s, depth of heat penetration measured from the phase interfacial surfacej 8, liquid overheat-
ing on the surface above the boiling point; ¢: , components of the expansion of z in powers

of Q—1; Q=Qu/cT; H(1—E) , Heaviside function; 4=L(;); si=s(&); [;=I(&); &, instants of time; be-
ginning of melting j = 0, pulse termination j = 1, melting j = 2, crystallization j = c,
temperature equilibration in the liquid phase j = 3, e=emni/Ts y=vVaWT &n and Ym are mean
cooling rates of the interphasal and external surfaces. ’
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Eo RN OS I R

A PHYSICAL MODEL FOR SUBLIMATION OF A CONTINUOUS MATERIAL IN
AN UNSTABLE DOMAIN

A. Z. Volynets, A. V. Rozhdestvenskii, UDC 536.24:536.423.1
L. F. Melamed, and S. M. Brazhnikov

A physical method is developed for the sublimation process during conductive energy
delivery, which permits determination of the configuration and velocity advancement
of the phase separation boundaries.

Known methods of analyzing processes associated with the solid—vapor phase transition
are based on models in which the position of all points of the interphasal boundary is deter-
mined by one coordinate, i.e., the boundary is comsidered a plane cylindrical of spherical
"one-dimensional boundary.'" However, such an approach often yields results that diverge
substantially from the data of practice. An attempt is made in this paper to analyze the
sublimation dehydration process during conductive energy supply under conditions when the
stability of the one-dimensional sublimation front is spoiled. The instability of a one-
dimensional interphasal boundary is understood to be that development of the process for
which any fluctuations causing deviation from a one~dimensional surface (lunes, cracks, etc.)
that are inevitable under real conditions, increase monotonically. The advancement of the
different interphasal surface sections here occurs at a dissimilar velocity because the
surface itself acquires a.complex configuration. Therefore, necessary for a correct analysis
of the process is the determination of the local rate of phase transformation front advance-
ment.

Underlying the physical model is the assumption that the single reason causing a change
in phase transition boundary configuration is entrainment of the substance because of its
sublimation. Any random distortion of the plane front resulting in diminution of the distance
to the heating surface, is accompanied by an increase in the heat flux in the fluctuation zone
because of growth of the temperature gradient. In turn, this effect increases the local
velocity of the process, which causes a further development of fluctuations. Consequently,

Moscow Chemical Machine Construction. Institute. Translated from Inzhenerno-Fizicheskii
Zhurnal, Vol. 52, No. 5, pp. 727-731, May, 1987. Original article submitted February 9,
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Fig. 1. Development of a non-one-dimensional sublimation
front: a) in a disc in the presence of a unit fluctuation;
b, ¢) in a plate in the presence of two fluctuations, sym=—
metric and nonsymmetric cases, respectively.

the initial extension which appears randomly will rapidly be propagated deep into the frozen
zone. Moreover, it is assumed that the temperature of the interfacial surface is constant
and equal to the equilibrium temperature corresponding to the vapor pressure in the apparatus.
In addition, it is considered that the subliming material is disotropic and its thermophysical
properties remain unchanged.

Under these assumptions the local rate of advancement of the boundary is determined from
the Stefan condition

vT. )

Therefore, the problem reduces to determining the temperature gradient in direct proximity
to the boundary, which changes with time in the general case, i.e., to solve the equation

1 g¢r
oT — 1
v a ot (2)

under the condition (1) on the boundary.

The right side of (2) can be discarded in considering the sublimation of water ice by
assuming 3T/31 to be small (quasistationary approximation [1]). Additionally assuming that
the resistance to the emergence of vapor is negligibly small, we arrive at the Laplace equation
for Tp = const.

Because of the complexity of the boundary surface configuration it is not possible to
obtain an analytic solution for the development of the unstable front [2], hence, the problem
is solved numerically. Cases of the development of a single fluctuation with the shape of a
cylinder and a slot cutout as well as two fluctuations occurring similtaneously and with a
time shift were investigated. :

The stationary temperature field.and heat fluxes qx- and q,, were computed on a moving
boundary. Then the vertical and horizontal components of the goundary motion velocity were
determined. Being given a certain small step in time, a new boundary position was deter-
mined and the computation repeated. The results of the computations are represented in Fig.
1 in the form of isotherms.

As the computation showed, the time during which the deepening reaches the heat con-
ducting surface in the presence of a single cylindrical fluctation is 0.67 of the sublimation
time under conditions .of plane front advancement. TFor the case of a plane fluctuation in the
form of a slot cutout this relationship of the times will equal 0.89. The relative time of
the process under conditions of simultaneous development of two fluctuations is 0.83. If the
second fluctuation is generated with a lag relative to the first, then because of the inter-
ference of both processes the growth of the second extension is slowed down and in the limit

523



Fig. 2. Development of an unstable sublimation front in an ice
monolith under conductive energy supply conditions.

can generally vanish. In the case under consideration the relative time of fluctuation develop-
ment equals 0.78,

An approximate analytical solution be found for the slotlike inhomogeneity. It was ob-
tained by applying conformal mappings by using the Christoffel—Schwartz integral [3] in the
following form

LoH? (h/HY
AMTg—Ty) 294 (3)

The results of the analytic solution are found in the ratio Tg/Tp] = 0.68 as compared with the
time of plane front advancement.

A series of tests studying the kinetics of sublimation of a continuous material under
conductive energy supply was conducted to verify the results obtained.  Ice and water-salt
solutions frozen in the shape of tablets were investigated. The specimens with thermocouple
frozen in .them were placed in a vacuum chamber on a substrate heated by a high-amperage
current. The temperature in the plane of thermocouple placement was maintained constant in
each test by regulation of ‘the delivered power. The propagation time of the sublimated domain
to the plain of thermocouple placement was determined by recording the time of thermocouples
reading change. Frame-by-frame photorecording of the process was realized in parallel with
a l-sec interval between frames. Characteristic fragments of the process are represented in
Fig. 2. The test yields the following value for the magnitude of the relative time tf/Tpl =
0.69 * 0.13.

Most probably the certain deviation of the relative times determined experimentally from
the quantity 0.67.computed by a numerical method from the results of a theoretical analysis
is a result of experiment error, associated particularly with the complexity of maintaining
a constant temperature in the .plane of. thermocouple placement. However, despite the com-
paratively large spread in .the experimental data (o = 18.6) the mean value (0.69) differs
slightly from that obtained by the numerical method and is in agreement with theory in the
20 confidence level taken for the experiment. ‘

A deduction can be made on the basis of the results obtained that the duration of the
advancement of the non-one~dimensional fromt can be 20-307% less compared with the time of
plane front advancement, however, the total.duration of the drying increases here. This is
associated with the fact that after passage of the non-one~dimensional front in the layer
discrete domains of frozen material remain whose drying rate is ordinarily quite small be-
cause of the low heat-conductivity of the dehydrated material. Moreover, the temperature of
the heat conducting surface in the case under consideration should be reduced to the level
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of the temperature of thermal expansion of the product [4], which also results in diminution
of the process intensity.

Therefore, questions of the stability of the isometric interfacial phase surfaces should
certainly be taken into account in the construction of sublimating installations and the
determination of optimal modes for their operation.

NOTATION

A, heat-conduction coefficient; p, density; L, specific heat of sublimation; x, y, h,
coordinates; R, H, tablet radius and thickness; ¢, heat flux; ¢, rms deviation; a, thermal
diffusivity coefficient; ©f, time for. fluctuation develeopment; Tpls time of plane front
passage; Ty, temperature of the ice surface at the side of the heated substrate; Te, equili-
brium temperature on the sublimation boundary.
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MELTING OF PORE ICE WITH THE FORMATION OF AN EXTENDED ISOTHERMAL ZONE

R. I. Medvedskii UDC 536.42:551.34

The melting of pore ice, characterized by the formation of a transition zone in which
the two phases simultaneously coexist, is investigated. The extent of the transition

zone is related to the rate of inflow of water into the melted region of the pore
space from outside.

Usually, the melting of ice in the pores of a coarse-grained medium is described mathe-
matically in terms of the classical Stefan problem, on the assumption that the regions of
different states of aggregation of the water are separated by a surface of zero thickness.
This assumption does not always have to be made and, as shown in [1, 2], even in a homogeneous
body it is possible for the front to split and form an extended isothermal zone. Obviously,
in composite media, e.g., in frozen sand, in which ice is one of the components, there are
more conditions that determine the splitting of the.front. One of these is a higher rate of
heat transfer in the mineral skeleton than in the pore ice. As a result, there is formed a
zone of coexistence of water and ice in which the water coats the warm particles of the
skeleton while the ice occupies the centers of the pores.

The solution of the model problem of the melting of sheets of ice alternating with sheets
of quartz of equal thickness has shown that this zone is longest at the beginning of the
process and subsequently contracts to a small but finite length. This result was obtained on
the assumption that no water enters the melting zone from outside, and it is in this case that
the formation of a front after a fairly long interval is observed.

The inflow of water from the outside can retard the contraction of the transition zone
and ultimately lead to the splitting of the front. The inflow of water is the result of the
specific volume of the ice decreasing by an amount (py — pi)/py, which leads to a sharp de-
crease in the. pressure in the pore space, if it is isolated from the external medium, to a
value corresponding to the vapor tension of the water. Later, this observation will be used
to estimate the pressure at the leading front.
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