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Abstract

Flow characteristics around a wall-mounted square cylinder have been numerically simulated at aspect ratios (AR) ranging from 4 to 7 at Re =
10 000. Four turbulence models have been compared in terms of drag coefficient (C,). The closest result has been provided by two turbulence
models, namely, k—¢ Realizable and k—w Shear Stress Transport (SST). Hence, these models were utilized to present the flow patterns of
pressure distributions, turbulent kinetic energy values, velocity magnitude values with streamlines, streamwise velocity components, cross-
stream velocity components and spanwise velocity components on different planes. Flow stagnation has been attained in front of the cylinder.
Pressure values peaked for the upstream region. Over the cylinders, the tip vortex structure was dominant owing to the influence of the free end.
Flow separation from the top front edge of the body has been obtained. The dividing streamline affected by the flow separation was highly
effective in the wake region and moved nearer to the body when the aspect ratio was decreased; the reason was the wake shrinkage owing to the
decreasing aspect ratio. Upwash and downwash have been seen in the cylinder wake. These two models presented similar flow patterns and
drag coefficients. These drag coefficients are in good agreement with those in previous studies.
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1 Introduction

Three-dimensional and complex flow patterns are differ-
ently observed for the cases of wall-mounted cylinders hav-
ing the effects of aspect ratios (Rinoshika et al., 2021).
These patterns have a greater influence on the flow proper-
ties around a finite cylinder compared with those of an
infinite one (Aboueian et al., 2021). Thus, studies have
focused on the wake dynamics of wall-mounted cylinders,
such as antennas, chimneys, cooling towers, offshore plat-
forms, skyscrapers, stacks and submarine appendages (Sum-
ner, 2013, Behera and Saha, 2021, Yousif and Lim, 2022).
For these examples, their flow characteristics are isochro-
nously affected due to the bottom wall and the free end of
the wall-mounted cylinder (Essel et al., 2021). The effects
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of free end and cylinder-wall junction on three-dimensional
flow fields over the body are obtained as vortex shedding,
horseshoe vortex structure and recirculation region in the
wake (Sumner, 2013). As stated by Sumner et al. (2004),
the aspect ratio is an important parameter that ranges from
1 to 7. Various Reynolds numbers have been considered
for wall-mounted cylinders (Hosseini et al., 2013, McClean
and Sumner, 2014, Kumar and Tiwari, 2019, Da Silva et al.,
2020). Yuhi et al. (1999) simulated the flow field of a wall-
mounted circular cylinder. Roh and Park (2003) visualized
the flow patterns of a circular cylinder mounted on a flat
plate using various aspect ratios at and two different Reyn-
olds numbers. A wall-mounted circular cylinder has been
used by Afgan et al. (2007) for the investigation of turbu-
lent flow conditions via Large Eddy Simulation (LES) tur-
bulence model. Ozturk et al. (2008) observed the upstream
and downstream flow structures of a circular cylinder posi-
tioned on a flat plate. Particle Image Velocimetry (PIV)
method has been considered in their study for the range of
750 < Re <9 600. Bocu and Altac (2011) considered the
aspect ratio effect for the circular cylinders on heat trans-
fer by natural convection in terms of pin arrays. Krajnovié¢
(2011) studied flow dynamics around a circular cylinder
mounted on a ground plane by implementing a LES turbu-
lence model. Different aspect ratios have been taken into
account for Re = 20 000. Uffinger et al. (2013) investigated
the flow fields in the vicinity of various wall-mounted cyl-
inders by utilizing experimental and numerical techniques.
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El Hassan et al. (2015) used a PIV system to examine flow
around a wall-mounted rectangular cylinder at Re = 12 000.
Kirkil and Constantinescu (2015) examined the flow char-
acteristics of a surface-mounted circular cylinder using
experimental and numerical methods. Vinuesa et al. (2015)
considered the flow structures of a wall-mounted square
cylinder at Re = 1 000. As a method, Direct Numerical Sim-
ulation (DNS) has been applied for their problem. Schand-
erl and Manhart (2016) applied LES turbulence model for
a wall-mounted circular cylinder at Re = 39 000. The prob-
lem with a wall-mounted circular cylinder has also been
considered in a study by Dey et al. (2018). For higher
Reynolds number, flow structures of a wall-mounted square
cylinder have been examined by Mercier et al. (2020). For
the investigation of flow characteristics, Goktepeli et al.
(2021) mounted rectangular and square cross-sectional ribs
on plates in the experimental study. Rastan et al. (2021)
implemented LES turbulence model to examine the flow
characteristics around a wall-mounted rectangular cylinder
at Re = 12 000. Various experiments have been conducted
to validate the numerical results. In a numerical study,
Hammad et al. (2022) scrutinized the effects of chamfers
on flow dynamics around wall-mounted square cylinders
at Re = 12 000. Martinez-Séanchez et al. (2023) investigated
the flow characteristics around a wall-mounted square cyl-
inder. Matsui et al. (2024) measured the distribution of pres-
sure fluctuations for a flat wall behind the square cylinder.
In their experimental study, Yousif et al. (2024) considered
the flow characteristics around a wall-mounted cylinder.

Regarding its significance for engineering applications,
this work numerically investigated the flow characteristics
of wall-mounted square cylinders with different aspect
ratios by the turbulence models. The values for the aspect
ratios have been determined with respect to the critical range
for this problem. The Reynolds number of Re = 10 000 was
set for the numerical simulations of three-dimensional wake
dynamics. Evaluations of turbulence models with this Reyn-
olds number are rare. The distinguishing point of this study
was the comparison of various methods at Re = 10 000.
However, experimental facilities for fluid mechanics may
not be available, and numerically simulating the flow char-
acteristics around a cylinder is crucial to determining the
appropriate turbulence model. Therefore, validated results
are crucial for future studies on this problem.

2 Turbulence modeling

Due to three-dimensional complex flow dynamics around
a wall-mounted cylinder, vortices are strongly observed for
varying scales. Therefore, eddy-based flows are signifi-
cantly effective for the present study. In this perspective,
different turbulence models have been implemented at
Re =10 000.

Continuity and momentum equations are given in Equa-
tions (1) and (2) (Yagmur et al., 2020, Goktepeli and Atmaca,
2023):
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The velocity components for the related coordinates have
been given in these equations. The terms for density and
dynamic viscosity have also been presented. Mean flow
properties requiring less computational capacity have been
considered for the present problem. Thus, the methods
based on k—¢ and k- turbulence models have been uti-
lized in terms of Reynolds-Averaged Navier-Stokes (RANS)
techniques.

As one of k—¢ turbulence models, the Realizable module
is modified technique compared to other derivatives. This
model is widely utilized for rotational and boundary-free
shear flows. As in Equations (3) and (4), k is turbulent
kinetic energy and its dissipation rate is ¢ (Goktepeli et al.,
2020; Yagmur et al., 2020; Goktepeli and Atmaca, 2023):
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Generation of turbulent kinetic energy is G, due to the
average velocity gradients. S, and S, are the source terms
(Goktepeli et al., 2020; Yagmur et al., 2020; Goktepeli and
Atmaca, 2023).

As a turbulence model, ki~ SST is preferred in cases of
interaction between fluid and structure, free shear layers,
reverse pressure gradients. There is replacement for tur-
bulent viscosity owing to the transport for turbulent shear
stress. Cross-diffusion for w and mixing function are needed.
After the process, this turbulence model becomes more
effective in the near-wall and far-field zones. As given in
Equations (5) and (6), the transport equations for ki~ SST
model are used (Goktepeli et al., 2020; Yagmur et al., 2020;
Goktepeli and Atmaca, 2023):

@ Springer



494

Journal of Marine Science and Application

a9 ok
7(,01() + ?(pkui) = x/{F"axJ tG =Y, +S5 6

dJ dJ Jdw
—(pow)+ 7i(pam,.)= xj[r‘”axj}L G,+D,-Y, +8,

(6)

Generation of turbulent kinetic energy is G, while G, is
for the generation of w. Terms of I, and /', are considered
as the effective diffusivity of £ and w, respectively. Dissi-
pation terms of k£ and @ are Y, and Y,, respectively. The
cross-diffusion term is D, while the derivations of both S,
and S, are the user-defined ones (Goktepeli et al., 2020;
Yagmur et al., 2020; Goktepeli and Atmaca, 2023).

As given in Figure 1, three-dimensional flow domain has
been generated by considering the dimensions of =10 < x* =
x/d <25,0<y*=y/d<20and -10 < z*=2z/d < 10 for
streamwise, cross-stream and spanwise directions, respec-
tively. All dimensions have been divided by the edge length
(d) for the cylinder. The aim is to obtain non-dimensional
terms. The square cylinder has been positioned in the inter-
section of x* = y* = z* = (). The aspect ratios of the cylinder
have been considered for 4 < AR = h/d < 7 given for the
ratio of the cylinder height to the upstream edge length.

y

Three-dimensional flow domain

Figure 1

The value of uniform velocity is U_= 1 m/s defined as
the inlet boundary condition. The Reynolds number is
based on the edge length of d = 0.01 m and calculated as
Re,= U, d/v =10 000. Here, the kinematic viscosity of
water is considered. The pressure outlet has been defined
by gauge pressure in the exit that is freely open to the atmo-
sphere. No-slip boundary condition has been used for all
the surfaces of the square cylinder. The same boundary
condition has also been applied for the bottom wall where
the cylinder mounted on. Meanwhile, the symmetrical
boundary condition has been implemented for the other
walls of the computational domain.
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Face meshing has been applied for eleven faces of the
flow domain. Inflation has been defined for the square cyl-
inder. Total thickness has been applied for twenty layers.
The growth rate was 1.05 and the maximum thickness was
1 mm. The grid structure around the square cylinder is
shown in Figure 2.

Figure 2  Grid structure around the square cylinder

Various grid numbers of 3.5 x 10%, 4.9 x 10°, 7.1 x 10°
and 10 x 10° have been compared with respect to the drag
coefficient as shown in Figure 3. The effect of turbulence
modeling has also been indicated in the mentioned chart
for AR = 7. The maximum deviation obtained is less than
1% for the grid numbers in a row. According to the results
of grid independence tests for the drag coefficient, the val-
ues for the grid numbers of 4.9 x 10° and 7.1 x 10° are close.
For these grid structures, the minimum deviation in drag
coefficient is around 0.12% and the maximum deviation
is approximately 0.54%. Therefore, the grid number of
4.9 x 10° has been used for numerical simulations. The solu-
tion convergence has been determined as the criterion of 10
for all the equations of continuity, momentum and turbu-
lence models. Given their success for the drag coefficient,
the numerical results have been presented for the turbu-
lence models of k—¢ Realizable and k- SST due to their
success for drag coefficients. For different aspect ratios,
arca-weighted average values for non-dimensional wall
distance have been attained as 0.66 < y* < 0.68 for k-¢
Realizable turbulence model and 0.64 < y* < 0.65 for the
k—w SST turbulence model. Therefore, the results from
these two turbulence models are in good agreement with
the values in the literature (Uffinger et al., 2013, McClean
and Sumner, 2014). For this reason, these turbulence mod-
els have been chosen for the examination of flow charac-
teristics around wall-mounted square cylinders.

The effects of grid number on the streamwise velocity
components through the x-direction have been presented
for different turbulence models in Figures 4—7. Similarly,
for the turbulence models of k—¢ Realizable and k—w SST,
the limited changes have been observed with respect to
varying grid numbers.
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Figure 4 Effects of grid number on the streamwise velocity
components of k—¢ Realizable turbulence model
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Figure 5 Effects of grid number on the streamwise velocity
components of k—& RNG turbulence model
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Figure 6 Effects of grid number on the streamwise velocity
components of Standard £k~ turbulence model
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Figure 7 Effects of grid number on the streamwise velocity
components of ki~ SST turbulence model

3 Results and discussion

The flow around a square cylinder has been investigated
for Re = 10 000 by considering the effect of aspect ratios
via the turbulence models. All values of the contour graph-
ics have been presented as non-dimensional by the free-
stream velocity. The mutual legend bar has been utilized
for each chart given for the same property.

The pressure values have also been given in the dimen-
sionless form in the equation of P* = Pp™'U_”. The maxi-
mum value is P* = 0.54, and the minimum is P*, =
-0.28 for the planes at y* = 3 and z* = 0. The legend
includes fifteen divisions for Figures 8 and 9. In terms of
flow direction, the upstream and downstream zones have
been shown for —10 < x* < 25 for the plane of y* =3 and
-5 < x* < 10 for the plane of z* = 0. Flow stagnation is
achieved in front of the square cylinder. Therefore, maxi-
mum pressure values have been provided for the upstream
region. This area became larger as aspect ratio of cylinder
increased. For the results of k—¢ Realizable turbulence
model, the maximum pressure regions are also larger than
those of the k—w SST turbulence model. On the contrary,
minimum pressure zones have been observed over the
square cylinders due to the separated flow. This region
dominates the numerical results obtained by the k—w SST
turbulence model. For the wake region, low-pressure regions
have been attained and these zones were narrower for the
results of k—¢ Realizable turbulence model. As a result of
increasing aspect ratio, pressure difference between the
upstream and downstream regions tends to increase. None-
theless, the pressure drop for the numerical results attained
by the k—w SST turbulence model is greater than that for the
numerical results of the k—¢ Realizable turbulence model.

Velocity magnitude values including streamline patterns
have been given in the form of U* = UU,. As in the leg-
end with fifteen divisions, the maximum value is U* =
1.15 while the minimum one is U* ; = 0. The values have
been given for —10 < x* < 25 for the plane of y* =3 and
-5 < x* < 10 for the plane of z* = 0, as displayed in the
contour graphics of Figures 10 and 11. The flow stagna-
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—-0.28 0.54
k—¢ Realizable

Figure 8 Dimensionless pressure distributions around square
cylinders with various aspect ratios for the plane at y* =3

tion point constitutes the boundary between the flows that
are directed either upward or downward and moves closer
to the free end since the aspect ratio increased also stated
by Sumner et al. (2017). Over the square cylinders, the tip
vortex system is dominant due to the free end effect. Flow
separation from the top front edge of the square cylinder is
observed, indicating rotation toward the base prior to flow
reattachment (Behera and Saha, 2021). A horseshoe flow
structure appears in front of the cylinder; however, the
influence of aspect ratio on this flow is limited. The divid-
ing streamline triggered by the flow separation is effective
in the cylinder wake. Furthermore, this streamline moves
closer to the body because the wake region tends to shrink.
Upwash and downwash transpire in the wake region. Base
eddy has been seen with respect to flow patterns over the
surface. Secondary flow caused by the interaction of wake

@ Springer
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Figure 9 Dimensionless pressure distributions around square
cylinders with various aspect ratios for the plane at z* =0

flow and main flow is also noted. The numerical results
obtained by the turbulence models exhibit similarity in
terms of velocity magnitude.

The streamwise velocity components have been depicted
by the values of u* = uU,". The peak value is u* = 1.15
and the minimum value is u* , = —0.35 as shown by the
legend having fifteen divisions. These values are valid for
—10 < x* < 25 for the plane of y* =3 and -5 <x* < 10 for
the plane of z* = 0 as shown in Figures 12 and 13. The
numerical results of different turbulence models are nearly
similar. The flow stagnation point is the boundary for
upward and downward flows. The tip vortex structure is
effective because of the free end effect. Flow separation
due to the top front edge has been observed for the cylin-
der. A horseshoe vortex system appears in front of the
square cylinder. Nonetheless, the aspect ratio is nearly inef-
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k—¢ Realizable k—w SST

Figure 10 Dimensionless velocity magnitude values with streamline
patterns around square cylinders with various aspect ratios for the
plane aty*=3

fective for the flow phenomenon. For the wake flow, the
dividing streamline is dominant owing to the flow separa-
tion. In addition, the dividing streamline moves closer to
the cylinder because of the decreasing aspect ratio. The
reason is the enlargement of the wake region caused by in-
creasing the aspect ratio. Upwash and downwash also tran-
spire in the cylinder wake. Bottom wall vortices have been
observed by considering the flow characteristics affected
by the ground. For this reason, secondary flow has been at-
tained owing to the interaction of main and wake flows.
Cross-stream velocity components have been presented
for the plane of z* = 0 for v* = vU,'. The maximum and
minimum values are v* = 0.7 and v* . = —0.3, respec-
tively, as shown in the legend including fifteen divisions.
These values are within the range of -5 < x* < 10 for the
plane of z* = 0, as displayed in Figure 14. The maximum
value has been obtained around the top front edge of the
square cylinder due to flow separation. However, the mini-
mum values have been observed in the vicinity of the bot-
tom corner at the upstream and in the wake region. The sizes
of the upstream clusters are nearly the same. Nonetheless,
the cluster with a negative value is larger in the wake region.
Since the boundary layer effect on the ground was domi-

k—¢ Realizable

Figure 11 Dimensionless velocity magnitude values with streamline
patterns around square cylinders with various aspect ratios for the
plane at z*=0

nant, the larger cluster with a positive value has not been
observed for the far wake. The reason is the damping by
the negative values in the wake region. This situation is
especially effective in the near-wake region. The numeri-
cal results attained by all the turbulence models present
similarity in terms of cross-stream velocity components.

The spanwise velocity components have been presented
for w* = wU,"". The maximum and minimum values are
w* =0.75 and w* , = —0.75, respectively, as shown in
the legend including fifteen divisions. The values are within
the range of =5 < z* < 5 for the plane of x* =0 and -10 <
x* < 25 for the plane of y* = 3, as illustrated in Figures 15
and 16. For the plane of x* = 0, the maximum value is
found on the negative z-axis, and the minimum is on the
positive side of the z-direction. For the plane of y* = 3, the
maximum value is also observed around the top front cor-
ner, and the minimum is around the bottom front corner.
The mean value is attained due to the damping of the oppo-
site values. These results are approximately the same for
all the turbulence models.

The turbulent kinetic energy is given as TKE* = TKE
U,” in different planes, as shown in Figures 17 and 18.
The maximum and minimum values are TKE* = 0.05
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—0.35 1,15
k—¢ Realizable

Figure 12 Dimensionless streamwise velocity components around
square cylinders with various aspect ratios for the plane at y* =3

k—¢ Realizab_le.

Figure 13 Dimensionless streamwise velocity components around
square cylinders with various aspect ratios for the plane at z* =0
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Figure 14 Dimensionless cross-stream velocity components around
square cylinders with various aspect ratios for the plane at z* = 0
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Figure 15 Dimensionless spanwise velocity components around
square cylinders with various aspect ratios for the plane at x* =0
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Figure 16 Dimensionless spanwise velocity components around
square cylinders with various aspect ratios for the plane at y* =3
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Figure 17 Dimensionless turbulent kinetic energy values around
square cylinders with various aspect ratios for the plane at y* =3
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Figure 18 Dimensionless turbulent kinetic energy values around
square cylinders with various aspect ratios for the plane at z* =
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and TKE* . = 0, respectively, for the legend of fifteen divi-
sions. These values are distributed within —10 < x* < 25
for the plane of y* =3 and -5 < x* < 10 for the plane of
z* = (. Owing to the turbulence triggered by the separated
flow, the maximum value has been obtained in the wake
region of the square cylinder. In addition, the turbulence
intensity in the wake region of the cylinder was relatively
high due to the influence of local fluctuations. Moreover,
two independent clusters are observed due to the flow sep-
aration. Larger clusters are seen owing to the increment of
aspect ratio. For lower aspect ratios, these clusters are also
closer to the body. However, the maximum values are
dominant in the wake region with respect to the numerical
results of the k—w SST turbulence model. Therefore, the
retardation of flow recovery has also been obtained because
of the same effect. On the other hand, the clusters with
maximum values are very effective over the free end of the
cylinder for the results of k—¢ Realizable turbulence model.

The streamwise velocity profiles have been presented for
three different positions in the wake regions of the square
cylinders. These stations are x* = 1, x* = 3 and x* =5 as
given in Figure 19. The velocity profile is U-shaped for the
near-wake region of the square cylinder but turns into a
V-shape by moving away from the body as also stated by
Aksoy et al. (2024). Different velocity profiles are obtained
because of turbulence modeling. Nonetheless, the influ-
ence of aspect ratio is relatively low. The minimum values
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have been attained by the turbulence model of k—w SST.
With the increasing aspect ratio, the minimum value of
each case also tends to increase. Moreover, an increment
in velocity values is indicated by movement away from
the symmetry axis. The maximum values of each case are
nearly the same and are seen in the interaction point of the
main and wake flows. However, the difference between
these values shows an increasing trend for the far wake.

values of different studies done on similar problems. For
this kind of problem, the effect of Reynolds number is lim-
ited with respect to these values. However, as expected,
the influence of the aspect ratio for the square cylinder is
more obvious in terms of wall-mounted bodies.

10
— k—¢ Realizable-AR=4 — k—w SST-AR=4|
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Figure 19 Streamwise velocity profiles for different aspect ratios
obtained using two turbulence models

The results of the present study have also been presented
in terms of drag coefficients. Drag coefficient (C,) is one
of dimensionless numbers for flow around bluff bodies
(Qiu et al., 2017, Aksoy et al., 2023). With respect to the
values given in Table 1, the results of the k—& Realizable
and k—w SST turbulence models are close to each other
and are in good agreement with previous studies. A com-
parison between the two revealed the k—w SST turbulence
model to be more successful. The drag coefficient tends to
increase due to increment of aspect ratios of the square cyl-
inders. The results of this study have been validated by the
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Table 1 Comparison of drag coefficients for varying aspect ratios
Study Method Re AR C,
Uffinger et al. .
(2013) Experimental 12 800 6 1.41
McClean and .
Sumner (2014) Experimental 73000 3-11 1.29-1.46
da Silva et al. LES turbulence
(2020) model 500 3 1.33
Behera and LES turbulence
Saha (2021) model 10000 7 1.253
k—¢ Realizable 12581345
turbulence model
Present study 10000 4-7
ko SST 1.269-1.361

turbulence model

4 Conclusions

Flow patterns around a wall-mounted square cylinder
with finite height have been numerically investigated at
Re=10000 using different turbulence models. Wall-mounted
square cylinders are encountered in engineering applica-
tions including chimneys, cooling towers, skyscrapers and
stacks. The effects of the aspect ratios from AR =4 to AR=7
on flow characteristics have been considered. Four RANS-
based turbulence models were tested for drag coefficient
estimation. Results show that the closest values are obtained
by k—e& Realizable and k—w SST turbulence models. Hence,
these methods have been used for the presentation of flow
characteristics such as pressure distributions, turbulent
kinetic energy values, velocity magnitude values with
streamlines, streamwise velocity components, cross-stream
velocity components and spanwise velocity components
on several planes. Flow stagnation is observed in front of
the square cylinder. Therefore, the highest values for pres-
sure are obtained for the upstream region of the square cyl-
inder. Over the cylinders, the tip vortex system is domi-
nant because of the free end effect. Flow separation from
the top front edge of the cylinder has been attained. In the
wake region of the square cylinder, an effective dividing
streamline is formed due to the flow separation. What is
more, the streamline is nearer to the body for decreasing
aspect ratios. Because there is wake shrinkage owing to
decreasing aspect ratio. The upwash and the downwash
have been seen in the square cylinder wake. Base eddy has
been observed with respect to flow structures on the bot-
tom wall. The two turbulence models present similar flow
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patterns. The drag coefficients have been obtained. These
values are 1.258 < C(,<1.345 and 1.269 < C,,<1.361 by
k—e Realizable and k—w SST turbulence models for increas-
ing aspect ratios from 4-7, respectively. The numerical re-
sults are in good agreement with those obtained in past
studies, RANS-based turbulence models could be pre-
ferred to decrease the computational cost and time require-
ment. The experimental facilities may not be available for
fluid mechanics. However, the numerical simulation of the
flow characteristics around a cylinder is very important for
the determination of the turbulence model. For this reason,
the validated results are very crucial for future studies on
the present problem.
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