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Computation of the Flow
Over a Sphere at Re 5 3700:
A Comparison of Uniform and
Turbulent Inflow Conditions
A highly resolved computation of the flow past a sphere at Reynolds number Re¼ 3700
using a finite element method (FEM)-based residual-based variational multiscale
(RBVMS) formulation is performed. Both uniform and turbulent inflow conditions are
considered with the uniform flow case validated against a previous direct numerical sim-
ulation (DNS) study. We find that, as a result of adding free-stream turbulence of moder-
ate intensity, the drag force on the sphere is increased, the length of the recirculation
bubble is reduced dramatically, and the near-wake turbulence is significantly more ener-
getic than in case of uniform inflow. In the case of uniform inflow, we find that the solu-
tion exhibits low temporal frequency modes, which necessitate long-time simulations to
obtain high-fidelity statistical averages. Subjecting the sphere to turbulent inflow removes
the low-frequency modes from the solution and enables shorter-time simulations to
achieve converged flow statistics. [DOI: 10.1115/1.4028754]

1 Introduction

The flow past a sphere at Re¼ 3700 is a canonical turbulent
flow over a three-dimensional body, which presents challenges
common to accurate computation of turbulent flows over bluff
bodies at moderate Reynolds number: a thin laminar boundary
layer, flow separation at a location that is not known a priori, tran-
sition to turbulence in thin shear layers, and an unsteady recircula-
tion zone followed by a turbulent wake. Without faithful
representation of these flow features, it is not possible to accu-
rately predict aerodynamic or hydrodynamic loading on complex-
geometry objects. However, accurate simulation of turbulent
flows in complex-geometry domains remains a major outstanding
challenge.

The computation of the flow over a sphere with DNS resolution
at Re of order several thousand has only recently been possible
(see, e.g., the DNS by Ref. [1] who considered uniform flow at
Re¼ 3700). In applications, free stream turbulence presents addi-
tional complexity. As is clear from the brief review of relevant lit-
erature that follows, the effect of turbulent inflow on the flow over
a sphere in the regime of moderate Re, and l/D¼O(1), that is,
integral length scale, l, comparable to body diameter, D, remains to
be systematically explored. This motivates the present investigation
of the flow over a sphere at Re¼ 3700 with turbulent inflow.

Motivated by particulate flows, the regime with low-to-moderate
Re and large integral length scale with l/D¼O(10–100) has been
studied systematically. Examples are the laboratory experiment of
Refs. [2] and [3] at Re¼ 135–1560 and l/D¼ 11–59, the DNS of
Refs. [4] and [5] at Re¼ 58–609 and l/D¼ 52–333, and the large-
Eddy simulation (LES) of Ref. [6] at Re¼ 200–500, and l/
D¼ 3–10. The change in drag coefficient, Cd, was found to be
“neither substantial nor systematic” by Ref. [4] in agreement with
the previous experimental results of Refs. [2] and [3] despite the
large range of turbulent inflow intensities, urms/U¼ 4–19%. Here,
urms is the root-mean-square of the velocity fluctuation and U is
the ambient flow speed. Another regime that has been studied is at

high Re¼O(105) with values close to but lower than the critical
value of 3� 105 when Cd drops precipitously. Here, inflow turbu-
lence is found to decrease Cd because the separating laminar free
shear layer reattaches forming an attached separation bubble and
the subsequent boundary layer with high-momentum fluid has
delayed separation as discussed by, also see the references therein,
who report laboratory results obtained at Re¼ 0.5� 105–2.8
� 105, l/D¼O(0.1), and turbulent inflow with urms/U¼ 4%.
Unlike other previous studies, Ref. [7] considers inflow turbulence
with l/D¼O(1), performing laboratory experiments at
Re¼ 100–1000. Their Re¼ 1000 case, closest to the Re¼ 3700
case considered here, had inflow fluctuations with l/D¼ 3 and
urms/U¼ 15%.

To compute the sphere flow, the Navier–Stokes equations of
incompressible flows are discretized using a FEM-based
RBVMS formulation [8,9]. RBVMS originates from stabilized
and multiscale methods for fluid mechanics [10–13]. In Ref. [8],
it was derived and presented for the first time in the context of
LES modeling. In Ref. [14], a moving-domain extension of
RBVMS was presented in the framework of an arbitrary Lagran-
gian–Eulerian (ALE) formulation [15], and was subsequently
called the ALE-VMS method [16]. The space–time version of
RBVMS, called ST-VMS, was recently proposed in Ref. [17]
and successfully employed in a number of fluid mechanics and
fluid–structure interaction simulations in Refs. [16] and [18–29].
RBVMS performs well on laminar and turbulent flows, and dis-
crete solutions converge rapidly to DNS while yielding LES-like
solutions on intermediate meshes. In this work, the flow is
highly resolved to ensure that all the relevant flow physics are
represented.

The paper consists of three distinct parts. In the first part, we
introduce the numerical methods employed for the simulation. In
the second part, we perform a numerical study of the Re¼ 3700
sphere flow subject to smooth (i.e., uniform) inflow conditions.
The purpose of this section is to carefully examine the turbulent
flow solution generated by the FEM-based RBVMS technique. An
extensive comparison of the mean flow and fluctuation statistics
with the DNS results of Ref. [30] as well as other data from exper-
imental and numerical studies showed that the FEM-based
RBVMS, besides its inherent geometric flexibility, is well suited

Contributed by the Applied Mechanics of ASME for publication in the JOURNAL

OF APPLIED MECHANICS. Manuscript received July 30, 2014; final manuscript received
October 1, 2014; accepted manuscript posted October 10, 2014; published online
October 20, 2014. Assoc. Editor: Kenji Takizawa.

Journal of Applied Mechanics DECEMBER 2014, Vol. 81 / 121003-1Copyright VC 2014 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/appliedm

echanics/article-pdf/81/12/121003/6080557/jam
_081_12_121003.pdf by U

niversity of Illinois U
rbana-C

ham
paign user on 28 August 2021

https://crossmark.crossref.org/dialog/?doi=10.1115/1.4028754&domain=pdf&date_stamp=2014-10-20


for accurate simulation of turbulent flow physics. Our uniform
inflow simulations revealed low-frequency vortex shedding
modes, which necessitated long-time computations to obtain con-
verged statistical averages of the flow quantities. The presence of
low-frequency modes in the solution has been reported in the liter-
ature for flow past a sphere [30–33]. Low frequency modes were
also observed in the wake of a number of bluff objects with
unsteady recirculating regions (see Ref. [34] and references
therein).

In most cases of practical interest, the inflow conditions are
never perfectly uniform, and a certain amount of background tur-
bulence (e.g., wind turbulence in nature or grid turbulence in
experiments) is always present in the flow. As a result, the third
part of the paper is devoted to the simulation of the same sphere
flow, but subjected to turbulent inflow conditions. The objective is
to characterize the relatively unexplored regime of moderate Re
and l/D¼O(1). We will show that, despite a moderate value of
urms/U¼ 4%, inflow turbulence substantially changes the flow
structure behind the sphere and thereby the drag. Interestingly,
adding inflow turbulence removed the low-frequency modes in
the solution, which, in turn, enabled much shorter-time flow simu-
lation to achieve converged turbulent statistics.

The paper outline is as follows. In Sec. 2, we present the gov-
erning equations, describe the numerical technique employed, and
give the details of the problem setup, boundary conditions, and
mesh design. In Sec. 3, we report the results of the flow over a
sphere subject to uniform inflow. The presentation of flow statis-
tics follows closely that of Ref. [30]. We present the mean flow
and velocity fluctuation data using three large consecutive time
windows with a small overlap between them, which enabled us to
capture a very-low-frequency mode alluded to earlier. In Sec. 4,
we characterize the influence of turbulent inflow on the flow over
a sphere. The turbulent inflow procedure is also described. In
Sec. 5, we draw conclusions.

2 Numerical Methods and Problem Setup

The weak form of the Navier–Stokes equations of incompressi-
ble isothermal flows is stated as follows: Find u and p, the fluid
velocity and pressure, respectively, such that for all w and q, the
linear momentum equations and incompressibility constraint test
functions, respectively,

ð
X

w � q @u

@t
þ ðu � rÞu� f

� �
dXþ

ð
X

eðwÞ : ð�pIþ 2leðuÞÞdX

�
ð

Ch

w � hdCþ
ð

X
qr � udX ¼ 0 (1)

In Eq. (1), X is the problem domain, f is the body force per unit
mass, h is the traction vector applied on a subset of the problem
domain boundary Ch, q and l are the fluid density and dynamic
viscosity, respectively, and

eðvÞ ¼ 1

2
ðrvþrvTÞ (2)

for any vector field v.
The weak form of the Navier–Stokes equations given by

Eq. (1) is discretized using a FEM-based RBVMS [8]. The
RBVMS formulation is augmented with weakly imposed Dirichlet
boundary conditions at the no-slip solid walls [35,36]. Although
linear FEM is employed here, higher-order and higher-continuity
functions may also be used in conjunction with RBVMS (see,
e.g., Refs. [8] and [37]), which leads to methods of higher-order
accuracy. Spatial discretization of the Navier–Stokes equations
leads to a system of differential algebraic equations that are inte-
grated in time using the Generalized-a method [38], a second-
order, fully implicit technique that is unconditionally stable.
At each time step the nonlinear algebraic equation system is

solved using the Newton–Raphson approach. At each Newton–
Raphson iteration, the resulting linear system of equations is
solved using a GMRES projection technique with block-diagonal
preconditioning [39].

The computational domain of the problem is defined as follows.
The sphere of diameter D¼ 1.0 is placed at the origin of the coor-
dinate system. The outer boundary of the computational domain is
a box, where the inflow face is located at� 5.7D, the outflow face
is located at 15.0D, and the lateral boundaries are located 7.5D
away from the sphere center.

At the inlet, the inflow velocity is prescribed. We consider both
uniform and turbulent inflow conditions. In the case of uniform
inflow, the flow speed is set to U¼ 1.0. The case of turbulent
inflow is described in detail later in the paper. At the outlet, zero
traction boundary conditions are imposed. On the lateral bounda-
ries, zero normal velocity and zero tangential traction boundary
conditions are set. The no-slip boundary condition is prescribed
on the surface of the sphere. The fluid density is set to q¼ 1.0 and
the dynamic viscosity is set to l¼ 1.0/3700.0 to get the desired
Reynolds number.

The mesh is designed as follows. Two inner cylindrical regions
of radius 1.0D and 2.5D are defined inside the computational
domain to allow a gradual decrease in the mesh size toward the
sphere as well as for better resolution of the turbulent wake.
(These inner regions may be seen in Fig. 1.) To generate the volu-
metric mesh, we first create triangular surface meshes on the
sphere, inner cylinders, and outer box. We then generate a
boundary-layer mesh of prismatic elements on the surface of the
sphere. We complete the mesh generation process by filling in the
volumes enclosed between the different surfaces with tetrahedral
elements (see Fig. 1 for a zoom on the boundary layer mesh of
prismatic elements and transition to a tetrahedral mesh). The
mesh statistics for all cases are summarized in Tables 1 and 2.
Unlike for the uniform inflow, in the case of turbulent inflow it is
important to have sufficient resolution for the incoming turbulent
flow field. For this reason, the inner cylindrical surfaces and the
corresponding regions of finer tetrahedral mesh are extended all
the way to the inlet (see Fig. 1). The mesh statistics for this case
are also given in Tables 1 and 2.

The time step size is set to 0.0015. For the uniform inflow
cases, staring with a uniform flow distribution in the computa-
tional domain and zero velocity on the sphere, the discrete equa-
tions are integrated until the final time t¼ 1350.0. The flow
statistics are collected after t¼ 150.0. In the case of turbulent
inflow, a shorter simulation time of t¼ 300.0 is sufficient and the
statistics are collected after t¼ 120.0.

Remark. Although, as stated earlier, weakly enforced Dirichlet
boundary conditions at the no-slip solid wall are employed, the
boundary-layer mesh resolution in the problem is such that they
are not expected to play an important role. Nevertheless, weak
boundary conditions are retained, because, as shown in Ref. [36],
their accuracy is as good as or better than that of the strongly
enforced boundary conditions.

3 Sphere Subjected to Uniform Inflow

In this section, we report the numerical results for the sphere
problem subjected to uniform inflow without superposed turbu-
lence. As the Reynolds number in our simulation is the same as in
DNS of Ref. [30], all the statistics resulting from our simulation
are plotted together with the data from that reference. Flow statis-
tics are also compared with other data from both experimental and
computational studies of this case.

We begin with the power spectrum analysis. We place four
“probes” in the sphere wake to get the instantaneous velocity data.
The first probe is placed in the separated shear layer at (x/D¼ 1.0,
r/D¼ 0.6). The second probe is placed at (x/D¼ 2.4, r/D¼ 0.6),
in the zone of shear layers where transition to turbulence is
expected. The third probe is placed at (x/D¼ 3.0, r/D¼ 0.6), and
the fourth probe is placed at (x/D¼ 5.0, r/D¼ 0.6). The energy
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spectra are calculated from the time series of the radial velocity
from tU/D¼ 350 to tU/D¼ 1050 using the Lomb periodogram
technique. As can be observed in Fig. 2, the radial velocity fluctu-
ations display different frequency contributions depending on the
locations of the probes. The spectra of the probes at (x/D¼ 2.4, r/
D¼ 0.6), (x/D¼ 3.0, r/D¼ 0.6), and (x/D¼ 5.0, r/D¼ 0.6) all ex-
hibit a dominant peak in the energy at the frequency St¼ fvsD/
U¼ 0.221, which is a nondimensional vortex-shedding frequency,

or the Strouhal number. The shear-layer frequency reported in
Ref. [30] is fslD/U¼ 0.72, while a slightly lower value of fslD/
U¼ 0.60 is predicted in the present computation.

The power spectra at x/D¼ 1.0–3.0 show a very-low-frequency
peak at fD/U¼ 0.005 in addition to the dominant vortex shedding
mode at fvsD/U¼ 0.221. Additional low frequency peaks have
been found previously, e.g., fD/U¼ 0.0067 at Re¼ 400 by
Ref. [40], fD/U¼ 0.045 at Re¼ 500 by Ref. [41], and fD/
U¼ 0.0178 at Re¼ 3700 by Ref. [30], and attributed to irregular
rotation of the separation point or a breathing of the recirculation
region. It is quite possible that such low frequency modes are not
universal and depend on the details of the problem setup.

The time history of Cd is plotted in Fig. 3 together with the
mean drag coefficient Cd ¼ 0:392. The mean value of the drag is
in very good agreement with all other comparable data reported in
Table 3. Note that the time-dependent drag has both high and low
frequencies. As a result, due to the presence of the low frequency
modes, in order to compute a high-fidelity average of the drag
coefficient, one needs to compute for a very long time period.
This is a significant drawback, which can lead to artificial dispar-
ities between different studies depending on the choice of averag-
ing window, an issue which is addressed in the following.

The averaged streamwise velocity normalized by the character-
istic velocity, �vx=U, and the normalized RMS of the fluctuation
v0x=U are shown in Fig. 4. Three different time windows are
employed to obtain the averaged flow statistics. The first time
window corresponds to t � [300.0, 675.0], the second to t �
[600.0, 975.0], and the third to t � [900.0, 1,275.0]. The size of

Fig. 1 2D slice of the mesh of the computational domain. Top left: uniform inflow case. Top right:
turbulent inflow case. Bottom: zoom on the sphere boundary-layer mesh. Note the two cylindrical
regions used for mesh refinement in the top plots. The cylindrical regions appear rectangular due to a
2D slice used for mesh visualization.

Table 1 Element sizes employed in the computational domain

Sphere Boundary layer Cylinder 1 Cylinder 2 Outer box

0.02 0.004 0.04 0:16=
ffiffiffi
2
p

0.8

“Sphere” gives the element in-plane dimension on the sphere surface,
“Boundary layer” gives the first element dimension normal to the sphere
surface (seven layers of elements are constructed with a growth ratio of
1.1), “Cylinder 1” and “Cylinder 2” give the mesh sizes on the cylindrical
surfaces used for mesh refinement, and “Outer box” gives the mesh size on
the outer boundary of the computational domain.

Table 2 Mesh sizes for the uniform and turbulent inflow cases

Number of nodes Number of elements

Uniform inflow 1,105,398 6,395,378
Turbulent inflow 1,662,832 9,676,411
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each time window is very close to that used in the DNS of
Ref. [30]. As the figures show, the length of the recirculation bub-
ble (defined as the distance from the back end of the sphere to the
location where the sign of the mean streamwise velocity changes)
is L/D¼ 2.28, which is in excellent agreement with Ref. [30]. The
figures also show that the mean centerline velocity has little

sensitivity to the choice of the time window for the computation
of the flow statistics. This is not the case for the velocity fluctua-
tions. In the first time window, the present simulation results over-
predict the fluctuations in the end of the recirculation zone
relative to the DNS data. In the second time window, the fluctua-
tions show excellent agreement between the two computations. In

Fig. 2 Time history (left) and power spectra (right) of the radial velocity at different spatial locations:
From top to bottom, the probes are located at (x/D 5 1.0, r/D 5 0.6), (x/D 5 2.4, r/D 5 0.6), (x/D 5 3.0,
r/D 5 0.6), and (x/D 5 5.0, r/D 5 0.6).
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the third time window, the fluctuations are overpredicted again in
the current computation.

Similar to the centerline mean velocity, the radial profiles of
the streamwise and radial velocities also show little sensitivity to
the time window. Radial profiles are obtained by averaging over
12 azimuthal locations and over time. The velocity profiles are
shown at locations (x/D¼ 1.6, 2.0, 3.0, 5.0, 10.0) in Fig. 5 for a
single time window since they do not depend on the window
choice. At x/D¼ 1.6 and 2.0, there is a substantial radial region,
r/D< 0.5, with negative mean streamwise velocity associated
with recirculating fluid, surrounded by a region with negative
radial velocity corresponding to mean entrainment of external
fluid. The profiles of �vx at x/D� 3.0 show that the near wake
spreads radially while the mean centerline defect velocity progres-
sively decreases.

The RMS of the streamwise and radial fluctuations is shown in
Fig. 6. The results are presented for the all three time windows up
to x/D¼ 3.0, and compared to the DNS data of Ref. [30]. The
streamwise fluctuation vx,rms is sensitive to the time window selec-
tion, but only in the very near wake (up to x/D¼ 3.0). At x/D¼ 5.0
and beyond (not shown) the RMS of the velocity fluctuations is no
longer sensitive to the choice of the time window. It is again the
second time window that gives the closest agreement between the
present simulation and the DNS results. The RMS of the radial
velocity fluctuations is relatively insensitive to the averaging window.

The vortex-shedding frequency St, the separation angle meas-
ured from the stagnation point us, the nondimensional length of
the recirculation bubble evaluated from the back end of the sphere
L/D, the mean drag coefficient Cd, and the base pressure coeffi-
cient Cpb are summarized in Table 3. As we already mentioned

above, the vortex shedding is predicted to occur at St¼ 0.221,
which is in the range (0.204–0.225) of the Strouhal numbers given
by the experiments conducted by Refs. [32] and [33]. The pre-
dicted separation angle is us ¼ 89:5 deg, which is coincident with
the separation angle reported in Refs. [30] and [41]. The mean
pressure Cp and wall skin-friction coefficient s are plotted in
Fig. 7. As shown in Fig. 7, near perfect agreement of Cp with pre-
vious experimental and DNS data is achieved. The angular posi-
tion of the minimum mean pressure coefficient is h¼ 72 deg,
which compares well with value h¼ 71.5 deg from Ref. [30] and
h¼ 71 deg from Ref. [43], where the latter reference considered
the flow over a sphere at Re¼ 5000. The value of the base pres-
sure coefficient Cpb, defined as the pressure coefficient at
h¼ 180 deg, is also in excellent agreement with Ref. [30]. Time-
averaged skin friction, nondimensionalized by qU2/Re1=2, is also
plotted in Fig. 7. Our simulation predicts the peak of skin friction
to occur at h¼ 51 deg, which matches well the value of h¼ 48 deg
reported in Ref. [30], and the value of h¼ 50 deg reported in
Ref. [43]. Compared to the DNS results of Ref. [30], we get a
slightly lower peak value of s.

4 Sphere Subjected to Turbulent Inflow

4.1 Turbulent Inflow Generation. A case with turbulent
inflow is simulated in addition to the case with uniform inflow.
For this purpose, we first perform a standalone simulation of tem-
porally evolving homogeneous isotropic turbulence, and then
introduce the resulting final-time flow field into the sphere flow
domain by superposing it on the uniform ambient flow.

The finite volume numerical method used for the isotropic tur-
bulence computation is based on Refs. [44] and [45]. The proce-
dure for generating the isotropic turbulence solution is as follows:
First, the method of Ref. [46] is used to create a divergence-free
field of homogeneous isotropic turbulence with a given spectrum
in a triply periodic box. For this study, the initial spectrum is
given by

EðkÞ ¼ k

k0

� �4

e�2 k=k0ð Þ2 (3)

where we set k0¼ 16. The initial turbulence intensity was set to
ui,rms¼ 0.11. Details of the computational domain and grid sizes
employed are given in Table 4.

A uniform grid is used in all three directions. The streamwise
length L1 was chosen to be large enough so that the repeating fre-
quency of the periodic turbulence field, fm¼ 0.0133U/D, is
smaller than the low frequency modes of fm¼ 0.0178U/D
observed in the DNS results of Ref. [30]. After an initial adjust-
ment time of approximately one half of an initial eddy turnover
time, the data are written out as a series of planes in the x1-direction
to be used for the inlet boundary conditions in the spatially evolving
sphere simulation. The flow is well-resolved with Dx/g¼ 3.1 and
a four decade drop in spectra. The temporally evolving homoge-
neous isotropic turbulence field was interpolated to a coarser
mesh having Dxi,int¼ 1.33Dxi,0 resolution corresponding to that
used in the spatially evolving sphere flow, so that a comparison
between the temporally evolving and spatially evolving cases
could be made. As a measure of the level of isotropy in the flow
field, the initial turbulence intensities are 4.6259� 10�2,
4.6260� 10�2, 4.6270� 10�2 for u1, u2, u3, respectively, in the
temporal case. The Taylor-microscale-based Reynolds number is
Rek¼ 17 and the integral length scale is l/D¼ 0.3 (see, e.g.,
Refs. [47] and [48] for the mathematical definition of these
quantities) are shown in the figure.

To impose turbulent inlet boundary conditions for the sphere
computation, the solution data is transferred from the structured
grid of the isotropic turbulence problem to the unstructured grid
of the sphere problem. The mesh of the outer domain boundaries
for the sphere computation is shown in Fig. 8. At the inlet plane,

Table 3 Comparison of the statistical flow quantities between
the present DNS simulation and experimental and computa-
tional results of other authors

Re St usðdegÞ Cd Cpb L/D

Present work (DNS) 3700 0.221 89.4 0.392 �0.207 2.28
[30] (DNS) 3700 0.215 89.4 0.394 �0.207 2.28
[32] (exp.) 4200 0.225 — — �0.224 —
[42] (exp.) 3700 — — 0.39 — —
[41] (DNS) 1000 0.195 102 — — 1.7
[43] (DNS) 5000 — 89.5 0.38 — 2.1

Fig. 3 Time history of the drag coefficient Cd. The time window
of t � [150.0, 1350.0] was used for the computation of the mean
Cd.
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the mesh is clustered in the inner region to have an accurate repre-
sentation of the turbulent fluctuations transported by the ambient
flow to eventually impact the sphere. The triangular mesh
becomes significantly more coarse near the lateral boundaries of
the inflow face since a detailed resolution of the turbulent fluctua-
tions in this location is not required. This mesh design gives sig-
nificant cost savings without sacrificing the flow solution accuracy
upstream and downstream of the sphere.

To transfer velocity data from the uniform rectangular grid of
the isotropic turbulence problem to the triangular inflow-face
mesh of the sphere problem, the L2-projection is employed. In
addition, we ensure that the integral of the normal component of
the velocity over the inflow face is zero to machine precision.
This is true for the isotropic turbulence computation due to the
incompressibility of the flow, and we feel it is important to pre-
serve this property for the sphere computation as well. In this
case, the total amount of flow through the inlet boundary for the
smooth and turbulent inflow computations is the same, thus pro-
viding a good basis for comparison. Furthermore, if the inlet flow
rate for the sphere problem is not controlled, the flow may artifi-
cially accelerate and decelerate, resulting in unphysical temporal
fluctuations in the pressure field, and, in turn, in the drag force act-
ing on the sphere.

Figure 9 shows the velocity fluctuations before and after the
projection. Note that all the scales are preserved in the region of
interest near the center of the inlet face, and only the large scales
are kept close to the lateral boundaries. The L2-projection together

with the mesh coarsening toward the lateral boundaries may be
thought of as a “filter” applied to the fluctuating part of the inflow
velocity field.

After projection, the turbulent fluctuations are superposed on
the uniform flow, and the resulting flow field is imposed as an
inflow boundary condition. Projection of the solution is performed
for every plane in the isotropic turbulence problem mesh. Piece-
wise linear interpolation in time is assumed when the turbulent flow
field is needed in the intermediate locations on the time axis.

Comparison between the flow evolution in the spatial and tem-
poral frames is given in Fig. 10. The data for the temporal evolu-
tion come from the homogeneous isotropic turbulence
computation using the uniform-grid finite volume technique
described above, while the data for the spatial evolution comes
from the FEM computation of the sphere flow where the statistics
are collected upstream of the sphere. Evolution of the turbulent
kinetic energy and the turbulent dissipation rate are shown in the
figure. Very good agreement is found between the temporal finite-
volume DNS and the present spatial simulation, thus validating
the inflow procedure for the spatial FEM computations.

4.2 Flow Statistics in the Sphere Wake. We present statisti-
cal flow features for the sphere subjected to turbulent inflow and
compare the results with the uniform inflow case. We also present a
qualitative comparison to the low-to-moderate-Reynolds-number
experimental [2,3,6,7] and numerical [4,5] results for the sphere
immersed in an isotropic turbulence field. Among these studies,

Fig. 4 Left: time-averaged streamwise velocity along the centerline. Right: RMS of the streamwise velocity along the centerline.
Flow statistics are computed over three time windows corresponding to t � [300.0, 675.0], t � [600.0, 975.0], and t � [900.0,
1,275.0], denoted in the figure by (W1), (W2), and (W3), respectively.
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the experiment of Ref. [7] has the smallest value of turbulence
integral length scale (l/D¼ 3.0) making it the only one that
belongs to the l/D¼O(1) and moderate Reynolds number regime
of interest here.

Table 5 presents the time-averaged separation angle, drag coef-
ficient, base pressure coefficient, and the nondimensional length
of the recirculation bubble. With respect to the uniform inflow
case, the separation angle increases slightly from 89.4 deg to

Fig. 5 Mean velocity profiles in the sphere wake. Left: streamwise velocity profile. Right: radial velocity profile. Flow statistics
are computed over the time window corresponding to t � [300.0, 675.0].
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91.7 deg, the drag coefficient increases from 0.392 to 0.442, the
base pressure coefficient is reduced from� 0.207 to �0.294, and
the recirculation bubble length decreases from 2.28 to 1.16. The lat-
ter represents nearly a factor of two decrease, corresponding to a
recirculation zone that is much shorter for the turbulent inflow case.
The decrease in the length of the sphere recirculation bubble in the
presence of ambient turbulence was also observed in the experiments
of Refs. [4] and [7]. The decrease in the recirculation zone length is
mild in the case of the large l/D simulations of Ref. [5] while it is
comparable to the current result in the experiment of Ref. [7].

The time history of the drag coefficient is plotted in Fig. 11. The
higher-frequency fluctuations have a significantly higher amplitude
than in the uniform inflow case (plotted for comparison in the same
figure), which is expected. However, it is clear from the figure that
the low-frequency variations in the drag coefficient have disap-
peared completely and the statistically stationary mean value of the

drag is obtained in much shorter time. In practice this means that
shorter-time simulations are needed to compute a high-fidelity aver-
age of the drag force as compared to the uniform inflow case.

The mean pressure and skin-friction coefficient distributions
are plotted in Fig. 12. While almost no difference is observed on
the front surface of the sphere, on the back surface the turbulent
inflow computation predicts higher magnitude of suction pressure
resulting in a higher drag force acting on the sphere (see Table 5
and Fig. 11). Higher-magnitude suction pressure relative to undis-
turbed flow was also observed in the experiments of Ref. [32]
where the acoustic disturbances rather than turbulence were added
to the ambient flow around the sphere. The skin-friction coeffi-
cient is very similar in both cases. However, for the turbulent
inflow case, the skin-friction curve drops below zero over a small
region near the back end of the sphere, suggesting that the recircu-
lating flow is now closer to the surface of the sphere.

Fig. 6 RMS of the velocity fluctuations in the sphere wake. Left: streamwise velocity fluctuations. Right: radial velocity
fluctuations. Flow statistics are reported for three different time windows.
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These findings of higher-magnitude suction pressure and higher
drag coefficient are new, and motivate the following, closer inves-
tigation of the near-sphere flow. Figure 13 shows the contours of
instantaneous out-of-plane vorticity component on a planar cut.

The figure clearly shows the early break-up of the shear layers
and increased levels of vorticity near the sphere surface, leading
to increased suction pressure magnitude for the turbulent inflow
case. Figure 14 shows the mean velocity streamlines on the same
planar cut. The closer proximity of the recirculation bubble to the
sphere surface and increased curvature of the streamlines near
the sphere surface for the turbulent inflow case are the cause of
the negative skin friction coefficient between 150 deg and 180 deg
reported in Fig. 12.

Mean streamwise velocity and RMS of its fluctuations along
the centerline are plotted in Fig. 15. Statistics for the uniform
inflow curve are taken from the second time window correspond-
ing to t � [600.0, 975.0] and denoted by (W2) in the figure. Two
time windows are used to compute the statistics for the turbulent
flow curve, t � [120.0, 225.0] and t � [195.0, 300.0], and denoted
by (W1) and (W2), respectively. The figure also shows a signifi-
cantly reduced size of the recirculation bubble. Also note that,
compared to the uniform inflow case, the flow in the recirculation
bubble is a more “energetic,” in that the fluctuation amplitude is
higher in this region. This higher level of the fluctuations is main-
tained throughout the recirculation zone, and then the fluctuations
begin to decay. After the distance of about x/D¼ 5.0 behind the
sphere both the mean flow and fluctuation levels are very similar
for the turbulent and uniform inflow cases. Note that, unlike for
the uniform inflow case, for the turbulent inflow case the means
and fluctuations exhibit no sensitivity to the choice of the time
window chosen for the computation of the statistics. A much
shorter time window may be used for the turbulent inflow case to
compute high-fidelity statistical means. Figure 16 shows the
streamwise defect velocity and its RMS along the centerline.
When plotted on a log scale, differences between the uniform and
turbulent inflow cases at x/D¼ 5.0 at beyond become apparent.
The reasons are as follows. In the turbulent inflow case, the
decrease of centerline velocity after the end of the recirculation
region is gentler. The mean velocity in a turbulent wake decays
because of the energy transfer to turbulent fluctuations through
the shear production of turbulent kinetic energy (TKE). The
smoother velocity profile and smaller Reynolds shear stress in the
turbulent inflow case combine to reduce the shear production of
TKE in the wake and therefore reduces the decay of the mean
wake velocity in the turbulent inflow case.

Fig. 7 Left: ensemble-averaged pressure coefficient distribution as a function of the angular position. DNS results of Ref. [30]
and experimental results of Ref. [32] are plotted for comparison. Right: mean skin-friction coefficient distribution as a function
of the angular position. DNS results of Ref. [30] are plotted for comparison.

Table 4 Grid definition

n1 n2 n3 L1 L2 L3

Initial field 2560 512 512 75.0 15.0 15.0
Post interpolation 1920 384 384 75.0 15.0 15.0

A uniform grid is used in all three directions, and ni and Li are the number
of grid points and the domain length, respectively, in the ith direction.

Fig. 8 Triangular mesh of the sphere inflow domain boundary.
The blue circle is used to denote the projection of the sphere
outer boundary to the inlet plane.
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Figure 17 shows the ensemble-averaged streamwise and radial ve-
locity profiles at several planes in the wake of the sphere. Significant
differences in the curves are observed up to the distance of x/D¼ 3.0
behind the sphere and differences persist until x/D¼ 5.0. The mean

Fig. 9 Velocity fluctuation magnitude at final time on one of the planes of the isotropic turbulence simulation. Left: before
projection. Right: after projection.

Fig. 10 The data transfer employed for the turbulent inflow
generation is validated by comparison of the temporally and
spatially evolving simulations. Evolution of the turbulent kinetic
energy (tke) and the viscous dissipation (e) rate are shown. The
x1-axis is taken in place of time for the spatially evolving
simulation.

Table 5 Comparison of the time-averaged separation angle
(us), drag coefficient (Cd), base pressure coefficient (Cpb), and
nondimensional length of the recirculation bubble, for the uni-
form and turbulent inflow cases

urms/U(%) l/D usðdegÞ Cd Cpb L/D

Turbulent inflow 4 0.3 91.7 0.442 �0.294 1.16
Uniform inflow — — 89.4 0.392 �0.207 2.28

The two leading columns correspond to the turbulence intensity and nondi-
mensional integral length scale, respectively.

Fig. 11 The time history of the drag coefficient
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streamwise velocity data show a much faster near-wake decay rate
for the turbulent inflow case, which is consistent with experimental
findings of Refs. [2] and [6] and an analytical model of Ref. [49]. The
difference between the two cases diminishes by x/D¼ 10.0.

The streamwise and radial velocity fluctuations on the same
planes in the sphere wake are presented in Fig. 18. As in the case
of the mean flow, the fluctuation curves are smoother for the tur-
bulent inflow case. Radial velocity fluctuations near the sphere
(x/D¼ 1.6) are significantly higher for the turbulent inflow case;
however, the situation reverses by x/D¼ 3.0 and the uniform
inflow case appears to be more energetic, which is likely due to a
larger recirculation bubble. There are still visible differences in
the radial velocity fluctuations between the turbulent and uniform
inflow case at x/D¼ 5.0 and 10.0.

As in the case of the centerline flow statistics, the results for the
turbulent inflow ensemble-averaged statistics are independent of
the choice of the time window.

At the locations shown in Fig. 17, the progression of the mean
radial profile from the wake region to the free-stream flow is
smoother in the case of turbulent inflow. Figure 17 (x/D
¼ 1.6–3.0) shows that the mean velocity radial gradient is much
smaller in the turbulent case. This is consistent with the higher

Fig. 12 Left: ensemble-averaged pressure coefficient distribution as a function of the angular position. Right: mean skin-
friction coefficient distribution as a function of the angular position. Turbulent and uniform flow results are plotted for
comparison.

Fig. 13 Contours of instantaneous out-of-plane vorticity
component on a planar cut. Top: uniform inflow. Bottom:
turbulent inflow.

Fig. 14 Mean velocity streamlines on a planar cut. Top:
uniform inflow. Bottom: turbulent inflow.
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turbulence intensity in the radial turbulence profiles at these loca-
tions. The ambient turbulence increases the growth of the post-
separation shear-layer thickness and shortens the recirculation
zone to bring about these changes from the uniform inflow case.
Note that, if one compares the wake statistics at comparable dis-
tances behind the recirculating region, for example, the turbulent
inflow cases at x/D¼ 2.0 with the uniform inflow case at x/
D¼ 3.0, then one observes comparable radial profiles for vr, vr,rms,
and vx,rms.

We put four probes at the same locations as in the uniform
inflow case, and compute the power spectra using the Lomb perio-
dogram technique. The results for the time-dependent radial
velocity signal and its frequency-domain counterpart are shown in
Fig. 19. Unlike in the uniform inflow case, no dominant peak in
the energy is present, although, there appears to be some height-
ened activity around fD/U¼ 0.3 and fD/U¼ 0.6. As a result, no
single dominant vortex shedding frequency may be readily identi-
fied for this case. In fact, the incident turbulence suppresses peri-
odic vortex shedding, a phenomenon also observed in the
low-Reynolds-number experiments of Ref. [7] and simulations of
Ref. [5].

5 Conclusions

We carried out a highly resolved computation of the flow over
a sphere at Reynolds number Re¼ 3700 using a FEM-based
RBVMS technique. The sphere was subjected to uniform and tur-
bulent inflow conditions.

In the case of uniform inflow we compared our results with
a recent DNS simulation of Ref. [30], which employed a
finite-volume technique. While very good agreement of the statis-
tical flow features was achieved between the two simulations, we
found that very-long-time computations are necessary to obtain
converged statistics of the mean flow and the fluctuations.

To carry out turbulent inflow calculations we employed a tech-
nique where we superimposed turbulent fluctuation data on top of
the uniform free-stream flow. The spatially evolving turbulence
statistics were tracked and compared to their temporally evolving
counterparts in the isotropic turbulence simulation. Very good
agreement was found between the two giving us confidence that
the sphere was subjected to physically realistic turbulence
conditions.

The turbulent inflow computation produced the following find-
ings for the case of a decaying turbulent background of moderate

Fig. 15 Top: time-averaged streamwise velocity along the cen-
terline. Bottom: RMS of streamwise velocity fluctuations along
the centerline. Turbulent and uniform inflow results are pre-
sented for comparison. Flow statistics from two time windows
for the turbulent inflow case are plotted to show that the results
are invariant with the choice of the time window.

Fig. 16 Top: time-averaged streamwise defect velocity along the centerline. Bottom: RMS of streamwise defect velocity fluctua-
tions along the centerline. Both are scaled with the mean inflow speed. Turbulent and uniform inflow results are presented for com-
parison. The results are plotted on a log scale and the differences between the uniform and turbulent cases in the near and far
wake become apparent.
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Fig. 17 Mean velocity profiles in the sphere wake. Left: streamwise velocity profile. Right: radial velocity profile. Turbu-
lent and uniform inflow results are presented for comparison. Flow statistics from two time windows for the turbulent
inflow case are plotted to show that the results are invariant with the choice of the time window.
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intensity. The turbulent inflow case showed an increase in the suc-
tion pressure magnitude resulting in a higher overall drag force
acting on the sphere compared to the uniform flow case. The
impact of ambient turbulence on the skin friction coefficient was
found to be minor. The size of the recirculation bubble was
reduced dramatically because ambient turbulence substantially

enhances the growth of the postseparation shear layers, and the
flow in the recirculation zone was found to be significantly more
energetic in the case of turbulent inflow. Finally, introducing free-
stream turbulence removed most of the temporal modes in the
flow solution leading to a broadband energy spectrum, which
enabled much shorter-time simulations to obtain converged flow

Fig. 18 RMS of the velocity fluctuations in the sphere wake. Left: streamwise velocity fluctuations. Right: radial velocity
fluctuations. Turbulent and uniform inflow results are presented for comparison. Flow statistics from two time windows for the
turbulent inflow case are plotted to show that the results are invariant with the choice of the time window.
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Fig. 19 Time history (left) and power spectra (right) of the radial velocity at different spatial
locations: From top to bottom, the probes are located at (x/D 5 1.0, r/D 5 0.6), (x/D 5 2.4,
r/D 5 0.6), (x/D 5 3.0, r/D 5 0.6), and (x/D 5 5.0, r/D 5 0.6).
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statistics. Some of these observations were reported in recent
experimental and numerical studies of the sphere in the turbulent
environment at low-to-moderate Reynolds number.
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