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Abstract

The drag induced by flow through vegetation is affected by the velocity, shape of vegetation stems and wake interference among stems. To
account for the interference effects, previous works generally related the bulk drag coefficient of vegetation to the solid volume fraction ϕ of the
vegetated zone, and the trends of the results were found to be inconsistent. In this work, a systematic laboratory study has been carried out to
investigate the effect of the distribution pattern of vegetation stems on the hydrodynamics of gradually varied flow through emergent blade-type
vegetation. The finite artificial vegetation patches of solid volume fractions ranging from 0.005 to 0.121 have been used and the stem Reynolds
number ranges from 500–2600. The longitudinal water surface profiles have been measured, and the effect of increasing roughness density with
respect to varying longitudinal and lateral spacing under the flow conditions is examined. The momentum equation that relates the vegetation
resistant force and water surface profile has been used to obtain the mean bulk drag coefficient Cd of the canopy. The results show that Cd

decreases with increasing stem Reynolds number, decreases with increasing ϕ at fixed lateral spacing due to sheltering effect, and increases with
ϕ at fixed longitudinal spacing due to channeling effect. An empirical equation has been obtained relating Cd to the lateral and longitudinal
spacing instead of ϕ.
© 2016 International Association for Hydro-environment Engineering and Research, Asia Pacific Division. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Vegetation occurs in riverine environment and is commonly
found along the banks, in channel or on the floodplain. It has a
significant influence on the behavior of the fluvial system.
The benefits rendered by vegetation such as storm surge pro-
tection, providing habitat for aquatic animals, bank/channel
stabilization and water quality improvement motivate the
research of vegetated flows. For river and coastal management,
the planting of vegetation along channels and coastal areas
increases the hydraulic resistance, reduces flow speed and
hence erosion. The increasing hydraulic resistance is due to the
viscous and pressure drags on the plants. The pressure drag is
dominating and proportional to the square of the velocity, with
the constant of proportion called the drag coefficient. The

vegetation induced drag and the associated drag coefficient
depends on the properties of vegetation, such as areal density,
flexibility, patchiness, age, seasonality, and foliage (e.g., Li and
Xie, 2011, Nikora et al., 2008, Stone and Shen, 2002; Tanino
and Nepf, 2008, Wu et al., 1999, Yang and Choi, 2009, Zeng
and Li, 2014). The mean drag coefficient of a vegetation zone is
then called the bulk drag coefficient Cd (e.g., Nepf, 1999). In the
simulation of vegetated flows, Cd is an important input param-
eter to the theoretical, (semi)empirical or numerical model and
its accurate estimation is essential (Busari and Li, 2014).

The fact that the areal density of vegetation will affect the
drag coefficient has been recognized in previous studies,
including Fathi-Moghadam and Kouwen (1997), Nepf (1999),
Armanini et al. (2005), James et al. (2004), Righetti and
Armanini (2002), Kouwen and Fathi-Moghadam (2000).
Various studies suggested there are different trends for the bulk
drag coefficient against areal density of vegetation (λ) for cyl-
inder arrays. Nepf (1999) developed a wake interference model
to account for the reduction of drag coefficient of a cylinder in
an array. The model predicts that the bulk drag coefficient
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decreases with the increase in solid volume fraction ϕ. The
model results were supported by some available experimental
data (Kays and London, 1955; Zdravkovich, 1993).

On the contrary, Stone and Shen (2002) found that the bulk
drag coefficient increases with the solid volume fraction for an
array of cylinders with staggered arrangement. The use of the
velocity between the stems as the velocity scale reduces the
bulk drag coefficient, which becomes closer to that of an iso-
lated cylinder. Tanino and Nepf (2008) carried out experiments
to determine drag in a random array of cylinders and found that
the bulk drag coefficient increases with ϕ. The bulk drag coef-
ficient decreases with the increase in stem Reynolds number in
the range of Re = 65–685. Kothyari et al. (2009) measured
directly the drag on a single cylinder within a staggered array of
cylinders and found that the stem drag coefficient increases
logarithmically with ϕ. The bulk drag coefficient slightly
decreases with the increase in stem Reynolds number Re in the
range of Re = 1000–5000. Cheng and Nguyen (2011) reported
the similar trend and determined the Cd-Re relationship for
cylinder arrays using a vegetated-related hydraulic radius as the
characteristic length scale. Cheng (2013) applied the Cd-Re
curve for an isolated cylinder to an array of cylinders using a
generalized Reynolds number.

Most of the previous studies focused on rigid cylinders
under uniform flow conditions. For emergent vegetation with
high areal density, uniform flow condition seldom occurs and
the flow will be gradually varied. Li and Tam (2002) have
studied simulated semi-rigid vegetation (using black rubber
rods) under gradually varied flow condition with gentle bed-
slope of 1:1000. The longitudinal momentum equation was
used to determine the mean bulk drag coefficient through the
matching of the computed and measured water surface profiles.
While the use of circular cylinders to simulate vegetation
stems is common, some species of vegetation are of blade type.
There is not much study of vegetated flows with blade type
elements. Available works include Nezu and Sanjou (2008),
Yang and Choi (2009). All these works focus on the flow and
turbulent characteristics of the vegetation under submerged
condition.

Previous works indicate that the bulk drag coefficient may
not solely dependent on the solid volume fraction. The distri-
bution pattern of the stems in the array will be important. The
present study aims to investigate the interference effects among
the vegetation stems through laboratory flume measurements of
gradually varied flow through blade-type vegetation elements.
The longitudinal and lateral spacing between adjacent vegeta-
tion elements are changed in different sets of experiments to
identify the mechanism of flow interference. The bulk drag
coefficient is determined based on the longitudinal momentum
equation for gradually varied flow. An empirical formula relat-
ing Cd and the longitudinal and lateral stem spacing is
proposed.

2. Wake interference effects of multiple stems

Vegetation of finite length and width commonly occurs
along river channels. The flow is often nonuniform and the
water surface profile is gradually varied. The key parameter to

be determined is the bulk drag coefficient for each stem. The
total drag consists of the shear force and the pressure drag,
which is affected by the presence of multiple stems that alter the
flow conditions.

The flow around a single stem will separate at certain loca-
tion on the stem surface, creating a low pressure wake region
behind the stem. The pressure difference between the windward
and leeward surfaces generates the pressure drag. In addition,
the flow will exert a viscous force on the stem surface and
generates a shear friction drag on the stem. The total drag
consists of the pressure drag and the friction drag. For bluff
bodies including vegetation stem, the pressure drag is much
larger than the friction drag.

In an array of stems, the phenomenon is complicated. If a
stem is situated behind an adjacent stem, it will be subjected to
a lower velocity of flow due to the blocking effect of the
upstream stem. If it is located closely to the upstream stem, the
wake behind the upstream stem will be interfered with the eddy
scale limited by the stem spacing. The reduction in velocity and
reduction in the eddy size will lower the pressure drag. The
overall drag reduction effect is called the sheltering effect.

On the contrary, if a stem is situated close to an adjacent
stem transversely, the width of the flow path will be narrowed.
The velocity of flow in the narrow gap will be significantly
increased due to the continuity requirement. A significant
portion of the pressure energy will be converted into the kinetic
energy, resulting in a further decrease of the pressure at the
wake region behind the stem. The drag will then be increased
due to the larger pressure difference across the stem. The
overall drag increase effect is called the channeling effect.

Understanding the “sheltering” and “channeling” effects can
be useful for river restoration. The former can be used as an
erosion control mechanism and provide a favorable habitat for
aquatic animals. The latter can enhance solute transport and
reduce sediment accumulation. To strike a balance between the
ecological preservation and hydraulic resistance reduction, veg-
etation management can take account the interference effects
among individual stems.

3. Theory

The drag force on a piece of vegetation due to fluid flow can
be expressed as
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Where µ (N s/m2) is the viscosity,
�
u (m/s) is the velocity

vector at the vegetation surface,
�
n is the outward unit normal

vector on Sc, Sc (m2) denotes all surfaces, p (N/m2) is the pres-
sure. On the right hand size of Eq. (1), the first term represents
the viscous shear force and the second term represents the
pressure force due to the wake. In general, the viscous shear
force is small and a nondimensional drag coefficient is used to
characterize the drag force as follows:
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