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This paper describes a method and a laboratory apparatus for the direct
calorimetric determination of the specific heat of evaporation of a lig-
uid absorbed by a dispersed solid in a wide range of temperature and
mass content. The heats of evaporation of moisture from KSM silica
gel in the temperature range 293°-353° K are determined. The ob-
tained data are used to calculate the relationship between the chemical
potential of the absorbed moisture and the moisture content of different
temperatures.

The specific heat of evaporation of a liquid absorbed
by a dispersed porous solid is one of the main thermo-
dynamic characteristics of the binding of a-liquid with
a solid[1], and a knowledge of this characteristic is
important for both the theory of dispersed solids and
drying techniques. Hence, an experimental determina-
tion of this quantity is of great scientific and practical
interest,

In 1961 one of us [2] proposed a new method and a
laboratory apparatus, based on the kinetics of drying,
for the direct calorimetric determination of the spe-
cific heat.of evaporation of a liquid from dispersed
solids. This method was successfully used to investi-
gate the specific heats of evaporation of moisture from
typical dispersed solids [3]. The apparatus described
in [2], however, had several drawbacks, the main one .
being that measurements of the heat of evaporation
could be conducted only in a narrow temperature range,
The experience gained in work with the apparatus of
[2] led to the construction of a new and much improved
apparatus which allowed measurements in a wide tem-
perature range, including room temperatures, which .
ig particularly important for the investigation of ther-
molabile solids. At the same time, we amended the
fundamental principles of the method and made a stric-
ter estimate of the errors which could arise when the
conditions of the method were not exactly satisfied. A
description of the improvements to the laboratory ap-
paratus, the method of work with it, and the obtained
results forms the content of this paper.

The method of determining the specific heat of evap-
oration of a liquid is based on the continuous automatic
compensation of the heat used up on the evaporation of
the liquid during the drying of the dispersed solid at a
continuously varying evaporation rate.

We consider a sample of dispersed solid subJected
to drying in a thermostat in which the air femperature
T, is kept constant throughout the experiment. If there
is an electric heater inside the sample, the heat-balance
equation for the case of drying will have the form

dm
dt

dT
L +cqm~zr—+uqF(T——Ta)~—l2r=0._ @)

Here the first term takes into account the heat spent
on evaporation of the liguid; the second represents the
heating of the sample; the third the heat transfer to the
surroundings; and the fourth the power released in the
sample by the electric heater.

To determine the specific heat of evaporation of the
liquid from the sample it is necessary to maintain the
current in the sample so that the surface temperature
of the sample during the whole experiment is constant
(despite the change in evaporation rate in the different
drying periods) and equal to the constant ambient tem-
perature. In this case all the heat released by the
heater will be spent entirely on evaporation of the lig-
uid, so that from the known current in the heater and
the drying rate of the sample the specific heat of evap-
oration of the liquid can be determined for any mass
content of the sample, from the formula

Pr
dmydt

2)

Thus, to determine the specific heat of evaporation

_-of a liguid for different mass contents of the dispersed

solid we need to know at any instant during the experi-
ment the drying rate dm/dt, the current I in the sam-
ple heater, and the mass content W of the sample, with
the main provision that the temperature of the surface
of the sample and the ambient temperature be equal.

If the temperature of the sample surface is not ex-
actly equal to the air temperature in the thermostat

. the heat transfer occurring in this case will introduce

into the measured heat of evaporation an error equal to

o, F(T —Ty)
dmid « ’

Lact —Lieas = 3)
It can be seen from (3) that the magnitude of this
error is inversely proportional to the rate of evapora-
tion of the liquid. Hence, although this method can in
principle be used to determine the heat of evaporation

at any temperature, the determination of the heat of
evaporation at relatively low temperatures (e.g., for
water at room temperature) on the previously proposed
apparatus [2] involved considerable errors, since the
evaporation rate in this case istoo small, and even a
small error in regulation of the temperature of the
sample can greatly distort the results, The same lim-
itation applies to the determination of the heat of evap-
oration of a strongly bound liquid (an adsorbed liguid,
for instance), where the evaporation rate is low even
at much higher temperatures.

To increase the evaporation rate of llqu1d in the de-
seribed new apparatus we can alter the total pressure
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Fig. 1. Diagram of apparatus.
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in the thermostat from atmospheric to (3—8) « 108
N/m? The evaporation rate in this case can be in-
creased several (as much as ten) times, and this allows
a considerable extension of the temperature range in
which the measurements can be made. It is important
that the heat of evaporation of most pure liquids when
the total pressure is changed in the above range is
practically unchanged [4, 5] and, hence, it is unneces-
sary to introduce any corrections for pressure in the
obtained results,

Fig. 2, Calorimetric cell.

It is important that the calculation in this method,
as distinct from most other methods used at present,
does not involve the heat capacity of the system. This
is particularly important for the determination of the
heat of evaporation of a liquid from dispersed solids,
since the heat capacity of the liquid adsorbed by a sol-
id can differ significantly from the heat capacity of the
free liquid [6], and it cannot always be estimated.

A schematic diagram of the new apparatus is shown
in Fig, 1. The sample of dispersed solid in the form
of powder or sand is put into the calorimetric cell (C
in Fig, 1). Its construction is shown in Fig, 2. As dis-
tinct from the previously described cell [2], it is in
the form of closed copper meshwork box (mesh size
0.2 mm) with soldered supporting edges, Inside the
cell, which consists of two parts (2 and 4 in Fig, 2)
there is a flat sectioned heater 3 made of nichrome
with a resistance of about 1300 ohm, The space be-
tween the heater and the meshwork walls of the cell
takes about 2—4 g of sample (depending on its density).
Since the cell is made of sufficiently fine mesh it can
retain a considerable amount of suspended liguid.
Thus, at the start of the experiment we can determine
the heat of evaporation of the free liquid, which is im-~
portant for checking the obtained results.

Special experiments showed that the whole surface
of the cell, owing to the high thermal conductivity of
the copper meshwork, is isothermic, which is essen-
tial for the determination of heat of evaporation by the
described method. One group of junctions ab of a dif-
ferential ten-junction copper~constantan thermopile is
cemented to the onter surface of the meshwork for
measurement of the temperature of the cell surface.
The second group of junctions of the thermopile a'b' is
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attached to a closed copper meshwork box (1 and 5,
Fig. 2) with a mesh size of 2 mm, which surrounds
the cell at a distance of 1.5 cm from it and evens out
the air temperature in the thermostat, Thus, the ther-
mopile reacts to a temperature difference between the
cell surface and the surrounding air and serves as a
sensor for the regulator of the current in the cell
heater. A second similar thermopile, consisting of
four thermocouples (not shown in Fig. 2), is connected
to a separate mirror galvanometer G, and is used to
check that the temperatures of the cell surface and the
air in the thermostat are equal, i.e., it provides a
check on the operation of the current regulator.

Instead of the arrangement with the galvanometric
amplifier described in [2], the current in the heater
of the calorimetric cell is regulated in this apparatus
by a proportional astatic regulator represented by
block VI in Fig. 1.

The emf of the thermopile mounted on the cell is
converted to an alternating voltage by means of a vi-
brating-reed converter and is then amplified by a UE-
109 electronic amplifier. Connected to the amplifier
outputis anRD-09 reversing motor, the direction and
speed of rotation of which are determined by the sign
and magnitude of the emf of the thermopile of the cal-
orimetric cell, The spindle of the RD-09 motor is
connected through a reducing gear to the slider of a
variable resistor, which sets the potential on the grid
of a 6P1P tube, the anode circuit of which contains the
heater of the calorimetric cell. Any deviation of the
temperature of the surface of the calorimetric cell
from the temperature of the surrounding air causes the
the rotation of the reversing motor and a concomitant
change in the current in the heater of the calorimetric
cell. The rotation of the motor continues until the
change in current in the heater makes the temperature
of the cell surface equal to that of the surrounding air,
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Fig. 3. Increase in specific heat of evaporation
AL, J/kg (a) and increase in chemical potential
of moisture Au, J/kg (b) at functions of moist-
ure content, W, % of KSM silica gel at different
temperatures (1—293° K; 2—313°; 3—333°;
4—353°). The vertical broken line denotes the
boundary of evaporation of absorbed and capil-
lary moisture.

The inclusion of a reversing motor, which is an in-
tegrating link, increases the stability of the regulating
system [7] and also makes the regulator astatic, i.e.,
freefrom the error of statism. This isthe advantage of
this regulator over that described in {2], since during
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experiments to determine the specific heat of evap-
oration of liquid bound in different ways with a solid,
the current in the heater of the calorimetric cell can
vary from 2-3 to 80-100 m, i.e., by a factor of more
than 30, and in this case the error of the regulator due
to its statism may be considerable [7].

The power amplifier incorporating a 6P1P tube is
connected up as a variable-input voltage stabilizer [8].
This considerably reduces the effect of variations of
the anode voltage, applied by a dynamotor, on the op-
eration of the circuit. A system of screens, as de-
scribed by White [9], is used to shield the thermocouples
from interference. The current in the cell heater,
which comes into the calculation formula (2), is re-
corded throughout the experiment by an EPP-09 record-
ing potentiometer VIII (Fig. 1).

For continuous recording of the weight of the calori-
metric cell with the sample the latter is suspended on
one of the pans of an automatic balance (block II in Fig.
1), which is connected up in the same way as in [2].
For convenience in calculating the mass content of the
sample and the evaporation rate of the liquid [which
come into formula (2)] the balance system has two
outputs, the signals from which are applied to differ-
ent channels of the EPP-09 so that two weight curves
are recorded simultaneously on the tape. The first
curve, which has a small scale (about 3 g over the
whole scale), enables easy calculation of the mass
content of the sample at any instant during the experi-
ment, The second curve, recorded on a very large
scale (about 100 mg over the whole scale) and consist-
ing of a large number (up to 20) of separate portions
"fitted into" the scale by means of a variable resistor
R-15 (Fig. 1), serves for accurate calculation of the
evaporation rate of the liquid,

The calorimetric cell containing the sample is ac-
commodated in the thermostat (I in Fig. 1), which is
in the form of a metal case of 4-mm iron with an air-
tight door. The mechanical part of the balance is also
contained in a sealed iron case connected with the
thermostat by a tube through which the suspension of

the cell passes.
The air pressure in the thermostat (and the balance

case connected to it) is altered by a RUN-200 forepump
(VII in Fig. 1). The pressure in the thermostat is reg-
ulated manually by a valve and checked by a manome-
ter, The presence of the large fore-cylinder prevents
sharp variationsof pressure, andthe slow change of
pressure during the experiment has no effect on the
results,

The air temperature in the thermostat is kept con~
stant by means of two independent regulators (blocks
IIT and IV in Fig. 1). Coarse temperature control of
the air in the thermostat is effected by a relay regula-
tor (Il in Fig. 1) with an R-34 thermistor as the sensi-
tive element [10]. This type of regulator provides bet~
ter temperature control when the air pressure in the
thermostat changes than the contact-thermometer
regulator described in [2]. More accurate control of
the air temperature near the calorimetric cell, con-
tained in the guard vessel of the thermostat, is effec-
ted by a proportional regulator IV similar to that de-
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scribed in [2]. The airtemperature in the guard vessel
of the thermostat is continuously measured by a copper
resistance thermometer (6 in Fig. 2) and recorded by
means of a bridge circuit V as a check curve on the
tape of the recording potentiometer VIII.

a
292 703 313 323 333 343 2

Fig. 4. Increase in specific heat of evaporation

of moisture AL, J/kg, as a function of tempera-

ture T, °K for different moisture contents W, %
(figures on curves).

Thus, with this laboratory apparatus we were able
to record experimentally the values of all the quanti-
ties which are contained in formula (2) and are re-
quired for the calculation of the specific heat of evap-
oration of a liquid from a dispersed solid with any
mass content in a wide temperature range. The error
in determining the heat of evaporation on this appara-
tus does not exceed 1-3%, depending on the sample
and the experimental conditions.

Using this apparatus we determined the specific
heat of evaporation of different forms of bound mois~
ture from a typical capillary-porous solid-KSM silica
gel in the temperature range 293°-313° K. The exper-
iments at 333° and 353° K were conducted at atmo~
spheric pressure and those at 293° and 313° K were
conducted at an air pressure of about 6.6-10° N/m?%
The obtained results are given in Fig. 3a.

The figure shows that the heat of evaporation in-
creases as the moisture content decreases. This in-
crease attains a considerable value—at 10% moisture
content it is about 20% of the heat of evaporation of
free water. The course of the curve changes more
sharply on transition from one form of moisture bind-
ing to another, This is also typical of almost all moist
materials,

Figure 3a also shows that the course and shape of
the curves are almost independent of the temperature,
although the increase in heat of evaporation is differ-
ent at different temperatures,

Figure 4 shows a relationship which can be repre-
sented fairly accurately in a linear form

AL=AL (1 —yT +yT,). (4)

The obtained data also enable an easy calculation of
the relationship between the chemical potential of the
bound moisture and the moisture content at different
temperatures, In fact, the chemical potential and the
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increase in heat of evaporation are connected by the
well-known Gibbs~Helmholtz relationship

dAp
L —L,= A L = A - - 5
I M aT (5)
Integrating (5), we obtain
Au.-;—TgA]jrgT) dT. (6)

If we substitute in (6) the relationship between the in-
crease in heat of evaporation and the temperature in
explicit form (3), we obtain

AM A[_,O(l _)_.yT]HT+YTO_CT) (7)

The constant of integration ¢ must be found from
the known value of the chemical potential at a given
temperature. In this work we used the isotherm of ad-
sorption of water vapor on this silica gel at 293° K.
Using this isotherm and the usual relationship

m
A =-—_RT1 8
b MR ng (8)

we calculated the relationship between the chemical
potential and the moisture content of silica gel at one
temperature. Then, from formula (7) we found the
constant ¢ which enables us to find the relationship
between the chemical potential and the moisture con-
tent at different temperatures. The results of this cal-
culationare shownin Fig. 3b. Figure 3b shows that the
chemical potential of moisture absorbed by silica gel
does not depend greatly on the temperature. This
steady increase in chemical potential with reduction in
the moisture content of silica gel is also clearly illus-
trated.

NOTATION

L is the specific heat of evaporation of liquid; L, is
the specific heat of evaporation of free liquid; m is the
mass of solid; 7 is the time; ¢q is the heat capacity of

INZHENERNO-FIZICHESKII ZHURNAL

solid; T is the absolute temperature; ¢q is the exter-
nal heat transfer coefficient; F is the surface of sam-
ple; I is the heater current; r is the heater resistance;
Ay is the increase in chemical potential (over chemi-
cal potential (over chemical potential of free liquid at
the same temperature); < is the temperature coeffi-
cient of increase in heat of evaporation; Ty is the fixed
temperature (293° K); R is the universal gas constant;
M is the molecular weight of liquid; ¢ is the relative
pressure of vapor over material; AL is the increase in
specific heat of evaporation of liquid (over that of free
liquid at the same femperature),
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