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Abstract

This paper examines the use of a coupled Computational FluidDynamics (CFD)–Rigid Body
Dynamics (RBD) model to study the fixed–axis autorotation ofa flat plate. The model is compared
against existing, experimentally-derived correlation functions that relate the mean tip speed ratio
of the plate to aspect ratio, thickness ratio and mass momentof inertia. Agreement is found to be
good, except at aspect ratios far from unity. The predicted flow fields around the plates are found
to be consistent with existing observations.

1 Introduction

Autorotation is defined as the continuous rotation, in the absence of external power, of a body exposed
to an air stream (Smith, 1971). For flat plates and wings,Iversen(1979) obtained the correlation
functions for tip speed ratio (TSR),Υ, based on data from experiments byBustamante & Stone(1969),
Smith(1971) andGlaser & Northup(1971)

Υ =
V

U
= f1(A)f2(τ), (1)

whereV is the speed of the tip of the plate andU is the speed of the incoming air, while the functions
f1(A) andf2(τ) are defined as
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whereτ = t/c, is the plate thickness ratio andA = b/c is the aspect ratio, with all dimensions of the
plate defined in Figure1. Smith(1971) performed his experiments at near constant values of a moment
of inertia parameter,K = Iyy/ρc

4b, whereρ is the density of the air and the moment of inertia,Iyy
for a flat plate, rotating about they-axis as shown in Figure1, is Iyy = (ρp cbt/12)(c

2 + t2) whereρp
is the density of the plate. Iversen postulated that Eq.1 should have included some dependence onK,
but did not have the data available to produce such a correlation - it is one of the aims of this paper to
explore that dependence.

The authors have already demonstrated (Kakimpaet al., 2010) how fully coupled Computational
Fluid Dynamics (CFD) and Rigid Body Dynamics (RBD) models can be used to study the flight of
plate debris. The cases of static plates, forced rotating plates, autorotating plates and free–flight sim-
ulations were discussed in this paper. While important fromthe point of view of providing validation
evidence for the CFD modelling, the static and forced rotation cases are of limited value when mod-
elling the actual flight of debris. This paper concentrates purely on the autorotation case.
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Figure 1: (a) Dimensions and orientation and (b) the nomenclature of an autorotating plate.

Table 1: Parameter set for the base case.

Chord,c 1.0 m Width, b 1.0 m
Thickness,t 0.0254 m Density,ρp 106.3 kg m−3

Mass moment of inertia,Iyy 0.225 kg m2 Aspect ratio,A 1.0
Thickness ratio,τ 0.0254 Mass moment of 0.1838
Wind speed,u 5 m s−1 inertia parameter,Kb

2 CFD Model

A cuboid domain was created of size13.5c × 7c × 7c, with the centre of mass of the plate placed at
3.5c from the inlet, bottom, top and side boundaries (which were all smooth walls). The plate is at the
centre of a spherical region which is free to rotate within the cuboid domain. Non-conformal interfaces
are used between the two subdomains. A six degree of freedom (6DOF) rigid body dynamics (RBD)
solver was incorporated into the ANSYS Fluent 12.1 software, via User–Defined Functions. This
coupled CFD–RBD model is described in detail inKakimpaet al.(2010). For fixed–axis autorotation,
the RBD model reduces to a single degree of freedom solverIyydωy/dt = My, whereMy is the
applied aerodynamic torque andωy is the angular velocity about they axis. The aerodynamic forces
acting on the plate are computed from the static pressure andskin friction from the CFD solution and
used to compute the aerodynamic torque,My, about the plate’s geometric centre.

Unsteady Reynolds–Averaged Navier–Stokes (URANS) turbulence modelling was used through-
out because it had proved accurate when modelling static andforced rotating plates inKakimpaet al.
(2010). The Realizablek-ǫ turbulence model (Shihet al., 1995) was identified during that study to be
the most accurate of the various RANS variants for this application. A uniform velocity and turbu-
lence intensity were specified at the inlet, akin to the values seen in the wind tunnel experiments. The
parameters for the base case set-up are given in Table1.

3 Results

3.1 Sensitivity to Moment of Inertia Parameter

The base case has a value ofK that was at the bottom of the range considered by Iversen. A series of
simulations with increasing values ofK were conducted, by increasing the density of plate. Fig.2(a)
shows the variation of the mean, maximum and minimum values of Υ with K, in the style of Iversen’s
paper. There is a clear asymptotic limit, withΥ tending to some constant value for largeK. The
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Figure 2: (a) Variation of the tip speed ratio,Υ, with the moment of inertia parameter,K and (b)
variation of the angular velocity,ωy, with time,t, for the base case withKb and4Kb.

variation in TSR during a cycle, as witnessed by the convergence of the maximum and minimum
values, reduces as the moment of inertia of the plate increases. This is in agreement with Iversen’s
observations and those for the two simulations presented inFig. 2(b), where the case withK = 4KB

has an increased mean angular velocity with reduced variation in that variable.
Although this was not knowna priori, the value ofK used in the base case,KB, was only just

above what Iversen called,KM , the minimum value below which the inertia of the plate is notgreat
enough to carry it through the retarding–moment portion of the autorotation cycle. Indeed, a reduction
in K to half its base case value resulted in damped oscillations and ultimately a plate that stuck at an
angle of attack of90◦, albeit with some minor oscillations back and forth.

The aspect and thickness ratios of the base case are in the centre of the range of values considered
by Iversen. Therefore, making the assumption that Iversen’s correlations forf1 and f2 hold, it is
possible to plotΥ/f1f2 againstK in order to find a functional relationship forf3. For the base case
plate geometry, regardless of its density,f1 = 0.4547 andf2 = 0.8765, giving f1f2 = 0.3985. It was
found that the function

f3(K) = aK(1− bK exp−cK
√
K) (4)

with aK = 0.9516, bK = 1.0487 andcK = 4.1307 and is used to produce the “Fit” curve in Fig.2. If
the CFD simulations were following Iversen’s correlationsexactly,aK would be unity – the fact that it
differs from this slightly indicates some numerical error.However, when considering the experimental
data spread in Iversen’s experimental database, this is an acceptable error.

The sensitivity of the simulations to aspect ratio,A = b/c, was tested and three new spherical
subdomains were built. The new plates had aspect ratios of 0.5, 0.33 and 0.2, based on a chord of
1 m. These could be rotated through 90◦ about thex axis to give three further aspect ratios of 2, 3 and
5. However, this meant that only the cases withA < 1 had the same thickness ratio, since the plates
all had a thickness,t, of 0.0254 m. Nonetheless, it seems reasonable to account for variations in the
thickness ratio by assuming that Eq.3 holds over the range under consideration.

Fig. 3(a) shows the variation of the tip speed ratio,Υ, with aspect ratio,A, both according to the
Iversen correlations,f1(A)f2(τ) and for the numerical simulations. Two sets of results are shown,
one set for the “Fixedρp” plates, which had the low density of the base case plate and asecond set
with a higher fixed value ofK.
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Figure 3: (a) Variation of the tip speed ratio,Υ, with aspect ratio,A and (b) isosurfaces ofQ-criterion
for (i) an aspect ratio,A = 0.5 and (ii)A = 2.0 an aspect ratio.

In the range0.5 < A < 2, the agreement with Iversen’s correlations is encouraging. When
A > 2, the TSR predicted by the numerical simulations is significantly larger than Iversen would
suggest. The discrepancy increases with aspect ratio. These plates are rotating at angular velocities
an order of magnitude greater than the base case plate, whichmight explain some of the inaccuracy.
However, the time step used in the simulations was reduced accordingly, so that the rotation per time
step would be approximately constant for all simulations. Rather, the sources of difference when
A > 2 could be due to the lack of bearing friction in the numerical simulations and the blockage ratio
in the simulations, which was low compared with the experiments upon which Iversen’s correlations
were based.

For these very slender plates, the vortices shed from aroundthe long, chord-wise edges of the plate,
may be interfering with the retreating edge vortex in a complex manner, which the numerical simula-
tion is not capable of capturing accurately – this is witnessed in the difference between Figs.3(b)(i)
and (b)(ii), which shows isosurfaces ofQ-criterion forA = 0.5 andA = 2 plates respectively. The
Q-criterion is a measure of the vorticity.

3.2 Sensitivity to Reynolds Number

Using the base case configuration, four more wind speeds of 0.1, 0.25, 1, 10 and 20 m s−1 were
simulated, corresponding to a range of chord Reynolds numbers from6.9× 103 to 1.4× 106. Iversen
used both “chord” and “thickness” Reynolds numbers, but here only the chord Reynolds number,
Re = ρuc/µ, is considered because the thickness ratio at each wind speed is constant. The range of
Reynolds numbers chosen corresponds to those seen with flying debris. It should be noted that during
the initial acceleration phase of the debris flight, the Reynolds numbers will be towards the top end of
the range considered here. As the plate approaches the wind speed, the Reynolds number, based on
the relative velocity between the plate and the wind, will reduce, possibly by an order of magnitude.

For these plates with an aspect ratio of 1, with thef3(K) correlation used, the Iversen correlations
would predictΥ = 0.31, which, from Fig.4, is the asymptotic value as Re becomes large. This
concurs with the conclusion ofIversen(1979) that the “tip speed ratio is relatively independent of
the Reynolds number”. For the lowest values of Re in this limited range, there is a rapid dropoff in
tip speed ratio. Due to the low moment of inertia parameter ofthe base case plate, there is a large
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Figure 4: The variation of the tip speed ratio,Υ, with the Reynolds number, Re, for aspect ratio,
A = 1, thickness ratio,τ = 0.0254 and moment of inertia parameter,K = 0.1838.

variation in angular velocity during each cycle (at all Reynolds numbers). However, for the lowest
wind speed,u = 0.1m s−1, this means that the plate is almost becoming stationary at certain points
in each cycle, which clearly will result in a quite differentflow regime than at higher wind speeds. It
could therefore be postulated that there will be a finite Reynolds number below which the plate will
no longer autorotate. Iversen, however, did not discuss this eventually, possibly because the plates he
was analysing all had much higher values ofK.

The mean drag,CD, and lift,CL, coefficients over four cycles are plotted against chord Reynolds
number in Fig.5. Again there is an asymptotic limit for both force coefficients as Re increases above
105. Iversen found a slight functional dependence of the drag coefficient on the chord Reynolds
number, but this was subject to a good deal of experimental scatter. The values ofCD that Iversen
quoted were between 0.8 and 1.2, so the values predicted by the simulations fall well within that range.

3.3 Sensitivity to Thickness Ratio

The robustness of Iversen’sf2(τ) correlation was tested by creating four plates with thicknesses from
0.01 to 0.2 m. All other base case parameters were retained, except for the plate withτ = 0.01m,
where the density had to be doubled to get the plate to autorotate. Figure6 shows that the values of
Υ predicted by Iversen (ie Υ = f1(A)f2(τ)f3(K), with f3(K) given by Eq.??) in comparison with
the numerical predictions. For the thickest plate, there issome deviation from the value predicted by
Iversen. A close inspection of Iversen’s data reveals a paucity of data aboveτ = 0.1. The data above
this value was calculated using the wind tunnel data ofGlaser & Northup(1971) with a plate of aspect
ratio,A = 0.5, and moment of inertia parameter,K, in the range 1.3 to 32, well above the range used
in the numerical simulations.
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Figure 5: The variation of the drag,CD, and lift,CL, coefficients with the Reynolds number, Re, for
aspect ratio,A = 1, thickness ratio,τ = 0.0254 and moment of inertia parameter,K = 0.1838.
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Figure 6: The variation of the tip speed ratio,Υ, with thickness ratio,τ , for aspect ratio,A = 1 plates.
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4 Conclusions

This paper demonstrates that it is possible to model a complex fluid–structure interaction, such as
autorotation, using Reynolds–Averaged Navier–Stokes turbulence models. In particular, the use of
Unsteady RANS turbulence models, coupled with a single degree of freedom solver, is vindicated
in this case, with predicted autorotation rates, moment coefficients and surface pressures comparing
very well with experimental results. The comparison in the idealised case against theIversen(1979)
correlations shows that for the aspect ratioA = 1 plate the correlations are followed by the CFD
simulations. It is only when the aspect ratio differs from unity that the performance of the CFD
becomes poor. This behaviour has been shown in simulations not reported here to be the case for
more dense plates. The accuracy of the CFD modelling for the fixed axis autorotation, has given the
research team greater confidence when applying similar techniques to the flight of wind-borne debris.
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