
Accepted Manuscript

Canopy resistance on oscillatory flows

Vahid Etminan, Ryan J. Lowe, Marco Ghisalberti

PII: S0378-3839(18)30225-4

DOI: https://doi.org/10.1016/j.coastaleng.2019.04.014

Reference: CENG 3502

To appear in: Coastal Engineering

Received Date: 8 May 2018

Revised Date: 19 December 2018

Accepted Date: 22 April 2019

Please cite this article as: Etminan, V., Lowe, R.J., Ghisalberti, M., Canopy resistance on oscillatory
flows, Coastal Engineering (2019), doi: https://doi.org/10.1016/j.coastaleng.2019.04.014.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.coastaleng.2019.04.014
https://doi.org/10.1016/j.coastaleng.2019.04.014


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Canopy resistance on oscillatory flows  1 

Vahid Etminana,b,*, and Ryan J. Loweb,c,d and Marco Ghisalbertia,e 2 

a School of Civil, Environmental and Mining Engineering, The University of Western 3 

Australia, Perth, WA 6009, Australia.  4 

b Oceans Graduate School and School of Earth Sciences, The University of Western 5 

Australia, Perth, WA 6009, Australia.  6 

c UWA Oceans Institute, The University of Western Australia, Perth, WA 6009, Australia. 7 

d ARC Centre of Excellence for Coral Reef Studies, The University of Western Australia, 8 

Perth, WA 6009, Australia.   9 

e Department of Infrastructure Engineering, The University of Melbourne, Parkville, 10 

Victoria 3010, Australia. 11 

 12 

* Corresponding author.  13 

E-mail address: vahid.etminanfarooji@research.uwa.edu.au (Vahid Etminan). 14 

Abstract 15 

Aquatic vegetation in the coastal zone dissipates wave energy and provides a form of natural 16 

coastal protection against storm waves. The capacity of aquatic vegetation to attenuate incident 17 

waves depends on the extent to which wave energy is dissipated by small-scale hydrodynamic 18 

interactions within a canopy, which in turn depends on the work done by drag forces exerted by 19 

the canopy. Canopy drag forces (and hence rates of wave dissipation) are conventionally 20 

parameterised using a drag coefficient ��. Existing empirical models for predicting �� are 21 

usually dependent solely on either Reynolds number �� or Keulegan–Carpenter number ��, 22 

and hence neglect the potential effect of vegetation canopy density � and the interactions 23 

between adjacent stems. This study uses high-resolution numerical simulations to investigate 24 

the dynamics of wave-driven oscillatory flow through emergent canopies (modelled as arrays of 25 

rigid cylinders). The simulations cover a wide range of ��. The influence of two mechanisms in 26 

modifying canopy drag, namely the effects of blockage and sheltering, are evaluated.  The 27 

blockage effect is found to be the dominant mechanism responsible for increasing the canopy 28 

drag coefficients at high �� for medium to high density canopies; however, the sheltering effect 29 

plays only a minimal role in reducing the drag coefficient of the very sparse canopies. We show 30 

that Cd for canopies at high �� can be robustly estimated using a new modified drag formulation 31 

for the same canopies in unidirectional flow. Conversely, in the limit of the low ��, Cd is close to 32 

that of a single isolated cylinder at the same ��. The results of this study can be used as a basis 33 

for developing new predictive formulations for specifying bulk canopy drag coefficients, and in 34 

turn quantifying wave attenuation by vegetation. 35 

Keywords: Drag coefficient, Canopy, Oscillatory flow, Wave forces 36 
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1 Introduction 37 

Coastal vegetation provides a wide range of ecosystem services, including reduction of coastal 38 

erosion, provision of aquatic habitat and enhancement of local water quality. The capacity for 39 

coastal vegetation to act as a natural form of coastal protection by attenuating incident waves 40 

has been the subject of numerous studies (Anderson and Smith, 2014; Houser et al., 2015; 41 

Jadhav et al., 2013; Zeller et al., 2014). For example, field studies have shown that wave 42 

attenuation over salt marshes (Cooper, 2005) and mangroves (Quartel et al., 2007) was at least 43 

2 and 5 times greater than that over mudflats, respectively. Despite many efforts to quantify 44 

vegetation control of wave attenuation, there is still a gap in understanding the small-scale 45 

mechanisms responsible for energy dissipation within canopies and, most significantly, how to 46 

best parameterise these processes in predictive models. 47 

Wave attenuation by vegetation is a large-scale process (often developing over hundreds of 48 

meters) that relies on small-scale interactions between vegetation stems and the fluid motion 49 

(Zeller et al., 2014). The rate at which wave heights H are attenuated by coastal canopies, i.e.  50 

�� �	⁄  (where  	 is the cross-shore distance), is often predicted in large-scale coastal 51 

hydrodynamic models by incorporating simplified vegetation models that parameterise wave 52 

dissipation. An effective model to predict wave dissipation must correctly incorporate both the 53 

vegetation characteristics (which are not accurately captured by existing models) as well as 54 

wave parameters. Early approaches simulated the effect of vegetation by assigning an increased 55 

bed friction coefficient (Camfield, 1983; Price et al., 1968); however, more recent efforts 56 

attempt to predict wave dissipation using the conservation of wave energy equation and a 57 

dissipation term to account for the vegetation effects (Dalrymple et al., 1984; Mendez and 58 

Losada, 2004) or by adopting a conservation of momentum approach (Kobayashi et al., 1993; 59 

Lima et al., 2007). However, an important common feature of both of these approaches is the 60 

parameterisation of vegetative resistance using a drag coefficient, ��, i.e. with analytical 61 

solutions predicting wave decay as � ��⁄ = 1 �1 + �	�⁄  (Dalrymple et al., 1984) and 62 

� ��⁄ = exp	�−�	� (Kobayashi et al., 1993) where �� is the incident wave height and both � and 63 

� are damping coefficients which are functions of �� and wave characteristics. While waves 64 

induce both drag and inertial forces on canopies, this dependence of wave dissipation on �� is 65 

justified given that the work done by drag forces controls the rate of wave dissipation (Lowe et 66 

al., 2007).  67 

The dynamics governing the forces exerted on single (isolated) cylinders in a vertically-uniform 68 

oscillatory flow (as under shallow-water waves) have been comprehensively studied (Bearman 69 

et al., 1985; Sarpkaya, 1986; Tatsuno and Bearman, 1990; Williamson, 1985). These forces are 70 

comprised of both drag force �� and inertial force �� contributions, where the latter is induced 71 

due to flow acceleration. The in-line force on a cylinder in oscillatory flow can be represented by 72 

the well-known Morison equation (Morison et al., 1950): 73 

 �� = �� + �� = ���|�| + 1
2��

�
��

��
�  (1) 

In equation (1), �� = ��! 0.5%&'()* +�, , ��!  is the dimensional streamwise force exerted on 74 

cylinder, % is fluid density, &'()  is the reference velocity, + is cylinder length, � is cylinder 75 

diameter, � is the dimensionless streamwise velocity component (� = �- &'()⁄ ), �� is the 76 

Keulegan–Carpenter number (= &'(). �⁄  where . is the oscillation or wave period),   is the 77 

dimensionless time (=  ̃ .⁄ ) and �� is the inertia coefficient. However, for linear waves where 78 
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the flow velocity varies sinusoidally, the inertial force does not contribute to wave dissipation as 79 

it is 90 degrees out of phase with velocity implying that net work done by inertial force is zero 80 

(Lowe et al., 2007). For this reason, the primary focus of this study is on understanding the 81 

processes that govern differences in the drag coefficient �� rather than the inertia coefficient 82 

��. The drag coefficient of cylinders in oscillatory flow is known to depend on two key 83 

dimensionless parameters; namely, �� that is related to ratio of the oscillatory flow excursion 84 

length to the cylinder diameter and the Reynolds number (�� = &'()� 0⁄ , where 0 is fluid 85 

kinematic viscosity) or �� ��⁄  (Sarpkaya and Isaacson, 1981). For a given �� ��⁄  and at low �� 86 

where flow is inertia dominated (�� < 7), the drag coefficient initially decreases with �� since 87 

there is no separation of the flow from the cylinder (�� ≲ 2). However, as �� increases 88 

towards the upper limit of the inertia dominated regime (�� ≃ 7),  flow separation occurs and 89 

vortices begin to shed and drag coefficient increases (Bearman et al., 1985). At even higher �� 90 

where flow is drag dominated (�� ≳ 20), the flow becomes dominated by vortex shedding and 91 

the drag coefficient approaches a constant value for �� > 40 independent of increasing  �� 92 

(Sarpkaya, 1975). 93 

Predicting the drag coefficient for emergent canopies, which are commonly modelled as arrays 94 

of cylinders (Hu et al., 2014; Kothyari et al., 2009; Liu et al., 2008; Stoesser et al., 2010; Tanino 95 

and Nepf, 2008), is much more complicated compared to that of a single cylinder due to the 96 

interactions between neighbouring stems/cylinders. Even for the case of unidirectional flow, �� 97 

can be highly variable depending on both the Reynolds number and canopy density (or solid 98 

fraction, �� (Etminan et al., 2017; Tanino and Nepf, 2008). The unsteadiness of an oscillatory 99 

flow makes quantifying the �� of canopies in wave-dominated flows even more complex. 100 

Similarly, the drag forces exerted on two or more cylinders in oscillatory flow have been 101 

reported to be complex and substantially different from those on a single cylinder depending on 102 

their spacing, orientation and value of �� (Tong et al., 2015; Williamson, 1985; Yang et al., 103 

2013; Zhao and Cheng, 2014). For example, the drag coefficient of two cylinders in a side-by-104 

side arrangement with spacing equal to the cylinder diameter is approximately 50 percent 105 

higher than that of a single cylinder at a given �� and �� (Zhao and Cheng, 2014). In such 106 

arrangement, the drag coefficient decreases with cylinder spacing. On the other hand, for a 107 

tandem arrangement (where the cylinders are separated in the flow direction), the drag 108 

coefficient of either cylinder is lower than that of a single cylinder, increasing with spacing and 109 

decreasing with ��.  The mean drag coefficient of three cylinders in a side-by-side arrangement 110 

and four cylinders in a square arrangement has also been reported to be higher at small spacing 111 

and approaches that of a single cylinder as spacing increases (Bonakdar et al., 2015; Tong et al., 112 

2015). For example, the mean drag force exerted on a group of three side-by-side cylinders is 80 113 

and 50 percent higher than that of a single cylinder when the spacing equals half and one 114 

cylinder diameter, respectively (Bonakdar et al., 2015). The observed variations of drag 115 

coefficients of cylinders inside groups of a small number of cylinders can be helpful in 116 

investigating the drag coefficient of infinite array of cylinders. 117 

Due to the flow complexity inherent in canopy flows, models to predict the canopy drag 118 

coefficients have relied on highly empirical relationships that may not adequately capture many 119 

key aspects of the physical processes.  For example, a number of studies have attempted to 120 

formulate the drag coefficient of vegetative canopies as functions of either �� or ��, usually in 121 

the forms of �� = � + �8 ��⁄ �9 or �� = :	��; , respectively, where �, 8, =, : and > are fitting 122 

coefficients obtained by experimental data (for a list of these models see Table 1 in Henry et al. 123 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

(2015)). Notably, none of these studies have directly incorporated the effects of varying canopy 124 

density in formulating predictions of canopy drag coefficients. Moreover, a majority of these 125 

studies have determined �� based on measurements of wave attenuation through canopies 126 

rather than direct measurement of drag forces, and there can be large discrepancies in 127 

predicted drag coefficients when comparing different formulations. The fact that �� is obtained 128 

by fitting datasets of wave attenuation can be contaminated by the simplifications in the model 129 

used to predict dissipation (e.g. assuming linear wave theory), the structure of the in-canopy 130 

flow, variation of the flow velocity both over the water depth and along the vegetation patch, 131 

etc. Ultimately, a successful drag coefficient model relies on insight into the flow structure that 132 

occurs inside the canopy  (Lowe et al., 2007).  133 

In this study, the two-dimensional dynamics of oscillatory flow through arrays of circular 134 

cylinders is numerically studied. The choice of two-dimensional simulations over three-135 

dimensional ones is justified based on the following considerations. First, the in-line forces �� 136 

exerted on cylinders in oscillatory flow (at	�� ≲ 1500)  (Yang and Rockwell (2002)), and more 137 

specifically the drag component of the force �� (at	�� ≤ 170) (Nehari et al., 2004a; Nehari et al., 138 

2004b), are only weakly affected by three-dimensional effects. Second, the vortex shedding 139 

patterns around cylinders in oscillatory flow do not qualitatively change due to the three-140 

dimensionality of the flow (�� ≤ 170) (Nehari et al., 2004a). There are many numerical studies 141 

that have successfully used two-dimensional models to reproduce vortex shedding regimes 142 

induced by oscillatory flow around circular cylinders (Dütsch et al., 1998; Iliadis and 143 

Anagnostopoulos, 1998; Lin et al., 1996; Scandura et al., 2009; Tong et al., 2015; Uzunoğlu et al., 144 

2001; Zhao and Cheng, 2014). Finally, using high-resolution two-dimensional simulations 145 

makes it possible to investigate the oscillatory flow through arrays of cylinders over a wide 146 

range of �� and solid fractions at affordable computational costs without losing the ability to 147 

accurately estimate the drag forces and resolving the key flow features. Nevertheless, in this 148 

study we initially compare the results of a few three-dimensional simulations with the 149 

corresponding two-dimensional simulations results to further confirm the consistency of the 150 

current approach (see section 3.4). 151 

While the hydrodynamic forces exerted by vegetated canopies under unidirectional flow have 152 

been increasingly studied in recent years (e.g. Etminan et al. (2017), Stoesser et al. (2010), 153 

Tanino and Nepf (2008)), studies of the detailed mechanisms responsible for forces induced by 154 

oscillatory flow are still very limited. In this study, the oscillatory flow through emergent 155 

canopies (modelled here as arrays of rigid cylinders) with densities of � = 0.02 − 0.22 at 156 

�� = 100 and �� = 2 − 100 which are within the realistic field ranges (Henry et al., 2015; Nepf, 157 

2011b) were investigated and the various potential mechanisms responsible for modifying 158 

canopy drag were evaluated. It should be noted that modelling the submerged canopies 159 

oscillatory flow was not possible due to prohibitive computational costs. The objective of this 160 

paper is thus to develop a fundamental understanding of the hydrodynamic mechanisms that 161 

control drag forces in oscillatory flow through emergent canopies, which can be used in future 162 

as a basis for developing new predictive formulations for assigning bulk canopy drag 163 

coefficients. 164 

2 Theoretical framework 165 

There are two potential mechanisms that can cause the forces exerted on an individual cylinder 166 

located within a canopy array to be different with that of a single isolated cylinder under the 167 
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same flow conditions, as a consequence of the interaction with flow structures generated 168 

around neighbouring cylinders. In this section, a brief overview is presented of these 169 

mechanisms that have the potential to modify the canopy drag coefficient relative to that of a 170 

single cylinder (see also Etminan et al. (2017)). The relative importance of these mechanisms is 171 

then assessed in the results that follow. 172 

2.1 Blockage effect 173 

A flow past a bluff body that is confined by lateral walls is subject to what is commonly referred 174 

to as the ‘blockage effect’, which enhances drag forces (Maskell, 1963). The blockage effect 175 

alters the flow around a bluff body in several ways (Zdravkovich, 2003): (1) The presence of the 176 

body reduces the cross-sectional area locally, which results in a local increase in the velocity 177 

around the body, and (2) the side walls hinder the widening of the wake, while the increased 178 

velocity outside the wake reduces the pressure within it. Wall-confined bodies have thus been 179 

shown to have significantly different wake characteristics to unconfined bodies. In particular, 180 

the blockage effect tends to significantly increase the drag coefficients of the bluff body at a 181 

given upstream velocity, due to the dominant effect of the reduced wake pressure (see 182 

Zdravkovich (2003) for a detailed review). Likewise, the blockage effect also increases the 183 

vortex shedding frequency in the wake. While a wall-confined flow past a bluff body is not 184 

identical to flow through an array of cylinders, there are clear analogies when a cylinder is 185 

located between laterally positioned neighbouring cylinders (Figure 1a). For unidirectional 186 

flow, it has been shown that an analogous blockage effect occurs in the confined flow in 187 

constricted cross-sections between laterally adjacent cylinders (Etminan et al., 2017). In 188 

addition, an alternative reference velocity, namely the constricted cross-section &B  which is 189 

calculated by averaging the velocity over constricted cross sections has been found to be an 190 

appropriate reference velocity to normalize the canopy drag force (Figure 1a). At large ��, an 191 

oscillatory flow effectively approaches a unidirectional flow, due to the insignificance of flow 192 

accelerations, and we hypothesise that the blockage effect should eventually become effective in 193 

modifying the flow and drag forces. In this study, we assess the role of blockage in dictating 194 

canopy drag and evaluate the use of &B  as a reference velocity in drag formulations.  195 

2.2 Sheltering effect 196 

The term ‘sheltering effect’ describes the condition where two bluff bodies are situated such 197 

that one body is located in the wake region of the upstream body (Raupach, 1992). The 198 

downstream body experiences a lower incident velocity than the upstream body (i.e. through 199 

‘sheltering’, see Figure 1b), which results in a lower drag force. This effect becomes more 200 

significant as the spacing between the bodies decreases (Sumner, 2010; Zdravkovich, 1987). In 201 

the context of a canopy, sheltering occurs when the velocity approaching a canopy element is 202 

less than the instantaneous pore velocity (equal to the velocity averaged over the pore spaces 203 

between cylinders at each time) due to the influence of upstream elements. The sheltering effect 204 

can be of relevance to a canopy flow in oscillatory flow specifically when �� is large enough that 205 

the flow excursion amplitude is equal or larger than the cylinder spacing (��√� ≥ 1.25 or 206 

�� E⁄ ≥ 1 where E = F �⁄  and F is the inter-cylinder spacing; see Figure 2). However, sheltering 207 

can be highly dependent upon the arrangement of canopy elements. It has been observed that 208 

for unidirectional flow the sheltering effect is noticeable only in sparse canopies (� < 0.04) and 209 

becomes increasingly insignificant compared to blockage effect at higher canopy densities 210 

(Etminan et al., 2017). Here, we assess the role of the sheltering effect in oscillatory flow across 211 

a wide range of canopy densities and ��. 212 
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 213 
Figure 1 (a) Velocity enhancement in the constricted cross sections between neighbouring cylinders due to 214 
blockage effect and (b) lower incident velocity experienced by downstream cylinder due to sheltering effect 215 

of the upstream cylinder. 216 

3 Numerical Modelling 217 

3.1 Governing Equations and Numerical Methods 218 

The dimensionless forms of the governing equations for simulating incompressible two-219 

dimensional oscillatory fluid flow are  220 

 
G�
G	 + GH

GI = 0 (2) 

 
1
��

G�
G + � G�

G	 + H G�
GI + GJ

G	 = 1
�� KG*�

G	* + G*�
GI*L − M� (3) 

 
1
��

GH
G + � GH

G	 + H GH
GI + GJ

GI = 1
�� KG*H

G	* + G*H
GI*L (4) 

where 	 and I are dimensionless streamwise and transverse coordinates (	 = 	- �⁄  and I = I- �⁄  221 

where ~ denotes dimensional variables), H is the dimensionless transverse velocity component 222 

(= H- &'()⁄  ) and J is the dimensionless pressure (J = �J- − JO� %&'()*,  where JO is a reference 223 

pressure). In equation (3), M� is the dimensionless pressure gradient (= 2� cos�2� � /��) that 224 

drives an oscillatory velocity as 225 

 �� � = sin�2� �, (5) 

which is imposed as a body force on the fluid within the computational domain (Cui and Neary, 226 

2008; Ellero and Adams, 2011; Moin and Kim, 1982).  In section 4, results are presented at 227 

different phase angles V which is defined such that, for example, � = 0 and 1 for V = 0 and � 2⁄ , 228 

respectively.  229 

All simulations were carried out using the Open-source Field Operation and Manipulation 230 

(OpenFOAM®) C++ libraries, which is an open-source computational fluid dynamics (CFD) 231 

package. The incompressible solver pimpleFoam was used, which has the merged PISO-SIMPLE 232 

algorithm implementation. In addition, a dynamic adjustable time stepping technique was used 233 

to guarantee a local Courant number less than 0.2. 234 
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3.2 Model Data Analysis 235 

Depending on the choice of reference velocity &'()  employed in the definition of �� , the drag 236 

and inertia coefficients of cylinders inside arrays (calculated using equation (1)) can take on a 237 

range of different values. In this study, drag coefficients were calculated based on the pore 238 

velocity &W (= &�/�1 − ��, where &� is the amplitude of the free stream velocity oscillation) 239 

and the constricted cross-section velocity &B  ; these drag coefficients are denoted ��,W and ��,B, 240 

respectively. Similarly, Reynolds numbers based on &W and &B  are denoted as ��W and ��B, 241 

respectively. Note that &B  for staggered arrays can be calculated as 242 

 &B = 1 − �
1 − X2� �⁄ &W (6) 

(Etminan et al., 2017) where � is the canopy density or solid fraction � (= � 2E*⁄ ). For a single 243 

cylinder, the drag coefficient is denoted as �� and the subscripts J and Y are dropped as &W = &B  244 

for a single cylinder. A least-squares method (Wolfram and Naghipour, 1999) was adopted in 245 

this study to quantify the drag and inertia coefficients based on the Morison equation (i.e. 246 

equation (1)) using the time series of streamwise forces �� exerted on each cylinder. The least-247 

squares method relies on minimization of the error between the calculated and approximated 248 

force time series and yields constant values of drag and inertia coefficients. Despite the 249 

insignificant variation between the forces exerted on the individual cylinders in the staggered 250 

arrays (<5%), the force results presented here for each array refer to the results of the cylinder 251 

located at the origin of the coordinating system near the centre of the domain (shown as a grey 252 

cylinder in Figure 2a) for the sake of consistency among the presented results. 253 

 254 
Figure 2 (a) The model domain and arrangement of cylinders. Dashed lines show mesh blocks boundaries. 255 

(b) One set of the computational grid, consisting of a mesh block around cylinder (block A) and H-grid mesh 256 
block in interstitial spaces (block B). Note that every second mesh line is shown in panel b. 257 

3.3 Model Configuration 258 

The computational domain includes 12 cylinders (Figure 2); however, to mimic an infinite array 259 

of cylinders, cyclic boundary conditions were imposed in the streamwise and transverse 260 

directions. At the cylinder surfaces, a no-slip condition was applied. The array densities (�) 261 

were determined by adjusting the cylinder spacing F (Figure 2a). In this study, six array 262 

densities � were modelled: � = 0.02, 0.06, 0.1, 0.14, 0.18 and 0.22. As E = 1 X2� �⁄⁄ , this 263 

corresponds to E = 8.86, 5.12, 3.96, 3.35, 2.95 and 2.67. The selected values of � cover the 264 

densities of a wide range of aquatic vegetation from typical marsh grasses (Nepf, 2011b) to 265 

mangroves (Mazda et al., 1997). 266 
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The grid topology consisted of twelve sets of cells (one for each cylinder), with each set 267 

consisting of a block around the cylinder (block A) and a H-grid block in the interstitial spaces 268 

(block B, Figure 2b). The H-grid block was uniformly spaced but the size of the grids in the block 269 

around cylinders decreased as each cylinder is approached. The details of the grid for each array 270 

density are summarized in Table 1. In all simulations, the cell sizes adjacent to the cylinders 271 

were chosen such that the maximum dimensionless wall distance of the first cell ^_ (= ^�∗ 0⁄ , 272 

where �∗ denotes the wall friction velocity and ^ the normal distance from the wall) was kept 273 

below 1. 274 

Table 1 The Model Canopies and Grid Configurations Employed 275 

Density, � Spacing, E 

Grid points in each set 

Total Number 

of Grid Points 

�� 

(��W = 100) 

Block A, ab × a' + 4 ×a� × ad 

Block B, a� × ad 

0.02 8.86 280×99 + 4×9×79 88×88 459,696 

2, 5, 10, 15, 

20, 30, 40, 50 

and 100 

0.06 5.12 280×90 + 4×9×79 88×88 429,456 

0.10 3.96 280×82 + 4×8×78 86×86 394,224 

0.14 3.35 280×81 + 4×8×78 86×86 390,864 

0.18 2.95 280×80 + 4×8×78 86×86 387,504 

0.22 2.67 280×78 + 4×8×78 86×86 380,784 

 276 

The simulations were allowed to run for 10 oscillation periods before any data was collected 277 

and then the flow parameters were measured over at least 50 oscillation cycles. Simulations 278 

were carried out at a �� of 100 and at 9 different �� (i.e. 2, 5, 10, 15, 20, 30, 40, 50 and 100) for 279 

each canopy density to cover the expected inertia (�� < 7), drag-inertia (7 ≤ �� < 20) and 280 

drag dominated (�� ≥ 20) regimes. In addition, simulations of flow around a single cylinder at 281 

the same �� and �� were conducted to provide a reference for how the flow structure and force 282 

coefficients are modified for cylinders in a canopy array. 283 

3.4 Model Validation 284 

To validate the model, the numerically computed force coefficients (drag and inertia) and 285 

velocity profiles of flow around a single cylinder were compared with experimental data. Four 286 

additional two-dimensional and two three-dimensional simulations were conducted to compare 287 

the current model results of �� and �� with the experimental results of Kuhtz (1996) that 288 

investigated the forces exerted on a single circular cylinder in oscillatory flow at �� ��⁄ = 53. 289 

In the three-dimensional simulations, the length of the cylinder was always greater than 10� in 290 

order to obtain reliable force coefficient estimates (Labbé and Wilson, 2007). In addition, 291 

periodic boundary conditions were imposed on the top and bottom boundaries to mimic a 292 

cylinder with infinite length. There was very good agreement between the two-dimensional 293 

numerical and experimental results (with an average error of 8.6% for �� and 7.1% for �� 294 

across all simulations; Figure 3). Three-dimensional results are very close (within ~4% on 295 

average) to the two-dimensional results, confirming the insignificance of any three-296 

dimensionality effects for the flow conditions considered. Further validation of the present 297 

numerical model was achieved by comparing the calculated velocity profiles with the 298 

experimental results of Dütsch et al. (1998). In their experiments, Dütsch et al. (1998) used 299 

Laser Doppler Anemometry (LDA) measurements to study the flow induced by the harmonic in-300 
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line oscillation of a circular cylinder in water otherwise at rest. Figure 4 compares the present 301 

model results of streamwise and transverse velocity components profiles with experimental 302 

data at four cross sections and two phase angles. Note that in the present numerical model, the 303 

cylinder was fixed in position and exposed to oscillating fluid, while in the Dütsch et al. (1998) 304 

experiments the cylinder was forced to oscillate in otherwise still water. Therefore, the 305 

coordinates and velocity were transformed as (Tong et al., 2015): e = 	 + �f �⁄ � sing, 306 

g = V − h
i, �j� � = �� � − sin�2� � and Hj� � = H� �. Here	f is the amplitude of the movement 307 

in the experimental study of Dütsch et al. (1998), e, g, �j and Hj, respectively, describe the 308 

horizontal coordinate, the phase angle, the horizontal velocity component and the vertical 309 

velocity component in the experimental study, and 	, V, � and H are, respectively, the 310 

corresponding variables in the present study. The numerical results agree well with the 311 

measured data (averaged RMS error of 0.06).  312 

The mesh used to simulate oscillatory flow around a single cylinder has a total number of grid 313 

points of 83,100 with 280 grid points on cylinder surface. Note that in initial sensitivity tests, we 314 

observed that using a finer mesh had a negligible influence on the results and therefore the 315 

same mesh scheme was applied to generate the mesh around cylinders in arrays. 316 

 317 
Figure 3 Comparison of (a) kl and (b) km of two- and three-dimensional single cylinders in oscillatory flow 318 

calculated by present model and measured in experiments of Kuhtz (1996) for no pk⁄ = qr. 319 
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 320 
Figure 4 Comparison between the present numerical results (lines) of streamwise and spanwise velocity 321 

components, indicated as st and ut, respectively, and the experimental data (symbols) by Dütsch et al. 322 
(1998) for oscillatory flow around a single cylinder with no = vww and pk = q at phase angles x of y and 323 vvy z⁄ . Note that { defines the horizontal coordinates of fixed vertical cross-sections in the experimental 324 

study and the corresponding vertical cross-sections in the present numerical simulations that oscillate with 325 
the flow. The lines indicating numerical results break where the corresponding cross section intersects the 326 

cylinder.   327 

4 Results 328 

4.1 Streamwise Velocity Contours and Streamlines 329 

Investigating the velocity contours and streamlines in an oscillatory flow structure interacting 330 

with bluff bodies can highlighting the significance of mechanisms that potentially affect the 331 

hydrodynamic forces. Of particular interest are velocity contours and streamlines at V = � 2⁄  332 

when the flow velocity and, consequently, the drag forces are at a maximum during each flow 333 

oscillation cycle (Figure 5). For oscillatory flow around a single (isolated) cylinder at �� = 15 334 

and �� = 100, it has been previously shown that diagonal double-pair vortices are formed 335 

(Tatsuno and Bearman, 1990). In this flow regime, two vortices are formed in each oscillation 336 

cycle which are convected away from the cylinder at large angles to the oscillation direction as 337 
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shown in Figure 5a. However, the present simulations reveal that when the cylinders are in an 338 

array this flow structure is broken due to the interactions between the vortices shed from 339 

neighbouring cylinders and flow structure can become irregular depending on the array density 340 

(Figure 5b-c). Furthermore, streamlines in sparse arrays are roughly straight in most of the flow 341 

domain, specifically in areas away from cylinders (Figure 5b). As the array density increases, the 342 

streamlines become increasingly curved which, combined with enhanced local velocities, 343 

indicates acceleration of flow within the constricted cross-sections between cylinders (i.e. the 344 

presence of a blockage effect, section2.1) (Figure 5c and d). On the other hand, areas of deficit 345 

velocity upstream of cylinders inside arrays, indicated by blue shaded areas in Figure 5b-d, 346 

would be contributing to lowering the impact velocity received by the corresponding cylinder 347 

(sheltering effect). Finally, the cylinder wake region shown as the darkest blue areas are 348 

constrained as the array density increases (Figure 5b-d).  349 
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 350 
Figure 5 Instantaneous streamwise velocity component contours superimposed by streamlines at pk = vq 351 
and | = y }⁄  (in the 51st oscillation period) for (a) Single cylinder and arrays with densities of (b) ~ = w. w}, 352 
(c) ~ = w. v and (d) ~ = w. }}. Distorted streamlines at higher array densities combined with enhanced local 353 

velocity indicates higher blockage effect. Regions with velocity deficiency shown as blue regions would 354 
contribute to some sheltering effect. Note that different portions of the corresponding computational 355 

domains are shown in each panel (with only panel d showing the entire computational domain) to keep the 356 
size of the cylinders consistent across all panels. 357 
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4.2 Velocity time series 358 

Assessment of the velocity variations over a full oscillatory flow cycle can further help reveal the 359 

relative importance of sheltering and blockage effects (Figure 6). Specifically, an enhancement 360 

of velocity variations at �	, I� = �0,−0.67� (point 1) can be regarded as an indication of the 361 

importance of the blockage effect. This is mainly because point 1 is located at the constricted 362 

cross section, is not located directly in the area sheltered by the upstream cylinder, and is also 363 

far enough from its adjacent cylinder not to be affected by its boundary layer (Etminan et al., 364 

2017). The velocity variations at point 1 suggest that the blockage effect is negligible at the 365 

lowest ��, since for all canopy densities the velocity variations at point 1 are nearly identical 366 

for that of single cylinder (Figure 6a). However, as �� increases the velocity signature of a 367 

blockage effect increases, with the velocity at point 1 reaching much greater values than for a 368 

single cylinder, especially for the higher canopy densities (e.g. for � = 0.22	in Figure 6e).  369 

The frequency and onset of vortex shedding may also indicate the significance of the blockage 370 

effect (Etminan et al., 2017). The high-frequency velocity fluctuations that occur at frequencies 371 

higher than the free stream oscillation frequency (i.e. 2� .⁄ ) imply the occurrence of vortex 372 

shedding. While such high-frequency fluctuations are not observed at �� = 2 (Figure 6a) due to 373 

lack of vortex shedding, Figure 6c and e clearly show the presence of these high-frequency 374 

fluctuations at higher values of ��. In addition, Figure 6e shows that the vortex shedding 375 

frequency increases with canopy density. The results also indicate that the onset of vortex 376 

shedding for � = 0.22 at �� = 100 becomes significantly delayed compared to other canopy 377 

densities (Figure 6e and f). These results further confirm that the blockage effect is enhanced at 378 

higher �� and canopy densities. 379 

Conversely, velocity variations at �	, I� = �1.34,0� (point 2) can reveal the significance of the 380 

sheltering effect given that this point is positioned within an expected sheltered area by an 381 

immediate upstream cylinder. The sheltering effect also appears negligible at �� = 2 (Figure 382 

6b). However, as �� increases the velocity at point 2 is observed to be significantly lower than 383 

the free stream velocity indicating some significant sheltering (Figure 6d and f). The sheltering 384 

effect is stronger for the canopy with density of � = 0.02 than denser canopies. Note that except 385 

for � = 0.22, in which the point 2 is located at the midpoint of a streamwise line connecting two 386 

neighbour cylinders (and therefore equally sheltered by the upstream cylinder in each half cycle 387 

of flow oscillation), for lower canopy densities the point 2 is closer to its upstream cylinder in 388 

the first half cycle of oscillation (0 < V < �) than the second half cycle (� < V < 2� ). This 389 

results in weaker sheltering and higher velocity, particularly within the second half cycle 390 

(Figure 6d and f). However, the observed equal sheltering effect for the canopy with the density 391 

of � = 0.22 is only true for the perfectly staggered canopy used in this study and is not 392 

necessarily the case for a random canopy with the same density. 393 
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 394 
Figure 6 Variations of streamwise velocity component during one period of oscillation at two selected points 395 

compared to free stream velocity. The locations of point 1 and point 2 are ��, �� = �w,−w. z�� and ��, �� =396 �v. r�, w�, respectively, and fixed for all canopy densities. At	pk = }, variations in the velocity at points 1 and 397 
2 are close to those of single cylinder indicating weak blockage and sheltering effects, respectively. As pk 398 
increases, the blockage and sheltering effects are enhanced specifically for the higher and lower density 399 

canopies, respectively.  400 

4.3 Transverse Force Fluctuations 401 

The transverse forces exerted by cylinders inside an array vary with both �� and canopy 402 

density (Figure 7). At very low �� (i.e. �� ≲ 7), the oscillation period is too short for vortex 403 

shedding to occur and the vortices remain attached to the cylinders, which results in negligible 404 

transverse forces (Figure 7a). However, as the �� increases, the transverse forces become 405 

noticeable due to the vortex shedding. In addition, at high ��, where the flow excursion 406 

amplitude is much larger than the cylinder spacing (i.e. �� E⁄ > 6 or ��√� > 7.5), and for a 407 

cylinder spacing equal to or larger than a critical spacing EB (≈ 3.3 − 4), the vortices shed from 408 

each cylinder impinge on a downstream cylinder, enhancing the transverse force relative to a 409 

single cylinder (Figure 7b). Such a sudden rise in transverse force at E = EB  has previously been 410 

observed to occur with tandem cylinders in unidirectional flow (Sumner, 2010; Zdravkovich, 411 

1977). For example, at �� = 100, the critical spacing of two tandem cylinders has been found to 412 
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be between 3.3 and 4 (Carmo et al., 2010; Sharman et al., 2005). Plotting the root-mean-square 413 

of transverse forces of cylinders in arrays against their corresponding spacing (summarised in 414 

Table 1) reveals that at �� = 100 the critical spacing is within the same range as the critical 415 

spacing sc observed for tandem cylinders in unidirectional flow, i.e. corresponding to � ≃ 0.1 in 416 

the present study (Figure 7c). Note that since the flow acceleration is inversely related to ��, at 417 

high �� the flow acceleration becomes insignificant and the oscillatory flow in each half cycle 418 

approaches the results corresponding to a unidirectional flow. The observed variations of 419 

transverse forces with �� and canopy density are used to justify the variations of drag forces in 420 

section 4.5. 421 

 422 
Figure 7 (a) Root-mean-square of transverse forces ��,�m� experienced by cylinders in array are negligible at 423 

small pk numbers but can significantly increase with pk depending on array density. (b) The variations of 424 
the ratio of ��,�m� of cylinders in array to that of single cylinder (��,�m� ��,�m������k��⁄ ) with pk �⁄  confirms the 425 
enhancement of ��,�m� for pk �⁄ > z and � > ��. (c) At a critical spacing �� the root-mean-square of transverse 426 
forces drastically increases for both cylinders in array exposed to oscillatory flow and downstream cylinder 427 

of a pair of tandem cylinders subjected to unidirectional flow. The value of �� for no = vww for both 428 
unidirectional and oscillatory flow is between 3.3 and 4. 429 

4.4 Streamwise and transverse force time series 430 

Both the streamwise and transverse force time histories of cylinders in arrays are greatly 431 

affected by �� and array density (Figure 8). At low ��, there is a large phase-shift between the 432 

streamwise force and free stream velocity (i.e. given that this coincides with an inertia 433 

dominated regime, Figure 8a); however, at high �� the streamwise force and free stream 434 

velocity are nearly in-phase (i.e. within a drag dominated regime, Figure 8e). The amplitude of 435 

the streamwise force varies inversely with array density at low �� (Figure 8a) when the 436 

streamwise force is dominated by the inertia force. This reduction in the streamwise force 437 

amplitude is due to the dependency of inertia force on the bulk of fluid in the pore spaces 438 
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between cylinders, which decreases with array density (Anagnostopoulos and Minear, 2004). In 439 

the intermediate drag-inertia regime there is no appreciable change in the streamwise forces 440 

with varying array density (Figure 8c); however, at high �� the streamwise forces become 441 

substantially larger at higher array densities (Figure 8e). The transverse forces are negligible at 442 

small �� (Figure 8b) due to the lack of vortex shedding, but increase notably with �� such that 443 

for � = 0.1	at some instances the transverse force is larger than the streamwise force (Figure 8d 444 

and f). This was also observed in Figure 7. In addition, the transverse force fluctuations that 445 

indicate shedding of vortices show that the vortex shedding frequency increases and also delays 446 

with increasing density for a given �� in the drag-dominated regime (Figure 8f). The variations 447 

in the streamwise force amplitude and transverse force fluctuations with �� and � can provide 448 

indications of the significance of the different potential mechanisms governing canopy drag 449 

forces introduced in section 2, which are assessed further in section 5 (Discussion) below. 450 
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 451 
Figure 8 Variations in the streamwise force �� and of the transverse force ��  within one oscillatory flow 452 

cycle for pk = }, 15 and 100. The free stream velocity is included as a phase reference. The streamwise force 453 
amplitude decreases with array density at low pk while the opposite is correct for large pk. The frequency of 454 

transverse force fluctuations increases with canopy density. 455 

4.5 Drag Coefficient 456 

The drag coefficients for cylinders in array vary with both �� and the array density (Figure 9). 457 

At low ��, where the flow is inertia-dominated, the drag coefficientE	��,W	(based on the pore 458 

velocity) of the sparse arrays (� < 0.14) are very close to that of a single cylinder and even for 459 

denser arrays (� ≥ 0.14) the drag coefficients are comparable (within 10% �. However, in 460 

intermediate drag-inertia regime (7 < �� ≤ 20), when �� increases the drag coefficient curves 461 
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for different canopy densities markedly diverge, such that ��,W		varies from ~1.5 to ~2.5 in the 462 

drag-dominated regime (�� ≥ 20). Drag coefficients generally increase with canopy density in 463 

the drag-dominated regime, similar to the trend observed for unidirectional flow (Etminan et 464 

al., 2017). The drag coefficients of � = 0.02 and 0.06 are lower than denser arrays for the full 465 

range of �� studied here (except for �� = 2) and roughly follow the single cylinder �� curve. 466 

The cylinders in arrays with densities of � = 0.18 and 0.22 are observed to have the highest 467 

drag coefficient except for the largest ��. We also note that the drag coefficient enhancement of 468 

cylinders in arrays with densities of � = 0.10 and 0.14 for �� > 30 is consistent with the 469 

increase in their �d,'�� (Figure 7a). 470 

 471 
Figure 9 Variation of drag coefficient kl,� (based on the pore velocity, ��) with pk for a single cylinder and 472 

cylinders in arrays with various densities. For most of the pk studied here, kl increases with ~. The trend of 473 ~ = w. vw and 0.14 curves follow the variations of ��,�m� curves of the same array densities (Figure 7a). 474 

5 Discussion 475 

Two mechanisms responsible for modifying canopy drag coefficients relative to that of a single 476 

cylinder were introduced in section 2: the blockage effect and the sheltering effect. A discussion 477 

on the relative importance of these mechanisms now follows. 478 

The results indicate that an oscillatory flow through canopy arrays have many features in 479 

common with a wall-confined flow past a single cylinder, particularly in the drag-dominated 480 

regime (�� ≥ 20) for medium to high density canopies (� ≥ 0.06; see Figure 9). The flow 481 

velocity around each cylinder inside an array increases significantly with density (Figure 5c-d 482 

and Figure 6c and e). This enhancement in local velocity within the constricted cross-section 483 

acts to decrease the cylinder wake pressure, similar to what was observed for unidirectional 484 

flow by Etminan et al. (2017). Moreover, the cylinder wake area contracts as the canopy density 485 

increases (Figure 5c-d). Similarly, studies on wall-confined flow around cylinders have shown 486 

that the cylinder base pressure and cylinder wake area both increase considerably at increasing 487 

blockage ratio, defined as the ratio of cylinder diameter to the width of constricted cross section 488 

(Mabuchi and Hiwada, 1987; Modi and El-Sherbiny, 1971; Singha and Sinhamahapatra, 2010). 489 

In addition, the vortex shedding frequency, as reflected in the transverse force oscillations, were 490 

found to increase with array density (Figure 8d and f). This is also a signature of an 491 

enhancement of the blockage effect with array density, as it is well-accepted that for wall-492 

confined flows the vortex shedding frequency increases substantially with blockage ratio 493 

(Mabuchi and Hiwada, 1987; Mitry, 1977; Toebes and Ramamurthy, 1970). Finally, the onset of 494 

vortex shedding has been shown to be delayed at higher blockage ratios which is also consistent 495 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

with present results, e.g. as evident by the postponed vortex shedding for an array with density 496 

of 0.22 at �� = 100 (Figure 8f). 497 

The analogy between canopy flow and wall-confined flow in the drag-dominated regime 498 

indicates the significance of the blockage effect in canopy flows and can be used to predict the 499 

canopy drag coefficient. For unidirectional flow, it has been shown that using the constricted 500 

cross-section velocity &B  as the reference velocity makes it possible to estimate the canopy drag 501 

coefficient with the existing formulations for predicting single cylinder drag coefficient as 502 

(Etminan et al., 2017): 503 

 ��,B = 1 + 10��B�* �⁄
 (7) 

where ��B is the Reynolds number based on &B  as the reference velocity (&B� 0⁄ ). Similarly, in 504 

oscillatory flow the blockage effect governs the enhancement of the canopy drag coefficient in 505 

the drag-dominated regime (�� ≥ 20). In addition, the second term on the right-hand side of 506 

equation (1) is inversely related to �� which indicates that the inertial forces in the drag-507 

dominated regime (i.e. large ��) are insignificant and oscillatory flow is expected to behave 508 

equivalent to a corresponding unidirectional flow. Therefore, we suggest using equation (7) to 509 

estimate the canopy drag coefficient in the drag-dominated regime (�� ≥ 20). To verify this 510 

approach for high KC oscillatory flow,  the ��,W of the present study  and experimental results of 511 

Ozeren et al. (2014) (�� < 4500) were also compiled for those conditions in the drag-512 

dominated regime (�� ≥ 20) and then converted to ��,B as ��,W &W* &B*⁄ . While the conventional 513 

approach of predicting the canopy drag coefficient (��,W) based on the pore velocity (Up) in the 514 

drag dominated regime deviates substantially from the �� of a single cylinder in unidirectional 515 

flow (Figure 10a), a comparison of the measured ��,B of canopies with those calculated using 516 

equation (7) shows good agreement (Figure 10b), thus confirming the validity of using this 517 

approach in the drag-dominated regime.  518 

 519 
Figure 10 (a) Large deviations of measured kl,� of canopies averaged over the drag-dominated regime 520 

(pk > }w) from kl of single cylinder in unidirectional flow and (b) good agreement between the measured 521 kl,� of canopies in the present study and experimental study of Ozeren et al. (2014) with calculated values of 522 kl,� using equation (7) plotted in terms of canopy density ~. Error bars indicate standard deviations. 523 

The results also indicate that the drag and transverse forces exerted on cylinders inside an array 524 

are enhanced when the spacing E between tandem cylinders is smaller than the flow excursion 525 
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amplitude (i.e. �� E⁄ > 6 or ��√� > 7.5) and is in the range of a critical spacing EB 	�≈ 3.3 − 4� 526 

(Figure 7 and Figure 9). This is due to the fact that when the cylinder spacing increases toward 527 

EB, each cylinder inside the array departs from the low pressure wake region of its upstream 528 

cylinder, receives vortices shed from it and consequently experiences augmented drag and 529 

transverse forces. This alteration of flow and forces with spacing has been observed for pairs of 530 

tandem cylinders in unidirectional flow (Sumner, 2010; Zdravkovich, 1977). For ��W = 100, the 531 

critical spacing of two cylinders with a tandem arrangement in unidirectional flow has been 532 

shown to be EB = 3.3 − 4 (Carmo et al., 2010; Sharman et al., 2005), which is equivalent to  533 

� = 0.10 − 0.14 for the present staggered configuration (to maintain the same spacing between 534 

any two tandem cylinders within the array). Consequently, we find that the drag coefficients of 535 

arrays with specific densities of 0.10 and 0.14 are enhanced for �� ≳ 30 (Figure 9) and even 536 

exceed the ��,W of the array with a density of 0.22 that is most enhanced by the blockage effect. 537 

It should be noted that for �� E⁄ < 6	(or ��√� < 7.5), either there is no vortex shedding or the 538 

flow excursion amplitude is not large enough for the vortices shed from each cylinder to 539 

effectively impinge on a downstream cylinder and enhance its drag and transverse forces.  540 

Although the sheltering effect was present, it was generally ineffective in substantially 541 

modifying canopy drag, except at very low densities. This is based on the fact that canopy drag 542 

coefficients were clearly enhanced (relative to that of a single cylinder) at medium to high 543 

densities, whereas the sheltering mechanism acts to reduce the drag. The blockage effect and 544 

also the critical spacing (for � = 0.10 − 0.14) ultimately becomes dominant over the sheltering 545 

effect causing the drag coefficients to significantly increase as the canopy density increases 546 

(Figure 9). Therefore, while it was expected that sheltering decreases the canopy drag for 547 

��√� ≥ 1.25 or �� E⁄ ≥ 1, the present results reveal that sheltering is noticeable only at 548 

�� > 15 and in the sparsest canopy (� = 0.02), where the drag force is reduced compared to 549 

that of single cylinder. In such a sparse canopy, the cylinder spacing is greater than the critical 550 

spacing (i.e.  E > EB�	 and also the interactions between neighbouring cylinders are weak, such 551 

that both the critical cylinder spacing effect and the blockage effect are not significant. Finally, it 552 

is important to note that the sheltering effect can be highly arrangement-specific and its 553 

significance in a non-staggered / random array depends strongly on the relative positions of 554 

cylinders, as was illustrated by Etminan et al. (2017) for the case of unidirectional flow. 555 

In the alternative low KC  limit (i.e. �� < 7) where the flow is in the inertia dominated regime, 556 

the  canopy drag coefficients are not significantly affected either by the blockage effect, the 557 

sheltering effect nor the critical cylinder spacing. This is due to the fact that at such low �� the 558 

flow excursion amplitude is small and the interactions between neighbouring cylinders are 559 

limited. Therefore, the canopy drag coefficient in inertia dominated regime can be estimated 560 

based on single cylinder values alone, independent of canopy density. 561 

Finally, we consider the likely applicability of the present study results to a wider range of flow 562 

conditions than in the present study. While only Reynolds number of 100 is considered in this 563 

study, which is at the lower end of practical flow conditions (Ghisalberti and Nepf, 2002), we 564 

postulate that the same general mechanisms and drag coefficient trends would also hold at 565 

higher Reynolds numbers. Several studies have suggested that in the inertia dominated regime 566 

(�� < 7), the mean drag coefficient of group of cylinders is very close to that of a single cylinder 567 

for any given �� (Anagnostopoulos and Dikarou, 2011; Bonakdar et al., 2015; Chern et al., 2013; 568 

Tong et al., 2015). For unidirectional flow, which is considered to be equivalent to drag 569 
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dominated oscillatory flow (�� ≥ 20), it has been already shown that the blockage effect is the 570 

dominant mechanism that governs the canopy drag coefficient over a wide range of Reynolds 571 

number (��B < 6000) and equation (7) can be used to accurately estimate ��,B. Although the 572 

results would strictly be most applicable to emergent canopies, we also suggest that the results 573 

of this study would likely be relevant to dense submerged canopies (:ℎ ≫ 0.1 where : is canopy 574 

frontal area) where flow velocity is independent of depth over most of the height of the canopy 575 

(Nepf, 2011a). The results in this present study specifically focused on canopies in a uniform-576 

spaced array, so further work is needed to assess the extension of the results to random arrays. 577 

However, the results from Etminan et al. (2017) for unidirectional flow found that equation (7) 578 

can predict the bulk drag coefficient of randomly arranged canopies within 10%, thus showing 579 

some promise in extending the present results to random arrays. Lastly and in spite of focusing 580 

on vegetation canopies, investigations on wave loads on cylindrical marine structures, which 581 

are usually arranged as groups of cylinders, may also benefit from the present study results. 582 

6 Conclusions 583 

Numerical simulations of flow through arrays of circular cylinders (with solid fractions ranging 584 

from 0.02 to 0.22) were conducted to investigate the mechanisms responsible for drag 585 

modification within emergent vegetation in oscillatory flow. The simulations covered a wide 586 

range of �� that spanned the inertia-dominated (�� < 7), intermediate drag-inertia 587 

(7 ≤ �� < 20) and drag dominated regimes (�� ≥ 20), while the Reynolds number was kept 588 

constant at 100. The significance of the blockage and sheltering effects in altering the drag force 589 

exerted on cylinders inside an array relative to that of a single cylinder were evaluated. This 590 

analysis revealed that blockage effect is the dominant mechanism responsible for increasing the 591 

canopy drag coefficient in the drag dominated regime for medium to high density canopies 592 

(� ≥ 0.06). A recently proposed drag formulation for canopies in unidirectional flow was found 593 

appropriate to estimate the drag coefficient of canopies in drag-dominated oscillatory flow. 594 

Similar to tandem cylinders in unidirectional flow, it was observed that canopy drag is 595 

augmented for �� E⁄ > 6 (or ��√� > 7.5� when the cylinders spacing was in the range of 596 

critical spacing EB (≈ 3.3 − 4 equivalent to � = 0.14 − 0.10). Sheltering was found to play only a 597 

minimal role, slightly reducing the drag coefficient in sparsest canopies (� ≤ 0.02). In 598 

conclusion, the results of this study indicate that  599 

� In inertia dominated regime (�� < 7), the drag force is not affected by the interactions 600 

between cylinders and canopy drag coefficient and can be estimated based on single 601 

cylinder values alone, independent of canopy density. 602 

� In the drag dominated regime (�� ≥ 20), the blockage effect dominates the drag and 603 

equation (7) can be used to estimate the canopy drag coefficient. 604 

While in the present study the Reynolds number was set at 100, we expect similar mechanisms 605 

govern the canopy drag coefficient at higher Reynolds number but actual drag coefficient values 606 

could be modified.  The results of this study can be used as a basis for developing new predictive 607 

formulations for specifying bulk canopy drag coefficients and quantifying wave attenuation by 608 

coastal vegetation. 609 
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Nomenclature 617 

: canopy frontal area (= � 0.5E*⁄ ) 618 

M� dimensionless pressure gradient 619 

�� drag coefficient (as in equation (1)) 620 

��,B drag coefficient based on the constricted cross-section flow velocity (i.e. &'() = &B) 621 

��,W drag coefficient based on the pore flow velocity &W (i.e. &'() = &W) 622 

�� inertia coefficient (as in equation (1)) 623 

� cylinder diameter (or characteristic width of canopy elements) 624 

�� and �d streamwise and spanwise force components, respectively 625 

ℎ flow depth 626 

� wave height 627 

�� Keulegan–Carpenter number (= &'(). �⁄ ) 628 

^ normal distance 629 

J local and instantaneous pressure 630 

JO reference pressure 631 

� flow discharge 632 

�� Reynolds number (= &'()� 0⁄ ) 633 

��B Reynolds number based on the constricted cross-section velocity (= &B� 0⁄ ) 634 

��W Reynolds number based on the pore velocity (= &W� 0⁄ ) 635 

F cylinder spacing 636 

E dimensionless cylinder spacing (= F �⁄ ) 637 

  dimensionless time 638 

. flow oscillation period 639 

� and H dimensionless streamwise and spanwise flow velocity components, respectively 640 

&'() reference velocity and amplitude of the velocity oscillation 641 

&B average flow velocity in the constricted cross-section, equation (6) 642 

&W pore velocity (= � �ℎ�1 − ��⁄ ) 643 

� channel width 644 

	 and I dimensionless Cartesian coordinates aligned with the mean flow and perpendicular 645 

to the mean flow in the horizontal plane, respectively 646 

� canopy density or solid fraction (= � 2E*⁄  for a cylinder array) 647 

0 kinematic viscosity 648 

% fluid density 649 

V phase angle 650 
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!  dimensional variables 651 
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