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Abstract

The paper considers the possibility of increasing the energy efficiency of downhole ejection systems by twisting the
injected flow with inclined guide elements placed in the flow part of a jet pump. Based on the conservation laws for energy,
momentum and flow continuity, there was developed a mathematical model of the vortex ejection system in the form of direct-
flow working and helical injected jets, which allowed obtaining the equation of pressure and energy characteristics of a high-
pressure jet pump. In the case of zero-twist angle of the injected flow, the obtained dependences take the form of classical known
equations that characterize the working process of a direct-flow jet pump. In the process of experimental studies of hydraulic
characteristics of a high-pressure jet pump for the case of the injected flow twisting, there was obtained an increase in the
injection ratio, relative pressure and efficiency of the jet pump to 19.1, 16.9 and 21.3 %, respectively. The error obtained during
the experimental verification of the pressure characteristic of the vortex jet pump does not exceed 9.5 %.

Keywords: ejection system, energy efficiency, flow twist, injection ratio, jet pump.

According to the BP Energy Outlook 2017, despite
the fact that non-fossil fuels will provide half of the
growth in energy demand by 2035, hydrocarbons and
coal will remain its main sources and will account for
78 % of global consumption [1]. Meeting the needs of
global energy consumption requires improved
technologies for oil and gas production. The increasing
complexity of conditions for the development of
hydrocarbon fields necessitated the use of innovative
technologies for drilling, operating and repairing oil and
gas wells: attracting areas with non-degraded residual
deposits by drilling of sidetracks, drilling under negative
differential pressure during the primary opening of the
productive horizon, reducing the time for well
construction using top drive systems of drilling rigs, the
use of alternative drives of equipment for mechanized
oil production, the introduction of coiled tubing
technologies and layouts for multi-stage hydraulic
fracturing, minimization of negative consequences of
"Killing" wells in the process of implementing high-tech
methods of repairing them under pressure (Snubbing),
an increase in the exploitation of coastal oil and gas
regions and the development of deposits of shale
hydrocarbons.

A significant amount of innovative methods being
implemented for the development of hydrocarbon
deposits is associated with the possibility of using oil
and gas ejection technologies. Placing a above-bit jet
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pump in the lower part of a drill string allows creating a
local pressure drop at the downhole [2] while
maintaining positive differential pressure in other
sections of the well. At the same time, the natural
permeability of the productive horizon is preserved
during its initial opening. The use of combined
assemblies makes it possible to increase the efficiency
of using traditional methods of mechanized oil
production [3]. A significant reduction in the cost of oil
production is associated with the combustion of
separated petroleum gas in the gas drive of a surface
pumping unit of a downhole jet pump [4]. The joint
arrangement of the jet pump and coiled tubing string
made it possible to improve the quality of well cleaning
after hydraulic fracturing [5]. The hydrojet method of
operation allows increasing the production rate of wells
at initial stages of the operation of shale oil fields [6]
(Liberty Resources, USA). The compactness of the
surface equipment of the downhole ejection system
made it possible to use it in conditions of limited
dimensions of offshore oil and gas platforms [7]
(Weatherford International). The ability of the jet pump
to create a significant reduction in pressure is used to
restore the exploitation of depleted hydrocarbon fields

[8].

The defining disadvantage of using downhole
ejection systems is associated with peculiarities of the
process of mixing flows in the flow path of the jet pump
[9]. The presence of vortices accompanying the
connection of flows with a significant difference in
velocities and pressures is accompanied by significant
hydraulic losses and is the reason for the low energy
efficiency of ejection technologies. The negative
influence of insufficient values of the jet pump
efficiency is most fully manifested in the
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implementation of long-term  ejection  systems
operations. Due to the simple design, versatility and
prevalence of downhole ejection systems, the study of
the working process of a jet pump, aimed at improving
the energy performance of its use, is an urgent task.

One of the ways to optimize the operation process
and increase the energy efficiency of using downhole
ejection systems is swirling mixed flows, which can be
carried out using inclined guide elements or by direct
rotation of individual parts of the flow path of a jet
pump. In the transfer of energy from a high-pressure
working to a low-pressure injected flow, not only
friction forces take part, but also centrifugal forces
caused by the rotation of liquid particles, as a result of
which jet devices acquire additional properties of
dynamic pumps characteristic of the working process. In
the process of analyzing the comparative efficiency of
vortex jet devices, it is found that swirling the flow
makes it possible to increase the injection coefficient up
to 38.1 %, the efficiency up to 70 %, and the vacuum in
the receiving chamber up to 40 % [10]. Despite a
significant number of researches devoted to the working
process of vortex jet pumps [11-14], the authors, as a
rule, limit themselves to determining the experimental
characteristics of ejection systems. The purpose of the
studies, the results of which are presented in this work,
is to simulate the working process of a downhole
ejection system for the conditions of swirling the
injected flow, determine the theoretical pressure and
energy characteristics of a high-pressure jet pump,
experimentally study its working process and test the
obtained analytical dependencies.

According to the design diagram of the hydraulic
model of the jet pump (Fig. 1), the working flow with

the flow rate Q,, enters the working nozzle of the jet
pump.

1112
1-1 — outlet section of the working nozzle;

2-2 — inlet section of the mixing chamber;
3-3 —initial section of the mixing chamber

fa1— cross-sectional area of the working flow
at the outlet of the working nozzle;
fyo— cross-sectional area of the working flow
at the entrance to the mixing chamber;
fs, — cross-sectional area of the injected stream
at the entrance to the mixing chamber;
f5 — cross-sectional area of the mixing chamber

fwi” fw2 fs2 f3

3

Figure 1 — The flow path of the jet pump
Due to the high flow rate of a working stream, a

low pressure region is created at the outlet of the
working nozzle, as a result of which conditions arise for

2
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the addition of the injected stream with a flow rate Q; .

In the mixing chamber with a diffuser, there are restored
the velocity and pressure profile, after which the mixed
flow with the flow rate Q,, enters the pressure line of
the jet pump.

The equation of conservation of momentum in a
fluid for the mixing chamber of a jet pump has the
following form

(%) (GWVWZ +GgVs ) - (Gw + G )Vm =

= Pmafa = Ps2fs2 = Pz fuz »
where ¢, is the velocity coefficient for the inlet section
of the mixing chamber; G,,,G; are mass flow rates of
the working and injected flows; v,,,Vg,,V,, are the

velocities of the working flow at the inlet of the mixing
chamber, the injected flow at the inlet of the mixing
chamber and the mixed flow at the outlet of the mixing

chamber; P53, P2, Pyo is pressure of the mixed flow
at the outlet of the mixing chamber, injected swirl flow
and working flow at the inlet of the mixing chamber;
fso, fio, f3 is the cross-sectional area of the injected
flow at the inlet of the mixing chamber, the working

flow at the inlet of the mixing chamber and the outlet
section of the mixing chamber.

The hydraulic force P’created by the swirling
injected flow in the inlet section of the mixing chamber
is determined by integrating the unit forces acting on the

area of the elementary cross section
' 2 2 27 ( 4
P = pszn(rc —rw)-i—pa)s Z(rc - ) , 2
where p, is the injected direct flow pressure o is the

fluid density; c; is the angular velocity of injected flow

rotation; 1, are the radii of the mixing chamber and

the working nozzle.
The flow rates in the characteristic sections of the
jet pump are determined taking into account the density

of the working p,, , injected p and mixed p,, flows
G
fwzpw ’
GS
fs2ps ,
_ Gy, +Gg
f3ps
The relationship between the hydrodynamic
parameters of flows in the mixing chamber and the

characteristic sections of the jet pump is carried out
using obvious relationships
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where p.,, Ps, P,, are pressure values of the mixed,

injected and working flows; ¢ is the velocity

coefficient of the working nozzle; ¢ is the velocity
coefficient for the outlet section of the mixing chamber;
Apy is hydraulic losses in the flow between sections
1-1and 2-2.

The process of swirling the injected flow is
characterized by the ratios as follows

v v 4 d
v=—"L_v=—"t y,= Q;,voza)s—c,
Cos oy Sinarg zds 2
8 v
o, :—Q—gtgas,—‘):tgas, @)

T dC Vo

where Vv is the velocity of the swirling flow; v,,v, are
rotating and axial components of velocity; «is the
angle of inclination of the guiding elements for swirling
the injected flow; d, is the diameter of the mixing

chamber of the jet pump.
When deriving the equation of the pressure

characteristic  of a  high-pressure jet  pump,

dimensionless relations are used

h:M, i:&, K, :ilmzlqll ®)
Pw — Ps QW le fwl

where h is the relative pressure of the jet pump; i is
the injection coefficient of the jet pump; Kp is the

basic geometric parameter of the jet pump.

According to the existing classification, a high-
pressure jet pump corresponds to the value of the basic
geometric parameter K, <4,0.

Solution of equations (1)—(8) in accordance with
the methodology of VTI of F.E. Dzerzhinsky [15],
taking into account the peculiarities of screw flows
movement, makes it possible to determine the pressure
characteristic of a vortex high-pressure jet pump

2 \2
f o f 1+i
Kp fuo fso Kp
2:2, 2 -1
_ap 2 as(1+Kp )
Ap 0,5)2 ’
w (1+ K$ ) (Kp-1)

where Ap,, is the difference between the pressures of
the working and injected flows, Ap,, = py, — Ps-

The last component of equation (9) determines the
value of an additional dimensionless dynamic head
created by swirling the injected flow. For zero values of
the injection coefficient i = 0, equation (9) turns into the
equation obtained by N. E. Sokolov, N. M. Zinger [15].

The current ratios of relative pressure and injection

ratio can be represented as the energy characteristics of
the jet pump

©)

(10)

where 77 is the efficiency of the ejection system.

According to the results of comparative analysis
(Fig. 2) of the energy characteristics obtained using
equations (9), (10) it is established that the twisting of
the injected flow allows to increase the maximum value
of the efficiency of the jet pump by 25 %. According to
the obtained results, the value of the dynamic pressure
caused by the twisting of the injected flow and the
injection coefficient of the jet pump are directly
proportional.
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Figure 2 — Comparative analysis of pressure (1) and
energy (2) characteristics of a high-pressure jet pump

An experimental laboratory setup for studying the
working process of a jet pump (Fig. 3) consists of
several parallel jet pumps. The mixed flow after leaving
the diffuser of the jet pump is divided into two parts:
part of the mixed flow enters the reservoir 8 through the
vertical hydraulic channel 6, and another part is directed
to the suction line 5 of the laboratory installation along
the bypass line 7. Placing the reservoir 8 above the level
of the jet pump installation allows maintaining a stable
hydrostatic pressure in the hydraulic system of the
installation. The hydraulic load on the jet pump is
formed using a throttling device 9.
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1 —working nozzle; 2 — mixing chamber with diffuser;

3 —outlet line; 4 — inlet line; 5 — suction line of the jet

pump; 6 — vertical hydraulic channel; 7 — bypass line;

8 — tank; 9 — throttle device; 10 — centrifugal pump;
11 — suction line of the centrifugal pump; 12, 13 — water
meter of working and injected flow; 14, 15, 16 —

manometers for measuring the pressure of the working,
injected and mixed flows; 17, 18, 19 — adjusting latches

Figure 3 — Laboratory setup
for studying the working process of the jet pump

The valve 17 allows one to change the operating
mode of the pump and the flow rate of the injected flow.
The valves 18 and 19 allow directing the flow rate of
the working and injected flow to the jet pump, which is
being studied. The design of the laboratory unit allows
the study of both a single jet pump and parallel
connection of several pumps.

During the experimental study of ejection system
characteristics, there were used models of a high-
pressure jet pump with different values of the main

geometric parameter Kp, the distance between the
working nozzle and the mixing chamber and the length
of the mixing chamber (Table 1).

The relative distance between the working nozzle

and the mixing chamber was defined as the ratio of the
diameter d,, of the working nozzle and the absolute

distance l,, to the mixing chamber I, =d,,/l,, . The
relative length of the mixing chamber was calculated as
the ratio of its absolute length |, and the diameter d,,

of the working nozzle I, =1 /d,, .

At the first stage of experimental research, there is
determined the influence of the operating flow of a jet
pump on the value of the injection coefficient of the jet
pump. The results of experimental studies are presented
as the dependence of the injection coefficient value of
the jet pump on the Reynolds number of the workflow

i=f(Rey)

4
Re, = AQu , (11)
nd,,v
where v is the coefficient of kinematic viscosity of the

liquid.

The element for twisting the injected flow is made
by 3D printing technology with a tilt angle o = 45° and
its thickness of 2.5 mm. The presence of a central sleeve
(to ensure the rigidity of the auger) reduced the normal
cross-sectional area of the receiving chamber of the jet
pump by 8.7 %. In addition, the presence of auger turns,
the rotation of the liquid particles and the continuous
change of the direction of movement of the injected
flow additionally affect the hydraulic resistance of the
flow part of the jet pump. The efficiency of twisting the
injected flow obtained during the research exceeds the
negative impact on the jet pump characteristics of the
increase of the hydraulic resistance of its receiving
chamber caused by the reduction of its cross-sectional
area and the change of flow directions.

Dependences of the injection coefficient value on
the Reynolds number of the workflow are approximated
in the form of asymptotic functions (Fig. 4)

. Re

= (12)
b+aRe,

The values of the empirical coefficientsa, b for

the models of jet pumps used in the test with the angles

of inclination of the guide elements ag =0, ag= 45° are

given in Table 2.

According to the obtained results, the maximum
increase in the value of the injection coefficient caused
by the twisting of the injected flow is 19.1 %.
According to the dependences shown in Fig. 4, the
effect of the twist of the injected flow on the value of
the injection coefficient increases for small Reynolds
numbers, i.e. for highly viscous liquids.

The regression equations for the pressure
characteristics of the models of jet pumps (Fig. 5) are
given in Table 3, and the values of the experimental
coefficients — in Table 4.

Increasing the value of the injection coefficient
reduces (Fig. 5) the discrepancy between the pressure
characteristics of the direct-flow and vortex jet pump.

Table 1 — Geometric dimensions of jet pump models

Distance to the mixing chamber The relative
Diameter of a nozzle | Basic geometric . length of the
Absolute Relative g
Model dy,, mm parameter K , — mixing chamber
w l,,, mm Ly T
C
1 7.7 3.795 7 1.10 15.6
2 8.1 3.429 10 0.81 14.8
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Figure 4 — Dependence of the injection coefficient on the Reynolds number of the working flow of the
straight-flow 1 and vortex jet pump 2 for various ratios of the geometric parameter K, of the jet pump

Table 2 — Coefficients values of empirical functions and correlation coefficients
for direct-flow and vortex jet pumps

Model Coefficients values
a b
a5 =0 a5 =45° a5 =0 a5 =45°
1 3.568 3.394 3878 2097
2 4,327 4,08 25934 12353
0.3,
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) g 02 1 S
7 7 ‘
o o
s S
2 01 s 01
kS 8
(0] (O]
4 4
0 0.2 04 0 0.2 04
The injection coefficient, i The injection coefficient, i
a) b)
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Figure 5 — The pressure characteristic of a straight-flow 1 and vortex jet pump 2 for different ratios
of the geometric parameter K, of a jet pump

Table 3 — Regression equation for pressure characteristics of jet pumps

Model Straight flow Swirling flow
1 h=a+bi° +ce' h =a+bi?
2 h =a -+ bi?lni Inh=a+bi+ce™

Table 4 — The values of empirical coefficients of regression equations for the pressure characteristics

of jet pumps

Model Straight flow Swirling flow
a b c a b c
1 0.3108 | -0.00304 | -0.1086 | 0.2388 0.8502 -
2 0.2252 0.62970 - -14.5140 | 10.1045 13.2394
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Figure 6 — Theoretical (1) and experimental (2) pressure characteristics of the jet pump
for different values of the geometric parameter K P

Analysis of the obtained experimental pressure
characteristics (Fig. 5) indicates that the maximum
increase in pressure caused by swirling of the injected
flow is 9.2 % for a pump with a geometric parameter

value Kp: 3429 and 16.9% for a pump with a

geometric parameter value K p=3.795.

Dependences of the efficiency on the injection
efficiency of the jet pump are obtained using the
empirical pressure characteristics given in Table 4. The
maximum increase in efficiency caused by the swirling
of the injected flow corresponds to the model of a jet

pump with a geometric parameteer = 3.795 and

equals 21.3 %.

The verification of the adequacy of the theoretical
pressure characteristics was carried out for both models
of a high-pressure jet pump under study. In the process
of theoretical determination of the pressure, equation (9)
was used for the case of injected flow swirling by

guiding elements with an angle of inclination ag =45 °
(Fig. 6).

Comparative  analysis of  theoretical and
experimental pressure characteristics of the jet pump for

various values of the geometric parameter Kp (Fig. 6)
has shown that the average error in the theoretical
determination of the pressure is dh = 9.5 % for the
pump with the geometric parameter value Kp = 3.429

and oh= 4.9 % for the pump with the geometric
parameter value K ,=3.795.

Conclusions

Based on the use of the law of conservation of
energy, momentum in fluid in a closed volume of the
mixing chamber and flow continuity, an equation for the
pressure characteristic of a downhole high-pressure
vortex jet pump is obtained for conditions of symmetric

swirling of the injected flow. The structure of the
obtained equation contains a component that determines
the value of the additional dynamic pressure created by
swirling the mixed flows in the flow path of the jet
pump. In the case of a zero angle of symmetric swirling
of the injected flow, an analytical dependence of the jet-
vortex ejection system is proposed, which takes the
form of the classical equation of the pressure
characteristic of a straight-flow jet pump.

Based on experimental studies of a downhole high-
pressure vortex jet pump for conditions of symmetric
swirling of the injected flow, an increase in the value of
the injection coefficient was obtained up to 19.1 %,
pressure — up to 16.9 %, efficiency — up to 21.3 %.

In the process of checking the adequacy of the
proposed pressure characteristics of the downhole high-
pressure vortex jet pump, it is found that the maximum
average error of the theoretical determination of the
pressure does not exceed 9.5 %.
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V]IK 622.24 + 621.694.2
[docnimpkeHHs rigpaBnivyHUX XapakTepUCTUK CBEPANTIOBUHHOIO CTPYMUHHOIO
Hacoca
/1.0. Ilanegnux

Isano-@pankiscovkuil HaYIOHATLHULL MEXHIYHULL YHIgepcumem Hapmu i 2azy;
eyn. Kapnamcwka, 15, m. leano-®@panxiscok, 76019, Yrpaina

B po06oTi po3risiHyTa MOMIJIMBICTH MiIBUIIEHHS €HEPreTHYHO! e(DEeKTUBHOCTI CBEPJIOBHHHHUX EXKEKI[IHHUX
CUCTEM HIISIXOM 3aKpy4yBaHHS 1H)KEKTOBAHOT'O ITOTOKY PO3MIIIEHMMHU B NPOTOYHIH YaCTHUHI CTPYMHHHOTO Hacoca
MOXWJIMMH HaNpaBIIIIOYMMH ejeMeHTaMHu. Ha OCHOBI 3akoHIB 30epexeHHs eHeprii, iMIyjbca Ta CYLIIBHOCTI
MIOTOKY pO3po0jieHa MaTeMaTHYHa MOJEdb poOOodYoro mpolecy BHXPOBOI €XEKLIHHOT CHCTEMH y BHIVIAL
MPSIMOTOYHOTO POOOYOT0 Ta TBUHTOBOI'O 1HKEKTOBAHOTO CTPYMEHIB, SIKa JI03BOJIMJIA OTPUMATH PIBHSHHS HarlipHOT
Ta EHEepPreTHYHOi XapakTePUCTHK BHCOKOHAMIPHOTO CTPYMHUHHOTO Hacoca. Y BHUNQJAKY HYJIBOBOIO KyTa
3aKpy4yBaHHs IH)KEKTOBAaHOTO IIOTOKY OTpPHUMaHi 3aJeXHOCTI HaOyBarOTh BHIVISAY BIJOMHMX pIBHSHbB, SIKi
XapaKTepu3yloTh poOOYMil mpomec MPSIMOTOYHOIO CTPYMHMHHOTO Hacoca. B mpomeci excrnepuMeHTalIbHHUX
JOCII/DKEHb T1IPaBIiYHAX XapaKTEPUCTHK BHUCOKOHAIIPHOTO CTPYMHHHOTO HAcoca ISl BUMAAKY 3aKpydyBaHHS
IH)KEKTOBAHOTO TOTOKY OTPUMAHO 3pOCTaHHA Koe(illieHTa 1HXKEeKIIil, BIAHOCHOTO Harmopy Ta KoedimieHTa KOPUCHOT
Iii cTpyMHHHOro Hacoca BifmoBimHo no 19.1, 16.9 ta 21.3 %. OTpumaHa HpU eKCIEPUMEHTANIbHINA MepeBipii
HaMipHOI XapaKTepUCTUKH BUXPOBOTO CTPYMHHHOTO Hacoca Moxubka He mepesuurye 9.5 %.

KirouoBi cnoBa: giomocnuil nanip, escexyilina cucmema, Koe@iyicum IHIICeKYil, 3aKpYyUy8aHHs HOMOKY,
eHepeemuuna eghexmueHicmo.
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