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This paper shows the variation of the driving forces of external and
internal mass transfer in relation to the temperature of the heat-
transfer media (superheated steam and air). It is indicated that the
use of superheated steam at atmospheric pressure accelerates transport
processes and leads to more efficient and more economic drying.

An examination of the kinetics of external and in-
ternal heat and mass transfer in drying in superheated
steam at atmospheric pressure can be based on the
concept of chemical potential [1, 2].

The kinetics of mass transfer in homogeneous open
systems depends on the difference in chemical poten~
tials at different points in the system.

Assuming that the conditions of molecular mass
transfer are isothermal,

4m = — Dugradp, (1)
then, according to [2, 3],

gradp =

=-—sgrad T+ UgradP—{—(f;it) grade.  (2)
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In a first approximation, in which the mutual effect
of energy and mass fluxes is ignored, Eq. (1) can be
used in the case of nonisothermal conditions of mole-
cular mass transfer.

We make a comparative estimate of the driving
forces grad u of external mass transfer in the case of
evaporation from the surface of.a capillary-porous
body impregnated with water, whenair andsuperheated
steam at atmospheric pressure are used as the heat-
transfer media.

The temperature range of the heai-transfer media
is 100—500° C. We will confine ourselves to the con-
stant-drying-rate period. Within the considered sys~
tem we define two subsystems: 1) the main body of the
flow of the heat-transfer medium; and 2) the boundary-
layer space.

When superheated steam is used, the temperature
of the evaporation surface is assumed to be 100° C
(saturation temperature at atmospheric pressure);
when moist air is used, it is assumed to be 60° C
(approximate wet-bulb temperature for moisture con-
tents of 0—100 g per kg of dry air).

Molecular transfer of heat and mass takes place
between these subsystems. The change in entropy in
one of the subsystems is given by the Gibbs equa-
tion [1, 3}

n

TdS = dU + pdV — ¥\ p, dM,, (3)
i=1

which describes nonequilibrium processes in the case
in which the changes in temperature, macroscopic
velocity, and composition over the mean free path of
the molecule are small in comparison with the actual
temperature, the average velocity of the molecules,
and their concentration {2, 3].
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Fig. 1. Calculated differences in chemical

potentials (Au in J/kg) in relation to tem-~

peratures in the main body of the flow (f in
°C): 1) air; 2) superheated steam.

Under isobaric and isothermal conditions, the
chemical potential for unit mass is

Figure 1 shows the changes in the calculated dif-
ferences of chemical potentials in superheated steam
(Apg) and air (Ap,) in relation to the temperature of
the heat-transfer medium.

As the figure shows, up to a flow temperature on
the order of 160—180° C, the ratio of the difference in
chemical potentials of the two subsystems Aug = phg —
~ Ums for superheated steam to the same difference
Afig = Uba — dma for steam in a steam-air mixture is
less than unity, i.e., the driving force of external
mass transfer is greater in the case of drying air. At
higher temperatures of the heat-transfer medium, the
ratio Aus/Aua becomes greater than unity. The tem-
perature of the heat-transfer medium at which Aug =
= Ay depends on the average temperature of the ma-
terial in drying by air.

We can arrive at a similar conclusion by consider-
ing transport in a steam-air mixture at the surface of
a capillary-porous body. If the nonisothermal nature
of the heat and mass transfer processes is taken into
consideration, the total mass flow from the surface of
the material into the main body of the flow is

gp=—Dv e~
C )] vT +uc,. (5)
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The first term on the right-hand side of the equa-
tion represents mass transfer due to the concentration
gradient (concentration diffusion), the second term
represents the mass flow due to the temperature gra-
dient, and the third term represents molar mass flow.

In mixtures which do not contain hydrogen, we can
neglect thermal diffusion, since k; « 1, and then we
obtain

gn=—Dvye,—D —CT— vT+uc.  (6)

The experiments of Nesterenko, Dokuchaev, and
other have shown that the partial pressure of water
vapor on the surface of an evaporating liquid is equal
to the saturation pressure at a temperature equal to
the surface temperature (a difference of not more than
1-5%). We assume that in air drying the surface tem-
perature of the material does not exceed 60° C. The
corresponding water vapor pressure is about 20 000
N/m?. When superheated vapor is used as a heat-
transfer medium, the temperature of the material is
maintained at 100° C. The saturation pressure in this
case is 98 066.5 N/m?,

Making a numerical comparison of the difference
in vapor concentrations at the surface of the material
and in the main body of the flow for the case of evapora-
tion info air and superheated steam, we see that up to
a flow temperature of 180—200° C the concentration
difference Acy, in drying by air is greater than the Acg
in steam. At higher temperatures Acg > Acg, and with
increase in temperature Acg increases much more
than Acy. For instance, when the temperature t of the
heat-transfer medium is 150° C, Acg/Ac, = 0.53; when
t=250° C, Acg/Ac, =1.3; and when t =350° C, Acg/
/Acy =1.8.

The coefficient of diffusion in air at 0° C is Dy =
= 0.216 cm?/sec, and the coefficient of self-diffusion
of steam at the same temperatureis Dg = 0.266 cmz/sec.

The relationship between these coefficients and the
temperature is the same:

2 2
D, =0.216 L) D, = 0266 [\,
273 273

Thus, a comparison of the numerical values of the
driving force of external mass transfer, expressed as
the difference of chemical potentials or the difference
of concentrations, shows a relative increase of mass
transfer in superheated steam when the temperature
in the main body of the flow is above 180° C.

A similar conclusion is reached from an estima-
tion of the driving force of internal mass transfer,
expressed as the difference in chemical potentials at
different points in the body.

Considering the case of symmetry of temperature
and moisture distributions in convective heat and mass
transfer between a plate and the flow of a heat-transfer
medium, we take the difference of chemical potentials
at the center (uqm) and at the surface (ugy) of the plate
as the driving force.

It is known [4] that the chemical potential of mass
transfer inside a moist body depends on how the
moisture is bound to the material. In the hygroscopic
region, where p/pg = @ < 1, the chemical potential of
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mass transfer is identical with this energy of binding
of the moisture to the material.

In the region of the moist state of the material
{p — pg — 0; ¢ — 1), the chemical potential is a func-
tion of the temperature and moisture content. Pro-
ceeding from the fact that the binding of moisture in
macrocapillaries is purely mechanical, Nikitina ob-
tained an expression for the chemical potential of water
in a capillary in the form [4]

uzi——TsﬁQUlG .
r

(7)

The variation of the chemical potential of mass
transfer in material in relation to temperature of the
material, calculated from formula (7), is shown in
Fig. 2. The mean radius of the capillaries in the ma-
terial was takenasr=1 "+ 10"%m,

As the figure shows, the difference in chemical
potentials Ay, for a temperature difference of one de-
gree increases with increase in the mean temperature
& of the material. For instance, at a mean tempera-
ture of 30° C Aug= 0.37 - 1078 J/kg, atd = 60° C Ay =
=0.9-10"% J/kg, andat § = 100° C Ap = 1.3-107 J/kg.

Since the temperature of the material during drying
in superheated steam is higher than in drying by air,
the internal mass transfer, determined by the differ-
ence in chemical potentials, is more rapid when super-
heated steam is used as a heat-transfer medium than
when air with the same parameters is used.

We can arrive at a similar conclusion when we con-
sider that an increase in the mean temperature of the
material improves the mechanism and coefficients of
mass transfer. Phase change of the bound substance
is first greatly intensified. The dominant process may
be molar mass transfer due to the unrelaxed pressure
gradient.

The intensification of molecular and molar mass
transfer is also assisted by an increase in thermal
conductivity, thermal diffusivity, and moisture dif-
fusion.

Thus, the use of superheated steam as a heat-
transfer medium has advantages over air as regards
both external and internal heat and mass transfer in
the drying of capillary-porous bodies during the con-
stant drying rate period.

An analysis of the processes in dryers by the ex-
ergetic method can be used to determine the perform-
ance and sources of loss in various power plants [5].
The loss is defined as the difference between the maxi-
mum possible work and that actually performed:

Aeyy, = e —Ae. (8)

In real plants the loss is due mainly to the exis-
tence of finite temperature differences, hydraulic re-
sistances, heat loss to the surroundings, and leakage
of working fluids in plants working under excess pres-
sure.

By compiling the mass and heat balance of a dryer
when air or superheated steam is used as a heat-
transfer medium, we can calculate the exergy of the
working media at all characteristic points of the sys-
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tem. We can then compile the energy balance of the
different parts and the system as a whole and deter-
mine the energy efficiency of the apparatus:

g =1— LA eloss - _Cuse . (9)
€exp Eexp

The determination and calculation of the quantities
comprising the thermodynamic loss in the different
parts of a specific type of dryer for nontextile adhesive
materials, in the case of drying by steam and air with
an initial temperature of 250° C, enabled us to estab-
lish that the energy efficiency n% in the first case is

higher than in drying by air 2 : n3 = 26% and 12 = 18%.

The smaller value can be explained as follows:

1. In the process of mass transfer occurring in a
drying chamber with superheated steam as a heat-
transfer agent, two substances of similar nature are
mixed {water from the material and the superheated
steam). The thermodynamic loss in the mixing of sub-
stances of different nature (water from the material
and air) is much higher.

2. The loss due to the finite temperaturedifferences
is directly proportional to the temperature difference
and inversely proportional to the product of the ab-
solute temperatures of the bodies involved in the heat
transfer. Since, as we have seen, the temperature
difference between the drying agent and the surface of
the material in the first drying period is higher when
air is used as a heat-transfer medium than when super-
heated steam is used, the thermodynamic loss in the
first case is higher than in the second.

Thus, from the thermodynamic aspect, drying by
superheated steam is more efficient (n(S3 > ng).

The use of superheated steam in dryers has several
technical and economic advantages in comparison with
air or furnace gases:

a) the specific heat consumption is reduced, since
it is possible not only to minimize the heat loss with
the discharged heat-transfer medium by the use of a
closed~circuit system, but also to utilize a great pro-
portion of the heat expended on the evaporation of
moisture from the material;

b) the drying rate can be greatly increased usually
without affecting the condition of the final material;

¢} the absence of free oxygen in superheated steam
rules out ignition of the material, which means that
media with high initial temperatures can be used;

d) operating and, probably, capital costs are re-
duced in comparison with the use of dry air, since
the volumetric specific heat of steam is 20-30% higher
than that of air.

One of the serious drawbacks of dryers using super-
heated steam is the problem of sealing the system for
continuous feed and withdrawal of material. The pres-
ence of admixtures of air in the steam cancels out the
above advantages of superheated steam. The use of a
heat-transfer medium with high initial temperatures,
the possibility of operation at low (~2-5 mm water)
excess pressure, and continuous progress in design
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will lead in the very near future to the extensive adop-
tion of this method of drying.

- w0t
&
4 / /
/
2 //
/
o w W o @ 7

Fig. 2. Chemical potential (u in J/kg)
of material as a function of tempera-
ture (4 in ° C).

NOTATION

O is the specific mass flux; Dy is the molecular
diffusion coefficient based on the gradient of the chem-

.ical potential; u is the chemical potential per unitmass;

s, T, v, p, and ¢ are the entropy, absolute tempera-
ture, specific volume, pressure, and concentration
respectively; U, V, pj, and M; are respectively, the
internal energy, volume, chemical potential, and mass
of the i-th subsystem; i is the specific enthalpy; uy and
iy are the chemical potentials calculated for param-
eters of the boundary layer and the main body of the
flow, respectively; D is the molecular diffusion coeffi-
cient based on the concentration gradient; My, My, ¢y,
and ¢, are the molecular weights and concentrations

of steam and air, respectively; k; is the thermal dif~
fusion coefficient; u is the velocity of the molar flow
of mass in the direction of the normal fo the evapora-
tion surface; v} is the specific volume of the liguid
enclosed in the capillaries; o is the surface tension;
Aelggs 15 the loss of exergy of the working media in
individual parts of the plant; Aeexp is the expended
exergy of the working media; e e is the usefully ex-
pended exergy.
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