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S0 81
InPei¢ I of this dizservation Starfield's two mathematical
models which represent an edvancing stope subject to linear heat
flow and an airway subject tc radial heat flow are used in a series
of couputer experiments with a view to detamining trends whiszh
will be useful in vertilation planning.

Pirstly, the significence o7 the heat transfer Qoe:fficiem 8
and the rass transfer ccefficient E as used in a typical stope
ealculation, is ~xasinsl., It is found that while the heat vpicke

up is insensitive to large changes in F, the choice of E is critiecal.

Wettinz down cycles in a stope are next considered and it is
shown that controlled wetting dowm is equivalent to a substamcial
saving in refrigeration. Derener level nines are also trested and
it is seen that as tha virgin rock temperature (VRT) increases s

the wetting down technique becomes more and more important.

Finally, the advantage to be gaired hy insulating an airway as
oppcsed to keeping it wet is calculated. The resulte show that

only extremely high VRT's will justify the exn: of insulating.

Part IT is devoted te examining the prollem of two dimensionsl

heat flow into an advancing stope.

The finite difference approximation proposed hy Saul'ev is usad
to solve the two dimensional diffusion equation for the idealised
representation of an underground stope which is vekern a3 a rect-

angular cpening in an infinite plate,







The choice of boundary conditions is discussed and an error
analysis is carried out on the results obtained. Saul'ev's method

ig found tc be extremcly fast ind reasomably accurate.

Various ckaracteristics of the recurring state are discussed
end the effect of wotness in a stope on the tawperature distribu-

tior in the rock swrounding the stope is exanined.

Finally, using Saul'ev’s tinite differencc network together
witk heat ané wiss transfor and psychrometry, a comnlete two di-
mensional model of an advancing stope, vhich may be vsed to zelcd-

late wet and dry bulb temperature ipereases, is formulated.




the recurring state are discussed
PR SR

ssope, which may be used *o calcu-
¢ ‘increase: , is forrulated.



TABLE OF CONTENTS

Chapier 1 - Introduction

Part 1

Chapter 2 = The sensitivity of heat nick-up to changes

2.1
2.2
Ce3
2.4
2.5

in H and E,
An outline of Starfisld's stope model.
Theorectical limits ou the valus of H,
The ccmputer experimemts for H.
Toe computer experiment for E,

Conclusions

Chapter 3 - Wetting dowm in stopes

3.1

3.2

3.3

3.4

3.5

3.6

"‘ne general analysis of wetting down cycles.
“ristions on the present method of wetting down.

A -ompariscn of different durations of vettirg down
afte blast,

A comperison of different durations of wetting down
before re-cntry.

The effect of different starting times for a fixed
period of wetting down.

Conclusions.

22

22

Chapter 4 - An analysis of stope conditious in deep lovel mines

k.1
L.2

4.3

Signifinance of watting down.
The effect of air velozity iz & wet stope,

Conclusions,

Chapter 5 - Insulr in~ of airwayc

5.1
5.2
5.3

Description o' ..¢ model.
Results.
Conclusgions.

2k
25

g Y ALY, DTN O et R UG v A TR N T (USSR LR e




Part II

Chapter 6 - Heat flow into an advercing stope - The

6.1
6.2

6.3
6.h
<5

3.6
6.7
6.8
6.9

golution of the two dimensional diffusion

equation by Seul'ev's nethod.
Statement of the problenm.,

An anmalysis of difference -iethods available for
solving the two dimensional diffusion equation.
Accurscy and speed of computaticn of Saul'ev's method.
boundary conditicns for the stope prodlanm,

F*teps in the solution of the twe dimensismal tope
probleu.

The choic2 of space and time irte vals.

Detzils of the computation.

Symmetrical problenms,

Reaching the recurring stute.

6,10 An apalysis of discrctization errors.

6.11 Results.

6.12 An alternative extrepolation process.

6.13 Results at the recurring state.

6.14 The wet stope.

6.15 Conclusions.

32

32

@

37
38

45
45

&

48
b
S0
52
s
56
58

Chapter T - The develoinent of a mathematical model of a stope

Tl

The eoluticn of the eqrations.
Applicntion of the eguatiuns to & stope.
The application of Duhamel's theorenm,
Improvements to the model.

A nunmerical exauvle.

Cunclusions.

59
61
63
66
66
69






CEAPTIR_ 1

uct i

Ventilation planning in mines is dependent, amongst other
things, on a knowledge of heat flow into tuuaels and stopes. As
zines becone deeper the virgin rock temperature (VRT) inervases
and the necessity for plamning ahead becomes more and nore acute.
Knowledge cf heat flow into mines nay be obtained in two ways. It
may be gnined aitﬁa fror anpirieal studies ur fronm analytical

congiderations.

In order to obtain laws governing heat flovw from experimental
obseratiovs, it is necessary to process many thougands of observe=-
tions sad adopt o statistical approach., Usually these observations
will have been taken over a wide range of conditions, making 1t
extrencly difficult to ccopletely secarate and accoun’ for all the
warigbles iavoived. Any laws deducsd oapirically will only be
valid within the range of conditions ccvered, which while useful
for eurrent plenning do not permit extrapolation to situsticns

which may be enccuntered in the future.

Undergroui ixcavations may be represented by idenlised mathe=
natisal models. In these models it iec desirsble to simulate as
closely as postible the actua! evemts which occur underground, It
is guite obvious that exacy :imulation will over be possible, but
provided that the nmost significant paranetcrs are included, meaning-
ful results should be obta’.nble. Once a model has been formulated,

extrapolation to any envisaged set of conditions is possible.

Ye thus have on the one hend nn cupirieal approach. which

Jwaile




: 2
while not coafronted with any problens of simulstion, doen rct sive
& detailed picture of the significance of individual variables or
perzit extrapolation to diffwent eonditicns. On the other hand
ve have a mathemstical model jn vhieh ecach variable is elearly
defined and on which any conditions nay he imnrosed, but which does
not w canetly represent the underground situation, It would
thus appear that reither thewry nor empiricisn alone will suffice
and thet a corbinatica of the twe is required in solving heut flow

problems,

Rmpiriess ye.dlts may couscantly b o tered by improving

expe +imental tcchniques and by collecting data in & wiy Such that
in the vesulting st<tistical analysis, «ariables ace isplatel as
far as possible. An enalytical =ode. nay be buproved Wy using
better simulations of natural phenmomena as they becone available,
and by the sddit’on of Turther inforrmtion defining tne Shysical
configuration s undersiending of the subject increases. Experi-
sental reswlts play & major role in increasing this understanding
as does the theory in guiding experimental technigues. Fmiricis

and theory are thus mutually couplenentary.

Stopes and tunnels fornm iwo distinct problens ard the prcgress

towards comrlete solutions of each rust be dealt vith separately.

The tunnel is the easier of the two problems as far cs the
formiation of o mathematical model is concernad. Py assuning
that the heat flow into the tunnel is radial and by igroring heat

flow parallel to the direction of the tunnel a reasomably good




Moyve then twentr-Cive years ago Coch ani Pa::tma} m
tatles for hest flow irio a tumnel for an infinite walue um
surface heal transter coelfi iemt EH, Severr. ' Sempts 40 colve
the problem of eulr-wieting zir temperatures in wet or &y girvays
hcve beer m‘(Z)(Zﬂ(N)(S)' *ut each iavolvel severe approximetions
or ar..-ticns., The problm of a dry tunmel was so'ved by ven
Heerden'®! and incependently by Jovdan''), vherc the effect of the
temperatuve b tory of the tunnel was included. Bbu'fidé(a)“
obtained qu.:..nelytic expressions for the flux inlo a tunnel by
a rinite strip method end _atce yroduced a wodel for calewlating
wet and drv bulb temperature increases 1u an eirvay(g). Jarén(m)
alse formvlated a method for caleulating tempere.ws diziributices .

in a force~ventilut~-d developuent end.

Much data relating to airways is available, T of the zost
comprehenaive surveys vere done h” iaca.rd-Jeppe(u) anrd Llﬂrcchtsua)
Frou these cheervations, empirical lavs which agreed well with the
*neory over a limited range, were obtained. Starfield and Dichonu:)
showed that by inelvding features such as drains in airvay models
which were subjected to several differest conditions of VRT, wet
bulb and dry bulb temperature ete., a scatter similar to that

oMtained in practice could be generated by ecalculation,

Tas stope pieserts a more complicated problen. It is easent=
ially a rectang:lar box subjected to two dimensioral heat flow. In
contrast to the tunmnel, which is & lorg term probiem, the stope
comtinually advances, thus making short term effx st gignifi-
carnt, A good illustration of this differunce is = . elfect of the
Ary bulb temperature on hest pic’: up in stopes and awrmys. In e
stope it may be ignored vhereus after a certain time it plays a

sajor role in tuanel problau(lh).
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The theoretical solutiorn of the stope probienm had ts origin
in a paper w--,mu‘”’. ~here a stone vhich advanced by distinet
steps (Swcps) was first c.amined. iles 38 1 cuced formulae for
%he continuously moving stope end ccmcer(n) formulniad solntions
for smoothly advaucing stopes having hoth cireular a.d allipiical
crors~gections. S‘ta.n’ield(a) obtained quasi-enalytic ex;ressioms
for tie heat flow into a stops by separating the face and the
hengingwell (or footwell) and surming the linear heat flux contri-
witions {vom these perts. This theory was lster extendoa 18! £o
include the computation of wet and dry bulb air temperatures inm

19)(20) nave analysed experi-

Binenrd—iqpe(n) and Lambrocatz
mental stope data and sgain the smpiricul laws v~ micted have
agres  well wiih thecretisul results in the range ecvered by the
dote, ¢ to the tremendous mumber of variables inherent in the
atup: viser st is unlikely that a general model cspell @ of
producirg sbsolute »esults will be produced. However, il some
sort of stope temperature history were aviilable it uight ~i. br
possible to Mcalirvata" the model for cach particular set of

circumstances, and hence produce accurate results for future

plunning.

In Purt I of this thesis, use is made o Starfield's mathema-
ticel models of a atops(la) and aimy(g), in order tu examine
ventilation procedures occuwrring undergrcund, in en attempt to
obtain trends which would be useful in prsctical ventilation

rilanning.

The wmu an outlive of the general model designed




The eolution of the complete protlen involwes ithe tiree
distincy subjects of pasychrometry, heat and mass transfer, and heat
onducticn in rock Tre equatisns pertaining to each subject will
be deall with in tura.

(a) Pspolrometey
$ Two of the input paremeters for the models are the wel
ard ¢ry buld temporatucses of the ventilating air. Since the
thecry cen conveaiently be developed in terms of the absolute
hunizity v and the dry bulb temmerature €ne it is necessury to
veiste tle absolute humidity to the wet buld temperaiure 6 .
The absoluvte humidity of the air w may de written

w = p/(u+ vGD) - (1,1)

where p is the partial pressurs of the weler vapcur in the air
and u and v are constants depending on the systez of units

chosen.

The vapowr pressure moy be witten in terams of the wet

bulb temperature e“_ a3 follows :

P ® 'p.(ﬁv) -e I’u(eD -8.) {1.2)

vlére P, is the atmospheric prescure, e is s nsyelromctric
 eoustant and p,(a‘) is the saturated vapour pressure of the
rh: at the wet hulb temperature. b s(e") may be found from
s m tablas tut ﬁi" sonprting parposes it is simpler to use &
mho:h (M m steam tables by a least squares fi%) to
: bh Wiﬂ at prersure with temperature viz,

(1.3)
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