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Abstract 

The monograph aims at monitoring of hydrodynamics and mass 
transfer in two-phase gas-droplet vortex flows in spraying 
countercurrent mass transfer apparatuses. Up-to-date methods of 
mass transfer in vortex gas-droplet flows and approaches for rational 
designing vortex apparatuses are presented. The development of 
innovative designs of mass transfer equipment is presented. Based on 
experimental studies and practical experience, methods for 
evaluating the hydraulic and mass transfer characteristics have been 
proposed. Particular attention is paid to intensifying hydrodynamic 
and mass transfer processes in equipment for chemical technology. 
The scientific results have been achieved within the research project 
Creation of new granular materials for nuclear fuel and catalysts in 
the active hydrodynamic environment” (State reg. no. 
0120U102036). 
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Preface 
The energy crisis of the late 20th and early 21st centuries, 

constantly increasing requirements for product quality, a sharp 
increase in the cost of materials, and a number of environmental 
disasters drew society’s attention, governments worldwide to 
strengthen requirements for cleanliness of industrial emissions. 
Simultaneously, problems arose that created the preconditions 
for the emergence of innovative directions in the development 
of mass transfer equipment. 

Basically, the search for new ways of development aims 
to create mass transfer equipment with an increase in the 
efficiency of using the working volume by 2–3 times or more, 
compared with traditional column equipment, where plate or 
packed contact elements are commonly used. 

Along with the improvement of mass transfer equipment, 
the search for ways of organizing the movement of flows in mass 
transfer equipment and the consequent monitoring continues. 
Today, it becomes possible to carry out highly efficient mass 
transfer processes with a simultaneous decrease in the 
dimensions of apparatuses and an increase in their productivity. 

Over the past decade, many publications on the study of 
vortex flow in mass transfer devices have been increased. 
Mainly, publications recommended by the authors of the 
monograph are summarized in References. 

Also, the number of designs of various vortex devices has 
significantly increased, which created the conditions for the 
contact between gas and liquid phases under their vortex 
movement. Particularly, Sumy State University successfully 
carries out research works on vortex flows and innovative 
designs of mass transfer equipment. 

Remarkably, the increased interest in vortex flows in mass 
transfer equipment is substantiated by the possibility of a 
significant intensification of mass transfer processes. This is 
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because mass transfer processes in vortex flows are carried out 
in relatively small volumes of working chambers. This fact 
allows one to increase the size of the mass transfer apparatus and 
reduce costs for designing, manufacturing, and exploitation of 
vortex mass transfer apparatuses. 

Hydrodynamic features of the vortex flows highlight two 
main factors for intensifying mass transfer processes. The first 
one concerns the possibility of performing a finely dispersed 
spraying of a liquid phase due to high relative velocities of 
phases. As a result, a significant increase in the interfacial 
surface is achieved. Accordingly, mass transfer processes are 
accelerated. 

The second factor is creating the developed turbulent two-
phase flow in the entire volume of a vortex mass transfer 
chamber. This allows one to increase the intensity of internal 
circulation currents in droplets and accelerate the renewal of the 
interfacial surface. 

The monograph is devoted to the theoretical and 
experimental study of hydrodynamic and mass transfer 
processes’ monitoring in two-phase gas-droplet vortex flows 
within a single spraying stage. In an entire volume of a vortex 
chamber, gas moves from the periphery to the center, and 
liquid – from the center to the periphery. The main attention is 
paid to methods of intensifying hydrodynamic and mass transfer 
processes. 

In the monograph, the theoretical substantiation of the 
mass transfer efficiency between gas and liquid in vortex flows 
is given. A theoretical description of such a motion is presented 
using mathematical equations obtained based on the analytical 
solution of differential equations for a viscous gas flow motion. 
Equations for calculating a new vortex spraying countercurrent 
mass transfer apparatus have been substantiated analytically. 
The developed mathematical models have been proven 
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experimentally. The impact of technological and geometric 
parameters on the local velocity and pressure fields is shown. 
Up-to-date approaches to rational design of vortex spraying 
countercurrent mass transfer apparatuses are presented. The 
development of progressive designs of mass transfer equipment 
using countercurrent vortex motion of liquid droplets and gas 
along the radius of the vortex chamber is presented. Experiments 
and practical experience have developed methods for evaluating 
hydraulic and mass transfer characteristics for vortex spraying 
countercurrent mass transfer apparatuses.

 
Ways for the organization of gas-droplet flows in vortex 

spraying countercurrent mass transfer apparatuses are described 
in Chapter 1. The theoretical background of mass transfer 
intensification between droplets and gas at a vortex 
countercurrent motion is presented in Chapter 2. Based on the 
theoretical and experimental studies presented in Chapters 3–4, 
the following new results are recommended: 

– fundamentals of organizing the movement of phases in 
countercurrent vortex flows of liquid droplets and gas have been 
obtained; the dependence of circulation flows in liquid droplets 
on the hydrodynamic characteristics of a flow has been 
established; the impact of internal circulation flows on the 
efficiency of the mass transfer process has been substantiated; 

– the nature of the interaction of vortex flows of liquid 
droplets and gas has been studied; 

– dependencies for calculating local fields of velocity and 
pressure in a gas vortex flow have been obtained for given 
geometric and technological parameters of the vortex spraying 
countercurrent mass transfer apparatus; 

– experimental data on the local velocity and pressure 
fields in a working chamber have been presented; this allows one 
to deeper understand the essence of the mass transfer processes 
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in a vortex chamber and determine the mass transfer characteris-
tics in the processes of absorption (desorption) and rectification; 

– the fundamental principles of increasing efficiency and 
productivity of vortex spraying countercurrent mass transfer 
apparatuses have been formulated based on experiments on 
improved designs of such devices; 

– new designs of vortex sprayers have been developed 
considering the achievement of the most effective spraying; 

– physical and mathematical models of the motion of 
liquid droplets and gas in a working chamber have been 
proposed in terms of impact on circulation flows in droplets; the 
most favorable conditions for movement and interaction of 
phases have been proposed; 

– efficiency of vortex spraying countercurrent mass trans-
fer apparatuses has been compared with other designs of mass 
transfer equipment; 

– conditions are formulated under which using the vortex 
spraying countercurrent mass transfer apparatus is the most 
appropriate. 

Chapter 5 presents the mass transfer characteristics of the 
vortex spraying countercurrent mass transfer apparatus. 
Recommendations for designing vortex spraying mass transfer 
equipment and their applications are described in Chapter 6. 

Described designs of vortex spraying countercurrent mass 
transfer apparatuses and methods for calculating their 
hydrodynamic and mass transfer characteristics have been 
implemented in the technological processes in the industry, 
mainly as follows: 

– distribution of products in the synthesis of butoxy-
butenine; 

– purification of gas emissions from dimethylformamide 
(dimethylacetamide); purification of gas emissions from 
ammophos production from fluorine and ammonia; 
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– natural gas dehydration. 
Thus, developing a method for countercurrent mass 

transfer in vortex flows has allowed us to improve designs of 
highly efficient mass transfer apparatuses, in which vortex 
countercurrent motion of phases is carried out in the entire 
volume of a vortex chamber. As a result, a change in the 
concentration of phases is achieved, corresponding to several 
theoretical stages of change in concentration. Such organization 
of flows allows one to carry out mass transfer processes in 
smaller volumes, reduce the number of steps and the dimensions 
of apparatuses, and reduce the consumption of material and 
reflux in the rectification process. As a result, more significant 
savings in materials and energy are provided. 

In the monograph, mathematical models of two-phase 
vortex countercurrent flow in the entire volume of a working 
chamber are given. Along with creating highly efficient designs, 
much attention is paid to studying various factors restraining the 
widespread implementation of the considered mass transfer 
approach. Particular attention is also paid to promising designs 
of mass transfer equipment to identify possible ways of 
developing vortex spraying countercurrent mass transfer 
apparatuses. 

It is noteworthy that the authors paid particular attention 
to the effect occurring due to exposure high-speed gas flow (with 
the transverse velocity gradient) on internal flows in liquid 
droplets. Notably, it has been proven for the first time that this 
effect intensifies internal currents inside droplets and the mass 
transfer process in the vortex spraying countercurrent mass 
transfer apparatus. 

The results have been achieved within the research project 
of Sumy State University “Creation of new granular materials 
for nuclear fuel and catalysts in the active hydrodynamic 
environment” (State Reg. No. 0120U102036) ordered by the 
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Ministry of Education and Science of Ukraine due to the close 
cooperation between the Department of Chemical Engineering, 
the Department of Computational Mechanics named after 
Volodymyr Martynkovskyy of Sumy State University (Sumy, 
Ukraine), and the Faculty of Manufacturing Technologies with 
a seat in Prešov of Technical University of Košice (Prešov, 
Slovakia) under the support of the International Association for 
Technological Development and Innovations. 

 
 
Authors:         V. Sklabinskyi 

    I. Pavlenko 
    J. Piteľ
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Nomenclature 

A, B, C – dimensionless 
parameters; 

A3, A4 – aspect ratios; 
Ad – work on moving a 

droplet, J; 
a, b, c – coefficients of 

approximating 
equations; 

a1, a2 – parameters of the 
transversal velocity 
distribution; 

as – specific interfacial 
surface, m2/m3; 

b1, b2, b3, b4 – boundary 
values; 

C1, C2 – integration 
constants; 

d0 – droplet diameter, m; 
de3, de4 – equivalent 

diameters of pipes, m; 
dn – diameter of a nozzle, 

m; 
EMx – Murfrey’s desorption 

efficiency; 
F – interfacial surface, m2; 
Fc – the surface of a 

camera, m2; 
Fcf – centrifugal force, N; 
Fcfe – effective centrifugal 

force, N; 

Fd – hydrodynamic force 
acting on a droplet, N; 

Fdf – drag force, N; 
Fg – gas-dynamic force, N; 
Fin – inlet tangential nozzle 

area, m2; 
Fs – interfacial surface, m2; 
G – mass flow rate of a gas, 

kg/s; 
g – acceleration of gravity, 

m/s2; 
Hc – the height of 

camera/channel, m; 
h – height, m; 
hg – tangential gap, m; 
I1, I2, I1 – auxiliary 

integrals; 
Iz – a moment of inertia, 

kg·m2; 
i, j – node numbers; 
K, Kg – kinetic moment, 

kg·m2/s2; 
Km – dimensionless factor; 
KN – correction factor; 
k – mass transfer 

coefficient; 
k1 – swirl drop coefficient; 
k2, k3, k4 – auxiliary 

coefficients; 
kt – turbulence parameter, 

m2/s; 
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L – mass flow rate of a 
liquid, kg/s; 

L0 – mass flow rate of inert 
liquid carrier, kg/s; 

Lin – flow rate of a supplied 
liquid, kg/s; 

Lout – a fluid flow of a 
discharge liquid, kg/s; 

l – mixing path, m; 
l3, l4 – auxiliary lengths, m; 
lF – arm length, m; 
M – mass transfer rate; 
Md – hydrodynamic 

moment acting on a 
droplet, N·m; 

MF – a moment of force, 
N·m; 

Mf – friction moment, N·m; 
Mg – gas mass, kg; 
Ml – liquid mass, kg; 
Mz – a moment of a force 

about the rotation axis, 
N·m; 

m – droplet mass, m; 
�̇� – mass flow, kg/s; 
N, Nx – number of transfer 

units; 
N0 – solution normality; 
Na – the power of a 

centrifugal atomizer, 
W; 

Nh – the total number of 
gaps; 

Nu – Nusselt number; 
Nv – the power of vane 

system, W; 
n – exponent index; 
n0 – number of droplets; 
n1 – number of blades; 
nn – number of nozzles; 
P – hydrodynamic pressure, 

Pa; 
P1, Pin – inlet pressure, Pa; 
P2 – total pressure of the 

gas flow, Pa; 
P3 – pressure in the annular 

chamber, Pa; 
Pe – Peclet number; 
Pout – inlet pressure, Pa; 
Pst – static pressure, Pa; 
Qg – gas flow rate, m3/s; 
Ql, q – liquid flow rate, 

m3/s; 
R – droplet radius, m; 
R0 – radius of maximum 

flow velocity, m; 
R1 – gas inlet radius, m; 
R2 – gas outlet radius, m; 
R3, R4 – radiuses of annular 

sections, m; 
Ra – radius of atomizer, m; 
Rb – radius of the bushing, 

m; 
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Rc – vortex chamber radius, 
m; 

Re – Reynolds number; 
r – radius, m; 
rav – average radius, m; 
rF – radius of the point of 

force application, m; 
rq – radius of quasi-rigid 

rotation, m; 
S0 – droplet surface, m2; 
s –cross-sectional area of a 

droplet, m2; 
T – friction force, N; 
t – time, s; 
tl – liquid temperature, °C; 
u – velocity potential, m2/s; 
V – gas velocity, m/s; 
V1 – solution volume, ml; 
V2 – sample volume, ml; 
Vav – average velocity, m/s; 
Vc – a volume of a camera, 

m3; 
Vin, Vin1, VxN – inlet velocity 

of a gas, m/s; 
Vl – liquid volume, m3; 
Vg – gas volume, m3; 
Vr – radial gas velocity, 

m/s; 
Vrel – relative phase 

velocity, m/s; 
Vs – droplet surface 

velocity, m/s; 

Vx, Vy – velocity 
components in a plane, 
m/s; 

VyM – outlet velocity, m/s; 
Vz – axial gas velocity, m/s; 
Vz2 – outlet axial velocity of 

a gas, m/s; 
Vzav – average axial 

velocity, m/s; 
Vφ – angular velocity of 

gas, m/s; 
Vφ1, Vφ2 – inlet and outlet 

angular velocities of a 
gas, m/s; 

Vφav – average angular 
velocity, m/s; 

Vφe – effective angular 
velocity, m/s; 

WA – mass flow rate, kg/s; 
We – Weber number; 
Win – inlet velocity of a 

liquid, m/s 
Wr – radial velocity of a 

liquid, m/s; 
Wφ – angular velocity of a 

particle, m/s; 
x, x1, x2 – concentration of a 

liquid phase; 
x, y, z – Cartesian 

coordinates, m; 
xe – equilibrium 

concentration; 
zv, z1, z2 – vane height, m; 
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βx – mass transfer 
coefficient, kg/(m2·s); 

βxV – volume mass transfer 
coefficient, s–1; 

 – a driving force of the 
mass transfer process; 

ΔL – flow rate difference, 
kg/s; 

Р – pressure difference, 
Pa; 

ΔP1 – pressure loss, Pa; 
Рc – pressure difference in 

camera, Pa; 
ΔPin – inlet pressure 

difference, Pa; 
ΔPst – hydrostatic pressure 

difference, Pa; 
Δx – concentration 

difference; 
Δxav – average 

concentration 
difference; 

 – boundary layer 
thickness, m; 

L – relative spray blower; 
ε – kinematic viscosity, 

m2/s; 

, 1, 2, 3, 4 – local loss 
coefficients; 

ζ* – hydraulic resistance 
coefficient; 

θ – angle in spherical 
coordinates, rad; 

3, 4 – length loss factors; 
μg – dynamic viscosity of a 

gas, Pa·s; 
νg – kinematic viscosity of 

a gas, m2/s; 
ρ – polar radius, m; 
ρ0 – droplet density, kg/m3; 
ρg – gas density, kg/m3; 
ρl – liquid density, kg/m3; 
σ – surface tension 

coefficient, N/m; 
τ – shear stress, N/m2; 
τxy – Prandtl’s shear stress, 

N/m2; 
φ – polar angle, rad; 
ψ – drag coefficient; 
Ω – droplet volume, m3; 
ω – angular velocity, rad/s; 
0 – angular velocity at the 

boundary layer, rad/s; 
g – gas angular velocity, 

rad/s. 
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1 Organization of Gas-Droplet Flows in   
Vortex Spraying Countercurrent Mass 
Transfer Apparatuses 

1.1 Liquid spraying and vortex flow. Factors 
intensifying mass transfer 

The designs of mass transfer apparatus allow us to note 
one of the directions in their development. Mainly, these are 
spraying devices in which the flow is turbulent. Spraying liquid 
into small droplets significantly speeds up the mass transfer 
process [1]. This is due to an increase in the interfacial surface 
and mass transfer rate [2]: 

 𝛭 = 𝑘𝐹Δ, (1.1) 

where F – interfacial surface depending on the average 
droplets’ size for the sprayed liquid, m2;  – a driving force of 
the mass transfer process; k – mass transfer coefficient. 

The droplet diameter decreases with an increase in the 
relative velocity of the gas and the sprayed liquid [3]. This 
dependence is inversely proportional to the square of the relative 
flow rate. 

In this regard, attention is drawn to a number of devices in 
which the spraying of the liquid phase occurs due to the action 
of a high-speed gas flow on the liquid jets that are introduced 
into it. A number of designs implementing this effect for the 
intensification of mass transfer are presented below. 

Many publications are devoted to reviewing various 
designs that underlie effective high-speed devices and methods 
for calculating such mass transfer devices [4–12].
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The Venturi tube is one of the elements of a commonly 
used apparatus that allows one to obtain a significant gas 
velocity, a relatively fine spray of liquid, and turbulize the flow. 

In a nozzleless Venturi apparatus (Figure 1.1), the breakup 
process is characterized by significant droplet polydispersity. 
Mass transfer processes proceed at different rates throughout the 
volume of the apparatus due to the unevenness of the velocity 
field of the two-phase flow. 

 

Figure 1.1 – The nozzleless Venturi apparatus: 1 – confuser;  
2 – throat; 3 – diffuser; 4, 5 – tanks 

In a nozzle Venturi apparatus (Figure 1.2), despite the 
significant alignment of the two-phase gas-droplet flow in the 
confuser and throat and positive flow turbulization, in the 
diffuser, reverse currents and uneven distribution of velocities 
occur. These phenomena adversely affect the mass transfer 
process. 



Organization of Gas-Droplet Flows in Vortex Spraying   
Countercurrent Mass Transfer Apparatuses 

13 

 

Figure 1.2 – The nozzle Venturi apparatus: 1 – nozzle;  
2 – confuser; 3 – throat; 4 – diffuser; 5 – tank 

In a film Venturi apparatus (Figure 1.3), film stripping, 
and breakup of droplets occur under conditions that do not allow 
the creation of a monodisperse droplet composition of the liquid 
phase. This is where the above drawbacks in the flow structure 
follow. They do not ensure the maximum effect of fine 
atomization of a liquid with a high-speed gas flow and organize 
a uniform mass transfer process throughout the operating 
volume. 

Representatives of another series of devices in which 
liquid spraying with a gas stream is used are spray-type devices 
(Figure 1.4). 

The gas flow, passing through the axial swirlers, acquires 
a rotational motion, sprays, and carries the liquid. After, under 
the action of centrifugal force occurring in a two-phase flow, the 
droplets move to the periphery. 
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Figure 1.3 – The film Venturi apparatus: 1, 5 – tanks;  
2 – confuser; 3 – throat; 4 – diffuser 

 

Figure 1.4 – The spray-type apparatus: 1 – annular chamber;  
2 – branch pipe; 3 – camera; 4 – tank 
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The principle of operation of the spray-type apparatus is 
as follows. The liquid entering the annular chamber is entrained 
in the gas flow. This gas passes through the branch pipe and 
forms a gas-droplet mixture in the chamber, separated in a tank. 
Such a design may be fundamental for a tray element in a 
column apparatus. 

A number of designs based on fine atomization of liquid 
by swirling gas flows with subsequent separation of droplets are 
presented. These designs allowed increasing the productivity of 
the equipment by 2–3 times compared with cap devices [13]. 

Figure 1.5 presents a design scheme of an apparatus with 
axial swirlers located along the vessel’s perimeter, where the 
liquid phase enters [14]. 

 

Figure 1.5 – The apparatus with the axial swirlers: 1 – axial 
swirlers; 2 – overflow pipe; 3 – hydraulic seal cup;  

4 – circular pocket 
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Further, the separated liquid is collected in an annular 
pocket and fed through the overflow pipe into the liquid gate of 
the next stage. 

In this design, despite direct flow movement occurring at 
each stage, it is necessary to note the implementation of the 
principle of countercurrent movement of phases for the 
apparatus. 

It is not possible to create significant peripheral velocity in 
the gas flow using axial swirlers. Therefore, the use of tangential 
swirlers is justified. This made it possible to create high 
velocities in the center of the vortex chamber and obtain a finer 
spray of the liquid phase. All this is due to the interaction of a 
high-speed gas flow with a liquid than the use of axial swirlers. 

This approach allowed designing an apparatus with 
tangential swirlers (Figure 1.6) [15]. 

 

Figure 1.6 – Apparatus with tangential swirlers: 1 – tangential 
swirlers; 2 – atomizer; 3 – vortex chamber; 4 – annular 

chamber; 5 – tank 

The apparatus works as follows. The gas flow passing 
through the tangential swirler, acquires a rotational motion. 
Towards the center of the vortex chamber, the tangential 
components of the gas velocity reach large values (from 60 to 
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100 m/s). This fact positively affects the spray dispersion of the 
liquid phase, which is fed to the bottom through a special device. 

Liquid droplets entrained by the gas flow move along 
helical trajectories to the outlet of the vortex chamber. 
Simultaneously, a movement of droplets to the periphery under 
the action of centrifugal forces occurs. When leaving the vortex 
chamber, the liquid is separated by subsequent removal through 
the annular chamber. 

In a direct-flow vortex contact device [16], the central area 
of the vortex chamber is used more efficiently. It contains an 
area of high tangential gas flow velocities (Figure 1.7). 

 

Figure 1.7 – Direct-flow vortex apparatus with a volumetric 
spray torch: 1 – atomizer; 2 – vortex chamber; 3 – annular 

outlet channel 

The gas draws liquid droplets resulting from spray in the 
chamber’s center into rotational motion by helical expanding 
trajectories. Under the action of centrifugal forces, they move to 
the walls, settle, and create a film. This film flows into the 
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annular channel. Finally, the liquid is removed from the appara-
tus. 

Such a design of the direct-flow vortex contact device is 
the basis of the operating of a multistage vortex absorption 
apparatus [17]. Due to the loss of gas flow swirling through the 
apparatus, axial swirlers are installed before the second and 
subsequent stages. The design of the first stage is similar to that 
shown in Figure 1.7. 

Studies of this absorption apparatus have shown the 
greatest efficiency in modes that ensure the breakup of liquid jets 
into droplets. The considered efficiency of the contact stage and 
the specific hydraulic resistance of the theoretical contact stage 
indicate that the studied apparatus is better than many devices 
for purifying industrial gas emissions. 

In a countercurrent phase interaction approach [18], in 
multistage mass transfer apparatuses, the pressure drop is used 
during the movement of phases between adjacent stages and 
between the central region and the periphery. This makes it 
possible to create conditions for the reverse flow of liquid. After 
using this method, a direct-flow movement of the phases is 
carried out in each stage. Therefore, it is impossible to achieve 
many theoretical concentrations change stages in one liquid 
spraying stage. This fact is even due to countercurrent 
movement being organized on the whole device. 

Notably, swirling gas flows are used in various mass 
transfer apparatuses to clean gases from harmful impurities and 
suspended solids, e.g., dust [19–27]. The principle of operation 
of these devices essentially converges with those described in 
the literature. They differ mainly only in design features. 

It is impossible to describe all the various design solutions 
substantiated by applying various processes in specific condi-
tions. Remarkably, swirling flows are also used for efficient 
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dispersion of liquid, its separation in the field of centrifugal 
forces, and other technologies. 

However, the search for new directions in the use of vortex 
flows for mass transfer technologies is not limited to the field of 
direct-flow devices. Particularly, an example of the design of a 
counterflow vortex apparatus is presented in Figure 1.8. 

 

Figure 1.8 – Gas flushing and absorption device: 1, 5 – branch 
pipes; 2 – atomizer; 3 – rotor; 4 – plates; 6 – liquid outlet 

The gas supplied by nozzles moves through a rotor 
channel system in this device. The liquid supplied by a sprayer 
is rotating in the same direction as a rotor. The liquid is 
atomized. Under the centrifugal forces, a thin liquid film moves 
to the periphery along the rotor channels formed by a number of 
horizontal plates. A countercurrent vortex motion of gas and 
liquid film is realized in such a device. This leads to a decrease 
in the interface area compared with spraying devices. 
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These examples present many of the most diverse designs 
of mass transfer apparatus, in which liquid spraying and vortex 
motion of a gas flow is used. Nevertheless, there is still no design 
of an apparatus in which the countercurrent vortex motion of 
droplets in a vortex gas flow along the radius of the mass transfer 
chamber in one stage would be ensured. Mainly, a direct flow 
and cross-phase movement have been realized. 

For the first time, the idea of the possibility of creating a 
countercurrent movement of a swirling gas flow and 
microdroplets of liquid in mass transfer apparatus was proposed 
by Kholin [28]. Based on the theoretical analysis of conditions 
necessary for countercurrent movement, the basic principles of 
creating countercurrent vortex spraying mass transfer 
apparatuses were formulated. Therefore, prerequisites were 
expressed to create a method and a vortex apparatus that realizes 
the countercurrent vortex motion of phases in the contact area. 

Finally, the main hydrodynamic processes are highlighted 
below, analyzing the operation of the vortex and spraying mass 
transfer apparatus. 

The first one is the movement of a vortex gas flow in a 
vortex chamber. It is necessary to know the law of the change in 
the gas flow rates along the radius of the vortex mass transfer 
chamber of the spraying apparatus. For determining the 
hydraulic resistance of the apparatus, the following parameters 
should be known: the pressure distribution in the vortex mass 
transfer chamber; the ratio of hydraulic losses between the mass 
transfer chamber and various structural elements of the appara-
tus (e.g., tangential gaps for gas inlet, radial diffuser). 

The second one is the influence of a liquid phase on the 
hydrodynamics of a vortex gas flow. Spraying of liquid jets 
introduced into the gas flow occurs due to the gas energy. Gas 
flow draws liquid droplets into a rotary motion. All these factors 
lead to energy redistribution between the gas flow and liquid 
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droplets. Simultaneously, a decrease in gas flow rates leads to an 
increase in the size of sprayed liquid droplets. Peculiarities of 
the mutual influence of flows are necessary for calculating their 
hydrodynamic parameters. 

The third process is atomizing liquid jets at high relative 
velocities of phases. The dispersity (i.e., the size of sprayed 
liquid droplets) depends on the difference in the velocities of the 
liquid and gas phases in the spray area. Therefore, it is necessary 
to determine the area of the highest gas flow rates and 
parameters of the sprayer correctly. 

The fourth one is the countercurrent vortex motion of 
liquid and gas microdroplets. In a counterflow apparatus, it is 
necessary to ensure the movement of liquid droplets from the 
center to the periphery of the operating chamber under 
centrifugal forces. Therefore, the ratio between the mass and 
aerodynamic forces acting on droplets should be chosen 
correctly. 

The fifth one is the influence of hydrodynamic characteris-
tics of vortex gas flow on the intensity of internal circulation 
flows in droplets. Remarkably, the intensification of internal 
circulation flows in droplets leads to an acceleration of the 
renewal of the interface [4]. This fact positively impacts the 
mass transfer processes. 

Finally, the sixth process is the end effect associated with 
the movement of a liquid film under the influence of pressure 
droplets from the periphery to the center, along the end covers 
of the mass transfer chamber [29]. This effect negatively affects 
the overall efficiency of mass transfer since it leads to the return 
of a liquid previously contacted with the gas or steam to the 
center of the vortex mass transfer chamber. 

The comprehensive analysis of these processes makes it 
possible to increase the efficiency of mass transfer equipment. 
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1.2 Fundamentals of hydrodynamics in a vortex 
chamber 

The vortex motion of gas has found its application in 
various technology fields. A number of research work are de-
voted to studying the gas flow structure in vortex chambers of 
various designs [30–45]. 

Depending on the vortex chamber application, the flow 
structure may differ. However, in general, many common 
patterns in vortex chambers can be seen. 

A typical example of the flow structure is a diagram, 
which shows the change in the circumferential velocity of the 
gas flow in the vortex chamber (Figure 1.9). 

 

Figure 1.9 – Characteristic charts of circumferential and axial 
velocities along the radius of the vortex chamber: Vφ, Vr, Vz – 
circumferential, radial, and axial gas flow velocities, m/s; Rc, 

R2 – radiuses of the vortex chamber and gas outlet, m 
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Four main areas can be distinguished following the change 
in peripheral velocity along the radius. The flow in each area has 
different characteristic features. 

The first area is the flow area near the wall. There is a 
slight decrease in velocity due to friction with the chamber walls. 

A significant increase in circumferential velocity charac-
terizes the second area. Here, the circumferential velocity 
reaches its maximum. However, radial and circumferential 
velocities are uniform along with the height of the vortex 
chamber. 

In the third area, an increase in the axial velocity occurs. 
Due to a significant pressure drop, reverse flow area sometimes 
occurs in the central region. Depending on the primary geo-
metric dimensions of the vortex chamber, it is possible to 
eliminate the reverse flow area. 

In the vortex countercurrent spraying mass transfer 
apparatus, the main working space is in the second area of the 
potential rotation. A significant flow pinch creates conditions for 
eliminating the reverse flow area in this area. The essential value 
of the peripheral velocity reduction does not significantly affect 
the potential rotation area. 

Thus, two main areas will be considered. The first area is 
characterized by a significant increase in the circumferential 
velocity of the gas flow as the peripheral or working area. The 
second one is the area of quasi-rigid rotation (central area). It is 
characterized by an increase in the axial velocity of the gas flow. 

The main factor determining the sizes of these areas is the 
radius of quasi-rigid rotation rq, m. At this radius, circum-
ferential velocity reaches the highest value. 

A number of research works were devoted to this radius's 
theoretical and experimental study. Particularly, [46] stated that 
the maximum circumferential velocity is observed at the edge of 
the gas outlet. In the studies [47, 48], a number of geometrical 
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characteristics of vortex chambers were proposed. However, a 
method for determining rq based on the minimum kinetic energy 
in the inlet section, maximum flow rate, and minimum resistance 
of the vortex chamber should be proposed. 

To create a calculation technique for determining the 
radius of quasi-rigid rotation of vortex chambers used in direct-
flow spraying mass transfer apparatus, the study [49] was carried 
out. 

As a result, the following empirical formula is proposed: 

 = 0.35
∑

, (1.2) 

where ∑𝐹  – total area of inlet tangential nozzles, m2; 
Km = R2/Rc – dimensionless factor; Rc – camera radius, m; Fc – 
chamber area, m2. 

Comparison of the experimental data on changes in 
relative circumferential velocities along the radius gives funda-
mentals to suggest that changes in the magnitude of these 
velocities depend on the geometric features of the vortex 
chambers. 

According to the theoretical description of the flow, the 
following attention can be paid to the peripheral area. This finds 
its explanation from the specifics of the vortex chambers 
applications in various technology fields, mainly for the cases of 
a small length of the peripheral area. It is proposed to adopt the 
variation law for the circumferential velocity of a viscous 
medium similar to the circumferential velocity variation along 
the radius, m/s: 

 𝑉 = , (1.3) 

where Vin – inlet velocity, m/s; r – radius, m. 
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However, this dependence is reliable for a small area. 
When moving towards the center, especially in the maximum 
circumferential velocities, discrepancies with experimental data 
reach larger values. 

The study [50] gave a theoretical description of the flow 
in the vortex chamber using the Navier–Stokes equations by 
replacing the kinematic viscosity coefficient with the turbulent 
kinematic viscosity coefficient. For the peripheral zone, the 
assumptions were made that the flow is plane, helical, and 
symmetrical concerning the axis. 

Comparison with experimental data made it possible to put 
forward a proposal on the possibility of assuming in the calcu-
lations a constant coefficient of turbulent viscosity along the 
radius of the vortex chamber. As a result, exponent index n in 
the equation of the change in peripheral velocity was introduced: 

 = , (1.4) 

where Vφ1 – circumferential velocity near chamber radius, 
m/s; n = 1.6 – the value obtained as a result of solving a system 
of differential equations. 

Considering the assumption that it is possible to describe 
the flow in the peripheral zone by a power law, comparisons 
were made of the change in the value of n along the radius for 
various types of chambers. 

The value of n is determined by the results of experiments 
published in various literature sources. The results of published 
experimental studies were processed based on the following 
dependence: 

 𝑛 = . (1.5) 
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High gas flow velocities in the vortex chamber raise a 
critical question about energy losses during the motion of two-
phase media. In some cases, energy losses during the movement 
of a single-phase medium are estimated by the drag coefficient, 
which is the ratio of the total pressure drop at the inlet and outlet 
of the vortex mass transfer chamber to the velocity head at the 
inlet to the mass transfer chamber. This is since the vortex 
process is most fully reflected, and the coefficient hydraulic 
resistance is related to the geometry of the swirler: 

 𝜁∗ = . (1.6) 

where Р – pressure difference at the inlet and outlet of 
the vortex mass transfer chamber, Pa; ρg – gas density, kg/m3. 

The following features of the change in the drag 
coefficient (for the presence of droplets of atomized liquid 
phase) compared to the drag coefficient of the vortex chamber 
when a single-phase flow moves should be noted. 

Reducing the circumferential velocity of the gas flow 
reduces the value ζ* due to a decrease in radial pressure drop. 
Simultaneously, there are additional losses for the transportation 
of droplets of the liquid phase. In general, with an increase in the 
load on the liquid phase, there is a slight decrease ζ*. However, 
for loads ratio L/G > 1 (L, G – loads for liquid and gas phase, 
respectively, kg/s), there is a continuous increase in the drag 
coefficient. The self-similarity of the relative velocity for a two-
phase flow was noticed. 

An analysis of the change in the coefficient of hydraulic 
resistance of direct-flow vortex devices made it possible to 
assume that the operation of a counterflow mass-exchange 
apparatus in a mode where there are additional energy losses for 
transporting liquid is unacceptable. This is since there is a direct-
flow phase movement. The problem of determining the zone of 
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stable operation of the apparatus in the counterflow mode should 
be given great attention. Otherwise, with the appearance of a 
direct flow, one can expect a decrease in the efficiency of the 
mass transfer apparatus. 

The above review of studies by various authors, which 
concerns the study of the movement of one- and two-phase 
flows, showed that the studies were mainly carried out in vortex 
chambers, in which the dimensions in height are more signi-
ficant than the diameter of the chamber itself, and to study the 
movement of phases in direct-flow vortex mass transfer 
apparatuses extensions were used. As a result, the flow structure 
is characterized by axial velocity. The influence of the chamber 
geometry on the flow is also confirmed by the difference in the 
peripheral velocity profiles along the radius of the vortex cham-
ber. It is not possible to organize the countercurrent movement 
of liquid droplets in vortex chambers of such structures. 

In the vortex chamber of the countercurrent mass transfer 
apparatus, the peripheral zone is used as the main working zone, 
where the primary importance for calculating hydrodynamic and 
mass transfer processes is the patterns of changes in peripheral 
velocity. 

The results previously obtained by the authors for other 
designs of vortex chambers cannot sufficiently reliably reflect 
the flow pattern in this region. 

An example confirming the limited scope of the tech-
niques that relate to the flow calculation in the vortex chamber 
can be the discrepancy between the theoretical and experimental 
values of the radius rq (1.5). 

Therefore, the authors of this monograph tested the effec-
tiveness of the existing calculations and created a technique that 
makes it possible to describe the flow pattern of a single- and 
two-phase medium in the working chamber of a countercurrent 
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vortex apparatus quite accurately both quantitatively and quali-
tatively. 

Information about the motion of two-phase systems is 
even more limited. On the one hand, this is connected with the 
complexity of the theoretical description of such motion and, on 
the other hand, with great difficulties in studying dispersed 
flows. 

The countercurrent vortex motion of a free gas flow and 
microdroplets in the entire volume of the vortex chamber has not 
been used before, and therefore there is no information on such 
flows. 

In this regard, this paper presents the results of theoretical 
and experimental studies to identify the pattern of two-phase 
countercurrent vortex motion of liquid and gas microdroplets, 
based on which a calculation method has been created. It allows 
determining effective modes, a change in concentration in one 
stage of spraying, and others. 
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1.3 Spraying liquid with a gas flow 

Due to the widespread use of liquid spraying in mass 
transfer apparatuses, drying processes, in furnace processes, in 
combustion chambers of air-jet engines, and other areas of 
technology, the physical meaning for the breakup of liquid jets 
into droplets and their subsequent crushing into smaller ones, 
when moving in a turbulent gas flow, was studied entirely. 

As noted in works devoted to the problem of spraying [51–
54], the theoretical solution of the breakup of a turbulent jet, 
considering the aerodynamic influence of the gas flow, is 
associated with great difficulties. The more straightforward 
problem of the breakup of a cylindrical jet of an inviscid fluid 
was solved by Rayleigh in 1878 [55]. In this case, the influence 
of the gas flow was not considered. 

If the breakup of the jet into droplets at a low exhaust 
velocity occurs under the action of disturbances caused by the 
flow before entering the nozzle (e.g., the shape of the channels 
and their roughness), then with an increase in the exhaust 
velocity, the aerodynamic influence from the gas flow becomes 
the main reason. In this case, the jet bends, various complex 
symmetric and asymmetric perturbations arise, and the spraying 
mode starts. 

The accumulation of experimental material made it possi-
ble to create empirical formulas, which led to reasonably good 
results for practical calculations. For example, when a jet flows 
out from the nozzle 0.34–1.20 mm at a velocity of up to 16 m/s, 
it is recommend the following empirical equation: 

 𝑑 =
.

, (1.7) 

where d0, dn – droplet and jet diameters, respectively, m; 
Re – Reynolds number. 
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The formula proposed by Nukiyama and Tanasawa is 
widely used in practical calculations [56]. The validity of this 
empirical formula for subsonic velocities is shown in the work 
by Lewis et al. [57], and for subsonic and supersonic velocities 
of the spraying gas flow – in the work by Bitron [58]. 

With further movement, the droplets are crushed in the 
flow, which positively affects the process of mass transfer. After 
considering the motion of an individual droplet in a gas flow, the 
criterion for droplet breakup was experimentally established: 

 𝑊𝑒 = , (1.8) 

where ρg – gas density, kg/m3; σ – surface tension 
coefficient, N/m; Vrel – relative phase velocity, m/s. 

This Weber number We characterizes the ratio of aero-
dynamic forces that affect the droplet from the side of the gas 
flow and surface tension forces, under which the droplet breaks 
up. 

Upon reaching We = 14, almost all droplets of a dispersed 
flow are subject to crushing. The physical meaning of droplet 
decay is as follows. During the movement of a droplet in a gas 
flow, the latter is exposed to aerodynamic forces, resulting in its 
shape changes. The shape of the liquid surface becomes unstable 
from the energy point of view, and the droplet is separated into 
smaller ones. There are various models of mechanical destruct-
tion of droplets, which are based on identifying individual 
processes, such as destruction due to breaking of waves from a 
disturbed surface, breaking of a boundary layer on the windy 
side of a droplet, and droplet deformation. 

Studies have confirmed the destruction of droplets in a 
turbulent flow and the dependence of the droplet size on the 
residence time in it [59–61]. 
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A number of theoretical studies were devoted to the dis-
integration of liquid droplets. Thus, in [62], using the method of 
small perturbations, the change in the shape of a droplet and its 
subsequent destruction under the influence of perturbations that 
are symmetric with respect to the axis were studied. Numerical 
integration of the obtained equations makes it possible to trace 
the thinning of the droplet in the longitudinal direction and the 
formation of an irregular shape. 

Considering the works describing the disintegration of 
liquid jets into droplets and their further movement in a gas flow, 
we can draw the following conclusions. A droplet of liquid 
moving in a gas flow is subject to the body, drag, and surface 
tension forces. The shape of droplets larger than 1 mm in 
diameter is not given but is formed in moving. This shape is 
determined by the balance of pressure forces or resistance forces 
acting on the surface from the side of the continuous medium, 
which deforms droplets in this direction, and the surface tension 
force, which prevents deformation. In addition to deformation, 
the influence of the resistance force on the droplet can lead to its 
secondary crushing. The resistance forces and surface tension 
depend on the following parameters: the velocity of the droplet 
relative to the gas flow, the density and viscosity of the gaseous 
medium, the viscosity of the liquid phase, the surface tension, 
and the characteristic radius of the droplet. 

Some of these parameters are included in the Weber 
number, which can be used to determine the conditions for the 
disintegration of a liquid jet into droplets. At a particular critical 
value of the Reynolds criterion, a sharp change in the behavior 
of moving droplets occurs. The drag coefficient increases 
rapidly with increasing Reynolds number, and the movement 
velocity decreases with increasing liquid droplet size. 
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Almost all researchers who have studied the motion of 
droplets noted that a sharp increase in the drag coefficient is 
associated with the onset of a noticeable deformation of droplets. 

The use of a vortex chamber makes it possible to achieve 
circumferential velocities of the gas flow of the order of 100 m/s. 
Therefore, it is possible to create conditions for dispersing liquid 
jets into droplets of 50–100 μm in size. The information given 
in [59] on the study of the effect of gas velocities on the crushing 
of liquid droplets shows that droplets of such a small size are 
less amenable to deformation and secondary crushing due to the 
large magnitude of the surface tension forces. Therefore, for 
purposes of mass transfer intensification, it is necessary to con-
sider the effect of a high-velocity gas flow in the vortex chamber 
on internal circulation flows in droplets. 

Due to the above physical meaning for the breakup of 
liquid droplets, it is interesting to study the movement of drop-
lets in a gas flow, where there is a gas velocity gradient directed 
along the normal to the direction of droplet movement. Such a 
movement takes place in the working chamber of a counter-
current vortex spraying apparatus during the movement of liquid 
droplets from the center to the periphery. In this case, there is a 
gradient of the circumferential velocity of the gas, increasing 
from the periphery to the center. The difference in velocities on 
the droplet’ surface on its opposite sides along the radius of the 
mass transfer chamber leads to the appearance of internal 
circulation flows. The angular velocity: 

 𝜔 = 𝑡, (1.9) 

where ψ – drag coefficient; ρ0 – droplet density, kg/m3; t – 
time, s. 
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The process of spraying the liquid phase in a vortex 
countercurrent mass transfer apparatus is carried out due to the 
high relative velocities of gas and liquid in the central region. 

Atomizing mass transfer apparatuses have a low material 
consumption since the process takes place in a volume of a 
nozzle. Widespread use of spraying mass-exchange apparatuses 
makes it possible to achieve significant metal savings. These 
devices also have low labor intensity of manufacture. They are 
easy to maintain reliable in operation. However, the efficiency 
of atomizing absorption and distillation apparatuses is low, 
which is explained by the absence of fine liquid atomization into 
droplets with a diameter of 20–100 μm. Centrifugal atomizers, 
centrifugal atomizers, pneumatic atomizers, and other atomizing 
devices are widely used for fine liquid atomization. 

In vortex atomizing countercurrent mass transfer apparat-
uses, some conditions make it possible to achieve fine atomiza-
tion of the liquid. 

At the moment of its entry into the gas flow in the radial 
direction, the jet of the liquid has a zero circumferential velocity. 
The magnitude of the relative velocities is entirely determined 
by the magnitude of the circumferential velocity of the gas flow 
at the site of liquid-phase decomposition. 

As the formulas described above and the results of visual 
observations show, such a spray is highly effective. Due to their 
small size, the micro-droplets of the liquid formed in this process 
are very quickly entrained in a rotational motion. Simulta-
neously, in the process of moving to the periphery under the 
action of centrifugal forces, further deformation of the drop-lets 
occurs, the internal circulation flows in their increase. These 
effects significantly impact the development of the interfacial 
surface and contribute to the intensification of the mass transfer 
process. 
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1.4 Describing the movement of two-phase flows 

At present, the gas dynamics of multiphase flow are 
developing in several directions, each of which is based on 
models, where a number of simplifying assumptions are at the 
forefront, which allow the use of modern mathematical tools for 
a qualitative description of the flow pattern. This approach is 
associated with the complexity of the structure of a two-phase 
medium, the presence of heat and mass transfer processes, and 
phase transitions. 

Various physical models were used to describe the flow 
pattern, such as motion in a porous medium, averaged equations 
of motion with allowance for phase transitions, and averaged 
equations without phase transitions. 

The most well-suited to mathematical description are flow 
models in which the dispersed phase is uniformly distributed 
over the entire volume since, in this case, it is possible to use a 
well-developed apparatus of differential calculus. 

Usually, in chemical technology apparatuses, the ratio of 
loads by phases and, accordingly, the volume fraction of the 
dispersed phase can vary within relatively wide limits. For the 
mathematical description of flows, which is used to describe the 
motion of two-phase flows, models of the separate motion of 
phases are also widely used. This two-fluid model considers 
two-phase flow as interpenetrating and interacting, filling the 
same volume. For such a model, the condition is assumed that 
the dispersed phase is distributed over the entire volume 
occupied by the two-phase flow, and the parameters that 
describe the state of the two-phase flow are taken as the holding 
capacity or volume fraction of the continuous phase, average 
velocity, temperature, pressure, and other parameters. It is 
possible to apply the methods of continuum mechanics to such 
a medium because the average velocity of the phase is defined 
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as the volume average, and its movement occurs not over the 
entire cross-section of the considered flow but over the part that 
is proportional to the volumetric part of this phase in a two-phase 
flow. It is assumed that the size of the dispersed parts of the 
linear scale of hydrodynamic processes is significantly less than 
the linear size characteristic of the geometry of the flow part of 
the apparatus in which these processes occur. The equations that 
describe the laws of conservation of mass and momentum of the 
dispersed phase include components that consider the 
corresponding exchange between the phases within the selected 
volume of the two-phase flow. 

There are various methods of averaging. This is statistical 
averaging, time-averaging, or volume averaging. The resulting 
equations have almost the same form, which allows applying 
existing mathematical methods for their solution. 

The considered approach to solving the problem of the 
movement of two-phase dispersed flows in the elements of the 
flow part of chemical equipment is based on a number of the 
above assumptions, which affects the reliability of the obtained 
quantitative solutions. But, on the other hand, the assumption of 
the homogeneity of the medium allows using the apparatus for 
the mathematical description of its movement differential 
calculus. 

However, the resulting differential equations require sim-
plifications for their numerical solution. In [63], an example of 
the numerical solution of equations describing a two-phase flow 
is given. 

Regarding the considered countercurrent motion of liquid 
and gas microdroplets, it is interesting to describe the motion of 
a separate liquid droplet, which can be argued as follows. Firstly, 
the high relative velocities of gas and liquid make it possible to 
obtain a droplet spectrum close to monodisperse. The average 
droplet size, in this case, is determined quite accurately. 
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Secondly, the same forces act on droplets of the same size, and 
the droplets move along the same trajectories. As a result, an 
ordered movement of the discrete droplets and a gas flow occurs 
in the mass-exchange chamber. Thirdly, when droplets move 
one after another at a distance of L > 10d0 and close at a distance 
of L > 3d0, the hydrodynamic influence of droplets among 
themselves can be neglected. Finally, regarding the deter-
mination of the mass transfer coefficient, the validity of such 
calculations for a single droplet was substantiated by Gal-or et 
al. [64]. 

In the case of the laminar motion of a droplet at Re  1, the 
drag coefficient is taken equal to  = 24/Re. Then, we can obtain 
a solution in elementary functions when substituting into the 
differential equation of droplet motion. 

An analysis of the experimental data shows that the drag 
coefficient of a droplet is close to the drag coefficient for solid 
spherical bodies if 

 𝑅𝑒 ≤ 4.55𝑔 , (1.10) 

where g = 9.81 m/s2 – acceleration of gravity; μg – 
dynamic viscosity of a gas, Pa·s. 

When determining the parameters of the droplet flow, the 
use of the above drag coefficient makes it possible to simplify 
the calculations and, in some cases, also obtain quantitative 
characteristics with acceptable calculation accuracy. 

As the Reynolds number increases further, the drag 
coefficient of the droplet significantly differs from the drag 
coefficient for solid spherical particles. In practice, this is due to 
a change in the droplet’s shape. Thus, many factors impact the 
motion of particles in a free flow not compressed by the channel 
walls. When moving in a compressed flow, a simple formula for 
spherical particles is used [65]. 
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There are a number of solutions to differential equations 
using a similar expression for the drag coefficient of a droplet. 
Particularly, the following general formula can be proposed: 

 𝜓 = 𝐴 + , (1.11) 

where A, B, C – dimensionless parameters depending on 
the used theory. 

Therefore, there is no consensus in the literature about the 
drag coefficient value of a liquid droplet that moves in a gas 
flow. The experimental data given in their work allow 
formulating the following conclusions. 

Firstly, the deformation of droplets with a diameter greater 
than 1–2 mm leads to significant deviations of the drag 
coefficient of the droplet from the drag coefficient for solid 
spherical particles. 

Secondly, as the droplet diameter decreases, the Laplacian 
pressure begins to play an increasingly important role, the value 
of which is inversely proportional to the droplet radius. As a 
result, the droplet’s shape approaches a spherical one. The drag 
coefficient for a droplet approaches the drag coefficient for a 
solid sphere. 

There are a number of other experimental works on the 
determination of the drag coefficient of a droplet. For a de-
veloped turbulent flow, the drag coefficient can be taken con-
stantly. 

In addition to solving the equation of motion of a single 
droplet in a stationary mode, some works present the results of 
theoretical and experimental studies in the cases of nonstatio-
nary motion [66, 67] and the motion of an evaporating droplet 
of variable mass [68, 69]. 
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The motion of a solid particle in a rotating gas flow can be 
considered using the equation of motion in cylindrical 
coordinates: 

 
= + 𝜓 (𝑉 − 𝑊 );

= − + 𝜓 𝑉 − 𝑊 ,
 (1.12) 

where Wr, Vr – radial velocities of a particle and a flow, 
respectively, m/s; Wφ, Vφ – angular velocity of a particle and a 
flow, respectively, m/s; m – droplet mass, m. 

The equations are solved for the case of stationary rotation, 
when dWr/dt = 0, Wr = 0, and Wφ = Vφ. The motion of a solid 
particle from the periphery to the central region was considered. 

In the existing designs of vortex apparatuses, three central 
cases of liquid and gas droplet motion are described: direct-flow, 
crossflow, and equilibrium. 

With direct flow, microdroplets of atomized liquid are 
carried away by the gas flow from the apparatus. In the case of 
a cross-current, liquid droplets and gas participate both in rota-
tional motion and in motion along the radius and along the mass 
transfer chamber axis. In the equilibrium mode of motion. At a 
certain radius of the mass-exchange chamber, the values of the 
centrifugal force acting on the droplet and the resistance forces 
can equalize. Then, the movement of the droplet to the periphery 
will stop, and the droplet rotates in a circle with a constant 
radius. 

Before designing vortex counterflow mass transfer appa-
ratuses, theoretical and experimental studies of the counter-
current vortex motion of liquid and gas microdroplets were not 
previously carried out. This is explained by the complexity of 
solving such a problem analytically. 
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1.5 The motion of liquid films and the end effect 
in a vortex chamber 

When moving from the center to the periphery of the 
vortex mass transfer chamber, under centrifugal forces, the 
liquid is a droplet medium distributed over the volume of the 
vortex chamber. After reaching the cylindrical walls of the 
working chamber, the liquid settles on them in the form of a film. 
The gas flow, which is introduced into the mass transfer chamber 
tangentially at the periphery of this vortex chamber, moves in 
the circumferential direction along the chamber wall, taking the 
liquid film with it and involving it in rotational motion. Since 
the circumferential velocity of the gas near the cylindrical wall 
is small in magnitude, the forces acting on the film from the side 
of the gas flow will be commensurate with the gravity forces that 
drag the film to the lower end cap. Thus, the liquid film on the 
inner cylindrical surface of the wall of the mass transfer chamber 
takes part in two movements. Under the action of the gas flow, 
the liquid moves in the circumferential direction and, 
simultaneously, flows down to the lower end cap (Figure 1.10). 

From the point of view of evaluating the effect of film flow 
in a vortex countercurrent mass transfer apparatus on the 
efficiency of mass transfer processes that occur in it, it can be 
noted that the presence of such a film flow worsens its 
characteristics. This happens due to the direct-flow movement 
of liquid films with gas (steam), both along the cylindrical 
surface and along the end caps. 
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Figure 1.10 – Movement of liquid films in a vortex chamber:  
1 – vortex chamber; 2 – tangential slots; 4 – end cap;  

5 – gas outlet pipe; 6 – liquid film shear zone 

Along with positive factors, such as improving the condi-
tions for dispersed liquid into droplets increasing the degree of 
flow turbulence, flows arise that adversely affect the efficiency 
of the countercurrent spraying mass transfer apparatus. One of 
them is the flow of a liquid film over the end caps of the mass 
transfer chamber. 

The reason that causes the phenomena of the end motion 
of the liquid film is as follows. As the end cap is approached, the 
velocities in the vortex gas flow decrease due to the presence of 
viscosity and friction of the gas against the end caps. In this case, 
in the core of the flow, as the velocity increases, the pressure 
decreases. Moreover, for an ideal gas, the circumferential velo-
city tends to infinity towards the center of the vortex chamber, 
and the pressure decreases to zero. 

In an actual flow, due to the presence of viscosity and the 
removal of the gas flow from the vortex chamber in one of the 
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end caps, the flow pattern differs significantly from the flow of 
an ideal gas, but the tendency for a drop in static pressure is 
clearly stated (Figure 1.11). 

 

Figure 1.11 – Change in static pressure along the radius  
of the mass transfer chamber 

Thus, in the layer close to the end cap, the pressure field 
becomes dominant over the field of centrifugal forces. In this 
case, under the action of a pressure droplet, the thin liquid film 
is involved in a movement on the periphery of the end cap. This 
movement is directed to the center of the vortex chamber, where 
the film can be torn off at the exit from the chamber and further 
direct-flow movement of liquid and gas droplets. Such a 
phenomenon in a countercurrent apparatus is undesirable. 

A theoretical study of a vortex flow and its friction against 
a plane normal to the axis of the vortex confirmed the possibility 
of the appearance of radial and axial flows on the end cap. 

Ways to eliminate end currents in vortex mass transfer 
chambers can be determined based on an analysis of the 
hydrodynamic situation in which these flows arise. A decrease 
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in the pressure drop along the end cap can be achieved by 
reducing the gas velocity in the central region, which is 
unacceptable since it entails an increase in the size of the sprayed 
liquid droplets. The most expedient is the timely removal of 
liquid from the cylindrical walls of the mass transfer chamber 
and the reduction of the replenishment of the end flow with 
liquid that flows down from the walls of the working chamber. 

Based on the limited information in the literature on the 
end effect in a vortex apparatus, it can be concluded that these 
problems have not been sufficiently studied. An urgent need to 
study end currents arose with the development of devices that 
use the vortex motion of flows. The end effect requires further 
study to consider radial end fluid flows and develop methods to 
eliminate this phenomenon. 

1.6 Differences between direct vortex flow, 
crossflow, and counterflow of gas and droplet 
flows 

The schemes of flow movement in the vortex chambers of 
direct-flow vortex devices and devices with cross-phase 
movements considered in the previous sections make it possible 
to analyze the movement of droplets to determine the cause of 
the appearance direct-flow or crossflow. In Figure 1.12, a 
diagram of the flow of flows in a direct-flow vortex contact 
device is shown. 
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Figure 1.12 – Flow movement in a cocurrent vortex contact 
device (a), and flow velocity in absolute (b) and relative (c) 

movements: 1 – mass transfer chamber; 2 – axial swirler; 3 – 
atomizer; 4 – direction of gas flow; 5 – droplet direction 

The interaction of the phases and the spraying of the liquid 
occurs in the lower part. For clarity, the figure shows a diagram 
with an axial gas swirler. In the case of a tangential swirler 
located in the lower part, the flow pattern would change 
somewhat only near the swirler itself. The main part of the 
contact device is occupied by a vortex chamber, in which there 
is a helical joint movement of liquid in the form of droplets and 
gas. The diagram of the direction of phase velocities is shown in 
Figure 1.12 b. The flows move along the axis of the apparatus, 
simultaneously, participating in the rotational movement. If the 
coordinate system is rotated together with the gas flow, i.e., we 
consider the movement of the liquid phase relative to the gas 
(Figure 1.12 c), then due to the small difference in the 
circumferential velocities of the gas and liquid, their joint 
movement along the apparatus axis is apparent. 

 

 
b 

 

 

a c 
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In Figure 1.13, a flow diagram explains the crossflow of 
phases. The gas introduced in the upper part of the chamber 
through the swirler moves along a helical expanding trajectory 
to the lower part of the apparatus, sprays the liquid in the upper 
part, and captures it in a rotational motion. 

In Figure 1.13 b, the direction of the phase velocities is 
shown, from which it can be seen that a droplet of liquid, like a 
gas, participates in three movements. If we consider the 
movement of liquid relative to gas, that is, in a coordinate system 
that rotates together with the gas, then we can see that the 
movement of gas and liquid flows (Figure 1.13 c) occurs at an 
angle to each other, which characterizes the cross movement. 

Figure 1.13 c shows that the phases' cross-motion can be 
considered the sum of countercurrent (along the chamber radius) 
and cocurrent (along the chamber axis) movements. 
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Figure 1.13 – The movement of flows in the device with cross 
current (a), and the velocity of flows in absolute (b) and 

relative (c) movement: 1 – mass transfer chamber;  
2 – tangential gas inlet; 3 – liquid outlet; 4 – atomizer; 5 – gas 

outlet; 6 – gas movement; 7 – the movement of droplets 

The presence of direct-flow phase movement in the two 
schemes of flow organization considered leads to the fact that in 
devices that implement such flows, about one theoretical stage 
of changing the concentration in one spraying step is achieved. 
Analysis of the reasons for direct-flow phase movement's 
appearance and elimination leads to the following flow diagram, 
shown in Figure 1.14. 

 

 

 
b 

 
a c 
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a 

 
 

b c 

Figure 1.14 – Flow movement in a vortex apparatus with 
phase counterflow in the contact zone (a), and flow velocity in 

absolute (b) and relative (c) motions: 1 – mass transfer 
chamber; 2 – gas outlet; 3 – atomizer; 4 – tangential gas inlet;  

5 – direction of gas movement; 6 – direction of droplet 
movement 

Here, the gas is introduced at the periphery through 
tangential inlets and moves towards the center along a flat spiral 
trajectory. Only directly at the axis of the apparatus is the 
restructuring of the gas flow, an axial flow appears, and the gas 
is removed in the axial direction through one of the end caps. 

Figure 1.14 b shows the direction of flow velocities in 
absolute motion. The gas flow entrains liquid droplets in 
rotational motion. As the peripheral velocities increase, centri-
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fugal forces begin to act on the liquid droplets, entraining the 
droplets from the center to the periphery. 

Figure 1.14 c shows the case of the small difference bet-
ween the circumferential velocities of gas and liquid and 
considering the movement of droplets relative to the gas flow, 
the possibility of countercurrent movement of a continuous 
phase (gas) and a dispersed phase (liquid droplets) along the 
radius of the mass transfer chamber in the phase contact zone. 

After analyzing the design of the mass transfer chamber, 
from the point of view of creating a flat spiral gas flow, it can be 
assumed that with a low apparatus height and sufficiently large 
radial dimensions, such flow organization becomes possible. In 
this case, two more factors arise that positively affect the process 
of mass transfer intensification. Due to the increase in the radial 
dimensions of the mass transfer chamber, one should also expect 
a significant increase in the circumferential velocity of the gas 
near the central region, which is confirmed by the formulas 
given earlier, for example, (1.3) and (1.4). The liquid introduced 
into the spray zone will be affected by a high-speed gas flow, 
which leads to a significant decrease in the size of liquid droplets 
(1.9), the development of an interfacial surface, and an increase 
in the mass transfer rate (1.1). 

In addition, as the droplet moves along the radius of the 
mass transfer chamber, it is affected by the field of circum-
ferential gas velocities. The presence of a sizeable peripheral 
velocity field gradient (Figure 1.15) shows that a drop moving 
along the radius is affected by gas with different peripheral 
velocities on both sides of the droplet along the radius of the 
mass transfer chamber. The surface of the droplet is deformed. 
The internal circulation currents increase. The process of 
renewal of the interfacial surface is significantly accelerated, 
which also leads to an increase in the mass transfer rate. 
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Figure 1.15 – Scheme of influence on a droplet in a gas flow in 
a countercurrent apparatus 

Thus, all these physical processes, such as the develop-
ment of the interfacial surface, turbulence of flows, and an 
increase in internal circulation flows in droplets, together with 
the possibility of organizing countercurrent movement of phases 
in such a flow, made it possible to obtain several theoretical 
stages of concentration change in one spray stage. 

Based on the analysis carried out, the following basic 
requirements for the organization of flows can be distinguished 
to create countercurrent vortex motion of gas (steam for the 
rectification process) and liquid, in the form of droplets, phases. 

Firstly, the movement of the gas flow must be flat spiral in 
the predominant part of the mass transfer chamber. 

Secondly, the liquid droplets obtained from spraying must 
be very small. In this case, the droplets are practically imme-
diately involved in rotational motion with a circumferential 
velocity close to the gas velocity. 

Finally, the velocity field of the gas flow must be uniform 
along with the height of the chamber in the contact zone, which 
makes it possible to organize (in relative motion) the movement 
of droplets along flat spiral trajectories countercurrent to the gas. 
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2 Theoretical Background of Mass 
Transfer Intensification between 
Droplets and a Gas at a Vortex 
Countercurrent Motion 

2.1 Features of a flow around droplets in vortex 
gas flows 

During the movement of the gas-droplet mixture in mass-
exchange apparatuses of the atomizing type, the Venturi 
apparatus, in the vortex apparatuses of the atomizing type with 
a cross-flow or direct-flow movement of the phases, the liquid 
droplets move in the gas flow, which changes velocity in the 
course of its movement. If we consider the movement of liquid 
droplets in these apparatuses in a plane that coincides with the 
direction of gas flow, we can see that the gas flow flows around 
it on both sides of the droplet with velocities equal in magnitude 
or slightly different from each other. Another picture is observed 
during the movement of liquid droplets in the working chamber 
of the vortex spraying countercurrent mass transfer apparatus. 

As already shown in Chapter 1, along the radius of the 
vortex mass transfer chamber with a counterflow of droplets and 
gas along the radius of the vortex mass transfer chamber, there 
is a gradient of circumferential gas velocities. The experimental 
data of various researchers presented in the following chapters 
show that, when the diameter of the vortex mass transfer 
chamber is 1.5 m, the tangential velocity of the gas flow when 
moving from the periphery to the center changes from 30 m/s to 
100 m/s. In these devices, the liquid is introduced into the vortex 
mass-transfer chamber in the zone of highest velocities. Such a 
high-speed gas flow breaks liquid jets into liquid droplets, which 
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have a small diameter of about 50 μm and participate together 
with the gas flow in rotational motion around the axis of the 
mass transfer chamber with velocities close in magnitude to the 
gas velocities. The movement of droplets in the radial direction 
relative to the gas flow has the opposite direction. 

Thus, moving from the center to the periphery of the 
vortex mass-transfer chamber, the droplets cross the gas flow, 
directed both circumferentially and countercurrent to the 
droplets from the periphery to the center along the radius of the 
vortex chamber. 

In this case, in the circumferential direction of the liquid 
droplet, a gas flow flows around. The velocities differ signifi-
cantly from each other on both sides on the surface of the 
droplet. 

Such an influence of gas on droplets, in the direction 
transverse to the radial motion, affects the hydrodynamics of the 
liquid in the droplet and, in general, the process of mass transfer. 
The results of theoretical studies of the hydrodynamics of one- 
and two-phase vortex flows presented below allow us to 
conclude that it is possible to create conditions for finely 
dispersed liquid spraying into droplets 50–100 μm in size. This 
makes it possible to obtain a developed interfacial surface and, 
as a result, intensify mass transfer processes. 

However, on the other hand, droplets of such a diameter 
are less susceptible to deformation and secondary breakup, 
reducing the mass transfer rate and further searching for an 
effective mechanism for intensifying heat and mass transfer 
processes. 

The interaction of a vortex gas flow, which moves with a 
significant change in the circumferential velocity, has not been 
solved with droplets. Existing works on circulating currents in a 
droplet [70, 71] mainly consider an equal-velocity gas flow. 
Therefore, it is relevant to analyze the hydrodynamics of a liquid 
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droplet that moves in a vortex gas flow from the center to the 
periphery of the mass transfer chamber to determine the force 
effect of the gas on the droplet, its rotation velocity, the 
intensification of internal circulation currents and their effect on 
the efficiency of mass transfer processes. The solution to such 
problems is given in this monograph. 

Such a theoretical analysis of the interaction of droplets 
with a vortex gas or vapor flow is based on the following 
substantiated, both theoretically and experimentally, assump-
tions: 

– a liquid droplet has a small size, as a result of which its 
shape approaches a spherical one, and there will be no conditions 
for its secondary breakup; 

– the value of the drag coefficient approaches the value of 
the drag coefficient for a solid sphere; 

– when droplets move along the radius from the center to 
the periphery, the distance between them increases, making it 
possible to neglect their mutual influence. The ratio of loads in 
the gas and liquid phases is less than one; 

– the droplet’s movement is carried out along a flat spiral 
trajectory. The circumferential velocities of the gas increase 
from the periphery to the center. 
 

2.2 Force impact on a liquid droplet in a gas flow 
with a transverse velocity gradient 

Let us consider a liquid droplet involved in rotational 
motion around the A-A axis and moving in the vortex chamber 
from the center to the periphery at a distance r from the chamber 
axis (Figure 2.1). 
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Figure 2.1 – Scheme of the gas effect on a drop 

The gas flow fed in the tangential direction into the vortex 

chamber with a velocity 𝑉 = 𝑉 + 𝑉  (V and Vr – 

circumferential and radial velocities, respectively). Gas moves 
from the periphery to the center of the mass transfer chamber. 

In the general case, the change in the circumferential ve-
locity of the gas is described by a non-linear law, but based on 
the small size of the droplets, which is usually sought in spray-
type apparatus to increase the interfacial surface, in a zone of 2R 
(R – droplet radius), a linear law can be considered: 

 𝑉 = 𝑎 𝑟 + 𝑎 ; 𝑎 = ; 𝑎 = 𝑉 , (2.1) 

where R – droplet radius, m; a1 – transversal velocity 
gradient, s–1; Vφ1, a2 = Vφ2 – angular velocities on both sides of 
a droplet, m/s. 

The force acting on the droplet from the side of the gas 
stream, N: 

 𝐹 = ∫ 𝑑𝐹 , (2.2) 
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where s – droplet’s cross-sectional area, m2;  – drag 
coefficient; g – gas density, kg/m3; ds – infinitesimal area 
normal to the circumferential direction, m2. 

Under the predominance of centrifugal forces over the 
forces involving droplets to the center, Vφ will significantly 
exceed the value of Vr. Therefore: 

 𝑑𝐹 = 𝜓 𝑑𝑠. (2.3) 

Value of ds is determined as follows: 

 ds = 2hdr, (2.4) 

where dr – infinitesimal increment of droplet radius, m;  
h – the height of the elementary part of the droplet cross-section, 
m. 

Introducing polar coordinates with angle φ, rad, and radius 
ρ, m: 

 
𝜌 = 2𝑅𝑐𝑜𝑠𝜑; 𝑟 = 𝜌𝑐𝑜𝑠𝜑;

𝑑𝑟 = 4𝑅𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜑𝑑𝜑; ℎ = 𝜌𝑠𝑖𝑛𝜑,
 (2.5) 

it can be obtained: 

 𝑑𝑠 = −16𝑅 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑. (2.6) 

Thus, equation (2.3) takes the form: 

 𝑑𝐹 = 8𝜓𝜌 𝑉 𝑅 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑, (2.7) 

and considering equation (2.1) – 

 𝑑𝐹 = 8𝜓𝜌 𝑉 𝑅 (𝑎 𝑟 + 𝑎 ) 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑. (2.8) 



Theoretical Background of Mass Transfer Intensification between 
Droplets and a Gas at a Vortex Countercurrent Motion 

54 

The total force Fd can be determined by integrating this 
equation over the angle range φ from π/2 to 0. Considering 

 𝑟 = 𝜌 𝑐𝑜𝑠 𝜑 = 2𝑅 𝑐𝑜𝑠 𝜑, (2.9) 

it can be obtained: 

 𝐹 = 8𝜓𝜌 𝑅 (𝐼 + 𝐼 + 𝐼 ), (2.10) 

where the following auxiliary integrals have been 
introduced: 

 

𝐼 = 4𝑅 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝜋𝑅 𝑎 ;

𝐼 = 4𝑅𝑎 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝑅𝑎 𝑎 ;

𝐼 = 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝑎 .

 (2.11) 

Then the final expression for determining the force takes 
the form: 

 𝐹 = 8𝜋𝜓𝜌 𝑅 𝑅 𝑎 + 𝑎 𝑎 + . (2.12) 

If transversal velocity gradient in the gas flow will be 
absent, i.e., Vφ1 = Vφ2 = a2, then a1 = 0, and equation (2.12) takes 
the following form: 

 𝐹∗ = 8𝜋𝜓𝜌 𝑅 = 𝜓 𝜋𝑅 = 𝜓 𝑆. (2.13) 

Of particular interest is the problem of finding the point of 
application of the resultant force Fd. This is because moment Md, 
N·m, leads to the droplet rotation. This moment can be obtained 
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considering action of elementary moments of forces dF about 
the origin 0 (Figure 2.1): 

 𝑀 = ∫ 𝑑𝑀 , (2.14) 

where 

 
𝑑𝑀 = 𝑟𝑑𝐹 = 16𝜓𝜌 𝑅 (2𝑅𝑎 𝑐𝑜𝑠 𝜑 + 𝑎 ) ×

× 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑,
 (2.15) 

where r – radius, m. 
After identical transformations, the value of M is as 

follows: 

 𝑀 = 16𝜓𝜌 𝑅 (𝐼∗ + 𝐼∗ + 𝐼∗), (2.16) 

where the following integrals have been introduced: 

 

𝐼∗ = 4𝑅 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝜋𝑅 𝑎 ;

𝐼∗ = 4𝑅𝑎 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝜋𝑅𝑎 𝑎 ;

𝐼∗ = 𝑎 ∫ 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑑𝜑 = 𝑎 .

 (2.17) 

After considering the integration results, the dependence 
(2.14) takes the form: 

 𝑀 = 16𝜋𝜓𝜌 𝑅 𝑅 𝑎 + 𝑅𝑎 𝑎 + . (2.18) 

Quantities Md and Fd allow determining the distance rF 
from the origin 0 to points of application of force, m: 
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 𝑟 = = 2𝑅 . (2.19) 

For a uniform gas flow (Vφ1 = Vφ2 ), values 𝑀∗  and r* are 

 𝑀∗ = 𝜋𝜓𝜌 𝑅 = 𝜌 𝑉 𝑠𝑅; (2.20) 

 𝑟∗ =
∗

∗ = 𝑅. (2.21) 

Thus, the point of application of the resultant is at the 
center of the symmetry of the droplet. Therefore, rotation of a 
droplet does not occur. 

Overall, the transverse velocity gradient in the gas flow 
leads to the droplet rotation and additional shear stresses on its 
surface due to the friction of the gas flow over the droplet 
surface. This, in turn, affects the turbulence of internal flows in 
the droplet and the intensification of mass transfer processes. 
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2.3 Intensification of internal currents in a 
droplet under the impact of a gas flow with a 
transverse velocity gradient 

As shown in Chapter 1, the difference in velocities in the 
gas flow on the droplet’s surface leads to a shift in the 
application point of the resultant aerodynamic forces acting on 
the droplet and leading to its rotation. On the other hand, the 
movement of the outer layers leads to internal circulation 
currents and acceleration of the mass transfer inside the droplet. 
In other words, such processes lead to an acceleration of mass 
transfer. From this point of view, it is of considerable interest to 
reveal the relationship between the parameter a1, which 
characterizes the intensity of the increase in the peripheral gas 
velocity gradient along the radius of the mass transfer chamber, 
and the increase in the intensity of internal circulations. 

Let us consider the influence of a gas flow on a droplet of 
a viscous liquid in a spherical coordinate system, the center of 
which coincides with the center of the droplet (Figure 2.2), 
which leads to the occurrence of a moment determined by the 
mathematical expression (2.18). 
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Figure 2.2 – Scheme of the motion of a droplet in a vortex gas 
flow: O/-O/ – vortex chamber axis; ρ – radius, m; θ, φ – angles, 

rad; ω – angular velocity, rad/s; R – droplet radius;  
r – radius of rotation for elementary area ds 

As a result of rotation, shear stress appears on the droplet 
surface, N/m2: 

 𝜏 = 𝜇 , (2.22) 

where μg – gas dynamic viscosity coefficient, Pa·s. 
The linear velocity on the droplet surface, m/s: 

 𝑉 = 𝜔𝑟. (2.23) 

where ω – angular velocity of the selected element, rad/s. 
Therefore, infinitesimal velocity increment dVs, m/s: 

 𝑑𝑉 = 𝜔𝑑𝑟 + 𝑟𝑑𝜔. (2.24) 
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where dω – infinitesimal increment of angular velocity, 
rad/s. 

After considering r = ρ sinθ (where θ – angle, rad), and 

 dr = sin d +  cos d , (2.25) 

equation (2.24) takes the following form: 

 𝑑𝑉 = 𝜔 𝑠𝑖𝑛 𝜃 𝑑𝜌 + 𝜔𝜌 𝑐𝑜𝑠 𝜃 𝑑𝜃 + 𝜌 𝑠𝑖𝑛 𝜃 𝑑𝜔, (2.26) 

where dρ – infinitesimal increment of radial coordinate, m. 
Therefore, the expression for the normal velocity gradient 

takes the form: 

 = 𝜔 𝑠𝑖𝑛 𝜃 + 𝜔𝜌 + 𝜌 𝑠𝑖𝑛 𝜃 , (2.27) 

and the magnitude of shear stress is equal to 

 𝜏 = 𝜇 𝜔 𝑠𝑖𝑛 𝜃 + 𝜔𝜌 𝑐𝑜𝑠 𝜃 + 𝜌 𝑠𝑖𝑛 𝜃 . (2.28) 

After considering the boundary layer of gas on the surface 
of a droplet with a thickness , m, under the assumption that 
d  , and d  0 – g (where 0 and g – the angular 
velocities of the droplet and gas, respectively, rad/s), after 
simplification g  0, the last equation converted as follows: 

 𝜏 = 𝜇 𝜔 𝑠𝑖𝑛 𝜃 + 𝑅 𝑐𝑜𝑠 𝜃 𝑑𝜃 + 𝑅 𝑠𝑖𝑛 𝜃 . (2.29) 

The friction force acting on the elementary area of the 
droplet surface, N: 

     𝑑𝛵 = 𝜏𝑑𝑠 = 𝜇 𝜔 𝑠𝑖𝑛 𝜃 + 𝑐𝑜𝑠 𝜃 𝑑𝜃 + 𝑠𝑖𝑛 𝜃 𝑑𝑠. (2.30) 
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where ds = R2sindd in the spherical coordinate 
system, and r = Rsin – on the droplet surface. 

Equation (2.27) can be simplified, assuming that the term 
containing the factor d is small concerning other terms. In this 
case, 

 𝑑𝛵 = 𝜇 𝜔 1 + 𝑠𝑖𝑛 𝜃 𝑑𝑠. (2.31) 

Then the value of the friction force of the gas on the 
surface of the rotating droplet is equal to: 

    𝛵 = 2𝜇 𝜔 𝑅 ∫ ∫ 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑 + ∫ ∫ 𝑠𝑖𝑛 𝜑 𝑑𝜑 , (2.32) 

or after integration: 

 𝛵 = 𝜋 𝜇 𝜔 𝑅 1 + . (2.33) 

If we assume that the droplet’s rotation axis passes through 
its center 0 (Figure 2.2), an elementary moment of friction force, 
N·m: 

 𝑑𝑀 = 𝑟𝑑𝛵 = 𝜇 𝜔 1 + 𝑅 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑. (2.34) 

After integration over the entire surface of the droplet, the 
moment of friction forces is equal to: 

 
𝑀 = 2𝜇 𝜔 1 + 𝑅 ∫ ∫ 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑 =

= 𝜋𝜇 𝜔 1 + 𝑅 .
 (2.35) 

The following motion equation describes the droplet’s 
rotational motion dynamics: 
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( )

= ∑ 𝑀 , (2.36) 

where Iz – the moment of inertia of the droplet about the 
axis of rotation, kg·m2; Mz – the sum of the moments about the 
rotation, N·m. 

The droplet is not a rigid body, and its moment of inertia 
is as follows: 

 𝐼 = ∫ 𝑟 𝜌 𝑑Ω, (2.37) 

where dΩ – infinitesimal volume, m3; r – distance from 
this volume to the rotation axis, m. 

In a spherical coordinate system dΩ = 2sindrdd, the 
last equation can be rewritten as follows: 

 𝐼 = 𝜌 ∫ 𝜌 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 𝑑𝜌𝑑𝜃𝑑𝜑, (2.38) 

and d(Izω) – as a sum: 

 d(Izω) = ωdIz + Izdω, (2.39) 

where dIz = ρ0ρ4cos2θsinθdρdθdφ, and Iz = (2/5)mR2 for a 
droplet as a solid sphere with the mass of m = ρ0Ω = ρ0(4/3)R3, 
kg. Therefore, Iz = (8/15)ρ0R5. 

After, equation (2.36) takes the form: 

      𝜔𝜌 𝜌 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑 + 𝜌 𝜋𝑅 = ∑ 𝑀 .(2.40) 

Due to the shear stresses on the droplet, the value of Mz 
can be defined as the difference between the moments of 
velocity gradient and resistance force: 
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∑ 𝑀 = 𝑀 − 𝑀 = 16𝜋𝜑𝜌 𝑅 𝑅 𝑎 + 𝑅𝑎 𝑎 + −

− 𝜋𝜇 𝜔 1 + 𝑅 .

 (2.41) 

In turn, the derivative dρ/dt is the radial component of the 
fluid velocity Wr, m/s. It characterizes the mass transfer rate 
inside the droplet. 

The value of ρ2sinθdθdφ is an expression for defining an 
element of a spherical surface ds. Thus, the elementary fluid 
flow rate dq, m3/s, through the surface ds: 

 𝑑𝑞 = 𝜔𝑟𝑑𝑠 = 𝜌 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑. (2.42) 

After considering expressions (2.40)–(2.42), equation 
(2.36) takes the following form: 

𝜔𝜌 𝜌 𝑐𝑜𝑠 𝜃 𝑑𝑞 = 16𝜋𝜓𝜌 𝑅 𝑅 𝑎 + 𝑅𝑎 𝑎 + −

− 𝜋𝜇 𝜔 1 + 𝑅 − 𝜌 𝜋𝑅 .
(2.43) 

After analyzing this equation, it is possible to reveal the 
dependence between dq (characterizes the magnitude of radial 
currents in the droplet) and a1 (characterizes the peripheral 
velocity gradient), which is non-linear: 

𝑑𝑞 = 16𝜋𝜓𝜌 𝑅 𝑅 𝑎 + 𝑅𝑎 𝑎 + −

− 𝜋𝜇 𝜔 1 + 𝑅 − 𝜌 𝜋𝑅 / 𝜔𝜌 𝜌 𝑐𝑜𝑠 𝜃 .
(2.44) 

Thus, the resulting equation confirms the relationship 
between the transverse gas velocity gradient, radial currents in 
the droplet, and the intensity of mass transfer processes. 
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2.4 Intensification of mass transfer in a droplet 
under a vortex countercurrent gas-liquid flow 

Before, it was shown how the transverse gradient of gas 
flow velocities affects the increase in the internal circulation of 
the liquid in droplets, the rotation of the droplet in the gas flow, 
that is, the movement of the upper layers of the liquid in the 
droplet occurs, which makes it possible to base the theoretical 
conclusion on the relationship between the circulation currents 
in the droplet and the intensification of mass transfer processes 
the following model. 

The droplet has a spherical surface. Therefore, the surface 
layers of the liquid move in the gas flow direction. The last one 
flows around the droplet in the circumferential direction relative 
to the axis of the vortex mass transfer chamber. A change in the 
movement of the liquid towards the center occurs. On the front 
side of the droplet, there is a radial liquid flow directed from the 
center to the periphery. It gradually changes the movement 
direction, growing into a flow along the droplet circumference 
on both sides. 

For each infinitesimal time interval dt, the droplet passes 
a certain distance together with the gas in the circumferential 
direction, moving along with the radius of the chamber. This 
generally determines the spiral trajectory. 

Considering the above model of flow movement, for the 
surface element ds of the droplet, we can write the material 
balance equation in the differential form: 

 dWA = –L0dx; dWA = x(xe – x)ds, (2.45) 

where WA – mass flow rate; βx – mass transfer coefficient 
in the liquid phase, kg/(m2·s); x, xe – actual and equilibrium 
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concentrations of the component in the liquid phase, 
respectively; L0 – mass flow rate of inert liquid carrier, kg/s: 

 L0 = ρ0dq. (2.46) 

Then the number of transfer units in the liquid phase: 

 𝛮 = ∫ = −2 ∫ ∫ . (2.47) 

In the spherical coordinate system, values of ds and dq 
have been defined above. 

After integration over the surface and applying 
mathematical transformations, it can be obtained: 

 𝛮 = .(2.48) 

Let us consider the case when the transverse velocity 
gradient is absent in the gas flow (Vφ1 = Vφ2, and a1 = 0). Then 
the number of transfer units is determined by the following 
expression: 

 𝛮∗ = .  (2.49) 

When comparing the obtained formulas, it becomes 
evident that N > N* because the denominators are not equal. 

From the expressions mentioned above, it can be 
concluded that the transverse gas velocity gradient leads to the 
intensification of internal circulation currents. This fact, in turn, 
increases the intensity of mass transfer and the number of 
theoretical units: 
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∗

= > 1.

 (2.50) 

The quantitative solution of equation (2.48) is complicated 
due to the uncertainty of the constituent containing ω0, dω/dt, 
and . This complexity is predetermined by the non-stationary 
nature of the hydrodynamic interaction of flows. 

The identification of mass transfer characteristics and their 
relationship with the hydrodynamics of flows in the vortex 
chamber can be studied theoretically and experimentally, as 
presented below. 
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3 Monitoring of Hydrodynamics of a  
Two-Phase Vortex Gas-Droplet Flow 

3.1 Hydrodynamic features of vortex spraying 
countercurrent mass transfer apparatuses 

The study of hydrodynamic processes in various designs 
of mass transfer equipment, including in vortex mass transfer 
chambers, is the subject of many works, both foreign and leading 
scientists from Europe. However, as the analysis of literary 
sources shows, the hydrodynamics of the vortex mass transfer 
chamber depends on its design features, which in turn affects the 
dispersion of the droplet flow, the time the droplets stay in the 
contact zone, the turbulence of the liquid in the droplets, the 
spray entrainment and other factors that determine the operation 
of the apparatus. 

Thus, the main task of the vortex mass transfer apparatus 
researchers with phase counterflow in the contact zone was to 
study the essence of the processes occurring in the vortex 
working chamber to determine the scope and expediency of 
using the considered apparatuses in various industries. This 
monograph presents the results of both theoretical and 
experimental studies confirming the high efficiency of vortex 
apparatuses and the adequacy of the mathematical models 
underlying the description of the physical processes occurring in 
the working vortex chamber. 

Theoretical studies of the hydrodynamics in a vortex 
countercurrent mass transfer apparatus identify the most 
favorable form of a gas flow in the area where liquid droplets 
move. The most rational way to spray liquid in such a gas flow 
is creating conditions for regular countercurrent movement of 
vortex gas-droplet flows throughout the entire volume of the 
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working chamber with the same intensity of mass transfer 
processes. 

Such studies make it possible to identify the main patterns 
of changes in the hydrodynamic situation depending on the 
determining geometric dimensions of the working chamber, 
their ratio, changes in the shape of flows, and, consequently, 
factors that can affect the intensity of mass transfer under 
various technological modes of operation of the apparatus. 

On the other hand, the theoretical study of hydrodynamics 
is highly complicated due to the three-dimensional two-phase 
turbulent flow. This fact leads to the need to solve high-order 
partial differential equations with variable coefficients, which, 
despite the significant development in recent years of various 
methods of numerical solutions, complicates obtaining results 
that are sufficiently accurate for engineering practice. In 
particular, the pattern of motion becomes more complicated in 
the presence of a liquid phase in the flow, both in the form of 
films and droplets, which in the most general case have a 
polydisperse composition. 

Thus, to obtain solutions that would be effective for 
describing hydrodynamic processes in a working vortex mass 
transfer chamber, an approach based on various simplifying 
proposals and semi-empirical theories is of interest. 

After considering all the above remarks, this study 
presents the results of the following research algorithm. First of 
all, the results of studies of the vortex motion for a single-phase 
gas flow are presented. The results of studies allow determining 
parameters of countercurrent movement of the gas flow with 
liquid droplets, the effect of phase loads on the dispersion of the 
spray, the effect of the location of the atomizer in the working 
chamber on the quality of the spray, and the regular 
countercurrent movement of droplets and gas. In this case, some 
assumptions and simplifications were used, which made it 
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possible to obtain a solution in the form of elementary functions, 
which makes it possible to carry out a multifaceted analysis of 
the qualitative influence of both the geometric dimensions of the 
apparatus and the flow regimes on the countercurrent movement 
of phases in the working mass transfer chamber. 

The information obtained made it possible to create semi-
empirical calculation methods suitable, with sufficient accuracy 
for engineering calculations, determine the geometry of the 
working chamber of a vortex countercurrent mass transfer appa-
ratus, and select the optimal mode of its operation. 

3.2 Movement of a single-phase vortex gas flow in 
a working chamber 

After sequent considering all the stages in liquid’s 
movement in the mass transfer chamber of a vortex spraying 
countercurrent mass-exchange apparatus, it is possible to 
identify the main features of the movement of a single-phase gas 
flow in the working chamber. 

For creating a fine spray of a liquid into microdroplets with 
a size of about 50 μm, it is necessary to achieve gas flow 
velocities of up to 100 m/s in the spray zone. 

It is necessary to create a counterflow gas (in relative 
motion) of liquid droplets to provide appropriate conditions 
along the radius of the mass transfer chamber. The value of 
circumferential gas velocities must be sufficient to create a field 
of centrifugal forces that involve liquid droplets in motion from 
the center to the periphery of the vortex chamber (countercurrent 
gas along the radius). The same condition follows the require-
ment for the axial composite velocity of the gas flow, which 
should not impede the movement of liquid droplets along flat 
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spiral trajectories in the plane perpendicular to the axis of the 
vortex mass transfer chamber. 

The movement of the vortex gas flow is decisive in the 
hydrodynamics of the mass transfer chamber in terms of high-
quality atomization due to the difference in phase velocities and 
the formation of a droplet vortex flow by involving droplets in 
rotational motion. Under centrifugal forces, droplets move from 
the center to the periphery of the chamber. 

The requirements listed above for the organization of gas 
movement and the need to create a uniform and intense mass 
transfer throughout the volume of the chamber with minimal 
spray entrainment make it possible to highlight some features of 
the gas flow in the vortex chamber. 

Fristly, the movement of the vortex gas flow in the 
predominant part of the mass transfer chamber should occur in 
a plane normal to the axis of the chamber. In the predominant 
region of the volume of the vortex chamber, there should be no 
axial components of the total gas velocity. In this case, the gas 
flow will not affect the droplets along the chamber axis, due to 
which the liquid may be entrained towards one of the end caps 
to the gas outlet from the chamber. In this case, the conditions 
favorable for spray entrainment (entrainment of droplets 
together with the gas flow from the vortex mass transfer 
chamber) will disappear. 

Secondly, in the area of plane spiral motion of the gas, 
there should be a maximum of circumferential gas velocities, 
which should be used to atomize the liquid into small droplets, 
which immediately after atomization fall into the zone of a flat 
gas flow. These droplets are entrained by the gas in a rotational 
motion and will move along flat spiral trajectories to the 
periphery of the mass transfer chamber, which is an essential 
condition for the efficient operation of the apparatus. 
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In the ideal case, the organization of the movement of the 
gas flow is as follows. The gas is introduced in the tangential 
direction evenly over the entire height of the mass transfer 
chamber at its periphery. Gas removal is carried out directly at 
the axis of the chamber evenly over the entire height. 

However, the gas outlet is made as a round hole in the end 
cap’s center in practice. The presence of such a branch leads to 
the appearance of axial flows, the non-uniformity of the gas 
velocity field, and the chamber’s height, which bends the vortex 
gas-droplet flow and adversely affects the efficiency of mass 
transfer. 

In its movement from the inlet to the outlet of the mass 
transfer chamber, the gas takes part in two movements. One of 
them is the rotation of the gas flow around the axis of the 
chamber. According to the law of conservation of kinetic 
moment for an ideal gas: 

 m rVφ = 0, (3.1) 

where mi – the mass of i-th gas volume, kg. 
Therefore, the law of change of peripheral gas velocity is 

as follows: 

 𝑉 = 𝑉 , (3.2) 

where R0 – radius of maximum flow velocity, m. 
In actual conditions, due to viscosity and gas removal in 

the axial direction, the law of variation of the circumferential 
velocity differs significantly from the law of variation for an 
ideal gas. 

The second component of the gas flow is the flow from the 
inlet to the outlet of the mass transfer chamber, and for its 
analysis, it is best to consider the gas flow in a plane that passes 
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through the axis of the mass transfer chamber. This movement 
is characterized by the absence of an axial component of the total 
velocity in the peripheral zone, the appearance, and the increase 
of this velocity near the central region, where it reaches its 
maximum value. 

As mentioned above, the absence or minimum value of the 
axial velocity in the zone of countercurrent phase motion is a 
prerequisite that promotes the creation of a regular counterflow, 
prevents the curvature of flat spiral trajectories, and the 
involvement of droplets in the helical motion. 

When an axial velocity occurs, the value of which is 
sufficient to entrain droplets with a gas flow, conditions appear 
for the occurrence of spray entrainment, the uniform saturation 
of the chamber with liquid by volume is disturbed, zones with 
different intensities of mass transfer processes appear, which 
generally leads to a significant deterioration in the operation of 
the apparatus. 

3.3 Impact of vortex chamber’s geometric 
parameters on flow unevenity 

When analyzing the rotational motion of a gas flow, we 
select a region that is bounded by two cylindrical surfaces 
(Figure 3.1). 
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Figure 3.1 – Area marked by an infinitesimal angle dφ 

The inner surface has a radius equal in magnitude to the 
radius of the surface on which the circumferential gas velocity 
has a maximum value. The area inside this surface is not 
considered since it is of no interest for the formation of counter-
current phase motion due to the presence of high axial and low 
circumferential velocities. 

The gas motion in the confuser area bounded by two 
cylindrical surfaces with radiuses R1 and R2 (Figure 3.2). 

 

Figure 3.2 – Scheme of the chamber section in a plane 
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According to the continuity of the medium, the radial 
velocity from radius R1 to radius R2 increases due to a decrease 
in the cylindrical section’s area. Calculations of such three-
dimensional confuser flows can be reduced to a two-dimensional 
problem of gas motion in a layer of variable thickness using a 
description of the motion of a gaseous medium using potential 
flows by solving the Laplace equation: 

 + + = 0, (3.3) 

where u – velocity potential, m2/s; 𝑉 = , and 𝑉 =  – 

radial and axial velocity components, respectively, m/s. 
However, by analyzing the possible direction of changing 

the ratio of geometric dimensions to create a flat gas flow, one 
can be convinced that to achieve this goal, a particular geometry 
of the vortex chamber with a small (relative to the radius of the 
vortex chamber) height is required Hc, m. 

If the height of the chamber is relatively large, then the 
unevenness in its height occurs mainly due to the asymmetrical 
removal of gas, which is usually located in one of the two end 
caps. It follows that the non-uniformity of the gas flow can be 
reduced by making two holes symmetrically in both covers or 
by other design measures, which are described below. 

It is possible to qualitatively substantiate the possibility of 
smoothing the non-uniformity of the flow before it turns, normal 
to the direction of its initial movement, for example, by solving 
the problem of the motion of a plane potential gas flow of an 
ideal liquid in an L-shaped region. 

Drawing a simplified analogy between the main geometric 
dimensions of the mass transfer chamber in the plane that passes 
through the axis and the main dimensions that characterize the 
gamma-type turn along which the idealized potential gas flow 
moves, by using the Laplace equation for a plane flow: 
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 + = 0, (3.4) 

where 𝑉 = , and 𝑉 =  – velocity components in a 

plane, m/s. 
This equation is solved numerically using difference 

equations: 

 𝑢 , =
, , , , , (3.5) 

which allows analyzing the change in the non-uniformity of the 
gas velocity field in the cross-section y = R2 (Figure 3.3). 

 

Figure 3.3 – Mesh design for numerical calculations 

Based on the features of the movement of the gas flow in 
the vortex mass-transfer chamber of the countercurrent spray 
apparatus, it is possible to determine the scheme of movement 
of a single-phase gas flow, which is as follows. 

The gas flow enters the periphery of the vortex mass trans-
fer chamber through tangential slots or a tangential swirl of 
another design uniformly along with the height. Further, as 
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mentioned earlier, the gas flow takes part in two movements. 
The gas flow moves in the radial direction, increasing its 
velocity and gradually acquiring an axial direction near the 
center of the vortex chamber. 

After setting the boundary conditions about the change in 
the flow area for the gas flow along with the radius and the gas 
outlet pipe, it is possible to consider the spatial nature of these 
flows. Also, the gas flow at the inlet and a considerable distance 
from the outlet is distributed evenly over cylindrical sections 
should be considered. 

The main assumptions that are used in solving the problem 
are as follows: 

– the gas velocity at the inlet to the mass transfer chamber 
is the same along with its height; 

– at a sufficiently large distance from the section x = h1N1, 
the gas velocity equalizes, and in section x = h1N, the gas moves 
with the same velocity along the x-axis; 

– the boundary conditions on the impermeable walls of the 
region are determined from the condition that no gas flows 
through these walls; 

– the equality in the height of the working chamber at the 
inlet and outlet, based on the continuity condition: 

 𝑉 = 𝑉 , (3.6) 

where R1 – the radius, at which the inlet tangential slots 
for gas supply to the vortex chamber are located, m; R2 – the 
radius, at which the inlet edge of the branch pipe for the removal 
of the gas flow is located in one of the end caps, m; 𝑉 , 𝑉  – 
inlet and outlet velocities, respectively, m/s. 

The solution of equation (3.5) with boundary conditions in 
the form of first derivatives is the Neumann problem. It has a 
unique solution in this area. 
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If we divide the segments along with the axis OX and OY 
into intervals of the same size h1 and designate i and j as the 
numbers of points along these axes, respectively, we can obtain 
the following expressions for the boundary conditions: 

1) for j = M, 1  i  N1 – 1: 

 

, ,

ℎ
= 𝑉 ;

𝑢 , =
, , , ,

,
 (3.7) 

or 

 
𝑢 , = 𝑉 ℎ + 𝑢 , ;

𝑢 , =
, , ,

−
ℎ

;
 (3.8) 

2) for i = 0, 1  j  M – 1: 

 
𝑢 , =

, , , ,
;

𝑢 , − 𝑢 , = 0,
 (3.9) 

from where we can get: 

 𝑢 , =
, , , ; (3.10) 

3) for i = N, 1  j  M1 – 1: 

 
𝑢 , =

, , , ,
;

, ,

ℎ
= 𝑉 ,

 (3.11) 

or 
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𝑢 , = 𝑢 , − ℎ𝑉 ;

𝑢 , =
, , ,

+
ℎ

;
 (3.12) 

4) for i = N1, M1  j  M – 1: 

 
𝑢 , =

, , , ,
;

𝑢 , = 𝑢 , ,
 (3.13) 

from where we can get: 

 𝑢 , =
, , , ; (3.14) 

5) for j = M1, N1 + 1  i  N – 1: 

 

𝑢 , =
, , ,

;

𝑢 , = 𝑢 , ;

𝑢 , =
, , ,

;

 (3.15) 

6) for j = 0, 1  i  N – 1: 

 

𝑢 , =
, , ,

;

𝑢 , = 𝑢 , ;

𝑢 , =
, , ,

.

 (3.16) 

The solution of the system of differential equations for a 
large number of nodes by the method of successive approxi-
mations requires a significant investment of time. Therefore, 
here we present the results of calculations using the Gauss–
Seidel method, which, when applied to equations, is called the 
method of successive displacements. 
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As a result of the solutions obtained, it is possible to 
consider how the ratio of the three main geometric dimensions 
affects the non-uniformity of the velocity field in the working 
chamber. The determining dimensions are the height of the 
working chamber Hc, the chamber radius R1, and the radius of 
the gas outlet R2. 

Accordingly, it is convenient to choose their ratios in the 
form Hc/R1 and R1/R2, which makes it possible to consider the 
unevenness of the velocity from two variables R1 and Hc. 

A flowchart for solving differential equations is shown in 
Figure 3.4. 
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Figure 3.4 – Block diagram for solving difference equations:  
f1, f2 – boundary conditions at the inlet and outlet of the mass 

transfer chamber; b1, b2, b3, b4 – boundary conditions on 
impermeable walls 
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An example of calculating the change in velocities in the 
designated section for various values of Hc/R2 is given in 
Figure 3.5. 

 

Figure 3.5 – Change of the velocity in relative height of the 
gamma-type area under R1/R3 = 3.0 for different values of 

Hc/R1: 1 – 1.2; 2 – 1.0; 3 – 0.8; 4 – 0.6. 

In Figure 3.6, graphs are shown reflecting the unevenness 
of the velocity field, which is characterized by the difference 
between the maximum and minimum velocities in the section 
y = R2: 

 − = Δ𝑉 . (3.17) 
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Figure 3.6 – Dependence for dimensionless velocity difference 
on the relative height of gamma-type area for the different ratio  

of R1/R2: 1 – 4.0; 2 – 3.0; 3 – 2.0 

An analysis of the dependence of the non-uniformity of 
the gas velocity over the width of the gamma-shaped region 
(before the flow turns from the radial direction to the axial one 
depends on the value of Hc/R1) shows that the choice of this ratio 
(as well as the value of Hc) is ambiguous. It also depends on the 
ratio of the sizes R1/R2. The analysis of graphic dependencies 
showed that it is possible to determine the ratio Hc/R1. This value 
must be less than 0.6. 

Given the need to reduce the values of Δ𝑉  to zero, the 
analysis of the calculated graphs allows determining the relative 
size of the gamma-type area. The following formula can be used: 

 = 1.66 − 0.615 + 0.075 . (3.18) 
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This makes it possible (under the selected dimensions R1 
and R2) to determine the width of the area under consideration 
from the condition of achieving the minimum non-uniformity of 
the flow in the section y = R2 for R1/R2 < 4. 

Examples of the design of gas removal and the possibility 
of achieving a small non-uniformity of gas velocities during a 
sharp turn of the flow allow assuming that the gas flow structure 
between two cylindrical surfaces with radiuses R1 and R2 is 
uniform under the appropriate choice of the ratio of the main 
geometric dimensions of the working chamber. 
 

3.4 Vortex motion of a viscous gas flow 

The study of the vortex gas flow as it rotates around the 
chamber axis is of the most significant interest. This is because 
the peripheral velocities of the gas flow created along the radius 
form a field of centrifugal forces involving liquid droplets in 
motion from the center to the periphery of the vortex mass 
transfer chamber along the radius of this chamber in the opposite 
direction to the movement of gas, which moves along the radius 
from the periphery to the center. The centrifugal forces acting on 
the liquid droplets must be greater than the resistance forces, the 
predominant action of which can lead to the entrainment of the 
liquid droplets together with the gas flow to the center of the 
vortex mass transfer chamber and lead to the disruption of the 
apparatus. 

Another critical factor affecting the intensity of mass 
transfer processes is the relative velocity of phases in the spray 
zone, which affects the diameter of liquid droplets and the size 
of the interfacial surface. As the droplet size decreases, the total 
interfacial surface of all droplets located in the mass transfer 
zone increases. Conversely, a decrease in the relative velocity of 
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the liquid-gas jet leads to an increase in the diameter of the 
sprayed liquid droplets and a decrease in the interfacial surface. 

In the considered scheme of the vortex motion of gas in 
the mass transfer chamber, it is assumed that the spraying of the 
liquid into droplets occurs due to the action of the gas on the jets 
introduced in the central zone. It is possible to express the 
dependence of the diameter of the obtained droplets on the 
relative flow velocity by the following formula: 

 𝑑 = , (3.19) 

where Vrel – relative velocity, m/s. 
With an increase in the relative velocity of the gas flow, 

the size of the droplets of the sprayed liquid decreases. Also, the 
size of the interfacial surface increases. These facts contribute to 
the intensification of mass transfer in the working chamber of 
the apparatus. After spraying into droplets, the liquid is involved 
in rotational motion around the chamber axis due to the energy 
of the gas flow. Further organization of the movement of the 
droplets to the periphery of the mass transfer chamber depends 
on the effect of the gas flow on the droplets. As mentioned 
earlier in the previous section, in the area bounded by two 
cylindrical surfaces (with radiuses R1 and R2), it is possible to 
create a plane vortex motion of the gas, or close to a plain one, 
with small axial velocities, which are much less than 
circumferential ones and their effect on liquid droplets can be 
neglected. 

Let us use semi-empirical theories of turbulence, which 
are based on the Prandtl hypothesis of shear stresses in a 
turbulent flow, N/m2: 

 𝜏 = 𝜌𝜀 , (3.20) 
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where ε – coefficient of kinematic viscosity of turbulent 
flow, m2/s, which depends on the mixing path l, m: 

 𝜀 = 𝑙 , (3.21) 

or considering the dependence on angular velocity: 

 𝜀 = 𝑙 , (3.22) 

where l is changed by the radius r. 
The considered movement of a viscous gas flow is 

symmetrical about the axis, limited by cylindrical surfaces 
therefore it is most expedient to carry out theoretical studies and 
obtain a mathematical description of such a flow in a cylindrical 
coordinate system. After substituting the turbulent viscosity 
coefficient to Navier–Stokes equations instead of the kinematic 
viscosity coefficient, the following system can be considered: 

         

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧𝑉 + + 𝑉 − = − +

+𝜀 + + + − − ;

𝑉 + + 𝑉 + = − +

+𝜀 + + + + − ;

𝑉 + + 𝑉 = − +

+𝜀 + + + ;

+ + + = 0,

 (3.23) 

where P – hydrodynamic pressure, Pa. 
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The last equation of this system is the continuity equation. 
Under the assumption about the axisymmetricity of the 

vortex gas flow and the absence of axial velocity in the region 

along with the height of the chamber ( = 0, = 0, and 

Vz = 0), after considering the dependence on one variable r in the 
1st and 3rd equations, this system of equations can be written as: 

 

⎩
⎪
⎨

⎪
⎧𝑉 − = − ;

𝑉 + = 𝜀 + ;

+ = 0.

. (3.24) 

From the 3rd equation of this system, under boundary 
conditions r = R1, and Vr = Vr2, it can be found: 

 𝑉 = 𝑉 . (3.25) 

There are two ways to solve the resulting system of 
equations. One of them replaces the coefficient of turbulent 
viscosity with an empirical constant and makes it possible to 
reduce the problem to the already known solution of the viscous 
fluid flow between two rotating cylinders. This makes it possible 
to obtain a solution in elementary functions. However, such an 
approach requires using experimental data to close the system of 
equations when determining the boundary conditions and the 
constant *, m2/s. 

The second way is to use dependence (3.22), where an 
approximating function changes the mixing path based on the 
data of experimental blowdowns and the study of vortex gas 
flows. 
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After replacing  by the empirical constant *, then 
considering (3.25), the 2nd equation of the system (3.24) can be 
rewritten as followings: 

 𝑟 + 1 −
∗

𝑟 − 1 +
∗

𝑉 = 0. (3.26) 

Solution of this differential equation: 

 𝑉 = 𝐶 𝑟 + 𝐶 𝑟 , (3.27) 

where Re = Vr1R1/* – Reynolds number for radial flow; 
C1, C2 – unknown constants. 

The integration constants can be found based on the 
boundary conditions: Vφ(R1)= Vφ1; Vφ(R2)= Vφ2, where R1 and 
R2 – radiuses of cylindrical surfaces, between which a plane 
vortex motion of the gas occurs. These radiuses coincide in size 
with the radiuses of the vortex chamber and gas outlet, 
respectively. 

Therefore: 

 𝐶 = ; 𝐶 = . (3.28) 

Considering these constants, the solution (3.27) takes the 
following form: 

   𝑉 = 𝑟 + 𝑟 . (3.29) 

For determining Vφ by this equation, the values of Vφ1 and 
Vφ2 should be known. Since the gas is introduced to the swirl 
chamber in the tangential direction, the value of Vφ1 can be 
determined as 
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 𝑉 = , (3.30) 

where Qg – flow rate of the gas, m3/s; S – the total area of 
tangential slots, m2. 

It is necessary to carry out experimental studies or use 
additional requirements for the gas flow in the center of the 
apparatus to find the value of Vφ2. 

Solving the 1st equation of system (3.24) and considering 
(3.25) and (3.29), we obtain: 

      𝛲 = − + 𝜌 + − + 𝐶 , (3.31) 

where K = Vr1R1 – the momentum of radial velocity, m2/s. 
Integration constant C3 is determined from the condition 

P(R1) = P1. Therefore: 

 

𝑃 = − +

+𝜌 + − −

− + − + 𝛲

 (3.32) 

Let us consider what caused the difference and change in 
the exponent in the expression (1.4) and (3.27). From their 
equality, we can get: 

 𝑛 = . (3.33) 
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Therefore, in addition to depending on the geometric and 
hydrodynamic parameters, parameter n is changed towards the 
chamber’s center, which is expressed by the coordinate r. 

Under accepting the law of change in the turbulent 
viscosity coefficient from experimental data, the 2nd equation of 
the system (3.24) takes the form: 

 = 1 + 𝑉 − 1 − , (3.34) 

where the turbulence parameter kt is introduced, m2/s, and 
the viscosity coefficient depends on the radius r. 

The data presented in the following chapters on the 
solution of equations (3.32) and (3.27), where the coefficient of 
turbulent viscosity is constant along the radius of the mass 
transfer chamber, and their comparison with the experimentally 
obtained values of velocities and pressure indicate the possibility 
of using these formulas for engineering applications. 

 
 

3.5 Hydrodynamics of a vortex gas-droplet 

3.5.1  Conditions of countercurrent motion of vortex      
gas-droplet flows in a mass transfer chamber 

To identify the characteristic features of the movement of 
the liquid phase in the mass-exchange chamber of a vortex 
countercurrent spray apparatus, we consider the entire move-
ment from the moment the liquid is introduced in the central 
region to its separation on the cylindrical walls of the vortex 
chamber. 

The scheme of motion of vortex gas and droplet flow in 
the mass transfer apparatus is shown in Figure 3.7. 
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The liquid is introduced in thin jets in the radial direction 
in the central region of the vortex mass transfer chamber. In this 
case, the direction of movement of the liquid at the initial 
moment of the outflow of the jet from the atomizer may differ 
from purely radial. In addition to the radial, the liquid may have 
a circumferential component of the total velocity. Its value 
primarily affects the regular and countercurrent movement as a 
whole. 

After introducing thin liquid jets into the mass-exchange 
apparatus, they begin to be affected by a high-speed gas flow 
due to the energy of which the liquid is sprayed into droplets. 

 

Figure 3.7 – Vortex spraying countercurrent mass transfer 
apparatus: 1 – gas inlet pipe; 2 – tangential swirler;  
3 – atomizer; 4 – mass transfer chamber; 5 – slots  

for liquid drainage; 6 – radial diffuser; 7 – gas  
outlet pipe; 8 – liquid outlet pipe 
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When the liquid is injected strictly in the radial direction, 
the liquid is sprayed into droplets, the size of which will be 
inversely proportional to the square of the circumferential 
velocity of the gas flow (3.19). In spraying, an important place 
or a cylindrical section in the vortex mass transfer chamber 
where the liquid enters the gas stream. If liquid jets are fed into 
a region where they are affected by a gas flow at low velocities, 
then their trajectories will bend under the action of this gas flow, 
and the liquid will acquire rotational motion. As a result, upon 
reaching a cross-section with high circumferential gas velocities, 
the liquid and gas will have lower relative velocities, and the 
liquid will be sprayed into large droplets, the interfacial surface 
will decrease, and the intensity of the mass transfer processes 
that occur in the apparatus will decrease. 

Almost simultaneously with the spraying of liquid jets, the 
process of involving liquid droplets in rotational motion occurs. 
To implement a regular countercurrent along the radius of the 
vortex mass transfer chamber, the movement of droplets and gas, 
the liquid must be involved in rotational motion and achieve 
such a value of the circumferential velocities of the droplets, at 
which the latter, under the action of centrifugal forces, must 
move to the periphery of the vortex mass transfer chamber. 

In addition to the impact in the circumferential direction, 
the gas acts on the liquid in the radial direction when moving 
towards the chamber’s center. Thus, two forces act on the 
droplets of liquid, the direction of which is opposite. 

Centrifugal force: 

 𝐹 = 𝜌 , (3.35) 

and resistance force: 

 𝐹 = 𝜓𝑉 𝑑 𝜌 . (3.36) 
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One of the problems of ensuring countercurrent motion in 
the mass-exchange chamber is the fastest achievement of 
circumferential velocities sufficient to fulfill the condition 
Fcf > Fdf. For this purpose, it is necessary to involve the droplets 
in rotational motion with the following velocity: 

 𝑉 > 𝑉 . (3.37) 

After expressing this dependence in terms of the 
geometrical parameters of the vortex chamber and its gas 
capacity, it can be obtained: 

 𝑉 > . (3.38) 

Regular countercurrent phase movement will occur if this 
condition is met along the entire radius in the working chamber. 
Otherwise, if the resistance force and centrifugal force are equal 
at a certain radius, the movement to the periphery will stop. In 
this case, possible “hanging” of liquid droplets can occur. 

At a low circumferential velocity, liquid droplets will be 
captured by the gas flow and drawn to the exit from the vortex 
mass transfer chamber, leading to an increase in spray entrain-
ment and a sharp decrease in efficiency, and even to disruption 
of the vortex mass transfer apparatus. 

At the entrance to the vortex mass transfer chamber, the 
velocity of the gas flow, to ensure the movement of droplets to 
the periphery, near the walls of the mass transfer chamber must 
be greater than: 

 𝑉 >
/

. (3.39) 
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The above analysis of the ratio of forces acting on a liquid 
droplet along the radius of the vortex mass transfer chamber 
shows that when calculating the total circumferential and radial 
velocities, to ensure regular countercurrent movement of the gas 
and liquid phases, condition (3.19) should be checked over the 
entire area from the center to the periphery working chamber. 

The presence of a liquid phase in a vortex gas flow and the 
imposed condition, which consists of the countercurrent move-
ment of the phases along the radius of the working chamber, 
affects the magnitude of the hydraulic resistance of the mass 
transfer chamber. 

Droplets of liquid are entrained in rotational motion due to 
the energy of the gas flow. The gas flow rates decrease, which 
leads to a decrease in the pressure droplet between the center and 
periphery of the vortex mass transfer chamber and a decrease in 
the hydraulic resistance of the working chamber. The solution to 
these problems is given in the following sections, which outline 
the theoretical justification for reducing hydraulic resistance due 
to a decrease in the circumferential velocities of the gas flow. 

3.5.2 Impact of droplet flow on the hydrodynamics of a gas 

The hydrodynamics of the gas-droplet flow will largely 
depend on how, at what velocities, and in what direction the 
liquid jets will be introduced in the central region of the vortex 
chamber. 

If we proceed from relation (3.19), then it is expedient to 
introduce liquid in the circumferential direction, opposite to gas 
flow. However, the positive effect of increasing the interfacial 
surface due to a decrease in the diameter of the droplets of the 
sprayed liquid may not be achieved. This is because of 
decreasing circumferential velocity of the gas flow due to non-
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compliance with condition (3.39). Overall, this effect leads to a 
breakdown in the apparatus operation. 

The introduction of liquid in the circumferential direction 
and in the same direction as the circumferential velocities of the 
gas flow provides the condition for the countercurrent 
movement of the phases, which consists of the predominant 
effect of centrifugal forces on the liquid droplets. However, in 
this case, poor-quality atomization of liquid jets into droplets of 
large diameter is possible, too little time for the liquid to stay in 
the contact zone, which in turn can adversely affect the operation 
of the vortex spraying countercurrent mass transfer apparatus. 

It should be noted here that the quality of a finely dispersed 
and uniform atomization of a liquid into droplets can be achie-
ved using special mechanical or pneumatic atomizers. However, 
in this case, it is still necessary to analyze the further movement 
of the droplets, their influence on the hydrodynamics of the gas 
flow, on such essential parameters as, for example, the hydraulic 
resistance of the mass transfer apparatus. 

The problem’s solution is also necessary from the 
influence of the ratio of loads in the liquid and gas phases on the 
stable operation of the vortex spraying countercurrent mass 
transfer apparatus. 

Let us consider how the gas flow pattern changes in the 
presence of a liquid phase. Let us allocate an elementary volume 
between two cylindrical sections I-I and II-II, lying between 
surfaces with radiuses R1 and R2 (Figure 3.8), the value of which 
is equal to: 

 𝑑𝑉 = 2𝜋𝑟𝑑𝑟𝑑𝑧. (3.40) 
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Figure 3.8 – Design scheme of the vortex chamber 

The kinetic moment of the gas enclosed in this volume, in 
the absence of a liquid phase, is equal to: 

 𝑑𝐾 = 2𝜋𝜌 𝑉 𝑟 𝑑𝑟𝑑𝑧. (3.41) 

Since there will be no impact from external forces, when 
a liquid phase appears in the volume under consideration, the 
latter is involved in rotational motion due to the energy of the 
gas flow. In this case, the angular momentum of the gas volume 
will decrease accordingly and will be equal to: 

 𝑑𝐾∗ = 2𝜋𝜌 𝑉∗𝑟 𝑑𝑟𝑑𝑧. (3.42) 
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Кинетический момент жидкой фазы, приобретенный в 
результате взаимодействия с газовым потоком, имеющим 
окружную скорость, kg·m2/s2: 

 𝑑𝐾 = 𝑀 𝑊 𝑟. (3.43) 

Liquid phase volume Vl, m3, in the considered area of the 
mass transfer chamber is determined by the relation: 

 𝑉 = 𝑉 , (3.44) 

where Vg – gas volume, m3. 
Therefore, equation (3.43) is rewritten in the form: 

 𝑑𝐾 = 2𝜋𝜌 𝑊 𝑟 𝑑𝑟𝑑𝑧. (3.45) 

In the explanations of the interaction between gas flows 
and liquid droplets, the assumption was introduced (since the 
volumes of a unit mass of gas and liquid differ by several orders 
of magnitude) that the volume of gas in the region under consi-
deration remained practically unchanged before and after the 
liquid phase was supplied. 

Since liquid droplets are involved in rotational motion due 
to the energy of the gas flow, the kinetic moment of the gas 
before the introduction of liquid should be equal to the sum of 
the kinetic moments of the gas and the liquid phases: 

 𝐾 = 𝐾∗ + 𝐾 . (3.46) 

After considering equations (3.41)–(3.43), this equality 
becomes: 
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 𝜌 𝑉 = 𝜌 𝑉∗ + 𝜌 , (3.47) 

from which the circumferential velocity of the gas flow is 
determined after interaction with liquid droplets: 

 𝑉∗ = 𝑉 − 𝑊 . (3.48) 

If we consider the movement of liquid droplets in a mass-
exchange chamber in two planes normal to its axis, which are 
separated from each other at a small distance, and assume that 
the amount of liquid that takes part in the plane countercurrent 
vortex motion in these planes is different, then the following 
picture is possible. 

Due to a large amount of liquid in one of the considered 
layers, the gas flow velocities decrease, and the pressure increa-
ses. 

Thus, a pressure droplet arises between the layers under 
consideration, associated with different gas flow velocities. 
Under the action of this pressure droplet, the movement of liquid 
droplets from a layer with a lower velocity to a layer with a 
higher velocity should begin. This process will take place until 
the energy parameters are equalized between the nearest layers 
and, in general, along with the height of the entire mass transfer 
chamber. 

The above reasoning follows the assumption of uniform 
saturation in any cylindrical section of the chamber and its 
height with liquid in the form of moving droplets. For the entire 
droplet vortex flow, the characteristic features of its motion will 
accurately determine the motion of a single droplet. As men-
tioned above, considering the mutual influence of droplets on 
each other during their general motion is a challenging problem 
requiring special theoretical and practical studies. But in this 
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case, due to the sufficiently large distance between the droplets, 
this mutual influence will be negligible and neglected. 

Determination of the circumferential velocity of the gas 
flow is a problem of solving (3.48) if the values of the circum-
ferential velocities of gas before interaction with the liquid and 
liquid phase are known. The liquid phase is a droplet evenly 
distributed over the area of any cylindrical section in the work-
ing chamber. The law of variation of circumferential velocities 
in the gas flow of a “dry” apparatus (3.29) and the velocity of 
liquid droplets allows correcting circumferential velocity of the 
gas under the load on the liquid phase. 

After assuming that for all liquid droplets in the working 
chamber, a certain diameter is characteristic, from equations 
(1.12), we obtain: 

 
= + (𝑉 − 𝑊 );

= − + 𝑉 − 𝑊 .
 (3.49) 

The most appropriate is the solution of this system 
numerically. The analytical solution’s complexity is due to the 
dependence of the drag coefficient of the droplet on the flow 
parameters. The process of compiling programs is greatly 
simplified when determining the drag coefficient of a droplet, 
according to the three-term formula widely used in practical 
calculations: 

 𝜓 = +
.

√
+

.

√
, (3.50) 

where Re = Vreld0/νg – Reynolds number for relative 
motion; νg = μg/ρg – kinematic viscosity of a gas, m2/s. 

Let us consider a scheme for calculating and changing the 
picture of the movement of a gas and liquid flow along the radius 
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of the mass transfer chamber. The calculation scheme is as 
follows. 

Firstly, according to the known geometric dimensions of 
the vortex chamber (radius, height of the vortex chamber, radius 
of the hole for gas removal, dimensions of the inlet tangential 
slots) using the formula (3.29), we calculate the values Vφ along 
with the camera radius. 

Secondly, assuming that liquid spraying occurs at radius 
R2 in the region of maximum circumferential gas velocities, we 
determine the diameter of the resulting droplets (3.19). Solving 
equation (3.49), we find the values of the circumferential and 
radial velocities of the droplets along the radius of the mass 
transfer chamber. This makes it possible to determine the 
residence time of the liquid in the mass transfer chamber. 

Thirdly, a decrease in peripheral gas velocities at radius R2 
(3.39) leads to an increase in the size of droplets (3.19) and to 
some rearrangement of the liquid and gas velocity fields, which 
is determined by equations (3.49) and (3.48), respectively. 

The calculation process lasts until the stabilization of the 
gas-droplet flow pattern in the working chamber of the 
apparatus. 

The calculation data of the hydrodynamics of the vortex 
mass transfer chamber of the countercurrent apparatus, which 
are given in the following sections, show that the apparatus is 
best operated at a ratio of loads in the liquid and gas phases less 
than one. In this case, the volume of the liquid phase in the 
working chamber of the apparatus is much less than the volume 
of gas. The distances between the droplets meet the conditions 
set out in Chapter 1.4, which allows equation (3.49) to be used 
to calculate fluid velocities. 
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3.5.3  Hydraulic resistance of a vortex chamber 

The theoretical studies of the hydrodynamics of the vortex 
mass-transfer chamber of a spraying countercurrent apparatus 
presented in the previous sections make it possible to determine 
the main design features of the apparatus. 

The requirement for a uniform gas flow supply over the 
entire height of the mass transfer chamber can be met by placing 
tangential swirlers or tangential slots in the cylindrical wall of 
the vortex chamber. Moreover, it is desirable to supply the gas 
flow through several tangential swirlers located evenly around 
the circumference. This achieves the uniformity of the gas 
supply along the perimeter of the mass transfer chamber and the 
axisymmetry of the vortex gas flow in the vortex chamber itself. 
In addition, in front of the tangential swirlers, installing an 
annular or spiral supply for uniform distribution of gas around 
the circumference is necessary. 

The vortex mass transfer chamber itself is a cylindrical 
cavity whose height is more than two times less than its 
diameter. In one of the end caps (for a more uniform removal of 
gas from the vortex chamber, it is possible to perform gas 
removal in both end caps), the gas is removed in the form of a 
round hole. In the case of gas venting in one of the end caps, to 
create a flat spiral gas flow in the phase contact zone in the mass 
transfer chamber and uniform gas venting in the central region, 
gas venting can be made in the form of many concentric annular 
nozzles of various heights (Figure 3.9). 
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Figure 3.9 – Scheme of the movement of gas and liquid in the 
area of the gas outlet pipe: 1 – vortex chamber; 2 – liquid 

atomizer located in the center; 3 – gas outlet pipe 

As shown earlier (3.19), to achieve fine atomization of 
liquid jets into droplets with a diameter close to 50 μm, near the 
exit from the vortex mass transfer chamber, the circumferential 
velocities of the gas flow should reach values of up to 100 m/s. 
If the gas is removed from the mass transfer chamber at such 
high circumferential velocities, this can lead to considerable 
energy losses. Therefore, for the economic conversion of the 
high kinetic energy of the gas flow, it is advisable to install a 
radial diffuser behind the gas outlet from the vortex mass 
transfer chamber. 

The initial data for calculating a radial diffuser are the gas 
flow parameters at its inlet. Thus, both for calculating the 
hydraulic resistance of the entire vortex spraying countercurrent 
mass transfer apparatus and for calculating the radial diffuser, it 
is necessary to know the balance (distribution) of energy losses 
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over the apparatus elements. In particular, it is necessary to 
determine the hydraulic resistance of the vortex mass transfer 
chamber under various operating modes. 

At the diffuser inlet, the energy state of the gas flow is 
characterized by static pressure and velocity in a cylindrical 
section of size r = R2. These parameters are decisive for further 
movement along with the radial diffuser since the absence of 
radial currents is assumed during the spiral movement of gas 
from the mass transfer chamber into the diffuser. The velocity 
and pressure in the cylindrical section r = R2 of the diffuser will 
be somewhat different than in the same section in the vortex 
chamber due to the loss of flow twist when passing through the 
gas outlet (Figures 3.5, 3.6), but the values of the energy 
parameters will be close to the values of the gas parameters in a 
section of the same size in a mass transfer chamber. Thus, after 
making changes in the pressure and velocity of the gas in the 
cylindrical section of the chamber with r = R2 (as the 
determining change in the energy of the flow that leaves the 
chamber), it is possible to reveal the characteristic change in the 
drag coefficient of the vortex chamber with increasing load in 
the liquid phase determined by (1.6). 

Let us rewrite equation (1.6) in a slightly different form: 

 𝜁∗ =
Δ ∗

. (3.51) 

The resistance coefficient of the working chamber of a 
“dry” apparatus, i.e., in the absence of a liquid phase, is equal to: 

 𝜁 =
Δ

. (3.52) 

Since the parameters of the gas flow at the inlet to the mass 
transfer chamber do not change with increasing loads in the 



Monitoring of Hydrodynamics of a Two-Phase  
Vortex Gas-Droplet Flow 

102 

liquid phase, the change in the ratio of the resistance coefficients 
depends on the change in the total pressure at the outlet of the 
mass transfer chamber: 

 
∗

=
Δ ∗

Δ
. (3.53) 

As shown earlier, introducing a liquid phase causes a 
rearrangement of the gas flow, which is expressed in a decrease 
in the circumferential velocities (3.48). 

Then we can find out what the effect of changing the 
circumferential gas velocities on the energy loss in the vortex 
chamber of the countercurrent apparatus looks like: 

 Δ𝑃 = Δ𝛲 − − + , (3.54) 

where ΔPst – hydrostatic pressure difference, Pa. 
Assuming quantity Vφ1 and axial velocity at the exit Vz2 

close in magnitude, we can get: 

 Δ𝑃 = Δ𝛲 − . (3.55) 

The value of ΔPst is determined from the equation (3.32): 

 

Δ𝛲 = − +

+𝜌 + − −

− + −

 (3.56) 

With an increase in the ratio of L/G in the section r = R2, 
the value of Vφ2 from the last equation is expressed by (3.28). 



Monitoring of Hydrodynamics of a Two-Phase  
Vortex Gas-Droplet Flow 

103 

Figure 3.9 shows that with a change in loads by phases, a 
general view of the pattern for Vφ(r) is not changed. Assuming 
that with a change in values Vφ2, equation (3.56) remains valid, 
we rewrite this expression by defining the variable Vφ2: 

 Δ𝛲 = 𝑏 𝑉 + 𝑏 𝑉 + 𝑏 , (3.57) 

where the following coefficients have been introduced: 

𝑏 = 𝜌
( )

+
( )

+

+ − ;

 

 
𝑏 = 𝜌 +

+ ;
 (3.58) 

𝑏 = 𝜌
𝑉 𝑅

2

1

2𝑅
−

1

2𝑅
+

(𝑅 − 𝑅 )𝑉 𝑅

(2 𝑅𝑒 + 2)(𝑅 − 𝑅 )
+

+
2𝑉 𝑅 𝑅 (𝑅 − 𝑅 )

(𝑅 − 𝑅 ) (𝑅𝑒 + 1)
+

+
1

2𝑅
−

1

2𝑅

𝑉 𝑅 𝑅

(𝑅 − 𝑅 )
.

 

After introducing 

 𝑏 = 𝑏 − , (3.59) 

the following approximation can be obtained: 
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 Δ𝑃 = 𝑏 𝑉 + 𝑏 𝑉 + 𝑏 . (3.60) 

Equation (3.60) clearly shows the quadratic dependence of 
the total head loss along with a flat vortex gas flow, which 
corresponds to a generally accepted knowledge of hydraulic 
resistance. 

A similar relationship can be written for any cylindrical 
section between sections with radiuses R1 and R2. The energy 
loss after liquid supply to the mass transfer chamber is defined 
as: 

 Δ𝑃∗ = 𝑏 𝑉∗ + 𝑏 𝑉∗ + 𝑏 . (3.61) 

Substituting (3.60) and (3.61) into (3.53), we get: 

 
∗

=
∗ ∗

. (3.62) 

In most cases, to achieve fine liquid atomization in the 
central region, it is necessary to obtain a circumferential gas 
velocity, which can reach 100 m/s. Simplified, when evaluating 
the effect of changing the load in the liquid phase on the nature 
of the change in the coefficient of hydraulic resistance of the 
mass transfer chamber, you can use the ratio: 

 
∗

=
∗

. (3.63) 

It should be noted that due to high circumferential 
velocities, the hydraulic resistance of the vortex spraying 
countercurrent apparatus must be higher than the resistance of 
such contact devices as plates of various designs or direct-flow 
vortex elements. 
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Therefore, when analyzing the hydraulic resistance of the 
studied countercurrent apparatuses, one should consider (when 
compared with other types of devices) the specific hydraulic 
resistance, which falls on a single theoretical stage of changing 
the concentration in one stage of spraying, since in the 
countercurrent vortex apparatus several theoretical stages of 
changing the concentration in one spray are achieved. 

3.6 Impact of flow hydrodynamics on the design 
of spray nozzles and gas outlet pipes 

The previously given theoretical studies of vortex flow in 
the working chamber of the apparatus make it possible to use the 
obtained results for choosing: the design of the atomizer, gas 
removal, the region of injection of jets into the gas flow and 
determining the energy characteristics of the atomizer. 

The gas flow first moves along flat spiral trajectories and 
then moves to axial in the central region. This affects the 
occurrence of axial velocities in liquid droplets, leading to spray 
entrainment. 

After considering the main features of liquid spraying in 
the working chamber of a countercurrent vortex mass transfer 
apparatus, it is necessary to be guided by specific requirements 
to create the most favorable conditions for highly efficient mass 
transfer. 

Firstly, for the most rational use of the entire volume of 
the working chamber, the liquid must be sprayed so that the gas 
flow is saturated with liquid droplets evenly over the volume of 
the mass transfer chamber. 

Secondly, at the moment the liquid is injected, two main 
forces begin to act on the droplets that form as a result of 
atomization from the side of the gas flow. Centrifugal forces 
involve the droplets in the movement towards the periphery, and 
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the aerodynamic force, due to the presence of axial and radial 
velocities in the gas, involves the droplets in direct-flow move-
ment with the gas. 

The choice of the spray zone should be aimed at finding 
an area with low axial but high circumferential gas velocities. It 
is necessary to achieve the involvement of droplets of the 
injected liquid immediately after spraying into an intense 
rotational movement sufficient to create a field of centrifugal 
forces. This prevents the liquid from being carried away together 
with the gas flow. 

There are various possible schemes for introducing liquid 
into the central region of the working chamber. It is possible to 
make the atomizer in the form of a branch pipe located in the 
center of the mass transfer chamber on the same axis as the 
apparatus. 

One of the variants of the atomizer is in the form of a 
central pipe. In this case, centrifugal nozzles are located over the 
entire surface of the atomizer (both in circumference and in 
height), which are vortex chambers with a radial size of up to 
10 mm. A conical hole is located on the axis of this vortex 
chamber. The liquid is fed into such a nozzle in a tangential 
direction, and the outflowing jet of liquid is a fan-like torch, 
which makes it possible to distribute the liquid more evenly over 
the volume of the mass transfer chamber and spray the jet into 
small droplets due to the additional action of a high-speed gas 
flow. 

The radius of a bushing for the atomizer is Rb. We assume 
that between two cylindrical surfaces, R1 and R2, the change in 
the circumferential velocity of the gas flow obeys the law, which 
is described by equation (3.29). Between two cylindrical 
surfaces with radiuses R2 and Rb, the peripheral gas velocity 
decreases according to a linear law: 
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 𝑉 = 𝑉 . (3.64) 

But in this region, the axial velocities are already 
significant and have a significant effect on the liquid jets. But as 
mentioned earlier, in the considered scheme of gas flow 
movement, the cylindrical section with radius R2 is the most 
preferable for liquid spraying. 

If liquid spraying occurs near a cylindrical section with a 
radius close to R2, we get the following picture. When 
introduced into a gas, liquid jets immediately fall under the 
action of a high-velocity gas flow. The relative velocities in the 
circumferential direction, with radial inlet, are entirely deter-
mined by the maximum circumferential velocity of the gas flow. 

Such conditions are most favorable for obtaining small 
droplets (3.19). In addition, the absence or low value of axial 
velocities in the gas flow in the area of droplet acceleration 
makes it possible to involve the latter in a plane spiral 
movement, which is opposite to the gas movement along the 
radius of the vortex chamber. 

Another possible design in a cross-section with a radius 
close to radius R2 is a liquid atomizer in the form of annular 
tubes, on the outer surface of which a number of nozzles are 
placed (Figure 3.10), which makes it possible to create a 
constructive scheme that also facilitates the regulation of the 
velocity field in the gas flow according to the height of the mass 
transfer chamber. 
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Figure 3.10 – One of the options for the location of the sprayer 
in the form of annular tubes: 1 – tubes; 2 – nozzles 

This regulation can be done in the following way. Let the 
annular tubes (or one tube in the form of a coil) form annular 
channels with the same cross-sections between themselves. The 
geometric dimensions of the vortex chamber R1, R2, Hc, and their 
ratio are such that when gas passes through the mass transfer 
chamber in a cylindrical section with a radius R2, the fields are 
uneven of radial and axial velocities along with the height of the 
chamber. That is, in the lower part, near the end cover with gas 
removal, the velocities are high, and, consequently, the amount 
of gas that passes through the annular channels is increased 
compared to the amount of gas that passes through the annular 
channels of the atomizer in the upper part of the chamber. By 
increasing the density of the atomizer tubes near the lower end 
cap, it is possible to increase the hydraulic resistance of the 
lower part of the atomizer and achieve a redistribution of the gas 
flow. 

Another direction that allows you to equalize the gas flow 
along the height of the mass transfer chamber is the creation of 
a gas outlet in the form of several concentric nozzles 
(Figure 3.11). 
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Figure 3.11 – Flow distribution scheme: 1 – mass transfer 
chamber; 2 – tangential gas inlet; 3 – gas outlet pipe 

It is also possible to perform a combined outlet, in which 
the gas flow is equalized, by changing the density of the annular 
tubes of the atomizer and the area of the annular channels of the 
concentric nozzles for the removal of the gas flow (Figure 3.12). 

 

Figure 3.12 – The scheme of the combined gas outlet with 
annular nozzles and tubes 
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It is not advisable to install a large number of concentric 
pipes in the gas outlet since this complicates the design and will 
increase the resistance of the mass transfer apparatus. 

Therefore, considering the relatively low height of the 
working chamber, it is sufficient to make a tap in the form of 
three cylindrical elements (Figure 3.11). 

The main problem in calculating such an outlet is 
determining the radial and axial dimensions of the gas outlet 
nozzles to create a uniform velocity field in the spray zone, 
usually located near the radius R2. 

Asking for values of auxiliary lengths 

 l3 = Hc/3; l4 = 2Hc/3. (3.65) 

from the condition of equality of gas flow through cylindrical 
and annular sections, we can write the following relationships: 

 𝜋(𝑅 − 𝑅 )𝑉 = 2𝜋𝑅 𝑙 𝑉 ; 

 𝜋(𝑅 − 𝑅 )𝑉 = 2𝜋𝑅 (𝑙 − 𝑙 )𝑉 ; (3.66) 

 𝜋𝑅 𝑉 = 2𝜋𝑅 (𝐻 − 𝑙 )𝑉 , 

where R3, R4 – radiuses of annular sections, m. 
A uniform field of radial velocities is achieved if  

𝑉 = 𝑉 = 𝑉 = 𝑉 , where 𝑉 = . 

On the other hand, the magnitude of the gas velocities 
depends on the energy losses when the gas passes through the 
annular and cylindrical channels in the outlet: 
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Δ𝛲 = 𝜁 ;  Δ𝛲 = 𝜁 + 𝜆 ;

Δ𝛲 = 𝜁 + 𝜆 ,
 (3.67) 

where 2, 3, 4 – local loss factors; 3, 4 – length loss 
factors; de3, de4 – equivalent nozzle diameters, m. 

The exhaust system of three channels is a parallel branch 
of pipelines, where the gas flow rates are redistributed from the 
condition of ΔP2 = ΔP3 = ΔP4. 

Assuming that the coefficients of local energy losses at the 
nozzle inlet are equal, we can obtain relations that relate the axial 
gas velocities in the outlet channels: 

 

𝑉 = А 𝑉 ; 𝑉 = А 𝑉 ;

𝐴 = ; 𝐴 = , (3.68) 

where A3, A4 – coefficients of proportionality. 
After considering (3.66), it can be found: 

 
( )

= ; =
( )

, (3.69) 

or, leading to a form convenient for calculations: 

 
𝑅 + 𝑎𝑅 + 𝑏𝑅 + 𝑐 = 0; 𝑅 =

( )
;

𝑎 = ; 𝑏 = ; 𝑐 = ,
 (3.70) 

where a, b, c – coefficients of the cubic equation. 
The atomizer design, presented in Figure 3.10, makes it 

possible to redistribute the gas flow by changing the density of 
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the annular tubes along with the height of the mass transfer 
chamber. By increasing the density of the atomizer tubes at the 
end cap with the gas outlet, we decrease the free area through 
which the gas moves. Additional resistance to gas flow is created 
in the lower part of the chamber. The amount of gas that passes 
through the annular slots in the upper part of the chamber 
increases. The free section here also increases, the resistance 
decreases, and the reverse occurs in the lower part. 

Thus, by varying the density of the annular tubes of the 
atomizer, it is possible to obtain a uniform gas flow along with 
the height of the mass transfer chamber at a relatively large 
height with respect to the radius of the working chamber. 

From the condition for obtaining maximum circum-
ferential velocities in a cylindrical section and a given value of 
the average droplet diameter, we determine the boundary 
conditions for equation (3.27) at r = R2. 

After considering (3.19): 

 𝑉 = . (3.71) 

Then the constants of integration, which are determined by 
equations (3.28) considering condition (3.66), are equal to: 

     𝐶 = ; 𝐶 = . (3.72) 

If we simplify the scheme of the movement of the gas flow 
at the outlet of the mass transfer chamber, assuming an average 
axial velocity, for example, from considerations of optimizing 
losses in the gas outlet pipe within Vz2 = 20–30 m/s, the radius 
R2 is determined from the equation: 
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 𝑅 = . (3.73) 

After optimizing energy losses in tangential slots, 
Vφ1 = Vin (for Vin = 30–40 m/s), the radius of the mass transfer 
chamber can be determined: 

  𝑅 = 𝑅 + . (3.74) 

where Vφ2 and R2 are determined from the conditions 
(3.71) and (3.73), respectively. 

Equation (3.74) is written in a form convenient for solving 
using the method of successive approximations. 

There are, in addition to the transfer of the spray surface 
in the direction along the radius of the vortex mass transfer 
chamber, two more ways to change the liquid spray conditions 
to influence the overall pattern of the vortex flow: 

– change in the amount of liquid that is supplied through 
the atomizer along with the height of the vortex mass transfer 
chamber (uneven atomization); 

– and the introduction of liquid into the spray zone with a 
circumferential velocity having a different direction with respect 
to the circumferential velocity of the vortex gas flow. 

Uneven liquid atomization has many features that lead to 
significant difficulties in solving the problem in the theoretical 
description of this process, together with the effect on the vortex 
gas flow, which leads to the creation of designs of vortex 
spraying countercurrent mass transfer apparatuses that differ 
from those considered in this work. 

The apparatus considers a vortex gas-droplet flow uniform 
along with the height of the working chamber. This movement 
is strongly influenced by the initial conditions of the movement 
of droplets of the sprayed liquid. 
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We use equation (3.48), rewritten in a slightly different 
form: 

 𝑉∗ = 𝑉 − 𝑊 , (3.75) 

where L, G – liquid and gas phase loads, respectively, kg/s; 
Wφ – circumferential fluid velocity, m/s. 

Suppose a liquid is introduced at a circumferential 
velocity, the value of which is close in magnitude to the 
circumferential velocity of the gas. In that case, we obtain an 
increase in the interfacial surface due to an increase in the 
relative velocity of the phases and a decrease in the droplet 
diameter (3.19). 

When the phase load ratio approaches unity (L/G = 1), the 
circumferential velocities of the vortex gas flow decrease or 
become equal to zero, the positive effect obtained by finely 
dispersed spraying of liquid into small-diameter droplets does 
not justify itself. 

In this case, after spraying, the liquid droplets enter the 
vortex gas flow, which has low circumferential velocities. 
Liquid droplets are not involved in rotational motion. The own 
rotational motion of liquid droplets quickly decays. Under the 
action of aerodynamic forces from the side of the gas moving 
towards the center, the droplets are captured and carried along 
with the gas to the exit from the vortex mass transfer chamber. 
There is a breakdown in the operation of the vortex spraying 
countercurrent mass transfer apparatus. 

The introduction of liquid with peripheral velocity, which 
has the same direction as the peripheral velocity of the gas flow, 
leads to a significant improvement in the hydrodynamic 
situation in the vortex chamber. 

First, the energy losses of the gas flow associated with the 
involvement of liquid droplets in rotational motion are reduced. 
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Secondly, the conditions for introducing fluid are 
improved. Droplets already at the initial moment of their stay in 
the vortex mass transfer chamber move in a circumferential 
direction. Centrifugal forces immediately begin to act on them, 
which entrain the liquid to the periphery of the vortex mass 
transfer chamber. 

The presence of a significant circumferential velocity field 
in the vortex mass-transfer chamber leads to complete involve-
ment in the countercurrent movement of droplets of a poly-
disperse composition. The flight path of droplets along flat spiral 
trajectories to the cylindrical wall of the vortex mass transfer 
chamber is lengthened. 

Thirdly, it becomes possible to use the kinetic energy of 
the gas flow that has left the vortex chamber to atomize the 
liquid and impart rotational motion. 

The design of a vortex countercurrent atomizing mass 
transfer apparatus with a rotating atomizer that rotates and uses 
the gas flow energy is shown in Figure 3.13. 
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Figure 3.13 – Design scheme of the rotating atomizer: 1 – 
mass transfer chamber; 2 – permeable shell; 3 – fluid supply 

pipe;  
4 – bladed system; 5 – bearing assembly; 6 – radial diffuser 

Let us determine the rotation velocity of the atomizer, 
which works as follows. A liquid medium is fed into the semi-
permeable shell through a branch pipe in the upper cover of the 
vortex mass transfer chamber. The atomizer is driven into 
rotation by the vortex gas flow on the vane system, which is 
located in the radial diffuser behind the vortex mass transfer 
chamber. In the hollow shell of the atomizer, the liquid, under 
the action of centrifugal forces, is distributed over the cylindrical 
walls and, flowing through them into the gaseous medium, has 
the same circumferential velocity, in the direction with the 
circumferential velocity of the gas flow. 

Considering that the circumferential velocity is not equal 
to zero at r = Rin, equation (3.64) can be rewritten in the form: 

 𝑉 = 𝑘 𝑟, (3.76) 
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where k1 – coefficient of flow swirl droplet when passing 
through the gas outlet pipe (k1 < Vφ2/R2). 

Spraying power of a centrifugal atomizer, W: 

 𝑁 = 𝐺𝑅 𝜔 , (3.77) 

where Ra – radius of the atomizer. 
The power of a vane system is as follows: 

 𝑁 = 𝑛 ∫ 𝑑𝑁 , (3.78) 

where n1 – number of blades; dN – elementary power 
under the influence of a gas flow on an elementary blade area: 

 𝑑𝑁 = 𝜁 𝜔𝑟𝑧𝑑𝑧, (3.79) 

where r – radius, m; zv – vane height, m. 
If the blade height changes linearly (zv = z1 for r = r1, and 

zv = z2 for r = r2): 

 𝑧 = 𝑘 𝑟 + 𝑘 ; 𝑘 = ; 𝑧 = 𝑧 − 𝑟 , (3.80) 

equation (3.78) is rewritten in the form: 

 

𝑁 = 𝑘 ∫ 𝑟 (𝑘 𝑟 + 𝑘 )𝑑𝑟 −

−2𝜔𝑘 ∫ 𝑟 (𝑘 𝑟 + 𝑘 )𝑑𝑟 +

+𝜔 ∫ 𝑟 (𝑘 𝑟 + 𝑘 )𝑑𝑟 .

 (3.81) 

Calculating the integrals, finally, it can be obtained: 
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𝑁 = (𝑟 − 𝑟 ) + (𝑟 − 𝑟 ) ×

× (𝑘 − 2𝜔𝑘 + 𝜔 ).
 (3.82) 

From the condition of the consumption of all energy for 
liquid spraying (Na = Nv), and after considering the dependence 
(3.77): 

 
𝐺𝑅 𝜔 = (𝑟 − 𝑟 ) + (𝑟 − 𝑟 ) ×

× (𝑘 − 2𝜔𝑘 + 𝜔 ).
 (3.83) 

Having marked 

 𝑘 = (𝑟 − 𝑟 ) + (𝑟 − 𝑟 ) , (3.84) 

from equation (3.83) we get: 

 𝜔 − 2𝑘 + 𝜔 + 𝑘 = 0. (3.85) 

Therefore, the atomizer’s angular velocity is: 

 𝜔 = 2𝑘 + ± 2𝑘 + − 𝑘 . (3.86) 

A significant improvement in the hydrodynamic situation 
in the mass-exchange chamber of a vortex apparatus can be 
achieved by using a variety of atomizers, in particular, vibrating 
ones, to obtain a monodisperse composition of sprayed liquid 
droplets. 

In this case, one should expect a sharp decrease in spray 
entrainment, improvement, and adjustment of the movement of 
the vortex droplet flow, which generally leads to the 



Monitoring of Hydrodynamics of a Two-Phase  
Vortex Gas-Droplet Flow 

119 

intensification of mass transfer processes in the vortex spray 
mass transfer apparatus. 

Thus, the organization of liquid spraying in the vortex 
chamber is a significant design and technological reserve in 
increasing the efficiency of the apparatus because on the 
dispersion of liquid droplets. 

3.7 Separation of droplet liquid in a working 
chamber 

When using vortex apparatuses in some processes (e.g., 
drying natural gas before its transportation through pipelines), 
the use of hollow vortex chambers for preliminary separation of 
condensed moisture to reduce the consumption of absorbent in 
the mass transfer chamber is of considerable interest. 

If the gas flow enters the vortex chamber with liquid 
droplets, then the circumferential velocities of the gas flow at the 
periphery of the vortex chamber are not sufficient in magnitude 
to create a centrifugal force field for separating settling the liquid 
on the cylindrical walls. With further movement of the droplets 
and the gas flow to the center of the vortex chamber, as the 
circumferential velocity of the gas increases, the droplets are 
deformed and further crushed. Droplets of small diameter will 
be involved in rotational motion at velocities sufficient to create 
a field of centrifugal forces, under the influence of which the 
droplets can begin to move towards the periphery and settle on 
the cylindrical wall. 

Implementing the separator in the form of a vortex 
chamber with the exact radial dimensions as the vortex chamber 
of the countercurrent mass transfer apparatus makes it easy, 
from the point of view of design, to link it with the main mass 
transfer apparatus. The hydrodynamic parameters of the 
separator can be controlled by changing the height, number, and 
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width of tangential slots for gas injection. This affects the value 
of the peripheral velocities at the entrance to the vortex chamber 
and the value of the peripheral velocities along the radius to the 
center of the vortex chamber. The calculation of separation 
characteristics is based on considering the relationship between 
centrifugal forces and resistance forces and the magnitude of 
these forces and, accordingly, their ratio varies significantly 
along the radius. 

According to (3.35), the resultant force under which a 
liquid droplet moves to the periphery of the vortex chamber is 
determined by the following relationship: 

 𝐹 = 𝑑 𝜌 − 𝜓𝑉 𝑑 𝜌 . (3.87) 

Elementary work that is performed by this force on the 
radial displacement of the droplet, J: 

 𝛿𝐴 = 𝐹 𝑑𝑟 = 𝑑 𝜌 − 𝑑𝑟.

 (3.88) 

After integration within the boundaries from R2 to R1: 

 
𝐴 = 𝑑

( )
(𝑅 − 𝑅 ) −

− − .
 (3.89) 

On the other hand, the movement of a droplet from radius 
R2 to R1 can be considered as the result of an effective centrifugal 
force: 
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 𝐹 = (𝑅 − 𝑅 ), (3.90) 

where Vφe – effective angular velocity, m/s. 
Its work to move the droplet from the central region to the 

periphery is equal to: 

 𝐴 = 𝐹 (𝑅 − 𝑅 ). (3.91) 

Having determined from equations (3.89) and (3.90) the 
effective circumferential velocity of the gas: 

     

𝑉 =
( ) ( )

(𝑅 − 𝑅 ) −

− − ,

 (3.92) 

it is possible to analyze the operation of the working chamber as 
a preliminary separator. 

For subsequent refinement of the calculation of the 
geometrical parameters of the vortex chamber of the separator, 
it is necessary to perform a complete calculation of the peri-
pheral gas velocity field along the radius. 

An example of the layout of a separator in the form of a 
vortex chamber with the exact radial dimensions as that of the 
vortex chamber of a countercurrent mass transfer apparatus can 
be a diagram of a multistage vortex spray countercurrent mass 
transfer apparatus. 

The height of the vortex chamber of the separator may 
differ from the height of the vortex mass transfer chamber. The 
working chamber of the separator must also contain all the 
structural elements for intensive and timely removal of the liquid 
being separated from the cylindrical walls so that the liquid film 
that forms on them does not fall into the tangential swirler and 
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is not subjected to separation by the gas flow and repeated 
crushing. 

The removal of the liquid film along the cylindrical walls 
can be carried out through slots along with the entire height of 
these walls. Behind such slots for draining the liquid, there 
should be voids for collecting it, and in the lower part of each of 
these voids, it is necessary to organize the liquid drainage 
through the holes in the bottom end cover outside the swirl 
chamber. 

If the hole for the gas outlet from the vortex chamber is 
located in the upper-end cover, then the liquid outlet design can 
be simplified and made in the form of slots at the base of the 
cylindrical wall since the end flow on the lower end cover does 
not significantly affect the increase in spray removal. 

3.8 Hydrodynamic factors affecting the 
movement of a droplet flow 

Suppose we use the method described in the previous 
sections to calculate a gas-droplet flow characteristic. In that 
case, it is possible to determine the effect of geometric and 
hydrodynamic parameters on the motion of a two-phase flow in 
the mass-exchange chamber of a vortex spray countercurrent 
apparatus. Calculations are performed under the block diagram 
given in Figure 3.14. 

Figure 3.15 shows characteristic curves that reflect the 
change in the circumferential velocity of the gas along the radius 
of the vortex chamber depending on the phase loads. 

Based on the tendency to decrease the relative velocities 
of gas and liquid in the spray zone, which is located in the section 
with the maximum circumferential velocities of the gas flow at 
the radius R2 (Figure 3.16), we obtain an increase in the diameter 
of the sprayed liquid droplets (Figure 3.17). 
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Load fluctuations in phases may occur during the 
operation of the equipment. Let us consider that the interfacial 
surface, equal in size to the surface of the droplets of the sprayed 
liquid, is quadratic depending on the diameter of the liquid 
droplets. An increase in the load on the liquid phase leads to a 
significant decrease in the rate of mass transfer processes in the 
working chamber of the vortex spraying countercurrent mass 
transfer apparatus in the case of an increase in the diameter of 
the droplets. 

An increase in the gas velocity in the spray area during the 
operation of the apparatus can be achieved by increasing the gas 
flow velocity in the inlet tangential slots, which can be done 
constructively by changing the area of these slots. 
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Figure 3.14 – Block diagram for calculating the hydrodynamic 
parameters of a two-phase vortex gas-droplet flow 
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Figure 3.15 – Variation of the circumferential velocity of the 
gas flow depending on the ratio of loads by phases L/G:  

1 – 0.2; 2 – 0.5; 3 – 1.0; 4 – 1.5 

 

Figure 3.16 – Variation in peripheral gas velocities in the 
working chamber of the apparatus 
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Figure 3.17 – Change in the droplet size of the sprayed liquid 
depending on the phase loads: d1 – droplet diameter  

at L close to zero 

However, it should be noted that a change in the cross-
sectional area should not disturb the change in the free section 
along with the height of the mass transfer chamber, since the 
introduction of gas evenly over the entire height of the mass 
transfer chamber is one of the conditions for ensuring regular 
countercurrent phase movement. 

On the other hand, an increase in the load on the liquid 
phase affects the picture of the movement of the droplet flow. In 
addition to a decrease in the interfacial surface and gas flow 
velocities, an increase in the radial velocity of the outflow of 
liquid jets into the gaseous medium increases the initial radial 
velocity of droplets to their rapid reaching the periphery of the 
mass transfer chamber. 

This leads to a decrease in the residence time of the liquid 
in countercurrent movement along the radius (Figure 3.18) and 
a reduction in the path of droplets in the area where mass transfer 
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occurs (Figure 3.19). Simultaneously, this leads to a decrease in 
the efficiency of the mass transfer apparatus. 

 

Figure 3.18 – The relationship between the residence time of 
droplets in the working chamber and the radial velocity of 

liquid supply to the gas: t1 – the residence time  
of droplets at Wr2 = 0.7 m/s 

 

Figure 3.19 – The relationship between the length of the path 
of droplets in the working chamber and the radial velocity of 

the liquid supply to the gas 
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The calculation results are given for vortex mass-transfer 
chambers with dimensions R1 = 0.15 m and R2 = 0.05 m, 
assuming that spraying occurs at radius R2. Then the minimum 
droplet path length is 0.15 m. Therefore, in Figure 3.19, after a 
sharp decrease in the path of movement in the mass transfer area, 
as the radial inlet velocity increases, there is a further slight 
decrease in the magnitude of this path. 

The graph, which is given, only illustrates the very 
tendency of the droplet flight path to decrease in the mass-
transfer chamber when the conditions of liquid injection change. 

Thus, the given examples of the change in the pattern of 
motion of a two-phase gas-droplet medium from various factors 
clearly show the close relationship and mutual influence of 
velocities, phase loads, input characteristics of the gas flow and 
the liquid flow on each other. 
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4 Hydrodynamics of Flows in the Vortex 
Spraying Countercurrent Mass 
Transfer Apparatus 

4.1 Methods for experimental studies on 
hydrodynamic parameters 

Information about the movement of single-phase and two-
phase flows in the vortex mass-exchange chamber of the vortex 
apparatus, given in the previous chapters, generally determines 
the range and tasks of experimental studies. The purpose of the 
experiments, which are described both in the literature sources 
of various researchers of any mass transfer equipment, and the 
authors of this monograph, was to study the nature of the 
movement, velocities, and pressure in a single-phase and two-
phase medium in the mass-exchange chamber of a vortex 
spraying countercurrent mass-exchange apparatus. 

Of considerable interest are studies of the hydrodynamics 
of devices in a vortex mass transfer chamber, whose dimensions 
are relatively large. The results obtained can be effectively used 
in actual industrial samples when designing the flow path of a 
new countercurrent spray mass transfer apparatus. 

Since the gas (steam) flow forms the hydrodynamics of the 
vortex chamber, most of the research is the study of the motion 
of the vortex gas flow. Methods for studying the characteristics 
of a single-phase and multiphase flows are developed [72–74]. 
Considering the significant radial dimensions of the mass-
exchange chamber, when studying the gas velocity and pressure 
fields in the mass-exchange chamber, most of the studies were 
carried out using the gas flow probing method. This paper 
presents results based on a 5 mm ball probe and 1 mm total and 
static pressure tubes. 
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Since the design scheme of connecting the probe is well 
known (Figure 4.1), only a brief description of the possibilities 
provided by the information obtained from such measurements 
is given. 

 

Figure 4.1 – Ball probe connection diagram: 1–5 – channels 

The probe must first be calibrated on a special 
aerodynamic stand. After using a number of calibration curves, 
it is possible to determine such parameters as the magnitude of 
the total and static pressure, the velocity head and the velocity 
of the gas flow acting on the five-channel spherical probe, the 
direction of the total gas flow velocity vector, that is, the angle 
at which the gas flow flows onto the five-channel spherical 
probe. 

According to the readings of the pressure gauges that are 
connected to the second, fifth and fourth holes, it is possible to 
determine the velocity head and the gas flow rate. By equalizing 
the pressure in the fourth and fifth holes, the probe can be set so 
that the vector of the total gas flow velocity will be in a plane 
that passes through the axis of the five-channel ball probe. The 
rotation angle is fixed according to the readings of the marks 
located on the coordinator. The angle of gas flow in the plane 
that passes through the axis of the five-channel probe, relative to 
the axis of the central hole under the second number, is 
determined using calibration curves according to the readings of 
pressure gauges connected to the first, second, and third holes. 
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Probing the flow with a five-channel spherical probe made 
it possible to study the spatial movement of the gas flow in the 
vortex chamber, that is, to accurately determine such 
hydrodynamic parameters as pressure, velocity, and its direction 
along the radius of the mass transfer chamber, along with the 
height and throughout the entire volume of this chamber. 

In what follows, the following notation is used. Stand 1 – 
stand with vortex mass transfer chamber with Rc = 300 mm. 
Stand 2 has a radius of the vortex mass transfer chamber 
Rc = 1430 mm. In Stand 3, the radius of the swirl chamber is 
equal to Rc = 600 mm. 

The study of the gas flow made it possible to study the 
spatial flow, determine the boundary of a flat vortex gas flow the 
magnitude and nature of the change in velocity and pressure in 
the gas flow along the radius of the mass transfer chamber. 

In all three devices, radial diffusers were installed at the 
outlet of the vortex mass-exchange working chamber. 

Energy losses at the entrance to the vortex mass transfer 
chamber, hydraulic energy losses during the spiral movement of 
the gas flow in the central region and at the exit from the vortex 
mass transfer chamber of the spraying apparatus are determined 
by the geometry of the vortex chamber and the mode of 
operation of the mass transfer apparatus. 

The distribution of these hydraulic energy losses the 
allocation of a part of each loss from the total balance is 
complicated. Therefore, it seems appropriate to combine them 
as the total hydraulic energy losses of the vortex gas flow in the 
mass transfer chamber Pc: 

 Pc = Рin – Рout, (4.1) 

where Рin, Рout – pressure in the gas flow at the inlet and 
outlet of the vortex chamber, Pa, respectively. 
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A “pinwheel” as a lattice of vertical plates was used to 
measure the energy of the vortex gas flow at the diffuser inlet. A 
dynamometer perceives the entire moment when gas is applied 
to the plates through the bushing and axle. Knowing the shoulder 
and the magnitude of the force (according to the readings of the 
dynamometer), it is possible to determine the value of the 
average circumferential velocity of the gas in the neck of the 
diffuser and, knowing the static pressure and the average axial 
velocity of the gas flow, determine the total pressure in the gas 
flow at the outlet of the vortex mass transfer chamber. 

Three methods were mainly used when studying the 
hydrodynamics of two-phase flows in the vortex mass-exchange 
chamber of a spraying countercurrent apparatus. These are 
visual studies, flow probing using a probe with a constant purge, 
and studies of the effect of changing the parameters of a two-
phase flow on the integral characteristics of the apparatus, such 
as, for example, hydraulic resistance. 

The study of changes in energy losses in a vortex spraying 
countercurrent mass transfer apparatus at various loads in the 
liquid and gas phases and inlet gas velocities in tangential slots 
was carried out on all three stands. The amount of spray entrain-
ment was determined as the difference between the amount of 
liquid supplied to the atomizer and the amount of liquid removed 
from the cylindrical walls of the vortex mass transfer chamber. 

4.2 Operation of devices on experimental stands 

To study the hydrodynamics of single- and two-phase 
flows in the apparatus, all three stands had different values of 
the main geometric dimensions of the vortex mass transfer 
chambers and their ratios, different designs of devices that divert 
gas and liquid flows, and the radial diffuser and nozzles for 
diverting gas. 
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The vortex mass transfer apparatus of Stand 1 (Figure 4.2) 
is made entirely of organic glass. The vortex spraying counter-
current mass transfer apparatus has a vortex mass transfer 
chamber diameter of 300 mm, and a gas outlet diameter of 
100 mm. 

 

Figure 4.2 – The design scheme of Stand 1 (Dc = 300 mm):  
1 – mass transfer chamber; 2 – radial diffuser; 3 – inlet 

tangential branch pipe; 4 – atomizer; 5 – pressure measuring 
device; 6 – places for measuring pressure 

The gas removal from the vortex mass transfer chamber is 
carried out in the upper-end cap. The outer diameter of the radial 
diffuser is 380 mm. The gas is introduced into the vortex mass 
transfer chamber using a tangential branch pipe, which has a 
rectangular cross-section at the inlet to the mass transfer 
chamber. The cross-section area is 100 mm, and the width is 
40 mm. 

In the research process, the width of the rectangular inlet 
tangential branch pipe for introducing the gas flow into the 
vortex mass transfer chamber was changed. Structurally, this 
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was done by changing the width of the inserts directly in the 
tangential branch pipe, which made the flow area smaller. 

The pressure points along the radius and the height of the 
vortex chamber are shown in Figure 4.2. The gas flow was 
studied in three sections in the mass transfer chamber. The 
bottom one is placed at 25 mm from the bottom end cap, the 
middle one is at 77 mm, and the top one is at a distance of 
123 mm from the bottom end cap. 

In the research process, the vortex mass transfer apparatus 
of Stand 1 was subjected to alteration, which consisted of 
reducing the height of the vortex mass transfer chamber from 
250 mm to 100 mm. 

The liquid was supplied to the gas flow in the central 
region of the vortex mass transfer chamber along with its entire 
height with the help of an atomizer. The diameters of the holes 
through which the liquid jets were introduced in the radial 
direction are 1.2 mm, and the outer diameter of the atomizer is 
20 mm. 

The liquid was removed from the vortex mass transfer 
chamber through a slot in the cylindrical wall at the periphery. 
The height of the slot for draining the flowing liquid is 100 mm, 
and the width is 5 mm. 

The schemes presented in Figure 4.3 were used to study 
the velocity and pressure fields in a vortex two-phase gas-liquid 
flow. 

The design scheme of Stand 2 is presented in Figure 4.4, 
and the flow directions – in Figure 4.5. 

The diameter of the hole for gas removal from the vortex 
mass transfer chamber is 300 mm, and the height of the mass 
transfer chamber is 300 mm. 

The cylindrical body of the mass transfer chamber is made 
in the form of six blades curved along the radius of the working 
chamber. Along with its entire height, on each of the blades is a 
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vertical slot connected to a chamber for draining liquid. The 
blades have axes around which they can be rotated. Under the 
chambers for draining liquid on the blades, in the lower end cap, 
holes are placed through which the device removing liquid from 
the blade is connected to a container for collecting liquid. The 
hole for gas removal from the vortex mass transfer chamber is 
made in the lower end cover. 

The design scheme of flow measurements is presented in 
Figure 4.6. 

Further, the gas flow is a radial diffuser. Unlike the vortex 
mass transfer apparatus in Stand 1, the vortex apparatus of 
Stand 2 also has a device for simulating the presence of a second 
stage in the apparatus, which is located behind the radial 
diffuser. 

There was no vortex chamber in the second stage of the 
vortex apparatus of the second stand. The vortex gas flow is 
discharged through a tangentially located branch pipe beyond 
the boundaries of the mass transfer apparatus from the annular 
chamber behind the radial diffuser. 
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Figure 4.3 – The design scheme of flow measurements:  
1 – vortex apparatus; 2 – rotameter; 3 – water supply line;  

4 – valve; 5 – capacity for measuring the discharged liquid;  
6 – flow meter; 7 – separating tank; 8 – blower; 9 – probe;  

10 – expanding capacity; 11 – compressor 

 

Figure 4.4 – The design scheme of Stand 2 (Dc = 1430 mm):  
1 – mass transfer chamber; 2 – container for collecting liquid;  

3 – inlet chamber; 4 – atomizer; 5 – windows for visual 
observations; 6 – mass transfer chamber of the second stage;  

7 – radial diffuser; 8 – places of measurement;  
9 – tangential slots for gas injection 
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Figure 4.5 – Scheme of flow movement in the vortex 
apparatus of Stand 2: 1 – mass transfer chamber; 2 – annular 

chamber for gas supply; 3 – atomizer; 4 – an annular chamber 
for collecting and draining fluid from the apparatus; 5 – blades; 

6 – gas flow; 7 – cavity for removing liquid from the mass 
transfer chamber; 8 – tangential slots for introducing liquid into 

the mass transfer chamber; 9 – slots for removing the liquid 
film from the cylindrical walls of the vortex chamber; 10 – gas 

outlet pipe; 11 – the flow of liquid droplets 



Hydrodynamics of Flows in the Vortex Spraying Countercurrent 
Mass Transfer Apparatus 

138 

 

Figure 4.6 – The design scheme of flow measurements:  
1 – vortex apparatus; 2 – probe; 3 – blower; 4 – air flow meter; 

5, 7 – secondary devices; 6 – water flow meter; 8 – valve;  
9 – valve; 10 – pump; 11 – measuring container;  

12 – tank; 13 – splash guard 

Thus, the lower cover of the radial diffuser and the inner 
cylindrical wall of the annular chamber behind the radial diffuser 
form a cylindrical void, which was used for visual observations 
and installation of a “turntable” for measuring the momentum 
and energy parameters of the gas flow behind the mass transfer 
chamber of the first stage of the vortex apparatus, since the lower 
the cover of the radial diffuser was removable and made of 
organic glass. 

There are holes in which a coordinate for a ball probe is 
installed on the upper-end cover in two mutually perpendicular 
directions. Flow probing was carried out when the probe moved 
along the height of the vortex mass transfer chamber. 

Air and water were used as working media. An intense air 
vortex was discharged through the gas outlet in the lower end 
cap of the vortex mass transfer chamber beyond the chamber 
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boundaries into a radial diffuser. Further, the gas was removed 
from the apparatus through the annular outlet behind the radial 
diffuser and the tangential branch pipe through the second stage. 
During the experiments, the liquid circulated in a closed cycle. 

The diameter of the spray nozzle outlet is 1.2 mm. The 
amount of spray entrainment was determined by the difference 
in the flow rates of the liquid that is supplied and discharged 
from the apparatus, kg/s: 

 ΔL = Lin – Lout, (4.2) 

where Lin, Lout – mass flow rate of a liquid supplied to and 
removed from the device, respectively, kg/s. 

The design scheme of Stand 3 is presented in Figure 4.7. 

 

Figure 4.7 – The design scheme of Stand 3 (Dc = 600 mm):  
1 – mass transfer chamber; 2 – atomizer; 3 – radial diffuser;  

4 – container for collecting liquid; 5 – hole for draining liquid; 
6 – tangential slots for gas injection; 7 – gas supply chambers 
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The vortex apparatus has a mass transfer chamber with a 
diameter of 600 mm. The diameter of the hole for gas removal 
in the end cap of the vortex mass transfer chamber is 120 mm, 
and the height of the mass transfer chamber is 200 mm. The hole 
for venting gas from the vortex mass transfer chamber is located 
in the upper-end cap of this mass transfer chamber. The dimen-
sions of six slots were regulated by rods extended beyond the 
boundaries of the outer cylindrical body of the mass transfer 
chamber. 

The liquid outlets from the working chamber of the vortex 
spraying countercurrent mass transfer apparatus were performed 
by 30 holes of 8 mm in diameter, drilled in the lower end cover 
at the base of the cylindrical walls of the vortex mass transfer 
chamber. 

In this design of the vortex atomizing mass transfer 
apparatus, it is possible to study the change in hydraulic 
resistance depending on the loads in the liquid and gas phases 
the change in the input gas velocity in tangential slots. The 
pressure droplet carries out the measurements between the 
annular chamber for gas supply in front of the vortex mass 
transfer chamber and the annular chamber after the radial 
diffuser. The velocity of gas movement in these elements is close 
to zero, and the difference in static pressure determines energy 
losses. The amount of spray entrainment is determined by the 
amount of supplied and removed liquid difference. 

When studying a two-phase gas-droplet flow, it is 
necessary to determine the effect of the ratio of loads by phases 
on their stable operation to identify the apparatus's optimal 
modes of operation. 

The designs of the stands that are given allow, along with 
a visual study of the gas and droplet flows in the vortex chamber 
of a spraying countercurrent mass transfer apparatus, to study 
the local fields of velocities (both radial and circumferential) and 
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pressure in the gas flow, to study the effect of the droplet flow 
on gas hydrodynamics. 

The stands also allow determining integral characteristics 
(e.g., the resistance of the apparatus) and studying the balance 
of energy losses as the distribution of hydraulic losses over the 
elements of a vortex countercurrent mass transfer apparatus 
(tangential slot, vortex or working chamber, branch pipe for 
draining gas, and radial diffuser). 

Despite the design features that distinguish the apparatus 
designs, studies on stands for studying the hydrodynamics of 
vortex apparatuses have common approaches. 

Studies of the hydrodynamics of vortex countercurrent 
mass transfer apparatuses were carried out on stands where air 
and water were used as working media. After using a gas blower, 
the air was supplied through an air duct into the annular chamber 
in front of the tangential slots (for the second and third stands) 
or directly through the tangential gas supply into the vortex 
chamber (for the first stand). 

The gas flow rate was determined by calculation based on 
measuring the pressure droplet on both sides of the flow washer. 

Further, the air was supplied through the tangential slots 
to the working vortex mass transfer chamber and was removed 
from it through the central hole in the lower or upper cover 
(depending on the design of the vortex spraying countercurrent 
mass transfer apparatus) from the mass transfer chamber. After 
the radial diffuser and separator, in which part of the liquid 
carried away by the gas flow was separated, the liquid was 
discharged into a measuring container. Here, its quantity was 
determined, and data on the liquid carried away by the gas from 
the mass-transfer chamber were used to determine the spray 
entrainment. After the separator, the air was released into the 
atmosphere. 
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The liquid was supplied to the vortex mass transfer cham-
ber through a sprayer, located in the center of the mass transfer 
chamber in all three stands, in the radial direction evenly along 
with its entire height. In some cases, to study the effect of gas 
flow on liquid jets along with the height of the vortex mass 
transfer chamber, the number of jets was limited along with the 
height of the working chamber, which made it possible to 
identify a zone unfavorable for liquid dispersion, spraying in 
which can lead to an increase in spray entrainment. The flow rate 
of the supplied liquid was measured using a rotameter, which 
was calibrated in advance. When studying the integral charac-
teristics, pressure sampling was carried out at places where the 
gas velocity is close to zero, and when measuring pressure 
droplets, these data were obtained at such points where the gas 
flow rates were the same. Thus, the repeated repetition of 
experiments, their reproducibility, and the use of standard 
research methods made it possible to obtain reliable results that 
characterize the operation of vortex spraying countercurrent 
mass transfer apparatuses. 

4.3 Single-phase flow in a working mass transfer 
chamber 

The main element of the vortex spraying countercurrent 
mass transfer apparatus is the vortex mass transfer chamber, in 
which the contact between liquid and gas takes place. The 
effective and stable operation of the mass-exchange apparatus 
depends on how the processes of liquid atomization, which 
moves countercurrently to the gas in the radial direction, and 
therefore, the movement of liquid droplets, are adequately 
organized in it. 

To solve these problems, it is necessary: 
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– to determine the influence of the design of the vortex 
mass transfer chamber (e.g., the location of the gas supply, and 
changes in its dimensions and design) on the uniformity of the 
velocity field along with the height of the mass transfer chamber; 

– to know the theoretical dependencies that allow the 
calculation of the hydrodynamic parameters of the apparatus 
with the possibility of creating between two cylindrical surfaces, 
with radiuses R1 and R2 (that is, between a cylindrical surface on 
which there are tangential slots for introducing a gas flow, and a 
cylindrical surface with a radius equal to the radius branch pipe 
for removing the gas flow (Figure 4.8) from the vortex mass 
transfer chamber), flat spiral gas flow; 

– to identify the location of the maximum circumferential 
velocities of the vortex gas flow, which is very important for the 
correct location of the atomizing device or the introduction of 
droplets of the atomized liquid into the gas flow. 

 

Figure 4.8 – Scheme of a device for draining fluid: 1 – vertical 
slot; 2 – tangential slot (introduces gas in the circumferential 

direction); 3 – cavity for liquid drain; 4 – blade axis; 5 – 
scapula; 6 – a hole in the bottom end cap 

In addition, it is necessary to obtain quantitative data on 
the dependence of the change in the circumferential velocity of 
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the vortex gas flow along the radius of the mass-exchange 
chamber of the countercurrent apparatus. Also, it is necessary to 
find out the effect of the gas supply design, e.g., the relative 
value of the width of the tangential slots on the difference 
between the calculated average velocity in the tangential slots 
(defined as the ratio of the volume flow of gas and the area of 
the slots, and the circumferential velocity of the gas flow at a 
radius equal to R1). 

The next task in the experimental study of a single-phase 
vortex gas flow is to identify changes in the static pressure along 
the radius of the mass-exchange chamber of the vortex 
apparatus. The solution to this problem is necessary for the 
quantitative determination of the static pressure in a cylindrical 
section with a radius of R2. Knowledge of the law of pressure 
change along the radius of the vortex mass transfer chamber 
allows one to consider the forces acting on the liquid film near 
the end cap to estimate the intensity of end flows that adversely 
affect the operation of the apparatus. 

In Figure 4.9, the experimental data obtained with the 
height of the vortex mass transfer chamber equal to 250 mm are 
shown. 
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Figure 4.9 – Variation of the circumferential gas velocity 
along the apparatus height 

The width of the inlet tangential slot was 40 mm, which, 
at a gas flow rate of 0.144 m3/s, made it possible to obtain an 
inlet velocity Vin = 35.9 m/s. According to the results of 
measurements, the circumferential velocity at the cylindrical 
wall of the chamber turned out to be somewhat less 
(Vφ1 = 32 m/s). 

In general, the maximum circumferential velocities were 
located near a radius equal to the radius of the gas outlet opening. 

In Figure 4.10, experimental data on the study of the 
presence of axial flows in the gas flow between cylindrical 
sections with radiuses R1 and R2. 
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Figure 4.10 – Variation of the axial gas velocity  
along with the apparatus height 

Cross-section 1-1 is near the bottom end cap, and cross-
sections 2-2 and 3-3 are away from it. 

Axial velocities in a gas with the vortex mass transfer 
chamber size of 150 mm were observed near the end cap already 
at a radius of 90 mm. 

In section 3-3, which is more distant from the lower end 
cap than the height of the inlet tangential slot, axial velocities in 
the gas flow are already observed much closer to the wall of the 
mass transfer chamber in a cylindrical section with a radius of 
120 mm. 

Measurements of the vortex gas flow in a vortex mass 
transfer chamber with a height of 100 mm showed a significant 
change in the gas flow structure compared to the flow structure 
in a vortex chamber with a height of 250 mm. This difference 
mainly consists in the absence of axial velocities in the area 
limited by two cylindrical surfaces with radiuses R1 and R2. 
Axial velocities in the gas flow appear at r equal to (1.2–1.5)R2. 

Its magnitude is commensurate with the value of the axial 
or circumferential velocity in the branch pipe, which discharges 
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the gas flow, the axial velocity of the gas reaches only directly 
near the edge of the outlet pipe for gas removal. 

In Figure 4.11, profiles of the relative circumferential 
velocities of the gas flow are given for various inlet gas 
velocities in tangential slots, which indicates the self-similarity 
of the velocity profiles in terms of flow and in countercurrent 
vortex atomizing mass transfer apparatuses. 

After reaching a cylindrical section with a radius R2 in the 
vortex mass-exchange chamber, the circumferential velocity of 
the gas begins to decrease to zero as it approaches the axis of the 
mass-exchange chamber. An example is the change in the 
absolute values of peripheral velocity in two different modes, 
given in Figure 4.12. 

 

Figure 4.11 – Change in the relative circumferential velocity 
of the gas along the radius for different inlet velocities:  

1 – Vin = 29.6 m/s; 2 – Vin = 49.9 m/s 
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Figure 4.12 – Variation in peripheral velocity at different gas 
velocities at the inlet to the working chamber for different inlet 

velocities: 1 – Vin = 29.6 m/s; 2 – Vin = 49.9 m/s 

Here can be seen the maximum circumferential gas 
velocity location near the radius r = 50 mm, which corresponds 
to the pipe pipe 

Of practical interest is also the study of the effect of 
changing the width of the tangential slot on the hydrodynamics 
of the vortex chamber. It should be known to determine the value 
of Vφ1. 

In Figure 4.13, the change in relative velocity is shown for 
various tangential gaps for introducing a gas stream into a vortex 
mass transfer chamber. 
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Figure 4.13 – Change in relative velocity at radius R1 
(experimental data and calculated values): hg – tangential  

gap, m; Hc – channel height, m 

The obtained points correspond to the empirical curve 
defined by the equation: 

 = 9.29
ℎ

+ 0.47. (4.3) 

In Figure 4.14, graphs of relative pressure change along 
the radius of the vortex mass transfer chamber are shown. 
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Figure 4.14 – Relative pressure change along the apparatus 
radius: 1 – Vin = 29.6 m/s; 2 – Vin = 49.9 m/s 

These dependencies correspond to the above-presented 
circumferential velocities of the gas flow, i.e., the experimental 
data were obtained at inlet gas velocities Vin = 29.6 m/s 
(P1 = 1.96 kPa), and Vin = 49.9 m/s (P1 = 3.98 kPa). 

The experimental studies carried out confirmed the 
absence of axial velocities in the gas flow, starting from the 
radius R1 to the diffuser neck. Axial velocities were noticed only 
at a radius equal to (1.0–1.2)R2. Their value was of the same 
order of magnitude with the average axial velocity at the outlet 
of the vortex mass transfer chamber or with circumferential 
velocities, the same as in the vortex mass transfer apparatus, 
directly at the cylindrical section with radius R2. 

It was also fully confirmed the assumption that with a 
plane spiral motion of gas in the area between two cylindrical 
surfaces with radiuses R1 and R2, it is possible to create a gas 
flow uniform in the height of the vortex mass transfer chamber 
with the same circumferential velocities. Experimental data for 
one of the modes, confirming this assumption, are shown in 
Figure 4.15. 
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Figure 4.15 – Change in peripheral gas velocity  
at different heights Z, m 

The velocities (Figure 4.16) and pressures (Figure 4.17) 
for Stand 2 are similar to the results obtained for the vortex mass 
transfer chamber of Stand 1. 
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Figure 4.16 – Change in relative circumferential velocity for 
different inlet velocities: 1 – Vin = 29.6 m/s; 2 – Vin = 49.9 m/s 

 

Figure 4.17 – Relative pressure change for different inlet 
velocities: 1 – Vin = 29.6 m/s; 2 – Vin = 49.9 m/s 

However, the difference is as follows. The magnitude of 
the pressure droplet and the increase in the circumferential 
velocity in a flat gas flow near the diffuser neck is more 
significant since the vortex mass transfer chambers of both 
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stands differ significantly in geometric dimensions, as well as 
their ratios. 

Ratio change Vφ1/Vin reduces depending on the change in 
inlet velocity. For example, Vφ1/Vin = 0.80 for Vin = 27.5 m/s, 
and Vφ1/Vin = 0.73 for Vin = 45.3 m/s. 

In general, in changing the slot width from 5 mm to 
15 mm, the ratio h/Hc changed from 0.017 to 0.050. 

To estimate the droplet in the velocity at the exit from the 
tangential slots of the gas flow supply to the vortex mass transfer 
chamber, we can assume Vφ1 = (0.72–0.80)Vin. 

Remarkably, when calculating the value of P2 and the 
change in pressure along the radius of the vortex mass transfer 
chamber according to theoretical dependencies (3.32), it is 
necessary to set the quantity value as the boundary condition P1. 
Notably, according to Figure 4.17, P1 = 10.33 kPa for 
Vin = 27.5 m/s, and P1 = 13.29 kPa for Vin = 45.3 m/s. 

The pressure in the annular chamber, which supplies the 
gas evenly to the tangential slots located on the vortex mass 
transfer chamber’s cylindrical wall, corresponds to the gas 
flow's total energy since the gas velocity is practically equal to 
0. There is a relationship between the values of Pin and P1: 

 𝑃 = + 𝑃 + Δ𝑃 , (4.4) 

where ΔPin – inlet pressure difference, Pa. 
In turn, the value of Vφ1 depends on velocity Vin, tangential 

gap h, and design of gaps. 
In the series of carried out experiments, with a change h/Hc 

within the above limits, the value P1/Pin was changed in the 
range of 0.72–0.81. Notably, smaller values of this ratio 
correspond to gas velocities in slots above 40 m/s and greater – 
for gas velocities less than 25 m/s. 



Hydrodynamics of Flows in the Vortex Spraying Countercurrent 
Mass Transfer Apparatus 

154 

4.4 Two-phase flow 

The whole set of problems solved in the study of a two-
phase flow in the working chamber of the vortex apparatus can 
be divided into several separate tasks, depending on the method 
used to study the flows. When studying a two-phase flow, visual 
studies are used, flow probing with a probe with a constant 
purge, the change in apparatus pressure, and the value of spray 
entrainment are studied depending on the ratio of phase loads. 

In particular, visual observations were carried out in 
vortex apparatuses in Stands 1–2, which have a transparent body 
and observation windows. Pulsations and unstable device 
operation when probing a two-phase flow do not make it 
possible to carry out accurate quantitative measurements. 
Therefore, the task is usually set to show a qualitative change in 
the velocity field in a two-phase flow concerning the motion of 
a single-phase flow. Flow probing was carried out in Stand 1. 

This chapter presents the influence of the ratio of loads by 
phases on the amount of spray carryover. These studies were 
carried out mainly in Stands 1, 3 since their design turned out to 
be more successful in organizing liquid drainage. 

Firstly, let us consider the process of liquid spraying, 
characteristic of the operation of a countercurrent vortex mass 
transfer apparatus when jets are supplied in the central part. For 
this purpose, an atomizer with one hole was installed in the 
vortex mass-exchange chamber of Stand 1, from which the 
liquid flowed into the gas flow in the radial direction. After that, 
the atomizer moved along the axis, which led to the 
displacement of the hole and liquid jets and the height of the 
vortex mass transfer chamber. Sputtering took place at a distance 
of (0.8–1.0)R2 from the chamber’s center. Simultaneously, there 
was a sharp change in fluid direction from radial to circum-
ferential (Figure 4.18). 
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Figure 4.18 – Scheme of disintegration of the liquid jet:  
1 – atomizer; 2 – gas outlet pipe; 3 – cylindrical wall;  

4 – continuous jet of liquid; 5 – liquid droplets 

When the sprayed jet was located near the lower end cap, 
a more active separation of droplets was observed on the 
cylindrical wall of the vortex mass transfer chamber near this 
end cap, but practically the entire wall was irrigated. 

When the liquid jet was located at half the height of the 
vortex mass transfer chamber, irrigation of almost the entire 
surface of the cylindrical body was observed. The irrigation 
intensity of this surface near the end caps is approximately the 
same. It increases when approaching the plane in which the jet 
was injected. 

After the jet breaks up into droplets, a rearrangement 
occurs in the two-phase flow structure. The liquid in axial 
motion tends to uniform distribution over the working volume 
of the vortex mass transfer chamber. This is an essential positive 
feature of the countercurrent vortex motion of a two-phase gas-
droplet flow in the apparatus and confirms the possibility of 
carrying out the theoretical calculations described above, based 
on the assumptions of a uniform structure of a two-phase gas-
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droplet flow along with the height of the vortex mass transfer 
chamber. 

When the atomizer is located in the central region and 
liquid is introduced into the gas flow near the gas flow outlet in 
the end cap, the probability of increased spray entrainment 
increases sharply. This is especially true when spraying at a 
distance closer than Hc/3 from this end cap, which is associated 
with the presence in this zone of an axial gas flow with high axial 
velocities. 

The flow rate of the airflow in Stand 2 is varied from 
0.56 m3/s to 1.11 m3/s. The volumetric flow rate of liquid 
(water) varied from 0 to 2.5·10–3 m3/s. The ratio of loads in the 
liquid and gas phases was regulated by changing the amount of 
liquid supplied during the experiment. 

As a result of visual observations, a two-phase flow was 
studied in the vortex mass-exchange chamber of the counter-
current apparatus. The flow pattern is as follows. 

At a constant airflow, the load ratio by phases varies from 
0 to 3. As the liquid load increases, four intervals can be 
conventionally distinguished. The flow of a two-phase gas-
droplet flow has its own characteristic features. 

As the load on the liquid increases from 0 to 0.7, in the 
central zone of the vortex mass transfer chamber, a spray of 
liquid is observed almost at the outlet of the atomizer. After that, 
the droplets are entrained by the airflow into rotational motion. 
The blades that make up the cylindrical body of the vortex mass 
transfer chamber are covered with a thin liquid film. This film is 
entrained by the gas flow, parallel to the end caps, into the slots 
for liquid removal, located along with the entire height on each 
of the blades. The thickness of the liquid film along the height 
of the blades is approximately the same. The resistance of the 
vortex apparatus is considerable. The first signs of the end effect 
appear, expressed in the movement of droplets along with the 
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end cover to the center of the working chamber. On the lower 
cover of the vortex mass-transfer chamber, the end effect is more 
affected. Here, a jet spiral liquid flow from the blades to the 
center is formed. 

In the next phase, load-interval from 0.7 to 1.5, a jet flow 
of liquid appears from the nozzles of the spraying device. In this 
case, the jet length reaches (0.12–0.40)R2. The resistance of the 
device is noticeably reduced. The change in the spray pattern, 
the movement of droplets, and the droplet in resistance of the 
vortex spray countercurrent mass transfer apparatus indicate a 
decrease in the gas flow velocities in the working chamber in the 
spray zone. The liquid film, which moves under the action of the 
gas flow along with the blades of the cylindrical surface of the 
vortex mass transfer chamber, thickens towards the bottom. A 
noticeable water ring appears at the base of the blades on the 
lower end cap. 

With a further increase in phase loads up to 2.5, there is an 
elongation of the liquid jets flowing from the spray device. The 
shape of the jets changes somewhat. A straight section appears 
at the nozzle outlets. In front of the entire spray zone, there is a 
sharp bend in the jet. The liquid film that moves along the blades 
partially slips over the slots to drain the liquid. Near the lower 
edge of the shoulder blades, the water ring increases signi-
ficantly in size. The resistance of the vortex mass transfer cham-
ber continues to decrease. The flow of liquid along with the 
lower end cap increases has a spiral character, but a decrease in 
the twist of the gas flow is noticeable. Wide jets appear on the 
upper-end cap, but the amount of liquid that moves along it 
towards the center is much less than the liquid that moves along 
the lower-end cap. 

An increase in the phase load ratio up to 3 leads to a further 
droplet in the resistance of the vortex apparatus, which is a 
consequence of a decrease in the circumferential velocities of 
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the gas flow. In this case, the conditions for spraying the liquid 
into droplets deteriorate significantly. The liquid film flow along 
with the blades to the bottom is noticeable. The water ring near 
the blades on the lower end cap grows upward. The formation of 
spiral ridges is noticeable along with the lower end cap. 

Thus, the third interval is already unfavorable from the 
point of view of creating a regular countercurrent movement of 
the gas flow and liquid microdroplets throughout the entire 
volume of the working chamber. Untimely removal of liquid 
leads to its concentration in the lower part, the appearance of the 
annular flow described above. This liquid flow intensively feeds 
the film on the lower end cap with liquid. As a result, the liquid 
entrainment along the end of the working chamber increases. 

During studies, Stands 1–3 were installed so that the gas 
outlet hole was located in the upper-end cap. This prevented the 
liquid film from flowing down to this end cap from the 
cylindrical wall of the vortex mass transfer chamber. 

The relative spray drift is defined as follows: 

 𝛿 =
Δ , (4.5) 

where ΔL is determined by (4.2). 
The graphical dependence of δL on the loads by phases 

and the change in the inlet velocity in the tangential input slots 
are given in Figure 4.19. 
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Figure 4.19 – Change in the relative value of spray 
entrainment from loads by phases at different inlet velocities:  

1 – Vin = 16.9 m/s; 2 – Vin = 27.0 m/s; 3 – Vin = 68.4 m/s 

In Stand 3, in a vortex mass transfer apparatus, in the range 
of loads for the liquid and gas phases from 0.3 to 1.5 and a 
change in the input gas flow velocity from 16.9 m/s to 68.4 m/s, 
spray entrainment, the relative value of which reaches 10 %, is 
observed at input gas velocities in tangential crevices less than 
27 m/s. As these velocities increase, spray entrainment de-
creases, and at gas flow velocities in the inlet tangential slots Vin 
= 68.4 m/s – it does not exceed 7 % even if the load ratio is more 
significant than 1.0. 

In Figure 4.20, the results of studying the change in the 
circumferential velocity of the gas flow in the mass transfer 
chamber in Stand 1 for the case of increased phase load ratios on 
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the radius of the vortex mass transfer chamber of 0.55 m are 
shown. The values are given concerning the peripheral velocity 
in this section in the absence of a liquid phase. 

 

Figure 4.20 – Change in the relative  
circumferential gas velocity 

The data indicate the presence of a droplet in the 
velocities, which confirms the theoretical conclusions presented 
in the previous chapter. 

Thus, experimental studies of a two-phase vortex gas-
droplet flow made it possible to get an idea about the features of 
the physical processes that occur in the vortex chamber of the 
vortex apparatus. These are the spraying of liquid into droplets 
in the central region of the vortex mass transfer chamber, the 
involvement of liquid droplets in rotational motion, and the 
movement of droplets from the center to the periphery of the 
vortex chamber under the action of centrifugal forces, the 
formation of liquid film flows on the cylindrical surface of the 
sidewall and along with the end caps, the effect of the load ratio 
on phases to reduce the circumferential velocities of the gas in 
the working chamber. 
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The information obtained allows us to correctly approach 
the development of the design of those elements of the vortex 
spraying countercurrent mass transfer apparatus that provide the 
supply and removal of the gas flow, the supply, spraying, and 
removal of liquid, and prevent the appearance of such 
undesirable phenomena as end flows. 

For example, the implementation of the removal of the gas 
flow in the upper-end cap allows you to reduce spray entrain-
ment because the liquid film that flows from the cylindrical 
walls to the lower end cap will not feed the end flow on the 
upper-end cap, and the amount of liquid that is carried away by 
the gas stream from the apparatus from this end cap, will droplet. 
Many other design solutions improve the operation of the vortex 
countercurrent mass transfer apparatus. They are described in 
the following sections. 

4.5 Hydraulic resistance of the apparatus 

4.5.1 Hydraulic resistance under the absence of a liquid 
phase 

The conducted experimental and theoretical studies of 
vortex flows of gas and liquid droplets show the following. In 
the absence of any structural elements in the vortex mass transfer 
chamber like rotating atomizers or additional blades that change 
the direction of the gas flow, its hydrodynamic characteristics, 
i.e., hydraulic resistance, depends on the ratio of the main 
geometric dimensions, the gas velocity in the inlet tangential 
slots, and the ratio of loads in phases. 

The hydrodynamics of the apparatus is determined by the 
motion of a single-phase gas flow. Therefore, the hydraulic 
resistance of the vortex mass transfer apparatus when working 
with two-phase media is determined by the hydrodynamic 
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resistance of the “dry” apparatus, that is, a vortex mass transfer 
apparatus in the absence of a liquid phase supply. The value of 
hydraulic resistance varies according to the load on the liquid 
phase. These facts are due to the changes in the structure and 
magnitude of velocities and the involvement of droplets in 
rotational motion. 

For Stand 1, the change in the relative energy loss in the 
gas flow with a change in the inlet velocity of the gas flow at the 
inlet to the mass transfer chamber in the tangential slots of the 
vortex apparatus is shown in Figure 4.21. 

 

Figure 4.21 – Change in relative energy losses in Stand 1 with 
chamber diameter of 300 mm (inlet pressure Pin = 1.96 kPa; 

inlet velocity Vin = 29.6 m/s) 

Here, the total pressure droplet determining the energy 
loss in the vortex spray countercurrent mass transfer apparatus 
was determined by as follows: 

 Δ𝑃 = 𝑃 − 𝑃 , (4.6) 
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where Р3 – pressure in annular chamber after the radial 
diffuser, Pa; Pin – total energy at inlet and total energy: 

 𝑃 = 𝑃 + ; (4.7) 

where Pst – static pressure, Pa. 
Further, the minimum inlet velocity mode is taken as a 

reference point, and the following notations are introduced: 
ΔP1 – pressure loss, Pa; Vin1 – inlet velocity, m/s. Therefore, it is 
possible to determine the change in the drag coefficient ζ when 
changing flow regimes, where ζ1 corresponds to the parameters 
ΔP1 and Vin1. 

In Figure 4.22, experimental data on the study of energy 
losses in a vortex countercurrent apparatus are given for Stand 2. 

 

Figure 4.22 – Change in relative energy losses in Stand 2 with 
chamber diameter of 1430 mm (inlet pressure Pin = 3.95 kPa; 

inlet velocity 17.7 m/s) 



Hydrodynamics of Flows in the Vortex Spraying Countercurrent 
Mass Transfer Apparatus 

164 

In this case, the pressure difference was measured between 
the inlet chamber. Through it, the gas flow is supplied to the 
tangential slots and the annular region at the outlet of the radial 
diffuser. 

A general increase in the hydraulic resistance ζ of the 
apparatus somewhat decreases, but the intensity of this decrease 
is several times less than the increase in gas velocity in the inlet 
tangential slots. 

The ratio of drag coefficients is: 

 = . (4.8) 

The corresponding values of the drag coefficient in 
Stands 1–2 are summarized in Figures 4.23–4.24, respectively. 

 

Figure 4.23 – Change in the coefficient of hydraulic resistance 
of the vortex apparatus in Stand 1 
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Figure 4.24 – Change in the coefficient of hydraulic resistance 
of the vortex apparatus in Stand 2 

Remarkably, one stage of the vortex countercurrent mass 
transfer apparatus consists of two elements, which are the mass 
transfer chamber and the diffuser. These elements react 
differently to increases in gas velocity. It is essential to 
coordinate the operation of the vortex mass transfer chamber and 
the radial diffuser so that in the design mode, the gas flow passes 
through the mass transfer chamber and the radial diffuser with 
minimal energy losses in both elements. 

Due to the hydrodynamic features in the vortex chamber 
of a countercurrent apparatus, it is necessary to calculate the 
diffuser and determine its geometry. The following chapter is 
devoted to studying the separation of energy losses in the mass-
exchange chamber from the total balance of losses. 
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4.5.2  Distribution of energy losses in a vortex chamber 
and a radial diffuser 

In studying energy losses during the gas movement in a 
radial diffuser after the apparatus, the property of a rotating flow 
to influence a lattice of plates was used. The last one is installed 
in the direction of the circumferential gas velocities at the 
entrance is directed normally to the plates’ surface. 

When passing through the channels formed by the 
“turntable” plates, the gas flow velocities change their direction 
and magnitude while influencing the grating itself in the 
circumferential direction. The density and width of the plates are 
chosen such that the gas flow at the exit from this grate has 
practically no circumferential velocity, which is a component of 
the total velocity of the gas flow. 

By balancing the “turntable”, that is, by applying a force 
opposite to the force from the gas flow and equal in magnitude 
to the moment from the gas flow, it is possible to determine the 
hydrodynamic parameters of the flow. 

The scheme for measuring the angular momentum of the 
gas flow behind the vortex mass transfer chamber is shown in 
Figure 4.25. 

Change in kinetic moment Kg, kg·m2/s2, when passing gas 
through a grid installed between the working chamber and the 
radial diffuser, is as follows: 

 = 𝑟𝑉 − 𝑟𝑉 �̇�, (4.9) 

where t – time, s; r – radius, m; Vφ – angular velocity, m/s; 
“av” – average sign; “d” – derivative sign; �̇� – mass flow, kg/s. 
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Figure 4.25 – Scheme of changing the kinetic moment of the 
gas behind the mass transfer chamber: 1 – mass transfer 
chamber; 2 – diffuser; 3 – turntable; 4 – axis; 5 – lever;  

6 – dynamometer; 7 - manometers 

Given the large density of the grating, that is, the ratio of 
the length of the channels to the pitch, sufficient for the complete 
unwinding of the gas flow and its exit in the radial direction, we 
can assume (rVφ)d = 0. Therefore, the last expression can be 
simplified as follows: 

 𝐾 = 𝜌 𝑄 𝑟 𝑉 , (4.10) 

where ρg – gas density, kg/m3; Qg – gas flow rate, m3/s; 
rav – average radius, m; 𝑉  – average velocity, m/s. 

The moment from the force of the vortex gas flow, N·m: 

 𝑀 = 𝐹 𝑙 , (4.11) 

where Fg – gas-dynamic force, N; lF – lever length, m. 



Hydrodynamics of Flows in the Vortex Spraying Countercurrent 
Mass Transfer Apparatus 

168 

Due to the fundamental equation of rotational motion 

 = 𝑀 , (4.12) 

and considering expressions (4.10) and (4.11), the average 
velocity can be determined from the last equation: 

 𝑉 = . (4.13) 

Based on a linear law of change in the circumferential 
velocity of the gas flow from the radius of the branch pipe R2 to 
the radius of a bushing Rb, on which the lattice plates are fixed, 
and the uniform distribution of the axial velocity of the gas flow 
over the cross-section of the branch pipe discharging the gas 
flow, we can obtain expressions for determining the average 
radius from the equality of the annular cross-sectional areas: 

 𝑟 =  (4.14) 

and average axial velocity, m/s: 

 𝑉 = . (4.15) 

Then the total pressure of the gas flow at the outlet of the 
vortex mass transfer chamber, Pa: 

 𝑃 = 𝑃 + , (4.16) 

where the average velocity is as follows: 
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 𝑉 = 𝑉 + 𝑉  . (4.17) 

According to the known readings of the dynamometer and 
the length of the lever, which is constant during the experiments, 
it is possible to determine the total moment of impact from the 
vortex gas flow. The pressure value in the gas flow, which passes 
the neck of the radial diffuser, was measured by taking pressure 
from the wall of the branch pipe at the outlet of the vortex mass 
transfer chamber. 

The change in the value of hydraulic losses in the vortex 
mass transfer chamber concerning the energy losses in the stage 
is shown in the form of a graphical dependence in Figure 4.26. 

 

Figure 4.26 – Change in the relative value of hydraulic energy 
losses depending on the operating mode of the apparatus 

(Vin1 = 17.7 m/s) 

By analyzing the results obtained, certain conclusions can 
be formulated. Firstly, at low gas velocities in the inlet tangential 
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slots of the vortex mass transfer chamber and, consequently, low 
circumferential velocities of the gas flow at the inlet to the radial 
diffuser, part of the hydraulic energy losses in the radial diffuser 
is significant. 

Secondly, as the circumferential velocities of the gas flow 
in the chamber increase, the role of the diffuse element 
increases, which is reflected in a decrease in the relative energy 
losses in the radial diffuser a decrease in the hydraulic resistance 
coefficient. 

Thus, when operating with small peripheral gas velocities 
in the working chamber, it is possible to use a structural scheme 
without a radial diffuser. 

Finally, the presence of high circumferential velocities of 
the gas flow in the mass-exchange chamber of the apparatus 
leads to the need to install a radial diffuser behind the working 
chamber. This makes it possible to reduce the intensity of the 
increase in energy losses with an increase in gas velocities in the 
vortex chamber, to increase the efficiency of the mass transfer 
apparatus as a whole. 
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4.5.3  Change in hydraulic resistance depending on phase 
loads 

The theoretical studies of a two-phase gas-droplet flow 
with vortex countercurrent motion of liquid and gas droplets 
have shown that in the absence of any blades or rotating ele-
ments, the involvement of droplets in the rotational movement 
around the axis occurs due to the energy of the vortex gas flow. 

In this case, the involvement of droplets of the sprayed 
liquid in rotational motion is accompanied by a decrease in 
peripheral velocity, which is a component of the total velocity 
of the gas flow. The magnitude of this influence, that is, the 
reduction of the tangential (circumferential) gas velocity, is 
proportional to the ratio of the phase loads. 

On the one hand, reducing the circumferential velocities 
of the gas flow around the axis of the mass transfer chamber of 
the vortex spraying countercurrent mass transfer apparatus is a 
positive moment, as it also leads to a decrease in energy losses 
in the vortex chamber of the apparatus, the value of which is 
proportional to the square of the circumferential gas velocity at 
the outlet of the mass transfer chamber. 

On the other hand, the drop in circumferential velocities 
of the gas may adversely affect the stable operation of the vortex 
spray countercurrent mass transfer apparatus for the following 
reasons. 

Firstly, the gas flow velocities must be sufficient to entrain 
the liquid droplets in a rotating motion at the droplet velocities 
necessary to create a centrifugal force field that entrains the 
droplets in a countercurrent movement of the gas in a radial 
direction, from the center to the periphery. Otherwise, condi-
tions may arise to disrupt the operation of the vortex counter-
current apparatus, which is expressed in the movement of 
droplets together with the gas flow to the exit from the mass 
transfer chamber, in an increase in spray entrainment. 
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Secondly, the interfacial surface depends on the dispersity 
of the droplets of the sprayed liquid. The size of droplets 
depends on the velocity of the gas flow in the spray zone. 
Reducing this gas velocity to a particular value can decrease the 
interfacial surface and the efficiency of mass transfer processes 
in the vortex chamber. In addition, droplets of a larger diameter 
will be less involved in rotational motion, which can also lead to 
an increase in spray entrainment due to a decrease in the 
magnitude of centrifugal forces acting on these droplets and 
reduce the efficiency of mass transfer. 

Finally, one of the conditions for intensifying mass 
transfer processes in the working chamber of a vortex spraying 
countercurrent mass transfer apparatus is the presence of a 
gradient of circumferential gas velocities along the radius of the 
vortex chamber. Theoretical calculations show, the greater the 
value of this gradient, the more intense the circulation of liquid 
in droplets and the renewal of the interfacial surface, which 
affects the rate of mass transfer processes. 

Therefore, the study of the hydraulic resistance depending 
on the phase loads makes it possible to obtain information for 
energy calculations, the choice of auxiliary equipment, and the 
analysis of the economic necessity of using the apparatus. 
Moreover, it also provides information on reducing peripheral 
gas velocities in the mass transfer chamber and on possible 
limits of loads in the liquid phase, under which it is necessary to 
operate the apparatus. 

The study of the change in the hydraulic resistance of a 
vortex countercurrent spraying apparatus was carried out in 
Stands 2–3. 

In Stand 2, measurements in the vortex apparatus were 
carried out by studying the change in the pressure difference 
between the chamber supplying the gas flow and the cavity at 
the outlet of the radial diffuser. 
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The change in the ratio of loads in phases was achieved by 
changing the amount of liquid supplied by the pump to the 
atomizer. The gas flow rate varied from 0.50 m3/s to 1.11 m3/s. 
The load range for the liquid supplied to the apparatus ranged 
from 1.6·10–4 m3/s to 2.1·10–3 m3/s. 

The obtained experimental data on the change in hydraulic 
resistance depending on the ratio of loads in phases for five 
different values of gas velocity in the inlet tangential slots are 
shown in Figure 4.27. 

 

Figure 4.27 – Change in the hydraulic resistance of the 
apparatus depending on the phase loads 

Maximum resistance of a “dry” vortex spraying 
countercurrent mass transfer apparatus, in the absence of a liquid 
phase and gas velocity in tangential slots Vin = 44.2 m/s is equal 
to 14.1 kPa. At a gas velocity in tangential slots Vin = 20.1 m/s, 
the resistance of the “dry” vortex countercurrent apparatus 
equals 4.1 kPa. 
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During the experiments, the vortex apparatus of Stand 3 
(chamber diameter of 600 mm) has been included in the design 
scheme of Stand 1. 

The change in the gas velocity in the inlet tangential slots 
was achieved by changing the width of these slots. The flow rate 
of the gas that passes through the vortex apparatus ranged from 
0.16 m3/s to 0.2 m3/s. The range of fluid loads was within from 
8.0·10–5 m3/s to 3.3·10–4 m3/s. 

Graphical dependencies for the change in the hydraulic 
resistance of the vortex apparatus on the ratio of loads by phases 
are shown in Figure 4.28. 

 

Figure 4.28 – Change in the hydraulic resistance of the 
apparatus depending on the phase loads 

The resistance of the vortex apparatus in the absence of a 
liquid phase and the gas velocity in the tangential slots is equal 
to 4.0 kPa for inlet velocity Vin = 68.4 m/s, and 1.6 kPa – for 
inlet velocity Vin = 16.9 m/s. When changing the gas velocity in 
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the inlet tangential slots, the hydraulic resistance of the “dry” 
vortex apparatus did not exceed the indicated limits. 

Considering the obtained graphic dependencies, one can 
note many essential features that characterize the operation of 
the apparatus. Firstly, an increase in the ratio of loads in phases 
leads to a decrease in the hydraulic resistance of the apparatus. 
Secondly, the decrease in hydraulic resistance is associated with 
a decrease in gas flow rates. 

Finally, a further increase in the device’s resistance speaks 
of the energy costs for transporting the liquid. It indicates the 
entrainment of droplets in a co-current movement with gas. 

The latter phenomenon in a countercurrent vortex 
apparatus is highly undesirable. At low gas velocities, a weak 
field of circumferential velocities is also formed in the inlet 
tangential slots, which creates unfavorable conditions for the 
regular countercurrent movement of vortex gas and droplet 
flows. 

For example, at the velocity in the tangential slots of about 
16.9 m/s, the vortex spraying countercurrent mass transfer 
apparatus operates in the countercurrent mode as the phase loads 
increase up to their ratio equal to 0.9. A further increase in the 
load ratio leads to the appearance of increased spray entrain-
ment, leading to a breakdown in the operation of the apparatus. 

An increase in the gas velocity in the inlet tangential slots 
leads to an improvement in the operating conditions of the 
apparatus. 

At the velocity of 24.4 m/s, the operation range of the 
apparatus in countercurrent mode moves to the right and reaches 
a phase load ratio of 1.1. 

At a gas velocity in the inlet tangential slots of the mass 
transfer chamber of 68.4 m/s, the load ratio shifts even more to 
the right side and reaches a value of 1.7. 
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The stated conclusions are well confirmed by the 
experimental dependencies shown in Figure 4.19. There is a 
pronounced tendency to reduce spray entrainment and improve 
the operation of the apparatus in the counterflow mode with an 
increase in the peripheral gas velocities in the mass transfer 
chamber. 

In addition to increasing gas velocities in the inlet 
tangential slots, an increase in the radial dimensions of the mass 
transfer chamber R1 is essential for creating a field of 
circumferential velocities in the gas flow, organizing a regular 
counterflow in the mass transfer chamber. An increase in this 
radius from 0.300 m (Stand 3) to 0.715 m (Stand 2) made it 
possible to create a stable countercurrent phase motion at 
Vin = 20.1 m/s. 

In Stand 2, with an increase in the gas velocity in the inlet 
tangential slots up to 44.3 m/s, a continuous decrease in the 
hydraulic resistance of the apparatus is observed throughout the 
entire range of changes in the phase load ratio (Figure 4.27). 
This fact indicates a decrease in peripheral gas velocities in the 
mass transfer chamber. 

4.6 Analysis of the experimental results on 
hydrodynamics 

The theoretical dependencies presented in the second and 
third sections of this work and a number of experimental data on 
the study of the vortex countercurrent motion of a gas-droplet 
flow in vortex spraying countercurrent mass transfer apparatuses 
make it possible to analyze and compare the calculated and 
experimental data on the circumferential and radial velocity of 
the gas flow along the radius of the vortex mass transfer 
chamber, and as well as pressure distribution along the radius. 
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One of the determining factors in the organization of 
countercurrent vortex motion of gas and liquid droplets in the 
mass-exchange chamber of the apparatus is the introduction of 
gas. Vortex contact stages and vortex mass transfer apparatuses 
with cross-phase current, it can be concluded that it is necessary 
to implement a tangential (in the circumferential direction) 
introduction of the gas flow through a number of slots located 
along with the entire height of the cylindrical body of the vortex 
mass transfer chamber. 

In this case, with an appropriate ratio of the height, radius 
of the vortex mass-exchange chamber, and the radius of the pipe 
for removing gas from the mass-exchange chamber, it is possible 
to achieve a field of circumferential velocities uniform along 
with the height of the working chamber of the vortex mass-
exchange apparatus. Then the intensity of the flow twist does not 
fall along with the height of the vortex mass transfer chamber. 
That is, in any cylindrical section, starting from the slots of the 
tangential input of the gas flow, at the periphery of the mass 
transfer chamber, and towards its central region, where the gas 
flow is removed, a field of gas velocities uniform along the 
height of the vortex chamber is achieved in the absence of axial 
flow. 

The introduction of gas through a series of tangential slots 
along the entire height of the mass transfer chamber creates all 
the conditions for a countercurrent vortex motion of the gas, and 
liquid phases uniform along with the height of the working 
chamber, equalization of the mass transfer rates over the volume 
of the apparatus, which generally leads to a significant 
improvement in its operation. When calculating the gas flow 
parameters at the outlet of the tangential slots, it is advisable to 
use the dependence Vφ1 = (0.7–0.9)Vin. The value of the input 
gas velocity in the slots is defined as: 
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 𝑉 = , (4.18) 

where Nh – the total number of gaps. 
Experimental studies of various tangential inlets the ratio 

of their geometric dimensions have shown that the inlet velocity 
of the gas flow should be chosen close to 30 m/s. This is 
expedient from the point of view of optimizing such factors as 
hydraulic losses, the ratio of the radiuses of the cylindrical wall 
of the vortex mass transfer chamber and the branch pipe for gas 
removal from it, the value of the circumferential gas velocity in 
the spray zone. 

A decrease in the inlet velocity of the gas flow in the inlet 
tangential slots leads to the need for an undesirable increase in 
the radial dimensions of the vortex mass transfer chamber of the 
apparatus, an increase in hydraulic resistance. An increase in the 
inlet velocity of the gas flow in the tangential slots at the 
entrance to the vortex mass transfer chamber over 30 m/s 
influences the increase in energy losses in the slots themselves 
and on friction against the cylindrical wall of the vortex mass 
transfer chamber, reduces the path length when liquid droplets 
move in the working chamber of the apparatus. 

When determining the value of the circumferential 
velocity of the vortex gas flow near the cylindrical wall of the 
vortex mass transfer chamber Vφ1, it must be considered that 
large inlet gas velocities in the tangential slots at the entrance to 
the mass transfer chamber and a smaller ratio of the width of the 
tangential slot to its height corresponds to a smaller coefficient. 

The gas flow through the tangential slots in the cylindrical 
wall of the vortex mass transfer chamber is accompanied by 
energy losses and flow restructuring. Accounting for all factors 
determining the static pressure in the vortex gas flow at the exit 
from the inlet tangential slots is a complicated problem. There-
fore, a simple relation P1 = (0.72–0.81)Pin can be recommended. 
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It shows the dependence of the static pressure in the gas flow at 
the entrance to the vortex mass transfer chamber on the total 
pressure in the annular chamber supplying the gas. 

In the range of gas inlet velocities from 16 m/s to 50 m/s, 
it should be considered that higher inlet velocities correspond to 
a more significant pressure drop and vice versa. That is, at 
velocities of about 40 m/s, the P1/Pin ratio approaches 0.72, and 
at velocities of 25–16 m/s, this ratio approaches 0.82. 

To create a flat vortex gas flow, in addition to the condi-
tions at the inlet to the vortex mass transfer chamber of a spray-
ing countercurrent mass transfer apparatus, the ratio of the main 
geometric dimensions, such as the radius of the vortex mass 
transfer chamber, the height of the vortex mass transfer chamber 
and the radius of the gas outlet pipe in one of the end caps of the 
vortex chamber, has a significant influence. Of great importance 
is the ratio of the radius of the vortex mass transfer chamber to 
the radius of the branch pipe for gas removal from this mass 
transfer chamber as a factor that affects the magnitude of the 
circumferential velocity of the gas flow in the central region, 
which is the liquid spray zone. 

Equation (3.18) can be used to determine the ratios of the 
main geometrical dimensions of the vortex mass transfer 
chamber to organize a flat spiral movement of the gas flow in it. 

Experimental studies have shown the presence of a flat 
vortex gas flow between a cylindrical wall, on which tangential 
slots for the gas inlet are located, and a cylindrical section with 
a radius close to the radius of the gas outlet pipe in mass transfer 
chambers having a ratio of the main geometric dimensions close 
to that specified in equation (3.18). 

In engineering calculations, when assessing the dimen-
sions of vortex spraying countercurrent mass transfer appara-
tuses, their mode of operation, it is not always convenient to use, 
although analytical, rather cumbersome dependencies (3.29) to 
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determine peripheral velocities, as well as the maximum gas 
velocity at the radius at the inlet edge of the nozzle for gas 
removal from the vortex mass transfer chamber R2. 

Vortex mass transfer chambers, the results of which have 
been published in various literature sources, cover a significant 
range both in terms of the circumferential velocities of the gas 
flow and in terms of the absolute value of geometric dimensions. 
Therefore, based on the research material, it is possible to obtain 
a simple empirical formula, for example, (1.4), suitable for 
carrying out reasonably accurate estimates of the circumferential 
velocities of the gas flow along the radius of the vortex mass 
transfer chamber. 

The third section (3.22) shows that the coefficient n in 
formula (1.4) generally has a complex structure. It depends on 
the radius of the cylindrical wall of the vortex mass transfer 
chamber, the radius of the gas flow outlet pipe from it, the 
circumferential velocities of the gas flow at the inlet and outlet 
of the vortex mass transfer chamber, and varies along the radius 
of the mass transfer chamber. 

According to the results of the available experimental 
studies of various mass-exchange chambers of vortex appara-
tuses with different dimensions, but a flat spiral flow of a gas 
flow in the zone of contact of the liquid and gas phases, using 
formula (1.5), specific values of the exponent n were determined 
for the studied vortex chambers. 

The results are shown in Figure 4.29. 
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Figure 4.29 – Changing the exponent n along with the radius: 
1, 2 – Stand 1; 3, 4 – Stand 2 

The following function can approximate the change in the 
exponent n with sufficient accuracy for engineering calcu-
lations: 

 𝑛 = 𝑎 − 𝑏 , (4.19) 

where initially, the following coefficients are applied: 
a = 0.7, b = 0.4, and c = 3. 

This equation was obtained based on experimental data for 
vortex mass transfer chambers with specific geometric 
dimensions and ratios. 

It should be noted that to calculate the vortex mass transfer 
chambers of counterflow spraying apparatuses with the ratio 
R1/R3 ≤ 3, it is expedient to apply formula (4.19) with the 
coefficient b = 0.6. 
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For identifying more general patterns, verification 
calculations were carried out using equations (3.29) and (3.32). 
The calculation results are shown in Figure 4.30. 

 

Figure 4.30 – Variation of velocities along with the radius of 
the working chambers 

Notably, experimental studies on vortex flows [75] show-
ed the presence of significant deviations in the value of the 
coefficient of turbulent viscosity along the radius. Empirical 
constant ζ*, applied in the calculations, corresponds to the value 
of the turbulent viscosity coefficient near the cylindrical wall of 
the vortex elements. 

Notably, the circumferential velocity of the gas flow of the 
gas reaches its maximum value, if in the vortex mass transfer 
chamber there is a flat vortex movement of the gas flow from 
the inlet to the outlet, at the cut of the outlet for gas removal in 
the center of one of the end caps of the vortex mass transfer 
chamber. 
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It is possible to significantly improve the structure of flows 
in the apparatus vortex chamber with an increase in its relative 
height by organizing a vortex mass transfer chamber of gas 
removal that is uniform in height. A structural diagram of a 
possible gas outlet is shown in Figure 4.31. 

 

Figure 4.31 – Scheme of gas removal for eliminating 
unevenness in the flow along with the height of the device:  

1 – mass transfer chamber; 2 – atomizer; 3 – tangential slots for 
gas inlet; 4 – liquid outlets; 5 – annular channels for gas 

removal; 6 – branch pipes for gas removal 

Here, by changing the size of the annular channels formed 
by the annular nozzles of the atomizer, on the outer side of which 
nozzles for liquid atomization are installed, it is possible to 
change the amount of gas discharged from different heights of 
the working chamber. This allows achieving a velocity field 
uniform in height in the vortex mass transfer chamber itself. 

In the present work, theoretical and experimental studies, 
the designs of the gas flow removal from the vortex mass 
transfer chamber in the form of a branch pipe located in one of 
the end caps were considered. The dimensions of its flow section 
should be chosen from the condition of achieving an average 
flow rate within 30–40 m/s along the axis. 
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This value of the axial velocity of the gas flow does not 
lead to sizeable hydraulic energy losses. The choice of a lower 
gas flow rate in the gas outlet pipe from the vortex mass transfer 
chamber is undesirable since, in this case, the radius of the inlet 
edge of this branch pipe R2 will increase. This leads to the need 
to increase the radius of the cylindrical surface of the vortex 
mass transfer chamber R1 to obtain the required values of the 
circumferential velocities of the gas flow in the spray zone and 
apparatus dimensions (Figure 4.32). 

 

Figure 4.32 – Change in pressure along the radius  
of the working chamber 

Dispersion of liquid into droplets must be organized near 
a cylindrical section with a radius R2 equal to the radius of the 
gas flow outlet pipe from the vortex mass transfer chamber, 
which has an explanation since it is at this section that the 
circumferential gas velocities reach the highest values, and the 
relative velocities of the gas and liquid phases are sufficient to 
achieve fine spray. 
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Thus, when spraying a liquid, it is advisable to inject the 
liquid directly at the cylindrical surface with a radius R2 and 
supply the liquid at low radial velocities since this increases the 
residence time of the droplets in the mass transfer chamber. 

The introduction of liquid in the circumferential direction, 
one directed with the movement of the gas flow, makes it poss-
ible to increase the field of circumferential velocities, restore the 
regular vortex countercurrent movement of the gas-droplet flow, 
and improve the operation of the vortex spraying countercurrent 
mass transfer apparatus. 

Much attention in the design and development of appara-
tus should be given to devices that divert the fluid flow. The 
liquid should be removed from the cylindrical wall of the vortex 
mass transfer chamber along with its entire height and 
intensively. Otherwise, the tangential slots for introducing the 
gas flow are blocked by a liquid film that moves along the peri-
phery. There is a secondary crushing of the liquid film into drop-
lets and entrainment of the droplets together with the gas flow in 
the center of the vortex mass transfer apparatus, which requires 
additional energy costs and worsens the conditions for intensive 
mass transfer. The liquid accumulates on the periphery of the 
vortex mass transfer chamber near the cylindrical wall in the 
form of a rotating ring. 

When the axis of the vortex atomizing countercurrent 
mass transfer apparatus is located vertically during operation, 
there is a danger of the appearance of end currents, which leads 
to increased spray entrainment. To prevent such flows, it is 
advisable to place a hole for gas removal from the vortex mass 
transfer chamber in the upper-end cap. This leads to the 
termination of the feed of the end flow with liquid flown under 
gravity and prevents the end flow. 

One of the possible design solutions for removing liquid 
from the vortex mass transfer chamber is the location of the axis 
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of the vortex countercurrent mass transfer apparatus in the 
working position horizontally. 

This prevents the liquid from draining from the cylindrical 
wall to any of the end caps creating conditions for the uniform 
height of the vortex mass transfer chamber to remove the liquid 
and enter the gas flow. With this arrangement of the apparatus, 
it is advisable to drain the liquid in the form of vertical slots 
along with the entire height of the mass transfer chamber in its 
lower part. 

The accumulated experimental material on the study of the 
hydraulic resistance of various mass transfer chambers of the 
apparatus makes it possible to predict the possible hydraulic 
resistance of the vortex apparatus for preliminary calculations of 
newly created structures of the vortex mass transfer technology. 

Under the design and velocity similarities for the vortex 
countercurrent apparatus, the nomogram presented in 
Figure 4.33 can be used. 
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Figure 4.33 – Change in the resistance of the vortex apparatus 
depending on the size of the mass transfer chamber for 

different inlet velocities: 1 – Vin = 20 m/s; 2 – Vin = 30 m/s; 3 – 
Vin = 40 m/s; 4 – Vin = 50 m/s; 5 – Vin = 60 m/s 

Here, the radius of the vortex mass-transfer chamber and 
the inlet velocity are preselected from the condition of achieving 
the required circumferential velocity in the area where the liquid 
is sprayed. After that, according to the nomogram, the resistance 
of the apparatus is approximately determined. If this value is 
included in the requirements of the auxiliary equipment, further 
refined calculation of hydrodynamics, droplet velocities, and 
time of their stay in the chamber is carried out. Also, the outlet 
velocity of the gas due to the introduction of the liquid phase, 
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the hydraulic resistance, and the geometric dimensions of the 
radial diffuser are determined. 

Overall, due to the analysis of experimental studies of the 
hydrodynamics of the apparatus, it is possible to calculate the 
geometric and hydrodynamic characteristics of the vortex spray 
mass transfer apparatus and determine the geometry of the flow 
path when developing new designs of such devices. 
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5 Mass Transfer Characteristics of the 
Vortex Spraying Countercurrent Mass 
Transfer Apparatus 

5.1  Mass transfer characteristics during 
absorption (desorption) 

When studying the mass transfer characteristics of various 
contact devices, the method of determining the mass transfer 
coefficient has proven itself well [76]. Determining the mass 
transfer coefficient directly from experience is complicated 
since there are no reasonably reliable methods to measure the 
concentration at the phase boundary. Therefore, to find the mass 
transfer coefficient based on experimental data, it is advisable to 
use an indirect method. In addition, it is considered that the 
diffusion coefficients in liquids are several orders of magnitude 
smaller than in gases. 

In the studies of the vortex-type apparatus, to find the mass 
transfer coefficient of the liquid phase, experiments were carried 
out on the desorption of poorly soluble CO2 gas in water. In this 
case, we can neglect the resistance of the gas phase and assume 
that the mass transfer coefficient, which is determined in the 
liquid phase, is equal to the mass transfer coefficient. 

The data presented in this section are based on the results 
of experimental studies, where the saturation of water with 
carbon dioxide was carried out in a packed column with a direct-
flow movement of the phases from bottom to top. After the 
column, a degasser was installed to remove carbon dioxide from 
the water, which remained insoluble. The flow rate of the liquid 
saturated with CO2 was measured using a rotameter. 

The amount of gas supplied to the vortex countercurrent 
atomizing mass transfer apparatus was determined from the data 
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of instruments in which a flow washer was used in the same way 
as in the study of hydrodynamic characteristics. Spray 
entrainment was measured as the difference between liquid 
supplied for irrigation and discharge from the vortex spraying 
countercurrent mass transfer apparatus. The amount of CO2 
contained in the water supplied to the atomizer of the vortex 
mass transfer apparatus was determined by titration using an 
automatic titration unit. The method for determining CO2 in 
water is based on a carbon dioxide solution titration with a 0.01–
0.05 % NaOH solution. Titration is carried out using a pH meter 
to a pH value of 8.3. In such a solution, the carbon dioxide 
content is practically zero. 

The concentration of CO2 is determined by calculation as: 

 𝑥 = 44 𝑁 𝐾  (5.1) 

where 44 – gram equivalent of CO2; V1 – a volume of the 
solution used for titration, ml; V2 – sample volume, ml; N0 – 
solution normality; KN – correction factor. 

The content in the water at the outlet of the apparatus was 
determined by a similar method. 

Due to the low concentrations of CO2 in the gas and the 
large phase equilibrium constant in the carbon dioxide-water 
mixture, the influence of the gas phase on the driving force of 
the desorption process can be neglected, and the efficiency can 
be calculated using the equation: 

 𝐸 = , (5.2) 

where EMx – desorption efficiency; x, Δx – concentration 
and its difference, respectively. 

Then the number of transfer units at low concentrations of 
the component is equal to: 
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 𝑁 = 𝑙𝑛 , (5.3) 

or in the following form: 

 𝑁 = , (5.4) 

where βxV – volume mass transfer coefficient, s–1;  
Vc – the volume of the working chamber of the vortex spraying 
countercurrent mass transfer apparatus, m3; Ql – liquid flow rate, 
m3/s. 

From the last equation, the volumetric mass transfer 
coefficient in the liquid phase is equal to: 

 𝛽 = . (5.5) 

The number of transfer units in expression (5.5) is 
determined by equation (5.3). Under experimental conditions, 
the liquid temperature usually changes, so the value 𝛽  should 
be reduced to the temperature of 20 °C. When CO2 is desorbed 
from water within the limits of liquid temperatures from 5 °C to 
40 °C, 𝛽 ≈ 𝑒𝑥𝑝(0.023𝑡 ), where tl – liquid temperature, °C. 

Thus, the volumetric mass transfer coefficient in the liquid 
phase for the apparatus, corrected for temperature, can be 
determined from the equation: 

 𝛽 = 𝑒 . ( ). (5.6) 

Figure 5.1 presents the design scheme of the stand for 
determining the mass transfer characteristics of the apparatus. 
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Figure 5.1 – Design scheme of the experimental setup:  
1 – vortex apparatus; 2 – separator; 3 – absorption column;  

4 – cylinder with pressure reducer; 5 – pump; 6, 11, 12 – liquid 
collectors; 7, 8 – high pressure fans; 9 – labyrinth mist trap 
with fine filters; 10 – liquid container; 13 – air flowmeter;  
14 – differential pressure gauge; 15, 19, 21, 22 – valves;  

16, 17 – manometers; 18 – degasser; 20 – liquid rotameter 
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5.2 Mass transfer characteristics during 
rectification 

According to the results of theoretical and experimental 
studies of the hydrodynamics of the apparatus, carried out in 
various designs of vortex mass transfer chambers, two vortex 
apparatus were designed and manufactured to study the 
efficiency of mass transfer processes under rectification con-
ditions. During the development, the features of the movement 
of the phases were considered and the identified shortcomings 
of the existing structures. Since the main task of the research was 
to study the mass transfer characteristics, the design of the tested 
apparatus was somewhat simplified, which led to a slight 
increase in hydraulic resistance. 

In particular, the apparatus did not have a radial diffuser, 
and the hole for gas removal from the mass transfer chamber was 
somewhat smaller than required to ensure low hydraulic losses. 
The gas outlet had a diameter of 80 mm. The scheme of the 
studied countercurrent mass transfer apparatus is shown in 
Figure 5.2. 

The axis of the device in the working position is hori-
zontal. The mass transfer chamber is a cylindrical container with 
a diameter and height of 0.8 m and 0.15 m, respectively. Steam 
is introduced at the periphery in the upper part of the chamber 
through three tangential slots. A container is attached to the end 
cap, in which there is an opening for steam removal from the 
mass transfer chamber. This container removed steam from the 
apparatus through a tangential branch pipe located on the 
periphery of this container. Steam is supplied to the apparatus 
through a tangential branch pipe into the gas supply chamber, 
located in the upper part of the apparatus in front of the 
tangential slots. 
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Figure 5.2 – Design scheme of the vortex countercurrent 
apparatus: 1 – mass transfer chamber; 2 – gas removal from the 

mass transfer chamber; 3 – tangential slots; 4 – container for 
gas removal; 5 – branch pipe for gas removal from the 

apparatus; 6 – branch pipe for supplying gas to the apparatus;  
7 – chamber for gas supply; 8 – branch pipe for supplying 

liquid to the atomizer; 9 – atomizer; 10 – liquid outlet slots;  
11 – container for liquid; 12 – branch pipe for draining liquid 

from the apparatus; 13 – direction of gas movement;  
14 – the trajectory of the movement of droplets 

The liquid is fed into the apparatus through a sprayer 
mounted on the end cap opposite to the one with an opening for 
removing steam from the mass transfer chamber. The atomizer 
is a branch pipe with a diameter of 10 mm, plugged on one side. 
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On the other hand, the liquid was injected into the 
nebulizer. On the entire surface of the branch pipe, there are 200 
holes 1.2 mm in diameter, through which liquid jets are 
introduced into the vapor flow, moving in the vortex chamber in 
the radial direction. On the periphery of the mass transfer 
chamber, in the lower part of the cylindrical body, there is a 
number of tangential slots for draining liquid from the vortex 
chamber, connected along the entire length to a container for 
collecting liquid. The liquid is removed from the apparatus 
through the nozzle from this container. 

The device works as follows. Steam, introduced into the 
mass transfer chamber through three tangential slots, moves 
towards the center. It creates powerful vortex flow with a 
significant increase in circumferential velocity to the central 
region, where the liquid is introduced into the mass transfer 
chamber in the radial direction. Liquid jets are involved in 
rotational movement around the apparatus axis and move 
towards the cylindrical wall of the chamber, settling on it and in 
the form of a film. The liquid is removed from the apparatus 
through the slots in the lower part of the housing. 

Testing the effectiveness of vortex atomizing mass 
transfer apparatuses was carried out at the “hot” stand of the 
Severodonetsk branch the State Institute of Nitrogen Industry 
(Severodonetsk, Ukraine) under the conditions of rectification 
of a methanol-water mixture, mainly with a total return of reflux 
to the still, that is, with an infinite reflux number. The 
installation (Figure 5.3) contains a bottom in which the mixture 
was evaporated, a lower vortex apparatus, an upper vortex 
apparatus (the apparatuses are installed in series), a condenser, 
rotameters, refrigerators in the steam and reflux sampling lines. 
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Figure 5.3 – The design scheme of the experimental stand:  
1 – bottom; 2 – lower vortex apparatus; 3 – upper vortex 

apparatus; 4 – capacitor; 5 – rotameters; 6 – pressure gauges 
for measuring the pressure drop; 7 – rotameter to control the 
flow of reflux into the bottom; 8 – valve for dropping reflux 
into the bottom; 9 – valve for supplying reflux to the lower 
apparatus; 10 – valve for removing reflux from the lower 
apparatus; 11 – refrigerators for vapor phase sampling;  

12 – refrigerators for sampling the liquid phase 
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Usually, the study of the effectiveness of contact devices, 
in particular plates of various designs, is carried out in a column 
that contains about tens of such elements. In some cases, if we 
exclude the mutual influence of the plates on one another, the 
entrainment of liquid to the higher located elements, then the 
dependencies on the volumetric mass transfer coefficient and the 
number of transfer units for one contact stage can, under certain 
conditions, be extended to the entire column. 

Given that one of the goals of creating a vortex apparatus 
with phase counterflow in the contact zone is replacing column 
equipment, which contains several trays, with one apparatus, it 
is advisable to investigate the effectiveness of one vortex appara-
tus. 

One of the study’s objectives was to refute or confirm the 
above justifications about the possibility of achieving several 
theoretical levels of concentration change in one hollow appara-
tus, where the vortex countercurrent movement of the contacting 
phases is organized. Valves (Figure 5.3, pos. 8–10) are provided 
in the scheme of the experimental setup to turn off the lower 
apparatus and prevent reflux from entering it. Reflux from the 
upper apparatus, bypassing the lower apparatus, flowed directly 
into the bottom. This made it possible to determine the 
effectiveness of one device. 

In addition, in the scheme of the stand, there is a line with 
a rotameter (Figure 5.3, pos. 7), through which it is possible to 
divert part of the reflux, bypassing the upper apparatus, into the 
bottom, that is, to work with a finite reflux ratio. 

The efficiency of mass transfer processes in a vortex 
countercurrent apparatus is generally determined by the change 
in the vapor phase concentrations before and after the apparatus 
and the liquid phase at the inlet and outlet. When working with 
an infinite reflux ratio, the processes are stabilized under the 
equality of the phase concentrations x1, y2, and x2, y1. The vapor 
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phase is taken through glass coolers (Figure 5.3, pos. 11), where 
the vapor is condensed. 

Reflux sampling was carried out from the walls of the 
pipes in the hydraulic lock in front of the rotameters. Through it, 
the reflux is supplied to the atomizer. At the outlet of the upper 
apparatus, that is, in places where filling the volume with fresh 
flowing liquid is guaranteed. 

Further, the reflux is cooled in glass refrigerators 
(Figure 5.3, pos. 12), from where they are already taken into test 
tubes. 

The analysis of the methanol content in the samples is 
carried out using a refractometer. The measurements taken by 
the refractometer are selectively controlled by analyzes carried 
out by specific gravity. 

Temperatures are measured at three points. The reflux 
temperature is measured at the inlet and the outlet of the vortex 
apparatus. The steam temperature at the bottom outlet is 
controlled too. 

The calculation of the volume flow rate of steam through 
a vortex spraying countercurrent mass transfer apparatus 
considers the complete return of reflux to the system, that is, 
according to the readings of rotameters and the equality of mass 
flow rates. 

Figure 5.3 explains the operation of the experimental 
setup. Vapor from the bottom was fed through the lower vortex 
apparatus to the apparatus, passed through the mass transfer 
chamber, where contact with the liquid phase took place and 
removed to the condenser. The reflux from the condenser is fed 
to the atomizer introduced into the mass transfer chamber, where 
liquid jets are sprayed into droplets, which were involved in 
rotational motion and, under centrifugal forces, moved 
countercurrently relative to the vapor along the radius of the 
vortex chamber. Then the droplets are settled on the cylindrical 
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walls, and the liquid is removed from the apparatus into the 
bottom. 

Sampling was carried out with an interval of 40–60 min 
until the concentration equalized. Selectively, to control the 
measurements of y1 and x2, samples were taken from the bottom. 
When the process stabilized, these measurements coincided. 

An example of data on the experimental determination of 
the efficiency of a vortex mass transfer apparatus is given in 
Tables 5.1–5.2. 

 
Table 5.1 

 Dataset for carrying out experimental studies 

Steam  
flow,  
m3/s 

Concentration in  
the liquid phase, % 

Concentration  
in the steam  

phase, % 
X1 X2 Y1 Y2 

2 3 4 5 6 
0.236 89.6 85.4 86.3 96.5 

99.5 85.6 85.0 98.5 
99.7 86.6 85.6 99.7 

0.044 89.6 80.1 79.5 92.0 
94.4 82.2 81.5 93.3 
96.5 82.8 82.8 96.5 

0.089 96.7 59.5 57.0 94.4 
97.0 59.0 57.5 96.7 
98.5 59.0 59.0 98.5 

0.144 95.4 62.8 59.5 93.5 
96.5 59.0 59.5 96.1 
98.7 58.0 58.0 98.7 

0.211 90.0 78.4 85.6 86.5 
90.7 76.1 86.0 88.0 
91.0 75.4 86.5 91.0 
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Table 5.2 
Experimental results data 

Temperature,  
°C Resistance,  

N/m2 

Theoretical  
stages  

number 

Reflux  
number 

t1 t2 t2 
7 8 9 10 12 13 

49 72 78 
5488 8  53 72 81 

53 72 80 
58 69 83 

2450 2  61 70 83 
61 70 84 
48 72 74 

2940 4.5  52 72 79 
59 72 83 
53 74 77 

3920 5  59 73 80 
60 73 81 
55 74 81 

3185 5 0.85 55 73 82 
59 74 82 
 
 
The study of the sequential operation of two apparatuses 

and their operation with nozzles of various designs is not 
considered. However, the stand and apparatuses design provide 
such work, which is an essential step in developing and subse-
quent improvement of such vortex apparatuses with phase 
counterflow in the zone contact. 

The apparatus resistance is measured by the pressure 
difference between the inlet pipe for gas supply and the branch 
pipe for a gas outlet from the apparatus. The diameters and the 
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steam velocities in these nozzles are equal to each other. The 
total energy losses in all elements are measured. 

5.3 Experimentally obtained mass transfer 
characteristics during absorption (desorption) 

Three vortex apparatuses were designed and manufactured 
for an experimental study of mass transfer characteristics. They 
are characterized by the following parameters (Figure 5.1). Two 
devices had a radius and height of the mass transfer chamber of 
380 mm and 80 mm. The atomizers of both devices were a 
branch pipe with six holes 1 mm in diameter for irrigating the 
mass transfer chamber in the radial direction. 

The difference was in the following layout of the 
apparatus. One was mounted in such a way that the axis was 
vertical. The gas outlet was located in the upper part of the 
apparatus, and the liquid outlet was carried out from the 
cylindrical walls through the holes in the lower end cap. 

The second apparatus had a horizontal axis. The gas was 
removed through a hole in the end cap located vertically. The 
liquid was drained through a number of tangential slots in the 
lower part of the cylindrical body of the mass transfer chamber. 
The design of the apparatus is similar to that of the apparatus 
tested during the rectification process (Figure 5.2). 

The third apparatus had a mass transfer chamber diameter 
and height Dc = 1000 mm and Hc = 250 mm. The axis of the 
device was located vertically. 

Tables 5.3–5.4 summarize the experimental results in 
determining the effectiveness of the apparatus with a vertical 
axis. 

In Tables 5.5–5.6, the results of the experimental 
determination of the effectiveness of the apparatus are given 
(Dc = 1000 mm). 
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Table 5.3 
 Dataset for carrying out experimental studies for apparatus 

with vertical axis 

Consumption,  
m3/s 

Phase  
loads  
ratio,  
L/G 

Relative  
брызгоунос  

L 

Hydraulic  
resistance  
P, kPa 

Concentration  
in the liquid 

phase  
х1, g/l 

Gas  
Qg 

Liquid  
Ql 

0.043 0.6 0.107 0.018 1.42 1.87 
0.043 1.3 0.233 0.028 1.40 1.92 
0.043 2.0 0.258 0.021 1.37 2.30 
0.043 2.7 0.483 0.015 1.28 1.89 
0.043 3.4 0.609 0.010 1.23 1.73 
0.043 4.1 0.734 0.015 1.22 1.71 
0.061 0.6 0.076 0.018 2.81 1.60 
0.061 1.3 0.165 0.028 2.78 1.95 
0.061 2.0 0.254 0.034 2.75 1.88 
0.061 2.7 0.343 0.045 2.73 1.57 
0.061 3.4 0.432 0.059 2.65 1.50 
0.061 4.1 0.521 0.029 2.55 1.83 
0.075 0.6 0.062 0.034 4.02 1.63 
0.075 1.3 0.134 0.039 3.97 1.64 
0.075 2.0 0.206 0.053 3.92 1.76 
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Table 5.4 
Experimental results data for apparatus with vertical axis 

Concentration  
in the liquid  

phase  
х1, g/l 

Inlet velocity,  
m/s Recovery  

rate 

Theoretical  
stages  

number 

Mass  
transfer  

coefficient 
𝛽 , 103 s–1 

Gas  
Vin 

Liquid  
Win 

0.087 9.0 1.27 0.95 3.05 1.60 
0.246 9.0 2.76 0.87 2.07 2.36 
0.269 9.0 4.24 0.87 2.00 3.53 
0.269 9.0 5.73 0.87 2.06 4.87 
0.403 9.0 7.21 0.82 1.70 5.06 
0.265 9.0 8.69 0.87 2.05 7.36 
0.088 12.7 2.76 0.96 3.18 3.64 
0.040 12.7 4.24 0.98 3.91 6.81 
0.135 12.7 5.72 0.93 2.63 6.22 
0.152 12.7 7.21 0.93 2.60 7.74 
0.133 12.7 8.69 0.93 2.71 9.13 
0.039 15.58 2.76 0.98 3.92 4.46 
0.111 15.58 4.24 0.94 2.88 5.04 
0.085 15.58 5.72 0.95 3.03 7.16 
0.094 15.58 7.21 0.94 2.80 8.34 
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Table 5.5 
 Dataset for carrying out experimental studies of the efficiency 

(Dc = 1000 mm) 

Consumption,  
m3/s 

Phase  
loads  
ratio,  
L/G 

Concentration  
of the liquid  

phase, g/l 
Gas  
Qg 

Liquid  
Ql 

х1 х2 

0.127 1.33 0.080 7.20 0.52 
0.127 1.70 0.103 3.58 0.21 
0.127 2.06 0.125 4.60 0.27 
0.127 2.43 0.147 9.50 0.51 
0.127 2.79 0.170 8.00 0.46 
0.127 3.14 0.192 2.00 0.17 
0.127 3.52 0.214 1.67 0.19 
0.129 1.33 0.079 1.60 0.13 
0.129 1.70 0.101 1.48 0.09 
0.129 2.06 0.122 1.81 0.132 
0.129 2.43 0.144 2.08 0.17 
0.129 2.79 0.166 1.42 0.17 
0.129 3.16 1.188 1.84 0.20 
0.129 3.89 0.231 1.58 0.17 
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Table 5.6 
Experimental results data of the efficiency (Dc = 1000 mm) 

Inlet velocity,  
m/s Recovery  

rate 

Theoretical  
stages  

number 

Mass  
transfer  

coefficient 
𝛽 , 103 s–1 

Gas  
Vin 

Liquid  
Win 

12.99 1.88 0.93 2.63 1.41 
12.99 2.40 0.94 2.83 1.94 
12.99 2.92 0.94 2.83 2.36 
12.99 3.43 0.95 2.92 2.87 
12.99 3.95 0.94 2.85 3.22 
12.99 4.47 0.91 2.44 3.12 
12.99 4.98 0.89 2.18 3.11 
13.29 1.88 0.92 2.51 1.35 
13.29 2.39 0.94 2.79 1.92 
13.29 2.91 0.93 2.62 2.18 
13.29 3.43 0.92 2.51 2.47 
13.29 3.25 0.88 2.12 2.39 
13.29 4.46 0.89 2.22 2.84 
13.29 5.49 0.89 2.21 3.48 

 
The obtained numerical characteristics indicated the high 

efficiency of the devices and confirmed the theoretical 
dependencies on the effect of the transverse gradient of gas flow 
velocities on the number of theoretical stages of concentration 
change in one spray stage. The number of theoretical stages in 
one spraying stage exceeded 1.2. In cases of operation of the 
devices at modes close to optimal (finely dispersed spray and 
minor spray entrainment), the number of theoretical stages of 
concentration change exceeded 4.0. The conducted studies 
revealed the relationship between spray entrainment and a 
decrease in the efficiency of the apparatus. 
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5.4 Experimentally obtained mass transfer 
characteristics during rectification 

In almost all modes, the reduction in mass transfer effi-
ciency coincides with an increase in the relative droplet removal 
(Figures 5.4). 

 

  
a b 

Figure 5.4 – Number of transfer units (a) and relative spray 
removal (b) for apparatus with the vertical axis (Dc = 380 mm) 

The presence of such an increase in the amount of liquid 
that is carried away by the gas from the apparatus is explained 
by the design features of the apparatus and their hydrodynamics. 
Since the atomizer was located in the center of the mass transfer 
chamber, where there is an axial gas movement at a velocity of 
about 20–40 m/s, at a relatively low outflow velocity (small L/G 
ratio), a finely dispersed liquid atomization is observed due to 
high relative phase velocities. 

Large centrifugal forces act on droplets. Therefore, the 
liquid “skips” the dangerous zone of axial gas velocities. 
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Further, with an increase in the liquid load, the gas velocities 
decrease, which affects the force effect of the gas on the droplets 
and leads to some increase in the spray entrainment. 

The subsequent increase in the load on the liquid and the 
velocity of the outflow of jets from the holes of the atomizer 
change the movement of the liquid phase in the central region. 
Spraying of jets occurs near a radius close to the radius R2, near 
the border of the dangerous zone of axial velocities and high 
circumferential gas velocities, which has a positive effect on 
reducing spray entrainment. 

The main result of research into the effectiveness of a 
vortex spray mass transfer apparatus with phase counterflow in 
the contact zone is to confirm the possibility of achieving several 
theoretical stages of changing concentrations in one spray stage. 

The studies generalize the experimental material to obtain 
criterion equations, according to which it is possible to calculate 
the mass transfer coefficients since the range of studies covered 
a relatively wide range of the vortex apparatus with different 
geometric dimensions of vortex chambers, their ratio, and inter-
vals of gas and liquid flow rates. 

According to the results of experimental studies, calcu-
lating the number of theoretical stages of concentration change 
in one spraying stage can be performed graphically and from 
tabular values using the equilibrium line of the methanol-water 
mixture. 

In the apparatus, the vapor and liquid phases contact in a 
small volume. This is due to the size of the mass transfer 
chamber. To identify the advantages of a vortex countercurrent 
apparatus, it is advisable to apply criteria that characterize the 
efficiency of using a unit volume of the mass transfer chamber 
in which the countercurrent movement of phases occurs. One of 
these criteria is the volumetric mass transfer coefficient, s–1: 
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 𝛽 = . (5.7) 

The expediency of defining this criterion, for example, is 
because the expression of the intensity of mass transfer in the 
form of volumetric mass transfer coefficients is very indicative 
for assessing the effectiveness of the inter-tray volume or the 
volume of the column as a whole. 

Another essential criterion that characterizes the energy 
intensity of mass transfer equipment is the value of specific 
hydraulic resistance, which falls on a single theoretical stage of 
concentration change or transfer unit. 

Using this criterion for evaluating the energy qualities of 
various designs of contact elements makes it more transparent 
when analyzing the advantages or disadvantages of the consi-
dered tray designs. In addition, knowledge of the specific hy-
draulic resistance is essential when calculating newly designed 
equipment or reconstructing existing columns, as it allows you 
to determine the change in pressure along with the height of the 
apparatus or column, which can lead to a change in temperature, 
concentration, and affect the mass transfer processes. 

The steam flow rate through the apparatus reached values 
up to 1000 kg/hr, which corresponds to the steam velocity in the 
tangential slots up to 50 m/s. 

Figure 5.5 presents the experimentally obtained depen-
dence of the change in the volumetric mass transfer coefficient 
on the operating mode of the vortex apparatus. 



Mass Transfer Characteristics of the Vortex Spraying 
Countercurrent Mass Transfer Apparatus 

209 

 

Figure 5.5 – Comparative characteristics: 1 – vortex apparatus; 
2 – sieve plate; 3 – cap plate; 4 – valve plate 

For comparison, three characteristics of the change in the 
volumetric mass transfer coefficient for three types of mass 
transfer devices are plotted. These are a sieve, cap, and valve 
plates. The size of the volumetric coefficient for the apparatus is 
an order of magnitude higher than in tray equipment. 

A graphical dependence of resistivity per theoretical 
concentration step is shown in Figure 5.5, which shows similar 
dependencies for various types of trays [77]. 

The above analysis of the characteristics obtained allows 
us to draw a number of conclusions about the features of a vortex 
mass transfer apparatus with phase counterflow in the contact 
zone. 
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With a low flow rate of the vapor phase through the 
apparatus and, accordingly, low steam velocities in the inlet 
tangential slots in the spray area, large droplets appear due to a 
low value of the relative velocity of the phases. The small size 
of the interfacial surface and low circumferential gas velocities 
along the radius of the mass transfer chamber lead to the fact that 
the apparatus operates inefficiently in these modes. The change 
in concentrations is about two theoretical stages. 

A further increase in the flow rate and steam velocities in 
the mass transfer chamber creates conditions for a more finely 
dispersed liquid atomization, an increase in the interfacial 
surface due to a decrease in droplets, the small size of which at 
high circumferential gas velocities makes it possible to organize 
countercurrent movement with low spray entrainment and more 
intensive circulation of currents in droplets. All this leads to the 
intensification of mass transfer, which makes it possible to 
achieve 7–8 theoretical stages of concentration change in one 
spray stage. 

Simultaneously, an increase in gas velocity leads to an 
increase in the hydraulic resistance of the apparatus, which is 
proportional to the squared gas velocity. The cumulative effect 
of the increase in efficiency and hydraulic resistance leads to a 
decrease in resistivity, which falls on a single theoretical stage 
of changing the concentration. The resistivity is about 70 mm of 
water in the optimal operating mode region. 

Figure 5.6 shows that the value is less than similar 
characteristics for some trays and is comparable to the resistivity 
value in the optimum region for trays with more economical 
performance. 
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Figure 5.6 – Resistivity change per theoretical stage of 
concentration change for different devices: 1 – standard S-like 

plate; 2 – S-like plate with baffle elements ; 3 – direct-flow 
valve plate; 4 – sieve plate with baffle elements;  

5 – vortex apparatus 

Considering the replacement of several plates with one 
apparatus and a decrease in the amount of reflux supplied for 
irrigation, which leads to a decrease in energy costs during 
operation, the use of vortex-type apparatuses with phase 
counterflow in the contact zone provides a significant economic 
effect, the rationale for which is described in the next chapter. 
The presented experimental results are a critical step in develop-
ping vortex devices of this type. 

5.5 Calculation of mass transfer characteristics 

As shown in the previous sections, the calculation of the 
mass transfer coefficients and other parameters that characterize 
the efficiency of the apparatus operation theoretically encoun-
ters many difficulties, in connection with which, for engineering 
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calculations, according to the data of experimental studies, a 
dependence of the form: 

 𝑁𝑢 = 𝑁𝑢(𝑅𝑒, 𝑃𝑒, 𝑅 , 𝑅 ), (5.8) 

where Nu, Re, Pe – Nusselt, Reynolds, and Peclet 
numbers, respectively. 

Considering that the bulk of the experimental data was 
obtained under conditions of desorption of the poorly soluble 
CO2, when obtaining such dependencies, we can assume that the 
mass transfer coefficient is practically equal to the mass transfer 
coefficient. In turn, the relationship between the volumetric 
mass transfer coefficient 𝛽  and the mass transfer coefficient 
𝛽  are expressed by the relation: 

 𝛽 = 𝛽 𝑎 , (5.9) 

where as – specific interfacial surface, m2/m3: 

 𝑎 = 𝐹 𝑉⁄ ; (5.10) 

Fs – the interfacial surface as a total surface of liquid 
droplets, m2; Vc – the volume of the camera. 

 𝐹 = 𝑆 𝑛 = = 𝑛 𝜋(𝑅 − 𝑅 ), (5.11) 

where S0 – liquid droplet surface, m2; n0 – number of 
droplets; Vl – the volume of liquid in the working volume of the 
mass transfer chamber, m3; nn – number of nozzles; d0, dn – 
diameters of a droplet and a nozzle, respectively, m (Figure 5.7). 
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a b 

Figure 5.7 – Scheme of liquid jet movement: a – without gas 
rotation (Vφ = 0); b – under gas rotation (Vφ ≠ 0); 1 – mass 

transfer chamber; 2 – gas outlet; 3 – atomizer; R1 – the radius 
of the mass transfer chamber; R2 – gas outlet radius;  

dn – nozzle diameter, m; dj – diameter of a liquid jet, m; Win – 
inlet velocity of a liquid, m/s; φ – deviation angle of the liquid 

flow about the axis of the nozzle hole, rad 

Thus, the relationship between these two mass transfer 
coefficients is represented by the following dependence: 

 𝛽 = = =
( )

. (5.12) 

In addition, given that the droplet diameter is affected by 
the gas velocity in the spray zone, which in turn depends on the 
ratio of the radiuses R1 and R2 (Chapter 3.4) and input gas 
velocity (Vin depends on the area of the tangential slots and the 
height of the mass transfer chamber), the dependence (5.8) can 
be simplified. The functional dependence of the Nuselt criterion 
Nu on the Peclet Pe and Reynolds Re criteria: 
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   𝑁𝑢 = 1.124 − 1.24 𝑃𝑒 𝑒
. . ·

, (5.13) 

where n = 0.78–0.84. 
Thus, the obtained results can be used for practical 

calculations of the vortex mass-transfer chamber of newly 
designed apparatuses. 

To do this, it is necessary, by determining from the mate-
rial balance equation the amount of a substance that passes from 
gas to liquid and determining the mass transfer coefficient from 
equation (5.14), it is possible to calculate the volume of the mass 
transfer chamber of the designed apparatus: 

 𝑉 =
Δ

, (5.14) 

where Δxav – average concentration difference. 
Refining calculations of the geometry, hydrodynamic 

characteristics, and conditions for spraying liquid jets into 
droplets are needed. 

Further, based on the results of the refined hydrodynamic 
parameters, adjustments are made to the geometric dimensions 
of both the vortex mass transfer chamber itself and auxiliary 
elements, and the final calculation of the mass transfer charac-
teristics of the apparatus is carried out. 
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6 Designing of Vortex Spraying Mass 
Transfer Apparatuses and Areas of 
Their Application 

6.1  The rationale for the use of vortex spraying 
mass transfer apparatuses 

The data presented in the previous chapters, confirming 
the efficiency (in a unit volume of the mass transfer chamber, a 
more significant change in concentration is achieved than in 
other contact devices) of vortex countercurrent mass transfer 
devices, indicate the expediency of their use in various indus-
tries. But, before giving recommendations for their implement-
tation in industry, let us consider the economic side of the issue. 
Due to changes in what factors, is it economically beneficial to 
introduce the considered devices in various technological 
processes. 

The costs associated with the creation and implementation 
of the leading chemical equipment can be divided into two 
groups: 

– the cost of manufacturing the apparatus and the materials 
used in this case. 

– essential cost item is the cost of energy resources during 
operation. 

The design of the vortex spraying mass transfer apparatus 
in general consists of two shells located one in one. Several 
tangential slots for gas supply and vertical slots for liquid output 
are made in the inner shell and its entire height. In the manu-
facture of the apparatus, the inner cylindrical chamber is made 
of several metal sheets curved along the radius of the vortex 
chamber, which is connected by welding or in another way to 
two end caps. The assembly of the vortex apparatus does 
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not require special precision. Quite simple technological opera-
tions are used in the manufacture. 

The manufacture of vortex atomizing mass transfer 
apparatus, for example, for testing on industrial mixtures at the 
State Institute of Nitrogen Industry (Severodonetsk, Ukraine), 
and JSC “Sumy Maсhine-Building Science and Production 
Association” (Sumy, Ukraine) required a unit cost of 
1.83 USD/kg. Simultaneously, for example, manufacturing a 
sieve plate with fender elements in the same period required a 
unit cost of 2.42 USD/kg. Here and below, prices are given 
according to these data, but it is not so much the absolute figures 
that are important, but the comparison of prices with the 
manufacture of other contact mass transfer devices. 

Table 6.1 presents comparative cost data for material 
consumption for various plates. 

 
Table 6.1 

Comparative characteristics for various contact elements 

Type of the contact element 
Specific  

cost,  
USD/kg 

Specific  
resistance,  
mm H2O 

Cap plate 2.18 150 
S-type plate 1.50 145 
Direct-flow valve plate 1.81 77 
Sieve plate with baffle elements 1.45 50 
Vortex spraying countercurrent 
mass transfer apparatus 

1.10 70 

 
Here, information is given on the material costs for 

creating a mass-exchange apparatus equivalent to a vortex 
counterflow apparatus, in which a change in concentrations 
corresponding to seven theoretical stages would be achieved. 
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For comparison, the operating mode was chosen according to 
the test data of the vortex apparatus. Its productivity is 
1000 kg/hr. 

The above results show that the use of vortex spraying 
countercurrent mass transfer apparatus leads to a significant 
reduction in metal consumption. Accordingly, the costs are also 
reduced, which is proportional to the decrease in material 
consumption. 

In addition, there are other advantages of vortex counter-
current devices: 

– a relatively small height, which entails the possibility of 
using pumps of low power when pumping reflux in the 
rectification processes from the reflux condenser to the upper 
part of the apparatus; 

– reduction in the size of the vortex mass transfer 
apparatus, when operated under conditions of rectification, leads 
to a decrease in the outer surface of the apparatus and, as a result, 
heat losses to the environment are reduced; 

– reduction in the amount of reflux supplied for irrigation 
of the distillation vortex apparatus, which leads to a significant 
reduction in energy costs for the operation of pumping 
equipment for pumping reflux; 

– capital investments to create the various base fastening 
and ancillary equipment are reduced. 

Thus, the use of vortex countercurrent apparatuses, from 
the point of view of reducing manufacturing costs and capital 
investments in construction, is of great interest. 

The countercurrent movement of the phases stable opera-
tion in the countercurrent mode suggests the most efficient use 
of the considered vortex apparatus in the rectification processes, 
which is confirmed by the experimental data obtained, which 
indicates the possibility of using the vortex apparatus in these 
processes. 
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Let us consider how the economic effect is formed from 
the use of apparatus during the operation of the equipment. In 
the general case, the heat balance of the column is the equality 
between the heat supplied with the original product to evaporate 
the mixture in the bottom and the heat removed from the 
condenser. Under the invariance of the auxiliary equipment, the 
costs for the mixture evaporation in the bottom are of interest. 
This heat is spent on the evaporation of the mixture and on 
overcoming the hydraulic resistance of the column or apparatus 
itself. The specific hydraulic resistance (per theoretical concen-
tration step) of a vortex countercurrent mass transfer apparatus 
(Tables 6.1–6.2) is close to various trays. Therefore, the 
resistance of the equipment does not increase when replacing the 
plates with a vortex apparatus. 

 
Table 6.2 

Parameters of the contact device to achieve a concentration 
difference corresponding to seven theoretical concentration 

stages 

Number  
of elements 

Diameter,  
m 

Height,  
m 

Materials/ 
producing  
costs ratio 

9 0.42 2.7 2.6 
9 0.42 2.7 2.4 
9 0.42 2.7 2.0 

12 0.42 3.6 3.0 
1 0.80 0.7 N/A 

 
Typically, the reflux ratio is chosen from the condition of 

the ratio of the height of the column. It is associated with the 
number of disc contact elements and their efficiency, factors of 
the yield of the finished product, and the cost of evaporation of 
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the mixture. With a decrease in the reflux ratio and, accordingly, 
the cost of evaporation of the mixture in the bottom, it becomes 
necessary to increase the number of real contact mass-transfer 
elements in the form of plates, increase the height of the column 
and the associated costs. 

Using highly efficient apparatuses makes it possible to 
reduce the reflux ratio and the cost of evaporating the reflux that 
circulates in the column. Reducing the reflux number by only 
20 % gives annual savings with a distillation apparatus capacity 
of 25,000 kg/hr, which will amount to annual savings in the 
workshop of 37,000 USD, for example, at the PJSC “Azot” 
(Severodonetsk, Ukraine), where five columns are installed 
(185,000 USD). These figures are calculated assuming a reflux 
reduction of 20 %. Given the significant constant rise in the price 
of energy resources at the beginning of the 21st century, the 
economic effect increases tenfold. 

The considered economic effect, which is formed from 
reducing energy costs for the evaporation of reflux circulating in 
the apparatus, clearly shows the advantages of using vortex 
spraying countercurrent mass transfer apparatuses and reducing 
the cost of their operation. To this economic effect, one should 
also add financial savings from reducing the material 
consumption of the apparatus by 5–7 times. 

Another essential characteristic of mass transfer 
equipment is removing products from one cubic meter of the 
apparatus. 

In Table 6.3, data are presented comparing various designs 
of mass transfer apparatus. 

As can be seen from the data analysis on the removal of 
products from a unit volume of the mass transfer chamber, this 
indicator also confirms the efficiency of using the usable volume 
in the mass transfer chamber of the vortex apparatus. 
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Table 6.3 
Specific productivity of the apparatus 

Type of the apparatus/column 
Specific  

productivity,  
m3/(s·m3) 

A column with plane-parallel packing  
(nozzle height – 24 mm) 

8.0 

A column with plane-parallel packing  
(nozzle height – 7 mm) 

7.7 

A column with capped plates 2.4 
A column with sieve plates  
(free cross-section – 15 %) 

2.7 

A column with sieve plates  
(free cross-section – 27 %) 

1.7 

A column with sieve plates  
(free cross-section – 36 %) 

3.3 

A column with valve plates 2.6 
A column with Kittel’s plates 2.6 
Nozzle in film mode 2.0 
Packed emulsification column 11.0 
Liquid dispersion injector 6.6 
Vortex countercurrent apparatus 11.7 

 
In some cases, this value is an order of magnitude higher 

than a similar criterion in individual designs of contact devices, 
which indicates the expediency of using vortex countercurrent 
apparatuses in processes where it is necessary to separate a large 
amount of product. 

The general scheme of a multi-stage vortex apparatus with 
phase counterflow in the contact zone is shown in Figure 6.1. 
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Figure 6.1 – Multistage vortex atomizing mass transfer 
apparatus: 1 – steam supply pipe; 2 – chamber for supplying 

steam to tangential slots; 3 – mass transfer chamber; 4 – steam 
removal from the chamber; 5 – radial diffuser; 6 – branch pipe 
for removing steam from the apparatus; 7 – atomizer; 8 – liquid 
collection chamber; 9 – removal of liquid from the apparatus; 

10 – the cylindrical wall of the mass transfer chamber  
with tangential slots for steam supply 

The inner part of the column's design is greatly simplified 
compared to tray equipment. The consumption of materials 
decreases because the mass transfer chambers are made in the 
form of hollow cylinders. 

Since the specific hydraulic resistance of the vortex 
apparatus is somewhat lower than that of the replaceable trays, 
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a decrease in the overall resistance of the column and associated 
energy costs follows. 

Note that in the spray zone, due to the achievement of high 
gas velocities, the size of the static pressure is significantly 
reduced, improved conditions are created for the rectification 
process, similar to the vacuum rectification process. 

The liquid from flow next to the previous stage in a 
multistage vortex apparatus, in the direction of gas (steam) 
movement, occurs due to the difference in static pressures, and 
the height of the stages' location is explained by Figure 6.2. 

 

Figure 6.2 – Change in static pressure: l – the steam path;  
Pst – pressure difference between the atomizing zone and the 
liquid outlet area resulting from the change in a steam velocity 

Other layouts of the vortex stages are possible. 
Particularly, an industrial design of the apparatus with three 
parallel-connected devices was installed in JSC “Svema” 
(Shostka, Ukraine). The diameter of each of the devices is 3.3 m. 
They are designed to clean industrial emissions from 
dimethylformamide (dimethylacetamide). 

Thus, a number of these factors indicate the prospects for 
the development and use of vortex apparatus with phase 
counterflow in the contact zone in various industries. 
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6.2 Rational choice of the design 

The design features of the apparatus design in the general 
case depend on many factors such as the physical composition 
of the media, the consumption of gas (steam) and liquid (reflux), 
the location of the axis of the apparatus in the working position, 
the gas velocity at the outlet of the mass transfer chamber. But 
you can highlight the main features and give recommendations 
that must be considered in the development process. 

The mass transfer chamber consists of two covers and a 
cylindriccal body. A tangential slot is made in the body for 
supplying liquid. It is advisable to provide several tangential 
slots to create a symmetrical gas flow. Suppose fluctuations in 
gas flow rate are possible during operation, then due to changes 
in inlet velocity and circumferential velocity in the spray area. 
In that case, it is possible to change the dispersion of the spray 
cone, which entails changes in the composition of the resulting 
products, reducing the apparatus's efficiency. 

In this case, it is possible to install special control dampers 
or valves in the tangential slots to regulate the slots' width. This 
will lead to a change in the inlet velocity of the gas flow, which 
in turn will increase the gas velocity in the spray area since the 
value of this velocity is related to the value of the gas flow 
velocity in the inlet tangential slots. The diameter of the resulting 
droplets depends on the tangential velocity of the gas in liquid 
spraying. It is possible to provide for automatic control of inlet 
velocity depending on changes in flow parameters, which is 
achieved by installing, for example, spring-loaded shutters in the 
input slots or other similar devices. 

When choosing the geometric dimensions, the ratio of the 
height of the vortex mass transfer chamber to its radius, on 
which tangential slots are installed for the input of the gas flow, 
must be less than one. This is necessary to create a flat vortex 
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flow of gas (steam) even at significant ratios of the radius on 
which these blades are installed with tangential slots R1 and the 
radius of the gas outlet pipe from the apparatus R2, usually 
located in one of the end caps. 

In a single-stage apparatus design, to create a symmetrical 
gas outlet from the vortex working chamber and equalize the 
flow along with the height of the mass transfer chamber, it is 
possible to perform a gas outlet in the form of two holes both 
end caps. 

In the gas outlet, to reduce the intensity of the end currents, 
a cylindrical protrusion should be located, facing the inside of 
the mass transfer chamber. 

After the gas outlet from the mass transfer chamber, there 
is a radial diffuser, after which the gas outlet from the apparatus 
or a chamber for supplying gas to the tangential slots of the 
vortex mass transfer chamber of the next stage follows. When 
performing gas removal in a single hole in the mass transfer 
chamber, it must be in the upper-end cap. 

Much attention should be paid to the correct design and 
location of the liquid outlets from the mass transfer chamber. 

The location of the axis in the working position 
horizontally contributes to the uniform removal of liquid from 
the cylindrical walls of the chamber. In this case, the slots for 
draining liquid are in the lower part of the body. Behind them, 
there is a chamber for collecting liquid, from where the liquid 
will be removed from the device. 

If the axis of the apparatus in the working position is 
located vertically, then the design of the liquid outlets becomes 
somewhat more complicated. Such a withdrawal can be made in 
vertical slots located along with the entire height of the 
cylindrical body on the inner side of this body. The slots are 
connected to cavities on the outer side, along with the entire 
height. In the lower part, holes are provided for draining liquid 
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into the chambers for collecting liquid. After, the liquid is 
removed from the apparatus. Each slot has its cavity for draining 
liquid, or they can be combined. 

In addition, at the base of the cylindrical body, in the lower 
end cap, it is necessary to provide holes connected to the 
chamber for collecting liquid. The need for such holes is due to 
the liquid downflow on the cylindrical wall and the refill of the 
end flow. 

The design of the spraying device, which is installed in the 
central region of the vortex mass transfer chamber, is possible in 
three main design options (e.g., a cylindrical atomizer in the 
center of the apparatus). Here it is necessary to consider the 
possibility of increasing spray entrainment when spraying liquid 
at 1/3 of the height of the vortex working chamber from the end 
cover, in which the gas outlet is located. 

The second possible design is an outer surface diameter 
close to the gas outlet diameter. Nozzles for introducing liquid 
into the gas flow are located on the outer surface and the 
chamber’s entire height. 

And the third, more complex in terms of implementation 
and operation, is the design of a rotating atomizer. Its shell, from 
which the liquid flows into the gas flow, is in the central region 
of the mass transfer chamber. The drive for rotation is a lattice 
of plates located in the radial diffuser and is connected by a shaft 
to the atomizer shell. In this design, the energy of the rotating 
gas flow at the outlet of their mass transfer chamber is 
additionally used to atomize the liquid into droplets. 

These are, in brief, the main requirements for the design 
of a vortex spraying countercurrent mass transfer apparatus. 
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6.3 Calculation of the main geometric dimensions 
of the flow path 

A sequence for calculating mass transfer and 
hydrodynamic characteristics, which in turn determine the 
dimensions of the apparatus, its resistance, and the layout of 
individual elements are recommended below: 

1. The amount of transferred substance is determined from 
the material balance equation. 

2. Given the required spray dispersion (liquid droplet 
diameter) and phase load ratio (L/G < 1), the volumetric mass 
transfer coefficient and the required relative phase velocities in 
the spray zone (3.18) are determined (5.13). 

3. According to equation (5.14), the working volume of 
the mass transfer chamber is approximately determined. 

4. Choose sprayer design. 
5. According to the flow rate of the gas (steam) flow and 

the recommended velocity, the size of the gas outlet from the 
mass transfer chamber is found. 

6. Based on the known gas velocities, given by the value 
of the gas velocity at the chamber inlet, in the spray zone, and 
the radius of the gas outlet pipe, the estimated radius of the mass 
transfer chamber (4.19) and (1.4) is determined using an 
empirical dependence. 

7. If spraying is performed by introducing a jet in the 
central region, the deviation of the jet direction from the radial 
direction, the acquisition of circumferential velocity by the 
liquid, and the decrease in the relative velocity of the phases are 
evaluated. In this case, a correction is introduced in Chapter 4 
under the assumption that spraying occurs near a cylindrical 
surface with a radius equal to the radius of the gas outlet from 
the chamber. The necessary relative velocities are also 
determined in that chapter. 
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8. The decrease in circumferential velocities of the gas due 
to the introduction of the liquid phase is calculated. In this case, 
the ratio of loads in the gas and liquid phases (3.42) is 
considered. 

9. The value of the relative phase velocities in the spray 
area is corrected. 

10. Starting from #6, the results are recalculated. Simul-
taneously, the refined size of the working chamber is deter-
mined, and the theoretical dependencies (3.29), (3.67), and 
(3.48) are used. The calculations are repeated until the results 
converge. 

11. Known radiuses of the vortex mass transfer chamber, 
gas outlet, and gas velocities at the inlet and outlet determine the 
field of gas flow velocities (3.29), the velocities of liquid 
droplets (3.49), and their residence time in the mass transfer 
chamber. 

12. The height of the vortex mass transfer chamber is 
determined by (3.18). 

13. The supply tangential slots’ design, area, and number 
are chosen. This considers the decrease in the gas velocity at the 
exit from the slots by (4.3) and Vφ1 = (0.7–0.9)Vin. 

14. The value of the static pressure at the outlet of the mass 
transfer chamber is determined by (3.32). 

15. According to the known parameters, its geometry is 
calculated at the entrance to the radial diffuser. 

16. Energy losses are determined in the mass transfer 
chamber, diffuser, and the apparatus as a whole. 

17. Calculation of liquid outlets, their throughput. 
18. A verification calculation of hydrodynamics is 

performed, consisting of the following. From the known gas 
velocity near the cylindrical wall and the circumferential 
velocity of the gas flow not perturbed by the liquid, the field of 
velocities and pressures of a single-phase flow in the mass 
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transfer chamber is determined. These velocity and pressure 
fields are corrected considering the presence of a liquid phase. 
And according to the results of such calculations, the parameters 
of the droplet flow are determined. 

19. By changing the ratio of loads by phases, they 
determine the zone of stable operation find the boundary of a 
possible transition to the cocurrent mode by phases (dangerous 
mode of disruption of the apparatus). 

20. The design development of the apparatus is being 
carried out, corrections that arise during the design process are 
introduced into the hydrodynamic calculations due to possible 
special requirements that are imposed on the dimensions of the 
apparatus and its location. 
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