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Abstract: The article presents the methodology for the CAD/CAE/CAM end-to-end design of the impeller of a submersible centrifugal pump 

for leaching of uranium. The design efforts at the CAD stage are presented, the principle of the functioning of the automated module for 

designing the profile of the meridian section and the wheel blades created in the MATLAB environment is described. The algorithm for 

drawing the profile of the blade is proposed. A method for constructing an optimized profile of a centrifugal pump (CP) wheel blade with 

double curvature is delineated. The computational mechanical scheme for determining the stresses and strength of a designed wheel with 

double curvature blades is shown. The results of the CAE strength calculation of the designed wheel in the NASTRAN program are provided. 

The experience of using CAM systems and 3D printing technology to create a centrifugal impeller prototype is given in the article. 
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1. Introduction 

Pumps are one of the key elements of underground leaching 

technology, they are involved at all stages of production. That is 

why in the selection of equipment its quality and durability the first 

place, as far as breaks in operation are unacceptable, as well as short 

time of productivity. Indeed, in the latter case, the pumps will often 

have to be changed, and this is an additional financial and time cost 

[1, 2] 

Submersible centrifugal pumps for leaching uranium differ from 

those used on surfaces limited by the outer diameter of the stage, 

which determines their features and they are considered as pumps of 

a special design. Despite the very limited diametric dimensions, 

they must develop a high pressure and maintain an acceptable 

efficiency. [3] 

Today, designing the optimal geometry of centrifugal wheels as one 

of the key components of pumping equipment is still a focal 

problem. Today, in order to achieve success in the market, an 

industrial enterprise is forced to work to shorten the production 

term, reduce its cost and improve quality. In this direction, the 

CAD/CAE/CAM concept of end-to-end design production 

development is the most productive tool for solving these problems. 

2. Prerequisites and means for solving the problem 

Input data for pump design 

Q = 13 meter cubic per hour - feed 

H = 55 meters – head  

n = 2850 rpm - the number of revolutions (speed) of the electric 

motor 

iQ = 1 - number of flows  
iH = 7 - number of stages 

 

3. Impeller design 

At the CAD stage, an automated module was created to perform 

hydrodynamic calculations, profiling the channel of the wheel and 

the blade in the mathematical environment of MATLAB. The 

algorithm for drawing the profile of the blade includes the 

determination of its geometry through the Cartesian coordinates, 

which are specified as a function of the circumference and radius of 

the wheel, defined in cylindrical coordinates. 

𝑥𝑖 = 𝑟𝑖  ∙ cos 𝜃𝑖  ; 𝑦𝑖 = 𝑟𝑖 ∙ sin 𝜃𝑖                                     (1) 

where 𝑥𝑖 , 𝑦𝑖  are the coordinates of points belonging to the blade 

profile, 𝑟𝑖   is the radius corresponding to the i-coordinate, 𝜃𝑖  is the 

coverage angle corresponding to the i-coordinate. 

The created algorithm allows us to accurately draw the geometry of 

the designed blade in any CAD system. Figure 1 presents the user 

interface windows of an automated module. 

One of the methods for optimizing the impeller geometry is to 

create a double curvature blade. The impeller blade of double 

curvature allows the stage to work with greater efficiency while 

maintaining pressure compared with a cylindrical blade (Figure 2) 

and the larger the feed, the more noticeable it is. The choice of 

optimal speed ratios and the optimal appropriate shape of the flow 

part are one of the main ways to significantly improve the 

performance of a submersible centrifugal pump stage. 

One of the methods for constructing the profile of the blade of the 

impeller of the CP is the method of conformal mapping. It 

represents is a graphical method of profiling and its essence lies in 

the fact that the impeller blade is profiled on the reamer of the 

cylinder according to the rules set forth in [4]. It is assumed that the 

surfaces of flow lines in the impeller are the surfaces of revolution. 

The meridian velocity along a normal line crossing a streamline at 

right angles is assumed to be constant. Such a simplification of the 

actual flow is called a uniform velocity meridian flow scheme, 

which has no theoretical justification. [5]. 

As far as the conformal mapping method is graphic, that is, 

construction errors are assumed when transferring the profile line of 

the blade to the sweeps of working drawings, we have developed a 

new method for constructing 3D models in modern CAD systems. 

This method allows us direct profiling of the blade on a 3D model 

of the wheel, which leads to higher accuracy of construction, as it is 

performed according to Cartesian coordinates, determined in 

automatic mode with an error accuracy of up to hundredths. 

  

 
a)  
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b)  

 

 
c) 

Figure 1. Interface of the automated PUMP module (MATLAB®) 

with computational data: 

a) interface window with values of meridian 𝑉𝑚 − velocity and 𝑏 -

flow channel width;  

b) the position of the blade points in the Cartesian coordinate 

system for drawing sleeve line in CAD; 

c) the profile of the blade in a cylindrical coordinate system. 

 
Figure 2. 3D model of the centrifugal pump (CP) impeller with 

cylindrical blades. 

The algorithm of the developed method for creating a 3D model of 

the impeller: 

1. A sketch of the wheel channel is created according to the data 

table of the automated module 

2. The rotation operation creates a shell 3D model of the flow 

channel of the centrifugal pump 

3. For profiling of a double curvature blade as the 

computational one it was selected the sleeve line of the blade, for 

which the Cartesian coordinates defined in the automated module 

and the sketch is constructed according to the coordinates using the 

Bezier curve. 

4. Using the recommendations given in the manual [6] for 

centrifugal wheels with the spatial surface of the blades at the 

entrance, the following incidence angles are recommended: 

on the external flow line ∆𝛽с = + 1° ÷ 3° ;    
on the middle  flow line ∆𝛽в = + 5° ÷ 7° ; 

on the stub flow line ∆𝛽а = + 7° ÷ 10° . 

In some cases, when cavitation in the pump is excluded, the 

following incidence angles can be allowed for flow lines due to the 

high pressure at the inlet to the wheel (second-stage pumps, 

subsequent stages of multi-stage pumps): 

∆𝛽с = − 0° ÷ 3° ; 
∆𝛽а = + 10° ÷ 15° .                      

5. Profile curves are created for the outer and middle flow lines 

by applying the rule of constructing parabolas along the tangents at 

the beginning and at the end of the curve (Figure 3). This method is 

carried out by applying tangent lines to the parabola in the given 

axes. The angles of inclination of the tangents to the parabola are 

defined as the angles of the liquid on the external flow line: 

             𝛽с =  𝛽𝑏1 − ∆𝛽𝛼 + ∆𝛽с                                      (2) 

where  𝛽𝑏1 is the angle of incidence defined in the automated 

module "PUMP", ∆ 𝛽𝛼  is the angle of incidence given as data from 

the PUMP module, ∆ 𝛽с is the angle of incidence according to the 

recommendation. 

            𝛽𝛽 =  𝛽𝑏1 − ∆𝛽𝛼 + ∆𝛽𝛽                                        (3) 

where  𝛽𝑏1 is the angle of incidence defined in the automated 

module "PUMP",  ∆ 𝛽𝛼  is the angle of incidence given as data from 

the PUMP module, ∆ 𝛽с is the angle of incidence according to the 

recommendation. 

The axes of the parabola, starting from the initial point O, can be 

located at an obtuse or acute angle. Should divide the specified axes 

OA and OB into the equal number of equal parts and give numbers 

to the division points. The division points with the same numbers 

should be connected in series by straight lines. Select the envelope 

tangent curve (parabola) to the resulting family of lines with the 

help of the template (Figure 3). 

 

 

Figure 3. The method of tangents, construction of parabolic curves. 

6. The geometry of the blade is drawn through the operation 

"plane through curves" 

The use of modern CAD systems allowed us to develop a less 

laborious and more accurate method for constructing the geometry 

of the CP wheel with spatial blades (Figure 4) 
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. 

 

Figure 4. 3D model of the designed wheel with double curvature 

blades.  

4. Calculation of the stressed-strain state of the 

designed wheel in the Nastran САЕ system 

Damage to the impellers, as a rule, is detected during the check 

pause of the pump unit for scheduled repairs, with the exception of 

its emergency stops. Basically, the damages look like chips on the 

periphery of the disk and cracks in the area where the blades adjoin 

the disks. As a result of fractographic studies of cracks of a wheel 

made of steel GS-45 (DIN 1681), it was found that cracks and chips 

occur as a result of fatigue failure. Consequently, during operation, 

the impeller experiences cyclic loads. Obviously, damage to the 

impellers leads to increased vibration of the pump units and 

premature failure of the bearings and mechanical seals, i.e., affect 

the technical condition of the pump unit as a whole. In addition, 

damage to the impeller leads to a decrease in operational 

performance (flow, feed and pressure), which leads to a 

deterioration and complication of the process, as well as to 

associated economic costs. Due to the fact that a sudden failure of 

the pump unit due to any defect can create an emergency and cause 

additional repair costs, determining the operational life of the 

impellers is of undoubted relevance. [7] 

To calculate the stress-strain state of the impeller by the finite 

element method NASTRAN complex was used. 

Strength calculation of the impeller of a submersible centrifugal 

borehole pump includes calculation of the blades on tension from 

the action of centrifugal forces, calculation of disks, the affect of 

fluid pressure on the front and back side of the rear disc [8]. The 

calculation of tensile blades in determination of the stress caused by 

centrifugal force. 

For blades having a constant cross-sectional area, the centrifugal 

force FC is found by the formula [9]: 

         F𝐶 = 𝜌∙𝜔2∙𝐹∙
𝑅2−𝑟2

2
,                                            (4) 

where ρ is the density of the wheel material, ω – the  angular 

velocity of the wheel, F – the cross-sectional area of the blade, R 

and r are the outer and inner radius of the blade respectively, in 

meters (Figure 5). 

After calculations, the value of F𝐶 equal to 5.6 N is applied to all the 

blades, as shown in the calculation diagram (Figure 5)  

5. Results and discussion 

To solve the problem, an eight-node TET structural element was 

chosen. Then the boundary conditions were set. The axis of rotation 

is aligned with the axis OZ. The inner part of the wheel was fixed 

along the axes OX, OZ, that is, UX = UZ = 0. The calculation 

process took into account the total impact on the impeller of 

centrifugal forces arising from the rotation of the wheel and the 

influence of fluid pressure obtained by calculations in the 

NASTRAN/Patran complex [10].   The mechanical properties of the 

impeller made of Cr40 steel were set in accordance with: elastic 

modulus depending on the flow temperature; Poisson's ratio is 0.3; 

steel density is 7850 kg/m3. An analysis of the stress state of the 

impeller shows (Figure 6) that the maximum stresses 𝜎𝑚𝑎𝑥 = 181 

MPa arise on the periphery of the impeller disk in the region of the 

adjoining of the blades (Figure 6). And the maximum displacements 

occur in the blades 𝑦𝑚𝑎𝑥  = 2∙ 10−3  m. 

 

 

Figure 5. Computational scheme for static analysis of wheel stress-

strain state (SSS) 

 
a) 

 

 
b) 

Figure 6. Distribution of equivalent stresses on the impeller (a) and 

distribution of stresses in the area of contact of the blades to the 

impeller disks (b). 

Character of damages and destructions of impellers on experience 

of operation of pump units shows that cracks arise on periphery of a 

disk begin with area of accession of blades to disks (Figure 7). It 

should be noted that this situation with the SSS of the designed 

wheel is not identical with the stresses of the factory wheels, since 

the factory wheels are made by stamping and welding, and the 
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developed wheel models the geometry of the wheel made by 

casting. 

At the CAM stage, to ensure the possibility of rapid testing of 

prototypes of the centrifugal borehole pumps working stages in 

order to determine performance characteristics when optimizing the 

geometry of the stages and viscosity of the pumped fluid, 

simulation and prototyping software packages are used together 

[11]. The geometry of the prototype is calculated on a specially 

created mathematical model in the computer algebra system 

MATLAB ®. The model of the working stage is created in the 

SolidWorks software package. The studied stages were made on the 

installation of rapid prototyping. 

The following printer print settings are used: 

 plastic printing: acrylonitrile butadiene styrene; 

 printing along the X and Y axes depends on the diameter of 

the extruder nozzle - 0.4 mm; 

 printing along the vertical Z axis (layer thickness) - 0.2 mm; 

 print speed in mm per second - 30 mm/s; 

 extruder temperature - 220° C; 

 the temperature of the heating table is 60° C. 

The total number of settings exceeds 100, taking into account the 

initial software configuration of the printer. 

 

 
a) 

 

 
b) 

Figure 7. Wheel samples made by welding and stamping (a) and 

wheel with a crack made by moulding (b).  

It should be noted, that one of the important settings of the printing 

process is the positioning of the model. Several printing options 

were carried out when the model was installed in the positions 90°, 

180°, 45°, and the most favorable position, which gives less 

roughness and the optimal number of supports, is the angle of the 

model position at 45°. 

Through a 3D printer (Figure 8a) the first prototypes of centrifugal 

wheels were printed (Figure 8c) with cylindrical blades and with 

blades of double curvature. The printing time was six hours. For 

further experiments and tests, it will be necessary to finalize the 

surface of the wheels by grinding and applying a hydrophobic 

coating to obtain a roughness RZ 40 – 20 μm. 

The main window of the FLASHPRINT program (Figure 8b), 

which allows generating a compatible G-code wheel model. 

 

To further improve the prototype of the impellers, an analysis of the 

quality and parameters of the 3D printing process was conducted. 

Based on the data presented in [12], it was decided to continue 

making prototypes of wheels and guiding devices for hydrodynamic 

tests using SLA technology (laser sterolithography), since the 

possible roughness will be 0.31 mm on the RZ scale, which is as 

close as possible to the surface parameters real wheels of class 9 RZ 

40 – 20 μm, such a surface in the flow channels of the wheel will 

give the smoothest possible flow of distilled circulation liquid. 

 

 
a) 

 

 
b) 

 

 
c) 

Figure 8. 3D printer for making prototype centrifugal wheel models 

(a), main window of the FLASHPRINT program, and printed pump 

wheel (c). 

6. Conclusions 
 

At the CAD stage, the principal wheel with cylindrical blades was 

designed. Design was carried out in an automated module "PUMP", 

created by a working group of designers. A model of the centrifugal 

pump wheel was created based on the calculation results. 
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To optimize the impeller geometry, the method of creating wheels 

with a spatial shape or a double curvature shape was used. When 

profiling such a shape of the blade, the well-known graphic method 

of conformal mapping was not used, but an original construction 

method was created, based on the capabilities of the 3D modeling 

program and on the PUMP automated calculation data and the 

geometric method for creating parabolic curves lying between the 

tangents to the curve. 

At the CAE stage, computer strength calculations of the optimized 

impeller were carried out, a design scheme was compiled with 

determination of the magnitude and frequency of the disturbing 

forces, a computer analysis of the amplitude-frequency response of 

the rotor-rigid support system, a computer analysis of the rotor 

durability was conducted. 

The strength calculations of the wheel indicate a sufficient safety 

factor for the designed wheel with spatial blades σmax  is 181 MPa, 

the allowable stress for steel 40Cr [σ−] is 680 MPa and the safety 

factor is 3.8. 

At the CAM stage, the first wheel prototypes were printed using 

FDM technology, during the multivariate process, the optimal 

parameters of the 3D printing process were selected. At this stage, 

recommendations were developed for the manufacture of prototypes 

of impellers, so SLA technology (laser sterolithography) was 

proposed as the optimal technology for the quality of the printed 

surface. 
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