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Abstract

The flow regime around a hexagonal polygon with low Reynolds numbers Re<200 is
numerically investigated in two different orientations namely face-oriented and corner-
oriented. The basic flow characteristics, including drag coefficient, lift coefficient, Strouhal
number and critical Reynolds number of the hexagonal cylinders, are calculated using 2D
transient numerical analysis. Within the studied range of Re, the predicted lift coefficient
and Strouhal number of the face-oriented hexagon were higher than those of the corner-
oriented hexagon. In contrast, the predicted drag coefficient and critical Reynolds number
of the corner-oriented hexagon were greater than those of the face-oriented. Flow
characteristics of a novel textured geometry are also studied using 3D transient analysis.
The Strouhal number St of the textured geometry was found to be in between the S: of
both the hexagonal cylinders, and its lift coefficient is lower than that of the hexagonal
cylinders.

1. Introduction

Understanding characteristics of the flow regime around a bluff body and resultant forces are of
importance in various engineering applications where fluid-structure interaction has to be
considered such as wind engineering and offshore engineering. Extensive studies have been
performed on analysing the unsteady wake around circular and square cylinders, through
numerical modelling (Braza et al. 1986; Gallardo et al. 2017; Meliga et al. 2016; Norberg 1993;
Palei and Seifert 2007; Park et al. 1998; Sohankar et al. 1998b; Swaddiwudhipong et al. 2007;
Travin et al. 2000; Baldock at al. 2014) and laboratory experiments (Bearman and Zdravkovich
1978; Norberg 1994; Sumner and Akosile 2003; Williamson 1989; Wood et al. 2016;
Zdravkovich 2003). However, in contrast, the flow regime behind polygonal cylinders has
received only limited attention. The wake flow behind a circular cylinder firstly becomes unstable
beyond a critical Reynolds number and then a periodic flow regime known as a Von Karman
vortex street develops. The point of flow separation varies depending on the upstream flow
parameters such as Re, surface roughness etc. In case of flow past polygons, the flow detaches
from the cylinder at the sharp corners of the leading or rear edges, forming the vortex regime on
either side of symmetry plane of the polygon. Studying the behaviour of the vortices, the
pressure and the friction distribution and in-line and cross-flow forces on the cylinder are of
great practical importance because of their destructive effects such as fatigue failure caused by
vortex induced vibration (VIV).

Sohankar et al. (1998a) investigated the flow regime around a square cylinder with Re=200.
Their numerical simulations showed that the Strouhal number increased from 0.17 at angle of
attack a=0° (face orientation) to 0.20 at a=45° (corner orientation). Yang et al. (2010) found the
critical Reynolds number to be Rec=45 and 40 for face-oriented and corner-oriented squares
respectively. The dynamics of flow past hexagonal cylinders has received only limited attention
so far. Sparrow et al. (2004) investigated the heat transfer from hexagonal cylinders and found



that while all faces were engaged in a recirculation zone in case of face-orientation, only four
faces with corner-orientation experienced flow separation. Tian and Wu (2009) studied the two-
dimensional flow around regular polygons with even number of edges at low Reynolds numbers.
They found critical Reynolds numbers for vortex shedding in steady and unsteady flows. They
derived Eq. (1) for Strouhal number of a polygon (StN) as a function of edge number of the
polygon (N) and Strouhal number of a circle (St~) at 47<Re<180.
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Khaledi and Andersson (2011) studied the vortex shedding of face-oriented and corner-oriented
hexagons using transient three-dimensional models at Re= 100, 500 and 1000. When
comparing the wake regime between square and hexagonal cylinders at different orientations,
they realised that wake dynamics is not influenced by the front stagnation point being positioned
on a face or at a corner but rather if the width of the projected cylinder is determined by sharp
corners or flow-parallel faces. Although the vortex regime and streamline patterns in the wake of
hexagonal cylinders were investigated in their research, a thorough investigation of unsteady lift
and drag forces, pressure and friction distributions and critical Reynolds numbers requires more
attention.

This study aims to investigate the flow regime around hexagonal polygons in two different
orientations namely the face-oriented and the corner-oriented at low Reynolds numbers. The
present study is focused on low Reynolds numbers (Re<200) where the laminar flow regime
and Karman vortex street are expected regardless of the shape of the cylinder (Khaledi and
Andersson 2011). It is well known that a transition from 2D to 3D flow occurs in the wake behind
a circular cylinder when the Reynolds number is about 170 (Williamson 1988; Williamson 1996).

This results in a drop in the shedding frequency (St) whereas drag and lift are probably little
affected. It is likely that this transition from 2D to 3D wake flow depends on the shape of the
cross-section and it is also likely to guess that an earlier transition to three-dimensional flow will
occur for non-spherical cross-sections. However, since the major concern of this study are drag
and lift forces, the authors believe that usage of the present 2D results even at Re = 200 can be
justified. Rajani et al. (2009) used the finite volume method and showed that for circular cylinder
at Re<200 there is no significant difference between the hydrodynamic forces CD, CL and
Strouhal number St computed from 2D and 3D analyses. Flow characteristics around a textured
geometry which has a hexagonal cross-section that changes orientation from a face-oriented to
a corner-oriented pattern along the length of the pipeline has been studied. Previous studies
have shown superior performance of textured geometry over conventional cylindrical shapes
with respect to major structural instability issues in subsea pipelines such as propagation
buckling (Albermani et al. 2011; Stephan et al. 2015; Karampour et al. 2017) and buckle
interaction (Karampour and Albermani 2014; Karampour and Albermani 2015). The vortex



shedding mechanism of stationary hexagonal cylinders has been studied using transient two-
dimensional numerical simulations by common software. Forces in-line and normal to the
uniform flow and corresponding pressure distributions on the hexagon faces have been
calculated. Where possible the outcomes are compared against existing results reported in the
literature. Finally, a three-dimensional transient fluid dynamics study of the vortex regime
around a textured geometry is presented.

2. Model description and validation

Fig. 1a shows the rectangular fluid domain and boundary conditions. To do the comparison
study, circular, square and hexagonal cylinders with dimensions shown in Fig. 1b were centred
at equal distance of 30D from top and bottom symmetry boundaries. Zero normal velocity and
stress were prescribed on the symmetry boundaries. The blockage ratio (ratio of diameter of
equivalent circular cylinder D to width of the domain) was taken as 0.017 (Linnick and Fasel
2005). Uniform velocity was assigned to the upstream boundary located at 30D from the centre
of cylinder. The downstream boundary was located 60D away from the centre of the cylinder
and was defined by zero stress component.

A finer mesh was adopted in the nearfield circular area around the cylinder with diameter 10D
and in strips of width 24D in the upstream, wake region and cross-flow directions. The two-
dimensional, incompressible, Navier-Stokes equations in the Cartesian coordinate can be
written as follows:

V.(pv)=0

o T rr u
a(pv) +V.(ow)=-Vp+V.(0)+ F

r rg
T=u(Vv+Vv )
(2)

where p is the static pressure, T is the stress tensor, and F is the external body force. For the
two-dimensional, incompressible, Navier-Stokes equations. The governing Eq. (2) is solved
using semi-implicit SIMPLE algorithm with double precision accuracy in FLUENT solver
(ANSYS 16.1 Release). In this algorithm the velocity correction is solved explicitly, while the
momentum equation and pressure correction equations are solved implicitly. Time step of
0.01sec is adopted in order to resolve 50 vortex-shedding cycles (the accuracy is justified based
on results of Fig. 2 and Table 1). The total flow time required for the convergence of a numerical
solution varies with Reynolds number and shape of the cylinders. For lower Reynolds numbers
(Re<60), larger total flow times were required in order to attain desirable convergence.

Table 2
Frequencies of lift force, darg force and vortex shedding of Hexagonal cylinder, Re=
200

fi (Hz) o (Hz) fs (Hz)
(frequency of lift force) (frequency of drag (vortex shedding
force) frequency)
Corner-oriented 0.175 0.353 0.175
Face-oriented 0.206 0.417 0.207
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Figure 1: Geometry and mesh size (a) domain and boundary conditions and (b) studied cross sections.

A mesh sensitivity study is conducted on the circular shape at Re=100 and hydrodynamic
coefficients are represented in Table 1. The hydrodynamic coefficients obtained from the
present study with mesh 3 are in close agreement with the mean drag and the maximum lift
coefficients reported in (Berthelsen and Faltinsen 2008; Linnick and Fasel 2005), which is based
on an immersed boundary method. In addition, the Strouhal number calculated in the present
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study agrees well with the experimental value reported by Williamson and Roshko (1988). Using
mesh 3, the mean drag coefficients for the square shape at low Reynolds numbers
(20<Re<200) are plotted in Fig. 2. The current CD values agree well with those obtained from
the Direct Numerical Simulation presented by Okajima et al. (1997) and are consistently more
accurate than the results reported by Singh and Biswas (2013) using a Finite Element Method
(FEM). It should be noted that Singh and Biswas (2013) used a blockage ratio of 0.05 with
31,200 quadrilateral elements in their model, whereas in the current study blockage ratio of
0.017 with 134,160 quadrilateral elements are utilized. Furthermore, as will be discussed in the
next section, the critical Reynolds numbers and pressure and friction coefficients obtained for
circular and square cylinders using mesh 3 agree well with those reported in the previous
studies. Therefore mesh 3 is preferred to mesh 4 and 5 (Table 1) due to its computational
efficiency and is used hereafter in this study.

Co

2.6

1.8 +

1.6

—<— Present Study (FEM)

— - Okajima et al (DS Method)

_.&_

Singh and Biswas (FEM)

1.4 t
20 40

60 80

100

120 140 160

180 200

Re

Figure 2: Variation of CD as a function of Re, for square shape from different studies.

Table 1: Mesh sensitivity study showing Strouhal number, mean drag and max lift coefficients of Circular
Cylinder, Re=100

# of cells St Cp (mean drag) C. (max lift)

Linnick & Fasel (2005) - 0.166 1.340 +0.333
Berthelsen and Faltinsen (2008) - 0.169 1.380 +0.340
Williamson and Roshko(1988) - 0.164 - -

The present study (mesh 1) 33,900 0.158 1.394 +0.366
The present study (mesh 2) 76,425 0.161 1.381 +0.347
The present study (mesh 3) 134,160 0.163 1.363 +0.339
The present study (mesh 4) 212,625 0.163 1.352 +0.333
The present study (mesh 5) 306,300 0.163 1.348 +0.330




3. Numerical results and discussion

3.1 Unsteady lift and drag forces in laminar vortex regime

Fig. 3 illustrates lift coefficient CL versus non-dimensional time for a corner-oriented hexagon at
Re=53, 54 and 55. The mean CL is negligible (of the order of 10-4) but different growth/decay
trends are observed at investigated Reynolds numbers. At Re=53 and 54, the CL peaks appear
to be decaying with time; while at Re=55 the peak values of lift coefficient show a gradual
growth. The Fast Fourier Transformations (FFT) of the lift coefficients on the frequency domain
(shown in Fig. 3) indicate an abrupt growth in amplitude of CL from order of 10-9 at Re=54 to
order of 10-8 at Re=55. Knowing that near the onset of wake instability the growth rate of CL is
close to zero, (Kumar and Mittal (2006)), one can deduct that the critical Reynolds number of a
corner-oriented hexagon is between 54 and 55 and probably closer to Re=54. This critical
Reynolds number is larger than the Rec=49 reported in (Tian and Wu 2009) for a corner-
oriented hexagon which was derived from the equation of a stream function in a circular domain.
However, it should be noted that for a circular cylinder, Tian and Wu (2009) found the critical
Reynolds number to be 45 which is smaller than the Rec=49 reported by (Rajani,Kandasamy
and Majumdar 2009) using implicit pressure based finite volume method. In the present study
Rec=50 was calculated for the circular cylinder which is quite close to the value reported by
Rajani et al. (2009). In order to find the critical Reynolds number of a face-oriented hexagon,
similar analysis was performed and time-variant lift results are shown in Fig. 4. At Re=51, CL
decays rapidly to almost zero while at Re=52 the decay rate is slower and non-zero CL peak
value is observed. With respect to the amplitude of time-variant lift from FFT (shown in Fig. 4) it
can be deducted that the critical Reynolds number for a face-oriented hexagon must be around
52.

Mean drag coefficients CD, lift coefficients CL and Strouhal number St of cylinders shown in Fig.
1b are plotted against Reynolds number in Fig. 5a. While interpreting results in Fig. 5, it should
be noted that for a corner-oriented hexagon according to Fig. 1b, a characteristic diameter of
0.87D is adopted whereas for a face-oriented hexagon the characteristic diameter is D. The CD
results shown in Fig. 5a raises several interesting points: (1) Within the studied range of
Reynolds numbers, the corner-oriented hexagon shows higher drag coefficient compared to the
face-oriented hexagon, however this trend is predicted to be reversed for Re>200 by
extrapolating current results, (2) The face-oriented hexagon shows smaller CD compared to that
of a circular cylinder up to the Reynolds number of 130 and (3)The CD of a square cylinder and
corner-oriented hexagon are almost identical up to Re=160. The mean drag coefficients of face-
oriented hexagon and square cylinders exhibit rapid growth for Re>130, while the corner-
oriented hexagon shows almost constant drag coefficient (CD=1.45) beyond Re=130.
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Figure 3: Lift time history and amplitude of corner-oriented hexagon at Re=53, 54 and 55.



€ x10¢
0.4
0.2
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4

100

G

0.8
0.6
0.4
0.2
0.0
-0.2
0.4
-0.6
-0.8

300 500 700 900

Time (sec)

Re=51

300 500 700 900

Time (sec)

Re=52

900

100 300 500 700

Time (sec)

Re=53

8.00E-09

]
h=)
=
=
£
<
0.00E+00 T T T T
0.10 0.30 0.50 0.70 0.90
St
1.60E-08
<1}
k=]
=
=
=
£
<
0.00E+00 T T T T 1
0.00 020 040 060 0.8 100
St
9.00E-08
-1}
k=]
=
x=
=
£
<
0.00E+00 L. T T T 1
0.00 020 040 060 0.80 1.00
St

Figure 4: Lift time history and amplitude of face-oriented hexagon at Re=51, 52 and 53.



Circular

— =+ Corner-oriented
— — — Face-oriented
-------- Square

A Textured 3D

1.2 T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200
Re
a
09 4
08 Circular I,,-
— . — .- Corner-Oriented -~
0.7 4 -
— — — Face-oriented - L
e Square = A
CL 0.5 - A Textured 3D .
0.4 -
0.3 4
0.2 +
0.1 ;
i
0 — LA . ‘
20 40 60 80 100 120 140 160 180 200
Re
b
0.22 Circular
N — - —-- Corner-criented
0.2 - \___* — — — Face-oriented
S~o e Square
X Tian & Wu [2009)
018 = Textured
& 0.16
0.14 -
"""" RN
0.12 - g
0.1 T T T
0.07 0.08 0.09 0.1 0.11 0.12 0.13
Re-1/2
C

Figure 5: Mean drag coefficient CD, maximum lift coefficient CL and Strouhal number St of studied cases.

The kinks observed in the drag curves for Reynolds numbers between 40 and 60 correspond to
the corresponding critical Reynolds numbers. The peak lift coefficients CL are represented in
Fig. 5b. The hexagonal and circular cylinders show analogous CL up to a Reynolds number
equal to 80. For Re>80, the lift coefficient of the corner-oriented hexagon plunges while the



face-oriented hexagon shows a monotonically increasing CL. As expected, the lift coefficient of
the circular cylinder is between those of corner-oriented and face-oriented hexagons for
Reynolds numbers between 100 and 200. The square cylinder exhibits the lowest CL up to
Re=180. Strouhal numbers for various cylinders are plotted against inverse of square root of
Reynolds number () in Fig. 5c. Strouhal number St is defined in Eq. (3), where fs is the vortex
shedding frequency, U is the stream velocity and D is the characteristic diameter shown in Fig.
1b.

3)

The St results presented here are in good agreement with those reported for a corner-oriented
hexagon by Tian and Wu (2009). Unlike other geometries, the square cylinder does not show a
linear reduction of St versus Re-1/2. The maximum Strouhal number of the square shape shown
in Fig. 5¢ corresponds to shedding frequency fs=0.152 at Reynolds number of 160. Frequencies
of inline force (fD) and cross-flow force (fL) and vortex shedding frequency (fs) of hexagonal
cylinders at Re=200 are shown in Table 2. Regardless of the orientation of the hexagonal
cylinder, the lift force oscillates at the vortex shedding frequency fs, while the drag force
oscillates at frequency 2fs. The same relationship between the lift and drag forces and shedding
frequencies are valid in stationary circular cylinders (Sumer and Fredsge 1997).

Table 2: Frequencies of lift force, drag force and vortex shedding of Hexagonal cylinder, Re= 200

fL (Hz) fo (Hz) fs (Hz)
(frequency of lift force)  (frequency of drag (vortex shedding
force) frequency)
Corner-oriented 0.175 0.353 0.175
Face-oriented 0.206 0.417 0.207

3.2 Pressure and friction distribution

Time-averaged surface pressure coefficients (Cp, defined in Eq. (4)) at Reynolds numbers of
100 and 200 are depicted in Fig. 6a, and b respectively for a circular cylinder as well as the
face-oriented and the corner-oriented hexagons.

cpzlp
- U2
2,0

(4)

In Eq. (4), p is the surface pressure and p is the density of fluid. Due to symmetry, surface
pressures for half-cross sections are plotted in Fig. 6, where 8=0° corresponds to the stagnation
point on the front face and 6=180° corresponds to the base point on the extreme rear end of the
cylinder. In all cases, pressures at the rear side of the cylinders are negative and remain
practically constant, which can be related to weaker flow in the wake region as compared to that
of the front region. Pressure coefficients in the front and in the wake region of the circular
cylinder at Re=100 found in the present study are in excellent agreement with experimental
measurements of Homann (1936). However at Re=200 the obtained negative pressure
coefficients in the wake region are lower than those reported in (Thom 1933). Rajani et al.
(2009) found similar discrepancies between their results and Thom’s (1933) experimental

10



measurements and related it to the possible three-dimensional regime of the wake observed in
Thom'’s experiments. Circular, corner-oriented and face-oriented hexagons show almost
identical stagnation pressure Cp0 (pressure at 6=0°) and mean base pressure Cpb (pressure at
06=180°) at Re=100. However, the base pressure of face-oriented hexagon Cpb=-1.14 is 18%
higher than those of circular and corner-oriented cylinders at Re=200. With respect to the time-
averaged pressure forces, the corner-oriented hexagon has the highest negative pressure

among the cylinders.
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Figure 6: Pressure distribution on the surface of hexagonal cylinders, (a) time-averaged at Re=100, (b)
time-averaged at Re=200 and (c) onset of maximum negative lift force at Re=200.

Fig. 6¢ shows that the peak suction pressure Cpb=-2.25 occurs at maximum negative lift force
in the face-oriented hexagon at Reynolds number of 200.
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Figure 7: Skin friction on the surface of hexagonal cylinders, (a) time-averaged at Re=100, (b) time-
averaged at Re=200 and (c) onset of maximum negative lift force at Re=200.
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Figure 7 shows absolute values of time-averaged surface friction coefficients Cf. Surface friction
coefficient is related to the wall shear stress 1 as shown in Eq. (5).
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The friction forces decrease with the increase in Reynolds number from 100 to 200 which is due
to the decrease in the boundary layer thickness (Sumer and Fredsge 1997). As shown in Figs.
7a and b, the peak value of Cf occurs at the front edge of hexagonal cylinders (i.e. 6=60° in
corner-oriented hexagon and 6=30° in face-oriented hexagon) and is substantially higher than
that of circular cylinder. The friction coefficients corresponding to the onset of maximum lift for
Re=200 are shown in Fig. 7c. It is evident that the maximum friction forces occur on the
upstream side of the cylinders. Unlike pressure coefficients, peak friction coefficients at
maximum lift are not much higher than time-averaged friction coefficients. Comparison between
Figs. 6¢c and 7c at Re=200 shows that peak absolute Cp of the corner-oriented hexagon is
almost equal to that of the face-oriented hexagon. However, peak Cf value of the corner-
oriented hexagon is 42% higher than that of the face-oriented hexagon. It is worth noting that
the current peak friction coefficients for a circular cylinder of Cf =0.4 and Cf =0.3 at Reynolds
numbers of 100 and 200, respectively; match the results of Rajani et al. (2009) but are smaller
than the experimental results of Dimopoulos and Hanratty (1968). Rajani et al. (2009)
associated the discrepancies to the imprecise prediction of the separation point in the
experiments.

3.3 Streamline patterns and spanwise vorticities

In order to study the behaviour of spanwise vortices, the time development of the shedding
process in the near-wake region is illustrated in Figs. 8 and 10 for the face-oriented and the
corner-oriented hexagons at Re=200. Four snapshots of the vortex regime are presented, with
each figure separated by Ts/4 seconds. This represents one shedding cycle from the respective
geometries. In Figs. 8 and 10, panel (a) corresponds to the onset of the shedding cycle i.e. a
zero lift coefficient with negative slope on the CL versus time curve and panels (b-d) correspond
to the minimum lift, zero lift with positive slope and maximum lift, respectively. Since the unit
inlet velocity (U) and the unit characteristic diameter (D) were assumed in the finite volume
model, the period of shedding cycle, Ts, is equal to the Strouhal number St.
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Figure 8: Streamlines of flow around the face-oriented hexagon at Re=200 (a) CL=0 with negative slope,
(b) CL=Min, (c) CL =0 with positive slope and (d) CL=Max.
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Figure 9: Trajectory of vortex centres in the near-wake region of face-oriented hexagon at Re=100 and
Re=200.

As shown in Fig. 8 the unsteady near-wake flow regime downstream of the face-oriented
hexagon is comprised of a counter-clockwise vortex, a clockwise vortex and a saddle-point
which is develops due to the intersection of the streamlines. At the beginning of the shedding
cycle (Fig. 8a), a counter-clockwise vortex is shed behind the lower sharp edge and is
countered by a larger clockwise vortex in the rear wake region. As the counter-clockwise vortex
grows, it moves towards the centre back of the hexagon’s wall. At the same time, a new
clockwise vortex is developing on the upper edge of the hexagon. At minimum lift (Fig. 8b), the
counter-clockwise vortex is located closely behind the hexagon face and is spread between the
upper and lower sides of the hexagon. This vortex is centred 0.34D downstream and 0.12D
below the centre of the hexagon face. The coordinates of the centre point are highlighted in the
trajectory plot of the lower shedding vortex (Re=200) in Fig. 9. The streamline patterns for the
positive lift force depicted in Figs. 8c and 8d are almost mirror-images of negative lift force
patterns in Figs. 8a and 8b. Unlike the clear saddle points observed for zero lift forces, no
saddle points are seen at the maximum and minimum lifts. The coordinates of the centre of the
lower (counter-clockwise) and upper (clockwise) vortices downstream of the face-oriented
hexagon are shown in Fig. 9 for Reynolds numbers of 100 and 200. The data points correspond
to different times within a cycle. Clockwise and counter-clockwise vortices are developed
upstream of the hexagon’s rear side and move towards the centre-line of the hexagon as time
lapses. At Re=100, the upper and lower vortices intersect at a distance of 1.14D downstream of
the hexagon’s rear side. This value is close to the 1.1D reported by Khaledi and Andersson
(2011). It is evident from Fig. 9 that vortices at Re=200 are located closer to the hexagon wall
compared to vortices at Re=100. The proximity of the vortex to the hexagon wall contributes
towards the asymmetry of pressure distribution over the hexagon’s surface. This explains the
higher lift forces observed at Re=200 compared to those of Re=100 (almost twice as large as
shown in Fig. 5b).
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Figure 10: Streamlines of flow around the corner-oriented hexagon at Re=200 (a) CL=0 with negative
slope, (b) CL=Min, (c) CL =0 with positive slope and (d) CL=Max.
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Figure 11: Trajectory of vortex centres in the near-wake region of corner-oriented hexagon at Re=100 and
Re=200

The streamline of the corner-oriented hexagon at Re=200 is shown in Fig. 10. Two vortices, a
counter-clockwise one at the lower edge and a simultaneous clockwise vortex 0.85D farther
downstream of the hexagon wall are seen at zero lift in Fig. 10a. The fully-grown counter-
clockwise vortex approaches the cylinder wall a quarter of cycle later at minimum lift as shown
in Fig. 10b. Comparison between streamline patterns at minimum lift in Figs. 8b and 10b shows
that the counter-clockwise vortex in the face-oriented hexagon covers a wider surface area
around the cylinder compared to those of the corner-oriented hexagon. This surface area
relates to the area corresponding to negative CP in the pressure distribution shown in Fig. 6¢
and is evidently wider in face-oriented hexagons than in corner-oriented hexagons. The
trajectory of vortex centres for the corner-oriented hexagon is depicted in Fig. 11. The upper
and lower vortices at Re=200 intersect 0.6D to the rear of the hexagon wall which is farther
away than the intersection point 0.44D calculated for the face-oriented hexagon. Similar
analysis was performed for other geometries. The results showed that at Re=100, the
intersection points are located at 1.2D, 1.7D, 1.15D and 1.14D for the circular, square, corner-
oriented and face-oriented shapes, respectively. With all the shapes, the vortices at Re=200 are
centred closer to the pipe wall compared to those of Re=100.

3.4 Application: Textured geometry

Albermani et al. (2011) proposed a new pipeline geometry (textured geometry) that has the
potential to increase the resilience of pipeline to propagation buckling and buckle interaction
without the associated increase in wall-thickness. A textured pipe with a linearized diamond
pattern was proposed as shown in Fig. 12. The textured geometry is an isometric replacement
of the conventional circular pipe (also shown in Fig. 12) with the same material, diameter and
wall-thickness. The basic building block of the diamond pattern is the isosceles triangular facet.
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Figure 12: Circular, textured pipe and geometric parameters for a textured pipe.

The geometry of the textured pipe can be described in terms of four basic parameters as shown
in Fig. 12. These are; the radius of the equivalent cylinder, R; the wall-thickness, tw; the number
of circumferential triangles, N, and the base angle of a typical triangular facet, a. For the
textured pipe shown in Fig. 12, N=6 and the remaining five geometric parameters (6, A, A, h and
y) are functions of R, N and a as shown in Fig. 12. As a case study, N=6 and a=450 are
assumed. As shown in Fig. 12, the cross section of the textured geometry comprises of a
corner-oriented hexagon and a face-oriented hexagon distance h apart. Three-dimensional
transient analysis was performed where a pipe with a length of 20D was modelled. The width
and length of the domain (Fig. 1) was reduced from 60D and 90D to 30D and 45D respectively,
and the 3D-mesh was created by extruding the 2D-mesh. Initially 3D circular pipe models were
created at Re=100 and Re=200. Flow regime characteristics such as the drag coefficient, lift
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coefficient and Strouhal number calculated from the 3D models were the same as those
calculated from 2D models and reported in the experimental results. After performing a mesh
sensitivity analysis, a mesh with over 2 million cells and seven hundred thousand nodes was
adopted for the textured pipe. It has to be mentioned that the textured pipe does not maintain a
constant characteristic length along its length. The characteristic length of the textured geometry
(the dimension facing the flow) changes from 1.0D for the face-orientation to 0.87D for the
corner-orientation. Therefore in the discussion that follows the characteristic length of the
textured pipe will be assumed to be the mean of these values i.e. 0.93D.

The time-history of the lift coefficient as well as the power spectra at Re=57, 58 and 59 are
displayed in Fig. 13. The time history of lift coefficient at Re=59 shows a rapid growing trend
which indicates that the critical Reynolds number has already been reached. The decaying
trend in lift force observed at Re=57 and 58 suggests that the critical Reynolds number has to
be between those Reynolds numbers. The power spectra over frequency domain for those
Reynolds (Fig. 13), also indicates that the critical Reynolds number of the textured geometry is
between Re=57 and 58 and closer to Re=57. The critical Reynolds number found for the
textured pipe is therefore higher than those of all the other studied shapes. The drag coefficient,
lift coefficient and Strouhal number of the textured geometry are shown in Fig. 5 for Reynolds
numbers up to 200. For Re<50, the drag coefficient of the textured pipe is larger than that of the
circular pipe and closer to the CD of the square cylinder. The drag coefficient of the textured
pipe rapidly becomes lower than that of the square cylinder at 50<Re<100 and almost equal to
that of the circular cylinder at Re>100. The drag coefficient of the textured pipe is consistently
lower than that of the corner-oriented hexagon over the studied Re range and lower than CD of
the face-oriented hexagon at Re>130. Interestingly, the lift coefficient of the textured pipe,
shown in Fig. 5b, is smaller than CL of all the other shapes within the studied Re range. For
Reynolds numbers up to 160, the lift coefficient of the textured geometry is almost the same as
that of the square cylinder, but drastically drops at higher Re values. The Strouhal number of
the textured geometry is between the St of the face-oriented and corner-oriented hexagons, and
becomes closer to that of the circular cylinder for higher Reynolds numbers (smaller Re-1/2
shown in Fig. 5¢).

The wavy geometry of the textured shape can be defined by two non-dimensional parameters:
the normalised amplitude A/D and the normalised wave-length h/D, where (D-2. A) is the
minimum diameter shown in Fig. 12. Lam et al. (2004) defined a non-dimensional parameter to
express the degrees of cylinder obliqueness:

AZ
CO=—"T"—"""
0.5h(D—2A)
(6)
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Figure 13: Lift time history and amplitude of textured model at Re=57, 58 and 59.

Contours of the velocity in z direction of the textured pipe are depicted in Fig. 14 and show
disorganised flow regime in the wake of the textured facets. It is evident from the figure that a
fluctuating downward flow is generated at the onset of negative lift, in the wake region of the
pipeline at the middle section with a length of 7D. It is meaningful to compare the flow profiles of
the circular and textured cylinders in the cross-sectional planes. The evolution of the stream-
wise velocity in the yz planes at several downstream locations at mid-height of the two
cylinders, at the onset of negative lift with Re=100 are presented in Fig. 15. The cylinders are
centred at X/D=Y/D= 15 within the 3D-mesh. As shown in the figure, pairs of thin shear layers
are generated in the immediate wakes of the cylinders. Shear layers of the textured pipe exhibit
periodic undulations due to its wavy geometry which is felt most at X/D= 17. The shear layers
grow thicker further downstream and the undulations gradually diminish as is shown at X/D= 18.
It is also evident that the width of the wake in the span-wise direction of the textured pipe,
indicated by the width between the two shear layers, varies with the downstream locations. At
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X/D= 17 in the downstream of the textured pipe, the wake width at node (see Fig. 14) is slightly
wider than that at the saddle.

The pressure and friction distributions on the surfaces of the node and saddle sections
(highlighted in Fig. 14) at Re=100 are presented in Fig. 16 at the onset of maximum negative lift
force. As seen the stagnation and base pressures at the node and saddle are the same. The
separation angle is 45 degrees which is the average of 30 and 60 degree orientations that
denote the sharp upstream edges of the corner and face oriented hexagons associated with
saddle and node sections respectively. The pressure and friction distributions of the node and
saddle vary for 45< 8 <100rand 260< 6 <31%in the upstream surfaces. Local drag and lift
coefficients at node and saddle are calculated by integrating pressure and shear stresses on the
surfaces of the node and saddle in the in-line and cross-flow directions. The results are
presented in Table 3 and show that the local drag at saddle is 7 percent lower than that of the
node. The local lift at the node is however 11 percent larger than corresponding value at the
saddle. These numbers agree with the results published in (Ahmed and Bays-Muchmore 1992;
Nguyen and Jee 2004).
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Figure 14: Contours of velocity (m/s) in the z direction of the textured pipe at the onset of negative lift at
Re=100.
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Figure 16: (a) Pressure and (b) skin friction distributions on the surface of the textured pipe at the onset of
maximum negative lift force at node (z=10.0m) and saddle (z=10.25m) sections shown in Fig. 14 at
Re=100.
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4. Conclusions

In this study, the flow regime around hexagonal cylinders at two orientations namely; corner-
oriented and face—oriented were numerically investigated. Navier-Stokes and mass
conservation (continuity) equations were solved using semi-implicit SIMPLE algorithm in 2D
transient analysis. Characteristics of the in-line and cross-flow forces and vortex regimes were
determined in terms of non-dimensional parameters, drag coefficient, lift coefficient and Strouhal
number. Distributions of friction coefficients and pressure on the surface of the hexagons were
discussed and streamline patterns and vorticities were depicted. Flow regime around a novel
textured geometry was investigated using 3D transient analysis. The following conclusions can
be deducted from the present study:

The critical Reynolds number of the textured geometry is 58 which is higher than the
Rec=52 and 54 for the face-oriented and corner-oriented hexagons respectively.

The drag coefficient of the corner-oriented hexagon is greater than the CD of the face-
oriented hexagon for Re<200. The drag coefficient of the textured geometry is in
between those of the face-oriented and corner-oriented hexagons for a Re<140 and
smaller than both for 140<Re<200.

The lift coefficient of the corner-oriented hexagon is smaller than the CL of the face-
oriented hexagon for almost the entire Re range studied. Interestingly, the lift coefficient
of the textured cylinder is smaller than the face-oriented and corner-oriented hexagons.

The Strouhal number of the face-oriented hexagon is dominantly greater than those of
the textured cylinder and corner-oriented hexagon.

The Peak pressure coefficients of the corner-oriented and the face-oriented hexagons
are close at Re=200, but the peak friction coefficient of the corner-oriented hexagon is
substantially greater than that of the face-oriented hexagon at Re=100 and 200.

In both face-oriented and corner-oriented hexagons, the vortices at Re=200 are centred
closer to the cylinder wall compared to those at Re=100.

The results suggest that within the studied Reynolds number range i.e. Re <200, the
drag coefficient of the textured geometry is almost equal to that of the circular cylinder
while the lift coefficient of textured geometry is substantially smaller than that of circular,
face-oriented and corner-oriented hexagon pipes.

Local drag of the textured pipe at saddle is 7 percent lower than that of the node and
the local lift at the node is 11 percent larger than corresponding value at the saddle.
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