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This paper presents a study of the terminal settling velocity and drag coefficient of the Oncomelanias with highly irregular shape in the range of particle Reynolds number (10 < Rep < 600). The movement characteristics of the Oncomelanias with horizontal and slant postures are revealed using image analysis and wavelet analysis. The shape features of Oncomelanias with different dimensions are quantified and formulated. The authors propose a new model for predicting the drag coefficient of the dormant and active Oncomelanias, which is proven to be better than several widely-used formulas. Further, a simple settling velocity model that can predict the terminal velocity of the Oncomelanias fairly with several easy-to-measure parameters is developed. These findings provide a basis for the further improvement for the hydraulic schistosomiasis control project and supply reference for the settling characteristics and drag coefficient of cone-shaped particles.
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INTRODUCTION
Schistosomiasis is a parasitic infectious disease that is harmful to human health and restricts the development of the economy and society. It is prevalent mainly in 73 countries of Asia, Africa, and Latin America, and the number of patients affected is approximately 200 million (Mcmanus et al., 2011). The Oncomelania is the only intermediate host of Schistosoma japonicum, and its distribution is consistent with that of S. japonicum. One of the most key issues for schistosomiasis control is the dispersal of the snail intermediate host along rivers and irrigation schemes (Cheng et al., 2016). Thus, the hydraulic schistosomiasis control project can be considered an effective measure to control the epidemic spreading of S. japonicum, one of the keys of which is the physical traits and settling characteristics of the Oncomelania.
The settling process of solid particle occurs in many natural and industrial processes, such as the deposition of hydrochorous seeds and fish eggs (Jia et al., 2020; Liu et al., 2018; Zhu et al., 2017), transportation of drilling cuttings and fracturing proppants (Chien, 1994), chemical and powder processing (Chhabra and Richardson, 2011), alluvial channel (Hvitved-Jacobsen et al., 1998), and pipeline transportation of mining and coal particles (Delleur, 2001).
Although the settlement of the sphere is the basis of all settlement issues in practical applications, the most commonly encountered particles are non-spherical and the knowledge of drag coefficient and settling velocity for non-spherical particles is of fundamental significance (Song et al., 2017).
The settling mechanism of spherical particle has been deeply investigated. Stokes (1851) presented the standard drag coefficient curves from the experimental data. Meanwhile, Chhabra et al. (1999) developed a terminal velocity prediction model, which was suitable for different particle sizes and fluid characteristics. Barry and Parlange (2018) proposed an expression of drag coefficient for spherical particle, drop, or bubble in an infinite homogeneous liquid. Terminal settling velocity and drag coefficient can be predicted accurately under different Reynolds numbers (Ma et al., 2020; Wang et al., 2020).
However, natural and artificial particles, such as organisms (Chambert and James., 2009), coal (Zhou et al., 2020), pulp (Bhutani and Brito-Parada, 2020), and fiber (Roegiers and Denys, 2019), have different shapes and sizes. Owing to the higher surface area to volume ratio, drag coefficient of the non-spherical particles is greater than those of spherical particles (Wang et al., 2014). The error occurs as the published prediction formula was applied in non-spherical particles (Ren et al., 2011), especially for particles with a high Reynolds number. Yin et al. (2003) studied the movement of columnar particles and revealed that particles will rotate when their pressure centers were inconsistent with the mass center. The flow mechanism of the non-spherical particles has not been fully understood because further research on the measuring devices and methods of particle identification and tracking was needed. Establishing precise prediction models of terminal velocity and drag coefficient for non-spherical particles remains a challenge.
Many different methods described the shape of non-spherical particles, including sphericity, circularity, flatness, and the Corey shape factor. In particular, Dellino et al. (2005) proposed a shape descriptor defined as the ratio between sphericity and circularity, which is suitable for highly irregular pumice particles. These shape factors have been used to understand and formulate the effect of particle shape on the drag better.
Few models for the prediction accuracy of terminal settling velocity and drag coefficient cover the wide range of differences in particle properties with a low prediction inaccuracy. The prediction accuracy of the models was derived for non-spherical particles (Ganser, 1993; Haider and Levenspiel, 1989; Hölzer and Sommerfeld, 2008; Ouchene et al., 2016), using the sphericity as a shape descriptor, was not significantly improved for drinking-water-related granules (Kramer et al., 2021).
In the present study, a comprehensive analytical and experimental investigation on settling process and drag coefficient of highly irregular-shaped Oncomelania is conducted, which is a research gap of predicting the drag coefficient and terminal settling velocity of the cone-shaped organism accurately. The settling trajectories of the Oncomelanias are extracted using image recognition, and the movement characteristics of the settling process are analyzed. The shape features of the Oncomelania are quantified. Finally, the authors develop a drag coefficient model of the Oncomelania and propose an explicit expression of the settling velocity.
SETTLING EXPERIMENTS AND SHAPE FEATURES
Experiment setup
Settling experiments were carried out in the vertical Plexiglas cylinder with a height of 200 cm and an inner diameter of 30 cm, as shown in Figure 1. All experiments were conducted at atmospheric pressure and at the controlled room temperatures of 17°C–20°C for all the solutions to ensure that the rheological properties of the solutions did not change greatly due to temperature variation. The cylinders were filled with the liquid solution at least 24 h prior to each experimental session to allow the escape of air bubbles.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental set-up and settling trajectory of the Oncomelania.
By testing, different sized Oncomelanias can attain equilibrium condition after sinking 50 cm, and the trajectories with terminal settling velocities, including settling trajectories, orientation angle, and settling velocity, are collected and analyzed. The velocity in the vertical direction was obtained by center difference method from three consecutive frames.
After the settling experiment, a MATLAB program was used to analyze the images recorded by the camera to obtain various data. The temporal resolution, which depended on the reciprocal of the camera frame, was 0.04 s.
The MATLAB program can identify the centroid of the Oncomelania in each frame, and the movement characteristic values was calculated by center difference method.
[image: image]
where us,i and ws,i were the longitudinal and transversal instantaneous velocity of floating particles, respectively; (xi+1, yi+1) was the centroid coordinate in (i+1)th frame of images; (xi-1, yi-1) was the centroid coordinate in (i-1)th frame of images; (xei, yei) was the right endpoint in (i)th frame of images; Δt was the time interval between the two frame; and θi was an instantaneous vector angular.
Trajectory extraction
Owing to the fixed proportional relationship between pixels and actual size, the pixel unit was calibrated in advance. Based on the video image acquisition and coordinate extraction using a MATLAB program, the settling trajectories of the Oncomelania can be obtained. The stable settling postures of Oncomelanias were independent on the initial posture as water enters, most of samples sink with stable horizontal posture, some samples sink with slant posture first and last to horizontal posture, and others sink with stable slant posture.
As depicted in Figure 2, the red and blue dotted denote the sinking trajectory for the horizontal posture, and the black denotes that for the slant posture. The characteristic of trajectories can be decided by the settling posture, all of the samples sink in helix-type and only have difference in terms of stability and helical diameter. The trajectories of samples sinking with horizontal posture is instable ws’ and have lager helical diameters (twice more than the length of samples), and the trajectories of the samples sinking with slant posture are more stable ws’ and have smaller helical diameter (less than half of the length of samples).
[image: Figure 2]FIGURE 2 | Trajectories and ws’ of the Oncomelania with horizontal and slant postures.
The vertical time-average velocity and turbulent intensity are defined as
[image: image]
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where Nd is the number of trajectory dots. As shown in Figure 3, [image: image] and [image: image] have a significantly negative linear correlation,
[image: image]
with the correlation coefficient R2 = 0.922. The variation relationship is in contrast to that of open channel flow, where the turbulent intensity is proportional with discharge and the time-average velocity (Akan and Lyer, 2021). For heavy particles that sink in stable water, the faster the settling velocity, the higher conversion efficiency of gravitational potential energy to kinetic energy.
[image: Figure 3]FIGURE 3 | The correlation between time-average settling velocity and turbulent intensity.
The power spectrum distribution of instantaneous settling velocities of the five samples is analyzed using wavelet analysis, as shown in Figure 4. Each sample has two peaks, the low-peak indicates the helical sinking process, and the corresponding frequency of different samples are almost same, ranging from 0.12 to 0.13 HZ. The high-peak indicates the fluctuation around the average, and the lower time-average velocity, the corresponding frequency becomes higher. The settling postures of Oncomelanias affect the amplitude of helical trajectories, but have no effect on the frequency of oscillation that only depends on the shape structure of Oncomelanias. Analogous to stem-scale turbulence in vegetated open channel flows associated with the diameter of vegetation and flow velocity, the high-peak means the fine-scale disturbance and determined by the physical characteristics and settling velocity of Oncomelanias.
[image: Figure 4]FIGURE 4 | The power spectrum distribution of instantaneous settling velocities of five samples.
Shape features of the Oncomelania
In this study, the Oncomelanias are sampled from the Jingzhou fragment (the middle reach) of Changjiang River, China, as shown in Figure 5. The Oncomelania is amphibian, the young lives in water, and the adult generally lives on bottomland and wetland with rich nutrients. The sampling regions includes typical habitats (lake, bottomland, riverside) in the Yangtze River basin, where different growth state of Oncomelanias can be sampled. The shape features of the Oncomelania are obtained by the photographs of different angles with image processing using the MATLAB program, which mainly includes preprocessing, binarization, and morphological operation (Brueck and Wildenschild, 2020). The density of the Oncomelanias is measured using the Archimedes method.
[image: Figure 5]FIGURE 5 | Sampling sites of experimental Oncomelanias of the Jingzhou fragment (the middle reach) of Changjiang River.
The body of the Oncomelania can be divided into two parts at the maximum diameter, one is half a quasi-spheroid toward the mouth of the Oncomelania, and the other is a quasi-cone. As shown in Figure 6, the three axial lengths of the quasi-spheroid are d1, d2, and 2l2. Cross section of the quasi-spheroid approximates circle, d1 is considered to be equivalent to d2. The height and diameter of the quasi-cone are l1 and d1. The maximum and minimum project areas are the front and side of the Oncomelania respectively, and the maximum project area can be estimated as
[image: image]
where kp is the correction coefficient. For consistency, the total length of the Oncomelania is defined as 0.5πl2+l1, and the diameter of the Oncomelania is d1, which is approximately equal to d2.
[image: Figure 6]FIGURE 6 | Main shape parameters of the Oncomelania with the original and processed images.
As shown in Figure 7, the parameter Apm increases linearly with parameter (0.5πl2+l1)d1, and kp is a constant for the Oncomelania and equals to 1.424 with the correlation coefficient R2 = 0.966.
[image: Figure 7]FIGURE 7 | The linear relationship between Apm and parameter (0.5πl2+l1)d1.
The weight distribution and density of the Oncomelania depend on the proportion of the quasi-cone. Thus, the ratio [image: image] is introduced to describe the shape feature, accordingly, Eq. 5 can be written as
[image: image]
To obtain a definite diameter, the diameter of the volume-equivalent sphere is introduced,
[image: image]
Owing to the shape structure of the Oncomelanias being fixed, de is found to be proportion to the total length, as shown in Figure 8, the relationship between de and (0.5πl2+l1) can be described as,
[image: image]
with the correlation coefficient R2 = 0.988.
[image: Figure 8]FIGURE 8 | The variation relationship between the total length and the he diameter of the volume-equivalent sphere.
Sphericity is defined as the ratio between the surface area of the equivalent sphere Aeq and that of the actual particle As, which can be written as follows,
[image: image]
Sphericity is a measure of the degree to which the shape of a particle approximates that of a true sphere, and it is very difficult to be evaluated for highly irregular particles because measuring As is difficult. Thus, the surface area of the Oncomelania is estimated, referring to quasi-spheroid and quasi-spheroid,
[image: image]
The sphericity of the Oncomelania can be expressed as,
[image: image]
For highly irregular particles, the parameter Ψ, which is the ratio between phericity ϕ and a newly defined inverse circularity χ, is an effective shape descriptor.
[image: image]
where Pp is the maximum projection perimeter of the actual particle, and Ps is the perimeter of the circle equivalent to the maximum projection area As. χ is sensible to the irregularity of the contour of particles and is very suitable in evaluating the particle shape with sharp corners with large obtuse angles (Büttner et al., 2002).
Combining with Eqs 10–12, χ can be written as,
[image: image]
which is a 2D shape factor and sensible to the irregularity of the contour of particles, and very suitable for evaluating the particle shape with sharp corners of large obtuse angles.
MODELS AND DISCUSSION
Settling velocity model
The forces on a single particle that sinks in balance include the buoyancy force (Fb), gravitational force (Fg), and the particle-liquid interaction force (FD). According to Newton’s equation of motion, the motion of the sinking particle can be presented as
[image: image]
The gravitational force and buoyancy force are calculated respectively as
[image: image]
[image: image]
where Vp is the volume of the Oncomelania, ρp is the density of the Oncomelania, and ρw is the density of the fluid. For the Oncomelania uniformly settling in static water, the particle–liquid interaction force is considered the drag force, which is defined as the parallel component of the combined shear and pressure forces that act on the surface of the immersed Oncomelania (Fox et al., 2020) and generally expressed in terms of the drag coefficient CD,
[image: image]
where wr is the relative velocity between particle and fluid, wr = ws for sinking in static water, and Ap is the projected surface area of the Oncomelania normal to the direction of its motion. For sinking with horizontal posture, Ap equals to the maximum projected area, which is estimated by Eq. 6; for sinking with slant posture, Ap is the projected area along the settling orientation.
The force balance between the drag force and the net gravitational force (the difference of the particle weight and the particle buoyancy) is expressed as
[image: image]
For convenient application, this study attempts to develop an explicit settling velocity equation that is suitable for different sized Oncomelanias.
The particle Reynolds number is defined with de and ws,
[image: image]
where μ is the dynamic viscosity coefficient of the fluid. Combining with Eq. 7, CD can be written as
[image: image]
For the prediction of terminal settling velocity of particles of given properties, the quantity CDR2ep is introduced and convenient to be obtained, which is independent of settling velocity and can be evaluated from the physical properties of the Oncomelanias and the liquid (Wang et al., 2018). Combining with Eq. 19, CDR2ep can be written as,
[image: image]
To reveal the effect of the physical characteristic and shape feature on the settling process and determine the terminal settling velocity of the Oncomelania, the variation relationship between the main influencing factor and CD should be further discussed.
Drag coefficient for the Oncomelanias
Drag coefficient plays a core role in determining the drag FD, which is a dimensionless parameter, however, that of the cone-shaped particle is rarely investigated.
According to previous studies (Dioguardi and Mele, 2015; Govindan et al., 2021; Song et al., 2017; Zhou et al., 2022), particle diameter, particle length, particle sphericity, and particle Reynolds number take effect on the drag coefficient. Thus, the drag coefficient should be the function of these effects, and can be expressed as,
[image: image]
Three dimensionless parameters are refined to represent the above mentioned parameters. The shape factor ψ is defined as the ratio of the sphericity and χ, χ represents the deviation of the particle shape from the circle, and [image: image] represents the flatness ratio of the maximum projection plane. Eq. 22 can be simplified as
[image: image]
To apply the smooth sphere formula to irregularly-shaped particles, a shape factor needs to be introduced in the equation. Several proven methods can be referenced, where the effect of the irregular particle shape can be considered using parameter ψ in the form of power function (Dellino et al., 2005; Dioguardi and Mele, 2015; Wang et al., 2018; Zhu et al., 2017).
As shown in Figure 9, the influence of the shape feature on the variation of drag coefficient and terminal settling velocity becomes more noticeable as Rep increases, which is compatible with that of Loth (2008) and Khatmullina and Isachenko (2017).
[image: Figure 9]FIGURE 9 | The variation relationship among the particle Reynold number, drag coefficient and Sphericity.
The drag coefficient of smooth sphere (CD,sph) proposed by Clift and Gauvin (1971) is adopted in this study, which has been valid for 0 < Rep < 3 × 105,
[image: image]
Eq. 24 is appropriate for spherical particles. According to present experimental results, Rep of the Oncomelania ranges from 30 to 400, the boundary layer around the particle separates and produces vortex shedding and wake formation, which lead to higher pressure drag and may cause the effect of shape and roundness to be dominant. To apply it to irregularly shaped particles, shape factors need to be introduced in the equation, and the effect of shape factors on CD is affected by Rep (Zhou et al., 2022). Thus, the ratio of CD to CD, sph can be described as,
[image: image]
Further, the expression form of Rep and ψ has been determined (Kramer et al., 2021; Wang et al., 2018),
[image: image]
where m and n are undetermined coefficients.
As shown in Figure 10, CD/CD, sph increases with the increase of γ in the form of approximate power law function, thus, the best fit is obtained by a power form with a high correlation coefficient. Eq. 25 can be expressed as
[image: image]
where p is the undetermined coefficient, and k is the scale factor.
[image: Figure 10]FIGURE 10 | The variation relationship between parameter γ and CD/CD, sph.
Considering that the terminal settling velocity are obtained from the experiments, the measured drag coefficient (CD,meas) is determined using Eq. 9. The drag coefficient of smooth sphere (CD,sph) is calculated by Eq. 24. The calculated drag coefficient (CD,calc) can be obtained through the analysis of the best fitting parameters of the experimental data.
[image: image]
The average relative error is evaluated as,
[image: image]
where N is the total number of data points. As shown in Figure 11, the calculated and measured CD/CD,sph for horizontal posture match well with r = 5.2%, and the calculated CD/CD,sph for slant posture is significantly greater than the measured ones, suggesting that the effect of settling orientation cannot be ignored. Thus, the effect of settling orientation is represented by S, which is the ratio between equivalent sphere area (Se) and the projected area of particle settling direction (Ap).
[image: image]
[image: Figure 11]FIGURE 11 | Comparison of the measured CD/CD, sph to that of the calculated.
Thus, Eq. 30 can be further written as
[image: image]
where q is the undetermined coefficient, and q = 0 is for the horizontal posture. Through nonlinear fitting with the experimental data of the slant posture, the following relationships can been derived,
[image: image]
The average relative error of Eq. 32 is r = 1.2%. To evaluate the accuracy and rationality of the present formula compared with other models, we evaluated CD of the Oncomelania with other well-known laws available in the literature.
Isaacs and Thodos (1967) studied the free settling of cylindrical particles in the turbulent regime. The authors used the equal volume sphere as the characteristic dimension and found that the drag coefficient was independent of Rep. The drag coefficient depended on the particle/fluid density ratio (ρp/ρw) and the aspect ratio (E, defined as L/dc),
[image: image]
Chien (1994) reanalyzed the data available in the petroleum engineering and processing literature and proposed the following drag expression,
[image: image]
where CD and Rep are based on the equal-volume sphere diameter. Eq. 34 was stated to be valid in the ranges 0.2 < ϕ < 1 and Rep < 5000.
Alcerreca et al. (2013) derived a new equation for the computation of particle settling velocity for calcareous sand,
[image: image]
where ν is kinematic viscosity of water.
Dioguardi and Mele (2015) investigated the drag of non-spherical rough particles in a wide range of Reynolds numbers (0.03–10,000), the correlation has the functional form of a power law with particle Reynolds number and the shape factor. For 50 < Rep < 10,000, the drag coefficient can be easily written as.
[image: image]
Wang et al. (2018) developed a new model for predicting the drag coefficient of natural particles of highly irregular shapes in a wide range of particle Reynolds number (0.01–3700).
[image: image]
As shown in Figure 12, the other formulas of cylindrical particles (Isaacs and Thodos, 1967) and approximate isometric calcareous particles (Chien, 1994; Dioguardi and Mele, 2015; Wang et al., 2018) are not applicable for the Oncomelania (cone-shaped particle). The predicting values of Alcerreca et al. (2013) and Dioguardi and Mele (2015) significantly lower than the measured, the basic reason of which are the flow structure around cone-shaped particle is more complicated and skin friction coefficient is higher. The average relative errors between present experimental data and predicting formula that applied to isometric calcareous particles are larger than 100%, and the trends of CD and Rep are inconsistent with the results obtained in the present experiments. Only sphericity and circularity being considered as shape factors is not enough, especially for the irregular-shape particle with asymmetrical weight distribution. Therefore, parameter γ is essential to weight the proportion of disc-shaped and cone-shaped parts. The formula proposed by Alcerreca et al. (2013), which considered all calcareous sand types and demonstrated the best performance in predicting the settling velocity, is comparatively applicative.
[image: Figure 12]FIGURE 12 | Comparisons between measured and calculated CD for present and other related studies.
In general, the drag coefficient of the Oncomelania with different status can be written as
[image: image]
The particle Reynold number of the Oncomelania ranges from 36 to 470, and the reported Rep of the Oncomelania is in the range of 10–600. The relationship between the drag coefficient of smooth sphere proposed by Clift and Gauvin (1971) and Rep is plotted in Figure 13. Significantly, the variation of CD,sph with Rep for 10 < Rep < 600 can be well fitted with power function, which can be described as,
[image: image]
with the correlation coefficient R2 = 0.9915.
[image: Figure 13]FIGURE 13 | The relationship between CD, sph and Rep for smooth sphere, the top right-hand corner indicates the best-fit curve with 10 < Rep < 600.
An explicit formula needs to be developed to facilitate practical application. Combining Eqs. 39, 38 can be written as:
[image: image]
Further, combining with Eq. 21, the explicit formula of ws for the Oncomelania can be reorganized as:
[image: image]
Given that the experiments in the terminal settling velocities (ws, exp) are obtained using Eq. 20, the predicted terminal settling velocities (ws, pre) are determined using Eq. 41. As shown in Figure 14, 95% of data points lies within the predicting error of 10%, the average relative error between the predicted and the experimental of the dormant Oncomelanias using Eq. 29 is 3.72%, and that of the active Oncomelanias is 0.48%. A general good performance of the proposed explicit formula enables the prediction of fall velocity values within the range of 10 < Rep < 600.
[image: Figure 14]FIGURE 14 | Comparison of measured and predicted settling velocity calculated by using explicit terminal settling velocity of Eq. 41.
CONCLUSION
In this study, a new model for predicting the settling velocity and drag coefficient of different sized Oncomelanias is developed. These findings cover the particle Reynolds number range of 10–600, which are suitable for young and mature Oncomelanias, and can offer references for millimeter-sized cone-shaped and disc-shaped particles. The stable settling postures of Oncomelanias do not depend on the initial posture as entering the water, the Oncomelania in dormant state will sink in horizontal posture, the Oncomelania in active state will sink in slant posture. Turbulent intensity and time-average sinking velocity have a significantly negative linear correlation. The settling postures of Oncomelanias affect the amplitude of helical trajectories, but have no effect on the frequency of oscillation that only depends on the shape structure of Oncomelanias.
The body of the Oncomelania can be divided into the quasi-spheroid and the quasi-cone. Accordingly, the authors define three axial lengths. Three dimensionless shape parameters are selected using the defined lengths to predict the drag coefficient of the Oncomelania. As Rep increases, the influence of shape features on the particle drag coefficient and terminal settling velocity become increasingly evident. The proposed model performs better in predicting drag coefficient compared with several widely used formulas. Finally, combining with the predicting formula of CD and Eqs 20, 21 with parameters ρp, l1, l2, d1, and d2, an explicit formula for settling velocity is developed with several easy-to-measure parameters is and proven to be a high-precision prediction formula of settling velocity for the dormant (r = 3.72%) and active Oncomelanias (r = 0.48%).
This study focuses on the research gap of predicting the drag coefficient and terminal settling velocity of the cone-shaped organism accurately, and can provide a basis for further improvement for the hydraulic schistosomiasis control project.
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