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Abstract. The article presents the main goals of the development of pumping stations based on the development of 

criteria and the allocation of priorities for increasing the efficiency of operation, which the authors formulate for the 

strategic, functional, morphological structure of the pumping system. The main criterion for research is the modernization 

of vane pumps, considering the operation of the main structures, their modes of operation and structures. The importance 

of internal flow in the flow path of the pump is emphasized with the use of new impellers, in which the blades rotate in 

three-dimensional space from axial to radial direction. If you combine a free vortex flow with a point source, you get a 

flow with a logarithmic spiral. The recommended design speed in the discharge nozzle of the pumps is -6 - 7 m / s, and to 

reduce losses, it is recommended to install a conical diffuser with a central angle of 10-12 ° at the discharge nozzle. 

Changing the hydraulic characteristics of the intake structure can be achieved: by improving the shape of its inlet part, for 

example, the bell of the front chamber, or by reducing the angle of the diffuser of the bell. 

INTRODUCTION 

The experience of operating pumping stations (PS) on machine channels shows that their operation has several 

significant shortcomings due to imperfect design solutions for the main elements of the stations. The safety and 

efficiency of operation of front chambers, water intakes, trash holding structures, suction pipes do not meet modern 

requirements [1, 2]. 

Currently, there is a need to consider the scientific and methodological side of the reliability problem to 

determine the tasks of energy efficiency, the main directions for the development of reliability management during 

the operation of pumps. At the same time, the processes of complete loss of working capacity acquire prevailing 

importance due to the possibility of optimal supply or removal of water, a sharp increase in cavitation and vibration 

phenomena that threaten the efficiency of operation of the units. 

The main objects of research implementation are the PS of machine channels of Amu-Bukhara and Karshi with 

new pumps at the PS "Alat" of the Amu-Bukhara cascade. 

The aim of the research is to determine the economic efficiency of large pumping stations based on the 

formulated criteria for accounting for mechanical and hydraulic processes. The reasons for failures and forced 

shutdown of pumps are considered as a result of pump operation in an unfavorable cavitation mode. 

Fulfillment of the development goal of the PS - its reconstruction is carried out based on the development of 

criteria and the allocation of priorities for the short-term and long-term periods, which the authors formulate for the 

strategic, functional, morphological structure of the system. The main research criterion is the modernization of 

pumps taking into account the work of the main structures. 

In the literature, there has recently been a shortage of works devoted to the use of new impellers based on three-

dimensional impellers of vane pumps, in which the blades rotate in three-dimensional space from axial to radial 

direction. The authors are aware of only two experimental references reporting experimental work with 3D 

impellers. Jong-Woong Choi, Fischer K. and Thoma D. made a very valuable comparison of flows in 2D and 3D 
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impellers. The flow near the outlet of the impeller was studied only because the twisting of the blades rendered the 

crossing probe system in the early part of the impeller useless [3,4]. 

MATERIALS AND METHODS 

For a comprehensive assessment of the efficiency of irrigation pumps operation, the cases of pump failure due to 

mechanical impact when changing the hydraulic characteristics of the water intake structure are analyzed. Methods 

for determining the probability state of hydromechanical equipment of the irrigation system pumping stations based 

on the Kolmogorov-Chapman equations using dynamic matrix transitions are improved. The results of the 

conducted field studies and diagnostics showed the need for a connection between theoretical and experimental 

studies [1,4]. The authors used the main provisions of the theory of blade hydraulic machines and applied the 

concept of "theoretical pressure of a new working process". For vane pumps, the theoretical head has a very specific 

physical meaning: the amount of energy transferred from the impeller to a unit of weight of the flowing water.  

The authors' studies have established the action of axial forces on the working bodies of the pumps. Suppose the 

coefficients are established empirically for a certain pump operating in a given mode. In that case, the derived 

equations can be used to determine the maximum permissible suction height or the minimum required to head for 

cavitation conditions. 

RESULTS AND DISCUSSION 

Operational measures according to modern requirements should be aimed at reducing the cost of pumped water, 

which is the main technical and economic indicator of the PS [5,6]. The problems of increasing the level of pump 

operation include saving, first of all, water and energy resources. Satisfying the robust growth of energy 

requirements is part of deploying an energy reduction technology strategy. The energy performance of this EPBD 

directive obliges EU members to set minimum energy performance standards. 

The design and modernization of new hydraulic machines are based on theoretical and experimental research. 

The question of the location of the optimum head efficiency in a unit of any type cannot currently be investigated 

due to the small number of experimental materials for their testing. The maximum efficiency of work occurs at 

various pressure values [7,8]. 

In a modern natural, economic and economic conditions, when the cost of operating costs increases by tens and 

hundreds of times, their savings on pumping stations must first of all be carried out by reducing the cost of cleaning 

water supply structures from fin and sediments, optimizing operating conditions and pump characteristics. Water 

drops due to clogging of the grids increase the geodetic head of the pumps, and the cavitation-abrasive wear of the 

working bodies sharply reduces their parameters, especially the efficiency [9, 10]. 

The results of the conducted field studies and diagnostics showed that a wide range of level fluctuations and 

increased turbidity of water in the Amu Darya river, the variability of its channel, the presence of a large amount of 

debris complicate the water intake conditions of the head PS systems Amu-Zang, Jizzak, Amu-Bukhara and Karshi 

[11,12 ]. In general, the quality of pumped water is characterized by a set of n-parameters; concentration of 

suspended particles, floating bodies, chemical properties, density, temperature. [13,14]. 

Cases of failure of pumps due to the mechanical action of floating bodies are analyzed. As a result of the studies 

carried out at the PS, cases of penetration and clogging of the flow path by floating bodies and even breakage of the 

impellers were established. New technology and technical means of retaining fins and preventing them from 

entering the suction pipes have been proposed to prevent such cases. 

As a result of the analysis of the operation of pumping units in the cavitation mode, it was found that they, 

firstly, arise due to a decrease in the water level in the front chamber and the water intake, and secondly, the 

accumulation of floating bodies in front of the gratings of the trash-holding structures and the backwater on them. 

Obtaining universal characteristics of cavitation-abrasive wear is based on the analysis of the main operating 

modes and the state of the vane pump units. 

Under any operating modes of the pumping station, lateral whirlpools are observed in the water supply structures 

- on both sides of the transit stream. In the presence of sediments in the water, the latter is deposited on the slopes 

and in the bottom part. In some cases, the volume of deposits can reach 40-50% of the volume (Figure 1). 
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FIGURE 1. Accumulation of driftwood and silting of slopes in the front chamber of the PS "Amu-Bukhara 1" Amu-Bukhara 

machine channel. 

 

A new centrifugal pump with changed radii of flow entry into the impeller was introduced at the Alat PS of the 

Amu-Bukhara machine channel (Fig. 2). As a result, it is possible to protect the working parts of the flow path of the 

pump, a method for calculating the minimum wear and an increase in efficiency by 5% [15, 16]. 

 

    

FIGURE 2. Modernization of pumps on the Amu-Bukhara machine channel 

 

During the operation of the PS, various emergency disturbances are possible on the main elements of the suction 

pipe, siphon water outlet with a vacuum breakdown valve on the siphon hood, which affects the stability of the 

impeller (Fig. 3). Restoration of normal operation is carried out in the following ways (for a synchronous motor of 

large PS): complete stop of the machine followed by normal operational start; resynchronization; automatic 

reclosing with self-starting and self-synchronization. 
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FIGURE 3. Pumping station diagram: 1 is suction pipe; 2 is pump; 3 is electric motor; 4 is pressure pipeline; 5 is siphon outlet; 

SC is siphon crest; VBV is vacuum break valve on the siphon hood; PI is pump impeller; WL is water level 

 

The first method takes the longest. In the event of a short-term power outage, prerequisites are created for the 

implementation of the second and third methods, in which the total recovery time to the normal mode is much less 

and can be only a few seconds. This makes it possible to ensure the continuity of the technological process for water 

consumers to reduce their costs for unforeseen downtime. For water supply systems with increased requirements for 

operational reliability, the failure to consider the possibility of self-starting leads to an excessively strong 

dependence of the reliability of the operation of the entire facility on the reliability of one auxiliary link - water 

supply. 

For each specified method, the output of the pump unit to normal operation is accompanied by hydraulic, 

mechanical and electromagnetic transient processes in the equipment and structures of the PS. 

The hydraulic transient process in the case when the elasticity of the water of the walls of pressure water 

conduits is taken into account is described by the following equations [17, 18]: 
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where Н is head in the section of the pipeline; х is distance along the axis of the pipeline from the origin to the given 

section; Q is cross-sectional flow rate; f is cross-sectional area of the pipeline; D is pipeline diameter;  с is the 

propagation speed of the wave of water hammer along the pipeline. 

In the presence of a short water-conducting path, the hydraulic transient process can be described by the equation 

of unsteady motion of an incompressible fluid in a rigid water conduit 

 

iLMg hhhHH       (2) 

 

where Н is pump head;  
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Hg is geometric head 

 

 
n n

s

i

jj

i

LМ
D

I

Dg

QQ
hh )(

8
4




    (3) 

 

LМ hh ,  is head loss, local and on length;  j,  j are pressure loss coefficients are local and along the length of 

the j-th section; lj and Dj are length and diameter of j - part of the water conduit; п is number of sections of the 

conduit filled with water;  

Q is pump feed;  
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inh  is inertial head; L is pipeline axis coordinate.  

The process of filling or emptying a water conduit is described by the flow balance equation, in the case of a 

siphon outlet having the form: 

 

WQ
dt

dV
Q          (5) 

 

where V is volume of the part of the pipeline filled with water; QW is the flow rate of water overflowing through the 

comb of the siphon, equal to: О at 

 

WL  SC, mb 
2/3

2gh with SC < WL <SP Q in other cases: 

 

WL, SC and SP are marks, respectively, of the water level in the pipeline, the crest of the siphon and the pressure of 

the siphon; h is geometric head on the weir, numerically equal to the excess of the water horizon over the siphon 

ridge; b is the width of the overflowing layer of water;  m-flow rate. 

In this case, the values of H and V are related by the dependence: 

 

Hr=f(V).        (6) 

 

The mechanical transient equation is written as 

 

,2 abrgmot ММM
dt

n
J        (7) 

 

where motM  is motor torque; gМ  is hydraulic torque of the pump; n is rotation frequency;  

00,03)М…(0,01 abrМ , 

abrМ  is bearing friction moment; 0М  is rated torque.  

To determine the hydraulic torque gМ , you can use the four-quadrant pump characteristic in the form of 

dependencies between the reduced flow Q  rate n  and the hydraulic torque M : 

 

n =f( Q. ); M =f( Q. ),       (8) 
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D1 is pump impeller diameter;   is specific gravity of water. 

Before installing the paddle pump with respect to the water level, it is necessary to carefully determine its 

permissible elevation relative to the level in the lower basin (DWL). This elevation depends on the suction head hs, 

which is calculated as follows: 

 

hв 






 PV

slallow
atm

s hhh ,     (9) 

where 


m
 is atmospheric pressure; allowh  is allowable suction head; slh  is head loss in the suction line of the 

pumping unit; 


 PV ,
 is saturated vapor pressure of the pumped liquid. 

The values 
add

vacН addh are found according to the characteristics of the pump, and the most unfavorable mode 

is taken. 

Equation (9) shows that sh  depends on the losses in the suction line slh . In this regard, to increase the 

permissible height sh  and reduce the risk of cavitation, the losses in the suction line should always be reduced as 

much as possible. To do this, its length should be minimal, which will facilitate the start of the pump since it will 

reduce the volume of water to be filled in or air drawn off. It is better to reduce the supply speed and increase the 

diameter. Unnecessary bends in the suction line must be avoided in order not to create additional local losses. If a 

foot valve or trash screen is installed, then the determination slh  should consider the hydraulic losses in the screen 

and in the valve itself. 

Reliability of operation and ease of starting the pump largely depend on the quality of the suction piping. First of 

all, the suction pipeline must be completely sealed since during operation, a rather deep vacuum is created in it, and 

air will be sucked in through leaks (especially often in the joints and in the flanges), which not only causes a 

decrease in supply but can lead to vacuum breakdown, i.e. to a complete cessation of supply to the discharge 

pipeline. Air suction through the vortex funnels causes periodic changes in pressure in front of the impeller and 

increased wear [9, 19]. 

The shape and laying of the suction pipeline must be such that during filling, no "air bags" can be created for 

this, the confuser and the suction pipeline must be made taking into account that air remains in the upper part during 

filling and when the impeller starts to rotate and the vacuum rises, then this air cavity will expand, block all sections 

and make it impossible to start the pump. Such cases are quite common in practice, especially when the pump is 

temporarily installed. 

In the absence of wear, the pressure pipeline influences the pump operation much less. The actual flow rate 

depends on the magnitude of the losses and, therefore, the diameter of the discharge line must be selected 

accordingly. Since the design speed in the discharge pipe of the pumps reaches 6 - 7 m / s, and in pressure pipelines 

it is usually 2–3 m/s, to reduce losses, it is recommended to install a conical diffuser with a central angle of 10-12° 

at the discharge pipe. 

One of the main difficulties in designing vane pump impellers is defining the shape of the blades. This question 

of the shape of the blades is important in the body of knowledge about centrifugal compressors [20, 21]. The 

question of the shape of the scapula can be approached in different ways. The approach was dominated by simple 

concepts of smoothness, curvature, and changes. If the flow is exclusively in a plane perpendicular to the axis of 

rotation, the 3D approach is useful, and the impellers are also described as 3D. Some simple pumps use circular arc 

vanes that meet the requirements for smoothness and curvature. 
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However, they are only used for low power pumps, where efficiency is not an issue, so this article does not cover 

them. It is useful to consider the basic mechanisms of operation of three-dimensional impellers. If this is done for 

both radial bladed and forward swept impellers, their similarities and differences can be explored. Having 

understood these basic ideas, it is better to move on to 3D geometry and flow patterns as well. As an alternative to 

blades with an arc of a circle, as the basic shape of the blade, you can take a picture with a non-vortex 

incompressible fluid flow without losses. 

If you combine a free vortex flow with a point source, you get a flow with a logarithmic spiral. 

The log-spiral streamline is shown in Figure 4, and the coordinates (r, θ) for the resulting expression of the 

resulting streamlines are shown, where the subscript i refers to the impeller inlet. 
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V is velocity, R is radius of curvature, p is static oressure, ρ is density, r is radius, s is distance along streamline 

FIGURE 4. Log-Spiral streamline with force vectors 

 

This spiral shape is the basic shape adopted in almost all vane pump impellers. It looks like a streamlined shape 

that meets the requirements of smoothness and curvature well. The authors put forward various considerations about 

the basic properties of the lossless logarithmic spiral flow to support later arguments [16,22]. A flux with 

logarithmic streamlines in an absolute frame of reference is a flux with constant angular momentum. No pump 

torque is required to create the curvature of streamlines. There is a balance between the accelerations caused by the 

curvature of the streamline, its longitudinal diffusion, and the forces due to the radial pressure gradient (Fig. 4). 
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Log-spiral flow in radial geometry (r, θ) is equivalent to straight parallel flow in linear geometry (x, y). In the 

radial case, no force will be applied to the non-rotating blades of the spiral, and in the linear case, the stationary flat 

elements of the blade will also not experience loads. When a vane with a log spiral is used in the pump impeller, the 

relative streamlines have approximately this shape as well. Deviations arise from sliding effects associated with 

relative vortex and viscous effects. 

Considering that the efficiency of a unit operating with variable load can be determined as a part of the 

maximum efficiency at full load, we present the approximate values of the multipliers in the formula compiled from 

the data of catalogs and reference books [6]: the efficiency of motors at full load is -0.84-0,96, non-compressor 

diesel engines -0.34-0.37, hydraulic turbines and pumps -0.85-0.95. 

With a decrease in the cross-section of the water supply structure, the speed of water flow increases, and 

therefore the loss of pressure and electrical energy Elos. Their value on average per year will be kW / h / year: 

 
8760

0

9.81 ,losE Q hdt        (11) 

 

where Q  is water consumption, m
3
/s; h is pressure loss, m. 

The calculation includes the cost of lost energy, sum/year:  

 

,/

losEcL        (12) 

 

where 
/c  is specific estimated costs for the electricity being replaced, sum / kWh. 

The economically most advantageous section of the water supply structure will be determined by the minimum 

amount of construction costs and the cost of lost energy. The criterion is: С + L = min. 

Changes in the hydraulic characteristics of the intake structure can be achieved: either by improving the shape of 

its inlet part (for example, the bell of the front chamber, the outline in plan, the angle of rotation of the suction pipes, 

etc.) or by changing the dimensions of the intake structure (for example, by reducing the diffuser angle of the bell, 

placing between the socket and the water conduit of the additional transitional section), which will require additional 

capital investments. 

Improving a water intake structure, leading to a decrease in hydraulic losses, requires additional investment, and 

the effectiveness of such an improvement should be justified by a technical and economic calculation [1,23]. 

For a comprehensive assessment of the efficiency of PS, the following are used: specific capital investments per 

1 m
3 

of annual water supply, per 1 m
3
 / s of maximum water supply and the cost of 1 m

3
 of water. This elementary 

calculation is used for two reasons: due to the lack of a tariff for some water consumers and significant difficulties in 

determining the net income. 

The economic efficiency of the PS operation should be determined by the indicators of the overall (absolute) 

economic efficiency. The simplest method can be considered to determine economic efficiency by the rate of return 

on capital investments. In this case, one should adhere to the principle of determining the effectiveness of the final 

result. So, the efficiency of the PS for irrigation should have been determined by the income received from the 

increase in the yield of agricultural crops. 

However, there are great difficulties in objectively determining the increase in the yield obtained through 

irrigation. To one degree or another, this method can be applied to determine the economic efficiency of PSs built or 

modernized at the expense of their resources of farms. 

CONCLUSIONS 

1. The forecast and construction of a comprehensive program for the development of the irrigation system, 

including the diagnosis of the existing system, the selection of reconstruction options, the effectiveness of the 

planned measures, is based on the analysis of the reasons for the failure of the main pumping equipment. The 

reasons for failures and forced shutdowns, which are manifested as a result of the operation of pumps in an 

unfavorable cavitation mode, have been established. Based on the obtained universal characteristics of cavitation-

abrasive wear, it is possible to estimate the suction height sh , the permissible cavitation margin, depending on the 
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operating mode for the vane pump. To increase the permissible height sh  and reduce the risk of cavitation, the 

losses in the suction pipe must always be reduced. Regulation within the recommended zone, determined by the 

cavitation headroom, does not lead to cavitation. 

2. Criteria are formulated for assessing the success of the self-starting of the pump unit when it is turned on again 

after a short power interruption. Carrying out numerical experiments on the combined model of a hydraulic transient 

process with a four-square pump characteristic proposed in the article, it is possible to correctly assign the operating 

mode of a modern automation system for this equipment. 

3. To assess the reliability of structures and equipment of pumping stations of an irrigation system, it is required 

to study them as interconnected systems. One of the main difficulties in the design of vane pump impellers is 

defining the shape of the blades. On the question of the shape of the blades, the article is dominated by simple 

concepts of smoothness, curvature and their changes. If the flow is exclusively in a plane perpendicular to the axis of 

rotation, the 3D approach is useful, and the impellers are also described as 3D. 
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