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Abstract—A one-dimensional differential model describing condensation of a vapor–gas mixture in tubes and
its implementation on a computer in the Visual Basic integrated development environment is presented. The
model is intended for studying the operation conditions and parameters of the relevant types of condensing
devices and, in the future, for carrying out technical computations and providing information support to design
developments and tests. The compute kernel is based on mathematical models that take into account the main
significant effects during condensation, such as gravitation (with different tube orientations), friction at the
phase interface boundary (taking into account the cross flow of mass and specific roughness of the boundary),
availability of noncondensing, admixtures, different external cooling methods, and the possibility of dangerous
operation conditions to occur (freezing and flooding). The well-studied limiting models, such as a gravity or
shear condensate film, are united by the interpolation method between asymptotes. The mathematical formu-
lation of the problem consists of conservation equations (of momentum, energy, and mass of mixture compo-
nents) for averaged flows of coolants supplemented with algebraic relations for local coefficients of heat transfer,
mass transfer, and friction at the interface boundaries. The remoteness of working fluid thermodynamic param-
eters from the critical point, which is almost always observed in condensing installations, is the natural limitation
of the analysis model’s application field. A special analysis for determining heat transfer and friction in gravity–
shear condensate films based on an adequate differential turbulence model is carried out.
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The vapor–gas mixture condensation computer
model was developed as a tool for providing design
analysis and information support to special types of
condensing devices, e.g., air cooled condensers for the
steam turbines of thermal, geothermal, and nuclear
power plants (TPPs, GeoTPPs, and NPPs), evapora-
tive condensers (steam generators) used in two-loop
GeoTPPs, and condensing installations used in pas-
sive heat removal systems (PHRSs) for confining acci-
dents at NPPs (see, e.g., [1–4]). Long pipelines used
in the steam supply systems of industrial enterprises
are also an object to which the model can be applied.

The computing program has been developed as an
interactive medium in the Visual Basic programming
system. The compute kernel is based on mathematical
models that take into account all significant effects
observed during condensation, such as gravity, friction
at the phase interface permeable surface, availability of
noncondensable admixtures, and f low stratification in
inclined tubes. The computer program includes the
possibility to specify different boundary conditions at
the wall (i.e., the condenser cooling conditions), to
reveal dangerous operation conditions (freezing and
flooding), and to calculate changes in the vapor–gas
flow and condensate film parameters along the chan-

nel’s longitudinal axis. The local characteristics of
heat and mass transfer and friction are determined
using the method of “constructing” an objectively
complex full description composed of relatively simple
asymptotic (partial) models (condensation of quickly
moving vapor on shear films, condensation of stag-
nant vapor on gravity films, and integral models of
heat and mass transfer on permeable surfaces). The
partial models are incorporated into the full model
through the use of interpolation relations, which
ensure correct limiting transitions to asymptotic limits
and satisfactory approximation in the intermediate
parameter’s variation region (see, e.g., [5]).

The model’s mathematical formulation is posi-
tioned as a one-dimensional differential model [6, 7]
composed of the conservation equations for momen-
tum, energy, and mass of mixture components for
averaged longitudinal coolant f lows supplemented
with algebraic equations for calculating the local coef-
ficients of heat transfer, mass transfer, and friction at
the phase interface’s boundaries.

The processes in a turbulent condensate film under
the conditions of commensurable gravity and friction
effects at the phase interface’s boundary are consid-
ered as a special problem. Possible operation condi-
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tions with recirculation in the f lowing down liquid
films are of interest for designing various heat and
mass transfer devices. Flooding effects accompanied
by the occurrence of pulsating modes in the passive
heat removal systems at NPPs [2, 4] may be of critical
significance.

It is assumed that the f low and heat and mass trans-
fer in the considered steady problem obey the well-
known restrictions of a viscous, continuous, and
incompressible medium. It is also assumed that the
values of working f luid parameters are essentially far
from the thermodynamically critical point.

CALCULATION OF LOCAL HEAT TRANSFER
The basic film condensation modes are described

by the following relations [1, 8]:
1. a laminar gravity film flow or LG in abbreviated

form

(1)

where α is the heat transfer coefficient;  is the linear
scale, a so-called viscous–gravity length; λ is the con-
densed phase heat conductivity coefficient; g is the
acceleration of gravity; gx is the gravity acceleration
projection on the х axis;  is the wave correction; G is
the condensate f lowrate per unit film width;  and

are the liquid and vapor densities, and ν is the kine-
matic viscosity coefficient;

2. turbulent gravity film (ТG, D.A. Labuntsov’s
formula [8])

(2)

where Pr is the condensate Prandtl number;
3. laminar shear film (LS)

(3)

where SSF is the shear factor and τs is the friction stress
at the phase interface boundary; and

4. turbulent shear film (TS)

(4)
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Relations (1)–(4) presented above are considered
below as the limiting modes whose film moves under
the effect of two forces: gravity and surface friction.
The interpolation expressions satisfying the limiting
transitions can be written in a unified form

(5)

where  is the generalized Nusselt number value

valid for any film condensation mode;  and
 are the Nusselt numbers for limiting modes (1)–

(4); the values of exponent n depend on the film con-
densation mode.

For a laminar-to-turbulent transition, it is recom-
mended to take n = 4, while it is recommended to take
n = 2 for the combined effect of unidirectional gravity
and friction forces at the surface.

Thus, the following approximation is used for
describing generalized heat transfer under pure vapor
condensation conditions:

(6)

where  is for laminar and
turbulent gravity condensate films, and Nushear =

 is for laminar and turbulent shear
condensate films.

CALCULATION OF FRICTION 
AT THE PHASE INTERFACE BOUNDARY
In calculating the friction stress τs at the phase

interface boundary for a turbulent vapor–gas f low, the
specific surface roughness associated with wave dis-
turbances and turbulence in the condensate film
should be taken into account. The relative growth of
friction stress is given, according to the modified Wal-
lis formula [9], by

(7)

where τs0 is the friction force at the smooth phase
interface surface, deq is the channel equivalent diame-
ter, and δ is the condensate film thickness.

For the limiting cases, the following two conve-
nient dimensionless expressions for the gravity and
shear film thicknesses  and  are used:
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and friction at the phase interface boundary, is given
by the following interpolation relation:

(8)

The thickness D for gravity and shear films is calcu-
lated from the formula

For the gravity film, the terms  and 
appearing in this formula are determined as follows:

and 
For the shear film, the following holds:

and 
It should be emphasized that the friction factor SSF

is now supposed to be linked with the condensate film
thickness through Wallis’ formula (7) written in the
following form:

(9)

where SSF0 is the friction factor at a smooth surface,
which is calculated from the vapor–gas f low param-
eters.

Equation (9) shows what the film-thickness value
should be for the friction to increase in a certain spec-
ified ratio (SSF/SSF0). Thus, equations (8) and (9)
form a nonlinear system for determining the film
thickness  and shear factor (SSF) at the specified
values of ReF and SSF0. The relevant calculations are
carried out in the computer program at each integra-
tion step of the conservation equations along the chan-
nel axis. The algorithm includes means for monitoring
the developed roughness conditions by comparing the
vapor–gas f low viscous sublayer thickness with the
condensate film thickness.

The main computations in this study were carried
out for two stable condensation modes with simulta-
neous action of gravity and shear, which are of rele-
vance for practical applications. The problem con-
cerned with different directions in which these factors
act is discussed below in the final part of the article.

For intense condensation processes, the effect of
mass cross f low on friction must be taken into
account. Interpolation between asymptotes is the sim-
plest and efficient method of doing so:

(10)
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where τ0 is the friction when there is no cross f low of
mass;  is the asymptotic friction under strong
suction conditions, which is defined as the f low of
momentum through the phase interface boundary; j is
the condensation rate; and  is the velocity in the
vapor–gas f low core.

EFFECT OF NONCONDENSABLE 
ADMIXTURES ON THE CONDENSATION RATE

During condensation in channels, the negative
effect due to the presence of noncondensable admix-
tures may be significant even though the initial con-
centration of inert gas is low. This is because steam is
condensed and removed from the vapor–gas f low,
whereas air remains therein, and its relative fraction
increases. Concurrently, the vapor–gas f low velocity
slows down, as a result of which the condensation rate
becomes significantly lower.

In air-cooled condensation installations, noncon-
densable admixtures bring about the danger of tubes
becoming frozen at low negative environment tem-
peratures. For certain kinds of condensers, such as
installations for capturing moisture from flue gases
(combustion products), mass transfer in the vapor–
gas medium is the main process limiting the through-
put of these installations [3].

In calculating heat transfer taking into account the
effect of noncondensable admixtures, the following
relation for heat f luxes on both sides of the phase
interface boundary is used:

(11)

where  is the wall temperature monitored by the con-
denser cooling system,  is the saturation temperature
at the phase interface boundary,  is the heat transfer
coefficient at the phase interface boundary on the
vapor–gas f low side,  is the temperature in the
vapor–gas f low core, r is the vaporization (condensa-
tion) heat, β is the mass transfer coefficient,  is the
steam condensation near the interphase boundary,
and  is the vapor concentration in the vapor–gas
flow core. The brackets with interrogation signs
denote the sought unknown quantities.

If we exclude superintense evaporation/condensa-
tion processes from consideration and limit ourselves
to moderate pressure levels, we obtain
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(13)

where  is the saturation pressure;  is the vapor–
gas mixture pressure;  is the Stanton diffusion
number (a dimensionless mass transfer coefficient);
b1 is the permeability parameter;  and Rg are the gas
constants of vapor and gas; and Ψ(b1) is the correction
factor that takes into account the stream field distor-
tion under the effect of mass cross f low.

Relations (11)–(13) form the basis of an engineer-
ing technique for calculating heat and mass transfer
under evaporation and condensation conditions (see,
e.g., [7]).

DIFFERENTIAL MODEL

The variations of vapor–gas mixture parameters
(steam quality, temperature, and pressure) over the
channel length z are described by the mass, energy,
and momentum conservation equations and stem
from the f low interactions at interface boundaries as
described above. On the whole, the mathematical
description can be characterized as a 1D differential
model, in which the state variables (steam quality,
temperature, and pressure) and also transfer rates
(condensation rate, heat f lux density, and friction
stress) are the sought functions of the longitudinal
coordinate z.

The system of differential equations is integrated
using the implicit control volume method, which makes
it possible to ensure stable computation with a relatively
large longitudinal step. In view of the fact that the math-
ematical description is nonlinear in nature and is real-
ized according to an implicit numerical scheme, the
nonlinear algebraic equations must be solved at each
step along the longitudinal coordinate z.

The mass f lowrates of the vapor and condensed
phases vary as a consequence of condensation:

(14)

where Gf, Gv, and Gg are the condensate, vapor, and gas
flowrates; and πd is the channel’s wetted perimeter.

The variation of the vapor–gas mixture tempera-
ture  is described by the enthalpy conservation
equation
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where  is the vapor–gas mixture enthalpy f lux; 
is the specific vapor enthalpy at the saturation line; d
is the channel diameter;  is the gas specific enthalpy
in the vapor–gas mixture f low; and  is the vapor spe-
cific enthalpy in the vapor–gas f low.

The f lux densities on the right-hand side of (15) are
related to the control boundary drawn in the gas phase
infinitesimally close to the phase interface boundary.
The expressions for enthalpy as a function of tempera-
ture are written in accordance with the adopted
assumption about remoteness from the thermody-
namically critical state.

The pressure losses in the vapor–gas f low are cal-
culated using the momentum equation for one-
dimensional current with a variable f lowrate

(16)

where f is the channel cross-section area; τs is the tan-
gential stress at the phase interface boundary; ρu is the
vapor–gas f low mass velocity in the channel; and  is
the velocity at the phase interface boundary.

The change of pressure in two closely located con-
trol sections due to the dynamic effect and friction will
make

(17)

where  is the total mass f lowrate of a two-phase
mixture; Xvg is the steam quality; and ρvg is the vapor–
gas mixture density.

In this equation, the gravity effects for a vapor–gas
flow are neglected because they are nonessential for
the considered applications and coolant parameter
ranges.

It should be emphasized that the right-hand sides
of differential equations (14)–(17) contain cross f lows
of mass, momentum, and energy, which are defined as
implicit (and nonlinear) functions of variable veloci-
ties, pressures, and concentrations—a circumstance
that predetermines that the computation procedures
are complex and iterative in nature. For example, the
temperature ts at the phase interface boundary is varied
by means of the effective algorithm ZeroTs for numer-
ically solving nonlinear algebraic equations until con-
jugation conditions (11)–(13) become satisfied.

The dependence of thermal–hydraulic character-
istics on the object orientation in space is an important
specific feature of the problem, which generates the
need of using special model descriptions. An essen-
tially 3D flow of condensate emerges even if the orien-
tation of long tubes deviates only slightly from the ver-
tical direction. An attempt to obtain exact solutions
encounters difficulties due to significantly different
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Fig. 1. Computer model: User interface. 

Condensation in tubes Operation mode code: AirRib32 Description: Tcold = Tvg, evaporati
Database Geometry Flow parameters

Computation results

Operation mode code
Description

Data summary
characteristic linear scales, and approximate models
ensuring correct limiting transitions and reasonable
interpolation in intermediate situations become of
issue.

Such approximation can be set up using a simple
scheme that takes into account the gravity and friction
effects at the film surface. It is assumed that shear and
the gravity force longitudinal projection act in the lon-
gitudinal direction (along the tube axis), whereas the
corresponding gravity force projection (normal with
respect to the tube axis) is only of issue in the trans-
verse direction. The longitudinal two-phase f low con-
sists of an axial vapor–gas stream and a condensate
film, which moves along the tube axis under the com-
bined effect of friction at the interface boundary and
longitudinal gravity component. Motion of conden-
sate moves transversely over the tube inner circumfer-
ence only under the effect of gravity with a reduced
gravity force value equal to its projection on the nor-
mal to the tube axis. This transverse stream produces a
near-bottom flow in the inclined tube, which tends to
increase along the tube length. It should be noted that
the model stream transforms naturally into limiting
condensation conditions inside a vertical or horizontal
tube. It is also obvious that the limiting case with con-
densation of vapor quickly moving inside a tube irre-
spectively of its orientation is realized in a correct way.

The computer program’s user interface (Fig. 1)
offers the possibility of accessing the database and the
graphic demonstrations of computation results in an
interactive manner. The diagram placed in the center
shows the characteristic distribution of vapor–gas
flow temperature, phase interface surface, and dew
point under full condensation conditions in the chan-
nel inlet segment. The operation mode shown in this
figure models operation of the NPP steam generator as
a condenser of vapor–gas mixture in the PHRS under
a hypothetical beyond-design-basis accident.

Simulation of simple film condensation limiting
modes using a full computer model is a reasonable
methodological requirement for its implementation by
means of software. For the representative set of special
test configurations (a tube slightly inclined to a hori-
zontal plane with a low velocity of vapor f low at the
inlet, a large-diameter vertical tube, and a high-veloc-
ity vapor f low in a tube oriented at different slope
angles), full agreement between the computer model
and well-known simple asymptotic solutions has been
obtained. It should be emphasized that these compu-
tations demonstrate that the described model of
vapor–gas mixture condensation in tubes has been
correctly implemented by means of software.

COMPARISON OF COMPUTATION RESULTS 
WITH EXPERIMENTAL DATA

The computer model structure includes service
functions for accumulating data arrays and comparing
them with the simulation results. As an example, we
present comparison with the materials reported in
[10], the authors of which obtained a representative
amount of experimental data on vapor–gas mixture
condensation in a vertical tube.

The following parameters were varied in wide
ranges in the experiments: pressure (0.5–2.1 MPa),
vapor–gas f low velocity at the inlet (3–15 m/s), air
concentration (0.2–0.6), and cooling intensity
parameters (26 modes). The longitudinal (local) dis-
THERMAL ENGINEERING  Vol. 66  No. 6  2019
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Fig. 2. Comparison between the computation results and experimental data of [5] for the operation mode with p = 0.498 MPa,
air concentration equal to 0.594, vapor–gas f low velocity equal to 13.31 m/s, and wall temperature equal to 87–79°С. 
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tributions of the vapor–gas f low and wall temperatures
Tvg and Tw and also the condensate f lowrate (and,
thereby, the steam quality Xv) were measured1.

Based on comparison between the distributions of
Tvg and Xv obtained experimentally and using the
computer program, the empirical coefficients appear-
ing in modified Wallis formula (7) were adjusted. It
should be noted that the variation of vapor–gas mix-
ture temperature over the channel length is governed
by the heat transfer intensity from the vapor–gas f low
to the condensate film surface under the effect of the
local temperature difference (Tvg–TsSurf). As regards
the steam quality, its variation is governed by the con-
densation rate, i.e., by the totality of heat and mass
transfer processes in the vapor–gas f low and conden-
sate film. As was shown from an analysis of the data
array presented in [10], it is advisable to decrease the
empirical coefficient in formula (7) from 24 to 6,
which would correspond to the effect of usual (sand)
roughness. In the case of using a smaller Wallis con-
stant value, better agreement between the calculated
and experimental data on the vapor–gas f low tem-
perature is obtained, with the agreement of the steam
quality data still remaining satisfactory (Fig. 2).

This result is a problem statement rather than a
final recommendation. We touch here the most com-
plicated and topical problem of modeling a two-phase
flow, namely, description of the structure of a phase
interface boundary susceptible to strong disturbances

1 Here and henceforth, the notation of variables is given in accor-
dance with the computer program.
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under the conditions of intense cross f low of mass
during phase transformations.

The obtained results can be generally appraised as
follows: on the one hand, the simulated results are in
satisfactory (within 20%) agreement with the experi-
ment (see Fig. 2), and, on the other hand, the problem
of special roughness produced by the liquid film still
remains of issue. An essential difference of the charac-
teristic temperatures from each other should also be
pointed out, namely, the saturation temperature at the
phase interface boundary (TsSurf) and the vapor–gas
flow dew point temperature (Tdew), which are some-
times unduly considered to be identical with each
other in analysis models.

ADEQUATE TURBULENT FILM MODEL
Sophistication of methods for calculating heat and

mass transfer in film apparatuses is associated with
selecting adequate turbulent film models, i.e., models
with the minimal complexity oriented at applications
encountered in engineering practice, which, however,
take into account all effects that are of fundamental
importance for the f low under consideration. In this
regard, application of the Kolmogorov–Prandtl
model involving one differential equation, namely, the
turbulence kinetic energy conservation equation
(known as the k-model, see [11]) is an efficient
approach for solving the problem. With turbulent
energy chosen as the directly calculated quantity, it
becomes possible to model effects relating to droplet
entrainment and specific roughness of the phase inter-
face boundary (see, e.g., [12]).
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Fig. 3. Heat transfer in the condensate gravity film (DAL is D.A. Labuntsov’s model). 
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Below, the results obtained from relevant computa-
tions are briefly outlined. The motion equation for a
steady plane-parallel film flow is written as the equi-
librium of gravity and shear forces, so that the velocity
gradient  is given by the following expres-
sion written in terms of dimensionless “wall variables”
(or boundary layer dynamic variables):

(18)

where Rsw is the numerical parameter determining the
ratio between the friction stress at the film surface (s)
and at the wall (w),  is the dynamic velocity,  is
the relative turbulent viscosity, and  is the turbu-
lent viscosity.

Thus, for a gravity film Rsw = 0, and for a shear film
Rsw = 1. The friction stress at the wall τw is a positive
quantity, which possibly tends to zero when the gravity
is balanced by the oppositely directed shear. The rela-
tive turbulent viscosity  is calculated as a function
of the local values of turbulent energy K and vapor–
gas mixture turbulence scale 
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Jk, and f low velocity U written in dimensional vari-
ables is given by

(19)

where  and  are the turbulence model inner func-
tional parameters.

The problem formulation is finalized by specifying
the zero boundary conditions at the wall and the zero
turbulent energy flux Jk at the phase interface boundary.

The computations of heat transfer and friction
according to the model represented by (18) and (19)
were carried out in two limiting cases (for the gravity
and shear films) and also in the general case involving
a combined effect of gravity and friction at the phase
interface boundary. Figure 3 shows a comparison
between the computation results with those obtained
using the model [8]. The marked points connected by
solid curves are in fact the results of calculations using
the k-model represented by (18) and (19). The series of
points with the same marking but without connection
curves reflect the results of computations according to
the model [8].

The obtained data are in satisfactory agreement
with formula (2) (in its domain). With other values of
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Fig. 4. Condensate velocity distribution in a condensate
film with oppositely directed gravity and shear. 
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the parameters, growing discrepancies are observed.
In all cases, the k-model yields somewhat lower trans-
fer intensities than computations with predefined tur-
bulent transfer coefficients (based on measurements of
single-phase f lows in tubes). Discrepancies become
more noticeable with extreme (essentially larger or
smaller than unity) Prandtl number values, which is
important for applications relating to film apparatuses
with special coolants (organic or liquid metal). The
same applies to diffusion processes in liquid films at
very high values of the diffusion Prandtl number.

Solution of boundary problem (19) makes it possi-
ble to correctly take the f low structure and coolant
properties into account and defines the distribution of
turbulent transfer coefficients as the problem inner
feature, due to which it can be regarded as an efficient
THERMAL ENGINEERING  Vol. 66  No. 6  2019

Fig. 5. Turbulence characteristics in a film with oppositely direc
on an enlarged scale is shown). 
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tool for solving problems associated with turbulent
films in miscellaneous technologies.

In what follows, we present, as a characteristic
example, the results of computations carried out for a
more complex model stream of coolant with recircula-
tion under the conditions of oppositely directed grav-
ity and friction at the phase interface surface (Fig. 4).

Such flow pattern precedes the “flooding” effect,
with which the emergency mode, in which the f lowing
down liquid is repeatedly thrown upward, takes place
instead of the normal condensate f lowing down mode.
Thus, the considered model may be useful for detect-
ing special operating conditions in film apparatuses, in
particular, for analyzing the NPP steam generator per-
formance in the condensing mode when the passive
heat removal system comes into operation.

For coolants characterized by the Prandtl number
values essentially greater than unity, the near-wall
region (Fig. 5) is of importance, the turbulent viscosity
in which already becomes nonessential due to proxim-
ity of the wall; however, the turbulent thermal conduc-
tivity remains high compared with the molecular ther-
mal conductivity. The same relates also to diffusion
processes in liquid films characterized by very high
values of the diffusion Prandtl number.

Possible cellular structures with countercurrent
motion in films, i.e., with recirculation in cells,
deserve special investigation. In this regard, both con-
densation and evaporation processes, e.g., those for
evaporation cooling purposes, are of equal interest.

CONCLUSIONS

(1) The presented mathematical model and com-
puter program for analyzing the vapor–gas mixture
condensation processes in tubes meet the modern
ted gravity and shear (on the left-hand side, the near wall region
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challenges in the field of providing scientific and engi-
neering support to the power industry.

(2) The classic solutions presently available to
problems connected with condensation processes are
insufficient for designing and providing information
support to complex condensation equipment of power
installations for securing their normal operation.

(3) The use of purely empirical correlations derived
from engineering practices is also insufficient for ana-
lyzing complex configurations and operation modes.
The direct numerical simulation method involves
many difficulties and, perhaps, is excessive in being
implemented under real conditions.

(4) The presented development (the analysis model
and its implementation by means of software) is a rea-
sonable compromise able to provide information sup-
port in designing and operating condensing devices of
a certain type.
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