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Abstract

:

Inspired by pigeon feathers, the drag-reducing contribution of spanwise grooves was studied. Surface topography of the wing feather was scanned by an instrument of white light interference. Three types of grooves of triangle, rectangle, and trapezoid were adopted based on the unsymmetric microstructures found on the feather surface. Numerical simulations were conducted to analyze drag-reducing mechanisms. According to the simulation results, the rectangular groove reduced the wall shear stress more efficiently but with greater additional pressure drag, while the triangular groove was the opposite. For the trapezoidal groove similar to the feather structure, drag reduction was the best out of the three. Wind tunnel experiments for the trapezoidal groove were performed by using a cylindrical model and large-area plate. Drag reduction was confirmed from the cylindrical model at a series of velocities from 15 m/s to 90 m/s (about 16% at velocity of 30 m/s and about 8.5% at velocity of 60 m/s). Drag reduction was also obtained from the plate model at a velocity range of 30 m/s to 75 m/s (about 19% at the velocity of 60 m/s), which worked for a wide range of velocity and was more meaningful for the application.
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1. Introduction


Aerodynamic drag is one of the main problems faced by aircraft and many drag-reducing methods have been studied by researchers. Biological surfaces have unique structures to let them adapt from the natural environment that can be learnt from [1,2]. Inspired by shark skin, it was clearly demonstrated that the riblet surface could reduce the wall shear stress by changing the turbulence boundary layer [3,4]. The drag reduction by different riblet shapes such as sawtooth, semi-circular, and rectangular were studied in experiments [5,6]. The results revealed that the riblet of the sawtooth structure reduced the drag more efficiently than others. The convergent and divergent riblet was also studied, and the velocity distribution near the riblet surface was obtained by experiments [7]. The application research of grooved surfaces was performed, especially in airfoil [8,9]. Numerical simulation provides another way to understand the mechanism of drag reduction. The real shark shin replica was studied by direct numerical simulation, and the results of the simulations were verified by experiments [10]. The numerical studies about different shapes of grooves were also performed and the more flow field details obtained [11,12].



The spanwise groove is another passive drag-reducing method. Although the role of transverse grooves in the drag reduction by buff bodies has been studied clearly [13,14,15], their influence on the wall shear stress of flat plates is still unclear. The rectangular spanwise groove was studied by simulation and experiment [16,17,18]. The result showed that the groove could change the turbulence intensity in the boundary layer. The experiment presents the same results with different spanwise grooves [19]. The drag reduction effect on wall shear stress is related to the shape and size of the groove [20,21], which influences the vortex in the boundary layer [22]. The wall shear stress is important to the drag reduction effect of spanwise grooves, and there are relatively few studies on this aspect.



In previous studies, researchers mostly focused on macro-scale groove structure and the separation control of the boundary layers. However, the micro-scale groove structure mainly acts on the sub-layer of boundary layer of the fluid field, where the viscosity plays a leading role. Inspired by the microstructure of pigeon feathers, we focus on the drag reduction by spanwise micro-grooves. Herein, we performed research on different spanwise grooves using numerical simulation and wind tunnel experiments. The stress and pressure distributions near the groove surface are reported in this paper. The results can help us to understand the drag-reduction mechanism of spanwise grooves clearly.




2. Materials and Methods


2.1. Microstructure of Pigeon Feathers


In the long evolutionary process, birds have evolved their own unique way to reduce aerodynamic drag and pigeons are a typical representative. The structures of pigeon feathers were observed using a three-dimensional white light interference surface topography instrument that can be used for the measurement of surface roughness, three-dimensional surface shape, and microstructure. We collected the feathers that fell off naturally from the wings for morphology observation and no pigeon was injured in this study.



We obtained the three-dimensional surface topography of the wing feathers of pigeons and focused on the groove structure perpendicular to the airflow direction on them. The three-dimensional topography of the wing feather is shown in Figure 1, which presents the topography close to the tip (a) and root (b) of the wing feather. The geometry of the groove structures at different positions are similar to each other. It can be found from the section profile shown in Figure 1 that there are unsymmetric structures between the left and right side of the groove, one side of which is an almost vertical wall, and the other is a sloped wall. This asymmetry was not noticed in previous research. The groove size is different at different positions of the feather, and it is related to the flight speed of pigeons. Combined with the direction of the airflow, we simplified the shape of the groove to a certain extent for later analysis and research, as shown by the dotted line in the section profile in Figure 1.




2.2. Numerical Approach


2.2.1. Spanwise Groove Geometry and Boundary Conditions


Numerical analysis is a great help to understand the characteristics of the flow field on the surface with spanwise grooves. Here, the two-dimensional simulations were performed based on the geometric features of grooved surfaces. According to the geometry of simplified grooves based on the feather, three typical shapes of triangle, rectangle, and trapezoid were selected in this paper, as shown in Figure 2a. The grooves with two symmetrical structures of triangle and rectangle were designed to analyze the effect of vertical walls and inclined walls. All the grooves were defined by three parameters of width w, depth h, and period p, and the values of that are shown in Table 1. We scaled the size of the grooves because of the low flight speed of the pigeon.



The dimensions of the computational domain are L = 360 μm (three periods) in the streamwise direction and H = 500 μm in the vertical direction. The boundary conditions are also shown in Figure 2b. Periodic condition was defined on the left and right side of the domain to simulate an infinitely long plate. The boundary surface with groove was defined as the no-slip boundary on which the air flow velocity was zero because of the viscosity. Symmetry conditions were set on the top side where the velocity was equal to the free stream velocity and the velocity and pressure no longer changed in the direction perpendicular to the surface.




2.2.2. Computational Setup


Ansys fluent was adopted in our numerical analysis. Air flow was used in the simulations and assumed that the property of air remained constant in simulation process. Reference density, temperature, and pressure of 1.225 kg/m3, 15 °C, and 101,325 Pa were adopted in the simulation, respectively. What we examined in this study was the fluid details of the boundary layer near the groove surface. Based on this consideration, a large eddy simulation (LES) turbulence model was the best choice in our numerical analysis. Compared to the Reynolds-averaged turbulence model, LES has been applied to solve a variety of industry problems where higher calculation accuracy and more flow field information were needed. The transient solver was necessary for the simulations because of the time-varying nature of the flow field near the grooves. For pressure–velocity coupling, SIMPLE scheme was adopted to obtain a good convergence. The spatial discretization is important for computational accuracy stability. The second-order scheme and the bounded central difference were defined for the pressure and momentum. The least squared cell-based gradients were set for the gradient term. Time step for all simulations was set as     10   − 7     s. The residuals of the variables in the iterative process were used to judge the convergence of the calculation in the order of     10   − 5    .





2.3. Mesh Convergence Analysis


Structured mesh was adopted in the simulations, as shown in Figure 3, to improve grid quality. The minimum orthogonal quality of the mesh is about 0.6. The mesh convergence was performed on the smooth surface with 4 sets of meshes. The friction coefficient of the surface (   C f   ) was calculated in this analysis as


   C f  =    F f     1 2  ρ  U 2  A    



(1)




where    F f    is the resistance of the surface,  ρ  and  U  are the density and freestream velocity of the air flow, respectively, and A is the reference area. The mesh convergence results are presented in Figure 4. The simulations using mesh 3 (M3) and mesh 4 (M4) have negligible differences to the resistance coefficient of the surface. As a result, we adopted the mesh type M3 in our simulations, as that had a high enough grid resolution.




2.4. Experiment Methods


The wind tunnel experiment for the microstructures included two parts, one of which was a small-area microstructure constructed by machining on the surface of a cylinder, and the other was a large-area test constructed on a flat plate.



2.4.1. Experiment Setup for Cylinder Model


The cylinder experiment was performed in a subsonic wind tunnel that had a rectangular test section of 3 m × 3 m (width × height) with the maximum velocity of 100 m/s. Figure 5a illustrates the sketch of the experiment. The diameter and length of the cylinder were 70 mm and 300 mm, respectively. The axis of the cylinder was parallel to the velocity direction. The groove direction was along the circumference of the cylinder, perpendicular to the direction of velocity. A bullet head was designed at the front end of the cylinder to obtain a better flow field. In addition, a tail block was set at the rear end of the cylinder to reduce the impact of pressure at the wake region. The gap between the tail block and the rear end was about 5 mm. A force balance fixed in the center of the cylinder was used to measure the drag of the test model. The balance was calibrated before experiments and the uncertainly was less than 0.07%. The whole test model was installed in the center of the wind tunnel by a support rod at the rear end. The support rod can change attach angle to ensure that the axis of the cylinder is parallel to the velocity direction during the experiment. The groove structures on the cylinder model were fabricated by machining method. The surface topography of the groove cylinder was measured by surface topography instrument, and the results are shown in Figure 5a. The groove shape on the cylinder surface was very close to the theoretical model and this was beneficial to verify the calculation results. Figure 5b,c present the pictures of wind tunnel experiments.




2.4.2. Experiment Setup for Plate Model


The drag reduction by grooves on the large surface area is an important characteristic for its applications. As a result, a large area plate with spanwise grooves was fabricated for experimentation. The plate experiment was performed in a subsonic wind tunnel that had a rectangular test section of 2 m × 1.5 m (width × height). Figure 6a illustrates the experiment setup. The lengths of the test plate were 1000 mm in streamwise direction and 1200 mm in spanwise direction. The test plate was mounted on the test base of the wind tunnel, and the front edge of the base was airfoiled to reduce the influence on the flow field on the plate.



It is difficult to measure the drag of the force balance in the wind tunnel due to the small drag force and large gravity of the plate. Therefore, an indirect method by measuring the pressure was adopted in this experiment. Two pressure-measuring positions were set at the front and rear ends of the plate, and the distance between them was 900 mm. The total pressure was measured by the measuring device on which the probes were installed at different heights to obtain the total pressure in the boundary layer. The static pressure was measured by the hole on the test plate near the measuring device. In order to prevent the impact of the pressure measuring device on the flow field, the pressure distribution in the front and rear of the plate was measured successively. Figure 6b,c are the pictures of pressure measuring at the front and rear of the plate in the wind tunnel. Figure 6d presents the picture of the pressure-measuring device used in the experiment.



The drag of the plate was obtained by the velocity distribution in the boundary layer. Figure 7 present the control volume near the wall. According to the conservation of momentum, the equation can be written as


   F d  = −    ∫   I -  I ′      ( ρ u ) u d S    −    ∫   II -  II ′      ( ρ u ) u d S     



(2)




where    F d    is the drag of the wall,  ρ  and  u  represent the density and local velocity of the airflow, respectively. To ensure that the drag of the plate can be calculated if the velocity distribution has been measured, there is the following relationship between velocity and dynamic pressure:


  Q =  1 2  ρ  u 2   



(3)




where  Q  is the dynamic pressure (  Q =  p t  −  p s   , where    p t    is the total pressure and    p s    is the static pressure). Therefore, the velocity distribution can be obtained only by measuring the pressure distribution in the boundary layer. In the actual wind tunnel test, the pressure values were time-averaged, so that the velocity distribution and the drag calculated by that were also time-averaged values.






3. Results and Discussion


3.1. Fluid Field Profile


The fluid field profile is closely related to the drag of a surface. The CFD simulations on three types of grooves were conducted with a freestream velocity of 60 m/s. Figure 8 presents the time-averaged velocity field and streamline near the groove surface. It can be found that vortices are generated in the groove, and they have different forms because of the groove shape. The vortex was also reported by experiments with the rectangle groove [17]. Vortices are easier to form in rectangular groove than others and fill the entire groove, while vortices become smaller in the triangular groove and are located at the bottom. For the trapezoidal groove, vortices are easier to form than in the triangular groove. In the groove region, the original air–solid interface becomes air–air interface, which can reduce the wall shear stress obviously. This change is closely related to the vortices in the groove, which are discussed in detail later. For the macro-groove, secondary eddies were generated at the groove bottom [18], while for the groove in this simulation, there is only one vortex in the groove. This difference is due to groove size, which has obvious influence on the flow field.



Compared with the smooth surface, the pressure distribution on the groove surface has unique properties and is closely related to the resistance. The pressure coefficient discussed in this paper is defined as follows:


   C p  =  p   1 2  ρ  U 2     



(4)




where p,  ρ , and  U  are the static pressure, density, and freestream velocity, respectively. Figure 9 reveals the pressure coefficient distribution near the groove surface. The pressure difference between the two sides of the groove can be found from Figure 9. An additional drag is generated due to the pressure difference, and this does not happen on the smooth surface. There is a low pressure region on the left side and a high pressure region at the right pressure for the three types of grooves. By comparing the pressure distribution of the three types of grooves, the vertical side wall brings higher pressure on the right side and lower pressure on the left side, which leads to a higher pressure drag.



In order to analyze the distribution of shear stress and pressure on the groove surface more intuitively, the data of the groove surface in one period were extracted. Figure 10a presents the coordinates where the data were extracted. Figure 10b illustrates the distribution of dimensionless stress   τ /  τ 0    (where  τ  and    τ 0    are the shear stress of groove and smooth surface, respectively). The wall shear stress at the groove region is significantly reduced, and is most obvious in the rectangular groove. Comparing the stress distribution of the three types of grooves, its main difference is concentrated on both sides of the grooves. The sloped side (meaning both sides of the triangular groove and the left side of the trapezoidal groove) is not beneficial in reducing the shear stress compared with the vertical side. As a result, the shear stress inside the rectangular groove with two vertical side walls is almost negligible. The shear stress distribution is closely related to the vortex shape in the groove (as shown in Figure 8). The shear stress is smaller while a larger vortex forms in the groove. Other numerical research also shows that the height between the vortex center and the bottom of the groove is relate to the slip velocity at the groove region [21]. The contribution of the slip velocity to the drag reduction essentially reduces the wall shear stress. It should be noted that there are overshoots of wall shear stress at the two ends of the groove. This is because a slip velocity exists inside the groove, while both sides of the groove are non-slip walls. A sudden change in velocity in this region causes an increase in wall shear stress.



The pressure profile on the groove wall is presented in Figure 10c. This profile is also related to the groove shape (Figure 8). There are low-pressure regions for all grooves on the left side, and the pressure on the left side of the rectangular groove is lower than the others. On the other hand, a higher pressure exists on the right side of the rectangle and trapezoidal grooves. The vertical side of the groove brings a greater pressure difference between the two sides, resulting in the greater additional pressure drag. Figure 10d illustrates the additional pressure drag percentage to total drag of the groove wall according to the simulation results. The percentage of the rectangular groove is as high as about 16%, while that of the triangular groove is only about 13%, and that of the trapezoidal groove is between the two. This result can also be verified from the pressure distribution (shown in Figure 8) and the pressure profile (Figure 10c). It follows that the rectangular grooves bring greater additional pressure drag while reducing frictional resistance, and triangular grooves act in an opposite fashion.



The velocity distribution along the y-axis is shown in Figure 10e. The dimensionless length and velocity are defined as    y +  = y  u τ  / ν   and    u +  = u /  u τ   , where    u τ  =    τ 0  / ρ    , and  ρ , and  ν  are the density and kinematic viscosity of air flow, respectively. The range of the velocity distribution in the y direction is from y+ = 0 to y+ = 50. This is almost in the sublayer of the boundary where the viscosity has a great influence on the fluid field. It can be found from the velocity distribution that    u +    is proportional to    y +    at the near-wall region and the velocity on the surface of the three grooves is almost the same. The groove has little influence on the boundary layer. The velocity distribution is also shown at the region very near the surface in Figure 10e, where the velocity has a difference between the groove and smooth surfaces. The curve for the smooth surface has a larger slope in this area, which means that there is higher shear stress between the air flow and wall surface. However, for the groove of a larger size, such as millimeter-scale grooves, this has a great impact on the velocity distribution of the boundary layer [19]. The size parameters, such as depth and width of grooves, determine the impact on the fluid field.




3.2. Drag Results of Simulations and Experiment


The drag force of the groove surface consists of two parts, and the force equation can be calculated by:


   F d  =    ∫ 0 ∞    (   τ  + p  n   )  ⋅   e  x  d s     



(5)




where  τ  and   p n   are the vectors about shear stress and pressure, respectively;    e x    is the unit vector parallel to the velocity direction; and s denotes the unit area along the groove wall. Therefore, the drag reduction depends on the combination of shear stress and pressure. The drag reduction rate is defined as:


  η =    F s  −  F g     F s     



(6)




where    F s    and    F g    present the drag of smooth and grooved surfaces, respectively.



Figure 11a presents the drag reduction rate of simulation for three types of groove surfaces, as well as the experiment results of the cylinder and plate models at the velocity of 60 m/s. It can be found that the trapezoidal groove surface is more efficient in reducing the drag. Compared to the rectangular groove, the trapezoidal groove has smaller pressure drag because of the left sloped side. Vortices can be easily formed in the trapezoidal groove compared to the triangular groove, meaning that the wall shear stress becomes smaller. Based on the above factors, the drag reduction by the trapezoidal groove becomes the best one in simulations. Comparing the results of CFD and experiments, there is a big difference in the drag reduction rate. The reason for this is that a long enough surface was set in the numerical simulations, but the test cylinder and plate were of finite length, and the air flow did not develop enough due to the wind tunnel size in the experiment. In addition, the pressure drag of the cylinder model still exists during all experiments, so that the experiment result is smaller than that of the simulations. The drag reduction rate of the plate model is higher than CFD result because of the errors of CFD and experiments.



The drag reduction rates of experiment results with respect to the velocity are shown in Figure 11b. A series of velocities from 15 m/s to 90 m/s were tested in the cylinder experiments. A significant drag reduction was obtained for all test velocities. The maximum drag reduction rate is about 16% at the velocity of 30 m/s, while it reduces to about 8.5% at the velocity of 60 m/s. It can also be found from Figure 11b that the drag reduction rate decreases with the increase in velocity. This is probably due to the sharp increase in the pressure drag of the cylinder.



The test results of large-area plate model can better reflect the application potential of the microstructure surface. A series velocity of 30 m/s to 74 m/s was adopted in the plate experiment, and the drag reduction rate of that with the trapezoidal groove is shown in Figure 11b. Different from the direct measurement by force balance, the pressure measurement leads to an increase in uncertainty. Nevertheless, the surface with the trapezoidal groove still has a significant drag-reducing effect during the experiment. The drag reduction rate is about 19% at the velocity of 60 m/s. It is better than that of the numerical results (about 16%), which is also due to the infinite length assumption in the simulations. The drag reduction rate does not decrease with the increase in velocity according to the experiment results of the plate. Therefore, the drag-reducing property of the trapezoid groove surface can be effective in a wide range of velocities. Comparing the results of the cylinder and plate experiments, we find that the drag reduction rates are similar at low velocity, but differ greatly at high velocity. For a low velocity, the results of the cylinder are more referential than that of the plate, because the drag is measured by force balance directly and the pressure drag due to the shape is small, while at high velocity, the results of plate model are more meaningful.





4. Conclusions


The spanwise groove surface has a contribution to drag reduction due to the formation of vortices inside the groove. At the same time, the additional pressure difference between two sides of the groove leads to increased drag. The vertical groove wall, such as in a rectangle groove, reduces the wall shear stress more efficiently, but with the greater additional pressure drag. The sloped groove wall, such as in a triangle groove, is the opposite. The trapezoid groove achieves the highest drag reduction rate among the study cases according to the simulation results. The experiment results by using a cylinder model reveal that the trapezoid groove has a contribution to drag reduction at a series velocity of 15 m/s to 90 m/s, and the drag reduction rate is sensitive to the freestream velocity. The surface with a trapezoid groove also worked in drag reduction according to the experiment results of the large-area plate, which has referential significance for practical applications. The shape of the groove is an important parameter to inflect the drag. The dimensions, such as width and depth of groove, are also related to the drag-reduction effect, which requires further research.
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Figure 1. Microscopic morphology of pigeon feathers: (a) the topography and section profile of feather head; (b) the topography and section profile of feather root; the black lines on the section profile are the real shape of feathers and the red dotted lines are the simplified shape of the structures. 
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Figure 2. The geometric sketch of the spanwise groove and the computational domain of the CFD simulations: (a) the geometry parameters of three types of grooves; (b) the dimensions of computational domain and the boundary conditions. 
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Figure 3. The structured mesh used in the numerical simulations for three types of grooves. 
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Figure 4. The results of mesh convergence analysis in the simulations. 
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Figure 5. The experiment setup for the cylinder model: (a) the sketch of wind tunnel experiment for cylinder model; (b) and (c) are the pictures of the test model in the wind tunnel. 
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Figure 6. The experiment setup for the plate model: (a) the sketch of wind tunnel experiment for plate model; (b) pressure measuring at the front of the plate; (c) the pressure measuring at the rear of the plate; (d) the pressure-measuring device used in the experiments. 
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Figure 7. Schematic diagram of the control volume near the wall. 
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Figure 8. The streamline distribution near the groove where the map was colored by the dimensionless velocity   U /  U ∞   : (a–c) the three types of grooves of triangle, rectangle, and trapezoid, respectively. 
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Figure 9. The pressure coefficient distribution near the groove: (a–c) the three types of grooves of triangle, rectangle, and trapezoid, respectively. 
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Figure 10. The fluid field profile near the surface: (a) the definition of the position using in this figure; (b,c) the dimensionless wall stress on three types of grooves; (d) the percentage of pressure drag to the total drag on the surface; (e) the velocity distribution near the groove and smooth surface. 
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Figure 11. The drag reduction rate of CFD analysis and wind tunnel experiments: (a) the drag reduction rate of CFD analysis and experiment at the velocity of 60 m/s; (b) the drag reduction rate of experiments for cylinder and plate models. 
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Table 1. The parameter values of spanwise groove in the simulations. (Unit: μm).
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Parameters

	
w

	
p

	
h




	
Groove Type

	






	
Triangle

	
40

	
120

	
20




	
Rectangle

	
40

	
120

	
20




	
Trapezoid

	
40

	
120

	
20
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