EFFECT OF EVAPORATION ON CONVECTIVE HEAT
EXCHANGE OF A POROUS PLATE IN A RAREFIED
MEDIUM
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Two heat-exchange regimes are experimentally observed for a horizontal porous plate as liquid evaporates
from the plate into a rarefied medium. In one of these regimes mass transfer of vapor completely deter-
mines the convective heat exchange.

The effect of mass exchange on heat exchange in evaporation of liquid from a free surface or from capillary-porous
bodies has been studied by many authors [1-3]. These studies have all maintained that given an identical direction of heat
and mass flow, mass-exchange intensifies convective heat exchange, while with heat and mass flow in opposite directions,
heat exchange is decreased. However, this is not true under all possible conditions. For non-steady-state direction of the
vapor flow (free-convective heat exchange in evaporation) the above principles have only been partially confirmed in
experiment [4-6]. An important role is played in this case by the ratio between the linear rate of vapor escape from the
evaporation surface and the rate of convective motion of the external medium. This is true, in particular, of evaporation
processes in a rarefied medium, where free-convective flow of the mixture begins to degenerate with decrease in gas
density, and the vapor flow is produced by convective motion of the vapor—gas mixture, The value of the evaporation
rate can then have a significant effect on external heat exchange. It is thus of interest to study this effect and determine
the external parameter range over which mass transfer is determined by convective heat exchange and also to establish
the range of evaporation rates at which the non-steady-state convective flow regime transforms to a steady-state one. With
these goals in mind, the heat exchange of a moist porous body was studied as liquid evaporated from the body into a
rarefied medium,

The experiments were performed in a vacuum chamber formed by a glass dome (D = 0.4 m; H = 0.6 m), placed on
a metal base, The specimen, consisting of a porous titanium plate (D = 0,13 m; § = 0.003 m; mean pore size (4-7)°10® m)
attached to an aluminum base, was placed in the chamber on scales., An electric heater was located in ihe lower part of
the chamber. To decrease unwanted heat losses, the specimen was placed on needle supports. Evaporation rate and
moisture content of the plate were measured by weighing. Copper—constantan thermocouples and traditional instrumen-
tation [3, 7] were used to measure temperature. The humidity of the gaseous medium in the vacuum chamber was deter-
mined by a “wet” thermocouple, protected from heat influx by a foamed olastic covering. Thermocouple output was
read by an electronic voltmeter. The rarefaction required in the chamber was produced by a forevacuum pump and
measured by a mercury manometer, Total pressure under the dome was varied over the range (0.038-10)10* Pa. To
eliminate significant oscillations in total pressure in the chamber an accumulation chamber and oil manometer were used,
the latter serving to indicate oscillations in total pressure. The electric heater power was varied over the range 7-116 W,
The liquid (distilled water) was supplied to the outer surface of the porous plate, uniformly wetting the specimen due to
capillary takeup. The plate was wetted down with the same pressure in the chamber as that at which the following
experiment was performed. The plate was saturated to the maximum moisture content corresponding to a given pressure
of the medium.

A set of series of measurements was performed, each series corresponding to a given pressure of the medium and
heat flux from the heater., Beforehand the plate was saturated several times to achieve a stationary heat-exchange regime.
Readings of the scales and all thermocouples were taken synchronously from the moment of maximum plate saturation to
total dryness.

It is well known [8] that in drying of a capillary-porous body there exists a constant drying rate regime, in which
the mean temperature of the body and the evaporation rate do not change until some “critical” moisture content is
reached. We will term this regime quasistationary (only the plate moisture content changes). In our experiments the value
of the “critical” plate moisture content comprised ~30%. By moisture content, we understand here the ratio of the
amount of liquid contained within the plate to the maximum amount of liquid it is capable of holding.

‘ We present below the results of the study of convective heat exchange during liquid evaporation from a horizontal
porous plate only in the quasistationary regime. The convective heat-transfer coefficients were determined from the energy

A. V. Lykov Institute of Heat and Mass Transfer, Academy of Sciences of the Belorussian SSR, Minsk. Translated
from Inzhenerno-Fizicheskii Zhurnal, Vol. 43, No. 3, pp. 379-384, September, 1982, Original article submitted May 4, 1981.

966 0022-0841/82/4303-0966 $07.50 © 1983 Plenum Publishing Corporation



S
’ jé/{/(// i

o —7

Vi 8 5 ot

Fig. 1 Fig. 2

Fig. 1. Convective heat-transfer coefficient « vs total medium pressure for various
evaporation rates j: 1) 0; 2)2.5:107;3)5-10™;4) 10-10™; 5) 15-10%; 6) 18-10%.

Fig. 2. Convective heat-transfer coefficient o vs evaporation rate j at various medium
pressures P: 1) 10% 2) 4'10%; 3) 1.9-10%.

TABLE 1. Calculated Values of Coefficient
C = Nu/(GrPr)°*® versus Parameters T, Te

and Pv1/P
Py /P
TW/T e ! A
| 1.10-# l 1-16—2
0,6 0,510 0,451
1,0 0,515 0,611
1,9 0,497 0,548

balance equation for the entire specimen, all three forms of heat exchange being considered. The radiant heat flux was
determined from the Stefan—Boltzmann formula for a closed space with consideration of angular coefficients and corre-
sponding relationships for the corrected emissivity of the system [9-11].

Figure ! shows the convective heat-transfer coefficient « as a function of total medium pressure for various evapora-
tion rates. The uncertainty in « determination does not exceed 15%. It is evident from the curves that « decreases with
decrease in pressure in the chamber and increases with increase in evaporation rate. The intensifying effect of j upon « is
especially great when the directions of the heat and mass fluxes coincide (Tl [T, > 1), which was observed in our experi-

ments at medium pressures of (0,267-10)'10* Pa. Change in the ratio Pvl/P has a large effect on the heat-exchange charac~

ter. Comparison with results of calculation for the case of water evaporation with data from the literature on heat exchange
for free convection with a “dry” body show that the low intensity evaporation process (Pvl /P < 10™) has no significant

effect on the temperature gradient and profile along the evaporation surface, and the heat exchange can be described with
sufficient accuracy by using results for heat exchange uncomplicated by mass exchange. With increase in the ratio PV1/P >

1°10™, mass exchange gradually becomes the dominant factor, determining the intensity of convective heat exchange. Then
with decrease in total medium pressure or increase in evaporation rate there is an expansion of the region of unstable free-
convective flow. In this case « increases as compared to pure heat exchange.

It should be noted that in our experiments the above-noted heat-exchange principle was not confirmed at all
evaporation rates. When sufficiently high rates j > 20°10™ kg/m?sec are attained there is a reduction in convective heat
exchange (Fig. 2). This can be explained by the fact that the vapor flow takes on a definite flow direction (stable flow
regime) and drives the external convective flows of vapor—gas mixture away from the heat-exchange surface.

In [4] results were presented of a study of heat-exchange intensity about horizontally oriented water evaporation
surfaces and a *“dry” plate, located under identical conditions, in the region of non-steady-state free-convective flow, and

for opposite directions of heat and mass flows (T [T < 1). This study revealed that with increase in evaporation rate
the ratio a/ozo > 1 also increases, reaching a maximum. With further increase j > 2.5°10™ kg/m? sec, the ratio oz/oz0 falls
and may become less than unity. In this case the non-steady-state vapor flow regime transforms to steady state.

It follows from analysis of the numerical solution of the problem of convective heat exchange of a vertical sub-

liming plate in boundary-layer theory approximation that two parameters have a significant effect on the stability and
intensity of convective heat exchange: T1 /T, and Pvl /P. Table 1 shows this effect on the coefficient C of the criterial
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TABLE 2. Outer and Inner Plate Surface Temperatures for Various P and

q
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Fig. 3. Heat liberation coefficient & vs thermal flux density q for various
surrounding medium pressures: 1)8°10%;2) 2.67°10%; 3) 1.33°10%; 4) 0.67
1%,

Fig. 4. Number Nu vs GrPr for various evaporation rates j: 1) 0; 2) 2.5
10%; 3) 5:10™;4) 10°10™%; 5) 15°10%; 6) 18-10™; 7) 20-10™.

relationship Nu = C(GrPr)®?*, Thus, development of a vapor phase manifests itself in a differing manner depending on the
ratio of the velocities vv/u, while the quantities Tl /T, and Pvl /P prove to have a significant effect on the stability of free-
convective flow and the intensity of convective heat exchange. Analysis of the above permits the conclusion that the results
presented in Fig. I refer to the region of unstable vapor flow regime (at large j the increase in « is retarded). Apparently,
under conditions of evaporation from porous bodies the unstable convective vapor flow regime shifts in the direction of
larger j values in comparison fo evaporation from an open surface [4].

Consequently, independent of the relative direction of the heat and mass flows in the region of unstable convective
flow an intensification of heat exchange occurs, while in the stable flow regime region, there is either no effect or even an
attenuation of heat exchange due to mass exchange.

In the medium pressure range (1-5)10® Pa and for j > 510 kg/nt -sec (Fig. 1) the value of o changes discontinuously.

From analysis of the energy balance equation for these conditions the discontinuity can be explained by expulsion of liquid
from the porous material as the boiling regime is achieved. Establishment of such a regime is confirmed by the fact that

the plate temperature is practically independent of the value of the thermal flux and corresponds to the saturation tempera-
ture (Table 2). The curves of oy = f(q) presented in Fig. 3 for various medium pressures are similar to analogous curves for

boiling in a large volume [12], which indirectly confirms the existence of liquid boiling in the plate pores. Meanwhile, with
decrease in medium pressure the heat-liberation coefficient o decreases. From Fig. 3 it is also evident that the heat-libera-
tion coefficient o also 8ecreases with increase in thermal flux density and for q > 3°10* W/m? is practically independent of

thermal loading, which indicates a change in the boiling regime in the pores. In our experiments, in accordance with [12],
this regime at q > 3:10% W/m? is similar to the regime of film boiling in a large volume. Thus, the abrupt change obtained

in « is fictitious, which requires us to interpolate « values for the case of boiling (Fig. 1).
The experimental results were generalized in criterial form. In calculating the similarity criteria, the characteristic

geometric dimension used was the plate diameter, while T = (T, + T, )/2 was used as the characteristic temperature. The

kinetic coefficients entering into the similarity criteria were calculated with formulas obtained on the basis of the molecular-
kinetic theory of gases [13].
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Figure 4 shows the function Nu = f(GrPr) for various evaporation rates. Also shown here are data on “dry” heat
exchange of a plate with natural convection (curve 1), which differ from the results of [14] by 5%, which does not exceed
the experimental uncertainty, The limits of GiPr variation are expanded because of change in total medium pressure.

It is evident from Fig. 4 that depending on the value of GrPr, one of two convective heat-exchange regimes is
realized. The first regime (10° < GrPr < 107) is characterized by increase in Nu with increase in GrPr. In this case, with
increase in j the slope of the curve Nu = f(GrPr) decreases, tending io zero in the limit. This indicates that with increase
in j, natural convection of the surrounding medium has an ever smaller effect on convective heat exchange between plate
and medium. The second regime (10® < GrPr < 10°) is characterized by a very weak dependence of Nu on GrPr, while
with growth in j this dependence degenerates, and convective heat exchange is essentially determined by mass transfer of
vapor into the surrounding medium.

Thus, the traditional processing of experimental data in the form Nu = f{GrPr) for natural convection in evaporation
of liquid from porous bodies into a rarefied medium (especially for the second heat-exchange regime) becomes incorrect.
To generalize the experimental results into a functional dependence Nu = f(GrPr) a Reynolds number for the transverse
vapor flow Rev = jl0 /uv was introduced. For the first regime, ReV considers the effect of mass transfer on heat exchange,

while for the second, it totally determines convective heat exchange. Below we present empirical relationships Nu = f(GrPr,
Rev), describing both heat-exchange regimes 2 < Rev < 25 (for Rev < 2 convecfive heat exchange in evaporation shows

practically no difference from “dry” heat exchange):

first regime
T 1,17 0.23 . (1)
Nu = 0,33 Rev ’ (Gr PI‘) 237 0.006Rg, y

second regime
Nu == 11.2Rey 7. 2
NOTATION

D, diameter, m; H, height, m; §, thickness, m; &, convective heat-exchange coefficient for evaporation, W/m?-deg K;
o convective heat-exchange coefficient for “dry” body, W/m?-deg K; o, heat-liberation coefficient from heated surface

to porous plate, W/m?*deg K; q, thermal flux density, W/m?2-deg K, P, total pressure of medium in chamber, Pa; PPI, partial
vapor pressure over the porous plate surface, Pa; T, , temperature of outer surface of plate, °K; T2 , temperature of the inner
surface of the plate, °K; T, medium temperature far from the plate surface, °K; Tsat’ saturation temperature, °K; j, evapora-
tion rate, kg/m? -sec; Vo linear vapor escape velocity from evaporation surface, m/sec; u, velocity of free-convective motion of
external medium, m/sec; Nu, Nusselt number; Gr, Grashof number; Pr, Prandtl number; Rev, Reynolds number for transverse

vapor flow; [ , characteristic length, m; u,, dynamic viscosity coefficient of vapor, Pasec.
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