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            Abstract
          
        

        
          Recently single–channel pumps are widely applied for wastewater treatment in Korea. To be able to apply this type of pump in the world, which is different in power frequency, this study uses the affinity law to redesign the impeller geometry of the single–channel pump optimized from the previous work. Meanwhile, the volute is designed by two methods which are the affinity law and the cutting diameter method. The numerical approach is performed by using steady and unsteady Reynolds-averaged Navier-Stokes equations and a shear stress transport reattachment modification (SST k–ω) turbulence model. The hydraulic efficiency curves and internal flow field including contours and streamlines are investigated and evaluated thoroughly. The numerical result is verified by the experimental test based on the 11th API610 standard. At the design flow rate condition, the novel pump models meet the design requirement with a minimum total head coefficient. The efficiency of the novel models remains almost unchanged compared to the base model. The sweep area of the unsteady radial force distribution in the novel models is smaller than that of the base model at low flow rate and design flow rate conditions while at high flow rate conditions show the opposite. In addition, the distance between the center of the radial force and the origin of the novel models is also reduced compared to the base model. The pressure amplitudes of the novel models are also decreased significantly. These improvements in the novel models mostly result in the reduction in noise and vibration in pump operation.
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      1. Introduction
      In order to fulfill the rising demands of the populace, submerged pumps have expanded in variety	and popularity today. Submerged pumps are frequently used in home water pumping, subterranean drainage systems, pumping for fountains, etc. because of their	compact design and ease of installation and movement.	In addition, wastewater comprising several foreign elements and extremely harmful chemicals is frequently handled by submerged pumps for environmental	cleanup(1). Submerged pumps have the advantage of	working stably underwater, which helps prevent	cavitation(2). However, if not designed appropriately, it	is also more prone to corrosion and failure than other	pumps. These properties make the crushing and	flow-path-securing types of submersible pumps the	most common for wastewater handling.

      The crushing pump has specialized impeller blades	that make it easier to crush and shred unwanted	objects caught in the pump, preventing blockage(3).	Contrarily, these unique impeller blades add	complexity, expense, and low performance to the	system. Meanwhile, flow-path-securing pumps with a	straightforward design that is inexpensive to produce	and install are being developed to generate a big space	for waste circulation. Because it is not pressured by	blades, this sort of pump has a lower head but is	highly effective at handling huge wastes.

      Single-channel pumps (SCP) of the flow-path-securing	variety run without an impeller blade and are	pressured by the revolving impeller’s centrifugal force.	Because of this, SCP operates with great durability and	efficiency without harming anything. These advantages	have led to a rapid increase in demand for SCP used in	wastewater treatment systems, which have expanded	around the world. The SCP has been extensively	studied and improved via a number of prior research	articles(4-7) and is currently in use all over the world.	However, using the same type of pump will result in a	decrease in efficiency because of the difference in	power frequency. This calls for investigation into and	revision of pump geometry.

      The affinity law is a well-liked and practical	approach in the development of pumps. In reality,	because many pumps are so huge in size and capacity,	it is sometimes impossible to perform an experimental	test on actual pumps. As a result, it is crucial to	research and creates smaller pumps utilizing the	affinity law. The affinity law was used by Matsushita	et al.(8) to build the centrifugal pump. In-depth	research was done on the affinity laws for blade	height, rotational speed, and impeller diameter.	GonzG lez et al.(9) utilized affinity law for the pump	manufacturer in a different investigation. The results	only revealed a very slight variation in particular	speeds. Based on the affinity law, Cai et al.(10) found	that the flow rate and head had linear and quadratic	proportions of the rotating speed, respectively. Many	other kinds of pumps have also successfully used the	affinity law(11–15). As a result, using the already-optimized	models as a reference, the affinity law may also be	used to develop a novel SCP model.

      The SCP with novel impeller and volute geometries	created using the previously optimized model is	presented in this study, and its impact on radial force	(RF) and pressure fluctuations on hydraulic	performance is thoroughly investigated. The impeller	shape is redesigned using the affinity law, whereas the	volute is developed using the affinity law and the	cutting diameter approach. In this work, the	experimental findings are first thoroughly presented	together with the numerical steady result. In order to	present the tendency of the hydraulic performance	curves, steady results are employed. Additionally, it is	utilized for a fundamental analysis of the	characteristics of the flow field at the BEP, low, and	high flow rates inside the pump. Finally, based on the	unsteady numerical results at various flow rate	conditions, the RF and pressure fluctuation are	thoroughly examined.

    

    

  
    
      2. Methodology
      
        2.1 Experiment
        Fig. 1 presents the experimental test at the Korea	Institute of Industrial Technology, Korea. The water	utilized in the testing system was waste-free and	pure. Through the data collecting system, the	hydraulic performance of the pump under various flow	rates were acquired. The butterfly valve was adjusted	to achieve different flow rate conditions, which led to	the generation of the hydraulic performance curves. In	more detailed experiment was presented in the	previous study(16).

        
          
          

          Fig. 1 
				
          

          
            Experimental test
          
          

          

        

      

      
        2.2 Numerical approach
        Utilizing the computer, computational fluid	dynamics (CFD)(17) expands the capability of fluid	mechanics analysis. The skilled engineer can use CFD	to provide cost-effective, precise predictions that are	very insightful and flexible. In actuality, the	experimental test cannot reveal many complicated	phenomena. The analytical procedure is made much	simpler with the assistance of CFD. The ANSYS	software is utilized in the current study to examine the	internal flow characteristics and determine the	efficiency of the pump. The steady and unsteady RANS equations for 3D incompressible flow are used to	achieve numerical analysis. The finite volume approach	is used to discretize these governing equations.

      

      
        2.3 Turbulence model
        The SST k-ω reattachment modification, which is	utilized as a turbulence closure model in this work, is	used to get an understanding of the internal flow	taking place inside the pump. The SST turbulence	model established by Menter(18) was able to fairly	accurately predict the turbulent flow near wall areas	with adverse pressure gradients. However, it is	prominent that the reattachment points are frequently	forecasted to be too far downstream of what is seen in	the experiment. By including the source term	“P_reattach” in the transport equation, the SST	turbulence model is updated to address this and	improve the predictability of the reattachment point(19).

      

    

    

  
    
      3. Numerical modeling and boundary	condition
      
        3.1 Single-channel pump model
        The demand for the SCP model for waste water	treatment is rising in the world. Nevertheless, the	power frequency in use in the majority of nations is	just 50Hz as opposed to 60Hz in a few. Because of this,	the pump’s rotating speed is different, and its	hydraulic properties are completely different. To keep	similar performance characteristics, changing the	pump design based on the affinity laws is necessary	and efficient. In the present work, the novel SCP	model is redesigned based on the earlier optimum	model(4-7). By using the affinity law, the impeller is	scaled in the three-dimensional directions as long as	the lowest total head coefficient of the novel pump	model is larger than 3.022 (by Eq. (3)) at the BEP. In	order to account for the drop in total head when the	rotating speed is slowed down because of the decline in	power frequency, the novel model’s impeller diameter	is larger than 1.053 times that of the base model.	However, due to the manhole’s size restriction, the	total size of the SCP cannot be too huge. In addition,	to be able to operate at different power frequencies,	there were many SCPs which are manufactured and	installed. Therefore, to easily manage the impeller and	volute prototypes in the storage, it is essential to	reduce the number of prototypes. Based on real	demands, the novel volute is proposed to redesign	based on the base volute by the cutting diameter	method instead of the affinity law. The novel volute	model designed by the cutting method uses the base	volute. However, the inlet diameter of the volute is	enlarged to accommodate the diameter of the new	impeller. Therefore, the novel volute designed by the	cutting method has a bigger diameter than the base	volute. The novel and base models are presented in	Fig. 2(c) with a change in volute diameter.	Consequently, in this study, there are two models are	investigated to compare with the base model. In the	first model, both impeller and volute geometries are	designed by the affinity law. The second model, the	impeller is designed by the affinity law and the volute	is designed by cutting method.

        
          
          

          Fig. 2 
				
          

          
            The Single–channel pump (Cyan color is base model)
          
          

          

        

        In the present work, the specific speeds computed	based on Eq. (1) are 370 and 379 corresponding to the	base and novel pump models, respectively. The	impeller without a vane and the volute are the main	parts of the model pump. The base and novel pump	models use power frequencies of 60Hz and 50Hz,	respectively. According to equations (2) and (4), the	novel pump design’s design flow rate coefficient and	rotational speed coefficient are 0.114 and 0.575,	respectively. In addition, some other parameters are	shown in Table 1.

        
          Table 1 
				
          

          
            Operating conditions of the SCP
          
          

        

        
          
            
              	Parameters
              	Value
            

            
              	Base model
              	Novel model
            

          
          
            	Specific speed
            	370
            	379
          

          
            	Power frequency (Hz)
            	60
            	50
          

          
            	Design flow rate coefficient
            	0.116
            	0.114
          

          
            	Design total head coefficient
            	3.158
            	3.022
          

          
            	Rotating speed coefficient
            	0.563
            	0.575
          

          
            	Normalized diameter of impeller
            	1
            	1.053
          

        

        

      

      
        3.2 Boundary condition
        The water in a single phase operates at 25℃. In the	computational domain, adiabatic and no-slip	conditions are employed for the wall surfaces. The	revolving and stationary domains are referred to as the	impeller and volute, respectively. The stage model	(mixing plane) is used in the steady simulation to	convey the data by circumferential averaging at the	boundary between the stationary and revolving	domains while the transient rotor/stator is employed in	the unsteady simulation. At the inlet and outlet of the	SCP, respectively, the atmospheric pressure and the	mass flow rate are established. The convection term(20)	and the turbulence numeric are discretized using	high-resolution and the first order, respectively.

        The convergence process is hastened by using a	physical time scale(21) The convergent status of the	calculation is verified by using the performance functions monitored in the CFX-Solver with a	fluctuation range of beneath 0.5% during 100-time	steps. Additionally, the Root Mean Square value is set 10-6 to drop under for the standard of the time-dependent convergence.
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        where n, Q, H, D, Ψ, g, ω, and nb are the rotating	speed, discharge rate, pressure head, impeller	diameter, the total head coefficient, the gravity	acceleration, the angular velocity, and the number of	impeller blade, respectively.

        The steady result is utilized as the initial value for	the unsteady calculation. The overall computation time	set to 10 times the impeller’s rotational period is about	0.411 s. The time step is established as 5.7 ×10-4 s	which is the time required for 5⁰ of the impeller	revolution. For further convergence, a loop with a	maximum coefficient of four is established.

      

      
        3.3 Mesh generation
        The mesh systems for the impeller and volute have	been constructed and shown in Fig. 3. Tetrahedron	mesh type is used to create an unstructured mesh. To	ensure that the averaged value of y+ is less than 20,	the mesh is heavily refined at wall regions using	multi-layer prism mesh with a first layer thickness of 2×10-5 m.

        
          
          

          Fig. 3 
				
          

          
            Grid system of the single–channel pump(16)
          
          

          

        

        In order to create the best mesh, it is crucial to	check the mesh dependencies. To confirm the mesh	dependency, the grid convergence index method (GCI)	developed by Celik et al.(22) is used. The GCI approach	uses three separate meshes to assess the numerical	uncertainty brought on by the discretization mistake.	The extrapolations are carried out with a mesh	refinement factor of 1.326 and 1.343 corresponding to	the medium and fine meshes. The mesh test is carried	out at the BEP. The efficiency and total head are	chosen as the key variables and their values are	normalized by the values of the fine mesh,	respectively. With the rise of the number of mesh, the	performance values in Table 2 indicate a monotonic	convergence. The key variables, according to Celik et	al.(22), should have index values of less than 1% with	smaller error values. Therefore, the low values of the	GCIFine 21and eext21 indicate that the mesh system is ideal	and further mesh refining is not required.	Consequently, the optimum mesh of the impeller and	volute includes 1.9×106 and 1.2×106, respectively.

        
          Table 2 
				
          

          
            Mesh independence test(16)
          
          

        

        
          
            
              	Parameter
              	Efficiency
              	Head
            

          
          
            	N1, N2, N3
            	3.1x106, 1.3x106, 0.55x106
          

          
            	
              r
              21
            
            	1.343
          

          
            	
              r
              32
            
            	1.326
          

          
            	γ1/γ1
            	1
            	1
          

          
            	γ2/γ1
            	0.9993
            	1.0051
          

          
            	γ3/γ1
            	0.9854
            	1.0341
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      4. Results and discussions
      
        4.1 Numerical validation
        Validation is an essential step in ensuring the	precision of the numerical approach. Fig. 4(a) shows	the comparison of the hydraulic performance between	the experiment and numerical calculation for the base	model. According to their respective values at the BEP	in the experiment, the values of the flow rate, efficiency, and total head are normalized. The	efficiency and total head values that were obtained	experimentally for the base model are essentially	compatible with the results of the numerical	simulation. The small deviations under low and high	flow rates can be caused by errors in measurement,	instrumentation, and errors in CFD calculations.	Additionally, the inlet conditions of the CFD model	differ somewhat from those of the real model utilized	in the experiment. In order to avoid the effect of the	complex inflow, the inlet section of the CFD model was	expanded to about the same impeller diameter whereas	it was not extended in the real model. This contributes	to the difference between the results of the experiment	and simulation. Due to the flow instability that results	in oscillations and a significant inaccuracy at high	flow rate conditions, there are relatively big	differences in the total head between the numerical	and experimental results. These validations confirmed	the extremely high accuracy and dependability of the	numerical simulation findings achieved in this work.	This validation confirmed that the simulations	obtained in this work have very high accuracy and	reliability. For this reason, the numerical approach is	employed for steady and unsteady simulations of the	novel design model.

        
          
          

          Fig. 4 
				
          

          
            Hydraulic performance curves. (a) Validation result of the base model, (b) Numerical result of the base and novel models
          
          

          

        

      

      
        4.2 Hydraulic characteristics
        The efficiency and total head curves of the novel	models are presented in Fig. 4(b). The values of the	flow rate, efficiency, and total head are normalized	using their values at the BEP of the base model,	respectively. The novel model’s efficiency and total	head follow the same trend as the base model. At high	flow rates, the efficiency of the novel models is lower	than the base model due to the turbulent flow	occurring in the pump channel. Because of the large	rotational speed, the total head of the base model is	much larger than the novel models. However, at BEP	of the novel models (0.92Qd), the hydraulic	performance still satisfies design requirements as the	minimal total head coefficient is greater than 3.022	while the efficiency is nearly unchanged compared to	the base model. The efficiency curves of the novel	models seem to shift to the left with higher efficiency than the base model. As can be seen, the hydraulic	performance of the novel models created by affinity	law and cutting method is almost unchanged. There is	only a slight difference in efficiency at the high flow	rate conditions. As a result, using the cutting diameter	method instead of affinity law to manufacture the	volute is completely feasible and brings high	management efficiency. The hydraulic performance	curves also show the effectiveness of using the affinity	law in pump design.

        Fig. 5 shows the 3D streamline velocity distribution	in the SCP at the BEP of the novel models among base	model, novel model using affinity law, and novel model	using the cutting method. The velocity coefficient is	determined by the ratio to the velocity at the outlet of	the impeller in the base model. At the flow rate of 0.92Qd, the fluid flow inside the volute is stable and	almost the same in all three models. There seems to be	no instability occurring inside the volute. Therefore,	the efficiency is almost the same in all models. The	velocity field of the base model is higher than the novel models because of the higher rotational speed of	the impeller. This also makes the total head of the	base model greater than the novel models as can be	seen in Fig. 4(b). Fig. 6 presents the turbulence	kinetic energy (TKE) distribution in the middle plane	of the SCP at the BEP of the novel models among the	three models. The TKE coefficient is determined as	being proportional to the square of the velocity at the	impeller outlet of the base model. At the BEP, the high	TKE hardly occurs in the volute channel resulting in	high efficiency. The TKE of the base model is slightly	larger than the novel models because its high	rotational speed leads to a high-velocity field	resulting in a greater turbulent potential. The TKE of	the two novel models is almost the same showing the	positive effect of using affinity law and cutting method in volute design.

        
          
          

          Fig. 5 
				
          

          
            3D Streamline velocity distribution in SCP at the flow rate of 0.92Qd
          
          

          

        

        
          
          

          Fig. 6 
				
          

          
            Turbulence kinetic energy distribution in middle plane at the flow rate of 0.92Qd
          
          

          

        

        Fig. 7 depicts the 2D streamline velocity distribution	in the middle plane in the SCP at 0.43Qd among the	three models. At low flow rate condition, the flow field	in the SCP still has good stability except for the outlet	area. The velocity field around the impeller is stable 	and free of turbulence. There is a small swirl with a	low velocity that forms inside the core of the impeller	as the impeller rotates around its axis resulting in the	formation of a swirl flow at the center. This swirl flow	is similar in the three models. In the tongue area of	the base model, the flow becomes complicated and a bit	turbulent because of the mismatching between the flow	angle and the tongue angle. This is significantly	improved in the novel models. However, due to the	strong acceleration of the flow around point A, turbulence is formed leading to instability in the flow	field at the outlet region, especially the volute design	by the affinity law. To better understand the intensity	of turbulent flow inside the SCP, Fig. 8 shows the TKE	distribution in the middle plane at 0.43Qd among the	three models. At low flow rate, the TKE is increased	slightly in comparison to that at the BEP. The TKE in	the base model is still the highest, concentrated	around the outlet of the impeller. In the tongue region	of the base model, there is a small TKE that forms due	to the mismatching between the flow and tongue angle.	In the volute model designed by affinity law, the	tongue region also has a small TKE extending inside	the volute channel. This results in a slight decrease in	efficiency compared to the volute model designed by the cutting method. Due to the strong acceleration of	the velocity, a small TKE occurs at point A in the	volute model designed by the cutting method.

        
          
          

          Fig. 7 
				
          

          
            2D streamline velocity distribution in middle plane at the flow rate of 0.43Qd
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Turbulence kinetic energy distribution in middle plane at the flow rate of 0.43Qd
          
          

          

        

        Fig. 9 shows the 2D streamline velocity distribution	in the middle plane of the SCP at the flow rate of 1.56Qd among the three models. The velocity field of	the models at high flow rate condition is quite stable 	and smooth. Additionally, the acceleration of the flow	at point A can be clearly seen in high flow rate	condition. There is an instability in the tongue region,	especially in the volute model designed by the cutting	method. The flow is strongly separated in the tongue	region causing efficiency to be degraded. However,	this separation is not widespread in the volute channel	resulting in a not-so-strong reduction of efficiency. To quantify the effect of this separation flow, Fig. 10	shows the low-velocity distribution in the SCP at the 1.56Qd among the three models. The low-velocity	region is presented in blue color with velocity	coefficient of 0.09.

        
          
          

          Fig. 9 
				
          

          
            2D Streamline velocity distribution in middle plane at the flow rate of 1.56Qd
          
          

          

        

        
          
          

          Fig. 10 
				
          

          
            Low-velocity distribution at the flow rate of 1.56Qd
          
          

          

        

        There is a low-velocity region that forms in the	tongue region of the volute model designed by the	cutting method due to the separation flow. However,	this low-velocity region is relatively small. Except for	the low-velocity region at the tongue, no other	low-velocity regions appear to occur inside the pump	channel. This keeps the pump performance at a high	level.

      

      
        4.3 Radial force analysis
        Theoretically, the asymmetrical momentum fluxes at	the impeller’s outlet as well as the asymmetric	pressure distribution surrounding the impeller have an	impact on the RF sources of the impeller. Fig. 11 depicts the distribution of the unsteady RF at the	impeller’s outlet within one rotation of models under	the flow rate of 0.43Qd, 0.92Qd, and 1.56Qd. At each	flow rate, the RF is non-dimensionalized by the	maximum values of the base model. At all three flow	rates, the distribution of the RF tends to be the same	in the two novel models. At the BEP and low flow	rates, the RF distribution of the base model is larger	than that of the two novel models while the opposite is	presented at the high flow rate. The sweep area(4-7) of	the novel model with the volute designed by cutting	method at 0.43Qd is smaller than 1.174 times the novel	model with the volute designed by affinity law. On the	other hand, at 1.56Qd, the sweep area of the volute	designed by the cutting method is 1.05 times bigger	than that of the volute designed by affinity law. At the	BEP of the novel models, the sweep area of the two	novel models is almost the same. According to Guelich	et al.(23), the surface area and pressure distribution	surrounding the impeller influence the RF.

        
          
          

          Fig. 11 
				
          

          
            Radial force distribution of the SCP within one rotation
          
          

          

        

        This makes the RF distribution of the base model	bigger than the novel models. Under the flow rate of 0.92Qd, the distributions of the RF in all models are	stable close to the origin because of the stability in	flow characteristics inside the pump channel. At the	flow rate of 0.43Qd and 1.56Qd, the center position of	RF is much better in the novel models. As a result,	this significantly helps to improve the operating	condition of the pump by reducing the bearing and seal	fatigue.

        Fig. 12 presents the net RF distribution within one	rotation of the impeller at 0.43Qd, 0.92Qd, and 1.56Qd.	The net RF is non-dimensionalized based on the	maximum value of the base model at each flow rate.	The net RF value of the base model is almost higher	than the two novel models because of the large RF	distribution. At the flow rate of 0.92Qd, the oscillation	range of the three models is notably reduced in	comparison with the flow rate of 0.43Qd and 1.56Qd.	Because the RF in the two novel models is uniformly	distributed around the origin and their sweep areas are	also smaller than that of the base model, the distribution of the net RF likewise becomes more uniform and	smaller. The trend of the net RF distribution of the	base and two novel models is similar to the sinusoidal	periodic pattern at 0.43Qd. At the flow rate of 0.43Qd,	the upward or downward trend of net RF for each theta	angular location of the three models is also evident.	The net RF of the base model should be lower than the	novel model because of its tiny sweep area at 1.56Qd.	However, since the RF distribution of the base model is	skewed too much toward the first quadrant, the net RF	is drastically raised and bigger than the two novel	models from the theta angular locations of 72 to 350	degree. Fig. 13 shows the frequency spectra of the	amplitude values at measuring points for the base	model and two novel models at the flow rate of	0.43Qd,	0.92Qd, and 1.56Qd. A Fast Fourier Transformation	(FFT) algorithm is used to establish the spectra based	on the pressure fluctuation time series. The largest	amplitude value among the measuring points of the	base model for each flow rate condition is used to	normalize the amplitude data.

        
          
          

          Fig. 12 
				
          

          
            Unsteady net RF of the impeller within one rotation
          
          

          

        

        
          
          

          Fig. 13 
				
          

          
            Spectra of the amplitude values at measuring points. (left: base model, middle: Cutting method, right: Affinity law) (a) Position of the measuring points, (b) 0.43Qd, (c) 0.92Qd, (d) 1.56Qd
          
          

          

        

        For the base model and the two novel models, the blade passing frequencies (BPF) derived using Eq. (6)	are roughly 29.33 Hz and 23.83 Hz, respectively,	conditions. This indicates that the volute design by the	cutting method is feasible and has a positive effect on	vibration and noise. The significant reduction in the	unsteady pressure pulsation of two novel models at are roughly 29.33 Hz and 23.83 Hz, respectively,	conditions. This indicates that the volute design by the	cutting method is feasible and has a positive effect on	vibration and noise. The significant reduction in the	unsteady pressure pulsation of two novel models at	these three flow rate conditions indicates a considerable	effect of the impeller-volute interaction and it helps	to reduce the vibration and noise during the operation.
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        5. Conclusion
        This study shows the hydraulic performance and the	internal flow characteristic of the SCP for wastewater	treatment. The impeller is redesigned by using the	affinity laws based on the earlier optimum model while	the volute is redesigned by two methods which are	affinity law and the cutting diameter method. Detailed	analysis is performed in both steady and unsteady	simulations at various flow rates. Some conclusions	are drawn as follows:

        
(1) In comparison to the base model, the efficiency	of the two novel models is nearly constant at the	design flow rate condition, and the total head	coefficient meets the minimum design requirement. At	the low flow rates, the hydraulic performance of the	novel models is slightly increased compared to the base	model while at high flow rates show the opposite	trend. The hydraulic performance of the two novel	models which are by affinity law and cutting method is	almost the same.
(2) The distribution trend of the RF in the two novel	models for unsteady results is almost identical to that	of the base model. In comparison to the base model,	the sweep area of the novel models is smaller, and the	space between the center of RF and the origin is also	shrunk. In addition, the fluctuation range in the net	RF distribution of the two novel models is smaller. The	pressure pulsation at measuring points gets almost	reduced compared to the base model resulting in the	reduction of vibration and noise during the operation.

        With the hydraulic performance and the internal	flow characteristic as shown in this study, the novel	models of the SCP totally can meet the demand of	users around the world. In order to save production	costs and management resources, the volute made by	the cutting method completely meets the requirements	of hydraulic performance as well as vibration compared	to the volute made by the affinity law.
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