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This study is concernedwith the numerical investigation of a three-dimensionalwake behind
a body of revolution via Large-eddy Simulations. Large-eddy Simulations with the Reynolds
number ReD = 5000 based on the bluff body diameter is performed using a high-order spectral-
element solver Nek5000. The focus of the study is on characterizing the wake asymmetries and
time-dependent behavior observed in previous experimental studies with similar bluff body
models. The time-dependent history of the wake meandering and rotating behavior will be
presented.

I. Introduction
Turbulent wakes behind bluff bodies represent a canonical case of interest in the study of turbulence, and are also

relevant in a variety of engineering applications, including transport industry and naval operations, to name a few.
While planar wakes, such as wakes produced by circular cylinders, flat plates and airfoils, have been rather extensively
investigated, a significantly less attention has been paid to the structure and physics of the three-dimensional wakes,
e.g., produced by the bodies of revolution, in spite of their importance in realistic applications. A few (predominantly
experimental) studies of three-dimensional wakes behind the bodies of revolution that do exist, however, point to very
interesting and rich physics behind these flows [1–6]. One of the intriguing facts documented by the experimental
observations of bluff body wakes is the apparent flow asymmetry, even though the body model itself is perfectly
axisymmetric [1, 4]. The 3D turbulent wake flow seems to be a highly unstable system, with even minute perturbations
to the axisymmetric conditions (pitch angle, model support) causing large asymmetries, beyond the ones expected
from the magnitude of the perturbations themselves [2, 3]. Another interesting phenomenon observed in 3D wakes is a
low-frequency dynamics associated with the azimuthal wake meandering occurring on very slow time scales [4–6]. The
two phenomenon are likely not unrelated.

The focus of the present study is to investigate the mechanisms associated with the wake meandering and rotation
behind three-dimensional bluff bodies, and a potential implication of the unsteady behavior on the observed flow
asymmetries documented in experiments. We numerically reproduce the experiments of Gentile et al. [6] who studied
the near wake (from x = 0.375D to x = 1.5D) behind a spherically blunted tangent ogive cylinder, albeit at a lower
Reynolds number (ReD = 5 × 103) vs. the experimental ReD = 6.7 × 104. We also do not include the model support in
the simulations. Nonetheless, a qualitative comparison of the major findings presented in the experimental study related
to the time-dependent dynamics of the backflow meandering is possible. We would like to note that there are not many
documented high-fidelity simulations of the turbulent wake behind a body of the revolution, although several recent
computational studies of the wakes past a sphere can be mentioned in this respect [7–9].

II. Numerical Method
The current study is performedwith the spectral-element codeNek5000which is an open source high-order solver [10].

It employs a spectral element numerical method (SEM) that combines the geometric flexibility of finite elements with
the spectral convergence of global spectral methods [11, 12]. SEM is based on a weak formulation of governing
equations. Solution to the weak formulation of the Navier-Stokes equations is sought for the velocity, temperature
and pressure represented in the polynomials spaces XN and Y N , which are finite-dimensional subsets ofH 1

0 (Ω) and
L2(Ω), respectively, Ω is the computational domain [12, 13]. For example, for velocity in an element Ωe , we have the
approximation uuu(xxx) |Ωe =

∑N
i, j, k=1 uuue

i j k
hi (r) h j (s) hk (ζ ), where the basis functions hi (r), i = 0, . . . , N , are Lagrange

interpolating polynomials defined on Gauss-Legendre-Lobatto quadrature points, ξ j , such that hi (ξ j ) = δi j [12]. A
general motivation for the use of high-order methods is in their superior accuracy without sacrificing efficiency [14].
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Nek5000 is also known for its extreme scalability [15–19]. The incompressible version of the code is used in the current
simulations. A high-order modal filtering [20, 21] with a filter strength of 0.1 is employed as an SGS model in the Large
Eddy Simulations.

III. Model set-up and boundary conditions
The current simulations employ a rigid body model of an ogive cylinder with a spherically blunted leading edge

shown in Figure 1, whose geometry coincides with the one in experiments of Gentile et al [6]. A computational domain
is cylindrical, with a view of a streamwise-radial slice shown in Figure 2. The hexahedral numerical mesh required
for Nek5000 calculations was constructed using Ansys Icem, output into the exo format, and converted to the format
that can be read by Nek5000 using the open-source exo2nek converter available with Nek5000 version 17 distribution.
During the mesh generation procedure, the mesh constructed by Ansys Icem is enhanced from Hex8 to Hex27 element
configuration. A partial view of the computational mesh utilized in this study can be seen in Figure 3, where only
element boundaries are shown.

Fig. 1 Sketch of the ogive-cylinder [6].

Fig. 2 Streamwise-radial view of the computational domain.

The current simulations employ 5th order tensor-product polynomials in each coordinate direction resulting in a 63
nodal stencil within each element. The element count and the corresponding nodal count (based on Gauss-Legendre
Lobatto nodes) is 142,200 and 30.672 mln., respectively. The mesh details in wall units are shown in Table 1.

(a) Spanwise-vertical cross-sectional view showing the O-
mesh around the cylindrical bluff body and the mesh in the
wake behind the body

(b) Streamwise-vertical cross-sectional view

Fig. 3 A view of the numerical mesh. Only element boundaries are shown.
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Table 1 Mesh details. x, r , and s represent streamwise (x), radial (r), and azimuthal (s) directions. Plus units
are based on uτ computed as a temporally and a surface-averaged skin friction velocity for the ogive cylinder
body. Minimum and maximum values are based on the minimum and maximum distances between the GLL
points across all the elements in a particular direction.

∆x+min ∆x+max ∆r+w ∆r+max ∆s+min ∆s+max

0.54 12.94 0.43 3.06 2.38 14.12

Boundary conditions at the rigid model surface are no-slip, while the uniform unperturbed free-stream of velocity
U∞ parallel to the model axis of rotation (no pitch or yaw) is supplied at the inflow, and the stabilized boundary
conditions [22] are used at the outflow. The axis aligned with the free-stream (streamwize) direction is denoted as x
axis, while a vertical-spanwise cross-sectional plane contains y and z axes. Zero-stress boundary conditions are used
at the outer boundaries of the domain. All variables are normalized with the characteristic length scale D (cylinder
diameter), and the characteristic velocity U∞. The time step in the current simulations corresponds to ∆T = 2.5× 10−5s
in dimensional units (seconds), which can be related to a non-dimensional value of ∆T∗ = ∆TU∞/D = 5 × 10−4.

IV. Results
A snapshot of the instantaneous streamwise velocity in the wake of the bluff body is shown in Figure 4. A region of

the low momentum flow immediately behind the abrupt trailing edge of the body corresponding to a flow separation
extends by approximately 1.85D in a streamwise direction. The streamwise extent of the separation zone is longer than
the one observed in experiment. The reason could be that the upstream boundary layer around the body is not tripped in
the simulation.

Fig. 4 Instantaneous snapshot of a wake behind bluff body. Streamwise velocity is shown.

A backflow centroid (barycenter) can be calculated at each cross-stream (y-z) cross-section based on momentum-
deficit [6, 23]

ȳc (x, t) =

∫ ∫
(u∞ − u(x, y, z, t)) y d z d y∫ ∫
(u∞ − u(x, y, z, t))d z d y

, (1)

z̄c (x, t) =

∫ ∫
(u∞ − u(x, y, z, t)) z d z d y∫ ∫
(u∞ − u(x, y, z, t))d z d y

(2)
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or based on pressure [4]

ȳc (x, t) =

∫ ∫
p(x, y, z, t) y d z d y∫ ∫
p(x, y, z, t)d z d y

, (3)

z̄c (x, t) =

∫ ∫
p(x, y, z, t) z d z d y∫ ∫
p(x, y, z, t)d z d y

(4)

and serves as a convenient measure to judge the wake asymmetry and time-dependent characteristics. Instantaneous and
temporally-filtered snapshots of streamwise velocity at x = 1.125D superimposed by barycenters for different time
steps showing the motion of the wake structure are presented in Figure 5. In both instantaneous and temporally-filtered
figures, the low-speed area (dark blue) concentrates on the left half of the domain at T∗ = 32, which is consistent with
the location of the momentum-deficit-based barycenter. However, at T∗ = 64, the low-speed area splits up and it is
hard to identify the flow structure from the instantaneous result. In the temporally-filtered figure, we can see that the
low-speed area is rotated between T∗ = 32 and T∗ = 64. We should note that the pressure-based barycenter locates so
close to the geometric center that these two spots almost coincide in the figure.

(a) Instantaneous field at T ∗ = 32 (b) Instantaneous field at T ∗ = 64

(c) Temporally-filtered field averaged over T ∗ =
(16, 32)

(d) Temporally-filtered field averaged over T ∗ =
(48, 64)

Fig. 5 Instantaneous and temporally-filtered wake structure (averaged over a non-dimensional time ofT∗ = 16)
at x = 1.125 D. The yellow diamond is the geometric center. The purple circle is the momentum-deficit-based
barycenter. The red square is the pressure-based barycenter. The dash curve represents the edge of the cylinder.

A probability distribution of the momentum-deficit-based barycenter position in the azimuthal plane at different
streamwise distances behind the trailing edge is presented in Figure 6 collected over the non-dimensional simulation
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time T∗ = 96, and the pressure-based barycenter in Figure 7. Apparent wake asymmetries are noted for both barycenter
measures. In the near-wake region, the wake misalignment grows as the wake moves downstream, on the contrary,
in the experiment [6] from the results at x = 0.375D and x = 1.125D we see that the barycenter spread shrinks.
This difference could be the result of the different boundary layer state on the body surface. In the far-wake region
(x = 9.0D), the momentum-deficit-based barycenter moves farther away from the geometric centroid, while for the
pressure-based barycenter, however, the spread is more compact towards the geometric center. Note that the axis range
of the pressure-based barycenter figure is scaled to have a clear spread. The comparison of the distributions of these
two barycenter measures is shown in Figure 8. It is in line with the observation from Figure 5 that the pressure-based
barycenter locates closer to the center-line.

Fig. 6 Probability distribution of the momentum-deficit-based centroid locations collected over a non-
dimensional simulation time of T∗ = 96. Dark red corresponds to a high number of occurrences, and light
yellow - to a low number. Note the change in the axis limits for x = 9.0 D.

Fig. 7 Probability distribution of the pressure-based centroid locations collected over a non-dimensional
simulation time of T∗ = 96. Dark red corresponds to a high number of occurrences, and light yellow - to a low
number. Note the change in the axis limits compared to Figure 6.

Since the upstream boundary layer is not tripped in the simulations, as opposed to experiments, the boundary
layer remains laminar throughout the body surface, and the vortex shedding does not occur right at the trailing edge.
Instead, the wake develops for about 1.5D downstream and then begins to oscillate. Three probes are set on the
streamwise-vertical plane of symmetry in the wake to capture the vortex shedding motion, see Figure 9. The FFT
results of the pressure signal at all three probes show a local peak at the same frequency, indicating the Strouhal number
corresponding to a vortex shedding of St = 0.266. This value differs from the Strouhal number of 0.2 obtained in the
experiments on bluff bodies [4, 6], which could be due to an effect of a relatively high filter strength applied as the SGS
model in the current simulation.

The time series and FFT results of barycenter locations are shown in Figure 11 and Figure 12. For both momentum-
deficit-based and pressure-based barycenter, at all three streamwise locations, there is a local peak at St = 0.266,
coinciding with the vortex shedding Strouhal number. It suggests that this high-frequency motion is related to the
vortex shedding, which is also found in [5, 6]. Applying temporal filter to the time series of barycenter location,
we find that there could be a potential low-frequency motion, especially pronounced in the momentum-deficit-based
barycenter distribution. In [6], the existence of two distinct low frequencies was identified, one with a Strouhal number
of St = 0.001, and another with even lower Strouhal number of St = 0.0003 − 0.0005. The observation of these very
slow time scales requires a longer simulation time.
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(a) Pressure-based barycenter (b) Momentum-deficit-based barycenter

Fig. 8 Comparison between the spread of different barycenter types at x = 1.125 D.

Fig. 9 Instantaneous z-direction vorticity on the center slice in z-direction. Probe location is also shown for
reference.

(a) Pressure time series of the probes (b) Spectral distribution of pressure at probes

Fig. 10 Time-dependent pressure signal and the spectra at the probes in the cylinder wake

Instantaneous distribution of barycenter along the streamwise direction is plotted in Figure 13. Both barycenter
measures show a wave-like distribution. The momentum-deficit-based barycenter has a growing amplitude and a
relatively constant wave length (streamwise distance between two peaks), which is approximately 3.4D. The results from
three time instances separated by ∆T∗ = 38.56 are shown. The pressure-based barycenter, however, has a decreasing
amplitude in the far-wake area and a varying wave length along the streamwise direction. The mechanism behind the
different behaviors of momentum-deficit-based barycenter and pressure-based barycenter needs further investigation.

To help understand the wake rotation, barycenter traces are drawn on y − z planes in Figure 14 and Figure 15. For
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the momentum-deficit-based barycenter at x = 0.375D, the barycenter is constantly rotating at a high frequency and the
axis of rotation is moving with time. Most of the trace locates at the upper portion of the domain, this highly asymmetric
distribution could be related to the low-frequency motion. From x = 0.375D to x = 9.0D, the trace pattern becomes
more "symmetric" with respect to the geometric centroid. For the pressure-based barycenter, it does not have a biased
distribution as for the momentum-deficit-based barycenter. Although the whole trace pattern seems to be axisymmetric,
the axis of rotation is not located at the geometrical centroid at all times, sometimes being substantially far from the
geometrical centroid. We can also see that the pattern for the pressure-based barycenter at x = 9.0D is more chaotic
than the ones from the near-wake area.

V. Conclusions and Future Work
The objective of the current paper is to document the time-dependent azimuthal unsteadiness in the wake behind a

body of revolution using Large-eddy Simulations. The two different definitions of the wake barycenter show similar
distributions in the near-wake area but a substantially different behavior in the far-wake region. The reason behind
these differences remains to be investigated. For the wake dynamics, the high-frequency motion was shown to be
related to the vortex shedding. The low frequency behavior documented in the previous experimental studies [5, 6] was
preliminary observed, but a longer simulation time is needed to acquire a more complete picture. Due to very large time
scales associated with the low-frequency motions, and consequently, long “residence time” of coherent structures in
certain azimuthal locations, the results can lead to an asymmetric distribution of the wake statistics, even in moderately
long-term computational and experimental studies. In this case, exploring the ways of shifting the asymmetries in the
system’s behavior in computations and/or experiments would be of interest.
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(a) y coordinate

(b) z coordinate

Fig. 11 Time series and spectral distribution of momentum-deficit-based barycenter locations.
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(a) y coordinate

(b) z coordinate

Fig. 12 Time series and spectral distribution of pressure-based barycenter locations.
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(a) Momentum-deficit-based barycenter (b) Pressure-based barycenter

Fig. 13 Instantaneous distribution of a barycenter location projected onto x − z plane.

(a) x = 0.375D (b) x = 0.75D

(c) x = 1.125D (d) x = 9.0D

Fig. 14 Trace of momentum-deficit-based barycenter on y − z plane collected over the non-dimensional sim-
ulation time T∗ = 96. The blue solid line represents the trace of barycenter. The red circle and magenta
square represent the start and end points, respectively. The range of the axes are scaled for different streamwise
positions to have a clear view.
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Fig. 15 Trace of pressure-based barycenter on y − z plane collected over the non-dimensional simulation time
T∗ = 96.The blue solid line represents the trace of barycenter. The red circle and magenta square represent the
start and end points, respectively. The range of the axes are scaled for different streamwise positions to have a
clear view.
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