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To solve scientific and technical problems, physical processes are considered and systems of equations are written
numerical and approximate mathematical model of combined heat and mass transfer at contact cooling of gases
and heating of water, as well as turbulent transfer of particles in an ascending dispersed annular flow of gas and
liquid. The numerical model is based on a system of equations in particular derivatives in two-dimensional form
with boundary conditions of the fourth kind. Approximate model built using a system of algebraic equations of
the cell model of the flow structure for gas and liquid phases, where the main parameters are the number of cells
of complete mixing, coefficients heat and mass transfer and turbulent transfer of particles. An example of solving
a system of equations is shown cell model with calculation of gas and liquid temperature profiles, moisture and
particle concentrations, and also the efficiency of the heat and mass transfer process, the efficiency of separation of
the finely dispersed phase from the gas liquid film in cocurrent flow. Comparative characteristics of film devices are
given. Noted introduction of scientific and technical developments in the purification of natural gas at production
sites.
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Introduction

Mathematical modeling of transport phenomena in two-
phase media has both theoretical significance in scientific
research and applied in various industries.  Academi-
cians of the USSR Academy of Sciences N.N. Semenov,
S.S. Kutateladze, N.M. Zhavoronkov, R.I. Nigmatulin and
many of their students were among the first researchers
of high-speed flows of liquid films together with a gas or
vapor flow. Scientific and practical interest in technical
devices of gas-liquid contact is due to the search for ways
to intensify transport phenomena in two-phase media in
various apparatuses and technical devices [1-4].

Cooling and purification from the dispersed phase of
flue and process gases is an important problem for the
enterprises of the petrochemical complex and thermal
power plants (TPP). The cooling of gases is more often
organized in direct contact with a liquid, more often with
cold water. Spray, film and packed scrubbers are used
with countercurrent phases, as well as vortex various types
of interaction. From the point of view of the driving
force of heat transfer, scrubbers with countercurrent phase
interaction are most preferred. Purification of gases from
various types of dispersed phases (solid and liquid aerosol
particles and drops) at thermal power plants takes place in
electrostatic precipitators, shock-inertial traps, and also in
wet cleaning devices.

When cooling and cleaning relatively small volumes of
gases (up to 50—60t/h and water flow rates up to 200 t/h)
and in the absence of significant restrictions on the hydraulic
resistance of the scrubber, it is possible to use the mode of
intensive interaction of gas and liquid in an axisymmetric
or swirling dispersed-annular flow in cylindrical channels in
parallel-current flow mode at gas velocity 10—45m/s [5-9].
Due to the high-speed flow, small weight and size char-
acteristics of the scrubber are achieved in comparison,
for example, with packed ones. With the same scrubber
diameter, the productivity of channels with high-speed
dispersed-annular flows is 6—8 times higher than traditional
packed scrubbers. The high-speed flow provides not only
gas cooling, but also significant efficiency (up to 99.99%)
of gas purification from the dispersed phase. The dispersed
phase can be both solid particles and small droplets that
form aerosol systems [8-10]. Contact tubes can be made
with a rough surface and with strip swhirlers, which
increases the efficiency of transfer phenomena [11-14].

The flow diagram of gas and liquid in the contact channel
is shown in Fig. 1 [14].

Known mathematical models of such processes involve
numerous experimental studies of both heat and mass
transfer and separation of the dispersed phase, together
with the study of the hydrodynamic laws of motion and
interaction of gas and liquid phases [15-18]. Therefore, it
seems appropriate to develop a mathematical model with
a minimum amount of experimental information, the main
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Figure 1. Film apparatus with upward movement of liquid: ¢ —
diagram of the movement of phases at the outlet of the pipes; b —
scheme of phase movement at the pipe inlet; / — pipes, 2 — tube
plates, 3 — splash guards, 4 — manifolds, 5 — slots for water
supply.

of which is the hydraulic resistance of gas-liquid contact
devices. This significantly reduces the time and cost of
developing new technical devices for heat and mass transfer
and separation of the dispersed phase.

The process of ascending motion of gas and lig-
uid film in a contact tube of small internal diameter
(d =0.015-0.021 m) and height up to 1.0 m is considered.
There can be several tens or even hundreds of such tubes,
depending on the flow rates of the phases in the apparatus.
For example, if the casing diameter of the apparatus
is Dcasing = 1.2m, the number of tubes with an inner
diameter of 0.021m — 1084 pcs. The ascending regime
begins at the gas velocity in the tube w, > (8—10)m/s
(under normal conditions) and is called the strong phase
interaction regime [6,7]. This process occurs when the
tangential friction stress 7y [Pa] at the gas-liquid interface
is significantly greater than 7,,(7y > 7,,) of the gravitational
current 7, = p1g8¢ [Pa], ie. without gas impact, where
8¢ — average film thickness, [m]; p; — fluid density,
[kg/m3].

The problem of studying the phenomena of transfer
during contact cooling of gases and heating of liquids (more
often water), as well as gas purification from a finely
dispersed phase, is being solved. The gas phase can be flue
gas or process gas. Such tasks are relevant when technical
solutions are required for a compact design of the apparatus
and when there are no significant restrictions on the pressure
drop.

Both numerical and approximate methods can be used to
study conjugate heat and mass transfer and separation of
the dispersed phase in a dispersed-annular flow in a contact
tube. The purpose of this work is to apply these methods
to simulate the phenomena of heat and mass transfer and
to determine the heat and mass transfer efficiency of the
process for various design and operating parameters of a

dispersed-annular flow, as well as to simulate the separation
of the dispersed phase by a liquid film in the problems of
developing gas cleaning devices at industrial enterprises.

1. Numerical model

The theoretical basis of numerical methods are systems
of differential equations of transport phenomena with
partial derivatives, which are solved with the assignment
of boundary conditions of various kinds [12].

The stationary turbulent motion of an ascending gas-liquid
flow is considered, when the liquid phase is distributed
mainly in the form of a film along the channel wall, and
moves axisymmetrically in the center into the gas with a
dispersed phase (particles) (Fig. 2).

Momentum, mass, and energy (heat) are exchanged
through the interfacial surface of the film. The mass in
this case is moisture, which in small concentrations is
almost always present in the gas phase, and the dispersed
phase. Condensation cooling of the gas occurs, which
in some cases can provide cooling below the dew point.
The liquid phase provides heat recovery of the gas phase.
Heat exchange through the walls of the contact tube with
the environment is insignificant. The gas phase contains
small solid particles and liquid droplets, which can break
off from the crests of the film waves. However, due to
their low concentration, their influence on heat and mass
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Figure 2. Scheme of gas and liquid flows in ascending forward
flow and conditional division of the tube into cells.
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transfer is insignificant. Taking into account that the length
of the tube H is much greater than its diameter (H > d),
the differential equations for the transfer of heat, mass of
moisture, and dispersed particles can be written in two-
dimensional form as follows:

— heat transfer in the gas phase

al aq
wg(y)pg a_xg = a_yg’ Ig = f(Tg, Cg)’ (1)
— moisture mass transfer
0C,  0jg
s _ 8 2
wely) ZE = G- @)
— heat transfer in a film
aT aq
P1Cp1UL(Y) a_xl = a—yl (3)

— transfer of the dispersed phase in the gas phase

oC article 8] article
we(Y) g; = g; . (4)

Heat flow in the gas phase due to convection and
moisture condensation

aC,

aT,
qg = (/’lg + Atg)—g + Ivap(Dg + Dtg) 8y

3y slvap = Cp1 Ty + 1.

(5)

In expression (5), the first right term — heat transferred

due to phase contact by molecular and turbulent mech-

anisms, and the second — heat transferred by moisture

condensation, where |, is the specific enthalpy of vapor,
[J/kg], at liquid temperature Ty, [°C].

Mass flow of moisture in the gas phase

. aC
Jg:(Dg"‘Dtg)a—yg- (6)
Heat flow in the liquid phase
aT
a1 = (4 +4u) B_yl (7)
Flow of particles in the gas phase [10]
. C arti
] particle = (Dpanicle + Dtpanicle) ;?/ﬁde — UICpanicle (y)
(8)
In expressions (1)—(8): X,y — longitudinal and trans-
verse coordinates, [m]; wg(y), ui(y) — gas and liquid

velocities as functions of the transverse coordinate, [m/s];
s — gas enthalpy, [J/kg; T,),Ti — gas and liquid
temperatures, [°C]; C; — moisture concentration, [kg/m?];
Chartice — concentration of particles, [kg/m?]; Cpi — specific
heat capacity of liquid, [J/(kgK)]; A1, Ami — coefficients
of molecular and turbulent thermal conductivity in the
gas phase, [W/(m-K)|; 45, 4,g — coefficients of molecular
and turbulent thermal conductivity in the liquid phase (in
a film), [W/(mK)]; Dg, Dy — coefficients of molecular
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and turbulent diffusion of moisture in the gas phase, [m%/s];
r — specific heat of vaporization, [J/kg]; u — velocity
coefficient of turbulent transfer of particles, [m/s]; Dparticle
Dy particle — coefficients of Brownian and turbulent particle
diffusion, [m%/s]; p, — gas density, [kg/m?].

On the right side of expression (8), the term UCparicie(Y)
takes into account the turbulent-inertial mechanism of
particle transfer [10].

The following boundary conditions are set for the system
of equations (1)—(3):
for x = 0 (input):

Ig = Iginit’ T1 = Ttinit» Gg = Cg init» Cparticlecparticle init»
for y = 0 (on the wall):

dT1/9y = 0;
for y = R (on the axis of symmetry):

8Ig/ay = 3C/3y = 8Cparticle/ay =0,
at y — R — 8¢ (on the interface):

Oz — Oi; Tg = Ti; Dgdc/dy = B,(C —C¥),

jpanicle = utcparticle’
where R — tube radius, [m]; S, — mass transfer coefficient
in the gas phase, [m/s|; indexes: init — initial value; * —
equilibrium value. In equation (1), the enthalpy

lg = (Cpg + vaapég)Tg + rég’

where Cpg, Cpvap — specific heat capacities of dry gas
and steam, [J/kgK]; in this expression for enthalpy I, the
moisture content dimension is C4 kg/kg.

The velocity profiles wy(y) and ui(y) after the hy-
drodynamic stabilization section are usually specified as
logarithmic or power-law. The coefficients of turbulent
exchange in the gas phase and, especially, in a turbulent
film have a complex nature of dependence on the transverse
coordinate and hydrodynamic characteristics of the motion
of the gas and liquid phases. Therefore, the solution of the
system of equations (1)—(3) with the presented boundary
conditions has certain difficulties and is more often used
for research purposes. Approximate mathematical models
and methods are used in practical calculations for the
modernization or design of heat and mass transfer industrial
apparatuses.

2. Approximate model

In approximate modeling, we will take a cell model with
a conditional division of the contact tube in height into cells
of complete mixing of the same size. The number of cells
depends on the structure of liquid and gas flows. Let us
write the equation for the heat balance of the cell model in
the form

Qi = I—Cpl(Ti,l - Tifl,l) + Qi,evap - KI:|(Tl,g - Ti,l)
+|vap[3gF,(Ci,g—Ci*,g), i=1,2,...,n, 9)

where Q; — heat flow in the cell, [W]; Qi cvap — heat
flow with evaporated liquid, [W]; K — heat transfer
coefficient, [W/(m?-K)], which is equal to the heat transfer
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coefficient @ in the gas phase, K = @jtextyg since the main
heat transfer resistance is concentrated in the gas phase;
F — interfacial area, [m?]; (F = r(d — 28;)H/n, H — tube
height, [m]); n — number of cells; |y, — vapor enthalpy,
[J/kgl; Cf, — moisture content of saturated gas, [kg/m?].

The right side of expression (9) can be written using the
Lewis analogy, and then we get [15] Q; = Fifx(li, — Ii’ig).
For a cell, the heat flow (9) will take the form

Q = LCpl(Ti,l —Ti—11) + Qi evap
=Fbx(lig =g i=12...,n  (10)

where By — mass transfer coefficient related to moisture
content difference, k[g/(m?-s)] [19]; |7y — enthalpy at the
phase boundary at T; 1, [°C].

Expression (10) is solved together with the heat balance
equation

Qi = I—Cpl(Ti,l - Tifl,l) + Qi,evap
=G(li1g—ligh i=12....n, (1)

where L, G — mass flow rates of liquid and gas, [kg/s]
(assumed to be constant along the tube height); Cpi, Cpg —
specific heat capacities of liquid and gas, [J/(kg-K)]. The
value of Qj evap 18 no more than 1-2% of Q; and therefore
the flow Qj evap can be neglected.
Equation for moisture mass flow, [kg/s] per cell
G(Ci—1,—Cig)

Mig=———"—""=BFRCiz —Ciy),
Pg

i=1,2,....n. (12)

Mass flow [kg/s| of particles deposited on the surface of
the liquid film in the cell

G(CI —1,particle — Ci,panicle)
Pg

M i,particle —

= utl:lci,panicle’ i=12,....n (13)

The coefficients of heat transfer «,, mass transfer B,, Bx
and turbulent transport of particles U; are taken average
over phase contact surfaces and are calculated from the
expressions of the mathematical model, where the main
information about the modeling object is the hydraulic
resistance of the contact devices [13,20]. With a significant
change in the thermophysical properties of gas and liquid
along the height of the contact tube, the calculation of 3,
Bx and U can be performed cell by cell.

The Sherwood number for a strong interaction of a gas
with a liquid film is calculated by the expression [20]:

ReyScy >’ \/Z/8

Sh, = , 14
£ 13.73 +2.51n(8.33 - 10~3Rey\/Z/8) (14)
where  Sh, = fg(d — 26;)/D, — Sherwood number;

Rey = we(d —26;)/v,  —  Reynolds  number ;

Scg = vg/Dy — Schmidt number; w, — average gas
velocity in the tube, [m/s|; & — coefficient of hydraulic
resistance of gas-liquid medium. Mass transfer coefficient
Bx = pePe, [kg/m?s].

The dimensionless velocity of turbulent transport and
settling of particles Ut = u;/u, is found from an expression
generalizing a large number of experimental data in tubes
at a gas velocity wy = 5—50m/s for aerosol particles [10]
(r7 < 26.6),

Tt 2
F=725-1074 — ), 15
U <1 +(1)ETr> ( )

where 77 =1 U2/ vy — is the dimensionless relax-
ation time; 7 = dgamcleppanicle /(18pgvs) — particle re-
laxation time, [s|; Oparice — particle diameter, [m];
g = U,/(0.05d) — energy-intensive pulsation frequency,
[s7!]; u, =Wg\/&/8 — dynamic velocity in the boundary
layer in the gas phase at the interface, [m/s].

For 7% > 26.6, we get [10] Ut = 0.2.

Thus, four equations (10)—(13) are written with four
unknown quantities T 1, lig, Cig, Ci partices Where the
kinetic characteristics of transport phenomena are calculated
by expressions (14), (15).

For the convenience of solving this system of equations,
from expression (10) we write

FBx

Ti=T_
i1 i l,l‘i‘LCpl

(lig =17, i=12....,n. (16)

From expression (11)

Lo (T —Ti1) .
Ii,gzlifl,g— Pl( I,IG i 1,1)’ i=1,2,...,n (17)

From expression (12)

C - Cifl,g “"prgFICi*,g
e l +pg,6ghFl/G '

From expression (13)

Ci —1, particle
Cipartice = ———————=, 1 =1,2,...,n, 19
i, particle 1 +/0gUtF|/G ( )
where for i = 1 the gas and liquid inlet is in the lower part

of the contact device: To1 = Tinit 15 log = linitg; Cog = Cinitgs
Copaﬁicle = C;initparticle- Iinitg = (Cinit,pg + Cinin,p vapCinitg)Tinitg
+ rCinitg; (Cinitg ~ kg/kg)

When i = n, the gas and water outlet is in the upper part
of the contact device, where the values take on finite values.

The number of cells nn is calculated with the known
Peclet (Bodenstein) number of the flow structure, with
Pe =2-10, n= (Pe + 1.25)/2.5, with Pe > 10, n ~ Pe/2.
The Peclet number is calculated using semi-empirical
expressions [13,14].  Moreover, the number of cells
in the gas and liquid phases does not match and a
smaller value is chosen.  Considering that the main
resistance to transport phenomena is concentrated in the

Technical Physics, 2022, Vol. 67, No. 9
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gas phase, the Taylor expression can be used in the form
Pe = 0.43H/[(d — 25+ )v/&].

Thus, the profiles of liquid temperature T;, gas en-
thalpy Ti, and moisture content C;, by cells are found
from the solution systems of equations (16)—(18), where
all kinetic characteristics and the number of cells are
determined. From solution (19), the particle concentration
profile is calculated. For i = n we have the values Tgpa 1,
 finalg> Cfinalg> Cfinal particte this makes it possible to write the
efficiency of transfer phenomena as the ratio of the achieved
values to the maximum possible ones.

Thermal efficiency of gas cooling

Linitg — | final
Ey= —5 & (20)
|initg - IEnalg
Thermal efficiency of water heating

Thnat1 — Tinit 1
Ei=————. 21
! Tinitg — Tinit 1 1)

Moisture Condensation Efficiency

E. = CithCi“alg. (22)
Cinitg - Cﬁnalg
Particle Separation Efficiency
n= Cinitparticle - Cﬁnalpanicle. (23)

Cinit particle

From the heat balance equation
LCp1 (Thnar1 — Tinit1) = G(linitg — finalg) (24)

as well as expressions for the thermal efficiency (20)
and (21) follows the relation

By LCpi(Thinat1 — Tinit1)
Ei G(linitg - IEnalg) .

(25)

Thus, depending on the conditions of the gas cooling
and liquid heating problem being solved, by setting one of
the required efficiencies (for example, E, (20)), one can
determine the efficiency liquid phase heating.

3. Calculation result

Figure 3 shows the results of calculations using expres-
sion (19) for the concentration profile of uranine particles in
the air with a diameter of Oparticle = 9 #m along the vertical
coordinate of a dry channel with a diameter of d = 15.75
,mm and length H =4.5m at air speed wy = 18.1m/s
and comparison with experimental data [21] (logarithmic y-
axis). The experimental value is Cgpa = 1.0% of the input
(n =0.99), and the calculated value is 1.3% (n = 0.987).
The dynamic velocity in a dry channel with particles
deposited on the surface (absolutely absorbed walls [10])

was calculated by the expression U, = wg+/roug n/8, Where

Technical Physics, 2022, Vol. 67, No. 9

0.1}

Cparticle(x)’ Cinit, particle

0.01
0

X, m

Figure 3. Concentration field of aerosol particles of uranine:
rhombuses — experiments by G.A. Sehmel [21], calculation by
equation (19). Particle diameter 9 um, gas velocity 18 m/s, tube
diameter 0.01575 m. Rectangles — experimental data [21].

&ough — 18 the coefficient of hydraulic resistance of the
rough channel due to the dispersed phase deposited on
the surface. Satisfactory agreement between the calculated
and experimental profiles Cparicie (X)/Cparticie init confirms the
adequacy of the mathematical model. The discrepancy in
the final concentration is not more than 1%.

For an ascending dispersed-annular flow, calculations
were performed at a gas velocity wg =20m/s, a spe-
cific water flow rate of 2.75m?3/(m?-h); Tinitg = 90°C;
Tinie1 = 20°C;  Cinig = 0.176 kg/kg;  linigg = 156 - 10% J/kg.
Tube inner diameter d = 0.0168 m, tube length H = 0.5 m.
Pressure drop AP = 3750 Pa, drag coefficient £ = 0.525.

As a result of solving the system of equations (16)—(18),
the thermal efficiency in the gas phase is E; = 0.82. Also,
for similar conditions, the calculation of the concentration
profile (19) of fine particles with a diameter of 3 and 1 um
and density pparice = 2 - 10> kg/m®. For particles with a
diameter of 3um, n =0.997 was obtained, for particles
with a diameter of 1 um n = 0.0.756. Thus, for the given
conditions, particles with a diameter of 3 um and more are
captured almost completely, and at dparicle < 3 um the effi-
ciency is significantly reduced. The results of the calculation
of the mass transfer efficiency E; (22) (air humidification
with water) and the separation of particles with a diameter
of 1 and 3um with a density of pparicie = 2000kg/m? in a
tube H = 0.2m long and with a diameter ofd = 0.0168 m
with an experimental pressure drop AP for the air-water are
given in the table. For very small particles, it is possible to
increase the efficiency of processes by using channels with
discretely rough walls or swirling flows.
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Hydraulic, mass transfer and separation characteristics during the
upward axial movement of the dispersed-annular flow in a tube
H = 0.2m long, d = 0.0168 m inner diameter for the air-to-water
system (T, ~ T = 20°C) at various gas velocities and irrigation
density

. | we, | AP, g, n
Nl s | pa m®/(m-h) 5 Ee 1um | 3um
1] 147 | 600 0.493 0.389 | 0450 | 0.035 | 0.308
2| 255 | 1030 0.493 0222 | 0372 | 0.076 | 0.748
3| 328 | 1550 0.493 0202 | 0.349 | 0.156 | 0.74
4 | 38.6 | 1950 0.493 0.183 | 0.331 | 0.222 | 0.725
5| 457 | 2550 0.493 0.171 | 0.318 | 0.339 | 0.716
6| 147 | 900 1.137 0.583 | 0472 | 0.226 | 0.844
7 | 253 | 1550 1.137 0339 | 040 | 0428 | 0.797
8325 | 2150 1.137 0.285 | 0.370 | 0.61 0.772
9 | 382 | 2750 1.137 0263 | 0.355 | 0.752 | 0.762
10 | 45.7 | 3750 1.137 0251 | 0.341 | 0.765 | 0.765
11 | 146 | 1350 2.398 0.887 | 0498 | 0.468 | 0.546
12 | 25.1 | 2450 2.398 0.544 | 0427 | 0.771 | 0.836
13 | 32.1 | 3550 2.398 0482 | 0424 | 0.82 | 0.82
14 | 37.6 | 4350 2.398 0.431 | 0.386 | 0.81 0.81
15 | 44.6 | 5400 2.398 0.380 | 0.367 | 0.81 0.81

In a channel with a rough wall, the efficiency increases
by 15—-20%, and with band swirlers by 25—30% relative,
ie. the values n =0.85—0.95 are achieved for particles
1 um at channel length H = 0.2 m.

It follows from the calculations that at 7+ < 16.6, with
an increase in the gas velocity and a constant specific
water consumption, the separation efficiency increases. At
Tt > 16.6, when U ceases to depend on the particle
diameter (u; = 0.2u,), the separation efficiency becomes
constant (see table lines Ne 9, 10, 13—15).

Figure 4 shows the results of separation efficiency
calculations for particles with diameters of 1 and 3um
(Oparticle = 2000 kg/m?®) at gas velocity ws = 32.8m/s and
irrigation density g = 0.493 m3/(m-h) (see table, line Ne 3)
depending on the length of the channel. At H=1.0m
particles with a diameter of 1 um are captured by 90%, and
with a diameter of 3 um — 99.1%. With an increase in the
specific water consumption g > 1.0 (m3/m-h), the efficiency
increases significantly. For example, for wg = 32.1m/s,
q=2.398m?/(m-h) (line Ne 13 in table) efficiency of
99.9% separation of particles with a diameter of 1-3 um
is achieved with a channel length of H = 0.8 m.

The heat and mass transfer efficiency of gas cooling also
increases with increasing the channel length. However, in
contrast to the separation efficiency n, with an increase in
the gas velocity and at a constant irrigation density, the
efficiency of moisture transfer E; decreases (see the table)
(a similar relationship has been established for E ). When
the gas velocity is tripled, the efficiencies E. and E; decrease
by 30%.

The decrease in heat and mass transfer efficiency with
an increase in gas flow (and gas velocity, respectively) is

10 B 2
0.8
0.6 /

0.4r

0.2 0.4 0.6 0.8 1.0 1.2
H m

Figure 4. Dependence of particle separation efficiency (23) on
the channel length. Gas velocity w = 32.8 m/s; irrigation density
g = 0.493m*/(m - h), tube diameter d = 0.0268 m. I — particles
with a diameter of particle = 10~%m, 2 — Opartictle = 3 - 107, m.

explained by the equation of mass transfer (and heat trans-
fer) in the form M = G(Cginit — Cgfinal) = B,FAC, hence
F = G(Cginit — Cgfinal)/BeAC, where AC — is the average
driving force of mass transfer, [kg/m3]. With an increase in
gas flow, the numerator increases to the first power, and
the denominator to the power of 0.75 and the required
surface F increases, which characterizes the decrease in
efficiency.
When separating aerosols, we write the mass flow

Mparticle = G(Cparticle init — Cparticle ﬁnal) = utFACparticle

and surface
F= G(Cparticle init — Cparticle ﬁnal) utACparticle-

For fine particles U (15) has the dependence u ~ U,
then U ~ wg. As the gas velocity increases, the required
separation surface area F decreases and consequently the
efficiency increases. This is due to the turbulent-inertial
mechanism of particle transfer [10]. For large particles
(r™ > 16.6), the dependence U ~ wr is almost linear,
which follows from the results presented in the table.

Fig. 5 shows the dependences of the thermal effi-
ciency (20) of flue gas cooling with water in counterflow,
as well as in ascending cocurrent phases. At a gas velocity
from 2.5 to 5.5m/s, a counterflow of a film of liquid
and gas occurs, and at a velocity of more than 10m/s,
an ascending forward flow occurs. It follows from the
calculations that with counterflow, the thermal efficiency
is in the range Eq = 0.68—0.75, and with upward forward
flow E; = 0.86—0.95 with channel length H = 1.0m and
the same irrigation density (q = 0.493 (m*/m-h)).

At the same time, it should be taken into account that
with an upward forward flow, not only an increase E,
by 25—-27% is provided, but also the flue gas capacity of
the channel by a factor of 6—12.

Thus, the presented numerical mathematical model makes
it possible to analyze the transfer phenomena, calculate the
thermal and separation efficiencies for a given temperature

Technical Physics, 2022, Vol. 67, No. 9
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Figure 5. Dependence of the thermal efficiency of flue

gas cooling (Tenit = 150°C) by water (Tinie = 20°C) on average
velocity gas in a channel with a diameter of d =0.0168 m.
1 — counterflow of phases at weak interaction (H = 1.0m),
2 — ascending forward flow of phases (H=1.0m); 3 —
ascending forward flow (H = 0.5m). /—3 — irrigation density
q=0.493m*/(m - h).

regime at the inlet and phase flow rates, and as a result,
select the design characteristics of an apparatus with an
upward motion of a liquid and gas film in contact tubes.

Conclusion

Empirical, semi-empirical, analytical and numerical meth-
ods are used to study the phenomena of momentum, mass
and energy transfer in two-phase media. All these methods,
to one degree or another, have been used for many years in
the development of new designs of various technical devices
and technological processes. Each of the above methods
has its own advantages and disadvantages. In the absence of
analytical solutions, it seems appropriate to use numerical
models with kinetic characteristics related to the hydraulic
resistances of contact devices. It is known that the study of
hydraulic resistance is much less laborious and costly.

In the work, a closed mathematical model of transfer
phenomena is obtained, where the coefficients of mass
transfer and turbulent transfer of a finely dispersed phase
are found using the coefficient of hydraulic resistance of
the gas-liquid flow in the contact tube, which significantly
reduces the complexity and time of experimental studies
when developing contact devices of this type. As a result of
the numerical solution of the algebraic system of equations
of conjugate heat and mass transfer and separation of the
finely dispersed phase, the physical fields and the efficiency
of the ongoing processes are calculated. This makes it
possible to choose rational regime and design characteristics
of contact devices under given input conditions. One of the
disadvantages considered in the operation of contact devices
with a gas-liquid flow at a gas velocity of more than 10 m/s
is the increased value of the pressure drop and, accordingly,
the power for gas supply. Therefore, it is more expedient to
use such technical devices in lines with increased pressure,

Technical Physics, 2022, Vol. 67, No. 9

where there are no significant restrictions on hydraulic
resistance.

The above simplified mathematical model (Section 2) is
used in calculations when choosing scientific and technical
solutions for natural gas separators at production sites [9,22].
The introduction of gas separators at the enterprises of
»Gazprom dobycha Yamburg® LLC shows the high effi-
ciency of natural gas purification from various types of
dispersed phase.

The presented mathematical model can be used in the
range of gas velocities in the tube wy = 10—45m/s and
irrigation density from 0.4—3.0m?/(m-h) in the regime of
stationary phase motion.
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