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Experimental and numerical investigation of some impeller geometric parameters of an 
industrial electric submersible pump  

 
Abstract 
Submersible pumps, which are the main means of bringing the ground liquid to the surface, are widely used in 

agricultural irrigation, petroleum industry, geothermal fields, and similar applications. In most applications, 

submersible pumps are the main energy inputs of the operating process. Therefore, a small improvement in 

submersible pump efficiency will significantly reduce the operating cost of the system. The motivation and focus 

of this study are to experimentally and numerically investigate the effect of the geometric parameters of the 

submersible pump on the efficiency of the pump. The submersible pump has a design in the form of the serial 

connection of the stages including the impeller and the diffuser and enters the multi-stage pump category. All the 

impeller connected to a single shaft rotates at the same angular velocity. Despite the rotation of the impeller at a 

constant angular speed along with the pump, the flow structure at each stage shows large variations compared to 

other stages. These differences lead to the formation of a complex flow structure and thus to great difficulties in 

the experimental identification of the flow field along with the pump. Another difficulty in the experimental 

definition is that the measured values can show dramatic changes depending on many parameters such as fluid 

viscosity-temperature, impeller inlet-outlet angle, diffuser inlet-outlet angle, number of blades, the distance 

between stages, surface roughness. The current general trend is to solve the above-mentioned problems with 

numerical simulations verified by experimental data. This trend is a result of significant developments in computer 

capacities parallel to the development of numerical solution methods in recent years. This trend, or the method, 

has been followed throughout this study. Firstly, within the scope of this study, the performance in different stages 

of a selected industrial submersible pump was measured by the experimental. Following the measurements, the 

effects of two basic geometric parameters, such as impeller outlet width and impeller outlet angle on the pump 

performance were examined with CFD simulations verified by the experimental measurements. This small 

deviation indicates that the CFD simulation results are in perfect agreement with the experimental measurements. 

In the simulations performed, it is observed that the time-dependent variables have their size changed but the flow 

structure does not change. Another striking finding from the CFD simulations carried out is; it has been observed 

that while geometric arrangements have a partial effect on the flow structure along with the pump, they cause a 

difference in the critical values on the basic variables that define pump performance, such as pressure. 

 
KEY WORDS: Submersible pump, CFD simulations, experimental measurements, flow structure, geometric 

parameters  

 

 

 

 

 

 

 



1. Introduction 

Groundwater sources are the only alternative to meet the water need in agricultural areas where modern 

irrigation systems (canals) are not available or far from water sources. Submersible pumps are the most common 

means of bringing underground water resources above ground and using them in agricultural irrigation. The use 

of submersible pumps in agricultural irrigation stands out as the most common method in non-developed or 

developing countries in the Middle East, Far East, Africa, and South America, especially where modern 

agricultural irrigation systems are not available. In addition, in developed countries, submersible pumps are 

inevitably used in agricultural areas far from water sources. The biggest problem in using submersible pumps is 

the high energy requirement of the system. The most concrete example of this is that approximately 40 percent of 

the lifetime cost of the pump in a 20-year period is the energy consumed by the system. Another important finding 

is that in a study conducted by the American Hydraulic Institute, the share of pumps in total energy consumption 

in developed countries is 20 percent. As mentioned above, the share of pumps in total energy consumption in 

developed countries is approximately twenty percent. According to the researches, approximately 30% of this 

amount can be recovered with an optimal design. This result means that developed countries can save 6% of energy 

consumption with improvements in pumps. Therefore, the determination of optimal design parameters for pump 

design is extremely critical. In addition to this critical importance, as a result of the significant improvements in 

the size and material structure of the submersible pumps, submersible pumps are widely used in the processes of 

extraction of oil and natural gas as well as the need for agriculture and urban water (Zhu et al., 2016; Shi et al., 

2018 ).  

A submersible pump; is in the form of the serial connection of the stages consisting of the impeller and 

diffuser (Stel et al., 2015). All of the impellers connected to a single shaft rotate at the same angular speed. 

Although the impellers rotate at a constant angular speed throughout the pump, the flow structure in each stage 

differs greatly compared to other stages (Li et al., 2016). These differences cause a complex flow structure to occur 

and thus lead to great difficulties in the experimental definition of the flow area across the pump. Another difficulty 

in experimental identification is that the measurement values can vary dramatically depending on the fluid 

viscosity-temperature, impeller blade inlet-outlet angle, diffuser blade inlet-outlet angle, blade number, the 

distance between stages, surface roughness and many other parameters. The general trend recently is to solve the 

problems mentioned above with numerical simulations verified by experimental data. This trend is a result of 

significant developments in computer capacities, in parallel with the development of numerical solution methods 

in recent years. Accordingly, the literature studies on the subject, which include numerical and experimental 

processes together: (i) The relationship of geometric components with the flow field throughout the pump (Pei et 

al., 2016; Zhou et al., 2018; Yuanyi et al. 2009; Shi et al. 2013; Tao et al. 2017), (ii) Reliability of numerical 

simulations in pump design (Yao et al. 2016; Maitelli et al. 2010; Derakhshan and Nourbersi 2008) and (iii) Effect 

of fluid viscosity on pump performance (Zhu et al. 2016). It can be classified under three titles. These are the first 

two of the titles within the scope of the study. In this section, major studies are presented in order, taking into 

consideration the classification in question. Centrifugal pumps are tools that create a pressure gradient in the radial 

or axial direction as a result of an angular acceleration provided by the motor. The engineering process related to 

the subject can be defined as the process of ensuring the movement of the fluid through this pressure gradient with 

minimal pressure loss. Accordingly, there are designs related to the basic components of the pump, such as many 

impellers and diffusers that have been developed or are still under development. The continuation of these 



development processes or the determination of the optimal design parameters will only be possible by determining 

the effect on the pump performance of the relation of the flow area along with the pump with the geometric 

parameters the effect on the pump performance. Most studies on the subject from past to present have focused on 

determining the relationship in question. Some of these studies are presented in detail below. Stel et al. (2015) 

numerically investigated the performance of a multi-stage, mixed-type submersible pump for different situations. 

They conducted their research in three scopes: (i) effectiveness of turbulence models in simulations, (ii) 

compatibility of pump operating curves obtained by numerical simulations with experimental data in the literature 

and, (iii) effect of distance between impeller and diffuser on the flow field. In their research, they found that, since 

the flow structures at each stage are significantly different from each other, and interpretation for other stages is 

not possible from the analysis of the flow area at any stage. Yuan-yi et al. (2009) numerically investigated the 

effect of the clearance between the pump flow pipe and the pump impeller on the pump efficiency and load. They 

conducted the research for eight different aperture values in the range of 4-18 mm and found that their maximum 

performance was in the 8mm aperture. Shi et al. (2013) investigated the effect of four different output ranges of 

submersible centrifugal pump impellers on pump performance numerically, theoretically and experimentally. In 

their study, they observed that increasing the impeller output gradually increased pump efficiency. Zhou et al. 

(2012) investigated the optimal design parameters for the diffuser numerically.  

They performed the simulations taking into account two different diffusers and selected the pressure 

conversion parameter as the evaluation parameter. Yao et al. (2016) examined the effect of wall function on the 

results in numerical simulations that do not define the complex flow structure occurring along the pump impeller-

diffuser. In their research, they selected RANS (Reynolds Averaged Navier Stokes), LES (Large Eddy Simulation) 

and RANS / LES hybrid turbulence models. As a result of the simulations they conducted, they found that the 

RANS / LES hybrid turbulence model fits the experimental data better than the other two models. Maitelli et al. 

(2010) numerically investigated the effect of distance between pump diffuser and impeller on pump performance 

curves in the submersible pump. They conducted their research within three different design conditions: (i) the 

current installation position of the selected pump, (ii) the distance between the pump diffuser and the impeller is 

zero, and (iii) the distance between the pump impeller and the diffuser is 4mm. As a result of their simulations, 

they observed that the minimum loss occurred in the third case. Derakhshan and Nourbersi (2008) examined the 

change in performance theoretically, experimentally and numerically when a centrifugal pump is used as a turbine. 

In their study at the best efficiency point, they detected significant deviations between experimental and numerical 

results.  

In this study, the performance of a selected industrial submersible pump for different stages has been 

experimentally measured. Following the experiments, the effect of geometric parameters such as impeller output 

range and angle on the pump performance has been investigated numerically. 

 

2. Material and Method 

As mentioned in the previous sections, the share of pumps in total energy consumption is approximately 

20%, especially in developed countries. These shares in energy consumption have made pump design one of the 

main engineering problems. In this engineering problem, CFD simulations are widely used in the design of new 

hydraulic machines or in the development of existing machines due to the difficulties in measuring the flow 

structure experimentally. The focus of these methods is to increase the energy efficiency of hydraulic pumps. 



However, CFD simulations must be verified by experimental measurements due to the complex structure of the 

flow area occurring throughout the pump. In this study, experimental measurements and CFD simulations were 

carried out simultaneously and all simulations were verified by experimental measurements. 

In this study, two impeller geometric parameters are taken into account impeller output width (IOW) and 

impeller outlet angle (IOA).  The cross-section geometry of stage 1 of the selected industrial pump and the solid 

models of the impeller are shown in Figure 2.1. As can be seen from the figure, the geometric parameters taken 

into consideration in the studies are 15.5 mm (IOW) and 750 (IOA) in the existing pump. Other geometric 

correspondent values of the pump are given in Table 2.1. In addition to experimental measurements, a total of nine 

CFD simulations have been carried out, one for the existing pump geometry and the other for the impeller 

geometries whose geometric adjustments have been changed. The values of the four adjustments made for each of 

the two geometric parameters considered are given in Table 2.2. 

 
Table 2.1. Geometrical values of the selected submersible pump. 

 

D1 106mm 

D2 95mm 

D3 113mm 

L 16mm 

 

 
Figure 2.1. Industrial submersible pump selected as reference a. cross section, b. Impeller solid model. 

 

Table 2.1. Geometric adjustments in CFD simulations. 
 

 impeller output 
width (mm) 

impeller outlet 
angle (0) 

Reference Pump 15.5 75 

 

IOW 

9.5 75 
11.5 75 
13.5 75 
17.5 75 

 

IOA 

15.5 80 
15.5 85 
15.5 90 
15.5 95 

 



2.1. The Basic Parameters That Define the Performance of a Pump 

The performance of a pump is defined within five parameters: manometric head (H) flow rate (Q), specific 

energy (n), power (W) and efficiency ( ). Working curves showing the pump performance are prepared with these 

parameters. Within the scope of these curves, the optimal working point is defined as the overlap point of the 

power and manometric head. The method followed in the extraction of the curves in question or the calculation of 

the five parameters mentioned above defining the pump performance will be presented below.  

The flow rate that determines the required power level for the flow in fluid motion is the leading parameter 

in calculating pump performance. The second leading parameter that makes sense to users, in particular, is the 

pump suction and discharge, or the manometric pump head that defines the pressure difference between the inlet 

and outlet. In the literature, the delivery head is mostly indicated mWC(meter water column). It is calculated as 

follows; 𝐻 = + + 𝑧 − + + 𝑧                                                                                                          (1) 

where V, z, , g are velocity, level, density, gravity respectively. The physical definition of this expression, which 

can be described as the extended Bernoulli or energy Equation, is in the form of the energy difference between the 

pump inlet and outlet. Since the inlet and outlet sections are equal in submersible pumps, from the continuity 

equation: (𝑉𝐴) = (𝑉𝐴)                                                                                                                                           (2) 

The inlet and outlet velocity are equal and the dynamic pressure difference of Equation (3.1) becomes zero. The 

height difference along the pump is also negligible. Therefore Equation (1) is to reduce to: 𝐻 =                                                                                                                                         (3) 

As can be understood from this equation, the manometric head can be determined by the pressure difference 

measurements at the pump inlet and outlet. Submersible pumps are tools that convert the mechanical power, 

transmitted by the motor to the shaft to which the impellers are connected, to the hydraulic power. The pump 

hydraulic power can be defined as 𝑊 = 𝜌𝑔𝑄𝐻                                                                                                                                                       (4) 

In pumps, losses due to internal leaks, flow separations, friction, and similar processes are called mechanical losses. 

Mechanical losses can only be calculated by determining the shaft power. The shaft power can be calculated as: 

   𝑊 = 𝜔𝑇                                                                                                                                                       (5) 

where , T are angular velocity and shaft torque respectively. Specific speed is an important parameter in pump 

design that can be defined as a measure of the tendencies of pump operating curves. It is calculated as follows; 𝑛 = 𝑛 ( ) /                                                                                                                                                           (6) 

Where n, i shows the pump rotational speed (rpm) and stage number. Specific velocity value can vary between 40 

and 150 in the mixed flow pump selected in the study. After all these definitions, pump efficiency is the ratio of 

hydraulic power to mil power:   𝜂 =                                                                                                                                                               (7) 

In the study, the parameters mentioned above were calculated from the experimental measurements for the selected 

pump. The tools and equipment used in the experimental measurements will be briefly presented below. 

 



 

2.2. The Experimental Setup 

As mentioned, CFD simulations are widely used in determining optimal pump design parameters. However, 

due to the complex nature of the flow, CFD simulations must be verified by experimental measurements. In this 

section, the test setup used in experimental measurements will be presented. As will be understood, the 

experimental measurement of pump performance or operating curves is extremely critical for both designers and 

manufacturers. Experimental measurements were carried out in the pump test laboratory within Firat motor ve 

pump Electric Industry Trade Limited Company. The schematic flow chart of the test setup in which the 

experiments are carried out is shown in Figure 2.2. The pump head height, flow rate, effective power parameters, 

which were measured to determine the submersible pump characteristics, were transferred to the computer through 

an interface, and the pump characteristics were obtained as digital data. As can be seen in Figure 2.2, the pump is 

placed in the water pool in a vertical position, similar to industrial applications. Again, as can be seen from the 

figure, there are pressure transmitters, manometers, magnetic flowmeters and valves on the connecting pipes to 

measure the pressure and flow. Boards auxiliary for power and rotational speed measurement, variac transformer, 

network analyzers, reactive power control relay, analog ammeter are other elements of the experimental setup. 

2.3 Solid Model Design of The Pump and Numerical Setup 

CFD simulations were performed using commercially available CFD software ANSYS FLUENT. The 

Mesh design, on the other hand, is realized with icemCFD. FLUENT provides three approaches to address 

turbomachinery; (i) the multiple reference frame (MRF) model, (ii) the mixing plane model (iii) the sliding mesh 

model. Since there are unsteady flow fields in turbomachinery, the sliding mesh models the interaction with 

complete fidelity. Therefore, the sliding mesh approach was chosen. All flow domains and mesh designs were 

made in line with this selection. 

Solid Model Design: Since the submersible pump or any pump consists of both moving and stationary 

components, the solid model cannot be formed as a single piece. The impeller and diffuser blade structure is also 

not suitable for drawing since it consists of different axes and is difficult to measure.  This problem was solved by 

obtaining an optical scanning service from a company. In this process, both the diffuser and the impeller were 

divided into four different components in the first place. Then, all components were scanned separately, and solid 

models were created. In order to keep the error rate to a minimum, the solid models created were assembled in the 

same body, thus creating the solid model of the impeller and diffuser. The method used in the creation of solid 

models is a method that is widely used in the industry. In this method, two basic problems can be encountered in 

the form of (i) small unwanted surfaces that may occur due to the complex structure of the solid model, and (ii) 

incorrect joints during assembly. These problems, which may cause significant errors in numerical calculations, 

are solved by detailed comparisons between the selected pump components and their solid models performed by 

optical scanning. The selected pump components and their solid models produced by optic scanning are shown in 

Figure 2.3. 



 

Figure 2.2. Schematic form of the experimental setup. 

 
Figure 2.3. The selected pump components and their solid models produced by optic scanning. 

Turbulence Model: Commercial Fluent CFD, where simulations are carried out, offers many turbulence model 

options such as k-epsilon, SST k-, Detached Eddy Simulation, Low Re k-epsilon, RNG k-epsilon. In this study, 

the k- turbulence model along with PISO algorithm was chosen in numerical simulations. Many studies in the 

literature have found that the k- turbulence model best fits experimental measurements in centrifugal pumps with 

reverse pressure gradient and separations (Li et al., 2016, Zhu et al., 2016, Zhou et al., 2018, Spence and Amaral-

Teixeirab, 2008). Eddy viscosity in k- turbulence model based on two equations and Boussinesq Theorem: 

𝜇 = 𝐶 𝜌                                                                                                                                                                 (8) 



Cµ is an empirical constant. The K and  are derived from the momentum equation. Turbulent kinetic energy (K): 𝜌𝑈 = − 𝜌𝜀 + 𝜇 +                                                                                            (9) 

Dissipation (): 

 𝜌𝑈 = 𝐶 𝜇 + +  − 𝐶 𝜌                                                                      (10) 

In equations, K,  , C1, C2, and Cµ are model constants. In the simulations, these constants were selected as 1, 

1.3, 1.44, 1.92 and 0.09, respectively. 

 

Computational domain and Mesh Design: Flow field was designed by using solid models created as a result of 

optical scanning. The designed flow domains are shown in Figure 2.4. As can be seen from the figure, in addition 

to the impeller (rotating)and diffuser (stationary) flow domains, in order to reduce the errors that may occur on the 

simulation results due to possible pressure fluctuations in the pump inlet-outlet, a certain length of connection pipe 

is installed at the pump intake and discharge domains. 

 
Figure 2.4. Computational domains. 

The primary parameter considered in the mesh design in a flow field is the laminar sublayer, which is one 

of the basic parameters that occur in the turbulence boundary layer and defines the relationship between the flow 

and the solid surface. The value of y+ in the region in question is between 1-5. The numerical calculation process 

can only be defined by the fact that several node points are located in this region. The mesh design to be made by 

leaving a few nodes in the laminar sublayer significantly increases the calculation load and time. In engineering 

applications, it is generally preferred to define the laminar sublayer region with mathematical models called wall 

function and to decrease the calculation load and time. The wall functions were defined as follows: 𝑈 = 𝑙𝑜𝑔𝑦 + 𝐵                                                                                                                                                 (11) 

Where B and K are dimensionless numbers that vary depending on the turbulence model. U+ and y+ in the equation 

are respectively; 𝑈 = 𝑈 / 𝜏/𝜌,  𝑦 = 𝑦 𝜏/𝜌//𝑣.  In addition, U0,  , v and y are the mean velocity, shear stress, 

kinematic viscosity, and the length of the first joint from the surface respectively. In simulations, standard wall 

functions are applied for near-wall treatment. 



In this study, the design parameter considered in accordance with the turbulence model selected in the mesh design 

is to provide y + <11 at the first node point from all surfaces. Using the automatic mesh feature of the package 

program selected in the first place considering the mentioned criterion, mesh design was made with elements 

having tetrahedron in the flow fields. Based on the criteria considered in the next step, local mesh increments were 

made. As a result of the simulations carried out after the first mesh design, when y+ did not reach the desired 

values, the number of mesh was increased 9.5% and 13% in the areas close to the solid surfaces of the impeller 

and diffuser respectively,  In the simulations repeated after mesh increments, in the impeller and diffuser inlet-

outlet areas with high pressure and velocity gradients, the y+ value ranged from 43 to 150. On top of that, mesh 

increments were made at the rate of 20%, 17%, 19% and 13% respectively to the impeller inlet, impeller outlet, 

diffuser inlet and diffuser outlet. As a result of the simulations made after this operation, the y+ value remained 

below 11 in the first node points on the surfaces. At the end of these processes, the mesh structure of the designed 

impeller and diffuser surface is shown in Figure 2.5. 

 
Figure 2.5. Impeller and diffuser mesh design. 

Boundary conditions: The fluid used in the numerical simulation and experimental investigation is water and the 

density of 1000 kg/m3 and kinematic viscosity of 1.02 mm2/sn at 25 0C. In the present numerical simulations, the 

flow field were defined by four numerical domains, one of which is rotating (impeller), three of which are static 

(diffuser, intake and discharge pipes). After all numerical domains are transferred to fluent, they were connected 

by interfaces. In this study, boundary conditions are determined by considering the maximum operating point of 

the pump selected. The selected pump has a flow rate of 15 lt/sn at the maximum operating point at 2900 rpm. In 

accordance with the experimental measurements, the flow rate (15 lt/sn) was applied to the outlet boundary of 

flow fields while pressure-inlet (total pressure, gauge Pressure, 0 Pa) was applied to the inlet. The non-slip 

boundary condition ( = 0) was selected to all solid surfaces in the flow fields. In the simulations, the rotating 

domain(impeller) was selected at 2900 rpm in accordance with the experimental measurements. In the simulations, 

the solution time steps, which are selected as time dependent flow, were calculated by taking into account the 

rotational speed of the rotating region. The timestep of the unsteady calculations was set 1.724*10-4 s. The timestep 

was related to the rotational speed, such that each timestep represented an increment in angular rotation of 3 deg. 

 

3. Results and discussion  

Within the scope of this study, the performance of a referenced industrial submersible pump at different 

stages was first measured by the experimental set and measurement tools presented in the previous section. 



Following the measurements, the effect of four different values of the impeller output width and angle on the pump 

performance was examined with CFD simulations confirmed by experimental measurements. In this section, the 

results of the experimental measurements and CFD simulations conducted throughout the study will be presented 

with detailed graphs and numerical data. Accordingly, experimental measurement data will be given in the first 

place. After the presentation of the experimental data, the simulation data carried out regarding the effect of the 

impeller output width and angle on the pump performance will be presented.  Finally, experimental measurement 

data and CFD simulation results will be evaluated together 

 

3.1. Experimental Measurements 
The industrial submersible pump, which is taken as reference in the study, is supplied to the industry by the 

company with a motor with 9-stages and 25 hp power. Performance measurements of the pump in question were 

carried out at 2900 rpm in 9, 5 and 1 stages, respectively. 

Depending on the flow rate measured with the 9-stage construction of the referenced pump, the changes in 

the pump delivery head, pump and system efficiency are shown in Figure 3.1 (a). As can be seen from the figure, 

in accordance with the literature (Wang et al. (2013), Makteli et al. (2010)), the pump delivery head and the 

efficiency curves show a parabolic trend. 

It measures the flow rate of 7.55 lt /sn at 111.1 mCW maximum head. At this point, the efficiency of the 

pump is 14% while the efficiency of the system is 13%. The minimum pump delivery head is measured as 9.1 

mCW and the flow rate at this point was determined to be 23.17 lt /sn. At this point, the efficiency of the pump is 

50% while the efficiency of the system is 45%. In the measurements made, it has been determined that the 

maximum pump efficiency is 69%. At this point, the pump delivery head is 84.7mSS and the flow rate is 15.1 lt 

/sn. Therefore, hydraulic power is 12.556 kW at the optimal working point determined. Also, at this point, while 

the efficiency of the pump is 69%, the efficiency of the system is 63%. After this point, both pump efficiency and 

system efficiency decrease dramatically.  

Within the scope of this study, a 15 hp engine was used in the measurements for 5 stages. As mentioned 

above, the measurements were taken at 2900 rpm of the motor. Depending on the flow rate measured for this 

construction, the changes in the pump delivery head, pump and system efficiency are shown in Figure 3.1 (b). As 

can be seen, both the delivery head and efficiency curves show a parabolic trend. It measured a flow rate of 7.55 

lt/sn at 61.345 mCW maximum pump delivery head. At this point, the pump efficiency is 51.35%, while the system 

efficiency is 45.23%. The minimum pump delivery head is measured as 5.05 mCW and the flow at this point is 

determined to be 61.34 lt/sn. At this point, the efficiency of the pump is 13.75%, while the efficiency of the system 

is 12.8%. In the measurements taken, the system efficiency with the maximum pump is 67.201% and 59.02% 

respectively. At this point, the pump delivery head is 47.118 mCW, while the flow rate is 15.3 lt/sn. In addition, 

the hydraulic power at this point was calculated as 7.072 kW. The pump decreases approximately by 1.8% in pump 

efficiency and 4% in system efficiency compared to 9 stages at the maximum operating point. 



 

Figure 3.1. Operating curves of (a) the 9-stage and (b) 5 stage submersible pump. 

 

In the experimental measurement processes of the 1-stage pump, 4 hp motor was used. The pump operating 

curves prepared as a result of the measurements made are shown in Figure 3.2(b). As can be seen from the figure, 

depending on the flow rate, the pump delivery heads, pump and system efficiency show a third-degree parabolic 

trend similar to 9 and 5 stages. The motor speed is set to 2900 rpm, similar to the measurements for 9 and 5 stages. 

In the measurements made, it was observed that the flow rate was 7.25 lt/sn when the maximum delivery head was 

12.34 mCW. At this point, the pump efficiency is 51.5% while the system efficiency is 42.52%. When the flow 

control valve is fully open, the minimum delivery head is measured as 1.05 mCW and the flow rate at this point is 

determined to be 21.89 lt/sn. At this point, the efficiency of the pump is 13.44%, while the system efficiency is 

11.45%. In the measurements taken, the system efficiency with the maximum pump is 66.24% and 55.48% 

respectively. At this point, the pump delivery head is 9.35 mCW and the flow rate is 15.4 lt/sn. In addition, the 

hydraulic power at this point was calculated as 1.412 kW. 
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 Figure 3.2. Operating curves of 1 stage submersible pump. 
  

Another important detail observed in the measurements made is the relationship of the ratio of pump 

efficiency to system efficiency with the number of stages. In order to define this relationship, the ratio of pump 

efficiency to system efficiency was calculated along the working curves for all stages measured. As a result of the 

calculations, the change of the pump efficiency to the system efficiency for the measured stages along the pump 

operating curve is shown in Figure 3.3. As can be seen from the figure, the system efficiency in 9 stages approaches 

the pump efficiency compared to other stages. Due to the decrease in the number of stages, the said ratio was 

growing. Along the pump operating curves for all stages, except when the maximum the pump discharge pressure 

is minimum the ratio of pump efficiency to system efficiency reaches its lowest value at the maximum operating 

point of the pump. For example, in the 9-stage pump, the ratio at the maximum working point is 1.095, while the 

previous and next points are 1.118 and 1.116, respectively. In the 1-stage pump, the ratio in the maximum working 

point is 1.193, while the previous and next points are 1.22 and 1.206, respectively. 

  

Figure 3.3. The rate of the pump efficiency to the system efficiency (p / s) in the measured stages depending on the flow 
rate. 

3.2. Effect of Mesh Count on CFD Simulation Results and Verification of Simulations with Experimental 
Data 

Within the scope of the study, mesh design is the most critical process in terms of the reliability of the 

processes followed in the CFD simulations carried out. As mentioned before, it is imperative to make the mesh 
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design of a flow field within the framework of the selected turbulence model and wall function. In this study, the 

mesh design of the flow areas was made by taking into consideration the necessity mentioned. In the first trial 

simulations, y+ values recommended were reached for the selected turbulence model. Another parameter that 

determines the reliability of a CFD simulation is to reach a solution independent of mesh. In order to provide this 

parameter, the mesh numbers determined as a result of the mesh design process are designed in three different 

mesh structures, mostly in areas close to solid surfaces, 10% reduction, 10% and 20% increase. The effects of 

mesh count on simulations were examined with CFD simulations carried out within the framework of the different 

mesh structure. 

For the different mesh counts mentioned above, it was found that in CFD simulations carried out under the 

same boundary conditions, the number of mesh had a very limited effect on the sizes defining the flow area, but 

did not change the flow structure. This situation can be clearly seen from Figure 4.6, where the pressure distribution 

and streamlines are prepared as a result of the simulations carried out for four different mesh count or densities for 

a 1-stage pump. As can be seen in Figure 3.4, a similar flow structure is observed in every four mesh count. In 

addition to this similar flow structure, the deviation in pump delivery head, which is critical in determining the 

pump performance, in the 10% and 20 mesh count increments, the deviation remains between 1-2%, while the 

10% reduction deviation is 2.3%. These similar flow structures and low deviation values show that the simulation 

results are independent of mesh. 

 
Figure 3.4. Pressure distribution (mCW) and streamlines a) 8700233, b) 1.1*8700233, c) 1.2*8700233 ve d) 
0.9*8700233 mesh count. 

In the current criteria of the selected industrial pump, CFD simulation was carried out for 1-stage pump at 

15 lt/sn flow rate and 2900 rpm boundary conditions. It can evaluate the purpose of CFD simulations carried out 

at this phase in two classes: (i) to measure the reliability of the simulations to be carried out in the next stages by 



reference to the experimental data and (ii) in the next steps, to reach the required data to compare the simulations 

to be carried out for 8 different geometric parameters with the current pump. 

Throughout this study, in all CFD simulations carried out, graphs showing the pressure distribution and 

streamlines in detail were prepared in order to define the flow structure. As a result of the simulation carried out 

for the 1-stage pump for the current criteria of the pump selected at this phase, the pressure distribution and 

streamlines throughout the pump are shown in Figure 3.5. While the pressure increases dramatically through the 

impeller from the inlet, after the impeller exit, the increase and decrease in pressure was remain within very limited 

ranges. The pressure at the impeller inlet is approximately 3.27 mCW. At the exit of the impeller, the pressure 

increases by 1.75 times and reaches 9.18 mCW. At the impeller outlet or diffuser inlet, the pressure immediately 

reaches about 9 mCW, and then the pressure fluctuates in 9-9.8 mCW intervals. Although pressure reaches 

approximately 9.76 mCW throughout the diffuser, pressure close to the diffuser outlet immediately reaches 

9.1mCW. In a remarkable finding, a low-pressure zone is formed approximately 1.1 mCW lower than the 

environment in the flow area just above the diffuser outlet. As can be seen from streamlines in Figure 3.5. (b), the 

low-pressure zone in question is the main parameter that determines the flow structure after the diffuser outlet. In 

the said low-pressure region, a reverse vortex is observed on the side of the pump center axis. On the other side of 

the same low-pressure zone, another vortex system, which is much smaller in proportion, is formed. As can be 

seen in Figure 3.5. (b), the main parameter that determines the flow structure in the diffuser outlet zone is the two 

vortex systems mentioned. In the examinations made again, considering the pressure distribution, the flow 

structure at the diffuser outlet continues in the next flow fields. As will be understood, the region where the 

relationship between pump performance and flow structure can be best defined is the flow area at the diffuser 

outlet. Another remarkable finding is the increasing tendency of the pressure from the center to the outside. 

 

 
Figure 3.5. As a result of the CFD simulations of the 1-stage pump in the current criteria of the selected pump, a) pressure 

distributions, b) streamlines 
 



As a result of the CFD simulation carried out for the 1-stage pump, the pump delivery head was calculated 

as 8.65 mWC and the pump efficiency was calculated as 67.2%. When these results are compared with the 

experimental measurements, the deviation rates from the experimental measurement data are 8% at pump delivery 

head and 1.5% at pump efficiency. The reason for the large deviation in the delivery head compared to the pump 

efficiency is that in the CFD simulation, the flow rate is chosen as a fixed limit condition of 15 lt/sn. However, in 

experimental measurements, the flow shows oscillations in the range of 15-15.3 lt/sn. 

 
3.3. Effect of Impeller Output Width on Pump Performance 

One of the most important geometric parameters that determine flow characteristics throughout the 

submersible pump is the impeller output width. The flow structure along with the pump and the effect of these 

structures on the pump performance for four geometric values, different from the impeller output width (15.5mm) 

of the selected industrial pump was investigated with CFD simulations at the same boundary conditions. The 

geometrical dimensions considered are 9.5, 11.5, 13.5 and 17.5mm, respectively, with reference to the impeller 

output range in the simulations. As can be understood from the given values, it is aimed to define the effect of 

2mm increase or decrease in the impeller output range on the pump performance. In the CFD simulations carried 

out, it has been determined that the impeller output width has a partial effect on the flow structure throughout the 

pump,  

 
Figure 3.6. Pressure distributions throughout the pump for a) 9.5 mm, b) 11.5 mm, c) 13.5 mm and d) 17.5 mm values of impeller output 

width. 



 
while it causes a difference in significant scales on the basic variables that define pump performance such as 

pressure. This can be clearly seen from Figure 3.6, where pressure distributions are shown for four different values 

of said impeller output width. As can be seen from the figure, the increase in pressure for the values of 9.5, 11.5, 

13.5 and 17.5mm of the impeller output width along with the impeller is 4.4, 5.86, 6.2 and 8.14 mWC, respectively. 

The pressure increased gradually throughout the diffuser at all four impeller output width geometric values along 

the diffuser and, the maximum pressure value along the diffuser for the geometric values of 9.5, 11.5, 13.5 and 

17.5 mm of the impeller output width was found to be 8.04, 8.98, 9.8 and 10 mWC, respectively. Low-pressure 

zones were observed at the diffuser outlet for all four geometric values. In addition, maximum pressures in all four 

geometric values occurred in the outer wall of the diffuser blades. Another of the observations made is that the 

impeller output width, where the flow regions are most obvious, is 17.5 mm, with the reference of pressure. The 

clearest removable finding in Figure 3.6 is that the pump delivery head changes significantly as the impeller output 

width changes. 

From the CFD simulation data carried out for four different impeller output width, pump delivery head, 

torque, hydraulic force in the vertical direction and pump efficiency have been calculated as numerical values. As 

a result of the calculations, the effect of the impeller output width on the pump delivery head and efficiency is 

shown in Figure 3.7. The figure also includes the value of the pump delivery head and efficiency at 15.5 mm, 

which is the impeller outlet range of the currently selected pump. As can be seen from the figure, the pump delivery 

head is approximately 6.36 mWC, when the impeller outlet width is 9.5mm, while it is 9.15 mWC when the 

impeller outlet width is 17.5mm. An increase of 8mm in the impeller output range increases the pump delivery 

head by approximately 43%. Another important finding that can be clearly understood from Figure 3.7 is that the 

most dramatic increase in pump delivery head occurs when the impeller output width increases from 13.5 to 

15.5mm. In this increase, the pump delivery head reaches approximately from 7.19mWC to 8.64mWC or the 

increase is approximately 20.16%. 

 
 Figure 3.7. Effect of impeller output width on pump delivery head and efficiency. 

 



The most important parameter in the choice of the pump in terms of operation or end-user is pump 

efficiency. As can be seen from Figure 3.7, as the impeller output width expands, the pump efficiency increases at 

a certain rate. For example, the pump efficiency is 60.73% for the 9.5mm impeller output width and 68% for the 

17.5mm. The most dramatic increase is in the 13.5-15.5 mm impeller output width range with 3.78%. In other 

ranges, the rate of increase in yield remains below 1.5%. 

While any fluid moves on a solid surface, it causes shear stress on the solid surface due to its dynamic 

pressure, while it causes normal stress due to static pressure. Cracks occurring on the solid surface in contact with 

the fluid are often the source of said normal stress. The hydraulic force, which causes the mentioned normal stress 

and caused by static pressure, may cause vibrations during pump operation and significantly decrease pump life 

(Li et al., 2017). In all CFD simulations carried out in this study, the hydraulic force coming to the impeller in the 

vertical direction was calculated. Because, as expected, the biggest pressure difference occurs between the impeller 

output and inlet throughout the pump, therefore the hydraulic force reaches maximum values in this region.  

The effect of the change in the impeller outlet width on the hydraulic force and pump torque is shown in 

Figure 3.8. As can be seen from the figure, the torque value for the 9.5mm impeller output width is 5.072Nm, 

while the torque for the impeller output width of 17.5mm is 6.524 Nm. An increase of 28.62% of torque occurs in 

the 9.5mm to 17.5mm impeller output range. The most dramatic increase in torque occurs at 13.3% in the range 

of 13.5mm to 15.5mm, as is the pump delivery head. This increased value is 4.89, 3.31 and 4.77% for the impeller 

output width of 9.5-11.5, 11.5-13.5 and 15.5-17.5 respectively. As can be seen, in the 3.5 to 15.5 mm impeller 

output range, the increase in torque is more than double compared to other ranges. The increase rate provided by 

the increase in the impeller output width at the pump delivery head was remained at a lower level in the torque 

value to be clearly seen. 

As can be seen from Figure 3.8, the hydraulic force for the 9.5mm impeller output width is 189.6 N, while 

it is 206.67 N for the 11.5mm impeller output width. The most interesting finding is that the hydraulic force reaches 

a minimum value of 178.92 N outside the general trend for the 13.5 mm impeller output width. When the 13.5mm 

impeller output width value is increased by 2mm, that is 15.5mm, the hydraulic force increases by approximately 

27% and becomes 227.203 N. For example, when the impeller output width is increased from 9.5mm to 11.5mm 

and 15.5mm to 17.5mm, the increase in hydraulic force is 9 and 10% respectively. This determination shows that 

the impeller output width has a direct effect on the hydraulic force. Another important striking observation that 

can be observed from Figure 3.8 is that there is an optimal point where the hydraulic force is minimized for a given 

impeller output width. 



 
 Figure 3.8. Impact of impeller output width on pump torque and the hydraulic force. 

 

3.4. Effect of Impeller Output Angle on Pump Performance 

Another geometric parameter considered in this study is the impeller output angle. The impeller output 

angle of the existing industrial pump, which is referenced, is 750. Besides this impeller output angle, CFD 

simulations were carried out in four different impeller output angles, 800, 850, 900 and 950. In the CFD simulations 

carried out, it was observed that increasing the impeller output angle compared to the existing pump had a very 

limited effect on the flow structure while having a significant effect on the pressure distribution throughout the 

pump. This determination can be clearly observed from Figure 3.9, where the pressure distribution across the pump 

is shown for four different impeller output angles.  

As can be seen from the figure, the pressure increases from 1.25 mWC to 7.35mWC for the impeller output 

angle of 800. The increase in pressure is about 6.1mWC. Although pressure reaches 9.18mWC throughout the 

diffuser, the pressure drops 7.96 mWC at the diffuser outlet. Also, a pressure zone of approximately 0.7mWC 

lower than its surroundings occurs immediately after the diffuser outlet. The pressure rises from 2.81 mWC to 7.81 

mWC along with the impeller at the 850-impeller output angle. The increase in pressure is approximately 6 mWC. 

Although 9.06 mWC through the diffuser, the pressure drops to 7.81 mWC at the diffuser outlet. Another finding 

observed is the low-pressure zone occurring immediately after the diffuser outlet. As can be seen, the pressure 

followed by the increase or decrease trend along with the pump shows a trend similar to the two impellers output 

angles mentioned above. This trend is also in question at 900 and 950 impeller output angles. For example, at 950 

impeller output angle, pressure increases from 0.77 mWC to 1.15 mWC along with the impeller. The pressure 

increase rate along the impeller is approximately 49%. For these two impeller output angles, the trend in pressure 

after the impeller shows a similar trend with the two impeller output angles presented above as numerical data. As 

can be clearly seen from Figure 4.17, although the pressure distribution after the impeller shows a similar tendency 

at all impeller output angles, the increase or decrease rate changes significantly. It has been observed that the 

pressure increase rate decreases especially as the impeller output angle increases. 

 



 
Figure 3.9. Pressure distributions throughout the pump for a) 800, b) 850, c) 900 and d) 950  values of impeller blade angle. 

In the CFD simulations carried out, it has been observed that as the impeller output angle increases, the 

pump delivery head and its efficiency decrease. The change in pump delivery head and efficiency depending on 

the impeller output angle calculated as a result of CFD simulations is shown in Figure 3.10. As can be seen from 

the figure, 750 pump delivery head, which is the impeller outlet angle of the selected industrial pump, is 8.636 

mWC, while it is 7.79 mWC at the 950 impeller outlet angle. Therefore, the pump delivery head decreases by 

10.86% in 200 increases of the impeller blade angle compared to the current situation. As can be clearly seen from 

Figure 3.10, the pump delivery head decreases by approximately 2% when the wing outlet angle increases from 

50 starting from 750, while the amount of falling in subsequent increases is above 3%. Changing any geometrical 

parameter throughout the pump affects the changing of flow volumes, thus the process of converting mechanical 

power into hydraulic power, positively or negatively. In the simulations carried out, it has been observed that the 

impeller output angle does not have a significant effect on the pump torque, which is an indicator of mechanical 



power. As a result of the simulations, the pump torque and hydraulic force according to the calculated impeller 

output angle are shown in Figure 3.11. As can be seen from the figure, the increments of the impeller output angle 

50 have no significant effect on the pump torque. Changing the impeller outlet angle causes limited changes in 

pump torque in the range of 6.149-6.227 Nm as mentioned above. As can be seen from Figure 3.11, there is no 

apparent trend in hydraulic force as a result of 50 increases in the impeller output angle. For example, when 750 

impeller output angle 800 is subtracted, the hydraulic force decreases by 4.65% and when it is increased from 800 

to 850, hydraulic force increases by 11.29%. The most dramatic drop occurs in 16% when the impeller output angle 

is subtracted from 850 to 900. The most dramatic increase in hydraulic force has occurred with 16.71% when the 

impeller wing angle is subtracted from 850 to 900. As can be understood from the findings mentioned above, the 

arrangements in the impeller output angle have a limited effect on both the pump torque and the hydraulic force. 

In the calculations made from the CFD simulation results carried out compared to this limited effect, the effect of 

the impeller blade angle on the pump efficiency was found to be significant. As can be seen in Figure 3.10, while 

the pump efficiency is 67.2% at 750 impeller output angle, when the impeller blade angle 950 is subtracted, the 

pump efficiency drops to 60.86%. The decrease is approximately 10%. The most dramatic drop is experienced 

with 3.9% when the impeller output angle is subtracted from 900 to 950. 

 

 
Figure 3.10. Effect of impeller output width on pump delivery head and efficiency. 



 
Figure 3.11. Impact of impeller output angle on pump torque and the hydraulic force. 

               

4. Conclusion 

The effect of two basic impeller geometric parameters (impeller output width and angle) of a selected industrial 

submersible pump on the pump performance of the four different states for each was investigated by CFD 

simulations confirmed by experimental measurements. Within the scope of the study, the effects of 9 scenarios on 

pump performance with CFD simulations were investigated for four different criteria of each geometrical 

parameter mentioned above. Before CFD simulations, pump performance was measured experimentally at the 1, 

5 and 9 stages of the selected industrial pump. In the measurements made, it has been observed that the number of 

stages has a small effect on the pump efficiency. Another striking finding is that the impact of the number of stages 

over the system efficiency is remarkable compared to this relative effect. Simultaneously with the experimental 

measurements, it conducted CFD simulation for the 1-stage pump in the geometric criteria of the selected pump 

and within the limits of the experimental measurements. In the studies carried out, it was observed that the CFD 

simulation results were in full agreement with the experimental measurements. For example, the pump efficiency 

calculated as a result of CFD simulations in a single-stage pump showed 1.5% deviation from the experimental 

measurements. This result is the leading parameter showing the reliability of the method followed in the execution 

of CFD simulations. The findings obtained as a result of the simulations carried out below are given in summary 

form: 

Impeller output width: Observed from the pump efficiencies calculated as a result of the CFD simulations carried 

out, as the impeller output width expands, the pump efficiency increases at a certain rate. For example, the pump 

efficiency is 60.73% for the 9.5 mm impeller outlet range, while it is 68% for 17.5 mm.  A similar trend has been 

observed in pump delivery head and torque. 

Impeller output angle: It has been determined that the arrangements in impeller output angle have a limited effect 

on both pump torque and hydraulic force. It has been determined that the impeller output angle has a significant 

effect on the pump efficiency compared to this limited effect. As a result of the calculations, while the pump 



efficiency is 67.2% at 750 impeller output angle, the impeller output angle is removed 950, the pump efficiency 

decreases to 60.86%. The decrease is approximately 10%. 
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Nomenclature 

D          diameter (m) 

Fhyd       hydraulic force (N) 

g          gravitational acceleration (m/sn2) 

H          head (mWC) 

i           stages number 

IOA       impeller output angle (deg) 

IOW      impeller output width (mm) 

k           turbulent kinetic energy (m2/sn2) 

P          pressure (Pa)  

Q         volumetric flow rate (m3/s) 



T          torque (Nm) 

U0        mean velocity (m/sn)  

v           kinematic viscosity (m2/s) 

V         velocity (m/s) 

W         power (W) 

y+        dimensionless wall distance 

z          level (m) 

 

Greek symbols 

            angular velocity (rad/sn2)  

  density (kg/m3) 

 Dissipation  𝜂   pump efficiency  𝜂   pump efficiency  

µt            eddy viscosity  

 

Subscripts 

hyd  hydraulic 

mil         mil 

o mean 

p            pump 

S           system 

sh          shaft 

t  turbulent  
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