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A mathematical model of liquid droplet circulating motion in a gas medium has been developed, the use of which makes it
possible to create more efficient methods of dust collection. High dustiness of the work space in the collieries, active
methane emissions restrain the intensification of coal mining, reducing the competitiveness of mining enterprises. The
analysis showed that the occurrence of explosion hazard can be prevented by effective dust collection. The most common
method is dust deposition based on wetting dust particles with liquid droplets to form a dust particle — liquid droplet
system, which settles on the walls of mine workings. However, with an increase in fluid pressure, energy consumption for
dust collection increases significantly, which worsens the parameters of energy efficiency while observing hygiene
requirements. Based on study results for physical features of the inertial motion of rotating liquid droplets, a mathematical
model of their circulation in a gas medium has been developed to create more efficient dust collection methods. It is proved
that the vorticity diffusion equation for a liquid droplet moving along a helical line is identical to the heat conduction
equation with a dispersion coefficient of the rotational motion energy of a liquid droplet with a coefficient that is the
dynamic viscosity coefficient. It is confirmed that the circulating motion of liquid droplets in both the Nad-Stokes and
Stokes motion increases the relaxation time due to a decrease in aerodynamic drag coefficient of the gas medium caused by
an increase in the effective Reynold's number with an increase in the angular rotation velocity of liquid droplets. It is shown
that averaging the aerodynamic drag coefficient values of the liquid droplet motion makes it possible to use the obtained
formulas for calculating hydro-vortex coagulation in a wide range of Reynold's number 1 <Re <10%

Paspa6GoTaHa MaTeMaTH4ecKas MOJieJib LUPKYJIALMOHHOTO JBIDKEHMsA KallJI XUAKOCTH B Ta30BOi cpejie, MPIMeHeHHe KOTOPOi
MO3BOJIAET CO3AaTh GoJiee 3¢ deKTUBHEIE COCOOH! MblIey IaBIUBAHIA. BEICOKas 3aMblJIEHHOCTh TEXHOJIOTMYECKOr0 IPOCTPAHCTBA

YrOJIbHBIX ~ NPEeANpUATUN, aKTUBHBlE BHIOPOCEI MeTaHa CHEpPXHBAIOT HHTeHCHUKANUI0 JOOBYM  yIJIsA, CHIDKas
KOHKYPEHTOCIIOCOOHOCTh ~ TOPHOAOOBIBAIOIIMX —TNpeAnpuAtuil. [IpoBefeHHBII aHaJIM3 MOKasaj, 4YTO BO3HUKHOBEHHE
B3DBIBOONACHBIX ~ CUTyalMii MOXHO IIpeOTBpaTUTh ¢ IoMompbio 5(pdeKTUBHOro mblUIeyaaBiauBaHuA.  HaubGosee

paCl‘IpOCTpaHeHHbII;‘I METOJ] — 3TO OcCaX[JeHue IIbLIIH, OCHOBaHHBIMI Ha CMaYMBaHUN YacTull NbUJIM KaIlJIAMHM XHUOAKOCTH C
obpa3oBaHMeM CHCTeMBI «YaCTHLA TBUIM — KaIljiAd XKMAKOCTH», KOTOpas OCelaeT Ha CTEHKAX TOPHBIX BBIPAGOTOK. OJHAKO C
TNOBBILIEHUEM AABJIEHUA XKUAKOCTU CYyLU[ECTBEHHO BO3pacTalT 3HEPro3aTpaTrhl Ha NbUIeyJlaBJIUBaHHUE, YTO yXyAIIaeT nokKasaTesin
9HeproapPeKTUBHOCTU IIPU COOIIOAEHNN CaHUTapHO-TUrHeHnYeckux TpeboBanuil. Ilo pesysbTaTaM HccaeJoBaHUN GU3NUECKUX
0cOGeHHOCTell HMHEepPLOHHOTO MABMXKEHUs BpAlAlOIUXCA Kamejab JKHAKOCTH paspaboTaHa MaTeMaTH4ecKas Mojeslb
LUPKYJIAIMOHHOTO UX JBIDKEHUs B ra3oBOH cpejie [jisA co3faHusA 6oJiee 3¢ (eKTUBHBIX CIOCOO0B IMblleyIaBJIuBaHuA. Jloka3aHo,
4YTO ypaBHeHHe AUDPY3UN 3aBUXPEHHOCTH NPU ABIDKEHUM KaIUIM KHUAKOCTU 110 BUHTOBOH JIMHUU TOXAECTBEHHO ypaBHEHUIO
TeIJIONPOBOAHOCTH € KO3()UIEHTOM AMCIEepCHH 3Hepruy BpallaTesJbHOro ABIDKEHHUA KaIUIU KMAKOCTU ¢ KoddPUIeHToM,
ABJIAIOIUMCA AUHAMU49ecKuM KoddduieHToM BA3KocTU. [ToATBepxkeHO, 4TO LUPKYJIALMOHHOE ABIXXKEHHe Kamesb XUAKOCTH
Kak OpY HAJCTOKCOBCKOM, TaK M NpPH CTOKCOBCKOM [BIDKEHHH YBEJIMYHBAeT BpeMsA peJlaKCcallid 3a CYeT CHIDKeHHsA
KkoapduIreHTa a’3poAUHAMUYECKOr0 CONPOTHUBJIEHHS Ta30BOH cpejbl, OOYyCJIOBJIEHHOTO pPOCTOM 35(@eKTUBHOro 3HaYeHUs
KpuTepus PeifHoOJIbACA € yBeJIMUYEHHEM YIJIOBOH CKOPOCTH BpAlleHUs KameJib KUAKOCTH. IToka3aHo, YTO ocpefHeHHe 3HauYeHUi
KOS(‘I)(I)I/IL[PIEHTH a’poANHaMHN4YeCKOro COIPOTUBJIEHUA [BUXEHUA Kallld XUAKOCTH II03BOJIAET WCII0JIb30BaTh IIOJIyY€HHbBbIE
(OpMyJIBI IS pacueTa rMApOBUXPEBOl KOAryJIAMY B LIMPOKOM Jana3oHe kputepus PeitHombaca 1 < Re < 10%
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Introduction

High dustiness of the work space in the collieries, active
methane emissions restrain the intensification of coal mining,
reducing the competitiveness of mining enterprises [1-9].
The analysis confirms that at least 65 % of explosion hazards
can be prevented by effective dust collection [10-17]. The
most common method is dust deposition based on wetting
dust particles with liquid droplets to form a dust particle —
liquid droplet system, which settles on the walls of mine
workings [10-20]. However, with an increase in fluid
pressure, the power consumption for dust collection increases
significantly, which worsens energy efficiency indicators
while observing sanitary requirements. The studies [21-35]
offer a mathematical model of hydro-vortex orthokinetic
heterocoagulation which describes the mechanism of rotating
liquid droplet interaction with dust particles.

The solution of the problem of unsteady motion of
rotating liquid droplets in a gaseous medium with large
Reynolds numbers is a major challenge, and until now this
problem has not been sufficiently studied. The motion mode
of rotating liquid droplets in a gaseous medium in a
dynamically active section of high-pressure spraying is
determined by a continuous change of Reynolds numbers in
the range of 1 < Re < 10* in an inertial path section in a
gaseous medium. Experimental studies confirm that the force
of aerodynamic drag to the liquid droplet motion changes
nonlinearly when the Reynolds number increases, but if the
Reynolds number is Re < 1 it changes linearly [36, 37]. A
significant change in the relaxation time of liquid droplets and
dust particles along the inertial path also complicates the
solution of the aerohydrodynamics problem of the liquid
droplets rotational motion along a helical line.

Problem Setting

In order to study physical features of the liquid droplet
inertial motion to build mathematical models of the liquid
droplet hydro-vortex circulating motion in a gaseous medium,
it is necessary to build equations of the rotating liquid
droplets motion taking into account the physical phenomena
that determine the role of surface and intra-droplet liquid
circulation when interacting with the gas medium in the
entire range of Reynolds numbers.

When we study the liquid droplet rotational motion flowing
around by a gaseous medium in order to construct a
mathematical model of its circulation motion along a helical line
in a gaseous medium, we take the following admissions:

— the equilibrium shape of a liquid droplet is maintained
throughout the inertial path;

— the gaseous medium tangential velocity on the liquid
droplet surface has no discontinuity, i.e. it is continuous;

— the gaseous medium velocity perpendicular to the drop
surface is equal to zero;

— the forces with which a liquid drop and a gaseous medium
affect each other obey Newton's law, i.e. they are equal in size
and opposite in direction;

— the tangential velocity of a gaseous medium on the liquid
droplet surface during its steady motion contributes to occurrence
of the liquid intra-droplet circulation.

A change in the kinematic parameters characterizing the
rotating liquid droplet helical motion in a gaseous medium
leads to changes in Reynolds numbers which are determined
by the formula [34, 38-40]:

dmpx\/(Vx -V}’ +0,2502d?
_ .

Re, "

€))
where d - the liquid drop diameter, m; p, — the liquid drop
density, kg/m?® u, - the dynamic gas viscosity ratio, kg/ms.

The liquid droplet rotation promotes the appearance of an
attached vortex around it, which creates a low pressure area and
internal liquid circulation in the droplet determined by the
Helmbholtz — Bernoulli equations [41, 42].

The uniform motion of liquid droplets in a gaseous
medium under conditions of equilibrium of forces impacting
them is considered steady, while the slowed down or
accelerated motion of a liquid droplet is considered
incomplete. It is required to establish the relationship between
the gaseous medium aerodynamic drag and the liquid droplets
motion and their relaxation time in order to determine
kinematic and dynamic parameters of the liquid droplets
rotating motion in a gaseous medium.

Mathematical Modelling

Let us establish the difference in kinematic parameters of
the motion of dust particles and liquid droplets resulting from
the impact of the liquid droplet surface layer motion and
intra-droplet circulation on the gaseous medium aerodynamic
drag coefficient and the velocity relative to it at steady motion
of the droplet in the Stokes mode.

The gaseous medium resistence to a dust particle moving in it
along a helical line is determined by the equation [36]:

(v, -v)’ +0,250%d>

F =hp, S, )
2

where A — medium aerodynamic drag coefficient; p, — gas
2

medium density, kg/m® S :%— area of a liquid drop

projection onto a plane perpendicular to its translational
motion direction, m>

The steady-state rotational motion of dust particles at
Reynolds numbers less than unity is determined by the
linear Stokes law for the gaseous medium aerodynamic
drag force [36]:

F =3md, \/(V* -V} +0,2502d>. ®)

The coefficient of the gaseous medium aerodynamic drag
to the dust particles movement taking into account equations
(1)-(3) is as follows:

244, 24

A= -2
pd (v, -V ) +0,2502a> R

4

Fig. 1 (a b) shows the motion kinematics of a liquid
droplet with a diameter d, density p, and viscosity p, with a
relative velocity Vin a gaseous medium with a density p, and
viscosity p,. The center of the coordinate system in which the
rotating liquid droplet helical motion is studied is aligned
with its center of gravity. The symmetry condition for the
liquid droplet motion gives grounds to divide the three-
dimensional spatial problem into plane motion of a liquid
droplet with velocities ¥V, V, in a cylindrical coordinate
system rp and rotational motion with an angular velocity o,
around the translational velocity vector V| the velocity of
which is determined by the formula:

o, -d
V =X, 5
f 5 (5)

Since V, = 0, we ensure the coincidence of vortex lines of
rotating liquid droplets with streamlines of their motion. A
liquid droplet in its instant rotation rotates around a tangent
to the streamline, which corresponds to its motion along a
helical line. This motion is potential irrotational since the
vector product of the translational velocity V] and the angular
velocity o, is equal to zero [41].

The liquid movement inside a droplet and a gaseous
medium is described by the Navier — Stokes equations and the
flow continuity equation [41]. Rotation of a liquid droplet in
the process of its translational motion along a helical line
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a b

Fig. 1. Kinematics of motion along a helical line of a rotating liquid
droplet with its viscous flow by air: translational motion in the plane
m (a); rotational motion 1] around the vector of translational velocity o, (5):
V| — the droplet rotation speed relative to a gaseous medium, m/s;
¥, — the velocity of flow of the gaseous medium droplet surface, m/s;
o, — the angular velocity of droplet rotating in a gaseous medium, s ;
¢ - the angle between vectors of the droplet velocity and droplet
surface flow velocity, deg.; V, and V, — the tangential and nominal
components of the flow velocity around the droplet surface with
a gaseous medium, respectively, m/s ™

leads to the vorticity dispersion appearance, i.e. the vortex
propagation in a gaseous medium due to its viscosity. Taking
into account that ©, = rotV,, the Stokes equation for a rotating
liquid droplet in a gaseous medium considering its viscosity
can be as follows:

p.o V. +gradP +u rotw,_=0, (6)

where P - volume force potential.

After transformation of the equation (6), taking into
account that the helical motion of liquid droplets is potential,
we write the generalized Helmholtz equation of the gaseous
medium rotation caused by the rotational motion of a liquid
droplet along a helical line in the following form [41-43]:

d
p. ;;"‘ +(o, V)V, =n Vo, )

The vorticity diffusion is shown on the right side of
equation (7), and the diffusion coefficient is the dynamic
viscosity coefficient. This confirms the identity of the
mechanism of the gaseous medium viscosity impact on the
translational motion of a liquid droplet with a velocity V; in
the plane m and on the vorticity diffusion from rotational
motion with an angular velocity o, around the translational
velocity vector V. If we consider the motion of the velocity
vector ] in the plane rp, equation (7) can be represented as
follows [41, 43, 44]:

d
% +V, -grado_=Vo,. €))

Equation (8) is presented in the form of a well-known
equation of the heat propagation theory by analogy with the
vorticity dispersion:

00 dw, 1 Jw
2oy |0, 2. D | ©
ot *| or? r or

Taking into account the assumptions, velocity components
on the surface of a liquid droplet, V*,ie. boundary
conditions, take the following form [36, 45]:

r I'; 10
Voo (10)

According to Fig. 1, the distribution of gaseous medium
velocities outside the liquid droplet at d > d can be
represented as:

V. =V coso;
] . (1n
V. =V sing.

Considering the above and taking into account the data
[36, 41], components of the velocity vector of a gaseous

medium around a rotating liquid droplet can be
represented as:
V=1t 2 LK oy,
r2(1+n')+ 0 2(1+y)
12)
V. = l—é 2+3“+ +;3 ad — |sing,
r2(1-p’) 741+
where W= s _ relative viscosity; I = (21—[ >1-
K. x

relative distance from the rotation axis of a liquid droplet.
Accordingly, the liquid motion inside the droplet at d < d
has the following form:

1-7r2
V.= cos®;
2(1-w)
2 (13)
1-2r° .
V. .=- — Sing
2(1-u')

Taking into account formula (9), the equation for
calculation of the linear and angular velocity of the gaseous
medium rotation due to the vorticity dispersion caused by
motion along a helical line of a liquid droplet considering the
viscosity, is [41]:

r? P
V=do |l-e™ [

(14)

2
2 e
(D:dx(.wx(.prie A4t
X .

P

Using equations (12), (13), taking into account equation
(3) and boundary conditions (10), (11), the equation for the
relaxation time of motion along a helical line of a rotating
liquid droplet in the Stokes motion is as follows:

42 _ P
Sl 2 (b, pr)3+3”¢- as)
“ 18 K, 2+3un

Taking into account equations (3), (15), the aerodynamic
drag coefficient for a steady motion of a rotating liquid droplet
along a helical line in a gaseous medium in the Stokes motion has
the following form [36, 45]:

24 3430
“ Re, 2+30

(16)

By analogy with equation (15) and taking into account
equation (5) and the data [36, 41], the formula for the relaxation
time of the rotational motion of a liquid droplet during its motion
along a helical line is obtained in the form:

L1 dpp)343y
® 90 2430

17)
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Accordingly, by analogy with formula (16) for the coefficient
of aerodynamic drag to the liquid droplet rotation in a gaseous
medium when it moves along a helical line, we obtain an
equation in the form:

o 48 3+30
* Re, 2+3u

(18)

The analysis of formulas (4), (16) shows that the
coefficient of aerodynamic drag to a motion along a helical
line of a rotating liquid droplet in a gaseous medium at the
steady Stokes motion is less than the corresponding coefficient
for solid spherical particles of the same size, in particular,
dust particles. In addition, in contrast to the translational
motion of liquid droplets, when they move along a helical line
and a liquid droplet rotates with an angular velocity ,, the
effective value of the Reynolds number increases together
with the angular rotation velocity, which also contributes to a
decrease in the aerodynamic drag coefficient along the inertial
path length during circulating motion of liquid droplets along
a helical line in a gaseous medium. In this case, the drag
coefficient of a liquid droplet rotational motion in a gaseous
medium is five times higher than the drag coefficient of a
translational motion. Thus, the decisive factor for the
relaxation time when a liquid droplet moves along a helical
line is the characteristic of a liquid droplet translational
motion with the velocity V| and the angular rotation velocity
®,, which together with the liquid droplet diameter determine
the effective Reynolds number. An increase in the relaxation
time 1, due to a decrease in the aerodynamic drag coefficient
caused by an increase in the Reynolds number effective value
contributes to an increase in the zone of active spraying of
rotating liquid droplets and an increase in the energy
efficiency of dust collection.

Taking into account the studies [36, 41], the value of
the aerodynamic drag coefficient to a rotating liquid
droplet motion along an inertial path in the active spraying
zone can be represented as

A :£(1+0,15Re3‘f87). (19)
Re ,

Formula (19) shows that the average value of the
relaxation time of a liquid droplet motion along a helical
line in the section of inertial deceleration has the form

T
= (20)
(1 +0,1 5Re°§87)
¢ cp

Kcp

where Re, ,, is the average value of the effective Reynolds
number over the length of the rotating liquid droplet inertial
deceleration.

Since the aerodynamic drag coefficient and the Reynolds
number are functionally related to each other, continuously
varying over the length of the inertial path of a rotating liquid
droplet in the active spraying zone, the obtained formulas are
difficult to apply practically for engineering calculations. In order
to build a mathematical model convenient for calculations, we
will average kinematic parameters taking into account the
continuous change in the kinetic energy of a liquid droplet.

The analysis of formulas (19), (20) shows that the problem is
reduced to establishment of the Re,,, value through its known
initial value Re, .. According to the data given in [36], 99.8 % of
the kinetic energy of a liquid droplet is consumed over a time
interval ¢ = 3t. Thus, the average effective value of the Reynolds
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Taking into account the above, the average values of the
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length of inertial braking are determined by the formulas
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Results and Discussion

In order to verify the obtained mathematical model
of aerohydrodynamics of the rotational motion of liquid
droplets in a gaseous medium along a helical line,
experimental studies were carried out to determine the
relaxation time at a given translational velocity,
depending on the change in the angular rotation velocity
of a liquid droplet.

The research results in Fig. 2 confirm an increase in the
relaxation time of rotating liquid droplets with an increase
in the angular velocity of their rotation. The analysis of
formulas (14), (16), (22) shows that the relaxation time of
a rotating liquid droplet along a helical line in a gaseous
medium at the inertial path length for both translational
and rotational velocities does not depend on the active and
inertial forces affecting a liquid droplet but is determined
by the viscosity of a gaseous medium and liquid and its
geometric parameters.

Conclusion

1. The circulating motion of liquid droplets in both the
over-Stokes and Stokes motion increases the relaxation time
due to a decrease in the aerodynamic drag coefficient of the
gaseous medium caused by an increase in the effective
Reynolds number with an increase in the angular rotation
velocity of liquid droplets.

2. The vorticity diffusion equation for a liquid droplet
moving along a helical line is identical to the heat conduction
equation with a dispersion coefficient of the rotational motion
energy of a liquid droplet with a coefficient that is the
dynamic viscosity coefficient.

3. The averaging of aerodynamic drag coefficient values of
a liquid droplet motion by the averaging of the effective
Reynolds number over the length of inertial deceleration of a
rotating liquid droplet makes it possible to use the formulas
obtained for the hydro-vortex coagulation calculation in a
wide range of Reynolds numbers 1 < Re < 10*
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