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Purpose. The purpose of the research is determination of boundary parameters of a downhole ejection system
operation, analysis of critical stressed state of an ejector pump body and substantiation of the method of choosing its
geometrical and strength properties.

Methodology. On the basis of using classical methods of hydromechanics, the Bernoulli equation, the Darcy-Weis-
bach equation and continuity of flow it has been established that the most difficult conditions of ejector pump body
operation appear during its exploitation in a cavitation mode. Combined analysis of hydrodynamic cavitation occurrence
condition and strength condition enabled us to evaluate the boundary stressed state of the ejector pump body.

Findings. In the process of modeling the ejector pump operation there is shown necessity to determine hydrody-
namic parameters of flow which are suitable for extreme conditions of ejection system operation in a well. The ob-
tained value of cavitation flow rate determines the waste of pressure in hydraulic canal of the annular space of a well
and the maximum value of external pressure which influences the jet pump body. The succession of determination of
stresses, which occur in the ejector pump body, and of minimum required, under strength conditions, thickness of its
side has been shown.

Originality. Relationship between hydrodynamic and strength characteristics of individual elements in a downhole
ejection system has been determined. The principles of evaluating the stressed state of ejection system elements form
theoretical basis for choosing geometrical parameters of the ejector pump body.

Practical value. Reasoning the method for choosing the design parameters of a downhole ejector pump increases
reliability of its usage and decreases probability of accidents, connected with failure of a bottom hole assembly. The
suggested principle of combined analysis of hydrodynamic and strength characteristics can also be used for modeling
the operating process of surface ejector pumps, which are the part of the system of extraction, gathering and prepara-
tion of oil and gas.
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Introduction. No moving parts, easy transfer and
conversion of energy, the ability to operate a wide range
of debit changes, small dimensions and low cost have
resulted in the use of jet pumps in many oil and gas fields
of Australia, England, Venezuela, Indonesia, Canada,
China, Mexico, Russia, the United States of America.
Today almost all the main processes of oil and gas field
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exploitation can be implemented using such ejection
systems as drilling, emergency response, case cement-
ing, development and study of wells, their exploitation,
intensification of oil extraction methods, underground
repair of wells, gathering and preparation of oil and gas.
A significant advantage of downhole jet pumps is the
possibility of their application under complex mining
and technical conditions. In particular, the application
of ejecting technologies improves the efficiency of drill-
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ing in abnormally low reservoir pressures, the drilling of
horizontal sections of wells, emergency response related
to the removing of underground equipment from the
bottom part, elimination of stuck drill string, operating
low-yield wells at final stages of oil and gas field develop-
ment. The advantages of ejecting technologies are sig-
nificant while developing oil and gas fields in remote
inaccessible areas [1], and for extending the life of aging
wells [2] whose products contain a significant amount of
dissolved petroleum gas and solids if necessary.

Prevalence and wide application of ejecting technol-
ogies demonstrate their world importance. Growth in
the use of downhole jet pumps requires further develop-
ment of theoretical issues aimed at modeling ejection
system workflow in the well. Improvement of mathe-
matical models of downhole jet pump workflow allows
us to increase the efficiency of oil and gas field develop-
ment, and it is an urgent task.

Analysis of the recent research. Modern mathemati-
cal models of jet pump workflow are based on the study
of hydraulic connections between the elements of the
ejection system and determine their geometric dimen-
sions, mutual orientation [3] and the nature of inclusion
[4] in the bottomhole circuit of a well. The workflow of
the ejection system is usually modeled as potential adja-
cent streams with different kinematic and hydrodynam-
ic parameters, the values of which are aligned in the flow
part of the jet unit. Besides, there are regulated a num-
ber of expected parameters, for example, the ratio of the
working and injected flow pressure [5].The principle of
minimizing the hydrodynamic parameters of coaxial
flows is included in the choice of a borehole layout dia-
metric dimension [6]. While optimizing the jet pump
workflow in the work there is used [7] a criterion param-
eter as a performance index, which provides a necessary
combination of kinematic and dynamic characteristics
of streams in the bottomhole zone.

Thus, the international experience in modeling ejec-
tion systems workflow is generally limited to the analysis
of hydraulic phenomena in a flowing part of the jet
pump, systematization of operating factors and choos-
ing optimization criteria. Thus mechanical characteris-
tics of deep equipment elements are not examined in the
vast majority of the existing methods for choosing oper-
ating parameters of ejection systems. The work [8] pres-
ents the theoretical foundation of the joint review of hy-
draulic and mechanical parameters of ejection system
elements. Based on Barlow's formula for a thick cylin-
drical casing there is found a relationship between
stresses in a housing material of the above-bit instru-
ment and the flow of the drilling fluid for different struc-
tures of a pump circulation system and a flowing part of
the jet pump. These studies help us to formulate the
valuation principles of the boundary stress state in some
elements of an ejection system, and results in its trouble-
free operation.

Unsolved aspects of the problem. Features of the
downbhole jet pump workflow define more complex con-
ditions of its operation compared with elements of other
downhole equipment. Due to the high rate of the flow
leakage from the working nozzle an area of low pressure
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in the receiving chamber of the jet pump is formed. De-
pression that occurs in the receiving chamber increases
the difference of pressures acting on the body of the jet
pump and increases the possibility of accidents related
to the destruction of downhole equipment. The need to
prevent accidents related to this equipment requires the
research on the stress state of the jet pump housing,
identification of critical conditions of borehole ejection
system operation and the rationale for the choice of geo-
metric and strength parameters of its elements. This
problem is solved in the case of external placement of
the jet pump in the bottomhole ejection system [8].
However, the majority of bottomhole ejection systems
are characterized with an internal placement of jet pump
parts. The stress state of jet pump housing parts was not
considered for this type of the pump layout and it re-
quires further studying.

Objectives of the article. The purpose of the article is
to determine boundary parameters of the borehole ejec-
tion system operation, analyze the stress state of the jet
pump housing, and justify the method for choosing its
geometric and strength characteristics.

Presentation of the main research. The borehole
ejection system (Fig. 1) consists of the working nozzle 3,
mixing chamber with a diffuser 4 and slurry channels 5
connected to the above-bit area, placed in the housing
2. The working nozzle 3 is combined with a hydraulic
channel of drill pipes /, and the slurry channel 5 — with
a drilling system of the bit 6. The drilling fluid flows
through the drill pipe 7 to the working nozzle 3, where
the area of low pressure is formed due to the high-speed
leakage of the fluid. Having passed the drilling system of
the bit, part of the flow moves in an upward direction in
the annular space formed by the drill string and the
borehole wall 7, and another part of the flow enters the
mixing chamber with the jet pump diffuser 4 through the
slurry channels 5, where the velocity profiles of injected
and working flows are leveled. The flow rate at the bot-
tomhole exceeds the performance of a surface pumping
unit driveline due to the additional circuit of drilling
fluid circulation.

The isolation level of the maximum pressure differ-
ence acting on the jet pump housing is shown by the
dotted line a-a in Fig. 1. The pressure values at points 7,
2 are determined by the hydraulic resistance of hydrau-
lic system elements. The minimum pressure value at
point / is determined by operating the jet pump in a
cavitation mode and meets the values of saturated vapor
pressure of the drilling fluid P,,;, = P,,. The pressure
value at point 2 is defined by the following formula

P, =P, +AP

where P, is a hydrostatic pressure in the well; AP, stands
for hydraulic losses in the annular channel, which is
formed by the drill string and the borehole wall.

Taking into account the fact that the pressure of sat-
urated vapors is much smaller than the hydrodynamic
and hydrostatic pressures, it can be assumed that P, = 0.
In this case the maximum difference in pressure acting
on the jet pump housing wall is determined by the ratio
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Fig. 1. Schematic diagram of the borehole ejection
system:
1 — drill string; 2 — housing; 3 — working nozzle; 4 — mix-
ing chamber with a diffuser; 5 — slurry channels; 6 — bit;
7— borehole wall

AP, = P,. We can write the equation for determining
the boundary value of external pressure acting on the
body of the jet pump, considering the basic equation of
hydrostatics, continuity equation of flow and Darcy-
Weisbach equation

pﬂ’Hp Qﬁcav
7 (D,-d,) (D, +d,)’

AP = ngp +

where p is the density of the washing solution; g is the
acceleration of gravity; H,is the depth of the jet pump
placement in the well; A is the coefficient of the linear
hydraulic resistance; Q,,, is the workflow rate (perfor-
mance of a drilling pump) corresponding to the cavita-
tion operation mode of the jet pump; D,, d, are the bore-
hole diameter and the outer diameter of the drill string
respectively.

The magnitude of the workflow rate that corresponds
to the occurrence of cavitation in the working nozzle of
the jet pump can be determined using the Bernoulli
equation for specific sections of the borehole ejection
system.

Let us write the Bernoulli equation for the section
placed in the drill string directly before the flow of drill-
ing fluid enters the flowing part of a jet pump and the
output section of a working nozzle (Fig. 2).

AW LN
L +—+o,—=Z,+—+a,—=+h_,, (1)
Prg 2g prE 2g
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where Z,, Z, are geometric markings of sections position
relative to the plane of comparison; P,, P, are the values
of fluid pressure in the chosen sections; @, @, are Corio-
lis coefficients; V;, V, are the values of the flow velocity
in the chosen sections; /4, , are fluid pressure flow rate
between the sections.

Fig. 2. Hydraulic circuit of the borehole ejection system:
1 — drill string channel; 2 — channel of the annular space;
3 — working nozzle; 4 — mixing chamber with a diffuser;
5 — circulation system of the bit

Having analyzed the equation (1) for a turbulent flu-
id motion we can write that

Z =2,

a, =a, =1
AP
_ =h __pn
o2 =l pg

where 4,, AP, are fluid pressure flow rates in the work-
ing nozzle of the jet pump.

Having made the reductions we can solve the
equation (1) relatively to the pressure P,

P=P +§(V12—V22)—AP1,. )

The value of pressure P, can be determined using the
Bernoulli equation for sections 1—1, 3—3 (Fig. 2)

2 2
Z+—ta =27, +£+a3V—3+hHs 3)
rg 28 pg 2g

where Z; is a geometric marking of the cross section posi-
tion 3—3 relative to the plane of comparison; P;, V; are the
flow rate and pressure in the cross section 3—3; a; is Corio-
lis coefficient for the cross section 3—3; 4, _5 is the pressure
loss of the flow between cross sections 1—1 and 3—3.

For analyzing the components of equation (3) it
should be considered that the plane of comparison goes
through the cross section 1—1, and the cross section 3—3
is connected with the atmosphere (Fig. 2)
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Z|=0§Z3=Hp;P3=0;(l|=a3=1;

4)
APp +AP, + AP,
h_, :hp +thy+h =—————,
Pg
where 4, h, are pressure losses in the circulation system
of the bit and the channel of the annular space, the
depth of which equals the depth of the jet pump place-
ment in the well; AP, stands for pressure losses in the
circulation system of the bit.
Using the correlation (4) we can write the equation
(3) in the following form

P :ngp+§(V32—V12)+AP +AP,+AP..  (5)

Having substituted the equation (5) in the formula
(2) we obtain

P, =pgH, +§(V32 —V22)+APb +AP.  (6)

The components of the equation (6) are defined by
the obvious correlations

4Qp

V. =—;
7Z'dp

2
V,= 0

3 ”(T—df); (7)

8 pQ,f AP - 82 plil,,Q,f _
T (Db—ds) (Db+ds)

AP =———F—
z? Nz,u,fd,;t

where d, d, are the diameters of the working nozzles of
the jet pump and circulation system of the bit; 4, is the
coefficient of loss of the bit circulation system nozzles;
N is the number of nozzles in the circulation system of
the bit.

Taking into account the accepted assumption P, =
=P,,~ 0 and the correlation Q,= Q,,, after substituting
the (7) in equation (6) we can write

ng +AQ§cav :O’ (8)
where
S ey
a (Db ds) o
1 AH,

N’wd} (D, ~d ) (D,+d,)

Having solved the equation (8) relative to the value
of Q,.,, we obtain the formula for determining the work-
flow loss which corresponds to the emergence of cavita-
tion in the working nozzle of the jet pump

0.5
Qpcav = [%j : (10)
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The system of equations (9, 10) is solved by the meth-
od of successive approximations because the coefficient
A, in its turn, depends on the workflow value Q,,,. The
procedure of calculating the coefficient A involves the pre-
liminary calculation of the flow velocity and the Reynolds
number based on the standard procedure.

Based on the equations (9, 10) there is built a depen-
dence of the cavitation loss of the workflow on the depth
of the jet pump placement in the well and the diameter
of its working nozzle (Fig. 3). The analysis of the char-
acteristics presented in Fig. 3 shows the directly propor-
tional dependence of the cavitation flow on the depth of
ejection system placement in the well and the inverse
dependence of the flow on the diameter of the working
nozzle of the jet pump.

The value of the cavitation working flow is used to
determine the wall thickness of the jet pump housing
that meets the requirements of strength. Using Lame
theory it can be determined that the largest absolute
values of hoop stresses occur on the inner surface of the
jet pump housing. Their absolute value is calculated by
the following formula

2
- 2R2AP,

R’ - R’

b}

where o, stands for hoop stresses in the jet pump housing;
R;, R are inner and outer diameters of the housing.

pr‘,,m3/s
0,04 /
3 /
0,03 ]

/

0,02 y
7V
0,01 /

H,.n
4000

0 1000 2000 3000

Fig. 3. The dependence of the cavitation flow on the
depth of the jet pump placement and the diameter of
its nozzle:
1—d,=0.011m; 2—d,=0.012m; 3—d,=0.013m

The strength condition has the following form

where g;is the boundary of material fluidity; » is the co-
efficient of the safety factor.
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Then the wall thickness of the jet pump housing can
be calculated by the following formula

_ oy /n 3
o=R \/af/n_ZAPmax T (11)

Let us perform a numerical analysis of equation (11)
for a specific engineering problem. Fig. 4 shows the de-
pendence of relative wall thickness of the jet pump
housing when the components of equation (11) take val-
ues o, = 760 MPa (steel 445XI'MA), n = 2.

The dependence 5/ R= f(H ) hasagrowing non-
linear character and can be used for substantiating the
choice of the necessary wall thickness of the downhole
jet pump housing.

O0/R

0,2
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4
Y 7
7z

AN

Hp,m
4000

0 1000 2000 3000

Fig. 4. The dependence of the minimum relative thick-
ness of the jet pump housing on the depth of its place-
ment in the well and the density of the drilling fluid:
1—p=1000kg/m’; 2— p = 1200 kg/m’; 3— p = 1400 kg/m’

Conclusions and recommendations for further re-
search in the area.

1. Peculiarities of the borehole ejection system work-
flow increase the probability of destruction of the jet
pump housing.

2. The research on the boundary stress state of the jet
pump housing requires a joint analysis of the safety fac-
tor and parameters of the cavitation operation mode of
the ejection system.

3. The value of the required thickness of the jet pump
housing is directly proportional to the depth of its place-
ment in the well and the density of the drilling fluid.

4. The prospect for further research is to substantiate
the method for choosing the strength characteristics of
jet pump surface elements, which are part of the systems
of production, collection and preparation of oil and gas.
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Merta. BusHaueHHS rpaHUYHUX IapaMeTpiB €KC-
IulyaTallil CBepIIOBUHHOI €XEKIIIHHOI CUCTEMM, aHa-
JIi3 KPUTUIHOTO HAIIPY:KEHOTO CTaHy KOpITyca CTpy-
MMHHOTO Hacoca Ta OOI'PYHTYBaHHSI METOHY BHOOpPY
IOro reOMeTPUYHUX i MilIHICHUX XapaKTePUCTUK.

Metomuka. Ha ocHOBi BUKOPHUCTAaHHS KJIACUYHHX
METO/IiB TiZpoMexaHiku Ta piBHsHb bepHymni, Jlapci-
Beiicbaxa i1 HerepepBHOCTI MOTOKY BCTAaHOBJIEHO, 1110
HaMOIJIbII BaxKKi YMOBU POOOTH KOpPITyCca CTPYMMHHO-
ro Hacoca BUHMKAIOTh I1i/l Yac MOro eKcrulyaTallii B Ka-
BiTauiitHomy pexxumi. CriibHUIA aHaIi3 YMOBU BUHUK-
HEHHS TiApOoJAMHAMIYHOI KaBiTallii Ta YMOBU MillHOCTi
aB 3MOTY OIIIHWUTU TPaHWYHMI HaMpyKeHW CTaH
KOpIyca CTPyMUHHOTO Hacoca.

Pesyabrat. Y mpolieci MoaetoBaHHSI poOOYOTO
Mpo1iecy CTPYMUHHOTO Hacoca MokKa3aHa HeoOXiTHiCTh
BU3HAUYEHHS TiIpOAMHAMIUHUX I1apaMeTpiB IIOTOKY,
110 BiIITOBiIAIOTh EKCTPEMaIbHUM YMOBAM €KCIUTyaTa-
il eXeKIiiiHOI cucTeMM y cBepmIoBUHI. OTpuMmaHe
3HAUYEHHSI KaBiTallilHO1 BUTpaTU poOOYOro MOTOKY BU-
3Haya€e BTpaTU HAIopy B TiApaBliYHOMY KaHali 3a-
TPYOHOTO MIPOCTOPY CBEPIJIOBUHU I MAKCUMAJIEHY Be-
JIMYWHY 30BHIIIIHBOTO TUCKY, IO Ji€ Ha KOPITYC CTPY-
MUHHOTO Hacoca. IIpuBeaeHa IMOCHiIOBHICTh BU3HA-
YeHHSI HaIlpyXeHb, 1110 BUHUKAIOTb Y KOPIIYCi CTpY-
MMHHOTO Hacoca i MiHiMaJbHO HeOOXiITHOI 3a yMOB
MIIIHOCTI TOBIIMHU MOTO CTiHKMU.

HaykoBa nosm3Hna. [loisirae y BCTaHOBJICHHI B3a€-
MO3B’SI3KY MiX TiIpOoAMHAMiYHUMU I MillHICHUMU Xa-
PaKTEPUCTUKAMU OKPEMMX €JIEMEHTIB CBEPIJIOBUHHOL
exekuiitHoi cuctemu. CpopmynboBaHi MPUHUMIHN OLi-
HKHW HaIlpy>KeHOTrO CTaHy €JIEMEHTIB eXeKLiiiHOI cuc-
TEMHU € TEOPETUYHOIO OCHOBOIO IS BUOOPY IreoMeT-
PUYHMX TTapaMeTpiB KOpITyca CTPyMHUHHOI'O Hacoca.

IIpakTiyna sHaYMMicTh. OOTPYHTYBAHHSI METOIY BU-
060py KOHCTPYKTOPCHKUX IMapaMeTPiB CBEPITIOBUHHOTO
CTPYMUHHOTIO Hacoca MiABUIIY€E HaAiliHICTh MOro BuU-
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KOPUCTaHHS 1 3MEHIIYE HMOBIpHICTh aBapiii, 1110 MO-
B’s13aHi 3 pyiiHYBaHHSAM TJIMOMHHOI KOMIIOHOBKH. 3a-
MPONOHOBAHUIA MPUHIIMIIT CITUTBHOTO aHaJli3y Tiapoam-
HaMiYHMX i MiLIHICHUX XapaKTePUCTUK MOXKE BUKOPHUC-
TOBYBATHCS TaKOX IPU MOJEIIOBaHHI poO60OYOro Ipo-
IeCy MOBEPXHEBUX CTPYMUHHUX HACOCIB, 110 BXOISIThH
JIO CKJIaay CUCTEM BUA00YBaHHS, 300py i MiArOTOBKU
HadTH Ta rasy.

Kmouosi cioBa: nagpmosa ceeponosuna, excexuyitina
cucmema, CMPYMUHHULL HACOC, KAGIMAUis, HANPYICEHU
Cmaw, napamempu excnayamauii

ems. OnpeneneHre npeneabHBIX TAPaMEeTPOB DKC-
TUTyaTaly CKBAXKUHHOU 9KEKIIMOHHOMN CUCTEMBI, aHa-
JIU3 KPUTUYECKOTO HAIPSLKEHHOTO COCTOSIHMSI KOp-
mnyca CTpyiHOro Hacoca 1 000CHOBaHME MeTOa BbIOOpa
€ro reOMEeTPUYECKUX U MTPOYHOCTHBIX XapaKTePUCTHUK.

Metoauka. Ha ocHOBe MCIOJIB30BaHUS KJlacCHUe-
CKHX METOIOB I'MAPOMEXaHUKH W YypaBHEeHUI bepHYII-
Ju, Napcu-Beiicbaxa u HeMmpepbIBHOCTU MOTOKA yCTa-
HOBJIEHO, 4YTO HauboJjiee TSKEbIE YCIOBUS PabOTHI
KOpITyca CTPYMHOTO Hacoca BO3HMKAIOT IIPHU €T0 9KC-
IUTyaTallid B KaBUTAIMOHHOM pexkumMe. COBMECTHBIN
aHAJIN3 YCJIIOBUU BO3HUKHOBCHMSI TUAPOIMHAMMNYC-
CKOIf KaBUTAIlMM W YCIOBUSI TPOYHOCTU ITO3BOJIMII
OLICHUTD MpeaeabHOe HAIPSDKEHHOE COCTOSIHUE KOp-
myca CTpyHHOTO Hacoca.

PesyabTatel. B npoliecce MmoaeaupoBaHust padoye-
ro mpoiiecca CTpyHHOro Hacoca IoKa3aHa HeoOXOmu-
MOCThb OITpeieJICcHUs TUAPOANHAMWUYCCKHAX Iapame-
TPOB TTOTOKA, COOTBETCTBYIOIINX SKCTPEMAJIBHBIM YC-
JIOBUSIM BKCIUTyaTallMM 3KEKIIMOHHOM CHCTEMBI B
ckBaxknHe. [loaydeHHOe 3HaUeHHME KaBHTAIIMOHHOTO
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pacxoja paboyero rMoToka onpeaesisieT oTepyu Harnopa
B FMApPaBIMYECKOM KaHajle 3aTpyOHOIo MpOCTpaHCTBa
CKBaXXMHbl U MAaKCHUMAaJbHYIO BEJWYMHY BHEILIHETO
IIABJICHUS, OEUCTBYIOIIETO HAa KOPIIYC CTPYMHOTO Ha-
coca. [lpuBeneHa mocienoBaTeIbHOCTb OMpPeaeICHMS
HaIps>KeHW I BOZHUKAIOIIMX B KOPITYCE CTPYHHOTO Ha-
€OCa 1 MUHUMaJIbHO HEOOXOAMMOI MO YCIOBUSIM MPOY-
HOCTH TOJIILIUHBI €T0 CTEHKM.

Hayunas HoBM3HA. 3akitoyaeTcsl B OINpeAeIeHUN
B3aMMOCBSI3U MEXIy TUAPOAVMHAMUYECKUMU U MPOY-
HOCTHBIMM XapaKTEPUCTUKAMU OTIEIbHBIX 3JE€MEHTOB
CKBaXXMHHOM 3XEeKIMOHHOI cucTteMbl. ChopMyanpo-
BaHHbIE TPUHLIUITBI OLIEHKU HATIPSKEHHOTO COCTOSIHUS
3JIEMEHTOB 3XEKIIMOHHOMN CUCTEMBI SIBJISIIOTCSI TeOpe-
TUYECKOI OCHOBOI1 BBIOOpA reOMETPUYECKUX TTapaMe-
TPOB KOpITyca CTPyMHOIo Hacoca.

IIpakTiyeckas 3HaumMoctb. OOOCHOBaHHE MeToda
BbBIOOpAa KOHCTPYKTOPCKUX MapaMeTPOB CKBAXKMHHOTO
CTPYIMHOrO Hacoca MOBbIIIAET HAAEKHOCTh €ro UCMOJIb-
30BaHUsI U YMEHBIIAET BEPOSITHOCTb BO3HUKHOBEHUS
aBapuii, CBA3aHHBIX C pa3pylIeHUEM TITyOMHHOW KOM-
MOHOBKMU. [1peaioxXeHHbIN NPUHLIMIT COBMECTHOTO aHa-
JIN3a TUAPOJAMHAMUYECKUX U MPOYHOCTHBIX XapaKTepu-
CTUK MOXKET MCITOJIb30BaThCsl TAKXKe MPU MOJEIMPOBa-
HUM paboyero npoliecca CKBaKMHHbBIX CTPYHHBIX HACO-
COB, BXOJISIILIMX B COCTaB CUCTEM J0OBIYM, cOOpa U TO-
TOTOBKM HeTH U raza.

KiioueBble ci10Ba: Hepmsanas cK8aicuna, 34ceKulor-
Has cucmema, cmpyiHblil HACOC, KAGUMAUUS, HANPANCEH-
Hoe cocCmosiHue, napamempul SKCHAYAMayUuo
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