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Abstract

:

The paper presents a validation of the results of a numerical model of radial centrifugal pump flow using a PIV (Particle Image Velocimetry) experimental method. For this purpose, a 3D model of the pump was created in Inventor, which was then used to design a numerical flow model in Ansys in the CFX module. The performance characteristics of the same pump were measured on an experimental test circuit, and vector maps of the flow in the suction pipe were obtained using the PIV method. The results of the experiment—vector fields of fluid velocity distribution in a suction pipe—were then compared with the outputs of the numerical Ansys model, namely the streamlines and pressure distributions. This comparison demonstrated that the numerical model is most consistent with reality if the input variables are the pressure in front of the pump and the mass flow behind the pump. In this case, the model can determine the pressure at the pump inlet with a deviation of 1% to 10% and create streamlines in the suction pipe corresponding to the results of PIV measurements.
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1. Introduction


As modern technologies advance, the design and innovation of machine parts is increasingly transferred to the virtual environment. The programs Catia, Inventor, SolidEdge, SolidWorks, NX cad, CFturbo, and many others have been used recently for this purpose [1]. The Ansys, TCAE, FlexSim, AutoCAD CFD, and other programs are used to simulate fluid flow. They are used to verify the functionality or innovation of components [2,3]. These simulation programs provide a clear picture of the pump flow without the need for experimental measurements on the actual machine. They can also provide information on the pump’s limit state characteristics. For example, Sankar [4] used Ansys to study the impact of change in the number of impeller blades and the size of their outlet angle on the efficiency and head of the pump. Many studies have focused on the flow and pressure distribution in the pump, specifically in the impeller and spiral casing area. For example, Meng et al. [5] used a radial centrifugal pump for this purpose. He created a mesh in Ansys CFX, used ICEM software for the calculation, and then verified the results of the numerical model using an identical real pump on a test circuit. For this purpose, he installed pressure sensors in the spiral casing area and verified the pressure field parameters. Chen et al. stated in their paper [6] that a number of authors dealing with the issue of internal pump flow routinely verified the results of their numerical models using the PIV (Particle Image Velocimetry) method. Another important research area involves studies focusing on the flow in the suction pipe, specifically the effect of the inducer [7] and the Inlet Guide Vane (IGV). The issue of flow modification in the suction pipe using IGV was addressed by Hou et al. [8] They reported in their study that an IGV with six blades had a positive effect on the pump total head, and that a higher number of blades (7 or 9) had a positive effect on the efficiency. The effect of IGV setting angle on the discharge head, efficiency, and cavitation characteristics of centrifugal pump was also discussed by Tan, L et al. [9]. In their work, they used an IGV with six blades for which the inclination can be adjusted.



However, the validation of numerical models, i.e., their experimental verification, remains an issue. For example, Hassan [10] compared the numerical model of a pump in the Ansys program with experimental measurements when innovating an impeller. Alemi [11] in his work verified the numerical model with available experimental data, and there was good accordance between the model’s results and reality. The pressures and flowrates of the flowing fluid can be easily verified using pressure gauges and flowmeters. The measurement is described in ISO 9906 standard [12]. Other, more sophisticated methods for capturing fluid flow courses can be PIV methods [13,14,15]. PIV methods are usually used successfully to verify Ansys simulations [16]. For example, Furst [17] reached an agreement on the streamline’s shapes and the fluid velocity when verifying the mathematical model with the measured values in the test laboratory using PIV. On the other hand, Owida [18] compared PIV and Ansys models, using a transparent pump model and investigating the flow in the plane of the impeller and spiral casing. However, he did not reach an agreement. The reason was the imperfect transparency of the pump during experimental measurements. To obtain reliable results from numerical models, the setting of the density of the computational mesh is one of the most important parameters. A coarse mesh is computationally simpler but can severely skew the results. In contrast, a finer mesh gives more accurate results, but the computation time increases, and convergence becomes complicated [2]. It is therefore necessary to check and adjust the computing mesh to ensure its quality. This can be performed, for example, using the Mesh Metric tool. Authors using this tool then evaluate the quality of the computational mesh in their work through the parameters Skewness, Aspect Ratio, or Mesh Quality [19,20,21].



The aim of this research was to verify the reliability of the numerical Ansys model for predicting fluid behaviour when flowing through a single-stage radial centrifugal pump and to map the flow in the suction pipe.




2. Materials and Methods


Verification tests were conducted on a hydraulic circuit in the Laboratory of Fluid Mechanics at the Faculty of Engineering, Czech University of Life Sciences Prague. A single-stage radial centrifugal cast iron pump with a spiral casing was used for the measurement. The best efficiency point parameters of the pump at shaft speed 1450 min−1 are as follows: flowrate Q = 3.54 l/s; total head H = 5.85 m; and efficiency η = 0.63. The evaluation tests were based on the CSN EN ISO 9906 standard, providing the test methods for hydrodynamic pumps.



The test circuit consisted of the tested pump (P), a reservoir with pipes, and control and measuring devices (see Figure 1). The motor with the momentum sensor (D) Magtrol TMB 307/41 (accuracy 0.1%) allowed for the continuous regulation of shaft speed via the frequency converter LSLV0055s100-4EOFNS. The water flow was measured using an electromagnetic flowmeter SITRANS FM MAG 5100 W (accuracy 0.5%). The pressures at the pump inlet (ps) and the pump outlet (pp) were measured by the pressure sensor HEIM 3340 (accuracy 0.5%), which was installed according to the first-class accuracy requirements. The power parameters of the pump were measured at constant speed, and velocity field measurement was performed synchronously using the PIV method. The measured pressure values were processed in a way that for each characteristic point the arithmetic mean of the three measured values and their corresponding standard deviations were determine. The standard deviations of the pressures ranged in most cases from 1.6% to 4%. The exception is point 5 (zero pump flow), where the deviation reached 8%. At the optimum pump operation, the standard deviation was minimal, i.e., 1.6%. The efficiency values were processed in the same way and they formed the performance characteristics in Figures 7 and 9. The standard deviations of the efficiency were in the same range as for the pressures and are represented by error bars in the graphs.



A 2D PIV set by TSI company was used to analyse the velocity fields in the pump suction pipe. The basis was a two-pulse Nd:YAG laser (YAG100-100-LIT) with a wavelength of 532 nm, operating with an optical device Light Sheet Optics 610,026, and a camera (Powerview Cameras 630,092). The Modular 610,026 light sheet optics have the capability to allow continuously adjustable focal length between 300 mm to 4000 mm, generating a uniform beam thickness from the laser. The light sheet optics can handle high power laser beams up to 500 mJ, with beam diameter of up to 9 mm. The cylindrical lens diverges the incident laser beam in one direction, creating a flat sheet of light. The divergence is controlled by the focal length of the lens (i.e., the shorter the focal length, the faster the sheet diverges). TSI PowerView Plus 4MP-HS Camera is a multi-bit, 4-megapixel, digital CCD camera. It offers a 2048 × 2048 pixel resolution with a pixel size of 7.4 μm × 7.4 μm, operates at 32 frames per second, and provides a 12-bit output. The set was completed by a synchronizer LaserPulse Model 610,036 and COMPUTER for PIV 600054-64 with INSIGHT™ 4G-2DTR Data Acquisition software. Fluorescent seed particles were dispersed in the flowing fluid—hollow glass spheres 100-SLVR with a diameter of 12 μm, silver-coated to increase the reflection of light on the surface. The density of the seed particles is 1700 kg·m−3.



A vertical plane in the axis of the transparent suction pipe at the pump inlet was selected for monitoring the flow (Figure 2 and Figure 6). A laser was placed above the pipe, repeatedly emitting two consecutive light pulses with a time delay of 50 μs. The optical system directed the emitting laser beam into a thin light sheet which illuminated the monitored area in the suction pipe. Thickness of the light sheet is 0.6 mm. A high-speed camera positioned perpendicular to the plane scanned the area at the same frequency as the laser pulses. This was ensured by the synchronizer. The images from the camera captured the positions of the fluorescent particles. The first image (t) displayed the initial positions of the particles, and the second image (t’) the final positions (Figure 1). The image processing was carried out by specialized software, which, by comparing the corresponding pairs, determined the directions and sizes of the velocity vectors of individual particles or flowing fluid. The Scilab program was then used to visualize the measured data. The graphical form of the vector fields was created in this program.



Numerical Model of the Flow in the Suction Pipe


Fluid flow can be described in a general way using the Navier–Stokes equations. For the practical solution of pump flow, the equations in their basic form are unsuitable. For their application to issues of flow machines, it is necessary to express them in such a way that the problems associated with momentum transfer and energy dissipation in rotating channels can be solved. For this reason, the Navier–Stokes equations in cylindrical coordinates are used [23,24].



The problem is that the equations express the relationships between the instantaneous values of the velocity or other quantities of the flow field. At the same time, the flow in a hydrodynamic pump is characterized by high values of the Reynolds number and is thus highly turbulent. The instantaneous values of the flow field quantities change with a very high frequency. For these reasons, the structure of the flow field is complicated. In principle, it can be characterised by the formation of flow structures such as eddies and voids. Moreover, these structures are temporally and spatially unstable and their formation, development, and disappearance take place with a high frequency. The aim of CFD simulation is to perform a precise calculation of the flow field quantities, of which the real current field structure is an external manifestation [24].


    ∂  u i    ∂ t   +   ∂  (  ρ  u i   )    ∂  x j    = 0  



(1)







or rather


    ∂  (  ρ  u i   )    ∂ t   +   ∂  (  ρ  u i   u j   )    ∂  x j    = −   ∂ p   ∂  x i    +   ∂  τ  i , j     ∂  x j    +  f i   



(2)




where ρ is the density; t is the time; u is the velocity; p is the static pressure; τ is the stress tensor; and f is the volume force that includes the Coriolis force and the centrifugal force [25].



At present, the standard k–ε model is the most basic of the double equations model, the most widely used being the eddy viscosity model [24,26]. The equations are as follows:



turbulence kinetic energy k,


    ∂  (  ρ k  )    ∂ t   +   ∂  (  ρ k    u i   )    ∂  x i    =  ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ k   ∂  x j     ]  +  G k  − ρ ε −  S k   



(3)







dissipation rate ε,


    ∂  (  ρ ε  )    ∂ t   +   ∂  (  ρ ε    u i   )    ∂  x i    =  ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x j     ]  +  C  1 ε    ε k   G k  −  C  2 ε   ρ    ε 2   k  +  S ε   



(4)




where μt is the turbulent dynamic viscosity,


   μ t  = ρ  C μ     k 2   ε   



(5)







Gk is the turbulent kinetic energy,


   G k  =  μ T   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )    ∂  u i    ∂  x j     



(6)







Sk is the vicious stress, Sk = 1.0; Sε is the turbulence stress, Sε = 1.3; Cμ = 0.09; C1ε = 1.44; C2ε = 1.92. The numerical values of these quantities correspond to a Newtonian liquid with a viscosity of 1 m2·s−1 and a density of 1000 kg·m−3. Due to the optimal results, their values are used for standard settings of numerical models of water flow through a pump.



The model of the investigated pump (spiral casing, impeller, and suction pipe) was created in the Inventor 2022 program. For the purpose of numerical flow simulations in the Ansys program, a tetrahedron mesh model with different element sizes was created. For the CFD calculation in the CFX module, Element Size: 3 mm and Growth Rate: 1.2 were selected in the global mesh settings. Body Sizing with a mesh density of 4.2 mm was applied to the body of the spiral box (see Figure 3(A)). Inflation (Figure 3(B)) was applied to the surface of the spiral box set to 4 layers with Transition Ratio: 0.45 mm and Growth Rate: 1.3. Using Body Sizing, the impeller mesh was set to Element Size: 2 mm. Inflation (Figure 3(B)) set to 5 layers with Transition Ratio: 0.3 mm and Growth Rate: 1.3 was applied to the surface of the inlet suction pipe. Mesh refinement (Figure 3(C)) was applied to the surface of the radial blade, the shaft end, and the area in between them. The mesh of the inner profile of the inlet suction pipe had global setting parameters (Figure 3(D)).



Two of the most important mesh quality parameters are Element Quality and Skewness. The value of Element Quality ranges from 0 to 1. A value of 1 indicates a perfect cube or square, whereas a value of 0 indicates that the element has a zero or negative volume. Its value is determined according to equation:


  E Q = C    [  V /      (   ∑   L 2   )   3     ]   



(7)




where EQ is element quality, V is element volume, L is length of element edge. Parameter C corresponds to the element type. For tetrahedrons, C = 124.70765802. The frequency of mesh elements was highest in the interval of element quality values from 0.8 to 1 inclusive. Skewness is actually directly related to the quality of mesh structure, and it shows how close the mesh structure is to its ideal shape or form. When the skewness decreases, it means a higher element quality. Figure 4 presents the graphical dependence of the number of elements and its shapes on the skewness value and, at the same time, the skewness quality spectrum [27]. There are tetrahedron, wedge, and pyramid types of elements used in this case, which are the most common for fluid modelling. The numerical model of the pump experimentally verified in this study had the majority of mesh elements in the range of skewness value 0–0.5, which corresponds to very good mesh quality. For the purpose of our modelling, the priority was to achieve the best possible agreement between the model results and the experimentally measured data. For this case, the pressures at the pump inlet and outlet were taken as a comparison criterion. After many experiments with the ANSYS setup, it turned out that the best match is achieved with the meshes the parameters of which are presented in Figure 4.



To validate numerical models of flow using the PIV method, three sets of simulations were created in Ansys, which differ from each other by input parameters. The sets are marked with numbers 1 to 3, and their overview is presented in Table 1. For the first set of simulations, the measured pressure at the pump inlet and the mass flowrate at the pump outlet were used as input parameters. For the second set, the flowrate at the pump inlet and the pressure at the pump outlet were used. For the third set of simulations, the velocity at the pump inlet obtained from the PIV measurement and the flowrate at the outlet were chosen. The calculated values of pressures and flowrates at the control points (P1 to P5) and graphically represented curves of the streamlines in the vertical plane in the axis of the suction pipe were the results of the numerical models (see Figure 5 and Figure 7). Simulations were carried out at all points of the pump performance characteristics.





3. Results and Discussion


3.1. Pressure Relations in the Pump


The curves in the graph in Figure 5 represent the pressure values (ps and pp), including the standard deviation, measured on the test circuit. The measurement of the pump performance characteristic consisted of five partial measurements (P1 to P5). The points in the graph “Ansys out” indicate the CFD calculated outlet pressures at setting 1 and are used for comparison with the measured outlet pressures (pp). The points “Ansys in” are the calculated inlet pressures at setting 2 and are used for comparison with the measured values of inlet pressures (ps). Graphical output showing the pressure distributions in the impeller and spiral box are given at the end of this chapter in Figure 9.



At setting 1, the calculated pressure values were very close to the measured values—the largest deviation was 9.8%, the smallest less than 1%. At setting 2, the trend of the pressure course in Ansys was opposite to that of the measured values—i.e., the pressure at the pump inlet gradually decreased while the measured values increased. In most cases, the calculated pressure was significantly lower than the measured pressure, even twice as much. For the calculations applied, that the computation time of the numerical simulations increased with increasing head. In the first control point (P1), the convergence occurred within 500 iterations; in the last (P5), the convergence occurred after 5000 iterations. This behaviour corresponded to the assumptions made by Gülich [2] according to which the unsteady flow tends to converge less easily. In setting 3, the calculation did not converge. Although this setting gave a good agreement with the shapes of the streamlines that corresponded to the PIV measurement, the results cannot be considered. For the reasons mentioned above, setting 1 was used for further simulations and all results presented below were obtained using this setting. The deviation between model and reality is the highest at point 5. This is a situation where the throttle valve on the pump discharge is completely closed and the fluid circulates only between the suction pipe and the impeller. Due to the high degree of difficult-to-predict fluid circulations, it is not easy for ANSYS to model and evaluate these conditions correctly. For this reason, the deviation between calculation and reality is the highest. However, considering that this is an extreme state of the pump operating characteristics, the impact of this deviation on the overall results is only minimal.




3.2. Velocity Profiles in the Suction Pipe of the Pump


Another output of the numerical models in Ansys were vector maps of fluid velocities in the suction pipe of the pump, which were compared with PIV measurements. For these purposes, vector maps were generated in Ansys in the vertical plane identical to PIV measurements. A diagram of the location of monitored profiles in the suction pipe is shown in Figure 6.



Figure 7 shows a summary of both outputs—PIV and Ansys. In the lower-left corner is the performance characteristic of the dependence of the pump efficiency on the flowrate measured during the experiment (P1 to P5). At these points, PIV images were also acquired, and subsequently, numerical simulations in Ansys were performed. To compare the outputs, a pair of images of the fluid velocity fields in the suction pipe before entering the impeller was created for each point of the characteristic. Only at the P3 point was the complete PIV measurement data not available. For this reason, the images are not included here. The fluid in the pipe flows from right to left. The velocity vectors vary in colour according to their size. The highest velocities are depicted in red, and the lowest in blue. The scales of the vectors vary slightly from image to image, so they are not given in the figures for better clarity. The first pair of images at P1 corresponds to the fully open throttle valve, i.e., the highest flowrate. Here we can observe a steady flow throughout the suction pipe profile. The highest velocities are in the middle section and the lowest near the sides, as is consistent with all assumptions. However, a more gradual decrease in velocity was observed in the upper half of the pipe than in the lower half. This fact is evident in the P2 images, where the agreement between the numerical model and the PIV measurements is more pronounced. The non-uniform velocity distribution is probably caused by the casing rib located in the suction inlet of the pump (see Figure 6). Its function is to direct the fluid in accordance with the assumption of vortex-free entry into the impeller.



As the flowrate decreases (point P4), the mean velocity in the pipe also decreases. Due to impeller rotation and viscosity, the fluid accelerates in the middle part of the cross-section, immediately before the pump inlet. Further reduction in the flowrate leads to the formation of local vortices in the pipe and recirculation of the liquid at the pump inlet [2]. This fact is also indicated by the images of radial flow cross-sections created in Ansys for point P5 (see Figure 8), where significantly higher flow velocities can be observed near the sides compared to the middle part of the pipe. However, a 3D PIV measurement would be needed to accurately describe the vortex formation because the particles in this part of the pipe move generally in space and thus outside the monitored plane, which is not captured by the 2D PIV method.



In addition to the above velocity fields, the courses of fluid pressure distributions in the impeller and spiral casing were also modelled in Ansys. Individual images of the radial cross-sections are shown in Figure 9, again in relation to the performance characteristic, namely the efficiency course. The scale of pressures is the same for all images and is indicated in the figure. In the images, we can again observe from right to left how the reduction of flow by closing the throttle valve influences the pump discharge. The impeller inlet pressure was measured as part of the performance tests (ps) and was then used as input value for the pressure field model below. The numerical values of the outlet pressure correspond to the calculation at setting 1 and are presented in Table 1 as “Ansys out”. The pressure rise course in the impeller inter-blade spaces corresponds to the theoretical course in an impeller with a finite number of blades, i.e., a more gradual pressure rise on the suction side of the impeller [24].





4. Conclusions


This research aimed to determine with what reliability it is possible to use a numerical model in Ansys to predict the behaviour of a fluid flowing through a radial centrifugal pump. For this purpose, the model’s numerical and graphical outputs were compared with the values of measured performance characteristics and velocity fields obtained from the PIV method. A comparison of the three different model setup methods in Ansys proved the best agreement of the calculation with reality when the pump inlet pressure and the pump outlet mass flowrate were set as input variables (setting 1). In this case, the calculated and measured parameters differed from 1% to 9.8%. If the mass flowrate at the pump inlet and the pressure at the pump outlet (setting 2) were set as input variables, the deviations from reality were much larger. When the velocity at the pump inlet and the mass flowrate at the pump outlet were set as input variables, the calculation did not converge at all. In terms of the analysis of vector maps of the fluid velocities in the pump´s suction pipe, the model presented comparable shapes of streamlines at settings 1. The vector maps from Ansys corresponded well to the outputs from the PIV measurements. Possible differences were caused by the fact that 2D PIV shows vectors projected only into the measured area. Therefore, particles moving in the direction from/to the monitored plane are not displayed in the results. In contrast, the Ansys model can display not only vectors in the area but also their projections into all streamlines in any cross-section of the pipe. The results of this research, together with the Ansys flow model, will be used as a basis for more detailed flow analysis in terms of the anticipated innovations of the radial centrifugal pump.
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Figure 1. Diagram of setting for pump testing. 
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Figure 2. PIV method application during the experiment [22]. 






Figure 2. PIV method application during the experiment [22].



[image: Processes 11 00448 g002]







[image: Processes 11 00448 g003 550] 





Figure 3. Mesh structure of the computational model. (A)—coarse mesh, (B)—inflation, (C)—fine mesh, (D)—mesh with global setting. 
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Figure 4. Mesh quality according to skewness. 
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Figure 5. Graph of measured and calculated pressures. 
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Figure 6. Location of monitored profiles (A, B, C, D—cross-sections depicted in Figure 8). 
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Figure 7. Comparison of vector maps from the numeric model (Ansys, setting 1) and the experiment (PIV). 
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Figure 8. Velocity fields in radial cross-sections of the suction pipe for P5 (Ansys, setting 1). Location of profiles (A–D) depicted in Figure 6. 






Figure 8. Velocity fields in radial cross-sections of the suction pipe for P5 (Ansys, setting 1). Location of profiles (A–D) depicted in Figure 6.



[image: Processes 11 00448 g008]







[image: Processes 11 00448 g009 550] 





Figure 9. Pressure fields in the impeller and spiral casing (Ansys, setting 1). 
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Table 1. Setting input parameters of numerical simulations.






Table 1. Setting input parameters of numerical simulations.





	Setting No.
	Input Variables for Numerical Model





	1
	Pressure at the pump inlet, mass flowrate at the pump outlet



	2
	Mass flowrate at the pump inlet, pressure at the pump outlet



	3
	Velocity at the pump inlet from PIV, mass flowrate at the pump outlet
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