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The results of experimental investigations of the kinetics of foam drying of fish 
hydrolyzates are presented. The dehydration mechanism is analyzed and the 
enhancement of the process with dehydration of solutions in a foamed state is 
explained. 

For the investigations, we used hydrolyzates of Caspian sprats, obtained using A. P. 
Chernogortsev's procedure [i]. The duration of autoproteolysis, in this case, was six hours 
and foam generators and stabilizers were not used. The investigations were carried out on 
the experimental setup in [2] with different methods of energy input. It was established 
that the best results are obtained with convective energy input and an optimum initial solu- 
tion concentration of 45-50% dry weight. 

A characteristic of the process of convective foam drying is the close relation between 
phenomena related to the parameters and stability of the foam structure, heat and moisture 
transfer within and through the framework of the drying foam, the thermodynamic parameters 
of the bound water, and mass transfer in the boundary layer. 

The nature of the drying curves of thin (0.25 mm) and thick (2.5 mm) foam layers with 
different air parameters (Figs. 1 and 2) indicates the complex mechanism of dehydration. 

The temperature curves (Fig. 2), measured at the center of thick foam layers, are bicon- 
vex and, in addition, there is no period of time in which the temperature is constant. This 
indicates the low thermal conductivity of the foam layer and the complex mechanism of trans- 
port of dissolved substances and moisture within the foam. It is characteristic that the 
first inflection point of the temperature curves occurs at W c =60-70%, where the intensity 
of moisture removal begins to decrease. The transport of heat and mass in the foam layer is 
affected by the motion of the pellicular fluid to the evaporation surface and the velocity 
of this motion depends on the temperature and thickness of the air boundary layer. 

At W c =60-70%, removal of moisture bound to the material by thermal effects begins, the 
nature of the drying and temperature curves changes, and the temperature of the material 
sharply approaches the temperature of the heating air. This indicates the presence of two 
drying periods: removal of moisture from the solution (W c ~ 60-70%) with relatively mobile 
macromolecules of the hydrolyzates and moisture bound to the material by thermal effects 
(wC~60-70%); here, the macromolecules lose their mobility. This treatment agrees well with 
the classification of moisture in hydrolyzates [3] and data from a thermodynamic analysis 
[4]. 

Figure 3 shows the curves of the drying rate calculated by the method of tabular differ- 
entiation. It is evident that the rate of drying of thin foam layers is much higher than 
the rate of drying of thick foam layers. For low air velocities (i m/sec), the increase in 
air temperature causes an increase in the drying rate~ in addition, the increase in the rate 
of growth of the drying rate with increasing temperature is explained by the presence of 
pellicular fluid flow due to an increase in the gradient of the disjoining pressure in the 
near-surface layer of the foam structure. The motion of the pellicular fluid in the presence 
of a temperature gradient is a determining factor in choosing the method of energy input and 
explains the reasons for the rapid destruction of the foam with conductive and radiative 
energy inputs [2]. 
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Fig. 2 

Figo I. Drying curves of a thin (0.25 mm) foam layer (the dashed 
curve corresponds to drying of a solution in an unfoamed state 
with V=I0 m/sec, t w =II0~ i) V =i0 m/sec, tw =II0~ 2) i0 
and 65; 3) 1 and Ii0; 4) 1 and 65. W c, %; ms, min. 

Fig. 2. Drying curves (1-4) and temperature curves (1'-4') in a 
thick (2.5 mm) foam layer: i-i') V=I0 m/sec, tw =II0~ 2-2') 
i0 and 65; 3-3') 1 and ii0~ 4-4') 1 and 65. tm, ~ 

An increase in the air velocity under identical temperature conditions increases the 
intensity of moisture evaporation. This in its turn enhances the flow of fluid to the sur- 
face of evaporation from the central layers of the foam, whose temperature is lower. The 
flow of this fluid slows down the rate of heating of the evaporation surface and the inten- 
sity of evaporation sharply increases up to W c =60-70% (curves 3, 7 in Fig. 3). An increase 
in the air velocity and temperature increases the rate of heating of the surface layer, so 
that in curves 5 and 8 (Fig. 3), dehydration up to W c =60-70% occurs at an almost constant 
drying rate. 

The maximum values of the drying rate constitute W c = 60-70%. For lower W c, the rate of 
drying sharply decreases, due to the change in the form in which the moisture is bound to the 
material and the endothermal effect [3], and the nature of the motion of moisture inside the 
material also changes. 

With W c <60-70%, the distance between the macromolecules of the hydrolyzate decreases. 
Since the mobility of water molecules is higher than that of the macromolecules of the hydro- 
lyzate, the moving moisture in this case can be viewed as a flow of water films between flex- 
ible hydrolyzate macromolecules. As is well known [5], the motion of water films is due to 
the disjoining pressure gradient. Since the removal of pellicular moisture is related to 
the presence of an endothermal effect, an increase in the temperature of the material increa- 
ses the rate of drying, the process is limited by the external heat transfer conditions, and 
an increase in the air temperature plays a basic role. For curves 2, 3 and 6, 7 in Fig. 3, 
it is evident that during the period of decreasing rate of drying, it is more advantageous 
to increase the temperature of the air than its velocity. 

According to the classification of A. V. Lykov [5], the curves of the rate of drying in 
the second period correspond to the fifth type. The rate of drying at first decreases along 
a curve that is convex with respect to the abscissa axis. This means that the intensity of 
pellicular moisture transfer decreases more rapidly than the intensity of moisture exchange 
due to an increase in the binding energy. The inflection point indicates, evidently, a 
change in the mechanism of internal moisture transfer and the coordinates of this point are 
more precisely determined from the temperature curve (W c ~30%, Fig. 2). ~is agrees well 
with data from a thermodynamic analysis [4] (vanishing of the temperature gradient coeffi- 
cient). 

With further decrease in W c (Fig. 3), the thickness of the fluid films decreases, a 
process which is due to the considerable flexibility of the macromolecules of the hydrolyzate, 
and the film space transforms into molecular microcapillaries. Mass transfer in this case is 
determined by the effusion of water molecules through the microcapillaries. 
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Fig. 3. Curves of the rate of foam drying (1-4 are for 
a foam layer of 2.5 mm and 5-8 are for a foam layer of 
0.25 mm): i) V=I m/sec, tw=65~ 2) 1 and ii0; 3) i0 
and 65; 4) i0 and ii0; 5) 1 and 65; 6) 1 and ii0; 7) i0 
and 65~ 8) i0 and ii0 (the dashed curve shows the rate 
of drying of an unfoamed solution with V = i0 m/sec, t w = 
II0~ dWC/dT, %/min. 

In order to estimate the effect of foam formation on drying with film and effusive mois- 
ture transfer, a layer of foam (0.25 mm) was deposited on the base [2], the foam was destabi- 
lized, and at the same time a thin even layer of fluid was formed. The drying process was 
conducted at comparable air temperature (II0~ and air velocity (i0 m/sec). 

Figure 1 shows the drying curve of an unfoamed solution (dashed line), on whose basis 
the drying rate curve was constructed (Fig. 3, dashed line). According to the classification 
of A. V. Lykov [5], the drying rate curve of unfoamed hydrolyzates belongs to the rarely 
encountered sixth type. Drying occurs at all times during the period in which the rate 
decreases, and in this case, the rate of decrease in the drying rate sharply changes with 
W c~ 60%. Since the thermal conductivity of the fluid is higher than that of the foam layer, 
the drop in the drying rate to W c =60% (in comparison with curve 8) is explained by increased 
entropic binding of the moisture in the solution. With WC <60%, there is a significant set- 
tlingof the near-surface layer and the gradient in the disjoining pressure that arises creates 
a flow of moisture from the inner layers toward the surface, but the rate of decrease of this 
flow depends on the thermal conductivity of the fluid and the amount of pellicular moisture 
per unit of evaporation surface. In foam drying, volume evaporation is observed inside the 

Fig~ 40 Electron microphotographs of the dried solution of hydrolyzate. 
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foam framework and due to the extended internal surface, the rate of foam drying with pelli- 
cular internal moisture transfer is much higher. 

With W c~ 30%, the drying rate curve of the unfoamed solution has an inflection point, 
which also indicates a change in the internal moisture transfer mechanism. The evaporation 
zone enters deeper into the material and effusive moisture transfer occurs. Since the magni- 
tude of the effusive flow is determined by the integrated area of the microcapillary openings 
and by the number of microcapillaries per unit area of evaporation surface, in the presence 
of volume vaporization in the foam structure, the magnitude of the integral effusive flux 
will be greater than in the unfoamed solution and the rate of drying will also be higher 
(curve 8, Fig. 3). 

Thus, the significant enhancement with foam drying compared to drying in an unfoamed 
state is explained by the extended internal surface of the foam structure and the presence 
of volume vaporization. 

In the surface foam bubble layer, after the moisture in the solution is removed, the 
pellicular moisture is removed through the external foam surface. As a result of intense 
thermal action, the flow of vapor into a bubble can exceed the flow of vapor through the 
external film and, as a result, the pressure in the bubble increases sharply, its diameter 
increases, and if the film is not strong enough, the bubbles break. 

Figure 4a shows a typical electron microphotograph (• of the upper section of the 
foam, in which rupture of bubbles is clearly seen. The rupture edges are bent back, which 
indicates the fact that the rupture occured at a stage of high elasticity of the films. 

Microphotography of the foam layers established that the average diameter of foam bub- 
bles increases during the drying process. The diameter of bubbles in the upper layer increa- 
ses insignificantly with an increase in the thickness of the foam layer. The dimensions of 
the bubbles in the foam layer next to the bottom increase sharply with increasing thickness 
of the foam layer, which supports the conclusion as to the mechanism for the stability of the 
foam structure during the drying process. 

Figure 4b shows an electron microphotograph of a section of an unfoamed solution dried 
on a metallic base (x6000). Here, the dark sections with high density of matter are clearly 
evident; the small sections have a circular shape and the large sections are formed from 
several small sections. Apparently, these are hypomolecular formations, associates of macro- 
molecules of the hydrolyzate, whose presence in solutions with high concentrations affected 
the anomalies in the viscous and foam-forming properties [6]. The dimensions of the associ- 
ates were estimated in the range 1.5-3.0 ~m. 

It is characteristic that at the center of the associates there is a light dot -- a pore 
having an average diameter of 0.1 ~m. The basic reason for the formation of such pores is 
the increase in the magnitude of the disjoining pressure, which is a function of the inter- 
molecular interaction. The presence of such pores at the center of an associate confirms 
the assumption that at a certain moisture content, pellicular moisture transfer occurs under 
the action of the disjoining pressure gradient~ 

Figure 4c shows electron microphotographs of a dried layer of unfoamed solution with 
a thickness of about 0.3 mm (• Here, quite large pores with an equivalent diameter of 
about (3-4).10 -4 cm are visible. The pores have uneven edges, which suggests that nonrelax- 
ing stresses inside the material, due to the significant settling of the surface layers 
occuring while the material acquires sufficient rigidity during the drying process, are the 
basic reason for their formation. 

During drying in the foamed state, pores at the center of the associates and pores due 
to settling of layers help in the diffusion transfer of vapor through the foam framework into 
the air. 

NOTATION 

Here W c is the moisture content of the material relative to the mass of dry matter, %; 
~s, duration of the dehydration process, min; dWC/dT, rate of dehydration, %/min~ V, air 
velocity above the foam layer, m/s; tw, air temperature above the foam layer, ~ tm, temper- 
ature of the material, ~ 
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TEI~ERATURE FIELD OF GRAPHITE ELECTRODE IN PLASMATRON 
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Results of an experimental study are presented pertaining to the temperature field 
of a graphite electrode in an ac power plasmatron. 

Graphite electrodes have found broad applications, in electrometallurgy and electric 
welding, in light sources, in plasmatrons, and in many other devices. The electrodes in 
such devices operate at high current densities and under heavy heat loads, at temperatures 
near their melting point. A study of the temperature field of such an electrode is of both 
scientific and practical interest, inasmuch as indeed the temperature determines many proces- 
ses occurring in the electrode body and at the electrode surface (electron emission, heat 
conduction, radiation, erosion of material, etc.). 

Most attention in the technical literature on this subject has been paid to the thermal 
state of carbon and tungsten electrodes with a small diameter [1-3]. The surface temperature 
is measured most effectively by methods of optical pyrometry [2, 3]. In this way have been 
determined temperature distributions over the radius of the end face and over the length of 
the lateral surface of an electrode, also the dependence of the electrode bulk temperature 
on the current and on the length of the electrode rod. In another study [4] the temperature 
field of a thick (diameter d ~0.5 m) graphite electrode was measured by the thermoelectric 
method. 

4 , ~ , =  7 P 8 

Fig. i. Schematic diagram of experi- 
mental apparatus: i) rod-type elec- 
trode, 2) graphite sleeve, 3) thermo- 
couple, 4) model KSP4 potentiometer, 
5) fusible wall, 6) model OPPIR-017~ 
pyrometer, 7) electrode body, 8) 
front assembly. 
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