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Abstract. This article analyzes the design of the power part of gas separators of various
manufacturers, reveals the causes of backflows, which can lead to hydro-abrasive wear of the
elements of the flow-through part, reduction of the separation properties as a result of the gas-
liquid mixture flow dispersion, and decrease of pressure gradient in the separation chamber. A
mathematical model was selected, hydrodynamic calculations of design options and upgrading
were carried out, and animproved flow part of the separator was developed. Bench tests were
conducted to confirm the improved parameter of the product.

Objective
The objective is to analyze the design of the power part of gas separators produced by various
manufacturers; to reveal the causes of backflows, which can lead to the reduction of the separation
properties as a result of the gas-liquid mixture flow dispersion, and decrease of pressure gradient in the
separation chamber; to determine the ways to eliminate relevant hazards; to confirm the effectiveness
of the conceptually new design of the gas separator.

The studies were carried out using numerical simulation of the operation of gas separators on water
and on gas-liquid mixture. An experimental verification of the numerical calculations was carried out.

Introduction

At the moment, there is a steady tendency to the increase of depleted wells that currently account for
about 30-40% of the total well stock in the Russian Federation. In order to increase the oil recovery
rate (ORR), the bottom hole pressure is reduced, respectively, the content of free gas and solids at the
pump intake increases.

Works are underway to intensify the flow from the bottom hole zone and increase the oil recovery;
hence, some part of the wells is switched to the operating mode with low bottom hole pressures —
about of less than 3MPa.

The growth rate of the equipment MTBF (mean time between failures) began to decline, and no it is
clear that most of the wells the ESPs with the current wear resistance group can no longer provide a
significant increase in the MTBF, since they do not correspond to the changed operating conditions [1].
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The serial oilfield submersible pumping equipment is often incapable to operate in such abnormal
conditions.

An acute problem is the introduction of an effective technology for their operation with MTBF of
at least 600 days [2].

In this regard, the development, study and pilot introduction of innovative technologies for oil
production in abnormal conditions with the use of submersible pump systems becomes urgent.

In oil-producing wells with a high gas content, an increase in the efficiency of the electric
submersible pumps is achieved by completing them with centrifugal gas separators, in which major
portion of free gas separated from the pumped fluid is collected and drawn off to the annular space
before the fluid reaches the pump intake.

The efficiency of a centrifugal gas separator significantly depends on the dispersion rate of the gas-
liquid structure in the pumped fluid, on the size of gas bubbles, water cut, the presence of surface
active agents, the pump intake and discharge pressure [3, 4]. The average diameter of the gas phase
bubbles ranges from 40 to 300 pm, for crude oil with high water content — over 130 pm [5]-[11].

In order to increase the efficiency of the oil production process in depleted wells, Rimera Group of
Companies has developed and offers a number of new conceptual equipment that is mainly
commercialized at present. A conceptual design of pump, pump stages, protectors and gas separators
was developed for marginal wells[12]-[20].

The gas separator is considered to be an unreliable element of a pump system due to hydro-abrasive
cutting of the body and other elements of the flow-through part. Backflows are formed at the inlet of
the axial wheel, auger, provided the pump discharge is more than half the estimated optimal feed [21].
The backflows are a trap for solids — their concentration is rapidly increasing, and the rotating
abrasive ring can cut through the body and other elements of the gas separator. [22]-[25].

Analysis of structural schemes

Fig. 1 shows the design option of a complete gas separator. The following elements are installed in
sequence at the intake: auger 4, axial wheel 3, diffuser 2, axial wheel 1.
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Fig. 1.The design option of a complete power part of gas separator.
Axial wheel 1, diffuser 2, axial wheel 3, auger 4.

An alternating stroke auger can be installed instead of auger 4 and an axial wheel 3.

Analysis of the vortex gas separators of various manufacturers showed that the following structural
schemes of the flow part of the gas separator at the intake to the separation chamber are found:

1. Only a fixed stroke auger.

2. An auger and an axial wheel or an alternating stroke auger.

3. A fixed or alternating stroke auger, a diffuser, an axial wheel.

4. An auger, a diffuser of diagonal type, an axial wheel placed inside the cone sleeve, see
Fig. 2, [26], [27].

Separation drums with radial fans are installed in the separation chamber of the centrifugal gas
separator at the outlet of axial wheel 1. They increase pressure in the peripheral part of the separation
chamber, but do not fundamentally change the flow scheme in the vortex separators with axial wheels.
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Fig. 2.A scheme of the power part of the conceptual design of the gas separator.
Auger 1, diagonal diffuser 2, Cone sleeve 3, Axial wheel 4.
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Mathematical model
In this article, we use the model of a multiphase incompressible fluid flow (p = const). Numerical
simulation is based on solving discrete analogs of the basic hydrodynamic equations.

The calculation is carried out on the basis of a mathematical model of a divided multiphase flow.
That is, for each phase, the equations of mass and momentum transfer are solved separately, but the
pressure field is the same for all phases.

The mathematical model consists of a set of differential and algebraic equations:

1. The volume of the i-th phase in each calculated cell is calculated as:

Vi=laiVdV

whereai— is the concentration of the i-th phase in the cell.
The sum of the concentrations of all phases in the cell is one

n
Z(li =1
i6
2. The equation of conservation of mass (continuity equation):
0 YR
E\'!‘oqpidv + J/;ociinida =0

wherepi—i-th phase density

Vi"—i-th phase velocity (in the case of turbulent flow modeling by a RANS-type model averaged
over time)

3. The equation for the change in the amount of motion:

QJ.(XipidV + J.(lipi (\T,\T,)dé = —IaindV + +J.(Xipi ng + I|:(li (TI -i-Tit ):| da+ J‘de
81:V A \ \ A \

where (Vi"Vi“)— tensor product of the velocity vectors of the i-th phase.

p— pressure

g— mass intensity vector (in this case, the gravity force is 9.81 m / s2 and the inertial force due to
the rotation of the computational domain)

Ti— molecular viscosity stress tensor

Tit— turbulent stress tensor

M —vector of total intensity of interfacial interaction forces per unit volume, for a vector Mi fair

equality: ZM—t =0
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Vector Mi characterizes all the forces that separate phases interact with each other.

M; = 3(RP + RV + R+ R + R
i#j
Where
FijD”— resistance force, FijVM" power of the virtual mass
FijL"— lifting force
FijTD™— turbulent dispersion force
FijWL — turbulent dispersion force

Power of resistance
In the case of modeling the flow of continuous and dispersed media, the resistance force acting on the
dispersed medium I from the side of the continuous medium j is equal to:

RP = AV,

Where
AD— linearized drag coefficient
Vr” =Vj” —Vi"— relative velocity of one medium relative to another

Ap =Cp %Pc ’\Tr‘(%j

Where

CD— drag coefficient

pC— continuous phase density

acd— interaction area of the phases (in this case, the memberacd4 is the projected area of the
spherical particle on the plane).

The drag coefficient is based on the relation:

CD = fDCDwy

Where
CDowo — coefficient of resistance of a single spherical particle moving in an infinite flow
fD— coefficient taking into account the concentration of particles

Cps = :—4(1+ 0.15Re " ) npuRey <1000,
€4

and
Cpbwx =0.44npu Rey >1000

_ Pc |Vr||
He

Red

[— characteristic interaction length or bubble size
uC— dynamic viscosity coefficient of continuous medium
Coefficient fDis the ratio:

fD = (XED

aC— continuous phase concentration
nD=—-8.3 for spherical particle
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Virtual mass

The inertia of the surrounding fluid affects the acceleration of the particle immersed in the fluid.
This effect is modeled by adding mass to the dispersed particle.

The force from the virtual mass acting on phase I, moving rapidly with respect to phase j is found as:

|:|jW =Cympcoc (?j+5i)

aj,i"— acceleration of jth and ith phase

CVM=0,5 — virtual mass coefficient for a spherical particle

Lift force

In the case where the flow surrounding the dispersed particle is non-uniform or the particle is
swirling, it experiences a force perpendicular to the relative velocity.

Ejl: = Cleft Pc g (\Tr X (V X\Tc))

Vr —relative phase velocity

V¢”— continuous phase speed

ad— dispersed phase concentration

CL=0,25 — lift force coefficient

Turbulent dispersion force

Additional change in phase concentrations caused by flow turbulence is modeled as the force of
turbulent dispersion

Ri® = Ao

FijTD” =ADVTD”
Ap—dragforce coefficient
VT D —relative slip speed
VTD” =DTD(Vadad—Vacac)

Drp=COvctoal- turbulent diffusion tensor
C()Zl
vct—turbulent viscosity coefficient kinematic oa— turbulent Prandtl number

[— unit tensor
1+n
Gy =0 1flnLC 2 _—
o 0 BZ:» B+T]

oa=c0N1+CPE21+nb+n

00=1 — unmodified turbulent Prandtl number

CpB=1,8 — correction factor

&— particle sliding velocity related to the speed of turbulent fluctuations
n— particle interaction time related to relaxation time

b— the ratio of the accelerations of the continuous / dispersed phase

1+ Cypm
Pd

C

b=
+CVM
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tl— characteristic time of interaction of a particle and a turbulent vortex
TR— particle relaxation time

w1
Gy A fl‘i‘ CB§2

T :chk_c
3 "m

ec-continuous phase turbulence energy dissipation rate

TR =1p (1+&CVM j

Pd
pad®
p = 18 ——characteristic time scale for a dispersed particle
He
Ve
E=—=
2
3

kc— kinetic turbulence energy of the continuous phase

Wall strength

Being located near the solid wall, the gas bubble undergoes an asymmetrical action from the liquid.
The force per unit volume that a gas bubble experiences is equal to:

2

Vr
d

n

FUVL =—CwLYw%pPe

p

Where

yw— distance from the wall

aD— dispersed phase concentration

pC— dispersed phase density

dp— bubble diameter

CWL— coefficient is a function of the distance from the wall and decreasing with increasing
distance

n"— unit normal to the wall at the point closest to the bubble

Vr,1"— tangent to the wall component of the relative velocity

Coefficient CWLis like:
CWZ
Cw = max[CM +[—]dp,0J

Yw

Coefficients are CW1=-0,01, CiW2=0,05.
Thus the force caused by the influence of the wall disappears at a distance from the wall equal to
the five diameters of the bubble.

Mathmodelling results
To carry out hydrodynamic calculations, the geometry of the flow section of the vortex gas separators
of various manufacturers was made in accordance with the structural schemes of the Analysis.
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Fig.3 shown the places of hydro-abrasive wear of the gas separator body (a), the backflows in the
flow part are calculated based on the numerical simulation.

Velacity (m/s)
51

2.61 5.4213 7.2275 9.0337

a b

Fig.3.The places of hydro-abrasive wear of the gas separator body (a), the backflows in the flow part,
obtained by numerical modeling (b).

The auger and the axial wheel have two are as of the rotor with different pressures:

1. The feed auger has about 20 degree inclination angle of the blades at the outlet and, accordingly,
a relatively low head.

2. The axial wheel has about 90 degree inclination angle of the blades at the outlet and,
respectively, a higher head and pressure in the peripheral part.

There are backflows along the peripheral part from the axle wheel back to the auger. Backflows are
a trap for solids, the concentration of which increases rapidly, and a rotating abrasive ring of a toroidal
vortex can cut through the body due to the hydro-abrasive wear.

In the case of using an auger of alternating stroke, backflows occur at the modes which are twice or
more times lower than the optimal mode, since at large angles of attack the pressure at the inlet
decreases.

In the case of using a screw and an axial wheel, backflows can occur in all operating modes.

Fig. 4 shows the velocity plots in the designs of gas separators, the power part of which includes: a
fixed stroke an auger, a diffuser, and an axial wheel. In Fig. 4a, the gas separator has an axial diffuser,
and in Fig. 4b —a diagonal one with a conical sleeve, inside of which an axial wheel is installed.

Fig.4. Velocity Plots in the design without cone sleeve (a) and with cone sleeve (b).
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The cone sleeve separates the low-pressure auger and the high-pressure separation wheel, thus back
flows and wear of the sleeve and auger are eliminated.

An analysis of the numerical calculation on water shows that in the design without a cone sleeve,
backflows are clearly visiblealong the periphery from the separation chamber to the inlet of the
diffuser. The backflows can lead to hydro-abrasive wear and cutting of the elements of the flow part,
the diffuser grid and the housing, to a decrease in the separation properties due to dispersion of the
gas-liquid mixture flow and a decrease in the pressure gradient in the separation chamber.

Installing a cone sleeve eliminates, or at least significantly reduces the backflows.

A separation process takes place in the separation chamber a rotating wheel is formed with a
partially separated liquid on the periphery. Previously, this wheel pressed on the blades of a stage
supplying a gas-liquid mixture, which led to backflows and dispersion. Now the wheel is pressing on
the fixed axial bearing in the form of a cone sleeve.

Fig. 5 shows pressure plots in the above designs of gas separators. An analysis of the numerical
calculation on water shows that in a structure without a cone sleeve has a lower pressure gradient
compared to the structure with the sleeve due to the backflows. The higher is the radial pressure
gradient, the more efficient is the separation of free gas from the gas-liquid mixture pumped into the
annulus.
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Fig.5. Pressure Plots in the design without cone sleeve (a) and with cone sleeve (b).

Fig. 6 shows the results of the calculation of a gas separator with a cone sleeve are presented for
gas-liquid mixture.

An analysis of the numerical calculation for the gas-liquid mixture shows that in the separation
chamber the process of separation of liquid and free gas occurs. A rotating wheel with a partially
separated liquid is formed on the periphery. Previously, this wheel pressed on the blades of a stage
supplying a gas-liquid mixture, which led to the backflows, which, in turn, dispersed the gas-liquid
mixture, and reduced the pressure in the separation chamber. Now the rotating wheel presses on the
fixed axial bearing in the form of a cone sleeve.
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Fig.6. Volume fraction of water Plots in the design without cone sleeve
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The new conceptual design of submersible gas separators (see Fig. 2)includes the structural
separation by a cone sleeve of two areas: the area of delivery of the gas-liquid mixture to the
separation chamber and the area of the separation chamber. The axial wheel (auger) delivering the gas-
liquid mixture works with maximum feed and minimum pressure, the flow part of the separation area -
with maximum head, providing the maximum pressure gradient.

It is necessary to maintain a certain ratio of pressure and feed in the auger. This is due to the fact
that gas bubbles can pass through the flow part of the auger without significant separation and the
formation of gas locks, which can lead to the delivery failure only at a certain ratio of the surface
friction forces associated with the flow velocity and mass inertia forces associated with the pressure
gradient.

Vortex and centrifugal gas separators with replaceable elements of the flow part, replaceable augers
have been developed for certain supply ranges together with the specialists of the RGU NG Center for
Research and Development of RIMERA Group of Companies. At low flow rate, it is proposed to
install the augers obtained by reducing the diameter of the serial screws, by cutting, while maintaining
the optimal input angles and the range of components.

One of the obvious advantages of gas separators with replaceable augers at the inlet for low rate
systems include less power - this saves energy.

For the calculation, the StarCCM software package was used. As the surface mesh, the previously
constructed geometry of the flow part was imported.

The following parameters are used as a physical model:

TMultiphase interaction, scale of interaction length 0. 1mm.
TWater H20 and gas Air are taken as phases.

Initial liquid / gas distribution 1/0

The inlet is set to stagnation at the inlet with a total pressure of 0 Pa and a liquid / gas ratio of 4/1
1At the exit boundary of the fluid, a negative speed is set at 4.5 m/s.

Atmospheric pressure is set at the gas outlet boundary.

The following parameters were taken as the studied parameters: head, separation coefficient (water
fraction at the separator outlet) and power depending on the flow rate.

Bench test results
Fig. 7 presents the results of bench tests for gas-liquid mixtures in the laboratory of the RSU NG
Department of Technology for the development of oil fields.
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Fig. 7.The results of bench tests for gas-liquid mixtures in the laboratory
of the RSU NG Department of Technology for the development of oil fields.
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Characteristics of a gas separator with replaceable augers for nominal flow rates of 50, 100, 200
cubic meters per day.exceed the best serial products [28]-[31].

It is obvious that at low feeds a gas separator with a replaceable screw designed for low flow rate
will have less power and higher reliability compared to a conventional gas separator, the power part of
which is designed for maximum flow rate.

Findings

The novelty lies in the fact that the cone sleeve separates two areas: the area of delivery of the gas-
liquid mixture to the separation chamber and the area of the separation chamber. The axial wheel
(auger) delivering the gas-liquid mixture works with maximum feed and minimum pressure, the flow
part of the separation area- with maximum pressure, providing the maximum pressure gradient.

The results of numerical modeling show that:

1. A new conceptual design of gas separators has been developed.

2. Back flows are eliminated or at least significantly reduced in thepower elements of the flow
part in the new design; such backflows reduce the separation properties and reliability, decrease
hydraulic efficiency, and increase power.

3. The results of bench tests for gas-liquid mixtures in the laboratory of the RSU NG Department
of Technology for the development of oil fields show, that characteristics of the new gas separator
with replaceable augers exceed the best serial products.

4. The conceptual ideas inherent in the design can serve as the basis for the development of the gas
separators of other standard sizes.
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