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Abstract. The article is devoted to the description of the theoretical foundations of the work of
a new type of vortex three-phase separators for hydrocarbon processing plants. The expediency
of using vortex flows in the technology of three-phase separation to improve the reliability of
pumping and compressor stations is substantiated. The principle of operation of separators with
a variable cross-sectional area of the working space and an inter-ring drain of the liquid is
presented. A theoretical description of the hydrodynamic conditions for the separation of
multiphase flows is given. A scheme for the installation of hydrocarbon feedstock processing
using a three-phase vortex separator is proposed.

1. Introduction

The majority of the largest oil and gas fields in the stages of primary oil separation, hydrocarbon gas
preparation, transportation and compression face problems of qualitative separation of liquid and
gaseous hydrocarbon feedstocks. An additional problem is the presence of solid inclusions in the
hydrocarbon feedstock. This fact significantly narrows the range of equipment for further
transportation of hydrocarbon raw materials and its compression.

Currently three-phase separators [1-5] are used, which are are characterized by sufficient
efficiency, however:

- they have large mass-dimensional characteristics;

- the design of the separator involves a complex internal arrangement (cyclone elements, inertial
and filter sections, partitions, etc.), which leads to hydraulic resistance increasing;

- when the composition of raw materials changes (which can occur over time), structural change in
the internal elements of the separator is necessary.

The actual problem of chemical engineering in this industry is the creation of new types of
separators with relatively simple construction, which can work on different types of raw materials
(they do not need to be modified in a constructive way, further operation of the separator is possible
due to adjustment of process parameters).

The introduction of new methods of intensification of heat and mass exchange processes will
increase the specific productivity of equipment and ensure high indicators of products quality. The use
of new technologies makes it possible to improve the mass-dimensional characteristics of separation
equipment and to increase the productivity and efficiency of the separation process.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1


http://creativecommons.org/licenses/by/3.0

(HERVICON+PUMPS-2017) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 233 (2017) 012014 doi:10.1088/1757-899X/233/1/012014

Authors [6-9] classify the methods of heat-mass transfer processes intensification into two
categories:

1. Active methods: mechanical action on the surface of heat-mass transfer (rotation, surface
vibration, mixing etc.); the impact on the flow by electric, magnetic or acoustic field, pressure
pulsations; blowing or suctioning of working environment through porous surfaces etc.

2. Passive methods, that are based on influence principle on the flows by the surface form of
individual structural elements of equipment: application of inserted intensifiers (swirling flow units),
ribbing surfaces, increasing surface area of heat-mass transfer from the working environment with less
heat-mass transfer coefficients; intensification of heat-mass transfer during phase transformations
(surface treatment, use of surface tension effect, drop condensation), additive in liquid solid particles
or gas bubbles etc.

Gas (steam)
I

Solid phase-:;) Li}iuid phase

Initial mixture

Figure 1. Schematic diagram of a three-phase separator.

Among the passive methods of heat-mass transfer processes intensification the method of inserted
intensifiers application, that create vortex flow in the workspace of device, is one of the most
promising.

Using of vortex flow as a method of intensifying heat exchangers or heat-mass transfer processes
has spread in processes of combustion [10], absorption [11], rectification [12], in turbines [13],
ejecting devices [14], reactors [15], granulators [16,17] (theoretical description and experimental study
of certain aspects of granulation in vortex granulators also is considered in series of papers describing
the hydrodynamics of flow motion [18, 19] and the thermodynamic conditions of granulators
operation [20-23], processes of granules classification and separation [24-26], ecological aspects of
block developing of vortex recycling modules for production wastes [27,28]) etc., but the use of this
method in separation process is not widespread.

In this paper, we offer a description and theoretical basis of three-phase vortex separators operation
(Figure 1).

2. Physical model of flows movement in vortex separator

In the separator workspace it is necessary to allocate three areas of gas flow movement in height
(Figure 2). In each of the areas the intensity of gas flow movement is determined by velocity
components and preferred direction of total velocity.
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Figure 2. The main zones of gas flow movement in vortex
separator in height of working space: | — zone of preferred gas flow

vortex movement; 1l — zone of combined vortex and upward gas
flow movement; 11l — zone of preferred seating upward gas flow
movement.

,,\ 8

Figure 3. The phenomenon of disperse phase movement in the
dense ring at some distance S from the wall of separator.

During the study of disperse phase trajectories we have found that in zone | in the intensive initial
gas flow twisting we see the phenomenon of disperse phase movement in dense ring at some distance
S from the wall of separator (Figure 3). This phenomenon can be explained by the presence in the
vortex separator workspace significant pressure difference at the center and the periphery (Figure 4).
This pressure difference is caused by the opposition to the centrifugal force. Further this phenomenon
can be used to avoid contact of disperse phase with the wall of separator.
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Figure 4. Pressure field in working space of vortex separator.

The feature of separator, that is investigated, is a variable height of cross sectional area of
workspace. Devices with the constant cross-sectional area don't provide the full process of
classification and separation of disperse phase with a different mass (density, size) in working volume.
This can be explained by the fact, that in the workspace of vortex separator consistency upward gas
flow rate remains, that corresponds to the velocity of disperse phase. To carry out classifications
processes in device with a constant cross-sectional area is possible with the introduction of gas to the
unit in several streams with a different injection height marks. This method of classification is quite
energy intensive and is not widely used.

Using separators with variable cross-sectional area of working chamber allows to do classification
process of polydispersed system of wide fractional composition. Through the creation different
hydrodynamic gas flow movement conditions at different height marks of working volume of device it
becomes possible to classify of disperse phase to the required number of factions and to carry out
separation of small particles (Figure 5).

Ri>R,>R3; mi>m,>m;

Figure 5. Distribution of disperse phase sizes and mass in the
working volume of vortex separator.

3. Mathematical model of flows movement in vortex separator
Gas flow

The immediate modeling of turbulent flows by quantitative decision of Navier-Stokes equations,
recorded for instant velocities, today are unsolved. However, for specific tasks solving it becomes
possible application of this fundamental equation of hydrodynamics when performing of number of
conditions:

- working with time-averaged value of the velocity in modeling of turbulent flows;
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- selection the coordinate system, which is most satisfying for the specific case and facilitates the
recording of equations.

For the simulation the solving of these equations is comfortable when using numerical methods
(DEM - Discrete Element Method), defining discrete solution instead of continuous set of values in
desired location (cell, grid node) of space (at stationary mode of flow motion). For maximum accuracy
of solution it is chosen a way of discrete values representing, which on this occasion sample
corresponds analogues of algebraic equations. As a result the mathematical problem solution of
differential or integral equations can be reduced to the problem of solving the algebraic equations.

In practice, various models of numerical solution of classical hydrodynamic equations for turbulent
flows, which in one way or another way are successfully used in different cases and have their
advantages and disadvantages [29]: Direct numerical simulation (DNS), Reynolds Averaged Navier-
Stokes (RANS), Large Eddy Simulation (LES).

Given that, in practice, interest is usually deals not with the instantaneous, but the average in time
velocity values for the mathematical description of gas flow turbulent swirling motion the Reynolds
equation as a modification of Navier-Stokes equations is used [24]:

V. OV
0 0 0 op . o | Y 1)
9oV )+ [ VV) ( V'VJ P, TR )
Vi) aa; Pri ad; P g, &, K ;" o fi
where vV — time averaged velocity values; & - components

of velocities pulsation; w« — turbulent viscosity coefficient; t — time; p — gas density; p — pressure; f; —
variable, describing the action of mass forces; g; — coordinate axes (in the case of hydrodynamic
modeling in working volume of separator it is more advisable to use curvilinear coordinate system),
i, j — 1...3; for the cylindrical coordinate system (Figure 6 (a)) index «1» — axial direction (z), index
«2» —radial direction (r), index «3» — circular direction () (Figure 6 (b)).

Outlet ¢ :

Inlet
(a) (b)
Figure 6. Vortex separator workspace scheme and coordinate
system.
The Reynolds equations system is complemented with flow continuity equation

op O
6t+8_qj(pv) 0 2)

The main advantage of description and solving method of hydrodynamics problems, based on the
numerical solution of complete equations Reynolds, is precision and versatility.
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For Reynolds equation (1) Boussinesq hypothesis is used [30]. According to this hypothesis, the
members with velocity pulsations (p\/i_Vj’) in equation (3) associated with the averaged flow
characteristics of such relation:

i EAR:
VY, ——ﬂ(aJra—qJ}rgP@jk 3)

where k = 0,5 (W) — kinetic energy of turbulence, d; = 1 when i =j, ;=0 and i #j.

The Reynolds equations system is elliptic. It is used to calculate the trends in those cases where
flow characteristics at an arbitrary point area depend on the structure of flow both above and
downstream, ie when the dominant direction of the fluid is absent or weakly expressed. Ellipticity of
equations system means, that to address it it is necessary to set the boundary conditions for all
variables in all borders of settlement area.

If axisymmetrical flow modeling equation of motion (1) and flow continuity (2) is significantly
simplified. For curved (cylindrical) coordinate system they are follows (with the introduction of
equation (1) Reynolds number Re = V,D/v, — where characteristic parameters, D — diameter of input
section of calculation area; Vo — average expenditure rate in the input section; v — kinematic viscosity):

— Reynolds equations projected on the axial direction q;:

A A A aH3+ia(VlV2j+ (Vlvzj o(HIH,)
H og H, 8(12 H1H2 o, HH;00 H, a, H2H2H3 aq,

20D sy (o, (a1

+
H, oq  HXH,H, oq HH, 69, H,H, &g  H, o
1oy 1 azv+ LV O(HH/H) 1 oV, a(HH,/H,)
Re\H/ dof H; do; HHH é0,  ag HH,H, o9, o,
2_oH,ov, v, o 1 d(H,H,) N @
THHZ og, 0, | H, 0g,\ HHH, o,
Vo 1 O(HHs)) Vv, 8 ( H, oH,
H, aq, | HH,H, aq, H,H, g, | H,H, aq,
— Reynolds equations in projection on the radial direction g.:
ViV, VY, VY, o, Ve aH3+ia(V1V2j+ (V1V2j 5(H22H3)+
H, o0, H,dq, HH, 0, HH, 00, H, ag  HHH, o
+i8(V2V2j+ (Vzvz) 6(H1H2H3) (VV j@H i@_{_
H, &,  HHH, &g, H,Hy a9,  H, aq,
JL(L1V, 10V, 1 oHH/H) 1 v (HH/H,)
Re HZ o HIog. HHH, 04  og HH,H, 60,  ou,
2_H, vV, a[ 1 6(H1H3)] )
"HHZ 0q, o, ' H, og, | HHH,  ag,
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— Reynolds equations projected on circular direction gs:

ﬁ%_’_V_z%_’_ V1V3 8H3 + V2V3 6H3 +ia(VZV3j+ (Vzvsj 6(H1H32)+
Hl 6ql HZ aqz HlHS aql H2H3 aqz HZ aqz HlH2H32 6q2

1 a(vlvsj (V1V3) o(HH) 1(1 v, 1aY,
+— + 5 =— —2—2+—2—2+ (6)
Hl aql H1H2H3 aql Re Hl aql H2 6q2
LV O(HH,/H) 1 Vv o(HH,/H,) Vs i( H, %J
H1H2H3 aql aQl HlH2H3 aqz an H1H2 6q2 H2H3 an
— continuity equation:
H1H2H3 6ql aqz Hl aql H2 aqz

where H;, H,, H; — Lame coefficient [31].

Further simplification of equations system (4)-(7) for gas phase vortex flow simulation in the
separator workspace is possible using the following assumptions [32]:

- presence of flow dominant direction, along which the axial component of gas flow velocity is
everywhere positive and far exceeds the radial;

- component of gas flow velocity in the axial direction varies considerably slower than in the radial;

- velocity and pressure in every gas flow elementary volume depends only on the downstream
conditions and don"t depend on upstream conditions.

These assumptions allow to conduct analysis of components orders in equations (4)-(7) and discard
those, that provide significant impact on the result of the calculation.
After accounting assumptions for axisymmetrical gas flow equation (4) — (7) will be written as

VN VY W aH3+ia(V1V2)+ () oran,)
H dq H,0q, HH; 00 H, aq H/H,H, aq,

1op 1(10YV, 1 &V,aHH,/H,)
L N A Al (8)
Hl aqﬁl. Re H2 an H1H2H3 an an
2
. _Vs OHy )
an HS an
Vi Vy Vy Vs WV O ViV M. 1 O,Ve) | (V,Va) A(HLHI)
Hl aql HZ aQZ H1H3 aql H2H3 an HZ aqz H1H2H32 an
_1 izaz\/;+ 1V, O(HHyIH,) Vs i( H, 8H3j 10)
Re H2 an H1H2H3 an aqz HlHZ an H2H3 aqz
! [Vl a(HZH3)+VZ 8(H3H1)J+i%+i%=0 (12)
H1H2H3 8ql an Hl aql H2 an

This system of equations is closed with the equation of sustainability costs:
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Q
J' V, H,H,dqg, =const (12)

0

where Q, — coordinate g, on the wall of the working volume of the vortex separator.

j1 1
VA
et
n-1 \\T](IL_
O
q,
2 Vb |£3

Figure 7. Construction of calculation grid.

The resulting system of equations (8) - (12) is parabolic in nature, and its decision based on the
method proposed Patankar and Spalding [33] and realized in the process SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) and its modifications.

Numerical solutions of equations of mathematical models implemented in one marching passage
from the input section to the initial working volume using finite volume elements of finite-element
approach. Before calculating the estimated net constructed (Figure 7), and unknown values of velocity
and pressure are found in the nodes of the grid.

For computer simulation and visualization of research results in this study it was used complex
ANSYS CFX, which allows to export obtained using program «Conical channel»®.

Disperse phase (solid particles, liquid)

This approach is used to simulate two-phase flows in which the substance of one of the phases is
presented in the form of dispersed particles, and the volume fraction, occupied by these particles, is
small (up to 10% of the total volume). The substance that forms the main phase is assumed to be a
continuous medium, and its flow is modeled by the Navier-Stokes (or Reynolds) and continuity
equations. The substance present in the flow in the form of discrete particles does not form a
continuous medium, the individual particles interact with the main phase flow and with each other
discretely. To model the motion of the particles of the scattered phase, the Lagrange approach is used,
i.e. the movement of separately particles of the scattered phase is monitored under the action of forces
on the side of the main phase flow.

The forces acting on the dispersed phase are caused by the difference in the velocity of the disperse
phase and the flow velocity of the main phase, as well as the displacement of the main phase by the
dispersed phase. The equation of motion of such a particle was derived in [10] and has the form:

dv d3p, dv d®p. (dv, dv
mp—p=37r/1der(vf —Vp)+” P —f+ﬂ- Pl T
dt 6 dt 12 dt dt
(13)
7d?® zd’p,

+F, - 5 (pp—pf)@x(éxf)— 3 (c?)xvp)
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Here m, - particle’s mass, d - particle’s diameter, v - velocity, p - dynamic viscosity of the main
phase substance, C.., — its viscous drag coefficient; @ - angular velocity of rotation, 7 - radius vector
(when considering motion in the relative frame of reference). The index p refers to the disperse phase,
index f - to the substance of the main phase.

The left-hand side of equation (13) is the sum of all the forces acting on the particle, expressed in
terms of the mass and acceleration of this particle. The first element on the right-hand side expresses
the deceleration of the particle as a result of viscous friction against the flux of the main phase
according to the Stokes law. The second element is the force applied to the particle, due to the pressure
drop in the main phase surrounding the particle caused by the acceleration of the main phase flow. The
third term is the force required to accelerate the weight of the main phase in the volume displaced by
the particle. These two elements must be taken into account when the density of the main phase
exceeds the particle density, for example, when considering air bubbles in a liquid flow. The fourth
element (Fe) is an external force acting directly on a particle, for example, gravity or the strength of an
electric field. The last two elements are the centrifugal force and the Coriolis force, which take place
only when considering motion in a relative frame of reference. In addition, sometimes it is necessary
to take into account some additional forces on the right-hand side of (13) (for example, if there is a
significant temperature difference in the flow).

Equation (13) is a first-order differential equation in which the only unknown quantity is the
particle velocity vp, and the argument is the time t. The velocity of the substance of the main phase vf
is assumed to be known throughout the space points. As initial data, in addition to the size and
properties of the particle, its position at the initial instant of time is given. It is also indicated what
should occur when a particle collides with a wall or with another particle. To carry out the calculation,
the terms containing vp are transferred to the left-hand side of equation (15). The velocity and position
of the particle at each subsequent moment of time is determined by numerical integration with respect
to time with some step At of all the remaining terms of equation (15).

The coefficient of viscous resistance C, at moderate Reynolds numbers 0.01 <Rep <260 can be
calculated, for example, using formulas

1+0.1315(Re npu Re. <20
cC = (Re, P (14)

cor 0.6305
1+0.1935(Re, ) npu Re, >20

)0.82—0.05a

where Re, = pr |Vi—Vp|d/p, o =1logRe,.

4. Conclusions
The proposed design of the vortex separator makes it possible to achieve:

- prolongation of equipment service life;

- reducing the cost of equipment as a result of improving its mass-size characteristics

- reducing the downtime during the modernization of equipment

- reduction of operating and capital costs.

On Figure 8 the basic schemes for the preparation of hydrocarbon gas before its further processing
and the compressor section are shown; at the primary separation stage the vortex separator is used.
The use of a vortex separator makes it possible to eliminate filtering equipment from the plant and to
ensure a better quality of separation of the multicomponent mixture.
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- GEC GEC f

Ay

(b)

Figure 8. Schematic diagram of the unit for the preparation of
hydrocarbon gas (a) and booster compressor station (b): 1- initial
mixture (gas-liquid-solid); 2 - hydrocarbon gas; 3 - liquid
hydrocarbons + water; 4 - mechanical impurities; VS — vortex
separator; A — absorber; D — desorber; T — tank; H — heat
exchanger; P — pump; GS — gas separator; OS — oil separator;
GEC — gas engine compressor.
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