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ABSTRACT

1he applivation of insulation material to the surfaces of airways has
the potentvial of reducing the heat load on the ventilation air of deep
mines. This study aims at assessing the viability of this technique.

Previous investigations on heat transfer from insulated airways are
reviewed and are found to be flawed or out of date. A more reliable
thermal analysis is presented. This shows that reductions in heat load
of SO to 70 per ~ent can be achieved in fully insulated tunnels, Z0 to
40 per cent with partial insulation (footwall uninsulated) and leus
than 20 per cent with the footwall both uninsulated and net. Nomograss
are presented which predict the reduction in heat load for a wide range
of conditions.

An experimental study on tunne) insulation in a deep gold mine is
reported. The reductions in heat load were §7 per cent with full
insulation, and 30 per cent with partial insulation. These values are
lower than those predicted, namely 71 and 50 per cent respectively,
largely because of the uneven thickness of the insulation layer.

Guidelines are provided for the selection of insulation systeas.
Estimates of the financial benefits accruing from the :insulation of

airways are presented.
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A4
1
1 AIMS AND CUTLINE OF STUDY
1.1 Introduction

Deep-level mine= are characterised by high virgin rock temperatures.
Traditional mining practice treats the assoclated high heat loads on
the ventilation air as inevitable and makes use of large refrigeration
plants to achieve acceptable working environments. This study aims at
assessing a metho’ of reducing the heat load at source, namelv by mrans
of insulating the sain intake airways. Working depths in Socuth African
gold mines at present extend to approximately 3 600 » below surface,
with virgin rock temperatures of up to 60 °C, and serious consideration
18 being given to extending operations to depths of 5 000 m, into rock
temperatures of approximately 70 °C. Since 1976 the increase in heat
lcad on mine ventilation systews has resulted in tre rapid growth of
installed refrigeration capacity and, as shown in Figure 1.1, is
expected to continue A similar trend is evident in the cost of owning
and operating refrigeration plant which at present amounts to a present
value of RZ 000 per kW cooling. It 13 therefore desivable to develop
cost effective methods for combatting the underground heat load
problesm, and reduce the flow of heat to underground workings, Other
methods of reducing the heat flow include the backfilling of worked out
areas, the design of mine layouts and t.e design of mine cooling

systems

There are several sources of heat underground (for example rock,
machinery, men and explosives), the most significant being that of the
rock mass surrounding the workings (Bluhm et al, 1986y, In particulaz
the many kilometres of intake airway contribute a sign:ficant piopor-
tion to the overall mine heat load. This proportion grows with the
lite of the mine as the alrways have to extend to service the wurkings
further from the shaft. Surface or station bulk air cooling also
results in an increase of the heat load contribution by the airways,
swWing to an increased temperature driving force between the aiv and
rock. One possible method of reducing the heat flow from the rock mass

congigts of iunsulating the rock surfaces.

N ‘k‘ PO e ata o M A i
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Figure 1.1 The installed refrigeration capacity on
South African gold mines

1.2 Aims of Study

The aims of this study are to:

(i) Conduct a theoretical analysis of the reduction in heat flow
that can be achieved with both full and partial insulation of
tunnel rock surfaces.

{1i) Provide for the mining industry a straightforward means of pre-
dicting the reduction in heat f{low due to full and partial

insulation und~r a wide variety of mining conditions.

{iii) Test the theoretical predictions by experiment at an under-
ground tunnel.

{iv} Obtain experience in the practical problems of applying insula-
tion to tunnel surfaces in deep level mines.




1.3 Outline of Study

The mejor sections of this dissertation are devoted to a theoretical
study oi the heat flow reductions that can be gained by insulating rock
surfaces, and to the results of actual heat flow reductions achieved at
an experimental test site. However other important aspects ol the
analysis of the thermal insulation of mine airways have been examined.

Initially a literature search was conducted of previous work on insula-
ting mine airways. The findings of this are presented in Chapter 2.
Among the several authors who have examined the possibility of insplat-
1ng mine airways as a means of reducing heat gain, most have concluded
that although insulation should, theoretically, reduce the heat flow
into an airway, there are no materials available which are practical
for us? in mines. lUnfortunstely the mathematical analyses were in
general over-simplified, leading to errors in the estimation of the
final effectiveness of the insulation. This was sc mainly because
neither the effect . <> - af the airway on the heat flow from the
rock, nor the temperature history of the rock prior to the application
of the insulation were taken into account. From this review, a more
thorough analysis than any previously published appears to be

warranted.

Also in Chapter 2 a review of the techniques and problems associzted
with evaluating heat flow into mine tunnels s presented. A knowledge
of this information 1s essential for conducting an analysis of the heat
flow reduction that can be achieved by insulating mine airways.

To mathematicaily assess the effect of insulation on heat flow into a
tunpel, the heat diffusior equation sust be solved subject to complex
boundary and initial conditions

The complex boundary awd initial comlitions are due to:

(i) an irregular, non-circular, tunshel cross-section;

(i1} & rock body extending to infinity;

Fs .k‘. . PO A - -
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(1ii) 1r. * . > boundary conditions on the rock surface, e.g.
pO&. .e partia. insulation of the perimeter; and

(iv) the applicaticn of the insulation some time after the rock

surface was exposed,

The difficulties in solving the two-dimensional heat flow egquation
subject to these conditions were overcome by using finite element
analysis or, where possible, simplified analytical approaches much as
the quasi-2%cady method (Starf.eld and Bleloch, 1983). The
quasi-steady method was modified to allow for an insulated rock
sur{ace, and both this algorithm and the application of finite element
analysis to underground heat flow problems were tested in Chapter J. A
cospurer program based -n the modified quasi-steady method is presented

in Appendix A.

on establishing suitable methods of predicting heat flow into insulated
runmels a theoretical study was conducted in Chapter 4. [Initially each
+f the many parame.ers that effect the heat flow were examined to
cdentify which could be assomed to be constant in the analysis. Those
rarameters whirh could not be assumed to be vonstant were examianed

further over & range applicable to the South African mining industry.

w@ith this information a preliminary study was conducted of the effects
of insulation on heat flow at a single tunnel cross-section. Although
the results of sssesping the heat flow into a single cross-section can
ot be applied to a mine-wide case, the mathematical proceduve is
simple and provides a gquick and easy assessmont of the effects of
insulation thickness, i-sulation thermal conductivity, the percentage
covering of the rock surface and the insulstion effert of the footwall
ballast.

This work wes then extended to allow for the effects of a finite length
af tunnel The results of a large number of cosputer runs for varying
ronditions are presented in the form of nomograms.

To discover the practical implications of insulating mine alrways and
to obtain an indication of the accuracy of the theoretical analysis a
section of airway at Western Deep Level gold mine was insulated. The




test site was divided into three 30 m sections, which were treated as

“-1lows:

(1) Section A - An uninsulated control sectinn.

(il) Section B - The sidewalls, hangingwall and footwall were

insulated with aovroximately 50 mp thick insulation foam

(i11} Section C - The sidewall anc jangingwali were insulated with
appruximately 50 mm thick insulation foam. The footwall was

left untreated.

Data was collected over 24 weeks and the heat flowing into the tunnel
cross-sections was determined from a knowledge of the vock body
temperatures and thermal properties The reductions in heat flow due
to the insulation were established by comparison of the insulated
section with the uninsulated control sections. These results are

presented in Chapter §

The theoretical and ecperimental work is compared in Chapter 6. The

theoretical results were derived using finite elements which modelled
the experimental test site as closely as possible, In addition a -om-
parison was made with simple techniques of heat flow analysis and the

accuracy of both methods is commented on.

Whilst the main body of work presented in this thesis is concerned with
the assessment of the heat flow reduction due to the insulation, it is
also appropriate tu comment upon suitable materials for widescale use
in underground workings. In Chapter 7 a breakdown of desired proper-

ties for an airway insulation is presented.

Another aspect to consider when assessing the implications of insula-

tionh is the financial savings when compared with the cost of supplying
an equivalent amount of refrigeration. For this reason a financial
comparison was conducted for a typical airway both with and without an
insulated footwall. The resu. are presented .n Thapter 8. It is
unfortunate that this important aspsct can only be covered by a typical
example, but the large number of site specific variatles involved in
the analysis prevent any global analysis.
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In conclusion a set of recommendations have been presented as a guide

to the selection and implementation of alrway insuylation.

1.4 Mining Terms

In this dissertation the term 'footwall' can be considered to be the
floor of a rectangular cross-sectional tunnel Similarly the 'hanging-
wall' corresponds to the ceiling and the 'sidewalls' to the walls of

the tunnel.

The ‘ballast’ i1s a layer of rubble, typically 300 mm thick, placed on
che footwall for laying rail tracks on.

The terms ‘intake airway', 'airway’, ‘ventilation airway', and 'tunnel’

have been used synonymously throughout this dissertation.

This dise=rtation reports on work carried out as part of the research

programme of the Chamber of Mines of South Africa
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2 LITERATURE REVIEW

2.1 Introduction

The aim of this chapter 15 to review previous theoretical and experi-
mental studies on the effect of insulating mine 2irways. S$Since the
study of heat ranafer to insulated airways has as a prerequisite the
understanding of heat transfer to uninsulated airways, studies on the
latter are of pecessity included in the review. Chapter J deals in
detail with the techniques of computing heat transfer to mine zirways.
The present chapter thus treats computational studies in outline only,
with emphasis on the limitations and on the results that have been
achieved, rather than on the techniques,

2.2 Heat Flow into Insulated Tunnels

In simpiified form the heat [low into a tunnel can be assessed by

waking the following assumptions:

{1) The rock is homogeneous.
{ii] There 13 negligible axial heat transfer
fiii)  The initial temperature distribution is uniform throughout the
rock
{iv) ‘The runne) has & circular Cross-section,
(v} The rock surface temperature is equal to the ambient temperature

{i.e. thare is no surface resistance to heat transferj.

Assumption (1), (i), and (1ii) ars not questioned in the literature,
which from the experimental work of Hemp (1966, 196%, 19704, 1%70b)
appears to be justified In the work prescnted in this dissertation
assumptions (i) and (i1i) have been accepted, but the assumption of a
uniform instial temperature distribution throughout the rock can not be
made when considering events (such as the application of insulation)
which occur some time after the holing through of the tunnel excava-

tiun.

. i convenient to assume a circular cross-section as this facilitates

an anal .ical solution for the rate of heat transfer to pe found. By
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also making assumption (v), of no surface heat transfer resistance, a
solution in the form of an intractable integral is avaiiable (Nichol-
son, 1921). This inteqgral was numerically tabulated by Goch and

patterson (1940), and enables a good estimate of tunnel heat flow to be

simply evaluated.

An improvement on this solution was aciieved when a similar integral,
which made alluwance for uniform surface convection, was formulated
(Goldstein 1932). This integral was comprehensively tabulated (Jaeger
and Chamalaun, 1966) for Jifferent Biot and Fourier numbers and
similarly provides a quick and easy solutioa.

These two solutions are important because they have been used not only
for these simple cases but as the basis of more complex problems. The
solution by Goch and Patterson forms the basis of the quasi-steady
method of Startield ang Bieloch (1983), which 1s capable of dealing
with non-uniform boundary conditions, and the solution by Jaeger and
Chamalausm can be used to allow for cases of uniform wetness or uniform

insulation around the tunnel perimeter (Hemp, 1982).

Thus, for example the effert of a layer of insulation can be accounted
for by ignoring its heat storage capacity, and calculating an effective
surtace heat transfer coefficient. Neglecting the very small area
change due to the tnickness of insulation 4, the effective surface heat

transfer coefficient h,, is given by:

he = 1/(x/k + 1/h)

where k is the insulation thermal conductivity and h is the surface

convective heat transfer coefficient.

Most alivays in mines are aporoximately square or rectangular in cross-
section It is therefore desirable to derive some equivalent radius so
that these simple mcthods may be appiied. A method was devised (Wiles
and Graves, 1954) from the results of an experiment making use of an
slectrolytic tank to study the heat flux around a square cross-section
with a wet footwall. Two relationships for equivalent radii wore

derived:
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a = b/2 exp(-1,765+2,473F) (2.1
a = b/2 exp(0,795-0,940F), (2.2)

where a is the equivalent radius, b is the gide of the square tunnel
and F the fraction of total heat {low through the hangingwall and side-
walls. Equation 2.1 applies to the heat flux through the footwall and
Fquation 2.2 to the hanging and sidewalls. It should be noted that
when the footwall is totally dry {that is F = 0,7%) Equations 2.1 and
7.2 are the same, resultipg in a = 0,547b.

This wors unfortunately has been misinterpreted, with most authors
assuming an equal cross-sectional area relationship, resulting in

a = 0,564 and applying this also to situations other than totally dry.
This is acceptable for the totally dry case since this relationship is
close to the a = 0,547b of Wiles and Graves, but erroneocus for wet or
partially insulated cases.

The heat flow into a tunnel of square cross-section and partially wet
surfaces has been solved numerically by Starfield and Dickson,

(1967). The results of many computer runs were assembled into a data
base. The wet and dry bulb ¢ <perature increase along a length of air-
way i8 calculated by accessing the datas base through an interpolation
program, known as 'rapid mechod' (Starfield, 1969).

Many other simgplified models have been proposed to allow for wet air-
ways. Most of thea rely on the fundamental sethods previously mention-
ed and they have been acd-juately reviewed (Vost, 1981). Perhaps the
most useful method which allows irregular boundary conditions on the
tunnel circumference is the quasi-steady method of Bleloch and Star-
tield (1983}, The basias of this method considers a thick walled,
hollow cylindes with steady state heat flow conditions, The diameter
of the outer wall of the cylinder varies with time s> that the heat
flow at the tunnel surface at any instant is equal to that of the real
transient problem. In this present work much us2 is made of this
technique in extended form so as to accommodate partial insulation, and
more detail is given in Chapter 3 and Appendix A,
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Only two authors have published heat transfer data from actual measure-
ments taken in mine tunnels (Lambrechts, 1967 and Hemp, 1966, 1967
1970) . The work of Lambrechts was based on 30% sets of observations in
mine airways, from which empirical eguations for calculating wet-bulb
temperature gradients as a function of air velocity and VRT were
derived. His results have no direct bearing on the work in this dis-
sertation as the equations cannot be adapted to account for the effects
of insulation

Hemp (1966, 1967, 1970) produced a series of veports based on practical
measurements of alr and rock temperatures. The work consisted of
measuring alr temperatures along an airway and measuring rock tempera-
tures to various depths at a test site. The most salient objectives of
the work were to correlate observed values of heat flow with those cal-
culated from theory, to establish values of heat transfer coeffirients,

and to investigate heat and mass transfer processes from - wet foot-
wall. HMis results zhowed that it i1s more accurate to assess tunnel
heat flow by measuring rock temperatures rather than through measuring

increases in air tempecature

Hemp stated:

‘Perhaps the most significant finding has been that th. theory
of heat flow into an airway surrounded by homogeneous isotropic
rock provides values of the heat flow rate which agree closely
with those observed by means of rock temperature measurements,’
(Hemp, 1970).

He is in fact referring to the work of Starfield (196%), with which he

compared his experimental observations and obtained close agreement.

2.} Insulation of Mine Airways

The first work on the insulation of mine airwzys was conducted during
the period 1962 to 1964 when an insulation field trial was conducted at
Loraine Gold Mines Limited. This project utilized two types of insula-
tion, namely polyurethane fnam and slag wool. The heat flow was
measured by drilling holes to a depth of about 3 m into the rock mass
and measuring temperatures at 300 m intervals. Aithough a number of
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measurements were made over a period of more than two years and it was
found that the heat flux into the airway was reduced, the results were
nevar published and the wide scale insulation of airways never imple-

mented.  Presumably either the results were not conclusive or the bene-

fits not sufficiently attractive at that time.

The first documented work was concerned with the simulation of the

effects of total insulation by reducing the surfac. heat transfer co-
efficient on the tupnel surface (Scott, 1959). A graph was produced
showing the reduction in air temperature of an insulated tunnel when

compared to that or an uninsulated tunnel.

Unpublished, internal work of the Chamber of Mines of South Africa
Research Organization attempted, by means of a resistance paper ana-
logue, to guantify the reduction in heat flow experienced when the
hanging and sidewalls are insulated Although the method was analogous
to steady state heat transfer, 3¢ was shown how this method could be
applied to the transient problem of heat flow into a tunnel. Using the
steady state analogue the radius was found at which the temperature was
halfway between the virgin rock temperature and the rock surface
temperature. By using tre solution given by Carslaw and Jaeger (1946)
for neat flow from an infinite mass to a circular tunnel it was
possible to calculate the age ot the corresponding airway. The justi-
fication for this method was that the dimensionless temperature around
& crreylar hole varies linearly for the most part with the logarithm

of the radius for different values of age, and the corresponding plot
for a steady state field shows the same linear relationship. This
approach 15 the same as that applied computationally in the later
quasi-steady method (Starfield and Bleloch,1981).

Wnilst the method of analysis was noteworthy, the conducting sheet pro-
cedure wag doubtful. In order to account for the layer of insulation,
an equivalent thickness of rock with the same thermal resistance as the
layer of insulation was evaluated. For example, a 50 mm thizkness of
insulation with a thermal conductivity of 0,03 W/mK is equivalent to
1,98 m of rock with a thermal conductivity of 5,6 ¥/aK, For a typical
mine airway the effective tunnel radius was reduced to one percent of

the actual and the results are thus open to doubt.
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It is possible to use the above analytical technique to calculate heat
flow into a simple uninsulated tunnel without using the electrical
analogue. When comparing the results of such an exercise with the
results obtar... usiang the Goch and Patterson tables, accuracies
within five per cent are obtained. It is unforturate that the results
of the paper analogue were not subjected to a similar check. This
would have established the validity or otherwise of the te hnique.

In view of this uncertainty the analoque results should be treated with

some scepticism. The main conclusion was:

‘It is considered that these benefits (reduced cooling costs)
are small compared with the expense and complexity of install-
ing and maintaining efficient insulation, and in view of this
it is concluded that insulation of mines airway tunnels is not

a justifiable proposition.’

It is worth noting that the authors exam.ned the decreased benefits of
insulation with a finite le —'th of tunnel. The benefit decreases
because insulation, by reducing heat pick-up, promotes a smaller air
tesperature gradient along the airway, thereby maintaining the
temperature druving force at a higher level than in the uninsulated
casz, This means that estimates of heat flow reduction in an airway

cannot be based on estimates ref.rring to a single locality.

Other work conducted at the Chamber of Mines of South Africa in 1967
used an electrical analogue to study the insulation of develoupment
ends  The insulation had a conductivity of 0,52 W/m °C, which is high
compared with values as low as 0,02 W/mK available for modern
materials. The insulation was applied six hours after exposure of the
rock surface. The model assumed linear heat transfer vather than
cadial, and was only concerned with the heat flow during the first 20
hours from the time of exposure The effect of cyclical wetting down
of the insulation and rock surface was also incorporated. Whiie this
work 1is not strictly relevant to long term insulation of a mine airway
under dry conditions, the results show considerably lower surface

temperatures as a result of incalation.
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A numerical method, based on the Goch-Pattersor approach, was used to
compare the temperature rise of air through $0" m of tunnel (Gould,
1968) when either completely insulated or uninsdulated (with varying
degrees of wetness for the uninsulated case) The results show a
significant decrease in the outlet air temperature as a result of insu-
lation, typically 1,5 °C wet-bulb  The overall conclusion was that
there are many practical problems which require attention before insu-
lation becomes feasible, and that the higlher the virgin rock tempera-
tures, the more justifialle the expense of insuleting. However, at the
virgin rock temperatures being encountered at the time (1968) there was
no merit in its application.

In more recent research sor: advantages of insulating airways were
highlighted (Hughes, 1978). The economic benefits due to the reduction
in heat flow and reduction in resistance to air flow were quantified
and break-even cost figures for the insulation were evaluate . A posi-
tive case for the use of insulation was presented. Unfortunately the
economic justification is erroneous due to, amongst other things, the
assumption of steady state rather than transient heat flow, as we  as
the consideration of only one cross-section of tunnel rather than a
finite length.

The past work on mine insulation has generally resulted in negative
conclusions with regard to its wide spread implementation. However,
most of this work was either flawed or done some 20 years ago. Since
then the environmental control practices in South African gold mines
have changed radically. Significantly higher virgin rock temperatures
are being encounteted and the widespread use of chilled service water
and its natural partner - the bulk cooling of air - are well estab-
lished. The available insulation materials have also changed radically
over these two decades. Furthermore, the increased depths and higher
rock stresses have increated the possible benefits with regard to rock
support. All these factors indicate che need for a careful considera-

tion of the insulation of mine 1irways.
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3 COMPUTATIONAL METHODS
3.1 Introduction

In this chapter the computational methods used in evalvating maynitude
of heat flow from insulated airways are presented,

Initially the finite element method and the commercial computer program
"ADINA T' (Automatic Dynamic Incremental Nonlinear Analysis of Tempera-
ture), which was used extensively are introduced. The accuracy and
suitability of the package were tested and the results are fully pre-
sented. The test cases described were used to derive a suitable finite
element mesh configuration and time step scheme for the solution of
heat flow from an infinite medium into a tunnel. A simple test of the
effect of variable insulation thickness was also conducted and the
results are presented.

The quasi-steady method of analysis is then described together with
details of modifications which were made to accommodate the effects of
partial insulation. The algorithm is then compared with the finite

element pethod in order to assess 1ts accuracy for a typical test case.

Finally a method for predicting heat flow into fully insulated or un-
insulated tunuels is shown. The method is based on the published
tables of Jaeger and Chamalaum.

3.2 Finite Element Method

3.2 Introduction

The finite element meihod 18 a numerical analysis technique for obtain-
ing approximate solutions to differential equations which occur in many
engineering problems. The method was originally developed to study the
stresses in airframe structures (Huebner, 197%) but has been applied to
other fields such as hydraulics, dynamics and heat transfer (Desai and
Abel, 1972). The attractiveness of the method lies in its ability to

s ..h‘ P, [P A i

a i



handle problems having complex geometries, and boundary conditions
which are seldom amenabis to claasical solutions (Owen and Hinton,
1930 .

The basmiz of the finite eiement method is the division of the region of
interest into dicrete elements over which the temperatures are
interpolated. The ability to specify different element sizes and
shapes is onc ot the most powerful features of the method. It enables
the bounda-ies of the domain cof interest to be modelled accurately and
15 capable of salving irreqular meshes, which may typically have a
greater density of elements at regions of greater temperature

gradient The selection of element size, shape, and distribution is
largely governed by experioence. Unfortunately the accuracy of the
results are often limited by the availability of computer running time
or funds. A greater number of elements will tend to produce higher
accuracy but will increase the use of computer resources. Typical
element shapes used in commercial packages are shown in Figure 3.1,
The nodal points are the positions at which temperatures are
interpolated The governing equation for transient heat conduction in

twy dimensions is given by:

H EH
kpT e 3T mec (3.1

In order to solve Equation 3.1 by the finite element method, use is
made of the calculus of variations (Spiegel, 1971). This variational
approach leads to a functional (function of a function) which when
minimised provides the solution to Equation 3.1 The tunctional, I,
for this problem 15 of the form (Heubner, 1975):

H H 2
[ f(k 2w 3T e 2y ay a (3.2)
Atea Y

The temperature distribution is then approximated by assuming:
T = [N] {T] (3.3)
[T] i5 a column satrix «f the unknown nodal temperatures and [N] are

the interpolating or shape functions which approximate the temperature

behaviour throughout an element.
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Figure 3.1 Typival two-dimensional element shapes

~Axisymmetric mesh

(dotted)
!
Planar mesh
Figure 3.2 Planar and axi-symmetric meshes
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Substituting Fquation 3.3 into Equation 3.2 and performing the relevant

mathematics (Myers, 1971) to minlsuse Cquetion 3 2 produces:

[¢} (11 « (71 ([K} » {HD = 0O (3.4
where the elements of the matrices [C], [K) and [#] are jiven by:

AN, ar aN. BN,
w L B S
KLJ k(ax ax * oy oY 1 dy dx

= (N N)] dy dx
Hig = AN Nyl dy dx

Equation 1.4 shows the relationship between the nodal temperatures and

their time derivatives which must b=~ satisfied at each point in time to

minimise 1 in Equation 3.2 This system of esquations 1% usually
solved by one of the classical Crank Micolson, or Euler (Myery, 1871
numerical difference techniques.

The computer program ADINA T' has loveloped o :olve Eguation 1.4

for various bhoundary conditicas 1ve use o this program was

made in assezsing the heat flow f{rom cnto @ turesl.

3.2.2  The 'ADINA T' finite o' ‘went pregvam

The following tests were carroed out v crder to gain experissace with
the "ADINA T' program, as well as to assess 183 sCouracy, and to help
arrive at a sultable mesh 4 partia. v insulated tunael iz 2

infinite medium.

TEST 1
The steady state temperature distribotion in an infinitely long, thick

walled pipe, subject to the following boundary conditions, as

determined.
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Inside radius ry = 1,0m
Outside radius r; = 2,0m
Inside temperature T, = 100 °C
Outside temperature Tz = 0 °C

The solution to this simple problem, given in many texts (Bayley et
al ., 1972, McAdams, 1954), cerves as a useful assessment of the
"ADINA T' package.

This problem is governed by the Laplace equation, whach for

cylindrical co-ordinates in one dimension i1s given by:

[ xaTy,
(<) o

Successive integration leads to the general solution

i
ot

T=Alnr +B

By subsitution of the boundary conditions

T = Ty at r = 1y
T = Ty at r = 13

into the general solution, constants A and B are obtained:

A Ta- T Boaor, - ATz - Tyl
In (ry/xyi ! in (rg/rn)

The temperature distributiosn through the cylinder wall is then given

hy:

Tow Ty 4 In (r/ry) [(Ty - Ty¥/In (rg/r)} (3.5)



Inside radius ry = 1,0 m

Outside radius rp = 2,0m

Inside temperature Ty = 100 °C

Outside temperature T; = g °C

The solution tu this simple problem, given in many texts (Bayley gt
al. . 1972, McAdams, 13%4), serves as a useful assessment of the

"ADINA T' pachage.

This problem 1s governed by the Laplace equation, which for

cvlindrical co-ordinates in : dimension 15 given by

or

a {zdry.
dt( dr}“ 0
Succesgive integration leads to the general solution
T=4&lnr + B

By subsitution of the boundary conditions

T =Ty at r = Iy
T =T, at r = i3

into the geaeral solution, constants A and B are obtained:

. T Ty . 3
A In (r/ty) BT

The temperature distribution through the cylinder wall is then given

by:

T o= Ty 4 In (r/ry) {(Ty - Ty)/In (ra/ry)] (3.%)
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Owing to the axisymmetric condition of the problem only one dimension
need be considered when using the finite element method. However, to
explore the cwo dimensional features of the 'ADINA T' pachkage, a
quarter of a planar section was analysed. The difference between an
axisymmetric mesh and a planar mesh is shown in Figure 3.2, the finite

element mesh used is shown in Figuv. 3.3.

Figure 3.3 Planar Finit~ element mesh layout for test t

The results from the f_nite element method were compared with chc i
analytical solution given by Equation 3.5 As expected they were
identical and axisymsetrical. They are not, therefore, reproduced
here.

TESY 2

In order to test a convective boundary condition, a similar problem to

Test 1 was set up, but with the following changes in conditions.

Inside fluid bulk temperature Ty = 30,0 °C
Outside temperature Ty = 45,0 ¢

[ngide surface convection
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heat transfer coefficient h o= 10,0 W/mlK
Thermal conductivity k= 1,0 W/mK

with boundary conditions:

ar . -
|4 ar h (Tr\ Ty ) at r=ry

By differentizting Equation 3.5

T
dr

= (T - Tr‘klln(rzlx\)

and eguating 1t to the boundary conditions at ry, the inside wall
surface teasperature, Try can he obtained. Substituting this value
into Equation 3.5 the temperature distribution throughout the cylinder

15 derived.

For the finite element solution of the problem the same mesh as that in
Test | was used Although the results were axisymmetric, the tempera-
tures were greater than those from the analytical solution by approxi-
mately 0,1 "C at sach nodal point. This 13 somewhat surprising in view
af the exact results obtained in Test 1, and indicetes that the accur-
acy of the results depends on the boundary conditions for the same mesh

configuration
TEST 3
In order to assess the transient behaviour of the package the following

problem was devised A composite hollow cylinder, initially at steady

state {(Figqure 3.4}, was subject to the following conditions:

Radius ry = 50 mm
Rady ry = 55 mm
Radius ry = BO mm
Thermal conductivity ¥yp o o= 45 W/aK
Thermal conductivity kpy = 0,09 W/mK

Inside surface heat
transfer coefficient hy = 5000 W/miK




Figure 3.4 Physical configuration for test 3

10 10 10 12 14 16 1@ 20 22 24 26 28 30 30 30 30 30 30 30

Figure 1.% One-dimensional finite element mesh layout for test 3
showing initial nodal point temperatures
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Outside s.rface heat
transfer coefficient hy = 2%  W/miK
Densicy x specific heat gicy = 3,9x108 J/m3K
Density x specific heat gpcp = 7,2x10% J/miK
Inside temperature = 10 ¢
Outside temperature = 30 ¢

At time zero a further layer was superimposed on the outer surface.

The heat transfer through the compounded cylinder decayed to a new
steady state solutinn, which was obtained analytically and served as an
evaluation on the transient "ADINA T' solution

In the finite element ar ivsis, 18 equal length, one- dimensional
elements were used (see Figure 5.5). The initial temperature
distribution throuyghout the composite was derived analytically from the
conditions given above. The overall heat transfer coefficient before
superimposition 1s given by:

UAy= 2v/[R

wher

TR o= V/hyry & Inlrp/eyd/Byz + Inlrp/ey3/Kas ¢ 1/hory

The heat flux per metre length is then given bv:

QIL = UA (T, - T W

once Q/L 13 known the intermediate temperatures can be calculated.

The conditions specified for the superimposed layer vere:

Thickness = 15 mm
Thermal conductivity ke = 0,03% W/mK
Cutside surface heat

transter coefficisnt hy = 2% WimikK
Pensity x specific heat gicy = 3,63x 104 J/mIK

Py N i“ s PYRR J sy -
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Initial conditions

30+ /

28-
26

24+
22+
20+
18
16+

Temperature (°C)

144 g
12+ 1 200 secs

10 H Y ¥ T T T T T
50 55 60 65 70 75 B8O 85 80

Radius (mm)

Figure 3.6 Analytical and finite element zolutions for test 3
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The new overall heat transfer coefficient then becomes:

UAz= 1/(UAy ¢ In{ry/ryd/(2ukae))

Using the same process as before, ths steady state heat flux can be
calculated and hence the temperature distribution within the solid.

These results were then used to assess the finite element solution.

Figure 1.6 shows the steady state analytical solution before and after
superimposition and the finite e:ement solutions for various time
intervals after superimposition  The finite element solutions show how
rapidly the transient behaviour 1s damped. After 10 minutes the finits

element results modelled exactly the final steady state solution.

TEST 4

An inYinitely long cylinder was surrounded by an infinite mass at a
uniform initial temperature The surface of the cylinder was suddenly
reduced to a temperature Ty and maintsined at that value. Obtaining
the solution to the heat flow at the cylinder surface is extremely
important, as 1t ideally represents the heat flow from rock into a

tunnel

The form of the heat conduction equation expressed in cylindrical

co-ordinates which is appropriate to the problem is:

-3

ar

LT

b

it
gt o

~
G
-~

with initial and boundary conditions given by

when g = 0 T = VRT for ry 1y
and I T =T for @&y 0

The solution to this problem 13 given by (Nicholson, 1921):

G/ = ‘5—’ IVRT Ty) T Wim?

e 9 “1il‘ili P, atm o B A -~y -
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> H
co 4 ef1F dz
where T ?5_/ SRITI TR CT I
)

The evaluation of T' presents considerable difficulties, but has besn
presented in the literature in the form of tables {(Goch and Patter:on,
1940) .

It it is assumed that:

VRT = 45 °C

T = 30 *C

k = €,0 W/mK

pec = 2,45 x 108 J/adK
Iy = 1,91 =

the heat flux over a two year period, calculated using the Goch and
Patterson tables, [=» thar given in Fig 3.7.

500+
-
* 90 time steps
450 o 45 time steps
* G time steps

L. 400
E
3
% .
o 350
=
o
x

3004

bt
N
250 - \
R “M‘J
Goch Patterson
200 g

i T T T T ¥ ¥ T
2 4 3] 8 10 214 16 18 20 27 24

Tima {months)
Figure 3.7 Heat flow into a circular tunnel from the Goch

Patterson solution and from finite element
analysis using different time steps.
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The 'ADINA T' packaye cannot incorporate an infinite element; thus the
tirst step in sclving the problem is to decide on an outer boundary at
which the temperature does not fall below VRT in the two year period.
The relaticiship between rock temperature and radius at a specific time

is given by (Carslaw aad Jaeger, 195%)

0,5
VRT-T _ 0,5 la8) L lr-r1)iX
yrr T, (m/ri X 6.5 1,5
4 r
a @ (9r,? - Jrgr Triy it x +
" L, LS5 T
,QKV 4
whers

o= oerfe [{r-rd /(2 a8

From this expression and using the above conditions, 1t 1s found that
the rock has been cooled below VET, to a depth of 48 o

Again this is an axisymmetric problem and a one-dimensional, 19
element, finite elesent mesh was used as input in the ‘ADINA T' pro-
qram The first eiement was O 1 m long and subsequent elements pro-
gressed geometrically by 30 per cent, the nineveenth element being
11,25 m long, This arrangement was arrived at by trral and error, and
represants a compromise between the use of comguter resources and
desired accuracy. The total time was split into nine intervals, each
interval being progressively greater than the previous. Fach interval
was further ¢plit into an even number of time integration steps. The
computer run was repeated for an increasing number of time integration

steps

The results from the finite element solution are compared with those of
Goch and Patterson in Figure 3.7 The 90-time-step sclution was accu-
rate to within 1,5 percent over the two year period and the 45-time-
step solution was accurate to within 2,5 percent. The 9 time-step
sclution was unacceptable, differing by 7,5 percent from the Goch and

Patterson solution
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As a further test, the numoer of elements were varied for the 4%-time-
step solution. The results for 19,9 and § elements are shown in Figure
3.8, It can be seen that while § elements gave a very inaccurate
result, 9 elements provided a quite acceptable solution. The latter
was accurace to approximately 4 per cent over the two year time period.

500 -
L\2 11 Elements
46047 ® ¢+ i Elemants
o 3 Elaments
L 400
3 o
z ‘ :
3 ss0-
- O
@
© .
I: L ]
300-‘
— §
.
N”N‘L
250 e o
Gooh Patterson
200~

] 1

T v T v
8] 2 4 L4 a 10 12 14 16 18 20 22 24
Time (months)

Figure 3 1 Heat flow into a circular tunne’ from the Goch
patterson solution and from finite element
analysis, using diffe ent numbers of elements.

TEST 5

The final test was to investigate the effect of linearly varying the
thickness of a leyer of insulation on e rock slab., Although this
example i3 not a test of the features of the 'Adina T' program, the

results cre particularly important and are used in Chapter 6.

The assumed properties of the rock and insulation were arz follows:
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Height of Slab = 1,0m
¥idth of Slab = 1,7 m

Rock Thermal Conductivity = 5 5 W/mK
Insulation Thermal Conductivity = 0,042 W/mK
Minimum Insulation Thickness = 10 mm
Maximum Insulation Thickness = B0 mm

Ambiant 31°C
Surface conveation coefficient

=32 Wim K .
N\ T €1
i gt X CE;
0 ngulation -;«;& 3
: s v
| b = £
i £
I
1 2 ~
a -
4L
K
1000 mm I 36vc

Figure 3.9 Physical layout for test 5 showing the varying
ingsulation thickness on a rock surface.

One side of the rock slab was maintained at 36 *C znd the ambient
temperature on the sids of the insulation was 31 "C. The surface of
the insulation was assumeld to be subject tu a convective heat transfer
coefficient of 3,2 w/m?k. A diagram depicting +he test case is shown
in Figure 3.9,

Using steady state analysis and a 200 element mesh it was found that
there was an average heat flux of 1,8 W/m? from the insulated surface.

This is 20 per cent higher than if the same quantity of insulation was
distributed evenly over the rock surface with a thickness of 45 mm.
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3 Quasi-steady sethod

3.2 Introduction

In order to solve the problem of heat flow from rock into a partially
wet airway a quasi-steady method was formulated (Starfield and Bleloch,
1983). The basis of the method is that instead of attempting to soive
the transicnt heat diffusion eqiation, the variation of temperature
with time is neglected and the auch simpler Laplace equation is

solved. A hollow cylinder is assumed, with the internal radius being
that of the tunuel, and the external radius receding with time The
selection of the outer radius is such that the thermal gradient at the
intsrnal surface matches that given by the Goch and Patterson tables.
fhe mathematical formulation of the method is as follows.

The solution tabulated by Goch and Patterson was for an infinitely loag
cylinder, sutrrounded by ar infinite mass at a uniform initial tempera-
ture. The suyrface of the cylinder was suddenly reduced to a tempera-
ture Ty and maintained at this value. The form of the heat counduction
equation expressed in cylindrical co-ordinates, which is appropriate to

the problee, is:

k 82T kAT _ oc 8T
3 T r Ar 38

with initial and boundary conditions given by:

g =0 T = VRT 13 93 &1
roeory T = Ty for 830
and

T + VRT as r oo,
The thermal gradient at cthe aurface, G(t), for this problem has been

tabulated by Coch and Patterson. If we further assume unit thermal
conductivity, unit diffusivity, initially zero temperature throughout,
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and ignore the temperat: ' time dependence, the problem can be

expressed in dimensionless form as:

3
g

P
i
)
"
fed

fonr-"
i
-
[P
i

with b-  ~ ry conditions

T

and

7=0 at r=R (som. far boundary).

The solution is given by

T{r) = [In(R) - In(r}]/in(R)

for which the therms® gradient at r = 1 is:

47

i 1/ 1n{R)

1f we now choose R ¢ that the thermal gradient matches the true

thermal gradient, G({t), we obtain

R = exp [1/G(t)]

The authors then assumed that, fo, typical mining conditions, the posi-
tion of the far boundary is insensitive to the precise form of the
boundary conditions at the tunnel surface. By using finite difference
methods a3 a comparison this was shown to be the case, except for sma.l
time periods where the errors became excessive. It is therefore
possible to use he quasi-steady approach to solve more complex pro-
blems by choosing an outer radius using the expression above, and

solving Laplace’'s equation with the appropriate surface boundary condi-

trons.
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3.3.2 Quaai-steady algorithm 1o a partially insulated airway

The quasi-steady algori:he presented by starfield and Blealoch was for 4

partly wet airway and nceds some modification to accommodate partial
insulation. The mathematical detalils are given in Appendix A, with the
mathod close.y following that given by Starfield and Bleloch. UDetails
oL o cowputer program which calculates heat flux along a lengti of

alrwey with a partially insulated surface are given in Appendix 8.
3.3.3  Accuracy of quasi-steady algorithms

A test case was solved and compared with the results from a finite
elegent anzalysis in order to assess the accuracy of the quasi-steady

algorithe.

The heat flow in a circulsr btunnel was evaluated as the tunnel aged

from 00 to 2 years The following conditions were assumed:

Ro:k conductivity = & W/mK
2,4x10°% g/
0,03 w/ak

#

Rock diffusivity

"

Insulation conductivity
Insulation thickness = 50 mm
Air dry-bulb temperature = 30 °C

Virgin rock temperature = 4% °C
Tunnel radius = 1,5 m
v. .partion of surface

wiich i, insulated = 0,667

The results of heat flow (watts per metre of tunnel length) are plotted
against time ‘or both the quasi-steady method and the finite e¢lement
analysis in Fiqure 1.10 The results from the quasi-steady method com-
pare favourably with those produced using finite elements, the differ-

ance being approximately 4 per cent
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Figure 3.10 Heat flow irto a partially insulated tunnel from
finite slesent analysis and the guasi-steady
method.

3.4 Simple method

The *ables presented by Jaeger and Chamalaum are sufficient for analys-
ing ma, y of the problems of heat flow into circular mine tunne's with-

out insulation, or with full insulation applied immediately after exca-
vation. A computer program is listed in Appendix B which makes use of

an approximation to the published tables (Gibson, 1972).

3.5 Conclusion

A commercial finite element program was tested with a number of heat

conduction problems which are pertinent to heat flow in tunnels. The
program was shown to perform well and is used in Chapter & to predict
the heat flow at the experimental test site.

The quasi-steady algorithm was described and mcdified to accommodate
partial insulation. A computer program which incorporates the algo-
rithe is presented in Appendix 9. The results »f using the algorithm
compate . ivourably with the results obtained using the finite element
method. The modified quasi-steady algorithm is used comprehensively in
this work to assess the heat flow inco partially inrulated tunnels.

o ‘k‘ e i o .. 1 i oy
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A computer program ncorporating an approximation of the Jaeger and
Chamalaum tables was . ~sented for calculating heat flow into uninsu
lated and fully insulated funnels.  The program ls used extensively in

this dissertation. / ﬂ
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4 THEORETICAL ANALYSES OF THE EFFECTS OF INSULATION OK HEAT FLOW

4.1 Introduction

In this chapter a theoretical analysis of the effects of insulation on
tunnel heat flow is presented. The various parcmeters which influence

heat flow are listed below and each uf these was considered.

Condition of ventilation air
Virgin rock temperature

Tunnel age

Rock specific heat

Rock density

Rock conductivity

Tunnel radius

Tunnel length

Surface heat transfer coefficient
Ventilation air flow rate

Heat transfer sdue to radiation
Dampness of the rock surface
Irsulation thickness

Tansulation conductivity
Equivalent conductivity of footwall vallast
Percentage covering of i1nsulation

Time of surface expnsure of rock prior to application of insulation.

Each of the above parameters was examined to assess its importance on

heat tlow.

The presentation comprises three major psrts. initially the heat flow
parameters were examined to identify those which varied but had little
influence upon the heat flow into the tunnel. These pa aneters weie

then assumed to be constants. Parameters viich could not be treated as

constants were alro identified and methods of analysis were tormulated.
The effects of insulation on heat flow it a single cross-section were

tnen examined. The results of varying the insulation thickness,

thermal conductivity and the percentage covering of the rock suriace

- - \"kl'k.;.% - s B 14‘ -
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are described. In addivien the thermal resistance of the footwall

ballast was analysed.

Finally the effects of a finite tunnel length are presented. The
effect of insulation is to reduce the heat flow and therefore maintain
a higher temperatuve driving force than would be experienced in an
uninsulated tunnel The results from a single cross-section of a
tunnel therefore overestimate the heat flow reduction which would be
achieved i1n practice. Results in the form of numograms are presented

for various conditions and tunnel lengths
4.2 Analysis of heat flow variables

4.2.1  Tunnel age

The i1mportance of tunnel age on heat flow can be seen by examining the
tabulated values of Coch and Patterson (See Section 2.2). The tabu-
lated velues, T', are directly proportional to heat flow, and T' is
dependent upon the Fourier number, (Figure 4.1) It is clear that heat
filow into a tunnel varies markedly with Fourier number (and hence “ime)
for the normal lifespan of a mine tunnel. Therefore, in further
analysis the effect of tunnel age was cunsidered but limited to period

of up to 10 years

When considering a long length of tunnel the age way very considerably
from the inlet to the ocutlet due to the time taksn for oxcavations. It
i85 necesgary when calculating the heat flow from a length of tunnel to
discretise 'he total length into short segments, as described in
Section 4 2. 9. Therefore, for the most accurate results the age of the

tunnel should be renlaced by the age at each segment

Two further possibilities are to assume the average age, or to make use
of the logarithm!c means of the ages at the start and end of the

tunnel In Table 4.1 the heat pickup from different lengths of tunnel

with different developwent face advances is shown. It is assumed that

the tunnel excavation is just complete, and that the time span between

tue start and finish of the tunnel can be found from the development

e ...«k_‘m—., et B . a. -




face advance. The three proposed methods of calculating the age were
used, namely an arithmetic mean, a logarithmic mean and an incremental
increase stepwise along the tunnel it can be seen that the variation
in results is insignificant and the simple option of an arithwetic mean

15 used throughout the dissertation

4.2.2 Rock Properties

The average values and ranges of specific heat, density, thermal rcon
ductivity and diffusivity found for quartzite in South African gold

mines are shown in Table 4.2 (Jones and Bottomley, 1986

The variation in rock diffusivity found in Scuth African gold mines
resulty in & significant variation in heat flow (Figure 4.z). Shown in
Figures 4.5 and 4.4 are the varjations in heat flow with changes in
rock densivy and rock specific heat respectively. [t is clear that for
the range of rock densities and specific hsats found in South African
gold mines the effect on the heat flow 13 negligible, and the effect of
changes in diffusivity are governed by changes in rock thermal condus-
tivity only (Fivure 4.%) Further analysis a=sumed constant rock
specific neat and density, at their average values of 777 J/kyK ani
ZB94 ky/m? respectively. The sffect of variation in rock thermal con-
ductivity was examined further, with the average of 5,14 W/mK used as a

standard (ses Chapter %)

Table 4.1 Variation iy calculated heat pickup from tunnels using
different »ssusptions to calculate age

TUNNEL HEAT PICKUP kW

LENGTH OFA e - BE SEn

N M/MTH 106G AVF IRC

20 t2% t11 118

480 40 138 127 132

8O 151 143 147

20 214 191 201

1000 40 232 211 222

80 252 <14 243

20 330 298 112

2000 40 353 322 137

a0 317 150 364

- "i&»"k e PUNTFII nal - -

- A




37

2.5 Log (F,)

\ ¥ v v v
~1,0 -5 “ 0.5 1.0 1,5 2,0
¥ 3 1 1] i
2 days p_— th B months 1 yea & yaurs ‘0 yesrs
Figure 4.1

-1,0

-

e
0,5 0

Log (9)

Figure 4.2 Variation of T
diffusivities

s 4,40 % 108 m¥g
cerrrenseee 263 x 10 % m¥g
e 408 % 10" %M/

yuars

with +ime for different rock

. S

Decay with age of heat flow into a circular tunnel

g

1.0




38
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Table 4.2 Typical values of quar“zite properties found in South
African gold mines

ROCK AVERAGE MAX IMUM MINIMUM UNITS
+ JPERTY
Conductivity 6,14 8,03 3,10 W/mk
Density 2694 TR0 260 kg/md
Specific heat M7 a1 749 T/ kyk
[?xffusxvzty [Q.Qtho‘% 4,09x1076 11, 40x1078 [ m2/x

4.2.3  Tunnel size

Mine intake airways are typically rectangular or square in cross-
section An estimate for an equivalent radius needs to be made to make
use of soluticns, such as that by Goch and Patterson, for heat flow
into a circoular oylinder From experiments conducted in an electro-
Loty tank two relationships were derived for equivalent radii for

gquare crosg-sections with wet footwalls (Wiles and Grave 1954} They

were
a = b/2 Exp (-1,765% + 2,473 F) (4.1
a = b/ Exp (0,795 - 0,940 F) (4.2}

where a 13 the equivalent radius, b is the side of the square and F the
fraction of total heat flow that flows through the hanging and side-
walls. Equation 4.1 applies to the heat Ilux through the footwall and
the significantly different Equation 7 holds for the hanging and side -
walls.  When conditions are uniform aronnd the perimeter, Equations 4.1

and 4.2 become identical, resulting in
a = 0,547 b

Thig 185 very ~lose to assuming an equal area relationship (See Section

2.2) which results in
a = 0,%4 b
When considering the effecis on heat flow due to a change in radius, it

is important also to consider the change in the surface heat transfer

coefticient.
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The following relationship has been derived for airflow inside pipes

{Dittus and Hoelter, 1947):

no/k = 0,02 8 0P (4.3 o
e

b= 0,02 kiov/m 0 B/p002

where U 185 the hydraulic diameter given by the ratio of the cross-
sectional area to the perimeter VYalues of enual area radius and

hydraulic diameter for varying tunrel sizes are provided in Table 4.3.

: Table 4.3 Equivalent area radius and hydraulic diaseter for different
“ tuanel sizes

! TUNNEL SIZE 4 b
Zx2 1,13 0,8
Iox 3 169 G,7% -—
4 x4 2,26 1.0 oy
5 %5 2,82 1,258 i

Substituting valves for thermal conductivity k, density ¢, and

viscosity u of air at 20 °C and atmospheric pressure results in
noe 3,63 w0 B,p0.2

The si1ze >f intake airrways are generally governed by a lomiting vent:
tatcon air veloeity nd ot s prudent to consider that, for a change in
vadivs, 1t 1s the airy quantity that varies and sot jts air velocity,
Considering, therefore, a4 typical design air velocity of 4 m/s the

surface heat transfer coefficient ir given by

b om?id (4.4

Introducang a surface heat trvansfer coeificient into the calculation of
heat flux requires reference t9 the tables by Jeeger and Chamalaun
{1966, rather than those by wuch and Patterson {1940) which assume n

“



infinite heat transfer coefficisnt. In this case the heat flow rate

per unit lencth of tunnel is giver by:

Q/L = 2whr AT T' W/m (4.5)

where T' is a function of both the Bict and Fourier numbers By sub-

stituting Equation 4.4 in Eqaation 4.5 1t can be seen that:

Q/L o x1 /02

In Figure 4.6 the variation of r7T'/0U ¢ with time for different

tunnel sizes is shown {(the rock thermal conductivity was assuwed to be
6,14 W/m°C). It is evident that tunnel size has a slgnificant effect
on heat flow and . range of sizes (Table 4.3) were examined.

4.2.4 Surface heat transfer coefficient

In th - previous section the expression for surface heat transfer co-
effinient given by Equation 4.3 was simplified to give Eriation 4.4,
This was necegsary fur the valuation of the effects of varying tunnel
sizes. In practice the <ir velocity, density and hydraulic diameter
vary considerably, and it is impractical to impose limitations on the
range of surface heat transfer coefficients. The surface heat
transfer coefficient was evaluatod for tue varge of conditions prevail-
ing ia practice, by seans of Equation 4. 1.

4.7.% Ventilation air flow rate

The design parameters for the ventilation air guantity are the tannel
size and the air velocity. A typical range of air velocities from 2 to
6 ®/x wa. congidered, 3 m/s bein; the standard value.

4.2.6 Dampness of the rock surface

The only .urface considered to be dawp was that of the uninculated rock

8 it 15 aspumed that the insulation prevents moisture transfer between
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the sutrface and the ventilation air. tness fractions' of 0,2, 0,5
and 1,0 were considered as being typic.’! .or damp tunnels, where the

wetness fraction is defined as varying frow zero for a perfectly dry
footwall, to unity for a totally wet fuutwall. A wetnecs fracticn of
0,2 describes a fairly dry tunnel, whereas a wetness frac.ion of 0,5 is

indicative of a damp tunnsl.

427 Condition of ventilation air

Fur dry conditions the rate of heat flow from the rock mass to the

ventil tiin a.r 18 directly proportional to the difference between the
virgin rock temperature and the ventilation bulk air temperature The
inlet air temperature was assumed to be constant at 20 °C dry-bulb, and

heat flows for other in’ct temperature are easlly deduced.

Heat transfer from damp surfaces was determined for relative humidities

of 50 and 75 per cent at the standard dry-bulb remperature.

The influence of barometric alr pressure on heat flow from the rock is

regligible and a standard value of 110 kPa was assumed.

4.2.8 Tunnel length

Many of the cffects of insulation can be evaluated by considering a

single cross-section of tunnel In dealing with longer tunnels,

lengths of up to 2 000 m were considered.

In calculating heat flo . into a finite tunnel 1t is necessary to dis-
cretise the t _al Jength into shoiter segments. Heat flow into the
first segment was usel to compute the air environmental conditions in
the secondsegment. This process was repeated until the final segment
was reached. The shorter the segment length the greater is the
accuracy of the results, but with the penalty of greater computational
effort In Table 4.4 the effect of using various step lengths on
calculating the heat picaup from 100 o and 2 000 w lengths of tunnel
are shown. Typical mining parameters were vsed in the calculation,

with the assumption of dry heat transfer and a tunnel age of one year.
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A step length of 100 m gives adequate results, differing by less than
2,5 per cent from these obtained for a step length of 1 @m. This value

was used for all further work.

Table 4.4a Chonge in calculated heat pickup due to varying step
lenyth for a tunnel length of 100 =

STEP HEAT DIFFERENCE
LENGTH LOAD PER
] kw CENT
1 25,8 -
10 25,9 0,39
100 26,4 2,33

Table 4.4b Change in ralculated heat pickup due to varying step
length for a tunnel length of 2 000 m

STEP HEAT  |DIFFERENCE
LENGTH LOAD PER '

" xw CENT

1 354, 6

10 355,0 0,11

100 359, 6 1,41
1 ors 4159 17,29
2 000 527, 4 48,73

L.

4.2.9 Heat transfer due to radiation

In & ventilation ailrwar ~~+ transfer due to radiation takes place
between the rock surfac 4 the ventilation air, and also between the
rock surfaces which are at different temperatures. The latter occurs
with partial wetness or partial insulation The overall process is
shown schesatically in Figure 4.7 A satisfactory analysis of the
radiation heat transfer process in mine airways does not appear in the
literature and i3 presented in detail in Appendix ¢. The radiation

equivalent network method (Holman, 1981) was followed in the analysis.

In Appendix C it is shown that although the net heat transfer between
the two surfaces in a partially insulated tunnel is relatively large,
the resulting heat transfer to the ventilation air due to radiation is

|
4
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quite small. Nonetheless, in general the heat transfer due to radia-

tion has been accounted for.

Surface 1

Figure 4.7 Paths of radiation heat exhange in a ventilated
tunnel .

4.2.10 Virgin rock temperature

For dry conditions the rate of heat flow is directly proportional to
the temperature difference between the ventilation air and the virgin

rock tcemperature.

In Figure 4.8 the heat flow into a typical mine tunnel cross-section
for varying temperature driving forces is shown. For the same set of
conditions the heat flow into fully insulated and partially insulated
tunnel cross-sections are provided in Figures 4.9 and 4,10, The
results are expressed as percentage reductions in heat flow (Figure
4.11) and are independent of virgin rock temperature. Unless otherwise
stated the virgin rock temperature was assumed to be 50 °C,

£.2.11 Age of rock surface prior to application of insulation

In practice it is likely that some time will elapse from breaking new
ground to the application of the insulation. It is also necessa’y to

~ oy S Y . R - U - o e . ewm Y L
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1 000N Ory~buib temperature 30°C
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800+

sood N\

VRT 70°C

VRT 60°C

400

Heat flow (W/m})
i

4 VRT 50°C

200

1
0 9,5 1.0 15 2,0
Years

Figure 4.8 Variation in tunnel heat flow with time for different
viosgin rock temperatures
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Insulation thicknass = 60 mm
Insulation contuctivity = 0,03 W/mK
76% coverage
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Figure 4.10 Variation in tunnel heat flow with time for different
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consider the importance of insulating established airways. In both
these cases the rock has cooled to a certain extent prior to the
insulation being applied, and the rock mass has a temperature history.
This type of probles poses many difficulties and can be solved only by
numerical methods. The effect will be examined closely in Chapter &

for the conditions prevailing at the experimental test site.

4.2.12 'Standard' or average values

It may be assumed that the stardards or aversge values have been used
where all of the paramete.s used in an analysis have not been
presented Ihe standard or average values are summarised in Tabie 4.5

a'ong with the ranges which were examined.

Table 4.% Parameter standards or ranges for thevretical analyses

PARAKETER STANDARD RANGE UNITS
Age : 0-10 years
Rock Density 2694 - kg/ml
RBock Specific Heat 177 - J/ kg
Rock Thermal Conductivity| 6,14 3,0-8,0 |¥W/mK
Tunnel Radius 1,69 1,13-2,82 m
Air Velocity 3,0 3,0-6,0 Im/s
Tunnel Lenqgth 1,0 1-2000 L
Insulation Thermal Resis-
tance 1,67 0-5%,0 |miK/¥W
Virgin Rock Temperature 50,0 - '
Temperature Driving Force| 20,0 E °w

4.3 Insulation at a single cross-section

4.3.1  Introduction

The evaluation of the heat reduction due to insulation at a single
cross-section does not permit the assessment of the exact magnitude of
heat flow over practical lengths of tunnel, It does, however, allow

the effect of insulation thickness, insulation percentage covering and

presence of the footwall ballast to be investigated. o .
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4.3.2 Insulation thickness and thermal conductivity

The most simple method of determining the effects of insulation thick-

ness and insulation conductivity 1s to combine the two paraueters to
form the thermal resistance, given by the ratio of thickness to conduc-
tivity A good quality insulation has a thermal conductivity as low as
0,03 Ww/mK, and thicknesses from zero to 150 mm gives a range of thermal

vesistance from zero to 5 miN/W.

An ‘equivalent’ surface heat transfer coefficient h,, which includes
the thermal resistance ° the insulation and the surface convective

heat transfer coefficient ., is glven by:

Insula*tion thickness
insulation conductivity

ho= 1/ t/h]

Y

The reduction in heat flow into a tunnel cross-section with varying
insulation thermal resistance, compared Lo the uninsulated case derived
from Figure 4 8, i3 shown in Figure 4.12. There is a clear diminishing
return on increasing the thermal resistance, and obviously the optimum
thickness of applied insulation 18 directed by financial ronsidera-

riong This aspect 1s examined further in Chapter 8.

4.3.1 Percentage covering of insulation

In practice it is difficult to insulate the footwall effectively.
Although the ballast on the footwall should have some insulating effect
(see Section 4.3 .4), this has been 1gnored for the moment 2" the
effect of partially insulating the rock surfaces has been cmtaed.

The estimation » heat flow intu a cylindrical tunnel wit, nun-unifora

boundary conditions was calculated using the gquasi-steady method,

Figure 4 13 shows the effect of varying the percentage covering of
ingulation. The thermal resistance of the insulation used in these
calculations was 1,657 m? K/W Insulating 7% per cent of the perimeter
is equivalent to an uninsulated footwall. The case of 95 per rent
covering may be considered as damaged insulation. 1t is clearly
evident that it is important to have as complete a covering of insvia-

tion as possible. The effect of not insulating the footwall is
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severe, reducing the benefits of insulation from approximately 70 per
cent to below 40 per cent. It is also important to maintain the cover-

ing of insulation, and repair wear and teay

4.>.4 Thermal conductivity of footwall ballast

In Section 4.3.3 the importance of insulating the footwall was high-
lighted. However in practice the ballast ip the fpotwall may provide a
thermal bparrier. The effective conductaivity of the footwall ballast
ranges from one sixth, to one half of that of the solid quartzite rock

(Wiles and Maxwell, 1959

In Figures 4 14 and 4.15 the effect of the thermal : esistance of the
footwall ballast on heav flow 1s shown It was assumed that the
ballast was 300 mm thick It can be seen that for an uninsulated
tunnel the ballast has little effect on heat flow, but when the tunnel

15 pa-.ially insulated the effect becomes more s:gnificant. The reduc-
tion in heat flow for a partially insulated tunnel is approximately 35
per cent when the effect of the ballast is ignored. The reduction in

heat flow rises to approximately S0 per cent if the ballast i3 assumed

to be one sixth the thermal conductivity of the solid rock.

The effece of the faotwall ballast 3 exarined further at the experi-

mental test site and the resalts are scribed in Chapter 5.

4.4 Effect of tuaael length

4.4.1 Introduction

The examination of a single cross-section of a tunnel overestirates the
overall heat reduction which can be gained by :nsulating a tinhite
length of tunnel It 18 necessary when evaluating the heat flow over a
length of tunnel to use a stepping procedure by calculating the air

temperatures leaving a segment of tunnel & ~n becomes input tempera-

tures into the next segment. This procedut. 1% easily implemented on a

micro-computer
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*® g= Conductivity of footwall balias:

ko= Conductivity of rook mass

80 \
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Figure 4. 14 Heat flow into unirsulated and partially insulated
tunnels with different footwall ballast thermal
conductivities
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Results of using such a procedure for fully insulated, partially insu-
lated, and partiaily insuyiated with & damp footwall have been presented
in the form of nomograms. By adopting this method of presentation it
was possible to incorporate the variation in air velocity, tunnel
length and tunnel age in a single diagram. The effect of the insula-
tion is sxpressed as a percentage reduction in heat flow when compared

to an uiinsulai-d tunnel.

4.4.2 Finite length of tunnel with the entire perimeter uniformsly
insulated from the time of excavation

The results of fully insulating a tunnel are shown in the nomogram in
Figure 4.16. The assumed thermal resistance of the insulation is
equivalent to 50 mm thick insulation with a thermal conductivity of
0,03 w/mk. The conditions described in Section 4.2.12 were assumed to
apply. The nomog:am may be used to estimats the heat reductior for

varying lengths of tunnel and varying ages. o5
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Figure 4.16 Reduction in heat flow for tunnels with a
complete cuvering of 50 ma thick insulation.
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As an example, consider an air velocity of ) m/s for a tunnel length of
2 GO0 m; the heat flow red.ction would vary from 57 to 53 per cent as
the age wvaries from two to ten years., Note that this heat flow reduz-
tion is not as high as indicated vy investiyating a single Cross-
section; sece Figure 4.17 where the corresponding vaiue for the age of

twe years is §5 per cent.

Similar nomoyrams are presented in Appendix D for varying insulation

thermal resistance, roch conductivitv and tunnel squivalent radius.

4.4.3  Finit length of tunnel insjuloted from time of exposure, with
the ..otwall uninsulated

As in Section 4.4.2 the percentage reduction in heat flow for varying
tunne! lengths, and differing alvr flows are gset ocut us a nomogranm

(Figure 4.17).
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For the same example as bef,re. that is an air velocity of 3 m/s and a
tunnel length of 2 000 m, the heat flow reduction varies from 26 to 23
per cent as the tunnel ages from two to ten years. These values are
approximately half those computed for a totally insulated airway, and
siynificantly different frow those values evaluated at a single cross-

section.

Further results & presented in Appendix E for varying insulation

thermal resistance, rock conductivity and tunnel equivalent radius.

4.4.4 Finite length of tunnel insulated frum time of exposure, with
the footwall uninsulated and damp

The results for a partially insulateu tunnel with a damp footwall are
shown ian Figure 4.18. The same procedure was followed, while addition-

Waetness tactor = (2
Relative humidity = 50%
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Figure 4.18 Reduction in heat flow for damp tunnels with a
partial covering of 50 mm thick insulation.
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«lly allowing for heat transfer from a wet surface. The wetuee- factor
was assumed to be 0,2 (equivalent to a damp footwall, that i1s 27 per
cent wet) and the ventilation air at the inlet to the tunnel was

assumed to have a relative humidity of 50 per cent.

Again for the sape example as before, with 2 000 w of tunnel with an
air velocity at inlet of ) m/s, the reduction in heat flow lies between
12 and 15 per cent. Further nomograms are presented in Appendix F for
wetness factors of 0,5 and 1,0 and for inlet aly relative humidities of
7% per cent. It is cieas, however, that should the footwall be at all
wet, then the application of insulation to the hanging and sidewall 3
of little benefit.

4.5 Summary

From an analysis of a single cross-section of tunnel it was shown that
thare i85 a clear diminishipg return on increasing the thickness of
applied insylation. An optisum thickness can be found from a financial

analysis.

For a fully insulated finite length of tunnel it is evident that sub-
stantial savings in heat flow can be realized. A reduction in the

region of 50 per cent can typically be expected.

For a partially insulated tunnel the savings are not as marked, dropp-
ing to approximately 25 per cent. This value is improved by the
insulating effect of the footwall ballast.

1f a tunnel is only partially insulated and allowed to be damp, the

benefits derived are quite small, with a reduction in heat flow of the

order of 15 per cent.

The reductions in 1.rat flow due to full and partial insulation can be
estimated by reference to a set of nomograms presented in Appendix D.
The nomoyrams cover the range of conditions found in South African gold

mines and thus eliminate the need to use computer programs.
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5 EXPERIMENTAL INVESTIGATION

5.1 Introduction

Analysis of the magnitude of heat flow into insulated tunnels is
extremely compler >wing to the large number of variables involved. Any
theoretical attempt at quantifying the flow of heat, such as that
presented in Chapter 4, must incorporate many approximations. An
experiment was conducted at Western Deep Levels gold mine where
insulation was applied to the rock surfaces of a tunnel to check the
accuracy of the theoretical results,

The spec.fic objectives of the experiment were to:

(i} confirm theoretical predictions of r~duction in heat flow due
to insulation,

(i1} assess the effect of leaving the footwall uninsulated, and

(it} gain an understanding of the practicalities involved in
applying insulation to mine airways.

Conditions at the site were sonitored for 24 weeks and the heat flow
was assessed using a knowledge of the rock body temperatures and

thermal properties.

5.2 Description of test

A length of airway at 9% level, 2 Shaft, Western Deep Levels Gold Mine

was utilized as the experimental test site. The plan viaw of the test
site i3 shown in Figure 5.1. The nominal details of the site were:

air dry-bulb temperature = 30 °C

air wet-bulb temperature = 2% °C

virgin rock temperature = 44 °C

depth below surface = 2 600 m
square cross-section = 3,5 x 3,5 m?

i -.&AM [T o % e . W
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air velocity = 0,5 n/s
rock thermal diffusivity = 2,4 x 1076 pi/s
rock thermal conductivity = 5,5 w/mK
date of excavation = August 1983

dry rock surface
no fissure water or drain water
quiet site with no through traffic

no meshing or lacing on rock walls.

The total length of the test tunnel was approximately 130 m, of which
“0 m weie used in the experiment. The site was yated and locked at
both erds to prevent interference and through traffic. The test site
was divided into three 30 m sections, as detailed below:

Section A - uninsulated control section.

Section B - sidewalls, hangingwall and footwall were insulated with
approxkimately 50 ma thick foam.

Section C - sidewalls and hangingwall were insulate roximately
50 mm thick foas. The footwall was lef siated.

This 1is shown schematically in Figqure 5.2  gefore insulating, a com-
prehensive set of resistance temperature measuring devices was
installed in the rock mass at the centre of each section for monitoring
heat flow from the rock. Readings from these devices were then used to
evaluate the magnitude of heat tlow for each section. By comparing the

results from each section the effect of insulation was assessed. Only
single cross-sections of wunnel were assessed during the experiment to

compute the magnitude of heat [low reduction due to insulation because

{1} the capital cost for insulation materials was kept low,

(ii) the experiment was simple, leading to more accurate results
than if a long length of tunnel was analysed,

(iii} it was only necessary to locate a short length of underground

tunnel which was suitable for the sxperiment,

. - ...\k‘.“ aatineas b d.‘ e . e ‘AM Lj
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{iv) the effect of a finite length of tunnel is r~asily assessed
theoretically by psychrometric analysis of the changing air

condition.

5.3 Details of Insulation

A nominal SO mm insulation thickness was selected for the experiment.
The choice was based on the theoretical analysis of the effect of vary-
ing insulation thickness (Figure 4.12), It can be seen that an insula-
tion thickness of 50 mm recults in a reduction in heat flow of the
order of 70 per cent, wherecs there is a diminishing return on increas-
ing the thickness much beyond 50 mm. Blocks of 50 me thick polystyrene
foam were first bonded to the rock to serve as a guide to the required
thickness of insulation foam when being applied. No other preparations
were made to the rock surface (Figure 5.3). A photograph of the ~om
pleted zection is shown in Figure 5.4,

Samples of the insulation were submsitted to the South African Bureau of
Standards for independent thermal conductivity tests. It was found
that the thermal conductivity was somewhat higher than expected, nasely
0,04 w/ak (density 35,7 kg/md).

The average thickness of the insulation at the test site was computed
from a total of B34 meacurements. The measuremer:s for each individual
section, and those for the whole site are summarised in the frequency
plots (Figure %.5%). The difficulty in applying the insulation to the
specitied thickness is reflected buth by the large scatter in the
results, and in the average thickness, 76,9 ¢ 31,0 mm (the standard
deviation), which is much greater than the specified 50 mm. However,
the average thicknesses of 74,9 ¢ 27,1 mm and 79,6 ¢ 3%.4 mm for the
fully and partially insulated sections were similar, and permitted

simple comparisons to be made,

5.4 Virgin rock tempersture

Knowledge of the virgin rock temperature is necessary only for purposes
of comparison with the theoretical heat flow predictions. Recorded
rock temperatures sutfice for assessing the heat flow into the test

sections.

L]




Tigure 5.3 Rock surface showing 50 mm high polystyrene blocks

Figure 5.4 Section completely insulated
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The test site was ¢ . - below sea level and correspondingly the

virgin 1ock temperatu.. a8 round ioon Figure 5.6 (Jones, 198%) to be
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Figure 5.6 Virgin rock temperature versus depth for the
Western Deep Levels Gold Mine,

5.5 Thermal Properties of Rock from the Test Site

The theomal conductivity of the rock needs to be known before heat flow
can be calculated.  For this purpose rock samples were collected at the
experimental site and analysed L total of 35 samples from horizontal
s ) and vertical directions were taken from the airway. The values of
conductivity varied from 4,%6 W/mk to 6,68 W/mK with an averane of
5,48 W/mK. The rock density varied from 2 670 kg/md to 3 000 kg/m?
with an average of 2 790 kg/m?, and the average specific heat was
812 J/kgK with maximum and minimum values of 899 J/kgK and of 76% J/kgX

respectively
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Table 5.1 Rock Thersal Properties

SECTION |[OBS| DENSITY |[SPECIFIC|CONDUCTIVITY|DIFFUSIVITY
HEAT
kg/m3 J/kgK W/mK mZ/s x 1078
1 2980 840 4,12 1,89
2 3000 890 4,16 1,78
3 2960 812 5,60 2,27
4 2720 308 5,45 2,48
5 2700 787 6,06 2,85
6 2770 797 4,75 2,19
UNINSULATED| 7 2700 805 6,05 2,78
8 2700 806 5. 86 2,69
9 2710 810 5,95 2,1
10 2680 801 5,75 2,68
" 2750 807 6,40 2,88
12 2750 783 6,32 2,94
MEAN 12 12781 ¢ 1220813 29} 5,64 ¢ 0,60/2,51 ¢ 0,39
1 2700 787 6,07 2,82
2 2720 807 5,81 2,65
3 3000 834 4,55 1,82
4 2680 165 5,83 2,84
5 2120 799 4,59 2,11
FULLY 3 2720 81 5,05 2,29
INSULATED | 7 2680 786 6,68 3,17
8 2670 766 6,57 3,21
3 2700 790 6,47 3,03
10 2720 792 4,33 2,01
11 2110 792 5,47 2,55
12 2730 807 5,59 2,54
MEAY 12 {2729 ¢ 87 |796 ¢ 19] 5,58 ¢ 0,81/2,59 ¢ 0,46
1 2920 857 5,63 2,25
2 2700 802 5,92 2,13
3 2930 899 4,68 1,78
4 2920 823 4,28 1,78
5 2910 808 4,53 1,93
PARTIALLY | & 2930 863 5,40 2,14
“ INSULATED | 7 2690 796 5,98 2,79
. 8 2740 195 6,31 2,91
7 9 2930 808 4,56 1,93
10 2930 838 4,64 1,89
11 2970 832 1,88 1,97
MEAR 11 {2870 + 104|829 ¢ 33| 5,17 ¢ 0,71)2,19 + 0,42
OVERALL
MEAN 35 1 2791¢ 1181812 ¢ 30| 5,47 1+ 0,72}{2,43 t 0,45
N =h \k‘. . sk B A - o
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When calculating the heat {lux from each section the average thermal
properties for that section were used and pot the overall average
values given above. The complete set of measured values is shown in
Table 5.1,

5.6 Cross-sectional Dimensions

The dimensions of the tunnel cross-sections at each of the measuring
stations were measured for each of the four rovk faces. The results
are shown in Table 5.2 The texture of the rock faces varied from
smooth to fragmented. The cross sectional shape was approximately

rectangular.

Table 5.2 C(ross-Sectional Dimensions of Test Sections (m)

SIDEWALT | HANGINGWALL  SIDEWALL | FOOTWALL

Uninsulated 3,5 3.5 3,5 3,5
Fully Insulated 3,3 3,8 3,3 3,5
Partially Insulated 3,2 3,3 3.2 3,3

5.7 Air temperature Measurements

The heat flow into each section was evaluated from the m. -sured rock
temperatures, & knowledge of the rock thermal corductivity and the

mechanics .f two dimensional heat flow. The change in energy content
of the air passing through the section was not used to determine heat

flow from the rock because alr temperatures and airflow cannot be

measured with sufficient accuracy.

The heat flow into a typical dry mine haulage i1s 150 W/m, so that over
30 m of airway the total heat flow is 4,5 kW.  For an air mass flow
rate of 20 kg/s the temperature increacs over the section would be

0,2 °C, with temperature change in the ir.ulated sections being much
less Measuring changes in temperature of this magnitude to a suitable

degree of accuracy, at an underground site, is almost impossible.

However, the wet- and dry-bulb air temperatures were monitored

continuously at the test section exit. A chart recorder which was
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calibrated weekly 2gainst an accurate thermometer mes.urement was used

for this purpose. The dry-bulb temperature was found to be constant at
aporex aately 39 °C, varying by only ¢ 1 °C during the experiment. The
wet-bulb temperature varied from 22 °C to 26 °C, but was not considered

importent as the airway was completely dry.

5.3 Alr Velocity

The air velocity at the outlet of the test section was record~d on a
weekl, basis using a hand-held anemoweter. The results were computed
from an average of five readings taken at different points within the
duct cross-section. It was found that the air volume varied greatly
nver the period of the experime:  (Figure 5.7). Thiu resulted in
vignificant variations in the magnitude of the measured heat flow.
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F.gure 5.7 Variation in ventiiation aiyr flow.

The accuracy of the air velocity measurement was not high, with an
expected error of between five and ten per cent. This level of accur-
acy was however adequate since an snergy balance technique was not used
to avaluate the heat flows, and the results of air flow measurement
were used only to indicate the effect on heat flow, and to evaluate a

surface heat transfer vcoefficient for theoretical comparison purposes.
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5.9 Rock Temperature Measurements

The sensors used to measure rock temperature were resistance devices
(R.T.D'8). Great care was taken to protect the sensore from damage by
the environment. Each device was sealed in neoprere and then, to make
up a probe, irserted intv a plastic tube. The probe assembly was com--
pleted by positioning flexible plastic baffles at short intervals along
the length of the outer plastic sheath. The diameter of the baffles
was slightly larger than the holes in the rock, the purpose being to
form an interference seal and thus prevent convection currente within
the hole. A schamatic of the temperature probe is shown in Figure $.8
and the electrical circuit diagram is shown in Figure 5.9. Prior to
inserting the probes into the holes in the rock the holes were cleaned
of all drilling water by blesting with compressed air.

Each sensor wos calibrated after assembling, so that the resistances of
leads a.d connections were included in the calibration. The expected
error . n temperatures recorded was less than t 0,2 °C
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The probes were installed at the centre of each section (A,B.C) in
holes drilled to a depth of & m (Figure 5 10} Also shown are the
positions of each sensor. It should be noted that the sensors were
placed closer together near the surface than deep in the rock, to
enable detailed information to be gained for the localities where the
temperature gradients were largest. The entrances to the holes were
filled with putty to further prevent convection currents, The sensors
were tested immediately after installation, and then left for one week

before regular weekly me~surements commenced.

Some typicval rock temperature profiles recorded at the start of the
exper.ment and 24 weeks later are shown in Figures 5.11 to 5.16.
Results from every second temperature probe are shown and several

points of importance should be noted.

ta) At the uninsulated secticn the gradients close to the surface were
steeper than for those of the insulated section; this indicates a
higher heat flux at the uninsulated section than at the insulated

sections.

(b} The temperature profiles for the uninsulated section changed little
over the 27 week period, particularly deep in the rock where the

temperature iesained essentially constant at 37 °C.

{e) At the insulated rock faces the temperature profiles were rela-
tively flat with a low thermal gradient at the surface and a
correspondingly low heat flux There was a general increase in
temperatures over the 24 week period due to the reduced heat flow

across the rock and air interface

<%

The temperature profile at the uninsulated rock face in the parti-
ally insulated section showed characteristics found in the uninsu-
lated section; namely that of a high thermal gradient which is

indicative of a high heat flow.

The low scatter of the data points lying on the temperature profiles

suggests that random errors were low
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Typical temperature contours around the tunnel sections are shown in

Figures .17, 5.18, and §.19. Again several points should be noted

(a) The uninsulated and fully insilated sections having uniform bound-
ary conditions show almost symmetrical and concentrical temperature ‘ 4

contours.

(b} The rock temperatures around the fully insulated section are higher

than those around the uninsulated and partially insulared sections.

(¢} The high rate of hzat transfer through the footwall of the parti-
ally insulated section is indicated by the divergence of the

remperature contours away frow the footwall.

5.10.1 Method of calculation

The heat flux was found by determining the temperature gradient at the

rock surface from a curve fit {(both the redial and rcircumferertial

dimenzions were considered) By using this approach only the rock
temperatures av ' thermal conductivity are necessary to obtain the

surface heat tlux

It was not possible to fit cne equation to all 48 temperature measure-
ments taken at a section due to the discontinurty of the hole formed by
the tunnel in the rock mass. The method used was to .it four curves
over segments around the tunnel perimeter Each segment included
temperature recordings from three probes, giving a total of eighteen
temperature measurements (Figure 5.20) For example, a cur Was
fitted within the buundary, outlined by segment 1, from temperature
recordings from probes 1,2 and 3. The curve fit for segment 2 was from

temperature recordings from probes 3.4 and 5. A quadratic of the form

T=ajtazktaxltacytasy? vagryrarxlytagry2+agnly? (5.1}

was fitted to the temperature data in each segment using a modified

least squares method (Hurlburt, 1980). 5
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The dimensional co-ordinates ~re given by x (parallel to the rock face)
and y, (normal to the rock face) and the temperature in the rock body
by T. The error at the measuring points using the quadratic fit was

less than one per cent in all cases.

The heat flux normal to the surface was then obiained from

o = k{aq + ag x + &7 %%} (5.2)

After determining the variation in heat flux around the perimeter the
total heat flow at each section was found by integrating Equation 5.2

for each section, that is
v
Heat flux = i qj fag + ag x + ay x?) dx {(5.4)

where L is the longth of the side

5.10.2 Heat flow from each section and percentage heat flow reduction

The total heat flow from the three test sections for the duration of
the experiment are given in Table 5.3, and presented graphically in
Figure % 20 Also shown in Table 5.3, and plotted in Figure 5.22, are
the percentage reductions in heat flow for the fully insulated and
partially insulated cases. The raw data were then smoothed using a
cubic spline fit and plots of the heat flow and peicentage heat reduc-

tion are shown in Figures 5.23 and 5 24

The average heat flow from the uninsulated section wis 80,6 + 11,1 W/,
whereas for the partially and fully insulated sections the average

results were 34,6 £ 4,5 W/m and 56,0 ¢ &1 W/m respectively.

The average reduction in heat flow as compared with the control
section, was 56,7 per cent in the totally insulated section and 29,7
per cent in the partially insulated section.
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§.10.3 Heat flux variation around section perimeters and the effect
of veriations in air flow

Typical results for the variations in heat flux around the periueters
of each section are shown in Figure 5.25. In the uninsulated section
the heat flux around the rock perimeter varied from 3 to 7 W/m?. This
variation was greater than that in the fully insulated section which
only varied from 2 to 1,5 W/m?,  The heat flux in the partially
insulatad section increased from 2,5 W/m? at the insulated hangingwall,
to 7,5 W/m? at the centre of the uninsulated footwall. The sidewalls
in the partially insulated section showed a steadily increasing heat
flux from low at the corners adjacent to the insulated hangingwall, to
high at the corners next to the uninsulated footwall.

Table %.3 Heat Flows for the Uninsulated, Fully Insulated and
Partially Insulated Sections

{iezx UNINSULATED| FULLY INSULATED PART INSULATED
NO wim w/m % REDUCTION| W/m % REDUCTION

1 99,4 40,1 59,7 66,2 33,4

2 91,7 34,6 56,8 66,3 27,1

3 89,5 37,8 57,8 65,1 27,3

4 90,3 16,5 59,6 66,2 26,7

5 79,4 36,6 53,3 63,5 20,0

[ 59,9 35,6 40,6 55,0 8,2

7 70,3 27,9 60,3 52,6 25,2

B 55,7 26,6 52,2 51,8 7,0

9 72 31,1 56,9 57,5 20,2

10 79,0 32,7 59,2 59,3 24,9

" 82,7 34,5 58,13 61,5 25,6

12 73,3 30,0 59,1 53,7 26,7

13 76,1 31,5 58,6 52,9 30,5

14 89,6 331 63,1 57,3 36,0

15 82,6 29,9 61,8 49,9 39,6

16 67,5 4,2 64,0 43,3 35,9

17 99,4 36,7 61,1 54,5 45,2

16 94,6 37,6 60,3 51,8 45,2

19 67,9 37,3 57,6 52,1 40,7

20 78,6 36,8 53,2 53,2 32,3
21 78,1 16,3 53,5 49,7 36,4 ,

22 80,0 39,5 50,6 54,7 31,6
23 80,3 39,7 51,8 54,7 31,9 i

24 71,2 40,9 47,0 50,8 34,2
MEAN 80,6 34,6 56,0 56,0 87 !
S0 4111 4, 6,1 !
]
|

2

1
a -p m\k‘“ cakinae B ._A.. o . I‘_AAAM
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The variations in heat flux with time for the individual sidewalls,
hangingwalls and footwalls are shown in Figures %.26, 5.27 ard %.28.
The dats were swoothed using the cubic spline fitting technique. The
highest average heat flux, &,2 t 0,5 ¥/m2, of all rock surfaces was
recored from the uninsulated footwall in the partially insulated

section.

This was caused by heat transfer along the path of least resistance
which is away from the insulated faces and through the uninsulated
footwall. This high heat flow indicates the importance of using a

suitable materia! to insulate the footwall,

The large variation in heat flux for the uninsuiated section (Figures
5.21 and 5.26) can be explained by the variation in air volume flow
rate (Figure 5.7). The sharp reductions in air volume, and hence air
velocity, at the 5 to 7 and 15 week periods (Figure 5.7} correspond
closely to the drop in heat flux at the 6 to 8 and 16 week periods
(Figure $.21). The variation in air volume resulted in a change in air
velocity passing over the rock surface and consequently a variation in
the convective surface heat transfer coefficient. The fluctuations in
heat flow in the insulated sections were much less because the rate of
heat trassfer is dominated by the thermal resistance of the insulation,
and is less dependent on the surface heat transfer coefficient.

The response in heat flow to changes in air flow was investigated by
stopping the air flow completely and recording temperatures daily for

100
S,
Uninsutated %,
.. 80
E «
g L
S 80 rtially insulated Ry
4 W Ty N
§ Y
[pv—— |
- e e+ el + e+ e
§ 40 e
x Fully insulated
20
e 1 2 3 4 &
Davae

Figqure 5.29 Variation in heat flow for 5 days after stopping
ventilation air flow,
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The variations in heat flux with time for the individual sidewalls,
hangingwalls and footwalls are shown iu Figures %.26, 5.27 and 5.28.
The data were smoothed using the cubic spline fitving technique. The
highest average heat flux, 6,2 ¢ 0,5 ¥/mZ, of all rock surfaces was
recorded from the uninsulated footwall in the partially insulatsd
section.

This was caused by heat transfor alorg the path of leas: resistance
which is away from the insulated faces and through the uninsulated
footwall. This high heat flow indicates the importance of using a
suitable material to insulate the footwall.

The large variation in heat flux for the uninsulated section (Figures
§.21 and 5.26) can be explained by thes variation in air volume flow
rate (Figure $.7). The sharp reductions in air volume, and hence air
velocity, at the 5 to 7 and 1% wee! periods (Figure 5.7) correspond
closely to the drop in heat flux at the 6 to # and 16 week periods
(Figure 5.71). The variation in air volume resulted in 2 change in air
velocity passing over the rock surface and consequently a variation in
the convective surface heat transfer coefficient. The fluctuations in
heat flow in the insulated sections were much less because the rate of
heat trarsfer is dominated by the thermal resistance of the insulation,
and is less dependent on the surface heat transfer coefficient.

The response in heat flow to changes in air flow was investigated by

stopping the air flow completely and recording temperatures daily for
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Figure 5.29 Variation in heat flow for 5 days after stopping
ventilation air flow.
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The variations in heat flux with time for the individual sidewalls,
hangingwalls and footwalls are shown |n Figures 5.26, 5.27 and 5.28.
The data were smoothed using the cubiic spline fitting technique. The
highest average heat flux, 6,2 ¢ 0,5 W/n?, of all rock suifaces was

rocorded from the uninsulated footwall in the partially insulated

section.

This was caused by heat transfer along the path of least resistance
which is away from the insulated faces and through the uninsulated
footwall. This high heat flow indicates the importance of using a
suitable material to insulate the footwall.

The large variation in heat flux for the uninsulated section (Figures
§.21 and 5.26) can be explained by the variation in air volume flow
rate (Figure 5.7). The sharp reductions in air volume, and hence air
valocity, al the 5 Lo 7 aid 15 weeh peilods {Figure 5.7) correspond
closely to the drop in heat flux at the 6 to 8 and 16 week periods
(Figure $.21). The variation in air volume resulted in a change in air
velocity passing over the rock surface ard consequently a variation in
the convective surface heat transfer coefficient. The fluctuations in
heat flow in the insulated sections were much less because the rate of
heat transfer is dominated by the thermal resistance of the insulation,
and is less dependent on the surface heat transfer coefficient.

The response in heat flow to changes in air flow was investigated by
stopping the air flow completely and recording temperatures daily for
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Figure 5.29 Variation in heat flow for 5 days after stopping
ventilation air flow.
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five days. The resulting heat flov: from each section are shown in
Forore 5 29, The uninsulated section showed a marked decrease in heat
fiow, from 91,2 to 5G,% W/a, diring the five days of measuremesn.. The
i1nsulated sections showeld no definite response to stopping the air

flow.

5.10.4 The effec’ ~ footwall gravel

The bulk ther ty of packed quartz gravel has peen me:asured
as one sixth tr. . 7 rock (Wiles and Maxwell, 1959). A layer of
rock 300 mm thick with Jlermal conductivity of 0,9 W/mK is e uivalent

to a 10 mo .ayer of good insulation. However, it 13 not possible to
detect any reduction in hea: flow Jue to the footwall ballast by
examining the heat flux from the individual rock faces (Figures 5 .26
and 5.28)  The average heat fluxes from the footwalls are not lower
than the heat fluxes from the other rock faces, and it would appear
that the footwall ballast does not have a significant effect on rock

heat flow i.to tunnels.

5.1t Susmary

A test site at Westorn Deep Levels Gold Mine wzs divided into thoee

sections which were

(i} wuninsulated
(i} ftully insulated
{111} partially insul ‘ed.

The specification for the insulation thickness was 50 mm. However,
this was not achieved in practice, the thickness varying greatly with

an average of 76.Y mm.

Temperatures within the rock body at each section were recorded for 24
weeks From this data and a knowledge of the rock thermal conduc-

tivity the heat flux at each section was calculated It was found that
the average heat flow from the uninsulated section was 80,6 W/m, where-
as for the partially and the fully insulated sections the average
results were 56,0 W/m and 34,6 W/m respectively.
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The average reduction in heat flow as ~~mpared with the uninsulated
control section, was 56,7 per cent in the totally insulated section

and 29,7 per cent in the partiilly insulated section,

In wrder to asse.s whether the ballast on the footwall had any insulat- ! *
ing affect, thz heat flows from the sidewalls, footwalls and hanging-

walls wei> compared. The heat flow from the footwall was not found to

be vonsistently lower than any of the other faces, as vas predicted by

theory.

In the next chapter a full comparison i3 made between rasults obtained

at the test site and theoretical modelling.

R
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6 COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
6.1 Introduction i $

The accurate experimental measurement of rocx heat flow in mine

excavations 1s a ditficult undertaking. Acceptably accurate results

are only possible if a caveful experimental procedure is followed.

heat flow into tunnele is

-

Furthermore, the Lhevielical analysis of rock
complex and 1t 19 usually necessary to accept some approximations. It
13 thersfore appropriate to compare and to assess the results obtained

hy the two procedures

In this chapter the results of the experiment are comparved with results

obtained firstly by finite element analysis which models the test

conditions as avcurately as possible and, secondly by simplified

methods of predicting heat flov nto tunnels.

6.2 tinite elesent analysis of heat flow in the experismental *est

sections

§.2.1 Introduction

Huserical techniques must be used to model the test site as accurately
4% possible By using the finite elsment method it 1s possible to
simuilate all of the following: the rectangular crosg-section of the
tusnel, the Jiscontinuous boundary conditions of the partially
insulated section, and the temperature field whico existed before the

insulation was applied

6.2.2 Finite element mesh

The know.. ' je acquired during the testing of the 'ADINAT' packajge led

to the drawing up of the finite element mesh shown in Figure 6.1, The

mesh consisted of 100 elements which increased in size geometrically



Figure 6.1 100 element meah used for modelling (he uninoy sted

test section.
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Figure 6.2 200 element mesh used for modelling the fully
insulated test section.



Figure 4.3

400 element mesh used for modelling the partially
inaulated teast asection,
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with the distance from the tunnel perimeter. The dimensions of the
tunnel cross-sections are given in Table 5.2 It was only possible to
use the mesh shown in Figure 6.1 for the uninsulated section which was
square and had uniform boundary conditions. The 200 element mesh shown
in Figure 6.2 was used for the rectangular fully insulated section

For the partially insulated section it was necessary to use the large,

400 element mesh, shown in Flgure & 3.

6.2.3 Test conditions

Despite the use of a4 numerical method of modelling the conditions at

the experimental test site, it was necessary to make some assumptions

and approximations. The values of parameters used in the model and any

approximations that were made are described below.

The values of rock thermal conductivity reasured at the site, (Table
5.1,1, were used in the analysis. The value used for each section was :

R

tine average of 12 measurements of rock samples taken from around the

perimeter of the tunnel cross-section

The virgin rock temperature was assumed [Figure 5.6) as being 42,7 °C.
The ambient aiy temperature was assumed to be constant at 31 °C. This
value was the average of the continuous alr temperature measurements

that were recorded ar the gite

The ventilaticn als flow was assumed to be constant at 6,5 md/s,

whereas in fact it varied considerably at the site (Figure 5.7} This
assumption had the effect of giving a predicted heat flow that was
smeother than that which was experimentalily determined. However the
overall averaje results are nni affected and can be satisfactorily

compa. ed

The average air volume was ufed to compute the heat transfer

coefficients for the tunnel surf.ces, which were evaluated as follows:

The surface heat transfer coefficient for smooth wall pipes can be

found from a simple expression (Dittus and Boelter, 1941) given by:

. P - e g n‘)I‘E‘iial.llh li..ll'a.tn.-. “LA‘ W N Y :!ﬁ’hn__ih
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N =o0,023 %8 p000 (6. 1)
u @ r

Allowance was made for the irregular surface by multiplying the ritht
hand side of Equation 6.1 by a roughness factor (Nunner, 19%6) The
hydraulic diameter was used in cvaluation of the Nusselt and Reynolds
numbers. Substitution of the known parameters, results in surface heat
transfer coefficients of 3,2, 3.4, and 3,7 W/w2X for the uninsulated,
fully insulated and partly insulated sections prior to insulation being
applied. The difference in the values of heat vransfer coefficient is

mainly due to the difference in hydraulic diameter at each section

The thicknesses of insulation used in the model were assnmed to be
constant at each section The values were the averages of the many
measurements taken at the site and were 74,9 mm for the fully insulated
section, and 79,6 mm for the parvially insulated section. The measured

value of thermal conductivity of the insulation was 0,042 W/mK.

The procedurs Jdescribed in Chapter 1 was followed to allow for the
effects of the thin layer of insulation on the rock surface. An
equivalent surface heat transfer coefficient was compoted from a
combination of the actual surface heat transfer coefficient and the
thermal resistance of the insulation Following this approach yielded
0,48 ard 0,47 W/miE for the fully and partly insulated sections
tezpactively The uninsulated section was unchanged, with a heat

transfer coefficient of 3,2 #/m2K

1o insulation was applie! F7 weeks after the tunnel was holed, and the
effects of insulation were analysed for 24 weeks { the duration of the

Bxperiment;

6.2.4 Results of finite element analysis

As the :nsuylation was applied to the rock surfaces approximately 87
weeks after excavation of the tunnel, it was necessary to compute the
temperature gradient within the rock body befor.e proceeding to analyse

the effects of the insulation The heat flow from each section prior
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to applying the insulation is shown in Figure 6.4 There (s little
difference in he~t flow between cach section, 1ndicating that a
comparison between the insulated sections and the uninsu.aited control
section was satisfactory both for the experiment and the tueoretical
prediction.
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Figure 6.4 Heat flow from esch test cross-sectioa prior to
insulating as predicted by finite element
analysis.

The beundeary conditions were then chonged, where necessary, to make
allowance .or the insulated surfaces snd finite element computations
wery nade for a further 24 weeks. The computed heat flow for each

section is shown in Figure 6.5 and the perventage reduction in heat
flow in Figute 6.6

The average heat flow was 138,8 W/m for the uninsulated section,
70,1 W/m for the partially insulaced section, and 39,9 W/m for the

d
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fully insulated section. These values are equivalent to a 49,5 per
cent reduction in heat flow for the partially insulated section, and

71,2 per cent for the fully insvliated section

The results prese. ed in Figure £.% can be compared directly with the
measured values (Figure 5.21) The predicted heat flow of 138.8 W/m
for the uninsulated section is very much higher than the measured value
of B0, & W/m., Some differences between the model and the actual test
conditicns are due to assuming steady air flow, average rock properties
and smooth rock surfaces (except for the calculatiun of the surface
heat transfer coefficient). However, it i1s unlikely that these assump-
tions are responsible for such a large difference. The most probable
reason for the difrerence is that the rock was assumed to be at the
virgin rock temperature on the day of excavation It 1s likely that
due to the position of the tunne. within the shaft pillar, the rock in
the region had cooled below the virgin rock temperature, Fortunately
this difference does not have significant bearing on the results of the
sxperiment, as concern was mainly with the percentage reduction in heat

rlow and not the actual magnitude of the heat flow

The percentage reduction in heat flow for the fully insulated section
was on average 71.3 per cent over the 24 week perjod The actual
measured value was 56,7 per cent For the partially insulated section
the predicted reduction in heat flow waz 49,5 per cent, which compares
with the measured value of 29, per cent., The differences between the
measured and the predicted rasulvs are most probably due toc the large
variation in the thickness of the insulation at the test site (see
Figure 9.5}, The direction of heat flow tended to follow the path of
least resistance (that is through the aress of thin insulation cover
ing), and resulis in a higher heat flow than that predicted by assuming
a constant average thickness. As an exumple the effect of a varied
insulation thickness was shown in Chaptey 3} In the test case it was
found chat the heat flow through an insulsted slab was increased by 20

per cent 1f the inrulavion wiz not of an even thickness.

6.2.5 The effects of delaved insulavion application

In the analysis pre  ated in Chapter 4, the insulation was assumed to

be applied, and thus effective, from the day of holing ihrough. In

.




practice this would not be the case. 1In the case of the experiment
conducted at western Deep Levels gold mine the insulation was appiied
87 weeks after holing through. The effects can be seen in Figure 6.7
which shows the hea flow from the uninsulated section, from sections
with the insulation applied after 67 weeks (2 repeat of Figures 6.4 and
6.5), and from sections with the insulat.on effective from the day of
holing through.
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Figure 6.7 The effect on heat flow of applying insulation
87 weeks after holing the tunnel.

There is a warked reduction in heat flows immediately after the appli-
caticn of the insuiation at week f7. The heat flows then increas. to
asymtotically approach the heat flows from the sections which were
insuiated from the day of holing through. By assuming the application
of insulation to be on the day of holing through, the reduction in heat
flow is underestimated but not bv a significant amount. This result is
inpo:t;ﬁt as it indicates that much simpler w thods of predicting the
reduction in heat flow can be used with confidence,
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6.3 Simple analysis of heat flow into the ex; imental test
sections

6.3.1  Introduction

It is impractical for the engineer wishing to predict heat flow inte
insulated tunnels to resort to finite element analysis. It is there-
fore important to assess the results of the experiment and of finite
element analysis against those obtained from simplified calculation

techniques.

6.3.2 Results of simplified analysis

The most suitable method of simply predicting the heat flow into a
fully insulated tunnel is by means of the tables produced by Jaeger and
Chamalaun (1966). This is not possib’e for partially insulated tunnels
due tu the discoatiuuous boundary conditions, but the quasi-steady
method can be satisfactorily employed for this purpose. Both of these

techniques were explained fully in Chapter 3.
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Figure 6.8 Heat flow at each test section as pred.cted by
simple anaylsis.
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Both methods have two deficiencies, Firstly, no allowance can be made
for the time period prior to the application of insulation and,
secondly, the methods apply only to circular tunnels The transistion
from circular to rectangular alrways is made on the assumption of equal
cross sectional areas.  For the partially insulated section there iz no
foundation for this assumption other than its general acceptance (tee
Chapter 3).

The results of heat flow obtained using the test site condition:
(sertion & 2. %) are shown in Figure 6. 8. They compare well with the
resnts obtained using finite element analysis (Figure 6.7), which are

genera,ly higher by approximately ¢ W/m

For these type of anslyses it is theretoure generally unnecessary to
obtain finite element solutions, the simple methods bsing quite

adequate.

6.4 Sussary

The heat fiow and the percentage reduction in heat flow due to insula-
tion at the experimental test site were overestimated by theoretical
methods. This was probably due to the assumpt.on that the rock mass
was at the virgin rock temperature on the day of excavating the tunnel,

as well as to the large varist.on in irsulation thickness.

After ~ short time no significant error resulted from the assumption
that th nsulation was applied immediately the tunnel was holed, and

this permits the simple heat flow prediction techriques to be used.

It was found that finite element ansalysis was generally unnecessary.
The simplified mathods of analysis gave results whish were slightly
lower than those produced using finite element analysis, but are

adequate for general engineering computations
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7 INSULATION PROPERTIES

7.4 Introduction

The main aim of this dissertation was, firstly, to analyse thesretic-
ally the effects ~f insulation on tunnel heat flow, and secondly, to

provide some data as a check on the theoretical findings. An experi-

empirical data. However, a suitable materia: for mine wide application
still needs to be developed. The material needs to have the properties

which are outlined in this Chapter.

It is important to note that the benefits of coating the rock surfaces
are not only in the insulating effect but also in the support proper-
ties of the material. In fact, some mines are considering the complete
shotcreting of all rock surfaces in the haulages and cioss-cuts as they
are developed (Lloyd, 1984), irrespective of any insulating benefits.

A material suitable for both support end insulation purposes would have
obvious ben~fits. Additionally a smooth coating on the rock surfaces
would serve to .educe the resistance to airflow and this would be mani-

fested as savings in fan power.

7.2 Insulation Material Properties

There are several factors which influence the choice of a suitable mine

tunnel insulatiun material. For practical minewide application the

insvlation material needs to be reasonably priced {see Chapter 8) and
casily available The material must also possess the following

proper’ es:

Thermal Conductivity

The lower the conductivity, the less is the amecunt of material needed
to have the same insulating effect. As a reterence value it should be
ncted that volyurethane has a conductivity of 5,03 W/mK and it has been

shown that a layer of 50 mm would be suitable for insulation purpores.
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More details cf choosing an optimum insulation thickness are given in

chapter 8.

Toxicity

During application and curing a number of insulation foams emit harmful
yases In particular, attention will be given to formaldehyde gas
which is -~arcincgenic and concentrations of greater than 2 ppm should

be avoided.

Fire Resistance
It is extrem=ly important that +he insulation product does not support

combustion, or produce noxious gases on burning.

Composition
The insulation material should not be susceptible to attack from

bacteria and should be unaffected by running water or high humidity.

Structural Strength and Durability

A high structural strength would be beneficial with regard to the
shoring of rock and the prevention of spalling, as well as for good
durability of the insulation surface. The product should have a good

adherence to the rock.

Ease and Evenness of Application

The insulation material should be simple to apply in large quantities.
The hangingwall can cause difficulties as a result of the insulation
falling off before setting. Product density, “hermal conductivity and
application thickness should be easily controlled in an underground
environment. 1' -articulary important to be able to maintain the
thickness of the Jlation within reasonable limits. Optionally the
material could be supplied as panels which alleviate most of these

problems.

In Table 7.1 a comparison of some different insulation material is
shown Although some materials are promising, an insulation which has
all the attributes required for insulating mine airways is not yet
available. Miny manufacturers sre presently working on developing a
suitable product.
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Table 7.1 Comparison of some insulation materials
r - 1 I
CONDUC- | TOXICITY| FIRE COMPOST- | STRENGTH | EASE
TIVITY RESIST- TION AND DURA-| CF S
ANCE BILITY APPLI- ¥
| CATION N f
- o § S —
i
Polyurethane 5000 Lo0n PUOR GO0D FAIR S00D
Urea Formaldehyde 1)
Go0D FAIR POOR G000 POOR GOOD
Phenol Formalde- 3
hyde GOOD ' FAIR FAIR GOOD FAIR PGOR
4
i - 4
Cementitious Foam (2}
FAIR GOon GOOD FAIR FAIR FAIR
Rock Wool (4) (1) (2)
FAIR jgusiy GoON FAIR GOOD FAIR
. }
1
"ibreglass | (4) {1 (2
FAIR i GO0D GOOD FAIR GOCD FAIR
NOTES: 1. Some organic binders are combustible.
2 Can absorb large quantities of water unless treated
with a finishing cement
3. May emit toxic gases on application and for some time
afterwards
4. Can cause problems due (0 excess fibres in the
ventilation air stream
A
P m&_&.u e b - 8 ke L e am Wy
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8 FINANCIAL ANALYSIS

8.1 Introduction

I+ has been shown that zignificant reductions in heat flow, of the

order of 50 per cent, can be achieved by full insulation of mine

airways. If the footwall remains urinsulated tle reduction in heat
load is less, being of the order of 2% per cent. However, for the
engineer designing ventilation and refrigeration systems for deep level
mines, the cost of insulating mine airways must be economically
justified The number of variables involved in evaluating tunnel heat
flow are too numerous to permit a general analysis *n this

dissertation However, presented helow, by wa, >. example, i3 an
analysis of the cost benefits of insulation, for a particular set of
underground conditions Optimum insulation thicknesses are established
for materials of various unit volume costs, and both full and partial

insulation 1s considered.

8.2 Sample Cost Benefit Analysis and Optimisation of Insulation for

Deep Level Mining

As an example of the ecoromic benefits of insulation, the cost of insu-

Tating the airway in *he following hypothetical case was examined:

A heat exchanger cools 27 kg/s of ventilation air to 20 °C saturated.
The air travels along a 2 000 m long, 3x3 m intake airway, to ve.tilate P
ithe mine workings. The airway 135 dry, and the virgin rock temperaturs

is 50 °C

In Figure 8 1 the heat pickup from the airway 135 shown when the tunnel
ig uritsulated, and fully, or partially insulated with varying thick-
ness of insulation at 4 thermal conductivity of 0,03 W/mK. A tunnel

age of one year was assumed.

Figure 8.2 shows the per cent reduction in heat flow as a result of
full or partial insulation of the airway with varying thicknesses of

insulavion.
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The capital cost of refrigeration plant was taken as R450/kW(R) and the
running cost as RSS/kW(R) per annum. For this example it was assumed
that the associated refrigeration distribution system has a capital

cost equal to the cost of the refrigeration plant.

To enable a direct comparison to be made between the cost of insulation
and the running of refrigeration plants the ‘annual cost’' concept
{(Lambrechts and Hrues, 1982) was employed. This is a method of ex-
pressiag overali costs over the life of the system, based at ar appro-
priate interest rate, in terms of an average in one year. An ‘annual
cost' multiplying factor can be found in published tabie. {Lambrechts
and Howes, 1982) For an assumed life of 10 years and an interest rate
of 15 per cent th. factor is 5,02. The annual cost of supplying one
kilowatt of refrigeration on a mine is thus equal to 55+(450+450}/%,02
or R234,3.

It is now possible to evaluate the cost benefits of insulating the

2 000 m length of tunnel. In Figures 8.1 and 8 4 the cost savings due
to insulating the tunnel nsrtially and fully are shown for varying
thicknesses of insulation for different insulation costs. For every
line representing the cost of insulation it is possible to select an
optimum thickness of insulation for maximum financial return. A locus
has been drawn through these points and this 1s termed the 'locus of

maximum saving’

For an insulation material costing R500/m) the optimum thickness for a
fully insulated airway iz 11 mm, which from Figure 8.2 results in a
reduction in heat flow of only Z3 per cent The financial saving would
be only R 500 per annum and consequently it is doubtful whether the
exercise would be viable. However, different (less expensive)

materials present a much more positive view,

As an example, the price of urea formaldehyde insulation is R135/m?.
When fully insulating a mine alrway the optimum insulation thickness is
50 mm, with a reduction in heat flow of 59 per cent and a financial
saving of R45 000 per annum For partial insulation the optimum
insulation thickness is 28 mm, with a reduction in heat flov of 29 per
cent and a financial saving of R26 000 p.a. The savings are .ow

significant and it is clear that with a suitable insulation material
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and an efficient, perhaps automatic, method of application the
insulation of mine airways can be a practical proposition for both

fully and partially insulated cages

S Y
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9 CONCLUSIONS AND RECOMMENDATIONS

The wailn conclusion that can be Jdrawr from this work is that sub-
stantial reductions in heat flow can be realised by insulating tunnel

rock surfaces

Savings are typically between 50 and 70 per cent for fully insulacted

dry tunnels Significantly, if the footwall remains uninsulated these
savings are reduced to hetween 20 and 40 per cent. Furthermore, if the
frorwall 18 both uninsulaced and damp the reductions in heat flow are

marginal; less than 20 per cent.

These values are greatly affected by the rock thermal conductivity, the
tynnel dimensions {(radius), ventilation air f'ow, tunnel age, tunnel
lenath. insulation thermal conductivity and insulation thickness.
Nevertheless it has been shown that simple evaluation techniques based
on snlutions of heat flow into circular cross-sectional tunnels can
produce adequate results. Finite element analysis was used to evaluate
these methods and to investigate the effects of time delays between
the excavation of the tunnel and application of the insulation, but

this 18 not n

ssary for general engineering calculations.

The reduction in heat flow that can be achieved by insulating airways
under a variety of condition sere computed. The results are presented
as a set of nomograms in Apper D. These nomograms cover the wide
range of conditiong which are in South African gold wines and serve

as a usetful tool for the rracticing enginser.

The experiment conducted at Weste Geep Levels gold mine produvced
reductions in heat flow of 56,7 per ¢snt in the fully insulated section
wnd 29,7 per cent in the partially insula ed section. These values are
less than those predicted by theory and the differences are most
probably Jue to the large variation in the thicknass of the insulat.on
at the test site No evidence was found of an insulating zilec. due
to the footwall ballast. Theoretically the footwall ballast should go

some way to alleviating the problem of an uninsulated footwall.

-k \"Kliih i aoatiten.e -2 % - - e W L
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1t was shown that there is a clear diminishing return on increasing the
thickness of the applied insulation. There i3 an economic optimum
insulation thickness for which no global value can be given. However,
it has been shown, by means of a typical example, that significant
financial savings can be made by applying irsulation priced between
R100 and R200/m?. Materials are available which meet this price
criterion, and technigues need to be devised for effective covering of

the rock surfaces economically

If the practicing engineer is to derive benefit from this work, it is
necessary to provide genersl recommendations as a guide to the selec-
tion and implementation of tunnel insulation. Therve are a number of

steps that must be followad and several practical problems which must

be overcome. It is recommended that the following points be considered

when contempiacing the insulation of tunnel surfaces.

The heat flow from the preposed network of ventilation tunnels must be
evaluated. This is easily done by using one of the computer program
lised in Appendix B. The heat loads from all of the airways on a mine

can be computed by using a heat flow network program (Chorosz, 198%).

An estimate of the possible reductions in heat flow can be found from
the nomograms in the Appendix D, If the set of nonograms do not cover
the desired romditions, the reduction ia heat flows can be computed from
the programs in Appendix B. It can be cxpected that the overall reduc-
tion in heat flow will be of the order :f O per cent for a full insu-
lation covering. This will be nalve for partial insulation and halved

again for a wet footwall

These caleoulations must be followed  un economic stuay based on the
cost ol insylation and the cost of -~ »-lying refrigeration. A guide to
the type of procedure to be follow civen in Chapter 8. The
results of an economic study wily « the savings in Rands that
may be accrued, and the optimum th o .= of insylation that is to be
applied.

The seloction «f a suitable insule ., material for mine wide applica-
tion requires careful consideratios. A guide to desirable properties

is gives in Chawter 7. In particular fire resistance, toxicity and

- "Ikli.h . aetisees A =1 s o -




11

thermal conductivity are important parameters. A material suitable for

insulating the fooiwall should be sought since approximately 60 per

cent of the total heat flow passes through the footwall in a partially
insulated tunnel. Finally a material s

ich can be evenly applied must
be used




APPENDIY A

At The Quasi- teady Method

The published version of the quasi-steady method needs some
modification before it is possible to allow for the effects of an
insulated surface. In order to account for insulation on the tunnel
surface the thermal capacity is iynored and an ‘equivalent' surface
heat transfer cosfficient is caleulated. This ‘equivalent’ surface
heat transfer coefficient, hg, includes the effect of insulation and

the convective heat transfer -oefficient, h

_insulation thickness l]
@ insulation conductivity h

The geometry of the partially insulated airway is shown in Figure A Y.
The crogg-section is ascvsed to be circular.  The uninsulated portion

subtends an angle 28 at the centre of the circle.

e .

/» insutated
,»/ /

o

s

Figure Al Geometry of sirway cross-section.

The heat transfer at the surfaces is by a combination of convection and

radiation. At the bare surface tie heat flux iz given by:
KT ntr, - 1) ¢ KOT, - T ) s IAE(R, (T )- B (an
dr 8 g g INS UBAT S !

-~ xi‘x.ﬂ‘. — i o -8 - o Py
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while at the insulated su-face:

X3T _ e
5 (T, Tpd b KT - Tl (A2)

If we introduce a function {8, which has a value one on the insulated

portion and zero on the bare surface, {.e

it 15 possible to combine equat.ns (&1} and AZ)

Thus
BT GaIIR(T, - T ¢ RUT, - T,u.) 4 EAE(P,o{T.) - P)] !
R s Top s Tins sartTly ‘
i . : .
v [1egia)] {h“(rs TQB) + X (Tg ‘tmms” (A3)
which holds on v = a for all 8
i
Now
PoartTs? = PoprTonpws? * T 7 Tunpwe? P gar Tonws’

where Ploge 15 the slope of the curve for saturated vapour pressure.

By re-arranging we obtain:

(Brir=a = % " 275 * 9yI0) ¥4, Tl (A1) ‘
where
i
-t . {
Q- T ¢ KTk,
x» nw\"&‘ll ., alieas B L idl 2 e . W . oaam “'”‘h. Ad
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qz = (he + XK'} /k,

q3 = ((- hT__ - KT +h T +K'T v EXE (p )

X ,
ps ~ ¥Ting ¥ Pelon UNING SAT TUNINS

Tonzns ¥ sartTonrng! - P K

and

9, = ({h + K - he - K)o+ AE B {

SAT bk

Tuning

Instead of solving the heat diffusion equation, we are to solve

Laplace’'s equation given by:

Ly I S - L
37 trar e 0O

The general solution can be derived by the method of separation of

variablesz and is given by:

T(r,8) = A + A Inr+ [ (Ar" +a tr Msin ng
[ [53 net n n

+ e e e Mcos ne

1f the condition imposed by the guasi-steady approach that at r = R,
T = Tp for all 8 is applied, then 1t can be easily shown that:

Tl 8) = To v Ctntx/R) + Lo (/R - (R/n)"] cos no (A5)
=t

It only rerains to satisiy the condition given by equation (A4).

By differentiating eguation (A5) at r = a we obtain

%

%%%;rﬂﬁ =cjat L cn[(n/a>(a/nx“" v (nR/a?)(R/a)" %] cos no  (A6)

=
[

. ”‘*.m. - POV - - - e o o
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We are only concerned with temperatures on the surface r = a.

If we write:

Tg = Tia,8) = T, + A_+ L L Cos n@ (A7)

and
= Aow + g a AN Cos n@ (A8}

then by comparison with equation (A5} and (A6) it can be shown that:

5 = t/latnia/r)]

and
v, = am® e am ) (a9)
for

. no= 1,2,

E 1t is then sufficient to find vaiues of An Ay, ... without

evaluating Cp, ¢y,

By expanding the function g{8) in a Fourier seri:s from - v to n we

can write:

g(a) = BO + L Bn Cosng (A1)
n=l

where Bn = B/

and Bn © {2/na) Sin np




substituting A(7), A(8), and

+ =
LIS EAnvn Cosn® = qi

wnick, by comparing like terms in Cos n8 for n=0,1,2.. . .N leads to a

set of linear equations
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A(10) into A(4) gives
+ g2 qu + Ao + EAn Cos ng)

(B_+ LB Cos n8)
o n

L D) (90 + EBD Cos nB) (T, + A

R [

+ Ean Cos nd)

These equations can be expressed as:

=012 . N (A1t}

C,F A v A T v By (ay 4 oqe Tp)

G ™ Yy ~ 2 94 By

ifn 00

C‘ = By (qy + q;TR)

N
Ogo * "1y
Com = Ta - 92 0 Q8B - 4By /2
ifm OO0
oy = B/2
and if both = O O and w (> O

q
¥
e FY g - x‘iLJ'iLAA--g U Iﬁi Y W PR N
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Opp = = QW8+ B 1/2

By solving this system of equations the A coefficients can be found and |
hence the rock surface tempsrature from equation (A7), An iterative ’

algorithm, presenting a method of solution 1s shown in Figure

Improved values of average temperature for the uninsulated and

insulated surfaces ares given by:

N
TUN{NS = TR + AQ - n§1[an/n(uwS)] Sin n@ (A12)
and
N
TINS = TR + AO + ni’(An/nB} Sin ng (A13)

respectively.

The heat transfer can then be found by summing the results from

equations {(AY) and (AZ).

A2 An Integration Algorithm

To find the total hsat transfer from the rock to the ventilation air

¢rer a finite length of vunnel a stepping method is used. The total
length of airway is divaded into short sections ocer which conditions
are assumed to be constant. Changes in air temperature ca» then be
incrementally svaluated, the condition of outlet air from one section

being used as the inlet condition for the subsequent section.

A complete listing of a computer program which implem ts both the
quasi-steady method and the above stepping procedure .s given in

Appendix B,
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APPENDIX B

Computer Programs

The full listings of two computer programs used for the calculation of
heat flow into insulated tunnels are presented in this appendix.

The first program was used for calculating heat flow into uninsulated
or fully insulated vannels, and is based on the published tables of

Jaeger and Chamaiaun., The second program was used for calculating heat
flow into partially insulated airways and is based on the quasi-steady

method.

e L

. 3 3 h’h‘kil‘k . PRI Illk s oa - . “N“QI-. ad
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| R AR R R RN F R B R PR R R R AR U RS S AR h T a B u bk Y ARSI R D A E RS R
CRODUTIHE T CRUCULATE HEAT FLdh FROM UTHSULARTED & FULLY THSULATED
tOALIRHAYS,

fOREEIJABEGER, L0, U CHAMALAUN, T, HEAT FLOW IN RHOINFINITE REGION

'

1

BOUKDED EXTERHALLY BV A CIR AR CYLINDER WITH FDRCED
COMVECTION AT THE SUREACE. . MET,HOY-DEC 1983,
: RUBT, I, PHYS, , 1966
tORUTHORIP ., BOTTOMLEY
' CHEMBER OF MINES FESEAROHM LABORATORIES
i PLOLBOX 1208
1 AUKLAND PARK 2806
| R ERHELFAEFRFRB TR R BB R AP BT VI F ARG F ARSI A SR AT H IR RGBSR FERRS
PRINTER 18 1€
N I e T T T T oy
tOTo0 Routine ... oas s Input Farameters,
| ma b s aE R RS R RIS R TP A I E R E R PR PO RN AR LSRR B R ERR RGN
PRINT FRGE
PRINT “ROCK COMDUCTIVITY <M.t DEG,Com
IHPUT Cond
PRINT "ROCK DIFFUSIVITY (Meeg 5,77
INPUT Diffus

PRINT “INSULATION CONDUCTIV.TY (W " DEG,Cx5"
IHFUT ¥

PRINT “IHSULATION THICKMESS tmmo™”

THPUT Thick

PRINT "ORY-BULE TEMPERATURE (DEG.C27"

THPUY Air

PRINT "BRARUMETRIC PRESSURE .afad™"
THEUT Pressure

PRINT “AIR QUANTITY (M#s3-837°
INPUT Yolume

PRINT “YIRGIH ROCK TEMPERATURE DEG. (0"
THPUT Vit

PRINT “"ARIFUAY AGE (YVEARS 77

INPUT Yrs

PRINT "RIRWAY RADIUS M), 7"

IHPUT Ra

PRINT "LEHGTH OF RIPWARY 10
THEUT ¥

PRINT “HUMBER OF sTEpe™:

IHPUT Sreps

" AN ..sh.‘.,n-m N " W e . onm Ny
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1086
1910
1820
1030
1649
1650
100
187¢
1aes
1096
1148
1110
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R R R R IR R R R I
Print Toput Fa o
I I X R e R R R R E R S R R R AL RS R

FEINTER 18 @

ER

PRINT %I BAR S

FRINT "R [t NI RER fyCondy " w, .1 3!
FRINT “Reook Difruzionro PiDiffus; £
FRINT "Insulatian Conda tivity LS4 4 B dég
PRIHT “Irsulation Troaoboesg Ve Thick; Ymmt
FRINT “Dru bulb Temper ature ‘3R Tdeglt
FRINT “Met-bulb Temper 3t ure Tikety “degl

FEINT "Rarometteas Fos
PRINT “fiir Quantioo
PRINT “Virgin Foci Tamparatuare
FRINY "Age of Firos

PALirE “iFressurel b a’
TyWolume; "M

“ivrts “degt
CiYrsityears”

PRINT “"FAirwas Padin AT HAT
PRINT "Length e I A
PEINT “Humber 7 S0y Pt Steps;
PRINT

PRINT

FRINT

FRINT - DIGTARHLE DRY-BULE kb TOTAL kil

PRINT

U SRS R s n s b aknibonr v o s sk R RAGRE R FR P AP R P RS TSR R ERRRE I H R L S
b Matn Routaineg
I i R T T L e

Velecityeolumg PleRasfAal TRIr velocity
FouriersDiffuss, s 1654243600 (ARa*Ra) TFOURIER Humber
DestaeGiEps [Rrep length
WENEL ﬁ@

[, e e o e e

U Svep ﬁ\ena EREREY

an Istepst TO
Dens=Prossure (. Ew T3 1G4AP D ‘89 Density
Hassolens#F l#Rasfarvelocity tHir Mass Flow
Re={70@0sVelocityshasliensy . 6 TREYHOLDE Humbe
He=, 30828/ Ra

HemHe*Re ™. 8

Hewlos ol /Mo s Thick e iaagn TEquivalent Surfacs H.T.C
B!tHc«Herrna tEIOT Number

VoCompute Tabulstsd Funcyion By Appraximat ion
USEEIGIBEON,E, THE GHEUTER SIMULATION OF CLIMRTIC COMDITIONS IH
' UNDE?G&UHNB ARE1] Ph.D, THESIS UNIVERSITY OF HOTTINGHAM 1974,

Azal GY{Fourier

A22eX2en2

H2AmK2Te R

Ked=WK2asKa

KeBrXedsX
Ca=-,BLE218¥K234+. 15332640224, 58874892+, 6227082
Che, BI2a%4#X23 -, 17068305 22-. 398410842, 284263
Com, BRIPITEN23 4, AETeRA24 . TE2E6I 1 KT BA 1 ASE
Cde, PAABOT#XI I, DORIBREK22+¢ D01 292eN2 - BO1661
Ctel /¢, BOIA73*XIL- O0ATPEIXZA- . BIGT20 4R, 1 ATI0A22+ . TLBBeN2 1 017D
Cy=ts7C1s7B1+Ca?

GibmsCea(CyusCyrCb+luele+Cd)

ﬁabncib/Bi

! Compute Heat Transfer For Thies Section & Sum

SQn:*Z*P!%ﬁachwfwr~wﬁ\w)ﬁctbihx/ieee

SensteSenstifens

Ajrefir+Senss (Mazex] QOS> TRir Yemp.To Next Section
Distelstepel-

PRINT USING 1890;Dist, Air,S5ens, Senst

1MAGE BX,4D,7X,3D.2D,%%,3D.3D,8X,5D. 20

HEXY lIstep

EHD
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ASI-CTEADY METHOD FOR HEAT FLUX CALCULATION ALOHG AN INSULARTED AIRNAY

i
'

i ErSTARFIELD, AL M, & BELELDOM,ALL, A HEW METHOD FOR THE CUMPUTATION
i OF HMEAT AND MOISTURE TRANSFER IH PARTLY HWET ALIPUAYS,
! JOURNAL OF S, A, TNST.OF MIN.MET. HOV DEC 1987
TOAUTHORI P, BOTTONLEY

! CHAMBER OF MIHES OF S.A.

' FLO.BUKM S1z3e

! AUKLAND PAEK 20w

B O Ly L R e Y I s R I T L)
DIM A4 RO 03,040, G 28,2500, Gar a0

PRINTER 15 18

< B R Lk L s R e e L L L S
148 Begirat D100 Routing ... . ... Irput Paraneters.
1548 R R O O R S T T R T2
160 PRINT PALE
<] PEINT CROCK CONDUCTIVITY M M DEG (27"

e Cond

L CROCK DIFFUSTIVITY (Meegogane
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248 THPUT Ihick
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289 THPUT Aire
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440 INPUT AIfa
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Input Parameters

PRIMTER 18 B

PRINT
PRINT
PRINT
FRINT
PRINT
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PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
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PRINT
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PRINT
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*_INPUT PARAMETERS
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GOSUR Gamcaic (Compute Gamma Coefficients,
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1848 Term=@
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Coeffcalcl! Sets Up The Coefficients For The Set OF Linear Equations That L
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1940
1959
19¢0
‘9ve
1989
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2009
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GO N1 D =BOl ) {Q3+Qdevry
GC1,@0=-0d4eBC])
GC@, 12=-.SeQ4eBC])
FOR Jei TO N
Term=- S¢04*#BIABSCI-T))
IF I=] THEN TermeGamcJ)-0Z2-Gd4*Be@)
GOl oeTerm-, BB+ T 204
HEXT J
HEXT §
RETURN
R R R R e s s 2L
Gamcalc!! Caloulates Gamma Terms.
PORRERERFRNB SRS RGPS AR F PR G RRARERBR R DSBS RN BRI R RS R XD RS R R W BN
Ravio=Bb-Ra¥ Bb/Aa)
Term=Ratic
Gam(@)=1/(RaslLOG{Aa Bb))
FOR =1 TO N
Gam{ D)=l ARas{l+Teras (1-Term>
Tera=TermsRatio

NEXT 1
REIURHN
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Boalolt Caleulates The B Coefficients For The Funtion GiTheta.

1 S2FFERRBERFER SRR RF P A SR B IS L L F UG K 2 ST RS AU EC A v 2 SRS HRH "
B(@=R1fasP]
FOR I=1 TO 2#H
BOD)=m2eS I 2R Fa2 c [#P 1)
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£280 Linsoluvel! Solves The Setr OF Linear Equations For The Fourier
Of The Solution Temperature Using Gauszian Eliminatyan,

22%@
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2500
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Hplus=N+1
FOR K28 TO N-1{
Store=K
Max=ABS(GUE, KD
FOR I=K+1 TO H
1F ABS(GLI,Kyy¢=Max THEN 2389
Max=sABSCGLT, KD
Store=]
HEXT I
IF Store=K THEN 2450
FOR =K TO HNplus
Max=G(K, 13
GiK,1mGiSrore, 1
GiSrore, [1=Max
HEXT I
FOR I=kK+i TO H
FOR J=k 1 TO HNplus
GOL,I0eG T, To=GCl, K)*GiK, I 50K, K
HEXT J
HEWT 1
HEXT ¥
ACHY «GOH, Hplus) 7GON,HY
FOR I=1 TO N
HisN-1
SumeG N Hplus)
Fop J=t TO I
HijsHeTel
SummSum-GiHY My xsRH
AoHY d2Sun GoNY  Hy o
HEX®T J
MHEXT |
RETURH
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i ER R R R R R R S B ST AR IR
! Compute Gock Patterson Thermal Gradient
H HEEHFERBERREREH L FREFER R RER RIS SRR P RIS B AR TR f i H k& EF s w

DEF FHGoch{Alpha)
Z=LGT(AIphay
Goch=1,017+, 7288+2+, 1499+ 240~ 0157242 3. BB4525 2 4+, 00107 %+7
Goch=1sGoch

IF Alphadl.S THEN Tine

Uging A Folunomyal

Time! PRINTER IS @

PRINT

"TIME TOO SMALL ~ THESE RESULTS ARE TOTALLY

PRINTER IS 1§

RETURN
FHNEHD
END

Goch

UHREL TABLE"

R R R R R R e R T T R e
tOSATURATED VAPOUR PRESSURE
L A R e e A AT )
DEF FHPsat (X3

Pgat= EIO5#EXNPCIT, 27X CZE7, Jex 2

RETURHN
FHEND

Psat

R L R R e L s e r
t Yapour Pressure
AR R R R R g R T T TR R

DEF FNPCU,D,P>

Puairs
RETURN
FNEND
EHD

CFHPsat (WD ® (371, 4+, 240D  Ealdo -, Jdai
Puair
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APPENDIX C

Cct Detailed Analysis of Radiation Heat Exchange in a Tunnel

Cross -section

In a ventilation airway heat transfer due to radiation takes place
between the rock surfaces and the ventilation air, and ~lso between
rock surfaces which are at ditferent temperatures, for example in
airways with partially wet surfaces or with partially insulated
surfaces. The overall radiation heat exchange process is shown in
Figure 4.7 In oider to analyse the radiation heat exchange the
‘radiation equivalent network method' is used (Oppenheim, 1956). The
basis of the method is that an snalogy iLs drawn between the radiation
heat transfer process and an electrical equivalent. The heat flow is
considered as the current, the difference in radiosity as the potential
difference and other terms are expressed as an electrical resistance.

A full explanation can be found 1n nany texts (Kolman, 1981).

Referring to Figure 4 7, the energy leaving surtace 1 which is
transmitted through the air and arrives at surface 2 is qiven by

JyArFagr [{oh )]
4

and similarly that which leaves surface ? and arrives at surface 1 is:

JzAzFaet ()
4

Ji is the radiosity or the total radiation leaving surface i per

unit time per unit areas,
A{ is the area of surface 1,

Fij is the geometric view factor or the fraction of energy leaving
surface i that reaches surface j,

Ta iu the fraction of radiation leaving the surface which is
transmitted by the air stream.

Therefore the net heat exchange between the two radiating surfaces is
gqiven by

Fe u‘ﬂ"kliik A id‘ﬂln-.;‘b !ﬂk - Y
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= JyA1Fypc . o3
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By Kirchoff's identity for a non-reflecting medium the emigsivity is

equal to the absorptivity,

v a 4
a a
so that
£y + L 1 (c5)

where e, is the emissivity of the air,

and  ay Is the absorptivity of the alr,
The radiative reciprocity relation states that
AiFig = AFo (CE)

and therefore by substitsting Fruations C5 and €6 in Equation C1 we

abtaln

Tye ¢ A&?!z(?‘sa}(Jy'Jz) (7

Using the electrical analogy Equation {7 vcan be represented by the

network element shown in Figure Of

Coneidering the energy exchange between surface 1 and the ventilation
air, the energy essission from the ventilation air {other than that
which 1s transmitted, and has already been considered) is given by the

Stefan-Boltzmann lav as

Jﬂ = sadT; (c8)

where o is the Stefan-Boltzmann constant (5,699x10"8 W/m? RY),

and Ty is the absolute bulk air temperature.

- . \j.kjii.‘n_-u il as M - - o -y
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The fraction of this energy which reaches surface 1 iz given by
4
Aapa’taaTa (cy)

At the =ame time the energy absorbed by the ventilation air from

surface 1 is given by

JiAFy a {(C10)
4 a4

(224

J;A;F;ae& (c11)
The net energy interchange between the air and surface 1 1s given by
N @aFdxtdcT; Jandesa {c1z)
Again using the reciprocity relation to simplify Equation €12 we obtain

qaq = Aq?‘«‘}iaw?; Jy) (c13)

The similar relationship for the interchange between surface 2 and the

air i3 given by

g, = AeFa e (uTE-0p) (e

This radiation exchange can also be represented by an electrical

equivalent and is shown in Figure 2

For a reflecting solid which does not transmit energy

where o is the reflectivity,

and further the radioszity is the sum of the energy emitted and the
energy reflected, that is

-k \’ikjiiu . ke B - -
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Figure C2 Network element for

the radiastion exchange between
air end the surface.
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Figure 3 Neiwork element for the surface resistance.

A\Frg(1-€,)

TS

Figure Ca Total network for the radiation heat exchange
process in a tunnel containing an acsorbing gus.
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T o= ogaTé 4 G (C16)

where G is the lrradiation, or the total radiation incident upon a

surface, per unit time, per unit area.

By subst.tuting Eguation 15 into Equaticn 16 we obtaln

J o= ogoTé V{1 €30 (€17}

Now the net radiation leaving a surface is the difference between the

radiosity and the irradiation:

q = A(J-G) (c18}

by sliminating the irradration, by subsitution of Equation €17 in

equation 18, the net radiat.on heat transfer ls given by .

#
q - ;; LaTé- 07, (c19)

which 15 represented by the network shown in Figure C3.

It is possible to combine the networks represented in Figares 1, C2
and C3, to produce the network for the whole energy exchange as shown
in Figure C4.  The components of radiation heat flow in ventilation

tunnels can be simply found by obtaining the solution for this network.

The net hest transfer between surfaces 1 and 7 is given by

q = UQT:—T;)/ZR (C20;

where the equivalent network resistance, R, i#

RT = {1 €)/£A!*‘/(A\Fi2f"Ga"AyAgF\anara/{A;Fwa+A2an}3#(1Vs)inhz
ey

An example will now be solved to investigate the magnitude of

radiation heat transfer in mine airways.

N s g x"\lﬁiu e watinece B - - . - . Y
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.
EXAMPLE )
It was assumed that a JIxJ m airway was ventilated with air ot a T
temperature of 30 °C dry-bulb, 25 °C wet-bulb and a barometric pressure
of 10 kPa. The mean footwall rock surface was 35 °C and the remaining *
rock surfaces were 12 °C.

The evaluation of view ractors can be oumplicated and lead to errors.
In fact it i3 not neressary to evaluate the view factors for this type

} of problem, rather the 'crossed-string' mechod of Jeteralining eachanye
areas (AF) is used (Hottel and Sarofim, '967) It should be noted that
by the reciprocity relation the exchange area holds for each energy
sxchangye. The ‘crossed-string' method is suitable when surfaces have
(Gray and Miller, 1960}

; lengths much greater than their widths,

o

Lonstant cross-sections normal to their lengths, and

o

(o) constant separation along their lengths.

There rules are all true of the idealized ventilation tunnel. In
Figure €%, representing the tunnel cross-section, the exchange area
hetwesn the two surfaces A uad B given by the 'crossed-string’ metuud

L3

AF = {Ly+lp Ly Led/2

¢ : For the tunnel cross section Ly and Ly are equal to zero and hence Ly
equals Ly For unit length of tunnel che exchange area is therefore
equivalent to the distance between the two end points of one of the

surfaces. In this case
AF = 1 m?

The emissivity of the gaser in ventilation air depend upon their
partial pressure and mean beam length, and can be found from charts
Most gases are transparent to radiation, the only ones in normal air
which are of concern are carbon divxide and water vapour. The
percentage volume of carbon dioxide in normal air is typically very
low, 0,03 per cent (Mayhew and Rodgers, 1548), and thus has a very low

partial pressure so that the raliation effects cap be neglected for all

N - n"kﬂin . it b S - o - e Qg i
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Surface B

Burface A

‘Crossed-strings' for svalustic. of the radiation
exchange arsas in a sgquare tunnel
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Figure r'¢ Emizsivity of water vapour
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practical purposes The partial pressure of water vapour at 25 °C wb,
30 °C db and 100 kPa was derived from psychrometric charts as 2,8 kPa
(Barenbrug).

The mean beam length is yiven by (Holman, 1981):
Le = 3,6 V/A

where V is the total volume of gas and A is the total surface area.
Therefore, in this case the mean beam length is 2,7 m.

The relation between mean beam length, partial pressure and emissivity
fo, water vapour at 30 *C and 100 kPa is shown in Figure C6. This
chart was derived frou previovusly published data (Hottel and Sarofim,
1967). For < value of 7,6 kN/m the emissivity of water vapour is
0,18, It is interesting to note that an emissivity of 0,4 was quoted
in the literature (Starfield and Dickson, 1967). This value corres-
ponds to 56 kN/m and cannot be justified in normal mining conditions.

The emissivity of rock surfaces was assumed to be 0,95 (whillier,
1982} .

The resistances shown ir Figure C4 were evaluated as follows:

i-¢ 1-¢
m 0,006 l:i-; = 0,018

1 1 1
I ZPYS Eroe BRI ¥ Sor il ¥t Fur S

The equivalent resistance of the networks in parallel is equal to 0,367
and thus the total rcsistance is 0,391,

Ao AN oMW
e ! 1-e
€A, AF €A,

Figure €7 Network for the radiation heat exchange process in
a tunnel containing a transport medium.
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The total heat transter between surfaces t and 2 is found from equation
20, and in equal to 50,2 W. This quantity of heat radiation 1is
surprisingly high when considering that the heat flow due to convection
n a similar tunnel would be of the order of 100 W/m. I{ it is assumed
that the ventilation air 15 transparent to radiation, the equivalent
network is that shown in Figure C7, the total resistance ,[R, 1s given

by
LR = {1-e)/eAi+1/AcFya+(V-e)/ch; (c22)
and the heat transfer between the two surfaces is given by

q o= Q(Tt“T;)/fR (€23)

whoch is egquivalent, in this case, to 55,1 W,

It is now clear that although a large amount of heat is transferred
between the two surfaces the effect upon the ventilation air is only
4,9 W,

2 Simplified Analysis

n the preceeding analysis it has been shown that the effeci of radia-
tion on the ventilation alr is small, and it is doubtful whether the
complex approach described is necessary for day to day engineering
calculations. This is doubtful when it is considered that the analysis
isz hased on a high.y idealized set o1 conditions. It is convenient for
most computations to use the Stefan-Boltzmann relation (Whillier,

1362)

q = A’FGV(T:-T;) ez

where T,y i3 a combined emissivity and view factor.
By comparing Equations (20) and (74) it can be seen that

Foy = VhiRg (e2%)

with a value for the example of 0,55,

. ."kldix e m RS TGIE " - -
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A linearized Lorm of the Stefan-Boltzmann equation :5 often used:

9= heAF, (t1-ty) (c26)

where hp is the radiative heat transfer coefficient. Values of hg

can b computed from

hR = 4,62(1+(t1+t)/54%,3)3 (c27}

The linearized furm of the equation is as accurate as the Stefan-
Boltzmann equation and often greatly simplifies the calculation of heat
flow into ¢nnnels. This form of the equation has been used by several

authors when proposing methods for the solution of tunnel heat flow
(Hemp, 198%; Starfield and Bleloch, 1983).

When calculating the heat load on the ventilation air streas cue to
radiatiin some care needs to be exercised in evaluating F,, when
applying Equations C25 or C26. We have seen that a value of 0,85 is
typical for the radiation between the two rock surfaces. However, the
value for energy interchange between the rock surfaces and the air

strewm 15 gquiet ditferent, and is given by

E'R | TR~
F.ow VMIRS 1R,

For the example described the effective view factor between the rock

surfaces and the vertilation air has a value of 0,08, The eflective ) ,
view factor has been incorrectly evaluated in the past, with values of ;

the order of unity being assumed (Hemp, '%85).

c3 Conclusions j

It has been shown that it is unnecessary to employ a more rigorous

treatment of the effects of radiation heat transfer than that normally
used when evaluating heat flow into mine workings. The contribution of
radiation heat transfer to the overall heat load is a small portion of
the total, and errors incurred by applying a simple method of analysis

are not significant.
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APPEMDIX D

Nomograms showing reduction in heat flow due to insulation

In this Appendix the thecretically predicted reduyction in heat flow due
to insulation 1s presented in the form of nomograms. The nomograms are

for fully insulated, partially insulated and partially uninsulated with
a damp footwall Each nomogram includes the effects of variutions in
ventilation air velocity, tunnel age and tunnel length. In addition
different nomograms are presented for variations in tunnel size, rock
thermal conductivity, insulation thermal resistance, footwall wetness

and ventilation air humidity.
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Fully insulated tunne: ~ 45
Rock thermal gonductivity = 8§ 14 W/mk
Tunnel radivs = 1,69 m
insulation thermal resistance =167 mek/W
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b dly insulated tunnet 16 §
Rock thermal conductivity = 6,14 W/mk
Tunrel radius =1 88 m
ingulation thermal resistance = 0,33 m2k/W
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Fully insulated tunnel 30
Rock thermal conductivity = 6,14 W/mk
Tuanel radius = 1,60 m
Insuiation thermal resistance = 0,83 m2k/W
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Fully insulated tunnel

fook thermal conductivity = 8 14 W/mk
Tunnel radive =1,68 m

Insutation thermal rasistance = 3,33 mk /W
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Fully insulated tunnel

Rock thermal conductivity = 8,14 Wsmk
Tunns! radius = 1,89 m
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Fully insulated tunnel
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Rock thermal conductivity = 3,0 Wimk

Tunnel radiug = 1,89 m

insulation thermal resistanc e = 1,87 m% /W
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Fully insulated tunnel rso
Rock thermal conductivity = 8,0 W/mk
Tunne! radius =1 69 m
Insulation thermai resistance = i .67 m?k/W
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Fully insuiated tunnel r45
Rock thermal conductivity = 6,14 Wimk
Turnel radius = 1,13 m
insulation thermal resistance = 1,87 m2k/W
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Fully insulated tunne!

Rock thermal conductivity = 6,14 W/mk

Tunne! radius = 226 m

insutation thermal resistance = 1,87 mPk/W
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Fully insulated tunnei

Fock thermal conductivity = 6,14 W/imk

funnal radius = 2,82 m

msulation thermal resistance = 1,67 mPk/W
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Partially insuintec tunnel

Rock thermal conductivity = 6,14 W/mk
Tunnel radius = 1,88 m

Insulation thermal resistance =~ 1,87 M2k /W
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Partially insulated tunnel

Rock thermal conductivity = 6,14 W/mk
Tunnel radiug = 1,69 m

in-ulation thermal resistance = 0,33 mi W
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Partially insulated tunnel

Rock thermal conductivity = 8,14 Wimk
Tunnel radius = 1,89 m

nsulation thermal resistance = 0,83 Mk /W
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Partially insulated tunne!

Rock thermal conductivity = 6, 14 W/mk
Tunnel radiug = 1,869 m

Insulation thermal resistance = 3,32 m2k/W
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Partially insulatad tunnel
Rock thermal conductivity = 6,14 W/mk
Tunnel radius = 1,88 m

nsulation thermal reaistance = 5,00 m2k/W
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Partially insulated tunnel

fock thermal conductivit, = 3,0 W/mk
Tunnal radius = 1,88 m

insulation thermal resistance = 67 mPk/W
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Partiaily insulated tuanel

Rock thermal conductivity = 8,0 W/mk
Yunnel radhus = 1,60 m

insulation thermal resistance = 1,67 meRiw
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Partially insulated tunnel

Rock thermal conductivity = 8,14 W/mk
Tunne! radius =113 m

Insulation thermal resistance = 1,67 mek /W
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Partially insulated tunnel

Rock thermal conductivity = 6,14 W/mk
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Partially insutated tunnel

Rock thermal conductivity » 8,14 W/imk

T wel radius = 282 m

insulation thermal resistance = 1,67 miK W
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Partighly insulated tunnel

Watness factor = 0,2

Melative humisity = 75%

Rock thermal conductivity =€, 14 W/mk
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Partially insulated tunnet
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partially insulated tunnel

Wetness factor = 1,0

Relative humidity = 75%

Rock thermal conductivity = & 14 W/mk
Tunnel radius =168 m

insuiation tnermal resistance = 1,87 mgklw
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Partially insutated tunnel
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