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Abstract. Flow past a rotating cylinder has been investigated using the direct simulation Monte Carlo method. The study
focuses on the occurrence of the inverse Magnus effect under subsonic flow conditions. In particular, the variations in the
coefficients of lift and drag have been investigated as a function of the Knudsen and Reynolds numbers. Additionally, a
temperature sensitivity study has been carried out to assess the influence of the wall temperature on the computed
aerodynamic coefficients. It has been found that both the Reynolds number and the cylinder wall temperature
significantly affect the drag as well as the onset of lift inversion in the transition flow regime.

INTRODUCTION

The Magnus effect, where a rotating body experiences a transverse aerodynamic lift force, has been investigated
by many researchers [1-3]. The pioneering work investigating the lift force on rotating bodies is attributed to
Benjamin Robins [4] in the eighteenth century and Gustav Magnus [5] in the nineteenth century. However, the
origin of such studies can be traced back as early as the seventeenth century to Sir Isaac Newton [6]. Nowadays,
numerous practical applications of the Magnus effect can be found in a wide range of maritime and aeronautical
devices [7, 8].

In the case of a rotating cylinder, the Magnus effect is often explained in terms of potential flow theory using the
superposition of a uniform flow field, a doublet, and a potential (or free) vortex [1]. However, this classical
hydrodynamics description of the Magnus effect is a simplified explanation due to the absence of any boundary
layers on the cylinder. In reality, the flow around a rotating circular cylinder is far more complex than that obtained
using simple potential theory. Swanson [3] was the first to explain the Magnus effect in terms of the unsymmetrical
flow patterns caused by the upper and lower boundary layers separating at different relative positions around the
circumference of the rotating cylinder. Experimental evidence shows that the magnitude of the Magnus lift force
depends on many factors including the rotational and freestream speeds, the Reynolds and Mach numbers, and the
surface roughness of the cylinder.

Although there have been many studies of the Magnus effect in the continuum flow regime [3, 9, 10], relatively
few studies have considered rarefied conditions. Of particular interest is the lift generated in the free molecular limit
which has been shown analytically to be in the opposite direction to the conventional Magnus force [11-15]. The
reversal in the direction of the lift force is usually referred to as the inverse Magnus effect. Apart from analytical
studies in the free-molecular limit, there has been comparatively little work covering the entire Knudsen regime.
Riabov [16] used the direct simulation Monte Carlo (DSMC) method [17] to investigate the lift and drag coefficients
on a rotating circular cylinder for a range of Knudsen numbers and roll parameters. More recently, the authors [18,
19] have conducted comprehensive DSMC studies of the onset of the inverse Magnus effect. Our previous work has
focused specifically on high-speed flow conditions in the transonic and supersonic regimes, and has shown that there
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is a subtle interplay between the Mach number and the Knudsen number for the occurrence of the inverse Magnus
effect. In the present paper, our numerical investigations concentrate on subsonic flow past a rotating cylinder at low
Reynolds numbers. The study investigates the aerodynamic forces acting on a rotating cylinder in the transition flow
regime and examines the role of the Reynolds number and Knudsen number on the lift inversion phenomenon. Only
the transition regime has been considered since DSMC computations in the early slip flow regime are
computationally prohibitive, especially for low-speed flows [20]. A temperature sensitivity study has also been
carried out to assess the influence of the temperature of the cylinder on the lift inversion phenomenon.

DSMC CODE AND PROBLEM FORMULATION

The DSMC simulations have been performed using dsmcFoam [21] which operates within the framework of the
open-source code, OpenFOAM [22]. The dsmcFoam C++ library has previously been validated against a variety of
benchmark test cases involving a wide range of flow conditions [23, 24]. Additional validation tests have been
presented by the authors [19] comparing the computed drag coefficient for flow past a stationary (non-rotating)
cylinder against experimental data [25] and the analytical free-molecular solution [26].

We consider a right circular cylinder rotating in the counter-clockwise direction with its axis perpendicular to the
flow direction, as shown schematically in Fig. 1. For this particular configuration, with the flow impinging on the
cylinder in the positive x-direction, the conventional Magnus lift force acts in the negative y-direction. The speed of
rotation of the cylinder is characterized in terms of the rotation parameter, W, which is defined as W= a)R/Ux s
where o is the angular velocity, R is the radius of the cylinder and U, is the freestream velocity. In the present
study, a constant rotation parameter of W =2 is considered and the gas-surface interactions at the wall of the
cylinder are assumed to be fully diffuse. Unless otherwise specified, the cylinder wall temperature is assumed to be
equal to the freestream temperature, i.e. 7,,= T,. The simulations are performed using a freestream temperature
of T, = 273K whilst the variation in the Knudsen number is achieved by adjusting the freestream pressure, p.,.
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FIGURE 1. Schematic of computational domain (not to scale)

The computational domain consists of a rectangular region with the origin located at the center of the cylinder, as
illustrated in Fig. 1. The upstream left-hand boundary is treated as an inlet whereas the other boundaries are treated
as outlets. The boundary conditions at the inflow and outflow are implemented by injecting particles with a
Maxwellian velocity distribution corresponding to the physical conditions at the boundary [17]. The subsonic
outflow boundaries employ a characteristic boundary condition [19, 27-28]; this involves specifying the exit
pressure while other flow variables such as the velocity and density are derived from extrapolated values from the
adjacent cells inside the computational domain. A preliminary study was undertaken to investigate the effect of the
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size of the computational domain. Accordingly, the inflow boundary was located a distance of 6D upstream of the
cylinder while the outflow boundary was located a distance of 15D downstream of the cylinder, where D is the
diameter of the cylinder. The predicted lift and drag coefficients for this particular domain were found to be in very
good agreement with those obtained from a much larger domain.

The DSMC simulations employ a variable hard sphere model corresponding to the argon atom. We have
implemented the usual recommendations for the cell size, time step, and particle numbers [17, 20, 29, 30]. The cell
sizes are chosen to be smaller than one-third of the freestream mean free path, 4., , while the time step is selected to
be five times smaller than Ax,;, / Vap +U,, +U,,), where Ax,;, is the smallest cell dimension, V,, is the most
probable molecular velocity given by V,,, = (273 Tw)” 2, U, is the freestream velocity, U, is the tangential wall
velocity of the cylinder and A is the specific gas constant. The freestream mean free path can be obtained
from A, =(u., / pw)(ﬂ'RTw /2)1/2 where p,, is the freestream pressure and g, is the coefficient of dynamic
viscosity at the freestream temperature, 7,,. To minimize statistical noise, an average of at least 100 particles per
cell has been used, and the sampling phase has been carried out over a period of several hundred thousand time
steps. To reduce the computational cost of the simulations, the numerical study has been carried out in two
dimensions. The simulations typically employ between ~6,000 and ~10,000 computational cells and between
~600,000 and ~1 million particles.

The flow conditions can be characterized in terms of the Knudsen, Reynolds and Mach numbers. The Knudsen
and Reynolds numbers are based on the diameter of the cylinder and the freestream conditions, i.e. Kn=A4,/D
and Re= p,U,D/u, where A, is the freestream mean free path and p, is the freestream density. The Mach
number is defined as Ma=U,, /(7R T.)"? where y is the adiabatic index (i.e. the ratio of the specific heat at
constant pressure and the specific heat at constant volume). In the present study, we consider Knudsen numbers in
the range, 0.3 < Kn <1 and Reynolds numbers in the range, 0.25 < Re <1. The corresponding Mach number lies
between 0.08 < Ma <0.6. As detailed by Schaaf and Chambré [26], for low Reynolds number flows (i.e. Re<1),
the Knudsen, Reynolds and Mach numbers are interrelated via Kn~ Ma/Re. In the following sections, we have
chosen to present the results in terms of the Reynolds number and the Knudsen number.

RESULTS AND DISCUSSION

The variations in the lift and drag coefficients with Knudsen number are shown in Fig. 2 for four different
Reynolds numbers (Re = 0.25, 0.5, 0.75 and 1). The lift coefficient is defined as C, = F; /(% P, AU?) where Fj is
the total lift force acting on the cylinder in the y-direction and A4 is the projected area of the cylinder normal to the
flow. Similarly, the drag coefficient is defined as Cp, = F), / (% p,AU?) where Fj, is the total drag force on the
cylinder in the x-direction.
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FIGURE 2. Variation of (a) lift and (b) drag coefficient as a function of K» for various values of Re at W =2
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Figure 2(a) shows that C, is negative, i.e. the lift force is in the conventional Magnus direction, in the early
transition regime. However, as the flow becomes more rarefied, the lift coefficient changes sign indicating the
occurrence of the inverse Magnus effect. It is interesting to note that the Reynolds number significantly affects the
magnitude of the lift force. The lift inversion or transition point, where the lift force is zero, occurs at lower Knudsen
numbers as the Reynolds number is increased. The variation of the drag coefficient with Knudsen number is
presented in Fig. 2(b). It can be seen that for a constant value of Reynolds number, the drag coefficient decreases as
the flow becomes more rarefied.

To assess the impact of the Reynolds number on the inverse Magnus effect, Fig. 3 presents the coefficients of lift
and drag as a function of Reynolds number. The lift variation in Fig. 3(a) demonstrates that, for relatively low values
of Kn, lift inversion will occur simply by increasing the Reynolds number. As the Knudsen number increases
further, the lift coefficient is positive irrespective of the Reynolds number considered. We have also studied the
impact of the Reynolds number on the drag coefficient. Figure 3(b) shows that the drag coefficient decreases as the
Reynolds number is increased.
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FIGURE 3. Variation of (a) lift and (b) drag coefficient as a function of Re for various values of Kn at W=2

To investigate the inverse Magnus effect in more detail, it is informative to separate the lift coefficient into its
pressure and viscous components. The pressure component of the lift force is evaluated from the normal momentum
fluxes of the incident and reflected molecules that collide with the wall of the cylinder, whereas the viscous
component of lift is evaluated from the corresponding tangential momentum fluxes acting along the wall. Since the
cylinder surface is curved, the total lift force is composed of contributions from both the pressure and viscous forces.

The variations of the pressure and viscous components of the lift coefficient are presented in Fig. 4(a). The
pressure component of the lift coefficient, C; ,, is negative for all Knudsen numbers, demonstrating that the
pressure always contributes to a lift force in the conventional Magnus direction. Conversely, the viscous component
of the lift coefficient, C;, , is positive, indicating that the viscous lift is in the opposite direction to the conventional
Magnus force. Additionally, it can be seen that the magnitude of C;, increases with Kn whereas the magnitude
of C;,, decreases as Kn is increased. The inverse Magnus effect can therefore be explained in terms of the increased
role of the viscous contribution and the reduced role of the pressure contribution at higher degrees of rarefaction.

It is also useful to consider the pressure and viscous components of the drag coefficient. Figure 4(b) shows that

both the pressure and viscous components decrease as the flow becomes more rarefied. It can also be seen that the
pressure component of the drag coefficient, Cp ,, dominates the viscous component, Cp,, .
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FIGURE 4. Variation of the pressure and viscous components of a) lift and b) drag coefficient as a function
of Kn for various values of Re at W' =2

Wall Temperature Sensitivity Study

The effect of the wall temperature, 7, , on the computed acrodynamic coefficients has been assessed by
performing a wall temperature sensitivity study. The cylinder wall temperature for the baseline case is assumed to
be 7, =273K and six different wall temperatures are considered for the comparative study, i.e. 0.87,,0.97,,7,,
1.17,,, 1.27,, and 1.4T, . The Reynolds number was assumed to be Re =1 and the freestream temperature at the
inflow was again specified to be T, =273K.
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FIGURE 5. Variation of (a) lift and (b) drag coefficient as a function of Kn for various values of wall temperature

The variations in the lift and drag coefficients as a function of Knudsen number are shown in Fig. 5 for the six
values of 7,, considered. From the lift variation plot shown in Fig. 5(a), it can be seen that the inverse Magnus effect
occurs for all cases of 7,, considered. However, the lift inversion point, where the lift force is zero, is particularly
sensitive to 7,,, with lift inversion occurring at lower values of Kn as the cylinder wall temperature is increased.
From Fig. 5(b), it can be seen that the drag coefficient increases as the wall temperature is increased.

050022-5



Figure 6 presents the variations of the pressure and viscous components of the lift coefficient for the various wall
temperatures considered. The pressure component of the lift coefficient, C; ,, is much more sensitive to the cylinder
wall temperature than the viscous component, C; , . In particular, the pressure component of the lift coefficient is
especially sensitive to the wall temperature in the early transition regime. However, with further increases in flow
rarefaction, the pressure and viscous components of the lift coefficient become less sensitive to changes in the wall
temperature. The pressure component of the lift coefficient is found to be in the conventional Magnus direction for
all the cases of Kn and T, considered. In contrast, the viscous component of the lift coefficient is always positive,
signifying that the viscous component is in the opposite direction to the conventional Magnus force.
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FIGURE 6. Variation of (a) pressure and (b) viscous component of the lift coefficient as a function of Kn for various values of
wall temperature

The sensitivity of the wall temperature on the pressure and viscous components of the drag coefficient are
presented in Fig. 7. The pressure component of the drag coefficient is again more sensitive to the wall temperature
than the viscous component. Interestingly, the pressure and viscous components of drag follow opposite trends when
the wall temperature is varied. The pressure component of the drag coefficient, Cp ,, increases with 7, which is
consistent with the variation in the total drag shown in Fig. 5(b). However, the viscous component of the drag
coefficient, Cp,, , is found to decrease as the wall temperature is increased.
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FIGURE 7. Variation of (a) pressure and (b) viscous component of the drag coefficient as a function of Kn for various values of
wall temperature
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SUMMARY AND CONCLUSIONS

The aerodynamic characteristics of rarefied subsonic flow past a rotating cylinder have been investigated using
the direct simulation Monte Carlo method. The study has focused on the transition flow regime where an inverse
Magnus effect involving a change in the direction of the lift force can be observed. Both the Reynolds number and
the Knudsen number have a significant effect on the magnitude of the lift coefficient and also the inversion point
where the generated lift force is zero. The lift inversion point occurs at lower Knudsen numbers as the Reynolds
number is increased. A wall temperature sensitivity study has also been carried out which demonstrates that the
magnitude of both the lift and drag coefficients are significantly influenced by the temperature of the cylinder,
particularly in the early transition regime. The inverse Magnus effect occurs for all wall temperatures considered and
can be explained in terms of the increased role of the viscous contribution to the lift force combined with the
reduced role of the pressure component of the lift force as the flow becomes more rarefied. A detailed investigation
of the underlying physics of the inverse Magnus effect will be the subject of future studies.
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