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Angle of attack dependence of flow past cactus-inspired
cylinders with a low number of ribs

Oleksandr Zhdanova,∗, Angela Bussea

aSchool of Engineering, University of Glasgow, Glasgow G12 8QQ, United Kingdom

Abstract

The aerodynamic coefficients and the Strouhal number of cylinders with three
and four ribs, inspired by succulents Euphorbia trigona and Euphorbia Abyssinica
are investigated using 2D Unsteady Reynolds-Averaged Navier-Stokes simula-
tions at Reynolds number 20,000. Both configurations show a significant de-
pendence of the studied characteristics on the angle of attack. The obtained
results are compared to the smooth circular cylinder, previous results for cylin-
ders with 24 ribs based on the Saguaro cactus, and cylinders with triangular
and square cross-sections. Relative to the circular cylinder, the mean drag coef-
ficient is lowered only for the four-rib case at high angles of attack. However, at
some angular positions, the ability to reduce unsteady force fluctuations exceeds
Saguaro-inspired cylinders. For both shapes studied, the Strouhal number at
most angles of attack is lower compared to both the circular cylinder and cylin-
ders with 24 ribs at the same Reynolds number. The minimum values of the
aerodynamic coefficients for both configurations are related to the angular ori-
entation. For the four-rib case a critical angle of αcr ≈ 40◦ is observed, at which
the mean drag coefficient and the fluctuating lift coefficient attain their min-
ima. The mean lift coefficient reaches at this angle its maximum value before a
sudden drop for higher angles of attack. Therefore, for cactus-shaped cylinders
with four ribs high angles of attack give the optimum orientation relative to
prevailing winds.

Keywords: Cactus-inspired cylinder, Bluff bodies, Aerodynamic coefficients,
Strouhal number

1. Introduction1

The shape and structural features of cacti have significant importance for2

their survival in the natural environment. For example, ribs and spines play a3

vital role in fog collection (Ju et al., 2012) and control of moisture evaporation4
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from the surface of the plants. Moreover, ribs and cavities have another func-5

tion, as they can help to decrease wind loads and to prevent wind damage and6

uprooting by modifying the flow field around the plant.7

In terms of aerodynamics, cacti are classified as bluff-bodies that resem-8

ble cylinders with ribs. Research on flow past cylindrical type structures has9

wide engineering applications to buildings, structural elements, risers, cables,10

etc. A widely studied grooved cylinder shape, investigated first by Talley et al.11

(2001), is a biomimetic shape based on the cross-section of the Saguaro cactus.12

Originating from the deserts of the South-West of the United States and the13

Mexican State of Sonora, these tall, tree-like and ribbed (10 to 30 ribs) plants14

have the ability to withstand high winds without being broken or uprooted,15

despite having only a shallow root system (Pierson and Turner, 1998).16

Talley et al. (2001) and Talley and Mungal (2002) conducted numerical17

and experimental studies using Saguaro-like cylinders with 24 V-shaped ribs at18

Reynolds numbers of 20,000 up to 100,000. They found a reduction of the mean19

drag coefficient, lower lift and drag force fluctuations and an increase in the20

Strouhal number compared to the smooth cylinder.21

Extensive experimental and numerical research by Liu and co-authors (Liu22

et al., 2011; Wang et al., 2014; Jie and Liu, 2016) on the 24 V-shaped grooves23

cactus cylinder configuration also confirmed the previous observations in terms24

of the ability of ribbed cylinders to damp fluctuations of longitudinal (up to25

50%) and cross-flow unsteady forces at low (Liu et al., 2011) and high (Wang26

et al., 2014; Jie and Liu, 2016) Reynolds numbers. The visualisations by Liu27

et al. (2011) showed small recirculation flows within the cavities of the grooved28

cylinder, similar to those discovered previously by Babu and Mahesh (2008).29

The presence of these vortices was also demonstrated experimentally (Wang30

et al., 2014) and numerically (Jie and Liu, 2016) at a higher Reynolds number31

of 54,000.32

Recent experiments by Letchford et al. (2016) on cactus-shaped cylinders33

placed in smooth and rough boundary layers at Reynolds numbers from 10,00034

to 20,000 showed the reduction of the aerodynamic coefficients and an increase35

in the Strouhal number, which is consistent with the two-dimensional results by36

Talley et al. (2001). This indicates that the results from previous studies for the37

two-dimensional case also translate to three-dimensional structures. In addition,38

the dependence of the cactus orientation with respect to the flow direction was39

reported to show little variation.40

The studies discussed above are all focused on the ‘classical’ ribbed cylinder41

configuration with 24 V-shaped grooves introduced by Talley et al. (2001). The42

effect of the number and the shape of grooves was first studied by Yamagishi and43

Oki (2004, 2005) for Reynolds numbers ranging from 10,000 to 400,000 using44

experiments and numerical simulations. Both cylinders with U- and V-shaped45

grooves yielded significant reduction in drag compared to the smooth cylinder,46

but drag reduction for cylinders with V-shaped grooves was found to be up to47

15% higher than for cylinders with U-shaped grooves. The critical Reynolds48

number was found to decrease with increasing number of grooves.49

Zhou et al. (2015) experimentally determined aerodynamic properties of the50
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Figure 1: Euphorbia trigona, a member of the Euphorbiaceae family, in Glasgow Botanic
Gardens.

cylinders with 16 rectangular grooves in the Reynolds number range from 7,40051

to 18,000. As in the case of other groove shapes, significant drag reduction was52

found together with the property of the grooved cylinder to mitigate vortex53

shedding.54

The lowest number of ribs investigated so far has been the configuration used55

by Abboud et al. (2011) and El-Makdah and Oweis (2013), a cylinder with eight56

U-shaped grooves. Visualisation of the flow (El-Makdah and Oweis, 2013) near57

the cactus surface showed the presence of counter-rotating vortices, similar to58

those discovered numerically by Babu and Mahesh (2008). The authors suggest59

that there may be significant dependence of the flow field on the angle of attack60

for cacti with a low number of ribs, but they give results only for an angle of61

attack of zero degrees.62

As discussed above, most studies on the aerodynamic characteristics and63

flow around cacti have focussed on cactus-shaped cylinders with many grooves,64

a shape inspired by the Saguaro cactus. However, a number of cacti have only65

three or four ribs, e.g., Cereus, Trichocereus pachanoi, and Calymmanthium.66

Moreover, a number of succulents from the Euphorbiaceae family (figure 1)67

from the Eastern Hemisphere, which in the process of convergent evolution de-68

veloped a similar plant structure, including ribs and spines, as members of the69

Cactaceae family in the Western Hemisphere (McGhee, 2011), have only a low70

number of ribs (e.g. Euphorbia trigona, Euphorbia Abyssinica). Considering71

similar wind conditions in their natural environment, succulents may have sim-72

ilar aerodynamic benefits from their shape as the Saguaro cactus.73
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(a) (b)
Figure 2: Succulents with low number of ribs: a - Euphorbia trigona, b - Euphorbia Abyssinica.

The present study focusses on the flow past cylinders with a low number of74

ribs based on the succulents Euphorbia trigona and Euphorbia Abyssinica at the75

biologically relevant Reynolds number of about 20,000. The goal is to establish76

whether the shapes adopted by these succulents have similar aerodynamic fea-77

tures as the Saguaro cactus. Unlike the cactus-shaped cylinders with many ribs78

in most of previous studies, the aerodynamic characteristics of cacti with a low79

number of ribs should be strongly dependent on the angle of attack (El-Makdah80

and Oweis, 2013).81

In the present work, the dependence of the aerodynamic coefficients and82

Strouhal number on the angle of attack is studied numerically. The investigated83

shapes, a three-rib and a four-rib cylinder, are described in section 2, and the84

numerical methodology is discussed in section 3. In sections 4.1 to 4.3 the85

dependence of the aerodynamic coefficients and of the Strouhal number on the86

angle of attack are discussed for both investigated geometries. The influence of87

the projected frontal width is discussed in section 4.4, where the force coefficients88

and the Strouhal number of the four-rib and three-rib cactus-shaped cylinders89

are also compared to results for square cylinders and triangular prisms. In90

section 4.5 flow visualisations are employed to gain insight into the angle of91

attack dependence of the mean flow fields. In the last section general conclusions92

are given.93

2. Investigated geometries94

Following the approach of previous work on cacti with many ribs (Talley95

et al., 2001; Talley and Mungal, 2002), we approximate the shape of Euphorbia96

Trigona (figure 2a) and Euphorbia Abyssinica (figure 2b) using two-dimensional97

configurations where the cross-section shape is described using simple geomet-98

rical relations (see figure 3). The equivalent circle of diameter D was divided99

into three or four parts by an equilateral triangle or square depending on the100

configuration. At the intersection points with the circle, ribs with minimum101
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Figure 3: Geometrical representation of the tested cactus shapes. Left: three-rib configura-
tion approximating Euphorbia trigona; right: four-rib configuration approximating Euphorbia
Abyssinica.

thickness of 0.075D and tip radius of half of the thickness were constructed.102

The grooves between ribs correspond to approximate representations of cross-103

sections of Euphorbia Trigona and Euphorbia Abyssinica. In the three-rib case104

the grooves are formed by conjugating ribs with the fillets of radius 0.65D while105

the four-rib case has fillets of 0.15D between neighbouring ribs. We will refer106

to these shapes as ‘cactus-shaped cylinders’ in the following, even though Eu-107

phorbia trigona and Euphorbia Abyssinica are not members of the Cactaceae108

family, i.e., they are succulents and not cacti in the botanical classification.109

In the following, numerical simulations will be used to investigate the flow110

past the described three-rib and four-rib cylinders at a Reynolds number of111

20, 000. For example, for a succulent stem of diameter D = 0.08 m this would112

correspond to a wind speed of ≈ 4 m/s in dry air at 27 ◦C . This velocity falls113

into the range of mean summer wind speed measured in the natural environment114

of succulents (Teboho et al., 2017).115

3. Numerical method116

As in the studies by Yamagishi and Oki (2004, 2005) and Talley et al. (2001)117

in the present study unsteady Reynolds-Averaged Navier-Stokes (URANS) sim-118

ulations are used. The CFD solver Star-CCM+ v11.04 by Siemens PLM Soft-119

ware (Siemens, 2017) was employed. For the spatial discretisation a second120

order accurate finite volume discretisation with second order upwind scheme for121

the convective flux was used; a second order implicit scheme was selected for122

the discretisation in time. The Spalart-Allmaras turbulence model was used in123

combination with a low y+ approach. This is known to give satisfactory results124

for the smooth cylinder case (Apaçoğlu and Aradağ, 2011).125

The computational domain is shown in Figure 4. The size of the domain126

is 32.5D in the streamwise direction leaving 20D behind the cylinder. In the127

cross-stream direction, the computational domain has an extent of 25D. Benim128
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Figure 4: Computational domain with grid used for the simulations

et al. (2008) found that blockage effects of a cylinder become negligible for129

H/D > 6, where H is half of the domain size in the cross-stream direction for130

Reynolds-Averaged Navier-Stockes (RANS) simulations. In this study H/D =131

12.5, so blockage effects are expected to be very low. This was confirmed by a132

simulation with doubled domain size in streamwise and cross-stream direction133

for the smooth cylinder case (H/D = 25), which showed negligible influence of134

the domain size effect on the drag and lift coefficients (Table 1).135

An unstructured mesh consisting of polyangular cells was used for the dis-136

cretisation of the domain (see figure 4). The use of polyangular cells allows the137

construction of meshes with low cell skewness (Siemens, 2017) for the cactus-138

shaped cylinder cases. The mesh was refined close to the cylinder and in the139

wake of the cylinder. Prismatic cells were placed on solid boundaries, i.e. on the140

surface of the cylinder, for improved resolution of the near wall flow (figure 5).141

The prismatic layers were stretched with a geometric stretching factor of 1.11,142

yielding wall y+ values < 1 at the solid boundaries and gradually increasing in143

size to match the size of the polyangular cells close to the cylinder. The typical144

number of cells used for the simulations is ≈ 110, 000 for the circular cylinder,145

≈ 180, 000 for the three-rib cases, and ≈ 310, 000 for the four-rib cases.146

The inlet was placed at the left side of the computational domain, and a147

uniform inlet velocity of U∞ was applied at this boundary. Standard pressure148

outlet conditions were applied on the outlet of the domain. Symmetry boundary149

conditions were applied at the top and bottom boundaries of the computational150

domain.151

The Reynolds number of the flow, based on free-stream velocity U∞ and152

outer diameter D was set at 20,000. This, biologically relevant, Reynolds num-153
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(a) (b)
Figure 5: Mesh close to (a) circular cylinder and (b) three-rib cactus-shaped cylinder with
enlarged prism layers.

ber has already been used in a number of studies related to the Saguaro cactus154

(Talley et al., 2001; Talley and Mungal, 2002; Letchford et al., 2016). A non-155

dimensional time step of ∆tU∞/D = 7.833 × 10−3 was used for the numerical156

simulations. Results were extracted once the unsteady force coefficient fluc-157

tuations settled down to a quasi-stationary pattern and the amplitude of the158

oscillations had attained constant values.159

The computational approach was validated using the standard smooth cylin-160

der due to the wealth of experimental and numerical data available for this case.161

The results for the mean drag coefficient Cd, rms lift coefficient C ′l , amplitude162

of the lift coefficient fluctuations Camp
l , and Strouhal number St show overall163

good agreement with numerical and experimental studies (Table 1). All mea-164

sured values are very close to the results of Apaçoğlu and Aradağ (2011) who165

used the same turbulence model. A comparison with the data by Talley et al.166

(2001), who used the v2−f turbulence model, shows that the Spalart-Allmaras167

turbulence model gives overall a better match to experiments and LES. The168

determined magnitude of the drag coefficient is close to experimental studies169

conducted at the same Re (West and Apelt, 1993; Lim and Lee, 2002). The170

computed value of the rms lift coefficient is consistent with the LES results by171

Lysenko et al. (2014), but exceeds the experimental values of Norberg (2003)172

and West and Apelt (1993). However, even experimental results (Table 1) for173

these two parameters show a significant scatter. As discussed by West and174

Apelt (1993) and Lysenko et al. (2014) this is due to a number of factors such175

as cylinder surface roughness, blockage ratio, free stream turbulence, cylinder176

span, etc., which can affect experimental data.177

4. Results and discussion178

The investigated cactus-shaped cylinders have 3-fold rotational symmetry179

(three-rib configuration) or 4-fold rotational symmetry (four-rib configuration).180

Dependence of their flow properties on the angle of attack (α) (see figure 6)181

was tested for the three-rib configuration in the range from 0◦ to 60◦ in 5◦182

steps, while for the four-rib configuration the angle of attack was varied from183

0◦ to 45◦ in 3.75◦ steps. In order to determine the angle of attack at which184
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Table 1: Overview of the experimental and numerical values of the aerodynamic coefficients
and Strouhal number for circular cylinder at Re = 20,000. Entries for the rms lift coefficient C′l
marked with ∗ have been computed from the amplitude of the lift fluctuations Camp

l assuming
a sinusoidal signal.

Method Camp
l C′l Cd St

Current simulation H/D = 12.5 URANS 1.12 0.80 1.17 0.228

Current simulation H/D = 25 URANS 1.12 0.79 1.15 0.225

Apaçoğlu and Aradağ (2011) URANS 1.1 (0.78)∗ 1.17 0.22

Norberg (2003) Experiment - 0.47 - 0.194

Lysenko et al. (2014) LES - 0.61 − 0.75 1.30 − 1.39 0.17 − 0.20

West and Apelt (1993) Experiment - 0.49 − 0.68 1.14 − 1.4 0.195

Lim and Lee (2002) Experiment - - 1.2 0.187

Talley et al. (2001) URANS 1.923 (1.360)∗ 1.683 ± 0.164 0.217

Free stream 

direction

α

Figure 6: Angle of attack definition for the cactus-shaped cylinder.
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the drag force coefficient attains its minimum, additional simulations were per-185

formed with smaller steps in the corresponding angle of attack ranges. The186

α = 0◦ configuration corresponds to the orientation where the rib at the wind-187

ward side of the cactus is aligned with the direction of free-stream velocity. At188

60◦ (three-rib configuration) and 45◦ (four-rib configuration) angle of attack189

the groove/cavity between ribs faces the free-stream flow. Due to the mirror190

symmetry of the studied configurations with respect to any rib axis, higher an-191

gles of attack ranging from 60◦ to 120◦ (three-rib configuration) or 45◦ to 90◦192

(four-rib configuration) will give the same absolute values of the aerodynamic193

coefficients as the corresponding configuration at angle of attack (120◦ − α) or194

(90◦ − α) respectively. Therefore, in the following results will be shown as a195

function of α/αmax, where αmax = 60◦ for the three-rib case and αmax = 45◦196

for the four-rib case.197

The force coefficients were calculated during the simulations as198

Cd,l =
fx,y

1
2ρU

2
∞D

(1)

199

C ′d,l =
σ(fx,y)
1
2ρU

2
∞D

, (2)

where fx,y is the mean value of the force in the respective direction (x for the200

drag and y for the lift), σ(fx,y) the root mean square deviation of fx,y, and D201

the equivalent circle diameter. As expected, the aerodynamic coefficients and202

the Strouhal number exhibit a strong dependence on the angle of attack for203

both the three-rib and the four-rib configuration.204

4.1. Drag coefficient205

The dependence of the mean drag coefficient, Cd, on the angle of attack206

is shown in figure 7. In both cases Cd shows strong variations with angle of207

attack. In the three-rib case, Cd attains its lowest values close to an intermediate208

angle of attack at α = 27.5◦ (α/αmax ≈ 0.46)and its maximum values for 0◦209

and 50◦ (α/αmax ≈ 0.83). A difference of over 60% was found between the210

maximum and the minimum values of the drag coefficient. Compared to the211

smooth cylinder case, the Cd value is increased for all angles of attack for the212

three-rib configuration.213

In contrast, the Cd values of the four-rib configuration are lower than the214

value for the smooth cylinder case at high angles of attack α > 36◦(α/αmax >215

0.8). As the angle of attack is decreased for this configuration, the value of Cd216

increases, and Cd attains its maximum value for α = 0. The maximum value of217

Cd is more than double compared to the Cd value for the circular cylinder case218

and also exceeds the maximum values observed for the three-rib configuration.219

Unlike in previous studies on cactus-shaped cylinders with many ribs (Tal-220

ley et al., 2001; Yamagishi and Oki, 2004, 2005; Letchford et al., 2016) signifi-221

cant drag reduction compared to the circular cylinder was not observed in the222

present study. However, the four ribbed configuration showed between α = 36◦223

9
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α/α
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C
d

4 ribs

3 ribs

Figure 7: Mean drag coefficient versus angle of attack. The angle of attack has been
normalised with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib case:
αmax = 45◦). The dashed line indicates the value for the smooth circular cylinder case.

(α/αmax = 0.8) and 45◦ (α/αmax = 1) Cd values below the value for a smooth224

circular cylinder.225

In order to assess the fluctuations in the streamwise force, root mean square226

(rms) values of the fluctuating part of the drag coefficient C ′d were determined227

for both cactus shapes (see figure 8). Like the mean drag coefficient, C ′d shows228

significant variation as the angle of attack is changed. For both the three-rib229

and the four-rib configuration C ′d attains its minimum value at αmax, i.e. for230

the orientation where a cavity is centred at the windward side of the cactus.231

For the three-rib case the C ′d value at αmax is close to the value for the smooth232

cylinder case. In contrast, a substantial reduction in C ′d compared to the smooth233

cylinder case is observed for the four-rib case at α > 39◦ (α/αmax > 0.86). At234

lower angles of attack, C ′d is significantly higher than in the smooth cylinder case235

for both the three-rib and the four-rib configuration, and no simple dependence236

on the angle of attack can be observed. Moreover, a sudden increase in C ′d is237

observed between α = 27.5◦ (α/αmax ≈ 0.46) and α = 40◦ (α/αmax ≈ 0.66)238

in the three-rib case. For cactus configurations with many ribs reduction in239

the unsteady drag forces was found by Talley et al. (2001), Letchford et al.240

(2016) for the same Reynolds number and by Babu and Mahesh (2008) for the241

laminar regime. In the current study, a significant reduction is observed only242

for the four-rib configuration at high angles of attack. Taking into account243

the behaviour of the Cd and C ′d it can be conjectured that stems of succulents244

and cacti may be orientated with respect to the prevailing winds in the natural245

environment in a way to minimise their wind loading as they grow.246

4.2. Lift coefficient247

Figure 9 shows the variation of the mean lift coefficient Cl with angle of248

attack. For angles of attack where symmetry with respect to the mean flow249
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α/α
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0.05
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0.2

0.25

C
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4 ribs

3 ribs

Figure 8: Rms drag coefficient versus angle of attack. The angle of attack has been normalised
with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib case: αmax = 45◦).
The dashed line shows the value for the smooth cylinder case.

0 0.2 0.4 0.6 0.8 1

α/α
max

0

0.5

1

1.5

2

C
l

4 ribs

3 ribs

Figure 9: Mean lift coefficient versus angle of attack. The angle of attack has been normalised
with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib case: αmax = 45◦).
The dashed line shows the value for the smooth cylinder case.
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direction is given, a zero mean lift coefficient is found, as expected. Thus at250

zero and maximum angle of attack the mean lift coefficient is zero. At all251

other angles of attack, symmetry with respect to the mean flow direction is not252

preserved, and we therefore expect non-zero values for the lift coefficient.253

The change of the mean lift coefficient with the angle of attack in the three-254

rib case demonstrates an opposite trend to the mean drag coefficient for the same255

configuration. The maximum value of Cl is attained close to an intermediate256

angle of attack (α = 27.5◦) (α/αmax ≈ 0.46), while minimum values occur for257

α = 0◦ and αmax. Compared to the drag coefficient, the lift coefficient shows a258

stronger variation with angle of attack for the three-rib configuration.259

For the four-rib configuration, the maximum mean lift coefficient is attained260

for α = 40◦ (α/αmax ≈ 0.89), but its value is still more than two times lower261

compared to the maximum value in the three-rib case. The maximum value of262

Cl is followed by a sudden drop. In general, the four-rib case demonstrates a263

lower dependence of Cl on the angle of attack.264

Most previous studies on flow past cactus-shaped cylinders with many ribs265

did not report on angle of attack dependence (Talley et al., 2001; Yamagishi266

and Oki, 2004, 2005; Liu et al., 2011; Wang et al., 2014; Jie and Liu, 2016) or267

stated that the influence of the angular position is insignificant (Letchford et al.,268

2016). Oweis et al. (2011, 2013), who studied the flow around a cactus-shaped269

cylinder with eight ribs, pointed out that a change in the angular position will270

have an effect on the flow characteristics. However, they did not investigate the271

angle of attack dependence for their configuration.272

In the current study, a decrease in angle of attack dependence was found273

when proceeding from a three-rib to a four-rib configuration. We expect that274

this trend will continue as the number of ribs of a cactus is increased, since with275

increasing number of ribs the range of possible different angular orientations276

decreases and the configuration approaches a more circular shape. Thus the277

angle of attack dependence of the mean lift coefficient should be lower but still278

noticeable for a cylinder with eight ribs compared to the current configurations,279

and attain negligible variation with angle of attack, i.e. approach Cl = 0, for280

the classical cactus configuration with 24 ribs.281

The rms value of the fluctuating part of the lift coefficient, C ′l , is shown in282

figure 10. For most angles of attack, the rms lift coefficient is reduced com-283

pared to the smooth cylinder. The cactus-shaped cylinders demonstrate oppo-284

site trends in C ′l behaviour with angle of attack for the three- and the four-rib285

configuration. For the three-rib configuration, C ′l increases with angle of attack,286

whereas the four-rib configuration shows a decrease of C ′l with increasing angle287

of attack up to α = 41◦ (α/αmax ≈ 0.91) followed by slight increase towards288

αmax. The lift force fluctuations are reduced by up to 85% compared to the289

smooth cylinder case in the range of angles of attack ranging from α = 0◦ to290

α = 45◦ (α/αmax = 0.75) for the three-rib case. The four-rib configuration also291

shows reduction of the lift force fluctuations. This effect starts from α = 15◦292

(α/αmax ≈ 0.33) and increases with angle of attack reaching 77% reduction293

compared to the smooth cylinder case at α = 41◦ (α/αmax ≈ 0.91). The results294

for C ′l are consistent with the observation that have been made for cylinder with295
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Figure 10: Rms lift coefficient versus angle of attack. The angle of attack has been normalised
with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib case: αmax = 45◦).
The dashed line shows the value for the smooth cylinder case.

many ribs (Talley et al., 2001; Babu and Mahesh, 2008; Wang et al., 2014; Jie296

and Liu, 2016; Letchford et al., 2016) in terms of the ability of cactus-shaped297

cylinders to mitigate unsteady lift force fluctuations. The maximum decrease298

in C ′l observed in the current study is higher than in other works where the299

maximum reduction reported by Wang et al. (2014) and Jie and Liu (2016) was300

50%.301

Representative sections of the time histories of the lift force fluctuations are302

shown in figure 11. As expected, a clear periodic behaviour can be observed303

in all cases. Some higher frequency content can be observed, which is stronger304

for the three-rib cylinder at low angle of attack. A similar observation has305

been made in the experiments by Nakagawa (1989), who showed that pressure306

fluctuations around a triangular prism have a more regular pattern at α = 60◦307

compared to α = 0◦. This is consistent with the present results for the three-308

rib case. The angle of attack dependency of the lift force coefficient support309

the conjecture that the plant can minimise the possibility of wind damage by310

orientating itself with the prevailing wind direction. This is discussed in more311

detail in section 4.5.312

4.3. Strouhal number313

The Strouhal number (figure 12) was determined using Fast Fourier Trans-314

formation of the lift coefficient fluctuation as a function of time. Following the315

approach for the force coefficients calculation, the equivalent circle diameter316

was used as the characteristic length for St. Cactus-shaped cylinders of both317

configurations yield lower Strouhal numbers compared to the smooth cylinder318

over the whole range of angle of attack, except for the three-rib case between319

α = 20◦ (α/αmax ≈ 0.33) and α ≈ 27.5◦ (α/αmax ≈ 0.46). In the four-rib case320

a maximum decrease of 25% in Strouhal number occurs at αmax, while in the321
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Figure 11: Time history of Cl for three- and four-rib cylinders at angles of attack normalised
with maximum angle of attack: (a) - α/αmax = 0, (b) - α/αmax = 0.5, (c) - α/αmax = 1.
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Figure 12: Strouhal number versus angle of attack. The angle of attack has been normalised
with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib case: αmax = 45◦).
The dashed line shows the value for the smooth cylinder case.
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three-rib case the lowest value is observed at α = 40◦ (α/αmax ≈ 0.67). At this322

angle of attack St is 28% lower compared to the circular cylinder. Babu and323

Mahesh (2008) observed a decrease in Strouhal number by 6.25% and 10.6%324

for flow past cylinders with many ribs in the laminar regime. However, it is325

difficult to relate their findings to the current results as the present study was326

performed in the turbulent flow regime and at a considerably higher Reynolds327

number. Previous experimental (Letchford et al., 2016) and numerical (Talley328

et al., 2001) results for the same Reynolds number (20,000), as used in this329

study, showed an increase of St for a classical ribbed cylinder compared to the330

smooth cylinder case.331

4.4. Influence of the projected frontal width332

Whereas for a smooth, circular cylinder the cylinder diameter is the obvious333

choice for the characteristic linear dimension in the computation of aerodynamic334

coefficients and Strouhal number, in the case of non-circular two-dimensional335

cross-sections there are several possible choices for the characteristic linear di-336

mension. For example, in the context of square and equilateral triangular cylin-337

ders both the side of the square/triangle or its projected width are in wide use338

as characteristic linear dimension. The projected width of a non-circular object339

will change with angle of attack, and therefore the angle of attack dependence of340

its aerodynamic coefficients will be influenced by the choice of the characteristic341

linear dimension.342

In the following, the current results are revisited using the projected frontal343

width D∗ instead of the equivalent circle diameter as characteristic linear di-344

mension and then compared to the angle of attack dependence of the force345

coefficients of similar bluff bodies, i.e. square cylinders and equilateral triangu-346

lar prisms. The projected frontal widths were based on the inscribed triangle347

and square (see Figure 3) used in their construction. This gives for the three-rib348

case349

D∗ =

√
3D

2
cos(|α− 30◦| − 30◦), (3)

and for the four-rib case350

D∗ = D cos(α). (4)

Force-coefficients and Strouhal numbers that have been computed with the pro-351

jected frontal width as a characteristic dimension are marked with asterisks,352

e.g., C∗d and St∗, to distinguish them from the results discussed in the previous353

sections.354

As expected substitution of the projected frontal width instead of the equiv-355

alent circle diameter increased the values of the force coefficients at all angles356

attack except α = 0◦ for the four-rib case, where the projected frontal width357

is equal to the diameter D = D∗, and at angles of attack where the value of358

the force coefficients is 0 in both studied configurations (see figure 13 and 14).359

The values of C∗d in the four-rib case exceed those for the circular cylinder at360

all angles of attack, but are close to it at α ≈ 40◦. The decreased values of361
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Figure 13: Mean and fluctuating lift force coefficients and Strouhal number calculated using
projected frontal width as characteristic linear dimension versus angle of attack for the three-
rib case and triangular prism: a) C∗d , b) C′∗d , c) C∗l , d) C′∗l , e) St∗. The dashed line shows the
value for the smooth cylinder case. Data from experimental studies for low-aspect ratio tri-
angular cylinders Iungo and Buresti (2009) and high-aspect ratio cylinders Seyed-Aghazadeh
et al. (2017) are shown for comparison where available.
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datasets for smooth flow conditions) are shown for comparison where available.

17



the fluctuating force coefficients compared to the circular cylinder were pre-362

served for both configurations at most angles of attack when projected frontal363

width was used as characteristic linear dimension. The change of characteristic364

linear dimension led to further reduction in Strouhal number compared to the365

circular cylinder. This indicates that the observed reduction of the Strouhal366

number is consistent with the general trend of bluff bodies with non-circular367

cross-section, which yield lower Strouhal number values compared to smooth,368

circular cylinders (Roshko, 1955).369

As for the cactus-shaped cylinders, C∗d , C∗l , and C ′∗l for the square cylinder370

show a strong dependence on the angle of attack (see figure 14). It should371

be noted that in the investigation on flow past square cylinders, a different372

convention for the angle of attack is used, i.e. αsq = 45◦ when a corner of the373

square is facing the flow, while in our definition this corresponds to α = 0◦,374

consequently α = 45◦ − αsq. In figure 14, this relationship was used to convert375

results from the cited studies of square cylinders to our definition of the angle376

of attack α.377

For the square cylinder, a critical angle of attack αcr is observed. At this378

angle of attack, the mean drag and fluctuating lift force coefficients attain their379

minimum and the mean lift coefficient and the Strouhal number their maximum380

values. This behaviour is attributed to the reattachment of the flow that sepa-381

rates at the front corner of the square cylinder to the back corner at this angle382

of attack. Similar features in the angle of attack dependence of C∗d , C∗l , C ′∗l ,383

and St∗ can be observed in the four-rib cylinder data. However, the critical384

angle of attack for the four-rib cylinder is higher (αcr ≈ 40◦) compared to the385

value for the square cylinder, where αcr ≈ 32◦ (Igarashi, 1984). This may be386

a combined effect of the corner rounding of the rib tips and of the flow within387

the cavities for the four-rib cylinder. Corner rounding is known to increase the388

critical angle for the square cylinder (Carassale et al., 2014). When comparing389

the four-rib cylinder results to the square cylinder with the corner rounding390

closest to the four-rib case (r/b = 1/15.5, where r is the corner radius and b391

is the side of the square) from Carassale et al. (2014)’s study, a stronger effect392

is observed in the four-rib cylinder case, even though it has a slightly smaller393

corner rounding radius (r/b = 1/18.8). In addition, the values of C∗d and C ′∗l394

for α > αcr in the four-rib case are lower compared to those of the square with395

rounded corners. These differences in the angle of attack dependence compared396

to square cylinders with rounded corners are likely to be an effect of the cavi-397

ties between the ribs, as they are the main difference in shape between the two398

geometries. The presence of cavities is probably also the cause of the increased399

values of the drag force coefficient and fluctuating lift force coefficient at lower400

angles of attack relative to the square cylinder. The results for the angle of401

attack dependence of the Strouhal number show the same trends as observed402

for square cylinders. At low angles of attack the Strouhal number has an ap-403

proximately constant value and a decrease of St∗ is observed for high angles of404

attack. The drop in St∗ around the critical angle appears more gradual for the405

four-rib cylinder compared to the square, where a more sudden drop in St∗ is406

observed.407
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For the three-rib cylinder, the angle-of-attack dependence of the force co-408

efficients and Strouhal number also suggest the presence of a critical angle of409

attack at αcr ≈ 27.5◦. As for the four-rib case, the minimum value of C∗d and the410

maximum values of C∗l and St∗ are observed at this angle of attack. However, in411

contrast to the four-rib case a minimum value of C ′∗l is not attained at αcr, but412

a sudden increase is observed. Published data on the angle-of-attack depen-413

dence of the aerodynamic characteristics of equilateral triangular cylinders is414

limited, as most studies focus on the 0◦ and 60◦ cases. Therefore, the three-rib415

case is compared to experimental results for a wall-mounted, low-aspect ratio416

triangular prism with a free end at higher Reynolds number (Re = 1.2 · 105)417

(Iungo and Buresti, 2009) and for a high aspect ratio triangular cylinder at lower418

Reynolds number (Re = 2, 700) (Seyed-Aghazadeh et al., 2017). Due to the419

three-dimensionality of the former flow configuration and the large differences420

in Reynolds numbers no detailed quantitative comparison with the three-rib421

cylinder results can be made. However, the behaviour of the mean lift and drag422

coefficients is qualitatively consistent with the referenced results, namely the423

maximum of C∗l and the minimum of C∗d was found close to intermediate angles424

of attack both in the three-rib case and in the referenced studies (see figure 13425

(a) and (c)).426

At low angles of attack, higher values of C∗d are observed for the three-rib427

cylinder compared to the triangular prism, which may be an effect of the cavities,428

as discussed above for the four-rib cylinder. For the Strouhal number (figure 13429

e), matching trends are observed for higher angles of attack α > 27.5◦, but for430

low angles of attack the three-rib cylinder case shows a decreasing trend and431

lower St∗ values than the triangular cylinder at lower Reynolds number (Seyed-432

Aghazadeh et al., 2017). For a more detailed comparison of the three-rib case to433

an equilateral triangle further comparative studies of infinitely long triangular434

cylinders, including cases with rounded corners, are required which are beyond435

the scope of the current investigation.436

The minimum values of the determined aerodynamic coefficients for both437

configurations have been related to their angular orientation with respect to the438

flow. In both the three- and four-rib cases minimum values of C∗d are observed at439

a critical angle of attack (αcr ≈ 40◦ for the four-rib case and αcr ≈ 27.5◦ for the440

three-rib case). At this angle of attack C∗l reaches its maximum value for both441

configurations. In addition, at α ≥ αcr in the four-rib case relatively low values442

of the drag coefficient and fluctuating force coefficients are observed. Therefore,443

a high angle of attack α > αcr relative to the prevailing wind would minimise444

the wind loadings experienced by the Euphorbia Abyssinica based cylinder as445

C∗l drops off rapidly for α > αcr. For a three-rib cactus there is no single446

optimal orientation, as low C∗d values correlate with high C∗l . Considering the447

fluctuating loads on the three-rib cylinder, an angle of attack just below the448

critical angle may be the most favourable orientation for the Euphorbia trigona449

based cylinder, as here C∗d , C ′∗l , and C ′∗d all have relatively low values.450
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Figure 15: Mean streamlines variation with angle of attack for the three-rib cylinder case: a)
α = 0◦, b) α = 10◦, c) α = 27.5◦, d) α = 30◦, e) α = 40◦, f) α = 50◦, g) α = 60◦.
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4.5. Flow visualisations451

To gain further insight into the angle of attack dependence of the flow, in the452

following key features of the mean flow fields are discussed. Figure 15 shows the453

mean velocity field and the mean streamlines for the three-rib case at different454

angular orientations. At α = 0◦ the mean flow is symmetrical and two vortices455

are formed behind the three-rib cylinder (figure 15 a). This is consistent with456

experimental and numerical results by Yagmur et al. (2017) for a triangular457

prism at the same angular orientation. With the increase of angle of attack the458

symmetry is broken and an additional vortex starts to form in the top cavity459

(figure 15 b). At the angle α = 27.5◦ the flow detached at the front rib is still460

reattaches to the top trailing rib, while at α = 30◦ this is no longer observed461

(figure 15 c, d). The reattachment of the flow supports the conjecture regarding462

the critical angle of attack for the three-rib cylinder and explains minimum value463

of the drag coefficient and maximum value of the lift coefficient at this angle of464

attack. In addition, at intermediate angle of attack up to α < 50◦ a secondary465

vortex is observed in the top cavity (figure 15 c-e) close to the front rib. At466

α = 50◦ an additional vortex starts to form in the trailing bottom cavity (figure467

15 f). When the cavity of the cactus shaped cylinder with three ribs is facing the468

flow, the symmetry of the flow is restored and in addition to the vortices formed469

at the top and bottom ribs smaller vortices are formed at the back rib (figure470

15 g). These features are consistent with the flow visualisations of Nakagawa471

(1989) for the same orientation of the triangular prism.472

The mean velocity field and mean streamlines for the four-rib cylinder are473

shown in figure 16. The mean streamlines at α = 45◦ in the four-rib case (figure474

16 a) indicate the presence of recirculation zones within the cavities tangential475

to the flow, i.e. in the lower and the upper cavities, similar to those reported by476

Wang et al. (2014) and Jie and Liu (2016) for cylinders with many ribs. Deep477

within the cavity a secondary recirculation zone can be observed, a similar478

feature observed in the numerical study by Babu and Mahesh (2008) at low Re.479

With the decrease of the angle of attack this secondary recirculation zone in480

the top cavity shrinks (see figure 16 b and c) and disappears when α < 30◦.481

In contrast, a secondary recirculation zone in the bottom cavity is present until482

α = 22.5◦ (figure 16 d).483

Igarashi (1984) classified the flow around a square prism into four regimes484

with respect to angle of attack and his classification will be used in the following.485

Angles of attack ranges from Igarashi (1984)’s paper given below were converted486

to the angle of attack definition adopted in the current paper (see also section487

4.4). Visualisations with streamlines of the flow past square cylinders are given488

in Oka and Ishihara (2009). At α = 45◦ the flow around the square prism is489

characterised by a ‘perfect separation’ from the leading edge and by symmetric490

flow. The same is observed in the four-rib case at the same angle of attack491

(figure 16 a). However, compared to the numerical results by Oka and Ishihara492

(2009) the recirculation bubble in the four-rib case is significantly elongated493

behind the cylinder, delaying the development of a von Kármán vortex street.494

For the square cylinder at angles of attack values 32◦ < α < 40◦, the flow495

is characterised by a ‘perfect separation’ type without symmetry of the flow,496
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Figure 16: Mean streamlines variation with angle of attack for the four-rib cylinder case: a)
α = 45◦, b) α = 40◦, c) α = 30◦, d) α = 22.5◦, e) α = 15◦, f) α = 7.5◦, g) α = 0◦.
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Figure 17: Vortex development around the four-rib cylinder at α = 45◦ at different phases
in the shedding cycle.

while reattachment of the flow is observed in α range of 10◦ to 31◦. For the497

cactus-shaped cylinder with four ribs the reattachment of the flow at the back498

rib appears to be delayed to higher angles of attack (α = 40◦) (figure 16 b)499

compared to the square cylinder. This could be caused by the combined effect500

of the rounding of the tips of the ribs compared to the sharp corners of a501

classical square cylinder and the stronger development of the separated flow due502

the cavities. The sudden jumps in the aerodynamic coefficients and Strouhal503

number values in this α range are consistent with these observations (see figure504

14).505

To obtain further insight into the flow field variation around the four-rib506

cylinder, the velocity field is shown at eight different phases within the shedding507

cycle of the velocity field for two different angles of attack, α = 45◦ and α =508

22.5◦ (see figures 17 and 18). During the formation of a new vortex in the near509

wake for the α = 45◦ case, this vortex interacts with the flow inside the cavity.510

23



1.90 0.4 0.75 1.15 1.5U/U
∞

π/4 

π/2 

3π/4 

π 

5π/4 

3π/2 

7π/4 

2π 

Figure 18: Vortex development around the four-rib cylinder at α = 22.5◦ at different phases
in the shedding cycle.

Stronger interaction between the cavity flow and the near wake is observed than511

for the 24-rib cylinder due to the much wider cavities for the four-rib case. No512

separated flow is observed in the leading and trailing cavities. As has been513

discussed above, flow separation occurs at the front ribs. This is consistent with514

the square cylinder case where flow separates from the leading edge corners515

(Huang et al., 2010). In the corresponding snapshots of the velocity for α =516

22.5◦ reattachment of the flow at the back ribs and asymmetric vortex shedding517

can be observed. For both angles of attack, the flow in the trailing cavity518

undergoes complete reversal as the shedding cycle progresses. High acceleration519

of the flow close to the back rib can be observed for the α = 22.5◦ case before520

this flow reversal occurs (figure 18 π and 2π). In contrast, velocity changes at521

the back ribs are much lower for the α = 45◦ case.522
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5. Conclusions523

The flow past cylinders with a low number of ribs has been studied at524

Reynolds number 20,000 using unsteady Reynolds-Averaged Navier-Stokes sim-525

ulations. Two different configurations, a three-rib configuration based on Eu-526

phorbia trigona and a four-rib configuration based on Euphorbia Abyssinica,527

were used for the investigation. Both shapes demonstrated strong dependence528

of their aerodynamic coefficients on the angle of attack. In contrast to many-rib529

cylinders, drag reduction was found only in the four rib case at high angles of530

attack.531

We found that cactus-inspired cylinders with a low number of ribs can miti-532

gate lift force fluctuations which is consistent with previous results for Saguaro-533

inspired cylinders with many ribs. The maximum reduction is higher, reaching534

up to 85% in the three-rib and up to 77% in the four-rib case compared to the535

smooth cylinder values. However, this is not observed over the whole angle of536

attack range. Reduction of the unsteady drag forces was observed only for the537

four-rib case at high angles of attack. Overall, the cylinder with four ribs showed538

at high angle of attack values of the aerodynamic coefficients superior to those at539

other orientations and to all tested three-rib case angular positions. In addition,540

it yielded mean force coefficients similar to the smooth cylinder case, while also541

yielding a considerable reduction of the fluctuating lift and drag coefficients.542

These observations remained valid when the characteristic linear dimension for543

calculation of the aerodynamic coefficients was changed from equivalent circle544

diameter to projected frontal width.545

The relation between cavity orientation and minimum values of the aero-546

dynamic coefficients shows that drag is minimised at a critical angle of attack547

αcr while minimum lift is observed when the symmetry of the body with re-548

spect to the flow is preserved. The presence of cavities at the front and the549

back of the cylinder reduces unsteady drag and lift forces. This suggests that in550

the natural environment the orientation of the four-rib succulent stem at which551

aerodynamic loadings are minimised is for angles of attack higher than critical552

(α > αcr ≈ 40◦). On the other hand there is no clear optimum orientation for553

the single stems of the three-rib succulents, although angular orientations just554

below the critical angle αcr ≈ 27.5◦ for the three-rib case appear to be the most555

desirable for decreasing the fluctuating loads and the mean drag.556

Comparisons of the flow field around the four-rib cylinder to the square557

cylinder and the three-rib cylinder to triangular prisms have been performed558

due to their similar outer shapes. At high angles of attack the mean stream-559

lines of the four rib-case showed features resembling the square cylinder case.560

However, the reattachment of the flow in the four-rib cactus-shaped cylinder561

case is observed at higher angle of attack compared to the square cylinder. In562

addition, a significant difference in flow patterns is observed at lower angles of563

attack, due to the more complex vortex patterns formed at cactus cylinder ribs564

and their interaction with vortices formed at the trailing rib.565

The significant dependence of the aerodynamic characteristics on the cactus566

orientation with respect to the flow direction may have an effect on plants in the567
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real world. The stems of the succulents and cacti with a low number of ribs may568

be oriented relatively to the prevailing wind in order to minimise negative im-569

pact from the wind loadings, however no relevant information was found in the570

literature. Moreover, unlike the Saguaro cactus, which usually grows as a single571

stem plant with a couple of branches, succulents with a low number of ribs tend572

to form a bush-like structure with many branched stems. Another conjecture,573

which could be investigated in future work, is that the collective aerodynamic574

behaviour of multiple stems may have an effect similar to many-rib cylinders,575

consequently minimising angle of attack dependence of the aerodynamic coef-576

ficients. Previous studies of a small groups of cylinders, such as two cylinders577

in tandem (Alam et al., 2003b) and side-by-side arrangements (Alam et al.,578

2003a), as well as the investigation by Taddei et al. (2016) on large groups of579

cylindrical objects show that the interaction between neighbouring cylinders can580

have a profound effect on their aerodynamic coefficients. Therefore, we expect581

that interaction between multiple stems of a succulent will influence the force582

coefficients experienced by the individual stems as well as the plant as the whole.583
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