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Abstract. The new methods of vibration and inertial gas-dynamic separation of gas-condensate
and dusty flows and the corresponding separation devices are proposed in order to avoid
emergencies and premature wear of parts and components of the compressor equipment. The
formation of the gas flow and disperse particles in the curvilinear convergent-divergent
channels are investigated. The optimizing hydrodynamic profiling of a geometrical
configuration of curvilinear separation channels with rigid and flexible walls of baffles is
carried out.

1. Introduction

Application of the highly effective gas-separation equipment for cleaning gas-condensate and dusty
flows is one of the important and necessary techniquesfor increasingthe reliability of compressor
equipment for compression and pumping of gases. The occurrence of dropped liquid and mechanical
impurities in gas flow leads to emergencies and premature wear of rotor parts, impellers of
compressors and superchargers. In terms ofevaluation of specific energy consumption and separation
efficiency, ways of inertial and inertial-filtering separation are optimal [1,2]. Herewith, it is necessary
to consider that the secondary processes accompanying the main process of separation have the
significant impact on efficiency and hydraulic resistance of separation devices [2-4].

Due to complexity of secondary processes and their diversity, they remain insufficiently studied
despite of their decisive practical importance. Most often secondary processes have a negative impact
on the efficiency and intensity of the main separation process, and decrease hydraulic and separation
characteristics of the compressor equipment. However, the secondary processes in inertial-filtering
separation deviceschange the separation degree of gas-liquid flow due to various factors, such as co-
deposition caused by manifestation of adhesion effects, when drops are settled mainly on already
deposited ones, which form an irregular liquid film on the surface of channels; coagulation of
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dispersed particles, when highly dispersed particles move to further coalesce into larger drops with
following accumulation of fluid in cavities of blinds and crossing fiber filter; mechanical vibrations
and deformations, which impacton the effectiveness of the inertial collision and hydraulic resistance;
capillary phenomena and mechanical destruction of fiber filters due to solid particles; secondary
entainment of particles from the curved inertia-filtering separation channels by turbulent gas flow
[3,5,6].

Notwithstanding the foregoing, along with the negative impact of secondary processes, positive
effects can be obtained. For example, in the inertial gas-dynamic separation devices with curvilinear
convergent-divergent separation channels, the separation degree can be increased due to coagulation
and flocculation of the weighed liquid drops and solid particles in a turbulent gas flow [8,13].

Consequently, implementation of processes of inertial gas-dynamic separation is accompanied by
setting as the aimmutual avoidanceof negative impact and using positive impact of secondary
processes for an intensification and increasing efficiency of the main separation process, as well as
improvement of hydraulic and separation parameters of the equipment.

To achieve the abovementioned aim, two approaches are proposed:

1) implementation ofthe method of imposing acoustic vibrations on the gas-disperse flow, which
causes an intensive mechanical vibration of the high-disperse weighed liquid drops and solid particles
in gas-disperse flow for sharp increasing the number of collisions and coagulation / flocculation of
droplets / particles due to acoustic coagulation into drops of significantly larger sizes, which can be
captured more efficientlydue to mechanisms of inertial trapping, which allows increasing the
efficiency and intensity of the separation process [7,9,14];

2) application the curvilinear separation channels with elastic and mobile elements, such as channel
borders or directing bafflestothe design of inertial gas-dynamic separation devices [10-12] for dynamic
regulation of the flow cross-section in curvilinear convergent-divergent channel, the velocity of a gas-
disperse flow, as well as for deflection of flow trajectories or change the attack angle of separation
elements for increasingthe efficiency of separation in a wide range of loadingof a gas phase.

Combining the abovementioned approaches in order to create an effect, similar to the acoustic
coagulation as a source of vibration is proposed for application of mechanical vibrations directly to the
borders of convergent-divergent channels [15].

Furthermore, the objective of this work is the mathematical formulation and solving the problem of
modeling the gas-dispersion flow motion in curvilinear separation channels with curved borders,
which oscillate in the transverse direction.

2. General Problem Description and Mathematical Model
The system of Navier-Stokes and continuity differential equations can be applied for describing the
motion of a continuous phase in curvilinear channels (Figure 1) withoscillating deformable borders.
Analytical solving this system is realized under the following assumptions and simplifications:

a) two-dimensional isothermal viscous incompressible liquid flowin the curvilinear channel of
infinite length;

b) small oscillations ofdeformable borders;

¢) neglecting the convective terms of the Navier-Stokes equation.
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(b)

Figure 1. The design model of louver unit and the separate
sections of curvilinear separation channels: (a) — curvilinear inertial
separation channels; (b) — considered section.

Considering the abovementioned simplifications and assumptions allows rewriting these equations:
—the law of massconservation as the continuity equation:

ou ov
&+5_0 (1

—the system of Navier-Stokes equations:
ou op o%u  o%u
p—=——+U +
ot OX ox* oy?

ov op o%v  0o%v
P="TH +
ot OX OX? 0y?

2

where

u, v — components of flow velocity in the directions of axes x, y respectively, m/s;

p — pressure at the considering point, N/m”.

It should be noted that in such problem shaping, the components u# and v and pressure p are

function of coordinates x, y and time ¢.
To solve differential equations (1), (2), the initial and boundary conditions are taken into account:

u(o,y,t)=u,(y) u(x,0t)=0 u(xht)=0
v(0,y,t)=0 wv(x,0,t)=f(x)p(t) v(x,ht)=0 3)
p(O,y,t)=pO

where

uo(y) — flow velocity profile in the inlet section of the channel, m/s;
h — characteristic linear dimension (height, width) of the channel, m;
f(x) — function of wall oscillation form;

o(t) — timefunction for oscillating border;

po— inlet pressure, Pa.

3. Solving the Equations
For solving the equations (1), (2) under the boundary conditions (3) the Laplace transform is used with

respect to coordinate x:
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ULy =L [u(xy)] = [utxy.tesax, U(y) =L [Uy(y.t)] = [Uy(y.0e "t
Vi(y.t) =L [V yt) ] = [vOoy e dx,  V(y)=L[Vi(yt)] =TV1(y,t)e”‘dt (4)

Pl( yvt): Lx |: p(X,y,t)] = TU(X,y,t )eisxdxa P( y) = Lt [Pl( y,t )] :]Epl( y!t)eiﬁdt

where

Uy, Vi, P, U, V, P—Laplace integrals;

s, T — parameters of transformation.

Consequently, the continuity equation (1), the system of Navier-Stokes equations (2) and boundary
conditions (3) take the following form:

sU-%vi-o
T
sP—&+pTU=y(SZU—%+U"] (5)
T T
P'+ prU = u(s?V +V")
U(0)=0 U(h)=0 V(0)=LL, V(h)=0

where
«» — sign for the differentiation with respect to coordinate y;
L,, L,— Laplace integrals of functions f{x) and ¢(?) in terms of appropriate parameters.
The first equationof the system (5) allows obtaining Laplace integral U:
_Ug V'

u=-—--> (6)
ST S

and Laplace integral P can be obtained from the second equation (5):

le{&+y(—SV’+u—°—V j—p{i—lﬂ 7
S| T ST S ST S

as well as the third equation of the system (5) due to formulas (6) and (7) after equivalent
transformations takes the form:

Ve +252(1—k)V"+s4(1—2k)V=u7°‘u7° ®)

where k = 7/(2vs’) — dimensionless parameter, which takes into account the influence of local
inertia forces.

It should be noted that that in case of x¥>>1,solution of the general equation (8) satisfied the
boundary conditions is proportional to sin(s(h-y))/sin(sh), and the original function v = 0 is contrary to
the physical meaning of the problem. Further consideration of equation (8) for the case of x<< 1
corresponds to the quasi-stationary problem statementdue to the final value theorem.

In case of parabolic flow velocity profile in the channel

6
uf%y(h—y) )

where ¢, - mass flowrate of a fluid, allows determining the flow rate:



(HERVICON+PUMPS-2017) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 233 (2017) 012025 doi:10.1088/1757-899X/233/1/012025

h
A = [up(y)dy (10)
0

Due to taking into consideration the velocity profile, equation (8) can be given in the form of
inhomogeneous equation biquadratic equation:

ul
VYV 425V 45V =—2
v

(1n
the general solution of which
V(y)=C,sinsy+C,cossy+sy(C,sinsy+C, cossy)—% (12)
Substitution formula (12) to equation (6) allows obtaining the resulting expression in the form:

U( y)::—;—C1 cossy +C, sinsy —C,(sinsy +sycossy ) —C,(cossy —sy sinsy ) (13)

The constants of integration C; 3, are determined from the boundary conditions uy(0) = uy(h) = 0
as the result of algebraic linear equations solutions:

1.
sh+=sin2sh 2sin?sh U]
C,=-C, = 212 cin? xb + - —7
s°h* —sin®sh sh+sinsh vs (14)
ug sin® 2sh sinsh u;

C,=LL+o =S ;0 SINh Y
=Lk vs’ *  s’h?—sin’sh * ' sh+sinshvs*

and correspondingly can be written as
u Us
U= LR )+ B R ()
ST v
ul
V(Y)=LLR.(Y)+ 2R (y) (1s)
P, (U, U T U,
P(Y)=S—;+S—2(7°—7°j+ﬂ|-x|—[5[':pl(y)—FFm(y)}pS[FPZ(Y)—VS—SFuz(Y)}

where Laplace integrals are introduced:

1.
sh+=sin2sh in? sh
Fyu(y)=———2——sysinsy +——1 >'__(sinsy +sycossy)+sinsy
vt s?h? —sin? sh s?h? —sin? sh
R (y)—i —SinZSh sysinsy——SinSh (sinsy +sycossy ) +sinsy
vz s*| sh+sinsh sh+sinsh
sh+15in23h in? sh (16)
R (y)=—(sinsy+sycossy)—Lsysinsy+cossy
" s’h? —sin’ sh s?h? —sin? sh
1| 2sin’sh . sinsh .
F,(Y)=—5| —————(sinsy + sycossy ) + ————sysinsy +cossy —1
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Analytical definition of original functions by Riemann-Mellin’s formulas is not possible. In this
case due to the conditions of absolute convergence of Fy;,, Fy; ), the original functions can be
determined as auxiliary images by the residue theorem:

M 1 . dn_l B n _sx
ful,z(X!Y): stus(e FUl,Z): (n—l)! SILTO ds" ! _(S_SO) € FUl,ZJ
1 . dn_l B n s
fua(Xy)=Res(e'R, 12)—( 1),5[@0 il (5%)e Fosz | a7
X 1 . dn71 r n s
fpl,z(XaY)z B:esos(e FPl,Z )= (I’l —l)' s“—)ns]o ds™? _(S _So) € FP12i|

where

so= 0 — the only root of equation 5’4’ — sin’sh = 0 and s*(sh + sinsh)of the order n = 4.

Application of the L’Hopital’s rule for regular functions of a complex variable s, which turn into
uncertainty {0/0} allows receiving dependences (17) in an explicit form. Taking into account the
abovementioned dependences for auxiliary images, it can be obtained:

L= =12 (1 a0 =35

h?® (18)
ful(x!y): fvz(xvy): fpz(xvy):O
which corresponds to Laplace integrals:
6y(h—y) « B _X 2y * _
Ul(y) hS FVl(y)_ 1 h 1+ h F Pl(y)_h3 3 (19)

Flou(y)=F . (y)=F(y)=0

¥y

where J(x) — Dirac delta function. The sign
notation.

Application of the inverse Laplace transformationto theformulas (16) with respect to parameter z,
and taking into account the dependencies (19) for~>>0 allows obtaining:

O(Y)

shows the alternative variant of Laplace integral

U (yt)=——=+Lg(1)R,,(y)
V<yt)—L¢(t)FV1(y) (20)
P(yt)——+ﬂ[—+sL ¢(t)Fp1(y)}

Using the Duhamel’s integral and theorem of convolution for Laplace integrals
f(X)O5(X)=I f(x=&)s(x)ds = f(x)
(=) freeme=roo @n
L (S j ﬁf(f)dfdn F.(x)

allows determining the initial original function
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a(xy:0) =)+ LR 0t
v(x,y,t)z(l—%j (1+2—hy)f(x)¢(t) (22)

p(x,y,t)=pow[ug(y)x—i—fﬁ(x)qﬁ(t)}wf(x)¢(t)

Taking into account the sinusoidal form of borders of curvilinear channel with the wavelength L,
and under assumption of mono-harmonic oscillations with amplitude a and vibration frequency w,

f(x)=sin(Ax)
g(t)=asin(m,t)

where 1= 2n/L, — introduced parameter,the following expressions for the pressure field and
components of flow velocity can be obtained:

(23)

u(x,y,t)=M[q0 +%(1—cos/1x)sin a)ot}

h3
v(x,y,t):(l—%] (1+%jasin(/lx)sin(a)0t) (24)
p(X,y,t)=p, +l§—sﬂ[q0x+ ix—s;?(lx)}L 6”y(hr:_y)asin(ﬂx)sin(a)0t)

Due to the fact, that the elastic borders of the channel are used as a source of vibrations, the spatial
position of which is changed by the flow, it is necessary to investigate not only the flow motion in
these channels, but wall deformations.

Two-dimensional problem of deformation of a curvilinear elastic element under the influence of
pressure in stationary formulation is considered in the work [10]. The fields of velocities is defined,
and analytical dependences for determination of the maximum deflection of elastic borders is
obtained, which allows improving the geometry of borders and sections of curvilinear convergent-
divergent channels in the inertial gas-dynamic separation devices as a result of their deformation.

4. Conclusions

A possibility of mutual avoiding of negative impact and using of positive effects of the secondary
processes on the main process of inertial gas-dynamic separation is obtained for improvement of
hydraulic and separation parameters.Ways for implementation of vibration coagulation and gas-
dynamic separation are proposed.

Expressions for the flow velocity and pressure fields in case of isothermal incompressible flow on
the channel of a sinusoidal form with small oscillating borders have been definedanalytically.

For achieving the main aim of the research, unificationof abovementioned approaches and usingthe
elastic walls of curvilinear channels as the source of vibration is offered. Theseparation of gas-disperse
flows was considered as a way to make possible carrying out coagulation not only of high-disperse
fogs, but also effective cleaning of dusty flows.
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