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ABSTRACT
Numerical investigations of flow around a surface-

mounted square cylinder of aspect ratio h/d=7 are presented
in this paper. The aim is to investigate the effect of the
Reynolds number on the flow structure around such a cylin-
der. Simulations were performed at Reynolds numbers of
130, 652 and 13,041. The results show that the wake struc-
ture depends strongly on the Reynolds number. Three dif-
ferent vortex structures are identified with the isosurface of
Q, the instantaneous second invariant of the velocity gra-
dient. In the xy-plane, the existence of two spanwise vor-
tices is only observed for the two turbulent cases (Re=652
and Re=13,041). In the laminar case (Re=130), the wake
region behind the square cylinder is mainly dominated by
both downwash flow and upwash flow. For the two turbu-
lent cases, due to the variations of the strength of the down-
wash flow, upwash flow and spanwise vortices, two differ-
ent types of vortex structure were captured. The full-loop
shedding is present for the case with a lower Reynolds num-
ber, while the half-loop shedding is observed for the case
with a higher Reynolds number. Although in all three cases,
there is a downwash observed near the free-end and an up-
wash in the base at the junction, the upwash is strongest in
the laminar case, where the upper and lower vortices have
similar intensity on the plane of symmetry (y/d=0). For the
Re=652 case, a stronger upwash at the junction results in
a larger junction vortex than in the case of Re=13,041. It
is observed that the strength of the upwash flow decreases
when the Reynolds number increases. At Re=13,041, flow
structure is mainly dominated by the downwash flow and
the spanwise vortex shedding, and the effect of upwash can
be ignored.

INTRODUCTION
Turbulent flow around a wall-mounted square cylinder

is a subject receiving much attention in the field of wind
engineering. Because turbulent flow past bluff bodies in-
volves massive separation and vortex shedding, it presents
significant challenges to numerical simulation approaches.
Considerable efforts have been made in the past to develop
and test various turbulence models, as summarized in an
earlier paper by Wang et al. (2014). Among the computa-
tional studies on this subject, the one conducted by Chen et
al. (2012) should be mentioned. The effect of the bound-
ary layer state on the wake structure of the square cylinder
is investigated in their study. They used a laminar solver

to model the low Reynolds number case, and LES for the
high Reynolds number case. It is interesting to note that for
the mean flow, the obstacle wake generated by a laminar on-
coming flow is of the quadrupole type, whereas the one gen-
erated by a turbulent oncoming flow is of the dipole type.
In terms of experimental studies, Wang et al. (2005, 2006,
and 2009) have reported a study with h/d ranging from 3-
7. They found that the instantaneous flow structure around
the square cylinder is similar, regardless of h/d. Meanwhile,
experimental investigation conducted by Professor Martin-
uzzi, as seen in Bourgeois et al. (2011, 2012, and 2013),
focused on one aspect ratio of h/d=4. They presented a
generalized phase-averaging technique accounting for low-
frequency modulation of the base flow, of the oscillation
amplitude and frequency, and of higher harmonics. Their
methodology goes beyond traditional phase-averaging tech-
niques which identify the flow state with a single phase.
The objective of this paper is to investigate the effect of
the Reynolds number on the flow structure around a wall-
mounted square cylinder.

SIMULATION OVERVIEW
In the present study, the calculation domain was set to

be 0.762m×0.1778m×0.1524m, and the calculations were
performed at three Reynolds numbers based on the width
of the square cylinder d and free-stream velocityU∞. For
Re = 130, a laminar solver was used to simulate the flow.
For Re=652 and Re=13,041, the Reynolds Stress Model
(RSM) was used, and mesh schemes were generated having
a thin boundary layer around the cylinder walls as well as
around the bottom channel wall. More detailed information
regarding the RSM used in the present study can be found
in a previous paper by Wang et al. (2014b). In the present
study, a segregated solution approach using the SIMPLE al-
gorithm was used. The momentum equation was discretized
by a second-order upwind scheme. A second-order implicit
scheme was used for the unsteady formulation. The non-
dimensional time step (t∗ = tU∞/d) was 0.118. At least
4000 time steps were used to obtain the time-averaged re-
sults, and convergence was declared when the maximum
scaled residuals were less than 10−4 for the velocity equa-
tions, and less than 10−3 for all other equations. Fluid with
an approach velocityU∞ entered the solution domain uni-
formly at the inlet region, and a no-slip boundary condi-
tion was used at the bottom edge. The top edge and both
side edges had symmetric boundary conditions. A pressure-
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outlet boundary condition was used to define the static pres-
sure at the flow outlet. In addition, the free-stream turbu-
lence intensity was set at 0.04% forRe = 652 and 0.8% for
Re = 13,041.

RESULTS AND DISCUSSTION
Vortex Structure

First of all, in order to compare the vortex structures at
three Reynolds numbers, the second invariant of the instan-
taneous velocity gradient tensor (Q-criterion) is calculated.
Q is defined as:

Q=(d22d33−d23d32)+(d11d22−d12d21)+(d33d11−d13d31)
(1)

where
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Q can be considered to represent the local balance be-
tween rotation and strain. A positive Q isosurface represents
the area where the strength of strain overcomes rotation.
The isosurfaces of the Q for three Reynolds number are
shown in Fig. 1. Three different types of vortex structure
are observed. In the laminar case, a counter rotating vortex
pair, which is nearly symmetric about the x-axis, is present
at the upper plane. It is interesting to find that the Q isosur-
face for Re=130 is very similar with the mean vortex struc-
ture identified using theλ2-criterion in Fig. 8 in the paper
by Bourgeois et al. (2011), whereλ2 is the second eigen-
value of theMi j tensor (whereMi j = SikSk j +ΩikΩk j,Si j =
1/2(Ui, j +U j,i) andΩi j = 1/2(Ui, j −U j,i)). The full-loop
structure was observed for Re=652 which is consistent with
the similar structure reported for the Re=500 case with
h/d = 4 (Chen et al., 2012) and theδ/h = 0.32 case with
h/d = 8 (Hosseini et al., 2012). It should be noted that
in both previous studies (Chen et al., 2012 and Hosseini
et al., 2012), the coherent vortex structures were identi-
fied by the phase-averagedλ2-criterion (Jeong and Hussain
(1995)); however, in the present study, the vortex struc-
ture was successfully identified by the instantaneous quan-
tity Q instead of the traditional phase-averaged quantityλ2.
When the Reynolds number increases from 652 to 13,041,
the full-loop structure is replaced by the half-loop struc-
ture due to the variations in strength of the spanwise vor-
tex, downwash flow, and the upwash flow. The existence of
both half-loop and full-loop shedding structures for h/d=7
is consistent with previous studies by Hosseini et al. (2012)
for the h/d=8 case. Their study shows that depending on
the boundary layer thickness, both of the wake types can
form. The shed structures form a half-loop shape for the un-
tripped case (thinner boundary layer) and a full-loop shape
for the tripped case (thicker boundary layer). It is obvious
that the change of the large-scale vortex structure results
from the interaction of the downwash flow, upwash flow,
and the spanwise vortex shedding, and that the Reynolds
number plays a key role in the shedding process. Instanta-
neous vertical vorticity contours atz/d = 1 are plotted in
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Figure 1. Isosurfaces of instantaneous second invariant of
the velocity gradient.

Fig. 2. Vortex shedding is only captured for the two turbu-
lent cases, and vorticity increases as the Reynolds number
increases.

Velocity Field
Three different large-scale vortex structures are identi-

fied in the previous section, and this section is focused on
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Figure 2. z-vorticity contour at z/d=1: a) Re=130; b)
Re=652; c) Re=13,041.

the streamlines around the square cylinder. At Re=130, flow
is laminar. The instantaneous streamlines (the plot is not
shown here) and the mean streamlines around the square
cylinder (see Fig. 3a) are similar. The upwash is strongest
in the laminar case, and the upper and lower vortices have
similar intensities. For Re=652, although the upwash flow
becomes weaker, it still cannot be ignored. In fact, as a re-
sult of the interaction of the spanwise vortex shedding and
the upwash flow, we see a swirling streamline that starting
from the bottom wall, rotates and moves upward, finally
reaching approximately 1/4 of the cylinder height before

Figure 3. Mean and instantaneous streamlines: a) mean
streamlines for Re=130; b) mean streamlines for Re=652; c)
mean streamlines for Re=13,041; d) instantaneous stream-
lines for Re=13,041.

moving downstream. For the Re=13,041 case, the flow is
dominated by downwash flow and the vortex shedding. In
the instantaneous streamline plot (Fig. 3d), a tornado-like
(but upside-down), highly swirling streamline is captured.

The mean streamlines on the plane of symmetry (y/d =
0) are plotted in Fig. 4. In the laminar case, the flow is
primarily characterized by the interaction of the downwash
flow and upwash flow. Three critical points have been ob-
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Figure 4. Mean streamlines at y/d=0.

served, including one saddle point and two foci. The pres-
ence of two similar sized counter-rotating vertical structures
is associated with two foci, while the saddle point, located
near x/d = 8, obviously results from the interaction be-
tween downwash and upwash flow. The presence of the vor-
tex shedding process at Re=652 and Re=13,041 has tremen-
dously changed flow structures. For turbulence cases, four
critical points have been observed, including one saddle
point, two foci, and a node. When the Reynolds number
increases from 652 to 13,041, the saddle point marked by
the symbol + in the figure moves slightly down towards the
bottom wall, and the intensity of the lower vortex decreases.
For all three cases, there is a large region (upper zone) be-
hind the square cylinder where the flow is dominated by the
downwash flow.

Fig. 5 and 6 show the mean streamlines atz/d = 1
andz/d = 3.5, respectively. The plots reveal that the wake
structure behind the square cylinder depends strongly on
the Reynolds number. For Re=130, there are no recircu-
lation zones. When the Reynolds number increases from
Re=652 to 13,041, the wake tends to become smaller, but
stronger. Atz/d = 3.5, for the laminar case (Re=130), as at
z/d = 1, there are no recirculation zones. For Re=652, the
recirculation region at z/d=1 is slightly larger than that at the
mid-span (z/d=3.5), and it further decreases as the elevation
increases (the plot atz/d = 6 is not shown here). However,
for Re= 13,041 at mid-span (z/d = 3.5), in contrast to what
is observed atz/d = 1, two parallel vortices with opposite
circulations no longer appear in the streamlines plot. Two
foci are replaced with one node.
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Figure 5. mean streamlines at z/d=1: a) Re=130; b)
Re=652; c) Re=13,041.

Quasi-Periodical Flow Structure
Part of the temporal evolution of the streamwise drag

coefficient on the top wall of the square cylinder for Re=652
and 13,041 are shown in Fig. 7. For Re=652, there is one
peak per period, and the drag coefficient is positive. When
the Reynolds number increases to 13,041, there are two
peaks per period, one slightly higher than the other, and the
drag coefficient becomes negative. It indicates the existence
of a reverse flow above the top wall of the cylinder. The
streamwise drag coefficient converges to a constant (0.038)
for the laminar case. The frequency spectra of the stream-
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Figure 6. mean streamlines at z/d=3.5: a) Re=130; b)
Re=652; c) Re=13,041.

wise drag coefficient are shown in Fig. 8. The frequency has
been converted to a Strouhal number. The peak value is 0.10
for Re=652, which is consistent with experimental observa-
tions obtained by Martinuzzi’s group forh/d = 4 at a vari-
ety of Reynolds numbers, and is slight lower than the value
of 0.13 obtained by Wang’s group forh/d = 7 at Re=9300.
Two Strouhal numbers are obtained for Re=13,041: the first
is also 0.10, and the second is twice as large.
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Figure 7. Temporal evolution of the streamwise drag coef-
ficient on the top wall of the square cylinder: Re=652, right
y-axis; Re=13,041, left y-axis.
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cient: a) Re=652, b) Re=13,041.
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Conclusions
The flow around a surface-mounted finite square cylin-

der was simulated by a laminar solver at a Reynolds num-
ber of 130, and by the RSM at Reynolds numbers of 652
and 13,041. Some important observations and findings are
summarized below:

• The numerical solutions indicate that the flow behind
the square cylinder is surprisingly complex, and is
highly three-dimensional in all three cases. In the
laminar case, the flow is primarily characterized by
the interaction of the downwash flow and the upwash
flow while for the Re=13,041 case, flow structure is
mainly dominated by the downwash flow and the span-
wise vortex shedding. At Re=652, the downwash flow,
spanwise vortex shedding, and the upwash flow all are
important flow features.

• The wake structure behind the square cylinder depends
strongly on the Reynolds number. Three different vor-
tex structures are identified: the symmetric, counter
rotating vortex pair at Re=130, the alternating full-
loop shedding at Re=652, and the alternating half-loop
shedding at Re=13,041.

• Q, the instantaneous second invariant of the velocity
gradient, is a better analytic measure of the vortex
structure than the traditional phase-averaged quantity
λ2 due to its simplicity.

• The strength of upwash flow decreases when the
Reynolds number increases while the effect of the
Reynolds number on the downwash flow is not obvi-
ous.

• Occurrence of alternating spanwise vortex shedding is
only observed for the two turbulent cases.

• When the Reynolds number increases from 652 to
13,041, the streamwise drag coefficient on the top wall
of the square cylinder changes from positive to nega-
tive values, which indicates the existence of a reverse
flow above the top wall of the cylinder at Re=13,041.

• Identical vortex shedding frequencies are observed for
Re=652 and Re=13,041 (St = 0.10). However, for
Re=13,041 there is a secondSt, twice as large in value.
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