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ABSYRACY

The cooling of deep gold mines is costly and must therefore be
planned carefully. To provide a precise asssessment of under-
ground air temperatures, & computer program, HEATFLOW, has been
designed. HEATFLOW has s moduler Furmet. using independent .
algorithma for the prediction of heat and moisture transfer in
shafts, tunnels, stopes, development ends, hoist chembers and
fans. It also simulates the performance of air-coniers.

HEATFLOW is & usec-Friendly progrem, running on IBM-PC compe-
tible computers. It allows the user to enter complete mine
networks {up to 320 elements) and provides two levels of ajmula~
tion : “simple”, for global and rapid calculations, and ‘com-
plex’, for improved sccurscy and detail in input data end re-
sults. The network is schemstically displayed on the screen and
data ere input interactively, using predefined forms on the
screen. A generic mine representing the average ‘deep” gold
mine has been simuleted, providing setisfactory smswers (within
10% of actus) dsta).
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NOMENCLATURE |
a : radius (m)
« : thermal diffusivity (m?/a)
ASH : apparent specific humidity (kg/kg)
8 : Biot number = fh.a/k {(dimensionless)
a < angle {rad.}
c : thermel cepacity of rock (3/kg.K)
cF : correction fector (dimenaionless)
Cugtec : thermal capacity of water (1/kg.K) )
A ¢ variation
C : diameter (m)
DB : dry-bulb temperature (°C)
DFR : daily face advance {m/day)
e ; partial pressure of water in the air (kPe)
E + moisture transfer cosfficient (ka/n?.s.Pa)
E:M : enthalpy over moisture ratic (xJ/g)
Ew : water efficiency (dimensionleas) X
€sat : saturation pressure {kPa}
f + wetness factor (dimensionl2ss)
feq 1 eqelvelent wetness Factor (dimensionless)
F + factor of merit (dimensiontess)
Fl : face length (m)
Fo + Fourier number = a.t/e? {dimensionless)
Fr 1 roughness factor (dimensionless}

F{8,Fo) : heat flow function tabulated by Jesger and Chemalsun
{dimensionless)

film or surface heat trensfer coefficient (W/m.K)
enthalpy (k3)

thernal conductivity (W/m?.K)

radiative beat transfer coefficient from wet to dry
rock surfaces (W/m?.k)

K 1 radistive heat transfer coefficient from dry to wet

= x = ¥

rack surfaces (W/n?.K}
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latent hest of vaporization of water (2/kg)
Nusselt number {dimensionless)

barometric pressure (kPa)
perimeter of the dip gully (m)

& PERIM  : perimeter (m)
Psg ¢ perimeter of the strike gullies (m)
: Pr : Prandtl number (dimensionless)

Qrat ¢ latent hest (kJ)
Qgens : sensible heat (k3)
Qot @ total heat {%d)

R r : polar radius (m}
T R : capecity ratio (dimensionless)
L o : density of the rock (kg/m’)
. Re : Reynolds number {dimensionless)
‘ Sw stoping width (m)
; t : time or age (s)
. o a : polar angle {red.)
! tai : temperature of air ot inlet €C)
-1 tgusf ¢ temperature of the rock surface (°C)
ty  : temperature of water at inlet (°C)
Tin : temperature of the service water st stope inlet (°C)
tyo temperature of water at outlet °C)
u : temperature (K)
: v : temperature (K)
' { Vdry : average temperature of the dry rock surface ©c)
Il VRY : virgin rock temperature (°C)
@4( Vs : rock surface temperature (°C)
i Vyet : average temperature of the wet rock surfece (°C)
| WHF + water mass-flow (kg/s)
} x : thickness of ilnsulstion (m)
! X : distance from the dip gully to the Face (m)
| x» : wldth of the production zone (m)
o
i
{
i
| 4
" o O T




CHAPTER 1 : INTRGDUCTION

South Africen mines sre very deep : this results in a large hest
load on the ventilation air. The deterioration of working
conditions due to this is such that, at effective temperatures
approaching 30 OC (the effective temperature takes inta account
the temperature, bumidity snd velocity of the air) productivity
decreases quickly with tempsrature. Above 34 °C (Stew
1982), the risk of heat stroke incresses rdpidly with

'

tempersture.

Heat loads mainly result from three elements:
(i} autocompression of ventilation air

(ii) hest From rack exposed to ventilation air

(iii) mséhinery.

Even with & limited geothermal gradient, virgin rock
temperatures (VRT) are often in excess of 45 °C (Sheer &t al.,
1984) and can be up to 60 oC. Although ventilation air cen be
used to remove the consequent heat flow, at grest depths this
air loses all its cocling power as a result of autocompression.
As en alternative, chilled water can be sent down the mine, to
be used in eir cuolers or, directly, as service water, in
stopes. Its effect is then to directly cool down the warking
place. Furthermore, the use of this water tends to increess the
humidity of the air, which makes high temperatures less
bearable.

Mine refrigeration processes, which are very cestly, must be
carefully plenned. for this, a proper essessment of heat
production in the mine is necessary.

&

i3



1.

Problem : the Current Approach

Bluhm et al. (1986) have reviewed sll the existing models for
th prediction of heat flow in deep mines end showed that the
state-of-the-art previded, for given domeins, acceptable,
although not fully sstisfactary, answers. However, the
modelling of an entire mine remeins difficult and this is
normelly limited to one shaft, airway or stope, of which a mine
containg grest numbers. The mine ventilation official will,
rather than using these models one by one, refer ta simple
graphs of the type shown in Figure 1.1 (Hemp, 1982) for overall
mine-wide heat load estimation. Using the depth, the YRT and a
production Figure, he will be able to compute the overall
cooling requirements. This copling will be applied according to
conventional rules, but the whole process may be quite
inefficient.

The optimum method of making model)s eveilsble for the study of
hest load and cooling strategies is to provide them as computer
programs; such a progrem, FRIDGE 5, is already available.

1t was produced by the Chember of Mines Research Organization
{Van der Walt and Whillier, 1579) and sllows the mine to be
considered in its totslity. The simulation requires from the
user that he provides date such es cooling duty, power of
machinery, stoping method or length of airways Far each level.
It uses & pre-defined lay-out which is the typicel structure of
a mine from the environmentel point of view, and where a
definite cooling strategy is assumed. Though the results
provided by this program have generally shown satisfactory
agreement with practicel opservations, this predefined coaling
strategy eventually appeared as & mejor limitstion.

Another limitetion of FRIDGE 5 is its availability on mein-frame
computers anly. It therefore restricts the use of such a

o
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planning tool to the hesd-offices of the mining houses and it
also mekes the program less attrective, as access to main-frame
computers retuires e different degree of computing experience.

The problem posed by this type of eppraach is, therefore, that,
while it mekes recognized models available to the mine
ventilation engineer, it often appears as toc rigid for the
study of particular cases.

The above limitation is probebly even more important now that
novel cooling strategies ere being considered and inkroduced,
and thet ventilstion officials consider the distribution of
cooling throughout the mine es well as the optimum location of
air coolers in greater detsil.

Solution : the Micro-computer Aporoach

The need for a computer program with a flexible structure
exists. This program must allow the user to enter not only
genersa} data for a mine, but its actual design, aree by erea and
allow the possibility of studying details. The program,
although possibly complex, must be essy to use. It should not,
therefere, be developed for a main-Frame computer.

Micro-computers have now reeched the professional market, with
appropriate incresses in power, speed, size of memory snd even
hardware or software extensions. Beceuse the requirements for
memory of the proposed program ere likely to be large, what
could not be envisaged five yesrs ago with a micro-computer is
now possible. A micro-computer is now very similar, in terms of
speed and memory, to a terminal connected to a main-frame
computer, the mein difference being the ease aof use due to the
fact that personel computers are .esigned for a single user.




1.3

providing & simulation progeam on e micro-computer for studying
heat flow problems will make it :

(i) widely svailable, es micro-camputera sre cheap end can be
located on the mines

(ii) easily eccessible to a user with little camputer skill

{iii} efficient, es the result of each simulecion is readily
svailable, even in a printed form. No hardware has to be
shared between a number of users. Neither is this R
ancilliary equipment at a remote location ‘<)

(iv} more 'user-friendly’, therefore sllowing more simulations
to be performed in & given time as the input is essier and
the understanding of the results more straight-forward.

Because the program can be developed es a software package (e
hand-book, the documentation, glus one or two diskettes on which
the progrem is stored), it will allow easy upgrading. A modular
approach in which separate routises or calculation modules are
used independantly will also contribute ta en easy production of
improved versions. Each time better models sre developed, they
can, in the form of calculation modules, replace the older
routines. Only one or two diskettes are required for the
distribution of this new versicn, with no Further computationsl
work.

Objectives of the Wark

From what has been mentioned earlier, the objectives are to
provide a tool:

(i) For the study of the hest flow problem on the scale of an K
entire mine



{iL) with the possibilily of & detailed study of heat losds in
particular regions of the mine

{iii) capable of essy relonation, for use on mine sites

{iv) requiring little computer knowledge {and therefore very
'user~friendly')

(v) end which allows for extensive printed reports of results,
in order te ensure the hes® possible communication.

This camputer program, called HEATFLOW, has been written for an
IBM-PC micra-computer. Most of the features detailed in this
document have been implemented, with the exception of the second
(complex) complexity level (see section 2.8). This does not
apply to air coolers, for which the complex level has been
implemented.

Lay-out of the Document

The remainder of this document is divided into Five parts.

‘the Firgt part (chapter 2) reviews all the requirements
expressed in this introduction and shows thelr influence on the
program's global structure. The second part (chepter 3) then
analyses each of the models used for the simulation of heat and
moisture transfer. The third pert (chapter 4) details some
particularly important festures of the computer pragrem which
make it eaay to use by mine ventilation engingers.

The fourth part (chapter 5) is concerned with the programming
ngpects of the development of the program on a micro-computer,
namely the IBM-PC personel computer.

The fifth part (ohapter 6} van be cansidered as 2 conclusion :
it shows how the program can be used in actual cases, how
potentiel users regard it and what they would like to see




added. It slso summarizes whet enhancements should be made in
order to make the system s more inkelligent one, which could not
only provide results, but solutions as well.




CHAPTER 2 : DESIGNING A TOOL TO MEET THE NEEDS OF THE MINING INDUSTRY

The progrem 'HEATFLOW' is a tool Tor use in the South Africen
qold mining industry for planning purposea and research intc new
mine cooling strategies. Its prospective users are therefare
mainly mine enviroamentsl control officials. The
characteristics of the potential user are a good knowledge of
the heat problem in mines end the required input but little ar
no skill in computing. The pragram must be designed to malke as
much use 88 possible of the user's skills, and to relieve him
from tbe unnecessary worpies generally linked to the use of
computers.

It is very important to note that the user must be caonscious of
the limitations of the program. This pragram is desigred to
help engineers in their work but cannot replace the engineer.
The user cannot simply be an unskilled operator since it is
necessary thet the progrem be used in en intelligent way.
Angwers and results provided sre subject Lo discussion es the
models used are only epproximete. An intelligent method of
using the program is te try to 'calibrate' it (against an
existing mining situation) end to derive a systematic deviation
between the results provided by the program and actual measured
data. Thia deviation could then be used in order to modify the
results of simulations of Future projects.

N

it is also of psrsmount Importance thst the program be availasble
on each site. Therefore, since only limited inveatments for
data-proceasing equipment can be considered, a micro-computer
would be the most suitable choice for this issue.

In this chapter, the global structure of the progrem is
discussed. Some new terms are introduced and the method adopted
to solve the problem is explained. Some deteil is alsa given
coneerning the functionai organizaticn of the program.



Requirements

The requirements of the program, as a consequence of what has
been suggested esrlier, may be summerized as :

- a yser friendly structure : no computer skill is required from
the user

~ a transportable program

- 8 gtandard computer

~ the possibility of studying large mines or shaft systems in
great deteil

- compatibility with existing methods and hebits in the field of
heat flow oroblem salving

- the modulsrity at every lavel

- the accurscy of the results, aschieved with the use of the
latest models

- the possiblity of upgrading the models.

HEATFLOW is an attempt to meet these requirements on a
micro-computer.

Network Structure

The major innovation of this program is the Feature which allows
the study of the heat problem in mines st both a global and a
detailed scale. In order to comply with the globel scale
requirements, the progrem will adopt & representation of the
mine which is simiiar to a mine ventilation network. In the
following text a mine layout will often be referred to as a
network.
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As with s mine ventilation network, the heat flow network will
contein nodes (numbered in the seame way, as much as possible, as
an mine ventilstion plans). These nodes are linked together by
branches (later referred to es 'boxes', as defined in section
2.3).

The main differsnce encountered when ventilation end heat flow
networks sre compared is that the latter heve en orientation.
The calculations of hest flow will be performed from the intskes
towerds the outlets. In the case of mine ventilation, e balance
has to be found : therefore, no preference is given to an order
of calculation and, as quentities and flow directions are

R computed, inlet and outlet cannot be differentiated before the
caleuletion.

2.3 ‘Boxes' : the Branches of the Metwork

The branches of the network are the physical location of the
heat end moisture transfer to and from the ventilation sir.
- Unlike mine ventilation networks' branches, they may be of zera
length. They will be referred to as boxes in the rest of this

text. A box is simply an element of the heat flow network
i Llinking two nodes, where air is heated or cooled.
|
‘\ Eight types of boxes have been identified. Among them, some are
i similar to mine ventilatfion tranches {tunnels, fans, stc...) and
{ some differ (air-coolers, haists, etc...). A box has, by
| definition, one inlet and one cutlet only. A box is considered
1 aymmetrical : the inlet and outlet ends are not treated
differently by the program. Therefore, in the case of a tunnel
i which contains a spot heat source, for instance, the user will
not be prompted to give the distence From the intake to the spot
fieat source. In this case, the user will divide the tunnel inte
! three boxes:
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(i) fipst a tunnel section
{ii) then a spot heat source box
(iii) lastly enother tunnel section.

Modularity

Modularity is a main festure of the program. firgtly, the mine
considered for analysis is divided into modules (boxes) of
different types. It is thus possible to study the heat problem
in great detsil, area by ares. Different options for a cooling
strategy can be snalysed, by changing the locetion of the ale-
copler boxes, for exemple.

Secondly, the user is presented with a main menu : each option
of this menu sllows the user to pecform ona or several tasks of
& given type (create, edit, calculate, print, etc..., see
section 2.9).

Lastly, the internal gstructure of the program is such that

sub-routines are widely waed. The aim of this structure is to
allow for easy meintenance of the program : the routines can be
changed as they are updated. The programming language used is

PASCAL, which lends itself ko this modularity aspect.

Deta Input

Apart fFrom global dete (which will be treated under section
3.2.1), two kinds of input date are required from the user, onue
the plan of the network has been entered:

(1) dats for nodes

(ii) data for boxes.

RS
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The mode of input selected For the program is such that both of
these categories of data can be input at the same time, in
‘forms' provided on the screen by the program. These forms

contain three parts : one for the inlet node, one for the outlet

node snd one for the box itself. In the case where data

relative to one node has already been entered during the

o crestion of another box, this deta can be left unmodified during
- the editing aof the new box.

R Only one system of units is availat:le, nsmely the S5I system.
However, some consideration has been given to the practical
usage in the mining industey. Ages end durations sre given in
R years {not in seconds), face advance in m/month (not in m/a) and

pressures in kPa (nct rn Pa).

' Decimal numbers are entered with a point iLnstead of the comma,
\:»( as is noemal with computer progrems. The 'form' structure is
such that a different form is availaeble for each different type

» of box.

In case of sn erroneous input {a negative velue for a length,
far inatance, or a character where a number is expected), the
program will emit a warning sound and the cursor will be
positioned under the First occurence of an error. In the same
fashion, the user cannot quit the creation phase for & given box

until il necessary data (when not provided as a default) have
1e i been entered.

| 2.6  Windows

In order For the user to be able to keep track of the different
i items of information, they will have to be grouped by type. The .
screen is divided into 'wirdows', each containing a different
type of infermation. For example, at data inmput level, three
windows overlay the display of the network, which normally
ocoupies the whole screen. These are:

. . I - SO S A
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(i) the inlet node dats window
(ii} the bax data window
(iii) the outlet node date window.

As scon es the display of these windows an the screen is no
longer necessary, they are remeved and the screen is retursed to
its Initial state, showing the network only.

Help - Function

On~line explanations are provided for the user. At any stage of
the input of data or of the selection of an option, this help
facility can be called to the screen by simply pregsing one
key. This is ane of the most importent Ffestures concerning
intersctivity. It ensbles the program to be used by operators
who have relatively little knowledge of computing. The
practical aspects of the implementation of this function are
discussed later (in sections 4.3 aad 5.6). It must be stressed
that this feature is convenient for the beginner, who can get
help whenever it is needed, as well as for the expert, who will

not be disturbed by unnectesary information on the screen.

Levels of Complexity

More than one level of complexity is required. This has twa
motivations:

(i) the user might have relstively little date available for
the fi .t snalysis of the mine

(11) the models available sometimes use iterative calculatians.
These methods are time consuming and can be spproximated by
non tecurrent methods with a lesser accurecy.
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The two levels of complexity derived from this sre:

(1) a First level, cslled 'simple level', where the
requirement for deta is limited. The caleulations

perforined at that level avoid iterations as much as
pessible. The time needed to input data is short. The

knowledge of the mine characteristics can be guite

limited. The calculation time is the shortest possible

and the algarithms might be less mccurate. This level is

likely to be used by someane who wants to perform a rather

global end quick simulation of & mine, without having to o
provide too much detail. The user, st this level, is

interested in sverege results which can give him 'sn idea'

of the situation. This level can be used for a complete

mine celeulation.

(ii) a second level, called 'complex level', where much more
detail in the input of deta is required. This level uses
models which may include iterative procedurss. It is more
time-consuming as well es more accurate. This level is
likely ta be used by someone interested in precise
temperstures and heat flow predictions, for strategy
decisions, for instance. Instead of average conditions,
precise results taking into account time veriation mignt
be needed. This level will probably be limited to the
study of parts of a mine.

The level of complexity is not common to the program : a network
can include boxes for which deta have been input st & complex
level (and where complex calculations are expected), as well as
boxes at 8 simple level.

Two complexity levels are not always available. With a hoist,
for instence, the input required is simple in any cese and the
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calpulations do not require iterations : the complex end simple
levels are thus the same.

On the other hand, in the case of air coolers, two levels of

compiexity are available, The first one does not require any

technicsl knowledge of the sir cooler and thus only the

temperatures expected at the outlet ara to be entered. The

second one uses input such as the tempsrature of chilled water

at inlet, the water flow rate and factor of merit of the 5
installation.

Menu Structure : the Options

The pragram is controlled by the use of a meau (menu driven).
There are eight opticns in the main menu snd sach aptian
perfarms a given tssk :

(i) setting of defaults and global data
(ii) creation of o network
(iii) editing of a network
{iv} caleulations
(v) disk storage
{vi) clearing memory to start a new network
{vii) printing data
(viii) quitting the program.

These options can be selected by pressing one or seversl keys in
sequence. Once an option is selected, it mey present the user
with & secondsry menu. For the printing option, for instance,
the type of report needed will be selected from & menu.

Results o
The results (mainly wet~ and dry-bulb temperatures at the inlet ¥

and the outiet of each box, plus the heat qenerated in every
box) are provided to the user in two ways.
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Firstly, en the screen, the form attached to each box contains
informstion cencerning the results of the calculation. These
are summacized in a side window, displsyed with each box while
the user browses through the network.

Secondly, on the printer (or in a file created on disk with the
same format as the printer output), the results sppear in what
will be referred to ss 'reports’. Obviously, more results will
be availeble in a printed form. This includes the air
paychrometric conditions (enthaipy, moisture content and sigme-
hest). four types of repurfs are availsbler

(i) the network glabel deta (tabular)

(ii) the network lay-~out (map)
(4ii) node dats (tabuiar)

(iv) box data (tabulsr).
There will necessarily be e redundancy of the information
contained in each of these reports. A detailed account of these

types of report, concerned with the user's requirements, appears
later in section 4.9 of this document.

Reliability and User Input
The reliability of the progrem depends on twy elements:
(1) the accuracy of the deta input by the user

(ii) the reliebility of the models used.
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- 1n case the user feels the results grovided by the program are
incorrect, provision is made For him to express his disagree-
ment. This will be done with the user entering the valuss he
thinks to be correct as outlet temperatures for the boxes

voneerned. Yhe program will use this information in two steps:

Firstly, it will use the values provided by the user az reliable
data for a new set of cslculations., This will make the program
more accurate, as these temperatures will enable better
conditions be computed in the following boxes.

. Secondly, depending on the model and on known saurces of errar,
o it will give a list of the most sensitive data input by the

user. This list will display the deis according to their
decreasing influence on the model.

For example, if the wet-bulb temperature at the cutlet of a

’ tunnel seems te be correct, but the dry-bulb temperature is
incorrect, the top of the list for sensitive data will be the
P wetness factor.

An advenced feature could be included, which would allow the
user to input correction factors for each model, once he has

i precisely established a passible congtant deviation between the !
; results of some of the routines (e.g. tunnels) end a wide set of f
i actual data. However, the basic probilem of obtaining accurate fx
. l field data remains and the Feature of ‘calibrating' the results i
i of the program is purely to provide the user with a means of
: Feeling the results provided by the program are tied to those
actually obtained or recorded for the mine.

P
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- In case the user feels the resulis provided by the program are

incorrect, provision is made for him to express his disagree-
ment. This will be done with the user entering the vaiues he
thinks to be correct as outlet temperatures for the boxes
concerned. The program will use this information in two steps:

Firstly, it will use the values provided by the user as relisble
data for a new set of celculstionas. This will meke the program
as these will enable better
conditions be computed in the following boxes.

more

Secandly, depending on the model and on known sources of errar,
it wil give a list of the most sensitive data input by the
user. This list will display the data eccarding to their
decreasing influence on the model.

For example, if the wet-bulb temperature at the outlet of a
tunnel seems to be correct, but the dry-bulb temperature is
incorrect, the top of the list for sensitive data will be the
wetness factor.

An sdvanced feature could be included, which would allow the
uger to input correction factors for each madel, once he has
precisely established a possible constant deviation between the
results of some of the routines (e.g. tunnels) and a wide set of
actual data. However, the basic problem of abtaining eccurate
field data remaing and the festure of 'celihrating' the results
of the progrem is purely to provide the user with a means of
feeling the results provided by the program are tied ta those
actually obtained ar recorded for the mine.

R . e x‘.-ﬂamu-mm
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CHAPTER 3 : MODELS USED

3.1 Introduction

The main concern of this work is to produce e program which is
useful to the industry and highly modular {as mentioned under
section 2.4). This chapter describes the modules end the
routines used for the calculations in these modules. In most
cases, there are several mathematical models available for
performing the caiculation. The decision an which to use has
not been based on a judgement of their relative merits but has
adopted the ones commonly used at the Chamber of Minus Research
Organization ar has selected one far illustrative purposes. If,
in the future, better models are daveloped, the whole progrem is
stryctured so thst they can easily be introduced.

The mejor sources of heat in a gold mine are :
(i) auto-compression of ventiletion air
(ii) hest fram rock and fissure water
{iii) heet from machinery

far a typical hot deep mine (VRT > 38 ©C and mean rock bresking
degth > 2000 m), these sources of heat represent (Sheer, 1986):

rock heat.
auto-compression.

machinery heat.sv.isevean 9

SRS IR

figsure water, efc.v.ees 5
100 %

This is merely an example and it should be noted that the figure
for fimsure water could be much higher.
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The auto-compression of air ceuses an incresse in dry-bulb
temperature of approximetely 1 oC per 100 m of depth, in the
abgence of any evaporation.

The pregrem contains seversl different routines which caleculate

best flow and moisture eveporation rates due to the different

sources listed above. Consequently (because, for a given

pressure, thers is » unigque relationship between wet- and

dry-bulb temperatures on one hand and enthalpy and moiature N
content on the other), temperatures at different paints of the

network cen be computed. Each of the routiner is applied to the

calculstion of a given type of box. Their basic function is,

from the knowledge of the inlet conditions of a box (wet- and

dry-bulb t tuves) and of the istics af the box .
(length of a tunnel, for instance), to campute the outlet
conditions.

In order to perform the calculstions Ffor the eight different
models of boxes, eight routines are used. They sre reviewed in
sections 3.5 to 3.12., The input dsta needed for these
celculations ere discussed under section 3.2.

Reducing the Problem to Figqures

The mein goual of the program is to assess the production of heat
and the moisture evaporation in sn area (generally a shaft
system), or the totaslity, of g mine. But it must also be clear
where this production of heat takes place. Therefore, the
valuea for heat flow rate and moisture eveporation must be
determined for each box.

The effect of this heat flow on the air conditions is then
determined giving temperatures (wet- and dry-bulb) at the autlet
of each box. These date are essential for computing the teat
flow in the foliowing boxes, in the sequence dictated by air
flow direction.
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Let ue consider two cases : air, which is cooler in one case
then in another, Flows through the same airwsy (box). In the
coaler cese, move heat will flow, es the driving force {virgin
cock temperature minus sir temperature) is larger than in the
wermer pese. The heat flow, as well as the temperatures et the
autlet, will depend on the temperatures at the inlet. The study
of a network ia not limited to the study of each of its boxes
independently. [t is slso the study of the interaction between
baxes. This interaction will influence economic decisione such
as duty, locstion or number of sir-coolers.

Therefore, the mine under study must first be divided into boxes
arranged in & nebwork. The guestion of the reduction of the
heat problem to figures can then be seen as providing:

{1) data common to the network

{ii) data of & type common to sll box types
{ili) data characteristic of & given type of hax,
Global data

These are the data which are common to the whale network. Some
of them will be used by severel models. A list {s given below :

{i} virgin rock temperstures (VRT). The VRT throughout the
mine will be computed as the VRT at surface {level Om)
plus the VRT gradient (0C/m) muitiplied by the depth
relative to surface (m). herefore, the VRT at level Om as
well as the VRT (or geothermal) gradient are globsl data.
It will be possible, in future versions of the program, to
considet several zonea (between horizontal levels) where
VRT gradients differ. This refinement has not been
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implemented here, because horizontal levels cannot always
sccount For streta boundsries. Different types of roeck in
different strats generally explein vaeriations in
geothermal gradients and it is very difficult to input
non-horizontal strata. Instesd, in the present version,
the possibility is given to the user to locally overwrite
the values of VRT for the inlet and outlet nodes of each
box. The calculations are then performed using these new
values.

(ii) Barometric pressure at surface {level Om). The user can
choose to have & ventilation network calculation {using
the Hardy Cross method) performed by a competible
program. In this case (see section 3.13 of this
document), pressures and mess flow in each 'branch' of the
network are computed. When no detailed ventilatian
network balancing computation is done, Equstion 3.1
{Threlkeld, 1970) gives an approximetion of Lhe pressure
at each level. This formula does not take into account
pressure losses due to friction or pressure increases due

to fena. It is only an spproximation {n the absence of
mare detsiled dats.

P = P(OM) x (1+2,256.10 5xdepth)5) 256 3.1 !

For obvious ressons, these values of pressure may not be 1
consistent with the values of mass flow input by the

uaer. Nevertheless, they will give more accuracy to the
psychrametric calculations where pressure is required. IF
the user has more accurate data concerning this value for
certain nodes, he can overwrite the velue produced hy the
program.
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i {ii1) Rock cheracseristics : conductivity, diffusivity and
density. These three items are generally known by the

., environmental gontrol officials and are relatively easy to

4 measure. Rock conductivity is in W/m K {typical values 5

to § for quertzite), rock diffusivity in m%/s (typical

valug 2,5.1076 for quartzite) and rock density in ka/a?

{typical value 2700 four quartzite).

In some cases, it might be neceasary to define two zones
of rotk, each with different characteristics. The user
will then have to specify to what area each box belongs,
whea inputting informetion at this level.

(iv) Oversll weter consumption and percsntage of the total
amount of chille¢ water used in stopes. These two
megasures have been chosen to eccount for chilled service
water because of their common use by the ventilation
officials and their immediate svailability.

(

<

Step length For tunnel and shaft calculations (m). This
aumber {s global to & network although it is used only for
the ebave calculatisns. From experience, 100 m is @
gerevally sstisfactory velus. However, this number con be
selected to ba a8 low as 10 m for special spplications.

3.2.2 Data common to all types of boxes

For each box, the following set of data will have to be entered,
irrespective of the type of box :

{1} masa flow of air (kg/s)
(1) depth at tnlet {m)
(111) depth et outlet (m)

b———*—‘—a [PV 3 . oW g,
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The depths ere used for determining virgin rock temperatures
(obtained using the VRT at level Om and the geothermal gradient
see section 3.2.1) and prewsures (according to Equation 3.1),
which may however be overwcitten.

3.2.3 Box chsrecteristic data

ine gata characteristic of each type of box are related to:

(1) geometsy end age {for example : length, orea or age)
=

?'\4} {ii) production (For exammple : Face advance) !

B {iii) wetness and water (for example : flow of water or -
enthalpy/moisture ratio)

{iv) pawer cansumption (Ffor example : efficiency or rated .
power) . g

This data input requirement is discussed in deteil for each box,

in the following paragraphs. Once all these date have been

given, the only remaining informstion required is the starting

point data : the user must input the wet- and dry-bulb

temperstures fFor the intake of the network. Normally, only cne .
set of temperstures (the surface conditions) will have to be '
entared for il the intskes. These could also be provided to

the user, as & defeult option, if he specifies the area and part

of the year. Myers et al. (1984) have developed e model using

a Fourier series (iimited to 3 terms) .; order to predict i
atmospheric temperaturee in the mining regions. This model ; 1
could be used here.




Order of Caleulstion

As mentioned in 3.1, the network is studiad in e strict order
and the calculations are carried out From the intake towerds the
outlet. The structure adopted ko depict the network and to
display it on the screen is such that all intske boxes asre on
the top line of the network chart. The program will therefore
begin the calculetion with the top line boxes. Once all the
calculations for these top hoxes have been completed, it will
praceed to the caleulstions on the next line, all the boxes an
this line being directly in the down-stresm of the top line
poxes. Thus, from the knowledge of the temperatures at the
autlet of these top line boxes (as resulting from the
caleulations) the program will derive the temperatures st the
inlet of a1l the second line boxes. This procedure will
continue, line by line, until the celeulations for the last
boxes on the bottom line have been performed.

The temperatures st the inlet of a box are obtained from the
temperatures at the outlet of all the boxes directly linked to
the inlet of the box conaidered. These boxes all 'merge’ at the
inlet node of the new box. The air entering the aew box is &
mixture of all the air flows leaving the other boxes. In order
te calpulate the temperatures of this resulting mixed air flow,
the total enthalpy of the air-vepour mixture and the mase of air

and vapour are conserved.

From these two parameters and the knowledge of the pressure,
both wet- and dry-bulb temperstures can be calculated.

When condensstion ocours, the moisture content of the air is
obviously not conserved end it will bs equal to the value
corresponding to saturation, for the given enthelpy per unit of
mass.
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The structure conaidered here obviously does not allow local
recirculation of sir. This Feature is however possible but it
must be accounted for by a special box {discussed in section
4.7}

Different Levels of Complexity

Although aumerous algorithms of varying complexity and scouracy
are available for & number of box types (stopes ar tunnels, far
instance}, it was decided to meke use of two complexity levels
only. This deeision was teken in order to avoid complicating
the program more then is necessary, from both the user's point
of view (input of data) and the progres=aing side. The maximum
possible size of the program ie, in addi%ion, a limiting factor
which had to be taken into sccount. Theow twe levels of
complexity cen be compared to the 'basic’ and ‘nun-basic’
approaches of Bluhm et al. (1986).

Some box types do not require two levels of complexity. These
are the hoists end other heset sources. Each of the fallowing

sections dealing with mathematical models explains the
difference between the complexiiy levels for each box type.

Shafts

Introduction

As mentioned earlier, the change in energy content of the air

ftow in sheftg cen be regarded as & major source of hest in deep

South Africsn gold mines. This is mainly due to the

auto-compression of ventilation air, which, in reality, is not a

true source of heat, but a conversion of energy which results in

a change of condition of the air. The two main cheracteristics

of shafts are : '

S
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(1) meost shafts are circular, with uniform distribution of
moisture acgund the perimeter

{ii) the auto-compression of air cen be trmeted in the same
manner as sensible heat. Therefore, this will result in
nearly all the heat pick-up being sensible, not latent.

Because the auto-compression can be regerded es the major part
of the hest loada in shefts, the detepmination of heet flow from
the surrounding rock and meisture eveporation From wet surface
does not need to be very apcurate.

These characteristics meke the study of heat and moisture
pick-up in shafts essier than in sirways, which are otherwise
similar, although evaporation is important and determines the
fimal moisture content snd conditions of the air.

Qnly circular, concrete lined shefts will be treated here. Any
other type of shaft can be computed using an equivalent diameter
and additional factors such as wetness can be teken into account
uging an ‘other heat source' box.

Four elements of heat and moisture pick-up must be considered
for shafts :

(i) the auto-compressian of air
{ii) the heat from the rock

(iii) the moisture pick-up From the wet surface of the
rock.

(iv) the rediative heat exchanges between air and rock
and between the different zones of the rock
surface.
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Auto-compression creates a change in the sensible heat content
of the air flow. The value of this energy conversion per metre
of depth and per kilogram of air is 9,79 3 (Hemp, 1982).

The problem of predicting the heat flow from rock is mede simple
by the reguler nature of the shaft surface. A shaft can be well
modelled ea & cylinder in an infinite solid. The edge effects
are negligible because of the sverage length of the shaft. The
flow of hest is then radial. ALl the models develaped for the
study of shafts use this approsch, with various degrees of
refinement in the consideration given to the heat transfer
taking place st the rock surface.

The moisture pick-up can be evaluated, concurrently with the
heat flow from rock, using & wetness factar, which sccaunts for
the dampness of the zock surface.

Becsuse of the regular distribution of mecisture, the whole
perimeter of a given cross section can be considered to be at
the same temperature. The radiation of heat between rock
suzfaces is therefore nop-existent.

The equation for caloulsting ragistion from the rack to the air
may be reduced to e function of the difference between the rack
surface temperature and the dry-bulb temperature (Whillier,
1982). The linear driving force ia thus similar to that for
convective iheat transfer and hence the radiation exchenge is
generally taken into account in sssociation with the convective
heat. The radiation trensfer coefficient and the convection
transfer coefficient are merged in s single heat transfer
coefficient. The only unknown, here, is the rock surface
temperature. Its determination is the subject of the next
section.
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of complexity will be congidered for shafts. The

first one, which has been implemented, uses, with as much care

as possible taken for the heat transfer at the rock surface, the

‘oylindrical cavity' model (Goch and Patterson, 1940). The

secand level will attempt to cater For the rock temperature '
history, using the same model.

diurnal and seasonal variations of the atmoapheric conditions,

This will enable the study of

as well as the effect of irregular coaoling and ventilation.

simple level

The input from the user is limited to :

(i1)

(iii)

} the diameter (m)

the age (years)

the wetness rating, defined as a messure of the wetness

of the perimeter.

bone dry : no moisture
fairly dry : possible moisture

damp : meisture vigible

fairly wet

surface

tutally wet

The user can choose from

free stsnding/running water on parts of

: running water over whole of surface

The wetness rating cen be related to f, the wetness '
factor as defined by Starfield and Dickson (1967)

sccording to the following ruies

bone dry :
fairly dry
damp 1 f =
fairly wet
totaily wet

F

0

I P Y S
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(iv) the length (m}

(v) the totel power of a linear heat sourcs (kW}. This
caters for the hest load due to warm water pumped in

pipes, for instance.

The mathematical theory considers en infinite solid of thermal
diffusivity « only bounded internally by a cylindrical cavity of
infinite length and of radius a. The sclid ias initially at a
uniform tempersture, Up. At s given reference time (t=0), the
temperature of the bounding surface is reduced to uj and
maintained at this value. The heat conduction in eylindrical
coordinstes, neglecting the Flow of hest parellel to the exis of
the cylinder, is given by:

3
1 IO G " I SV i 3.2

at A2 3 ar
This equation is called the Diffusion equation.
The boundery conditions are:

for t=0 and r>a, usug
for >0 and r=a, usuj

The sbove model is obviously only an approximation for the
following ressons:

(i) the solid around the excavation ig neither infinite nor
bounded only by the excavation

(i1) the cylinder is not infinite; there will be edge effects
(111} the temperature is not uniform initially, as it varies

with etmospheric conditions (time veriation) as well as
with depth (spatisl varistions) : this weakens the
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assumption of no heat Flow psrellel to the axis of the
cylinder, but, for South African gald mines, where the
geothermal gradient is relatively low (roughly 1 °C per
hundred metres), this remains a good approximation

(1v) the temperature of the air, and therefare of the rock
surface, is not oonatant sfter t=0.

No closed form algebraic solution exists for the shove

equation. However, solutions have been tabulsted by Goch and
Patterson (194G) as & function of the Fourier number, Fo. The
fourler number is given by Fo = a.t/a? where t is the age of the
shaft (s}.

These solutions require the knowledge of the rock surface
temperature, which is not available in practice. These
sclutions cen only be used if one ussumes an infinite film {or
surfsce heat transfer) coefficient. This infers that the rock
surfaece is at the same temperature aa the air. This assumption
is not verified prectically.

Ta circumvent this limitation, Jaeger and Chamalaun (1966) as
well as Stsrfield (1966, a) have generated numerical solutions
which teke into account the film coefficient. These tables give
the heat Flow per unit of area and unit of temperature (driving
force) as a function of the Biot number (A) and the Fourier
number (Fo). The Biot number is given by B = h.a/k, where h is
the film coefficient (W/m?.K) and k the thermal conduetivity of
rook (W/m.K).

These tabley have since been interpolated by formulae which give
a very close sppraoximation. The equation used in HEATFLOW has a
maxinum devistion of one percent compared with the tables, if fo
is in the renge 1 to 5400 and for B verying from 0,1 to
infinity. Both thess ranges are more then adequate for shafts
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and airways (a Fourier number of 1, for a shaft € metres in
diameter in quartzite, corresponds to en age of mbout 40 deys).

These tables give e function F{8,Fa) which ren be used to
determine the rock surfece tempersture :

Toupf = DB + (VRT-DB).F(B,Fo) 33
and the heat flow from the rock

Uggng = 2+w-k- (VRT-DB).B.F(B,Fa) 3
These tables, generated for s dry surface, can be used for a wet
surface provided en equivalent air temperaturs and sn equivalent
heat transfer coefficient are computed (Sterfield, 1966 b and
Hemp, 1982), The masa transfer rate is proportional to the
difference bektween the saturation pressure of water at the
temperature of the wet rock surfece and the vapour pressure in
the ventilation sir. The tempersture of the wet rock surface is
easily derived from the equivaient air temperature. IF the
wetnesa factor is f, the total heat Flow into the ventilation
air is:

ot = Gaens * +Q1ats 35
Qrat Deing computed for e fully wet surface.
The caleulation far & shaft is performed in the following order:

(i) the shaft is divided into secticns, according to » step
length entered by the user (globel data).

(ii) over a section, the air is assumed to be at constant
pressure and wet— and dry-bulb temperatures. This
assumption, using the model presented previously,
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allows the heat flow from the rock end the moisture
pick-up to be computed.

(1il) the enthalpy as well as the moimture cantent of the air
st the outlet of the section can be computed, by adding
the total heat (including asuto-vampression and a
possible linear heat source) and moisture pick-up to
the corresponding values at the inlet of the section.

{iv} knawing the enthalpy and moisture content end the
pressure at outlet of the section, the new air
temperatures are caloulated.

(v

these temperstures are used for the inlet of the next
section, for which steps {(ii} ts {iv) are repested.

] Increasing the number of steps will obviausly give better
results, although, ss a general rule, a step length of 100 m
is satisfactory. For a 1000 m sheft, the deviation in the
prediction of heat between a caloulation using a step length of
v 160 m and one using 5 m was found to be less then 0,3 %. The
outlet temperatures were the same (up to the second decimal

place).

3.5.3 Surface heat transfer coefficient

The only question left for discussion is the chaice of the i I

surface heat transfer or fiim coefficient, which cannot be

i messured underground in a satisfactory menner. Thus, for

example, the results obtalned using e program by McPherson, as
quoted by Yost (1982), are constantly different from those ; §
obtained with HEATFLOW. This deviation is due to differences in |
the equations used for the caleulation of the fllm coefficients, :
which are much higher in MePherson's celeulationa (2,5 times, in i
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a oharacteristic example, where the velocity is 2,5 m/s, the
airflow 24 m%/s end the friction factor 8,01 kg/m?).

The transfer of heat from the rock to the air streem is hindered
istic of the resistance of ihis

by a i y layer. A
layer to the flow of heat is the film coefficient, h (actually
inversely proportionsl to the resistence). This coefficient
depends on

{1} the air velocity : when this value increases, the
thickness of the boundaery layers decresses, thus
diminishing the resistence to the heat flow.

(ii) the roughness of the rack surfaee ; en incressed
roughness will tend to break up the boundery layer,
incresse the effective area of heat tranafer and locally
incresse air velocities.

For reasona of convenience, the radiative heat transfer
coefficient iz sometimes included, together with the convective
film coefficient, in an overall heet tranafer coeffioient.

Two approaches have been used in datermining Film coefficients.
The first one derives from an empiricel study of mine airways
and the second one 18 an adaptation of a Formuls established for
a turbulent flow in smooth pipes.

Empirical study of mine airways.

MePherson, as quated by Vost (19681) uses, for his computer
program called CLIMSIM, the Following equation (Scott, 1958) &

h = 3540/3,6 . friction factor . air velociky 3.6

- D R - P N
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The friction factor is in kg/m?® {(typical velue of 0,01 kg/m® for
a mine airway) end the alr velocity in m/s.

This value of h incorporates redigkive effects, and therefore is
an overall heat transfer caefficient.

Adaptai - f the formuls for smooth pipes.

McAdams (1954) gives & relation betwsen the Nusselt, Reynolds
and Prandtl numbers for a turbulent flow in o smooth pipe &

N = 2,023 . (Re)®1® . (pr)®ih 3.7
where Nu = h.D/k.

By introducing Fr, a factor based on the roughneas of the
airway, the Film coefficient is given by the equation ¢

R 0,023 . Fro. /D . (BeX®0B L (pr)0t 3.8

Thig equation is generally accepted. It does not include the
radietive component. Ffr is determined using & method described
by Starfield and Dickson (1967) based on the use of a Moody
diagrem. For typicel mime airways, Fr is equal to 1,7
(Starfield and Dickson, 1967 end Vost, 1973).

Vost (1973) performed in~-situ measurements of Film

coefficienta. He found a very setisfactory agreement between
his experimental data and formula 3.8, with & value of fr equal
to 1,7. Danko and Cifke (1984) also conducted some underground
measurements. Their results generally support equation 3.6 with
a value of Fr equel to 1,7.

Formule 3.6 gives results notably higher than farmula 3.8 (up to
three times in typical ceses). Thiz will lead to large
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deviations in the results provided by heat flow prediction
models using either one ar the other.

A knowledge of the radiative coefficient is also required.

This coeffirient is defined by linearizing the Stefan-Bolzman

radiation equetion (Wnillier, 1982). It is hence given as a :
function of the aversge temperature {to the cube pawer}, the

emisaivities and the view factor.

o Hemp (1985, a) makes use of a constent value of 6 W/m2.K and
H this is the value retained for HEATFLOW. It considers that the
Tl combined emissivity and view factor are closs to umity. Yest

H (1973} makes use of a value of 0,16 for the emissivity of the
' moist sir and thus uses a combined emissivity/view facter of
| well less than unity. This results in s radiative transfer

coefficient value of abaut 1,0 W/m?.K, which is considerably

less than Hemp's vaiue. The smissivity of moist air does not
describe the emissivity of a surface but rather the rediation

4

el absorbing capsbility of the moist air. Bluhm (1981) considered
\ typical air conditions and found, using a meen beam path length
j of 1,8 m, an emissivity of 0,2 (McAdams, 1954). Althaugh this
; is not directly applicable to the geometry under consideration,

it does support Vast's value.

i It appeers that some work must be dune in resolving this issue.
- A However, for HEATFLOW, use has been made of Hemp's work in its

i entirety.

A possible way of circumventing this problem is for the user to
i over-write the fiim coefficient. This cuuld be catered far at
- the complex level.
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3.5.4 Limitstions of the simple level

Thase calculations ave similar to those performed by one of the
most widely used computer programs for the evaluation of heat
flow in shafts {Gooch, 1971). The results are, therefore,

consistent with those obtained using this program, especially ;
considering that the major part of the change in condition of
the air is dus to auto-compression.

Compared with actuel meesured date (Gberholzer, 1986), the model
used for shafta occasionally showed a slight disagreement in the
moisture content at the outlet of the shaft : the difference ]
between the dry- snd wet-bulb temperatures {s larger in the ‘
results of the calculations then it ectually is, although the i
dry-bulb temperatures aormally sgree. This can be due to

irregularities, not described by the madel, such as :
(i) wet rock being hoisted out st the time the measurements .

were taken

{ii) wet cock waiting .o be hoisted at the bottom of the
shaft

(iii} the lesking of wster and compressed air pipes.

In order to account for these particular cases, it is suggested
that the outiet of the shaft is connected to the rest of the
network using en 'other heat source' box (see asection 3.10 of
this document}. This box can also possibly account for 'edge
effects’. An 'other heet source' box cen account for s dripping
pipe in an edequate manner as it allows the moisture content, ss
well as the enthalpy of the ventilation air, to be ..icressed in
glven quentities. For additionel heat sources in the vicinity
of shafts, & model for sheft nillar arees exists and is

digcussed in section 4.5.
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Another imitation of the shaft model is the assumption that the
shaft is always circular in cross-section. This will not be
correct when the cross-section of the shaft is divided ints
sections (by a brattice well, for instance). In the latter
case, if the same shaft is used tao exhsust air as well as for
the intake, tie edditional heat flow will have to be accounted
for using the 'linear heat load' item of data. This is a
limitation, as this linear heat loed will have to be estimated
hy the user, without the help of the progrem. It is also
limiting because this type of heat Flux is a counter-flow

exchange.
Compiex level

As mentioned esrlier, the simple level for shafts is generally
satisfactory. The only limitations, as described in the
previous section, can eesily be civcumvented by an experienced
uger end their extent is small. Why implement a complex level,
then? Becausz it might be useful to study the effect of
atmospheric temperzture veristions an the temperature of the

rack.

The temperature of the air flowing over the rock is not constant
(For instance, due to diurnal variations}. This changes the
temperature of the rock surface and therefore affects the flow
af heet. In order to model changes in the atmaspheric
temperatures, a sinuscidal representation can he used For both
the diurnal end seasonal variations. The user will then be
prompted For the type of varistions he wanta to study {diurnal
or seasonal), the aversge wet- and dry-bulb temperatures snd the
amplitude of their variations. The frequenciss are dictated by
the type (diurnal or seasonal} of varietion.

N . . xh_m&mm&nam“
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A similar spproach could be used to assess the effect of
switching the air coolers off and on, and to study the medium
term econsequences of these sudden temperature changes and the
thermal storage effect of the surrounding rock. This complex
level has not been implemented in the existing version of the
program.

In order to compute the effects of a variation of air
temperature in time, Duhemel's theorem will be used (5tarfield,
1966, b). It gives the rock surface temperature response to &
variation in eir temperature, as an integrel which cen be
canveniently caiculated using discrete tir ; steps.

A study conducted by Matthews (1986) using a progrem written by
Mack and Starfield (1984) showed that diurnel veriations are
considerably damped out 2000 m down an intake shaft and that
seasonal varistions are simply deieyed in time. It was
therefore decided not to implewent this level of complexity in
the first version of the progray, as:

(i) diurnal variations can be studied for the intake shaft

only, using the program mentioned earlier

(ii) sessonal variations can be studied in a 'discrete'
manner, in three representative cases : summer, equinox
end winter. All intermediste cases can be
interpolated.

The existing program for the aimuletion of these temperature

variations is written in the same lengusge as HEATFLOW and can
be run oa the same computer. The inclusion of this progrem in
HEATFLOW would be sn essy implementation at the complex level.

» w \AA“).AJ&..».K‘A
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Tunnels
Introduction

In an aversge South African geld mine, there cen be well over
100 km of tunnels, most of them located at levels with the
highest virgin rock temperatures (Vost, 1982). Far this reason,
a mejor part of the heat pick up from the rock tekes place in
sirways. The problem of heat flow in tunnels hss been
thoroughly investigated and, for relatively general cases, o
reasoneble models exist. This problem is very similar to that i
of shafts, with two differences, with reference to the remsrks

concepning the shafts made in the previous section:

(1) auto-compreasion of air is not & major source of heat
(ii) the shape of airways is normally rectengular or

square, with wetnesa cecuring predominently on the
frotwall.

The second point was & major consideration in chuosing the model
to be used in HEATFLOW.

The Ficst point implies thai the rock heat flow will be an
important part of the totel heat flow in tunnels (as opposed to
shafts).

The second remark re-introduces the problem of the rediative

heat exchange between rock surfaces, which cowld be igmored in

the study of shafts. This heat will be transmitted by the H
totter parts of the cross section (typically the dry parts) to

the cooler parts. In any event, this heat is not exchanged

batween the rock and the eir and, therefore, does not affect the

temperature of the latter. But the effect of this radiation

will be to modify the rock surface temperatures locally, thus

A
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sffecting the eguations used in modeling the conduction of heat
in the rock maas.

The models for the study of the heat problem in airways have ; i
been developed according to two different methods : en empiricel

and @ thearetical approsch.

Empirical approach

Although it is necessary for the verification of ell models, the
< empirical approsch has alweys proved to be, in practice,
inefficient and in some cases evan impossible. This is due to
the particularly bed conditicns Found umderground, which make
extremely i oL (1967), though,
published en empiricel enalysis of 320 mine aitways, with

t
i
]

Y l different wet- and dry-bulb temperatures, virgin rock
'{ temperatures, air velocities, ages and perimeters. The wetness
L of the airway, an impartant parameter (as it was reported to
i ceuse up Ep & 40 % difference in wet-bulb temperature grsdient),
K& is not accounted for in a satisfactary manner (enly a dry, damp

i or wet state was considered). In addition, the field date have

heen found to be very scattered, due, probably, to varying
atmospheric conditions during the measuvements. Ihe reliability
of these data is therefore guestionable. The anelysis
highlights the impossibility to perform a scientific empirical
study of the problem, as too many parsmeters influence the heat
- flow and they carnot be all accounted for by a simple empiricsl

madel.
3.6.3 Theoretical approsch
A theoretical spproach will therefore be essential, but must be

verified for actual mining conditions. Two basic theoretical
approaches have been used go far:

P
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(1) the cylindrical cavity medel, as discussed in section
3.5 for shafts, with adjustments for an uneven

distribution of wetness

(ii) a rectangulsr tunnel model, where the heat flux fram
the reck is computed using finite differences.

Results using the former have bewn widely published, whereas the
anly paper based on the latter was published by Starfield snd
Oick 7}, These results were presented jin the farm of

3, suymmarizing s data base built using an 1BM 360
erform the numerical analysis. They have been us:

sir.
compy
recently by Hemp (1985, aj.

Vost (1982) reviewed the models for the prediction of air
temperatures in circuler tupnels available up to the early
eighties. TYhese methods result from the work of Starfield (the
rapid method, 1969, Remsden (1975) and MePherson {quoted by
Vast, 1982). It shows that the two latter models are limited by
the following assumptions:

(i) the flow of heat in the sirway 1s one-dimensional

(ii) the radistion exchange between the wet and dry areas
of a cross section cen be ignared

(ii1) an eirway with a damp foobwall (wetness Fector of 0,2)
is apcounted for by a tunnel of which the footwall is
perfectly dry, except for 20 % over which water is
freely running.

One of the canclusiona of Vost was thet only Starfield's rapid
method, an interpolation within the date bese mentioned earlier,
was theoretically sound enough, as it did not suffer from the
above limitations and epplied to aquare airways.
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More recently, Bluhm et ai.(1986), conducted a theoretical
evaluation of the models existing for the prediction of '
atmospheric conditions in tunnels. They updated the work of
Vost in the sense that they reviewed two recent models
(Starfield end Blsloch's quasi-steady method (1983} and Hemp's
simple approximate model (1985, a)}}. They did nat draw any

conclusion as to whether either of these two recent, more
thecretically involved, models was preferable.

The quasi-steady method i

b
Stecfield and 8leloch solve the Diffusion equation (given in R
section 3.5.2) For s succession of steady-state situetions for "

which au/at = D. They also attempt to account for an uneven <

distribution of moisture on the perimeter of the tunnel in a
sppropriate way. The shape of the airwey is not seen as a i
problem and therefars, they use & cylindricsl model. In arder !
te account for square airwsys with this model, they use an
eguivaient size determined on sh equal cross-sectional area :
principle. I3

The method considers a section of a circular airway of which

only the lower portion is demp. This portion subtends an angle

2.8 ot the center of the circle and its wetness factor is f.

The model cen be divided into two parts. Firstly, if the tunnel H
is sssume ' to be perfectly dry (§ = 0), it solves the problem of

the Leplace equation (the Diffusion equation, wherse au/at = 0)

taking into account the variation of the rock temperature with

time. The second step intreduces the wetness (B not equal i
to 0). The pelar coordinatss sre wsed (r, 8). Two equations :
express the heat flux at the rock surface. These are, for the

dry portion of the surface (8 > §) :

LI . R W N It
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k- (3v/00) pag = he(vg = 08) + Kulvg = Vo) 3.9

and for the wet portion (8 < 8):

ke (BV/08) pzg = Ne(vg = DBY + K'.(vg = Vypy) .

+ Fuly,Eulegaplvg) - @) 3.0

A step Function (valued 0 when @ > 8 and 1 when g < B} is then
introduced, in order to merge both equations inta one. This
astep function is approximated by e Fourier series and this
allows to solve the Leplace equation rather elegantly, using &
Fourier gseries. The solutions (rack surface tempersti-zes) are
therefors gives ss a Fourier series.

Limitations and adventages of the quasi~steady method

In their paper, the authors mention that the iterations
performed in order to find the rock surface temperstures can be
stopped when the new temperature differa from the old one by
less than half & degree. With eight terms in the Fourier
sevies, the program needs 1D seconds to compute one cross
section an sn IBM PC computer. For a tunnel of 2000 m, with ¢
step length of 100 m, this would leed to computing times
acceptable anly et s complex level.

The major problem posed by the quesi-steady approach remains the
shape of the airway which is computed, as it does not solve the
question of an equivalence between a rectangulsr end & circular
aitway. Thia masks an important aspect of the problem, as
Bottomley and 8luhm (1985), using the work of Wiles and

Grave {1954), showed that this ia accepteble enly when the
footwall is totally dey. Hemp {1985, a) has shown the
difficulties underlying the estimation of an equivalent radius.

i
|
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Another limitation of the method is that it cen only be used
with a satisfactory degree of accuracy for tunnels clder than
six months. This will be particulsrly inconvenient for the
simulation of any cecently developed airwsy (see section 3.8).
This also underscores the inadequacy of the method for the
simulation of varying eir temperatures. These limitations
ghould nevertheless not mask the definite advantages of the
method. It could be modified to cater for:

(1) the insulation of the airway on only pert of its
perimeter (Bottomiey, 1985)

{ii) a non-isotropic nature of the reck arounr the tunnel

These advantages could bn used at a complex level. The
quasi-steady method remains the moat elegant mpproach to the
problem of heat flow in mine tunnels as it hendles wetness very
well.

Hemp's methad

Hemp's goal (1985, &) was to try te use the circular airway
approximation in erder to compute heat-flow into non-circular
tunnels. He therefore inveatigated the possible existence of an
equivalent redius and of an equivelent wetness. His conclusions
were that no such concepts could be introduced in & simple
manner. He highlighted the lack of satisfsctory madels Far the
computation of tunnels. Nevertheless, the model introduced by
Hemp is not afflicted by too meny limitations (none of those
quoted in section 3.6.3).

After performing s set of vomparisons with Starfield end
Dickson's 1967 data-base, Hemp concluded that there was no
elegant way to Fit the model to the data base and that the

M FEN hulﬂumﬁmm
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equivalent perameters could be used only in association with
correction factors, This is diseppointing, but nevertheless
leads to a quick model, which provides good agreement with the
limited set of velues svailable in the date base.

The vesults of the study show that a suitable equivalent radius
does not exist, but that:

(1) For the celculation of the Fourier number, the ra‘ius

1

i

9

should be computed on an equal crosa-sectional srea ‘l

hasis !

(1i) for the Reynolds and Biot numbers and for fluid i

mechanics calculations, an equal hydraulic diameter

should be used (the hydraulic diameter is equal to 4
times the area divided by the perimeter)

The study alsc shows thet an equivelent wetness, given as

faq = 0,26.2 4 0,2.F, spplied uniformly around the circular
perimeter is suitable for sn accurate comperison. With these
equivalent parameters, two correction coefficients must be used
together with the circular airway model @

{1) the heat flow must be multiplied by 1,47

(ii) the moisture evaporation rate must be divided by
14+0,92.F

Limitationas and advantages of Hemp's method

The main limitation of this model is that it is besed too
clesely an e data base which does not cover a universal range of
mining conditions., In eddition, all the results in the data
base have been lost and the research using these data will have
an sccuracy limited to that of teking repeat measures From the
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simplified and ~mall diagreme presented by Starfield and
Dickson. This accuracy has been evaluated to & % by Scttomley
and Bluhm (1985) and to 2 % by Hemp (1985, b}, who justified
this low error by the use of repeat measures with a vernier
caliper. In any case, the error dus to the method wsed to
compute the data base {finite differsnces) cen be estimated. to
5 % (Bottomley and Bluhm, 1985). This is due to the limitations
imposed by the relatively low power of the computers which were
avaiie’ "a in 1967, this allowing a limited number of nodes to be
taken inte sccount by the calculation.

Aagther limitstion is that it is a "curve Fit" and therefore
lacks theoretical backing, although it uses the 'eylindrical
ceyity' model, thus allowing an accurate extrapolatian af
Starfield and Dickson's data bese to be performed.

But it alsc hes mejor advantages as it uses the only realistic
modeling of Sauth Africen gold mines tumnels : & square
crosa~section, with a wet footwall. It also is a very quick
method, perfectly acceptable for a simple level. Its other
major advantage is that it lends itself to the study of very
young alrways.

Simple level

Whatever the model, it will be imperfect, due to the difficulty
in accounting for all the different parameters required to
describe the heat and moisture flow problem in a tunnel.
Therefore, the simplest model, which is not inconsistent with
other existing models and available experimental datm, will be
suitable.

T
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The method used at this level is therefore Hemp's, which is
quick and ellows sriare airways, possibly very young, ta be
accounted for correctly.

The practical calculaticns divide the tunnel inte a number of
steps (es derived from the step length, in metre, given by the
user). For a steg or section, the F(Fo,B) Ffunction is
calculated using the same method as in section 3.5.2. The air
temperatures (wet- and dry-bulb} at the inlet of the section are
known from the previous step. The heat flow end meisture
eveporation rate are calculeted using ‘equivaient’ sires and
wetness factors, squivelent air temperetures and film
coefficients {see section 3.5.2) and the correction factars ss
above. From those values, enthalpy and moisture content at
outlet of the section are known, from which wet- and dry-bully
temperatures are derived. The heat fiow into the next section
can thus be caleulsted and 8o on until the end of the tuanel is
reached. Auto-compression and any linear heet load in the
tunnel are added to the enthalpy at eech step.

In order to simulate the insulation of an airway on its entire
perimeter, the film coefficient of the uninsulated aitway (h) is
replaced by h' given as t h' = 1/(1/h + x/k), where x is the
thickness of the insulation (in metre) and k the canductivity of
the given {nsulation matariel.

The data required from the uger are the length (m), the
cross-sectional area {m?), the perimeter (m), the wetness rating
of the footwall only (see section 3.5.2) and a possible linear
heat load (ikW).
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3.6.9 Complex level

At a complex level (not implemented in the existing veraion of

the program), a more detailed modeling of special cases will A
have to be performed. These will concern : :

{1} the non-homogeneity of the rock arcund the tunnel

(ii) the variation of sir temperatures due to dijurnal, or

more importantly seasonal variations of stmospheric I~
- conditions, or irregularities in the operating i
conditions of air-coolers or fans

1ii) the insulation of the airway, possibly on only a part
of its pecimster.

These special cases can be divided into two classes : i

(i) the first one concerns relatively shallow mines, where
the influence of suface temperature variations can be ‘
very important and where cooling end ventilation, for .

sconomical ressons, might be irregular.

(ii} the secand one concerns deep mines : for those cases,
- the user might want to study the effuct of insulating
the mirways, possibly on only a part of their perimeter
and will need to input more detail concerning the
effect of rock e
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For the fFirst cless, the medel used at the complex level must
take inte account rapid temperature changes. This model will
use Duhamel's thearem {see section 3.5) and will thus upgrade
Hemp's method, as used in the simple level.

For the second cless, a model which takes into account a
nan-isotropic distribution of rock and/or insulation around the
tunnel perimeter will be necessary. The anly model available at
a present stage which enables these situstions to be studied is
the quasi-steady method.

In order to provide an answer to these different situations, it
will therefore be necessary to introduce two different models

for the complex level, when it is implemented.
Conclusions §

As pointed out by Battomley and Bluhm (1985), it is important to v
note that any model For sn airway only sppraximates an sctual
situstion, as & 3 m x 3 m airway will rarely have these
characteristics for its whole length and its wetness will be
ssseased using only very subjective methods. One must also
remember that the problem is complicated by, for instance,
compressed eir and water pipes, chennels of water on the
frotwall or adjacent excavstions. Bottomley and Bluhm state, in
the same paper, that a finite element analysis will allow ore to
perform accurate modelling of the problem of heat and moisture
in tunnels. One could also consider using finite differences.

The following steps could therefore be taken, in arder to

provide better answers for the prediction of heat flow in
tunnels:
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(1) conduct extensive underground experiments to gather
enough information to test the available models

{ii) build encther datae base, simflec to Starfield end

Dicksen's one, using finite differences or finite
elements

{iii} determine, using (ii), possible equivalent radii and
wetness factors {(with correction ceefficients) as an i
improvement of Hemp's model. The work will obviously

include a lot of curve fitting or interpolation within
the data-base mentioned in (ii), and the solution will
s therefore be limited by this aspect

o 3.7 Stopes

Stopes, where new hot rock is continuously being exposed, are a
major source of heat in deep mines. In addition, the use of
service weter (to aliay dust, for imstance) mekes working
conditions even less bearable, due to the humidity of the
ventilation air. The workers' productivity is effected and they
even risk hest stroke. The prediction of hest and moisture
tranafer in stopes thus plays an important pert in eny averall
analysis.

3.7.1 Empiricel spproach

Only one exemple of an empiricel approach leading te a model can
be found in the literature. It is once again the work of
Lambrechts (1959). This approach is once more very limited far
the following reasans :

(1) the messurements teken were Spot measurements, not a
continuous munitoring of conditions. Therefore, the
dats cbtained are not representative of average stope
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canditions but of one moment in time in the stoping i

cycle. J

(ii) the use of chilled service water had not been | 1
introduced in 1959. Therefore, it would nat be
possible to use this dsta for today's mining

conditiens.

{iii) the graphs produced ere inaccurate for today's
situastion because of the huge change in the rate of

groduction. For instance, the maximum face edvance
allowed For in this work was 4m/month. Today's everage ;
production rate is sbout 7 to B m/month.

(iv) the virgin rock temperatures were much lower than those

experienced nowadeys.

Present research work being carried out at the Chamber of Mines
Resesrch Organization is aimed at gemerating sound empirical
data over a wide range of stoping conditions and over the entire

mining eycle. This work involves the complete monitoring of
nderg stopes (Al der, 1986) and concerns

parameters such as energy flows, temperatures at several
locations, the flows of ventiletion and compressed air end the
flow of chilled service water, fop instance.

Similarly, the final results of studies by Hemp (1984) could be
used for the verification of theoretical models (stopes,
together with tunnels and shafts).

Theoreticsl approach

For the reasons mentioned above {huge practical problems), only

theoreticel models have been used. The South African gold
mining industry presently makes use of e number of different

[P - TN ST ST o
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models, all based on s similar philasophy, that of Starfield
(1966, c). They all assume the stope to be of a regular nature
(rectangular gullies, rectangular worked out aress, ete...),
which might be a poor mssumption but is essentiel in the
production of & madel.

The first and simplest model results from the work of Whillier
and Ramsden {1975) and is based on a model developed by
Starfield (1¥66). The imput deta required for using this method
are i+ the stope width, the virgin rock temperature, the face
advance and the stope span, plus, of course, some fock
properties. The limitation of this simple model is that it is
far too globel to sllow & precise description of the stope. For
instance, it dnes not produce independent results for the
warked-out areas end the fece. It does not ceter for the
cooling effect of water, either.

The second model was devised by Van der Walt and Whillier (1979)
and considers two areas of heat production : the stoped out
areas and the production zone. This model reguires the
knowledge of additional deta : the stope breaking
(centsres/month), the age of stoped out areas snd the effective
water cooling diatance (this is the distance back from the face
within which all the heat From the rock is removed by the
service watar). It is an improvement on the model sbove but
remains lis ‘ted because it still does not consider the stopes in
enough detail and requires the knowledge of a parameter which is
difficult to essess and cannot be messured directly : the
effective cooling distance.

The third model results from the work of von Glehn snd Bluhm
(1986) and is a refinement of the above. It requires additional
deta for the gullies, as well as for the production zone. It
csn b2 adepted with s lot of Flexibility to diFferent stope
lay-outs and computes seperately the contribution of five
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elements of the stope to the total heat flow. It shows a very
satisfectory agreement with the experimental data available. As
with the two models ebove, it nevertheless remains limited on
several points :

(i) only averall heat transfer is considered, no
differentiation being made between latent and
sensible heat transfer

(ii) it considers the flow of heat at the face to be
aene-di ional, therefore imsting it.

(ii1) it assumes that all the rock surfaces in the face
area are wet during the total stoping cycle, which
is Far from being true.

(iv) it does nat consider the extreme differences in the
conditions preveiling during the stoping cycle, but

essumes average conditions.

But, on the other hand, this model is detailed, simple and
provides answers repidly, es it is not iterstlve. It has
therefore been selected for the simple leve! of HEATFLOW.

A modification to this model, based on work by ven Glehn (1986),
is presently being developed. It la an attempt to circumvent
the limitetions mentioned abov: es it models the stope {ace zone
in a very precise manner (two-dimensional analysis of hest flow)
and takes into account the variations of heat flow and moisture
evaporation over the stoping cycle (the cycle is analysed and
divided into major activities).

Because of the importence of the production of heat in stopes, a
great degree of acouracy is required and, therefore, this model
will probably be incorporated, when available, for the complex
level.

AhiA
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3.7.3 Simple level

The model used divides the stope into five heat productian

zones:

(1) the gullies (strike and dip)
(i1) the ventilated worked out aress
(i1i) the production zone (hangingwall end footwall)

{iv) the fece and broken rock ;

(v) the other heat sources (msinly machinery).

The amount of dats required to go into such deteil is obviously
lerge, but the model remains simple in that a lot of defaults ’
are provided. In case of a limited knowledge of the mine, theae

defaults will be ressonable guesses. -

The deta required are the geometricel details (see figure 3.1) :

G

=

the stoping width (m) : this is the height of the
production ares

(ii) the face length ‘m)

{i11) the distance fram the dip gully to the face (m)

{iv) the width of the production zone {m)

{v) the perimeter of the dip gully {(m)
(vi) the perimeter of the strike gully (m)
{vii) the percentage of the stoped out areas that are
back-filled
{viii) the number of strike guilies.

and the preduction information :
{i) the stape edvance given in m/month but converted to m/s :

for the calculation,
(11) the machine heat production (MJ/ton)

= - D™ P N S
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Figure 3.1 : Stope geometricel deta
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(iii) the mervice water temperature at the inlet of the
stope, TWyn (°C)
(iv) the guentity of service water used in tons per ton of

broken rock.

The model uses the spproximation of the semi-infinite solid
(Hemp, 1982 and Holmen, 1981) in order to account for the heat
conduction to the worked out aress and the gullies. The heat
trensfer from the surface to air is described by the normal
convective heat flow relationships which make use of a
conveotive film coefficient. For the face area (including the
footwall and hangingwall) end the broken rock, the rock surface
is assumed to be at the wet-bulb temperature over the whole
cycle (therefore, an infinite heat transfer coefficient is
assumed). The heat from mechinery is caloulated using the
machine heat (MJ/ton) and the rock production.

Two edditionsl contributlons are also accounted for : these are
the cooling duty of the service water and the effect of the
ast i} ion or t

P on in inelined stopes. The
duty (Alexender, 1986) is given by :

duty = WMF .+ Cugpers (WBjn - TWi) 3.1
By adding all the heat sources to the auto-compression term and
by subtrecting the cooling effect of the water, the increase in

enthalpy for the air across the stope is obteined.

It should be noted that the film coefficlents (see section
3.5.7) are difficult to sssess with a satisfactory accuracy.

Moisture svaperation

This gimple model calculates a value for the increase of
enthalpy of the air flowing through the stope. But there is no
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gttempt made to model the change of moisture content of the

gir. This is due to the difficulty in describing the wetness of
a stope. Instead, the value of the wet~bulb/dry-bulb gap of the
air leaving the stope has ta be speciried. This is done from

experience and 8s a general rule, would be in the range of

0 to 3 ©C. T
[
r With s knowledge of the enthalpy and the difference between the }K
i
wet- and dry-bult temperstures, the actual values of the i %

temperatures are then determined From standard peychremetric
equations.

' 3.7.5 Complex level

At a complex level, as menticned in section 3.7.1, more details

. will, in the future, be included in the modsl. These are the i
two-dimengional nature of the heat flow in the face area, the
pratlem of the moisture evapocvakion end the time varistions of
the heat and moisture transfer, due to various stoping

. activities. This will include the cyclical use of chilled

service water which affects the wetn<3s of the rack greatly.

The effect of the removal of broken rock will also be

investigated.

The stoping cycle will be broken down into four perlods af
different nature and length (re-entry, wetting-down, rock
i removal and drilling/blasting). The results (temperatures) will

be given for average conditions as well as for each definite

ion of the flow of the ventilation air and of

A
| activity. In eddition, the improved model will allow & better
|

the service water between the psnels, in the stope. This

i improvement will ellow the introduction of new technologies,
such as transporteble stope air coclers or back-filling, to be
: studied with great accuracy.

e e o R rae i ot e
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This level has not been implemented yet because the model is not
fully developed and is still being verified by the Chamber of
Mires Research Organization. One must not Forget, however,
that even if this new modsl is very precise in the description
of the stope heat prohlem, it uses en ideal representation of
the stope. The stope will in no case be regular and even at the
complex levsl, serious deviations mighk oceur, for this reason.

Modularity : stope as a sub-network

This section cen be seen as introducing a possibly mare

complex level, which hes not been implemented in the present
version of HEATFLOW. The stope is s very modular bex : it can
be depicted as & dip guily fram which strike gullies lead to the
face. The stope can actually be seen as a smeller network made
up of boxes of different types (Figure 3.2). A dip gully box in
the centre has links to strike gully boxes which are linked
together by the Fece and worked-out areas boxes. This allows
one to consider the stope box as a sub-network : each time such
a box is being edited, the user can 'zoom in' to get to the
detailed level of the box.

for a bettsr understanding of this future possibility, the
reader might like to compare with the sub-netwark structure as
reviewed in paragraph 4.7.

|
i
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1s equivalent to: 06 : dip gully
1 SG : strike gully

WOA : worked out areas

ﬁ FA : face
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Figure 3.2 : Stope as a network
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3.8 Development ends
3.8.1 Introduction
Development ends can be divided into two heat production areas:

(i) the Face ares, which includes 50 metres of tunnel back
fre, .he workings (Whillier and Ramsden, 1974) ;

(ii) the completed tusnel part, which is only slightly older ;S

than the final 50 metre section.

To ventilate these areas, the fresh air must be Forced to the
face er the used air exhausted through colums of ducts. Two
types of development ends exist in Sauth African gold mines.

These can be represented in "boxes" as shown in figure 3.3 :

(i

-

single tunnel developments, where the air is forced to the
feve or exhausted using s column of ducts

{ii) twin developments, where ane tunnel is used &s en intake
and the other as the autlet.

The probler is simpler in the case of tw.n developments where
the situstion can be regarded as an inteke airway, the face area
and an outlet airway. This approach is only valid if the
interaction of both tunnels is neglected.

In the case of the single tunnel developments, the co-existence
in the same tupnel of s flow of intake air end a flow of return
air will lead to an interaction : leakege and heating of inlet

air by return air. Iterations will be required for s proper

of air In a simplified approuch, &
'linear heat source' will account For these exchanges. Single
tunnel developments are handled as the face area followed (or
preceded, in cese of forcing ventiletion) by the tunnel section.

f [ N W 2

Y
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Single tunnel development end:

From main ventilation circuit

Tunnel

Face

To main ventilation circuit

; Flow

Twin tunneis development end:

From main ventilation circuit

Intake
tunnetl

i outlet
tunnel
To main ventilation circuit

Figure 3.3 : Single and twin development ends
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Two levels of complexity will, once again, eventually be
available. But it must be remembered that the main Limitation
of both levels of calculation will be the determination of the
production of heat at the face, for which a limited amount of
experimental deta ia available. Yhe models for this heat
pick-up are therefare quite coarse : generally, only educated
guesse; are made, taking into eccount production
characteristics, the amount of explosives or of service water,
among other parameters. In sdditian, special care has to be
taken in the computation of the completed tunnel part, as it is

very young.
Simple level

epending whether it contalns single or twin tunnels, the
development end will be treated in a slightly different manmer,
es one or two sirway sections will be computed. The algorithm
described for calculating the heat flow into tunnels is used

here.

At this level, the production of heat in the face area is given
by equation 3.12, as quoted by Whillier and Ramsden {1974).

Q= DFA . (vRT-HB) x (PERIMYL o (kepioayais gy 5
end 12 3.108

where DFA is the daily Face advance, k the canductivity, p the
dengity and ¢ the thermel capscity of the rack. As for the
stopes, the problem of heat pick-up in the Pace area is
simplified in this model (see section 3.7.5, stopes), ss
Equation 3.12 assumes a one-dimensional heat flow.

The data required for the development end box at a simple level
is therefore:
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(i) tunnel characteristics : length (m), perimeter (m),
cross-section area (m2), linesr heat saurce (kW), wetness
factor

(ii) production particulars : DFA, the dsily face advance.

from these parameters, an average age of the airway section iz
computed, considering the overall lemgth of the development
minus 50 metres of face, and the face advance. Thig is very
appraximative, but the crudeness of the model for the face heat
production and the level (simple) do not motivete more detail.

Moisture evaporation

The other item of deta required, similarly to the case of the
stopes, is the difference between dry- and wet-bulb temperatures
of the air leaving the face zane. The choice af this parameter
ta sccount for moisture pick-up can be mativated as for the
stopes (section 3.7.4). The knowledge of the enthalpy increase
across the Face area gives the wet-bulb temporeture of the
return air. The dry-bulh is obtained by adding the temperature
difference entered by the user.

Complex level

The complex level, when developed, will attempt to use the
complex level for the airway part, a more precise model for the
hest flaw in the Face arca and, lastly, will try to eccount for
the exchanges between the flows of air in and out of the
developments, when applicable.

A detailed eccount of the first issue (the camplex level for the
airway pert) was given in section 3.6.9. The only difference in
the case of the development ends is the young age of the latter,
especially in the section of the tunnel close to the face.

This highlights the necessity to cater for ages less than six
menths, in the model fur tunnels.

i
s
i
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The complex model will perform a two dimensional analysis of
heat and moisture pick-up in the face ares in the same way as
for stopes and to be consistent with the complexity used in the
model for computing the tunnel section. The secand major
simplification of the simple model is that average conditions
prevail over the development cycle : this ca) be circumvented as
in the case of stopes, by dividing the develapment cycle into a8
number of activities, with specific duretions, tempereture and
wetness conditions. The results will be given both as averages
and for specific periods. This will allow, For instance, to
cater for a more precise sssessment of the effect of the removal
of rock. A program by Mack snd Starfield (1985), written in
FORTRAN, performs this type of enalysis for single development
ends. It is under review st the Chamber of Mines Research
Organizetion, which recently conducted an extensive monitoring
of a developing tunnel and therefore hes experimental data
sysilsble, though they still need to be fyrther analysed.

When this program is verified, it might he used For the complex
level for development ends.

The lest issue ta discuss hera is the problem of the Interaction
of inteke and outlet air flows. In the case of twin
developments, there is no such problem, as the inlet air does
not come into ‘contact’ with the outlet air. Single tunnel
developmenis, st & complex level, will pose this problem. Two
new items of data will have to be entered :

(i) the extent of the leakage from the duct to the tunnel, or

vice-versa {low, medium or high),

A
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{ii) the guality of the insulation of the ducts (low, medium or
highs Whillier end Thorpe, 1971).

These items of data will be used in iterative procedures which
will compute a balance in the heat exchange. The problem of the
radiative heat (between the rock end the column of ducts) will
also have tu be investigated. Work by Quederni {1984) on this
problem has lead ko the writing of a program, in FORTRAN, called
Climend. This program has not been designed For South Africen
gold mines and, before it cam be used at s complex level, it
will need to be verified on a wide range of mining situationa.
But the details teken inta account in this program sre those
required for the complex level.

Hoists

. The routine for computing the heat flow in these boxea is the

simplest one used in the progrem. It sssumes that the hoist
adds a quantity of hest {expressed as & Fraction of the rated
power of the machine) to the flow of air, Only sensible heat is
increased, as the energy trensfer does not raise the moisture
content of the air.

The data needed to perform the calculation are therefore limited
to three items:

{i) the rated power of the machine (kW)

(i1) the percentage of this power lost as heat to the air (%)
(iii) the percentage of utilizatlon of the haist (%).
This second item of data has typical velues : it can thus be
provided s a default for the whole network. It must be noted
that the material hoisted geins potential energy end as a

general rule, only 20 to 30 percent of the electrical power is
lost as hest.
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These data are used in the following fashion:

(i) the apparent specific humidity (in kg/kg) and the enthalpy
per unit of mass of air (in kJ/kg) st the inlet ere First
caleulated

(1i) the heat flow due to the mechine (rated power x fraction
lost as heat) is translated into an incremse in enthalpy
of the air, according to :

M = Rated Power x Percent as heet 3.13
Mass Flow x 100

{iii) The enthalpy per unit of mass at the outlet is the sum of
the enthalpy at inlet and the enthalpy increase. The
apparent specific humidity st the outlet is equal to its
inlet value (dry transformation). With these items of
data and the knowledge of outlet pressure, the outlet wet-
and dry-bulb temperatures can easily be computed.

This type of calculation does not require a more complex mode.
Thus only one level of complexity is provided.

The assumption that only sensible heat is produced in the case
of & hoist chapber, is justifisble. In addition, if the air is
too dry at the outlet of one of these boxes, it will tend ta
vaporize water in the following boxes, thus compensating the
passible underestimation of moisture pick-up.

In caese the user feels thet moisture pick-up tekes place, it is
alweys possible for him to substitute for the 'hoist! box e box
of the type 'other heat sources', in which the moisture pick-up
is teken into account. In general cases, though, this is not

necessary.
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Other Spot Heat Sources
Introduction

One could assume that all spot heat sources are similar to a
hoist or @ winch and, therefors, that it is possible to describe
them end assess their effect on the ventilation eir using the
above procedure. In Fect, the limitation concerning moisture
imposed on the latter model is net corrcect in the case of some
spot heat sources. For instance, a pile of wet broken rock
walting to be hoisted at the bottom of a shaft cen be considered
as a spot heat source where moisture pick-up will be the major
part of the transformation.

In arder to & ibe the ph Fully, it is 'y to
add to the data provided for hoists and winches, some

information about the proportion of the total heat used in
heeting the air (sensible heet) and the proportion used in
vaporizing the water (latent heat). The most convenient
varisble available for this purpose, is the Enthalpy-
over-Moisture ratio (E:M), given in kd/g. This parameter is
widely used and accepted for most air-conditioning end
psychrometric calculations. It has been chosen instead of a
simple factor like the difference between dry~bulb and wet-bulb
temperatures at the outlet {as for stopes and development ends)
because it actually describes a path on the psychrometric
charts. This ratio helps the user to visualize the
trensformation which is occurring, more than the guess.work
using a temperature difference would do.

The use of this paremeter is explained in Figure 3.4, an extract
From Barenbrug (1974). In the upper left corner of the chart, a
semi-circular diagram gives values of the enthalpy/moisture
ratio. Actually, this diagrem gives the slops of the streight
line representing the transformation which occurs when the

¥
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meisture pick-up and the enthalpy increase are in the given
ratio. Fer inatance, line 1 is a transformation where the
Enthalpy/Moisture ratic is 2,5 kJ/g. This line is parallel to
the line of constant dry~bulb temperature and, thus, there is no
change in the dry-bulb temperature. Line 2 is a trangformatien
where this retio is G : there is no enthelpy incresse and thus
tha wet-bulb is nearly constant. Line 3 has e ratio of infinite
velue snd thus no moisture evaporstion will take place and all
heat transfer is sensible.

The enly drawbeck of this ratio is that the units (k3/g) are not
S.I. It would perhaps be neater to use a factor such as the
ratio of sensible heat over latent heat. But the habit in the
mining ventilation community and the support of the Barenbrug
Charts make the choice of E:M more relevant, es does the common
use of this factor by environmental engineers (in air
conditioning, for instance).

Calculations

The caleulations are a little more involved than in the case of
a purely ‘dry’ transformation.

The user is prompted for two itema of data:

{1) the enthalpy-over-maoisture retio charecteristic of the
transformetion of the air (k3/g)

(i) the heat change (kW) which will be converted to the
enthalpy increase of the sir if the previous ratfoc is not 0
or to the sensible heat increase of the air if the given
ratio is 0.

Depending on the value of the enthalpy-over-moisture vatio, the
calculations are performed as follows:

P I W N
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Enthalpy/Moisture (E:M) not equal to 0 : the enthalpy
increase (AH) is derived from the input data, and the
moisture increese (in kg/kg) is simply AASH = AH/E:M. The
enthalpy of the air at the outlet, as well gs its moisture
content and therefore the wet- and dry-bulb temperatures,
are easily computed.

Enthalpy/Moisture (E:M) = O : the enthalpy increase (AH)
is also zero for the air. The sensible heat (fggns)
added to the air is derived from the input data and the
total heat is : AH = Qggng + Gy gt~ The latent heat
(Quat) is given by : Qg = L, . AASH, where L,

the latent heat of veporization of water, is given by @
Ly = 2501 - 2,387 . WB (kd/kg)

It can be seen that the latent heat depends on the air
wet-bulb temperature which is not known For the box. Once
again an iterative process would be required to obtain a
better accuracy. However, the influence of the wr*-bulb
temperature is very limited end this temperature is in a
nacrow range. Thus, an average tempsrature of 25 °C has
been chosen, and if the wet-bulb temperatures remain in
the range 15 to 35 °C, the error in L, is less than

1 per cent, which is of no conseguence when compared with
the possible error made by the user whan estimating the
enthelpy-over-moisture ratio.

From this avsrage value of i, (2441 kd/kg), AASH can be
computed. Thus, the moisture content at the outlet as
well as the enthalpy are known snd this allows the
calculation of the wet- and dry-bulb temperatures at the
outlet.

-
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Fans

3.11.1 Introduction

The solution For the fan box is intimately linked to the
interfacing of the progrsm with & ventilation retwork enslysis
tool (see section 3.13}. In the latter, a fan is & branch with
a characteristic curve which gives pressure loss as a function
of the quantity which Flows through the Fan. From these two
pavameters, the power given to the air by the fan can be
computed using :

Power = Quantity x Pressure increase 3.14

The electrical power used by the fan is then given by :

Pawer
Electrical Power = 3.15
EFficiency

The heat dissipsted by the fan in the air is egual to the
electrical power, and is purely senibls, as the moisture
content does not increase due to the operation of s fan.

3.11.2 Data input

The fan operating conditions could be calculated using a
ventilation network snelysis program. Two levels of complexity
in the input of data ere thus required.

In the firat level (the only one implemented st present}, the
user inputs the veluss of quantity and pressure loss
characteriastic of the operating peint of the fan (it is assumed
that he knows them from meesurements or an external ventilation
network calculation). In the sscond level {which could be
introduced in the future), the fan curve (pressure loss versus
quantity) i entered. If a simultaneous ventilation network

. [ B
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calculetion is performed, mass flow is not required from the
user, as the operating point is found by the program. If this
calculation is not performed, the user will have te imput the
air maas flow.

Ten points on the fan curve sre imput. This gives an accurate
representation of the fen, especially around the operating
point, as it is possible to concentrate the points in this
ares (Chorosz and Delisc, 1985). EFficiency is also given es a
function of quantity, using ten points.

Air Coolers
Introduction

Whatever their type, the effect of air coolers works on the same
principle : their cooling duty is subtracted fram the enthalpy
of the inlet air and, as a general rule, the air is satursted at
the outlet. This last sssumption is motivasted by the fact that
the need for an air cooler occurs when the air temperature is
too high : the refrigeration will typically cool the air te a
temperature lower than the wet-bulb temperature at inlet. Only

condengation can therefore take place.
Two levels of complexity have been made available.
Simple level

At the simple level, the calculation is performed or. the basis
of either the duty of the cooler or the temperatures at the
outlet. The user can choose either option. If design duty is
input, the enthalpy of the air et the outlet is calculated as
the enthalpy at the inlet minus this duty. Then, saturated
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conditions being as-.med, the air temperatures at the outlet are
easily calculated. If design temperatures at the outlet are
chosen as input data, the duty is calculated as the difference
between the enthalpy at the inlet and at the outlet (the duty is
then positive). The resultsnt duty will help the wser to choose
the cooler which will provide the correct outlet temperature.

3.12.3 Complex level

The second {complex) level invelves technical characteristics of
the cooler :

(i) the water flow rate (1/s)

(ii) the water temperature at the outlet (°C)

(iii) the factor of merit (non dimensional).

These items of data are used according to the work of

Bluhm (1980), which is generally accepted by the South African

gold mining industry.

First, R, the capacity-ratio, is calculated using thermal
properties of the water and the eir.

With the knowledge of the factor of merit (F), the water
efficiency (E£,) is computed as:
€y = (1~ e =NIRYy /(1 . ge -NOI-R)) 3.16

= (£ 1)0,4
where N = ( l—F) X (R)

The temperature of the water at the outlet of the cooler, t.
is calculsied using:

was

£t -t
£ = twn twi 3,17
Yottt

A
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From this, the quantity of heat transferred from the air to the
water is assessed. The absolute value of this quantity of heat
is the duty of the air cooler, and the calculation is completed
as for the simple level, when design duty is provided.

It should be noted here that cooling ceils sre also used in
South African gold mines and that the theory governing their

performance will have to be incorporated in the Future.

yentiletion Network Caleulations Interfacing

As explained in section 3.2.2, the user must lnput the mass flow
of the sir (kg/s) for each box, at the simple level. This item
of data, in the csse of a proposed mine lay-out, is cbtained
from & computer simulation of the network using a mine
ventilation network analysis program {or from design
requirements). It will be possible, in the Future, to run such
a program (VENTFLOW) together with HEATFLOW (Wernick, 1986).

The possibility of interfacing both types of programs is
reviewed in the following sections.

Data required

The data required to study a mine ventilation network are as
followa:

(i) a map of the network

{ii) the nominsl resistance factor of each 'passive' branch
(a passive branch is an airway, shaft or stope, for
instance,where no Fan is im: “alled end therefore where
no pressure increase takes place),

(iii) the depth of each node

{iv} the characteristics and location of gll the fans
installed in the network.
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{v) the temperature of the air in all parts of the network,
in order to achieve a better sccuracy for the
calculation.

The latter allows the progrem to celculate precisely the density
of the eir, which combines with the nominal resistance factor
(calculated for t t and conditions) to
give an accurate resistence of the branch to the Flow of air.

The set of the above data is a sub-set of the data input for the
heat flow problem:

(i) The map of the network is given in a very similar way

(ii) The resistence factor :

- tunnels, shafts and stopes are plainly 'passive
branches. Their resistence factor is a function of
geometrical dimensions and the friction Factor. If
ke feels it is necessary to modify the resistance

factor computed by the program, the user can
overwrite it at the editing.

- hoiats, other heat sources end air coolers are

branches with a resistance factor equal to zzro

development ends are elac branches with a resistance
factor equel to zero as they are not part of the main
ventilation network. A secondary fan is needed to
foree air From the ventilation circuit to the face
and retuen it to the circuit at the same point,
gensrally at & higher temperature.

- fan boxes are treated in the same wsy as fans.

. S, W I
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{iii) the degth of each rode is required in both ventilation
and heat flow problems

(iv) the characteristics of the fens can be input st a #
complex level. Therefore, when a ventilation network v
caleculation is performed, the complex level must be
selected for all fan boxes. o

3.13.2 Leakages

The anly limitation encountered with this type of epprosch to
the ventilation prablem concerns leekages. These are generally
treated differently from other passive branches in ventilation
calculation pragrams (Deliac et al., 1985). The data required
does not include the resistance, as it is pormally computed from

geometrical data which is not availeble in case of a leekege, or
from the pressupe loss and the quentity across the leakage : the
pressure loss cen be assessed only witk great difficulty in the

case of a leskage. Quantity across tne leakage will be used as
input data in what is generslly celled a 'fixed quantity’
brench. The ventilstion analysis program computes for all the
fixed quentity branches, the resistance factor needed to ensure:

(1) a flow of air as fixed by the user

(ii) compatibility with the rest of the network.

For obvious reasons, there cannot be too meny fixed quantity
branches in the network (generally less than 7 per cent of the
total number of branches) in order to reech a solution (Chorosz,
1984},

Leekage branches are branches for which little is known sbout
their characteristics : this is not compatible with the
definition of a hox in the heat flow problem. Therefore,

. . W e o
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leakages will not be accounted For in the same way as in a
standard mine ventilation network analysis program, but as
tunnels of known characteristica.

Interaction of the ventilation and heat Flow prediction programs

The last item to be discussed concerns the accuracy of both the
ventilation and heat flow calculations. As previously
mentioned, the knowledge of the air temperature in ell parts of
the network gives better solutions For the ventilation problem.
This knowledge results from & hest flow caleulstion. Thers will
therefore be en iterative process involved @

(Step 1) with previously correct or guessed temperatures, a
ventilation calculation is perfarmed. This gives
values for pressures and mess (lows in the whole

network.

(Step 2) with the knowledge of these mass flaws and pressures,
the heat flow problem cen be solved : this produces a

better estimate of the temperatures st each point of
the network

(Step 3) with these new temperatuces, a new ventilation
caleulation is pecformed : better estimates of
quentities and pressures are thus obtained, in order to
prooeed with step 2 again.

This iterative process stops when the meximum temperature
correction is less than g Fixed limit.

P R - IRV S SO




3.14

imitations of the Models

3.14.1 Accuracy of input data

3.14.2

The most important limitation is not imposed by the models but
is linked to the sccuracy of the input data.

In the case of a planned mine, the data are only & guess as to
what future mining operstions will be. Very often, an sccurate
idea of what the mine will look like is not even available. Im
the case of an existing mine, data such as wetness are assessed
on & rule-of-thumb besis end measured data are bound to be
inaccurate (a mine is not the beat type of laboratory).

Therefore, as the accuracy of the results will not be any better
than the accurecy of input data, & lot of attention must be
given to the collection of data. The program, in order Lo
diminish the risk of inaccuracy, must be used for different
cases (different lay-outs and different data). A measure of the
accuracy of the solution is obtained only if it is backed by
numerous simulationa, enabling sengitivity studies to be done.

Accumulation of error

Among other limitations of the program, the network structure
and order of caleulstion tend to lead to a poorer precision.
From one box to the following one, any error in the temperatures
ie transmitted and increased. This phenomenon, though, is
limited by the follewing facts:

(i) some models lend themselves to self-correction : if the

air entering an airway is too cold (due to a previous
error), the heat flow will be larger than it would have
been with correct values of the temperatures. Thus, the
error on temperatures will be smaller at the outlet of the
given tunnel than at the inlet.
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{ii) the ‘error-counter' is set back to zero in two cases
encountered quite often : Firstly, when an air-cooler is
reached, with design outlet temperatures es input data,
and, secondly, when disagreement is expressed by the user
concerning the results. The grogeam then uses ‘correct’
values of the temperatures to proceed with the following
calculations.

3.14.3 Wetness

Another limitation of the program is the rather extensive
knuwledge it requires from the user concerning wetness. Wetness
being generally given as a non dimensional value varying between
0 {bone-dry) and 1 {running water), no other method than
Tule-of-thumb is given for ita assessmeat. Generally, in
tunnels, only the footwsll is considered to be wet. This can
inciude an open drain, whieh of course, is fully wet. Under the
same restriction comes the avaluetion of the enthalpy/moisture
ratio. The user will find exsmples concerning these items of
dsta in the 'help-pages’ of the program.

In addition, for stopes and development ends at the simple
level, the difference between dry- and wet-bulb temperatures at
the outlet is requested from the user ss input dsta. This is
due to the present non-availablity of models which, from an
accurate description of wetness in the facu area, could give en
agoessment of the latent part of the heat pick-up

3.14.4 Water reticulation

Finally, the present version of the program does not consider
the interaction of two networks, namely:

(1) the ventilation sir network

(ii) the water reticulation network.

” W“-ﬁi
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The most sensitive element in this interection is the heal
exchange between open drains and the inteke eir, which can be

approximately catered for as a linear heat source. However,
the air and water generally come into contact in counter-flow
which does not simplify the problem. Another heat exchange
takes place between the chilled water pipes and the ventilation
air. This is an important element in the determination of the
location of sir coolers.
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CHAPTER 4 : DESIGN CHARACYERISTICS : AN INTELLIGENT SYSTEM

When a new tool becomes available, new methods must be developed
. in order to allow it to be used with the meximum efficiency.
HEATFLOW not only provides accurate calculation routines, but
also introduces s method and a framework for studying & mine in
B terms of heak flow, The new method must he easy to use by the
mining engineer. All aspects of this ease of use and efficiency
are reviewed in this chapter.

| 4.1 Provision of Defaylts

H The program includes an option called 'defsults'. This option
has two functions:

(1) input of glubal deta (see section 3.2.1)

(i1} input of default data. Ve

The difference between global and default data is small but it
has important conseguences in the program.

4.1.1 &lobal data

Globel date, firstly, are date given to be valid for the whole
N network. For instance, the name of the project or the virgin

rock temperature at surface level are global data : they are
given once for the entire network. A list of these data is
given in section 3.2.1.

4.1.2 Default data

Default data are not directly used by the program, except in
order to meke the input of data simpler. For instance, the

, perimeter of airways is an item of default date : though it is

. . . 2R Y JU . v
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given for the whole network, it can be overwritten by the user
when required. At the time of creation of & tunnel box, For
instance, the item called 'perimeter' will already have been
initialized to its default value, befare the user starts
inputing data for the box. It is possible for him to keep this
value or to reject it by replscing it with the correct Figure.

This feature proved very useful in the case of shafts, for
instance : e shaft must be divided into many boxes in order to
allow for the removel of sirflow st each level. All the
secticns of the shaft will have & certain number of common
characteristice : diameter and wetness factor, For instance.
The length of the section is mormelly not constent from one
section tn the next : it is therefore not & default.

The items of data which heve been selected as being default
data sre listed for each box type :

(i) Tunnele snd shafts : age (years), cross-sectional ares {(m2)}
and pecimeter {m) or diameter (m), wetness factor (non
dimensional) and linear heat load (kW)

(ii) Development ends : cross-sectional ares, wetnesa factor,
pepimeter, advance (m/month) and difference between dry-
and wet-bulb temperatures at the outlet (°C)

{iii) Stopes : distance From the dip gully to the Face {m), width
of the production zone (m}, advance (m/manth), staping
width (m), perimeters of dip and strike gullies (m),
temperature of the service water at inlet (°C), machine
heat (M3/ton} and difference between dry- and wet-bulb
temperaturea at the outlet

{iv) Air poolers : wet- snd dry-bulb outlet (0C), watep
temperature at the inlet, water flow rate (2/s) and factor
of merit (nen dimenaional)
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(v) Hoists : percentage of the rated power lost as heat in air
(vi) Fans : efficiency.
Program specificstions

In addition to the sbove parameters, a certein number of progeam

specifications can be set in this option. These are:
(i) the type of screen used (text or graphics)

(ii) the emitting of & warning sound where a misteke is made
{yes or no)

(iii) the possibility of over-writing virgin rock temperatures

(yes or no)
(iv) the level of expertise of the user (novice or expert)

(v} the automatic seving of data during creation and editing a
new petwork (yes or no)

(vi) the checking (Fool-proof) function (yes or no) : this
option is particulsrly convenient for the expert user who
knowe the program well enough to svold major mistakes and
who does not want to be prompted for confirmation when he
selecta 'quit’, for example

(vii) the possibility of over-writing wet- & « dry-bulb
temperatures resuiting from a calculation when more

accurate date are available (yes or no).

The previous set of parameters and option choices allows both
experienced end novice users to tailor the program to suit
their particular needs.




Network Display

The basic aid to the input of data, as well as to the reporting
of results, is a map of the network which is pertially displayed
on the screen. In order not to restrict this program to a
graphics screen (an optional device on micro-computers),
extended ASCII characters are used to produce s semi-graphic
display of the network. The boxes are pictured as small frames,
containing & code related to their type (Figure 4.1).

They are ordered on the scresn according to the foliowing
convention : the direction of air flow is from top to bottom.
All the mins intakes are on the top line. The user is given the
opportunity of setting the horizontal ccordinate of the boxes
only. This choice allows him to reduce the number of

int: ions between box ions. It also enables him to
isaolate parts of the mine {e.g. & given level) for clarity.

A typical netwark is depicted on the screen, as in Figure 4.2.

With the 'arvow keys' {located on the right part of the
key-board), the user can move the screen over the network, to
display parts which were previausly zoncealed. The network car
thus have an unlimited spen in both directions of the plan. T.e
screen is used in the same way as a microscope, to show r-.. of
the network only. The arrow keys are simiiar to the adjustmenc
knobs used to move the slide under the objective of the
microscope.

The network is always displayed on the screen. With this
lay-out, the problem of heat Flow becomes extremely visual, as
the influence of boxes on each other can be seen as a spatial
relationship.
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Help Function

One of the basic prerequisites of interactivity is that,
wherever the user finds himself in HEATFLOW, he should be able 1
ta get help from the program. This Feature exists in HEATFLOW
and is called the 'Help' Ffunction. Whenever key '?' or key 'F1'
is pressed, the execution pauses and a screenfull of text is

; displayed : this will be referred to as the help-page. The
progrem contains 99 help-pages, in the form of a help-baok.

Each help-pags is assigned to one or several precise locations
in the program. For instance, if the user is inputing data for
- N P a new tunnel and the cursor is positioned at 'wetness Factor’,
: the help-page which would be displayed when pressing '?' or 'F1'
must explain how to enter this item of data, what kind of
wetness factor is considsred {from among the numerous o

definitions) and give typical values.

' 4.4 Side P ic Caleulations (PSYDE) N

Whenever key *F7' is pressed, execution is peused and & window
eppears on the left side of the screen. This window is used

for psychrometric csleulations, as a hand-held calculitor, aside

from the computer. It however allows only psychrometric

calculations to be performed. It uses standard psychrometric

routines. i

)
‘] 4.4.1 Input date and results

In the PSYDE window, the user is prompted to input data

according to the following rules:

(1) the pressurs sust be provided
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(ii) in addition, two of the following parsmeters must be
provided :

- wet-bulb temperature ©c)
- dry-bulb temperature (oc)
~ enthalpy {k3/kg)
-~ Sigma heat (k3/kg)
- relstive humidity %)

- Apparent specific humidity  (g/kg)

The caleulator then provides the Four missing items plus the
following list:

-~ density of mixture (kg/m®)
- density of air (kg/m?)
- dew point ©c)
- saturation pressure (kPa)
- vapour pressure (kPa)

For obvious ressona, all cambinations of the above input
parameters da not lead to an gcceptable result. For instance,
wet-bulb temperature end sigma-heat are too closely related to

be used . These two p are ted by .

D
parallel lines on the psychrometric charts : it is therefore

impossible to find their intersection. The same can be said of
wet-bulb temperature snd enthalpy {nearly parallel
representative lines) and enthelpy end sigma-heet. With the
exception of these cases, all cther combinations lead to very
good results.

An example

An example is given below and illustrated by Figure 4.3.
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The data input by the user are:
(i) pressure : 100 KkPa
(ii) dry-bulb temperature : 36 °C
(111) enthalpy : 66 k1/kg.

The i ton of the

enthalpy snd

-

dry-bulb

temperature lines on the psychrometric chart for 100 kPa gives

the missing data.

The results provided by PSYDE are:

wet-bulb temperature : 22,35 °C
signe-heat : 64,69 ki/kg
moisture content (spparent) ¢ 14,03 g/kg
relative humidity : 52,01 %
saturation pressure : 4,24 kPe
vapour pressute : 2,21 kPa
mixture density : 1,14 kg/m?
dry air density : 1,15 kg/m?
dew point : 18,28 °C

Shaft Pillacs

Introduction

Although they cannot all be considered as boxes, three modules
mre selectable, in addition to normal boxes, in the creation

option. These are:

(1) shaft pillacs

(1) sub-networks
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(iii) recirculation sub-networks.

«] Shaft pillare are reviewed in this section and the two other

7 "hox' types in the Following twa sections. They offer a
convenient way to input data not covered by the normal box types
. and thelr main function is to allow the user to isolate a part
of the network in order to trest it in a slightly different
manner .

The shaft station area appears as & maze of tunnels of different

geometries and of spot heat sources (for example : transformers, .
i small pumps, welding equipment and dust filtering fans). There

will also normally be a number of locomotives operating near the

i station. It is therefore not a simple box since it contains

. elements such as 'tunnels' and ‘other hest source'.

In order to account for shaft station aress, two approaches are
possible : a complex one and a simple one.

ot 4.5.2 Complex approach
This epproach is not so much complex as detailed. It simply

expects from the user that he carefully describes the structure
of the shaft pillar network, using as many boxes as necessary.

This is & time consuming procedure but brings maximum accuracy
. to the caloulation, provided all the input date are known with
precision.

4.5.3 Simple approach

A simpler approach will enly require from the uger that he
inputs &

* . ST W S e
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(1) the tatel length of tunnels included in the shaft aree

N (ii) additional data, as for tunnels : it is then assumed that
all tumnels in the shaft pillac erea have the same 4

cross-gectional area, the same age and the same
perimeter.

. (iii) the total heat load of the machinery in the shaft pillar
area (kW)

{iv) the air massflow (kg/s)

' The calculation then determines the heat flow from the tunnel
sections, using the RAMSDEN (1975) equation :

' Qtunner = 5,57 (F + 0,255) . (VRT - DB) . CF 4.1
with s correction factar, CF, given by ¢

- CF = (PERIM/12)91*97 L(AGE/3)=0' 147 .(k/5,5)018%% 4.2

' Note : this equation makes use of an average film vosfficient
and, hence, no specific information is reguired on air
velocities.

With this calculation of the heat flow from the tunnels and the
input value of the machinery heat, the enthalpy of the air at

the outlet of the shaft piller ares can be determined. In order
to assess the outlet air conditions, an enthalpy-over-moisture i

ratio determined from a number of cese studies is used
(CULVERWELL, 1986). The user is therefore not celled upon to
i apecify this item of data.

v N T Y I
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Sub-networks
In order to bypass the limitations of the numher of boxes per 4

network imposed by the amount of memory available in the
computer (which is directly dependent on the characteristics of
the computer's processor), an sdditional box type has been
introduced : the 'sub-network' box. Its function is to link the
network it belongs ta with another network, the sub-network,
which is stared on disk. The only specific item of data
memorized in the sub-network box is therefore the file nams of
the ssscciated network. This sub-network is a network on its
own : it can be edited snd computed separately from the main
network. Its dependence on the main network is that the inlet
temperatures are normally a function of the other boxes in the
main network. But this is no Limitation, as the user might
decide to input his own values for these temperatures.

At the main network scele, the sub-network is just enother box.
From inlet conditions, outlet temperatures are computed. This
means that there is & limitation for the use of this feature :
if a group of baxes has been isalated as being a potential
sub-network, it must have one inlet and one cutlet only.

While editing the main network, the user can 'zoom' in on the
sub-network level : the relevant file is loaded from the disk
into the computer memory. Once the data have been entered they
are stored on the disk as a network. This procedure obviously
expande the number of boxes thet the program cen process, as the
space necessary for storing the anstitionsl data is used on disk
(where space is virtually unlimited, when compared with computer
memory) .

During the caleulation option, when the sub-network box
is reached, the data already computed at the main level is

stored on disk and the sub~nstwork is loaded into memory and

R T U S S »
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caloulated as a normel network, using as inlet conditions the
values resulting from caloulations at the mein-network level.
Once this interim calculetion is finished, the result is
returned and provides the outlet conditions of the sub-network
box considered : the celculation can resume at the mein-network
level.

In order to limit the progremming complexity of this feature,
nested sub-networks are not allowed. This feature is very
similar to what the progremmers cell 'overlay' or to the use of
*virtusl memory' on computers.

* new trend haa eppeared in recent years in the South African
gold mining industry which is controlled recirculation of
ventilation air (Burton et a}. 1984). Its principle is to
re-introduce, after conling, a portien of the air from the
outlet of a working area into the inteke system of the same
working area. Recirculation creates the potentjal hazard that a
fire would leed to naxious gazes being introduced into the
intake system. ALl recirculation schemes therefore require e
Fire detectinn system which van stop recirculation es soon as &
fire occurs.

The benefits are a veduction of auto-compression heat loads i
together with an incresse of ventilation volumes without an

associated increase in main fan power ‘amorg othar practical

adventages). In the program, recirculation is allowed in & box

similar to the 'sub-network’ box (Jiscussed in section 4.6).

The caleulations are performed in this box as for any other

sub-network, except that they are subject to an iterative

process, In the 'recirculation' box, three items of data are

stored ¢
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(i) the File nume under which the recirculation sub-network is
stared

{ii) the percentage of the cutlet air recirculated

(iii) the cooling duty epplied to the portion of the air which
is recirculated.

An iterstive process is necessary ss the temperatures at the
inlet depend on the temperatures of the air st the outlet, to
which a8 given amount of cooling is applied.

Once again, as was pointed out For the sub-networks, the
recireulation srea must be isolated and have only one inlet and
one outlet.

Calculation Option Characteristics

As the cslculations cen sometimes become lengthy, three special
features have been included.

Progress of the calculation

0f all the models used, only the tunnel, shaft and development
end models are time consuming., This is due to the fact that
they divide the box inte sections, performing iterative
calculations on esch section. In order to keep the user aware
of the progress of the calculation, the box being calculated
(tunnel, shaft or development end) is highlighted. The length
of tunnel already calculated is displayed in a smell side
window. It is thus possible to check that the pcogram hes not
stopped (as something keeps moving on the screen) and how much
of the network has elready ‘een computed.
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4.8.2 Re-calculation

Wnen & change is made to the structure of the metwork, or to the
data input for & given box, the calculations start again from 4
the Level where this change has an influence. Therefore, if the
duty of an air cooler just before a stope is changed, the
calculstions, in & new simulation, will be carried out from the
air cooler, through the subsequent stopes and towards the
outlet.

s

4.8.3 Stopping the calculation

If any key is pressed while the celculation is being preformed,
this will cause the program to pause. The user will be prompted
far a confirmation of the decision to stop. If the caloulation
is halted, all the data already computed are kept in memory.
Using this fecility, it will be possible to immediately assess
the effect of a modification at the top of the network without

e

having to compute it tatally

4.9 Reports : Output of Results

The printed output of date For reports is a very important

function of this kind of scientific program. Once s simulation

has been performed, reports are required for
(1) & global account of the simulation
(1) communication of the results
(i1i) archive purposes.

In order to have a clear vision of the heat flow problem For the
entire network, the user will need a printed report.
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Four types of reports are provided. Examples are given in
Appendices Al to A4. U

Global data report (Appendix Al)
This report is nothing more than a summary of input global
data. It does not provide any sort of result. The lay-out is
tabular. 1
Node data report (Appendix A2)
This report will give, for each node, in tabular Form : .
(i) the depth (m)
(ii) the virgin rock temperature (°C) i
(iii} the pressure (kPa),
Map of the network (Appendices A3.1 and A3.2)
Producing a mep of the network achieves two main goals:
Firstly, it gives, in & printed form, & plan of the network,

which cannct be seen entirely on the computer screen (Appendix
A3.1). Secondly, it provides some results and data for each

box. The data are thus presented in & more legible form thaa in
a tabular report.

Box data reports (Appendices A4.1 and A4.2)
There are two types of box data reports.

The first one is a simple list of all the boxes entered which
gives input and result data for each box.

An example of such a report jis given in Appendix A4.l.

- - T I '
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The secend onr is a list, type by type, of all the boxes. It
includes all :he daeta listed earlier, but is more legible as the
user knows in which category to find @ certain box (Appendix
£4.2).

Sutput devive

An interesting feature of the program is the possibility to
choose a printer type. It will, for inmstance, be possible to
use extended ASCII characters, if required, to produce reports
with a better sppearance (continuous borders for frames) and to
choose two formats of ontput (80 or 132 columns), in normal or

compressed text mode.

But the output need not be directed to a printer., The report
can be sent to a file on disk. The uger will have to enter the
File name. Tne file thus created can be modified using any
editor, ss it is an ASCII file. The user might need only part
of the date for & print-out, may want to add same comments or
may even include part of the report in a text File. As the
output 1s produced in English, this Feature will allow the
translation of terms to any other language, if required. This

will obviously serve with more benefit a computer-criented user.

Automatic Saving

In order to prevent accidental loss of data (through power
surge, for {nstance), an option can be selected which, et
regular intervals, will save the data on disk. This is
particularly important when a new network is being entered.
This feature can be 'switched off*' when only modifications, for
the saks of trying different operating conditions, are made.

The intervals at which this saving is performed depend op the
user, who can chose te Link ti. . tomatic saving to the . .“ity
of new data input or to a time step. The data will then be
autometically dumped to disk after 5 minutes or when 15
modifications to the data have been made.
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Prior to the writing of the program, a choice had to be mede
regarding which computer to use. In the past all programs had
to be 'transportable' while they now must be designed for &
standard machine. The resscn for this is that, in order to
produce @ more 'user-friendly' program, one must use the special
features of a machine or a system. In addition, better
development tools might only be available For a given type of

computer.

The other factars in the choice of & system ere the needs and
wishes of the potential users. When this project started, an

unpublished study was mede by the Envirenmental Enginesring

Leboratory of the Chamber of Mines in order to determine the
most popular computer in the mining industry. The results
showed that the most wide-sprend computers were in the IBM-PC

personsl computer femily. This machine has now become a H
standard in the micro-computer market. All the tools needed for
developing the progrem are available under the MS5-DOS operating
system for the IBM-PC. The program is designed for use an
18M4-PC, IBM-XT, IBM-AT or any machine fully compatible with
them. i

The only particular specification of the implementation is the
uge of & small device : the INTEL 8087 mathematics
co-processor. It is a standard add-on (e socket is especially
provided on the computer mother board) for this type of

machine. Its function is to speed up (15 to 20 fold) the

caleulations involving Floating point data. Although this

device i@ not required to run the program, the extra cost (5 per i
cent or less of the price of the computer) is low enough to make
its use advisable, as it dues not otherwise affect the
characteristics of the machine. The speed of the IBM-PC |
equipped with such & device is equivalent to that of a mini or i
main-frame computer in time-sharing made. ;



160

Definition of Reguirements
Introduction

The main practicel regquirement of the program is perhsps data
storage. [t must be possiple to handle large networks.
Therefore, at least 300 boxes must be sccommodated. Besides,
some models need a lot of input data (stopes, for instance}.
Twenty-five items of data per box is a minimum figure.

Calculations should be as Fast as possbile.

The program must display the network on the screen. A certain
amount of graphicsl effect must therefore be provided, even if
grephics, es such, are not required. In arder to use the
program efficiently, a printer is aecessary

Choice of a computer system

From these requirements, & standard (or minimum) configuration
can be derived.

It consists of:

{i) an IBM-PC central unit (or IBM-XT or IBM-AT), with at
least 256 K-bytes of main memory

{ii) any type of screem, including & plain menochrome text
screen, a Hercules graphice combination or a
colour-graphics screen

(iii) e printer, prefersbly the IBM atendard PC printer, though
any printer will do

(iv) eptionally, an 8087 mathematics co-processor, for improved
calculation speed and accuracy.

e
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Modulsrity

In order to be 'menu~driven', the program will have to be very
modular. Therefore, it will contain sepsrate routines grouped
in options. A structured language is required to attain this
gosl.

This is also required as the program is thought of as relstively
fast changing. For example, i the fareseeable future, new
mathematical models will be available or new modes of input of
data might be considered {for example a digitizer). The modular
aspect of structuret “rvogremming is, for the maintenance of such
a progrem, of param u' importance.

Choice of g Programming Language

Introduction

Only three langumges have been seriously considered for the
writing of the program : BASIC, FORTRAN and PASCAL. Although
this program presents aspects of Artificial Intelligence, the
calculetions form a major psrt. Specislized laryuages such as
LISP or PRILOG have therefore been left aside. The seme applies
to ADA, for the above reascns and because of its limited
development and availability so fsr.

Because the operating snvironment is MS-DOS, it was felt that C,
dedicated to UNIX programming, was not to be considered. If
exception is made of programming languages of a lesser
importance (ALGOL, FORTH, MODULA 2, otc...) or dedicated to
business applications (COBOL, PL-1), only three 'popular
langueges are left : BASIC, FORTRAN and PASCAL.

It is important to choose from the popular languages, because
efficient development tools exist fer their support.

i
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5.3.2 BASIC

BASIC, although it is primarly an interpreted lenguage, can be
compiled in an IBM-PC version. It is a very popular language et
the moment, close to a standard for micro-computers. It
provides numerous tools for the programmer : graphics, system
input and output questions, excellent screen management and even
structured programming with the use of sub-routine calls (on
IBM-PC). It was not selected because the availsble versions of

the compiler did not support the use of the speed-efficient 8087
mathematics co-processor end, in addition, it does not provide
enough data storage possibilities.

5.3

G

FORTRAN

FORTRAN is the Favoured language when it comss to scientific
programs. It was ane of the First languages to have been widely
used on computers and it is still very popular for several

reasons :

(i) the standard has been updated thoroughly twice (ANSI 66
and ANSL 77 in 1966 and 1977)

(ii) it is a concise language : its vocabulary is simpie and !
easy to lesrn, snd few lines contein a lot of information ; -

(iii) it is very suitable for scientific applications becsuse it
cantains meny scientific functions and hes a very logical
lay-out.

On the IBM-PC, the compiler supports the BDS7 mathematics
co-processor : it is Ly far the fastest language available on
this machine (with the exception of APL). —




103

The limitations are the lsck of structured pragramming
faciiities end of effective screen msnagement. This language
was not selected, mainly for the latter reascn, which renders
interactivity a difficult feature to include in a FORTRAN

prageam.
PASCAL

PASCAL is a relatively new langusge. Its main features are its
ability to process strings (and therefore idess or choices), its
structuved aspect (of paremount importance For the maintenance
of prograss;, end, on IBM-PC, the availability of screen
managemsnt tools and support of the BD87 mathematics

co-processor.

The limitations ere aversge speed characteristics (running times
twice @s long as with FORTRAN) and the (nherent lack of trust
programmers show for every new language. If has been felt that
PASCAL is merely a fashionable programming language and that it
is likely to be dropped after Five years, as has happened to
FDRTH, For instance. FORYRAN would, for this resson alone, be

more preferable.

In the case of PASCAL, though, the standard now seems to be
accepted. It has becoms the mejor language taught in
universities which recognize its festures as characteristics of
today's and tomorrow's languages (ADA, a sort of super-set of
PASCAL, enjoys a growing popularity for the sems reasons).

In the case of this program, FASCAL has been selected as a
development tool because it realizes a synthesis between BASIC
{easy screen management) and FORTRAN {powerful calculations) in
a structured programming environment.

“ 3 36 o o vé.mmh'.&- ol o tWJ
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From among all available PASCAL compilers for IBM~PC, TURBO-
PASCAL, by BORLAND, was chosen. This was chosen in spite of the
speed of the executsble module since TURBG-PASCAL can only
produce executaple code which runs twice as slow ss that
obtained with other PASCAL compilers. The choice was motivated
by the ease of use of the whole TURBO-PASCAL system: an editor,
8 compiler and a link editor, all integrated in one program.
With this system, and tsking into account a exceilent
compilation and link speed, {about 30 lines per second) the
development time can be reduced enormously.

In addition, all necessary screen manegement routines are
available and the compiler is becoming the stenderd PASCAL on

1BM~PC.

Internel Structure

Meny

The internal structure of the program is entirely determined by
the menu. Functionally, there are &8 many independent parts as
menu options. A 'mester' rautine, the menu, calls each of these
different options.

Some opticns are very shork, for example 'Quit' or 'New', which
firat check that no fatal arror is committed by the user before
proceeding with his request.

The larger options meke extensive use of sub-routine
Facilities. Some routinew are included in a 'tool’ section, in
arder for them to be used by several options. For instance, a
routine called 'ReadForm' is called by both 'EDIT' and
‘CREATE'. Anctier one, 'Help', is invoked by all the options.

e

I " -.llﬁyum‘sJﬁennai-ngn]‘uamndjﬁiiﬁ_!
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Similarly, the calculation part sterts with a 'psychrometeic’
section which contains intermediste routines (such as 'WB-from-
Sigma') used by several models. i

Overlays

This menu 'skeleton' also allows a particularly efficient use of
computer memery through overlay. In its first version, the
program contaiia more then § 000 lines of instructions. This
requires a storage size of at least twice the 64 K-bytes
allocated to code. The separation into independent options is
of grest help for en efficient overlay management

A very importent condition for using overley efficiently (i.e. i
without aggravating oomputation speed) is that two sections of a

program used at the same time, or which cell each other

repetitively, should never be in the same overley section. With

the menu structure, different functions are well defined and

separated, and, therefore, it will be possible to pr* the

follawing in the same overlay ssction :

(1) the printout option

(i1} the disk storage option
(1ii) the editing option

(iv) the calculation option.
Each of these options is totelly independent of the others.
When the user exits ‘Printout', For inastance, the memory space

used by this option can be freed and assigned to 'Storage', ss
no pert of 'printout' will be needed any longer.
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Screens

The screen is used in & manner in which windowa, forms and menu
options share the display. In addition, certain functions such
as the 'Help' facility, use the whole screen in some cases, for

a temporary periad only.

It was therefore necessary te write a routine which could allaw

an efficient menagement of the screen. Thias routine stores the

data for up to four screens in memory. The prerequisites to

writing such & routine are:

(i) that it must handle screens at s high speed {the ugser must
not wait tva long before seing ancther screen)

(ii) thet it must work with any kind of display connected to
the computer

The principle of the routine is that the display memory can be

accessed from a PASCAL program using ebsolute addressing. An
array of four screen pages is defined. Etach screen page is a
three-dimengional arpay of 25 lines by 80 columns by twe bytes.

The two bytes are used for

(1) the ASCII code of the character on the screen on the nth
line and in the mth column

(ii) the vides status of this character.

The first page ia the actual screen as displayed. Pages 2,3 and
4 are screen buffers. The program switches From one page to the
other by simply assiglng a buffer-array (from 2 to 4) to the

fivst page-array.

A A
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For instance, if the user depresses the question-mark key, thus
requesting & help-page, the progrem will:

{i) assign the present screen-arrey to a buffer page (e.g.
page 2)

(ii) reed the heln-pege from disk and display it on the screen.

When the user wants to exit the help-Function, the program will
simply essign the buffer page number 2 back to the screen page.

Because the program only handles starting addresses of arrays,
instead of sach of its elemests, the refreshing of the screen is
very fast.

The second condition, compstibility with different screen
systems, was more difficult to meet. The different screen cards

and different screens aveilable on IBM-PC use different
addresses for the screen buffer.

As it is difficult to determine what kind of display is used
from within a PASCAL program, end as several screens can be
connected to the same machine, the user must, each time he
starts the program, input what comblnation of display-card and
screen is in use. The starting address of the screen buffer is
set to be compatible with the indicated combiration

5.6 Help Function

Each time he presses key '?* or 'F1', the user is presented with I
8 'belp! page. This page is part of e book organized in
chapters.

. - oy T YT ST .
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The help Fun-*ion can be compered with a book, including the
support of en index. Each 'location' in the program, where
input of information is required from the user, is essigned a

page number.

The *help-book' is stored as a File of records, each record
being & page of the 'book’. It is therefare easy to retrieve
the page sought for, using the SEEK and READ commands of

PASCAL. The space needed by this help Function is used on disk,
which allows the size aveileble far data storage ta be
increased.

The chepters
All the help pages are stored in chepters. An index (currently
the four last pages of the 'help-book') is provided. The user
can browse among pages using :

{i) PgDn (page down) and Pglp (page up) keys

(ii) the number of the tequested page, dirvectly

{1ii) key END to go to the index.

The chapter organization is such, thet the user can search for
additional information related to the pege he is looking at, by
Jjust using 'pege-up' and 'page-down®. The First chepter
explaing the goals of the progeam, its 'philosophy' and some of

the global informatjon For its use. The second chapter explains
the selection of defaults and global data. Another one comments
on the input of data st crestion of a box, depending on its
type. In genersl terms, there is one chapter for each menu
option.
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The basic feature of this help-function is that it overlays the
screen totally, providing access to the ‘book’. When the user
wishes fo return to the pragram, he is tsken back to exactly
where he pressed the '7' key to get the information. He can
then groceed ta use the knowledge he gained From using 'Help'.

It must also be nated here that this help 'book' is separated
from the program and can be ‘edited’ using & special editor.
The editing allows easy updatus or corrections to the book, as
well 88 a possible translation into another language, even if
the rest of the program is not translated.

For the same resson the user can potentially be pravided with
help files of different levels of complexity.

Graphics

o sctual grephic cepstility of the computer or of the language
is used, even thaugh the visual aspect of the pragram is very
important. To obtain a 'picture’ of the network,

phical, ASCLE

allow horizontal end vertical continuous borders to be drawn in

have been used. They
otder to build boxes in & network environment.

The use of these characters allows the progrem ta run on the
very besic configuration of IBM-PC, with no graphics screen.

Networks are printed out on a standard printer. If the given

printer can handle extended ASCII, these characters sre used to
provide a very nest output. If not, the output of the network
is done using plain dashes and vertical bars. It does not lock

as neat as with continuous barders, but is a lot faster.

Because na graphics ave used, output on eny kind of printer is
possible (even letter quality) and the time needed for printing

ke
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reports is reasonable (it can be up to 30 times slower in
graphics made) .

No plotting of the network is possible at this stage.

Debugging

'Debugging’ or Finding mistakes in the program by testing the
routines in different cases, can he performed very easily with
HEATFLOW. The reason is that each celculation routine (where
major errors can occur) can be tested separately, on & simple

network comprising only one box using this calcslation module.

The user can, under normal cperating cenditions, request s
printout of intermediate calculations as they are cerried out
These printed documents help the programmer in the development
phase, as well as the user when disagreement arises between his

values and results from & simulation
Batch Routine : Auto-Loading

The user is required to have very little computer knowledge.
Therefore, the program is provided on a diskette in an

asuto-loadable form. The user just has ta insert the diskette in

the computer drive and switch the mechine on. The auto~
executable routine (AUTOEXEC.BAT) contains ail the necessary
information to start the program. It resides on disk and is
the first file executed by the system when it starts.

This is an importent user-Friendly festure of the program, as it

means that the operator can use it without knowing anything
about the operating system (DOS).

E TN - XY
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5.10.1

5.10.2

11l
Limitationa

The main limitationa of the implementation concern the maximum

size of networks and the relative lack of graphical facilities.

Size

Ao has been mentioned earlier (section 4.7), the probiem of
network size can gssily be circumvented using sub-nstworks. The
actual meximum size of 8 network with no sub-networks is 320
boxes. If sub-networks sre used, this figure has virtually no
1imit other than the storage available on disk. In sny case,
320 boxes sre ususlly lerge enough to study a single shaft

aystem, and can be sufficient for s whole mine.

Graphics

The second problem is not so much a hardware problem as the
problem of defining a standard. With modern micro-computers,
the use of special graphins work-stations (for example,
TEKTRONIX), pen plotters or digitizers is widely spreed. Two
problems exist though. Firstly, the required hardware can te
juite ecostly. Secondly, no actual standard hes been defined in
the field of external graphic devices for micro-computers

The development of invelved routines For one specific kind of
configuration is out of the guestion. Also, in the case of mine
networks, s satiafactory simple ventilation plan is alreedy a
symbolic representetion of reality. It is the projection of the
three-dimensional epace on a plan, with particular care taken so
that neither airways nor shafts gverlay each other.
Three-dimensional cepresentation is both costly and memory
consuming. A plansr representation is slready well accounted
for by the 'netwark' structure used in this program.
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In the foreseeable future, though, it may be planned to use a
standard-to-be digitizer/pen-plotter combination in order to

allow eesier data input. The only element to chenge in the ‘
program will be the data input part, whish is not e major part.

The dete structure will have to bs sltered, as well, in order to
memorize a geometrical description of the network.

But, even if this can be planned, paper sizes of A3 (for
digitizing as well as for plotting) will prabably not be .
exceeded, for economicsl reasons. Dn an A3 sheet of paper, not
more than 100 boxes (or branches) can be pictured with

sufficient resolution.




CHAPTER 6 : RESULTS, DISCUSSION AND CONCLUSIONS

The objeotives of this work were to give & global structire to a
program, meking sure it would be modular enough to be updated in
the future. A practicel tecol hes been develaped, and, as every
care has been taken in the selectinn of the calculation
reutines, it should be “accurate’ enough for mining conditiona.
In this chapter, a practical example of the utilization of the
progren is given and the sccuracy of the solutions is

digscussed. This is followed by some concluding remarks.

An Example of the Use of HEATFLOW

Although the study of & real mine could heve been presented
here, it was felt that it would be toc specific and may well not
have been truly representative of every mine. Hence a genecic
mine has been set up. This mine summarizes the charecteristics
of S.uth Africsn “deep” gold mines. These “deep” gold mines are
defined by Burton et 81.(1986) as the 14 out of 41 mines which
use 80 per cent of the installed refrigeration capacity, 60 per
cent of the downcast air ard nroduce 45 per cent of the total
rock broken. This model of & mine wes used by Burton et sl. for
the investigation of future refrigeration requirements ss well
88 a possible increase of pefrigeration to eliminate the need
for acclimgtization of workers.

The mie has been modeied on the basis of & weighted meen rock
breaking depth which Is the same es the aversll mean rock
breaking depth for these minea (1950 m with an associated VRT of
40 °C) and its yearly average stope wet-bulb exit temperature,
28,4 *C, which ia the same as the overall average for “deep’
mines.
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To simplify the structure of the mine, it is considered to be
fully developed (only stoping activities take place), cooled
using a conventional coaling strategy {surface and underground
air coolers ag well as chilled service water), has a typical
length of intake airways per level and a typical machine power
cansumption. It is a relatively young mine (main shaft :

8 yeara, first level : 4 years and second level :1,5 yesrs). In
practice, one would expect such a mine to still be in its
development stage.

Mine representation

The mine, as shown in Figure 6.1, consists of two production
levels. A bulk cooler cools the air on surface, this air
travels down the mein shaft, then along & horizontal airway and
down the sub-vertical shaft. The air is distributed between the
two main production levels where it travels up the longwall
Faces toward the outlet.

The mine is represented by the network of Figure 6.2. Some box
types, namely fans and development ends, are not used in this
network.

The level of complexity used was the simple level, because of
the nature of the input data (average representative values) and
also because of the objectives of the exercise.

Data provided

The input deta are given in Figure 6.1. The arrows indicate the
direction of tha air flow. Additional data typical of that for
acattcred stoping are as follows. Any form of stoping can be

accommodatad by the use of eppropriate input data.

(i) stoping width = 1,5 a
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(11) distance from dip-gully to face = 100 m
{iii) width of the production zone = é m
(iv) perimeter of dip guily = 12 a

§

<

perimeter of strike gullfes = 6 m
(vi) water temparature et inlet = 15 °C
(vii) stepe advance = 6 m/month
(viii) in-stope machine heat = 25 M3/ton
(ix) one strike gully every 20 metres of face

¢

difference between dry- and wet bulb temperatures
at the stope outlet = 1,5 *C.

x

In addition, 60 per cent of the average amount of s¢rvice water
congumed, namely one ton per ton of broken rack, is used in the
stopes.

For airways and tunnels, the wetness factor is assumed to be
0,25.

The cooling strategy sdopted, spart from bulk air coeling on
surface and the use aof chilled service weter, wes to place 8
cooler, if technically possible, in the production levels
wherever the wet-bulb tempereture would exceed 28 °T.

Results and devistion from aeverage data
The correlation between the actual data and the calculated

results ia very satisfactory, as the agreement is better than
10 per cent. The details of the comparison are:
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(i) sctual data ¢ 595 MW(R) for a total productios of 4869
kton/month

(11) calculated data : 10,8 MW(R) for a mine production of 83
kton/manth,

The apecific refrigeration requivements are 122 W/ton/month in
the actual case as against 130 W/tan/month in the simulated.

The difference {less than 10 %) can be explained by:

{i) the fact that in this very simpie and average example :
the cooling strategies would vary for each of the 14
mines, as do the stope temperatures and specific
refrigeration requirements for each mine.

(i1) caleulation and modelling errors.

The program has been used to determine the cost of providing an
gverage stope temperature 2,5 ®C less than the actual one

(28,4 °C). The result was 13,5 MW(R) for a production of

83 kten/month. This correspands to an increase of about 25 % in
the cost of refrigecation.

It is not suggested that this calculation hes validated the
program. The example, uaing an artificisl mine lay-out, is
purely for the purpose of demonstrating the cepabilities and
structure of the program.

Discugsion : how does the program help?

As shown in the above exercise, it is possible to use the
program to investigate ways of providing better working
conditions end asseas the cost of this improvement. [t is also
poanihle Lo use increased depths and virgin rock temperatures,
in order to determine what the future needs, in terms of cooling
power tequirementa, will be, as the rock breaking depth

increases.

R A~
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This is a simulation tool : it will therefare be very suiteble
for "what-if" type guestions, For example, ‘what if a new part
of the mine enters a production phase?”, or ‘what if the bulk
caoler, for a future project, is located underground?”. The use
of this program to detecmine the answer to these guestions has

been demonstrated in this exercise.
Reactions and Comments from Users

The program has been tested preliminarily, mainly for its
functional sbilities and sase of use in the ‘field”. This
eveluation hes been conducted by officials at the head offices
of the mining houses as well e by envirommental control
officials from the mines. The reactions have been positive, as
the need for such a planning toal definitely existed. The users
were particularly attracted by the possibility of describing
their heat flow problems in & very modular fashion. In
sddition, the user friendly aspect, enhanced by the use of a
micro-computer, was & major subject of sstisfaction The
clarity and legibility of printed reports,

especially the map of the network, wes found to

be & major aid in the interpretation of results.

Nevertheless, most people concerned with these Field trials
contributed a number of critical comments. A summary is listed

below,
Accuracy

The accuracy was generally not a major problem. When the users
disagreed with the results of e calculation, it was a systematic
deviation over the whole network. They could therefore derive a
constant deviabion of the results for the simulation of a given
mine, and take it into account as the ‘calibration’ factor for
the progam.

5
P
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Graphics

It was often felt that the program did not go far enough, as
more graphics were required.  This aspect has already been
discussed and will be tsken into sccount in Future versions of

the program.
Network repre<r ~tation

It is interesting to note that the new method (reducing the
mine to a network of boxes), although it is complicated by
certain aspects (location of boxes on the screen, for instance),

has generally been well received. s
Program errors

These ‘field trisls” brought to light s number of programming
/rrors. They also highlighted the malfunctions and awkward

aspects of some options.
Interactivity

Some comments were specifically directed towards improving the
interactivity of the progrem : for example, they showed the
necessity of including e routine to give a ‘directory’ of all
the data Files on disk, from within the program.

Output of results

Some of the potential users were concerned with the output of
results : printout of a summary report including total
praduction, total heat flow, cooling, etc... As a consequence,
the printout of results is probably the part where the opinion
of the users has been sought the most. The required types of i
reports have been determined from these comments.

i
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6.4

Precautions of Use

As mentioned earlier, this tool cannot be used efficiently by an
operator who has no knowledge of environmental control. Because
of the inaccuracy in the input data, special cave has to be

taken in the inter-vetation of results.

Specisl attention must also be given to the selection of input
dats, as errors tend to sccumulate From one box to aencther. Ta
control excessive Geviation, the over-write Facility should be
used as often as possible.  The user should, in eddition, try
to “calibrate’ the program on an existing mine, For which both
input and ‘result’ dsts sre relisble. This will ensure

successful use For planning purposes

The experienced user will, in addition, test the sensitivity of
the models to parameters which are not known with precision.

He will therefore run the pragram not snly with cne set of data,
but over a complete range. This remark applies especislly

to items such as the wetness factor and the enthalpy~
over-moisture ratia, which can only be assessed by experts using

rule-of-thumb methods.

Intecfecing with Other Programs
Two issues need to be discussed hers. They will be referred to
as ‘up-stresm” interfacing (use of the output of a progeem for
the input to HEATFLOW) and “down-stream® interfacing (reversed

roles).
“Up-strean” interfacing

The “up-stresm” interfacing has already been partly discussed.

It concerns :

- - [0 S
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(i) the pre-processing of input data through
& mine ventilation network analysis program

(i) the input of data using a device other 4
than the keybosrd or another data collection program

The mine ventilstion calculation interfscing hes been reviewed

in section 3.13.

As for input of data, three Lypes of methoda can be considered
for the future : ¢

(1) using a spreadsheet (Lotus 1-2-3, for instance).
The prerequisites would be to define a spreadsheet
format (that is defining which cell is sssigned to which
item of data) end to write a conversion program to
translate s spreadsheet file to a HEATFLOW file.

(ii) using = date base management tool (dBase II, for
instance). Similar prerequisites as for a spreadshset
(define & format for the input to the data-base).

{iii) using a digitizer. The problems of standard
discussed in section 5.10.2 can be circumvented by
defining & stendard ASCII input File. A conversion
program would have to be written at the Chamber of Mines
to translate this ASCIL file to a HEATFLOW file. Each
user, depending on his specific equipment, would have to
write o simple progrem to transfer the data collected
using the digitizer to the ASCII format. The main reason
Por uvsing en inteemediate ASCIL file is that it does not
depend on a given type of comguter, or on a programming
langusge. It can also be edited to remove obvious errors
in the data. IFf this solution is adopted, each user will
be able to make use of his specific equipment : for
example, use an AD digitizer connected to the company
main-frame to creste the ASCIL file (using FORTRAN,




6.4,

2

123

perhaps), ‘vansfer the ASCII file down to a Personal

Computer, connected aa an intelligent terminal, and use
the conversion program for the translation of this data .
file to the HEATFLOW format. ‘

“Down-strean” interfacing

The ‘down-stream’ interfecing similarly concerns the use of &

device other then the printer to display results and the

post-processing of output data.

The different options For the modification of output data are:
(i) to convert the result file to a spreadshest formet. The

prerequisites are the seme as for the ’up-stream’ use of
a spreadsheet. The spreadsheet program will allow the

uyser to present the results in a more elaborate manner,
depending on his requirements.

(i1) to convert the result file to & date-base management
program farmat. The prerequisites as well as the
advantages of such e aolution are similar te those given
above.

(iii) to coavert the result file to a Format recognised by a
standard graphics or atatistics package. This can be
done through the spreadsheet program. The user will
then be able to take advantage of a plotter, for
example.

(iv) to convert the result file to en ASCII format (as for
the digitizing of input data). This will give access to
the hardware availsble on e main-frame computer, for
instance.
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{v) to use a text processing package to edit, translate or ’ F
include in another text file, the result riles provided by
the *PRINT” aption.

Most of the possibilities given sbove require the writing of
specisl conversion tools. These tools could be included in
future versions of the program. Stsrdards For ASCII files,
spreadsheet or dats-base input formats must be defined at &
ginbal scale and not by each individual uger

Conclusion and Future Developments
Conclusion

The work summarized in this document has Found its spplication

in @ computer progrem called HEATFLOW. This progrem has, so

far, given sstisfaction, and its structure appears to be

Flexible enough to bo used by environmentel control officials-

The research work involved in the design of this program showed

that : ;

(1) the results are sabisfactory but there is a definite need
for further reseacch in order ta produce better models for
airways (finite elements to create a data-base for aquare
airways) and development ends (better simulation of the

face area)
(11) the graphics should be improved

(111) two levels of complexity are definitely useful for a
universal use of the program

(iv) the modular approach is particularly suited to the
description of heat flow problema in minea. :

n . . [ R WU S .Y,



1
1

v
o

The follewing paragraphs give directions for a Future research
in the field of heat flow prediction in mines using computer

programa.
Enhancements

In sections 3.14, 5.10 snd 6.4 possible enbancements and
modifications to the program were listed. Brisfly, these
concern : the problem of wetness, the interaction of water
reticulation and ventiletion networks, the use of graphics and
the interfacing with other progrems. All those modifications
are part of @ wider issue, namely to provide the Industry with a
more powerful, more intersctive and “user-friendly” tool.
Anather importent aspect of this issue i to meke the program
mote ‘intelligent’.

An expert system
The program should not only be sble to provide results of

calculations, but also help is their intsrpretation. It should

anawer queationa such as :

=

what are the best locetions for stope coolers, in a given
mine lay-out ?

{ii) what percentage of cooling through chilled service water
is the most efficient, for a given mine ?

(iii) should the bulk coaler be located underground or on
surfece 7

In other words, the form of the program should ultimately be an
expert system. The expertise would not only result from an
‘expert-decision” data-base, but would in addition be based on
the results of the calculstions psrformed by the present
pragram. The expertise would therefore be faund in the

P S PR - ST S I 2
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development and choice of the hest flaw models as well as in an
interpretation of the results. The present program would then
be, to a certain extent, the ‘calculation-expert” in a more
complex progrem.

The progrem could help the user to determine the correct value

of certain paremeters. The film coefficient used in the
caleulations of shafte and airways, for instance, cen be

3 computed using several different models. This leads, sometimes,
to very importent deviastions. The chaice of the equation used
in determining this coefficient should be left to the user. He
would then be able to seek advice from the program, in order to
make the decision which will give the best results, in a given
situation.

The choice of a programming language such as PASCAL, which
allows the user to manipulate text and ideas, is very important
in that respect. Its capsbility of handling calculations and
text ag well as its modular structure, should Facilitate the
writing of an expert-system as a super-pronram using the present
one as a routine.

N Y PO WIS . Y7
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APPENDIX Al : GLOBAL INPUT DATA REPDRT

Project =
Mine ) appendices
Dfficial 3

late 1)
Glabal input data

VRT at surface (0 m) H i?.0
VRT gradiant il G.0110
Chilled water usage (tons/ton) ) 1.0
Percent of this water used in stopes : 60
Prescure at surface (0 m) H BX.5
Rock type 1 @

- conductivity : &.0

— diffusivity £ 2.0x10-4

— dansity H 2700.0
Rock type 2 3

- conductivity : 5.0

~ diffusivity : Z.4x10-4

— density B 267G.0
s [ " ok

oC
°Cs/m
£/t

%
kPa

Wim.oC
mss
Py

W/m.°C
m? /s
kg/m3




S

NN

135

APPENDIX A2 : NODE INPUT DATA REPORT

Project : ;
Mine 3 appendices '
offictal @ B.C. ‘
ate ¢ H
Nodes in use '
|
10, depth 0.00 my VRT : 19.0 °C and pressure : 83,5 kPa i
20, depth’ 0.00 m, VRT : 19.0 °C and pressure : B3.5 kPa !
30, depth 2000.00 my, VRT 2 41.0 °C and pressure : 105.3 kPa 1
40, depth : 2000.00 m, VRT : 41.0 °C and pressure : 105.3 kPa
50, depth 2000.00 m, VRT 1 41.0 °C and pressure : 105.3 kPa J
&0, depth s 2100.00 m, VRT 3 42.1 °C and pressure : 106.5 kPa !
70, depth 2200.00 m, VRT : 43.2 °C and pressure : 107.7 kPa
80, depth 2300.00 m, VRT : 44.3 °C and pressure : 108.9 kPa f
100, depth 2100.00 m, VRT : 42.1 °C and pressure : 106.5 kPa 4
110, depth : 2070.00 m, VRT : 41.8 °C and pressure : 106.1 kPa ]
|
!
(
¥
i
i
i
i
!
i
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APPENDIX A3 3 MAP OF THE NETWORK

A3.1 : Simple Map

Project 1 :

Mine H appendices i
i Dfficial : . i
i Date :

Map of the netwark

air cooler

-
°
S

20

shaft

30 ———————

[ tunnel ltunnel J

70 100
|
80 :

1
“ LU B N S + $Rves -
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Project :
Mine B
Official =
Date 2
Map af the network
Total heat loads

appendices

i0

air cooler
~3698.6 kW

20

.

30 ——————

tunnel tunnel
229.4 kW 226.5 kW
40 e

oist
240.0 kW

shaft
219.4 kW

shaft
121.2 kW

shaft
111.6 kW

T
g ||“I 3 ‘l“l | ‘l“l g |“i‘

total heat generated

total cooling duty

1

tunnael
S ki

5604.4
J34698.6
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appendi ces
G.C-

Msp of the natwork
Wet/dry bulb temperatures in
Types

Pregeures in ang out
Air mass ¢lows
Tatal nheat load
Wet/dry buld teaperatures out

21.5/ 30.6
tunne]
105/ 10§

90.0:
226.5 kN
22,2/ 28.0'

0.0
240,00 kW
22.5/ 29,1

so

22.5/ 3.1
shatt
108/ 104
200,0
219.4 (W
22,9/ 30.0

5O — —

22.9/ 30,0 22.9/ 30,0
shafe Eunnet
108/ 108 1087 108
100.0 100,
121,2 KW 58,5 ki
23,4/ 31,0 23.17 29,4
79 100
23,87 31,0 23037 29.4
shat
108/ 109 106/ 106
90.0 00,0
11,6 ke 1472 lew
23.8/ 31,9 23.5/ 29,0
[ 1o

i
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APPENDIX A4 : BOX DATA REPURTS
A4,1 : Tabular

Project

Mine 1 appendices
Dfficial : G.C.
RDate

Boxes and relevant data

Box N° 3 air cooler : bulk conler

Starting node : 10 at a depth of 0.0 m
Ending node : 20 at a depth of 0.0 m
wet-bulb at inl~t : 18,00 °C
Dry-bulb at inlet : 25.00 °C
Pressure at inlet : 893.5 kPa
vrt at inlst 2 19.00 °¢
Air massflow in : 200,00 kg/=
heat. 1aad 5 ~3698.58 KW
Simple calculations.
duty (calculated) : 3498.58 kW
wat-bulb at cutlet H 12,00 °C
dry-bulb at cutlet : 12,00 °C
Prassurs at outlet f 93.5 kPa
Vrt at outlet : 17,00 °C

Box N° 2 shaft :

Starting node : 20 at a depth of 0.0 @
Ending nade : 30 at a depth of 2000.0 m

Wet-bulb at inlet ) 12.00 °C
Dry-bulb at inlet H 12.00 °C
Prassure at inlet 3 83.5 kPa
Vrt at inlet 3 19,00 °C
air massfiow in 3 200.00 kg/s
heat load 2 4250,13 kW

Simple calculations.

wet—bulb at outlet H
dry-bulb at outiet ® 30,58 °C
Pressure at outiet !

Vrt at outlst 31,60 oC
Diameter of cross section ¢ 7.00 m
Length i 2000.00 ™
Wetness factor : 0.10

Age : 6,00 years

7
i

.
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Box N° 3 tunnel =

Starting node : 30 at a depth of 2000.0 m
7 Ending node : 40 at a depth of 2000.0 m

Wet-bulb at inle: B 21,45 °C

Dry-bulb at inlet 2 30.58 °C

Pressure at inlet B 105.3 kPa

Vrt at inlet H 41.00 °C

air massflow in 110.00 kg/s
heat load H 229,64 kW

Simple calculations,

wet~bulb at outliet H 22,07 °C

' dry-bulb at outlet B 27.86 °C
Pressure at outlet 3 105.3 kPa
Vrt at outlet 3 41,00 °C
Area of cross section s 10.00 m*
Pgrimeter of cross section = 12.65 m
Length ¢ 1200.00 m
Wetness factor : 0.40
ge : 4,00 ymars
Total linear power ) 0.00 kW

Box N° S hoist 2

Btarting node @ 40 at a depth of 2000.0 m
Ending node : 50 at a depth of 2000.0 &

Wet-buib at inlet z 22.13 °C
Bry-bulb at inlet : 27.93 °C
Pressure at inlet H 105,3  kPa
Vrt at inlet B 41.00 °C
N air massflow in E) 200.00 kgo/s
heat lcad H 240.00 kW
Simple caleculations.
wet—-bulb at outlet H 22,47 °C
R dry-bulb at outlet ) 29.09 °C
¢ Pressure at outlet H 105.3  kPa
B Vrt at outlet H 41.00 °C
i Power :  1200.00 kW
i Percent of power as heat T 20.00 %

bl ‘IEMI




Box N® 9 stope 3
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Starting node : 100 at a depth of 2100.0m
Ending node : 110 at a depth of 2070.0 m

Wet~bulb at inlet
Dry-bulb at inlet
Pressure at inlet
vrt at iplet

air massflow in
heat icad

Simple calculations.

wat~bulb at qutlet
dry~bulb at outlet
Pressure at putlet
Vrt at outlet

Stoping width

Face length

distance dip gully to face
width of production zone
perimeter of dip gully
parimater of strike gully
water temperature at inlet
stope advance

machine heat

number of strike gullies
tdb - wb) at outlet
parcent of WOA backfilled

23.06
29.42
106.5
42.10

100.00
147,34

23.47
24.97
106.1
41.77

1.90
100.00
&G,G60

25.00

0.9

°c

°c
«Pa

°C

kg/s
Pty

°C

kPa

o
o

EEFEER]

°c
m/month
M3/ ton

oL
%

I .
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appendices
Qfficial
Date

Box data

ERT TS

y box type

Hoists =

a | Dut)Depth in|Depth out| Temp in | Temp out|VRT {niVRT out|Pres iniPres out(wassfi.{ hest Rated P.) 1 air
) * € ° i3 " e P2 Xols LU} W 1

0] 410 | 1053 7 1053 [ 200.0 40 [ 12009 2.0

L
Ilo 50 2000.01 2000.0 122,1/27.9]22.5/20. 1% 4
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