
13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

THREE-DIMENSIONAL FLOW FIELD AROUND TWO CUBES IN TANDEM

Barbara L. da Silva
Department of Mechanical Engineering

University of Saskatchewan
57 Campus Drive, Saskatoon, Saskatchewan,

S7N 5A9, Canada
barbara.silva@usask.ca

David Sumner
Department of Mechanical Engineering

University of Saskatchewan
57 Campus Drive, Saskatoon, Saskatchewan,

S7N 5A9, Canada
david.sumner@usask.ca

Donald J. Bergstrom
Department of Mechanical Engineering

University of Saskatchewan
57 Campus Drive, Saskatoon, Saskatchewan,

S7N 5A9, Canada
don.bergstrom@usask.ca

ABSTRACT
The mean flow field around two surface-mounted cubes in

tandem was investigated through large-eddy simulations at a
Reynolds number of Re = 1×104 and with a turbulent bound-
ary layer of thickness δ/D = 0.8 at the location of the up-
stream cube. Center-to-center spacing ratios of L/D = 2, 2.5
and 4 were considered to describe the intermittent reattach-
ment, cavity-locked and synchronized shedding regimes, re-
spectively. Although an arch vortex was always present behind
the upstream cube, the flow in the gap changed significantly
depending on the different flow regimes, with the appearance
of a second horseshoe vortex in front of the downstream cube
for L/D = 4. The mean flow features were related to the near-
wall flow field of the downstream cube and the cubes’ drag and
normal force coefficients. Different near-wall flow field distri-
butions were found depending on whether the flow separated
from the upstream cube reattached or impinged on the down-
stream cube, while the wake of the downstream cube showed
base-like vortices for all L/D.

INTRODUCTION
The flow around surface-mounted finite-height square

prisms in tandem presents similar regimes to those for two-
dimensional or “infinite” square prisms in tandem. These flow
regimes change depending on the spacing ratio L/D, where L
is the longitudinal center-to-center spacing between the prisms
and D is the prisms’ width, illustrated in Fig. 1. The regimes
for two surface-mounted finite-height square prisms in tan-
dem can be summarized as the single-body or stable reat-
tachment regime (L/D < 2), bistable or intermittent reattach-
ment regime (2 < L/D < 4), synchronized shedding regime
(4 < L/D < 15), and an unstable synchronization or quasi-
isolated regime (L/D > 15) (Sakamoto and Haniu, 1988; Zhao
et al., 2021).

Notable differences may be found depending on the prism
aspect ratio AR = H/D (where H is the prisms’ height).
For the case of two surface-mounted cubes (AR = 1) in tan-
dem (Fig. 1), the stable reattachment regime is absent due to

Figure 1. Schematic of two surface-mounted cubes (H = D)
in tandem.

some flow always entering the gap between the cubes (Havel
et al., 2001). The intermittent reattachment regime was instead
found for L/D < 2.5, followed by a cavity-locked regime for
2.5 < L/D < 3.3, in the experiments of Havel et al. (2001).

In the intermittent reattachment regime, two dominant
frequencies were found: the lower was related to non-
reattaching shear layers separated from the upstream cube, and
the higher corresponded to vortex shedding from the down-
stream cube. In the cavity-locked regime, exclusively de-
scribed for cubes, the shedding frequency scaled inversely with
the spacing between the cubes (Martinuzzi and Havel, 2004).
In addition, both the cubes and other surface-mounted finite-
height square prisms in tandem feature a gradual increase of
the drag force coefficients of the prisms during the intermittent
reattachment regime, in contrast to the jump typically found
for infinite prisms in tandem (Sakamoto and Haniu, 1988;
Havel et al., 2001).

The flow regimes for surface-mounted cubes in tandem
have been originally studied based on vortex shedding fre-
quency measurements, flow visualizations, and velocity field
measurements at specific locations, with fewer studies (e.g.,
Paik et al., 2009) considering the three-dimensional flow field.
In addition, the connection of the three-dimensional flow field
to the near-wall flow and pressure distribution on the down-
stream cube deserves further attention, since these features are
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responsible for the aerodynamic forces applied on the cube.
The present study aims to revisit the mean flow around two
cubes in tandem through large-eddy simulations, which allow
for the examination of the mean three-dimensional flow struc-
tures in conjunction with the near-wall flow field.

COMPUTATIONAL METHODS
The flow around two cubes in tandem with L/D = 2, 2.5

and 4 and D = 60 mm was considered to represent the intermit-
tent reattachment, cavity-locked and synchronized shedding
regimes, respectively. Large-eddy simulations (LES) were
performed with the dynamic Lagrangian subgrid-scale model
(Meneveau et al., 1996) and solved with OpenFOAM v7.

The domain size was 25D+L in the streamwise (x) direc-
tion, 15D in the transverse (y) direction and 9D in the vertical
(z) direction. Blockage effects due to the dimensions in the y
and z directions were found to be minimal for the flow around
an isolated surface-mounted cube under the same conditions
(da Silva et al., 2024), and this behavior is assumed to be the
same for the present cubes in tandem. The origin was located
at the center of the junction of the downstream cube with the
ground plane, as shown in Fig. 1, and the inlet of the domain
was fixed at 7.5D from the center of the upstream cube.

The domain was discretized with hexahedral grids for all
cases. Grid elements are concentrated around the cubes and
near the ground plane, giving a total number of elements of
10 379 664, 10 471 596 and 10 599 204 for L/D = 2, 2.5 and
4, respectively. The maximum y+w = ywuτ/ν (where yw is the
wall-normal distance of the closest element and uτ is the fric-
tion velocity) values were 0.7 and 1.4 on the ground plane and
cubes’ faces, respectively.

No slip boundary conditions were used on the cube and
the ground plane, with free slip conditions on the side and
top boundaries and a convective outflow condition at the out-
let. The inlet had a uniform freestream velocity U∞ = 2.5 m/s
prescribed for z/D > 0.7 and turbulent boundary layer data
mapped for z/D ≤ 0.7, obtained from a precursor channel
flow simulation. These conditions gave a Reynolds number
of Re =U∞D/ν = 1×104 (where ν = 1.5×10−5 m2/s is the
kinematic viscosity) and a turbulent boundary layer with thick-
ness δ/D = 0.8 at the streamwise location of the upstream
cube. These conditions were chosen to allow for comparisons
with experimental measurements at similar conditions.

Second-order schemes were used for all terms of the con-
servation equations, except the advective terms of the dynamic
Lagrangian model functions, which were discretized with a
first order upwind scheme. The flow field was solved with
the PISO algorithm and a fixed time step that gave a maxi-
mum Courant-Friedrichs-Lewy number of 1.3. After reaching
a quasi-steady state, the flow was averaged during 10 s of flow
time, equivalent to approximately 30 to 55 shedding cycles de-
pending on the dominant frequency, and the mean flow was
averaged over the symmetry of the domain.

To assess the performance of the LES in describing the
mean flow field around the cubes in tandem, several mean
velocity profiles were compared to particle image velocime-
try (PIV) measurements under similar conditions (δ/D = 0.8,
Re = 7.5× 104) (da Silva, 2023). The mean streamwise ve-
locity component u/U∞ and vertical component w/U∞ along
lines located at y/D = 0 (the symmetry plane) are presented in
Fig. 2, at illustrative streamwise locations of x/D=−(L/D)/2
(the middle of the gap) and x/D = 2 (the wake of the down-
stream cube). An overall good agreement was obtained be-
tween the simulation results and experimental data for all L/D,

Figure 2. Comparison with experimental results of u/U∞ and
w/U∞ profiles at y/D = 0 and x/D =−(L/D)/2 and 2 for (a)
L/D = 2, (b) L/D = 2.5 and (c) L/D = 4.

where the small deviations observed in the w/U∞ profiles are
likely due to different parameters in the experiments and sim-
ulations, but still within experimental uncertainty. This result
suggests that the LES is able to capture the physical features
of the mean flow field.

RESULTS AND DISCUSSION
To verify the occurrence of the intermittent reattachment,

cavity-locked and synchronized shedding regimes at the cho-
sen spacing ratios, Fig. 3 presents velocity spectra for each
L/D condition, as well as for the wake of an isolated cube
under the same flow conditions and computational set-up (for
more details, see da Silva et al. (2024)). The velocity data for
the cubes in tandem were sampled at a rate of 5 kHz at a probe
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Figure 3. Power spectral density (PSD) in the wake of the
downstream cube with (a) L/D = 2, (b) L/D = 2.5 and (c)
L/D = 4, and (d) in the wake of the isolated cube.

located at x/D = 1.5, y/D = −0.5 and z/D = 0.5. Similar
results were obtained at other locations, although often with
more noise due to the quasi-periodic nature of the flow. For
the isolated cube, the probe was located further downstream
at x/D = 3, where the signal was stronger due to the longer
formation region of the isolated cube. The spectra were esti-
mated using Welch’s method, based on five sets of data with
50% overlap and the Hann window.

The isolated cube (Fig. 3d) shows a Strouhal number
St = f D/U∞ = 0.09 (where f is the frequency). The same
dominant frequency is identified for L/D = 4 (Fig. 3c), but
with a higher-magnitude peak that suggests strengthened vor-
tex shedding. This outcome is consistent with the synchro-
nized shedding regime, where vortex shedding from the down-
stream cube is enhanced by the periodic impingement of vor-
tices shed from the upstream cube. For L/D = 2.5 (Fig. 3b),
a single vortex shedding peak was detected, so synchronized
shedding also takes place. However, it happens at a lower fre-
quency, which indicates a longer vortex formation region that
is consistent with the cavity-locked regime.

For L/D = 2 (Fig. 3a), several peaks are found, but two
are more prominent at f D/U∞ ≈ 0.15 and 0.04. Two fre-
quencies were also detected by Havel et al. (2001), who at-
tributed the lower frequency to shedding from the upstream
cube, while the higher frequency was due to shedding from
the downstream cube. These instances of shedding were hy-
pothesized to occur depending on whether the flow separated
from the upstream cube reattached or not on the downstream
cube (Havel et al., 2001), characterizing the intermittent reat-
tachment regime.

The vortical structures in the context of the mean three-
dimensional flow field around the two cubes in tandem are
presented in Fig. 4 for each flow regime and for the iso-
lated cube. Streamlines of the mean velocity field and isosur-
faces of λ2D2/U2

∞ = −0.5 and −2 are used to identify these
structures, where λ2 is the second eigenvalue of the tensor
SikSk j + ΩikΩk j, Si j is the strain rate tensor and Ωi j is the
vorticity tensor (Jeong and Hussain, 1995). Following the cri-
terion established by Jeong and Hussain (1995), vortices are
defined for λ2 < 0.

Considering L/D = 2 (Fig. 4a), the main structures iden-
tified in the flow are the horseshoe vortex of the upstream
cube (HSV1), a headband vortex (HBV1) around the upstream
cube, which consists of side vortices connected to a free end
vortex, and the arch vortices of the upstream (AV1) and down-
stream (AV2) cubes. The arch vortex AV1 is inclined for this
spacing ratio, with its bridge located closer to the upstream
cube and its legs extending toward the base of the downstream
cube. This shape is an effect of the small gap in which the arch
vortex is confined, but the velocity streamlines show that the
flow escapes the gap to reattach on the downstream cube both
near the feet of the AV1 and near the free end.

The flow field with L/D = 2 represents the intermittent
reattachment regime, in which the shear layers separated from
the upstream cube may either be pushed outward from the gap,
causing the low frequency of Fig. 3a, or reattach on the down-
stream cube’s top and side faces, in which case the high fre-
quency prevails (Havel et al., 2001). The outcomes of this
regime on the mean pressure coefficient Cp = p/(0.5ρU2

∞)
(where p is the pressure and ρ is the density) and near-wall
velocity field on the downstream cube’s faces are shown in
Fig. 5a for its front, side and top faces. The front face of the
downstream cube presents an overall negative pressure, due to
its proximity to the near wake of the upstream cube, but two
positive pressure regions are found near the top corners. These
regions are characterized by the presence of stagnation nodes
NF, connected by a stagnation saddle point SF. While this flow
distribution may suggest impingement of the flow separated
from the upstream cube, the side and top faces contain attach-
ment lines marked by saddle points SL and ST, respectively.
The stagnation points on the front face are, therefore, related
to type B reattachment (da Silva et al., 2022a) of the backward
recirculating flow from the top and side, as illustrated in Fig. 6.

For L/D = 2.5 (Fig. 4b), the same flow structures as
for L/D = 2 are observed, but the small increase in L/D
has caused the arch vortex AV1 to change significantly.
The recirculation region has increased in size, but AV1 has
weakened as indicated by the smaller volumes delimited by
λ2D2/U2

∞ = −0.5. The larger recirculation region is a feature
of the cavity-locked regime, where its extent is controlled by
the length of the gap or cavity between the cubes. Its effect on
the near-wall flow field of the downstream cube (Fig. 5b) is the
occurrence of flow reattachment or impingement very close to
the downstream cube’s leading edges. The front face shows
increased pressure levels and a change in the overall flow pat-
tern, where the focus-saddle-focus bifurcation in Fig. 5a has
collapsed to a single node for L/D = 2.5.

When L/D is increased to 4 (Fig. 4c), AV1 is stronger and
no longer locked to the cavity size, closely resembling that of
the isolated cube (Fig. 4d). The flow separated from the up-
stream cube now impinges on the front face of the downstream
cube, leading to the formation of a second horseshoe vortex
HSV2. Another consequence is a significant increase of the
pressure on the front face of the downstream cube (Fig. 5c),
especially surrounding the stagnation points NF and SF.

Vortex cores are observed near the leading edges of the
downstream cube for L/D = 4, which indicates the occurrence
of flow separation and formation of a second headband vor-
tex (HBV2), and is again consistent with the synchronized
shedding regime. The pressure field on the side and top faces
of the downstream cube (Fig. 5c) shows greater spatial vari-
ation, in contrast to the near-zero pressure for L/D = 2 and
2.5, and reattachment of the flow separated from the down-
stream cube’s leading edges takes place further downstream.
Note that the downstream cube’s arch vortex (AV2) does not
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Figure 4. Isosurfaces of the mean λ2D2/U2
∞ = −0.5 and −2 and mean velocity field streamlines in the flow around two cubes in

tandem with (a) L/D = 2, (b) L/D = 2.5, (c) L/D = 4 and (d) the isolated cube.

change significantly for the three cases, due to the subsequent
separation of the reattached flow from the downstream cube’s
rear edges for all L/D.

The changes in the near-wall velocity and pressure fields
caused by L/D are reflected in the forces exerted on the
cubes. Table 1 presents the mean drag force coefficient
CD = FD/(0.5ρU2

∞D2) and normal force coefficient CN =
FN/(0.5ρU2

∞D2) of the upstream and downstream cubes,
where FD is the mean drag force and FN is the mean normal
force.

Marginal changes are observed in the CD of the upstream
cube, since the proximity of the downstream cube does not
significantly affect the pressure distribution on the front and
rear faces of the upstream cube (not shown). A small decrease
is found, however, in the value of its CN for L/D = 2.5 and
4. A lower CN corresponds to weaker suction, due to a slight
increase in the recirculating flow above the upstream cube’s
free end. For reference, the isolated cube has CD = 0.97 and
CN = 0.62, showing that the proximity of the downstream cube
has small effects even for L/D = 2.

The downstream cube shows an increasing trend of CD
with L/D, which agrees with Havel et al. (2001). The drag
force is close to zero for L/D = 2, as the downstream cube is
partially immersed in the upstream cube’s wake. On the other
hand, the CN of the downstream cube is close to zero for both
L/D = 2 and 2.5, when the flow mostly skims over the cube’s
free end as shown in Fig. 5a and b. A significant increase in
CN is observed for L/D = 4, when the flow separates from the
downstream cube.

To consider the wake of the downstream cube in greater
detail, Fig. 7 presents the mean velocity field and streamwise
vorticity in a y-z plane with x/D = 2. Despite the similarity
of AV2 between the different cases in Fig. 4a–c, the vorticity
distribution changes with L/D, and it is especially different
from the one found in the wake of an isolated cube (Fig. 7d).
The vorticity of the horseshoe vortex legs, indicated by blue

Table 1. Mean drag force coefficient CD and normal force
coefficient CN for the upstream and downstream cubes in tan-
dem.

L/D
Upstream Downstream

CD CN CD CN

2 0.93 0.60 −0.01 0.03

2.5 0.92 0.56 0.15 0.05

4 0.93 0.57 0.47 0.22

∞ 0.97 0.62 – –

crosses, is not evident in the wake of the downstream cube.
Larger vorticity regions are found instead, corresponding to
the diffused vorticity of the upstream (and downstream, for
L/D = 4) cube’s horseshoe vortex and dipole structures. The
large streamwise vorticity regions in the upper part of the wake
of the isolated cube, which relate to the dipole structures or
tip vortices (da Silva et al., 2024), are indicated by a pair of
green crosses. This vorticity has disappeared for L/D = 2 and
only very small regions of the same sign are found for L/D =
2.5 and 4, which may correspond to proto-dipole structures or
which may have been induced by other, larger structures of
opposite vorticity sign.

These streamwise vorticity regions with opposite sign to
the dipole structures are indicated by a red cross in Fig. 7. They
have been identified as base-like vortices in Hajimirzaie (2023)
and inner vorticity in da Silva et al. (2022b). The regions
change in size and location for the different L/D, showing
higher vorticity magnitude and a narrower configuration for
L/D = 2. This behaviour suggests that, since distinct vortex
shedding instances from the upstream and downstream cube
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Figure 5. Mean pressure coefficient on the front, side and top faces of the downstream cube and streamlines of the very near-wall
velocity field for (a) L/D = 2, (b) L/D = 2.5 and (c) L/D = 4. Some of the node, saddle and focus points are indicated as squares,
diamonds and circles, respectively, and notable points are highlighted: the stagnation nodes NF, stagnation saddle SF, lateral attachment
saddle SL and top attachment saddle ST.

Figure 6. Schematic of type B reattachment on the front face
of the downstream cube (not to scale).

are found at this spacing ratio, the base-like vortices could
be the time-averaged signature of the vortices shed from the
downstream cube, which are more evident for L/D = 2. While
a different formation mechanism is expected given the funda-
mental differences from the streamwise vorticity of traditional
dipole structures, it is possible that the structures shed from
the downstream cube are analogous to the base vortices of
surface-mounted finite-height square prisms with quadrupole-
type wakes, as inferred by Hajimirzaie (2023). However, fur-
ther investigation is necessary to verify this hypothesis and the
mechanisms involved.

CONCLUSIONS AND FUTURE RESULTS
The major flow structures in the mean flow field around

two cubes in tandem with Re = 1 × 104 and δ/D = 0.8
have been identified and related to fluid forces and the near-
wall flow field around the downstream cube for spacing ratios
L/D = 2, 2.5 and 4.

The intermittent reattachment, cavity-locked and syn-
chronized shedding regimes were identified for L/D = 2, 2.5

and 4, respectively, based on velocity spectra. For all L/D, the
gap region featured mainly the upstream cube’s arch vortex,
which changed in shape, size and strength depending on the
flow regime. However, only small changes were observed in
the upstream cube’s drag and normal force coefficients, which
approached those of the isolated cube.

Flow reattachment on the downstream cube’s top and side
faces was observed for L/D = 2, making its mean drag and
normal force coefficients approach zero. The location of reat-
tachment was closer to the leading edges for L/D = 2.5, and
for L/D = 4, the flow impinged on the front face of the down-
stream cube. This feature caused the formation of a horseshoe
vortex and flow separation from the downstream cube’s lead-
ing edges, accompanied by a significant increase of the drag
and normal force coefficients.

While the downstream cube’s arch vortex did not change
significantly with L/D, it showed a different vorticity distribu-
tion to that found in the wake of an isolated cube. “Base-like”
or “inner” vortices with signs of rotation opposite to those of
traditional dipole structures were found for all L/D. The elu-
cidation of their formation mechanism requires, however, the
consideration of the dynamic flow field, to be pursued in future
studies.
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