

  water-16-00595




water-16-00595







Water 2024, 16(4), 595; doi:10.3390/w16040595




Article



Study on the Hydrodynamic Performance of Swing-Type Flapping Hydrofoil Bionic Pumps Affected by Foil Camber



Qizong Sun 1,2, Ertian Hua 1,3,*, Liying Sun 2, Linfeng Qiu 1, Yabo Song 1 and Mingwang Xiang 1





1



College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310023, China






2



School of Mechanical and Electrical Engineering, Zhejiang Industry Polytechnic College, Shaoxing 312000, China






3



School of Mechanical & Automotive Engineering, Zhejiang University of Water Resources and Electric Power, Hangzhou 310018, China









*



Correspondence: het@zjut.edu.cn; Tel.: +86-135-8811-4369







Citation: Sun, Q.; Hua, E.; Sun, L.; Qiu, L.; Song, Y.; Xiang, M. Study on the Hydrodynamic Performance of Swing-Type Flapping Hydrofoil Bionic Pumps Affected by Foil Camber. Water 2024, 16, 595. https://doi.org/10.3390/w16040595



Academic Editor: Paolo Mignosa



Received: 19 January 2024 / Revised: 11 February 2024 / Accepted: 15 February 2024 / Published: 17 February 2024



Abstract

:

The flapping hydrofoil bionic pump is an innovative hydrodynamic device that utilizes flapping hydrofoil technology. Flapping hydrofoil bionic pumps are crucial in addressing issues like inadequate river hydropower and limited water purification capabilities in flat river network regions. Optimizing the foil characteristics is essential for enhancing the hydrodynamic efficiency of the flapping hydrofoil bionic pump. This study investigates the impact of foil camber parameters on the hydrodynamic performance of swing-type asymmetric flapping bionic pumps. The NACA series standard foils with varying cambers are analyzed using the overlapping grid technology and finite volume method. The thrust coefficient, flow rate, pumping efficiency, and flow field structure of the flapping hydrofoil bionic pump are examined under pressure inlet conditions with the foil camber. The findings indicate that increasing the foil’s curvature within a specific range can greatly enhance the maximum values of thrust coefficient, propulsive efficiency, and pumping efficiency of the flapping hydrofoil bionic pump. Specifically, when the foil curvature is 6%c, the maximum value of the instantaneous thrust coefficient of the flapping hydrofoil bionic pump is significantly improved by 31.25% compared to the symmetric foil type under the condition of an oscillating frequency of f = 1 HZ. The flapping hydrofoil bionic pump achieves its maximum pumping efficiency when the oscillation frequency is within the range of f ≤ 2.5 Hz. This efficiency is 11.7% greater than that of the symmetric foil, and it occurs when the foil curvature is 8%c. Within the frequency range of f > 2.5 Hz, the flapping hydrofoil bionic pump that has a foil curvature of 6%c exhibits the highest enhancement in pumping efficiency. It achieves a maximum increase of 12.8% compared to the symmetric foil type. Nevertheless, the average head was less than 0.4 m, making it suitable for ultra-low-head applications.
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1. Introduction


Rivers and lakes serve as the primary conduits for terrestrial water resources, and the condition of their surroundings and ecosystems is closely linked to the standard of regional economic and social progress. Due to the increasing intensity of human activities and the approaching limit of water resource capacity, the water environment and ecological issues in the plain river network have become more noticeable [1,2]. The primary cause is the diminished channel ratio of minor rivers within the river network on the plain, resulting in inadequate hydropower and restricted self-purification capacity. The common approach employed to enhance hydrodynamics for these issues is the incorporation of pump gate devices into the river network [3,4]. Currently, the primary pump gate devices mostly comprise high-capacity, low-head axial flow pumps, specifically the vertical axial flow pump device and the horizontal cross-flow pump device employed in the South-to-North Water Diversion Project. Among various pump gate devices, the design and use of low-lift axial flow pump devices, which are suitable for lifts ranging from 3 to 8 m, are well-established. However, the performance of conventional pump gate devices is constrained by the impeller, leading to subpar performance and common issues such as severe cavitation [5,6,7], excessive vibration [8,9], and low efficiency [10]. According to a study, the flapping hydrofoil bionic pump water-pushing mechanism is highly beneficial for enhancing the hydrodynamics of tiny rivers, particularly in ultra-low-head conditions (H < 1 m) [11].



Both domestic and international experts have extensively researched the underwater propulsion mechanism of the flapping hydrofoil bionic pump. Previous studies (References [12,13,14,15]) have examined hydraulic models of river networks. These models are classified into three types based on the distinct physical qualities being examined: one-dimensional models, two-dimensional models, and three-dimensional models. One-dimensional river network hydraulic models are mostly employed to simulate flow in a linear manner in a single direction. In contrast, two-dimensional and three-dimensional models consider vertical water flow, resulting in improved simulation accuracy and processing efficiency. This work employs a two-dimensional model for research, taking into account both computing efficiency and accuracy. Knoller and Betz [16] were the initial researchers to elucidate the mechanics behind the formation of flapping propulsion. It has been discovered that the interaction between the vortex generated at the leading edge and the vortex generated at the trailing edge of a flapping foil results in the formation of a reverse Karman vortex street. This phenomenon is accountable for the robust propulsion and efficiency of water-flapping hydrofoils. The influence of various motion variables on the propulsion performance of water-flapping hydrofoils was examined in references [17,18,19]. This study primarily aimed to examine the impact of the phase difference between the plunge and pitch motions of the water flap, the maximum angle of attack α, the amplitude of lift and pitch, and the higher-order terms in the equations of motion on the propulsive efficiency of the flap bionic pump.



In a two-dimensional plane, a flapping hydrofoil bionic pump demonstrates three degrees of freedom: surging, pitching, and plunging. Research conducted in references [20,21,22] has examined the influence of various combinations of these movements on the pumping efficiency of a flapping hydrofoil bionic pump. The research findings demonstrate a 35% enhancement in the efficiency of pumps that possess three interconnected degrees of freedom, as opposed to those with only two degrees of freedom. Prior research [23,24,25,26] has investigated the influence of various geometric characteristics of foil structures on the efficiency of propulsion in flapping hydrofoils through the use of numerical simulations and experimental methods. The characteristics encompass wingtip shape, aspect ratio, root chord ratio, and more factors. The experiments demonstrate a positive link between the performance of oscillating hydrofoils and the aspect ratio, while a negative correlation is detected with the root chord ratio. Additional evidence from citations [27,28] has substantiated that the propulsion performance of flapping hydrofoils is influenced by factors in their immediate surroundings, such as the distance from walls and the structure of the channel.



The aforementioned research findings demonstrate substantial discrepancies in the hydrodynamic efficiency of the flapping hydrofoil bionic pump when it is subjected to various operational circumstances. While many studies have mainly concentrated on examining the motion characteristics of symmetrical foil profiles in flapping hydrofoil bionic pumps, there is a scarcity of studies on flapping using non-symmetrical foil profiles, especially those with curvature. This research focuses on the curvature of flapping foils and develops a motion model using fishtail oscillation. This study investigates the hydrodynamic performance changes of a flapping hydrofoil bionic pump using varying foil curvatures. The objective is to offer valuable information for enhancing the design of foil profiles in bio-inspired flapping.




2. Motion Description and Mechanical Model


2.1. Motion Description


The flapping hydrofoil bio-inspired pump imitates the tail morphology of a fish, utilizing 2 degrees of freedom (pitching motion and plunging motion) linked to motion. The tail fin is streamlined into a rigid hydrofoil, which produces the flapping motion trajectory depicted in Figure 1.



In Figure 1, T represents the flapping motion period, and Amax and θmax denote the maximum amplitudes of plunging motion and pitching motion, respectively. In this study, the fundamental equation for flapping hydrofoil motion is defined [29], as shown in Equation (1):


        y ( t ) =  A  max   sin ( 2 π f t )       θ ( t ) =  θ  max   sin ( 2 π f t + ϕ )        



(1)







In Equation (1), y(t) denotes the vertical displacement of the flapping hydrofoil, while θ(t) indicates the angle of pitch of the flapping hydrofoil. This angle refers to the deviation between the direction of fluid flow and the chord of the foil, as seen by the red line in Figure 1. f represents the frequency of the linked motion, which establishes the identical frequency for both the plunging and pitching movements of the flapping hydrofoil. The variable  ϕ  represents the disparity in phase between the two movements, and its value in the numerical computations performed in this work is  π /2.



By differentiating Equation (1), we derive


        v ( t ) =  y ˙  ( t ) = 2 π f  A  max   cos ( 2 π f t )       ω ( t ) =  θ ˙  ( t ) = 2 π f  θ  max   cos ( 2 π f + ϕ )        



(2)







In the above Equation (2), v(t) and ω(t) represent the plunging and pitching velocities of the flapping hydrofoil, respectively.




2.2. Mechanical Model and Pumping Indicators


Taking the point at 0.2c along the foil as the pivot position, where c is the chord length of the flapping hydrofoil, we establish a coordinate system with the x-axis in the positive direction representing the horizontal motion velocity relative to the oncoming flow and the y-axis representing the plunging motion direction of the flapping hydrofoil, as illustrated in Figure 2.



In Figure 2, U represents the horizontal velocity of the water flow relative to the flapping hydrofoil.   θ ( t )   denotes the instantaneous pitch angle of the flapping hydrofoil, while   α ( t )   denotes the instantaneous angle of attack. The force between the fluid and the surface of the hydrofoil during the movement of the flapping hydrofoil is denoted by F. Fx and Fy represent the components of this force along the x-axis and y-axis, respectively. The components of the force, Fx, contribute favorably to the propulsive action of the water body.



The angle of attack has been found to affect the propulsion performance of biomimetic flapping hydrofoil pumps, as demonstrated by a prior study [19]. The size of the angle of attack is influenced by both the incoming flow velocity U and the pitching angle of the flapping hydrofoil. The instantaneous angle of attack function is defined as


  α ( t ) = arctan (   − v ( t )  U  ) − θ ( t )  



(3)







Assessing the propulsive capabilities of the water-flapping hydrofoil relies on key indications such as the instantaneous thrust coefficient Cx, the instantaneous lift coefficient Cy, and the mean power coefficient       C   P    ¯   . The formulas that establish specific characteristics are


         C x  =   2  F x  ( t )   ρ  U 2  c s          C y  =   2  F y  ( t )   ρ  U 2  c s            C p   ¯  =   2  P ¯    ρ  U 3  c s          



(4)







In the given Formula (4), ρ represents the density of water, s represents the span of the flapping foil,    F x   t    represents the instantaneous thrust,    F y   t    represents the instantaneous lift,    P ¯    represents the mean input power of the flapping hydrofoil, which is calculated according to Formula (5), and U represents the mean flow velocity at the outlet section of the flow channel after the flow field has stabilized.


   P ¯  =  1  k T        ∫  ( n − k ) T   n T     F x  ( t ) v ( t ) d t +       ∫  ( n − k ) T   n T    M ( t ) ω ( t ) d t       



(5)







The average thrust coefficient Cx and the average lift coefficient Cy are the mean values of the instantaneous thrust    F x   t    and instantaneous lift    F y   t    over one cycle. They are defined by the following equations:


           C x   ¯  =  1  k T        ∫  ( n − k ) T   n T     F x  ( t ) d t      0.5 ρ  U 2  c s            C y   ¯  =  1  k T        ∫  ( n − k ) T   n T     F y  ( t ) d t      0.5 ρ  U 2  c s          



(6)







In the above Equation (6), the variable k represents the number of cycles, T represents the period, and n represents the number of calculated cycles.



To enhance the comprehensiveness of the hydrodynamic efficiency analysis for the flapping hydrofoil bio-inspired pump device, it is imperative to take into account the conventional indications used for evaluating the performance of pump stations. Thus, hydraulic performance characteristics such as flow rate, head, propulsion efficiency, and pump efficiency are presented. The average flow rate Q of the flapping hydrofoil bio-inspired pump mechanism is determined by the following formula:


  Q = U  S 0   



(7)







In Equation (7), S0 denotes the cross-sectional area of the channel’s outflow. The average head H of the flapping hydrofoil bio-inspired pump device can be determined by monitoring the static pressure differential at the inlet and outlet of the channel and performing calculations. The equation for determining the average head H is defined as follows:


  H =        p 2   ¯  −    p 1   ¯      ρ g    



(8)







In the above Equation (8),      p 1   ¯    denotes the mean pressure at the entrance of the channel,      p 2   ¯    denotes the mean pressure at the exit of the channel, and g = 9.8 m/s2.



The formulas for calculating the propulsion efficiency    η  ph     and the pump efficiency    η  pm     of the flapping hydrofoil bio-inspired pump device are defined as follows:


   η  ph   =    1  k T        ∫  ( n − k ) T   n T     F x  ( t ) d t      0.5 ρ  U 2  c s       2  P ¯    ρ  U 3  c s      



(9)






   η  pm   =   k T      p 2   ¯  −    p 1   ¯    · U  S 0       ∫  ( n − k ) T   n T     F x  ( t ) v ( t ) d t +       ∫  ( n − k ) T   n T    M ( t ) ω ( t ) d t       



(10)









3. Foil Geometry Parameter Model


Upon careful observation, it becomes apparent that the cross-section of the fishtail exhibits a distinct curve, resembling the shape of an actual fish’s tail. In close proximity to the pivot axis, the fish tail’s skeletal structure is occupied by muscles, which gradually diminish in size and eventually vanish near the tail’s extremity. This bears a resemblance to the cross-sectional configuration of an airplane wing. Thus, in order to examine the influence of foil curvature on the hydrodynamic efficiency of the flapping hydrofoil bio-inspired pump, we have selected the NACA series standard airfoils as the subjects of our study. Figure 3 displays the foil profile and primary characteristics of the flapping hydrofoil bio-inspired pump. The figure illustrates the foil’s characteristics, where c, b, and e denote the chord length, maximum thickness, and maximum camber, respectively. The parameters derived by dividing each of these numbers by the foil chord length c are known as the non-dimensional values of these parameters, which are utilized to depict the geometric shape of the foil. For instance, the highest thickness value    b ¯    = b/c, and the highest camber value    e ¯    = e/c. Furthermore, the measurement of the flapping foil’s width is represented as s. Figure 4 depicts the geometric configurations of foils with varying curvatures that were examined in this research. When studying the curvature of a foil, the thickness of the foil remains consistent at 12% of the length of the chord. The foil’s greatest curvature is located at a distance of 40% of the chord length from the leading edge. The relative maximum camber    e ¯    ranges from 0% to 8%. Table 1 displays the fundamental characteristics of foils with varying cambers.




4. Calculation Method


4.1. Mesh Generation and Solution Settings


This study employed the simulation software Ansys Fluent 2020 to simulate and analyze the characteristics of two-dimensional incompressible turbulent flow fields. The simulation is based on the Reynolds-averaged Navier–Stokes equations, which are explained in the literature [30]. The turbulent flow model       R e a l i z a b l e     k − ε       is employed for the resolution of the Navier–Stokes equations, with the relevant equations provided in reference [31]. This work utilizes overlapping grid technology to capture the flow field behind the flapping hydrofoil accurately and optimize computational resources. The adoption of this technique ensures both high precision and efficiency in the numerical simulation. The channel’s computational domain is defined as 800 mm × 5000 mm. In Fluent, the span s of the flapping foil numerical model is set to 300 mm. The pitching center of the flapping hydrofoil is located at a distance of 0.2 times the chord length (c) from the leading edge of the foil. Additionally, the reference point (pivot) for the fluid domain is established 500 mm away from the inlet of the channel. This study divides the computational domain into background grids (rectangular fluid domain) and foreground grids (flapping hydrofoil fluid domain), as shown in Figure 5. Both the foreground and background grids consist of structured grids with a uniform size of 8 mm.



In order to accurately catch the flow field near the wall, it is crucial to establish boundary layers around the flapping hydrofoil and no-slip walls. This is due to the substantial variation in the normal velocity gradient near the wall, as depicted in Figure 5. This study establishes a boundary layer on the foil surface with a first layer height of 4 × 10−3 mm, which is then split into 12 layers. The growth rate of the mesh boundary layer is defined at 1.2, resulting in a determined Y+ < 1.




4.2. Mesh Independence and Time Step Insensitivity Verification


To ensure the precision of numerical calculations, it is crucial to verify the independence of the mesh and the independence of the step in the two-dimensional numerical model. The velocity inlet boundary condition is applied to the flow field, while both the foil surface and the interior walls of the channel are assigned the no-slip wall conditions. The outermost boundary of the foreground mesh domain is defined as the overset boundary condition in order to facilitate the transfer of flow layer information. The plunging and pitching motion of the flapping hydrofoil is achieved using a User-Defined Function (UDF), while the Coupled algorithm is selected to integrate the pressure field with the velocity field to solve the Reynolds-averaged Navier–Stokes control equations. To guarantee the precision and consistency of the method, the residual convergence threshold is established at 1 × 10−5, and the maximum number of iterations is limited to 30.



By setting different global minimum grid sizes, five numerical models are obtained with grid numbers of 88,000, 181,000, 213,000, 271,000, and 324,000, respectively. Subsequent numerical simulations were conducted, and after the flow field stabilized, the instantaneous thrust coefficients of these five numerical models over two cycles were compared. The results are shown in Figure 6. The results indicate that, with different grids, the trough value of the instantaneous thrust coefficient of the flapping hydrofoil bionic pump remains essentially unchanged, while the peak value varies slightly. The grid count is inversely proportional to the instantaneous thrust coefficient, but the differences in peak values among the five sets of numerical results are small. Therefore, the impact of grid count on the calculation results can be essentially neglected. Consequently, to ensure the accuracy of numerical calculations and save computational resources, this study chose a model with a grid count of 213,000 to conduct numerical research on the hydrodynamic performance of the bionic flapping hydrofoil device.



In addition, concerning the verification of independence from the iteration step size, this study selected the numerical model with a grid count of 213,000 mentioned above. Three different time step sizes—0.05 s, 0.02 s, and 0.01 s—were chosen for numerical simulations. The simulation results were extracted for two cycles after the outlet section flow stabilized, as shown in Figure 7. The results show that with a step size of 0.05 s, the curves have more angular corners. This is because a step size of 0.05 s is too large, leading to a significant interval between adjacent data points. However, the curves for iteration step sizes of 0.01 s and 0.005 s almost overlap. It can be observed that after an iteration step size of 0.01 s, computational accuracy is ensured. Therefore, this study chose an iteration step size of 0.01 s for the numerical investigation of the hydrodynamic performance of the flapping hydrofoil bionic pump device.





5. Numerical Method Validation


In order to verify the dependability of the numerical model and the computational methods developed in this study, simulations were performed using the relevant numerical model, following the flapping hydrofoil experiment outlined in reference [32].



The numerical simulation findings were subsequently compared to the experimental data. This study utilized data from [32] to build a flapping hydrofoil with a chord length (c) of 0.1 m, designed to resemble NACA0012. The area of computation was set at 20c × 15c. The pitching axis of the flapping hydrofoil was located at a point that is one-third of the chord length, at a distance of 5 times the chord length from the inlet boundary. Furthermore, the initial velocity at the inlet was specified as U = 0.4 m/s, the outlet was designated as a pressure outlet, the maximum amplitude of plunging motion was set at Amax = 0.1 m, the phase difference was  ϕ  = 90°, and the pitch angle was αm = 15°, with St being a variable. In a comparison of the numerical calculations under various conditions, the obtained thrust was nondimensionalized and averaged to obtain the average thrust coefficient over one cycle. The comparative results are shown in Figure 8.



Figure 8 demonstrates that the simulated calculation data align with the literature’s experimental data, exhibiting a significant level of concurrence. The highest relative error is below 5%, indicating the reliability of the numerical model and method proposed in this study.




6. Results and Analyses


6.1. Analysis of the Influence of the Foil Camber on the Mechanical Performance of Flapping Hydrofoil Bionic Pumps


In order to analyze the influence of foil camber on the mechanical performance of flapping hydrofoil bionic pump devices, five sets of hydrofoil models with curvatures ranging from 0% to 8% were selected for simulation and research. The hydrofoil shapes are shown in Figure 3, and the foil parameters are presented in Table 1. The following motion parameters were set: flapping frequency f = 1 Hz, plunging amplitude Amax = 0.15 m, pitching amplitude θ = 30°, distance from the pitching axis to the leading-edge center of the foil l = 0.2c. The pressure inlet was set to zero. By monitoring the outlet section flow velocity and waiting for the motion to stabilize under its working conditions, two flapping cycles of the motions were selected. The instantaneous thrust and lift coefficients of the flapping hydrofoil bionic pump with respect to the wing profile curvature were plotted, as shown in Figure 9 and Figure 10.



From Figure 9, it can be observed that, within one cycle, the NACA foil’s instantaneous thrust coefficient exhibits two peaks and two valleys. The adjacent peak values of the same foil type differ significantly, but the values of the two adjacent valleys are close. The main reason for this is the asymmetry caused by the relative curvature of the foil. During the flapping hydrofoil motion, the concave surface of the curved foil type concentrates the thrust on the water, while the convex surface disperses the thrust, resulting in a notable disparity between the peak values of the two adjacent instantaneous thrust coefficients. For foils with different curvatures, as the relative curvature of the foil increases, there is a negative correlation between the first peak value of the instantaneous thrust coefficient within the same cycle and the foil curvature, while the second peak value shows a positive correlation with the foil curvature. The reason for this phenomenon is also attributed to the asymmetry in the shape of the foil’s leading edge caused by different curvatures. The difference in thrust concentration between the concave and convex surfaces of the foil is responsible for this behavior. Figure 11 shows that the foils with three different curvatures experience pressure clouds at the moment when the thrust coefficient reaches its maximum value, and the pressure distribution map confirms this observation. Taking the curvature of the NACA6412 foil as the threshold, when the curvature is less than this threshold, the instantaneous thrust coefficient of the flapping hydrofoil is always greater than zero, indicating that the flapping hydrofoil contributes to propulsion throughout the entire process. When the curvature is greater than this threshold, the instantaneous thrust coefficient of the flapping hydrofoil becomes negative, indicating that the hydrofoil experiences resistance from the water flow.



Figure 10 shows that flapping hydrofoils with varying curvatures display a single peak and two troughs in each motion cycle. Notably, the magnitude of the first trough is bigger than that of the peak. Considering the flapping hydrofoil motion, different curved foils exhibit similar cyclic variations in the instantaneous lift coefficient. It gradually increases during the upstroke motion to a maximum and then decreases as it continues the movement to the maximum plunging amplitude (0.25 T), where the lift coefficient is almost zero. Subsequently, during the downward flapping motion, the lift coefficient increases continuously in the opposite direction until reaching the maximum value. Comparing the instantaneous lift coefficients of flapping hydrofoils with different foil curvatures reveals that the main difference lies in the magnitude of the extrema. By comparing Figure 9 and Figure 10, it is evident that at a frequency of 1 Hz, within the range of 0%c to 8%c, an increase in curvature leads to a higher maximum value of the instantaneous thrust coefficient. However, the maximum value of the instantaneous lift coefficient decreases. The curvature of the foil can effectively enhance the maximum value of the instantaneous thrust coefficient, with a maximum enhancement of 31.25%. However, it does not significantly affect the enhancement of the instantaneous lift coefficient.




6.2. Analysis of the Influence of Different Foil Curvatures on the Vortex Structure of the Hydrofoil Tail


Figure 12 shows the distribution of vorticity at various key times (0 T, 0.25 T, 0.5 T, 0.75 T) throughout a single flapping cycle. This analysis was conducted on hydrofoils with varying foil curvatures while maintaining a flapping frequency f = 1 Hz. The figure demonstrates that hydrofoils with varying foil curvatures produce a double-row anti-Kamen vortex, resulting in the generation of thrust. The vortex patterns created by hydrofoils with varying foil curvatures are generally similar. However, these vortices tilt upwards and eventually move towards the wall as they propagate downstream, leading to a loss of vortices. When examining the vorticity distribution of hydrofoils with varying foil curvatures, it becomes evident that greater foil curvature results in reduced vorticity on the upper surface (positive vortices) and increased vorticity on the lower surface (reversal vortices) of the hydrofoil. Due to the asymmetry in the strengths of the two vortices, their interaction improves the inclination of vortex motion, thereby reducing vorticity loss during downstream propagation. This observation aligns with the velocity contour distribution in Figure 13.




6.3. Impact Analysis of Different Foil Curvatures on the Pumping Performance of the Hydrofoil


To investigate the correlation between foil curvature and the performance of the flapping hydrofoil bionic pump device, we also consider a flapping hydrofoil oscillation frequency f = 1 Hz. Figure 13 illustrates the velocity distribution of five flapping hydrofoils, each with a different foil curvature, all flapping simultaneously. Upon comparison, it is observed that the distribution of the five velocity flow fields is essentially identical. The flapping motion of the hydrofoil causes an increase in the incoming water velocity and generates a jet at the tail of the hydrofoil. The jet velocity exhibits a decreasing gradient distribution from the middle to the sides of the wall. As the jet propagates forward, it tends to be biased towards the side of the flow channel. However, there is a difference between the NACA8412 and NACA0012 foils. The NACA8412 foil, which has a greater curvature, has a smaller low-velocity zone near the lower side of the wall compared to the NACA0012 foil. In other words, the greater the curvature of the foil, the wider the range of water being pushed longitudinally in the direction of the y-axis. Combined with the analysis of Figure 12, the reason may be that the foil curvature of the flapping hydrofoil is changed to produce an asymmetric vortex in the flapping cycle, which makes the velocity direction of the vortex induced by the tail of the flapping hydrofoil change, and this change slows down the loss of vortex in the vortex in the process of downstream propagation, as can be seen in Figure 13; the NACA0012 foil experiences the fastest decrease in water flow velocity, while the NACA8412 foil experiences the slowest decrease. The curvature of the foil ranges from 0%c to 8%c, and as the curvature increases, the rate of velocity decrease in the x-direction slows down. Additionally, the higher the velocity in the high-speed zone of the intermediate basin, the greater the distance it extends.



To investigate the impact of various leading-edge curvatures on the pumping performance of the flapping hydrofoil pumping device, we analyze the changes in average flow rate, average flow velocity, pumping efficiency, and propulsion efficiency. This analysis is based on the assumption that the flapping hydrofoils are rigid. We consider five different curvatures and examine their effects at different oscillation frequencies. To simulate the flapping hydrofoil, the swing frequency is set to range from 0.1 Hz to 5 Hz. The frequency is increased gradually from 0.1 Hz to 1 Hz, with increments of 0.1 Hz. Then, it is increased from 1 Hz to 5 Hz, with increments of 0.5 Hz. Additionally, the pressure inlet is set to zero.



Figure 14 shows the effect of foil curvature on the mean flow velocity (   U ¯   ) and mean flow rate (   Q ¯   ) of the flapping hydrofoil under the swinging frequency of 0.1 Hz–5 Hz. From the figure, it is evident that the mean flow velocity (   U ¯   ) and mean flow rate (   Q ¯   ) of the flapping hydrofoil, with five various curvatures, exhibit a direct proportionality to the swinging frequency. Within the range of   f ≤ 2.5  , and with the same frequency, the curvature of foil has minimal effect on the average flow velocity (   U ¯   ) and average flow rate (   Q ¯   ). At frequencies greater than 2.5, and with the same frequency, the curvature of the flap has an impact on both the mean flow velocity (   U ¯   ) and mean flow rate (   Q ¯   ). And then the impact becomes more pronounced as the frequency increases. It has been observed that the NACA6412 foil with a curvature of 6%c has the most significant effect in enhancing the mean flow velocity (   U ¯   ) and mean flow rate (   Q ¯   ) as the swinging frequency increases. On the other hand, the symmetrical NACA0012 foil has the least favorable effect in comparison.



Figure 15 displays the average head versus frequency curves of flaps with varying curvatures. It is evident that as the swinging frequency increases, the average head of the flaps with different curvatures also increases. Additionally, Figure 14b indicates that at the maximum average flow rate of the flap    Q ¯  =    2.06   m   3  ·  s  − 1    , the corresponding average head    H ¯    is less than 0.4 m, which aligns with the ultra-low-head working condition environment.



Figure 16a shows the propulsive efficiency versus frequency curves of five different curvatures of flapping hydrofoils under the oscillation frequency from 0.1 Hz to 5 Hz. It can be found from the figure that the propulsive efficiencies of the five different curvatures of the flapping hydrofoils within the range of the oscillation frequency f ≤ 2 Hz are all increased gradually with the increase in the oscillation frequency, but the growth rate decreases gradually, and the propulsive efficiencies of the flapping hydrofoils are positively correlated with the size of the foil curvature at the same frequency. In the oscillation frequency 2 < f < 4 Hz range, the propulsive efficiency of the five different curvatures of the flapping hydrofoil increased insignificantly with the change in oscillation frequency; in the oscillation frequency f ≥ 4 Hz range, the propulsive efficiency of the NACA6412 with a curvature of 6%c tended to continue to increase with the increase in oscillation frequency.



Overall, the propulsive efficiency of the asymmetric foil is significantly higher than that of the symmetric foil at the same frequency. The NACA8412 foil, which has a foil curvature of 8%c, exhibits the highest propulsive efficiency among foils when compared to the symmetric NACA0012 foil. This superiority is observed within the oscillation frequency range of f ≤ 2 Hz, with a remarkable enhancement of 14.06% over the symmetric foil. The NACA6412 foil, which has a foil curvature of 6%c, exhibits the highest propulsive efficiency in the oscillation frequency range of f > 2 Hz. It achieves a remarkable improvement of 14.05% compared to the symmetric foil.



Figure 16b shows the pumping efficiency of five different curvatures of a flapping hydrofoil. The graph displays the change in efficiency with varying oscillation frequencies from 0.1 Hz to 5 Hz. It is evident from the figure that the pumping efficiency of all five foil curvatures follows a pattern of initially increasing and then decreasing with the oscillation frequency. The asymmetric foil type exhibits wave peaks near f = 3.5 Hz or f = 4 Hz. These peaks occur because, during the water propulsion process of the flapping hydrofoil bionic pump, increasing the foil curvature within a certain range of frequency enhances the jet velocity of the tail vortex, thereby improving pumping efficiency. However, excessively large curvatures impede the water flow, and this impediment becomes more pronounced as the oscillation frequency increases. Within the oscillation frequency range of f ≤ 2.5 Hz, increasing the curvature of the foil can significantly enhance the pumping efficiency of the flapping hydrofoil under the same frequency conditions. Specifically, a foil curvature with 8%c exhibits the greatest improvement in pumping efficiency, which is 11.7% higher compared to a symmetric foil curvature with 0%c. Within the frequency range of f > 2.5 Hz, when comparing hydrofoils with the same frequency, the pumping efficiency of the asymmetric foil is higher than that of the symmetric foil. Furthermore, the hydrofoil with a curvature of 6%c has the highest pumping efficiency, which is 12.8% greater than the symmetric foil with a curvature of 0%c.





7. Conclusions


This paper investigates the hydrodynamic performance of swing-type flapping hydrofoil bionic pumps by studying five hydrofoil models with varying curvatures. Simulation experiments were conducted to analyze the propulsion efficiency, pumping efficiency, and flow structure of these hydrofoils. The results demonstrate that, within a specific range, increasing the foil’s curvature can enhance the hydrodynamic performance of the flapping hydrofoil bionic pump, as evidenced by the following results:



(1) When the flap swing frequency is set at 1 Hz, the foil curvature ranges from 0%c to 6%c. Increasing the foil curvature can significantly improve the maximum value of the instantaneous thrust coefficient, with a maximum enhancement of 31.25%. However, it does not have a noticeable effect on enhancing the instantaneous lift coefficient. It is important to note that when the foil curvature exceeds 6%c, there is a case of the instantaneous thrust coefficient becoming negative.



(2) The propulsive efficiency of the flapping hydrofoil increases as the size of the foil curvature increases when both are at the same frequency. Within the frequency range of f ≤ 2 Hz, the propulsive efficiencies of the five different curvatures of the flapping hydrofoils exhibit a gradual increase as the oscillation frequency increases. However, the rate of growth decreases gradually. In this range, the NACA8412 foil with a foil curvature of 8%c has the highest propulsive efficiency, which is 14.06% higher than that of the symmetric foil at its maximum. Within the frequency range of flapping greater than 2 Hz, the NACA6412 foil, which has a foil curvature of 6%c, has the highest propulsive efficiency. It achieves a maximum improvement of 14.05% compared to the symmetric foil.



(3) Within the frequency range of f ≤ 2.5 Hz, increasing the curvature of the foil can significantly enhance the pumping efficiency of the flapping hydrofoil under the same frequency conditions. Specifically, a foil curvature with 8%c exhibits the greatest improvement in pumping efficiency, which is 11.7% higher compared to a symmetric hydrofoil. Within the frequency range of f > 2.5 Hz, the pumping efficiency of an asymmetric foil is greater than that of a symmetric foil at the same frequency. Furthermore, among the different foil curvatures, the foil with a 6%c curvature exhibits the highest increase in pumping efficiency, which is 12.8% higher than that of the symmetric foil.
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Figure 1. Schematic of 2-degree-of-freedom flapping hydrofoil motion. 
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Figure 2. Schematic diagram of two-dimensional rigid biomimetic flapping hydrofoil mechanical model. 






Figure 2. Schematic diagram of two-dimensional rigid biomimetic flapping hydrofoil mechanical model.



[image: Water 16 00595 g002]







[image: Water 16 00595 g003] 





Figure 3. Profile of foil and its main parameters. 
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Figure 4. Foils with different cambers. 
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Figure 5. Computational domain mesh and grid division. 
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Figure 6. Grid number independence verification. 
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Figure 7. Time step independence verification. 
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Figure 8. Comparison between the numerical simulation outcomes and the experimental data in the previous study [32]. 
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Figure 9. The time-varying curves of the instantaneous thrust coefficient for flapping hydrofoils with different foil curvatures. 
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Figure 10. The time-varying curves of the instantaneous lift coefficient for flapping hydrofoils with different foil cambers. 






Figure 10. The time-varying curves of the instantaneous lift coefficient for flapping hydrofoils with different foil cambers.



[image: Water 16 00595 g010]







[image: Water 16 00595 g011] 





Figure 11. Foils with varying curvatures experience pressure clouds at the moment when the thrust coefficient reaches its maximum value: (a) NACA0012; (b) NACA4412; (c) NACA8412. 
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Figure 12. Vorticity maps at different times in one period for hydrofoils with different foil curvatures. 
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Figure 13. Velocity clouds of flapping hydrofoils with different foil curvatures at the same moment of flapping: (a) NACA0012; (b) NACA 2412; (c) NACA 4412; (d) NACA 6412; (e) NACA 8412. 
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Figure 14. Curves of mean flow velocity and mean flow rate with varying frequency for flapping hydrofoils with different foil curvatures: (a) average flow velocity; (b) average flow rate. 
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Figure 15. Curve of mean head versus frequency for flapping hydrofoils with different foil curvatures. 
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Figure 16. Propulsive efficiency and pumping efficiency versus frequency curves for flapping hydrofoils with different curvatures: (a) propulsion efficiency; (b) pumping efficiency. 
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Table 1. Basic parameters of foils with different cambers.
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Foil Name

	
Chord Length c (m)

	
Maximum Camber e

	
Maximum Camber Position






	
NACA0012

	
0.3

	
0%c

	
0%c




	
NACA2412

	
2%c

	
40%c




	
NACA4412

	
4%c

	
40%c




	
NACA6414

	
6%c

	
40%c




	
NACA8424

	
8%c

	
40%c
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