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This paper describes the apparatus, the experimental procedure, and
the calculation of the characteristics of convective heat and mass
wansfer in the nonadiabatic evaporation of volatile liquids into a
boundary layer from a flat porous plate situated longitudinally in a
turbulent flow of air.

The change from liquid to gas ig a feature of sev-
erdl widely employed processes and apparatuses in
the chemical industry. An analysis of the local heat
{(enthalpy) and mass flows in the general hydrodynamics
field is very complicated even in the simplest case
of adiabatic evaporation of water [1]. In the scientific
literature at present there are several controversial,
and sometimes quite contradictory, views on the
effect of mass transfer on heat transfer [2, 3]. There
is no efficient and reliable method of determining the
convective heat transfer coefficient when masgs trans-
fer is involved.

Experimental investigations [4, 5] have been based
on the assumption of the adiabatic nature of the pro-
cess, i.e., it is assumed that all the heat supplied
from outside by convection is used up on the phase
change and is returned to the boundary layer with the
enthalpy of the vapor. It is well known, however,
how difficult it is in experiments to secure stable
and reproducible evaporation conditions. These dif -
ficulties are increased in the case of volatile liquids
with low heats of transformation. Here we find that
the flow rate of evaporated liguid depends very greatly
on various kinds of nonconvective effects, and on the
internal structure and physicochemical properties of
the porous permeable material. In our experiments
on the evaporation of acetone on permeable metal
plates (Cr23Nil18 steel with a voidage of 40—43%) we
found an appreciable difference in the temperature
distribution according to different measurements of
the plate. The inhomogeneity of the temperature field
canbe attributed to the strong effect of the structure of
porous material onthe internal flow of liquid and vapor.

For an incoming flux with the same parameters
the equilibrium temperature of adiabatic evaporation
of volatile liguids is lower than that of water. Hence,
the temperature of the wall and the medium close to
it can be lower than the "dew point" for water vapor,
which is almost always present in the air. Then in
the boundary-layer region adjacent to the phase inter -
face bulk and surface condensation begins and is ac-
companied by additional heat release. In our experi-
ments (carried out in summer, when the absolute
moisture content of the air is very high), we visually
observed abundant precipitation of water on the sur-
face of the plate in the air flow. In some regions

there were films of hoar frost or ice. Precipitation

of water on the free surface of volatile liquids took
place in the experiments in [6]. Hence, new com-
ponents due to the heat of condensation, ice formation,
and mixing of the liquid appear in the energy balance
of the wall. This inevitably leads to a redistribution
of the enthalpy and mass flows crossing the washed
golid surface.

The curve of saturated vapor pressure of volatile
liquids is very steep. Hence, even small deviations
from equilibrium temperature have a pronounced
effect on the partial pressure and concentration in
the evaporation zone. In such conditions the use of
the relationships for adiabatic processes leads to
appreciable errors in the generalization of the results
of investigations of external convective heat and mass
transfer.

Local heat and mass transfer in the nonadiabatic
evaporation of volatile liquids in a forced flow of
heated gas was experimentally investigated in the
following way. Liquids (ethyl alcohol, benzene, ace-
tone), which had been thoroughly purified by double
distillation and deaerated, were delivered from inside
to the external surface of a porous plate. The design
of the experimental model ensured that evaporation
took place directly from the external surface of the
spacimen (without extension of the evaporation bound-
ary into the porous body). The most suitable homo-
porous material was found to be a layer of slag-cotton
spherules 0.3~0.5 mm in diameter [7]. Such a layer
has a very homogeneous structure and can easily be
reproduced. Clogging of the pores with liquid im-
purities is easily removed by mixing, washing, or
replacement of the used batches. The spherules
were contained in a rectangular quartz-glass holder
divided into five compartments. The surface of the
layer was leveled with a special template and its
horizontality was checked with a spirit level. We
thus obtained a five -sectioned porous plate 70 mm
wide, 12 mm deep, with section lengths [; = 25 mm,
I, =34 mm, l3= 39 mm, I; =49 mm, [; = 54 mm in
the direction of the flow. The investigated liguid
was fed through tubing into individual connections in
the bottom of each section. Since each vessel was
mounted on the platform of a VTK-500 dial scale the
flow of evaporated liquid was continuously recorded.
A special drainage system ensured the absence of
air bubbles in the porous material.

Evaporation from the outer surface was achieved
by varying the hydrostatic head of the liquid. The
material of the model did not allow us to conduct an
experiment even with a minimum extension of the
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Fig. 1. Diagram of working section of wind tunnel: 1) experimental
plate; 2) Pitot-Prandtl tube; 3) MMN-0.5 micromanometer; 4) thermo-
meter; 5) microthermocouple; 6) reservoir; 7) VIK-500 balance;
8) coordinator; 9) R-306 potentiometer; 10) galvanometer;
A) arrangement of thermocouples for me asuring wall temperature

in each section of model.
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Fig. 2. Mean and local heat transfer as a function of
a) K =r/cLAT; b) parameter (1 - bp): 1) mean; 2) local;
) alcohol; II} benzene; III) acetone; IV) water [5].
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evaporation zone. When the top of the layer dried

out the surface of the specimen rapidly disintegrated
and the spherules were carried off in the flow. When
the head was increased, the streams of filtering liquid
washed away the surface of the model and made it
uneven. We carried out special experiments to deter -
mine the range of optimum hydrostatic heads for
which a change of level in the vessel had no effect on
the flow rate of the evaporated liquid. The indicator
of the balance made it possible to fix precisely and
maintain the required head. Through windows in the
side walls of the working section we could visually
observe the state of the surface.

Nonconvective flows of heat to the model walls
were reduced by putting the working body in a water
jacket. A turbulent boundary layer was produced at
the very start of the active mass-transfer surface
by the attachment of a rough projection ¢ = 0.5 m)
to the front edge of the porous plate.

The temperature at 25 points on the porous plate
and the temperature of the side walls of the model
and the working section of the wind tunnel were re-
corded by copper -constantan thermocouples. Their
thermal emf was measured by an R-306 low-resis-
tance potentiometer. The hot junctions of the thermo-
couples were mounted on a wooden post (0.5 x 2 x
x 12 mm}, fitted to a special base, in each section
(Fig. 1). A copper-constantan microthermocouple
0.05 mm in diameter, butt-welded by the capacitor
discharge method, without the head, was used to
monitor the surface temperature on the flow side.

During the experiments we measured the velocity
of the incoming flow, the distribution of static pres-—
sure along the model, and the temperature of the ther-
mometers wetted by the investigated liquid and by
water. For different regimes we recorded the tem-
perature and velocity distributions in the boundary .
layer.

The investigations were carried out in a closed-
circuit continuous-action wind tunnel with a closed
working section [b]. A constant concentration of the
volatile substance in the circuit was secured by pro-
viding for partial air exchange with the atmosphere.
The flow velocity was regulated by a system of gates
and slide valves. The air was heated to the required
temperature by an electric heater, two sections of
which were connected to the automatic control system,
which maintained the prescribed temperature to with-
in+0.2°K.

The experiments with each liquid involved three
hydrodynamic and three thermal regimes: Re, varied
from 2.83 + 10°-4.23 - 10° and the temperature T, of
the incoming flow from 323-353°K.

The convective heat transfer coefficient ¢, was
calculated from the heat-balance equation

_ ;ﬁ"riclﬂi"(Tl —T,)—q, + 3¢, ) (1)

“ To—Ty

where m"r is the amount of heat spent on evaporation
of a specific flow of liquid; ;" (T} ~ Ty,) is the
amount of heat spent on heating the liquid from the
temperature at the entrance to the evaporation tem-
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perature; q, is the radiant heat flux; Zqr is the sum
of the heat losses and leakage of heat through the wall
of the model.
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Fig. 3. Mean and local mass transfer as a function of
K =r/c; AT: 1) mean; 2) local; 1) alcohol; II) benzene;
ITI) acetone; IV) water [10].

The radiant component was reduced by water cool-~
ing of the walls of the working section of the wind
tunnel. The temperature of the section walls even in
the hottest conditions did not exceed the plate tem-
perature by more than 4-6°K, and the value of gy
was not more than 1% of the total heat flux.

A calculation of Zgy showed that the low thermal
conductivity of the layer material and holder of the
model and the use of the water jacket reduced the
nonconvective components to a minimum: 0.8~1.59%
of the total heat flux.

The temperature of the evaporation surface for
all the analyzed regimes was above the dew point of
water vapor in the air flow and, hence, in the cal-
culation of a, thermal effects due to condensation of
water vapor were ignored. The local values of the
specific mass flow and the mass transfer coefficient
was determined from the relationships

mx
= 7 s
Fx

"

(2)

m

U = % (3)
Z1p %

The concentration of vapor on the surface was deter -
from the equation of state on the assumption that the
evaporating liquid is in thermodynamic equilibrium
with its vapor. The vapor concentration in the in~
coming flow was neglected in view of its smallness.

In the calculation of the values of the similarity crit-
eria the temperature T« was taken as a character-
istic temperature, and the linear dimension was meag~
ured from the start of the working section to the end
of the averaging zone [8].

Treatment of the experimental data showed that
for all thermal and hydrodynamic regimes there was
a steady reduction of the heat and mass transfer co-
efficients along the plate, with the most rapid re-
duction occurring in the front part of the porous plate.
In the same temperature conditions all the liquids
showed stratification of the experimental Re numbers,
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and in the case of the same Re numbers they showed
stratification as regards temperature of the air flow.
The table gives the approximating formulas. The
index of the power of the Re number and the coeffici-
ents in the formulas were obtained by applying the
method of least squares to the results.

The table shows that an increase in the rate of
transverse mass flow has different effects on the
heat and mass transfer. With increase in the trans-
verse flow the mass transfer is increased, whereas
the heat transfer is reduced. The stratification of
the experimental data depends not only on the regime
parameters but also on the physical properties of
the evaporating liquid. Hence, in the subsequent
treatment we used the criterion K =1/(c]AT), which
takes into account the phase change, the physical
properties of the transported substance, and the tem-
perature conditions.

The experimental heat transfer data lie on the
approximating straight line with a spread of not more
than +4% (Fig. 2a) and are given by the following
expressions:

Nu,, = 0.01 Re®s K°3,
Nu,=0.0118 Re"8 K02, (4)

Figure 2a also gives the results of an investigation
of the local heat transfer on evaporation of water
from the surface of a capillary-porous plate [5].

A fact which merits attention is that the obtained
relationships (4) can be used for calculations of the
evaporation of liquids other than those used. However,
{4) cannot be extrapolated for the calculation of pure
heat transfer. This fault can be overcome by intro-
ducing a relative mass transfer parameter which
takes into account the effect of the transverse flow
of substance in the turbulent boundary layer (Fig. 2b):

5 CmPalta
T G Pl St, °
Then

Nu,, = 0.0297Re"*(1— 5.y,
Nu, =0.0331Re”® (1—b,)°. (5)

When b = 0 Egs. (5) are very similar to the known
expressions for heat transfer in the absence of evapo-
ration [9].

The investigation and calculation of the mass trans-

fer process showed that the experimental data are
given by the approximating relationships (Fig. 3)

Nu,,, = 4.07.10-3 Re%-® g—0-6 (B‘_";) ,
\plm
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Nu,, = 4.75.10—%Re>* K~ ( ’»’i) ,

Piw

where pw/Piy 18 a simplex expressing the ratio of

the total pressure in the flow to the partial vapor
pressure on the phase interface. Figure 3 also shows
results of Fedorov's mass transfer investigations

[10], which we treated by the method described. It

is obvious that relationships (6) can be recommended
for calculation of the mass transfer of different liquids.

NOTATION

oy is the convective heat transfer coefficient; m"
is the specific transverse flow of substance; ¢ is the
specific heat; r is the heat of phase transition; T is
the temperature; z is the concentration of substance;
o4y is the convective mass transfer coefficient; Re is
the Reynolds number; Nug is heat transfer Nusselt
number; Nuy, is the mass transfer Nusselt number;
F is the area; 7 is time. Subscripts: « stands for
incoming flow; w stands for wall; x stands for local
values.
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