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Autorotors are described as cylindrical bodies that fall through a fluid, due to a body
force such as gravity. They are inclined to both rotate and generate a lifting force. Lift
results from the vortex induced by the rotation, and is known as the Magnus force. Autorotors can be compared to gliding wings, but with a very different (and typically more
inefficient) mechanism for creating the lifting vortex. Rotation can be produced through
several forces including, drag, lift, and transient dynamics such as vortex shedding. The
lifting force is known to be proportional to the rotation rate. Unfortunately, in most autorotors, the rotation is driven by drag-based forces yielding rather small lifting forces and
dismal glide slopes. If lift-based forces were used to instead drive the rotation, there is
evidence that the gliding performance can be vastly improved (although still not comparable to traditional wings). The motivation for this research is to use computational fluid
dynamics to investigate the performance of autorotors. The objective is to validate the
use of CFD models by comparing against existing flight-test experiments. In particular,
URANS-based turbulence modeling is shown to provide reasonable accuracy. The reduced
computational expense afforded by URANS greatly increases the feasibility of preliminary
design studies, including allowing the potential for computational optimization. In the
process of validating the CFD models, other questions are answered, such as the effect
of turbulence on the Magnus force, a question for which there is little data in published
literature.
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Reynolds number
Strouhal number
non-dimensional distance from wall
from boundary layer theory
planform area
lift-to-drag ratio
dynamic viscosity
total lift force
total drag force

Introduction

Within the fields of fluid dynamics and aerodynamics, the autorotation of bodies has seen a mixed treatment in regards to research and application. While research has been performed on the characteristics of
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autorotation ever since the middle of the 19th century,1 previous research has primarily focused on understanding very specific applications of autorotation. As a result, theories of the characteristics of autorotation
have typically been tailored to one specific type of device and the general knowledge regarding autorotation
and its specific applications has room to grow.
Autorotating objects can be found in many engineering applications. Horizontal-axis wind turbines,
vertical-axis wind turbines, and many other devices all operate under the principles of autorotation. All of
these devices rotate about some axis if they are immersed in a properly oriented fluid flow. As the name
implies, horizontal-axis wind turbines rotate about an axis that is parallel with the oncoming fluid flow, while
vertical-axis wind turbines rotate about an axis that is perpendicular to the fluid flow direction. These two
types of wind turbines illustrate the two categories into which autorotating bodies can be divided based on
their axis of rotation. While significant research and application of objects autorotating parallel to the fluid
flow has occurred, objects that autorotate about an axis perpendicular to the flow have seen less widespread
application. In this study, we are interested in analyzing autorotors of the latter category. Whereas for
wind turbines, the autorotation force is used to drive a shaft and perform work, for free-falling autorotors,
autorotation is used to drive a vortex and the resulting Magnus force provides lift, similar to a gliding wing.
For the purposes of this paper, an autorotor is defined as a cylindrical body that falls unpowered through
a fluid and rotates about an axis perpendicular to the direction of free-fall. The group of bodies that
autorotate about an axis perpendicular to the flow can be further subdivided into bodies that rotate due to
drag forces, bodies that rotate due to lift forces, and bodies that are influenced by other phenomena such as
vortex shedding. The drag-based autorotor features protuberances that catch the passing fluid flow while a
lift-based autorotor is more akin to a vertical-axis wind turbine merged with a cylindrical centerbody. Figures
1 and 2 show typical cross-sections of two classes of perpendicularly autorotating bodies. The concept of
using lift-based forces, as in Figure 2, to improve the performance of a gliding autorotor has not yet been
explored.
V = rΩ

V = rΩ

Magnus Force

Relative Air Velocity
Figure 1: Drag-based autorotor design.

Figure 2: Lift-based autorotor design.

With a goal of understanding the flow fields associated with autorotors in order to exceed the performance of drag-based autorotors in gliding flight, this paper focuses on validating computational fluid
dynamics (CFD) software to allow preliminary numerical studies on the performance of different autorotors.
Throughout this study, the goal is to maximize the lift-to-drag force ratio of an autorotor by increasing the
angular velocity of the device.
I.A.

Autorotors and the Magnus effect

A simplified case of a body rotating about an axis oriented perpendicular to the fluid flow is a rotating
circular cylinder. In order to study this cylinder, several non-dimensional numbers can be introduced. The
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non-dimensional rotation rate α is defined by
α=

ωπDt
rΩ
=
,
U
U

(1)

For the study of operating autorotors, the non-dimensional rotation rate will be referred to as the tip-speed
ratio within the present paper and the tip-speed ratio will be measured at the surface point which is furthest
from the center of the autorotor (the autorotor “tip”). Another important non-dimensional number to
consider is the Reynolds number which is defined by
Re =

ρU D
.
µ

(2)

In addition to the non-dimensional rotation rate and the Reynolds number, non-dimensional values of the
lift and drag exerted on the cylinder can be defined. The coefficient of lift, CL , is defined by
CL =

FL
,
1
2A
ρU
p
2

(3)

where Ap is defined as
Ap = DL,

(4)

and, where L is the length of the autorotor and D is the length from the base of one driving vane to the base
of the opposite driving vane through the center of the autorotor (the reference diameter). The coefficient of
drag, CD , is defined in a similar manner as CL and is given by
CD =

FD
.
1
2
2 ρU Ap

(5)

Study of the rotating cylinder provides an introduction into two concepts that are important to understand drag-based autorotors: the Magnus effect and vortex shedding. The Magnus force arises from a
pressure differential on the surface of the rotating body. Ultimately, this force is a result of the vortex
induced by the rotation of the cylinder. Circulation, Γ, can be related to the vorticity, ω
~ , using Stokes’
theorem,
I
Z
~ · t̂ds =
Γ=
V
n̂ · ω
~ dA .
(6)
S

A

where t̂ is tangential to a line. From potential flow analysis of a rotating cylinder, a well known result is the
Kutta-Joukowski law which describes a lifting force as a function of the circulation,
FL = ρU Γ .

(7)

Illustrations of potential flow around a rotating cylinder are shown in Figure 3. In steady potential flow, a
stationary circular body will have a high pressure region where the oncoming flow impinges perpendicularly
onto the body and where the flow leaves the body. Between the two high pressure regions lie two low pressure
regions. For the case of a circular body rotating at sufficient velocity, the regions of high and low pressure
will move in response to the development of a vortex around the body. As a result, one or two high pressure
regions and one low pressure region will exist on opposing sides of the cylinder such that a pressure gradient
will exist and will be oriented normal to the fluid flow direction. This gradient is what gives rise to the net
force on the rotating, circular body.
Early work by Prandtl2 suggested that the coefficient of lift due to the Magnus effect did not continue
to increase when α ≥ 4 for the cylinder. The theoretically maximum attainable value for the coefficient of
lift of a rotating cylinder was put forth as being CL = 4π. However, computational studies performed since
that time have shown that a coefficient of lift significantly higher than that suggested by Prandtl (4π) can
be reached at high values of α (≥ 3.5).2–4 A focus of the current research project is to increase the α of the
autorotors to ≥ 2, which is well under theoretical maximums but not realized by drag-based autorotors.
Although supersonic velocities are not expected under the normal operating conditions of an autorotor
falling through the low atmosphere, it is important to consider what would happen should such a body travel
through the atmosphere at a supersonic speed. The research of Seiron and others (as reported by Brunk)
showed that the lift obtained from the Magnus force begins to decrease substantially after the free stream
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α=0

(a) Γ = 0

(c) Γ = 4πrU

(b) Γ = 2πrU

α=4

(d) Γ = 5πrU

α=3

α = 4.5

Figure 3: Rotating cylinder solved with equations for potential flow. Flow is from left to right and rotation
is clockwise. For potential flow, where the fluid can slip, Γ is used to describe the circulation. For a physical
device, the tip-speed ratio is preferred. The two are usually related by matching the angular velocity at the
top of the cylinder—this is a rough approximation given the missing physics in potential flow.
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flow reaches transonic speeds.5 After the flow reaches supersonic speeds, the Magnus force is essentially
negligible. As a result, rotating bodies traveling at supersonic speeds cannot be designed to effectively take
advantage of a lift force generated by the Magnus effect. Therefore, within this paper, supersonic velocities
will not be considered and the investigation will center on autorotor operation in low subsonic flow where
the fluid is assumed to be incompressible.
The second major physical phenomenon associated with autorotors, and any drag-based autorotation in
general, is periodic vortex shedding.1 Vortex shedding from a stationary circular cylinder is well known as
the Von Kármán vortex street. This vortex street strongly affects the forces experienced by the rotating
body. For the case of the rotating cylinder, vortices are shed from the sides of the cylinder in an alternating
fashion when α ≤ 1.9 for a Reynolds number of 200.6 As a result of the vortex shedding, the magnitude
of the lift and drag forces on the cylinder oscillate. For a freely falling autorotor, the force oscillation due
to vortex shedding would drive an undulatory flight path during the initial phase of flight. Such an initial,
transient flight pattern is not within the scope of this initial study.
I.B.

Objectives

Using numerical simulations, this project investigates the lift and drag forces on drag-based and lift-based
autorotors. Prior to simulating the autorotors themselves, it was necessary to determine whether or not an
autorotor could gain sufficient lift when creating and operating in a turbulent flow. A practical autorotor
would operate at relatively high Reynolds numbers and would, therefore, be operating within a turbulent
flow condition. Although stationary cylindrical bodies have been studied in turbulent flows, relatively little
is known regarding the effect of turbulence on the Magnus force. More specifically, the flow fields associated
with a rotating, cylindrical body in a turbulent flow have not been studied in past research. Practical
experiments suggest that the Magnus force is still realized but whether turbulence enhances, degrades, or
has no effect on the force is not known. To determine whether or not the lift force could be well utilized,
the forces on circular cylinders rotating in a turbulent flow field were investigated.
A second question of interest within this study was whether or not a URANS turbulence model could
be used to investigate the performance of autorotors. Fundamentally, a RANS model does not resolve the
turbulent eddies. Instead, it models the turbulence within the flow problem. A URANS model attempts to
capture the unsteady features of the flow that are at a lower frequency than the turbulent fluctuations. For
the turbulence to be modeled in the best way possible, it would be most desirable for the problem of interest
to show a spectral gap in the frequency of the flow field fluctuations. The spectral gap would separate
the high frequency fluctuations associated with turbulence and the lower frequency fluctuations associated
with unsteadiness in the flow. It is expected that a spectral gap will most likely not exist for the autorotor
geometries, which places some doubt on the utility of RANS-based approaches.
The drag-based autorotor data presented in this paper was evaluated by comparing with experimental
data obtained and presented by Zipfel.7 The design utilized by Zipfel and within this paper is reproduced
in figure 4. The characteristics of the experimental drag-based autorotor such as physical size, mass, and
terminal velocity were used within the numerical simulations in this paper. The drag-based autorotor
characteristics are presented in Table 1.
Table 1: Characteristics of simulated autorotors
Design

Diameter (m)

Reference Diameter (m)

Length (m)

Mass (kg)

Velocity (m/s)

Drag-based

0.197

0.1524

0.305

3.15

23

The lift-based autorotor design is a novel geometry that utilizes lift forces on airfoils to drive the angular
velocity to a higher value than previously possible with drag-based autorotors. This design has not previously
been studied for use as an autorotor and it is expected that much could be learned from such a study.
Additionally, it is expected that the lift-based autorotor geometry concept could provide results that meet
or exceed the desired L/D performance of ≥ 2. Studies on vertical axis wind turbines show that a positive
power coefficient (the rotor was driving a generator) can be achieved for α > 3.8
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Figure 4: Drag-based autorotor geometry taken from Zipfel.7 Dimensions are in inches.

II.
II.A.

Methodology

Numerical Setup

Tests and simulations within this project were performed using the commercial CFD package CFD++ from
Metacomp Technologies Inc.9 CFD++ has the capability to utilize overlapping, moving meshes and a rigid
body dynamics functionality can be included in order to move geometries based on both body and surface
forces.
Throughout this project, all simulations were performed using 2-dimensional geometries and domains.
Since the 2-dimensional simulation can be thought of as simulating a domain that is infinitely long normal
to the 2-dimensional plane (toward positive infinity and negative infinity), the 3-dimensional effects of the
ends of a realistically finite body cannot be accounted for. This approximation also fails to capture 3dimensional flow structures that would be present along the length of even a body with high aspect ratio.
With this approximation, the computational resources and time necessary for the simulations was decreased
significantly as compared with 3-dimensional simulations.
For all of the simulations performed within this study, the Mach number remained below M = 0.3.
Therefore, the incompressible, pressure-based solver within CFD++ was used for all computations presented
in this paper.
II.B.

Turbulence Modeling

For cylindrical bodies, the Reynolds number range at which the flow transitions from laminar to turbulent is
≈ 105 . Based on initial calculations and study, it was expected that this flow regime would be encountered.
The Spalart-Allmaras model was chosen as the turbulence model to use during the study, mostly for reasons of
robustness and accuracy observed in simulations of turbo-machinery.10 This model is used with the ReynoldsAveraged Navier-Stokes (RANS) equations where all the turbulent fluctuations are modeled. Averaging all
the turbulent eddies vastly reduces the computation expense versus more detailed approaches for modeling
turbulence such as large-eddy simulation. However, the use of RANS in an unsteady flow assumes a spectral
gap between the lowest wavenumber due to turbulence and the highest wavenumber from variations in the
mean flow. The validity of this assumption is doubtful for simulating autorotors but the utility of reduced
computational expense for preliminary studies justifies attempting a URANS simulation. Throughout the
initial phases of this project it was found that the Spalart-Allmaras model requires a mesh with a y + ≈ 1.
Therefore, meshes were developed to meet this requirement.
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II.C.

Time-marching

Except for the case of a stationary cylinder in a turbulent flow, all of the cases studied in this project were
treated as unsteady flow problems. Based on the work of Roshko,11 the wake of the stationary cylinder does
not experience vortex shedding at Reynolds numbers between 1×105 and 3.5×106 . At Reynolds numbers
above 3.5×106 , Roshko reported a strong spectral component of the flow that was “well above the turbulence
level”. Since the stationary cylinder was simulated with a Reynolds number of 1×106 , vortex shedding was
not expected to exist. Therefore, the stationary cylinder was treated as a steady flow problem in order to
model the turbulent flow features and obtain the time-averaged flow characteristics.
For the unsteady flow simulations, an implicit method was utilized along with a dual time-stepping,
multi-grid method in order to preserve time accuracy and maintain simulation stability. Time step sizes
were chosen based on two characteristics, the CFL number, and the stream-wise length of the cells in the
boundary layer of the cylindrical body. The cell length was used to determine the time step for which the
end of a cell would reach the front of the cell or for which a cell would pass through a point in a stationary
reference frame. A parameter based on this time unit can be defined and denoted as τθ = dt/dtreference
where the reference time is the time necessary to rotate through the boundary cell that is the smallest in
the direction parallel to the body surface.
Early tests with an implicit, dual time-stepping method applied to an incompressible, pre-conditioned
solver encountered significant instability at extremely small time step sizes (CFL ≈ 1 − 10, dt ≈ 1 · 10−6 ). It
was determined that, at larger time step sizes, the pre-conditioned solver provided a faster, stable solution
than the pressure-based solver, but that at small time step sizes, this advantage of the pre-conditioned solver
was lost. For this reason, the incompressible, pressure-based solver was coupled with the time-marching
method discussed above.
II.D.

Mesh Generation

For each of the cases presented within this paper, mesh generation was performed using the commercial
meshing software Pointwise.
For the stationary and rotating cylinders, a curvilinear, cylindrical mesh was created that could then be
overlayed onto a Cartesian background domain. The portions of the background domain boundaries that
were closest to the cylinder were located 40 cylinder diameters away from the cylinder. In the circumferential
direction around the cylinder, 1000 cells were used. In the radial direction, the grid spacing was chosen so
that the maximum y + ≈ 1.
In the case of the drag-based autorotor, a circular, unstructured region was generated surrounding the
autorotor. Between this unstructured region and the boundary of the autorotor geometry, a region of
structured mesh was created in order to easily capture the boundary layer flow. The unstructured mesh
surrounding the autorotor geometry is presented in Figure 5a. The region of structured layers capturing
the boundary layer is shown in Figure 5b. Following the creation of the unstructured mesh, a Cartesian
background mesh was created onto which the unstructured mesh interpolated. As in the case of the meshes
generated for the cylinders, the maximum y + was chosen to be ≈ 1. The number of cells around the autorotor
geometry was chosen to be 2000 in order to properly capture the flow around the drag-based autorotor tips.
II.E.

Boundary Conditions

The inlet of the domain was set to a velocity inflow condition, while the outlet was specified to be a pressure
outflow. The boundaries perpendicular to the inflow and outflow boundaries were set as slip walls for all of
the simulations performed in this study.
II.F.

Rigid Body Dynamics

For the purposes of this paper, motion of the drag-based autorotor was simulated using two methods. The
first method involved forcing the drag-based autorotor at a constant angular velocity. Using this method,
the lift and drag forces could be studied at one constant point. The angular velocity was matched to
experiments and the forces compared. The second method allowed the autorotor to freely rotate about its
center of gravity. This method was utilized to determine the predicted steady-state angular velocity of the
autorotor.
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(a) Autorotor geometry with mesh.

(b) Autorotor tip with structured boundary layer.

Figure 5: Drag-based autorotor mesh created using Pointwise.

III.
III.A.

Results

Stationary cylinder in turbulent flow

Rigorous testing and validation work has been performed on applying CFD++ solvers and turbulence models
to autorotors. The validation of the methods used within CFD++ in this study began with a simulation of a
stationary cylinder in a turbulent flow field with Re = 1×106 . The results were compared with experimental
results published by Roshko.11 Figure 6 shows the coefficient of pressure around the surface of the cylinder.
In this case, θ = 0 refers to the front of the cylinder.
1

Coefficient of Pressure

Re = 1·106
0

−1
−2
−3

0

50

100
Angle (degrees)

150

Figure 6: Comparison between coefficient of pressure at Re = 106 with Roshko. Figure reproduced and
adapted from Roshko.11
The results presented in Figure 6 correlate well with those presented by Roshko in the underlying figure.
The separation point obtained within this study is delayed from that obtained by Roshko, but occurs at
a smaller θ than the experiment with Re = 6.7×105 . This is to be expected as the separation point on
the cylinder will move forward as the momentum of the flow increases. The numerical simulation shows a
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wake pressure that has recovered slightly more than the wake pressure obtained by Roshko at a higher Re.
However, the wake pressure of the numerical simulation is slightly below that obtained by Flachsbart at a
lower Re. This is consistent with the point of flow separation moving toward the front of the cylinder.
III.B.

Rotating cylinder in turbulent flow

Following the validation cases, simulations were performed in order to determine the effect of turbulence on
the Magnus effect. The cases were performed using a cylinder rotating in flows of several different Reynolds
numbers. For each case, α was held at 1.0 in order to determine the effect of the Reynolds number on the
coefficient of lift. Figure 7 presents the results from cases with Re = 200 (laminar), 5×105 (transitional),
1×106 (turbulent), 2.5×106 , 3.75×106 , and 5×106 .

Coefficient of Lift

6
Potential Flow Theory

4

2
0

1

2
3
4
Reynolds Number

5

·106
Figure 7: Coefficient of lift at varying Reynolds numbers and constant α.

From Figure 7, it is apparent that CL in the turbulent regime remains comparable to CL in the laminar
regime. During the transitional regime, CL apparently drops from what it was during the laminar flow
regime. Much work has been performed by previous researchers on stationary bluff bodies in the critical
and transitional flow regime, and this project did not focus on studying or explaining what was taking place
during the transitional flow regime with rotating circular cylinders.
In addition to maintaining a constant α and varying the Re values, a constant Re value was chosen
(Re = 5×106 ) and the α values were varied. The results of this variation can be seen in Figure 8 below.

Coefficient of Lift

4

3

2

1

0
0.4

0.6

0.8

1

1.2

1.4

α

Figure 8: Coefficient of lift at varying α values and constant Re.
In Figure 8 above, CL matches the trend that is well documented within the laminar range of a linear
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increase with α. These results provide additional weight to the results presented in Figure 7 above. This
evidence strongly suggests that the Magnus effect can be utilized within the turbulent flow regime and that
the trends of the relationships between the coefficient of lift and α shown in the laminar flow regime continue
into the turbulent flow regime. This is expected since physical experiments have demonstrated the practical
utility of autorotors in the turbulent regime. A summary of the predicted force coefficients are shown in
Table 2.
Table 2: Force coefficients for rotating cylinder
Design
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

III.C.

Condition
Forced
Forced
Forced
Forced
Forced
Forced
Forced

Rotation
Rotation
Rotation
Rotation
Rotation
Rotation
Rotation

Re
6

5×10
5×106
5×106
5×105
1×106
2.5×106
3.75×106

α

CL

CD

τθ

0.5
1.0
1.25
1.0
1.0
1.0
1.0

1.11
2.34
3.10
1.77
2.18
1.87
2.04

0.25
0.22
0.24
0.21
0.29
0.24
0.21

0.3
0.6
0.75
0.06
0.12
0.3
0.8

Drag-based autorotor

Following the verification that the Magnus effect can be utilized within the turbulent regime, simulations
of the drag-based autorotor were performed in CFD++. The design and specifications of the drag-based
autorotor were based on the experimental cases published by Zipfel.7 All of the simulations were set up so
that the autorotor rotated about a stationary axis. The simulations were performed using two approaches.
The first approach was to fix the angular velocity of the body at α = 0.5. A tip speed ratio of 0.5 was
initially chosen so as to fall within the range of uncertainty of the steady state tip speed ratio reported by
Zipfel (0.47 ≤ α ≤ 0.5). However, further analysis of Zipfel’s results showed that the tip speed ratio was not
defined based on the tip of the autorotor. Rather, it was found to be defined based on a reference length
that corresponded with the distance from the center of the body to the base of the autorotor driving vane.
Therefore, a tip speed ratio of 0.5 using the reference length would actually correspond to a tip speed ratio of
0.65 using the distance from the autorotor center to the autorotor tip. This paper still utilizes the definition
of the tip speed ratio based on the autorotor tip. Fixing the angular velocity allowed for evaluating the effect
of the simulation time step while comparing forces against experimental results.
In the second approach, the autorotor was initialized with a specified angular velocity but free to rotate
at any speed. Based on a balance of moments exerted by the fluid on the body, the angular velocity should
settle to a constant speed.
The first motivation behind using the first approach described was a desire to determine the effect of
the time step on the flow simulation. It was known that a single simulation of a drag-based autorotor using
an appropriately fine mesh would require considerable computational time and resources. It was reasoned
that the best time step to use would be that which would no longer affect the force coefficients of the body
while progressing as quickly as possible. The second motivation behind using a fixed rotation speed was to
analyze the force coefficients on the autorotor and compare them with experiments that had a given steady
state angular velocity. The motivation behind utilizing the second approach described above was an interest
in the steady state α of the drag-based autorotor geometry being simulated. Although a steady state α
was known from previously published experimental results, it was expected that the numerical simulations
would not match those results because end effects are neglected by the 2-dimensional geometry. Therefore,
the autorotor was allowed to rotate freely.
III.C.1.

Forced rotation

When the autorotor was forced at a specific rotation rate, the parameters of interest were the force coefficients
and the effects of the time step size on the results of the simulation. Due to the failure to capture the flow
physics properly, an extremely large time step would be expected to negatively impact the simulation results.
As discussed in the methods section, the time step was based on the rotation rate of the autorotor and the
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length of the smallest cells on the surface of the autorotor. The first simulation was performed using a
time step such that the smallest boundary layer cell would rotate 135 times its length during one time step.
The resulting variation of the force coefficients with respect to time is presented in Figure 9a. From Figure
3

3
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(c) τθ = 1.35

(d) Variable τθ

Figure 9: Force coefficients for drag-based autorotor, forced rotation, α = 0.5.
9a, it appears that the coefficients of lift and drag oscillate in a regular manner with a larger scale regular
variation in the maximum and minimum values of each individual period. Figures 9b and 9c present the
force coefficients at decreased time step values. Comparing these two figures to each other and to Figure
9a, it is apparent that the oscillation in the force coefficients reaches a stable pattern as τθ is decreased to a
value of 13.5 and lower. The independence of the results from the time step indicates that the time step to
be used in the simulations should remain at or below a τθ = 13.5. This constraint was applied to simulations
allowing the autorotor to remain free. Figure 9d presents the force coefficients with respect to the natural
logarithm of τθ . Excluding the force coefficient values at τθ = 135, as τθ decreases, CL increases while CD
remains around the same value.
The velocity magnitudes throughout the flow field around the autorotor at different values of τθ are
instructive in the potential reasons for the change in force coefficient values. Figures 10 and 11 show the
velocity magnitude for the flow field behind the autorotor simulated using a forced rotation of α = 0.5. By
comparing the two figures, it can be seen that a decreased time step results in less of an averaged flow field.
This would be expected as a decreased time step in the URANS simulation would result in the capturing
of unsteady flow features with a higher frequency. This finding leads to a conclusion that a large eddy
simulation (LES) turbulence model would most likely lead to more accurate results for this simulation.
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Figure 10: Velocity magnitude contour for τθ = 135.

Figure 11: Velocity magnitude contour for τθ = 0.135.
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III.C.2.

Free rotation

For cases where the rotor was allowed to rotate freely, it was initialized at multiple tip speeds ratios spanning
the range of tip speed ratios that were expected to be physically possible. Due to computational expense,
it proved infeasible to run a simulation to steady state. Instead, the rotor was initialized within a range of
angular velocities. After allowing transients to settle (at least 10 full revolutions of the rotor), the direction
and rate of change of angular velocity was observed with an expectation that it would point to the true steady
state location. In all these experiments, τθ = 5.4, based on guidance from simulations with a forced angular
velocity. Starting the autorotor with a tip speed ratio of 0.5, the autorotor showed a marked increase in the
angular velocity over time. When the autorotor was started with a tip speed ratio of 1, the angular velocity
again increased over time. The large pocket-like features on the autorotor geometry are the locations of the
largest, moment-inducing pressure forces on the body. It was posited that the tip speed ratio possible for the
autorotor should never increase above the angular velocity at which the midpoint (the center of curvature) of
the pocket-like features had the same velocity as the free-stream flow. Therefore, the autorotor was started
with that tip speed ratio (1.103). In order to decrease the computational time necessary to obtain the steady
state angular velocity of the autorotor, the range of tip speed ratios between 1 and 1.103 was divided into
three regions and each one was simulated. In every case that started with α < 1.103, the angular velocity
increased with time. The time-evolution of the tip speed ratio for the cases involving an initial α = 1.068
and α = 1.103 are presented in Figures 12a and 12b. It is apparent from these results that the tip speed ratio
is indeed 1.068 < α < 1.103. In Figure 12c, the coefficients of lift and drag are presented for the case where
the autorotor was started at a tip speed ratio of 1. While the tip speed ratio is increasing, it is increasing
extremely slowly. As a result, the force coefficients can appear to come to a periodic steady state. This result
is advantageous for studying the force coefficients on the body and determining the relative lift-to-drag ratio
at a tip speed ratio of 1 for the drag-based autorotor configuration. At a tip speed ratio of 1, the coefficient
of lift was found to be 2.0, approximately twice as large as CD ≈ 1.1 for a forced α = 0.5. This result is
consistent with the theory that the coefficient of lift is proportional to the rotation rate of the cylinder. The
coefficient of drag experienced by the autorotor was found to decrease to 0.75 compared to a forced α = 0.5.
This relationship between CD and α is consistent with expectations noted by Prandtl for smooth circular
cylinders rotated in a laminar flow.12
Analyzing the results of the free rotation, it becomes apparent that the largest discrepancy from experiment is the angular velocity of the autorotor. One possible explanation for the much higher angular
velocity of the autorotor comes from the results of experiments published by Iversen13 and re-published by
Jacobson.14 According to Jacobson, the tip speed ratio of a Magnus autorotor is heavily dependent upon
the aspect ratio of the body. Additionally, the lift-to-drag ratio is also stated to be largely dependent upon
the effective aspect ratio. Two correlations suggested by Iversen13 are,
α=


1/4
7 I · AR
3 ρC5

p
CL
= 0.5 AReffective
CD

(8)

(9)

where C is the chord length of the body. While both correlations are only valid for relatively small AR,
they suggest that the 2-dimensional simulations presented in this paper (having an infinite aspect ratio)
should demonstrate the maximum α possible for the autorotor geometry. The effects of the ends of the
autorotor in generating induced drag and decreasing the lift force on the autorotor ends are not present in
the 2-dimensional simulations and, therefore, CL would be expected to be higher and CD would be expected
to be lower.
III.C.3.

Comparison of forced and free rotation

The computational studies presented in this paper utilize an α = 0.5 for the time step study and an α = 0.65
for a comparison with the published experimental results. The cause of the difference in α values was the
mistaken understanding of α that the published experimental data utilized as mentioned previously. Relevant
to this discussion, a summary of the force coefficients is given in Table 3. As previously mentioned, CL is
expected to increase in a linear fashion with respect to an increasing α. For rotation forced at α = 0.65,
CL = 1.27. This correlates with the expectation that the CL obtained from a 2-dimensional computational
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Figure 12: Tip speed ratios and force coefficients for free rotation and variable initial α.
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study would be higher than a CL ≈ 1.24 experimentally obtained from a body of finite aspect ratio. The
simulation of a forced α = 0.65 provided a resulting CD = 1.15. This is lower than the experimental CD = 1.3
as would be expected since end-effects that create induced drag are neglected in the simulation.
Table 3: Force coefficients for autorotors
Design

Condition

Re

α

CL

CD

L/D

τθ

Drag-based
Drag-based
Drag-based
Drag-based
Drag-based
Drag-based
Drag-based
Drag-based

(Zipfel,1970)
Forced Rotation
Forced Rotation
Forced Rotation
Forced Rotation
Forced Rotation
Free Rotation
Steady Free

3.7×105
3.7×105
3.7×105
3.7×105
3.7×105
3.7×105
3.7×105
3.7×105

0.65
0.65
0.5
0.5
0.5
0.5
1.0
1.068 - 1.103

1.24
1.27
0.83
1.09
1.11
1.14
2.00
-

1.3
1.15
1.27
1.32
1.33
1.32
0.75
-

0.95
1.18
0.68
0.86
0.88
0.91
2.71
-

1.8
135
13.5
1.35
0.135
5.4
5.4

IV.

Conclusion

The results from this study strongly suggest that the Magnus effect does provide a significant lift force
within the turbulent flow regime and that the relationship between the tip speed ratio and the coefficient of
lift is as strong as in the laminar flow regime. This finding provides a basis for further research into optimized
lift-based autorotor designs by solidifying the expectation that a lift-based autorotor design can successfully
harness the Magnus effect in the turbulent flow regime. The results from the drag-based autorotor simulations
suggests that the α value for the drag-based autorotor design analyzed has an upper limit of 1.103 and a
lower limit based upon flow conditions and design parameters. Furthermore, the findings from the dragbased autorotor simulations suggest that 2-dimensional simulations with a RANS-based turbulence model
can yield reasonable results for preliminary investigations of new designs. The coefficients of lift and drag
obtained during simulations were found to compare well to those obtained during experiment and published
by Zipfel as long as sufficient attention is paid to the mesh resolution and time step used in the simulation.
Deviations between experiment and simulation are consistent with the omission of end-effects.
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