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Abstract

:

Explorations involving long-endurance and maneuvering flights in the upper atmosphere, as well as research on atmospheric entries of space debris or asteroids, call for a full understanding of hypersonic rarefied flows. The inverse Magnus effect occurs in the hypersonic rarefied flow past a rotating sphere, but the aerodynamic behavior is contrary to the Magnus effect in the continuum flow regime. In this article, a series of such flows are numerically studied using the direct simulation Monte Carlo (DSMC) method. By analyzing the flow fields, as well as the distributions of pressure and shear stress on the sphere, the formation of the inverse Magnus force can be attributed to the tangential momentum transfer between incident gas molecules and the windward surface. The variation laws of aerodynamic parameters with the rotation rate are presented and discussed.
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1. Introduction


Hypersonic technology has been attracting wide attention for decades. As the scientific foundation of hypersonic flight, hypersonic aerodynamics has become a hotspot in the research on fluid mechanics and aerospace engineering. Many advances have been made to fully understand the various phenomena involved in hypersonic flows, such as thermochemical nonequilibrium processes under high-enthalpy conditions [1], hypersonic boundary-layer transition [2,3,4], and hypersonic propulsion [5]. Among these research areas, hypersonic rarefied flow [6,7] is academically challenging and also significant for engineering applications. Hypersonic rarefied flow has features that are shared by all hypersonic flows, and additionally, it is characterized by gas rarefaction due to the high altitude of flight. In rarefied gas flows, the translational motion of gas molecules can be highly nonequilibrium, leading to the breakdown of macroscopic governing equations for continuum gas flows. Knowledge based on continuum gas dynamics can be problematic for rarefied flows; thus, some phenomena found in rarefied flows are thought to be counter-intuitive [8].



In order to predict the trajectories of asteroids [9] and space debris [7,10], it is important to simulate hypersonic flow fields and compute the aerodynamic characteristics at high altitudes. For the highly rarefied flows over asteroids or space debris at the early stage of their atmospheric entries, gas-kinetic-based numerical methods [11] and experiments in low-density wind tunnels [10] are very useful research tools. In these investigations [7,9,10], the geometries of asteroids, space debris, or their fragments are usually treated as spheres. Along with their hypersonic velocities, these unmanned atmospheric-entry objects can also have remarkable spinning rates during their flights. In both continuum and rarefied flows, the rotation of a solid body can produce lift, thus changing its trajectory. It is worth noting that the aerodynamic laws governing rarefied flows over a rotating cylinder/sphere are qualitatively different from the Magnus effect [12,13] observed in the continuum flow regime. This difference leads to theoretical and numerical investigations on the so called “inverse Magnus effect” [14,15] within the context of hypersonic rarefied flows.



Another motivation to study hypersonic rarefied flows and the inverse Magnus effect comes from the utilization of extremely low earth orbits and the upper atmosphere [16]. The altitude of the upper atmosphere ranges from 100 km to 200 km. Neither traditional orbiting spacecrafts nor emerging hypersonic vehicles can fulfil the requirements for long-endurance and maneuvering flight between 100 km and 200 km. To help fill this gap, it is crucial to further understand and make use of aerodynamic forces in the low-density atmosphere. Unfortunately, the lift-to-drag ratios (L/D) of known aerodynamic configurations (e.g., waveriders) cannot meet the requirements for achieving both long endurance and maneuverability within this altitude interval (100 km–200 km). Shen et al. [16] pointed out that reducing the accommodation coefficient of the solid surface can elevate the L/D of the vehicle in the upper atmosphere. However, the accommodation coefficient needs to be as low as about 0.2 to achieve L/D > 1. Such a value of the accommodation coefficient is much lower than the existing data for surfaces made of common materials. In this paper, another potential approach to increase L/D in hypersonic rarefied flows will be explored, which relies on the inverse Magnus effect for rotating surfaces.



In the context of continuum aerodynamics, the Magnus effect in the flow over a rotating cylinder/sphere has been well studied [17]. Generally speaking, the rotation of the solid surface drives the ambient fluid to circulate because of the no-slip condition. As a consequence, the velocity distribution, and thus the pressure distribution, around the body become asymmetric. The pressure differences form a lift acting on the cylinder/sphere, which is also known as the Magnus force. Under normal conditions, the direction of the Magnus force FM is the same as the direction of V∞ × ω (V∞ is the freestream velocity and ω is the angular velocity of the rotating body). This Magnus effect in low-speed continuum flows is usually employed to explain the curved trajectory of a spinning ball in ball games [12]. In addition, it is also applied to ship propulsion [12], as well as high-lift devices for aircraft [13].



The inverse Magnus effect occurs under rarefied flow conditions; however, the direction of the lift is the same as ω × V∞, which is contrary to the Magnus force. This phenomenon cannot be explained by continuum flow theory. Indeed, the gas-kinetic theory and the related numerical methods must be used in order to understand the inverse Magnus effect. In the free-molecular regime, the theoretical formula for the inverse Magnus force was firstly obtained by Wang [18]. Then, Borg et al. [19] and Weidman et al. [14] extended Wang’s work from different points of view. The theories in [14,18,19] are consistent, but they are all limited to the free-molecular regime.



In the transition regime between continuum and free-molecular regimes, there is no analytical solution for the flow over a rotating cylinder/sphere. Hence, the study of the inverse Magnus effect must resort to numerical approaches. On the basis of the full Boltzmann equation, the direct simulation Monte Carlo (DSMC) method is the dominant and reliable simulation technique for hypersonic rarefied flows [20,21]. Recently, John et al. [15,22] carried out a systematic numerical investigation of hypersonic rarefied flows past a rotating cylinder, using two-dimensional (2D) DSMC simulations. In these works, the inverse Magnus force exerted on the cylinder was observed. Furthermore, the influences of different flow conditions on the inverse Magnus effect were studied. The influencing factors include the Mach number, the Knudsen number, the wall accommodation coefficient, and the rotation parameter of the cylinder.



John et al. [15,22] only considered the 2D planar flow over a rotating cylinder. On the other hand, the flow over a rotating sphere should be three-dimensional (3D) and may involve richer flow phenomena than its 2D counterpart. Additionally, the quantitative laws for the sphere and cylinder flows can also be different. In this paper, a 3D DSMC solver is used to simulate the air flow past a spinning sphere with a flight velocity of 2800 m/s and a flight altitude of 100 km. The formation of the inverse Magnus force is explained based on the DSMC results. Additionally, the influences of the rotation rate on the flow field and aerodynamic characteristics are investigated. Such a study on the inverse Magnus effect will facilitate the understanding of the difference between rarefied and continuum flows. In engineering applications, the current study will also be useful for predicting the trajectory of space debris and exploring flight in the upper atmosphere with a high lift-to-drag ratio.



The remainder of this article is organized as follows. In Section 2, the numerical method and its validation are presented. Then, Section 3 describes the physical problems and the numerical treatments. The numerical results are discussed in detail in Section 4. For different rotation rates of the sphere, the 3D flow patterns, the surface quantities, and the aerodynamic forces are compared and analyzed. Finally, some conclusions are drawn in Section 5.




2. The Numerical Method


In this section, the numerical method used in this investigation is described, followed by two benchmark cases to validate the in-house code developed by the first author in previous works [23,24,25].



2.1. The Direct Simulation Monte Carlo Method


In the DSMC method, the objects of the simulation are samples of the real molecules that constitute the gas. By utilizing the Monte Carlo technique, the DSMC method can solve the gas-kinetic Boltzmann equation [26] in a probabilistic manner. In each DSMC time step, the free motions of molecules and the collisions between molecules are decoupled. First, the free motions of all molecules are tracked during the time step. Then, all binary collisions that should happen in this time step are performed. Such an algorithm can reproduce the physical process underlying the Boltzmann equation, as long as the time step is a fraction of the mean collision time of gas molecules. The macroscopic flow field can be obtained by sampling the microscopic quantities in each grid cell. Similarly, the aerodynamic force/heating distributions on the solid wall boundary can be derived from the statistics of microscopic fluxes.



The DSMC solver used in this investigation is based on the body-fitted grid and the corresponding particle tracking strategy, so that curved boundaries can be treated conveniently. The present DSMC solver can handle arbitrary geometries using multi-block structured or unstructured grids. The simulated gas can be a mixture of multiple species, and each species can be monatomic or polyatomic. The high-temperature gas effect is partially considered by simulating the vibrational excitation and the relaxation of internal energy modes. For collisions between gas molecules and the interaction between gas molecules and solid surfaces, there are different models to be selected.



In this paper, the no-time-counter (NTC) scheme [20] is employed to perform the pairwise collisions in each grid cell during one time step, so that the collision rates between molecules can be correct. The variable hard sphere (VHS) model [20] is adopted for the calculation of collision cross-sections and scattering angles. For the energy exchanges between translational/rotational/vibrational modes in inelastic collisions, the Larsen–Borgnakke redistribution approach [27] is used, and the relaxation rate of vibrational energy is consistent with the Millikan–White expression [28]. The Maxwellian model [20] describes the reflection of a gas molecule on the solid surface, where the probability of diffuse reflection is α (called the accommodation coefficient), and the probability of specular reflection is 1 − α.




2.2. Code Validation


The first case corresponds to the experiment conducted by Holden et al. [29] using the low-density wind tunnel at Calspan-University of Buffalo Research Center (CUBRC). A nitrogen stream flows over a double-cone configuration at Mach 15.6, with a global Knudsen number of 0.00084. Interactions between shock waves, boundary layers, and the recirculation zone characterize this complex flow. In addition, the flow is vibrational nonequilibrium and is also slightly influenced by rarefaction. More details about the geometric and flow conditions can be found in Ref. [30].



An axisymmetric DSMC simulation was performed, and the results of the flow patterns and quantities along the cone surface are shown in Figure 1 and Figure 2. The positions of the separation and reattachment points coincide with the results reported by other researchers [31]. The DSMC predictions of the wall pressure and wall heat flux distributions also agree well with the experimental data [29], as shown in Figure 2.



Another benchmark test is to reproduce the experimental results for the hypersonic nitrogen flow over a 70-degree blunt cone [32,33], which was studied in the SR3 wind tunnel. The working condition at a 10-degree angle of attack is considered and simulated using a 3D DSMC simulation. The freestream Mach number is about 20, but the total enthalpy of this flow is as low as 1 MJ/kg. Therefore, the chemical reaction can be ignored. The Knudsen number based on the diameter is 0.034, indicating stronger rarefaction compared to the double-cone case.



The computational grid for half of the geometric model and the DSMC results are displayed in Figure 3. For the density field, a reasonable agreement can be reached between the DSMC simulation and the experiment [32]. The wall heat fluxes are also measured at several points on the cone in this experiment [33], and, as shown in Figure 4, the DSMC results match the experimental data well.





3. Problem Description


This study concerns the hypersonic rarefied flows past a sphere rotating at different angular speeds. In this section, the geometric and flow parameters are tabulated in detail, followed by information about DSMC simulations for these flows.



3.1. Flow Conditions


In all simulations, the working gas is air, which is approximately treated as a mixture of nitrogen and oxygen. The fractions of N2 molecules and O2 molecules are 78.8% and 21.2%, respectively. The velocity of the freestream is V∞ = 2800 m/s, and the thermodynamic parameters of the stream are similar to those of the atmosphere at the altitude of 100 km.



The sphere with a radius R = 0.1 m (diameter D = 0.2 m) is rotating at a constant angular velocity ω. The axis of rotation is perpendicular to the freestream velocity. A dimensionless rotation parameter W is defined as the maximum linear velocity on the sphere to the magnitude of the freestream velocity, so W = ωR/V∞. Five different values of ω are considered here, and the corresponding values of the rotation parameter W are 0, 0.25, 0.50, 0.75, and 1.00. For W = 1.00, ω is 4456 revolutions per second. The wall is assumed to be isothermal at the temperature Tw = 300 K, with full thermal accommodation α = 1.



Important parameters are listed in Table 1. The freestream Mach number is 10. The Knudsen number here is the ratio of the freestream mean free path λ∞ to the diameter D, and its value is 0.51, indicating a typical flow rarefaction in the transition regime.




3.2. Computational Settings and Parameters


Since there is a prescribed motion of the wall surface, the DSMC solver must incorporate the moving wall boundary condition. To be more specific, the linear velocity of a point on the sphere should be considered in two modules of the DSMC code: (1) the reflection of the gas molecules on the surface and (2) the sampling of incident and reflected momentum/energy for every surface element.



First, for the reflection model (e.g., diffuse reflection), its input and output variables should be regarded as the molecular velocities relative to the hitting point on the sphere. Therefore, the velocity of the post-reflection molecule should by calculated by


  c =  V w  +  c  re    



(1)




where molecular velocity cre is the output of the reflection model, and Vw is the velocity of the hitting point on the moving wall.



Another treatment for the moving wall is related to the sampling procedure for the calculation of surface pressure, friction, and heat flux. When sampling the incident and reflected momentum and energy, the molecular velocity relative to the wall (i.e., c − Vw) should be used.



The coordinate system, the computational domain, and the grid are demonstrated in Figure 5. The x-axis is aligned with the freestream velocity V∞, and the direction of the z-axis is the same as the angular velocity vector ω. The origin of the coordinates is placed at the center of the sphere. Note that the flow is symmetric about the xy plane, and therefore only half of the space (z > 0) needs to be considered. The computational domain is a hemisphere with a radius Rd = 7R. The body-fitted grid contains 108,000 hexahedral cells, and the minimum cell size is about 4 mm.



At the initial time, the flow field is assumed to be uniform and in equilibrium with the parameters of the freestream. A total of 10.8 million simulation particles are assigned to the grid cells, so there are 100 particles per cell after initialization. The time step size is set to ∆t = 4 × 10−6 s, and cumulative sampling starts from t = 4 ms. It takes 20,000 flow-field samplings to obtain low-noise DSMC results for macroscopic quantities.



The above computational parameters for DSMC simulations are summarized in the second column of Table 2.



In order to verify that the DSMC results are independent of the grid and the time step, a refined grid and a reduced time step size (the last column in Table 2) are used to redo the DSMC simulation of the sphere flow under the condition of W = 0. Figure 6 compares the DSMC results using the standard and the refined grids. Flow variables along Line 1 and Line 2, marked in Figure 5, are extracted for comparison. The temperature profiles along Line 1 are plotted in Figure 6a, and the velocity profiles along Line 2 are shown in Figure 6b. The comparisons indicate that the DSMC simulations with different computational parameters yield almost indistinguishable solutions. Thus, in the remainder of this paper, the DSMC parameters all follow the standard settings.





4. Results and Discussion


The hypersonic rarefied flows past a rotating sphere, with different rotation parameters listed in Table 1, are simulated using the DSMC code validated in Section 2. The results of flow fields and aerodynamic characteristics are discussed in this Section.



4.1. Flow Fields


The flow fields under conditions of W = 0.00, 0.25, 0.50, 0.75, and 1.00 are displayed in Figure 7a–e, respectively. Under the hypersonic rarefied flow conditions of M∞ = 10 and Kn∞ = 0.51 (or, equivalently, the Reynolds number Re∞ = 22), the flow features are distinct from their counterparts in the continuum flow regime. For all cases considered here, no flow separation is observed. Each flow field is highly diffusive, in which the shock wave and the boundary layer are substantially thickened and smeared, merging into one smooth zone around the sphere. No discontinuity exists in such a flow field, but the term “shock wave” is still used here to denote the front of the compression wave upstream of the sphere. In addition, there are remarkable velocity-slip phenomena on the wall surface, so the gas flow velocities on the sphere differ from the moving wall velocities.



Figure 7a shows the flow over a stationary sphere, and the flow field is symmetric about the x-axis. As the spinning rate increases, the asymmetry of the flow grows, and the following phenomena can be noticed. (1) As W increases, the disturbance from the rotating sphere propagates a longer distance upstream, and thus the disturbed area around the sphere is enlarged. (2) The rotation of the sphere distorts the shape of the shock wave and the shape of the compression zone ahead of the sphere. As W increases, the distortion becomes more severe. (3) The flow pattern on the sphere varies with W. On the windward side, the gas flow is significantly driven by the moving wall. On the leeward side, the gas streams along the meridional direction and is not affected by the wall motion because of the extremely low density of the gas and the weak interaction between the gas and the wall surface. (4) When W becomes large, a lateral streamline emerges prominently on the sphere. This lateral streamline emanates from the front stagnation point of the flow field. (5) As W increases, the front stagnation point shifts downstream (upward and rightward in the current view). Figure 7f shows the velocity profiles along the y-axis at different rotation rates. The amount of velocity slip at the wall (y = 100 mm) becomes larger as W increases.




4.2. Surface Quantities


This subsection is devoted to the presentation and analysis of the distributions of skin friction τw(xw), pressure pw(xw), and heat flux qw(xw) on the sphere. These quantities are expressed in terms of dimensionless coefficients:


   C f  =      τ w         ρ ∞   V ∞ 2   / 2    ,          C p  =    p w  −  p ∞       ρ ∞   V ∞ 2   / 2    ,          C h  =    q w       ρ ∞   V ∞ 3   / 2    ,  



(2)




where ρ∞ and p∞ are the freestream density and pressure, respectively. The influences of the rotation parameter on the distributions of surface quantities are discussed. Explanations are provided for how τw(xw) and pw(xw) contribute to the formation of the inverse Magnus force.



4.2.1. Distribution of Wall Friction


When the sphere is at rest (Figure 8a), the distribution of the shear stress vector on the sphere is axisymmetric. As the rotation speed increases (Figure 8b–e), the symmetry is broken significantly, and the strength of skin friction is enhanced. The point of Cf = 0 departs the leftmost pole on the sphere and moves toward the bottom. The region with a large magnitude of Cf is mainly the upper half of the windward side, where the directions of shear stresses are basically upward. The resultant force of these shear stresses becomes a lift Fy exerted on the sphere, directed toward the positive y-axis.



These findings can be explained by comparing the distribution of shear stress with the field of relative velocity on the sphere. In Figure 9a, the magnitudes and directions of the wall shear stresses under the condition of W = 0.5 are demonstrated. In Figure 9b, the relative velocity is the difference between the absolute gas velocity shown in Figure 7c and the linear velocity of the rotating wall surface. It can be observed that the direction of wall friction coincides with the direction of gas motion relative to the spinning sphere. The point at which Cf = 0 is just the point where the gas velocity equals the wall velocity. According to the gas-kinetic interpretation of wall shear stress, the magnitude of τw(xw) is determined by the combining effects of the incident mass flux on the wall and the magnitude of relative velocity. The incident mass flux is large only on the windward side, while the relative velocity is large only on the top of sphere. As a result, strong friction is concentrated on the upper half of the windward side, where the tangential momentum transfer between the gas molecules and the wall surface is rapid and effective.




4.2.2. Distribution of Wall Pressure


Figure 10 demonstrates the contours of Cp on the sphere. For the stationary sphere (Figure 10a), the distribution of wall pressure is axisymmetric. The high pressure is concentrated on the windward side, with the maximum pressure appearing at the leftmost pole of the sphere. The variation of pressure distribution with the rotation parameter is shown in Figure 10b–e. The distribution of wall pressure remains symmetric when the sphere rotates, in contrast to the velocity field shown in Figure 7. As W increases, the position of the maximum pressure stays unchanged, but the magnitude of Cp declines slightly.



The wall pressure distribution makes a major contribution to the aerodynamic drag Fx, but makes little contribution to the lift Fy (the inverse Magnus force). The roles of pressure distribution in the formation of lift are entirely different between rarefied flow and continuum flow.




4.2.3. Distribution of Wall Heat Flux


Figure 11 provides the aerodynamic heating results for different rotation parameters. When W = 0, the heat flux distributes symmetrically about the x-axis, with Ch,max = 0.8 at the leftmost pole of the sphere. As the rotation speed increases, the high-heat-flux region moves upward and Ch,max sharply grows to 2.1 when W = 1. The reason for this strong heat transfer is the high energy in the relative motion between the incident molecules and the fast-moving surface. For similar reasons, presented in Section 4.2.1, the intense heat transfer is concentrated on the upper half of the windward side of the sphere.





4.3. Overall Aerodynamic Characteristics


Based on the DSMC data for wall pressure and shear stress, integrations over the sphere yield the drag Fx, the lift Fy, and the moment about the z-axis Mz. These aerodynamic forces and moments are expressed in terms of dimensionless coefficients:


   C D  =    F x         ρ ∞   V ∞ 2   / 2      π  R 2      ,          C L  =    F y         ρ ∞   V ∞ 2   / 2      π  R 2      ,          C M  =      M z           ρ ∞   V ∞ 2   / 2      π  R 2    R   .  



(3)







For the hypersonic rarefied flow over a rotating sphere, the coefficients CD, CL, and CM generally depend on the Mach number M∞, the Knudsen number Kn∞, the accommodation coefficient α, the temperature ratio Tw/T∞, and the rotation parameter W. The present numerical investigation only concerns the effect of rotation on the aerodynamic characteristics, so other influencing factors are fixed. The DSMC results of CD, CL, and CM are plotted as functions of W, and the corresponding theoretical free-molecular solutions are also presented for qualitative reference.



4.3.1. Drag


In the free-molecular limit (Kn∞ → ∞), an exact analytical solution can be derived for the rotating sphere flow problem, and the drag coefficient [18] reads


   C D  =   4  S 4  + 4  S 2  − 1   2  S 4    erf  S  +   2  S 2  + 1    π   S 3    exp   −  S 2    +   2 α  π    3 S        T w     T ∞       



(4)




where S is the freestream speed ratio, which differs from M∞ only by a constant factor


  S =    γ 2     M ∞   



(5)




and γ = 1.4 is the specific heat ratio of the freestream air. Under the flow conditions in this study, the free-molecular solution (4) becomes CD = 2.2036, which is independent of W.



Figure 12 shows the drag coefficients computed through the DSMC method for different values of W, along with the theoretical solution under the free-molecular assumption. In comparison with the free-molecular solution, the simulation data are lower. This discrepancy is reasonable, because the flow Knudsen number Kn∞ considered in this paper is only 0.51, while the commonly-used criteria for the free-molecular regime is Kn∞ > 10. However, the variation tendency of CD with the growth of W is similar to the free-molecular solution. As W increases, the drag of the sphere stays almost constant.




4.3.2. Lift


The free-molecular solution for the lift acting on the rotating sphere in hypersonic rarefied flows [18] has a simple form:


   C L  =   4 α  3  W ,  



(6)




which indicates that CL increases in proportion to W. Figure 13 displays the CL–W plots for both the free-molecular and the DSMC solutions. At Kn∞ = 0.51, the relation between the lift and the rotation speed is qualitatively similar to that in Equation (6), but the slope is smaller than 4α/3. Again, this is because the rarefaction of the simulated flow is not strong enough to satisfy the free-molecular assumption underlying Equation (6).



The positivity of the lift Fy means that it has an upward direction, which is the same as ω × V∞ and opposite to the direction inferred from the knowledge of the conventional Magnus effect in low-speed continuum flows. By utilizing the rotation, a linearly increasing lift can be gained without any increase in drag. Thus, the lift-to-drag ratio of the sphere can be effectively elevated in this manner.




4.3.3. Moment


To the best knowledge of the authors, the formula for the aerodynamic moment acting on the rotating sphere in the free-molecular regime has not been reported in the literature. Following the procedures to derive the formulas of CD and CL, we obtain the free-molecular solution for the moment coefficient CM:


   C M  =   2 α W  π     1   π  S      ∫ 0 π      ∫ 0 π     sin  3  φ         exp   −     S sin φ cos θ    2       d  θ d φ +    ∫ 0 π      ∫ 0 π     sin  4  φ         cos θ    erf    S sin φ cos θ      d  θ d φ    



(7)




where φ and θ are the angular parameters on the sphere. Note that, at this moment, M is with respect to the sphere center, and it is toward the negative z-direction, which is just opposite to the direction of ω. Equation (7) indicates the linear dependence of the aerodynamic moment on the rotation speed.



Figure 14 shows the DSMC results of CM at different rotation parameters, along with the theoretical solution in the free-molecular limit for reference. The DSMC results at Kn∞ = 0.51 are qualitatively consistent with the free-molecular formula, but the medium rarefaction considered in the simulation makes the DSMC results smaller than the free-molecular predictions.






5. Conclusions


An in-house DSMC solver is validated and extended to incorporate the moving wall boundary condition. A series of 3D DSMC simulations were carried out to study the hypersonic rarefied flow past a rotating sphere. Flow phenomena and aerodynamic characteristics under the conditions of M∞ = 10, Kn∞ = 0.51, α = 1, and Tw/T∞ = 0.65 are discussed in detail, with conclusions as follows:




	(1)

	
A lift, called the inverse Magnus force, is exerted on the rotating sphere. Its direction is opposite to that observed in the Magnus effect for continuum flows.




	(2)

	
The rotation of the sphere leads to a distortion of the shock wave, an increase in the shock stand-off distance, and changes to other flow features, e.g., the position of the front stagnation point.




	(3)

	
Velocity slip is very significant on the wall surface, and fascinating flow patterns can be formed on the sphere under different rotation rates.




	(4)

	
The symmetry of the wall pressure distribution is not affected by the rotation of the sphere, and thus the pressure distribution makes no contribution to the formation of the inverse Magnus force.




	(5)

	
The formation of the inverse Magnus force is attributed to skin friction, which is caused by the relative motion between the gas and the wall surface. The strong-friction region is on the upper half of the sphere’s windward side.




	(6)

	
The microscopic mechanism of the inverse Magnus effect is the transfer of tangential momentum from the incident gas molecules to the windward surface of the rotating sphere.




	(7)

	
As the rotation rate increases, the lift and the moment on the sphere increase in proportion to the rotation rate, while the drag remains almost unchanged. In addition, the aerodynamic heating on the sphere is greatly enhanced with the increase in rotation rate.









Future work includes extending the current DSMC database for more comprehensive investigations of the inverse Magnus effect. Parametric studies for key flow conditions (e.g., M∞ and Kn∞) are necessary to reveal their influences on the inverse Magnus effect.
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Figure 1. DSMC results of the hyperbolic flow over a double cone configuration: (a) pressure contours and the shock waves; (b) streamlines near the corner and the recirculation zone. 
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Figure 2. Comparison of the DSMC results and the experimental data [29] of the surface pressure and heat flux along the double-cone model: (a) distribution of pressure on the wall; (b) distribution of heat flux on the wall. 
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Figure 3. DSMC grid and results of the hypersonic rarefied flow over a blunt cone: (a) computational grid; (b)streamlines on the plane of symmetry and contour of skin friction coefficient over the cone surface; (c) contour lines of the normalized density in comparison with the experimental measurements [32]. 
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Figure 4. Comparison of the DSMC results for the heat flux distribution on the surface of a cone and the corresponding experimental results [33]. The horizontal axis is the normalized distance along the cone surface measured from the nose of the cone, where Rn denotes the nose radius. 
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Figure 5. Coordinate system and the computational grid for the DSMC simulation of the hypersonic rarefied flow over a rotating sphere. 
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Figure 6. Comparison of the DSMC results of the flow described in Table 1 with parameter W = 0: (a) temperature profiles along Line 1 in Figure 5, computed with the standard and refined grids; (b) velocity profiles along Line 2 in Figure 5, computed with the standard and refined grids. 
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Figure 7. The DSMC results for the flow fields for different rotation parameters W = ωR/V∞. Subfigures (a–e) correspond to W = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. The contour shows the distribution of the local Mach number on the symmetry plane and the sphere. Streamlines on the symmetry plane and the sphere are plotted. Subfigure (f): velocity profiles along Line 2 in Figure 5. 
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Figure 8. The DSMC results of the wall friction for different rotation parameters W = ωR/V∞. Subfigures (a–e) correspond to W = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. The contour shows the magnitude of Cf. The vectors show the directions of shear stresses. 






Figure 8. The DSMC results of the wall friction for different rotation parameters W = ωR/V∞. Subfigures (a–e) correspond to W = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. The contour shows the magnitude of Cf. The vectors show the directions of shear stresses.



[image: Applsci 14 01042 g008a][image: Applsci 14 01042 g008b]







[image: Applsci 14 01042 g009] 





Figure 9. Relation between (a) the skin friction distribution and (b) the relative velocity field on the sphere with rotation parameter W = 0.5. 
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Figure 10. The DSMC results of pressure coefficient Cp on the sphere for different rotation parameters W = ωR/V∞. Subfigures (a–e) correspond to W = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. 
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Figure 11. The DSMC results for the heat transfer coefficient Ch on the sphere for different rotation parameters W = ωR/V∞. Subfigures (a–e) correspond to W = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. 
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Figure 12. Drag coefficients of the sphere at different rotation parameters. Symbols: DSMC results; line: free-molecular solution. 






Figure 12. Drag coefficients of the sphere at different rotation parameters. Symbols: DSMC results; line: free-molecular solution.



[image: Applsci 14 01042 g012]







[image: Applsci 14 01042 g013] 





Figure 13. Lift coefficients of the sphere at different rotation parameters. Symbols: DSMC results; line: free-molecular solution. 
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Figure 14. Moment coefficients of the sphere at different rotation parameters. Symbols: DSMC results; line: free-molecular solution. 






Figure 14. Moment coefficients of the sphere at different rotation parameters. Symbols: DSMC results; line: free-molecular solution.



[image: Applsci 14 01042 g014]







 





Table 1. Conditions for the freestream and the wall in the study of the inverse Magnus effect.
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	Flow Conditions
	Values





	number density n∞
	1.189 × 1019 m−3



	freestream velocity V∞
	2800 m/s



	freestream temperature T∞
	195 K



	wall temperature Tw
	300 K



	diameter of sphere D
	0.2 m



	accommodation coefficient α
	1



	freestream Mach number M∞
	10



	Knudsen number Kn∞
	0.51



	rotation parameter W
	0.00, 0.25, 0.50, 0.75, 1.00










 





Table 2. DSMC parameters in the simulations of the rotating sphere flow problems.
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	Computational Parameters
	Standard
	Refined





	number of cells
	108,000
	240,000



	number of particles per cell
	100
	100



	the minimum cell size
	4 mm
	2 mm



	time step size
	4 × 10−6 s
	2 × 10−6 s
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