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ABSTRACT 
 
 
Better understanding of the role of vegetation in the transport of fluid and pollutants requires 

improved knowledge of the detailed flow structure within the vegetation. Instead of spatial 

averaging, this study uses discrete measurements at multiple locations within the canopy to 

develop velocity and turbulence intensity profiles and observe the changes in the flow 

characteristics as water travels through a vegetation array simulated by rigid dowels. Velocity 

data were collected with a one dimensional laser Doppler velocimeter (LDV) under single layer 

emergent and submerged flow conditions, and through two layers of vegetation.  The effects of 

dowel arrangement, density, and roughness are also examined under the single layer 

experiments. The results show that the velocity within the vegetation array is constant with depth 

and the velocity profile is logarithmic above it. The region immediately behind a dowel, where 

the vorticity and turbulence intensity are highest, is characterized by a velocity spike near the bed 

and an inflection point near the top of the dowel arrays. With two dowel layers, the velocity 

profile in the region behind a tall dowel exhibits multiple inflection points and the highest 

turbulence intensities are found there.
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Chapter 1 Introduction 

 
 
Vegetation is known to increase bank stability, reduce erosion and turbidity, provide habitat for 

aquatic and terrestrial wildlife, attenuate floods, present aesthetic properties, and filter pollutants. 

Until the last two decades, little is understood about how the flow structure is affected by the 

presence of vegetation. In recent years, more research effort has been devoted to understanding 

the role that vegetation plays on flow behavior by measuring velocity profiles, turbulence 

intensity, drag, and developing models based on these measurements. However, most 

investigators utilize spatial averaging of velocity measurements, which ignores the complex 

phenomena that occurs within the flow. The flow behavior changes significantly depending on 

the measurement location in relation to the vegetation. It is important to capture velocity data 

from multiple locations within a vegetation array in order to fully understand the flow 

characteristics and how it changes as it travels through the array. In addition, most studies focus 

on flow through an emergent or submerged vegetation array. In natural environments, multiple 

vegetation layers exist from grasses to shrubs to trees. Examining how multiple layers of 

vegetation affects the flow is necessary to understand the physical processes involved. 

 

This thesis investigated how the flow behavior changes as it flows through both a single layer of 

emergent and submerged array of simulated vegetation by measuring velocity at multiple 

locations within the array. The locations were selected in such a way that they can be used as a 

template to represent the flow characteristics anywhere within the array. This concept was then 

applied to flow through two layers of simulated vegetation. The major findings are organized 

into two chapters (Chapters 2 and 3), which are self contained manuscripts. 
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The manuscript in chapter 2, “An Experimental Study of Flow through Rigid Vegetation” was 

accepted for publication by the Journal of Geophysical Research - Earth Surface, but has not 

been published. This manuscript is written by D. Liu, P. Diplas, J. D. Fairbanks, and C. C. 

Hodges. The first author has received permission by the co-authors to use this manuscript in this 

thesis. The manuscript in chapter 3, “A Double Layer Approach to Flow through Rigid 

Vegetation Hydrodynamics” was submitted for review to Environmental Fluid Mechanics. This 

manuscript is written by D. Liu, P. Diplas, C. C. Hodges., and J. D. Fairbanks The first author 

has received permission by the co-authors to use this manuscript in this thesis. 

 

Chapter 2 describes the detailed characteristics of flow through a single layer of rigid vegetation, 

simulated by acrylic dowels. This was accomplished by collecting measurements along verticals 

at locations selected to serve as a template to provide an adequate representation of the flow 

conditions and their variability anywhere within the vegetation array. The main focus was to 

examine how the mean longitudinal and vertical velocities, as well as their turbulence intensities, 

were affected by simulated vegetation arranged in emergent and submerged conditions. These 

data were then used to explain the flow behavior observed within the vegetation, especially in the 

regions near the bed and top of the array immediately downstream of a dowel. In addition, the 

effect of dowel density, configuration, and channel bed and stem roughness were examined. 

 

Chapter 3 describes the detailed characteristics of flow through a simulated double layer array of 

rigid vegetation by examining its effects on the velocity and turbulence intensities, as well as 

observing the influence of vegetation density and heights. Velocity measurements were taken 
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along verticals at multiple locations to adequately represent the conditions everywhere within the 

flow and to capture the flow behavior as it moves through the vegetation array. Results from a 

submerged single layer vegetation experiment were used to identify similarities and differences 

in flow patterns with double layer experiments. 
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Chapter 2  An Experimental Study of Flow through Rigid 

Vegetation1 

 

 

Abstract 

Better understanding of the role of vegetation in the transport of fluid and pollutants requires 

improved knowledge of the detailed flow structure within the vegetation. Instead of spatial 

averaging, this study uses discrete measurements at multiple locations within the canopy to 

develop velocity and turbulence intensity profiles and observe the changes in the flow 

characteristics as water travels through a vegetation array simulated by rigid dowels. Velocity 

data was collected with a one dimensional laser Doppler velocimeter (LDV) under emergent and 

submerged flow conditions.  The effects of dowel arrangement, density, and roughness were also 

examined. The results show that the velocity within the vegetation array is constant with depth 

and the velocity profile is logarithmic above it, however the boundaries are marked by inflection 

points. The strongest vortices and turbulence intensities can be found there, especially in the 

region immediately downstream of a dowel. These results support the idea that the flow in the 

region near the bed and at the top of the dowel array is very unstable leading to the formation of 

coherent structures and are areas of significant mass and momentum exchange. 

                                                 
1 Manuscript accepted for publication by the Journal of Geophysical Research - Earth Surface, but has not been 
published. This manuscript is written by D. Liu, P. Diplas, J. D. Fairbanks, and C. C. Hodges. The first author has 
received permission by the co-authors to use this manuscript in this thesis. 
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1 Introduction 

Vegetation has traditionally been viewed as a nuisance and obstruction to channel flow by 

increasing flow resistance and water depth. However, in recent years, vegetation has become a 

major component of erosion control and stream restoration (e.g. Simon et al., 2004). Vegetation 

is known to increase bank stability, reduce erosion and turbidity, provide habitat for aquatic and 

terrestrial wildlife, attenuate floods, present aesthetic properties, and filter pollutants. 

 

Better understanding and possible quantitative assessment of the many benefits provided by 

vegetation in the stream requires improved knowledge of the detailed flow structure. Flow 

through and above agricultural and forest canopies has been extensively studied (e.g. Raupach 

and Thom, 1981), but until recent decades, research of water flow through and above vegetation 

has been sparse. Furthermore, the majority of these studies have focused on the effects of 

vegetation on the bulk flow properties. For example, many researchers have attempted to 

quantify the effects of vegetation on the flow depth into a resistance parameter. Early attempts at 

describing vegetation roughness use the Manning roughness coefficient, n (Petryk and 

Bosmajian, 1975), and the Darcy-Weisbach friction factor, f (Chen, 1976). Such methods 

provide inaccurate estimates. The flow depth in wetlands can change significantly and as a result 

the corresponding Manning n and Darcy-Weisbach friction factor values vary considerably 

(James et al., 2004). To improve resistance relationships, researchers have been simulating 

vegetation with artificial roughness, both flexible and rigid elements, in laboratory flume 

experiments (e.g. Li and Shen, 1973; Tsujimoto et al., 1992, Nepf, 1999; Stone and Shen, 2002; 

Garcia et al., 2004; Ikeda and Kanazawa, 1996; Carollo et al. 2002; James et al., 2004). Most of 

these research efforts focus on determining drag coefficients and empirical formulas for 
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resistance under various vegetation configurations. While it is important to develop empirical 

solutions to vegetative resistance, it is also important to understand the detailed characteristics of 

the flow through vegetation. Some research efforts attempt to describe the flow characteristics 

using velocity and turbulence intensity profiles from a single location in the flow (e.g. Tsujimoto 

et al., 1992). Other studies use spatial averaging of velocity measurements obtained from several 

locations to create a single profile (e.g. Nepf, 1999; Garcia et al., 2004). Such results are 

indicative of bulk flow behavior. 

 

The objective of the present work is to describe the detailed characteristics of flow through rigid 

vegetation. This is accomplished by collecting measurements along verticals at locations selected 

to serve as a template to provide an adequate representation of the flow conditions and their 

variability anywhere within the vegetation array. The main focus is to examine how the mean 

longitudinal and vertical velocities, as well as their turbulence intensities, are affected by 

simulated vegetation arranged in emergent and submerged conditions. In addition, the effect of 

dowel density, configuration, and channel bed and stem roughness are examined. Bulk velocities 

and Manning n are calculated to determine how the vegetation affects the overall flow resistance 

of the channel. 

 

2 Experimental Approach 

The experiments were conducted at the Baker Environmental Hydraulics laboratory at Virginia 

Tech in a water-recirculating, tilting flume with vegetation simulated by acrylic dowels. The 

flume was 4.3 m long by 0.3 m wide and kept at a constant slope of 0.003. The acrylic dowels 

were 76 mm tall and 6.35 mm in diameter. They were attached to a 13 mm thick sheet of smooth 
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Plexiglas bolted to the bottom of the flume. The flow became fully developed within twelve flow 

depths from the start of the dowel section. Beyond that point the flow was uniform. To ensure 

flow uniformity all the way to the channel outlet, stop logs were placed at the end of the flume. 

The simulated vegetation area was 3.0 m long by 0.3 m wide and placed 1.3 m from the entrance 

of the flume. Instantaneous velocity measurements were taken via a Dantec one-dimensional 

laser Doppler velocimeter (LDV), mounted onto a vertical traverse, 2.25 m downstream from the 

start of the vegetated section to ensure that the flow was, on average, fully developed. The 

dowels were arranged either in a staggered [Fig. 1(a)] or linear pattern [Fig 1(c)]. The spacing of 

the dowels was determined by a non-dimensional parameter, s/d, where s is the distance between 

the center of two rows of dowels and d is the diameter of the dowels. 
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Figure 2.1 Measurement locations for (a) Exp 1.1 and 1.4, (b) Exp 1.2 and 1.5, (c) Exp 1.3 and 1.6, and (d) 
Exp 2.1 and 3.1. No measurements were taken in the free stream region when the dowels were fully 
submerged in the experiment set 1. Flow direction is from top of page to bottom. 
 
 
Three sets of experiments were performed. The first set consisted of six experiments with low to 

medium density dowel arrangements and measurement locations at various points behind a 

dowel and in the free stream region. The velocity measurement locations of each experiment, 

shown in Fig. 1(a – c), were selected to observe the variation of the flow as it moved through the 

dowel array. Velocity profiles were obtained at four locations in line with the dowels at equal 

distance intervals starting immediately (2d) behind a dowel (Fig. 1). For some experiments, two 
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more locations were chosen in the free stream region, between lines of dowels. These 

experiments focused only on longitudinal velocity. Velocity readings were taken at 14 -18 

measurement points along the vertical direction at each location for the emergent experiments 

and 20 – 23 points for completely submerged experiments starting approximately 0.5 mm above 

the channel bed. Approximately 5,000 instantaneous velocity readings were taken at each 

measurement point over a period of 20 to 30 seconds. The estimated uncertainty in the mean 

streamwise velocity was 1% while the uncertainty in the RMS velocities was 3%. The 

measurement points were more closely spaced near the bed and further apart near the top of the 

flow. Experiments 1.1 – 1.3 were emergent. Experiment 1.1 had a staggered dowel arrangement. 

Experiments 1.2 and 1.3 were linear with the lowest (s/d = 16) and highest (s/d = 8) dowel 

density, respectively. The dowels in experiments 1.4 – 1.6 were completely submerged and set 

up in the same order as the emergent experiments. The flow rates for the emergent and 

submerged experiments were 0.0057 and 0.0114 m3/s, respectively. The experimental conditions 

for each experiment in this set are summarized in Table 1. 
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Table 2.1 Experiment conditions for emergent (Exp 1.1 – 1.3 and 2.1 – 2.6) and submerged (Exp 1.4 – 1.6 and 
3.1 – 3.6) flow conditions. The dowels were arranged in either a linear (l) or staggered (s) pattern.  Manning n 
values are included, with the control without dowels being 0.01. 

      Velocity     Flow Flow   
Experiment Spacing Submergence Measurement Roughness Rate Depth Manning 

  s/d Condition Direction Bed Dowel (m3/s) (m) n 
1.1 8s Emergent longitudinal Smooth Smooth 0.0057 0.060 0.023 
1.2 8l Emergent longitudinal Smooth Smooth 0.0057 0.071 0.028 
1.3 16l Emergent longitudinal Smooth Smooth 0.0057 0.055 0.020 
1.4 8s Submerged longitudinal Smooth Smooth 0.0114 0.097 0.022 
1.5 8l Submerged longitudinal Smooth Smooth 0.0114 0.101 0.024 
1.6 16l Submerged longitudinal Smooth Smooth 0.0114 0.087 0.019 
2.1 5s Emergent longitudinal Smooth Smooth 0.0044 0.065 0.031 
2.2 5s Emergent longitudinal Rough Smooth 0.0044 0.066 0.032 
2.3 5s Emergent longitudinal Rough Fine 0.0044 0.068 0.034 
2.4 5s Emergent longitudinal Rough Coarse 0.0044 0.074 0.038 
2.5 5s Emergent vertical Smooth Smooth 0.0044 0.065 0.031 
2.6 5s Emergent vertical Rough Coarse 0.0044 0.074 0.038 
3.1 5s Submerged longitudinal Smooth Smooth 0.0114 0.114 0.027 
3.2 5s Submerged longitudinal Rough Smooth 0.0114 0.115 0.027 
3.3 5s Submerged longitudinal Rough Fine 0.0114 0.118 0.027 
3.4 5s Submerged longitudinal Rough Coarse 0.0114 0.119 0.029 
3.5 5s Submerged vertical Smooth Smooth 0.0114 0.114 0.027 
3.6 5s Submerged vertical Rough Coarse 0.0114 0.119 0.029 

 

The second set, which consisted of six experiments, focused on a high density (s/d = 5), 

staggered dowel arrangement under emergent conditions. Velocity measurements were taken at 

six locations, four in line with the dowels starting 1d downstream of a dowel, and two in the free 

stream region, shown in Fig. 1(d). However, due to the density of the dowel arrangement, the 

measurement locations differ from the first set of experiments (Fig. 1). The third set of six 

experiments was exactly the same as the second one, but with the dowels completely submerged. 

Velocity readings were taken at 19 -20 measurement points along the vertical direction at each 

location for the emergent experiments and 31 points for completely submerged experiments 

starting 0.5 mm above the channel bed. A larger number of measurement points were taken near 

the bed. The longitudinal velocity component was measured in Exp 2.1 – 2.4 and 3.1 – 3.4, and 
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the vertical velocity component in Exp 2.5, 2.6, 3.5, and 3.6. Vertical velocity measurements 

were taken by rotating the scope of the LDV 90°. The effects of bed and dowel roughness were 

also tested. Experiments with bed roughness were simulated by 35 grit sand belt sander strips 

with a median grain size diameter (d50) of 0.7 mm glued to the entire bed using waterproof 

adhesive. Dowel roughness was simulated with 100 and 40 grit sandpaper with median grain size 

diameters of 0.2 mm and 0.45 mm in an effort to replicate fine and coarse roughness of tree bark 

or similar types of stems in other vegetation. The flow rates used for the emergent and 

submerged experiments were 0.0044 m3/s and 0.0114 m3/s, respectively. The experiment 

conditions for the emergent and submerged flow runs are summarized in Table 1. 

 

In this paper, a notation within parentheses will follow the experiment number, i.e., Exp 3.3 

( ). Within the parenthesis, the number represents the spacing, the first letter indicates the 

dowel arrangement [linear (l) or staggered (s)], the second letter indicates emergent (e) or 

submerged (s) condition, the superscript letter indicates the presence of bed roughness (b), and 

the subscript letters represent either fine dowel roughness (f), or course dowel roughness (c). No 

sub or superscripts are used when the bed and dowels are smooth. 

b
fss5

 

3 Experimental Results and Discussion 

This presentation and discussion of the experimental results is divided by each major topic: 

longitudinal velocity characteristics, vertical velocity characteristics, and turbulence intensity. 

The effects of bed and dowel roughness are included in each of the sections. The material is 

presented in two parts, flow through emergent vegetation first, and followed by the submerged 

case. This section ends with a discussion on the effects of rigid dowels on flow conveyance. 
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3.1 Longitudinal Velocity Measurements under Emergent Flow Conditions 

3.1.1 Common Characteristics 

Figure 2 depicts the longitudinal velocity profiles under emergent flow conditions for linear [Exp 

1.2(8le) and 1.3(16le)] and staggered [Exp 1.1(8se) and 2.1(5se)] dowel arrangements. These 

include profiles taken in-line with the dowels and profiles in the free-stream region. The location 

of each vertical profile within the dowel array is shown in Fig 1. 
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Figure 2.2 Longitudinal velocity profile of experiments 1.1( ), 1.2( ), 1.3( ) and 2.1( ). The free 
surface is at z = 76 mm. See Fig. 1 for the location of each of the velocity profile. 
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The general trend of these profiles is that the lowest velocity occurs at location 1 immediately 

behind the dowel followed by progressively higher velocity as the flow travels downstream. The 

velocity in the free stream region is always higher than the velocity in line with the dowels. The 
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presence of the dowels has a very noticeable effect on the velocity profiles. At every 

measurement location, the dowels cause the velocity profile to fall into a nearly vertical line 

throughout most of the intermediate depth, followed by a gradual increase in velocity until it 

reaches the free surface. These results are in agreement with those obtained by other researchers 

including Tsujimoto et al. (1992), using a micro propeller current together with a hot film 

anemometer to measure velocity. 

 

For measurements taken in line with the dowels [see Exp 1.1(8se), 1.2(8le) and 2.1(5se) in Fig. 

2], there is a velocity spike near the bed.  It is most pronounced immediately downstream of a 

dowel and decreases as the flow progresses. The velocity spike is probably caused by a 

horseshoe or junction vortex that forms at the base. From Fig. 2, the flow velocity upstream of 

the dowel (location 4) and in the free stream region (locations 5 and 6) are significantly higher, at 

least 2.5 times higher depending on the dowel density, than the velocity directly behind it 

(location 1). The horseshoe vortex draws the faster moving fluid from the surrounding region 

into the base of the dowel causing a spike in the velocity near the bed. This is most evident when 

comparing the velocities behind the dowel and in the free stream region for the high and low 

density arrays. The near bed velocity augmentation is not as well defined for Exp 1.3(16le), 

where the difference in velocity between locations 1 and 5 is much smaller compared to Exp 

1.1(8se), 1.2(8le), and 2.1(5se). The sharp increase in velocity near the bed in high density 

configurations indicates a connection of the more pronounced velocity differential between the 

location behind the dowel and those in the free stream region, and strength of the horseshoe 

vortex. 
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Figure 2.3 Lateral vorticity of Exp 2.1( ) and 2.2( ), represented by squares, and Exp 3.1(5se) and 
3.2( ), represented by diamonds, at measurement location 1, 1d downstream from the dowel. Negative 
(clockwise) vorticity is present at the top of the dowel array and positive (counterclockwise) vorticity is 
present near the bed. 
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The lateral vorticity, ωy, shown in Fig. 3 is calculated by (Sabersky et al., 1999): 

z
u

x
w

y ∂
∂

−
∂
∂

=ω            (2.1) 

 

where u and w are the longitudinal and vertical velocity components, respectively, and x and z 

indicate the longitudinal and vertical directions, respectively. The term xw ∂∂ /  is small in 

comparison to  and is ignored in the present calculation. The vorticity generated near the 

bed is caused by instabilities associated with the inflection point above the velocity spike. 

Rayleigh’s inflection point criterion and Fjortoft’s Theorem (Drazen and Reid, 1981) are 

satisfied in this area, meaning instabilities in the flow are causing it to fold and create intense 

coherent structures. This is reminiscent of the well known mixing-layer problem, though here the 

zu ∂∂ /
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faster versus slower moving fluid arrangement is reversed (Drazen and Reid, 1981; Raupach et 

al. 1996). The higher flow velocity near the bed mixing with the low flow velocity above creates 

rolling counterclockwise vortices. These rollers push the velocity spike away from the bed, 

resulting in less defined velocity augmentations at downstream locations (Fig. 2). 

 

3.1.2 Dowel Arrangements and Density Effects 

The dowel arrangement in Exp 1.1(8se) and 1.3(16le) is similar (Fig. 1), but with Exp 1.1(8se) 

having an extra dowel in the middle of every four dowels, creating a staggered pattern. From Fig. 

2, the additional dowel causes an approximately 30% decrease in velocity.  Li and Shen (1973) 

using cylinders in a flume to create a model for predicting the drag on each cylinder, found that a 

staggered pattern generates more resistance than a linear pattern, possibly because the flow has 

to follow a more tortuous path.  

 

In a low density array, the velocity does not vary significantly. However, in denser arrays, the 

velocities are dependent on location. The mean velocity immediately behind the dowel is 

significantly lower than at any other location. Negative instantaneous velocities are present at 

this location, but the mean velocity is positive. These results support the notion that velocity is 

strongly dependent on plant density and can change significantly depending on location. It is 

therefore inappropriate to describe the flow characteristics by averaging velocities at many 

different locations within a vegetation array into a single profile. 

 

3.1.3 Roughness Effects 
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The grain roughness Reynolds number, ν/Re 50du∗∗ = , for experiments with bed 

roughness[Exp 2.2( ), 2.3( ), and 2.4( )] is 35 for these experiments, indicating the 

bed is transitionally rough. Where 

bse5 b
fse5 b

cse5

gHSu =∗  is the shear velocity, H the flow depth,  S the 

channel bed slope, g the acceleration due to gravity, and ν is the fluid kinematic viscosity. The 

addition of bed roughness, shown in Fig. 4, does not cause any significant changes in the shapes 

of the profiles compared to the smooth bed experiments, with the exception of location 1 and the 

bed region. At location 1, depending on the height of the measurement point, bed roughness 

causes a very large (30 – 130%) decrease in velocity. The rough bed creates up to a 22% more 

pronounced velocity spike near the channel bed indicating that more momentum is drawn from 

the free stream region, where the near bed velocity increases by up to 17%. These result in 

substantially higher values of vorticity in that area (see Fig. 3). Above the bed region, the smooth 

and rough bed vorticity profiles at location 1 are very similar. 

 

Rough dowels can induce a turbulent boundary layer at a minimum cylinder Reynolds number, 

Red = Udd/ν, of 20 000 and cause the drag coefficient to drop (e.g. Sabersky et al., 1999). Ud is 

the depth averaged approach velocity. In the present experiments, the cylinder Reynolds number 

is 1000 and therefore increasing the dowel roughness augments the overall resistance in the 

channel, lowers the velocity and increases the flow depth (Fig. 4 and Table 1). 

 

Under coarse dowel roughness condition, the mean velocity at location 1 is negative for almost 

the entire flow depth, indicating the presence of an adverse pressure gradient creating strong 

suction away from the downstream side of the dowel. In addition, due to the decrease in velocity 

at every location under both dowel roughness conditions, the velocity differential between the 
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downstream region and the surrounding free stream and upstream regions is smaller, resulting in 

a less pronounced velocity spike. However, there is a more pronounced secondary minimum 

above the high velocity spike. 
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Figure 2.4 Comparison of the longitudinal velocity profiles under various bed and dowel roughness 
conditions for Exp 2.1( ), 2.2( ), 2.3( ), and 2.4( ). se5 bse5 b
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3.2 Vertical Velocity Measurements under Emergent Flow Conditions 

The first vertical velocity measurement is taken at about 5 mm from the channel bed. Figure 5 

compares the vertical velocity profiles of the smooth bed and dowel [Exp 2.5( )] to the rough 

bed, coarse dowel experiment [Exp 2.5( )].  In general, a strong upward velocity is present 

near the bed immediately behind the dowel and dissipates as the flow moves downstream. The 

upward flow near the bed at location 1 is much more pronounced with bed and coarse dowel 

se5

b
cse5
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roughness. The positive near bed velocity is consistent with the vorticity results shown in Fig. 3. 

The additional bed roughness results in a velocity profile with a sharper inflection point which 

likely triggers more vigorous instability and associated coherent structures, evidenced by the 

vorticity augmentation near the bed by a factor of four (Fig. 3). The increase in vorticity leads to 

an increase in the local vertical velocity by a factor of three. Based on momentum balance and 

continuity, the higher momentum fluid moving towards the dowel from the free stream region 

displaces the slower fluid behind the dowel. Due to the solid boundary, the local fluid has 

nowhere to go but up. 
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Figure 2.5 Vertical velocity profile for Exp 2.5( ) with smooth bed and dowels and 2.6( ) with rough 
bed and coarse dowel roughness. 
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In the intermediate region, at locations 2 and 3, the flow is characterized by weak downward 

velocity for the upper 75% of the flow depth. For the remaining region adjacent to the bed, 
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upward velocity is present, possibly a remnant of the flow pattern developed at location 1. At 

location 4, the flow is downward throughout the entire flow depth, a behavior consistent with 

prior observations on flows upstream of an obstruction. With bed and dowel roughness, the 

downward velocity is lower near the free surface. At the free surface, all of the locations in line 

with the dowel have negative velocities, which force the higher momentum flow at the free 

surface deeper into the dowel array causing an increase in longitudinal velocity in the upper 20% 

of the flow depth. The velocity in the free stream region is positive near the free surface, 

especially at location 5, and negative near the bed. 

 

The vertical velocity data was input into SURFER (surface mapping software) to generate the 

contour images illustrated in Fig. 6. The dotted lines are the zero velocity contours. Darker and 

lighter regions represent negative and positive velocity, respectively. Figure 6(a) provides a view 

of the vertical plane along locations 1, 3, and 5 looking upstream. Figure 6(b) is a view of the 

vertical plane along locations 2, 4, and 6 looking upstream. Figure 6(c) is a view of the vertical 

plane along locations 1, 2, 3, and 4, showing the behavior of the vertical velocity as the flow 

passes the dowel. These plots facilitate the observation of the complex behavior of the vertical 

component at selected vertical planes within the dowel array. 
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Figure 2.6 Shaded contour images for Exp 2.5( ) showing vertical velocity under emergent flow conditions 
along a vertical plane cutting through (a) locations 1, 3, and 5, (b) locations 2, 4, and 6, and (c) the locations in 
line with the dowels. The solid arrows indicate the flow direction and the arrows with the broken line indicate 
the location of the cross section. See Figure 3 for these positions with respect to the dowels.
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3.3 Turbulence Intensity under Emergent Flow Conditions 

Turbulence intensity is defined as: 

1
)(

'
2

−

−
= ∑

sN
uu

u           (2.2) 

where u is the instantaneous value of the longitudinal velocity component, u is the mean 

velocity, and Ns is the number of velocity samples. Typical longitudinal turbulence intensity 

profiles for emergent flow conditions with smooth dowels and channel bed are shown in Fig. 7, 

represented by Exp 2.1(5se). The shape of the profile at each location is nearly a vertical line. 

However, its magnitude varies considerably with location. The highest turbulence intensities are 

found immediately downstream of a dowel and the weakest ones are in the free stream region. 

The former is caused by eddies shedding from the sides of the cylinder in an alternating fashion, 

the von Karman vortex street. 

 

Wake generated turbulence has a much smaller length scale compared to shear generated 

turbulence, and is therefore quickly dissipated (Raupach and Shaw, 1982) causing the turbulence 

intensity to decrease with downstream distance. This phenomenon is shown in Fig. 7 where there 

is a significant decrease in turbulence intensity between location 1 immediately downstream of a 

dowel and location 2 further downstream. In the free stream region, shear generated turbulence 

near the bed dominates. This is shown in Fig. 7 where the turbulence intensity increases near the 

bed for locations 5 and 6. 
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Figure 2.7 Comparison of the longitudinal turbulence intensity profiles of Exp 2.1( ), 2.2( ), 

2.3( ), and 2.4( ) at each of the six measurement locations. 
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Under rough bed and smooth dowel conditions, the turbulence intensity profiles are very similar 

to those without bed roughness, except at location 1. In open channel flow without dowels, the 

turbulence intensity decreases with increasing sand roughness size (Nezu and Nakagawa, 1993). 

The roughness only affects the region near the bed (Fig. 7). At location 1, the turbulence 

intensity near the base of the dowel is markedly lower compared to the smooth bed profile. This 

phenomenon is also present at location 2. Above the bed region, the longitudinal turbulence 

intensities are similar for all locations. This is consistent with open channel experiments at the 

lower limit of fully rough flow by Dancey et al. (2000). The addition of dowel roughness on top 

of the bed roughness, causes approximately a 10% increase in turbulence intensity at the 

locations in line with the dowels and a 30% increase in the free stream region, compared to the 

smooth bed, smooth dowel condition (Fig. 7). 
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Figure 2.8 Comparison of the vertical turbulence intensity profiles between the smooth bed, smooth dowel 
[exp 2.5( )] and the rough bed, rough dowel configurations [exp 2.6( )]. se5 b

cse5
 

Vertical turbulence intensity profiles, shown in Fig. 8, are similar to the longitudinal profiles. 

Their shape is nearly a vertical line, with the highest intensity values measured immediately 

downstream of a dowel and lowest values in the free stream region. The vertical turbulence 

intensities under conditions of rough bed and coarse dowel roughness are also shown in Fig. 8. 

An increase of approximately 20% in vertical turbulence intensity compared to the completely 

smooth condition is observed at all locations in line with the dowels. In the free stream region, 

the increase is approximately 35% to 40%. This is not consistent with vertical turbulence 

intensities measured in open channel flow with transitional or nearly rough bed. The vertical 

turbulence intensity over a transitional bed, 7.59< Re*<10.34, is less than that of a smooth bed 
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(Bigillon et al., 2006). The vertical turbulence intensity over a bed with Re* = 68 is nearly the 

same as over a smooth bed (Dancey et al., 2000). 

 

Wake generated turbulence influences the longitudinal turbulence intensity to a greater extent 

than the vertical turbulence intensity because of the placement of the dowels with respect to the 

flow direction. The magnitude of the longitudinal turbulence intensity at location 1 is 30% 

greater than the vertical one. Both intensities in the free stream region are nearly identical to each 

other, which suggest that turbulence intensity may be nearly isotropic in the free stream region. 

 

3.4 Longitudinal Velocity Measurements under Submerged Flow Conditions 

3.4.1 Flow Characteristics 

The flow characteristics inside the array of fully submerged dowels are similar to the emergent 

ones. A velocity spike near the bed is present at the locations in line with the dowel, the 

intermediate region is characterized by near constant velocity, and the velocity increases near the 

top of the dowel array. These similarities are shown in Fig. 9 at three representative 

measurement locations for Exp 2.1(5se) and 3.1(5ss). The velocity for both emergent and 

submerged dowels having the same arrangement is nearly the same despite the fully submerged 

condition having a flow rate more than twice that of the emergent flow case. These results appear 

to be consistent with those of other researchers, e.g. Tsujimoto et al. (1992).  

 

Under fully submerged conditions, the increase in velocity near the top of the dowel array is 

associated with an inflection point. Ikeda and Kanazawa (1996) and Poggi et al. (2004), among 

others, in experiments with simulated flexible and rigid vegetation, respectively, observed an 
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inflection near the top of the vegetation layer as well. The inflection point is associated with 

Kelvin-Helmholtz instabilities caused by two co-flowing streams of different velocities, 

described by Raupach et al. (1996), Finnigan (2000), and Ghisalberti and Nepf (2002) with a 

mixing layer analogy. The two fluids will cause the flow to fold in a clockwise motion, creating 

rolling vortices that become larger in the downstream direction, forcing the inflection point 

deeper into the array. This is in agreement with the profiles shown in Fig. 9, where the inflection 

point occurs deeper into the dowel array as the flow moves further downstream of the dowel. 

This is a mirror image of the phenomenon in the vicinity of the bed described in section 3.1.1. In 

a low density configuration [Exp 1.6(16ls)], the inflection point, and the faster moving flow 

above the dowels, penetrate even deeper into the array. 
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Figure 2.9 Comparison between the partially and fully submerged velocity profiles of experiments 2.1( ) 
and 3.1( ) at (a) location 1, (b) location 3, and (c) location 5. The dashed line indicates top of dowel array. 
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Under a dense configuration [Exp 3.1(5ss)], the velocity profiles above the dowel array from all 

measurement locations appear to converge into a single logarithmic profile. In contrast, the 

velocity profiles under the low density configuration do not appear to collapse onto a single 
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logarithmic profile, which suggests the high density dowel array acts as a set of roughness 

elements above the bed. More specifically, the velocity profile at all six locations above the 

dowel array for Exp 3.1(5ss) are very well represented by the following semi-logarithmic 

expression having a slip velocity at its origin near the inflection point (see Fig. 10): 

5.8
)(

ln)( 1

*

+
−

= −

s

h

k
dz

k
u

zu          (2.3) 

where k is the von Karman constant = 0.4, ks is Nikuradse’s equivalent sand grain roughness = 

.034 m, and dh = the zero-plane displacement height, where dh/h = 0.82. Several other 

researchers have been able to fit a logarithmic curve to the velocity profile above a vegetation 

canopy (e.g. Raupach and Thom, 1981; Nepf and Vivoni, 2000; Righetti and Armanini, 2002; 

Velasco et al., 2003). 

 

 

Figure 2.10 Vertical line indicates top of dowel array. The velocity profile at all six locations of Exp 3.1( ) 
above the line has the same logarithmic profile. The dashed line indicates top of dowel array. 

ss5

 
 

26 
 



3.4.2 Roughness Effects 

Figure 11 compares the velocity profiles of Exp 3.1(5ss), 3.2( ), 3.3( ), and 3.4( ). 

All of the profiles are similar, except at location 1, where the mean velocity decreases with bed 

roughness and negative mean velocities are present. The velocity augmentation near the bed is 

stronger with bed roughness, similar to the emergent experiments. This higher velocity near the 

bed is present at the other locations as well. The effects of bed roughness at the other locations 

are similar to those described for bed roughness under emergent conditions. Above the dowel 

array, bed roughness appears to have no effect on the velocity profiles. The dowel roughness 

experiments have the same results as the emergent experiments. Increasingly rougher dowels 

effectively reduce the flow velocity. Under emergent conditions with coarse dowel roughness, 

the flow is negative throughout most of the flow depth at location 1. Under fully submerged 

conditions, the flow is negative above the velocity spike at the secondary minimum and near the 

top of the dowel. The effect of dowel roughness in the free stream region (locations 5 and 6 in 

Fig. 11) is a modest 6% reduction in flow velocity. Overall, dowel roughness causes a decrease 

in velocity (from 0% at location 3 to 77% at location 1) and less than 5% increase in flow depth, 

with coarse dowel roughness being the most effective at both. 

bss5 b
fss5 b
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Figure 2.11 Comparison of mean velocity profiles under various conditions of bed and dowel roughness for 
smooth bed smooth dowels [Exp 3.1( )], rough bed smooth dowels [Exp 3.2( )], rough bed fine dowel 

roughness [Exp 3.3( )], and rough bed coarse dowel roughness [Exp3.4( )]. The dashed line 
indicates top of dowel array. 
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The lateral vorticity with and without bed roughness at location 1 is illustrated in Fig. 3. Similar 

to the emergent experiments, vorticity exhibits a positive spike near the bed and is augmented 

further by bed roughness. At the top of the dowel array, lateral vorticity is very strongly negative 

and is augmented by bed roughness. A schematic of the main features of the velocity profile at 

location 1 is shown in Fig. 12. The inflection points near the bed and the top of the dowel array 

are associated with co-flowing streams of different velocities. The mixing layer analogy can be 

used to describe the instabilities that occur in these regions. As discussed in section 3.1.1, the 

instabilities near the bed generate counterclockwise rolling vortices. The opposite occurs at the 

top of the dowel array, but the differential between the co-flowing streams is larger. As a result, 

the magnitude of the clockwise vortices is much higher compared to the ones near the bed. 
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Except for the region in the vicinity of the bed and the top of the dowels, bed roughness had little 

effect elsewhere within the flow depth where the vorticity is very low. 

 

 

Figure 2.12 A schematic of a typical velocity profile at location 1. The near bed velocity spike occurs at point 
A. The inflection points in the profile are represented by B and C. The free surface is indicated by dashed 
lines. 
 
 
 
3.5 Vertical Velocity under Submerged Flow Conditions 

Figure 13(a) depicts the vertical velocity profiles for the no roughness [Exp 3.5( )] and bed 

and coarse dowel roughness [Exp 3.6( )] conditions for the locations in line with the dowels. 
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The vertical velocity profiles in the free stream region are shown in Fig. 13(b). The flow near the 

top of the array is moving upwards as it approaches the dowel. When the flow passes the dowel, 

the mixing of the fast and slow moving fluids creates instabilities, as mentioned in section 3.4.1. 

The instabilities generate strong negative vorticity at location 1 near the dowel top, which forces 

the flow downward, as evidenced by the high negative velocity there. The opposite phenomenon 

occurs near the bed, where the positive vorticity results in upward flow. This is similar to the 

case under the emergent flow condition. 

 

When bed and coarse dowel roughness is attached, the vertical velocity within the dowel array at 

locations 1 and 2 becomes more positive, especially near the bed, where a larger velocity 

differential generates a more intense junction vortex causing an increase in momentum transport. 

At locations 3 and 4, the vertical velocity is more negative. Above the array, roughness causes an 

increase in vertical velocity at location 1 and a decrease at the other locations. At the free stream 

region, the vertical velocity is predominately negative. 
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Figure 2.13 Comparison of the vertical velocity profiles for Exp 3.5( ) without roughness and Exp 
3.6( ) with rough bed and coarse dowel roughness at (a) locations in line with the dowels and (b) 
locations in the free stream region. The dashed line indicates top of dowel array. 
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(a
)

(c
)

(b
)

Figure 2.14 Shaded contour images for Exp 3.5( ) showing vertical velocity under submerged flow 
conditions along a vertical plane cutting through (a) locations 1, 3, and 5, (b) locations 2, 4, and 6, and (c) the 
locations in line with the dowels. The solid arrows indicate the flow direction and the arrows with the broken 
line indicate the location of the cross section. The solid line indicates top of dowel array. See Figure 3 for these 
positions with respect to the dowels.
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The vertical velocity data was again input into SURFER and the three images generated are 

shown in Fig. 14. The dotted lines are the zero velocity contours and the solid horizontal line 

represents the top of the dowel array. Darker regions represent downward velocity and lighter 

regions represent upward velocity. Unlike the vertical velocity under emergent flow conditions, 

the vertical velocity within the dowel array is predominantly positive. The downward flow is 

localized to the region near the top of the dowel array and immediately upstream of the dowel. 

Figure 21 supports the notion of flow in the free stream region moving towards the top of the 

dowel array, and towards the near bed boundaries. 

 

3.6 Turbulence Intensity under Submerged Flow Conditions 

The longitudinal turbulence intensities, shown in Fig. 15a, reach a maximum just below the top 

of the dowel array. The inflection point in the velocity profile and the maximum turbulence 

intensity are located in close proximity to each other, in agreement with the observations of 

Shimizu and Tsujimoto (1994) and Cui and Neary (2008) for rigid vegetation experiments and 

numerical calculations, respectively. Similar results were obtained by Ikeda and Kanazawa 

(1996), Carollo et al. (2002) and Velasco et al. (2003) in flexible vegetation experiments. The 

turbulence intensity is highest immediately behind a dowel and decreases as the flow moves 

downstream. It is lowest in the free stream region. Vertical turbulence intensities, shown in Fig. 

15b, exhibit similar characteristics as the longitudinal ones, but their magnitudes are 

approximately 33% lower. Comparable results were obtained numerically by Cui and Neary 

(2008) for the case of rigid vegetation and experimentally by Velasco et al. (2003) for flexible 

vegetation. The flow at the top of the dowel array is highly sheared when the dowels are 

submerged. This is consistent with results from other researchers (e.g., Raupach et al., 1996; 
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Ikeda and Kanazawa, 1996; Finnigan, 2000; Righetti and Armanini, 2002; Maltese et al., 2007). 

The shear generated turbulence at the top of the dowel array increases the longitudinal and 

vertical turbulence intensities throughout most of the flow depth, except in the vicinity of the bed 

(z < 20 mm), where it is almost constant. With the exception of location 1, the turbulence 

intensities near the bed when the dowels are submerged are approximately 10% higher compared 

to the emergent flow conditions. This can be explained by the fact that under emergent flow 

conditions the lateral vorticity is nearly twice as high compared to the submerged flow. Vertical 

turbulence intensity at location 1 is always higher with submerged dowels. 

 

u’ (m/s) w’ (m/s)

)b()a(

 

Figure 2.15 Longitudinal and vertical turbulence intensities for (a) Exp 3.1( ) and (b) Exp 3.5( ) under 
completely smooth submerged flow conditions. The solid line indicates top of dowel array. 
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Figure 16 depicts the longitudinal turbulence intensity profiles when the bed is rough. At 

locations 1 and 2 the turbulence intensity near the bed is lower compared to the smooth bed 

conditions; however there are no significant changes elsewhere. This is similar to the emergent 

experiments. Compared to the completely smooth experiment, the vertical turbulence intensity 

profiles do not indicate any significant changes when the bed and dowels are rough.  
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Figure 2.16 Comparison of the longitudinal turbulence intensity between 3.1( ), 3.2( ), 3.3( ), 

and 3.4( ) under various bed and dowel roughness conditions. The dashed line indicates top of dowel 
array. 
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3.7 Flow Conveyance 

The bulk velocities within the canopy region of the flow for experiments 2.1(5se) and 3.1(5ss) 

are calculated by considering the time-averaged velocity data from all six measurement locations 

(only the measurement points below the dowel tops are used here) with SURFER. The bulk 

velocities are 0.21 m/s and 0.22 m/s for emergent and submerged flows, respectively, exhibiting 

less than 5% difference, even though the total flow rate for Exp 3.1(5ss) is over twice as high. 

This is consistent with the results shown in Fig. 9, where the velocity profiles of these two 

experiments are very similar within the canopy. The slightly higher bulk velocity in the canopy 

portion of the flow for the submerged experiments might be attributed to momentum exchange 

near the top of the dowel array. These results suggest that the cross-sectionally averaged, or bulk, 
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velocity through the dowel array region only marginally depends on the overall flow rate, or 

corresponding depth above the dowels and it is mainly controlled by the dowel arrangement. 

 

The Manning n values, representing the flow resistance imposed by the dowels for each 

experiment are listed in Table 1. They are calculated by considering the entire flow channel 

cross-section without adjusting it by the area occupied by the plants, which ranges from less than 

1% up to 4%. As expected, the addition of the dowels greatly increases the flow resistance. For 

example, the lowest density array [Exp 1.3(16le)] under emergent flow conditions doubles the n 

value compared to the control case in the absence of any dowels. Furthermore, an increase in 

dowel density typically results in higher n values. Adding roughness to the bed and the dowels 

only moderately increases the Manning n. The increase in resistance from dowel roughness may 

also be partly attributed to the increase in the dowel diameter from 6.35 mm to 8 mm due to the 

sand paper wrapping. The roughness values and trends obtained during this study are similar to 

those reported in the literature (e.g. Garcia et al., 2004). The trends discussed here are of 

qualitative nature as there are several other factors affecting the roughness value, such as flow 

depth compared to dowel height.  

 

4 Conclusion 

Longitudinal and vertical velocity and turbulence intensity profiles are reported for experiments 

examining the effects of vegetation on open channel flow. The experiments were performed with 

the vegetation, simulated by acrylic dowels, partially and fully submerged by the flow, and 

examined under various conditions of dowel density and arrangement, and roughness. 
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The general characteristics of the longitudinal velocity profiles (Fig. 12) within the dowel array 

for both emergent and submerged flows at the locations in line with the dowels are a velocity 

spike near the bed followed by an inflection point that leads to by a region of lower constant 

velocity throughout most of the flow depth. The velocity then increases slightly near the free 

surface. Under submerged conditions, the increase in velocity is accompanied by an inflection 

point just below the top of the dowel array. The inflection points are associated with coherent 

structures formed by the mixing of different velocity fluids that are dominated by 

counterclockwise vortices in the vicinity of the bed and clockwise vortices at the top of the 

dowels. Under high density dowel configurations, the velocity measurements above the dowel 

array collapse onto a single logarithmic profile. The bulk velocity within the canopy portion of 

the flow for experiments having the same dowel configuration is very similar despite having 

large differences in flow rates for emergent and submerged dowel cases (Fig. 9), therefore its 

value is marginally dependent on the overall flow rate.  

 

When roughness is attached to the bed, the only changes to the longitudinal velocity profiles are 

a more pronounced velocity spike near the bed at location 1 and a higher velocity in the free 

stream region. Dowel roughness does not change the shape of the profiles. However, it increases 

flow resistance, and therefore reduces velocity and increases flow depth. With coarse dowel 

roughness, the velocities measured at location 1 are negative for almost the entire flow depth. 

 

In the vicinity of the bed, the higher momentum fluid in the free stream region displaces the local 

fluid behind the dowel forcing it upwards away from the bed. This upward velocity is strongest 

immediately behind a dowel, where the velocity differential is largest, and dissipates further 
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downstream. The vertical velocity is mostly negative except at location 1 where the velocity is 

only moving downward near the free surface. The addition of bed and dowel roughness creates 

stronger upward movement near the bed because of a larger velocity differential. When the 

dowels are completely submerged, the vertical velocity is nearly constant except at the top of the 

dowel array. In this region, the mixing of the higher momentum fluid above with the lower 

momentum fluid below, forces the flow downward into the array. 

 

Turbulence intensity varies widely depending on measurement location. Longitudinal and 

vertical turbulence intensities are highest immediately downstream of a dowel and decreases as 

the flow travels downstream. They are lowest in the free stream region. With emergent dowels, 

the turbulence intensity remains relatively constant throughout the entire flow depth at a given 

location. With the dowels submerged, the longitudinal and vertical turbulence intensities peak 

near the top of the array, where the flow is highly sheared, and decrease towards the bed and the 

free surface. A rough bed lowers the turbulence intensity in the vicinity of the bed, but does not 

have any effect above the bed region. When both the bed and the dowels are rough, there is a 

slight increase in turbulence intensity at locations in line with the dowels. However, an increase 

of up to 30% is seen in the free stream region. Vertical turbulence intensities at all locations also 

show a significant increase when both the bed and dowels are rough. The increase in turbulence 

intensity is not observed when the dowels are completely submerged. Longitudinal turbulence 

intensity is higher than vertical turbulence intensity, except for the free stream region, where they 

are similar in magnitude. 
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Chapter 3  A Double Layer Approach to Flow through Rigid 

Vegetation Hydrodynamics2 

 

 

Abstract 

Vegetation in riparian environment varies in size from grass to shrubs to trees. A double layer 

approach, with an array of short and tall acrylic dowels, is employed here to simulate such an 

environment. The focus of the present work is to study behavior of the flow as it travels through 

a double layer arrangement for a variety of conditions. For this purpose, instantaneous velocities 

were collected using a one dimensional laser Doppler velocimeter at multiple locations to create 

velocity and turbulence intensity profiles. The results indicate that velocity is nearly constant 

within the short and tall dowel array and increases significantly at the top of the arrays. The 

velocity profile behind a dowel is characterized by multiple inflection points and velocity spikes 

near the bed, especially for locations directly behind a tall dowel, where a bulge in the velocity at 

the top of the short dowel array is present, followed by a significant drop in velocity. The region 

immediately behind a tall dowel, where the highest turbulence intensities are found is very 

unstable, especially at the dowel boundaries, where significant mass and momentum exchange 

occurs. The better case of submerged single layer flow is included for comparison. 

                                                 
2 Manuscript submitted for review to Environmental Fluid Mechanics. This manuscript is written by D. Liu, P. 
Diplas, C. C. Hodges., and J. D. Fairbanks The first author has received permission by the co-authors to use this 
manuscript in this thesis. 
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1 Introduction 

The current approach to addressing the complex phenomenon of flow through a vegetation array 

is to better understand the physical processes involved, which assist in bank stability and erosion 

control, pollutant filtration, flood attenuation, and provide habitat for aquatic and terrestrial 

wildlife. Recent works attempt to quantify flow resistance by calculating the drag created by a 

cylinder array and relate it as a function of plant density or Reynolds number (e.g. Nepf, 1999; 

Garcia et al., 2004; Tanino and Nepf, 2008). Other researchers seek to understand the physical 

processes by analyzing the velocity and turbulence within an array of cylinders (e.g. Tsujimoto et 

al., 1992; Ikeda and Kanazawa, 1996; Nepf and Vivoni, 2000). Many of them are developing 

numerical models of flows through a uniform vegetation array to predict the mean flow and 

turbulence structure (e.g. Ikeda et al., 2001; Lopez and Garcia, 2001; Neary, 2003; Cui and 

Neary, 2008). Similar works have been done for atmospheric boundary layers (e.g. Raupach and 

Thom, 1981; Raupach et al., 1996; Finnigan, 2000). All these studies focus on a single layer of 

vegetation that is either submerged by the flow or remains emergent. Lightbody and Nepf (2006) 

performed one of the few studies that dealt with an arrangement different than a single layer of 

dowels using a denser canopy above a sparser one to study how longitudinal dispersion is 

affected by canopy morphology. 

 

In double layer dowel experiments undertaken during the present study, the vegetation array was 

denser on the bottom and sparser above to simulate a natural environment where there is a 

combination of short and tall vegetation with various degrees of submergence depending on the 

flow condition and types of species. During higher flows in riparian environments or in flood 

plains, shorter vegetation such as grasses and shrubs are submerged by the flood, but taller 
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vegetation such as trees remain emergent. It is necessary to take into account the effects of the 

taller vegetation, which creates an additional element of complexity in the flow pattern, in order 

to adequately simulate the natural environment.  

 

The objective of this work is to describe the detailed characteristics of flow through a simulated 

double layer array of rigid vegetation by examining its effects on the velocity and turbulence 

intensities, as well as observing the influence of vegetation density and heights. Velocity 

measurements are taken along verticals at multiple locations to adequately represent the 

conditions everywhere within the flow and to capture the flow behavior as it moves through the 

vegetation array. Results from a submerged single layer vegetation experiment are used to 

identify similarities and differences in flow patterns with double layer experiments. 

 

2 Experimental Conditions 

Experiments were performed at the Baker Environmental Hydraulics Lab of Virginia Tech in a 

4.3 m long by 0.3 m wide plexiglass recirculating flume kept at a constant slope of 0.003. The 3 

m long vegetation test section covering the entire width was bolted to the base 1.3 m from the 

entrance of the flume. Instantaneous longitudinal velocities were taken 2.25 m downstream of 

the beginning of the test section with a Dantec one dimensional laser Doppler velocimeter (LDV) 

mounted on a vertical traverse. The flow was fully developed and uniform at this point. Stop logs 

were placed at the end of the flume to ensure a uniform flow all the way to the channel outlet. 

The vegetation was simulated by 6.35 mm diameter, d, acrylic dowels at three different lengths 

of 51 mm, 76 mm, and 152 mm. 
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Seven experiments were performed under various dowel arrangements and spacing. The flow 

rate of 0.0114 m3/s, used in all seven experiments, fully submerged the shorter vegetation, but 

not the tall vegetation with the exception of Exp 3 where all of the dowels were submerged. The 

spacing, s, was determined by non-dimensional parameters, ss/d and st/d for short and tall 

dowels, respectively, shown in Fig. 1. In the first three experiments, Exps 1 – 3, both the short 

and tall dowels were arranged in a staggered configuration with ss/d = 5 and st/d = 10 (Fig. 1). 

The height of the tall and short dowels in Exp 1 was 152 and 76 mm, respectively. These were 

used to represent taller vegetation such as trees and mid-sized vegetation such as bushes and 

shrubs. In Exp 2, the short dowels were reduced to 51 mm to simulate tall grasses, while keeping 

the tall dowels at 152 mm. In certain channels and flood plains, grasses and shrubs could be the 

only vegetation types present. This was simulated in Exp 3 using 51 and 76 mm dowels for the 

short and tall vegetation, respectively, both being fully submerged by the flow. In these three 

experiments, ten measurement locations situated around the channel center, shown in Fig. 1, 

were chosen in such a way that they provide a template that can be used to represent the flow 

characteristics anywhere within the dowel array. Measurements were taken immediately (2d) 

downstream and upstream of tall dowels (Fig. 1, locations 1 and 10), downstream and upstream 

of short dowels located in line with the tall dowels (locations 5 and 6), upstream and downstream 

of a short dowel not in line with tall dowels (locations 3 and 8), and in the lower free stream 

region between lines of dowels within the short dowel array (locations 2, 4, 7 and 9). 

Measurements of the downstream velocity component were obtained at 33 points along the 

vertical direction, starting 0.5 mm above the channel bed and being more closely spaced in the 

vicinity of the bed. At each point, 1500 instantaneous longitudinal velocity measurements were 

recorded over of a period of 20 seconds via the LDV. 
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Figure 3.1 Dowel arrangement for Exps 1 – 3 and the single layer submerged experiment. The small circles 
indicate measurement locations for Exps 1 – 3 (solid) and the single layer experiment used for comparison 
purposes (open). The dowels are illustrated as large circles, with the solid ones being the tall dowels. The 
arrow indicates the flow direction. 
 

The heights of the dowels used in Exps 4 – 7 were 76 and 152 mm with a spacing of ss/d = 8 and 

st/d = 16 arranged in linear and staggered configurations (Fig. 2). These experiments focused on 

the effects of density and flow depth compared to Exps 1 – 3. The short dowels in Exps 4 and 5 

were arranged in a linear pattern, with the tall dowels in a staggered and linear pattern, 

respectively. The short dowels in Exps 6 and 7 were arranged in a staggered pattern, with the tall 

dowels in a linear and staggered pattern, respectively. Measurement locations, shown in Fig. 2, 

were chosen 4d downstream and upstream of tall and short dowels, a single measurement 

location was selected in the free stream region in Exps 5 – 7. Again, 1500 instantaneous 

longitudinal velocity measurements were taken over a 20 second period via the LDV at 22 – 25 
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points along the vertical direction at each location starting at 0.5 mm above the channel bed. The 

measurement locations in the various experiments were guided in large part by the access the 

laser beam had from the Plexiglas side walls of the flume while avoiding the dowels. The 

conditions of each experiment are summarized in Table 1. 

 

Table 3.1 Experimental conditions for double layer experiments. 

Exp Dowel Height (mm) Dowel Spacing Dowel Arrangement D Uavg Froude Reynolds Reynolds 

  Short Tall ss/d st/d Short Tall (m) (m/s) Number Number1 Number2

1 76 152 5 10 Staggered Staggered 0.1266 0.295 0.265 1880 37300 
2 51 152 5 10 Staggered Staggered 0.1212 0.307 0.282 1950 37300 
3 51 76 5 10 Staggered Staggered 0.1093 0.342 0.330 2170 37300 
4 76 152 8 16 Linear Staggered 0.1027 0.383 0.382 2430 38700 
5 76 152 8 16 Linear Linear 0.1046 0.401 0.396 2550 40400 
6 76 152 8 16 Staggered Linear 0.0922 0.424 0.446 2700 38500 
7 76 152 8 16 Staggered Staggered 0.0940 0.414 0.431 2630 38400 

SSL3 76 N/A 5 N/A Staggered N/A 0.1141 0.327 0.309 2080 37300 
1Based on dowel diameter  2Based on flow depth  3Submerged Single Layer 

 

The case of flow through a single layer of submerged vegetation is included here for comparison 

purposes because the vast majority of previous experiments have focused on this phenomenon. 

The vegetation array is simulated with 76 mm long dowels with a diameter of 6.35 mm arranged 

in a staggered pattern with s/d = 5. The discharge and slope are 0.0114 m3/s and 0.003, 

respectively. Longitudinal velocity measurements were taken via the LDV at 31 points along the 

vertical direction at six locations indicated by the prime marks next to the small open circles in 

Fig. 1. 
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Figure 3.2 Dowel arrangement with measurement locations and 3D representation for (a) Exp 4, (b) Exp 5, (c) 
Exp 6, and (d) Exp 7. The dowels are illustrated as large circles, with the solid ones representing the tall 
dowels. The small circles indicate measurement locations. The arrow indicates the direction of flow. 
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3 Results 

The results are separated into three subsections. Longitudinal velocity profiles are presented in 

the first, followed by longitudinal turbulence intensities, and finally a brief discussion of the flow 

conveyance and resistance. 

 

 

Figure 3.3 Velocity profiles of (a) Exp1, (b) Exp 2, (c) Exp 3, and (d) submerged single layer flow. The velocity 
and elevation are non-dimensionalized by the shear velocity and the short dowel height, respectively. The 
dotted lines at z/hs = 1 is the top of the short dowel array and the solid line represents the top of the tall dowel 
array. Refer to Fig. 1 for the measurement locations. 
 

3.1 Longitudinal Velocity 

Velocity profiles with the short dowels submerged are shown in Figs. 3a-c. Within the short 

dowel array in double layer flows, the fastest velocities are in the lower free stream region 

(locations 2, 4, 7 and 9) and the slowest velocities are in the region immediately downstream of a 

dowel (locations 1, 5, and 8). The velocities just upstream of a dowel (locations 3, 6, and 10) are 
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approximately midway between the fastest and slowest velocities. These results are consistent 

with observations made from submerged single layer experiment (Fig. 3d). Exps 4 – 7, depicted 

in Figs. 4a-d, exhibit the same trends despite having faster velocities and lower flow depths due 

to the sparser dowel arrays. 
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Figure 3.4 Velocity profiles of (a) Exp 4, (b) Exp 5, (c) Exp 6, and (d) Exp 7. The velocity and elevation are 
non-dimensionalized by the shear velocity and the short dowel height, respectively. The dotted lines at z/hs = 1 
is the top of the short dowel array and the solid line at z/hs = 2 is the top of the tall dowel array. Refer to Fig. 2 
for the measurement locations. 
 

Similar to the single layer experiment (Fig. 3d), the velocity profiles immediately downstream of 

a dowel (locations 1, 5, and 8) exhibit a velocity spike near the bed, and above the bed region, 

the velocity is constant throughout most of the flow depth, followed by a rapid increase in 

velocity near the top of the short dowel array. Except for Exp 7, the least dense dowel array, the 

velocity profile immediately behind a tall dowel exhibits several inflection points (Figs. 3a-c and 

4a-c). Immediately behind a short dowel, the velocity profiles exhibit a sharp inflection point just 
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below the top of the short dowel array at z/hs = 0.8, where z is the distance above the flume 

bottom and hs is the height of the short dowel (Figs. 3a-c and 4a-d). This is similar to the velocity 

profile immediately behind a dowel for submerged vegetation flow shown at location 1 in Fig. 3d 

and those of other researchers (e.g. Shimizu and Tsujimoto, 1994; Lopez and Garcia, 2001; 

Righetti and Armanini, 2002). While the velocity profiles behind a tall dowel and in the lower 

free stream region are constant in Exp 1, this is not the case for Exps 2 and 3 where the short 

dowels are of smaller height. Instead, in the latter case, the velocity gradually increases 

throughout the middle portion of the short dowel array before increasing rapidly near the top. In 

Exp 1, the increase is limited to the upper 40% of the flow depth. 

 

The velocity above the short dowel array is significantly faster than the velocity within it due to 

the sparser arrangement of the tall dowels. With the exception of location 1, the velocity profiles 

above the short dowel array with piercing tall dowels resemble those observed in emergent single 

layer flow (e.g. Tsujimoto et al., 1992; Nepf and Vivoni, 20002). The velocity increases from 30 

to 225%, depending on the measurement location, just above z = hs, and then becomes constant 

for a significant portion of the flow depth, followed by an increase in velocity near the free 

surface, shown in Figs. 3a and 3b. The velocity profile immediately behind a tall dowel (location 

1) peaks near z = hs, it decreases until just below the free surface, where it rapidly increases until 

it reaches the free surface. The velocity in the region just upstream of a short dowel, and in line 

with the tall dowels (location 6) is the next slowest region, followed by the next two locations 

downstream (5 and 10). The fastest velocities are not found at the locations corresponding to the 

lower free stream region, but are located near the center of the upper free stream region, which is 

the area between lines of tall dowels in line with the short dowels (locations 3 and 8) above z = 
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hs. The magnitudes of the velocities at locations 2, 4, 7, and 9 are also different depending on the 

proximity to the tall dowels. The velocities at locations 2 and 7 on the downstream side of the 

tall dowel are approximately 10% faster than the velocities at locations 4 and 9 on the upstream 

side of a tall dowel due to the increase in velocity as the flow wraps around the tall dowel. 

 

Due to the small difference in height between the tall and short dowels, the velocity profiles 

above the short dowels in Exp 3 do not resemble vertical lines as in the case with the tall dowels 

piercing; instead the profiles continue to increases in this region, except in the region 

immediately behind a tall dowel (Fig. 3c). In Exps 4 – 7, the velocity also does not become 

constant following the increase in velocity at z = hs due to the combination of the sparser tall 

dowel arrangement (st/d = 16) and low degree of submerge of the short dowels (Figs. 4a-d). In 

Exps 1 and 2, the flow is able to achieve a constant velocity at approximately z/hs = 1.1, whereas 

in Exps 4 – 7, the velocity does not show any indication of becoming constant at z/hs = 1.2. It is 

possible that in the latter case, the tall dowels begin to act more independently of each other and 

as a result the velocity does not become constant over the flow depth. 

 

In Exp 3 above the tall dowel array, z>ht, where ht is the height of the tall dowels, the velocity 

measurements at all locations appear to converge onto a single logarithmic profile with a slip 

velocity at its origin, shown in Fig. 5. This is consistent with results for submerged flexible (e.g. 

Nepf and Vivoni, 2000; Jarvela, 2005) and rigid (e.g. Lopez and Garcia, 2001) vegetation 

experiments. This profile for z>ht is fitted well with the rough wall velocity relationship: 
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Where ShDgu t
t )(* −=  is the shear velocity at the top of the tall dowel array, D is the flow 

depth and S is the slope, dh is the zero plane displacement height = 0.068 m and ks is Nikuradse’s 

equivalent sand grain roughness = .002 m. 

 

 

 Figure 3.5 The velocity profiles above the top of the tall dowel array fit a single logarithmic profile given in 
Eq. (1) well with an R2 = 0.89, dh = 0.068, and ks = 0.002. 
 

3.2 Turbulence Intensity 

With two dowel layers, the tall dowels reduce the velocity of the flow above z = hs, and as a 

result decrease the momentum exchange at the short dowel boundary. This causes the turbulence 

intensity to be nearly constant for approximately 70% of the depth within the short dowels, and 

with the exception of location 1, only increasing slightly at z = hs (Fig. 6a). When the short 

dowels are reduced to 51 mm (Fig. 6b), it is only constant for 30% of the depth within the short 

dowel array, but the increase in turbulence intensity at the boundary remains modest compared to 

single layer submerged flow (Fig. 6d). For submerged single layer flow, it is constant in the 
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region near the bed, but increases afterwards, peaking at the top of the dowel array where the 

flow is highly sheared (Fig. 6d). Above z = hs, the turbulence intensities are again relatively 

constant, almost resembling those found in emergent single layer flow (e.g. Tsujimoto et al., 

1992; Tanino and Nepf, 2008). This is most evident in Exp 2 where the tall dowels are 

significantly higher than the short ones. The turbulence intensity at location 1 increases 

significantly at z = hs and it is nearly twice as high above z = hs compared to the other locations. 
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Figure 3.6 Longitudinal turbulence intensity profiles for (a) Exp 1, (b) Exp 2, (c) Exp 3, and (d) single layer 
submerged case. Dotted lines represent the top of the short dowel layer and the solid line represents the top of 
the tall dowels. 
 

The turbulence intensity below z = hs, when both the short and tall dowels are submerged (Exp 

3), shown in Fig. 6c, is similar to Exp 2 where it is constant for the bottom 30% of the depth in 

the lower dowel layer. However, the increase in turbulence intensity at the top of the short dowel 

boundary is higher. The small difference in dowel heights in Exp 3 combined with the faster 

flow above the tall dowel array does not significantly inhibit the velocity above z = hs. As a 
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result, the flow is more sheared at the short dowel boundary compared to Exps 1 and 2. Between 

the top of the short and tall dowel array, the turbulence intensity is nearly constant. In this region, 

the turbulence intensity at location 1 is significantly higher than at the other locations. Above ht, 

it decreases until the free surface exhibiting trends similar to the turbulence intensity observed in 

open channel and submerged single layer flows (e.g. Dancey et al., 2000; Garcia et al., 2004; Cui 

and Neary, 2008). 

 

3.3 Flow Conveyance and Resistance 

Bulk velocities, Uavg, shown in Table 1, are calculated for Exps 1 – 3 and compared to the 

submerged single layer case. In Exp 1, where the density below z = hs is similar to that of single 

layer submerged flow and the tall dowels above z = hs account for 0.4% of the volume above the 

short dowels, has a bulk velocity of 0.295 m/s, compared to 0.327 m/s for the case of single layer 

submerged flow. Experiment 2, with the smaller short dowels provides less resistance to the flow 

than Exp 1, having a slightly higher bulk velocity of 0.308 m/s. The bulk velocity in Exp 3 

(0.342 m/s) is higher than the single layer submerged case because the sparse array of tall dowels 

in Exp 3 is only 76 mm tall and most of the dowels are 51 mm tall, whereas all of the dowels in 

the fully submerged experiment are 76 mm tall. Experiments 4 – 7 have significantly higher bulk 

velocities (0.383 – 0.424 m/s) due to the sparser dowel arrangements. Table 2 lists the Manning 

n values for the 7 experiments and 3 similar single layer submerged experiments. The double 

layer configurations generally create slightly more flow resistance than a similar single layer 

submerged configuration if the tall dowels remain emergent (Exps 1 and 5). When the density 

within the short dowel array is reduced by 1/3 (Exp 2), but with the tall dowels remaining 

emergent, there is still an increase in resistance over a single dowel layer. In Exp 7, the decrease 
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in dowel resistance from the sparse configuration generates a low flow depth above z = hs, 

resulting in a Manning n that is very similar to that found in submerged single layer flow. 

 

Table 3.2 Manning n for each double layer experiment and 3 similar single layer submerged experiments. 
The Manning n is 0.01 for this channel without dowels present. 

Exp n 
1 0.031 
2 0.029 
3 0.026 

Submerged1 0.027 
4 0.025 
5 0.027 
6 0.021 
7 0.022 

Submerged2 0.024 
Submerged3 0.022 

1s/d = 5 with staggered arrangement similar to Exp 1 – 3, h = 76 mm, Q = 0.0114 m3/s 
2 s/d = 8 with linear arrangement similar to Exp 5, h = 76 mm, Q = 0.0114 m3/s 
3 s/d = 8 with staggered arrangement similar to Exp 7, h = 76 mm, Q = 0.0114 m3/s 

 

4 Discussion 

Velocity profiles at various locations within the dowel array are characterized by one or more 

inflection points, which are associated with intense local lateral vorticity, calculated as: 

z
u

x
w

y ∂
∂

−
∂
∂

=ω            (3.2) 

where u is the stream wise velocity and w is vertical velocity, and longitudinal and vertical 

directions are denoted by x and z, respectively. The term xw ∂∂ /  is small in comparison to 

 and is ignored in the present calculation. Areas of high vorticity are indicative of the 

mixing layer phenomenon described by Raupach et al. (1996).  
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4.1 Vorticity in the region immediately behind a tall dowel (Location 1) 

 

ω

ω

ω

 

Figure 3.7 Velocity (a, c, and e) and vorticity (b, d, and f) profiles at location 1, immediately behind a tall 
dowel. Plots (a) and (b) are from Exp 1, (c) and (d) are from Exp 2, and (e) and (f) from Exp 3. The top of the 
arrays are indicated by dotted and solid lines for the short and tall dowels, respectively. 
 

The velocity profiles at location 1 of Exps 1 – 3 are shown in Figs. 7a, 7c, and 7e. The 

corresponding vorticity profiles are shown in Figs. 7b, 7d, and 7f, respectively. A typical 

velocity profile in this region is characterized by inflections and velocity spikes illustrated by the 

schematic in Fig. 8a. As shown in this figure, the change from the velocity spike near the bed (A) 

to the lower velocity above it is associated with an inflection point (B). The velocity differential 
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between (A) and (B) results in a mixing layer that forces the flow to fold in a counterclockwise 

manner creating positive vorticity. A second velocity bulge (D), similar in shape to the velocity 

spike in the vicinity of the bed, forms near the top of the short dowel array. 
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Figure 3.8 A schematic of a typical velocity profile at (a) location 1 and (b) a location further downstream. 
The near bed velocity spike occurs at point A and the velocity bulge at D. The inflection points in the profile 
are represented by B, C, and E. The dashed line represents the case where the shorter dowels prevent the 
formation of a constant velocity (Exp 2 and 3). The smaller dashed lines, F, represent the more gradual 
increase in velocity when the dowels are smaller. H is the constant velocity above the short dowel array offset 
by a slip velocity, G. The dashed lines at I represents the case where the small difference in dowel heights 
prevent the formation of a constant velocity region (Exp 3). 
 

The increase in velocity caused by the bulge peaks at z/hs ≈ 0.95 and extends into the short dowel 

array by nearly 30 mm to z/hs ≈ 0.6 at location 1 for the longer short dowels (hs = 76 mm), 

shown in Fig. 7a. The bulge also extends to z/hs ≈ 0.6 in Exps 4 and 5, which have similar dowel 

heights, but the peak is slightly lower at z/hs ≈ 0.85 because of the lower dowel density and flow 

depth (Figs 4a and 4b). The change from the lower constant velocity (BC) to the increase in 

velocity at the bulge (D) causes the flow to fold in a clockwise manner generating negative 

vorticity in the region below the top of the short dowel array from the interaction of the higher 

momentum fluid above (C) and lower momentum fluid below (Fig. 7b). In Exps 2 and 3, the 

bulge also peaks at z/hs ≈ 0.95, similar to Exp 1. Compared to Exp 1, the velocity differential 

above and below the short dowel array and the width of the mixing layer described by Raupach 
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et al. (1996), among others, are larger in Exp 2 for locations in line with the dowels. The shorter 

dowel height (hs = 51 mm) and larger coherent structures in Exp 2 allow the vortices to penetrate 

to the near bed region (Fig. 7d and 7f) causing the velocity profile to steadily increase from (B) 

to (D), shown in Fig. 8a, and appears to weaken the near bed velocity spike (Figs. 7c and 7e). 

 

Above the velocity bulge (D), the velocity profile rapidly decreases until it reaches a minumum 

(E) just below the free surface. Similar to the counterclockwise vortices generated near the bed 

above the velocity spike (A), the region above the bulge (D) is associated with counterclockwise 

vortices. After the minimum (E), the velocity increases very rapidly until it reaches the free 

surface. This rapid change in velocity generates very strong negative vortices just below the free 

surface (Fig. 7b, 7d, and 7f). The inflection at (E) is dependent on flow depth. In Exps 5 and 6, 

which have lower flow depths, this inflection point occurs inside the short dowel array. The tall 

dowels in Exps 6 and 7, where the flow depth is lowest, do not appear to have significant 

influence on the flow in the surrounding regions. 

 

4.2 Vorticity in the region immediately behind a short dowel in line with tall 

dowels (Location 5) 

Figure 9a represents a typical velocity profile when only the short dowels are submerged (Exp 

1). Figure 9c is the velocity profile when both short and tall dowels are submerged (Exp 3). Their 

corresponding vorticity profiles are shown in Fig. 9b and 9d. The near bed velocity spike in this 

region is more pronounced than immediately downstream of a tall dowel for the smaller short 

dowels, though they are similar when the stems are longer. At the top of the short dowel array, 

the interaction of the faster flow above and the slower flow within the array creates an inflection 
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point (mixing layer) resulting in very strong clockwise vortices (Figs. 9b and 9d). These results 

are consistent with those observed in single layer submerged flow (e.g. Ikeda and Kanazawa, 

1996, Ghisalberti and Nepf, 2006), shown in Figs. 9i and 9j. The velocity profile above z = hs for 

Exps 1 and 2 is constant followed by an increase in velocity near the free surface. However, the 

clockwise vortices generated here are 2.5 times weaker than those observed at the short dowel 

boundary due to the smaller velocity differential (Figs 9a and 9b). In Exp 3, there is no 

discernable constant velocity region above z = hs because the tall dowels only occupy 25 mm of 

the flow depth above the short dowels and the vortices generated at the top of the short and tall 

dowel arrays are larger, drowning out the constant velocity. 

 

ω

ω

ω

ω

ω

 

Figure 3.9 Plots (a) – (d) are taken from location 5, immediately behind a short dowel in line with the tall 
dowels. Plots (e) – (f) are taken from location 8, immediately behind a short dowel, but not in line with the tall 
dowels. Velocity profiles are shown in (a), (c), (e), and (g). Vorticity profiles are shown in (b), (d), (f), and (h). 
Plots (a), (b), (e), (f) are from Exp 1 and plots (c), (d), (g), (h) are from Exp 3. Plots (i) and (j) are the velocity 
profile immediately behind a dowel and its corresponding vorticity profile for the submerged single layer 
case. The top of the short and tall dowel arrays are indicated by the dotted and solid lines, respectively. 
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4.3 Vorticity in the region immediately behind a short dowel in line with short 

dowels (Location 8) 

Typical velocity profiles with the tall dowels emergent are shown in Fig. 9e (Exp 1), with both 

short and tall dowels submerged in Fig. 9g (Exp 3). They are similar to the single layer 

submerged case (Fig. 9i) and to the ones at location 1, except that it is limited to the height of the 

short dowels. Above the short dowel array, the velocity profile resembles the ones at location 5. 

The vorticity within the short dowels, shown in Fig. 9f for emergent tall dowels (Exp 1) and Fig. 

9h for fully submerged dowels array (Exp 3), is very similar to the vorticity at locations 1 and 5, 

except that it is significantly stronger near the top of the short dowel array.  Above the short 

dowel array, the vorticity is similar to those observed at location 5. 

 

4.4 The mixing layer 

The mixing layer described by Raupach et al. (1996), among others, is the result of two co-

flowing streams of different velocities that are characterized by strong inflections in the velocity 

profile, indicating the presence of Kelvin-Helmholtz instability, which induces strong vortices 

(e.g. Poggi et al., 2004). These instabilities are found in the vicinity of the bed behind individual 

stems (Fig. 8a) and near the top of submerged dowel arrays (Fig. 8b). The inflection point (B) 

present between the velocity spike (A) and the slower velocity above is associated with 

instabilities that are responsible for the counterclockwise vortices generated near the bed. This is 

a mirror image of the better known case near the top of a canopy for submerged vegetation. The 

interaction of the faster flow above the canopy and the slower flow within it causes the flow to 

fold and generate well defined coherent structures (Ikeda and Kanazawa, 1996, Ghisalberti and 

Nepf, 2002). For a submerged single layer case with similar experimental conditions, the lateral 
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vorticity near the top of the dowel array is over 50 s-1 (Fig. 9j). However, with the tall dowels 

present, this is significantly reduced since the tall dowels disrupt the flow and reduce the velocity 

differential between the areas below and above the top of the short dowel array (Fig. 3). The 

velocity bulge (D) at location 1 generates weaker vorticies (less than 10 s-1) that are of similar 

magnitude to those in the vicinity of the bed (Fig. 7b, 7d, and 7f). At location 5 immediately 

behind a short dowel in line with tall dowels, the flow above z = hs is significantly faster, and the 

resulting vorticies are also significantly stronger (20 s-1, Fig. 9b and 9d) compared to location 1. 

At location 8, in the upper free stream region, the vorticity is approximately 40 s-1 (Fig. 9f and 

9h), comparable, but still lower than that found in the single layer submerged case (Fig. 9j). This 

suggests that the tall dowels weaken the coherent structures at the top of the short dowel array. A 

third mixing layer develops near the top of the tall dowel array when the tall dowels are 

submerged resulting in strong clockwise vorticity (Fig. 7f). 

 

4.5 Relative dowel heights 

Many of the phenomena previously presented are affected by the dowel heights and flow depth. 

The momentum exchange at the boundaries causes the velocity within the short dowel array to 

increase. When the short dowels are smaller (hs = 51 mm) the clockwise coherent structures 

generated by the mixing layer near their top are wider and the velocity differential greater, 

allowing for deeper penetration into the dowel array, shown in Fig. 3b and 3c. As a result, the 

constant velocity section normally observed within the short dowel array only occupies a limited 

portion of the flow depth compared to the arrays with longer short dowels because it is drowned 

out by the larger vortices, which penetrate nearly 30 mm at some locations (see section 4.1). 

Directly behind the tall dowels, where a velocity bulge occurs near z = hs, the size of the bulge is 
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slightly larger when the dowels are shorter, resulting in more intense vortices (Fig. 7) and the 

increase in velocity associated with it extends nearly to the channel bed (Fig. 7c and 7e), 

weakening the near bed velocity spike. Since the velocity increases throughout nearly the entire 

flow depth, the vorticity is slightly negative and the turbulence intensity increases instead of 

being constant. This drowning effect due to the short dowel heights and the relatively larger 

coherent structures is most evident in Exp 3 between hs and ht, where the tall dowels are only 25 

mm longer than the short ones (Fig. 3d). The coherent structures at the top of the tall dowels 

penetrate into the region between the top of the short and tall dowel arrays, and because of the 

small height difference, the increase in velocity in the region hs ≤ z ≤  ht is continuous and does 

not become constant like those observed in Exps 1 and 2. This is also observed in Exps 4 – 7 

where the flow depth is lower because of the sparser dowel configuration. The velocity near z = 

hs increases from the vertical momentum exchange, but in contrast to Exps 1 and 2, does not 

become constant due possibly in part to the lower flow depths. 

 

5 Conclusion 

Flows through double layer vegetation are more complex than the single layer case, yet an 

identifiable pattern exists. For sufficiently dense dowel configurations with sufficiently long 

short dowels and large difference between short and tall dowel heights, the typical profile 

consists of constant velocity sections, one within each layer, (Fig. 8b) except at locations behind 

a tall dowel. Illustrated in Fig. 8b is a schematic showing the stepwise velocity increase between 

two layers of dowels; the second (H) starting with a slip velocity (G). The density of the dowel 

array in each layer dictates the magnitude of the constant velocity within it. If a third layer is 

present, the velocity profile will resemble a vertical line offset by a slip velocity similar to that 
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shown at (G), assuming that the tallest dowel array is sufficiently dense. For smaller dowels, the 

mixing layer becomes more diffused resulting in a more gradual velocity increase (F) and 

smaller constant velocity section. When the height difference between the tall and short dowels 

is small, the constant velocity region is drowned out by the coherent structures generated by the 

mixing layer (I). While the velocity profiles generally resembles those found in flow through a 

single layer of vegetation stacked on top of each other, the profile immediately behind a tall 

dowel is very different, characterized by multiple inflection points. The velocity differentials 

created by these inflection points near the bed with the velocity spike, near the top of the short 

and tall dowel arrays are associated with mixing layers (Fig 8a). The interaction of high and low 

momentum fluids causes the flow to fold, creating strong vortices within each mixing layer. 

Understanding the flow phenomena in the area surrounding the tall dowels, especially in the 

downstream region, is very important when modeling or studying the riparian environment. 

 

Acknowledgement 

The support of the national Science Foundation (EAR-0439663) is gratefully acknowledged. 

 

65 
 



References 

1. Cui J, Neary VS (2008) LES study of turbulent flows with submerged vegetation. J 

Hydraul Res 46(3): 307-316. 

2. Dancey CL, Balakrishnan M, Diplas P, Papanicolaou AN (2000) The spatial 

inhomogeneity of turbulence above a fully rough, packed bed in open channel flow. Exp 

in Fluid 29: 402-410. 

3. Finnigan J (2000) Turbulence in plant canopies. Ann Rev Fluid Mech 32: 519-571. 

4. Garcia MH, Lopez F, Dunn C, Alonso CV (2004) Flow, turbulence, and resistance in a 

flume with simulated vegetation. Bennett SJ (ed) Riparian Vegetation and Fluvial 

Geomorphology, pp 11-27. 

5. Ghisalberti M, Nepf HM (2002) Mixing layer and coherent structures in vegetated flow. J 

Geophys Res 107(C2): 3-1-3-11. 

6. Ghisalberti M, Nepf HM (2006) The structure of the shear layer in flows over rigid and 

flexible canopies. Environ Fluid Mech 6: 277-301. 

7. Ikeda S, Kanazawa M (1996) Three-dimensional organized vortices above flexible water 

plants. J Hydraul Eng 122(11): 634-640. 

8. Ikeda S, Yamada T, Toda Y (2001) Numerical study on turbulent flow and honami in and 

above flexible plant canopy. Int J Heat Fluid Flow 22(3): 252-258. 

9. Jarvela J (2005) Effect of submerged flexible vegetation on flow structure and resisance. 

J Hydrol 307: 233-241. 

10. Lightbody AF, Nepf HM (2006) Prediction of near-field shear dispersion in an emergent 

canopy with heterogeneous morphology. Environ Fluid Mech 6: 477-488. 

66 
 



11. Lopez F, Garcia MH (2001) Mean flow and turbulence structure of open-channel flow 

through non-emergent vegetation. J Hydraul Eng 127(5): 392-402. 

12. Neary, VS (2003) Numerical solution of fully developed flow with vegetative resistance. 

J Eng Mech 129(5): 558-563. 

13. Nepf HM (1999) Drag, turbulence, and diffusion in flow through emergent vegetation. 

Water Resour Res 35(2): 479-489. 

14. Nepf HM, Vivoni ER (2000) Flow structure in depth-limited, vegetated flow. J Geophys 

Res 105(C12): 28,547-28,557. 

15. Poggi D, Porporato A, Ridolfi L, Albertson JD, Katul GG (2004) The effect of vegetation 

density on canopy sub-layer turbulence. Bound Layer Meteorol 111: 565-587. 

16. Raupach MR, Finnigan JJ, Brunet Y (1996) Coherent eddies and turbulence in vegetation 

canopies: The mixing-layer analogy. Bound Layer Meteorol 78: 351-382. 

17. Raupach MR, Thom AS (1981) Turbulence in and around plant canopies. Ann Rev Fluid 

Mech 13: 97-129. 

18. Righetti M, Armanini A (2002) Flow resistance in open channel flows with sparsely 

distributed bushes. J Hydrol 269: 55-64. 

19. Shimizu Y, Tsujimoto T (1994) Numerical analysis of turbulent open-channel flow over 

a vegetated layer using κ-ε turbulence model. J Hydrosci Hydraul Eng 11(2): 57-67. 

20. Tanino Y, Nepf HM (2008) Laboratory investigation of mean drag in a random array of 

rigid, emergent cylinders. J Hydraul Eng 134(1): 34-41. 

21. Tsujimoto T, Shimizu Y, Kitamura T, Okada T (1992) Turbulent open-channel flow over 

bed covered by rigid vegetation. J Hydrosci Hydraul Eng 10(2): 13-25. 

67 
 



Chapter 4  Conclusions 

Vegetation significantly reduces longitudinal velocity within the plant array. The slowest 

velocities are located immediately behind a dowel and get progressively faster as the flow moves 

downstream. The fastest velocities are found in the free stream region in between lines of 

dowels. Within the dowel array, the velocity profiles resemble vertical lines. If the dowels are 

submerged, the velocity increases rapidly near the top of the dowels following an inflection 

point, and resembles a logarithmic profile above the dowels. A spike in the velocity is observed 

near the bed for both emergent and submerged cases. The vertical velocity is generally negative 

when the dowels are emergent, except immediately behind a dowel. When they are submerged, 

with the exception of the downward velocity near the top of the dowel array, there is no vertical 

velocity. Longitudinal and vertical turbulence intensities are highest immediately behind a dowel 

and weakest in the free stream region. With the dowels completely submerged, the turbulence 

intensity increases from the bed and peaks near the top of the array before decreasing to the free 

surface. 

 

Attaching roughness to the bed only has a significantly impact in the region near the bed by 

increasing the velocity spike and upward velocity, and lowering the turbulence intensity. 

Roughening the dowels increases the flow resistance, therefore reduces the velocity and 

increases the turbulence intensity. 

 

Many of the characteristics observed in single layer flow are also valid for double layer flow. 

Within the short dowel array, the longitudinal velocity profiles resemble vertical lines, and are 

slowest immediately behind a dowel and fastest between lines of dowels. A velocity spike is 
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present near the bed immediately behind a dowel and the velocity increases following an 

inflection point near the top of the short dowel array. Above the short dowel array, the velocity 

profiles also resemble vertical lines offset by a slip velocity. Immediately behind the short dowel, 

a bulge in the velocity is present, similar to the one observed near the bed. The velocity profile 

behind a tall dowel does not resemble any previous observed behavior. The profile there under 

goes many changes throughout the flow depth. If the tall dowels are submerged, the velocity 

profiles converge into a single logarithmic profile. Longitudinal turbulence intensity does not 

change significantly with depth, except for locations directly behind a tall dowel. 

 

The near bed velocity spike and upward velocity, in addition to the strong positive vorticity are 

indicative of counter clockwise coherent structures associated with a mixing layer. Roughening 

the bed increases the strength of the coherent structures. The opposite is present at the top of the 

dowel array as indicated by the inflection point in the velocity profile, the downward velocity 

and strong negative vorticity. In the double layer case, the tall dowels reduce the velocity above 

the short dowels, resulting in a weaker mixing layer. In situations where the short dowels are 

small, the velocity bulge can penetrate to the near bed region and weaken the near bed spike and 

the resulting mixing layer. 

 

While an additional layer of vegetation complicates a system that is not yet well understood, the 

phenomena observed can be simplified. Except for locations behind a tall dowel, the velocity 

profiles resemble the ones observed in single layer flow stacked on top of each other. If a 

sufficiently dense third layer is present, the velocity profiles would appear as vertical lines offset 

by a slip velocity. 
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From these findings, the flow characteristics changes significantly depending on the 

measurement location with respect to the dowels. As a result, factors such as plant density and 

arrangement have significant impacts on the flow behavior. While many of the characteristics are 

similar and can be averaged to obtain a general picture, the flow behavior immediately behind a 

dowel is very dissimilar to the other areas and should not be ignored. The flow exchanges 

occurring behind the dowel near the bed and top of the dowel array may have major benefits for 

stream ecosystem health. 
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Notations 

 
Chapter 2 

d dowel diameter 

h dowel height 

H flow depth 

n Manning’s number 

Re depth Reynolds number 

Red diameter Reynolds number 

Re* roughness Reynolds number 

s dowel spacing 

u stream wise velocity 

u* shear velocity 

u’ longitudinal turbulence intensity 

w vertical velocity 

w’ vertical turbulence intensity 

ωy lateral vorticity 
 
 
 
Chapter 3 

d dowel diameter 

D flow depth 

hs height of short dowel 

ht height of tall dowel 
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ss short dowel spacing 

st tall dowel spacing 

*u  shear velocity at the bed 

tu*  shear velocity at the top of the tall dowel array 

ωy lateral velocity 
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