of the moisture added calculations. 

Section III contains all the information measured during the 

experiment. Each block represents one set of data values. The left 

column is used for general identification, comments, the weight of the 

moist specimen ( in this type of measurement), and the calculated 

thermal resistance of the stack. Date and Time are self explanatory. 

Vh and Vr are the voltages, in ohms, across the heater and a standard 

resistance. These are used to calculate the heater power. RA through 

RE represent the resistances of the four thermistors in the heat-flux 

meters and the thermistor located in the chamber. The first row of 

numbers below this heading are the values obtained while heating the 

stack but after thermal equilibrium has been achieved. The second row 

of numbers are the corresponding values when there is no heat supplied 

to the system. These are used to "normalize" the temperatures to the 

same value and are therefore useful as a check and as compensation for 

any shift in the calibration curve of the thermistors. The TA through 

TE numbers represent the calculated temperatures at each location for 

the two cases described. DTU, DTS, and DTL values are the calculated 

temperatures across the upper meter, the specimen, and the lower 

meter, respectively. The lower values under DEL DTU, DEL DTS, and DEL 

DTL are the compensated temperature differences. QU and QL are the 

calculated heat flows in the upper and lower heat-flux meters. The 

last line of the block represents a summary of the calculated values 
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for that measurement which will be transferred to the overall synopsis 

at the end of the spread sheet. In this example, the summary line and 

synopsis contain the specimen ID, the average temperature of the 

specimen, the power supplied to the heater, the thermal resistance of 

the stack, and the moisture added as a weight percent. 

section IV contains the overall synopsis of the all the 

calculated values for the series of measurements. other constants 

which are to be used in the calculations are brought from different 

parts of the spread sheet. The contact resistance for the Teflon has 

been estimated from the resistance versus roughness graph. The 

contact resistance for the plastic bag has been estimated from the 

relationship between the contact resistance for the Teflon and the 

plastic bag at ambient humidity of the specimen. The thermal 

conductivity values are derived from the form factor divided by the 

resistance of the specimen, which in turn comes from the resistance of 

the stack minus the contact resistance. In the particular example 

given here, repeatability of the data was of concern. Consequently, 

the contact resistance values have been copied into three separate 

columns depending upon the wetting cycle. This separation allows easy 

plotting of the data using Quattro Pro, with different series 

identified with different symbols on the graphs. 

section V is used for any regression analysis. In this example, 

regression was not a particular useful tool. As can be seen, the 
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correlation is only 0.8204 and Figure 9.3, which is the graphical 

representation of the data presented here, confirms that the thermal 

conductivity is not a linear function of moisture. However, for 

illustration only, an additional column for the calculated thermal 

conductivity has been included in the synopsis. Graphing of measured 

and calculated values is then easy. 

The summary line and the corresponding synopsis section of the 

spread sheet is modified according to the experiment being performed. 

Such modification can be effortlessly accomplished within the given 

framework discussed in this example. 



Sample # 1 from Jan Wolski 
File TC2-D011.WQ1 
CAUBRATION 

TA (1000fT(K) = 0.970299498 + 0.258564421 * Ln(R(ohms» 0.970299498 0.258564421 

TB (1000IT(K) = 0.993326043 + 0.255964821 * Ln(R(ohms» 0.993326043 0.255964821 

TC (1000IT(K) = 0.986873570 + 0.256893944 * Ln(R(ohms» SECTION I 0.986873570 0.256893944 
TO (1OOOIT(K) = 0.972S08075 + 0.258336270 * Ln(R(ohms» 0.972608075 0.258336270 
TE (TH02) (1000IT(K) = 0.982084794 + 0.256568693 * Ln(R(ohms» 0.982084794 0.256568693 
TF (TH01) (1OOOIT(K) = 0.958391034 + 0.258914649 * Ln(R(ohms» 0.958391034 0.258S14649 

TH01 1.6n4 0.5962 0.9584 2.3026 0.2589 0.958391034 0.258914649 
TH02 1.6927 0.5908 0.9821 2.3026 0.2566 0.982084794 0.256566693 

UHFMCONST= 0.5215124 
LHFMCONST= 0.5215124 

Sample # 1 from Jan Wolski 
LW#1 

Length Diameter Area FF Volume Dry Weight Density 
m2 m-1 em3 gms gm/cc 

0.3016 1.7674 
0.3114 1.7674 
0.3048 1.7656 

0.3008 1.7644 SECTION II 

Mean 0.3047 1.7662 0.0016 4.8955 12.2313 31.5513 2.5796 
Stdev. 0.0042 0.0013 

DATE TIME Vh Vr 
01-01A 14-Mar-91 .10:50 6.0240 0.3582 
JW#1 RA RB RC RD RE 
Teflon 8.2035 8.8215 9.4835 10.0585 10.4100 
Slightdrifling 9.7585 9.7895 9.7510 9.7490 9.8685 

LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL SECTION III 
Weight 31.5555 29.8285 28.1680 26.3112 25.04n 24.8717 1.6605 1.8568 1.2635 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL QU QL 

2.2337 1.6642 1.7610 1.3591 0.8679 0.7086 
Summary 01-01A 27.2396 0.7884 2.2337 0.0133 

~ 
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Sample # 1 from Jan Wolski 
DATE TIME Vh Vr 

01-02A 14-Mar-91 13:30 6.0220 0.3581 
JW#l RA RB RC RD RE 
Teflon 8.1880 8.8040 9.4700 10.0640 10.4080 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH +3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.5549 29.8734 28.2142 26.3440 25.0351 24.8761 1.6593 1.8701 1.3089 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.2182 1.6630 1.n43 1.4045 0.8673 0.7325 
Summary 01-02A 27.2791 0.7999 2.2182 0.0114 

DATE TIME Vh Vr 
01-03A 14-Mar-91 16:25 6.0240 0.3581 
JW#l RA RB RC RD RE 
Teflon 8.1n5 8.7935 9.4675 10.0625 10.4050 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH +3Kg +6Br not fully load TA TB TC TO TE DTU DTS DTL 
Weight 31.5545 29.9039 28.2419 26.3501 25.0386 24.8826 1.6620 1.8918 1.3115 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.2414 1.6657 1.7959 1.4072 0.8687 0.7339 
Summary 01-03A 27.2960 0.8013 2.2414 0.0101 

DATE TIME Vh Vr 
01-03B 14-Mar-91 18:45 6.0230 0.3581 
JW#l RA RB RC RD RE 
Teflon - repeat 8.1840 8.8035 9.4685 10.0635 10.4040 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + SBr TA TB TC TO TE DTU DTS DTL 
Weight 31.5545 29.8850 28.2155 26.34n 25.0363 24.8848 1.6696 1.8678 1.3114 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.2061 1.6732 1.n20 1.4070 0.8726 0.7338 
Summary 01-03B 27.2816 0.8032 2.2061 0.0101 

01>-.... 
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Sample # 1 from Jan Wolski 
DATE TIME Vh Vr 

01-04A 15-Mar-91 8:50 6.0285 0.3582 
JW#1 RA RB RC RD RE 
Plastic dry 8.2205 8.8350 9.4760 10.0680 10.4240 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.5513 29.7794 28.1325 26.3294 25.0260 24.8410 1.6469 1.8030 1.3034 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.1468 1.6506 1.7072 1.3990 0.8608 0.7296 
Summary 01-04A 27.2309 0.7952 2.1468 0.0000 

DATE TIME Vh Vr 
01-05A 19-Mar-91 15:20 6.0270 0.3582 
JW#1 RA RB RC RD RE 
Plastic saturated 8.2555 8.8765 9.4825 10.0765 10.4200 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.9412 29.6786 28.0236 26.3136 25.0066 24.8498 1.6550 1.7100 1.3070 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.0221 1.6587 1.6141 1.4026 0.8650 0.7315 
Summary 01-05A 27.1686 0.7983 2.0221 1.2358 

DATE TIME Vh Vr 
01-06A 22-Mar-91 8:50 6.0290 0.3583 
JW#1 RA RB RC RD RE 
Plastic partial saturated 8.2465 8.8650 9.4835 10.0735 10.4170 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.7502 29.7045 28.0537 26.3112 25.0135 24.8564 1.6508 1.7425 1.2977 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL au aL 

2.0720 1.6545 1.6467 1.3934 0.8628 0.7267 
Summary 01-06A 27.1825 0.7947 2.0720 0.6304 

,e,. .... 
\0 



Sample # 1 from Jan Wolski 
DATE TIME Vh Vr 

01.()6B 24-Mar·91 15:30 6.0260 0.3582 
JW#1 'RA RB RC RD RE 
Plastio partial saturated 8.2330 8.8485 9.4675 10.0585 10.4200 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.6833 29.7434 28.0970 26.3501 25.04n 24.8498 1.6464 1.7469 1.3024 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL QU QL 

2.0n3 1.6501 1.6510 1.3980 0.8605 0.7291 
Summary 01.()6B 27.2236 0.7948 2.0n3 0.4184 

DATE TIME Vh Vr 
01-07A 27·Mar·91 22:05 6.0255 0.3581 
JW#1 RA RB RC RD RE 
Plastio fully saturated 8.3090 8.9335 9.4S30 10.0720 10.4080 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH +3Kg +6Br TA TB TC TO TE DTU DTS DTL 
WeIght 32.0950 29.5255 27.8751 26.3124 25.0169 24.8761 1.6505 1.5627 1.2955 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL QU QL 

1.8472 1.6541 1.4668 1.3911 0.8627 0.7255 
Summary 01-07A 27.0938 0.7941 1.8472 1.7232 

DATE TIME Vh Vr 
01-078 28-Mar·91 10:06 6.0265 0.3582 
JW#1 RA RB RC RD RE 
Plastio partial saturated 8.2585 8.8740 9.4800 10.0640 10.4130 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
WeIght 31.8870 29.6700 28.0302 26.3197 25.0351 24.8651 1.6399 1.7105 1.2846 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELDTS DELDTL QU QL 

2.0478 1.6435 1.6146 1.3802 0.8571 0.7198 
Summary 01-07B 27.1749 0.7885 2.0478 1.0640 

or:. 
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Sample # 1 from Jan Wolski 
DATE TIME Vh Vr 

01-070 29-Mar-91 9:30 6.0250 0.3582 
JW#1 RA RB RC RO RE 
Plastic partial saturated 8.2575 8.8705 9.4815 10.0640 10.4120 
Steady 9.7585 9.7895 9.7510 9.7490 9.6685 
LH + 3Kg + 6Br ·TA TB TO TO TE OTU OTS OTL 
Weight 31.8200 29.6729 28.0393 26.3161 25.0351 24.8673 1.6336 1.7233 1.2809 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST OELOTU OELOTS DELOTL au aL 

2.0709 1.6373 1.6274 1.3765 0.8538 0.7179 
Summary 01-070 27.1m 0.7859 2.0709 0.8516 

DATE TIME Vh Vr 
01-070 29-Mar-91 16:15 6.0220 0.3582 
JW#1 RA RB RC RO RE 
Plastic partial saturated 8.2360 8.8525 9.4715 10.0590 10.3920 
Steady 9.7585 9.7895 9.7510 9.7490 9.6685 
LH + 3Kg + 6Br TA TB TC TO TE OTU OTS OTL 
Welgh1 31.6951 29.7347 28.0865 26.3404 25.0466 24.9111 1.6482 1.7461 1.2938 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST OELOTU OELOTS DELOTL au aL 

2.0809 1.6519 1.6503 1.3894 0.8615 0.7246 
Summary 01-070 27.2134 0.7931 2.0809 0.4558 

DATE TIME Vh Vr 
01-07E 3O-Mar-91 20:40 6.0240 0.3581 
JW#1 RA RB RC RD RE 
Plastic partial saturated 8.2350 8.8480 9.4730 10.0580 10.4000 
Steady 9.7585 9.7895 9.7510 9.7490 9.6685 
LH + 3Kg + 6Br TA TB TO TO TE OTU OTS DTL 
Weight 31.6536 29.7376 28.0983 26.3367 25.0488 24.8936 1.6393 1.7616 1.2879 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST OELOTU OELOTS OELDTL au aL 

2.1107 1.6430 1.6657 1.3835 0.8568 0.7215 
Summary 01-07E 27.2175 0.7892 2.1107 0.3242 
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Sample # 1 from Jan Wolski 
DATE TIME Vh Vr 

01-07F 01-Apr-91 11:35 6.0230 0.3583 
JW#1 RA RB RC RD RE 
Plastic partial saturated 8.2370 8.8530 9.4660 10.0540 10.4000 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.8323 29.7318 28.0852 26.3538 25.0580 24.8936 1.6467 1.7314 1.2958 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELOTU OELDTS DELOTL QU QL 

2.0621 1.6503 1.6356 1.3914 0.8607 0.7256 
Summary 01-07F 27.2195 0.7932 2.0621 M906 

DATE TIME Vh Vr 
01-07G 02-Apr-91 10:50 6.0215 0.3583 
JW#1 RA RB RC RD RE 
Plastic partial saturated 8.2515 8.8700 9.4625 10.0495 10.4000 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS OTL 
Weight 31.9503 29.6901 28.0406 26.3623 25.0683 24.8936 1.6495 1.6784 1.2940 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELDTU DELOTS DELOTL QU QL 

1.9945 1.6532 1.5825 1.3896 0.8622 0.7247 
Summary 01-07G 27.2015 0.7934 1.9945 1.2646 

DATE TIME Vh Vr 
01-08A 18-May-91 13:20 6.0340 0.3585 
JW#1 RA RB RC RD RE 
Plastic, soaked 40 days 8.2810 8.9030 9.4780 10.0690 10.4180 
Steady 9.7585 9.7895 9.7510 9.7490 9.8685 
LH + 3Kg + 6Br TA TB TC TO TE DTU DTS DTL 
Weight 31.9941 29.6055 27.9544 26.3246 25.0237 24.8542 1.6511 1.6299 1.3008 

25.7639 25.7676 25.6718 25.7674 26.0939 -0.0037 0.0958 -0.0956 
THERM RESIST DELOTU DELOTS DELDTL QU QL 

1.9281 1.6548 1.5340 1.3965 0.8630 0.7283 
Summary 01-08A 27.1395 0.7956 1.9281 1.4034 

"'" '" '" 



Jan Wolski 
Specimen JW-01 

FF= 4.8955 Density = 2.5796 Avg conduct. 2.8433 
Series Tave Power ThRes Water Water Corrtact Th Cond Calc. 

%wt % vol Resistance K Arst Second Third Fourth 
Teflon 01-01A 27.2396 0.7884 2.2337 0.0133 0.0343 0.5000 2.8237 
Teflon 01-02A 27.2791 0.7999 2.2182 0.0114 0.0294 0.5000 2.8491 

Teflon 01-03A 27.2960 0.8013 2.2414 0.0101 0.0262 0.5000 2.8113 SECTION IV 
Teflon 01-038 27.2816 0.8032 2.2061 0.0101 0.0262 0.5000 2.8694 
Plastic 01-04A 27.2309 0.7952 2.1468 0.0000 0.0000 0.4250 2.8433 2.8645 2.8433 
Plastic 01-05A 27.1686 0.7983 2.0221 1.2358 3.1 an 0.3750 2.9722 3.0417 2.9722 
Plastic 01-06A 27.1825 0.7947 2.0720 0.6304 1.6262 0.4250 2.9724 2.9549 2.9724 
Plastic 01-068 27.2236 0.7948 2.0n3 0.4184 1.0792 0.4250 2.9629 2.9245 2.9629 
Plastic 01-07A 27.0938 0.7941 1.8472 1.7232 4.4452 0.3000 3.1841 3.1116 3.1841 
Plastic 01-078 27.1749 0.7885 2.0478 1.0640 2.7446 0.4250 3.0167 3.0171 3.0167 
Plastic 01-07C 27.1m 0.7859 2.0709 0.8516 2.1968 0.4250 2.9745 2.9866 2.9745 
Plastic 01-070 27.2134 0.7931 2.0809 0.4558 1.1757 0.4250 2.9564 2.9298 2.9564 
Plastic 01-07E 27.2175 0.7892 2.1107 0.3242 0.8364 0.4250 2.9041 2.9110 2.9041 
Plastic 01-07F 27.2195 0.7932 2.0621 0.8906 2.2974 0.4250 2.9903 2.9922 2.qg()3 
Plastic 01-07G 27.2015 0.7934 1.9945 1.2646 3.2621 0.3750 3.0228 3.0459 3.0228 

01-OSA 27.1395 0.7956 1.9281 1.4034 3.6202 0.3750 3.1522 3.0658 3.1522 
01-09A 27.2767 0.7964 2.1615 -0.0764 -0.1970 0.3750 2.7403 2.8535 2.7403 
01-010A 27.2253 0.8017 2.0876 0.2466 0.6361 0.3750 2.8586 2.8998 2.8586 

K as a linear function of moisture content 

Regression Output: 
Constant 2.8645 
Std Err of Y Est 0.0354 
RSquared 0.8204 
No. of Observations 11.0000 

Degrees of Freedom 9.0000 SECTION V 

X Coefficlent(s) 0.1434 
Std Err of Coat. 0.0224 

,r:. 
~ 
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APPENDIX D PERMEABILITY AND POROSITY CALCULATIONS 

At the beginning of the project, the need to measure 

permeability and porosity was not anticipated. Density was always 

included in the measurements taken and this, plus a geological 

description, had been, in the past, adequate to characterize any rock 

(or concrete) specimen. However, when it became possible to measure 

the thermal conductivity as a function of moisture of porous rocks and 

concretes, the necessity to quantify permeability and porosity became 

apparent. 

It was not possible to measure the permeability of the specimens 

whose thermal conductivity values were determined before 1989. The 

rock specimens used for those thermal conductivity measurements were 

not the appropriate shape and size to fit the permeability system 

already available in the Mining and Geological Engineering Department. 

Thus, new specimens would need to be prepared. Additional rock 

material was not available to give the required longer 4" specimens. 

In addition, these rocks, except the sandstone, were all "tight" (low 

porosity) and the variation with moisture had not been studied in 

detail. Consequently, it did not seem effective use of time to make 

extensive measurements on permeability or porosity for these rock 

types. 

However, in an attempt to at least quantify the permeability for 

one such low permeable rock, a special specimen of the granodiorite 
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discussed in section 8.2 was made. With significant assistance of Mr. 

James Williams, a fellow graduate student at the University of 

Arizona, permeability values were obtained using the system, which is 

described in detail in Sainath and Harpalani (1991). This system 

comprises a Hoek cell connected to a gas cylinder on one side and a 

soap bubble meter on the other. The bubles of helium, which were 

transmitted through the specimen while under an applied hydraulic 

pressure, were counted for different time intervals. The results for 

twelve measurements at low applied presBure were obtained from the 

spread sheet developed by Williams and presented in Table D. 1. The 

corresponding Klinkenberg graph shown in Figure D.1 allowed the 

adjustment to be made from the measured permeability for helium gas to 

permeability for water. A low permeability of 3.5 x 10-17 m2 was 

found, as expected, for the granodiorite. 

The Arkose sandstone had such a high permeability that the Hoek 

cell was used with a head of water on one side, instead of the 

pressurized helium gas, and a measuring cylinder on the other to catch 

the water which easily trickled through the specimen. It is estimated 

that the hydraulic conductivity (K) for this sandstone was 1.5 x 10-6 

m/sec, yielding a permeability (k) about 1.5 x 10-12 m2 • 

Experimental capabilities were not available to measure the 

absolute porosity of the rocks. However, for applications when the 

rock is not completely saturated and under a pressure and/or 
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TABLE D .1. Helium permeability data and results for granodiorite 

External stress = 500 psi 
Dynamic Viscosity = 1.941E-05 kg/m2 

Area = 1.098E-03 m2 

Length = 7.620E-02 m 
Barometric pressure = 6.953E+02 mm Hg 

Inflow Flow Time l/Mean Permeability Permeability 
Pressure Volume Pressure Calculated Corrected 

(psi) (ml) (s) (l/pa) (m2 ) (m2 ) 

200 10 28 1.3E-6 2.88E-16 3.43E-17 

200 10 29.5 1.3E-6 2.74E-16 3.25E-17 

150 10 49 1.6E-6 2.20E-16 3.35E-17 

150 10 50 1.6E-6 2.15E-16 3.28E-17 

150 10 52 1.6E-6 2.07E-16 3.16E-17 

150 10 52.5 1.6E-6 2.05E-16 3.13E-17 

150 10 56 1.6E-6 1. 92E-16 2.93E-17 

100 10 105.5 2.3E-6 1. 53E-16 3.25E-17 

100 1 11 2.3E-6 1. 47E-16 3.12E-17 

100 1 11 2.3E-6 1. 47E-16 3.12E-17 

100 10 110 2.3E-6 1. 47E-16 3.12E-17 

50 1 26 3.8E-6 1. 24E-16 4.35E-17 
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FIGURE D.1. Klinkenberg graph of apparent permeability versus inverse 
mean pressure for a granodiorite specimen. 

427 



428 

temperature gradient, it is the effective porosity which would be a 

more useful measure. Sainath and Harpalani (1991) used a water 

saturation method. They soaked specimens and monitored their weight 

with time. When the weight did not further increase then the 

specimens were considered saturated. Unfortunately, this method was 

not ideal for the specimens in this project; the surface to volume 

ratio was significantly higher than the large cylinders used in their 

work. Determining the amount of water on the surface of the specimens 

and maintaining consistency with wiping the surface at each weighing 

created unacceptable variations in the small changes in weight. 

Weighing the specimen while in the water may have avoided this 

problem. 

An alternative method has been used for effective porosity 

measurements for the rock specimens described in Chapter 9 and the 

concrete specimens described in Chapter 10. The technique follows 

closely that described by Guillot et al (1989) in their NMR work on 

limestone. A simple chamber was constructed which facilitated vacuum 

soaking of specimens. It consisted of a vertical plate, rubber seal, 

and a horizontal bell-jar, which can be evacuated by a rotary vacuum 

pump down to pressures of 50 microns (- 6.6 Pa). Specimens are placed 

in a tray inside the bell-jar and distilled water is introduced into 

the tray via a tube in the plate which is connected externally to a 

valved pipette. Thus, the following procedure has been developed to 

estimate the effective porosity: 
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1) dry the specimens by heating at 1050 C for at least 48 hours 

2) weigh dry specimen 

3) place the specimen in the tray, which in turn is set in the bell

jar 

4) vacuate the bell jar to at least 200 microns (- 25 Pa) for at 

least 4 hours 

5) introduce distilled water without releasing the vacuum 

6) continue vacuum pumping for a half hour to remove any air from the 

water 

7) release the vacuum while the specimens remain completely covered 

by water 

8) let the specimens remain in the water until needed 

9) weigh wet specimen drying excess moisture from the surface and 

immediately insert in its plastic bag and seal. 

In some cases, this procedure has been repeated twice to see if 

there is any loss of "specimen" in the process as has been found for 

limestone but not for the other specimens. 

By assuming values for the density of water and air, the wet and 

dry mass values allow an estimation of the effective porosity, n', of 

each specimen: 

n' = Mass saturated mass dry [0.1] 
(density water - density air) * specimen volume 
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The values obtained by this procedure are included in Table D.2, 

which summarizes the results of the project, and are given in addition 

with each specimen throughout the text and on the thermal conductivity 

with moisture content graphs. 
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TABLE D.2. Effective porosity calculated from measured masses of 

dried and vacuum saturated specimens of porous rocks and concretes. 

Specimen Dry Volume Vac.soaked Effective 
ID Mass Mass Porosity 

(gmS) (cc) (gms) n' 

Sandstone 
SDST #2 44.75 22.63 48.89 18% 

Limestone 
JW #1 31.55 12.23 32.09 4.5% 

Limestone 
JW #2 31.57 12.59 32.41 7% 

Partly welded Tuff 
PWT #1 33.25 15.92 36.25 19% 

Partly welded Tuff 
PWT #3 32.69 15.42 35.50 19% 

Concrete 
PMJ #1 38.49 19.86 43.15 23% 

Microconcrete 
WLG #1 30.12 14.52 32.99 20% 

Shotcrete 
SHOTCR #1 32.32 15.71 36.34 25% 

Lightweight foamed shot crete 
LWC #2 5.09 13.30 7.61* 19% 

Lightweight foamed shotcrete 
LWC #3 3.96 10.71 5.68* 16% 

* These masses were obtained from soaking not vacuum saturation 
because of the potential failure of the specimen. 
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Six relatively simple mathematical models have been considered 

to explain the thermal conductivity dependence on moisture. Five of 

these models have been derived to consider the thermal conductivity as 

a function of porosity with different materials within the pores. 

Three of these five models have been adapted to three phase systems to 

include air, water, and rock matrix. The two other models have been 

used for only two phases but with two cases: when the pores have been 

filled with air (dry rock specimens) and when the pores have been 

filled with water (vacuum saturation). The sixth model considers 

water concentration in concrete specimens. Other models may exist and 

new ones will be investigated but these have not been considered 

within the scope of this dissertation. 

Notation and assumed values: 

Ka = thermal conductivity of still air 

= 0.026 W/(m-K) 

Kw = thermal conductivity of still water 

= 0.609 W/(m-K) 

Kr = thermal conductivity of the rock matrix only 

= unknown, to be calculated from measured K 

Kp = thermal conductivity through the pores 

Kc = thermal conductivity of the cement paste 

Kg = thermal conductivity of the aggregate in the concrete 
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K = thermal conductivity of the total specimen 

= measured value, assumed to be 2.0 W/(m-K) for dry 

n = porosity of the rock, assumed to be 20% 

A = N*a where N2 is the number of pores in one direction, 

and a2 is the cross-sectional area of pores 

B = r*t where r3 is the number of pieces of cubic 

= 

aggregate separated by a thickness of t per unit 

volume of concrete 

water content = Volume of water in specimen 
Volume of specimen 

so that 0 < Ow < n 

Woodside and Messmer (1961) and Campbell-Allen and Thorne (1963) 

considered "layers" of different materials in parallel and in series. 

These lead to two equations for the conductivity of the "composite" 

material. For a rock matrix plus pores filled with air, the first 

results in: 

K = n Ka + (1 - n) Kr [E.1 ] 

that is, the weighted average using the volume proportion as the 

weights. Extension of this form to three "materials" gives: 

K = (n Ow) Ka + Ow Kw + (1 - n) Kr [E.2] 

For a rock matrix plus pores filled with air, the second model 

results in: 



1 = 
K 

+ (1 - n) 

Kr 
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[E.3] 

that is, the harmonic mean of the two conductivities. Extension to 

three materials gives: 

1 = 
K 

(n - Ow) + Ow + (1 - n) [E.4] 

A third model, which has no direct analogy with resistance, is 

the geometric mean, where 

K = K n a K (l-n) r 

or In K = n In (Ka) + (1 - n) In (Kr) 

For three materials, 

[E. 5] 

In K = (n - Ow) In(Ka) + Ow In(Kw) + (1 - n) In(Kr) [E.6] 

These equations are used twice: first with Ow = 0 (air in all 

pores) to derive the unknown Kr from the measured dry value of K; 

second with Ow = n to predict the saturated value of K. Thus, the 

model can then be tested if the predicted saturated value is close to 

the measured saturated value. 

In Equation [E.4], there is no value for Kr which will give a 

thermal conductivity of the specimen equal to 2.0 WI (m-K) • The 

maximum possible value for K is 0.13 W/(m-K), with air in 20% of the 

specimen volume. Using Equation [E.2], the resulting rock matrix 

conductivity is 2.49 WI (m-K), with 5.92 WI (m-K) the corresponding 
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value for Equation [E.6]. using a value of 2.494 WI (m-K) for the 

thermal conductivity of the rock matrix in Equation [E.4], the three 

equations result in the curves shown in Figure E.l for the thermal 

conductivity as a function of moisture. The weighted average gives a 

straight line function, though the slope of the line does NOT corre-

spond to the slope for the concrete results. The harmonic mean cannot 

be applicable as an individual model since it cannot predict a value 

higher than 0.13 W/(m-K). The geometric mean shows some similarity to 

the results obtained in the laboratory but a 200% increase in 

conductivity for a 20% water content is at least double that usually 

found in the laboratory. These values are summarized in Table E.1. 

Originally developed by Walsh and Decker (1966) and used by 

Scharli and Ryback (1984), two models have tried to consider the type 

of pores. For isolated, more or less isometric pores: 

K = 3 n [l - (Ka/Kr)] ) 
2 + n + (Ka/Kr) 

For interconnected crack-type pores: 

K = Kr Ka (3 + n) 
n Kr + 3 Ka 

[E. 7] 

[E.8] 

Without considering an extension to three phase materials, these 

two models can be investigated for their applicability to the measured 

results. Using Equation E.7 for air allows a value of 2.74 WI (m-K) 

for the rock matrix to be calculated. Now, by replacing all of the 
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TABLE E.l Summary of calculated values for five models of thermal 

conductivity variation with saturation 

Model 

Parallel 

Harmonic 

Geometric 

Iso pores 

Crack pores 

(assumed Kr 
Calculated 

Measured 
dry K 

(WI (m-K)) 

2.00 

2.00 

2.00 

2.00 

2.00 

= 2.74) 
0.36 

Calculated 
Kr 

(WI (m-K)) 

2.49 

Predicted 
wet K 

(WI (m-K)) 

2.12 

% Increase 

5.7 

inappropriate model, maximum Kr is 0.13 

5.92 3.76 88.0 

2.74 2.21 10.4 

inappropriate model, maximum Kr is 0.08 

2.25 520 

Note: Rock assumed to have a porosity of 20% 
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air by water and Ka by Kw, the thermal conductivity of the vacuum 

saturated rock should be 2.21 W/(m-K), an increase of only 10%1 If a 

similar procedure is used for Equation E.8, the rock matrix 

conductivity has no possible solution. If Kr was replaced by 2.74 

W/(m-K) in Equation E.8, then the dry specimen would have a 

conductivity of 0.364 W/(m-K) and the wet specimen a conductivity of 

2.25 W/(m-K); an increase of 520%1 consequently, neither of these 

models seems applicable to the laboratory measured values. 

campbell-Allen and Thorne (1963) developed a model for the 

thermal conductivity of concrete as a function of moisture. It was a 

two-step model in which the thermal conductivity of the cement paste 

was first derived and then the thermal conductivity of the aggregate 

with intervening moist cement paste was calculated. 

The premise behind model for the cement paste was that the pores 

are intersecting long holes, mutually perpendicular. Thus, the heat 

flow from one face to the opposite face has three paths; one through 

the pores which connect the two faces, one through the cement which 

connects the two faces, and one through alternating cement and the 

pores running in directions at right angles to the heat flow. A 

simple equivalent resistance model, using appropriate cross-sectional 

areas, gives the conductivity of the system as: 

K = + 2 A (1 - A) Kr Kp 

Kp (1 - A) + Kr A 
[E.9) 
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Campbell-Allen and Thorne assume that the conductivity of the 

pores is linearly affected by moisture. They consider Kp = 0 when the 

pores are filled by air and Kp = 0.3 Btu/(ft h of) when filled with 

water. Without indicating how, they assume that, for a water/cement 

ratio of 0.67, the cross-sectional area representing the pores (A) is 

0.52. Graphs with different values of Kr are shown in their Figure 4 

and can easily be duplicated from applying Equation [E.9]. Figure E.2 

shows the results using their units. If the conductivity of the air 

which filled the pores (Ka) is assumed to be 0.015 Btu/(ft h of) then 

the thermal conductivity curve has a slight upward shift (Figure E.2). 

If, on the other hand, the thermal conductivity of the pores is 

assumed to be a non-linear function between the still air value (Ka) 

to the water filled value (Kw) then the curvature of K - Ow plot is 

increased. An example for a quadratic version of the function is 

shown as the third curve in Figure E.2. These graphs could possibly 

explain the results found for rocks. The percent increases in thermal 

conductivity are of the correct order and the actual value of 

conductivity can be modified by changes in Kr and A. The model will 

be further investigated for its applicability and to check how Kr and 

A can be related in a physical way with the porosity (n). 

The second level of the Campbell-Allen and Thorne concrete model 

assumed that the aggregate was non-porous with each aggregate of cubic 

shape surrounded by a porous layer of cement paste. Thus, the thermal 

conductivity of the concrete can be expressed as: 
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K = Kc B (2 - B) + (1 - B)2 Kc Kg [E.10] 
Kc (1 - B) + Kg B 

Again, they did not give values used for Kg and B. Instead, 

they used the measured WET values of conductivity of various concretes 

to then predict the curves for the thermal conductivity as a function 

of moisture content. Reasonable agreement was found with their 

scattered data. 

An attempt has been made to use this model to compare with the 

data for concrete presented in Chapter 10. A spreadsheet was created 

to include both the model for the cement paste for various levels of 

water saturation and then to use these values for the second level 

concrete model. Campbell-Allen and Thorne's values for A and Kr for 

the cement paste were used, converted to MKS units, and various values 

of B and Kg were tried. Changes in B had a more drastic effect on the 

resulting conductivity and shifted the curve on the conductivity axis. 

Figure E.3 displays three choices of B and Kg to reflect how the curve 

is moved and changes shape with these parameters. 

In an attempt to compare the models with the measured data for 

concrete, Figure E.4 demonstrates the resulting model curve for B = 

0.24 and Kg = 4.0 W/(m-K). These are not unreasonable values, though 

currently there is no practical base for their choice. However, when 

the curve is compared with the measured data from Figure 10.8b, the 

functionality is different. The shape of the model curve can be 
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affected by the assumed relationship between the conductivity along 

the pores of the paste at different moisture contents, though a 

quadratic assumption leads to a higher curvature, moving further away 

not closer from the form of the measured data. In addition, it is not 

clear how porosity of the aggregate would affect the curve. Again, 

this model is to be investigated farther for its applicability to the 

data obtained in the research reported here. 
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APPENDIX F POTENTIAL MODELS FOR THERMAL CONDUCTIVITY AS 

FUNCTION OF MOISTURE IN ROCK USING FINITE ELEMENT ANALYSIS 

In an attempt to explain the mechanism for the "plateau" region 

in the thermal conductivity function of moisture for the rocks 

(particularly the Arkose sandstone (Figure 9.2», two finite element 

models have been constructed; the second a modification of the first. 

For each model, the rock is assumed to be comprised of grains of solid 

material surrounded by space, which could be filled with air or water. 

The grains do not touch in these primitive two-dimensional models. 

Planned extensions will investigate the effect of grain to grain 

contact and size of the contact area. These extensions would possibly 

explain the pressure effects presented in Section 8.3. 

The first model was developed as a rough approximation; the 

second a ref inement to better represent a rock of the chosen 20% 

porosity. The second is reported in detail. In order that the model 

could be used for two purposes, the dimensions (specimen thickness = 

0.88 cm), heat input (458 w/m2), and base temperature (26.30 C) have 

been chosen to match a specific case actually measured in the 

laboratory. The positions of the elements were chosen on the expect

ation that, when water was added to the specimen, it first located 

between the grains, then on the grain surfaces, and finally filling 

the remaining air gaps. This sequence is shown in Figure F.1, a copy 

taken from Figure 5.2 of Bear and Verruijt (1987). 



(a) 

-air water 

I 

(b) 

(c) 

(d) 

FIGURE F.1. Water and air saturation states (from Bear and Verruijt 
(1987)). 
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"We may distinguish three ranges of water saturation 
between the limits of 0 to 100%. Figure 5.2 shows water in 
a water wet granular soil. At low saturation, water forms 
rings, called pendular rings, around the grain contact 
points. At this low saturation, the rings are usually 
isolated and do not form a continuous phase. Although a 
very thin film of water, several molecules thick (which 
does not behave as ordinary water, due the very strong 
force of attraction between the water and solid molecules) 
does remain on the solid surface •••••• Figure 5.2b shows a 
pendular ring between two spheres. 

As water saturation increases, the pendular rings expand 
until a continuous water phase is formed. The saturation 
at which this occurs is called the equilibrium water 
saturation. Above this critical saturation, the saturation 
is called funicular and flow of water is possible (Figure 
5.2c). Both the water and air phases are continuous. As 
the saturation increases, a situation develops in which the 
air is no longer a continuous phase; it breaks into 
individual bubbles lodged in the larger pores (Figure 
5.2d). The air is then said to be in a state of insular 
saturation..... Obviously, if all the air can escape from 
the void space (or dissolved in the water) we have complete 
water saturat.ion." [Bear and Verruijt (1987)] 
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The finite element second model is shown in Figure F.2, with the 

vertical edges as axes of symmetry. As indicated above, the model 

parameters were chosen to match one laboratory measurement with the 

correspondence shown in Table F.1. The boundary conditions applied to 

the model were heat flux at the upper boundary, where a layer of 

copper was added to facilitate the application of a heat flux and to 

represent the heater plate, and a fixed temperature at the lower 

boundary. For the first application, the modeled temperature at the 

top of the rock was 28.380 e, compared with the measured value of 

This match was considered more than adequate since the 

0.180 e difference is typically the temperature differences across the 
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TABLE F.1 Correspondence between measured parameters and those 

used in the finite element model for thermal conductivity as a 

function of moisture 

Laboratory Model 

Power input 0.825 W 

Average heat flow through HFT's 0.820 W 

Average heat flow/unit area 458 W/m2 0.0458 W/cm2 

Thickness of the 2D model 1 cm 

Average heat flow/unit length (cm) 0.0458 W/cm 

Temperature at lower HFT 

Conductivity of the specimen 2 W/(m-K) 0.02 W/(cm-K) 

conductivity of the rock grains 0.02 W/(cm-K) 

Conductivity of still air 0.00026 W/(cm-K) 

conductivity of still water 0.00609 W/(cm-K) 

Height of specimen 0.88 cm 0.88 cm 

The units for the finite element model can be any chosen CONSISTENT 
units. The base measurements were in centimeters, hence the 
conversion of the heat flow values. 
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contacts between the HFT's and the specimen. (Contact resistance 

between the specimen and the copper plates has not been included in 

this finite element model.) 

The second function of the model was to predict the effective 

conductivity of various rock/air/water combinations. Since 

Q = Ke A AT [F.1] 
Ax 

. 
then Ke = Q / (A AT) [F.2] 

~x 

. 
But Q/A = heat flux/unit cross sectional area 

= heat flux/length/unit thickness 

= 0.0458 w/(cm2 ) 

with Ax = 0.91 cm 

When AT was determined from the model by finding the difference in 

the temperatures at nodes 76 and 66 or nodes 11 and 1, the effective 

conductivity of the model specimen was calculated from Equation [F.2]. 

Moisture content was found as the percent of the area which was 

assumed to be water to the total area of the specimen. 

Using the knowledge gained from the first model and information 

from Bear and Verruijt (1987) , where water would first fill the 

capillaries between the grains (pendular), then would attach to the 

boundaries (equilibrium water saturation), then would fill in the 
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rema~ning air gaps (insular saturation), the sequence of elements 

becoming water was 3, 4, 6, 7, 11, 8, 10, 9 and 2. These elements are 

identified in Figure F.2. The thermal conductivity of the rock grains 

was assumed to be 6 W/(m-K) (or 0.06 W/(cm-K» to give an increased 

effective conductivity of the dry specimen. 

The resulting effective conductivity function of moisture 

content is shown in Figure F.3. This curve has some similarity with 

the general shape of· the curve shown in Figure 9.2 for the Arkose 

sandstone, indicating that one of the key ingredients of the mechanism 

of heat transfer within granular porous rocks may have been found. 

The simple model only invol ves two rock grains. In a real 

specimen, there are hundreds of such grains. As water is added to the 

specimen, there would be an approximate equal chance of vertical or 

horizontal pendular rings being created. Thus, for a small amount of 

water, some of the horizontal gaps would be filled improving the "heat 

path" from the hot to the cold face of the specimen. As more water is 

added, more and more of the horizontal gaps would be filled giving a 

gradual change from the lower values to the mid values of the 

effective thermal conductivity instead of the sudden change shown in 

Figure F.3. At this stage, when more water would be added, adhesion 

to the remaining surfaces would not increase the number of "heat 

paths", giving the plateau portion of the curve. It is only after 

sufficient water has been added that the remaining air gaps begin to 
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be filled, again in a statistical manner, resulting in another 

lowering of the thermal resistance and the increase in effective 

thermal conductivity. 

This is in essence the basis of percolation theory. When 

probabilities are included, there will be a given probability that 

enough paths are created to allow increased heat flow. This threshold 

probability will change from specimen to specimen and be a function of 

porosity and grain shapes. The sudden jump in the effective 

conductivity for the sandstone and the tuff specimens at high values 

of moisture content could result from this threshold probability. 

These ideas plus the inclusion of molecular movement are currently 

under investigation. 

All of the above assume that the rock is hydrophyllic. This is 

the condition for the sandstone and tuff specimens. Experimental 

results for the thermal conductivity of hydrophobic specimens need to 

be taken before conclusions can be drawn, with the expectations that 

the theory is not applicable. The role of porous grains needs to be 

investigated. 



APPENDIX G SPREAD SHEET CALCULATIONS FOR THE BESSEL 

FUNCTION SOLUTION OF TIME DEPENDENT CASE 

454 

The transient a;}alytical case with inner and outer boundaries 

satisfying Dirichlet conditions was presented in section 11.10. The 

solution is given in Equation 11.18 and is the addition of three 

parts, two of which are summations involving zeroth and first order 

Bessel functions. For the given boundary conditions of Tv = 500 e and 

Ta = 30oe, the specific solution was calculated using a spread sheet. 

Examples of portions of this spread sheet are presented in this 

appendix. 

First, the zeros of the Uo were obtained from the tables in 

earslaw and Jaeger (1959) and Abramowitz and stegun (1972). These 

were entered at the top of the spread sheet. 

Second, since the Bessel functions J o and Yo were to be 

evaluated at r * aV which were not necessarily integers, inter

polation was needed. The second component of the spread sheet 

performed this interpolation using values for both J o and Yo' at 

integer steps, taken from tables. Thus, Uo could be found for 

different r values. The first five values, involving the first five 

zeros (ai), were calculated with two shown on the spreadsheet print 

out given in Table G.1. Five terms were not enough for small values 

of time but were adequate for most of the time values used in the 

plots shown in Figures 11.10a and 11. lOb. Figure G.1 plots the 

resulting UO's for the first four terms to confirm that the procedure 

which had been utilized was correct before proceeding to the next 

step. 

Third, the results from the second procedure were incorporated 

to calculate the different terms of the second summation in Equation 

11.18. The Jo(ri an) portion and the ratio portion involving Jo's in 

this equation are fixed for a given a, and therefore are only cal-



Time dependent analytical solution ~ 
t"i 
tr:l 

Zeros of Jo(alpha a) Yo(alpha b) • Jo(alpha b) Yo(alpha a) In 
• 

Xi alpha I 0 Time .... . 
1 0.33139 0.165695 2 100 rt 

::r 
2 0.68576 0.34288 CD "l 
3 1.03n4 0.51887 0 .... 

PI 1"1 
4 1.38864 0.69432 ~ m 

rt 
5 1.73896 0.86948 0 

c 
~ III 
III ::s 
rt c. 
.... m First term of summation 0 CD ::s 0 

Jo Yo Uo 0 0 
HI ::s g. 

Integer Table Table Interp. Table Table Interp. o~ 0 
0 

ralpha1 part value 1 value 2 valueJo value 1 value 2 value Yo HI .g 
2 0.3314 0.3 0.9n626 0.960398 0.972218 -0.807274 -0.606025 -0.744102 -0.001979 o 0 

1"1 ::s 
3 0.4971 0.4 0.960398 0.938470 0.939109 -0.606025 -0.444519 -0.449227 0.091638 rt CD 

4 0.6628 0.6 0.912005 0.881201 0.892666 -0.308599 -0.190665 -0.234560 0.153901 ::r ::s 
CD rt 

5 0.8285 0.8 0.846287 0.807524 0.835249 -0.086802 0.005628 -0.060483 0.199184 m 
6 0.9942 0.9 0.807524 0.765198 0.767665 0.005628 0.088257 0.083440 0.231320 

HI 0 .... 
1"1 HI 

7 1.1599 1.1 0.719622 0.671133 0.690594 0.162163 0.228084 0.201626 0.252024 III rt 
8 1.3256 1.3 0.620086 0.566855 0.606480 0.286535 0.337895 0.299663 O.2638n rt ::r 
9 1.4913 1.4 0.566855 0.511828 0.516640 0.337895 0.382449 0.378553 0.20"7575 rt CD 

10 1.6570 1.6 0.455402 0.397985 0.422703 0.420427 0.452027 0.438423 0.263593 
~ m 0 pC 

11 1.8226 1.8 0.339986 0.281819 0.326814 O.4n432 0.496820 0.481822 0.253379 N 1"1 

12 1.9883 1.9 0.281819 0.223891 0.230645 0.496820 0.510376 0.508795 0.237390 CD CD 
1"1 PI 

13 2.1540 2.1 0.166607 0.110362 0.136215 0.518294 0.520784 0.519639 0.216261 0 
g. 

0.002508 O.045On 0.518075 0.510415 0.516564 0.191169 
m m 14 2.3197 2.3 0.055540 . ::r 

15 2.4854 2.4 0.002508 -0.048384 -0.040966 0.510415 0.498070 0.499869 0.162694 CD 
CD 

16 2.6511 2.6 -0.096805 -0.142449 -0.120138 0.481331 0.460504 0.470684 0.131694 rt 

17 2.8168 2.8 -0.185036 -0.224312 -0.191640 0.435916 0.407912 0.431207 0.099144 III 
18 2.9825 2.9 -0.224312 -0.260052 -0.253801 0.407912 0.376850 0.382283 0.065778 ::r 

0 
19 3.1482 3.1 -0.292064 -0.320188 -0.305621 0.343103 0.307053 0.325725 0.032488 ~ .... 
20 3.3139 3.3 -0.344296 -0.364296 -0.347076 0.269092 0.229615 0.263605 0.000000 ::s ~ 

IQ U1 
U1 



Second term of summation 
Jo Yo Uo 

Integer Table Table Interp. Table Table Interp. 
ralpha1 part value 1 value 2 valueJo va/ue 1 va/ue2 va!ueYo 

2 0.6858 0.6 0.912005 0.881201 0.885575 -0.30851 -o.190e65 -0.207399 0.000237 
3 1.0286 1.0 0.765198 0.719622 0.752145 0.0S8257 0.162163 0.109424 -0.084323 
4 1.3715 1.3 0.620086 0.566855 0.582015 0.286535 0.337895 0.323268 -0.135969 
5 1.7144 1.7 0.397985 0.339986 0.389633 0.452027 0.477432 0.455685 -0.161778 
6 2.0573 2.0 0.223891 0.166607 0.191079 0.510376 0.518294 0.514911 -0.165597 
7 2.4002 2.4 0.002508 -0.048384 0.002426 0.510415 0.498070 0.510395 -0.151234 
8 2.7430 2.7 -0.142449 -0.184036 -0.160348 0.460504 0.435916 0.449921 -0.122095 
9 3.08S9 3.0 -0.260052 -0.292064 -0.287557 0.376850 0.343103 0.347854 -0.083102 

10 3.4288 3.4 -0.364296 -0.380128 -0.368855 0.229615 0.189022 0.217924 -0.039032 
11 3.7717 3.7 -0.399230 -0.402556 -0.401614 0.106074 0.064503 0.076276 0.005155 
12 4.1146 4.1 -0.388670 -0.376557 -0.386906 -0.056095 -0.093751 -0.061577 0.044942 
13 4.4574 4.4 -0.342257 -0.320543 -0.329784 -0.163337 -0.194705 -0.181355 0.076449 
14 4.8003 4.8 -0.240425 -0.209738 -0.240327 -0.272304 -0.292055 -o.2723fr1 0.097210 
15 5.1432 5.1 -0.144335 -0.110290 -0.129628 -0.321602 -0.331251 -0.325771 0.105372 
16 5.4861 5.4 -0.041210 -0.006844 -0.011628 -0.340168 -0.339481 -0.339576 0.101310 
17 5.8290 5.8 0.091703 0.122033 0.100486 -0.317748 -0.304366 -0.313871 0.085961 
18 6.1718 6.1 0.177291 0.201747 0.194860 -0.269435 -0.248310 -0.254259 0.061800 
19 6.5147 6.5 0.260095 0.274043 0.262148 -0.173242 -0.145226 -0.169118 0.031954 
20 6.8576 6.8 0.293096 0.298102 0.295979 -0.086434 -0.056254 -0.069050 0.000000 

Expo. 
Term 
0.308613 

~ 
IJ1 
C7\ 
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culated once for a given an. Uo varies with the radial distance (r) 

and the exponential term varies with time (t). These have all been 

combined in the third component of the spread sheet, with two of the 

terms of the second summation shown in Table G.2. 

Finally, all the terms in the summations of the first two parts 

of the equation are combined with the steady solution to give the 

temperature values for different radial distances and times. These 

values are, shown in Table G.3 and have been plotted in Figures 11.10a 

and 11.10b. 



TABLE G. 2 • Third component of the spread sheet showing the 

calculation of portions of the solution for the first two zeros. 

Tv Ta Times used in calculations (secs) 

so 30 1E-06 1728000 3456000 8640000 31536000 

Second Summation: First Term 

Jo Exponential terms Jo ratio 
for different times term 

Uo 1.555196 0.9536658 0.9094785 0.7888258 0.4207083 0.8947692 

2 -0.00198 -0.46095 -0.43959 -0.38127 -0.20335 
3 0.09164 21.34890 20.35971 17.65876 9.41803 
4 0.15390 35.85437 34.19309 29.65699 15.81710 
5 0.19918 46.40393 44.25384 38.38306 20.47102 
6 0.23132 53.89079 51.39381 44.57583 23.77384 
7 0.25202 58.71408 55.99381 48.56542 25.90163 
8 0.26388 61.47557 58.62715 SO.84959 27.11986 
9 0.26758 62.33719 59.44884 51.56228 27.49996 

10 0.26359 61.40936 58.56401 SO.79482 27.09065 
11 0.25338 59.02981 56.29472 48.82658 26.04092 
12 0.23739 55.30485 52.74235 45.74547 24.39765 
13 0.21626 SO.38256 48.04813 41.67399 22.22619 
14 0.19117 44.53886 42.47328 36.83872 19.64737 
15 0.16269 37.90289 36.14669 31.35142 16.72080 
16 0.13169 30.68085 29.25928 25.3mo 13.53481 
17 0.09914 23.09775 22.02753 19.10533 10.18954 
18 0.06578 15.32438 14.61432 12.67556 6.76032 
19 'J.03249 7.56880 7.21810 6.26054 3.33896 
20 0.00000 0.00000 0.00000 0.00000 0.00000 
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Second summation: second term 

Jo Exponential terms Jo ratio 
for different times term 

Uo 0.7495 0.8161515 0.6661033 0.3621212 0.0245368 1.2008015 

2 0.00025 0.02400 0.01959 0.02210 0.00150 
3 -0.08432 -8.10229 -6.61269 -7.45940 -0.50544 
4 -0.13587 -13.05516 -10.65499 -12.01928 -0.81441 
5 -0.16178 -15.54464 -12.68678 -14.31124 -0.96971 
6 -0.16560 -15.91164 -12.98631 -14.64912 -0.99260 
7 -0.15123 -14.53153 -11.85993 -13.37852 -0.90651 
8 -0.12210 -11.73170 -9.57485 -10.80084 -0.73185 
9 -0.08310 -7.98497 -6.51694 -7.35140 -0.49812 

10 -0.03903 -3.75041 -3.06090 -3.45283 -0.23396 
11 0.00516 0.49536 0.40429 0.45605 0.03090 
12 0.04494 4.31828 3.52437 3.97564 0.26938 
13 0.07645 7.34570 5.99520 6.76285 0.45824 
14 0.09721 9.34053 7.62329 8.59940 0.58268 
15 0.10537 10.12484 8.26340 9.32148 0.63161 
16 0.10131 9.73456 7.94488 8.96217 0.60726 
17 0.08596 8.25968 6.74115 7.60431 0.51526 
18 0.06180 5.93816 4.84644 5.46700 0.37043 
19 0.03195 3.07037 2.50589 2.82675 0.19154 
20 0.00000 0.00000 0.00000 0.00000 0.00000 



TABLE G. 3 • Final component of the spread sheet showing the 

calculation of the temperatures with radial distances and times. 

Calculated Temperatures 

Time Time Time Time Time Radial Ln Radial 
Steady 20 days 40 days 100 days 1 year Distance Distance 

30.000 30.055 29.996 29.963 29.978 2 0.693 
33.522 40.080 38.311 37.152 34.615 3 1.099 
36.021 45.961 43.553 41.940 37.849 4 1.386 
37.959 48.911 46.749 45.233 40.308 5 1.609 

39.542 49.978 48.513 47.417 42.244 6 1.792 Values 
40.881 49.876 49.303 48.756 43.789 7 1.946 

42.041 49.645 49.641 49.484 45.042 8 2.079 plotted in 
43.064 49.611 49.799 49.786 46.058 9 2.197 

461 

43.979 49.822 49.915 49.804 46.8n 10 2.303 Figures 11.1 Oa 
44.807 50.101 5O.Q15 49.667 47.541 11 2.398 

45.563 50.289 50.090 49.465 48.076 12 2.485 and 11.10b 
46.258 50.258 50.093 49.257 48.505 13 2.565 
46.902 50.101 50.052 49.100 48.852 14 2.639 
47.501 49.932 49.993 49.027 49.134 15 2.708 
48.062 49.839 49.944 49.052 49.364 16 2.n3 
48.588 49.850 49.930 49.183 49.557 17 2.833 
49.085 49.847 49.909 49.397 49.722 18 2.890 
49.554 49.990 49.980 49.692 49.868 19 2.944 
50.000 50.000 50.000 50.000 50.000 20 2.996 
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APPENDIX H CONVERSIONS OF UNITS 

As indicated in Chapter 1, the units throughout the dissertation 

have been SI except where standard English sizes are appropriate. 

Since much of the United States mining industry still uses other 

units, mainly English, this appendix has been created to assist with 

conversions of data presented throughout the dissertation. 

All the thermal properties, except thermal conductivity, are 

presented in Table H.1 in which SI units are converted to cgs and 

English. Unfortunately, thermal conductivity can have many different 

units; Table H.2 shows the multiplication factors for eight of them. 

TABLE H. 1 Thermal Properties in SI, cgs, and English Units 

Thermal Diffusivity 

Heat Flow 

Heat Transfer Coefficient (H) 

Heat Transfer Coefficient (h) 

Specific heat 

SI cgs English 

1 m2/sec = 104 crnZ/sec = 10.76 ft2/sec 

1 W/m2 = 23.9 x 10-6 cal/(crnZ sec) = 554 Btu/(ft2 hr) 

1 W/(rnZ K) = 23.9 x 10-6 cal/(cm2 sec °C) = 308 Btu/(ft2 hr of) 

1 m- 1 = 100 cm- 1 = 0.3049 ft- 1 

1 J/(kg K) = 239 x 10-6 cal/(gm °C) = 2.39 x 10-4 Btu/(lb of) 

or Specific Heat per unit volume 1 J/(~ K) = 0.239 x 106 cal/(c~ °C) = 14.93 x 10-6 Btu/ft30F 

Thermal Gradient 1 K/m = 

Energy J (1 N/m) 

Pressure 1 Pa (1 N/m2) = 

0.01 °C/cm 

0.239 cal 

10-5 bar 

= 0.5486 °F/ft 

= 9.488 x 10-4 Btu 

= 1.45 x 10-4 psi 
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TABLE H.2 Conversion of thermal conductivity units 

To convert from the units in the left column to the units across the top 
multiply by number in the table 

W W cal Btu Btu Btu 

TO (m-K) Ccm-oC) (sec crrf °C) (hr ft2 of) (sec ft2 of) (hr ft2 OF) 

FROM cm II II ft 

W/(m-K) 1_0000 0.0100 2.3885E-03 6.9336 1.9260E-03 0.5n8 

W/(cm-oC) 
W/(crrf °C/cm) 100.0000 1.0000 0.2388 693.3600 0.1926 57.7800 
J/(sec crrf °C/cm) 

cal/(sec crrf °C/cm) 418.6800 4.1868 1.0000 2902.9596 8.0638E-01 241.9133 

Btu/(hr ft2 OF/") 1.4423E-01 1.4423E-03 3.4448E-04 1.0000 2.7n8E-04 8.333E-02 

Btu/(sec ft2 OF/") 519.2108 5.1921 1.2401 3600.0000 1.0000 300.0000 

Btu/(hr ft2 °F/ft) 1.7307 1.7307E-02 4. 1337E-03 12.0000 3.3333E-03 1.0000 
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