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Abstract--This paper considers the process of heat and mass transfer in a boundary layer at evapora-
tion of a liquid. In this case heat and mass transfer mechanism differs from the process of heat transfer
without mass transfer. Experimental results obtained showed that in the boundary layer over a plate
there were submicroscopic particles of liquid whose evaporation was going on in the boundary layer
itself. On the basis of the theory of thermodynamics of irreversible processes methods of calculation
of mass transfer with regard for the action of all the thermodynamic forces including also a new effect
of separation of gas mixture components during the process of molecular transfer of kinetic energy of
a regulated motion have been developed,

Résumé—Cet article considére le processus du transport de chaleur et de masse dans la couche limite
au cours de I'évaporation d’un liquide. Dans ce cas, le mécanisme de transport de chaleur et de masse
différe de celui de la transmission de chaleur sans transport de masse. Les résultats expérimentaux
obtenus montrent que dans la couche limite sur une plaque il y a des particules submicroscopiques du
liquide, dont I'évaporation est en cours, dans la couche limite elle-méme. Des méthodes de calcul du
transport de masse ont été développées, elles sont basées sur la théorie de la thermodynamique des
phénoménes irréversibles et tiennent compte de 'action de toutes les forces thermodynamiques,
v compris d'un nouvel effet de séparation des composants du mélange gazeux au cours du processus
de transport moléculaire de I’énergie cinétique d’un mouvement contrdié,

Zusammenfassung—Die Arbeit behandelt den Warme- und Stoffiibergang in der Grenzschicht beim
Verdampfen einer Flissigkeit. Der Mechanismus des Wirme- und Stofftransports unterscheidet
sich in diesem Fall von dem des Wirmeiiberganges ohne Stoffiibertragung. Versuche zeigten, dass
in der den Platten anhaftenden Grenzschicht submikroskopische Teilchen der Fliissigkeit vorhanden
sind, die dort verdampfen. Auf Grund der Theorie der Thermodynamik irreversibler Prozesse wurden
Berechnungsmethoden fiir den Stoffiibergang entwickelt, die die Wirkung aller thermodynamischen
Krifte beriicksichtigen, einschliesslich eines neuen Effektes der Trennung eines Gasgemisches withrend
des Molekulariiberganges der kinetischen Energie einer geordneten Bewegung.

ApHoTRNEA-—B cTaThe PACCMATPUBAETCHA NPOLECC TENJN0-H MACCOHEPEHOCA B NOTPAaHHYHOM
CJI0€ IPY KCHRPEHAY MMUIKOCTH . MeXaHuaM Tenno-1 MacConepenoca B 3TOM CIIydae OTANYAeTCH
ot mponecca TenacobMera, He OCIOMHEHHOre MaccoobMenoM. Haw Norasanm pesyabraTs
OpPOBENEHHHIX ONKTOB, B NOTPRHIMHOM CJI0€ Ha/l INIACTHHON UMERTCA CYyOMUKDOCKONHYECKHE
HaCTHIH IKUXHOCTH, HMCHAPEHHE KOTODHIX NPOMCXOAUT B CaMOM [OTpaHmymoM cioe. Ha
OCHOBAHUM TEOPHM TEPMOKUHAMUKN HeoGpaTUMLIX HPOLEccoB paspaboTaHEl METONS PACUSTOR
MaCcCoNepeHoca € YUBTOM JefiCTBMA BCEX TEPMORMHAMAYECKHX CWJI, B TOM YHCJIE HOBOTO
a@erTa pasfleeHuUS KOMIIOHEHTOB Tas0BO} CMeCH B NpoNecCe MOJEKYJIAPHOTO NepeHoca
KHHETHYECKON SHEPIuy YHOPHNOULHHOTO JBIIKEHNA.

NOMENCLATURE (wet bulb temperature), respec-
T, absolute temperature, °K(7" = tively;
273 + 1); T,, temperature of radiation sur-
T,and T,, air temperature and temperature face;
of the adiabatic air saturation u and u,, moisture content and critical
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moisture content of a porous
body, respectively;

Cp» specific isobar heat capacity of
humid air (of vapour-gas mix-
ture);

Py density of humid air;

v, coefficient of kinematic vis-
cosity (v = n/p);

a, coefficient of thermal diffusivity
(a = Acyp):

A, coeflicient of heat conduction of
humid air:

Dy, coefficient of reciprocal dif-
fusion;

Dios relative partial vapour pressure

equal to the ratio of partial
pressure of vapour p, to the
total pressure of vapour—gas
mixture p(pyg == pa/p):

w, air motion rate;

relative concentration of the ith

Pios
component in a mixture equal
to the ratio of the volumetric
concentration p; to the density
of the mixture p(p;o == pi/p);

P10 relative concentration of vapour
in humid air;

¢, air humidity (¢ = p,/p.);

Des pressure of the saturated vapour:

His chemical potential of the ith
component;

M, molecular weight of the ith
component;

I, specific enthalpy of the ith
component;

R, universal gas constant;

r, specific heat of evaporation of a
liquid.

Indices

a, medium (humid air);

w, surface (plate surface);

¥, surface radiation;

1, water vapour,

2, dry air.

Numbers of similarity of heat and mass transfer
Nuand Nu’, heat and diffusion Nusselt num-
bers, respectively;

Re, Reynolds number;
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Pr, Prandtl number;
Pr, diffusional Prandtl number
(Schmidt number Pr’' = Sc¢);
Gu, Gukhman number
VG — ;Ij‘l - Ty)
(\ =)
Gu', modified Gukhman number
T,
(Gu/ = ];:)

HEAT transfer between a capillary porous body
and flow of a mixture of gases is not only of
theoretical interest but also is of great practical
importance. If heat transfer is going on in the
presence of evaporation of a liquid then
mechanism of heat and mass transfer in a boun-
dary layer near the surface of a body is compli-
cated considerably and cannot be described by
the classic regularities of heat and mass transfer
of a matter.

For example, with the evaporation of a liquid
from a free surface under conditions of
forced convection the dependence between the
numbers Nu, Re and Pr, as was shown by
Nesterenko [1] and Polonskaya [2, 3], is not
described by ordinary empirical relations which
are applied to the theory of heat transfer.
Nesterenko’s formulae are of the following form

Nu = APrt3 Re® Gu17 (1
Nu' = A'(Pr')v3 Re? Gu"1% 2)

where the constants 4. 4'. n and »' are deter-
mined from Table 1.

On the basis of experimental investigations of
heat transfer between moist porous plates and a

Table 1. Value of constants in formulae by
Nesterenko [1]

Range of the Reynolds i

i
|
number variation 4 no 4 / n
|
Re > 315 x 10° 107 048 083 | 053
315 x 10° < ; /
Re <22 10* 051 061 049 ' 0-61
22 % 10t < | |
0027 | 090 00248 090

Re < 315 x 10° |
t
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flow of heated air the following empirical
formula was obtained by Lebedev [4]

Nu = ARe" (Gu')o-4 (%)2(’;—)" 3)

where the constants A4 and » are given for some
bodies in Table 2.

Table 2. Value of constants in formula by Lebedev [4]

Material ; A n

Quartz sand 0-56 0-8
Clay 0-45 09
Wood 0-50 03

Other investigators [5-7] obtained formulae
analogous to the formula (3).

Till recently no detailed substantiation of the
introduction of new criteria of the form Gu,
(T,/T,), (u/u,) into relations (1-3) has been given
for the case of heat and mass transfer between a
porous body containing a liquid and a heated
moving gas. This fact indicates that there is a
necessity for special and detailed experimental
investigations on heat and mass transfer
mechanism in a boundary layer flowing over
a porous body containing a liquid.

Lately such investigations have been carried
out by A. V. Nesterenko, N. F. Dokuchaev [8]
N. S. Mikheeva [9], and P. E. Mikhailov
[10].

Temperature, partial pressure and velocity of
humid air motion in a boundary layer were
measured in these investigations.

Recently, applying improved methods, Mel’ni-
kova [11] has carried out analogous investiga-
tions under the leadership of the author of this
paper. In particular, the presence of a cooler
inside the porous body made it possible to
obtain any predetermined temperature head
At(dt = 1, — t,) and directly compare heat
transfer of a dry porous plate with that of a
moist one.

These investigations show that the heat
transfer coefficient is higher in the process of
evaporation of a liquid from a free surface or
from a capillary-porous body in comparison
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with the case of net heat transfer, with other
conditions equal. When increase in intensity of
evaporation occurs, the heat transfer coefficient
increases also.

While the calculations of heat transfer process
between the surface of a porous wall and the
flow of a gas, with blowing of an inert gas
(hydrogen, helium), involve the theory of a
boundary layer and produce the contrary
phenomenon: i.e. with increase of intensity of
gas supply into the boundary layer the coefficient
of heat transfer decreases.

To reveal the mechanism of heat and mass
transfer in the boundary layer special experi-
ments were carried out. Temperature, partial
pressure and velocity of air motion in a boundary
layer flowing over a porous (gypsum) plate were
measured by special devices. The plate was
continuously moistened, i.e. the amount of
evaporation of the liquid was calculated
according to water flow rate and was controlled
by weighing the whole plate.

A special cooler was mounted inside the plate
so that the temperature of the plate surface ¢,
was maintained constant and at any pre-
determined value.

The heat flow was directed from the moving
gas mixture to the plate (heat required for
evaporation of the liquid) and supplied by
forced convection from the air, moving with
the velocity W..

The flow of mass (vapour) was directed from
the surface of the plate into the surrounding air.

Distribution of temperature, partial pressure
and motion velocity were thoroughly measured
along the Y-axis and X-axis every 0-1 mm.

As a result it was determined that:

(1) At the evaporation of a liquid from the
capillary porous body there are submicro-
scopical particles of liquid in the boundary layer
whose evaporation is going on in the boundary
layer itself (volumetric evaporation). The Gukh-
man number Gu or its modification Gu’ as well
as the parametric criterion 7,/T, characterizes
the volumetric evaporation of particles of the
liquid in the boundary layer. The criterion u/u,
reflects the decrease in intensity of liquid particle
emergence out of the porous body to the
boundary layer as moisture content of the body
decreases.
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For well-known assumptions, differential
equations of heat and mass transfer in a laminar
boundary layer for the incompressible liquid
flowing over a flat capillary porous plate will be
as follows:

?py0 9p10 . 9 .
PV _a'x T+ Yy —8)7 - 8_}’ (Jm])ﬂ + 11’ (4)
ot ot %t
CoPWa 5 + cppwy = A ot + rl, 4)

where I; is the specific capacity of a vapour
source stipulated by evaporation of submicro-
scopic particles of the liquid in the boundary
layer.

(2) In the range of variation of Re from 8000
to 100 000 for fine porous bodies, mass transfer
constrained with the evaporation of a liquid has
no influence upon the curves of air motion
velocities distribution in a boundary layer (see
Fig. 1). These results corroborate the detailed
analysis of heat and mass transfer mechanism
at evaporation of liquid from a free surface.
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Fic. 1. Heated air flowing over a gypsum plate

350 mm in length (/ = 350 mm) at ¢, = 35°C with

the rate of w, = 2:5 m/s, temperature of the plate
surface is t, = 22-5°C.

This analysis is given in a review-article by
Polushkin [12].

(3) Water vapour partial pressure cannot be
considered as a potential of mass transfer in a
boundary layer. This may be confirmed by
direct experiments. For example, from distribu-
tion curves t*(y) and p}(y) in Fig. 2 it follows
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that vapour transfer is going on from the lower
partial pressure to the higher one.*

We shall dwell now on mass transfer potential
without going into a detailed substantiation of
introduction of the substance source I, into the
differential equation of heat and mass transfer
as is given in [11].

1:0

1*(y)

P: (y)

L X 1 !

Y mm

FiG. 2. Curves of distribution of temperature and

partial pressure at the distance x = 170 mm from

the plate edge (1, = 36:5°C, 1, = 27°C. w, == 5-8
m/s).

Usually the partial pressure p, or concentra-
tion p, is taken as the transfer potential of a
condensing gas (vapour). Then the law of vapour
transfer by diffusion in a binary mixture may be
expressed in the following form:

(6)

Moreover, the value of thermal diffusion flow is
assumed to be neglected.

However, the analysis by the methods of
thermodynamics of irreversible processes shows
that formula (6) is valid for non-condensing

. M
Jm1 = — D12p }‘71} V'pl()'

t This somewhat unlooked-for result has been already
displayed in earlier works. For example, it follows from
Fig. 4, given in the paper ‘‘Investigation of drying
mechanism of moist materials’” [9] that at the distance
equal to y > 2 mm from the surface of the gypsum plate
humidity of air has practically no change, i.e. § = const.
At the same time it is evident from Fig. 2 of the same
paper that the humid air temperature continuously
increases as it moves away from the surface up to
the distance equal to y = 10 mm. Consequently, the
vapour partial pressure p;(p; = ¢p.) will increase in the
range of 2 < y < 10.
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gas mixtures and is not valid for condensing
gases as well as for water vapour.

According to the Onsager theory the molecular
transfer of heat and matter is interdependent
and described by a system of linear equations.
For a gas mixture we have:

n—1
Jmi = Z Ly (X; — X;) + Lir X7,  (7)
71=1
n—1
Jo=Lrr Xr+ Z Lr; (X; — X,), (§)

=1
where the thermodynamic motive forces Xr and
X; are correspondingly equal to

Xp=—3VT; X

1 R

T s i vr ( T), (9)
Jj. and j,,; are energy (heat) and mass flow of
matter of the ith component conformably, L;;
are the Onsager kinetic coefficients.

The chemical potential u; of the ith component
is the function of the temperature 7, the pressure
p and (n — 1) of the relative concentrations p;,.
In the absence of external forces and at the
constant pressure (p = const) it is possible to
write equation (7) as [13]:

_ Z . { Z [3(#, #n) pko]T

-4@—m+m¥}(m

where Q; is the heat of transfer equal to the
amount of heat transferred per unit of mass of
the component j at the constant temperature
(Xr = 0). The value Q] depends on coefficients
L,7 and L;; and enters the following relation:

1n

As an approximation we shall take humid air
for a binary mixture consisting of water vapour
(M; = 18) and dry air (M, = 29). In this case
we may write equation (10) as:

1 a."‘l)
- 'm =—1L —\3 v
Jm2 1 [on(apm T P1o

vT
(01— b h) T .

#—1
J=1

Jmi =

(12)

Approximate evaluation of terms, which are
in square brackets of formula (12), applying to
the conditions of the experiment (see Fig. 2),
shows that the first term is approximately equal
to 34 cal/g cm and the second term is about equal
to 80 cal/g cm, i.e. 2 or 3 times more. More-
over, the specific enthalpy of superheated vapour
was taken equal to A, = 595 + 0-47¢ and the
value Q] = L;r/Ly,. Since the value (Q] — Iy +
hy) is negative, then the molecular transfer of
vapour is going on in the direction of the
temperature gradient, i.e. from the surface of
the plate into the surrounding medium.

Therefore, under certain conditions the
molecular transfer of vapour is determined not
by the drop of the vapour partial pressure but
by the temperature drop, i.e. by the potential
component u,/7T the value of which depends on
temperature change.

This type of transfer cannot be considered as
thermal diffusion of a vapour, since the Soret
thermo-diffusion effect in accordance with the
system of the Onsager linear equations (7-8) is
determined by the value Q;VZ/T which, in our
case, is small in comparison with the value
(hy — ho)VT/T.

Under certain conditions it is possible to take
the difference between the chemical potentials
in a state of saturation p,, and in a given state u,
at one and the same temperature [14] for the
potential of vapour molecular transfer in order
to obtain approximate calculations:

1 = e — - 13)
For the mixture of ideal gases we have:
RT
W)+ 37 Inpr (14)
Then we shall get:
f_ _ R
7= M, In 4. (15)

Therefore, we may take air humidity for the
potential of vapour molecular transfer. For the
first time relation (15) based on some other
assumptions was proposed in {9]. Here the
curves of temperature distribution and of air
humidity built in relative values are close to each
other (Fig. 3).
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Fi1G. 3. Curves of distribution of temperature and air

humidity in a boundary layer flowing over the moist

gypsum plate (¢, = 36:5°C, r,, = 27°C, w, = 58
my/s).

At the isothermal conditions (7 = const) we
can take the concentration p,y or the partial
pressure p,, for the potential of vapour mass
transfer. The calculations obtained with these
assumptions for the uniform temperature process
at small temperature drop in a boundary layer
give a satisfactory result.

A new effect based on such a phenomenon as
internal friction or viscosity influences vapour
molecular transfer in a boundary layer.

Consider a general case of molecular transfer
of heat, mass and impulse in the presence of
chemical reactions, whose rate we shall designate
through I';, Now we write the system of the
Onsager linear equations as follows

Jo =LrrXr + X L1;X;, (16)
2

Jmi = Z L;X; + Lir X, a7
7

I, = SLjX, (19)
j

where

Xp=—Vw; X,;=4,

A; is the chemical affinity, p is the statistic
pressure which differs from the tensor of pres-
sure P , 1 is the single vector.
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According to the principal relation of thermo-
dynamics of irreversible processes the com-
ponents of total flows are the combinations of
generalized thermodynamic motive forces.

Motive forces are the tensors of various
classes. It is possible to show by virtue of tensor
transformations that some combinations cannot
take place. If the system is an isotropic one then
the combination may occur only between such
tensors that have an even difference in classes.

The thermodynamic forces Xr and X, are
the vectors (tensors of the same class). therefore
the combination may occur between them. This
combination is observed as the Soret effect
(thermal diffusion) and the Dufour effect
(diffusional thermal conductivity).

The value X, is the second class tensor and the
chemical affinity X, is the zero class tensor.
Consequently, there is no place in isotropic
systems for the combination of effects from the
action of these forces with diffusion and heat
conduction. Therefore, the chemical reaction
rate does not involve the emergence of concen-
tration or temperature gradient. However, due
to the fact that the difference in classes of X,
and X, is equal to 2 (an even number), generally
speaking, the combination between these two
processes is possible in essence. It should not
take place in the case when the tensor difference
(P — p1)is equal to zero.

For an incompressible liquid when dealing
with one-dimensional problems (flat parallel
laminar flow of a liquid over a body) internal
friction phenomenon may be considered as
molecular transfer of kinetic energy of trans-
lational movement of the liquid (e = {pw?
along the normal, y, towards the body surface
[15]. For one-component system one can write:

Je = — vM(ipnd), (20)

where

C?
V(Epw)) = & (3pw?).

Therefore, the molecular flow of energy of the
regulated motion is directly proportional to the
gradient of Kkinetic energy of translational
motion of the liquid, i.e. the motive force of X, of
such transfer is a vector (gradient from scalar).

It follows that in gas mixtures the motive
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Separation,n,
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force X, may have a combination with forces
X7 and X, since they all are the tensors of the
same class.

Then equation (17) will be of the following
form:

Jmi = Z LyX;+ LirXr + £ LeyyXe;. (21)
J

From equation (21) it follows that in the
process of molecular transfer by kinetic energy
of motion at isothermal conditions (X7 = 0) the
effect of moisture separation must take place;
which is analogous to the Soret effect.

We have recognized the separation effect
experimentally on a rotating separation column
of the Clausius-Dickel type in the absence of
temperature gradient (7 const) on molar
solutions and binary gas mixtures (solution
NaCl and binary mixture H, and N,). This ex-
periment was carried out on a column which was
1550 mm in height and had a clearance of 0-25
mm. We have obtained 70 per cent separation
of NaCl at 20 rev/min for 1-5 h.

The separation process was going on at a
constant temperature of 25-5°C. We are inclined
to explain the separation coefficient increase on
a rotating thermal diffusion separation column
by this effect. This increase of separation co-
efficient was observed in [17] on separation of
binary mixture n—CH4(CH,), ,CH;—C, ,H;, (see

€60

S0r

401 3150 1/ min

20|

1

X ! !
(o] 4 8 12 16

20 24 28

7, hr

Fic. 4. Kinetic curves of separation of mixture
n—CH,(CH,),,CH;—C,H,, on the rotating thermo-
diffusional column [17].
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Fig. 4). The kinetic curves of separation of
binary mixture Hy,-N, under the isothermal
conditions on the rotating column at 20, 60 and
100 rev/min are given in Fig. 5.

The relative concentration of nitrogen at the
bottom of the column is counted off along the
ordinate axis and time in minutes is counted
off along the abscissa axis. Fig. 5 shows that in
1 h at n = 100 rev/min 26 per cent of nitrogen
separation was obtained.

100 rev/min
20
~y
Pl -4
oy =
Qs 60 rev/min
10
20 rev/min
1 1 1
0 30 60 20
7, min

FiG. 5. Curves of kinetics of separation of the binary
mixture (N,—Hj,).

From the analysis of experimental data as well
as in accordance with equation (20) it follows
that mass transfer under the action of the
thermodynamic force X. is directly proportional
to the gradient of the square velocity of the flow.
The gradient of the square velocity in the separ-
ating column at 20 rev/min is approximately
equal to 30 m/s® when the radius of the rotating
cylinder is equal to 42-3 mm and the clearance
1s equal to 0-25 mm.

The value of Vw2 is much greater in a boundary
layer. For example, from the curve w,(y) given
in Fig. 1 we obtain Vw2 which is equal to 750
m/s?, i.e. it is 25 times as much. If the rate
of air motion is w, = 5 m/s then the gradient
of square velocity in a boundary layer according
to the experimental data is equal to 1200 m/s2.

120
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1.e. it is 400 times as much in comparison with the
value of 4w? in the separating column. Conse-
quently, the value of dw? in the boundary layer
is greater by 2-3 orders, therefore, the influence
of the thermodynamic force X.; on molecular
transfer of matter may be of importance. It is
necessary to have the experimental data for the
transfer coefficients L.,; to obtain a final con-
clusion, then we can calculate in detail the
molecular transfer of matter in a boundary layer
taking into account all the thermodynamic forces.

Therefore, in the boundary layer flowing over
a moist porous plate the water vapour (M = 18)
will strive (under the action of the force X,) to
move in the direction y, while the air (the
reduced molecular weight of which is M = 29)
will strive to move in the opposite direction,
i.e. to the surface of the plate, under certain
conditions the motive force X, may be greater
than the force X, therefore water vapour will
move from the lower partial pressure to the
higher, as happened in our experiments.

An analogous phenomenon will occur when
air flows over a porous plate with hydrogen
supply into the boundary layer. The moving
force X. will intensify the transfer of molecules
of hydrogen from the wall to the flow of gas.
The contrary phenomenon may be observed
with a heavy gas, for example, CO, supplied to
the boundary layer, through the pores of the plate.

In this case the molecules of CO,, under the
action of the force X, will move into the region
of low velocities of the regulated air motion, i.e.
to the wall surface. Consequently, the force
X. will prevent mass transfer of the cooled gas.

In the general case we shall introduce the
corresponding expression from relation (21)
instead of the flow j,,, into the differential equa-
tion of mass transfer (4). In this case differential
equation (4) will be interconnected with that of
heat transfer.

Interconnection between the phenomena of
molecular transfer directly follows from the
physical nature of these phenomena. The
analytical description of transfer phenomena in
their interconnection is possible on the basis of
thermodynamics of irreversible processes, the
theory of which was founded by Dutch and
Belgian physicists (Onsager, de Groot, Prigogine
[13, 18]).
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The application of thermodynamics of irrever-
sible processes to the transfer phenomena makes
it possible not only to define more exactly the
existing methods of heat and mass transfer
calculation but also to obtain quite new solutions
for a number of problems which are of impor-
tance in modern engineering.
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