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T E M P E R A T U R E  C O N D I T I O N S  O F  R O C K  E X C A V A T I O N  

B .  A .  K r a s o v i t s k i i  a n d  F .  S .  P o p o v  LrDC 622.536.2 4:536.244 

Heat exchange is considered between ventilating a i r  and mining rocks  in the case  of va r i ab le  a i r  
t e m p e r a t u r e  at the rock  excavat ion en t rance .  Fo rmulas  a r e  given for  the t e m p e r a t u r e  of the 
venti lat ing a i r  accord ing  to the extent of exploitat ion.  

In developing deep pits with s e a m s  of high t e m p e r a t u r e  as well  as in many  pits in the Fa r  North that  
have s e a m s  of low t e m p e r a t u r e  the need a r i s e s  for  regulat ing the t e m p e r a t u r e  of the venti lat ing a i r .  The 
p rob lem thus a r i s e s  of de te rmin ing  the t e m p e r a t u r e  of the ventilating a i r  along the length of the underground 
excavat ion at d i f ferent  t i m e  ins tants .  An exact solut ion of this p rob lem which can be obtained by using the 
operat ional  calculus is ve ry  c u m b e r s o m e .  Severa l  hours of machine t i m e  a r e  needed to se t  it on an M-220 
e lec t ronic  compute r .  Numerous approx imat ion  methods have been proposed to find the solut ion.  It was pr 0-  
posed in [1] that  the nonsta t ionary  heat exchange be taken  into account between the a i r  and the mined rocks  
with the aid of a coefficient  of nonsta t ionary  heat exchange; to de t e rmine  the la t ter  a dependence was assumed  
which was an approx imat ion  to the exact solut ion.  In [2] the formula  for  the nonsta t ionary exchange coefficient  
was obtained by approximat ing  the solution of the p rob lem under cons idera t ion  on a hydro in tegra to r .  In the 
presen t  a r t i c l e  the  in tegra l  method [3] is used to so lve  the hea t -exchange  p rob lem between the ventilating a i r  
and the mined rocks  which, as shown below, produces  a good ag reemen t  with the exact solut ion.  The  solution 
is obtained for the case  of va r i ab le  a i r  t e m p e r a t u r e  at the mining opera t ion  en t rance .  

The  equation of the  heat flow of the venti lat ing a i r  at the product ion face  is given by 

OT 2 % O0 I ~_ ~rq_~__o ' 

%=~ = T~ ( 0 .  

I n t h e  above,  q denotes the power of the in ternal  heat sources  per  one m e t e r  of output face .  
s ion  due to m o i s t u r e  condensat ion or to var ious  operat ing devices ,  etc. ,  can a l so  be included. 

The  heat-conduct ion equation for  the rock  m a s s  surrounding the face  is 

00 at- ( ~  a0-, -= 020~ = a  �9 (3) 

0!~=0 = O M , 

z 0~~176 ~=,o = + zn ] (0f~=r~ - -  73. 

(1) 

(2) 

Here  heat e m i s -  

(4) 
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The usual assumptions were  made when writing down the equations : the inertia t e r m  in the heat-flow equation 
is smal l  for the a i r ;  the axial heat flow in the rock  mass  is smal l  compared with the radial  one; heat t r ans fe r  
takes place in the a i r  only by means of convective heat exchange. The following dimensionless variables  a re  
introduced : 

r ~ z ~a 
= - - , r o  z=-~--, t =  r~ ~ F o .  

Substituting the above in (1)-(4), the following sys t em of equations is obtained: 

B OT O0 [ + Q ,  (5) 
Oz Or lr=t 

rl,=o = To (t), (6) 

O0 I O0 020 
. . . .  -~ - -  , (7 )  
Ot r Or Or S 

Ott=o = 0~, (8) 

00 1 = c~ (01~=1 - -  T) .  ( 9 )  
O r  [r=l 

In the above 

CaPar~,v q 
�9 . - -  = 

B =  2r.~ ' Q  ~ ' ~ =  
ro 

n 

It  is assumed f rom now on that the function T0(t ) is given in the following fo rm:  

Tic to= O ~ t < tl , 

Tso t i l t < t 2 ,  
T o (t) . . . . . . . . .  (i0) 

Tio ti_ 1 ~  t < t  i , 

This is the best  way to specify the function T0(t) if the t empera tu re  is predicted in the case  of the air  supply 
in the mine having its natural  t empera tu re  or if it differs f rom the t empera tu re  of the a i r  outside by a known 
quantity (in the case  of heating up). In the latter ease the intervals of the dimensionless t ime [to, tl] , [ t l ,  re], 
etc., may represen t ,  for example, months,  and Tt0, T20, . . . ,  the predicted monthly average  tempera tures  of 
the outside a i r .  Other variables a re  now introduced, namely,  

For  these variables the problem (5)-(9) can 

B 

g = o  (:2~. z. 
B 

be wri t ten in the form 

of o~ 1 
B ~----W r=,' 

og 1 og o ~  
o - Z = 7 "  W -4  Or S ' 

"F]z=o = To (0, 

~ft=0 = % - -  ---Q z. 
B 

The functions T and ~ a re  represented  as sums of the following functions: 

T = T  i + T s ,  0 = 0 1 + 0 2 .  

(11) 

(12) 

(13) 

(14) 

(152 

(16) 

(17) 
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T h e  funct ions  Oi and T'i a r e  sought  as  so lu t ions  of t he  fol lowing p r o b l e m s  : 

0< & t , 

dt = 7 - "  Or ~-O-~r ~ 

~!~=o  = to(O, 

- -  r 1 

o0, ( ~ ,  - r~) 
Or = - - - ~ a  

~lt=0 = 0, 

0~ o0q ' 

ot = 7  " - - ~  + 0--7 r- 

~L-0 = 0, 

O r  ~ -  6r , 

Z. 
/ J  

(18) 

(t9) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

I t  is obvious tha t  the  s u m s  ~1 + T2 and ~1 + ~2 of the  r e s p e c t i v e  so lu t ions  of the  p r o b l e m s  (18)-(22) and (23)-(24) 
wi l l  be  the  so lu t ions  of t he  p r o b l e m s  (13)-(17).  

T h e  p r o b l e m  (18)-(22) is c o n s i d e r e d  f i r s t .  Let  the  funct ions  P(z,  t ,  r ,  y) and F ( r ,  z, t ,  r ,  y) be  s o l u -  
t ions  of the  p r o b l e m  

B OPoz OFor ,=1 ' (28) 

OF 1 OF O~F 
- -  , - -  

O----t-= r Or -}- O~ ~-' (29) 

FIt<~ = 0, (30) 

OF I 
Or ]e=l ~--- ( x ( F / r = l  - -  p ) '  ( 3 1 )  

P[z=o = 6 (t - -  ~) y, (32) 

1for  x > 0 ,  
6 ( x ) =  0 for x < 0 .  

w h e r e  

Let  us c o n s i d e r  the  funct ions  
//~ P (z, t, t~_l, T i0 ) - -P  (z, t, t i , Tio), 

qb i = F(r ,  z, t, t~_l, T i0) - -F( r ,  z, t, t i ,  TQ. 

T h e s e  funct ions  s a t i s f y  Eqs .  (28) and (29), the  boundary  condi t ion  (31), and a l s o  the  fol lowing bounda ry  
condi t ions  : 

lIiiz= ~ = { Tio for t i _ l ~ t < t ~ ,  (33) 
0 for tE[ti_l ,  ti], 

Hiit<q. 1 = o, (34) 

r = 0. (35) 

Hence  it fo l lows tha t  the  so lu t ion  of the  p r o b l e m  (18)-(22) is of  the  f o r m  
k 

7-1 (z, 0 = ~ ~i, (36) 
i=  l 
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~( r ,  z, t) = Z  ~ ' '  (37) 
i ~  l 

T o  obtain an  a p p r o x i m a t e  so lu t ion  of the  p r o b l e m  (29)-(31) the  in teg ra l  w h e r e  k is such  that  t k < t < t k + l .  
method of Goodman [3] is appl ied .  T o  this  end one in t roduces  the  t i m e - d e p e n d e n t  rad ius  R{t) of the  heat  
effect ;  by  def ini t ion one se t s  on this  rad ius  

FI,=R(t ) = 0, (38) 

OF = O. (39) 
Or ~=R (t) 

In tegra t ing  the  hea t - conduc t ion  equat ion (29) with r e s p e c t  to  the  space  coord ina te  f r o m  1 t o  R,  one obtains 

R 
0 ~ rFdr OF . (40) 
Ot ,] Or 

1 

The  prof i le  F( r ,  t) is spec i f ied  in the  f o r m  

In  the  above  a l, 32, 
(39) one finds 

F (r, t) = a 1 In r + a 2 + a3r. 

By sa t i s fy ing  the  boundary  condit ions (31), (38), a a a r e  s o m e  unknown t i m e  funct ions .  

- -  a P  
6/1 a - - 1  

1 +  - - + a ( l n R - - 1 )  
R 

a 2 = a x ( 1 - - 1 n R ) ,  a ~ = - -  a_1. 
R 

(4i) 

(42) 

Subst i tut ing the  prof i le  (41) toge the r  with the  coeff ic ients  (42) into the  r e l a t ions  (40) one a r r i v e s  at an o rd ina ry  
d i f fe ren t ia l  equat ion of the  f i r s t  o r d e r  for  the  heat effect  r ad iu s ,  namely ,  

1 2 ( ~ - - - 1 )  [ 1 +  a - - 1  + ( z ( l n R - - l ) ]  
k = R (43) 

3 ( 1 - - a ) + R 2 ( a - -  - ~ ) + R ( 3 3 - - 2 ) +  R ( 2 - - a ) + -  (~z--3)--2czR lnR 

RIt== ~ 1. 

In t eg ra t ing  n u m e r i c a l l y  (43) one finds the  funct ion R (t - -  r ) .  
b e c o m e s  

k = - - 3  +o(R-1)3 
R - - 1  

Its so lu t ion  which sa t i s f i e s  the  init ial  condi t ion  (44) is as  follows : 

= 1 + / - 6 ( t - -  ~). 

(44) 

In the  ne ighborhood of the  point R = 1, Eq.  (43) 

(45) 

Thus  when in tegra t ing  num e r i c a l l y  one has to  adopt as  the  ini t ia l  condi t ion  in Eq. (43) 

Rft=to ---- 1 + V 6  (t0--T), (46) 

w h e r e  t o is s u c h  that  R3(~0 - -  r) < 1 + e, e is an  a d m i s s i b l e  in tegra t ion  e r r o r .  The  e s t ima te s  show that  f o r  a 
wide r ange  of the  values  of (~ the  so lu t ion  of Eq. (43) for  underground  s t r u c t u r e s  depends only s l ight ly  on the  
va lue  of ~ .  At the  s a m e  t i m e  for  ~ = 0 Eq.  (43) can  be so lved  in q u a d r a t u r e s ,  namely ,  

If  one t akes  into account  what  was s ta ted  above ,  this r e s u l t  can  be employed to  d e t e r m i n e  R (t). 

Using the  r e l a t ions  (41), (42), and (43) one obtains the  fol lowing e x p r e s s i o n  for  the  g rad ien t  on the  p r o -  
duc t ion  wal l :  

OF #=I P 
Or = 1 _ 1 + R ln~_R (48) 

a R - - 1  
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Fig. 1. E r r o r  estimation of the method. Dashed 
lines) exact s olutions ; solid lines) approximate 
solutions. Values over curves  are  the values of ~. 

To est imate  the e r r o r  in the employed method the computation resul ts  obtained by using the formula (48) 
a re  compared with the exact solution of the problem (29)-(31) in [4]. The compar ison is ca r r ied  out using the 
Ki c r i t e r ion  of Kirpichev which charac te r izes  the heat flow in the s t ruc tu re  wall. Of course ,  for P = 1, one 
has (SF/Sr) tr=i=Ki .  The exact solution given in [4] is in the fo rm of an improper  in tegra lwi th  singular 
points at 0 and at 0% To compute the solution an ALGOL-60 p rogram was prepared for the M-220 electronic 
compdter .  

It can be seen f rom Fig. 1 that there  is a good agreement  between the exact and the approximate solu-  
tions for the values of cz under considerat ion.  The relat ive e r r o r  never exceeds 3%. It should be mentioned 
that for higher values of Fo (>100) the exact solutions [4] as computed by us differ considerably (30-50%) f rom 
the resul ts  of [1]. 

By insert ing the express ion (48) into Eq. (28) one obtains an ordinary differential  equation of the f i rs t  
o rde r :  

B OP P 
O---z-=-- 1 _ 1  + Rln_i__RR " (49) 

cr R - - 1  

Integrating the equation and using the boundary condition (32), one finds 

P(z, t, x, y ) = 8 ( t - - ~ ) y e x p  B 1 - - 1 +  RlnR " (50) 

R - - 1 .  
Hence an approximate solution for IIi is of the form 

where 
1 

p~=p(R~)= 1 
- - - - 1 + - - - -  

and R i is a function determined by the relat ion (47) for r = ti .  

Rz In R~ ' 
R i - -  1 

Substituting this express ion into (36), one obtains 
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Ti(z, t)==~ T~o [exp(--~)--exp (---~--)] +T(k+~,,o exp (---~--). (52) 

Let  us now c o n s i d e r ,  in t u rn ,  the  p r o b l e m  (23)-(27).  So lv ing  (24), (26), (27) by i n t e g r a t i o n  s i m i l a r l y  as  it 
was  done above ,  one obta ins  

= P0 OK - -  z - -  T~) . ( 5 3 )  

Ins erring this expression into Eq~ (23) one arrives at the following ordinary differential equation: 

B . OT s = O K - - - ~ -  z--T-~. (54) 
Po Oz 

T h e  above  equat ion can  be  r e w r i t t e n  as  fol lows : 

Po 0-z- -B- Po ----B Po 

T h e  so lu t ion  of this  equat ion  which  s a t i s f i e s  the  bounda ry  condi t ion (25) is as  fo l lows :  

Q (55) 

Fina l ly ,  by  i n s e r t i n g  the  r e l a t i o n s  (52) and (55) in the  e x p r e s s i o n  (11), one obtains  a f t e r  s o m e  t r a n s f o r m a t i o n s  

k-t- 1 

T(z, I)--0M+-~-Q + ~  Aiexp ( zP i -1 ) .  (56) 
P0 i=, " B 

In the  above  

Q 
A1 = Tlo - -  O~,-- - -  , & ~ t < tk+l, 

Po 

A 2 = T2o- -  Tlo , 

A 3 = T3o - -  T2o , 

An = Trio - -  T(r~_l)O , 
�9 �9 �9 �9 w 

In the  c a s e  of T0(t) be ing  spec i f i ed  as a cont inuous funct ion the  e x p r e s s i o n  (56) b e c o m e s  
t 

T(z, t )=OM- +- Q Q 0).) J Or . 
0 

w h e r e  

p(t, r ) =  ( 1  1 +  R(t,  r) t n R ( t , r ) ) - t . R ( t ,  r ) - - I  

zp (t, r) 
B ] dr, (57) 

N O T A T I O N  

Pa, a i r  dens i ty ;  Ca, s p e c i f i c  heat  of a i r ;  v ,  a i r  jet  ve loc i ty ;  T ,  a i r  t e m p e r a t u r e ;  0, r o c k  t e m p e r a t u r e ;  
s  a ,  coef f ic ien t  of t h e r m a l  conduc t iv i ty  and t h e r m a l  d i f fus iv i ty  o f  r o c k s ;  ~ ,  coef f ic ien t  of heat  t r a n s f e r  f r o m  

the  a i r  jet  to  the  inner  wal ls  of the  mine ;  5n, s  t h i c k n e s s  and t h e r m a l  conduc t iv i ty  of the  n - t h  insu la t ion  
l a y e r ;  t-, t i m e ;  ~, "~, r a d i a l  and leng thwise  c o o r d i n a t e s ;  r0, r ad ius  of m i n e  sec t ion ;  0m, in i t ia l  t e m p e r a t u r e  
of r o c k  m a s s ;  q, power  of i n t e rna l  heat  s o u r c e s  pe r  m e t e r  of m i n e .  

lo 
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