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ABSTRACT

This article analyzes the possibility of increasing the iefficy of using downhole jet
pumps by swirling the injected flowo analyze the peculiarities of the local swirling of
injected flow, design and technological parameters in the fortheoinclination angle
of guiding elements, the diameter of the helical trajecegcribed by the fluid
particles, and the flow rates of the swirling flow are stddBased on the application of
the conservation law of fluid momentum in adjacent jets withaebolic pressure
distribution, equations to determine the pressure charadedsftia jet pump are
obtained, taking into account the additional dynamic pressure madwvibing the
injected flow. In the process of analyzing the obtained relatibas been set the
dependence of the relative pressure growth and the efficienthye aéjection system
under the conditions of injected flow swirling on the relative fiate of a jet pump,
and an inversely proportional dependence of the above parameterts omain
geometric parameter in the form of the ratio of cross-sedtiareas of the mixing
chamber and the nozzle.
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INTRODUCTION

Contrary to the opinion of the primary use of ejection technologiestlgiifec oil and
gas production, the industrial use of downhole jet pumps began withplementation
of gas utilization processes, flushing of sand plugs and cleaningotiem during
drilling. In the early 50s of the last century, industriatt@n units were developed for
the utilization of low-pressure petroleum gas in the systemgatifering [1] and
preparation [2] of well production. Nowadays a significant numbeglobal and
regional companies are present in the oilfield serviceskehaof petroleum gas
utilization.

Sand flushing technology was introduced in the late 50s and early 6@slast century
[3] and was used to clean up shallow wells. In the first half of flse a technology was
developed for joint use of coiled tubing and jet pump for cleaning wWiéiks technology
has proven to be so successful that today 30-40% of coiled tubing opsrate
associated with sand cleaning of wells [4]. This technolog@syzecially effective for
cleaning horizontal wells, the number of which has rapidly as®d as a result of the
development of "shale" oil fields.

In the 60s of the 20th century, a technology was developed to uspuptto remove
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objects left during drilling from the bottom of aeik

Further spread of borehole jet pumps is limitedthgir low energy efficiency: the

efficiency of an ejection system, as a rule, doesaxceed 35% [5-8]. The need to
improve the energy efficiency of borehole jet punp®f particular relevance in the
implementation of long-term technological operasiamd, in particular, in the operation
of oil wells. One of the ways to optimize the clwesistics of ejection systems is to
swirl mixed flows in the flow path of jet device9,[10]. Despite a simple design,

mechanism of mixing swirling flows is insufficieptstudied today.

The purpose of the research, the results of whiehpaesented in this article, is to
simulate the characteristics of a jet vortex pump.

Let us determine the influence of design and teldgical factors on the rotation
velocity of fluid particles w, taking into account that this value is a detemgn
parameter characterizing the process of local swidf the flow in the flow path of the
jet pump. The rotation velocity of the fluid obvely depends on the inclination angle
of elements for the direction of the flaw the diameter of the helical trajectody,
which is described by fluid particles, and flowesbf the swirling flonQ

w=f(a,d,Q) (1)
The nature of dependence (1) is determined byhk®os relations (Figure 1)
V, Y/ 4Q d
v=—=01_.v=—€ .= V) = w—,
cosa sim’ 0 2 2 @

where: V = velocity of the swirling flow andVy,\(;= rotating and axial velocity
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Figure 1 Determination of the swirling velocity

When determining the componéw, the maximum peripheral velocity is considered.

Considering formula (2), dependence (1) can beesgmted by the equation as follows
_80Q

In addition, we determine the relationship betwiathnological and design parameters
in the process of swirling the flow

o =tga (@)
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Obviously, the above ratio changes from zeroaatO to infinity when the angle
approaches 90° and ceases to exist a90°. The range of swirling flow rate variation

is limited by linear dependencies= f (Q) according to equation (3).

Let us determine the pressure distribution in the field of aeplantex using Gromek
interpretation of the Euler integral, which is a special cidsthe Lagrange equation.
Bernoulli's equation for this case cannot be applied, since ibeaised exclusively for
fluid particles located on the same flow line. For the cds®nstant potential motion of
the fluid, the total energy of a unit mass of the fluid doesdepend on time and is
constant for all points of the flow

V2
U +H+7 =const 5)

whereU = the potential of body forcedy/ = the potential of pressure forces and=
the flow rate.

Considering the orientation of the jet pump in the well, the voaes is placed
vertically. This makes it possible to exclude from considangthe action of gravity)
=0.

Suppose that the vortex is in a calm medium, that is, theityelidnfinity is zero, and
the magnitude of the potential of the pressure forceH s11,,. Therefore for any
point in the vortex field, we can obtain

2
n-1I, =V7 (6)

The fluid velocity can be determined using the concept of veladitulation in a
closed loop/” with a radius;

I'=2mV (7)
Then for an incompressible (fluid densigy=const) medium, taking into account that

I1=P/p,Il, =11,/ p. , Wwe obtain

_pr?

P-P, =
87T2ri2

(8)

For the convenient practical use, we transform expression (8) congidéne
relationship between circulation and the angular velocity of fluidighes rotation

I'=2m’w
2.2
P-Pu=p™] ©)

The pressure at any point in the vortex field is thus less thapréssure in a calm
medium, that is, in the pressure field, fluid is sucked in.

Let us analyze the nature of the pressure distribution in teesection of the mixing
chamber caused by the flow rotation. According to equation (9)indr&al pressure
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component,owzriz/Z causes uneven pressure distribution in the irdetian of the

mixing chamber, which changes according to a pdiadaw. The vertex of the
parabola that defines the pressure plot is locatedhe axis of the jet pump. In the
process of swirling the injected flow, a uniformegsure distribution takes place in the
section of the operating flow (Figure 2).

It should be noted that for all considered cassdnt) into account peculiarities of the
jet pump operating process, the pressure of tleeteg flow exceeds the value of the
pressure of operating flow. For low-pressure jemps, there is no narrowing of
operating flow in the area between the nozzle aednixing chamber (trajectory A in
Figure 2). In the case of operating jet narrowitrgjéctory B in Figure 2), which is
taken into account in the analysis of operatingcess of a high-pressure pump,
obviously, the operating section decreasesl the area of the injected flow section
increases in the inlet section of a mixing chamber.
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Figure 2 Distribution of pressure in the inlet seatof the mixing chamber in the case
of injected flow swirling: 1 — a nozzle; 2 — a migichamber; A, B - trajectories of
operating flow of the low-pressure and high-presget pump, accordingly

When simulating the jet pump process of operatiaking into account the flow
swirling, we assume that fluid swirling stops i tmixing chamber, as a result of which
a uniform distribution of pressures takes placisioutlet section.

The construction of a hydraulic model of the e@ttsystem operation process [11] is
based on the use of the equation for conservatioth® fluid momentum in the
characteristic sections of the flow path of thep@tnp (Figure 3)

#2(GuVua* GsVeo) = (Gut GJ Vo ( Ps= Pa) fat( Pam Py T

(10)
=P fs— P fo—Pufu

where @, = the velocity coefficient for the inlet section tbie mixing chamber(,,, G¢

= mass flow rates of the operating and injectedstoVv,,;,Vso, V,,, = velocities of the
operating flow at the outlet of the nozzle, theeatgd flow at the inlet to the mixing
chamber and the mixed flow at the outlet of theingxchamber;P,3, Py, Py = the
pressures of the mixed flow at the outlet of th&ing chamber, injected swirl flow and
working flow at the outlet of the nozzle arfd,, f,;, f3 = a cross-sectional area of the
injected flow at the mixing chamber inlet, the nezand the mixing chamber outlet.
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Figure 3 The flow path of the jet pump

The force created by injected flow swirling in tinéet section of the mixing chamber is
determined by integrating the unit forces actinglanelementary section ar@ardr

2.2 fe 2
Pszfszz(P52+pw2r jfgzj(P§+pw22r JxZ;rrdr:

Tw

(11)

T
=R f52+pwzz(ré‘—r\‘,1\,)

wherer,,r,, = the radii of the mixing chamber and the nozzle.

The flow rates in the characteristic sections ef jgt pump are determined taking into
account the specific density of the operatigg injectedog and mixedo,, flows
G G

G,+G
le :f_WDW;VSZ :f_vs-v m:Wf—SD m (12)
W s2 3
After substituting formulas (11), (12) into equati{d0), we obtain

G,+Gg

Om

) G
012Gy 2+ G, 599 (G, + G
fu fo 3
(13)
=R fa— P feo- mew‘PCOZ%(f‘é‘r W
The relationship between the hydrodynamic pararsetérthe mixing chamber and
characteristic cross-sections of a jet pump isedwut using obvious relationships

2 2
(ngrr% _p -5 (Gw+Gs) Om.

Pr = Pr- , (14)
m3 m 2Um m 2 f32
VZ G
Psp =Py~ 522 =T 52 ; , (15)
2¢;0 205t
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4 2
LY (16)

2w 2¢2
291 vy 21 fwl
where B,,, P, P,, = the pressure of the mixed flow at the outlethef jet pump and the

pressure of the injected and operating flow atirthet to the jet pump angy, @3,¢, =
the velocity factor for the nozzle, mixing chambetlet and a suction port.

P\I\ﬂ.: PW_

Using formulas (14)-(16) and the concept of theedhipn coefficient, which is
determined by the ratio of injecte@s and operatingQ,, flow ratesi=Q,/Q,, after
obvious transformations, equation (13) can be @mith the form as follows

h= Pm_ Ps :¢]_2f—MXA+ pwzn'(rél—l’év)f v
Pv— R f3 2G2v,, (17)

where
i

1 2 f v 2 2 fuo
A=2p, + 2(02_—} WS (2-gf (i P
[ (pz Kp_l f3_fWDW f3 DW

where K, = the basic geometric parameter of the jet pukip = ( f3/ le) .

Given the obvious transformations

___.—\N:L:K‘;l,
f; Ky fu
we obtain
2 .2 .2 2 a)znr4—r4f2
K 2 2 2 K -1 3 % >
p Pa p Oy p Dy ZGWDWf3

Let us transform the component of equation (18)icwldetermines the additional
dynamic pressure caused by swirling of the injectiesv using the elementary
dependences

2 2.2
Gy ow — Gy Ow _
2 2

fo? fuy

Vvi, f3 = 7rI’C2; f\l\ﬂ. = 7rl‘v\2, (19)

Then the component of equation (18), which deteesiitthe additional dynamic
pressure, takes the form

opo’n(id -1y _ o {ﬁ VR J

2G2,, 2 (Vg VK,
where the rotating velocities for the mixing chambg, and the working nozz|¥),,
are determined by the formuMg = wr.; Vj,, = or,,.

(20)
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Thus, the additional pressure caused by the fhiation is determined by the value of
the rotating and axial velocities of swirling flows

For the possibility of practical use, the last comgnt of equation (18) must be
converted to an engineering form. Let us deterntime form of the equation for
calculating the swirl rate of the injected flow. ellaxial velocity of the injected flow
with the flow rateQ, is determined by the formula

Vos = ﬁ (21)

The value of the average rotating velocity of thiected flow can be determined by the
formula as follows

_ a)(dc + dw)

\V, =——¢ W 22
os 4 ( )
Then the resulting velocity of injected flow swiidj can be determined by the formulas
vo=Vos o 4
S ’
COSag 7r(dc2 - d\f,)cos(x s (23)
Vis _ @(de +dw) (24)

Vs =

Sinog 4sinog
whereag = the inclination angle of guiding elements for $ing the injected flow.

The general solution of the system of equations),(234) makes it possible to
determine the angular velocity of the injected flow

4Qstgr 5

1@+ K9S, (25)

Wg

where fg = the area of injected flow.
Using the obvious dependences

szvvvzv = szv;”(rcz_rve) =f
the formula for determining the additional presscaesed by the fluid rotation can be
written in the form

i L | A Ol IR (B )

2sz\/ faou ZQ\%F

After substitution of formula (25) into equation6j2and implementation of the
substitution

QSZ_iZ.ﬂ"d\fv_f
= zi5—HY=1y,

Q@ 4

we obtain a formula for determining the dynamicchaathe form as follows

(26)
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_ 200i%g %0 (1+ K;l)

@ KZHK -1 @7)

Taking into account the latter dependence, headactaistics of the jet pump under
conditions of injected flow swirling have the foNong form (equation (18))

. , 2017970, (1 KD

28
Ko @+K3HHK,-1) (28)

In the case of zero values of the injected flove 1@, and the value of the injection

coefficient i, there is no additional dynamic head, and thetivelahead takes on
maximum values and can be determined by the formula

2 2

_9 (2-93)0

hnax = Kl |:2‘/’2_ K 3 m} (29)
p p Ow

The efficiency of using the guiding elements in fleav path of the jet pump can be
determined by comparing the value of the relatieachobtained for the direct and
swirling flows

Ah= h_hhs x100% (30)

whereh, hy = the relative head for swirling and direct ingttflows.

A%

- 173/4
// /

Pz -4

—_— ]
0 1 2 3

Figure 4 Dependence of the pressure growth onrtjeetion coefficient of the jet pump
for different values of the main geometric paramete KID =4,0; 2 - Kp =5,0; 3 -

Kp:6,0; 4 - Kp:7,0; 5- Kp:8,0

o
N

The dependencieah = f(i) are made using equations (28) and (30) and have an
upward character (Figure 4).

The coefficient of efficiency of the jet pump isteanined by the ratio

SN 31
n (1-h) (31)
The value of the relative heddincluded in equation (31) is calculated by form{28).
The increase in efficiency caused by swirling af thjected flow is determined by the
ratio (Figure 5)
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A= :7’78 x100% (32)

wheren,ng = the efficiencies for swirling and direct injedtiow.

A%

| 27

Figure 5 Dependence of efficiency growth on theatipn coefficient of a jet pump for
different values of the main geometric parameteJ(:KLID =4,0; 2 - Kp =5,0; 3 - Kp

=6,0; 4 - K,=7,0; 5- K, =8,0

o
—t S
o
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Thus, the value of the relative head and the efficy of the ejection system caused by
the swirling of the mixed flows and the value o ihjection coefficient of the jet pump
are related to each other by a directly proporfiooalinear relationship. The efficiency
of swirling mixed flows decreases with an increasthe main geometric parameter of
the jet pump.

CONCLUSIONS

The proposed and theoretically substantiated mesimaaf local circulation of mixed
flows is based on the use of the law of momentunsenvation of fluid in adjacent jets
with parabolic pressure distribution. The obtaineguations make it possible to
additionally take into account the presence of ipgicelements in the flow path of the
jet pump for swirling the flow and to establish teatures of the operating process of
vortex ejection systems:

— additional pressure, caused by the rotation efflind, is determined by the value of
rotating and axial velocities of swirling flows;

— in the case of zero values of the injected flaterand the value of the injection
coefficient, there is no additional dynamic presseaused by the rotation of the
operating medium;

— an increase in the relative pressure and effigieraused by swirling of the mixed
flows, in direct proportion to the flow rate of tigected flow and the value of the
injection coefficient of the jet pump;

— an increase in the main geometric parametereojethpump reduces the efficiency of
swirling the mixed flows.
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