
These three equations establish a relationship between 

the wet bulb tanperature and the abcolute humidity of the air.

"V‘ - - ~ > *'
(b) Heat and nass transfer

'

The rate of heat transfer across a boundary layer of

air between the rock and the :aain airatrean 5 s given by
'

where H is the surface heat transfer coefficient (see Chapter 2),

#
0o is the rock surface tenrosraturo and 0 is the dry bulb tenp-

D3
erature of the main airstrean.

iaJ
The rate of mass transfer across thia boundary layer

EC 93FU ftnV

E
(l.U)

given by

where E is the mass transfer coefficient (see Chapter 2),

is the saturated vapour pressure of the boundary layer of 

at t: t rock s’uface temperature* 0g and p is the vapour 

of the r^in airstrean.

If a fraction f of the rock surface is we; 

rate of heat transfer across the boundary layer is

I = R. + fLR_ » E(0 - 0_) + fLEfrj v'9 ) - p>
J. d 3 U ' S S

where L is the .latent heat of -water vapour.

Consider a volume of air

sectional P, at a rate

be taken as the nositivre x direction.

rrm'-fl2 r " ■' • - ' a*

rate of increase of the dry bulb temperature aloaf? x

cross- 

of flow 

the



nay be used to sinulate autocosmressio"^ i.ghting, broken rock
• * 1

etc., p is the d<u*sity of the air and C is the specific hoat

of air at constant pressure

Similarly., from equation (i D  the

- ■ " : 
the absolute humidi+y along x is

Substituting fron (l .l) and (1.3) this Scones

increase in the dry bulb temperature and absolute hucidity 

along the duct. In order to obtain a solution to these

.

equatirus, a knowledge of the roc?: surface temperature 0g is 

reou.tr ed.

The rate of heat flow across a rock-air interface is 

usually described by a torced "onvection boundary condition viz
J V

where 6 i 3 the rock surface temperature and 0 is a constant



written in a dimsnsionless f:

zero when equal to the VRT ard unity when equal to the air 

tenperature q then the rock surface temperature * (t ) nay be
A

where 0

^(t) 

VRT,
a

0  io>

’pit) is calculated, for all tine by using a

(8)
one dimensional quasi-analytic approach , In the duvts

' :

concerned the ventilating air temperature 0 is not c instant.
a

w : aaja ''.-g,
By comparing equations (1.6) and (1.9) which both give the

______ ______   ̂ :
flux through the rock surface it :asy be seen that ) is only 

valid if a fictiioue air toperatore

—  (1 .11)

• - 
is used.

The tesiperatnre history of any part of the duct nry be

/iO\
taken into account by using Ihihanel’ s theorem , which states

that the variable surface temperature 6 (t) obtained when using

a variable air temperature C (t) is
a

9V{1 - *(t)> + /* 0^(n) <*»(t - u) du — (1 .12 )

where u is a dummy variable.

Equations (1 .12), (1 .1 1 ), (1 . 7 ) and (1 . 8) provide 

sufficient information to completely solve the problem, ani 

they may be solved aumorically to -;ive the dry bulb tempera­

ture 0^ , the absolute humidity w, and hence the wet bulb 6^

•% & $ & & &  j- 'Hfe-i ;?
at any noin- elong the due t *

‘ mm m

It is Wt 'smA that 9_ and w are known at x * 0 for all
D n



9

n where n is the nuaber of tins increments DT aft car the

coanencenent of the calculation, i.e . the inlet conditions ere

known for all tine.
h §s

The air temperatures 0 say be calculated at x = 0
a

n
fron equation (l.ll) V ' substituting (l.l) and (1 .3 ) as follows:

f i. E
6 “ ftr, - " “t H 1 + ’oGo + c - w (y + v9n )}--(1.13)
a • s n D-* u n n n

where 9 is given by the nuaerieal expression of Di’hraael’ s 
n

theorem, viz.

n -1
e* * v J 1 - O  *  i I (e. + 6 )(♦- ,• - *

n v n i=0 i Pi+1 D_1

where j|> is known for all n. Ey solving (1.13) a.id il.lb) 

simultaneously, the values of 3 and 6 nay be calculated at
8n

x =>0 for all n- It is assume! that the initial conditions,

i.e. 9_ and 3 are known, 
a s
o o

Having the complete solution at x * 0, the situation at

a distance DX along the duct nay now be considered. Let 0^ , 

wf, 6' and 0' represent the values of the variables at x = DX.

Then

and

n

de.
a0D

- 9 ♦ 3 ax !—
n n dx

ni

dx

dw dw*
+ I DX (— - + — &) 

dx dx

By substituting from equations (1 .7) and (1. 8) and then solving 

equations (1.12), (1.1*0 , (1.15) anl (l .l6 ) in time steps DT, 

the solution at x = DX may be built up. Using thin solution

as the starting point, the solution at x = 2PX may now be found 

and so on as far as desired.



This refinscenc is considered in Part II ’.rhere the solution of

( )
a t'*> dimensional nesh by S a u l ' e y * s '  nethod and the subsequent



PART___ I

CHAPT® 2

The- sensitivity of heat piok-up to changes in H and

Two of the parameters governing the flov of heat fron rcak to

air in e 3 tope are the surface heat transfer coefficient Er and the

mss transfer coefficient E. Much literature is available cn the

(2l)
determination of these quantities in idealised conditions hut 

their significance in underground conditions is not clearly definV. 

In an effort to establish the sensitivity of the computed heat flow 

aai of the increase in temperature of the ventilating air to these 

parameters, several computer experiments were run using Star field' 3
'lQ\

one dinensionai stope nodelv

2.1 An outline of Starfield's stope nodel---------- ------------------------------------- -----------------

As a prerequisite to the determination of wet bulb and 

dry bulb temperature increases in an Advancing stope, the 

dimensionless surface tenperatui*e of the stope for all tine

ij required. Starfield obtained this by a one dinensionai

18)
quasi-analytic method , vrith the basic assuaption that the

■MiBkliil
rock ahead of the stope llSjP i?inediatelv after blast (for 

rate of advance), m s at virgin rock temperature (TOT). The 

inplications of this assumption will be discussed later* By 

then simultaneously solving equations comprised of psychrseet-

#
ric relations, a heat transfer balance at the air-rock inter-

■ H
face, and a numerically tractable approxination to Duhanel's

B W H  Hjl
theoren, an iterative solution which progressed alone tae 

length of the stope in previously defined space intervals 

•was develoj)ed.



'actors which nay be taken into account in this nodel

the fraction of the surface area of the stope which is

wet (wetness factor f ), and

a neat source to sirsulate the p* escnce of broken rock 

or sutccorprension ’.a a •jou-horizontal stopa.

lac . Roughness on the inner surface of a pipe introduces 

an increased friction effect, Roughness is defined as the
W C f  . . - - c-rT" ■

ratio of the height of protuberances on the surface to the

radiup of the pipe- as shown in Fig. (2.1). The relation

between the value of II and different -altitudes of roughness

(Z2)
my be clearly seen fron results obtained by ?Junner' * ',, zbo:rz 

in Fig. (2.2). Curves are presented for Reynolds numbers

Frora 7 iff. (2. 2) it may be seen that the lower boum 

for H is the '’ snooth pipe value" while an upper bound nay be 

taken as thro? tines that value. This range probably 

includes most values of roughness likely to be pne cunt arc IB



IN A PIPE
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diameter

n applying this theory to rectangular stopss, the pipe

(23)
must be replaced by the equivalent diaceter Dp

I -q&
where

U a area of sto^
0S ----------

Perimeter of stone

2.3 The computer experiments for H

- . »BL _ i |3a! .5̂
A typical stope, advancing 2 ft every U8 hour3 , w-it: 

stoping width of 3g ft aad a length of 12 ft from face to

<ShS*3h!
scatter mil was chosen as a model. In order to obtain a

a- nBHBi W vT:

comprehensive set of results, the YRT, the air velocity ana 

the wetness of the 3tooe ware eaci varied independently of 

the other parameters. Inlet r.ir teaperaturea cf TO/75 F» 

75/75° F, 00/8,° F and 90/105° F were used imth H values cf

once* tviee and throe tines the si'ooth pipe value respectively. 

The value of the ness transfer coefficient was calculated from 

tbe Lewis relation*"24  ̂ (which was assumed valid) in the form

E = coast x II

Following the postulate deduced empirically

(18)
aai substantiated analytically by Starfield , that 

bulb teaperature is of majcr iiroortanc e in stope heat flow 

considerations, is opposed to the relative unimportance of 

dry bulb tennerature, v&t bulb increase per 100 ft of stope 

wa& plotted as the ordinate in each ca3e, with wet bulb as 

abscissa.

.r«—

In all cases the conductivity of rock k van taken as 

3.0 BTU/ft2 hr (°F/ft) and the diffusivity d as 0.10 ft /hr.

Case ( i ) The VP.T was varied keeping the air velocity constant

/ at



Ik

at 220 ft/nin with -viiesB factor f ■ 0 . 0,

VRT values of 100°?, 120°?' and lUG°F were used,■

giving a range wider than that encountered at

•or as sat.

Fron the results {^ig. (2.3)) it nay be seen
'

that over the range considered , the vet bulb 

increase per 100 ft is virtually insensitive to

changes in H for a wide variety of VRT*s.

(VRT - wet bulb) lias been widely used as the

driving force for heat flux in eopirical studies 

but this graph shows that wet bulb iucres.se is not 

well correlated on a basis of (VRT - wot bulb), 

ginca for the sane (VRT — wet bulb) the vet bulb 

increase at a VRT of lU0°F ic half as mch as that

at a VRT of 120°F. Fig. (2.U) illustrates this 

point over a wide range of temperatures.

Q
Case (ii) The air velocity was varied for a constant VRT of

120°Ft again with f *» O.C. Values of 11D ft/nin, 

220 fj/min, UU0 ft/nin and 880 ft/nin were used, 

covering the practical conditions found underground.

The results are presented in Fi.^. (2.5) which
I

shows that the smaller the air speed, the greater

the discrepancy between extreme cases of H ** 1 x

(suttoth pipe value) and H * 3 x (smooth pipe value 

The reason for this is that at 110 ft/nin, E 

extremely small an! doubling it (since E = constant

/xH)
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