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Abstract

:

This article presents results from research whose purpose is to determine the impact of two main factors on the operational efficiency of a double-entry centrifugal pump. The first factor is the design methods, and the second is changes in the geometric parameters for the volute casing. The results of the numerical simulation were experimentally validated on a test stand. Within this study, volute casings were designed according to the constant velocity method and method of conservation of angular momentum of the flow. The geometric parameters were selected according to the recommendation of A. Stepanoff and A. Lomakin. Next, the following geometric parameters were changed: inlet diameter, inlet width, cross-sectional area, shape of the volute casing’s cross-section (trapezoidal vs. round) and the opening angle of the volute casing’s walls. A comparison of the two methods showed that the biggest difference between them is the influence on the shape of the pump characteristic curve. Altering the geometric parameters in trapezoidal or round volute casing cross-sections had minimal impact on the pump head and efficiency.
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1. Introduction


Currently, an important issue often undertaken by many research centres is the minimisation of energy consumption in all industries. One way to achieve this goal is to reduce the energy consumption of devices by improving their design. One of the most energy-consuming machines are centrifugal pumps. Among the centrifugal pumps, there are double-entry pumps that are widely used in hot and cold water installations, refrigeration systems, power plants, the metallurgical industry and chemical processes. To improve the operation of the pump, the design of the impeller is most often changed, which has the greatest impact on the operation of the pump. However, it is a mistake not to take into account the volute casing and cooperation of the impeller and the volute casing. The liquid from the impeller must flow through the volute casing with the lowest possible losses throughout the recommended operating range. Therefore, researching the volute casing is a necessary action that can improve the efficiency of centrifugal pumps.



The methodology for designing a volute casing has not been sufficiently described. There are two methods for designing a volute casing: the constant velocity method and the method of conservation of angular momentum of the flow. However, in the available literature, there is no information on which method is better to use to obtain the necessary operation parameters of the pump. There are also no clear guidelines regarding the selection of geometric parameters of the volute casing and their values. Each of the methods presented above allows different cross-sectional areas perpendicular to the direction of flow to be obtained and indicates the tendencies of their change along the volute casing.



In addition, there are no clear guidelines on which method to use depending on the pump operating parameters. Only Gulich [1] recommends using the following design approach: (a) for nq < 25 … 35 using the constant velocity method, or (b) for nq > 25 … 35 using the method conservation of angular momentum of the flow, where nq is the specific speed of the pump (1).


    n   q   =    n ·  Q      H     3   4         



(1)







The conservation of angular momentum of the flow method assumes that the velocity in the volute casing decreases proportionally with the increase in the distance from the tongue of the volute in accordance with Equation (2) [2]:


    c   u   · r = c o n s t ,  



(2)




where cu—peripheral component of the absolute velocity at a distance r from the rotation axis.



When designing a volute casing using the constant velocity method, we assume a simplification in which the cross-sectional areas increase in proportion to the angle at which a given cross-section is placed about the tongue of the volute casing. According to Stepanoff [3], the average velocity is determined from Formula (3):


    c   3   =   K   3   · √ 2 g H ,  



(3)




where     K   3    —average velocity coefficient in the volute casing [3]; its value depends on nq.



Many authors use one of the methods and describe their recommendations regarding the selection of geometric parameters of the volute casing. On this basis, groups of supporters of particular methods can be identified. Supporters of the constant velocity method include Aizenstein M. [4], Stepanoff A. [3] and Lobanoff V. [5]. However, these authors have different approaches to the selection of the inlet width (b3) and the inlet diameter of the volute (d3). The supporters of the method of conservation of angular momentum of the flow are Pfleiderer C. [6], Lomakin A. [2], Polotskiy I. [7], Mashyn A. [8], Spiridonov E. [9] and Mihajlow A. and Maliushenko V. [10]. Among these authors, large discrepancies can also be found in the approach to the selection of geometric parameters of the volute casing.



Chang Ho Son et al. [11] studied changes in the cross-sectional area of volute casings designed by using the principle of the Archimedean spiral according to Stepanoff [3]. The authors increased and decreased the cross-sectional area by 10% and 30%. The analysis of the conducted research shows that as the cross-sectional area increases, the head–capacity curve (Q-H curve) and efficiency curve become flatter, and when the area decreases, the curvature of the characteristics increases. These data are confirmed by the work of Yi Tao et al. [12]. The findings indicated that enlarging the cross-sectional area of the volute slightly reduces the efficiency at the optimal operating point (1.0Qopt). However, under a non-optimal flow rate, the efficiency improves. A volute casing with a larger cross-sectional area causes a broader range of high efficiency.



Beena D. Baloni et al. [13] compared volute casings made using the conservation of angular momentum of the flow method and the constant velocity method for a centrifugal fan. The authors concluded that the flow in a volute casing designed according to the constant velocity method provides better flow conditions. However, the study used a compressible medium, so the results should be verified for water.



Tao Wang et al. [14,15] presented their method of designing a volute casing, wherein the lowest hydraulic losses in the volute casing are achieved. According to the authors, volute casings designed using the conservation of angular momentum method are imperfect in operation. The authors claim that the actual velocity distribution does not conform to the theory of conservation of angular momentum.



The authors of [16] investigate a low-specific-speed centrifugal pump using the constant velocity method. The volute throat area was decreased by 25 and 50% during the research. The decrease in area led to the head–capacity curve becoming steeper. Movement of the best efficiency point (BEP) to the design point was also observed. Furthermore, the article investigated the impact of the volute gap. The authors attribute the improved pump performance (higher head delivered by the impeller) to the improved slip factor across all flow rates. The authors compared pumps with volute casings designed by one method and did not set for themselves the task of comparing different design methods. J. H. Kim et al. [17] changed the design of the impeller and volute casing. The volute casing that was shaped like a trapezoid and was designed according to the Stepanoff theory cooperated best with the modified impeller. Sunsheng Yang et al.’s [18] research showed that it is better to use a round cross-sectional shape for the volute casing. The difference in pump efficiency for rectangular and trapezoidal shapes is insignificant. The authors compared only the volute casing according to the Stepanoff theory.



Chunjun Ji et al. [19] studied the main factors related to the diffuser and volute affecting the performance of a centrifugal compressor. The authors obtained an increase in polytropic efficiency of 4.5% due to changes in the cross-sectional area and shape, the shape of the tongue and the connection of the outlet pipe with the volute. Studying the mixed flow pump, the authors of [20] concluded that the main factors for the satisfactory design of the volute are the variation pattern of the volute cross-sections and the shape of the volute tongue. Instead, the shape of the volute cross-section has a minor effect on the volute performance. Zhenmu Chen et al. [21] also researched the optimum design of the volute tongue shape. The change in the volute tongue led to an increase in the pump efficiency from 72.7% to 75.01%.



In another article [22], the authors also changed the geometric parameters of the volute casing. The study aimed to optimise the geometry of the volute casing to achieve optimal mechanical properties of the pump casing. The geometry has been changed taking into account the condition that the stress should not be beyond the material strength given the fragility of cast iron. Optimised volute casings have high mechanical capability but also have negligible reduced performance and efficiency due to changes in the hydraulic design of the volute-shaped segment.



The volute casing is often the object of research in studying pulsations. To investigate the pressure characteristics on the inner wall of the volute casing, the authors of [23] installed a multichannel pressure sensor. The authors claim that the intensity of the pressure pulsation decreases with the increase in the rotational speed. In the research reported in [24], the authors concluded that an increase in the area of the volute throat reduces the intensity of turbulence in the pump. It leads to a reduction in pump pressure pulsations as a result of diminishing the rotor–stator interaction. Changing the tongue types is also an important element that affects the parameters of the pump [25]. Dong R. et al. [26] investigated the gap between the tongue and the impeller. Increasing the gap up to about 20% of the impeller radius led to a decrease in the level of noise and vibration of the pump, while a further increase led to a negative effect on performance.



Daniel O. Baun et al. [27] studied the influence of moving the impeller relative to the geometrical centre of a circular volute in a centrifugal pump. At the best relative position, the authors achieved an increase in efficiency compared to the base positions for the circular and spiral volutes. While studying the issue of head–flow curve instability in centrifugal pumps, the authors of [28] concluded that the greatest losses are concentrated on the volute tongue and volute diffuser at high flow rates. Studies [29] of the influence of the volute inlet diameter of low-specific sewage pumps showed a small influence on the speed distribution of the impeller and a large influence on the volute casing.



In article [30], the authors have already tried to determine the influence of the geometric parameters of the volute casing on the pump operation. It considered a different centrifugal pump with a similar specific speed for the volute casing (nq = 23) but larger geometrical parameters of the pump flowing part (the impeller diameter in article [30] is 850 mm and in the present article is 270 mm). The completed models were not enough to accurately determine the influence of the geometric parameters. Different forms of cross-sections and angle openings of the walls of the volute casing were not considered. A numerical study was carried out without confirmation on an experimental stand [30]. Therefore, there is a need for the continuation and expansion of the study of the influence of volute design, especially with validation in the form of an experiment.



The influence of the geometry of the outlet casing also noticeably affects the operating parameters of impellers. In article [31], Lu Rong et al. investigate a high-speed submersible axial flow pump. One of their focuses was the cooperation of the diffuser with the impeller. The flow loss was investigated using entropy generation. At a nominal flow rate, losses are mostly concentrated at the impeller outlet and inside the diffuser. By changing the design of the impeller, the authors increased the target efficiency by 8.34%. It is worth noting that article [31] considers a submersible axial pump without a volute. Loss characterisation in a centrifugal impeller is studied in detail in the article by Bo Chen et al. [32]. With the help of the PIV experiment, the locations and distribution of the nearest vortex formations were established.



The presented literature review indicates the importance of researching the operating process of pumps with volute casings. The literature analysis showed insufficient determination of the impact of the geometrical parameters and the adopted method of calculating the volute casing on the energy properties of the pump. Therefore, this article aims to research and analyse the impact of the volute casing on the double-entry pump operation parameters.




2. Research Methodology


2.1. Object of Research


The object of the research is a double-entry centrifugal pump with optimal operation parameters: flow rate Qopt = 105 m3/h, head H = 25 m, rotational speed n = 1460 rpm, specific speed for the volute casing nq = 23 and for impeller nq = 16.



Based on the reference pump, 12 models of volute casings were created using the constant velocity method and the method of conservation of angular momentum of the flow. In addition to the design methods, this research took into account the geometric parameters of the volute casing (Table 1) selected according to the recommendations of Stepanoff A. [3] and Lomakin A. [2]. The following geometric parameters were changed in the volute casing (Figure 1): volute casing inlet width b3, volute casing inlet diameter d3, the shape of cross-sections and the opening angle of the walls.



The location of the tongue in the volute casing was changed due to the change in the inlet diameter to the volute (d3). The position of the diffuser outlet cross-section was constant for all volute casings. The diffuser parameters of the new volute casings correspond to the reference one.




2.2. Experimental Research


In order to validate the numerical model of the reference pump, an experimental stand was built. The experiment aimed to compare the results of the numerical simulation of a double-entry pump with the pump operating parameters obtained during a real experiment.



The experimental stand is shown in Figure 2 and was constructed as a closed circuit in accordance with the recommendations of ISO 9906 [33]. The main characteristics of the laboratory measurement equipment are presented in Table 2. The relative marginal errors of the flow rate, head, mechanical power and efficiency are 0.5%, 0.3%, 1.2% and 1.4%, respectively.



The main element of the stand was the pump assembly, which consisted of a 10 kW electric engine and the tested double-entry pump. A frequency converter was used to regulate the pump operation rotation speed.



The experimental stand enables measurement and automatic reading of operating parameters such as the static pressure at the inlet and outlet of the pump, flow rate, torque on the shaft, shaft rotation speed and electrical power. The working medium was clean water at a temperature of 20 °C. The pressure distribution measurement was started after the pump had been running for at least 15 min to obtain stable operating parameters. During the experiment, the liquid temperature and rotational speed were monitored. The measurement data were collected using a specially created recording module. The module converted the analogue signal of the sensors into a digital signal. This signal was sent to the laptop. The obtained data were transformed using a specially developed program to comma-separated values.



The parameters were measured at 13 flow rate points with a difference between adjacent points of 10%. Data from the measuring devices were received every second. For one flow rate point, the measurement time lasted 30 s. Then, the data obtained for 30 s were averaged.




2.3. Numerical Studies


Due to the fact that the volute casing is the main component of the double-entry pump housing, it is not possible to examine all volute casings by changing them in a real pump. That is why numerical simulation was chosen as the main method for examining the volute casing geometry. Numerical research aims to compare the operation parameters of the pump and the operation process of volute casings created using different methods while maintaining different geometric parameters.



The expected result of the research is differences in the pump’s operating characteristics, including the head and efficiency of the pump, hydraulic losses in the volute casing and liquid flow parameters in the cross-sections of the volute casing. Based on the obtained characteristics, an analysis of the influence of the described volute casing design methods and geometric parameters was carried out.



To perform numerical simulation, the geometry of the tested pump was obtained by 3D scanning of a real object. Based on the data obtained, a three-dimensional model of the flow part of the pump elements was built.



The unstructured mesh was generated in Ansys ICEM CFD (Figure 3a). Tetra elements were made in the centre of the flow body, and layers of prisms were used near the walls. The size of the elements provides a recommended Y+ value of 30–300. In order to reduce the elements of the computational grid, the analysed computational area consisted of half of the flow part of the double-entry pump. Half-pump simulations were compared with full-pump simulation results. The difference was less than 0.5%.



The computational model (Figure 3b) consists of an inlet and outlet pipeline, a volute casing, an impeller, an inlet casing and the sidewall gaps (semi-transparent colour). The total number of elements was assumed to be approximately 10 million according to the mesh independence test (Figure 4). The influence of the mesh quality on the calculation time and quantity of the mesh elements on the Y+ value was also taken into account when choosing the final mesh to conduct numerical research.



The pump operation was simulated using Ansys 2022 CFX software. This program discretises the spatial domain using an element-based finite volume. The Rhie–Chow algorithm was used to implement the scheme for the pressure–velocity coupling in CFX.



Steady-state simulations were used. The Reynolds-Averaged Navier–Stokes (RANS) method with the standard k–ε turbulence model was used for simulation. A convergence criterion of 0.0001 was adopted for all equations. The approximate number of iterations every simulation was 2500. A mass flow rate with normal flow direction was specified at the inlet, and an opening pressure and direction were set at the outlet. The interfaces between the rotary and stationary components were stage rotor interfaces.



The pump model with a reference volute was validated on an experimental stand. The deviation of the numerical simulation results from the experiment for the head was 3.5%, and for efficiency, it was 3% at 1.0Qopt, which is an acceptable level of discrepancy for numerical simulation (Figure 5).





3. Research Results and Their Analysis


3.1. Influence of the Volute Casing Design Method


A comparative analysis of 13 tested volute casings was carried out, which demonstrated a significant impact of the design methods on the pump operating parameters. The volute casings were designed in accordance with the constant velocity method and Stepanoff’s geometric recommendations (selection of sizes b3, d3) with a trapezoidal and circular shape of the cross-section.



An example cross-sectional form is shown in Figure 1. For each cross-sectional shape, the volute casings were designed with different wall opening angles: 20, 30 and 40 degrees. The volute casings designed in accordance with the method of conservation of angular momentum of the flow and Lomakin’s geometric recommendations (selection of sizes b3, d3) had identical cross-sectional shapes and wall opening angles as the volute casings made using the constant velocity method. All volute casings were compared with each other and with the reference volute casing.



The impact of the design method was analysed in terms of the pump efficiency and head and hydraulic losses in the volute casing.



3.1.1. Impact on Pump and Impeller Efficiency


The research results of volute casings at 1.0Qopt are shown in Table 3. As can be seen from Table 3, the change in the pump’s working parameters is insignificant. The pump characteristics for other flow rates are shown graphically in Figure 6a. Figure 6b shows the influence of the volute casing on the impeller’s working parameters.



Figure 6a shows the charts of selected volute casings that best show the influence on the pump characteristics. The tests were carried out in the flow range from 0.5Qopt to 2.0Qopt to check the trend of changing the analysed parameters with the increase in flow rate. Since volute casings with a different wall opening angle and cross-sectional shape give very similar results, they are not shown in Figure 6a.



The results of the simulation of the efficiency of the pump (Figure 6a) with a Stepanoff volute casing (wall opening angle 40°) are presented with a solid curve in yellow, while the results with the Lomakin volute casing (wall opening angle 40°) are presented with a solid curve in green. The results for the pump with the reference volute are shown with a red solid curve.



As can be seen from the analysis of Figure 6a, the pump efficiency in percentage terms does not change significantly. At the optimal point (1.0Qopt), the efficiency of the pump with the Lomakin and Stepanoff volute casings is 80%, and with the reference volute casing, it is 80.5%. Moving to the right side of the efficiency characteristic, it can be seen that the Lomakin efficiency curve slopes steeply. This means that for Lomakin volute casings, the range of the best efficiency is from 1.0Qopt to 1.2Qopt. Since the efficiency curve is steep, it is recommended to operate the pump from 0.9Qopt to 1.2Qopt.



In the case of the curves for the reference and Stepanoff volute casing, they are flatter, which means that the range of best efficiency operation is much larger (from 1.0Qopt to 1.4Qopt and from 1.0Qopt to 1.5Qopt). In Figure 6a, it can be seen that for both the Stepanoff and reference volute casings, the highest efficiency point, which is 81%, shifted to the right from above the optimal efficiency and was located around the 1.2Qopt point.



From Figure 6b, we can see that the volute casing does not have a big influence on the impeller efficiency as well as on the efficiency of all pumps. The largest difference in the impeller efficiency between pumps with the same impeller and different volute casings is 1.8% at 1.0Qopt and 1.2% at 1.2Qopt. The curves practically overlap each other. Therefore, we cannot claim that one of the curves is steeper than the other, as was the case with the curve of pump efficiency (Figure 6a).



Based on the analysis performed, it can be concluded that both the Stepanoff and the reference volute casings are better than the Lomakin volute casing in terms of efficiency. Additionally, moving the best efficiency point (BEP) to the right side indicates oversizing the volute casings. Changing the volute casing did not strongly affect the working parameters of the impeller.




3.1.2. Influence on the Pump and Impeller Head


The results of the influence of the volute casing design method on the head are also shown in Figure 6a,b and Table 3. The curves are shown with dashed curves marked in red, green and yellow, respectively, as in the previous description.



Based on the analysis of Figure 6a, it was found that the head characteristics of the pump with volute casings designed using different methods coincide. The difference in the head value between the pumps with the various volute casings is less than 1% at 1.0Qopt. The head value for the pump with the Stepanoff volute casing is 24.5 m, with the Lomakin volute casing—24.7 m and with the reference volute casing—24.7 m. A visible change in the characteristics can be observed on the right side of 1.0Qopt. At point 1.2Qopt, the difference is 4%. Moving farther to the right, the difference between the head of the pumps with various volute casings increases. It reaches 6% at point 1.5Qopt.



The analysis of Figure 6a shows that within the recommended pump operating range (0.8–1.1Qopt), none of the volute casing design methods significantly affects the pump head.



Figure 6b shows even less impact when changing the volute casing on the impeller head than on the pump head. The difference in the head value is 1.4% at 1.0Qopt. This difference practically does not change in the entire operating range. At 1.5Qopt, the value of the difference is 1.5%.




3.1.3. Cross-Sectional Area of the Volute Casing


The choice of design method affects the determination of the cross-sectional area of the volute casing. As can be seen from Figure 7a, the Stepanoff volute casing, which was designed according to the constant velocity method, has the largest area, while the Lomakin volute casing, which was designed according to the method of conservation of angular momentum of the flow, has the smallest area. According to Figure 7a, the change in cross-section is linear. The sudden change in the angle of inclination of the curves in the Pl360 cross-section is caused by the greater distance between Pl360 and the diffuser outlet and is larger than between the other cross-sections (Figure 7b). Figure 7b shows the arrangement of cross-sections marked on the abscissa of Figure 7a. The differences in cross-sectional areas between the Lomakin and Stepanoff volute casings are 2% at Pl 045 and 4% at Pl 360.




3.1.4. Volute Casing and Impeller Losses


Figure 8 shows the results of hydraulic losses for the reference volute casing (red), Lomakin volute casing (green) and Stepanoff volute casing (yellow) with a wall opening angle of 40° and a trapezoidal cross-sectional shape.



The design method has the most visible impact on hydraulic losses in the volute casing. The difference in losses between the Lomakin and Stepanoff volute casings at 1.0Qopt is 15%.



The small cross-sectional area of the Lomakin volute casing, shown in Figure 7a, causes the lowest value of losses, which is 1.7 m (Figure 8) at 1.0Qopt.



When the flow rate decreases (in Figure 8, moving along the curve to the left from the point of lowest losses of the Lomakin volute casing), the losses increase due to the increase in swirling flow losses. As the flow rate increases (in Figure 8, moving the characteristic to the right), the losses increase. This fact is related to the increase in the velocity of the flow and, accordingly, the increase in losses associated with its friction against the walls. An advantage of the smaller cross-sectional area of the Lomakin volute casing is the coincidence of the point of lowest losses with the optimal operating point at the design flow rate point. However, the disadvantage is the narrow range of work with high efficiency.



In the case of the Stepanoff and the reference volute casings at an optimal flow rate (1.0Qopt), we observe higher hydraulic losses (2.0 m) compared to the Lomakin volute casing (1.7 m). This is due to the larger cross-sectional area. Such an area leads to high swirling flow losses that are greater than those in the Lomakin volute casing. The point of least losses of the Stepanoff volute casing shifts to the right concerning the optimal flow rate. It is 1.63 m at 1.5Qopt. This is due to the low fluid velocities compared to the Lomakin volute casing. They lead to lower friction losses on the volute casing walls. The advantage of a larger cross-sectional area is the widening of the operating range with minimal losses resulting from flow turbulence and low friction losses. Nevertheless, the disadvantage of this method is the displacement of BEP from the designed point in the direction of high flow rate.



The losses in the same impeller cooperating with the Lomakin, Stepanoff and reference volute casings were compared (Figure 8). The loss curves in the impeller are practically parallel to each other. In contrast to the losses in the Lomakin volute casing, in the impeller cooperating with this volute casing, there is no sharp change in the loss at a flow rate higher than 1.0Qopt. The point of the smallest losses in the impeller for all cases of cooperation with the volute casings is 1.45Qopt. The greatest losses are observed in the impeller cooperating with the Lomakin volute casing. The value of the losses is 4.12 m at 1.0Qopt. For the impeller working with the Stepanoff and reference volute casings, this value is 3.87 and 3.66 m. Taking into account the information from Figure 6, it can be noted that changing the parameters of the volute casing has a greater effect on the working process of the volute casing and, as a result, the overall operation of the pump than on the operation of the impeller.




3.1.5. Summary of the Influence of the Volute Casing Design Method


The presented analysis shows that the constant velocity method gives a flatter Q-H curve end efficiency curve of the pump than the method of conservation of angular momentum of the flow. The considered volute casings designed by these methods differ in cross-sectional area. As in articles [11,16], the reduction in the area of the cross-sections led to an increase in the steepness of the head–capacity curve. Designing a volute casing with a large cross-sectional area, in accordance with the constant velocity method (Stepanoff volute casing), leads to displacement of the highest efficiency point to a greater flow rate by reducing friction losses in this flow rate range. This is consistent with the conclusions given in article [12]. The advantage of this method is a wide range of pumps operating with high efficiency (from 1.0Qopt to 1.5Qopt) due to minimal hydraulic losses in this range. The disadvantage of this method is the impossibility of obtaining the smallest losses at the designed operating point. A summary of the compared operating parameters of the volute casings and pump is presented in Table 4.



Volute casings designed using the method of conservation of angular momentum of the flow will have a small cross-sectional area (Lomakin volute casing). As a result, we obtained lower hydraulic losses than in the Stepanoff volute casing. However, the negative effect is a small range of pumps operating with high efficiency (from 1.0Qopt to 1.2Qopt).





3.2. Influence of the Geometric Parameters of the Volute Casing


The conducted studies showed a small influence of the geometric parameters on the pump head. Changing the opening angle of the walls with a trapezoidal or circular cross-sectional shape of the volute casing affects the pump’s head by less than 1% at a flow rate other than 1.0Qopt. With 1.0Qopt, the changes are not noticeable. The change in the shape of the cross-section did not show major differences between the volute casings. This difference is approximately 1%. In contrast to the conclusions of the article by San Sheng Yang et al. [18], in this study, the volute casing with a rounded cross-section did not perform better than the other volutes.



The presented analysis shows that changing the geometric parameters does not affect the operation of the pump. Creating a volute casing that keeps a constant wall opening angle and a trapezoidal cross-section is more difficult from the point of view of keeping a constant wall thickness. Such a small impact of the geometric parameters makes it possible to choose a volute casing shape that is more convenient for processing and access by mechanical tools.




3.3. Flow Structure


The distribution of the total pressure for the 1.0Qopt in the cross-sections of the analysed volute casings is shown in Figure 9 and Figure 10. The remaining cross-sections (Figure 7b) were also analysed. Since they have very similar distributions, they are not presented in Figure 9 and Figure 10.



The difference in the total pressure distribution for volute casings designed using the conservation of angular momentum of the flow method (Lomakin volute casings) and the constant velocity method (Stepanoff volute casing) is not very clearly defined, which corresponds to small changes in the pump operating parameters. The analysis of Figure 9 and Figure 10 shows that the total pressure distribution in the Stepanoff volute casing is more uniform at the inlet to the volute casings than in the case of the Lomakin volute casing, where low pressure regions are visible at the inlet. As is known, the distribution of total pressure depends on the distribution of velocity (Figure 11 and Figure 12) near the inlet. All presented cross-sections started from an inlet diameter d3 of the volute casing and did not include space between the impeller and volute casing (see Figure 1a). The Stepanoff volute casing has a bigger d3 than the reference or Lomakin volute casing. This difference also affects the apparent distribution of the flow structure near d3.



The liquid flowing out of the impeller has a higher velocity than the liquid in the sidewall gaps and at the volute casing wall. This results in a difference in the dynamic pressure, which creates an uneven distribution of total pressure. The liquid that continues to flow in the volute casing creates characteristic vortices on both sides of the cross-section of the volute casing. This trajectory of liquid flow causes a total pressure distribution similar to an “unfolded umbrella” (Figure 9 and Figure 10). In the area of the volute casing in the spaces around the impeller, the low dynamic pressure causes an uneven distribution of the total pressure and a local increase in the velocity of the liquid near the volute casing wall and a change in the direction of flow. This complicated movement of the flow in the cross-section is directed along the volute casing and creates two side vortices that carry all the liquid out of the volute casing.



Differences in the flow structure are caused by the different widths of the volute casing inlet (sidewall gaps), the wall opening angle and the cross-sectional area of the volute casing. Perpendicular walls for the volute casing exhibit the greatest difference in the structure of the flow, as seen in the case of the reference volute casing. The Lomakin volute casing has a larger higher total pressure area at the centre of the cross-section, which is caused by the smaller cross-sectional area and correspondingly higher velocities.



A comparison of total pressure distributions in middle longitudinal cross-sections of the impeller and volute casings is shown in Figure 13. It is difficult to notice any differences in the flow structure in the impeller.



The total pressure in the volute casing around the impeller is practically uniform and similar in all pictures. The total pressure typically decreases from the inlet of the volute casing to the upper part. An unevenness of pressure is observed in the area of the volute casing from the tongue to the Pl 90 cross-section, from the tongue to the Pl 360 cross-section (for the schematic placement of this cross-section, see Figure 7b) and in the diffuser. In the first case, the Lomakin volute casing has a stable total pressure compared to the significant changes in the Stepanoff. In the second case, the difference is not so big, but the distribution and sizes of zones with the same values are different. The non-uniformity of the flow in these segments of the volute casing occurs due to the different heights of the cross-sections. Since the heights of the cross-sections were different, it was not possible to maintain the exact same height of the tongue in all volute casings.



The absolute velocity distribution in the impeller is similar and uniform for pumps with all volute casings. The velocity typically decreases from the inlet of the volute casing to the upper part (Figure 14). There are differences in the same place as in Figure 13 caused by different heights and of course different areas of cross-sections in the volute casing. The growth rate of the area from intersection Pl 45 to Pl 360 depends on the design method.





4. Conclusions


This article presents and discusses a comparison of design methods and the influence of the geometric parameters of the volute casing of a double-entry pump on its operating parameters and flow structure in the volute casing.



The volute casings were designed according to the method of conservation of angular momentum of the flow (Lomakin) and the constant velocity method (Stepanoff). The study of volute casings included changing the opening angle of the walls (20, 30 and 40 degrees) and the shape of the cross-section (circular and trapezoid). Based on the analysis of the obtained research results, the following conclusions were formulated:




	
The constant velocity method (Stepanoff volute casing) gives a flatter head–capacity curve shape of the pump characteristics than the method of conservation of angular momentum of the flow (Lomakin volute casing). The pump with the Lomakin volute casing has a steep Q-H curve and efficiency curve.



	
The pump efficiency difference between volute casings is less than 1% at 1.0Qopt. The BEP for the pump with Lomakin volute casings is at the design point. In the case of Stepanoff volute casings, the BEP is shifted towards a higher flow rate (1.2Qopt). There is also a larger pump operating range with the highest efficiency (from 1.0Qopt to 1.5Qopt) than in the case with Lomakin volute casings (from 1.0Qopt to 1.2Qopt).



	
The design method of the volute casing has the greatest impact on hydraulic losses. The difference in losses between the Stepanoff and Lomakin volute casings at 1.0Qopt is 15%. The smaller cross-sectional area of the Lomakin volute casings causes smaller hydraulic losses at 1.0Qopt than the Stepanoff volute casings, while from 1.2Qopt, the losses are greater. In the case of Stepanoff volute casings, the reference point of least losses (1.63 m) is shifted to the right about the optimal flow rate.








The disadvantage of a smaller cross-sectional area is that the optimal operating range is narrow, and the head and efficiency curves of the pump are steep.



As the flow rate decreases, the losses due to swirling flow increase. At overload, friction losses suddenly increase.



	4.

	
Design methods have no significant effect on the head in the recommended operation range. The difference between the pumps with various volute casings is less than 1% at 1.0Qopt. The difference increases with the increase in flow rate and reaches 6% at point 1.5Qopt (Table 3).




	5.

	
Changing the geometric parameters such as the cross-sectional shape and wall opening angle did not have a significant impact on the pump’s operating parameters.




	6.

	
The fluid flow presented in the longitudinal cross-section does not show significant differences in the flow structure for volute casings. Small differences are observed in the area of the tongue and in the diffuser. They depend on the different heights of the cross-sections of the volute.




	7.

	
For the researched double-entry centrifugal pump, the volute casing designed according to the method of constant velocity works most efficiently. A pump with such a volute casing has a wider range of work with high efficiency, which is needed in the process of operation.




	8.

	
The investigated change in the volute casing parameters has practically no effect on the impeller for the investigated pump.







Based on the presented analysis, we can conclude that when designing a volute casing, the choice of method is important. The geometric parameters of the cross-section should be oriented towards matching other pump components, minimising the material, the ease of production of castings and the possibility of their further processing.



The recommendations given in the article are typical for a pump with a low-specific speed. Further research on pumps with high- and middle-specific speed characteristics is necessary.
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Figure 1. (a) Placement of the investigated geometric parameters of the volute casings; example view (b) circular and (c) trapezoidal shape of the cross-section of the volute casings. 
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Figure 2. The double-entry pump experimental stand: 1—tank; 2, 11—valve; 3—inlet pipe; 4, 9—electromagnetic flowmeter; 5—double-entry pump; 6—couplings, torque meter and photo/contact tachometer; 7—electrical engine; 8—pressure sensors; 10—manometers and electronic pressure transmitters with display; 12—specially created recording module. 
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Figure 3. (a) Example mesh; (b) Computational model of the pump. 
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Figure 4. Mesh independent test. 
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Figure 5. Comparative characteristics of experiment and numerical simulation (CFD) results: head and efficiency curves. 
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Figure 6. Head and efficiency with the volute casing: reference, Stepanoff and Lomakin of (a) pump; (b) impeller. 
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Figure 7. (a) Cross-sectional area changes in volute casings; (b) Cross-sections of the volute casing used for flow analysis. 
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Figure 8. Comparative characteristics of losses in impeller and Stepanoff, Lomakin and reference volute casings. 
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Figure 9. Comparison of total pressure distributions in Pl360 cross-sections for reference, Stepanoff and Lomakin volute casings with flow rate 1.0Qopt. 
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Figure 10. Comparison of total pressure distributions in Pl 180 cross-sections for reference, Stepanoff and Lomakin volute casings with flow rate 1.0Qopt. 
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Figure 11. Comparison of absolute velocity distributions in Pl360 cross-sections for reference, Stepanoff and Lomakin volute casings with flow rate 1.0Qopt. 
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Figure 12. Comparison of absolute velocity distributions in Pl180 cross-sections of volute casings with flow rate 1.0Qopt. 
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Figure 13. Comparison of total pressure distributions in middle longitudinal cross-sections with flow rate 1.0Qopt for (a) reference volute casing; (b) Lomakin volute casing (trapezoidal, ε = 40°); (c) Stepanoff volute casing (circular, ε = 20°). 
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[image: Energies 17 04590 g013]







[image: Energies 17 04590 g014] 





Figure 14. Comparison of absolute velocity distributions in middle longitudinal cross-sections with flow rate 1.0Qopt for (a) reference volute casing; (b) Lomakin volute casing (trapezoidal, ε = 40°); (c) Stepanoff volute casing (circular, ε = 20°). 
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Table 1. Geometric parameters of volute casings.
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	Parameter
	Reference

Volute Casing
	Lomakin

Volute Casing
	Stepanoff

Volute Casing





	Method
	Does not correspond to any method
	Conservation of angular momentum of the flow
	Constant velocity



	Inlet width (b3)
	60 mm
	40 mm

    b   3   =   b   2   + 0.05 ·   d   2    
	52 mm

    b   3   = 2 ·   b   2    



	Inlet diameter (d3)
	276 mm
	281 mm

    d   3   =   1.033 … 1.05   ·   d   2    
	297 mm

    d   3   = ( ρ + 1 ) ·   d   2    



	Cross-sectional shape
	Rectangular
	Trapezoidal and circular
	Trapezoidal and circular



	Opening angle of the walls (ε)
	0
	20°, 30°, 40°
	20°, 30°, 40°







where d2—diameter of the impeller outlet, b2—width of the impeller outlet,   ρ  —coefficient determining the diameter d3 [3].













 





Table 2. Main characteristics of the laboratory measurement equipment.
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	Sensor Type
	Measured Quantity
	Range
	Accuracy





	Electromagnetic flowmeter
	Flow rate
	8.5–283
	±0.5%



	Electromagnetic flowmeter
	Flow rate
	19–636
	±0.5%



	Electronic pressure transmitters with display
	Pressure
	0–1 MPa
	±0.05%



	Electronic pressure transmitters with display
	Pressure
	0–0.2 MPa
	±0.05%



	Thermometer
	Temperature
	0–60 °C
	±1%



	Torque meter
	Torque on the shaft
	0–100 Nm
	±0.5%



	Photo/contact tachometer
	Speed rotation
	5–100,000 rpm
	±0.05%



	Frequency converter with wattmeter
	Electrical power
	0–100 A,

380–460 V
	±3.0%










 





Table 3. Geometric parameters of volute casings at 1.0Qopt.






Table 3. Geometric parameters of volute casings at 1.0Qopt.





	
Shape

	
ε

	
Efficiency, %

	
Head, m

	
Losses, m

	
Shape

	
ε

	
Efficiency, %

	
Head, m

	
Losses, m






	
Lomakin volute casing

	
Stepanoff volute casing




	
Circular

	
20°

	
80.15

	
24.64

	
1.60

	
Circular

	
20°

	
80.08

	
24.70

	
2.00




	
Trapez.

	
20°

	
80.05

	
24.64

	
1.60

	
Trapez.

	
20°

	
80.07

	
24.71

	
2.05




	
Circular

	
30°

	
79.97

	
24.67

	
1.62

	
Circular

	
30°

	
80.12

	
24.60

	
1.96




	
Trapez.

	
30°

	
79.85

	
24.60

	
1.65

	
Trapez.

	
30°

	
79.93

	
24.54

	
2.04




	
Circular

	
40°

	
80.14

	
24.72

	
1.58

	
Circular

	
40°

	
80.02

	
24.56

	
1.95




	
Trapez.

	
40°

	
80.03

	
24.68

	
1.65

	
Trapez.

	
40°

	
79.85

	
24.52

	
2.02











 





Table 4. Comparison of volute casings and pump operating parameters.
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	Parameter
	Reference

Volute Casing
	Stepanoff

Volute Casing
	Lomakin

Volute Casing





	Pump efficiency at 1.0Qopt
	80.5%
	80%
	80%



	The point of highest

efficiency at appropriate flow rate
	81% at 1.2Qopt
	81% at 1.2Qopt
	80% at 1.0Qopt



	Pump operating range

with the highest efficiency
	1.0Qopt–1.4Qopt
	1.0Qopt–1.5Qopt
	1.0Qopt–1.2Qopt



	Hydraulic losses in the volute casing at 1.0Qopt
	1.94 m
	2.0 m
	1.7 m



	Value of least loss at appropriate flow rate
	1.63 m at 1.3Qopt
	1.63 m at 1.5Qopt
	1.7 m at 1.0Qopt



	Hydraulic losses in the impeller working with different volute casings at 1.0Qopt
	3.66 m
	3.87 m
	4.12 m



	Value of least loss at appropriate flow rate
	3.0 m at 1.45Qopt
	3.0 m at 1.45Qopt
	3.1 m at 1.45Qopt



	Head at 1.0Qopt
	24.68 m
	24.70 m
	24.50 m
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