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These three cgustions establish a relationship between
the wet bulb temperatwre and ths absolute kumidity of the air.

Eeat aix 8 er
The rate of heat transfer across a bourdary layer of

air between the roek and the main airstream i given by

Rl = 3(9' id eD) \ (1.%)

where H is the surface heat transfer coeffic wnt (see Chapter 2),
0, is the rock surface temperaturc and 0y is the dry buld temp=-

erature of the main sirstrean.

The rate of mass transfer across this boundary layer is

given by

R, = B(g,(0.) -p) (1.5)

where B is the mass transfer cocfficient (see Chapter 2), p(0,)
is the saturated vapour pressure of thc boundary layver of air
at ti - rock swface temperatur: 68 and p is the vapour pressure

of the main airstrean.

If a fraction f of the rock surface is wet then the total

rate of heat transfer ecross the boundary layer is

R = R +fIR, = H(eB-BD)-o-ﬂ:.E(p.(es)-p)

i (1.6)

2

where L is the latent heat of water vapour,

Consider & volume of air floving along & duct of cross-

Mio@} pwin” 3 P, at & rate Q. Let the direction of flow
~ be taken as the positive x direction. Then frem (1.4) the

rate of increase of the dry buld temperature along x is
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where ¢ is a heat source ver unit length per unit tire which
may be used to simmlate sutocompressio= “lighting, broken rock
ete., p 18 the dcu3ity of the air end Cp is the specific heat

of air at constant pressure.

Sinilerly, from eguation (i.’ ) the rate of increase in
the absclute huunidity along x is

£ - 232000

Substituting from (1.1) and (1.3) this hecomes

dy - TP R
ax Q

2 PRl Tl \
{e.Bs + st + ¢~y + vOD)} (1.8}
Bquations (1.7) and (1.8) rcpresent expressions for the
increase in the dry bulb temperature and absolute humidity
along tha duct. In ovder “o obtain a solution to these

equaticus, a ¥nosledge of the rock surfacc temperature es is

reguired.

Hoat coguction in ths rock

The rate of heat flow acruss a rock-air interfacc is

usually deseribed by a torced ~onvection boundary condition viz.

{1.9)

R = E(eg o ea)

where e‘ is the rock surface teupersture and ea is & constent

ventilating air temperature.

If the rock surfece temperature is taken as ~2€r0 /.ous




zero when equal to the VRT ard nnity when equal tc the air

tenperature g, then the rock surface temperature ¢(4) may be

written in a dimensionless fornm, viz.

..e‘f

]
plt) = Fme (" 10)
a v

where 0 = VRT, ¥(t) is caloulated for all time by using a
one dimensional quasi-analytic appraach(a, ¢ In the du-ts
concerned. Lhe ventilating air temperature ¢ & is not constant,
By ccmwparing equations (1.6) an? (1.9) which both give the
flux through the rock surface it may be seen that ¢(+) is only

valid if a fictiiouc air tamperature

fLE

Oa(t) ol e e (ps(os) - p) m—nee (1,11}

is used,

The temperature history of any part of tlLe fuet mey be

taken into account by using Duhauel's theoren(38)

s Which states
that the variable surface temparature ss(t) ~htained when using

& variabie air tomperature Ca(t) is
o = 2
0 (t) = 8.{1-9(t))+ Iy 6,000 2 9t = u) du -~ (1.12)

where u is s dummy variable.

Bguations (1.12), (1.11), (1.7) and f1.8) provide
sufficient information to completely solve the problea, and
they msy be solved mmerically to sive the dry buld tempera-

ture QD’ the absclute humidity w, and hence the wet buldb .

:  ‘, &t axq poiuy 2long the duch.

-I‘& is 3vaed that Onandwnarekmnst x =0 for sll
‘X




n vhere m is the mmber of time increments DT after the
comnercement of the calculation, i.c. the inlet conditions ere
known for all tine,

The air terperaiures 'a may be calculated st x = 0
n
from equation (1.11) by substituting (1.1) and (1.3) as foilows:

f4uFE
ea;‘ = aDn - Seaps {“:n + be’n te=-wlu+ venn)}-— (1.23)

vhere 9 3 is given by tix numerical cxprossion of Dnhemel's
n
theorem, viz.

n:
8, = 6 (-9 )+d § (o, +0 Yo .~-9 .. ) (@1

“n i=0 i ViNs .

whera y_ is koows for all n. Py solving {1.13) and (i.1k)

simultaneouely, the values of 8, and ea way be caleulatz=d at
n n

x =0 for all n. It is assumel that the initisl conditiomns,

i.e. ea and as ere known.
o o

Having the complete solution at x = O, the situation at

a distance DX along the duct may now be considered. Let 81') :

n
v;, 6; and e; represent the values of the variables at x = DX,
n n
Then 2
dODn dBD
85 = 8, +}DX(—Z 4 ) (1.15)
n n dx ix
and
dwn dw;l
R Vo ¥ IOE p e ) (1.16)
ax dx

By substitutiug from equations {1.7) and (1.8) and then solving

equations (1.12), (1.14}, (1.15) ant (1.16) in time steps DT,

the snlution at x = DX may be built un. Using this solution

as the sturting point, the soluticn at x = 20X may now be found
mao on as far as desired,
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Us’ng Starfield's models, particular attenmtior way focussel on

wetting dovn anmd i% was shown thet sigrificant inprovements could
be obtained by carefully eomtrolling the time and durcticn of
vetti.n.

Pfourfield's one dimensional stope model hes soveral inherent
:mmim(a)(aa)m the publication of a recently discovercd
finite difference technique for the solution of the two dimensicn-
al wiffusion equation together with the aveilability of an extrcmely
lurge computer made possible the refinsment of his method.

This rofinament is considered in Part II where the solution of
a two dinensional nesh by Se.ul'ev's(33) method and the subseguent
application of this result to the problen of hea’ flow irto an

adsancing stope is examined.

Finally a complete two dimensional stepe model is formilated.




CHASTRR 2

The sens itirity of heat pizk-up to chunges in H and B

Two of the narameters governing the flow ~f hzat from rock to
air in e stope are the surfove heat trarsfer coe’ficient H, and the
mass transfer coeffinient B, Much literature is availsble cn the
detomiimtion of hese guAubities in idealived somuitions'®! tut
their siganificance it uvnderground conditions is not elearly defina’,
In an effort to cotablish the sensitivity of the computed heat flow
and of the increase in temperature of the ventilating air to these

parameters, sevoral compater experiments were run using Stavfield's
a8

one -dimensional stope mod

2.1 An outline of Starficld's stope model

As a prerequisite to the deternination of wet bulb eal

dry b temperature increases in an advancing stope, the
dimensionless surface tevperature of the stope for all lime
is required. Starficld obtained this by & one dinensional
quasi-analytic mabhod(s), with the basic assumption tkat the
rock ahead of the stope facs immediately afier Blast (for any
rate of advance), wvas at virgin rock temperature (VRT). The
irglisations of this assumption will be discussed later. By
then simultancously solving squstions comprised of psychronet.
ric relations, a heat transfer balance st the alr-rock inter-
face, and a mmerically tracteble approximation to Duhanel's
theoren, an iserative solubion which progressed along tne
length of the stope in previously defined space imtervals

was developed.




2.2
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Facturs which may be taken inte account in thia model
include -

(i) the VRTs

{ii) +the temperaturc and noisture conteat of the ventilating
airs

(iii} tho dimersions of the storn;

{iv) the rate of advance of the face;

(v)  the fraction of the surface area of the stope which is
wet (wetness factor ), and

(vri' & aset source to simulute the p esemee of Lcoken rock,

or sutccompression ‘a & ucun-horizontal stope.

Theoretical limits on the valuc of ¥

In the case of the smootl pipe, values of H may be
ealeulated from one of scveral erpirically astablished formu-
he(a). Roughness on the innar surface of & pipe introduces
an increased friction ef“ect. Roughness is defined us the
ratio of ths height of procuberances on tke swfaece to the
radius of the pipe as ghown in Pig. {2.1). The ralanion
between the value of N and differept nagritudes of roughness

pay be ciearly secen from results chtained br m(dz)

by S
in Fig. {2.2). Curves are presented for Reynolds nurlers

ranging from 5,000 to 80,000,

¥rom Tig, (2.2) it may be seen that the lower bound
for H is the "smooth pipe volie" while an upper bound may be

taren as thre: times that value. This range probably

includes most values of roughncac likely to be encountercl
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In epplying this theory to rectangular slopss, thl

dioneter must be remlaced by the equivalent diameter D!(ai ;

e % £ aren of stopc &
DE =
Perineter of stope
3 The computer experimerts for H

A typical stope, advancing 2 £t every 48 hours, vith a‘
stoping widtn of 3% ft aad & length of 12 T% fron face to
scatter vall was chouen as n model, In order to obtain a
corprehensive set of resulis, the VRT, the air veleeity amd
“he wetness of the 3tune were eec varied independently of
the othor paramevers. Inlet cir temperstures of 70/75° F,
15/7° ¥, 80/8,° ¥ and 90/105° F vere used vith ¥ values cf
once, twice and three times the smooth nipe valuc respectively.
The value of the necass trancfer coefficient was caleulated !zﬁ

the Lewis reht:'.on(zm (vhich wuz assumed valid) in the Xurm

E = const x H

Following the postulate deduced empirically “m(ZO)

it bitanttucad amslytioslly by FterfisiaFt!

, thai 1ot
buld tesperature is of major importance in stope heat flow

consilerations, as opposed to the reclative unimportance of the
i+ bulb temmerature, wet bulb increase per 100 £t of stope |
was plotted as the ordimste in esch case, with wet bulb as the

abscisss,

In all cases the conductivitr of rock k was taken as

3.0 BTG/£%2 1 (CF/ft) and the diffusivity D ss .10 P6o/br,
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at 220 ft/min with “nm-ﬁw £=0,8,
VRT values of 100°7, 120°F and LUGOF were used,
giving a range wider than that encountered at
prasent. -

Fron the results {Fig. (2.3)) it may be soen
that over the range considered; the wet buld
incresse per 100 ¢ is virtually insensitive to
changes in H for a wide varicty of VRT's.

{VART - wet bulb) has veen widely used as thc
driving force for heat flux in empirical studies
but this graph shows that wet tulb incresse is not
well correlated on a bLasis of (VRT - wet bulb),
since for the same (VRT - wet bulb) +the wet buld
increase at a VRT of 140°F ic half es wuch as that
at a VRT of 120°F. Pig. (2.%) illustrates this

point over a wide range of temperatures.

The air velceity wes varied for a constant VRT of

| S0
e

Case

120°F, again with £ = 0,8, Values of 110 ft/min,
220 #%/min, 440 ft/nin epd 880 ft/min were used,

covering the practical conditions found underground.

The results are presented in Fig. (2.5) which
shows that the smaller the sir speed, the greater
the discrepancy hetween extreme casss of H=1 x
(smooth pipe value) and B = 3 x (smooth pipe value).
The reason for this is that et 110 rt/min, E is
extrenely small enl dcubling it (since E = constant

T NP ST T T T et
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