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Abstract. The work is devoted to the study of the gravitational motion of a liquid film under evaporation condi-

tions into a flow of neutral gas as applied to film machines with a plane-parallel nozzle. The aim of the work is to de-
velop a mathematical model of such a process and establish its laws. The model is based on the physical concepts of a
liquid film flowing down a flat surface heated from outside under the assumption that the film flows in isothermal
conditions under steady-state laminar mode without wave formation and in the absence of friction between the gas
and the film. The mathematical description of the film flow down process in these conditions includes the equation of
motion and the continuity equation for the liquid film, which are supplemented by the equations of mass transfer, the
material balance of the gas phase in the evaporated liquid, the relative content of the vaporized substance in the gas
phase and the equation expressing the Dalton’s law. As a result of solving this system of equations, dependencies are
obtained that make it possible, at known values of the mass transfer coefficient in the gas phase, to carry out calcula-
tions and simulate the hydrodynamics of the liquid film flow under conditions of evaporation into a flow of neutral
gas. For the water-to-air system, regularities were established in which the film thickness and speed of movement
along the surface height were varied for different types of film interaction with the air flow: forward flow, backflow,
and cross-flow, as well as with different hydrodynamic and temperature conditions of its flow down under cross in-
teractions conditions of the flows. It has been shown that in all cases a decrease in the thickness and speed of move-
ment of the film is observed, with the largest decrease occurring during cross-interaction, which is associated with an
intense removal of the resulting vapor from the film surface. The developed mathematical model can be used to eval-
uate the operating modes of film machines with a plane-parallel nozzle.

Keywords: film machine, plane-parallel nozzle, cross-interaction, film thickness, mass transfer coefficient, evapora-

tion rate.

1 Introduction

Film machines, whose operation is based on the gravi-
tational flow of a liquid, are widely used for heat and
mass transfer processes in the “liquid — gas (vapor)” sys-
tem. Many of these processes are accompanied by evapo-
ration of the liquid. Introducing a neutral (inert) gas flow
with respect to the liquid into the machineand evaporat-
ing the liquid into it allows the temperature of such pro-
cesses to be reduced. This also makes promising the use
of film machine with a neutral gas flow for example for
the concentration of aqueous solutions of non-volatile
liquids (sulfuric acid, glycerin, etc.). Special interest in
this case are film apparatuses with flat-sheet nozzles,
which allow you to organize cross-phase movement,
which makes it possible to increase the driving force of
the process at high density irrigation nozzles. However,

the theory of such a process has not been developed suf-
ficiently, which makes it difficult to carry out engineering
calculations of these apparatuses. The aim of this work is
to develop a mathematical model and establish on its
basis the laws of the liquid film flow down over a flat
surface in the conditions of evaporation into a flow of
neutral gas.

2 Literature Review

Literary data show [1] that when carrying out process-
es accompanied by evaporation of a liquid (separation of
liquid mixtures, concentration of solutions, evaporative
cooling, etc.), film machines have several advantages
compared with other types of machines. These ad-
vantages primarily include: a large contact surface of the
phases and high intensity of heat and mass transfer, low
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hydraulic resistance, small residence time of liquid in the
machine, which is important for thermolabile materials.
Depending on the design of the machine, a film may
form on the surface of different geometries, for example,
a number of papers deal with the liquid film flowing
down along the inner surface of vertical pipes, the outer
surface of horizontal pipes or on surfaces of other geome-
try (half cylinder, cone, plate) [2—4]. Promising from the
point of view of the organization of heat and mass trans-
fer processes is the liquid film flow down on a flat sur-
face [5, 6]. Such a fluid flow is described by equations of
motion and continuity which have the following forms:

fu N a%u
Pl u=pg v i3
ay dy? 1)
Ou ou_ ()
dy 0z

where p, — the density of the liquid, kg/m®; 4, — the dy-
namic viscosity of the liquid, H-s/m*; u —component of
the liquid rate in the direction of the film flowing, m/s;

g — gravitational acceleration, m/s2, y — transverse coor-
dinate, z — longitudinal coordinate in the direction of the
film flow down.

Liquid evaporation from a film to a neutral gas has
features that must be taken into account when developing
film machines. The introduction of a neutral gas into the
liquid-vapor system leads to the fact that during evapora-
tion, conditions close to the action of vacuum are
achieved and accordingly allows the process to be carried
out at a lower temperature [7]. The effectiveness of such
machines increases with evaporation into a neutral gas
flow, which also serves as the carrier of the resulting
vapor [8, 9]. At the same time, along with the gas flow
rate, the nature of the interaction of the gas flow with the
flowing down liquid film also influences the liquid evap-
oration from the film. It can be forward flow, backflow or
cross-flow. This can be quite easily organized using a
plane-parallel nozzle [10].

However these questions were not sufficiently devel-
oped and therefore the following tasks were set to achieve
the objectives of this work:

— developing a mathematical model and, on its basis,
an algorithm for calculating hydrodynamics of the liquid
film flow down on a flat surface under the evaporation
conditions into a neutral gas flow;

—using the developed model to establish the effect of
the interaction nature of the neutral gas flow with a lig-
uid film, as well as regime parameters on the change in
the thickness and movement rate of the film.

3 Research Methodology

3.1 The mathematical description of the
process

A mathematical model of the liquid film downflow
under the conditions of evaporation into a flow of neutral
gas was developed on the basis of the scheme presented
in Figure 1.
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Figure 1 — Calculation scheme for the liquid film flow down:
1 — surface; 2 — film; 3 — bounding wall

According to this scheme the film of liquid 1 moves
under the action of gravity along a vertical surface 2,
uniformly heated from the outside. With this heating, the
heat from the surface is transferred to the liquid, as a
result of which the liquid evaporates into the space
bounded by the wall 3. A flow of neutral gas enters this
space, which traps liquid vapor and carries it outside the
surface. Suggesting that the liquid film flow occurs under
isothermal conditions, we assume that the temperature of
the liquid is constant and equal in the entire volume of the
film. Considering the movement of the film at a sufficient
distance from the upper edge of the surface, we take it
steady and occurring in a laminar mode without wave
formation. In this case, the friction between the gas and
the liquid, as well as the change in pressure along the
height of the surface, is neglected.

Under these conditions, the change in the film thick-
ness of the liquid ¢ and the speed of the film i along the
Z axis (surface height) were determined, while the values
along the X axis (surface width) were assumed to be un-
changed.

The equation of motion of the liquid film (1) can be
obtained by considering the selected element in it with
the volume bdydz (section A—A in Figure 1). Expressing
the frictional forces arising from the movement of liquid
on the front and rear faces of an element, through shear
stresses, and also using the basic principle of dynamics,
the continuity equation in evaporation conditions will
differ from equation (2).

The continuity equations were derived by considering
the film element with the volume bddz (Figure 1),
through the upper face of which passes the mass liquid
flow equal to L, = pbiid and through the lower face —

equal to
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where u is the velocity of the film (average
liquidvelocity in the cross section of the film), m/s; § —
film thickness, m. We believe that changes in the mass
flow of a liquid occur due to its evaporation through the
surface bdz of the front face of the element. At the same
time, the evaporation through the surfaces of its left and
right faces is neglected. Then the mass flow of liquid
turning into vapor is equal to

dl =L; —Lzyg: 3)
This flow can be expressed as
dl = whdz 4)

where w is the evaporation rate (specific vapor flow),
kg/(m®-s).

Substituting the dependence (4) into (3) and express-
ing the mass flows through their components, we obtain
the continuity equation in the following form

pr1d{6u) = wdz (3)

Equations (1) and (5) are complemented by the follow-
ing dependencies:
1) the mass transfer equation from the film surface:

dM = gF,, — B )Fdr (©6)

where M — the mass of the resulting steam, kg; f —
mass transfer coefficient to the gas phase, kg/(m*s-Pa);
P, — the saturated vapor pressure of the evaporated lig-
uid, Pa; P, — partial vapor pressure in the gas phase, Pa;
F — evaporation surface, mz; 7— time, s;

2) material balance equation for gas phase of evapo-
rated liquid:

dM = Gy(d, — dge)dr A

where G, is the neutral gas flow (indices in Figure 1:
FF — forward flow; BF — backflow; CF — cross flow),
kg/s; d,, dy — the current and initial relative contents of
the moisture content of the evaporated substance in a
neutral gas, kg/kg;

3) the equation of the relative content of the evapo-
rated substance in the gas phase, which is written on the
basis of the Clapeyron equations of state for vapor and
neutral gas:

Bmy = dglgmg 8)

where m,, m, are the molar masses of evaporated sub-

stance and neutral gas, kg/kmol; P, — the partial pressure
of a neutral gas in the gas phase, Pa;

4) an equation expressing Dalton’s law:

P=hth ©)

The presented system of equations (1), (5)—(9) de-
scribes the hydrodynamics of the flow down of a liquid
film over a flat surface under the conditions of evapora-
tion of a liquid into a neutral gas flow.

3.2 Equations solution and calculation
algorithm

To solve the equations of motion we use the following
approach. If it is assumed that the evaporation of a liquid
from the free surface of the film does not affect the distri-
bution profile of the local liquid velocity along the Y axis
(in cross sections of the film), then under boundary con-
ditions y=0, u=0 and y = 9, du/dy = 0 (there is no fric-
tion force on the free surface of the film) it can be used
the classical solution of the equation of motion:

_ p1g5* 1 y*

T T 57
Accordingly by averaging the velocity of the liquid
over its volume passing per unit time through the cross

section of the film we obtain the dependence for deter-
mining the velocity of the film

__ mgb®
u=—
3w (10)
The quantity ¢u in equation (5) is a linear (referred to
the wetted surface width) watering volume, m2/s. Turn-
ing to the linear watering mass I' = p,( i ), we integrate
equation (5) in the range from z =0 to the current z and
from I =T to the current value of I'. As a result, consid-
ering the dependence (10), we have

5=3 3'?’ (T, —wz), (1D
1 8

where I'g=Ly/b is the initial linear watering mass,
kg/(m-s); L, is the initial mass flow of the liquid, kg/s.
Expressing the evaporation rate as

S}

_1dM
YeFar

from equation (6) we have

w = BB — B (12)
From equations (8) and (9) we get
_ dgmgP
=
my, + dgmg (13)

Equating the left sides of equations (6) and (7), after
the appropriate transformations with regard to depend-
ence (13), we obtain the quadratic equation

2 —
d_g-l-pdg—q—ﬂ. (14)

In this equation, the coefficient p and the free term ¢
depending on the nature of the interaction of the phases
and the corresponding expression of the evaporation sur-
face are determined by the following formulas:
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1) forward flow:
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The positive real root of equation (14) is the value of
the relative content of the vaporized substance in the gas
phase (moisture content for water).

Obtained as a result of solving the system of equations
of the above mathematical description of dependencies
(10)—(14) allow for known values of the mass transfer
coefficient § to carry out calculations and modeling of
hydrodynamics of a liquid film flowing down a flat sur-
face under conditions of evaporation into a neutral gas
flow. The initial data for the calculation are the following
values: v — velocity of neutral gas, m/s; L, — the initial
mass flow of the liquid , kg/s; b — surface width, m;
H — surface height, m; A — the distance from the surface
to the bounding wall, m; #; — liquid temperature, — the
initial temperature of the neutral gas, °C; ¢, — the ambient
temperature, °C; ¢, — the relative content of the evapo-
rated substance in the environment, %; B — atmospheric
pressure, Pa.

The calculation is carried out in accordance with the
following algorithm.

1) take the temperature of the gas phase is equal to

- t + tg0
7= 2
2) using reference data, the f, value is used to deter-
mine the kinematic viscosity of the neutral gas v, and the
vapor diffusion coefficient to-neutral gas necessary to
calculate the mass transfer coefficient 8, and also P,,. By
value #; we determine the values p; and y;, by value ¢, we
determine the values p; and y;, by value of 7, is deter-
mined by the value of the partial vapor pressure in the
environment P, Next, using the known formulas, we
calculate the values of the content of the evaporated sub-
stance in the environment d, and the specific volume of
the environment containing this substance y,;

3) calculating the volume flow rate of neutral gas for
forward flow and backflow:

! = vbl

for the cross-flow
V = vHA

and its mass flow
6y =2
¥a

4) setting the values of the longitudinal coordinate
from z = 0 to z = H, for each value we calculate:

— the relative content of the vaporized substance in the
gas phase d, according to equation (14), having previous-
ly determined the coefficient p and the free term g for a
specific type of the phases interaction;

— partial vapor pressure of this substance in the gas
phase P, according to equation (13);

— evaporation rate w according to equation (12);

— film thickness J according to equation (11);

— film speed # according to equation (10).

According to the results of the calculation, we estab-
lish the change in the thickness and speed of movement
of the film along the height of the surface.

4 Results

The study of the regularities of the liquid film flow
down on a flat surface under the conditions of evapora-
tion into a flow of neutral gas was carried out using the
calculation algorithm described above. In this case, water
was taken as a liquid, and air was taken as a neutral gas.
The necessary data for calculating the mass transfer coef-
ficient B was determined by the well-known empirical
formula of Gilliland and Sherwood [11]. The results were
presented in the form of dependences of the change in
film thickness and speed on the surface height with dif-
ferent types of film interaction with air flow: forward
flow, backflow and cross flow, as well as various hydro-
dynamic and temperature regimes of its flowing down
under cross-interaction conditions.

The analysis of these dependences shows that the film
thickness and the rate of its flow down in all cases de-
crease along the surface height as a result of the water
evaporation. From a comparison of these dependences
with a different character of film interaction with the air
flow (Figure 2), it follows that the decrease in film thick-
ness and speed during cross-interaction is comparable
with the backflow and even slightly exceeds it.

Such a feature of cross-flow interaction is associated
with the rapid removal of vapor from the film surface,
which reduces its partial pressure in the air flow through-
out the film’s movement path and, accordingly, increases
the driving force of the evaporation process.

The influence of hydrodynamic regimes on the film
flow patterns (Figure 3) is characterized by a more in-
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tense decrease in the film thickness and speed with in-
creasing air rate, which is associated with an increase in
the mass transfer coefficient and, accordingly, evapora-
tion rate. With an increase in the mass flow of water en-
tering the film, a decrease in the thickness and speed of
movement of the film, on the contrary, is less intense.

The study of the effect of temperature regimes on the
regularities of the film flow down was carried out in the
absence of water boiling in the film (¢, < 100 °C).
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Figure 2 — Effect of the nature of the interaction of the water
film with the air flow on thickness changes (dotted lines) and
the speed of movement (solid lines) of the film (#, = 80 C;
to =20 °C; v =10 m/s; Ly = 0.005 kg/s): 1, 1/ — forward
flow; 2, 2/ — backflow; 3, 3’ — cross-flow
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Figure 3 — Influence of hydrodynamic regimes of the flow
down process of a water film on the change in its thickness
(dotted lines) and speed of movement (solid lines) during cross
flow interaction: a — flow rates (¢, = 80 °C; Ly = 0.005 kg/s;
t0=20°C): 1, 1'=v=1.0m/s;2,2 —v=5.0ms;

3,3 — v =10 m/s; b — the initial mass flow of water
(1, =80°C; v=10.0 m/s; t;y = 20 °C): 1, 1 = Ly = 0.001 kg/s;
2,2 = Ly=0.0025 kg/s; 3, 3’ — Ly = 0.005 kg/s

Calculations show that in this case, an increase in both
the water temperature in the film and the temperature of
air supplied to the evaporation surface leads to a more
intensive decrease in the thickness and movement speed
of the film (Figure 4).

It was established that with significant initial air tem-
peratures (f, > 100 °C) complete water evaporation can
be achieved (Figure 4 b). This is due to the increase in the
saturated vapor pressure and accordingly the evaporation
rate in accordance with equation (11).
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Figure 4 - Influence of temperature regimes of the flow down
process of a water film on the change of its thickness (dotted
lines) and movement speed (solid lines) during cross flow
interaction: a — liquid temperature (v = 10 m/s; Ly = 0.005 kg/s;
t=20°C): 1,1'=1,=20°C; 2,2/ = ,=50 °C;

3,3’ —1,= 80 °C; b — gas temperature (; = 80 °C; v = 10 m/s;
Ly=0.005 kg/s): 1, 1"~ 1,=20°C; 2,2~ 1,=50 °C;

3,3 —1,=100°C; 4,4 —1,= 150 °C

5 Conclusions

On the basis of the developed mathematical model,
hydrodynamic regularities of a liquid film flowing down
along a flat surface are established considering evapora-
tion into a neutral gas flow. These regularities include the
influence of the nature of the neutral gas flows interaction
with a liquid film, as well as regime parameters on the
change in film thickness and speed. It is shown that the
film thickness and motion speed of the film decreases
most intensively with cross-flow interaction. The intensi-
ty of the decrease in the thickness and speed of move-
ment of the film along the surface height increases with
an increase in the velocity of the neutral gas, and with an
increase in the flow velocity of the liquid decreases. With
a significant temperature of neutral gas (¢, > 100 °C) at a
certain height of the surface, complete evaporation of the
liquid is achieved.

The model can be used to evaluate the operating
modes of film machines with a plane-parallel nozzle.
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liagpoaunamika cTikaHHs NJIIBKH PilMHY MO IUIOCKiH MOBepPXHi

B YMOBAaX BUIIAPOBYBAHHA Yy NMOTIK HEHTPAJBHOI0 ra3y
Jlykamos B. K., Koctiouenko €.B., Tumodiis C. B.

locrkinchkuit iHCTHTYT CyMCBKOTO JEp>KaBHOTO YHIBEpCUTETY, By ['arapiHa, 1, 41100, m. IllocTka, Ykpaina

AHoTauisi. Po6oTa npucBsdeHa JOCHTIIKEHHIO TPaBITAIHOTO PyXY IUTIBKH PiJHHMA B YMOBAaX BUNIAPOBYBAHHS y
MOTIK HEHTpaJbHOrO rasy s 3aCTOCYBaHHS y IUTIBKOBHX amapaTax i3 IUIOCKOIapaleibHOK Hacalkorn. Meroro
poboTH € po3poOka MaTeMaTHYHOI MOJENi TAKOro IMPOLECY i BCTAHOBJIEHHS HOro 3aKOHOMipHOCTEil. 3a OCHOBY
Mozeni obpaHo (i3WuUHI 3aKOHOMIPHOCTI CTIKaHHS IUTIBKM PIAMHM Y3JOBX Harpitoi 330BHI IUIOCKOI IOBEpXHi 3a
MIPUITYLIEeHb, IO CTIKAHHS IUTIBKM BiJOYBA€Thcs B i30TEPMIYHMX yMOBax IIPU CTAJIOMY JIaMiHAPDHOMY pEeXHMi Oe3
XBHJICYTBOPEHHSI Ta 3a BiZICYTHOCTI TEPTSA MiK ra3oM 1 IUTiBKOO. MaTreMaTnyHa MOJIEINb MPOIIECy CTiKaHHS IUTIBKU B
OUX YMOBaxX MICTUTh PIBHSHHS PyXy 1 HEPO3PHUBHOCTI IUTIBKH DPIiAWHH, IOMOBHEHI PIBHAHHAMH MAacoOBiIiadi,
MaTepiajgpHOro OanaHcy ra30Boi (ha3u 3a BUMAPOBYBAHOIO PiJMHOIO, BITHOCHOTO BMICTY BHITAPOBYBAHO! PEYOBHHH Y
ra3oBii ¢asi Ta piBHSIHHIM 3aKkoHy JlanbToHa. Y pe3ynbTaTi POo3B’s3aHHS CUCTEMH PIBHSHb OTPUMAaHO 3aJI€KHOCTI,
IO JI03BOJISIIOTH (3a BIiJJOMMX 3HaueHb KoedilieHTa MacoBimmadi y ra3oBy ¢asy) 3AiHCHIOBaTH PO3PaxyHKH i
MOJIEIOBATH TiPOJMHAMIKY CTiKaHHS IUTIBKH DiMHM 32 YMOB BHIIapOBYBaHHS Yy INOTIK HeWTpaibHOTO rasy. s
CHCTEMH «BOJIa — TIOBITPs» OyJH BCTAHOBIICHI 3aKOHOMIPHOCTI 3MiHHM TOBIIWHHM 1 MIBUAKOCTI PyXy IUIIBKU IO BHCOTI
MOBEPXHI 3a PI3HOTO XapakTepy B3a€MOMii IUTIBKA 3 IOTOKOM TMOBITPS (IPSMOTOYHOTO, MPOTHUTEUIHHOTO 1
MEPEXPECHOT0), a TAKOXK 3a PI3HUX TiAPOAMHAMIYHHX 1 TEMIIEpaTYpPHUX PEKUMIB ii CTIKAHHS B YMOBaX I€pPEeXpecHOT
B3aeMo/ii motokiB. [TokazaHo, IO U1 BCIX BHMIAAKIB CIIOCTEPIraeThbCs 3MEHIIECHHS TOBLIMHU Ta HIBHIKOCTI PyXy
IUTIBKY, NPUYOMY HaifOinble 3MEHIIeHHS BiOyBaeThCs TPH MEPEXPEecHii B3aeMOil, 110 MOB’A3aHO 3 IHTCHCUBHUM
BI/IBOJIOM YTBOPIOBAHOI NapH BiJ MOBEPXHi ILTiBKH. Po3pobiieHa MaTeMaTH4Ha MOJeNb MOXKe OyTH BHKOPUCTaHHS
JUISL OLIHIOBAHHS PEKMMIB pOOOTH IUTIBKOBUX aMapariB i3 INIOCKOMAPAIeNbHOI0 HAaCaAKOIO.

KarouoBi cioBa: TUIIBKOBHI amapaT, IUIOCKOIApalelibHa Hacajka, IepeXpecHa B3ae€MOJis, TOBIMMHA IUIIBKH,
Koe]ilieHT MacoBiIadi, MBUAKICTh BUIIAPOBYBAHHS.
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