ANALYTICAL STUDY OF HEAT AND MASS TRANSFER
IN THE HARDENING KINETICS OF CONCRETE
HEAT-TREATED IN AN ELECTROMAGNETIC FIELD

L. Ya., Volosyan and I. V. Chernyshevich UDC 536.248.666

The results are given from an analytical and experimental study of the kinetics of the heat
treatment of ferroconcrete slab structures in an alternating electromagnetic field.

A technique for accelerating the bardening of concretes in the wet heat treatment of ferroconcre!
structures in an industrial-frequency electromagnetic field is currently under investigation and in pract
operationat thelInstitute of Heat and Mass Transfer of the Academy of Sciences of the Belorussian SSR [
2]. :

The distinguishing feature of this heat-treatment process is the relatively uniform withdrawal of
heat throughout the entire volume of the concrete due to the conversion of electrical energy into heat in
ferromagnetic form and reinforcement matrix of the specimens, i.e., a virtually uniform distribution of
both external and internal heat sources. Under the conditions of actual heat transfer with the surroundi
medium, however, a temperature field is formed, which naturally induces the formation of a moisture-
content field.

The electromagnetic heat treatment of ferroconcrete slabs in a metal form with a reinforcement
matrix distributed uniformly throughout the concrete can be described by a set of heat- and mass-transi
differential equations [3] with internal heat sources and moisture sinks. In the heat treatment of ferro-
concrete slabs on a ferromagnetic substrate (metal form) the process can be described by the following
set of differential equations (one-dimensional problem):
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The initial conditions are as follows:
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Fig. 1. Kinetic curves for the wet heat treatment of ferroconcrete
slabs in an electromagnetic field. a) Schematic of the ferrocon-
crete specimen (layers numbered 1 through 6; RM) reinforcement
matrix); b) variation of the temperature (°C) in the concrete and the
percentage humidity (%) of the treatment-chamber atmosphere with
time (h): 1) first (bottom) layer; 2) second layer; 3) third; 4) fourth;
5) fifth; 6) sixth (top) layer; 7) form temperature; 8) reinforcement
matrix temperature; 9) percentage humidity of chamber atmosphere;
¢} local moisture distribution (kg/kg) in the concrete versus time
(h): 1) first (bottom) layer); 2) second layer; 3) fourth; 4) fifth; 5)
sixth (top) layer, So as to avoid error the moisture content of the
third layer containing the reinforcement matrix was not determined.

In the present article we generalize and correlate the results of analytical and experimenfal investiga-
tions of the temperature and moisture-content field distributions in the hardening kinetics of concrete sub-
jected to wet heat treatment, during the period in which the temperature rises to a maximum in the speci-
men, as it is in this part of the temperature regime (see Fig. 1) that the main physicochemical processes
involved in the coagulation and crystallization structurization of the cement take place. In this period, as
a rule, the destructive processes elicited by the temperature-humidity strains of concrete experience their
peak development.

In Eq. (1) we have introduced the term (IW + q,)/ ¢y on the basis of the following consideration,

The hydration chemical reaction of cement in a hardening mass of concrete is accompanied by the
uniformly volume-distributed internal release of heat from the cement. We denote this heat source by q4
=1IW, i.e., the power of the internal heat source formed by hardening of the concrete is equal to the prod-
uct of the power W of the internal moisture sink due to losses in the molecular (hydrate) bond by the en-
thalpy I of the given system.

We know that the hydration of mineral binding agents is a strongly exothermal process. The total
heat release determines the amount of chemically bound water, i.e., the degree of hydration of the cement
(the relative completion of the chemical reactions of the cement minerals with water). As the quantity of
water in the molecularly bound state is increased (according to the scheme of P, A. Rebinder), the heat of
hydration increases in the erystal hydrates of cement, attaining, according to the data of [4], 40-50) - 103
keal/ m?® of concrete, which is equivalent to a temperature increase of 70-80°C. The maximum rate of heat
release in this case is observed in the first two or three hours of hardening. The heat imparted to the sys-
tem is spent in increasing the enthalpy I, which is a thermodynamic function of the state of the system.
Now, by virtue of the equation dI = dU + pdV, this heat goes toward increasing the interval energy of the
system and completing the work of increasing the volume of the new-formed cement.

Thus, according to Powers [5] the hydration of Portland klinker doubles the volume of the hard con-
stituents in the cement mix, even though the process as a whole proceeds without significant volume
changes of the specimens.
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Next we represent the heat release in the reinforcement matrix, which is distributed uniformly in the
concrete, by the source q,. The total internal source is Q = q; + d,. It must be noted at the same time that,
owing to the fundamental dependence of the internal exothermy on the temperature [6, 7], this result will
tend to smooth out the irregularity of the temperatlure field in the given heat-treatment technique.

Equation (2) includes the additional term « = 100 - Wayy,/ Ay, which accounts for the internal moisture
sink due to water entering into chemical bond with the cement, resulting in the production of high-hydrate
and low-hydrate modifications of the new-formed cement.,

The right-hand side q,,, of the boundary condition (3) is equal to zero, because for x = 0 the moisture
flow in the direction of the metal form, which acts as a moisture insulator, is equal to zero.

The solution of the system (1)-(8) with linear variation of the temperature of the form and surrounding
medium, taking thermal diffusion and moisture evaporation from the slab surface into account, presents
considerable mathematical difficulties. The specific conditions of the wet heat treatment of ferroconcrete
specimens in electromagnetic chambers permit the problem (1)-(8) to be simplified. Following are the
principal assumptions.

Recognizing that when a ferroconcrete slab is heated in an electromagnetic field the temperature
drop over its cross section in a given part of the regime is slight (see Fig. 1), plus the fact that the instan-
faneous moisture content is close to the initial value in this period, the value of the thermal gradient coef-
ficient § is small. In Eq. (2), therefore, the second term can be dropped.

Proceeding from the experimental data, we can assume that the phase conversion criterion € in
concrete [8] is equal to zero, since the transfer of moisture in vapor form is smaller by three orders of
magnitude than that in liquid form. Consequently, we can neglect the second term of Eq. (1).

Moreover, in the concrete heating period the principal internal heat- and mass-transfer coefficients
A, a, ¢, and a,, are variables, due to the time variation of the physicochemical properties, temperature,
and moisture content of the concrete. In view of the fact that the analytical solution of the heat- and mass-
transfer system with time-variable thermophysical and mass-transfer characteristics also presents sizable
difficulties, in order to calculate the moisture-content fields we arbitrarily partition the heating period
into four equal time segments (zones). Now within the limits of each segment the values of the coefficients
can be assumed constant but different in numerical value for each succeeding segment of the heating period.

Inasmuch as only a very minute quantity of moisture is evaporated from the concrete in the given
part of the temperature regime due to the high relative humidity of the surrounding medium (¢ = 85-95%),
the heat of vaporization can be neglected.

The indicated internal heat source Q, according to the foregoing considerations, is assumed to be
uniformly distributed throughout the slab volume. Thus, the mathematical statement of the problem is as
follows for this case:
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Newton's law is taken into account in Eq. (13). Since a quasi-stationary regime is assumed to pre-
vail, the heat-transfer coefficient ¢ is presumed to be constant:

t(0, 1) = Av -+ B; t,,= Ay + By; t{x, 0) =1, (14)
u(x, 0)=u,. (15)

210



*e1ep [euswiradxs oyl g ‘Teonf[eue oyl 210uUsp ¥ BION

9L 08 99 59 % 08 ge Gg 9820°0 | 0CL0°0 | O¥80°0 | F0S0°0 | 0880°0 | 8/80°0 | 02600 | 00600 g=x
L} o8 | 99 | g9 | & | og | ¢ qg 0180°0 | S¥Z0‘0 | 0980°0 | 4€80°0 | 0060°0 | €060°0 | 9360°0 | 63600 mW =x
18 | 08 | 89 [ s9 | e | o5 | 8¢ e 81800 | 2520°0 | 0980°0 | 1280°0 | 0060°0 | 8060°C | SG60°0 | £€60°0 «le =x
6, | 08 | 89 | g9 | s | o0 | e¢ ae 0880°0 | 89/0°0 | 9/80°0 | S980°0 | 0860°0 | 2260°0 | 0E60°0 | 9€60°0 * =x

08 | 08 | 69 | 99 | 9¢ | 0 | ¢ qg 0980°0 | 9820°0 | 0680°0 | 8.80°0 | 9260°0 | 9360°0 | O¥60‘0 | 6¥60°0 | o=x

glv | alvlal v v g v g | v a | v g v

? _ 2 ~ 4 _ v £ 3 7| ssew{or2
usuiroadg

U 2w SA O, ‘1 armieladwaf,

Y owm sA 3x/3y

T1 WIUCD DAISTON

SOTJOUIY] JUSWIBOI I, -89 Ul
SUOTINLIISIQ PO JUSIUOD-8INISIO PuB danjeiedwia ], oY) JO SONJBA [BjUeWIIadXd pue [eonA[euy ‘g ATV

:m«oo“o 00¢€1t mooouo 1208 4 860°0 300 11 68z 89°1 ¥5°0 02 a1 00%¢ 90°0 Al k4
Ivmoo,o 00,01 100°0 e9 ¥ €50°0 300 €6°9 c‘8g GL1 8z‘0 03 a1 01%% mcuo 111 €
wm:oo.o 00201 | mwﬁoo”o 8% ¥ mmouo %0°0 mmmv %'6% 811 950 0% a1 (Vg4 oo.o 11 4
£9100°0 0086 S00°0 4 S60°0 @00 LV E 3'63 981 930 0% q1 51974 920°0 I 1
Y VAR
ERE
ng 6 o Y °n °n ) St 012 ¥ LS g v 4 ¥ mo.um.@ 8% .m_nm w:m.,
[} =t i
* ~Ee| 5 3
| v

SPToLd JUejU0)~0aNnISTO pue eanjeradwo ], oy3 Jo UOHBINOTRD IO BIe( [BUWI T A1dV.L

211



The solution of problem (9), (13), (14) has the form

t(x, 1) T+ B+ e [————————1 TR X
an’
4(M~A)_hR3 = sin (,”_"x)(l —cosp)e B
+ al - AR — (16)
a wd 17 5in 2, [RA (1 4 RA) + ]

n=
where py, represents the positive roots of the equation pcotp + Rh = 0.

Here, beginning at a certain time in the concrete heating period, the temperature difference t(0, 7)
—tyv becomes insignificant and may therefore be neglected in Eq. (16) for the calculation of the tempera-
ture field. Under the condition w = const, applying the Laplace transform to problem (10), (11), (12), (15),
we have the following solution for the moisture-content field:
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in which uj represents the positive roots of the equation

a w
{ = 2 = .
clgr = g By Bi_
Under the condition w = w(r), applying a finite integral transform to the same problem, we find the solu-
tion in the form

2
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T
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b

u(x, ) =te+4 , (18)

2u,, -+ sin 2y,

k=]

where pj represents the positive roots of Eq. (17').

For each of the segments into which we arbitrarily partitioned the temperature-rise period the
coefficients A, a, and ¢ have been obtained experimentally. The initial data for the calculation of the tem-~
perature and moisture-content fields are given in Table 1. Using the radiometric method, we experi-
mentally determined the local moisture contents during the hardening of concrete under heat treatment
by transmitting a collimated beam of thulium-170 isotope A-quanta through each layer of the slab [9]. The
moisture diffusion coefficient for each subinterval of the temperature-rise period was determined by the
procedure of [10]. The value of the mass conductivity A,, for concrete of the given composition was taken
from [11},

The quantity W of chemically bound water was determined experimentally in the heat-treatment
kinetics by the procedure of Butt [12]. The composition of the high-test concrete is given in [2].

The calculated values of the temperature and moisture-content field distributions in a ferroconcrete
slab according to Egs. (16) and (17) were compared with the experimental data (Table 2).

As apparent from Table 2, the results of the calculations according to the simplified procedure are
in good agreement with the experimental. The solution of this problem can be extended to preformed ferro-
concrete objects such as flat slabs and panels whose thickness is several times smaller than the other
two dimensions (length and width).

Similar calculations can be carried out for long straight objects such as beams, columns, etc., by
treating them as infinite cylinders having an equivalent cross section.
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NOTATION

t is the running temperature, °C;

u is the running moisture content, kg/kg;

a is the thermal diffusivity, m?/h; '

am is the moisture diffusion coefficient, m?/h;

P is the thermal conductivity, kcal/m - h-deg;

Am is the mass conductivity, kg/ m-h-deg;

c is the specific heat, kcal/kg - deg;

5 is the thermal gradient coefficient, deg™!;

v is the density of the concrete, kg/m?;

Q is the total power of internal sources, keal/ m?- b

£ is the dimensionless phase conversion coefficient;

p is the specific heat of vaporization, kecal/kg;

Yo is the kiln-dry density of the concrete, kg/m?;

o is the heat-transfer coefficient, keal/m?- h- deg;

U is the moisture flux, kg/m?- h;

By is the mass-exchange coefficient, m/h;

A, B, A, B are constant coefficients;

h=a/A m

R is a characteristic dimension, m;

Ug is the equilibrium moisture content, kg/kg;

u, is the initial moisture content, kg/kg;

W is the quantity of moisture entering into chemical bond with the cement per unit volume
of concrete per unit time, kg/m?®. h;

I is the system enthalpy, kcal/kg;

Biy =BmR/ay  is the Biot mass-transfer criterion.
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