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Abstract
0.9

Wall-resolved large-eddy simulations (LES) of flow past a rotating cylinder are described. The principal flow parameters
are the dimensionless rotation speed α = Ω D/(2U∞ ) and the
Reynolds number ReD = U∞ D/ν . We vary ReD at fixed α = 0.6
with emphasis on the lift-crisis phenomenon where, with increasing ReD , the lift coefficient CL decreases suddenly as ReD
passes though a narrow, critical band. Calculations of CL and
CD are compared with experimental measurements to demonstrate that the lift crisis is captured by the LES. Results show
that the mechanisms that drive the lift crisis when varying ReD
at fixed α are similar to those observed when varying α at fixed
ReD . Both data sets support a hypothesis which interprets the
lift crisis as the result of near-wall, small-scale reversal flows
aggregating into a relatively narrow zone, producing small-scale
incoherent separation accompanied by a deep pressure mini1/2
mum. Scaling of the skin friction coefficient with ReD , which
was found previously for flow past a non-rotating, is also observed for α = 0.6.
Introduction

The drag crisis for flow over a stationary, non-rotating cylinder
is well known. This is characterized by a sudden decrease in the
drag coefficient CD when the Reynolds number ReD = U∞ D/ν
(D is the cylinder diameter, U∞ the free-stream speed and ν the
kinematic viscosity) increases from subcritical to supercritical
values over a range of approximately ReD = 2 × 105 − 4 × 105 .
Lehmkuhl et al. [1] used LES to detect a mean-flow separation bubble upstream of the primary separation zone at supercritical ReD . The detailed, near-surface flow behavior through
the drag crisis was studied by Cheng et al. [2], who observed local mean-flow separation bubbles at both sub-critical and supercritical ReD . The azimuthal variation of the skin-friction coefficient obtained from their LES agreed well with experiment [3].
Cheng et al. concluded that the occurrence of the drag crisis was
strongly related to the interaction of the main separation shear
layer with unsteady, secondary flow cells that reattach within
the large-scale separation zone. They argued that boundarylayer laminar to turbulent transition is more likely a strong effect of the drag crisis rather than its primary causal agent.
When the cylinder is rotating about its axis with constant
rotational speed Ω, the non-dimensional rotation speed α =
Ω D/(2U∞ ) is introduced as an additional flow parameter. That
the lift coefficient CL generally increases with increasing α
at fixed ReD was demonstrated in early experimental studies [4, 5]. When ReD is fixed at values greater than about
ReD = 3.58 × 104 , Swanson [6] found experimentally that CL
suddenly decreased and subsequently continued to increase as
α passed through a small band whose lower and upper bounding
values were dependent on ReD . This has become known at the
lift crisis. Subsequent experiments [7, 8] confirmed this effect.
The lift crisis, also referred to as the inverse Magnus effect, has
also been observed for flow over a rotating sphere where the
axis of rotation is orthogonal to the direction of the free stream
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Figure 1: The lift crisis phenomenon viewed by varying α at
fixed ReD = 6 × 104 . Hollow symbols: experiment by Swanson [6]. Filled symbols: LES data.
Case
A1
B1
C1
D1
E1
F1
G1

ReD
5 × 103
1 × 104
2 × 104
4 × 104
6 × 104
8 × 104
1 × 105

Nθ
512
512
512
2048
2048
2048
2048

Nr
256
256
256
256
256
256
256

Ny
96
96
96
192
192
192
192

Table 1: Fixing α = 0.6 and varying ReD .
[9].
Cheng et al. [10] implemented wall-resolved large-eddy simulation at two ReD with α in the range 0 ≤ α ≤ 1.0. At their low
ReD = 5 × 103 , a lift crisis was not found. At ReD = 6 × 104 ,
profiles of both pressure coefficient C p and skin-friction coefficient C f θ clearly illustrate the presence of a lift crisis in
0.48 ≤ α ≤ 0.6. This range agrees well with experimental data
[6]. Presently, we report results obtained from LES of flow
over a cylinder with increasing ReD at α = 0.6 fixed. This will
be shown to provide both an alternative view of the lift-crisis
behavior, and will also give insight into the scaling of the azimuthal component of the surface skin-friction vector with ReD
for a rotating cylinder flow.
LES performed

In Cartesian (x, y, z) co-ordinates, we describe LES of flow in
the x direction about a cylinder rotating about the y-axis. The
governing LES equations are solved numerically in time and
space using a fourth-order accurate central-difference method
where the skew-symmetric form of the convection term is
discretized by an energy-conservative scheme. A standard
fractional-step method is combined with a third-order RungeKutta method for time integration. A multigrid solver with linerelaxed Gauss-Seidel smoothing is utilized for solution of the
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Figure 2: Fixing α = 0.6 and varying ReD . (a): CL ; (b): CD .
experiments by [8]; , present LES.

,

Helmholtz equations for velocity and the Poisson equations for
pressure.
In the present LES, unresolved subgrid motions are represented
by the stretched-vortex (SV) sub-grid scale model [11]. In
cylindrical (r, θ, y) co-ordinates, the computational domain is a
body-fitted O-grid with Lr = 40D and Ly /D = 3.0. Grid spacing
is uniform in the θ and span-wise y-directions but is stretched
in the r direction. At the wall, a non-slip boundary condition
is applied while the wall-normal grid resolution
p is of order the
local viscous length scale ν/uτ where uτ = τw /ρ is the local
friction velocity and τw the local shear stress. Hence the LES is
considered wall-resolved. The code has been verified in previous studies by comparison with DNS [2, 10].

Figure 3: Skin friction lines at a time instant during a typical
CL (t) cycle at ReD = 4 × 104 , α = 0.6 before the lift crisis.

The cylinder rotation is clockwise when viewed in the positive y
direction and the co-ordinate θ is taken as increasing clockwise
with θ = 0 on the negative x-axis. The “top” of the cylinder is
then at θ = 90o , where the movement direction of the cylinder
surface is parallel to the free stream while the “bottom” of the
cylinder is θ = 270o , where the cylinder surface moves antiparallel to the free stream. A range of LES were performed
with different resolution (Nr , Nθ , Ny ), as shown in table 1 where
ReD = 5 × 103 − 105 . All flows have α = 0.6.
Results
Lift and drag coefficients CL , CD

Figure 1 shows LES results for the lift coefficient (in zdirection) CL (α) versus α at fixed ReD = 6 × 104 [10] . In
0.48 ≤ α ≤ 0.6, both the data of Swanson [6] and the LES show
a lift crisis in the form of a sudden decrease of CL followed by
recovery and subsequent increase. The local maximum → local minimum drop in CL given by the LES substantially exceeds
that indicated by experiment. Swanson [6] does not give extensive details of the experimental technique. Experiments of flow
past a rotating sphere [9] show a strong lift crisis with negative
CL at comparable ReD to the present LES.

Figure 4: Skin friction lines at a time instant during a typical
CL (t) cycle at ReD = 6 × 104 , α = 0.6 after the lift crisis.

The variation of CL (ReD ) and CD (ReD ) with ReD for α = 0.6
are shown in figure 2. In figure 2(a), the present LES shows
a quite sharp decrease in CL over the range 4 × 104 ≤ ReD ≤
×104 . Experimental values [8] show a more moderate decline
but over a similar range of ReD . Both experiment and the
present LES shows a substantial decrease in CD over 4 × 104 ≤
ReD ≤ 6 × 104 . This drag crisis, corresponding to a 50% reduction in CD , is not as strong as that experienced by the nonrotating cylinder flow (at much larger ReD ).
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Cylinder surface skin-friction portraits
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To investigate the surface flow features before and after the
lift crisis, we show plots of instantaneous skin-friction lines.
These correspond to direction-field portraits of the surface skinfriction vector field C f (θ, y,t) on the developed cylinder surface. While the details of these plots show some variation
during a typical vortex shedding or CL (t) cycle at any given
(ReD , α), structural changes in general features of the portraits
as ReD is increased at fixed α, can provide insight into flow separation events through the lift crisis. Figure 3 shows a portion
in (55◦ ≤ θ ≤ 305◦ , 0 ≤ y/D ≤ 3.0) of a typical instantaneous
C f (θ, y,t = const) image at ReD = 4 × 104 , α = 0.6 prior to the
lift crisis. The separatrix corresponding to the primary shear
layer separation is clearly visible at θ ≈ 95 − 100◦ . At larger θ
patches of scattered, small-scale separation/reattachment cells
can be see as indicated by the presence of critical points of
the C f field. These events co-exist with regions of coherent,
nearly uniform flow in the anticlockwise direction. This mixing
of local separation and attached, near-surface back flow is sufficiently strong to form both wall-attached and fully-separated
vortices [10].
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When ReD = 6 × 104 , α = 0.6 after to the lift crisis, figure 4
shows a transition to a more ordered state where the smallscale separation/reattachment cells have aggregated into a narrow band in 230◦ ≤ θ ≤ 270◦ that is coherent across the whole
span. This indicates the presence of strong, highly localized
near-surface vorticity associated with the formation of a local
deep pressure minimum (see figure 5). Apart from primary separation on the top cylinder surface, the flow is largely attached
elsewhere. This sudden transition in surface separation patterns
is the dynamical signature of the list crisis. We have shown that
it is invariant when viewed either at fixed ReD with increasing
α [10] or conversely with fixed α with increasing ReD .
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Figure 5: α = 0.6. Pressure coefficient C p (θ). (a):
,
ReD = 5 × 103 ;
, ReD = 1 × 104 ;
, ReD = 2 ×
104 ;
, ReD = 4 × 104 ;
, ReD = 6 × 104 . (b):
, ReD = 6 × 104 ;
, ReD = 8 × 104 ;
,
ReD = 1 × 105 .
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Pressure coefficient C p and skin friction coefficient C f θ

Distributions of span-wise and time-averaged C p (θ) are shown
in figure 5. The variation of C p (θ) is similar for both ReD =
5 × 103 , 104 (figure 5(a)) including a minimum region around
the top side of the cylinder and a plateau value of C p ≈ −1
on the rear or leeward side of the cylinder. At higher ReD =
2×104 , 4×104 , the plateau decreases to about C p ≈ −1.3. Further increase in ReD leads to substantial changes in C p (θ). For
ReD = 6 × 104 , shown in both figures 5(a) and 5(b), the minimal C p on the top side of the cylinder is increased markedly
while the plateau region is shifted to about C p ≈ −0.7. On the
bottom side of the cylinder, where the cylinder motion opposes
the free-stream velocity, a sharp decrease in the C p minimum at
about θ = 270◦ can be observed. This change gives rise to the
lift crisis. As shown in figure 5(b), further increase in ReD does
not produce substantial changes in C p (θ) distributions.
Corresponding distributions of the azimuthal coefficient of the
skin-friction C f θ are shown in figure 6. The subfigures 6(a)/6(b)
show ReD below/above the lift crisis, respectively, except that
ReD = 6 × 104 is shown in both plots. For these distributions, in addition to the monotonic decrease of the peak C f θ
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Figure 6: α = 0.6. Skin friction coefficient C f θ (θ). (a):
,
ReD = 5 × 103 ;
, ReD = 1 × 104 ;
, ReD = 2 ×
104 ;
, ReD = 4 × 104 ;
, ReD = 6 × 104 . (b):
, ReD = 6 × 104 ;
, ReD = 8 × 104 ;
,
ReD = 1 × 105 .

Conclusion
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Large-eddy simulation has been used to investigate the lift crisis phenomenon in high Reynolds number rotating cylinder
flows. With α = 0.6, our LES captures a decrease of CL from
ReD = 4 × 104 to 6 × 104 . Instantaneous skin friction lines are
used to reveal changes in flow separation that occur as ReD
passes through the lift crisis. Changes in the surface skinfriction portraits are found to be essentially the same as those
observed when the lift crisis is viewed at fixed α but with increasing ReD . The common underlying mechanism is characterized by a change in surface-separation structure, on the leeward
and bottom cylinder surface, from scattered separation cells to
near-wall, small-scale reversal flows aggregating into a relatively narrow azimuthal zone. This produces both small-scale
incoherent separation and a strong pressure minimum. The scal1/2
ing of the skin friction as C f θ (θ) ReD is found to work quite
well at α = 0.6.
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Figure 7: α = 0.6. Scaled skin friction coefficient. (a):
,
ReD = 5 × 103 ;
, ReD = 1 × 104 ;
, ReD = 2 ×
104 ;
, ReD = 4 × 104 ;
, ReD = 6 × 104 . (b):
, ReD = 6 × 104 ;
, ReD = 8 × 104 ;
,
ReD = 1 × 105 .
at around θ = 60 with increasing ReD , the main effect of ReD
is the appearance of a small local maximum or “hill” at about
θ = 270◦ . This is absent for ReD ≤ 4 × 104 , but is observed for
Re ≥ 6 × 104 .
For over a cylinder with α = 0 Cheng et al. [2] found evidence
1/2
that the scaled skin-friction C f θ (θ) ReD showed good collapse
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