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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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Стохастический метод поиска оптимальной формы 
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АННОТАЦИЯ
Введение. При проектировании насосов с целью получения высокого уровня коэффициента полезного действия при-
меняют современные подходы, основанные на методах численной оптимизации. Эти методы с использованием пара-
метрических моделей проточных частей насосов позволяют отыскать глобальный или локальный экстремум целевой 
функции и получить оптимальную геометрическую форму проточной части. Объектом данного исследования является 
водоотливной погружной электронасос с консольным расположением рабочего колеса, применяемый в судострои-
тельной отрасли.
Цель исследования. Расчётным путём улучшить энергетические показатели проточной части погружного электро-
насоса высокой быстроходности на номинальном режиме его работы с использованием стохастического алгоритма 
поиска глобального экстремума целевой функции — гидравлического коэффициента полезного действия насоса.
Материалы и методы. Поиск оптимальной формы проточной части осуществлялся с применением математического 
моделирования трёхмерного течения вязкой жидкости в расчётной области исследуемого объекта. Параметрическая 
модель проточной части включает девять варьируемых геометрических параметров — четыре в рабочем колесе и пять 
в отводящем элементе, и диапазон их изменения. В качестве алгоритма поиска глобального экстремума  целевой 
функции используется метод латинского гиперкуба, который обеспечивает равномерное распределение варьируемых 
геометрических параметров в пространстве поиска. По составленной матрице расчётных точек с различными комби-
нациями параметров выполнены прямые гидродинамические расчёты течения в проточной части насоса.
Результаты. Результаты расчётов показали, что гидравлический коэффициент полезного действия насоса удалось 
увеличить на 7% относительно исходной проточной части. Из анализа полей скоростей в расчётной области следует, 
что улучшение энергетических показателей во многом достигнуто за счёт увеличения ширины каналов между элек-
тродвигателем и корпусом, что привело к уменьшению скоростей и снижению уровня гидравлических потерь в отво-
дящем элементе проточной части насоса.
Выводы. Метод латинского гиперкуба показал свою эффективность при нахождении глобального экстремума 
 гидравлического коэффициента полезного действия насоса, результат которого в дальнейшем может быть использо-
ван как начальное приближение при поиске локального экстремума прямыми методами в окрестностях найденного 
глобального максимума целевой функции.

Ключевые слова: погружной электронасос; математическая модель; численная оптимизация; метод латинского 
 гиперкуба; глобальный экстремум; целевая функция; модель турбулентности.
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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.

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.

Fig. 1. The digital model (a) and the computational region (b) of the submersible pump.
Рис. 1. Цифровая модель (a) и расчётная область (b) погружного электронасоса.
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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 (βi1sl, βi1per, βi1-2sl, 
βi1-2per), input and output angles of the guide vane blade  
(βi3, βi4), channel width of the guide vanes (b3), 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, 

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 / D2 and B / D2) 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 / D2 = 0.262) and between the electric motor and 

Table 1. Values of geometric variables
Таблица 1. Значения варьируемых геометрических параметров

№ Parameter Name Min Max

1 βi1sl Installation angle of the impeller blade on the sleeve at the suction 16° 20°

2 βi1per Installation angle of the impeller blade on the periphery at the suction 15° 19°

3 βi-2sl Installation angle of the impeller blade on the sleeve in the middle part 25° 33°

4 βi1-2per Installation angle of the impeller blade on the periphery in the middle part 23° 31°

5 βi3 Installation angle of the guide vanes at the inlet 11° 15°

6 βi4 Installation angle of the guide vanes at the outlet 30° 90°

7 b3 / D2 Channel width of guide vanes channel width 0,179 0,214

8 b / D2 Width of the annular area channel 0,089 0,268

9 B / D2 Channel width at the turn beyond the annular area 0,125 0,375
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Fig. 2. Geometric variables of the computational region.
Рис. 2. Варьируемые геометрические параметры расчётной области.

Fig. 3. Distribution of the b / D2 and B / D2 variables in the search space.
Рис. 3. Распределение варьируемых параметров b / D2 и B / D2 в области поиска.
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Table 2. Values of initial parameters and the objective function of the flow section
Таблица 2. Значения входных параметров и целевой функции проточных частей

№ Parameter Initial flow part Optimal flow part

1 βi1sl 15,7° 19,4°

2 βi1per 14,9° 15,2°

3 βi1-2sl 28,5° 31,8°

4 βi1-2per 20,1° 26,9°

5 βi3 15,2° 13,3°

6 βi4 90,0° 67,9°

7 b3 / D2 0,230 0,181

8 b / D2 0,177 0,262

9 B / D2 0,266 0,302

10 КПДг 68,6% 75,6%

Fig. 4. Velocity fields in the initial (a) and the optimal (b) flow sections.
Рис. 4. Поля скоростей в исходной (a) и оптимальной (b) проточных частях.

the discharge pipe (B / D2 = 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 

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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