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The resul ts  of an experimental  and analytical  study of the heat t rea tment  of concrete  objects 
in chambers  with heat-emit t ing sur faces  a re  presented.  

In the heat t rea tment  of concre tes  in installations with heat-emit t ing sur faces  [1] the walls of the 
chamber  a re  heated to 200~ by induction and eddy cur ren ts  and provide a source  of energy for heating the 
mold, the concrete ,  and the surrounding a i r .  Most of the heat is t r ans f e r r ed  by radiation but some under-  
goes convective t r ans fe r .  Heat t rea tment  is effected on the thermos  principle:  the apparatus is heated 
for  2.5-3.0 h to reach  a maximum tempera tu re  and then disconnected f rom the supply; fur ther  heating of 
the contents occurs  by vir tue of the heat accumulated in the chamber  and that evolved during the hardening 
of the concre te .  The total durat ion of the cycle is 5-6 h. 

The heat t rea tment  of concre te  slabs in a metal  mold with an open top surface  may be descr ibed by a 
sys tem of heat-  and m a s s - t r a n s f e r  differential  equations [2] incorporat ing a heat source  and a mois ture  
sink: 
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and initial conditions 

t (0, , )  ~ fl (% (3) 

t (R, x) = fs (T), (4) 

-va"[ ~176 + 8 at(~ "0 ] = O , a x  (5) 

[ au (R, ~) + a at(R, ~) ] 
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t (x, 0) = ~,  (x), (7) 

U(x, 0) = r (s) 

In the boundary condition (5) the r ight-hand side is equal to zero,  since for x = 0 there  is no flow of 
mois ture  through the metal  bottom of the mold, which plays the par t  of a mois ture  insulator.  

An analytical  solution of the sy s t em of equations (1) and (2) in the ease of a nonlinear t empera tu re  
var ia t ion  at the sur face  of the concrete ,  with due allowance for thermal  diffusion and the evaporat ion of 
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TABLE 1. Original Data for Calculating the Tempera tu re  and 
Moisture Fields 

0,0 
0,5 
1,0 
1,5 
2,0 
2,5 

0,15 
0,15 
0,15 
0,15 
0,15 
0,15 

~ 

=" z 

2430,0 
2429,2 
2428,3 
2426,4 
2423,9 
2420,1 

19,0 0,0624 
19,0 0,0624 
19,0 0,0624 
19,0 0,0624 
19,0 0,0624 
19,0 0,0624 

20 lS 
20 18 
20 18 
20 18 
20 18 
20 18 

44,3 2,48 14,2 
40,7 4,48 I 7,14 
35,2 6,82 3,15 
26,1 14,90 2,05 
26,5 6,63 15,4 
32,0 5,46 17,0 

1510 
2497 
2472 
2434 
2397 
2351 

0,21 
0,28 
0,50  
0,71 
1,07 

t : , O  

~ . 

114 
1,4 
1,4 
1,4 
1,4 
1,4 

mois ture  f rom the sur face  of the object in the presence  of variable thermophysica l  charac te r i s t i cs  of Lhe 
mater ia l ,  presents  ser ious  mathematical  difficulties.  On the basis  of the specific conditions of heat t r ea t -  
ment we shall the re fore  make a number of assumptions simplifying the problem. 

Let us a rb i t r a r i ly  divide the whole period of t rea tment  into equal t ime intervals .  Within each interval 
the heat-  and m a s s - t r a n s f e r  coefficients (;~, a, c, 6, a m) and the intensity of mass  outflow (qm) will be 
t rea ted  as constants,  while the t empera tu re  variat ion on the sur face  of the object will be regarded  as l inear .  

Remember ing  the re la t ively low value of the thermal  res i s tance  and heat capacity of the metal mold 
walls, we neglect the influence of the lat ter  on heat t r ans fe r  to the object. The internal heal source  and 
mois ture  sink will be regarded  as uniformly distributed over the volume of the slab. Experimental  inves-  
t igations show that the t empera tu re  and mois ture  distributions over the c ross  sect ion of the object may 
validly be t rea ted  as constant at the initial instant of the p rocess .  

Allowing for all these assumptions,  the t r ans fe r  equations may be writ ten in the form 

with boundary conditions 
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U(x,  O)= Uo. 
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(12) 

(z3) 

(14) 

(15) 
(16) 

In o rder  to solve Eqs. (9) and (10) we must know the law of exothermic heat evolution and also the law 
governing the action of the internal mois ture  sink in the hardening concrete  during heat t rea tment .  

The rate  of heat evolution depends on the thermal  charac te r i s t i c s  of the cement,  the composit ion of 
the concrete ,  the w a t e r - -  cement ratio,  and the t ime and tempera tu re  pa rame te r s  of the hardening p rocess .  
The exothermic  behavior  of cements under normal  hardening conditions at 15-20~ has been extensively 
studied, but little attention has been paid to heat evolution in concretes  during heat t rea tment  and the de-  
pendence of the intensity of exothermic  heat evolution on the hardening t empera tu re .  An analysis  of work 
ca r r i ed  out in this field shows that at the present  t ime it is quite impossible to express  the cement exo- 
t he rmic  function corresponding to the conditions of heat t rea tment  in the form of an exact relationship, 
allowing for all the factors  influencing h'eat evolution in concrete .  We are  thus compelled to consider  only 
the most  important  of these factors  and to use approximate express ions  for Qexo. 

For  the t e r m  represent ing  the internal heat source  we used the approximate formula of Voznesenskii 
[3]. After  cer ta in  t ransformat ions  this a ssumes  the form 

W 
- -  m [ t  o + t ( x ,  "0], ( 17 ) ,  

c? 
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T A B L E  2. 
t u r e  Conten t s  of C o n c r e t e  d u r i n g  Heat  T r e a t m e n t  

Calcu l a t ed  and E x p e r i m e n t a l  T e m p e r a t u r e s  and Moi s -  

Temperature t, ~ in time, h 

l Coordinate 0.5 1, o 1,5 2,o 2,5 
of point x, 
m A B A 

26,1 
22, I 
21,3 
22, I 
25,4 

25,5 
22,0 
20,5 
21,5 
24,0 

B 

34,5 34,3 
29,8 27,8 
27,8 25,7 
29,0 26,7 
33,1 32,7 

A B 

44,6 43,8 
38.8 36.5 
36.3 33,0 
36,7 34,7 
42,4 41,5 

A B 

54,0 54,2 
47,2 46,8 
44,,5 43,3 
45,8 45,0 
51.0 5i,3 

0,015 
0,045 
0,075 
0,105 
0,135 

A B 

63,9 64,2 
57,6 56,5 
53,2 53,2 
54,4 55,3 
60,0 60,0 

] 
Moisture content U, kg/kg, in time, h 

Coordinate o,s [ 1,o - 1,~ 2.0 I 2,5 
of point M 1 I 

A B a B A I B  A I B [ A  B 
J 

0 059710 0592 / 0,0558 0,0552 I0 052710 0530 0 04800 0497 
0.06161 0,060t t 0,0594 [0,057510,057210,055310,055710,0516 
0,0618 [ 0,060710,0604 [ 0,0584 0,0586[0,056610 057710,0535 
0,0615 0,0602 ] 0,059810,0570 0,057310,055010,055710,0510 
0,0592 0,0580 0,0572 0,0545 0.0541 0,05230,05000,0478 

I 
0,0615 [ 0,0608 
0,0621 t 0,0613 
0,0621 t 0,0617 
0,0620 0,0610 
0,0610 0,0603 

0,015 
0,045 
0,075 
0,105 
0,135 

N o t e .  A - ca l cu la t ed ;  ]3 - e x p e r i m e n t a l .  

w h e r e  

m =  
MCemfW~em 

c-r 

Since the  a m o u n t  of comb ined  w a t e r  in the  c o n c r e t e  is  d i r e c t l y  p r o p o r t i o n a l  to the amoun t  of hea t  
evo lved  in  h a r d e n i n g  [4], the  t e r m  a l lowing  fo r  the  i nne r  m o i s t u r e  s ink  m a y  be e x p r e s s e d  as  fo l lows:  

H e r e  

O) 
- p [to + t (x, r)].  ( 1 8 )  

? 

MCemf-QT-~ p =  
? 

Al lowing  for  (17) and (18), Eqs .  (9) and (10) take  the  f o r m  

Ot (x, r) O~'t (x, r) ~r OU (x, r)  

Or Ox 2 c Or 

OU (x, ~) O W  (x, ~) O~t (x, ~) 
= a m + a m 6 

Or Ox ~ ax ~ 

§ m I t  o _ t ( x ,  "OI, (19) 

p [to -'- t (x, r)l. (20) 

T h e  so lu t ion  of the  coupled equa t ions  (19) and (20) invo lves  c o n s i d e r a b l e  d i f f i cu l t i e s .  Howeve r ,  
r e m e m b e r i n g  tha t  e m a y  be  t a k e n  as  z e r o  (s ince  a c c o r d i n g  to ]3erkovich  [5] m o i s t u r e  t r a n s f e r  in dense  
c o n c r e t e s  t a k e s  p l a c e  p r i n c i p a l l y  in the  l iquid p h a s e  dur ing  hea t  t r e a t m e n t ) ,  t he se  equat ions  m a y  in p r a c -  
t i c e  be  so lved  s e p a r a t e l y .  

Us ing  the  o p e r a t i o n a l  me thod  we obta in  the  fol lowing so lu t ion  fo r  the t e m p e r a t u r e  f ie ld:  

n = !  

>," sin rm__~x _ 2r~a ~ ,  @ {[b 1 - -  ( - -  1) n b~] (exp Ar - -  1 - -  At) -k r A [1 - -  ( - -  1) n] (exp AT - -  1)}, (21) 
e ~ - I A  

n ~ l  

~nZa 
h = m  

R~ 

w h e r e  

The  s o l u t i o n  for  the f ie ld  of m o i s t u r e  con ten t s  is  v e r y  compl i ca t ed  and l abo r ious ,  and the f inal  so lu -  
t ion  is  so  c u m b e r s o m e  tha t  i t  cannot  be  u sed  for  e n g i n e e r s '  c a l c u l a t i o n s .  
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In o rder  to obtain reasonably  simpIe express ions  suitable for calculation, we may use the asymptot ic  
solutions of the sys t em of equations (19) and (20) with boundary conditions (11)-(!6) for short  t ime intervals .  
The final equations take the fo rm 

t(x' ")= t~ + 4~ 2 { b~ [ i'erfc (2n--1) R-- (R--  x) 
t~-I 

--i2erfc (2n--l)R@(R--x)  ] [ (2n--l)R--X --?erfc (2n--1)R+x]} . 
2 ] / ~  + b2 i'+ eric 2 ]/k~----- 2 V ~ -  ' (22) 

U (x, ~) = U o -- 2pto~ i eric -~ i eric X 
? ]/~-~ = 2 l/ain't 2 | /a~"  ~, k 

>( V [?er ic  (2n--1)R--x + i2erfe _(2n--1)R @ x_] 
[ o 

n=I )1/am~ 2 V' am~ J 

Here k - a + a m + ( e r6am/e ) .  

The functions i ne r f cx  a re  tabulated, and the use of solutions (22) and (23) for pract ica l  purposes  
presents  no difficulty. Fu r the rmore ,  these functions fall off rapidIy with increas ing argument .  Hence, 
all t e r m s  of the se r ies  except the f i rs t  a re  vanishingly small ,  and for ealeulation purposes  we may to a 
sufficient accu racy  confine attention to one t e rm in the s e r i e s .  

Es t imates  of the t ime dependence of the heat and mois ture -conten t  fields showed that to a reasonable 
accuracy  Eqs.  (22) and (23) could be used for calculations in the period of r is ing t empera tu re  in the hot 
chamber .  

The original data for the calculations are  presented in Table 1, and the resul ts  are  compared with 
experimental  values of t(x, r) and U(x, r) in Table 2. In the experiments  we used heavy concrete  of com- 
posit ion 1 : 2  and 1 :3 .73  with a cement consumption of 335 kg /m 3 and a wa te r / cemen t  rat io of 0.45. 

Analysis  of Table 2 shows that the resul ts  of calculations based on the method presented agree  quite 
closely with the experimental  data. The resul tant  solution may be used for prefabr icated re in fo rced-con-  
crete  par ts  such as flat slabs and panels.  

t(x, r), U(x, r) 

C 

~ m  

5 
E 

r 

Y 
W and o0 

B 

qm 
b I and b 2 

t o and % 
M 
Cem 
W / C e m  

NOTATION 

are the temperature (~ and moisture content (kg/kg), respectively, of the 
object at point x and time r; 
IS the thermal diffusivity, m2/h; 

IS the thermal conductivity, W ]m �9 deg; 
IS the specific heat, kJ/kg .deg; 
is the moisture diffusion coefficient, m2/h; 

is the thermal-gradient coefficient, I/deg; 
is the phase-transition criterion; 
is the heat of vaporization, kJ/kg; 
IS the bulk density of concrete, kg/m3; 
are the intensities of internal heat source (kJ/m 3 .h) and moisture sink (kg 
/m 3.h), respectively; 
is the characteristic dimension of the sample or object, m; 
is the intensity of evaporation of moisture from the concrete, kg/m ~ .h; 
are the rate of heating at the lower and upper surfaces of the sample, deg/h; 
are the initial temperature (~ and moisture content (kg/kg) of the concrete; 
is the type of cement; 
is the amount of cement in the concrete, kg/m3; 
is the water/cement ratio of the concrete mixture. 

i. 

2. 
S. 
A. 
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