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Abstract

:

Marine and hydrokinetics (MHK) represent an emerging industry with hundreds of potentially viable technologies, such as potential extractable energy from plain area rivers where the water level differences are very small and the traditional water turbine pump (WTP) cannot be used. A suitable WTP, composed of a tubular turbine directly driving a centrifugal pump, was designed and developed based on computational fluid dynamics (CFD) and model tests. Two general design schemes of such river-current (RC)-driven WTP are presented here, obtaining the desired operating parameters of discharge and pump head. A CFD analysis of Scheme B, which employs a radial outlet, allowing additional degrees of freedom for the dimensions of the centrifugal pump, was carried out and verified experimentally by model tests. The minimum deviation of pump head is within ±5%, and the trend of other working conditions is consistent, so the results of the numerical simulation and model tests show good agreement, demonstrating the feasibility of the CFD method for practical applications. Then, using the CFD method, the optimum rotational speed for the turbine was determined, and the turbine draft tube was improved further. With a turbine runner diameter of 0.5 m, the results show best performance at n = 350 r/min. The straight conical draft tube was changed to an elbow draft tube with multiple exits. Additionally, four different cross-sectional shapes were designed for the pump volute, and their effects on the performance of the WTP were analyzed. Finally, the round shape was selected, because of its best performance. The turbine unit has the highest efficiency of 81.2%, at an inlet velocity v = 2.4 m/s, while the pump exhibits the best efficiency of 90.2% at the design discharge and head of 30 l/s and 4.45 m respectively. Overall, the RC-driven WTP makes good use of the kinetic energy of the river current as a power source, solving the inapplicability of traditional WTP in plain areas.
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1. Introduction


With the aggravation of the traditional energy crisis and the increasingly prominent environmental problems, people turn their attention to the inexhaustible renewable energy, hoping to change the energy structure of human beings and achieve sustainable development [1,2]. Renewables are responsible for almost 45% of the world’s increase in electricity generation in 2018, and they now account for 25% of the world’s power demand [3]. By technology, hydropower covers about 85% of the renewable energy power generation for its affordable, renewable, and flexible superiority [4]. Compared to other of renewable energy forms, there is far less experience with harnessing the marine and hydrokinetics (MHK) resource, but MHK technologies have been proven to produce electricity reliably in both the field and laboratory [5]. MHK energy technologies convert the energy of waves and tides, as well as river and ocean currents, into environmentally sustainable and cost-effective electricity [6,7]. Unlike hydropower, MHK represent an emerging industry with hundreds of potentially viable technologies. Among them, the development and utilization of no head run-of-river schemes which always takes place in some plain areas, is also an important part of MHK technologies.



The water turbine pump (WTP) [8] is a kind of hydraulic machinery that is composed of a water turbine and a pump linked together, directly or indirectly, which combines the whole process of generating renewable energy from water resources and utilizing the generated energy for water pumping [9,10]. The basic principle of the river-current (RC)-driven WTP consists of the usage of water kinetic energy to drive a turbine, which in turn drives a pump that pumps water from the flowing body of water. This therefore means that the flowing water can be pumped from a low to higher altitude, thus transforming its kinetic energy into potential energy, and, in the particular case here, the relatively low specific kinetic energy of the water body with large flow discharge and low head is turned into the energy of a small flow discharge with high lift [11]. This direct method of pumping water eliminates the need for hydroelectric power or other means of electricity generation and the loss of electric energy in the process of a number of intermediate energy conversion links. Furthermore, with a reasonable WTP design, the energy utilization can be even higher than with other forms of water-lifting machinery [12]. At the same time, it also saves a considerable amount of mechanical and electrical equipment installation, and the corresponding infrastructure cost [13].



With the expansion and development of the concept of WTP, it has been applied in different fields, such as desalination process, fire protection, and pumped hydropower station. In the desalination system, adding a WTP device to recover energy can achieve a significant energy-saving effect, which can cut energy consumption by 70% and water treatment cost by 40% [14,15,16]. A WTP can be convenient to connect to piping and can be directly started without water priming. Also, the unit can be small, lightweight, portable, and easy to operate. Thus, the RC-driven WTP has been used to make untreated water available for emergency situations, such as fire. The fire WTP solves the problem of fire-water supply, and shortens the starting time of fire-protecting operations [17]. In locations unsuitable for hydro power plants, WTP can convert an unstable and inconvenient water supply into a stable water supply, which can be powered independently, with flexibility and adaptability, on demand, at any time [18]. WTP power station can be used in mountainous areas, rivers and coastal areas, especially on islands with electricity shortage.



Since the beginning of the 21st century, there has been only little research on WTP design, and the literature before 2000 happens to be mainly theoretical research and design selection. Because the traditional WTP requires a considerable water head, and it is typically unable to utilize only the kinetic energy of a river flow, the promotion of WTP has been greatly hampered in plain areas. However, in many rivers, streams, and ditches with flat terrain, due to the influence of natural terrain, it is unable to provide a more appropriate water flow drop, so the power equipment of the WTP cannot give full play to its advantages. Therefore, it has become an urgent need to develop a kind of equipment that can start the operation of the WTP only by water velocity.



This paper focuses on developing a simple structure and high-efficiency design scheme for RC-driven WTP which is suitable for rivers or channels where a hydrokinetic turbine can be placed in a plain area. The design objective is an inlet velocity at least 1.5 m/s for the hydrokinetic turbine and 30 l/s flow rate and at least 4.0 m lift for the low specific speed centrifugal pump, with an efficiency of best more than 70.0% and 80.0%, respectively, for turbine and pump, so that the water kinetic energy in a plain area or coastal area can be exploited fully. The work started with a preliminary design of the RC-driven turbine, centrifugal pump, and the shape of the flow passages. Then, a model test was carried out to verify the reliability of the numerical simulation method. Finally, CFD numerical simulation method was used to further improve the design of the turbine draft tube and the pump volute.




2. Research Method


2.1. Initial Model Design


The development and design goal of the WTP is to obtain a best efficiency of more than 70% and 80% for the turbine and pump, respectively, while meeting the requirements of low start-up flow velocity of 1.5 m/s, high head >4 m, at 30 l/s flow rate, simple structure, compact design, and portability, potentially at a low cost. To be able to utilize the kinetic energy of the flowing river water in plain areas or coastal areas, a low head hydrokinetic axial turbine was chosen and combined with a low specific speed centrifugal pump to obtain the required head and flow rate [19]. Since the WTP is immersed in the river flow, the centrifugal pump is filled with water (primed) at the moment it is deployed in the river.



The major parts of the hydrokinetic WTP are the turbine inlet, support, turbine runner, draft tube, hub cover, shaft, pump inlet, pump impeller, and volute. The shaft is arranged in horizontal axis. In general, two schemes of integrating the pump with the turbine on one shaft were considered (Figure 1). In both, the centrifugal pump has an opposite flow direction to the turbine. In Scheme A, the centrifugal pump is arranged in a bulb body inside the straight conical draft tube of the turbine with axial outlet, so that the outflow of the turbine in the draft tube bypasses the pump within the unit. Scheme B [19] has a multiple radial outlet elbow-shaped draft tube, and the centrifugal pump is flanged on from the downstream side, so that the outflow from the turbine bypasses the pump externally of the unit. This has allowed the turbine and the centrifugal pump to share the same unit diameter, increasing the size of the centrifugal pump 1.5 times compared to the considered example of Scheme A.



The hydrokinetic WTP features a conical inlet for pump and turbine and a hub cover to reduce flow losses. The blade number of hydrokinetic turbine and pump is 5 and 6, respectively. The turbine runner blades have a high span-to-cord aspect ratio, to reduce the flow resistance of the runner [20], and the airfoil chord angle of blade tip and root relative to the axis were 15° and 33°, respectively. Therefore, the blades have strong overall flow capacity, as well as great advantage for self-startup ability over the traditional turbine blades [21]. The pump blades are simple constant thickness blades with a round leading edge and a wrap angle of 120°. Furthermore, the diameter of the turbine runner is 0.5 m, and the pump impeller diameter of the Scheme A and B are 0.35 m and 0.5 m, respectively.




2.2. Model RC-Driven WTP Test


The model test was implemented on a multifunction hydro-mechanical experimental test rig at Hohai University. In the conventional model hydraulic turbine or pump test, the systematic error of the test bed is relatively certain value 0.265%, which is obtained by referring to Reference [22]. However, the random error of different test devices varies between 0.2% and 0.3%, so the total error is between 0.33% and 0.4%. The experimental test rig and equipment are shown in Reference [23]. The model used in the test was manufactured according to Scheme B, and its diameter is 0.1 m because of the limitation of test bench size (Figure 2a). The physical model is fixed in the rectangular section pipe of 0.4 m × 0.36 m through bolt (Figure 2b). The centrifugal pump outlet is connected to a pipe which is linked to the pipeline outside, and then a three-way valve is attached. One outlet of the three-way value is combined with a digital display pressure meter which is used for measuring water lift and has an accuracy of ±0.075%. Another outlet is bonded with a rubber hose, and a cylinder is placed on the ground to measure the pump’s flow rate by volumetric approach, and the measurement uncertainty of the measuring cylinder is less than ±0.3%. Additionally, the discharge flow through the pump can be changed by opening of the three-way value. The average flow velocity in the rectangular section pipe is adjusted by changing rotational speed of the variable speed circulating pump, and an intelligent frequency meter with an accuracy of 0.5% full scale is applied to measure model rotational speed. Figure 3 provides the model WTP installation diagram of the test loop.



After the test piping system is filled with water, the variable speed circulating pump is started, to make the water circulate in the piping system for a period of time. When the flow velocity in the rectangular section pipe reaches a certain value, WTP starts to rotate. Then, the rotating speed of the circulating pump is adjusted to make the reading of the electromagnetic-flow meter reach the required value, so as to ensure the average velocity inside the rectangular section pipe reaches 2 m/s. While the velocity remains unchanged, the operation point of the pump can be changed by adjusting the opening degree of the water outlet valve in the WTP.




2.3. Solution Algorithm


The commercial software ANSYS Fluent 16.0 software (Ansys2016, ANSYS, Canonsburg, PA, USA) was used for current three-dimensional turbulent quasi-steady calculation. Considering that the water is incompressible viscous fluid, the continuity equation and the quasi-steady-state Reynolds-averaged Navier–Stokes equation for an incompressible flow were used in the following form [24,25]:


    ∂  u i    ∂  x i    = 0  



(1)






  ρ  u j   ∂  ∂  x j    (  u i  ) = ρ  F i  −   ∂ p   ∂  x i    + μ    ∂ 2   u i    ∂  x j  ∂  x j     



(2)




where u is the velocity, xi and xj are the Cartesian coordinate components, i and j can make values of 1,2, and 3 in order to take three dimensions into account, ρ is the density of fluid, Fi is the body force per unit volume, p is the pressure, and µ is viscosity.



The finite volume method was adopted to disperse the controlling system of equations [26]. The Spalart–Allmaras (S–A) model was chosen because of its high convergence rate and low mesh-quality requirements [27,28]. The S–A model has been widely applied in hydraulic machinery design because it can predict the power characteristics better and has high computational efficiency. Moreover, it can work well with complex boundary problems, because of a single transportation equation with a small amount of calculation, especially fitting for external field flow problem and boundary layer flow with an adverse pressure gradient [29,30]. In this model, the turbulent working variable,   v ^  , was introduced to define the turbulent viscosity as follows [31]:


   v t  =  v ^   f  v 1    ,     f  v 1   =    χ 3     χ 3  +  C  v 1     ,   χ =   v ^  v  ,  



(3)




where    f  v 1     is the viscous damping function, and  v  is the molecular kinematic viscosity.



The transport equation for   v ^   is as follows:


    ∂  v ^    ∂ t   +   ∂  (   v ^   u i   )    ∂  x i    =  1 σ   {  ∇ ·  [   (  v +  (  1 +  C  b 2    )   v ^   )  ∇  v ^   ]  −  C  b 2    v ^  Δ  v ^   }  + Q  



(4)




where  σ  and    C  b 2     are constant, and Q is the source term, which can be described as follows:


   {    Q  =   C  b 1    S ˜   v ^  −  C  w 1    f u    (    v ^  d   )  2  ;    S ˜  = S  f  v 3   +   v ^    κ 2   d 2     f  v 2   ;      f  v 2   =  1     (  1 + χ /  C  v 2    )   3    ;    f  v 3   =    (  1 + χ  f  v 1    )   (  1 −  f  v 2    )   χ       f w  = g   (    1 +  C  w 3  6     g 6  +  C  w 3  6     )    1 6    ;   g = r +  C  w 2    (   r 6  − r  )  ;     r =   v ^    S ˜   κ 2   d 2        ;  



(5)




where d is the distance from the wall, and S is a scalar measure of the deformation tensor. The model constants    C  b 1    ,    C  b 2    ,  σ ,    C  v 1    ,    C  v 2    ,    C  w 1    ,    C  w 2    ,    C  w 3    , and  κ  have the following default values:    C  b 1     = 0.1355,    C  b 2     = 0.622,  σ  =    2 3   ,    C  v 1     = 7.1,    C  v 2     = 5,    C  w 1   =    C  b 1      κ 2    +   1 +  C  b 2    σ   ,    C  w 2     = 0.3,    C  w 3     = 2, and  κ  = 0.41.



To ensure the calculation precision, the second-order central-difference scheme was applied for the calculation of the pressure term; the second-order upwind scheme was employed for the implicit solution of the momentum term, turbulent dissipation rate, and turbulent kinetic energy. Also, SIMPLEC method was adopted for the pressure–velocity coupling, and residual error 10−5 was used as the criterion of convergence in the calculation.




2.4. Grid and Boundary Conditions


The CFD calculation domain included six parts: the water turbine inlet passage, the runner, the draft tube, the centrifugal pump inlet channel, the pump impeller, and the volute. Grid partition method was adopted for grid generating, and the interface was defined to connect each area. With multiple reference frames applied [32,33], the flow in turbine runner and pump impeller were computed in a rotating frame, while the rest were set in stationary frame. Due to the complexity of the turbine runner and pump impeller, face mesh was first encrypted for turbine blades and the pump blades, and then the fluid in each region was directly divided in a volume grid. Considering the irregular changes of the computational area and the grid quality, the unstructured mesh was generated throughout the whole hydrokinetic WTP model [31]. The unstructured mesh was used because of its advantage of fast-generated speed and good adaptability for most complex structure.



In general, the more the mesh numbers, the higher accuracy of numerical simulations, but a larger grid number means a greater amount of calculation and longer computation time, and this will cause a big rounding error of floating-point operation, as well as the reduction of calculation precision, so it is necessary to verify the grid independence of the computational flow field. In order to capture the characteristics of the near-wall flow, 10 layers of the grids were defined in boundary layer around the blade-wall boundaries, to reduce y+ near the wall region, and when the distance of the first mesh layer to the wall was 0.002 m, finally the y+ range was 5~60, since the main concern of the research is the blade torque. Meanwhile, a local mesh-refinement method was adopted to the runner, and a structured tetrahedral grid was used in the boundary layer. Theoretically, the flow fields of turbine and pump do not interfere with each other, so mesh independence was checked by using five different mesh systems for turbine and pump, respectively (Figure 4). For the turbine and pump, when the mesh number exceeded 2.7 million and 1.15 million, respectively, the performance parameters basically remained unchanged, and the precision is accurate enough for the present purpose, so a mesh system with more than 3.85 million cells was sufficient for this study.



Velocity inlet was chosen as inlet and pressure-outlet was applied to outlet for turbine. Mass flow rate was chosen as inlet and outflow was applied to outlet for pump. No-slip boundary condition was adopted to the solid walls, and standard wall functions for the near-wall region [34].




2.5. Experimental Validation


Through the RC-driven WTP model test when (turbine inlet velocity) v = 2 m/s and (rotating speed) n = 381.97 r/min, the hydraulic performance curves of model centrifugal pump were obtained. The results were converted into prototype experimental data according to similarity theorem and compared with numerical simulation results (Figure 5). Figure 5 shows that the curve trend obtained by model test and CFD calculation are basically the same. The pumping head from CFD result is higher than the experimental value, and the calculated lift-discharge curve is almost parallel to the test curve, which is owing to the more uniform inlet condition of the pump in CFD simulation, while the model test is not the same. In model test, the WTP model was placed in the rectangular section pipe with limited size, and there is great interference to the flow field in the pipe, which leads to the unstable intake condition of the pump and, as a result, of the fluctuation of the pump lift. Therefore, the random error of this model test is larger than that of the conventional hydraulic machinery test. As a whole, the pump-lift variation trend of CFD simulation is in good agreement with that of model test, and the minimum lift error is within ±5% under different flow rate conditions. The comparisons show that the numerical simulation method is reliable to some extent and can be used as an effective means to optimize and predict hydraulic and mechanical properties of WTP.





3. CFD Results


3.1. Rotational Speed Selection of RC-Driven WTP in Various Inlet Velocity


In this paper, the selection of the WTP optimal rotational speed was performed, considering the used hydraulic turbine only. The external characteristic parameters of both schemes without the pump are calculated in the speed range of 200~500 r/min and inlet velocity range of 1.5~2.5 m/s (Figure 6). For the same inlet velocity, the turbine efficiency is found to first increase and then decrease. Moreover, the increase in the inlet flow velocity gradually shifted the machine optimal rotating speed to higher values, where the high-efficiency region for the five investigated rotational speeds is concentrated within the range of 300~400 r/min, where the turbine efficiency can be above 70%. Hence, considering the actual operating conditions of the pump, n = 350 r/min was chosen as the optimal operating speed of the pump.




3.2. Determination of Connection Mode between Turbine and Pump


The CFD calculations were carried out for the two schemes under n = 350 r/min condition, and external parameters such as flow rate, efficiency, head, and power were obtained (Table 1 and Table 2). In the Table 1, ζ is the percentage of head loss of outlet passage to the total head. Under the same velocity condition, the flow rate and output power of the two schemes are almost the same, and water head is not very different. However, the turbine efficiency of Scheme B with the separation of turbine and pump is significantly higher than that of Scheme A (Table 1). The amplitude of the efficiency increase is above 10% for the three inlet flow velocity conditions. The draft tube hydraulic losses for Scheme B are sharply lower than that in Scheme A, where they were specifically diminished by 15.47%, 14.64%, and 28.61%, at a flow velocity of 1.5, 2.0, and 2.5 m/s, respectively. When the pump moved to the outside of turbine, the pump’s outlet volute would not to go through the turbine’s draft tube, and the draft tube flow was no longer be interfered with. Therefore, the turbine efficiency improved dramatically as a result of obvious reduction of losses in its draft tube.



The discharge, shaft power, and pumping lift of the pump in Scheme B are far greater than that of Scheme A (Table 2). The maximum efficiency of the two schemes in Case 1 both reached 75%, but the flow rate in Scheme B is 4.5 times that of Scheme A, and the pumping lift is 2.26 m higher than that of Scheme A. For Case 2, the pump flow rate of Scheme A is only 25%, and the lift is 2.12 m lower than that of scheme B, but the efficiency of the two schemes are nearly the same. For Case 3, with close efficiency, the flow rate of Pump B is 3.7 times that of Pump A, and the lift is 1.89 m. higher than that of Scheme A.



Overall, although Scheme B increases the axial size of the WTP unit, the associated separation of pump from the turbine makes the flow in the turbine draft tube unaffected by the centrifugal pump position. Furthermore, in this scheme, the centrifugal pump geometry is no longer limited by the size of the connected turbine draft tube, which led to a proportional increase in the pump geometric dimensions. As a result, the pump’s discharge, pumping lift, and shaft power would naturally increase, while the efficiency would remain almost the same. Scheme B is obviously more in line with the WTP design principle, by which this machine is supposed to change large flow-low head energy into small flow-high head energy. Therefore, the performed design and selection processes finally adopt Scheme B at the expense of its counterpart, Scheme A, as the best-fitting one.




3.3. Improvement of Draft Tube for Hydrokinetic Turbine


The draft tube is an important component for reaction turbines, where its main function is to convert the kinetic energy of turbine runner outlet flow into pressure energy and recover some of the flow energy. The shape of the draft tube has a vital influence on the operation stability and energy characteristics of the turbine unit, which explains why it should be optimized for the whole unit’s efficient and safe operations. In this part, four different shapes of a multi-elbow draft tube, as illustrated in Figure 7, are tested. Scheme B1 is the preliminary design from Scheme B, while Scheme B4 is obtained based on the modification of internal profile from Scheme B1.



The overall efficiency of the four schemes globally improved with the inlet velocity increase from 1.5 to 2.5 m/s, where, specifically, there was a sharp efficiency increase from 1.5 to 2.0 m/s, and a comparatively slight increase was recorded when the inlet velocity grew from 2.0 to 2.5 m/s (Figure 8a). When (the inlet flow velocity) v = 1.5 m/s, the efficiency of the four schemes ranges between 60.0% and 67.0%.



The hydraulic losses in draft tubes of Scheme B2 and Scheme B4 are close and obviously lower than those of the other two schemes, and the efficiency of both schemes are above 65%. The inlet velocity of 2 m/s is similar to that of 1.5 m/s. The efficiency of scheme B4 is the highest, and the draft tube losses are the smallest (Figure 8b). The second one is scheme B2, whereas Scheme B3 is the worst. The major reason for large hydraulic losses is the development of flow vortices and reflux in the draft tube (Figure 9). For v = 2.5 m/s, the performance of Scheme B4 is the best, with over 80.0% efficiency and draft tube hydraulic losses less than 5%, followed by Scheme B3; Scheme B1 is the worst.



The noticed draft tube flow vortices are mainly caused by its geometric shape restriction. The flow direction changes from axial to radial, the velocity of the inner wall near the axis declines, and the velocity near the outer side of the tube increases, causing the water flow on the outer wall to shrink and the liquid flow inside to diffuse. Furthermore, due to the inertia of the water flow in the inner wall, the eddy current stagnant area appeared, leading the flow vortex structure formation and causing the turbulent kinetic energy dissipation to increase, which in turn resulted in the occurrence of certain hydraulic losses. These losses could be effectively cut down by changing the inner side profile of draft tube (Figure 9d). According to the design requirements, only at 1.5 m/s velocity, the turbine efficiency was less than 70%. Under the other two velocity conditions, the efficiency of Scheme B2 and Scheme B4 was much higher than 70%, and the comprehensive performance are better. However, the axial dimension of scheme B2 is larger than that of scheme B4, so scheme B4 is the better selection.




3.4. Volute Cross-Section Shape Selection for Pump


Volute cross-section shape is an important geometric parameter in volute design, and the profile of the volute has a certain effect on the hydraulic performance of the pump. In the initial design, the volute cross-section was rectangular, for its low manufacturing difficulty and cost, but in order to obtain the best performance of centrifugal pump design, four kinds of volute schemes were put forward, namely the rectangular volute, circular volute, trapezoidal volute, and horseshoe volute (Figure 10). The volute throat area kept constant at 6616 mm2, and the design of each cross-section followed the constant circumference rule. Moreover, all other parameters, like volute inlet width, volute outlet pipe diameter, and base circle diameter, were kept constant; only the cross-section shape was changed. In this part, the turbine and the centrifugal pump only shared the same rotational speed, but the two fluids had no contact with each other in space, so their flow states had little influence on each other. However, the total mesh number of the model was more than 3.85 million, in which the turbine model grid number accounts for nearly 70%. With the considerations of the PC’s computing capability and time resources, the pump was only calculated in this optimization.



A dimensionless loss rate was defined as Equation (6):


  δ =    P 2  −  P 3     P 2  −  P 1    × 100 %  



(6)




where, δ is the relative loss rate in volute, %; P1 is inlet total pressure of pump, Pa; P2 is the inlet total pressure of volute, Pa; and P3 is outlet pressure of pump, Pa.



Figure 11 and Figure 12 show the curves of efficiency, pumping lift, shaft power, and relative hydraulic loss rate of volute, with different flow conditions. The efficiency of each of the four volute kinds is more than 80% of the design requirements. At the design point, the round-shaped design exhibited the highest efficiency, while the horseshoe-shaped one was the second highest, which was 0.67% lower than that of the round-shaped design. Pumps with a trapezoid- and rectangular-shaped volute have approximately the same efficiency. The efficiencies of rectangular- and round-shaped volutes are slightly higher than those of the trapezoidal- and horseshoe-shaped volutes, which made the curve become flatter and enlarged the high-efficiency area.



The heads of the four volute designs are almost the same (around 4.65 m), when the flow rate was 25 l/s. From this working condition to higher values, the head difference among different designs gradually became remarkable, but with quite little deflection. The lift of the round-, horseshoe-, and trapezoid-shaped volute is higher than 4.41 m, while the rectangular-shaped volute exhibited the lowest lift, which is about 0.1 m lower than the other three. The pumping lift of the round-shaped volute has the largest value under design and large-flow conditions, but the other three are not quite different, which is about 0.15 m lower than that of round volute. In small flow rate range, the rectangular volute generated the largest lift, the trapezoid is minimum, and the horseshoe and round volute basically share the same pumping lift. The shaft power with different cross-section varies little, which could be neglectable.



The hydraulic losses of the four volutes keep an upward tendency with the increase of discharge (Figure 12). In small flow rate, the loss of the round and horseshoe-shaped volute is the smallest, followed by the rectangular and trapezoid. The maximum difference occurred at the Q = 20 l/s point, where the loss ratio of the round- and horseshoe-shaped volute is 3.73% lower than that of the trapezoid. The loss rate of the round volute is the lowest, the rectangle one is the highest, and the difference between them is 1.4% at the design point Q = 30 l/s. For large flow rate, the loss of round-shaped design is the minimum, followed by the rectangular one, while the loss rate of both the trapezoidal and horseshoe-shaped volutes is close to the maximum. The largest difference appeared at Q = 35 l/s, where the loss rate of the round-shaped design is 2.2% lower than that of rectangular volute, and about 4% lower than that of trapezoid and horseshoe shapes. Hence, the round-shaped cross-section is accepted as a better scheme when considering the optimal efficiency and minimal losses.




3.5. Performance of the Designed RC-Driven WTP


Through the optimization process by CFD method, a better WTP device which can satisfy the design requirements was obtained.



As hydrokinetic turbine and pump are the two components of WTP, the efficiency of the WTP should be defined as follows:


   η W  =  η t  ×  η p   



(7)




where ηw is the efficiency of WTP, and ηt and ηp are the efficiency of hydrokinetic turbine and centrifugal pump, respectively.



Table 3 and Table 4 provide results of external characteristics for WTP after optimization. From Table 3, the highest turbine’s efficiency of this design WTP unit is 81.18%, and the corresponding inlet velocity and output power of the turbine are 2.4 m/s and 4.21 kW, respectively. The pump’s maximum efficiency is 90.23%, while the corresponding water lift is 4.45 m, which is larger than the 4.0 m lift required by the design. Meanwhile, the pumping capacity of this centrifugal pump is 30 l/s, and the consumed shaft power is only 1.45 kW.



At the same speed, the pumping capacity increases with the increase of inlet flow velocity. At the same inlet velocity, the pumping capacity decreases with the increase of rotational speed, but the lift is increased, which could increase the capacity of water delivery by decreasing the speed. The highest efficiency of the WTP is 64.67% at inlet velocity and rotating speed of 1.8 m/s and 380 r/min, respectively, and the capacity and lift of pump are 30 l/s and 5.43 m, respectively, which was far enough to meet the demand. The WTP can run efficiently in most of the working conditions (Table 4).



The output of the turbine is always greater than the shaft power consumed by the pump, and the excess energy is mainly consumed as friction losses caused by the rotation of the bearing. If the friction loss is deducted, the output power of the turbine is still greater than the power consumed by the pump, and the water turbine part can automatically change speed to adapt; then, the discharge and the head of the pump will increase, resulting in an increase in the power of the shaft of the pump. The process of mutual compensation leads to a new balance, so there will be no unreasonable mismatch, which is also an advantage of the designed WTP, as explained in this paper.



Taking the best efficiency point (BEP) condition of WTP as an example, Figure 13 and Figure 14 show the internal flow pattern of WTP on BEP. The static pressure distribution in the inlet passage is uniform and symmetrical, and the static pressure increases steadily along the flow direction. In addition, the static pressure in the outlet conduit is basically kept constant (Figure 13a). Simultaneously, the streamline of the whole turbine is straight and smooth, and only an extremely small backflow occurs close to the inner wall of the axis, which indicates that the flow regime was relatively better in the flow conduit (Figure 13b).



The volute was equivalent to a gradually expanding pipe for a centrifugal pump. According to Bernoulli’s equation, by passing through the rotating pump impeller, the flow velocity energy can be transformed into pressure energy, and then a large pressure gradient for the surrounding fluid will be created. Figure 14 displays the flow pattern in the center section of pump at BEP, where the velocities inside the impeller are in the rotating frame of reference. The static pressure and velocity gradually increase from the impeller inlet to outlet, where maximum static pressure zones appear near the outlet of each blade, whereas the minimum static pressure appear near the suction surface of the impeller blade’s leading edge. In addition, due to the relative motion between the high-speed rotating impeller and the stationary volute, the static pressure distribution within the volute presents an obvious asymmetry along the circumferential direction after the flowing liquid transfers from the impeller channel into the volute. The static pressure distribution in the volute is relatively consistent and the flow velocity is essentially stable. However, the velocity is comparatively higher near the volute inlet, owing to the influence of the high-speed water flow from the impeller. The flow velocity in the volute tends to be stable, thanks to the expansive design of the volute. The used centrifugal pump gives a good performance, and there is no bad flow regime occurrence, such as flow separation, reflux, or swirl, recorded.





4. Discussion


For MHK energy development, WTP is ideal for the energy capture from natural river flows. In this article, a type of WTP driven by a hydrokinetic turbine was described which belongs to MHK technologies. In line with this study’s results, it was demonstrated that the required flow velocity for the WTP, especially for the turbine compartment inlet, was considerably a large range from 1.5 to 2.5 m/s; and the whole system’s simple structure can reduce the manufacturing costs and difficulties. At present, there is still little research in the literature on hydraulic WTP in the world. However, hydraulic WTPs are mostly used for special purposes, such as thermal power units and rocket engines [8,35,36,37]. The kind of WTP design presented in this article pays more attention to the speed and ensures that the mount of the pumped water meets the design requirements. On the other hand, it does not pay special attention to the efficiency. In a study conducted by Wang et al. [17], a fire Turbopump supplying water from low-level water sources was designed, in which the turbine section was designed from a series of models, based on existing turbine theory. The turbine geometry was complex, with 15 main blades, 15 splitter blades, and 23 guide vanes, where the best efficiency of the fire turbopump was just 60%, while the turbine needed a large inlet flow rate to achieve the pump’s normal operations. A few conventional or new WTPs are extremely inefficient (less than 40%) to provide sufficient water to agricultural irrigation. Carravetta et al. [38] designed a new turbopump by coupling a pump and a pump as turbine in a water-supply network for energy-saving purposes. However, due to the system structure complexity, the turbine operating conditions were more stringent, and the average efficiency for this kind of WTP was lower than 45%. In addition, the development of the WTP is generally restricted by the fact that it cannot work or start itself in the plain area with low head or zero head.



If the presented water turbine pump was to be disassembled, where each of its components (turbine and pump) would be separately analyzed, the used designs would still present prominent advantages over other similar products. The turbine section of the RC-driven WTP in this study is partly similar to a conventional marine-current turbine. Our turbine’s output power could reach a high level for a fixed current velocity and rotor diameter, as compared to the ducted marine-current turbine [39]. For the pump section, the centrifugal pump used in this paper exhibited a maximum efficiency of more than 90%. This performance is outstanding among similar centrifugal pumps [40,41]. The kind of RC-driven WTP proposed in this paper skillfully combines the water turbine with a high-performance water pump, while keeping the operational requirements a bit low, which is of great practical significance for irrigation projects in plain areas.



It is worth mentioning that, in this research, the dynamic balance process of power when the pump and turbine work together was not accurately simulated. However, this problem could have been solved by catching the real-time power of the turbine and adjusting the speed of the pump through the torque balance equation by user-defined function, which most likely would lead to the realization of the dynamic balance of the unit operations. Despite its limitations, this study clearly proposed a new idea of no head run-of-river scheme development in MHK technologies. At the same time, the proposed WTP can also maintain advantages of the grid-independent use of renewable energy sources, just as it is the case for the traditional WTP. It is also environmentally friendly in regard to assuring fish safety, as it does not require dams or transmission lines.




5. Conclusions


In this study, using the CFD numerical simulation method, an RC-driven water turbine pump for plain areas was designed and developed in line with the designated design requirements, and then the model test was carried out for initial design testing and eventual improvement of individual parts so that the hydraulic performance of the WTP can meet all the design requirements. The main conclusions are as follows:



1. The initial model test was carried out to verify the accuracy of numerical simulation. The results show that the CFD results are consistent with the results of model test. The efficiency and pumping head had a minimum error range of ±5%. The major reasons for the recorded deviations are associated with the used computational grid characteristics and numerical turbulence model, as well as neglection of the mechanical transmission efficiency in CFD. The final selection of optimal rotating speed as 350 r/min is based on the numerical simulation method’s results.



2. Different connection means between the hydrokinetic turbine and pump were compared. When the centrifugal pump is transferred to the outlet of the multi-outlet elbow draft tube, the hydraulic loss of outlet channel could be reduced by more than 14% and the hydrokinetic turbine efficiency could rise up by over 10%. Meanwhile, in this scenario, the pump size is not restricted by turbine draft tube; therefore, the quantity of pumped water and lift would greatly increase. These arrangements realized the separation of turbine and pump flow passages and decreased the hydraulic impact of the turbine outlet wake flow on the pump inlet flow conditions, thus ensuring the pump’s efficient operations. Furthermore, the internal reflux area could be efficaciously abated by changing the inner profile line of elbow section.



3. The effects of volute’s cross-section shape on the pump performance were analyzed, and it was observed that the volute cross-section exercises a certain influence on pump hydraulic characteristics, especially on the volute hydraulic loss rate. Its effect was, however, found to vary with the flow discharge. The highest efficiency is reached with a round volute cross-section, and the second highest was realized by the horseshoe-shaped volute, which is 0.67% lower than that of the round shape. Pump with rectangular- and trapezoid-shaped cross-sections have achieved nearly the same efficiency at design point. Moreover, the high efficiency range of round and rectangular shape is wider. Round cross-sectional shape is chosen as the best option for the volute to achieve high efficiency.



4. The designed RC-driven WTP presented in this paper is feasible and highly efficient. It has a wide range of application areas, including the water stream, rivers, and channels. Its blades have no special flow direction requirements. Therefore, the RC-driven WTP can make full use of the scattered but large and wide-scale hydro and kinetic energy, to achieve sustainable energy development. WTPs offer the advantages of saving fuel and full utilization of hydraulic resources. They are also simple to operate, easy to manufacture, easy to maintain, highly efficient, and low in cost, on top of having a good running performance, as compared to other irrigation and drainage machinery.
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Abbreviation




	  u  
	fluid velocity



	    x i    
	Cartesian coordinate component in x direction



	  ρ  
	fluid density



	    x j    
	Cartesian coordinate component in y direction



	    F i    
	body force per unit volume



	  p  
	pressure



	  μ  
	viscosity



	n
	rotational speed



	v
	turbine inlet velocity



	Qt
	turbine discharge



	Pt
	output of turbine



	ηt
	turbine efficiency



	ζ
	percentage of head loss of outlet passage to the total head.



	Qp
	pump discharge



	Pp
	power of pump



	Hp
	lift of pump



	ηp
	pump efficiency



	ηW
	WTP efficiency



	  δ  
	loss rate in volute



	    P 1    
	inlet total pressure of pump



	    P 2    
	inlet total pressure of volute



	    P 3    
	outlet total pressure of pump



	BEP
	best efficiency point



	CFD
	computational fluid dynamics



	MHK
	marine and hydrokinetics



	WTP
	water turbine pump



	RC
	river-current



	S–A
	Spalart–Allmaras
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Figure 1. Two general design schemes of river-current (RC)-driven water turbine pump (WTP). (a) Scheme A; (b) Scheme B. 
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Figure 2. Photos of WTP unit: (a) physical model of the WTP and (b) photo of the unit installation. 
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Figure 3. The CAD representation of the test loop: 1—tail water tank, 2—pressure tank, 3—pressure gauge, 4—three-way valve, 5—model hydrokinetic WTP, 6—cylinder, 7—electric valve, 8—variable speed circulating pump, 9—butterfly valve, 10—electromagnetic flow meter, 11—butterfly valve, 12—charging pump, 13—motor, 14—butterfly valve, 15—butterfly valve, and 16—electric valve. 






Figure 3. The CAD representation of the test loop: 1—tail water tank, 2—pressure tank, 3—pressure gauge, 4—three-way valve, 5—model hydrokinetic WTP, 6—cylinder, 7—electric valve, 8—variable speed circulating pump, 9—butterfly valve, 10—electromagnetic flow meter, 11—butterfly valve, 12—charging pump, 13—motor, 14—butterfly valve, 15—butterfly valve, and 16—electric valve.



[image: Energies 12 04264 g003]







[image: Energies 12 04264 g004 550] 





Figure 4. Grid independence curves: (a) turbine condition and (b) pump condition. 
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Figure 5. Comparisons of numerical simulation and model test results at v = 2 m/s. 






Figure 5. Comparisons of numerical simulation and model test results at v = 2 m/s.



[image: Energies 12 04264 g005]







[image: Energies 12 04264 g006 550] 





Figure 6. Influences of different rotational speed on efficiency of the water turbine: (a) Scheme A and (b) Scheme B. 
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Figure 7. Schematic diagrams of different multiple-outlet elbow-shaped draft tubes. (a) Scheme B1; (b) Scheme B2; (c) Scheme B3 and (d) Scheme B4. 
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Figure 8. Efficiency and draft tube hydraulic loss of different turbine with different velocity. (a) The overall efficiency of the four schemes; (b) the hydraulic losses in draft tubes of the four schemes. 
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Figure 9. Velocity distribution of vertical section within different turbine at v = 2.0 m/s. (a) Scheme B1; (b) Scheme B2; (c) Scheme B3 and (d) Scheme B4. 
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Figure 10. Four volutes with different cross-sections. 
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Figure 11. Performance curves of pump with different volutes. 
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Figure 12. Loss rate of pump with different volutes. 
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Figure 13. Flow pattern in the WTP at BEP: (a) static pressure distribution in the vertical section of turbine and (b) 3D streamline in the turbine. 
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Figure 14. Flow pattern in the WTP at BEP: (a) static pressure distribution in center section of pump and (b) velocity distribution in the center section of pump. 
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Table 1. Influences of different connection way on external parameters of the turbine.
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Scheme

	
v (m/s)

	
Qt (l/s)

	
Pt (kW)

	
ηt (%)

	
ζ (%)






	
A

	
1.5

	
340.85

	
0.92

	
51.55

	
29.00




	
2.0

	
454.47

	
2.61

	
60.08

	
28.85




	
2.5

	
568.09

	
4.54

	
58.69

	
42.28




	
B

	
1.5

	
340.85

	
0.92

	
62.10

	
13.53




	
2.0

	
454.47

	
2.62

	
72.00

	
14.21




	
2.5

	
568.09

	
4.59

	
72.97

	
13.67
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Table 2. Influences of different connection way on the external parameters of the pump.
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Scheme

	
Qp (l/s)

	
Hp (m)

	
Pp (kW)

	
ηp (%)






	
A

	
4.00

	
2.56

	
0.13

	
75.07




	
5.00

	
2.11

	
0.14

	
72.83




	
6.00

	
1.64

	
0.15

	
64.08




	
B

	
18.00

	
4.82

	
1.09

	
77.82




	
20.00

	
4.23

	
1.14

	
72.91




	
22.00

	
3.53

	
1.20

	
63.67
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Table 3. Calculation on the external characteristics of the WTP at n = 350 r/min.
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	v (m/s)
	Qt (l/s)
	Pt (kW)
	ηt (%)
	Qp (l/s)
	Hp (m)
	Pp (kW)
	ηp (%)





	1.5
	340.85
	0.91
	64.92
	15
	4.83
	0.89
	78.50



	1.8
	409.04
	1.87
	72.90
	25
	4.67
	1.31
	87.53



	2.0
	454.47
	2.63
	77.08
	30
	4.45
	1.45
	90.23



	2.2
	499.94
	3.43
	80.87
	33
	4.15
	1.50
	89.62



	2.4
	545.39
	4.21
	81.18
	38
	3.51
	1.58
	82.88



	2.5
	568.09
	4.59
	80.21
	40
	3.22
	1.60
	78.95
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Table 4. The external characteristics of the WTP.
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	v (m/s)
	Qt (l/s)
	Pt (kW)
	ηt (%)
	n (r/min)
	Qp (l/s)
	Hp (m)
	Pp (kW)
	ηp (%)
	ηW (%)





	1.5
	340.85
	0.91
	64.92
	350
	15
	4.83
	0.89
	78.50
	48.61



	1.6
	363.59
	1.20
	68.19
	350
	22
	4.62
	1.18
	84.50
	57.62



	1.7
	386.32
	1.52
	70.77
	350
	33
	4.15
	1.50
	89.61
	63.42



	1.8
	409.04
	1.84
	71.87
	360
	40
	3.77
	1.80
	82.19
	59.07



	1.8
	409.04
	1.80
	70.90
	370
	35
	4.62
	1.77
	89.48
	63.44



	1.8
	409.04
	1.78
	70.41
	380
	30
	5.43
	1.74
	91.84
	64.67



	1.8
	409.04
	1.73
	68.66
	390
	25
	5.81
	1.69
	84.24
	57.84



	1.8
	409.04
	1.69
	67.86
	400
	20
	6.25
	1.66
	73.87
	50.13



	1.9
	431.77
	2.08
	70.13
	400
	30
	6.08
	2.04
	87.71
	61.51



	1.9
	431.77
	2.13
	70.90
	391
	35
	4.60
	2.09
	75.57
	53.58



	2.0
	454.47
	2.47
	70.70
	415
	35
	6.35
	2.42
	90.09
	63.69



	2.0
	454.47
	2.41
	69.59
	428
	30
	7.00
	2.36
	87.21
	60.69



	2.0
	454.47
	2.32
	67.94
	445
	25
	7.43
	2.28
	79.92
	54.30
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