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ABSTRACT

In this study, we carry out large eddy simulation of incident flow around polygonal cylinders of side number N = 5 — 8 at Reynolds number
Re = 10*. In total, six incidence angles («) are studied on each cylinder ranging from face to corner orientations, thus covering the entire o
spectrum. Special focus is put on the time-mean aerodynamic forces including lift, drag, and vortex shedding frequencies as well as the near
wake flow features. It is found that because of y-plane asymmetry of polygonal cross sections at most incidence angles, the flow separation
characteristics and hence the induced base pressure distribution and the aerodynamic forces exhibit unique and complex dependence on o
and N. While the general inverse relation of drag coefficient and Strouhal number previously proposed from experimental observations at
principal orientations still holds at arbitrary «, the variation of the two is found to be non-monotonic on both o and N. We also found that
compared to the absolute time mean shear layer length measured from the final separation point, the extent of them stretched to the wake,
measured from the cylinder center, is a powerful scaling factor for all the quantities investigated, including the wake characteristic length
scales. In particular, the difference between the top and the bottom shear layer (due to geometrical asymmetry at arbitrary o) describes the
variation of the non-zero time mean lift coefficient reasonably well, whose sign varies with N non-monotonically.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0063046

I. INTRODUCTION

The phenomenon of Karman vortex shedding is a major concern
in design of slender and bluff-body structures exposed to the wind and
ocean current flows. Flow past a circular cylinder has been extensively
studied in both experimental and numerical approaches and is one of
the most canonical problems in fluid mechanics for its geometry is a
fundamental element underlying many practical engineering structures.

Polygonal cylinders deviate from circular cylinders in the sense
that they have geometry asymmetry at arbitrary incidence angles with
an integer number N of equal length edges. Flow past polygonal cylin-
ders partially resembles the flow around circular cylinders in terms of
the formation of Kirmén vortex streets' for Reynolds number Re
>((10%). However, because of their quasi-axisymmetric shape, the
local boundary layer separation behavior exhibits significant N depen-

flow speed, hence Re. For small N, locally the flow behaves similarly to
that over a convex corner. Even though the deflection angle and the
length of the edge are both monotonic function of N, the detailed pres-
sure gradient in the local free stream and the associated reattachment
behavior renders the overall aerodynamic performance strongly non-
monotonic against N. It is thus plausible that the aerodynamic forces
not only vary remarkably on the principal orientations (namely, cor-
ner oriented or face oriented) as demonstrated by Xu et al.,” but also
are expected to be a strongly non-linear function of their arbitrary
angle of attack o with respect to the direction of the uniform oncoming
flow U. Noting that corner orientation refers to a case where a corner
of the polygon is on the centerline upstream and face orientation refers
to a case where the middle of a face lies on the centerline upstream. As
Nincreases to N > 10, the flow dynamics starts to approach the circu-
lar cylinder asymptotically. The number of corners becomes larger

dent variations compared to the circular cylinder (effectively
N — 00). If N is not large, flow typically separates from corners (one
on the top half and the other on the bottom half) due to discontinuous
change of local pressure, which is insensitive with respect to oncoming

with their relative height being smaller, which could be treated as
roughness elements on the surface of a circular cylinder. For instance,
Cheng et al.” studied the effect of sinusoidal-shaped grooves on a cir-
cular cylinder in various Reynolds numbers in the subcritical regime.
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In theses cases, Re dependence becomes important, similar to the criti-
cal Re effect on a circular cylinder.”

Flow around polygonal cylinders of small N, viz., square (N =4)
and triangular (N=3) cylinders, has been studied extensively but
rather individually. To mention a few recent works among many
others about a standalone stationary cylinder, Sohankar” studied the
wake structure of flow past a square cylinder using Smagorinsky
(SMG) and dynamic-one large eddy simulation (LES) for 10° < Re
<5x10% and found that global behaviors are largely Re-
independent for Re>2 x 10*. They concluded that in general, the
sharp-edged bodies, which tend to cause flow separation regardless of
the boundary layer characteristics, are Re insensitive, especially at large
Re. Hu et al.” studied flow fields and aerodynamic characteristics of
rigid inclined square cylinders with yaw angles at Re = 4 x 10* using
LES and found that Cp decreases with increasing yaw angle magni-
tude. They also found that cellular structures with lower shedding fre-
quencies than the Kdrmdn vortex shedding frequency are generated in
the wake due to the interference of the free-end vortex pair or the base
vortex pair. Yagmur et al.” studied a corner oriented equilateral trian-
gular cylinder using particle image velocimetry (PIV) and LES. They
found that increasing Re leads to a shrunk wake and backside
approached stagnation points. Bai and Alam” studied flow around a
face oriented square cylinder using two-dimensional (2D) laminar
simulation and three-dimensional (3D) LES for Re < 10° as well as
PIV, hot wire, and force measurements in an open circuit wind tunnel
at 103 < Re< 4.5 x 10, They identified five flow regimes, namely,
steady flow (Re < 50), laminar flow (50 <Re< 1.6 x 10%), two to
three dimensional transition (1.6 x 10> <Re< 2.2 x 10%), shear
layer transition I (2.2 x 10> < Re < 10°), and shear layer transition II
(10° < Re). Jiang and Cheng8 studied flow past a face oriented square
cylinder using direct numerical simulations (DNS) for Re < 400. They
showed that the viscous drag decreases to negative values for Re
> 154, which is due to the increasing coverage of the backward flow
on the upper and lower surfaces of the cylinder. Kumar and Tiwari’
carried out three-dimensional numerical investigations for flow past
surface mounted finite height prisms of equilateral triangle, square,
and circular cross sections in laminar shear flow of 60 < Re < 200
using DNS. They found that for all the cases, St decreases with increas-
ing shear strength for fixed Re. Moreover, with an increase in the shear
intensity, drag decreases corresponding to each Re for all the tested
cross sections. They also quantified the extent of nonlinear fluctuations
in the wake in terms of “degree of stationarity” and showed that it
confirms that multiple frequencies are responsible for the wake non-
linearity at 150 < Re < 200 for the triangular cross section alone.
Jiang'® studied wake transition for flow past a square cylinder in
corner orientation (as called diamond-shaped cylinder) using DNS at
Re < 300. They found that the wake becomes three-dimensional at
Re. ~ 121 with a swap in vortex shedding mode accompanied by
the disappearance of global vortex dislocation which changes mono-
tonically with increasing Re.

Studies of cylinders with N> 4 are sparse. Tian and Li'' studied
a polygonal cylinder of N=24 in a low-speed wind tunnel to find a
low drag solution for their prototype supporting frames. They found a
much lower critical Reynolds number and 40% lower drag with a low
level fluctuation compared to a circular cylinder under similar flow
conditions. Tian and Wu'’ investigated inviscid flow and low-
Reynolds number (Re < 200) viscous flow around 2D polygonal
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cylinders at corner orientation for even values of N. Using conformal
mapping, they showed that for the inviscid flow, the global pressure
difference along the surface is inversely proportional to a sufficiently
large value of N. For the viscous flow, however, they derived the rela-
tion between the first critical Re and N, and found that this Re mono-
tonically decreases as N increases for both unsteady and steady flows.
Khaledi and Andersson'” studied flow past hexagonal (N=6) cylin-
ders in face and corner orientations using DNS at Re = 100, 500,
1000. They concluded that St is slightly higher in face orientation.
They also explained that the Karman vortices roll up closer to the
body in the case of a face orientation and thus result in a shorter for-
mation region and a higher St. Recalling the wake characteristics of a
face and corner oriented square cylinders, they suggested that the
wake of a face oriented and corner oriented hexagons resembles the
square cylinder of the same orientation, respectively, and therefore
the after body plays a minor role.

In a recent wind tunnel experiment, Xu et al? for the first time
systematically studied the aerodynamic characteristics of polygonal
cylinders for 2 < N < 16 over 10* < Re < 10° using a combination
of force measurement, smoke flow visualization, and planar PIV. They
showed that given polygons of N < 8, the flow eventually separates
(could reattach and separate again) at so-called maximum width
points, which is insensitive to the Re range tested and as a result, no
appreciable change is observed on the drag coefficient Cp and St. They
also showed that similar to circular cylinders, at the two principal ori-
entations, the St and Cp, values are inversely related. Later, Wang
et al."* showed that the mechanism of vortex formation from the poly-
gon surface is correlated with some length scales, describing the near
field wake. These scaling factors include the length of the reversed flow
zone LY, the recirculation bubble width Dj, the vortex formation
length Ly, and the characteristic wake width D],. The empirical rela-
tions between these scaling factors and various kinematic and dynamic
quantities suggest that the understanding of the polygonal cylinder
wake could be unified to that of the circular cylinder wake. That is, the
shape and the orientation information of the polygons could be made
irrelevant as long as appropriate longitudinal and transverse length
scales are used to scale the quantities in question.

In a continuing wind tunnel PIV experiment, Wang et al.' pre-
senting detailed data of the wake of the polygonal cylinders 3 < N
< 16 with face and corner orientation at Re = 1.6 x 10* studied the
dependence on N and the cylinder orientation of the mean velocity,
the Reynolds stresses, and the coherent vortex structures in the near
wake. They showed that the circulation of individual shed vortex
grows to its maximum value at the vortex formation length (Lf) and
then decays downstream due to the combined effect of viscosity and
vortex cancelation. They also found that cases of N=8 at corner ori-
entation and N=5 at face orientation show the smallest L}, D], and
the lowest Reynolds stress magnitude, with the smallest velocity deficit
and fastest velocity recovery in the near wake. On the other hand, cases
of N=6 at corner orientation and N = 4 at face orientation are found
to have the largest vortex strength and adverse pressure gradient in the
reverse flow zone, which results in the smallest velocity recovery rate
in the near wake.

In this study, we focus on polygonal cylinders of N = 5,6,7,8
using three-dimensional LES to investigate the effect on the aerody-
namic forces and near wake flow subjected to the complete range of
angle of attack o with respect to U. The simulations were performed at
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Re = 10%, which is within the range tested experimentally by Xu et al.”
This experimental work suggests that flow does not undergo transition
for N < 8 cylinders, at least for Re <10° (no transition is likely to
occur at even higher Re). Therefore, our result should be valid for a
wide Re regime. Furthermore, according to the measurements at their
principal orientations, extreme aerodynamic forces and strong non-
linearity were observed on N < 8 polygons. Polygons of larger N tend
to have less extreme responses and behave asymptotically to circular
cylinders.

In this manuscript, we will also focus on the time-mean aerody-
namic quantities and their correlations with the characteristic length
scales extracted from the mean velocity field.

Il. COMPUTATIONAL MODELING AND NUMERICAL
SETUP

A. Computational domain and boundary conditions

The computational domain is sketched in Fig. 1. R, and R; denote
the circum-circle and in-circle radius, and the corresponding diame-
ters are D, and D,, from which Re defined by different diameters are
denoted as Re, and Re;, respectively. In this study, constant Re; = 10*
based on D; is utilized, which is o independent. The cylinder axis is
aligned with z-axis, and the incoming free stream flow velocity U is set
at the desired o with respect to the x’-axis. A body-fitted O-type struc-
tured grid is applied to ensure grid orthogonality, which is commonly
used for flow around cylinder problems.'” ** In x' — y/ plane, the grids
are hexahedral shaped. The x -y plane is aligned with incoming flow
direction (U). The number of cells in the radial and circumferential
directions is denoted as N, and Ny. The grid size grows exponentially
in the radial direction (r) from the body surface and is uniformly
spaced in the circumferential direction () and the spanwise direction
(2). The growth rate in the r direction is set such that the maximum y+
is below unity; y© = yu. /v with u, = \/1¢/p, where 1, is the wall
shear stress. Following previous 3D LES studies at various Re,'"** ** a
spanwise length L, = nD, with N, &~ 48 x D./D; cells and periodic

Inlet Outlet

40D,

' IﬂDC

FIG. 1. Computational domain and problem configuration for polygonal cylinders in
body fitted O-type structured grids. Not to scale.

—> N

>

40D,

scitation.org/journal/phf

boundary conditions at both ends are used to minimize the unrealistic
topology associated with the application of the periodic boundary con-
ditions, prevent periodic artifacts, and achieve satisfactory accuracy of
aerodynamic forces and the wake flow patterns. The inlet/outlet surfa-
ces are indicated in Fig. 1. At the inflow surface, uniform free stream
flow velocity U resolved into x and y’ directions is imposed. At the
outflow surface, a Neumann boundary condition is imposed to avoid
the flow reflection. No-slip condition is applied at cylinder surface.
The domain outer boundary is set at 20x cylinder diameters (20D;)
from cylinder center.

B. The LES solver

The governing equation for the current 3D constant SMG LES
simulations, with kernel G = G(x,A) and A being the grid filter
width, is

ou;
o 0, (1)
ou; Owm; 10p 0| (om 0
=——a—t = il 2
ot + Ox; pﬁx,—+8xj {V <8xj + Ox; T &)

where v is the kinematic viscosity, and # and p are the filtered velocity
and filtered pressure, respectively. In the spatially filtered Navier—
Stokes equations, the stress term t; = ;z;; — u;1; is modeled using
the eddy-viscosity type SGS model of Smagorinsky,”” which is based
on Boussineq’s assumption,

2 s _lg
T — ki = =21, (S,-j - gskké,-j>, (3)

3
1 (0n; Ou
=2 (axj * ax,->’ @)
where §; is the rate of strain tensor computed from the resolved scales
and v, and k; are SGS viscosity and turbulent kinetic energy, respec-
tively; see Fureby et al’’ for a comprehensive review of all SGS
models.

In the algebraic SMG model,”” v, and k, are calculated explicitly
under the assumption of local equilibrium balance between produc-
tion and dissipation of k. The Smagorinsky coefficient C; = 0.1 is
adopted based on several validated studies of flow around circular cyl-
inders,'”'”'”*" and a near-wall damping formulation suggested by
Van Driest’” is irnplemented,m’l‘)"71

k, —y*
A:min(C—A,A)y{l—exp (%)}, (5)

where the Von Karman constant k, = 0.4187 and model constant
Ca = 0.158. No wall function is used.

In this study, OpenFOAM is used to perform LES simulations.
The second order scheme, backward, is used for time integration.
The predictor-corrector PISO (Pressure-Implicit with Splitting of
Operators) is used to decouple and iteratively solve the pressure and
velocity fields. The pressure is solved by a geometric agglomerated alge-
braic multi-grid (GAMG) solver. Three PISO corrector are used for
each time step to minimize uncertainty of the final results. A dynamic
time step is utilized to keep the maximum Courant number unity.

Wl
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TABLE |. Grid configuration and sensitivity study for a hexagonal cylinder in face
orientation.

Case L,/D, N, Ny N, yf. Cp St
Coarse T 120 120 56 1.3 1.469 0.193
Medium T 168 168 56 1.08 1.686 0.187
Fine T 216 216 56 0.88 1.647 0.187
Very fine T 264 264 56 0.75 1.628 0.187
C. Validation

A grid sensitivity study was performed for a hexagonal cylinder
(N =6) in face orientation, and the results are summarized in Table I,
with the maximum y*, time-mean drag coefficient Cp, and Strouhal
number St. The drag coefficient and the lift coefficient are defined in
the conventional way as

F
Co=1——, ©)
2
E.DU (Lsz)
F
CG=7——) @)
2
EIOU (Lsz)

where Fp and Fj are, respectively, the total drag and lift forces. p is the
density of the working fluid; L, D, is the projected area in the stream-
wise direction with D, being the projected width of the cylinder, which
is a function of o.

The time-averaged aerodynamic forces are calculated over an
appropriate interval of t* = tU/D;, after the transient time period
when the flow becomes quasi-steady. This time interval is equivalent
to a minimum of 30 vortex shedding cycles. St is defined as

St= @, 8)
U
where the vortex shedding frequency f, is determined from the C;
spectrum. A distinctive and unique peak is identifiable in the spectrum
of all the cases, confirming the classical Kdrmdn vortex shedding in
the wake.

Table 1 lists the results of Cp and St compared with the experi-
mentally measured quantities in Xu et al.” for face and corner oriented
cylinders at similar Re. Note that Re in Xu et al.” is defined based on
D,, which is slightly different from Re;. The small difference between
D,, D, and D, decreases for larger N and for some polygons and orien-
tations. In general, the simulation results are comparable to experi-
mental results with reasonable accuracy. Analysis also shows that the
adopted “Fine” mesh in Table IT resolves more than 90% of the turbu-
lent kinetic energy (k;) (except near the separation points, in which it
is roughly 80%), and therefore the current LES is considered well
resolved.””

I1l. RESULTS AND DISCUSSION

A. Force coefficients and Strouhal number

In order to study the effect of incidence angle o on flow charac-
teristics, 6 equal-spaced os are studied for each cylinder between the

scitation.org/journal/phf

TABLE II. Cp and St compared to experimental results in Xu et al? “F” and “C”
stand for face and corner orientation, respectively. Ny varies slightly for different N to
ensure equal number of meshes on each surface.

Present Xu ef al.?
Re; = 1.0 x 10* Re =1 x 10*

Case Cp St Cp St

5F 0.96 0.245 1.146 0.202
5C 2.25 0.152 1.627 0.140
6F 1.65 0.187 1.375 0.178
6C 2.11 0.145 1.866 0.138
7F 1.66 0.172 1.663 0.155
7C 1.48 0.162 1.228 0.169
8F 1.84 0.159 1.566 0.148
8C 1.34 0.199 0.95 0.195

corner and the face orientations, which effectively cover all possible
orientations. Note that the absolute step size Ao varies for different
polygons. We define the incidence angle o =a/or, where
or = 180°/N. In this respect, o = 0 corresponds to corner orienta-
tion and o* = 1 face orientation, and cylinder rotates clockwisely in
between; Ao is thus fixed at 0.2. For easier comparison, Strouhal
number and force coefficients are redefined using D; to be St; and Cp,,
instead of using D,, which is o dependent. The maximum discrepancy
AD, occurs for the N=5 cylinder at «* = 0, 1, which is 1.176D;, and
is smaller for larger N, e.g., AD, = 1.082D; for N=8at o* = 0.

Figures 2(a) and 2(b) show the dependence of «* on Cp, and St;.
As it can be seen, orientation has a strong effect on the two quantities.
For N=5, St; and Cp, behave monotonically with increasing o*, and
the change is more substantial over o* > 0.6. For other polygons, the
change is not monotonic, i.e., they display maximum/minimum values
not at the principal orientations. For N= 6, St; starts to increase from
o = 0.4 and reaches the largest value at o* = 0.8. Cp, shows a similar
but opposite behavior, which experiences a drop in 0.4 < o* < 0.6.
N=7 and N= 8 cylinders display large variation at small *, which is
in contrast to the other two cylinders. The Cp, behaviors are very simi-
lar, but the St; displays appreciable differences for o* < 0.6. The gen-
eral behavior of Cp, and St; agrees with the findings of most cylinder
shaped bodies. We will return to this point later. It is plausible that
higher vortex shedding frequency f,, corresponds to less stable shear
layer which results in shed vorticies with smaller circulation and there-
fore lower Cp,. It is confirmed by the pressure distribution to be
discussed later.

Figures 2(c) and 2(d) present the variation of separation angles
from both the upper surface 0¥ and the lower surface 0, as o
increases. Zero separation angle 0; = 0° is defined as a vector from
the cylinder center pointing to the—U direction and 0; is defined
as the angle between 0; = 0° and the vector from the cylinder center
to the boundary separation point. 0, is determined from examining
the time mean velocity field and the associated streamlines, and they
are marked geometrically in Fig. 3. Both the primary separation
point (PSP) and the secondary separation point (SSP) are marked in
Figs. 2(c), 2(d), and 3, and they always occur at corners. The PSP is the
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FIG. 2. Dependence of Cp, (a) and St; (b) and the separation angle 05 on o*. Superscript U and L on 0; stand for the upper (c) and lower surfaces (d), respectively. In (c) and

(d), both the primary separation angle and the secondary separation angle are indicated.

corner at which the boundary layer separates for the first time, and the
SSP is the corner at which the flow separates eventually. Whenever
SSP appears, it always locates at the downstream corner on the same
edge as PSP. Boundary layer separation is confirmed from the time-
resolved shear layer (instantaneous vorticity) behavior, as well as the
mean vorticity field (opposite signed vorticity layer attach to the sur-
face). The latter will be discussed in Sec. III C. In Figs. 2(c) and 2(d),

a*=0 | a*=0.2
=\
{; \\ \
}\/ /
N
NG

/)

B

>

K
N

FIG. 3. Separation point at different o*. The primary separation points (PSP) are
labeled with big circles and the secondary separation points (SSP) with small
circles. Free stream flow comes from the left.

for each N, there are two values of 0; at a given o over a range
depending on N. Between the two 0, PSP is always the one with
smaller magnitude |0;|. Note that SSP is different from boundary layer
re-attachment point, which usually locates on an edge downstream of
PSP and is highly oscillatory, in agreement with the flow visualization”
at the present Re. Boundary layer re-attachment behavior is not the
focus of this work and will be discussed in a separate paper.

Examination of Figs. 2(c), 2(d), and 3 reveals some separation
phenomena which perhaps are not so obvious. The separation mecha-
nism can be categorized into two groups, viz,, N=5, 6 and N=7, 8.
As expected, there is at least one PSP on each of the upper and lower
surface. As o increases from zero, SSP starts to appear on N=5, 6,
which then end with both PSP and SSP symmetrically at oo = 1. In con-
trast, N=7, 8 start with both PSP and SSP, and end with PSP only. In
other words, the total number of separation points PSP+SSP is an
increasing function of o for N=5, 6, and a decreasing function for
N=17, 8. PSP+SSP varies between 2 and 4 for all cases, which suggests
that there are two unique critical o* s for each N at which the separa-
tion behavior changes appreciably. The critical o* seems to be a neces-
sary condition for discontinuous changes of Cp, and St;.

Comparing PSP+SSP to the overall trend of Cp, and St; in Figs.
2(a) and 2(b) also suggests that increasing the total number of separa-
tion points results in an overall decrease in Cp, and an overall increase
in St;. It is plausible that the number of separation points is directly
associated with the stability of the boundary layer and therefore has a
significant impact on the wake. Roughly speaking, appearance of SSP
means that re-attachment occurs between PSP and SSP. The instability
in the re-attachment region results in higher frequency unsteadiness
and then in lower drag. This instability is reflected in a dynamic
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flapping behavior of the detached shear layer and is reflected by higher
St;. The shear layer flapping also leads to transient attachment to and
detachment from SSP in some cases.

While there is always a single PSP on each of the upper and the
lower surface, because of their quasi-axisymmetric geometry, the dis-
tribution of SSP is unbalanced. For instance, the only SSP is on the
upper surface on N=5 cylinder but is on the lower surface on N=6
cylinder for o* < 1. This discrepancy is related to the mean lift direc-
tion, which will be discussed later. As N is larger, both the deflection
angle between successive edges and the edge length become smaller,
and the separation and reattachment behavior gets very subtle and
sensitive to «. For instance, for the case N=8 at «* = 0.4, the time-
averaged separation bubble appears to be very thin on the lower
surface upstream of the labeled PSP.

At the present Re, pressure is the dominant contributor of the
aerodynamic force over skin friction. It then makes sense to investigate
the pressure distribution variation over the « spectrum. Figure 4 illus-
trates the time mean pressure coefficient defined as

G =t ©)
Pl

where p the time mean pressure and p., is the constant free stream
pressure. Here we also take the spanwise averaged p. In all the simu-
lated cases, no spanwise variation can be observed for all the time
mean quantities presented in this article.

For illustration purpose, in Fig. 4 the cylinders are fixed in posi-
tion while the incoming flow angle is set at different o. In this way, the
positions of the corners are fixed. Here, the polar angle 0 is used to
describe the coordinates of the cylinder surface, where 0 = 0° is along

ARTICLE scitation.org/journal/phf

the horizontal direction pointing to the right, as marked. The range of
0 is chosen to be —180° < 0 < 180°, where positive and negative 0
directions are also marked, together with the tested incidence angles
o*. The corners are labeled and also marked on the 0 axis. It should be
noted that the range of windward/leeward surfaces changes with
respect to the incidence angles. Windward surface is defined from the
top SSP (or PSP if SSP does not exist), through the windward stagna-
tion point, to the SSP on the bottom surface. For instance, in N=15,
windward surface is B-C-D for «* = 0 and B-C-D-E for o = 1.

A distinct characteristic of C, distribution is its abrupt change of
value at corners where separation event occurs. The extent of C,
change is labeled as ACp in Fig. 4(a). For instance, corner D is always
a separation point on N=5 and N=38 cylinders and corner C for
N=6and N=7. PSP typically exhibits the most abrupt and the stron-
gest ACp, while those at SSP is weaker, similar to that at the corner
closest to the base point near the leeward surface stagnation point -
corner A in most cases. ACp at other corners in the separated region is
typically insignificant, barely visible in some corners on N > 6, leading
to relatively constant pressure distribution along the edges inside this
region (the range of small |0] in all the cases). This is similar to the Cp
distribution at the back surface over a circular cylinder. It reassures the
more important dynamic role played by PSP than SSP. In this respect,
the relative ACp magnitude is a characterization of the nature of a cor-
ner and reflects the transition of separation point as o* changes, for
instance, the transition of PSP from B to C at a* = 0.4 (to o = 0.6)
on N=5. Another example is the disappearance of SSP at B from
o =0t0o0.2onN=7.

The drag coefficient Cp, has intrinsic relation with C,, especially
over the leeward surface inside the separated region (the small |0
range), as the distribution C, over the windward surface in the vicinity

-180 141 -90 -38 13 64 116 167 -180 -135 -90 45

FIG. 4. Dependence of the spanwise averaged mean pressure coefficient CT, distribution on o*. ——: reference value CT, = —1; — - —: base pressure coefficient for circular
cylinder at similar Re (subcritical),” C, ~ —1.2. In (a), AC, represents the degree of pressure change at corners of separation. The vertical dashed line arrows indicate the
general monotonic variation of Cp in the direction of increasing o*. The surfaces without dashed line arrows marked do not entirely follow a monotonic variation of Cp.
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of the windward stagnation point is fairly universal. The distribution of
C, over the leeward surface has strong dependence on both N and o.*.

The dependence on N is mainly reflected by the minimum pres-
sure C,min, which occurs at corner A. Among the N case studied,
N=5 cylinders shows the lowest C, .~ —2, which is significantly
lower than the value on a circular cylinder measured at similar Re
experimentally,“ which is @min ~ —1.2. As N increases, this value
increases accordingly, but all <—1.2. On N=5 cylinder, C, .
occurs at o = 0.2, which equals the value in between corner E and A
at o* = 0. On N=6, 7, 8 cylinders, @min occurs at o* :M.6,0.6,
respectively, all at corner A. Comparing to the maximum Cp, values
in each N presented in Fig. 2(a), the «* values match. Considering the
maximum pressure coefficient C_,,max over the leeward surface, it can
be observed that this value decreases from N =5 [Fig. 4(a), over EB] to
N=38 [Fig. 4(d), over GC]. Therefore, the difference (C, —C, .)
decreases monotonically as N increases. It is then reasonable to deduce
that as N further incEases, and N — oo, C—Pmax and C_‘,,min would col-
lapse on to the line C, ~ —1.2, i.e., asymptotically to the circular cyl-
inder case.

Dependence of C, on o* is more complex. Perhaps expected, C,
on the main windward surface (viz. surface CD, DE, DE, EF, on
N =5 — 8, respectively) is an increasing function of o* in all cases as
they gradually become perpendicular to U. However, the magnitude
change is mild. Larger change of C, magnitude occurs on the surface
next to this windward surface on the upper part of the cylinder but is a
monotonically decreasing function of o*. On N=7, 8 cylinders, an
additional surface displays significant dependence of C_p on o, viz.,
surface EF and FG. These two surfaces are next to the windward sur-
face on the lower part of the cylinder. The other surfaces without
dashed line arrows marked do not follow a monotonic trend strictly.
Over these surfaces, C, variation is relatively small, and they are
mostly the back surfaces. Those back surfaces hence all the surfaces on
the N=5 cylinder are monotonic in terms of C, distribution or mar-
ginally so, which explains the behavior of Cp,. On the other cylinders,
the C, distribution is non-monotonic, which makes it tricky to relate
to tlﬂr Cp, behavior. Nevertheless, if we sort @min (at A) or the aver-
age C, over these back surfaces for a given N in ascending order, and
Cp, in descending order, the corresponding o approximately
matches. It thus suggests that the (fairly constant) pressure distribution
on the back surface has an important impact on the drag. The exact
relation to Cp, is of course an integration effect of the C, distribution
on all the surfaces. Pressure drag obeys a strong linear relationship to
the total drag Cp, for each cylinder at various incident angles (figure
not shown). It typically contributes to = 96% of Cp, .

It is not difficult to deduce that because their quasi-axisymmetric
geometry, C_P, distribution at intermediate o*, i.e., at non principal ori-
entations, will result in non-zero mean lift coefficient C;. This is
shown in Fig. 5. The lift coefficient is also redefined here as
Cpi = C; x D,/D;. The distribution of D, based lift coefficients is
very similar, therefore not shown. The magnitude of Cy; is about 10%
of Cp;, but it shows an interesting behavior, which perhaps is not pre-
dictable immediately. That is, N=5 and N=28 show a positive lift,
whilst N=6 and N =7 show a negative lift, even through the tested o
range is positive, in the sense that they all start from the corner orien-
tation and step to the face orientation clockwisely. It also means that if
we keep rotating the cylinders beyond the face orientation, Cr; will
become opposite signed; hence, the “overall” aerodynamic response is
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FIG. 5. Dependence of the time mean lift coefficient C;; on o*.

converged. The direction of Cy; and o* at which the maximum magni-
tude occurs can be inferred more clearly by the mean shear layer
behavior, which we will discuss in Sec. III C. For N=6, 7, 8 the maxi-
mum lift magnitude occurs when Cp, is minimum. For N=>5 how-
ever, since the minimum drag occurs at o = 1, which is a symmetric
condition, lift is approximately zero and the maximum lift occurs at
o =0.4.

B. Near wake asymmetry

Since C, distribution over the back surfaces is likely to have an
important impact on the aerodynamic forces as discussed above, it
makes sense to have further investigation of the near field wake in
terms of their time mean characteristics. Figure 6(a) demonstrates the
asymmetric distribution of the time mean streamwise velocity U about
the x— axis. The contour pattern, as well as the location of the stagna-
tion point, qualitatively reflects the degree of asymmetry. To quantify
the asymmetry, we examine the U distribution along the y direction
going through the point where the strongest reversed flow occurs and
between the two points of the local maximum velocity U . The two
end points of the line (X1, Yx1) and (X2, Ymxz) are just outside the
two mean shear layers, which will be discussed later. The U distribu-
tion of all the cases studied is presented in Fig. 6(b), which displays the
classical bell shape if being offset by Uy and is reasonably symmetric
about y = 0. However, closer inspection does reveal non-trivial asym-
metry near the location of U,y (the tail region) and inside the recir-
culation bubble (the top region).

The extent of the near wake skew-symmetry is quantified and
presented in Fig. 7. In (a), the asymmetry of y,,1 and ., to the wake
centerline y =0 is calculated. Recall that they characterize the lateral
distance to the outer edge of the shear layer at x = x,. As such, they are
also proportional to the recirculation bubble width. The sign of
(¥mx1 + Ymxz) indicates the skew direction. If (yyx1 + Ymx2) > 0, the
upper half of the bubble is fatter; otherwise, it is thinner. As the cylin-
ders rotate unidirectionally from the same corner orientation, N=5
shows a fatter lower bubble for all o*, whilst N=6, 7 show a fatter
bubble on the upper part. This is consistent with the C; variation

Phys. Fluids 33, 105112 (2021); doi: 10.1063/5.0063046
© Author(s) 2021

33, 105112-7


https://scitation.org/journal/phf

Physics of Fluids ARTICLE scitation.org/journal/phf

-1.5 -1 -0.5 0 0.5 1 1.5 ()

@

(x

mx1 'ymx1)

-05 0 05 1 15 2 25 3

FIG. 6. (a) U in the near wake behind N=5 cylinder at o = 0.2. Point (x, ;), marked by * is where maximum reversed velocity, i.e., minimum U, occurs; point (Xst, Vst),
marked by + is the stagnation point; points (Xmx1, Ymxt) and (Xmxz, Ymxe), marked by x, are maximum U denoted by U,,... occurring along the y direction going through (x,,
¥y)- (b) Distribution of (U .x — U) along the line between (Xax1, Ymxt) @nd (Xmsz, Ymx2) for all the 24 cases studied.

shown in Fig. 5 and the asymmetric number of separation points J W) — w(—y)dy

PSP+SSP shown in Fig. 3. On N =8 cylinder, the fatter side switches ) (10)
at o* = 0.4, but the difference is fairly small, which is also in line with = 2]

the small C;, magnitude and the symmetric PSP+SSP. J W) +u(=y)ldy

A better quantification for the degree of asymmetry of Uy dis-

tribution about y =0, as that shown in Fig. 6, is by calculating g, where y/(y) = Upar — U > 0atx=x, and is a function of y. t calcu-
defined as lates the ratio of the skew-symmetric part of i to the symmetric part

of it. It takes into account the effect of offset y, about y=0.

Dependence of u on o is presented in Fig. 7(b). It is clear that all o*

0.4 between the two principal orientations display non-trivial asymmetry
N5 = N6 o N7 > N8| about y— axis. However, first 4 does not generally follow a decreasing
trend as N as the degree of axisymmetry increases. N =7 shows larger

Q 02 u values than N'= 6, which is off-trend in this sense. Second, p itself is
) skewed toward face orientation for N=15, 6, e.g., /(y) is mostly skew-
= symmetric at o* = 0.8, more than doubled than o* = 0.2 in terms of
t the p value. u is more symmetric about o* for N=7 and 8 cylinders.
§ N=28 has the weakest p, as well as the weakest y,,, asymmetry, as
- expected. The extent of skew-symmetry continues increasing for
(a) X > X, up to x ~ 10D;, beyond which the spatial resolution becomes
-0.4 low.

Figure 8(a) shows the location of x, at which ¥/(y); hence, p is
0.08- o — measured. x, characterizes the recirculation bubble length x as
X, ~ (1/2)xy, where (xy,ys) denotes the coordinates of the wake
< ) stagnation point [see Fig. 6(a)]. It is obvious that x, increases mono-
0.04¢ ) tonically with o* for N=5, but for N=6, 7 abrupt increment of x,
- T TR occurs at intermediate o, where the value is approximately 50%
0 ‘ ‘ higher than that at other o*, whose x, ~ D; and is fajrly constant.
0 0.2 0.4 . Figure 8(b) shows the correlation of x, with the value of U at point (x,,
@ ¥,), which is the maximum reversed flow inside the recirculation bub-
FIG. 7. Near wake asymmetry quantification. (a) Asymmetry of Y and Yme 10 ble. It is shown to be well correlated negatively with x,, which suggests
the wake centerline, (Vm — [Ymel); Ymxe is negative. (b) Degree of (Upax — U) that the longer the recirculation bubble, the stronger is the reversed

asymmetry about y = 0, as shown in Fig. 6(b), quantified by . velocity intensity. The correlation can be reasonably described by
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correlation with the reversed velocity value denoted as U (x;, y;).
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No clear monotonic dependence of U (x;, y,) on N is observed.

C. Separated shear layers

The asymmetry of aerodynamic forces and the recirculation bub-
ble can be better explained by examining the separated shear layers,
represented by the time mean spanwise vorticity w = w,D/U, which
is shown in Fig. 9. It is not difficult to observe that the shear layers
exhibit clear difference in terms of their length and thickness, which
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depend on both N and o*. Here we focus on their length only. Shear
layer thickness and intensity are more correlated with the instanta-
neous shear layer flapping motion. For instance, the thickest shear
layer typically occurs for cases having only PSP where the flapping
motion is strong. For N = 5 — 8, the longest shear layer occurs at
o* =1,0.6,0.2, and 0.2, respectively, which agree well with the largest
x, presented in Fig. 8(a). The variation of the length on o* is also in
line with St; and Cp, (inversely) shown in Fig. 2. Secondary thin shear
layers attached to the surface of the cylinder can also be observed in all
the cases. They are associated with the boundary layer separation and
reattachment, which are of the opposite sign of the separated main
shear layers in the outer region.

Another distinguishing feature is the asymmetry of the shear
layer length on top and bottom surfaces, originated from the asym-
metric positions of the separation points; see Fig. 3. Quantification of
the shear layer length is presented in Fig. 10. We define length L,,
from the cylinder center to the x coordinate of the end point subject to
a threshold of w = 3. The threshold value is insensitive to the trend of
the results hence the conclusion. The shear layer curvature, which is
fairly small, is not taken into account. L,, is essentially the x coordinate
of the shear layer ending point. Also shown is L., measured from the
final separation point, viz., SSP, or PSP if SSP does not exist; see Fig. 3.
It is denoted as Iiff, which characterizes the absolute length of the
shear layer. The maximum E(SUP ~ 1.8D;, which occurs on the bottom

of N=5 and the top of N=7. On N=6, 8, maximum iip reduces to
1.5D;.

Comparing the two quantities, it can be noticed that even when
I:(SDP differs on the upper and the lower surfaces clearly, the shear layers
terminate at similar x locations, i.e., the distance between the two solid
lines, AL, is small at the same o*. As N increases, AL,, decreases as
expected, since for a circular cylinder N — oo, it should reduce to
zero. N=15 cases display different trends. At small o, the shear layer

lengths E(Sf are similar, but L, are different according to the
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FIG. 9. Time mean spanwise vorticity «,D;/U of different polygonal cylinders. Row number increases with N (a—-f: N=5, g-l: N=6, n-r: N=7, s—x: N =8); column number

increases with o*.
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FIG. 10. Definition of shear layer length and their spanwise averaged timeﬁn},ean
values; L, on solid lines, and that measured from the final separation point, L] on
dashed lines.

separation point locations. The relative magnitude of the two quanti-
ties also indicates the position of the final separation point relative to
the cylinder center. In most cases, iip =L, meaning that the final
separation point is on the windward half of the cylinder.

Figure 10 also shows some interesting observations of L, in addi-
tion to the clear asymmetric pattern. N= 5 cylinders demonstrate clear
increasing L,, on o* monotonically (if the average value of top and
bottom is taken), whilst the other cylinders have clear maximum L, at
an intermediate o. This behavior matches that of x, shown in
Fig. 8(a) as well as Cp; and St; in Fig. 2. For a given N, o* at which the
maximum AL,, occurs matches that for the maximum C; shown in
Fig. 5. Tt therefore suggests that L, could be a better scaling factor for
the shear layer strength than the absolute shear layer length iip when
considering the asymmetry effect. For the same cylinder, the maximum
L,, change is about 0.7D; (on the bottom surface) for N = 5 — 7 and
0.5D; for N=38.

Note that since I:(SUP and L, are time mean quantities, they take
into account the oscillation motion of the vortex shedding in the
streamwise distance hence the instantaneous shear layer length. This
effect is clearly observable in instantaneous vortex shedding pattern in
a cycle, as presented in Fig. 11 for selected cases. Here the minimum
Cp; (also the maximum St;) in each N is chosen. All of these cases
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demonstrate delayed vortex shedding leading to large L, compared to
the same N at other o*. In these demonstrated cases, the shear layers
are stretched further to the wake with the upper and lower shear layers
interacting less strongly compared to other cases. Having less mutual
interaction helps with shear layer stability and delays vortex shedding.
Oscillation of the streamwise vortex shedding location can be observed
clearly in N=5 case (a-d) for instance and shear layer flapping
motion can be seen in N=7 case (i-l), more obvious toward the
downstream portion of the shear layers.

In addition to the streamwise oscillation, the presented cases all
have SSP on their surface (see Fig. 3). Furthermore, as mentioned ear-
lier in Sec. IIT A, shear layer flapping motion can result in temporary
disappearance of SSP as shear layer detaches from that corner. This
effect typically only occurs in the present cases in Fig. 11. Examples
are N=6, 7 both on surface EF; N=6 on surface BC and DE; and
N=28 on surface CD. The other case which is not presented here is
N=7and o« = 0 on surface BC and EF (see Fig. 3). For other cases,
whenever boundary layer reattaches after PSP, it stays attached and
separates again at SSP without temporary detachment of shear layer as
a result of the flapping motion. The reattachment process fluctuates in
terms of the reattachment position between PSP and SSP.

D. Scaling parameters

Previous sections revealed some underlying connections in those
time mean quantities. In this section, we test their correlations by com-
bining all the cases studied. It has been established previously that Cp
and St are well correlated with wake formation length L; and wake
width D, respectively, for polygonal cylinders at principal orienta-
tions.'* Figure 12 illustrates that these scaling laws still reasonably
apply for arbitrary o". Here we take Lsas the x coordinate of the point
at which the maximum turbulence kinetic energy occurs, which is well
defined. The asymmetric effect is neglected as the offset y coordinate
of the point is very small. D, is taken to be the wake displacement
width at Ly. For direct comparison, Cp and St here are based on the
projection length D,. The Cp scaling follows the empirical linear rela-
tion proposed by Wang et al."* well, whilst St has slightly higher values
in the present numerical study but also follows a second-order polyno-
mial function shape. Note that according to Wang et al,'* Strouhal
number plotted in (b) is based on D,, and is denoted as St*.

Figure 13(a) displays the dependence of Cp, and St; on L,,, which
is the extent of the time mean shear layer in the x direction. Here L, is
the average value of the two shear layers [see Fig. 10], viz,
L, = (ig + ii) /2, the superscript standing for the top and the bot-
tom side, respectively. Evidently, both quantities scale with L,, reason-
ably well by arbitrary functions. St; behaves like a quadratic function
similarly as Fig. 12(b). Cp, is apparently a decreasing function of L,
and approaches asymptotically to a value ~1.3. Inferred by the funda-
mental relation of C_D, and the base pressure, the variation of the aver-
aged base pressure coefficient C, is also presented. C, here is
calculated as the area averaged value between the last separation points
on the top and the bottom surfaces (see Figs. 3 and 4). As can be spec-
ulated, the base pressure and Cp, are well correlated negatively (figure
not shown) with the former converging asymptotically to -1 for large
L,,. This means that the further the shear layer extends to the down-
stream distance, the higher the base pressure and therefore the lower
the drag since the pressure over the windward surfaces does not
depend strongly on N and o as reflected by Fig. 4. It then seems to
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FIG. 11. Instantaneous spanwise vorticity fields at mid span for selected cases. From the first column (a,e,i,m) to the last (d,h,,p), the phase angle ¢ = 0 (C, =0), /2, =,
and 37/2, respectively. The first row to the last are for (N = 5, " = 1), (N =6, = 0.6), (N =17, =0.2) and (N = 8, 0" = 0.2), respectively.

suggest that the shear layer intensity (circulation per unit length) is
not a dominant factor here. Comparing Figs. 8 and 10, it can be specu-
lated that L, ~ x, (figure not shown, data collapse well), and therefore
L,, is also expected to be a proper scaling factor for the maximum
reversed flow velocity U (x;, y,). This is shown in Fig. 13(b). With Eq.

(11), the relation between L, and x, can be approximated by

L, Xy
—~ 14— —0.36. 12
D, D, (12)

a

0 @ s : ‘ Figures 12 and 13(a) suggest that the three characteristic length
0.9 1 1.1 1.2 scales are also well correlated. This is conﬁrmed_ in Fig. 13(c). Lf (as
D, /D; well as x, as mentioned above) increases with L, and the two are
0.3 approximately linearly dependent for L., > D;. D,,, the characteristic

wake width (the length scale in the y direction), is shown to be a much
weaker function of N and o than the length scales in the x direction.
The ratio of the maximum and the minimum values is only ~1.3. It
varies as a decreasing function of L, and converges to D; slowly. It is
worth mentioning that D,, based on the momentum width does not
scale with Cp, well as the pressure distribution along the y direction at
x = Lyis a significant factor.

While the average of the top and the bottom shear layers scales
with Cp,, it is found that the difference of the two, viz, (L} —L7),

Stt

FIG. 12. The correlation between Cp and St (based on the projection width D,)

with the wake width D,, and the formation length L. The results of Wang et al. are seems to be related to Cy; (as well as C;, because of its similar behavior,

for Re = 1.6 ~ 5.1 x 10* and at principal orientations only. Polynomial fittings are not shown), as inferred by Figs. 5 and 10, and TShOVy% in Fig. 14. Tt

applied, first order in (a) and second order in (b). demonstrates that not only the sign of Cy; and (L, — L)) is consistent
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FIG. 13. (a) Correlation between Cp, St; and the averaged base pressure with the
averaged L,,; (b) correlation between L,, and the maximum reversed flow velocity
U(x, yr); (c) correlations of the length scales Ly, Dy, and L,,. The solid lines are
arbitrary fitting functions; the dashed lines in (b) and (c) are linear fitting functions.
The linear fitting in (c) is for L, /D; > 1.

(N=5, 8 positive and N =6, 7 negative), but also the variation of the
two variables. The solid line represents

44— =Cy, (13)

as the two variables vanish together because of symmetry. Although
this line is not the best linear fit of the data, it describes the data
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FIG. 14. Correlation between C;; and the difference of L,, between the top and the
bottom shear layers.
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FIG. 15. The correlation between C_D,. and St; compared to the empirical relations
propgsed by Hoerner,* Ahlborn, Seto, and Noack,” Alam and Zhou,” and Xu
etal.

distribution reasonably well. In contrast, the asymmetry of the abso-
lute shear layer length i(sup does not display a clear trend with Cy; (fig-
ure not shown, but it can be inferred by inspecting Fig. 10); the sign is
not consistent at least. This seems to be a puzzling result since
C, ~T = [wds, where I is the circulation around the cylinder, s
being the area element. The integration can be performed over a con-
trol volume containing the cylinder and the near wake, outside which
(the time mean) o is negligible, and therefore both shear layers are
included completely. The reason for (Lz - I:f)) being the better scal-
ing factor than the iip difference perhaps is that the former somehow
takes into account the shear layer intensity as well as the attached
boundary layer and its separated region, which might merely be a
coincidence.

Finally, the inverse relation between the drag coefficient and
Strouhal number has been well acknowledged following equations
proposed by Hoerner,”* Ahlborn et al,”” Alam and Zhou,” and Xu
etal’ as

0.21 = CY7°St, (14)
CpSt

k=22 P2 15

nCD +1’ (15)

0.23 = CpSt, (16)

{=Cyost, (17)

where k is an energy parameter which varies in general with different
bluff body shapes and ( is an empirical constant, and Eq. (17) was pro-
posed for polygonal cylinders at principal orientations in particular.
Figure 15 reassures that these formulas work for incident flow angles
when the universal length scale D; is used to define the two variables.
Among the formulas, Egs. (15) (k ~ 14) and 17 (0.20 <{=0.22)
seem to fit the data better. The best fit { value agrees with the experi-
mental findings” well, albeit slightly different definitions are used.

IV. CONCLUSION

In this paper, incident flow around polygonal cylinders of side
number N = 5,6, 7,8 is numerically studied using LES at Re = 10%.
In total, six dimensionless angles of attack o* are tested, which covers
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the entire spectrum. A constant SMG model is adopted, and the simu-
lation results are validated against the available experimental measure-
ments. This work only focuses on the time mean aerodynamic and
wake flow quantities. Their quasi-axisymmetric and discretized geom-
etry leads to the following observations.

Flow separates primarily at corners. In some cases, it reattaches
and then separates for the second time at secondary separation points,
which are also corners. However, in these cases, shear layers may tem-
porarily detach from the secondary separation points because of the
shear layer flapping motion. This happens in the 4 asymmetric cases
displayed in Fig. 11 plus one symmetric case of N = 7, o* = 0. In the
4 asymmetric cases, the shear layers tend to be stretched further into
the wake and delay vortex shedding, compared to other cases.

The location of the separation points is asymmetric about the x
axis, depending heavily on N and o*. This results in complex surface
pressure distribution leading to complex time mean aerodynamic
responses and wake asymmetry. In particular, drag coefficient and
Strouhal number vary non-monotonically with o*. The non-zero lift
coefficient and the wake symmetry are non-monotonic functions of N.
Their apparently random behaviors are correlated with the features of
the time mean shear layers.

By combining all the cases, we found that the extent of the time
mean shear layer stretched into the wake (L,,), instead of the absolute
length of the shear layer, seems to be a proper parameter which scales
with the aerodynamic forces. It scales well with the base pressure of
the cylinders and hence drag coefficient and Strouhal number, as well
as the maximum reversed flow velocity in the recirculation bubble. L,,
also scales with the formation length, the wake width, and the location,
where the maximum reversed flow occurs. If L,, difference between
the top and the bottom shear layers is considered, it scales with the
mean lift coefficient. Finally, drag coefficient and Strouhal number for
incident polygonal cylinders also follow the established inverse relation
well. The detailed instantaneous dynamics of the separated shear layers
associated with the fundamental vortex shedding mechanism will be
elaborated in a separate manuscript.
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