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Chapter 19 

A PROBABILISTIC METHOD FOR MINE HEAT PREDICTION 

Dr.A.D.S. G i l l i e s  

Senior Lec tu re r  i n  Min ing Engineering, 
U n i v e r s i t y  of Queensland, Brisbane, 

Queens1 and, AUSTRALIA. 

The p rov i s i on  o f  a s u i t a b l e  working e ~ v i r o n m e n t  
i n  deep l e v e l  mines requ i res  the  accurate p red i c -  
t i o n  of t he  v e n t i l a t i o n  heat  load.  Mathematical 
models f o r  p r e d i c t i n g  s t r a t a  heat  load  have been 
under development s ince  t he  1930's and 1940's. 
Computer models f o r  p r e d i c t i n g  t h i s  and o the r  mine 
heat sources have been developed and r e f i n e d  over  
the  l a s t  20 years.  Some empi r i ca l  s tud ies  have 
occurred and t he re  i s  an increased emphasis on t h e  
importance of underground s tud ies .  

Any t h e o r e t i c a l l y  o r  e m p i r i c a l l y  determined 
p r e d i c t i v e  method must o f  necess i ty  make assump- 
t i ons .  Underground space w i t h  i t s  i r r e g u l a r  

on f igura t ions  and rough wa l l  sur faces cannot be 
escr ibed by simple mathematical expressions. Some 
ea t  loads, such as machinery, may occur  i n t e r -  
i t t e n t l y  wh i l e  o thers  such as t he  i n f l uence  o f  
a t e r  evaporat ion a re  very d i f f i c u l t  t o  quan t i f y  
ccura te ly .  

Current popular  models fo r  p r e d i c t i n g  mine heat  
ad have been surveyed. I n  t e s t i n g  some of these 

i s  o f ten  found t h a t  each est imates s i g n i f i c a n t l y  
f f e r e n t  q u a n t i t a t i v e  values f o r  t he  expected 
ad i n  a p a r t i c u l a r  underground space under study. 
ese d i f ferences are  expla ined by t he  assumptions, 
m p l i f i c a t i o n s  and omissions i m p l i c i t  i n  each of 
ese models. I t  would be eas ie r  t o  est imate 
nd i t i ons  a t  any p o i n t  i f  heat  f low i n t o  mine a i r  
ssageways cou ld  be described by simple equat ions 
t h  associated s t a t i s t i c a l l y - b a s e d  confidence 
nges. Use o f  p r o b a b i l i t y  d i s t r i b u t i o n s  t o  
d i ca te  confidence ranges a l lows any heat  l e v e l  

imate t o  be expressed as a range o f  values w i t h  
' t s  f o r  maximum and minimum expected values. 

approach a l lows many of t he  l i m i t a t i o n s  o f  
Popular p r e d i c t i v e  models t o  be overcome. A 

p r e d i c t i o n  method us ing  t h i s  approach has 
developed based on Monte Car lo s imu la t ion  and 

ed on mine data from a number o f  opera t ions .  

Heat f low l e v e l s  which can be pred ic ted  by 
pie equations supported by p r o b a b i l i t y  d i s t r i -  
ions a l low the  engineer f l e x i b i l i t y  i n  ad jus t i ng  
e d i c t i v e  model t o  t he  underground cha rac te r i s -  

appropr ia te  t o  the  mine s i t e  under study. The 
ence of a l l  heat  sources present  i n  the  mine 
ng must be inc luded.  P red i c t i on  methods must 
dated as min ing  systems and machinery change 

w i t h  t ime.  Heat sources i n t e r a c t  w i t h  one another 
and t he  system must t he re fo re  be understood i n  i t s  
e n t i r e t y .  

INTRODUCTION 

Many authors have w r i t t e n  about and developed 
models f o r  exp la i n i ng  heat  exchange i n  mine tunnels,  
development ends and stopes (Goch and Pat terson 
(1940), S t a r f i e l d  and Dickson (1967), S t a r f i e l d  
(1969), Gooch (1973), Wh i l l  i e r  and Ramsden (1975), 
S t a r f i e l d  and B le loch  (1983), t he  McPherson heat  
f low program descr ibed by von Glehn (1984), Hemp 
(1985) and Ouederni, Del iac and Cassin i  (1985)) .  
Fur ther ,  empi r i ca l  s tud ies  on mine heat  exchange 
have been undertaken by Wiles and Q u i l l i a m ( l 9 5 9 ) ,  
Hemp (1966), Hemp (1967), Lambrechts (1967), 
Hemp (1969), Hemp and Oeglon (1979) and G i l l i e s  
and Alexander (1987). Some o f  these empi r i ca l  
approaches propose equations f o r  heat  l e v e l  
p red i c t i on .  

Most o f  these methods pay considerable a t t e n t i o n  
t o  heat exchange from both wet and d r y  rock 
surfaces. I n  t h i s  ana lys is ,  t he  p r e d i c t i v e  methods 
must, of necess i ty ,  make assumptions. Underground 
space w i t h  i t s  i r r e g u l a r  con f igura t ions ,  rock  
surfaces of vary ing  t e x t u r e  and w i t h  water present  
a t  d i f f e r e n t  temperatures from p o i n t  t o  p o i n t  
cannot be described i n  exact terms by simple 
mathematical expressions. The importance of o the r  
heat  sources, such as machinery and explos ives has 
no t  been analysed i n  d e t a i l  i n  many of t he  methods. 
Heat ou tpu t  from these sources may occur i n t e r -  
m i t t e n t l y  and these va r i a t i ons  w i t h  t h e i r  conse- 
quent e f f ec t s  on l o c a l  a i r  temperature in f luence 
heat  f low from nearby rock  surfaces. 

I n  a comparative study,  a number o f  c u r r e n t l y  
~ o a u l a r  p r e d i c t i o n  methods f o r  determining mine 
heat  load  have been t es ted  aga ins t  observed 
changes occu r r i ng  i n  a number of mine tunne ls  and 
development airways. I t  was concluded from t h i s  
exerc ise  t h a t  heat  p i ck  up values est imated by t he  
d i f f e r e n t  methods can vary s i g n i f i c a n t l y .  

Theore t i ca l  methods fo r  p r e d i c t i n g  heat  load  
have been l a r g e l y  adapted from an approach proposed 
by Goch and Pat terson (1940); a manual mathematical 
method using Four ie r  Numbers t o  c a l c u l a t e  heat  ex- 
change.Many methods developed s ince  about 1960 r e l y  
on computers t o  ease mathematical c a l c u l a t i o n s  i n  
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t h i s  approach. Dif ferences i n  est imated heat  p i c k  
up can be expla ined by t he  assumptions, s i m p l i f i -  
ca t i on  and omissions i m p l i c i t  i n  each. Re l i ab le  
usage of t he  methods demands accurate knowledge 
of parameters such as a i rway dimensions, a i r f l o w  
v e l o c i t y  and temperature, r ock  surface heat  f l o w  
coe f f i c i en t  and a i rway wetness. The na ture  and 
competence o f  rock  and t h e  mine use and drainage 
o f  water mean t h a t  these l a s t  two parameters can 
be d i f f i c u l t  o r  impossib le t o  accura te ly  
es tab l i sh .  

D i f f i c u l t i e s  i n  the  use of these methods due 
t o  t he  i n a b i l i t y  t o  measure some data r e l i a b l y  and 
t he  s i m p l i f y i n g  assumptions inheren t  i n  each 
approach cou ld  be overcome if heat f low i n t o  an 
incremental mine tunnel  l e n g t h  cou ld  be descr ibed 
by g i v i n g  a range o f  value est imates r a t h e r  than 
a p o i n t  value. Th i s  range approach would a l l o w  
s t a t i s t i c a l l y  based confidence l e v e l s  t o  be used 
t o  enhance the  value o f  t he  heat load  est imate.  
Fur ther  heat f l o w  i n t o  a mine a i r  passageway 
cou ld  be descr ibed by a simple equat ion w i t h  
associated s t a t i s t i c a l l y  based conf idence ranges. 
Use o f  p r o b a b i l i t y  d i s t r i b u t i o n s  across the  
confidence ranges a l lows any heat  l e v e l  est imate 
t o  be expressed as a range o f  values w i t h  l i m i t s  
f o r  maximum and minimum expected values. Th is  
approach a l lows many of t he  l i m i t a t i o n s  o f  t he  
more popular  p r e d i c t i v e  methods t o  be overcome. 

The heat  l e v e l  and psychrometric cond i t ions  a t  
any p o i n t  i n  a mine are  d i r e c t l y  in f luenced by 
heat  p i ck  up i n  t he  mine v e n t i l a t i o n  network 
feeding a i r  t o  t h a t  l o c a t i o n .  Po in ts  o f  i n t e r e s t  
i n  the  mine may inc lude  stopes, development ends, 
maintenance bays and t r a v e l l e d  airways and i t  i s  
l i k e l y  t h a t  t he  i n t a k e  a i r  network w i l l  be made 
up of a number of branches. A i r  may be de l i ve red  
as a s i n g l e  stream o r  s p l i t  t o  a mine p o i n t  as 
occurs i n  coal operat ions o r  some mix ing  may have 
occurred i n  t he  i n take  a i r  as occurs i n  many 
me ta l l i f e rous  mines. I n  determining heat  load 
a t  a po in t ,  t he  heat  p i ck  up value o r  equat ion 
and i t s  associated s t a t i s t i c a l l y  based conf idence 
range i n  a l l  i n t ake  branches needs t o  be 
considered. A heat  p r e d i c t i o n  method us ing  t h i s  
approach has been developed based on t he  Monte 
Car lo s imu la t i on  technique.  A study has been 
undertaken t o  t e s t  the  method aga ins t  mine heat  
l oad  data from a number of operat ions.  

Heat f l o w  l e v e l s  which can be pred ic ted  by 
simple equations supported by p r o b a b i l i t y  d i s t r i -  
bu t ions  a l l ow  t he  enaineer f l e x i b i l i t v  i n  adius-  
t i n g  a p r e d i c t i v e  model t o  the  underground 

" 

c h a r a c t e r i s t i c s  appropr ia te  t o  the  mine s i t e  under 
study. Heat sources i n t e r a c t  w i t h  one another 
and t he  system must therefore be understood i n  i t s  
e n t i r e t v .  

HEAT PREDICTION METHODS 

Mine heat  p r e d i c t i o n  methods i n  popular  use 
at tempt t o  est imate the  f low of heat  from wet o r  
d r y  rock surfaces i n t o  t he  mine atmosphere and 
normal ly  consider t he  inf luence of o the r  heat  
sources i n  a separate ca l cu la t i on .  Heat f l o w  
from the  wa l l  rock  i n t o  an a i rway i s  extremely 
complex, depar t ing  f r on  steady s t a t e  heat  t r a n s f e r  
theory.  Flow i s  considerably h igher  du r i ng  t he  

i n i t i a l  pe r i od  a f t e r  a mine opening i s  excavated 
than  several  years a f t e r  when steady s t a t e  
cond i t ions  have developed. P red i c t i on  methods used 
i n  t h e  study a re  b r i e f l y  discussed i n  t h i s  sec t ion .  

Goch and Pat terson (1940) presented numerical 
so l u t i ons  i n  t abu la r  form fo r  i n t e g r a l s  developed 
t o  g i v e  t h e  temperature i n s i d e  the  rock a t  any t ime 
and a t  any d is tance  from a c y l i n d r i c a l  tunnel  
boundary and the  r a t e  o f  heat  f l ow  across a u n i t  
area o f  the  bounding sur face .  The i r  s o l u t i o n s  a re  
found from a complicated Bessel func t ion  i n t e g r a l  
i n v o l v i n g  t he  use o f  Fou r i e r  numbers. S t a r f i e l d  
(1966) and S t a r f i e l d  and Dickson (1967) mod i f ied  
t he  Goch and Pat terson t ab les  t o  take  i n t o  account 
vary ing  surface heat  t r ans fe r  c o e f f i c i e n t s  i n  
c a l c u l a t i n g  t he  surface temperature o f  the  tunne l .  
With t h i s  approach, t he  e f f ec t  of evaporat ing water 
from wet surfaces can be est imated. The mod i f ied  
approach t o  t ake  account of wet surfaces r e q u i r i n g  
use o f  tabu la ted  data and manual mathematical 
c a l c u l a t i o n s  has been used i n  t he  study. 

Some assumptions impor tan t  t o  t he  method are  
as fo l lows:  

1. Rock p rope r t i es  must be cons is ten t .  
2. Tunnel a i r  temperature v a r i a t i o n s  ( c l i m a t i c  

in f luences,  machinery) a re  n o t  accounted f o r .  
3. An a i rway incremental l eng th  has an average 

age. 
4. Non c i r c u l a r  tunnel shapes were n o t  

considered. 
5. Wetness was assumed t o  be d i s t r i b u t e d  evenly 

around t h e  tunnel  per imeter .  
6. The convect ive heat  t r ans fe r  coe f f i c i en t  i s  

representa t i ve  of bo th  heat  convect ion and 
r a d i a t i o n  t o  a i r .  

7. Average surface temperatures a re  used f o r  heat  
t r a n s f e r  c a l c u l a t i o n s .  

The var ious  p r e d i c t i v e  computer methods i n  
popular  usage s u b s t a n t i a l l y  r e l y  on mathematical 
so l u t i ons  der ived  by Goch and Pat terson and so 
understanding o f  these assumptions i s  important  
t o  t h e i r  imp1 ementation. 

The Ramsden method ( W h i l l i e r  and Ramsden, 1975) 
i s  based on t he  use o f  a simple r e l a t i o n s h i p  which 
was developed from a l e a s t  squares f i t  t o  heat f l ow  
r e s u l t s  der ived  from repeated runs o f  t he  S t a r f i e l d  
(1969) computer program. The Ramsden Airway 
equat ion takes t he  f o l l ow ing  form: 

Q = 5.57 (W.F. + 0.255) (VRT-D.B.)(CF) . .... . . (1) 
w i t h  

Q = heat  pick-up, kW/100 m l eng th  o f  a i rway 
W .  = wetness fac to r ,  zero f o r  a d r y  a i rway and 

1 fo r  a very wet a i rway.  
0 VRT = v i r g i n  rock  temperature, C 

D.B. = dry-bulb temperature, OC 

CF = co r rec t i on  fac to r  s ize ,  age, rock  type  
PERIM = per imeter  of a i rway,  nietres 
AGE * age o f  the  airway, years 
k = thermal conduc t i v i t y  o f  the  rock,  W/mOc 
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The equa t ion  was proposed f o r  use w i t h  t u n n e l s  
of age g r e a t e r  than 100 days and so should be used 
w i t h  ca re  i n  areas such as development ends. 

The McPherson method (McPherson, 1984) i s  
computer based and r e l i e s  on an a l g o r i t h m  
"Normtempgrad" which c a l c u l a t e s  t h e  normal ised 
temperature g r a d i e n t  i n t o  t h e  rock .  Von Glehn 
11984) uoaraded t h e  oroaram t o  a  f l e x i b l e  i n t e r -  
a c t i v k  fohn.  The p r e d i c t s  increases i n  
a i r  temperature and h u m i d i t y  a long  mine a i rways 
d i r e c t l y .  I n  t h e  program c a l c u l a t i o n s , s u r f a c e  
heat  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  by an 
equat ion us ing  da ta  f rom underground measurement. 

The Hemp approach (Hemp 1985) i s  a  computer 
based tunne l  hea t  c a l c u l a t i o n  method which can be 
oerformed on a  hand h e l d  c a l c u l a t o r  such as a  
k w l e t t - ~ a c k a r d  41CV. Use o f  t h e  program i s  
desiqned f o r  maximum s i m p l i c i t y  and i t  i s  c la imed 
t o  be accura te  f o r  tunne l  p r o p e r t i e s  which g i v e  
a  F o u r i e r  Number g r e a t e r  than 3 and so correspond 
t o  an age of about  one month. The program i s  
i n t e r a c t i v e  b u t  does n o t  reques t  r o c k  surface 
hea t  t r a n s f e r  c o e f f i c i e n t s .  

These four  hea t  p r e d i c t i o n  methods have been 
found i n  t h e  s tudy  t o  g i v e  s i g n i f i c a n t  v a r i a t i o n  
i n  va lues f o r  hea t  p i c k  up a long  a  t e s t  s e t  o f  
mine tunne ls  and development end sec t ions .  The 
d i f f e r e n c e s  between t h e  e m p i r i c a l l y  determined 
hea t  f l o w  and t h a t  p r e d i c t e d  by t h e  four  methods 
has been examined, and t h e  Monte Car lo  s i m u l a t i o n  
technique a p p l i e d  t o  e s t a b l i s h  es t imates  of heat  
l e v e l s  a t  p o i n t s  i n  a  mine network which can be 
supported by s t a t i s t i c a l l y  based con f idence  
l i m i t s .  

MONTE CARL0 SIMULATION TECHNIQUE 

Standard s t a t i s t i c s  books d e t a i l  how est imated 
Jarameler val i e  ranpes ,d?icn b ~ r  c e s c r i n ~ 3  .s ing 
p r o o & o i l i r y  o i s t r i n , ~ i o n s  can n t  c r o i n e d  i n  a 
s e r i e s  o f  mathematical s teps so t h a t  t h e  f i n a l  
r e s u l t  f i n  t h i s  case a d d i t i o n a l  hea t  loads)  i s  
g iven as a  range o f  va lues w i t h  an a p p r o p r i a t e  
conf idence l e v e l  statement. The method i n v o l v e s  
an aooroach r e f e r r e d  t o  as t h e  Monte Car10 s imula-  
t i o n ' t e c h n i q u e  and i t s  p rev ious  use i n  a  m in ing  
a p p l i c a t i o n  has been descr ibed  by Bennet t ,  
Thompson, Q u i r i n g  and Toland (1970). 

APPLICATION 

The proposed method f o r  p r e d i c t i n g  heat  load  
a t  a  p o i n t  was t e s t e d  by t h e  f o l l o w i n g  s teps.  

1. Empi r i ca l  data e s t a b l i s h i n g  heat  p i c k  up 
a long a  number of mine t u n n e l s  ( th rough  
a i rways and development ends) was gathered. . Heat p i c k  up f o r  these same mine tunne ls  was 
est imated us ing  t h e  p r e d i c t i o n  methods o f  
Goch and Pa t te rson ,  Ramsden, McPherson and 

. Heat p i c k  up va lues (from e m p i r i c a l  and 
p r e d i c t i o n  de te rmina t ions )  were compared f o r  
a  p a r t i c u l a r  t u n n e l ,  a  range o f  p o s s i b l e  

a lues determined and a  p r o b a b i l i t y  d i s t r i b u -  

e a t  l o a d  a t  a  p o i n t  i n  a  mine was e s t a b l i s h e d  
Y i n p u t t i n g  hea t  p i c k  up va lues as a  
r o b a b i l i t y  d i s t r i b u t i o n  f o r  a l l  mine tunne ls  

carry i .ng a i r  t o  t h e  p o i n t  i n t o  a  Monte Car lo  
s i m u l a t i o n  computer program. Program o u t p u t  
expresses hea t  l o a d  as a  range. Heat l o a d  p i c k  
uo th rouah  a  mine network i s  norma l l v  a d d i t i v e  
(assuming t h e  e f f e c t s  o f  a i r  p r e s s u r i  changes 
a r e  n o t  i m p o r t a n t )  a l though  c o o l i n g  u n i t s  would 
have t h e i r '  r e f r i a e r a t i o n  ~ o w e r  exoressed as a  
f i x e d  va lue  o r  range which i s  s u b t r a c t e d  from 
mine heat  load .  

5. The f i n a l  d e t e r m i n a t i o n  f o r  hea t  l o a d  i s  
expressed as a  range o f  va lues w i t h  c a l c u l a t e d  
s tandard d e v i a t i o n  and so a l l o w s  confidence 
l i m i t s  t o  be ass igned t o  a  r e s t r i c t e d  
express ion of t h e  range. 

EXAMPLES 

I n  o r d e r  t o  i l l u s t r a t e  use of t h e  method by 
example,empirical hea t  p i c k  up data from t h r e e  
s e c t i o n s  o f  a  s i n g l e  development end t u n n e l ( G i 1 l i e s  
S Alexander, l987)and f o u r  mine a i rways (Anderson, 
1980) were examined. C h a r a c t e r i s t i c s  of these  
tunne l  s e c t i o n s  a r e  g i v e n  i n  Table 1. Heat p i c k  
up by t h e  mine a i r  e s t a b l i s h e d  f rom e m p i r i c a l  and 
p r e d i c t i v e  methods i s  s e t  down i n  Table 2. 

The ass ign ing  o f  p r o b a b i l i t y  d i s t r i b u t i o n s  t o  
t h e  range o f  va lues e s t a b l i s h e d  f o r  each tunne l  
s e c t i o n  i s  undertaken by examining t h e i r  s c a t t e r  
on graph paper. Table 3  shows t h e  ranges o f  
heat  p i c k  up va lues d i v i d e d  i n t o  increments w i t h  
assoc ia ted  l e v e l s  o f  p r o b a b i l i t y  assigned. 

A p p l i c a t i o n  o f  t h e  proposed technique can be 
seen by examining examples o f  s imp le  mine networks 
which l e a d  t o  a  p o i n t  where mine heat  l o a d  informa- 
t i o n  i s  needed. Two examples u s i n g  t h e  tunne l  
s e c t i o n  i n f o r m a t i o n  a r e  g iven.  

Example 1 

A i r  q u a n t i t y  o f  15.7 m3/s passes a10 g  a i rway  1; 9 some i s  l o s t  through leakage and 12.1 m  1 s  passes 
through t h e  a d j o i n i n g  a i rway  4. The a i r f l o w  
d i v i d e s  and 7.9 m3/s moves through t h e  development 
and tunne l  s e c t i o n s .  The a d d i t i o n a l  heat  l o a d  as 
t h e  a i r  i s  d e l i v e r e d  a t  t h e  development end face 
can be found by runn ing  t h e  Monte Car lo  s i m u l a t i o n  
program a f t e r  t h e  a i r  mass f low through a i rways  
has been a d j u s t e d  t o  account f o r  t h e  hea t  l o a d  i n  
t h e  a i r  t h a t  leaves t h e  network before reach ing  t h e  
development end face. The a d d i t i o n a l  hea t  l o a d  a t  
t h e  development end face i s  shown as a  d i s t r i b u t i o n  
f u n c t i o n  i n  F i g u r e  1. 

Standard Dev ia t ions  from Mean 
Mean = 122.9 kW, Standard D e v i a t i o n  = 7.5 kW 

F IG. l  P r o b a b i l i t y  D i s t r i b u t i o n  f o r  Example 1. 
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TABLE 1. SOME CHARACTERISTICS OF TEST TUNNEL SECTIONS. 

TABLE 2. HEAT PICK UP ALONG TUNNEL SECTIONS FROM EMPIRICAL AND PREDICTIVE DETERMINATIONS 

Tunnel Sec t ion  / Emp i r i ca l  I Gorh and Ramsden McPherson Hemp 
Pat te rson  

Airway 2 15.7 29.3 t 8 7  22.3 t 4 2  15.0 - 4 13.5 -14 

Airway 3 12.5 26.3 t 1 0 8  26.9 t116  18.0 t 4 4  22.9 t 8 3  
ppp--pp- 

Airway 4 29.7 28.6 - 4 18.4 - 38 13.0 -56 16.6 -44 

Average 
D i f f e r e n c e  
t o  Empir ica 
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TABLE 3. TUNNEL PICK UP RANGES AND ASSIGNMENT OF PROBABILITY DISTRIBUTIONS 

1 Development End AB 1 32.6 - 43.4 31.25 33.75 36.25 38.75 41.25 43.75 46.25 
0.2 0 0.2 0.3 0.3 0 I 

Tunnel Sec t ion  Heat Pick Up 
Range 

kW 

Development End BC 

Development End CD 

The skew d i s t r i b u t i o n  shows a mean heat  load  

P r o b a b i l i t i e s  Assigned t o  Range Increments 
Upper L i ne  - Increment Mean 
Lower L i ne  - P r o b a b i l i t y  

Airway 1 

Airway 2 

a d d i t i o n  o f  122.9 kW w i t h  a standard dev ia t i on  o f  
7.5 kW. Fur ther  ana l ys i s  i nd i ca tes  t h a t  t he re  i s  
a 90% conf idence t h a t  the  heat  load  w i l l  l i e  

30.2 - 40.4 

29.6 - 37.1 

w i t h i n  3 Standard Deviat ions of t he  mean o r  
w i t h i n  t he  range 100.4 kW t o  145.4kW. As an 
example, a i r  en te r i ng  the  network a t  t he  i n i t i a l  
spec i f i ed  temperature of 20.4 W.b., 29.9 d.6. 
would have a Sigma Heat increase o f  13.5 kJ/Kg 
and be de l i ve red  t o  t he  development end face a t  
24.3 w.b., 29.9 d. b .  (assuming d.b. temperature 
remains cons tan t ) .  

3 The same a i r  q u a n t i t y  of 15.7 m I s  i n  Example 1 
passes a long a i rway 1. The a i r  d i v i des ,  2.5 m3/s 
passes a long a i rway 2, 12.7 m3/s a long a i rway 3 
and some i s  l o s t  through leakage. A i r  from these 
two a i rways remixes and then 7.9 m3/s passes 
through a c h i l l e r  o f  30 kW capac i ty  before passing 
along t he  development end tunnel  sect ions t o  t he  

o rk ing  face. Ad jus t i ng  fo r  heat  l oad  t h a t  leaves 
the  network system, t he  add i t i ona l  heat  load i s  
shown as t he  f unc t i on  i n  F igure  2. 

The d i s t r i b u t i o n  i nd i ca tes  a mean heat  l oad  
d d i t i o n  o f  109.7 kW w i t h  Standard Dev ia t ion  o f  
.9 kW. There i s  a 90% conf idence t h a t  t he  heat  
oad w i l l  l i e  w i t h i n  3 Standard Deviat ions o f  t he  
ean o r  w i t h i n  t he  range 92.0 kW t o  127.4 kW. The 
ir enter ing  t he  network a t  t he  i n i t i a l  s p e c i f i e d  
mperature o f  20.4 w.b., 29.9 d.b. would have a 
gma Heat increase o f  12.0 kJ1Kg and be de l i ve red  

0 the  development and face a t  24.0 w.b., 29.9d.b. 

28.75 31.25 33.75 36.25 38.75 41.25 43.75 
0 0.2 0.2 0.2 0.2 0.2 0 

26.25 28.25 31.25 33.75 36.75 38.75 
0 0.2 0 0.2 0.6 0 

18.0 - 28.3 

13.5 - 29.3 

Standard Deviat ions from Mean 
Mean = 109.7 kW, Standard Dev ia t ion  = 5.9 kW 

12.5 17.5 22.5 27.5 32.5 
0 0.2 0.4 0.4 0 

7.5 12.5 17.5 22.5 27.5 32.5 
0 0.4 0.2 0.2 0.2 0 

FIG.2 P r o b a b i l i t y  D i s t r i b u t i o n  f o r  Example 2 

(assuming d.b. temperature remains cons tan t ) .  

DISCUSSION 

A method f o r  us ing t he  Monte Carlo s imu la t i on  
technique t o  p r e d i c t  mine heat  load  has been 
i l l u s t r a t e d  by t he  use o f  two v e n t i l a t i o n  network 
examples. Comparison of tunnel heat  p i c k  up values 
from empi r i ca l  determinat ions w i t h  those gained 
from p r e d i c t i o n  methods demonstrated t he  var iance 
o r  d i s p a r i t y  t h a t  may occur i n  r e s u l t s  from t h e  
d i f f e r e n t  approaches. The p lann ing  engineer when 
faced w i t h  p r e d i c t i o n  methods which g i ve  d i s s i m i l a r  
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r e s u l t s  has d i f f i c u l t y  i n  s e l e c t i n g  t he  bes t  
approach. 

The proposed approach a l lows i n fo rma t i on  from 
as many a v a i l a b l e  p r e d i c t i o n  techniques and any 
empi r i ca l  determinat ions t o  be u t i l i s e d .  I n  many 
cases, empi r i ca l  determinat ion may n o t  be a v a i l a b l e  
and so a l l  model l ing w i l l  be based on p r e d i c t i o n  
techniques. This should n o t  unduly 1 i m i t  accuracy 
of the  technique as t he  mine tunnel examples g iven 
demonstrate t h a t  some p r e d i c t i o n  approaches 
overest imate heat  l oad  i n  comoarison w i t h  e m ~ i r i c a l  
determinat ions,  and some underestimate.   here i s  
no quest ion,  however, t h a t  empi r i ca l  data should 
be used wherever ava i l ab le .  

The r e s u l t s  o f  t he  exerc ises demonstrate t h a t  
the  heat  l oad  a t  a p a r t i c u l a r  mine p o i n t  can be 
pred ic ted  w i t h  the  r e s u l t  g iven as a range w i t h  
associated confidence l e v e l .  The two examples 
a iven demonstrate a 90% confidence t h a t  onaveraae 
the  heat  l oad  value w i l l  l i e  w i t h i n  18% o f  t he  

" 

mean p red i c ted  value. With t he  unce r ta i n t i es  o f  
the  underaround environment, i s  i t  l i k e l v  t h a t  we 
can expect b e t t e r  p rec is ion . than  t h i s ?  

- 

Once t he  tunnel heat  p i c k  up c h a r a c t e r i s t i c s  
of a p a r t i c u l a r  mine have been understood, t he  
procedure may be ab le  t o  be s i m p l i f i e d  through the  
use o f  an appropr ia te  simple equat ion supported 
by p r o b a b i l i t y  d i s t r i b u t i o n s .  The Ramsden model 
i s  an example o f  a s imple equat ion which i s  
conceptua l l y  easy t o  understand. An appropr ia te  
equat ion f o r  each tunnel  type i n  a mine network 
may be formulated. Th is  approach a l lows the  
engineer most f l e x i b i l i t y  i n  ad jus t i ng  a p red i c t i ve  
model t o  the  underground c h a r a c t e r i s t i c s  i n  t he  
p a r t i c u l a r  s i t u a t i o n  under study. I t  a l so  a l lows 
the  i n f l uence  o f  o the r  heat  sources present  i n  the  
mine opening t o  be inc luded.  P red i c t i on  methods 
must be updated as min ing  systems and machinery 
change w i t h  t ime.  Heat sources i n t e r a c t  w i t h  one 
another and t he  system must t he re fo re  be under- 
stood i n  i t s  e n t i r e t y .  

CONCLUSIONS 

A technique has been o u t l i n e d  f o r  p r e d i c t i n g  
mine heat  loads w i t h  increased confidence. The 
approach r e l i e s  on t he  use of one o r  more of t he  
p resen t l y  popular  heat  l oad  p r e d i c t i o n  methods 
and t he  use o f  a Monte Car lo s imu la t ion  technique 
t o  a l l ow  heat  load  a t  a mine p o i n t  t o  be s p e c i f i e d  
across a range o f  probable occurrence w i t h i n  
conf idence 1 im i  t s .  

The use o f  t he  technique has been discussed 
and some examples t es ted  t o  i l l u s t r a t e  app l i ca t i on .  
Comparison o f  t he  var ious  a v a i l a b l e  tunnel  heat  
methods demonstrates t h a t  s i g n i f i c a n t  var iance may 
occur i n  p red ic ted  values between t he  d i f f e r e n t  
methods. The method proposed r e l i e s  on s t a t i s t i c a l  
techniques t o  enhance the  value o f  heat  l oad  
p red i c t i ons  w i t h i n  t he  mine v e n t i l a t i o n  network. 
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