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ABSTRACT

BACKGROUND: Modern approaches based on numerical optimization methods are used in development of pumps in order
to achieve the high level of efficiency. These methods with use of parametrical models of flow sections of pumps help to find
either global or local extremum of an objective function and to obtain the optimal geometric shape of the flow section. The study
object is a dewatering electric submersible pump with cantilever working wheel arrangement used in shipbuilding industry.
AIM: Improvement of energy indicators of the flow section of the high-speed electric submersible pump at the nominal operation
mode by means of calculation with the use of the stochastic algorithm of search of the global extremum of an objective function
that is pump hydraulic efficiency.

METHODS: Search of the optimal shape if the flow section was conducted with the use of mathematical modelling of three-
dimensional flow of a viscous fluid in the computational region of the studied object. The parametrical model of the flow section
includes nine geometric variables (four variables for a working wheel, five variables for an outlet element) and their variation
ranges. The chosen algorithm of search of the global extremum of the objective function is the Latin hypercube method which
ensure uniform distribution of geometric variables in the search space. According to the compiled matrix of experiments
with various combinations of parameters, direct fluid dynamics simulations of flow in the flow section were performed.
RESULTS: Simulation results showed that it was managed to improve the pump hydraulic efficiency by 7% in comparison
with the initial flow section. According to the velocity field analysis, energy indicators improvement was achieved mainly
by increasing the width of channels between an electric motor and a housing, leading to velocities decreasing and lowering
the level of hydraulic losses in the outlet element of the flow section of the pump.

CONCLUSONS: The Latin hypercube method proved its effectiveness in search of the global extremum of the pump hydraulic
efficiency. The obtained result can be used in further as the initial point in search of the local extremum with direct methods
in the area around the found global extremum of the objective function.

Keywords: electric submersible pump; mathematical model; numerical optimization; the Latin hypercube method; global
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AHHOTALMA

Bsepenue. [pu NpoeKTMPOBaHUM HACOCOB C LiENbI0 NOAYYEHMS BLICOKOTO YPOBHA KOIQ(UUMEHTA NONE3HOM0 SENCTBUS NpU-
MEHSIOT COBPEMEHHBIE MOAXO0AbI, 0CHOBaHHbIE HA METOAAX YUCIIEHHON ONTUMU3aLMKM. 3TU MeToAbl C UCTONIb30BaHWEM Napa-
METPUYECKUX MOJieNei MPOTOYHBIX YacTell HacOCOB MO3BONAIT OTbICKATb r1006aNbHbIM UM NOKaNbHbIA IKCTPEMYM LieNeBoi
QYHKUMM 1 NONy4nTb ONTUMANBHYK FEOMETPUYECKYH0 GOpMY NpoToYHOM YacTh. 06BEKTOM [aHHOr0 UCCNef0BaHWs ABNAETCA
BOZAOOT/IMBHOWM MOTPYXHOW 3/IEKTPOHACOC C KOHCOJbHLIM PacnosioKeHUeM pabouyero Koneca, NPUMEHSEMBIA B CYA0CTPOM-
TeNbHOI oTpaciu.

Lenb nccneposanus. PacueTHbIM NYTEM YAYYLWIUTb SHEPreTUYECKUE NOKa3aTeN NPOTOYHOW YacTU MOrPYXKHOrO 3MEKTPO-
Hacoca BbICOKOW ObICTPOXOAHOCTV HA HOMMHANBHOM pEeXWMe ero paboTbl C MCMOb30BAHUEM CTOXACTUYECKOr0 anroputMa
noumcka rnobanbHoro aKCTpeMyMa LienieBon YHKLUMM — rMAPaBAMYECKOr0 KO3 duLMeHTa NONE3HOM0 LeMCTBUSA Hacoca.
Matepuansl u MeToabl. [ToucK onTMManbHOM hopMbl MPOTOYHOM YaCTU OCYLLECTBASCA C NPUMEHEHUEM MaTEMaTUYECKOrO
MOJENMPOBaHUA TPEXMEPHOTO TEYEHMS BA3KOM KMUAKOCTU B pacyETHOM obnactu uccneyeMoro obbekTa. MapamMeTpuyeckas
Mopenb I'IpOTO‘-lHOI‘/'I 4YacTu BRJTKOYAET AeBATb BapbUPyeMbIX reOMETPUYECKUX NapaMeTPOB — YeTbipe B paﬁoqu Konece U NATb
B OTBOASLLEM 3NIEMEHTE, U AMaANa3oH MX U3MeHeHus.. B kauecTBe anroputMa noucka rnobanbHOr0 3KCTpeMyMa LienieBoi
(YHKUMM MCMoMb3yeTCs METOA, TATMHCKOro rvnepkyba, KoTopbIiii 0becneynBaeT paBHOMEpHOE pacnpefeneHne BapbupyeMbix
reoMeTpUYECKMX MapaMeTpoB B MPOCTPaHCTBe Moucka. 1o cocTaBneHHoM MaTpuLe pacyETHBIX TOYEK C PasfiNiyHbIMU KOMOK-
HaLMAMM NapaMeTpOB BbIMOJHEHBI NPAMbIE FTMAPOAUHAMUYECKME PAcYEThI TEYEHMS B MPOTOYHOM YacTu Hacoca.
PesynbTatbl. Pe3ynbTaTbl pacyéToB MoKasanu, YTo rMApPaBAMYECKUA Ko3hOULMEHT NONe3HOro AeNCTBMS Hacoca YAanoch
YBENINUUTb Ha 7% OTHOCUTENBHO MCXOLHOM NPOTOYHOIM YacT. W3 aHanu3a noneit cKopocTeil B pacyéTHOW obnactu cnepyer,
YTO Y/yuLLEeHWe SHEPreTMHECKWX MOoKasaTenell BO MHOTOM AOCTUTHYTO 3a CYET YBESIMUEHUS LIMPUHBI KaHaNoB MeXAy 3eK-
TPOABUraTesieM M KOpMyCOM, YTO MPUBEJO K YMEHBLLEHUIO CKOPOCTEH W CHUXEHUIO YPOBHSA MMAPaBAMYECKVX NOTEPb B OTBO-
LALLEM 371EMEHTe MPOTOYHOM YacTH Hacoca.

BoiBogbl. MeTon natuHckoro runmepkyba nokasan cBo 3QGEKTMBHOCTb MPU HaXOMAEHWUM TN0DanbHOrO 3KCTpeMyMa
rMApaBINYecKoro KoahduumeHTa NoNe3HOro LENCTBUS HAcoca, pe3yNbTaT KOTOPOro B AasibHENLIEM MOXET ObiTb MCMOMb30-
BaH KaK HayasbHoe NpubanxeHWe npu NOMCKe NOKaNbHOM0 3KCTPEMyMa NpSMbIMUA METOLAMM B OKPECTHOCTAX HAAEHHOro
rnobanbHOro MakcuMyMa LieneBoil GyHKLUN.

KnioueBble cfoBa: Morpy»HoW 3MEKTPOHACOC; MaTeMaTMYecKas MOLesb; YACIIEHHAs ONTUMU3ALMS; METOA NTaTUHCKOro
runepkyba; rnobanbHbI 3KCTpeMyM; LieneBas GyHKUMS; MoLenb TYpbyneHTHOCTH.
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INTRODUCTION

Modern methods for calculating and designing dynamic
pump flow parts with high energy efficiency indicators
involve solving the problem of three-dimensional
flow analysis of a viscous liquid in the computational
domain of the object under study [1]. The efficiency
of the pumping unit is largely determined by the shape
of its impeller and guide vanes. Achieving optimal
efficiency requires numerical optimization of the flow
part of the hydraulic machine [2].

Various optimization approaches are used to identify
the best geometric parameters for the flow parts.
A comprehensive optimization approach [3] utilized
the LP-tau method to enhance the hydraulic performance
of the flow part of the sealed pump. The best approach
for optimizing an axial pump was a combination
of stochastic and gradient optimization methods.
In the first approximation, a stochastic algorithm seeks
the global extremum, followed by using a directional
method to identify a local extremum [4]. Metamodels are
increasingly used to minimize computational costs and
time. These are developed based on direct calculation
results from a compiled experiment matrix [5]. Well-
developed approximation functions (metamodels) can
accurately predict the extrema of target functions [6].

The aim of the work is to improve the hydraulic
efficiency of pumps using a stochastic method,
specifically the Latin hypercube sampling approach,
to find the optimal shape of the flow part. This approach
allows us to identify the global extremum of the target
function.

The object of the study is a vertical submersible
drainage electric pump with a speed coefficient
ns = 205. Figure 1 shows a digital model of the pump
that contains an inlet pipe — 1, n impeller — 2, guide
vanes — 3, the annular area between the motor and
pump housings — 4, and a discharge pipe — 5.

Inlet
boundary
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METHOD OF NUMERICAL
CALCULATIONS

The numerical calculation method is based on solving
the direct hydrodynamic problem of three-dimensional
viscous liquid flow in the studied computational domain.
Flow modeling in the flow section was performed using
the finite volume method with the ANSYS CFX CFD
package.

To validate the calculation method, a mathematical
model of the initial flow part version of the object
under study was calculated. The computational domain
in its full scale and without periodicity conditions includes
all elements of the flow section as shown in Fig. 1.
The mesh is tetrahedral with 11 million cells. The boundary
conditions applied include full pressure at the suction
point and mass flow at the discharge. A k-epsilon
turbulence model was used [7]. The walls are set as no-
slip boundaries, considering equivalent roughness [8].
The flow parameters between the rotating and stationary
domains are averaged around a circle, with Stage as the
interface type. The calculations were carried out under
stationary conditions.

SEEKING FOR THE OPTIMAL SHAPE
OF THE FLOW PART

In this work, the goal is to improve the energy
indicators of the research object by identifying
the global maximum of the target function, specifically
the hydraulic efficiency of the pump in its nominal
operating mode. In this regard, a stochastic method is
used to find the optimal shape of the flow part within
specified boundaries.

To conserve computational and time resources
during optimization calculations, a simplified geometry
of the computational domain with periodicity conditions
is used.

'0utlet
boundary

Fig. 1. The digital model (o) and the computational region (b) of the submersible pump.
Puc. 1. Ludposas Mogensb (a) u pacyéTHas obnacTb (b) norpy:KHOro aneKTpoHacoca.
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In this work, the goal is to improve the energy indicators
of the research object by identifying the global maximum
of the target function, specifically the hydraulic efficiency
of the pump in its nominal operating mode. In this regard,
a stochastic method is used to find the optimal shape
of the flow part within specified boundaries.

To conserve computational and time resources during
optimization calculations, a simplified geometry of the
computational domain with periodicity conditions is used.

The meridian projection of the parametric model
of the computational domain is described by the inlet
boundary of the suction pipe, the outlet boundary
of the discharge pipe, the sleeve, and peripheral contours
of the flow part, as well as the inlet and outlet edges
of the impeller blades and guide vanes.

The impeller blade system is built along three flow
lines: the sleeve, the periphery, and the middle line.
The changes in blade angles and thicknesses are defined
by a spline along three reference points: at the input
and output edges, as well as in the middle part, which
determines the coverage angle of the blade.

The cylindrical blade of the guide vanes is described
by two flow lines: the sleeve and the periphery. The blade
angle changes are linear, defined by two reference points
at the input and output edges. Since the vanes are installed
on the engine using studs passing through the blade,
the thickness change is determined by design limitations.

The parametric model of the computational domain
includes nine variable geometric parameters, namely
sleeve and peripheral angles of the impeller blade at the
inlet and middle parts of the current line (B, Bipen Bir-ast
Bir-zper) INput and output angles of the guide vane blade
(Bis» Biy), channel width of the guide vanes (b,), channel
width of the annular area (b), and channel width between
the electric motor and discharge pipe (B).

Preliminary numerical calculations of the object
under study indicate that the main hydraulic losses
are concentrated in the discharge element. Therefore,

Table 1. Values of geometric variables
Tabnuua 1. 3HaueHns BapbMpyeMbIX reOMETPUYECKUX NapaMeTpoB
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the variable parameters in this flow section were
determined across a wide range of values.

The values of these geometric parameters are listed
in Table 1, with their graphical representation shown
in Fig. 2.

In the chosen search method, the Latin hypercube
sampling method (LHS method) calculated points
are randomly distributed across an orthogonal mesh
of the parameter space, ensuring two points share the
same parameter values.

This stochastic LHS method provides an uniform
distribution of geometric parameters within the search
space.

Fig. 3 illustrates how channel width parameters
of the annular area beyond (b /D, and B/D,) are distributed
in the search area.

A table consisting of 1000 calculated points, each with
different combinations of variable geometric parameters,
has been created in the selected range of input parameter
values. This table served as the basis for direct
hydrodynamic calculations performed with the target
function aimed at maximizing the hydraulic efficiency
value of the pump.

The optimization calculations identified the most
effective shape for the flow part. Subsequently, numerical
calculations were conducted on this optimal design, using
a mathematical model corresponding to that of the initial
version tested earlier.

RESULTS

Table 2 presents the input geometric parameters
and the target function for both the initial and optimal
versions of the flow parts, Fig. 4 providing a visualization
of the flow structure.

The data in Table 2 reveal that the optimal flow part
features increased channel width in the annular region
(b/D, = 0.262) and between the electric motor and

Ne | Parameter | Name Min Max
1 Birst Installation angle of the impeller blade on the sleeve at the suction 16° 20°
2 Bitper Installation angle of the impeller blade on the periphery at the suction 15° 19°
3 B Installation angle of the impeller blade on the sleeve in the middle part 25° 33°
4 Bir-2per Installation angle of the impeller blade on the periphery in the middle part 23° 31°
5 B Installation angle of the guide vanes at the inlet e 15°
6 B, Installation angle of the guide vanes at the outlet 30° 90°
7 b,/ D, Channel width of guide vanes channel width 0,179 0,214
8 b/D, Width of the annular area channel 0,089 0,268
9 B/D, Channel width at the turn beyond the annular area 0,125 0,375

DOl https://doiorg/1017816/2074-0530-627485
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Fig. 2. Geometric variables of the computational region.
Puc. 2. BapbupyeMble reoMeTpuyeckue napaMeTpbl pacyeTHol obnactu.
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Table 2. Values of initial parameters and the objective function of the flow section

Tabnuua 2. 3HaueHns BXOAHbIX NapaMeTpoB W LieneBoi YHKLMW NPOTOYHbIX YacTel

Ne Parameter | Initial flow part Optimal flow part
1 Birst 15,7° 19.4°
2 Bitper 14,9° 15,2°
3 (A 28,5° 31,8°
4 Bit-zper 20,1° 26,9°
5 B 15,2° 13,3°
6 B, 90,0° 679°
7 b,/ D, 0,230 0,181
8 b/D, 0,177 0,262
9 B/D, 0,266 0,302
10 KnAr 68,6% 75,6%

Velocity in Stn frame
Streamline 1
LE

|4

Velocity in Stn frame
Plane 1

15
H-12
9
B
K

Fig. 4. Velocity fields in the initial (a) and the optimal (b) flow sections.
Puc. 4. Nonsa ckopocTeii B UCX0AHOM (@) M oNTUManbHOM (b) NPOTOYHBIX YacTaX.

the discharge pipe (B/D, = 0.302). These adjustments
result in decreased flow speeds and lower hydraulic
losses in the discharge device, as shown in Fig. 4.

CONCLUSIONS

1. The stochastic Latin hypercube sampling method has
proven effective in identifying the global maximum
of the pump’s hydraulic efficiency. This result can

DOl https://doiorg/1017816/2074-0530-627485

serve as an initial approximation for locating a local
maximum near the identified global extremum
of the target function in the study.

2. Using the Latin hypercube sampling method,
the hydraulic efficiency of the pump was increased
by 7% compared to the initial flow part of the object
of study.

3. The optimization results showed that an increase
in the target function, specifically the hydraulic efficiency
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of the pump, was largely achieved by widening
the channels between the motor and the pump housings.
This modification led to reduced flow speeds and lower
hydraulic losses in the sta-tor elements of the flow part
of the pump under study.
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