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Abstract Flow through rigid and emergent/submerged cylinder arrays are commonly
found in several engineering application such as offshore structures, transmission lines,
chimneys, array of silos and field array of trees. Various hydrodynamic phenomena may be
occurring in the interaction between a flowing fluid and these structures. In this manuscript
we focus on the study of flow structures in a channel partially obstructed by an array of
equi-spaced, vertical, rigid, emergent, circular steel cylinders. Experimental results show
that the presence of the cylinders array strongly affects the flow velocity distribution,
forming a transversal sharp transition region at the interface between the obstructed and the
unobstructed domains. At the interface, for the current and previous studies, it was
observed that the flow distribution always resembles a boundary layer feature. This sim-
ilarity in feature of the flow distribution as a boundary layer has led to adapting the
universal law of the wall to describe the transversal profile of the mean flow velocity,
considering, by analogy, the interface separating both domains as a virtual wall. The
specific objectives addressed in this study is to propose and validate a new modified log-
law predicting the representative transversal profile of the mean flow velocity at the
interface between the obstructed and the unobstructed domains. The proposed analytical
model is validated by a series of experiments carried out on a very large rectangular
channel in the Department of Civil, Environmental, Building Engineering and Chemistry
of the Technical University of Bari—Italy. The three-dimensional flow velocity compo-
nents were measured using a 3D Acoustic Doppler Velocimeter ADV. As a result, it is
observed that the measured and the predicted, applying the proposed modified log-law,
mean flow velocity data have a perfect matching between them. Moreover, in the second
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part of the paper, detailed observations on the flow turbulence structure are analyzed and
discussed.

Keywords Partly obstructed open channels - Emergent cylinder arrays - Shear layer -
Velocity distribution - Transversal profiles - Law of the wall - Turbulence structure

Notations

A, B Empirical constants (—)

a Total frontal area (area exposed to the flow) per unit array (m™")
B, Channel width (m)

b Width of the unobstructed area (m)

Cp Drag coefficient (—)

d Cylinder diameter (m)

Fry Inlet Froude number (—)

Fry Froude number in the unobstructed area (—)

g Gravity acceleration (m.s™2)

H Flow depth (m)

h Cylinder height (m)

I Energy slope (—)

ks Representative of roughness height (m)

kF Dimensionless roughness height (—)

L Secondary velocity intensity coefficient (—)

N Time series length of velocity sampling

n Density of cylinders (stem m~?)

(0] Channel discharge (m3 sfl)

Rey Inlet Reynolds number (—)

Re; Reynolds number in the unobstructed area (—)

5,85,8y Space between cylinders (m)

T Water temperature (°C)

t Time (s)

uv Streamwise and spanwise time-averaged velocity (ms™")
U,, V.,  Streamwise and spanwise velocity at the effective shear layer origin (ms™")
Uyn Mean velocity of N samplings

Uy Mean channel velocity upstream of the cylinder arrays (ms™")
U, Flow velocity inside the obstructed region (ms™h

U, Flow maximum velocity in the unobstructed area (msfl)
U, Ut  Dimensionless streamwise velocities (—)

u* Friction velocity (ms™h

u, v Longitudinal and transversal velocity fluctuations (ms™')
X, ¥ Z Longitudinal, transversal and vertical coordinates, respectively (m)
Xeg Equilibrium velocity length (m)

Y Width of the obstructed area (m)

Ym Effective shear layer origin (m)

y*, yt*  Dimensionless transversal coordinates (—)

oy, 0o Empirical constants (—)

B Dimensionless velocity parameter (—)

B> Dimensionless length parameter (—)

0; Inner layer width (m)
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02 Outer layer width (m)

o, D Integration constant (—)

10} volume solid fraction of the cylinders (—)

K Von Karman’s constant (—)

\ Fluid kinematic viscosity m?s™h

v, Eddy viscosity (m? s

0 Momentum thickness (m)

0cq Momentum thickness at the equilibrium stage (m)

1 Introduction

Natural channels are commonly characterized by a main channel for primary flow con-
veyance and an overbank, or floodplain, with diminished conveyance capacity and/or flood
storage area. Previous efforts to estimate the flow resistance in compound channels have
focused on the boundary shear and the gravitational forces that exist at the main channel-
floodplain interface. However, the flow resistance at the interface is also a function of the
turbulence intensities or momentum transfer [1]. At the interface between the array of
cylinders/vegetation and the unobstructed flow areas, the transfer of momentum takes the
form of an apparent shear stress [2—4]. An estimation only of the flow resistance based on
an overall force balance concept is not able to explain all the flow hydrodynamic char-
acteristics in the interface region. In fact, the aquatic vegetation in a natural environment is
characterized by multiple aspects, i.e. it can be submerged or emerged, rigid or flexible,
leafed or leafless, have branches or rods, with high or low density, along the entire width or
a portion of the stream. It is also difficult to measure and interpret all the vegetation
properties referring to data collected from real channels with live vegetation [5-7]. Thence
and despite the many studies conducted on partly obstructed channel flows, this issue
remains of fundamental importance where there is so much to understand, to discover and
to be done.

White and Nepf [4] carried out detailed 2D flow velocity measurements with a Laser
Doppler Velocimeter (LDV) in a 1.2 m wide, 13 m long flume, partially obstructed with a
0.4 m wide array of wooden, emergent, circular cylinders of three different volume den-
sities (¢ = 0.02, 0.045 and 0.10). The authors observed that at the interface between the
obstructed and the unobstructed domains a shear layer is found, possessing two distinct
length scales: (i) an inner-layer thickness set by the array resistance (ii) a wider outer
region, which resembles a boundary layer, has a width set by the water depth and bottom
friction. The authors argued that the interfacial Reynolds shear stress approximately bal-
ances the array resistance in the sharp transition region across the interface. While, in the
boundary layer outside the array, the shear stress approximately balances the pressure
gradient from the free-surface slope. According to the authors, as the flow develops, the
peak of the Reynolds stress shifts toward the interface and becomes more pronounced.
Moreover, they observed that this peak in the equilibrium Reynolds stress profile coincides
with the velocity inflection point, which is within 1-2 cm of the array edge and it is a point
of high energy production.

White and Nepf [4] assumed that the shear layer is unaffected by the cylinders array,
which is not always valid. The free shear layer, formed at the interface, is subjected to
transversal motion and may be shifted (increase of its width) away from the geometrical
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edge of the obstructed area [2, 8]. The longitudinal vorticity source, which is attenuated
within the obstructed domain, increases externally leading to an overall increase of the
effects of the secondary velocities [2]. In the unobstructed flow region, flow features
resemble those of the boundary layer, whereas in the obstructed region the flow has the
features of “porous obstructions” [8—11]. In a rectangular open channel with vegetated
bank, Naot et al. [2], analyzing the streamwise velocity distribution through the channel
cross-section, observed that the flow velocity at the interface is affected by the vegetation
density. For a volume density ¢ < 0.03, they indicated that the vegetation affects the flow
like a rough bank introducing asymmetry in the unobstructed channel area (density values
in Ben Meftah et al.s [8] are included in this range). For 0.03 < ¢ < 0.13, however, the
flow in the obstructed area is gradually blocked (minimum effect on the free shear layer),
making the flow pattern in the unobstructed area similar to that of a wide symmetric
channel (density values in White and Nepf’s [4] are included in this range). For ¢ > 0.13,
an asymmetry, due the intensive secondary currents, of the flow velocity in the unob-
structed area and a shift of the velocity maximum away from the interface were experi-
enced. Moreover, the authors concluded that the location of the free shear layer varies from
case to case.

Many experimental and numerical studies [3, 4, 12, 13] have indicated the formation of
coherent vortex structures at the interface between the obstructed and unobstructed areas.
Due to the drag discontinuity at this interface, the velocity profile in the shear layer exhibits
an inflection point that is unstable and promotes the growth of Kelvin—Helmholtz vortices
[14]. Moving further downstream, the vortices grow in size to reach a fully-developed
stage, from where the transversal profiles of the flow velocity remains almost invariant
varying the downstream position.

Rominger and Nepf [14] indicated that, upstream of an obstructed area of a finite-width,
the flow adjusts over an interior length scale proportional to the drag length scale and the
width Y (full width of the obstructed area perpendicular to the oncoming flow) of the
obstructed area,. This length scale depends on a non-dimensional flow-blockage parameter
of the obstructed domain, described by Cpa(Y/2), where Cp, is the drag coefficient within
the array of cylinders, on which several studies have been conducted to estimate it [15-20],
a = nd is the total frontal area (area exposed to the flow) per unit array, d is the cylinder
diameter and 7 is the density of cylinders per unit surface. For low flow-blockage canopies
[Cpa(Y/2) < < 1], the interior adjustment length is set by the obstructed drag scale
(CDa)’l. For high flow-blockage canopies [Cpa(Y/2) > > 1], the adjustment length is set
by the half-width, Y/2. The transition between the two regimes is expected to occur when
Y2 & (Cpa)~"'. Downstream of the interior adjustment region, the authors indicated the
formation of a shear layer along the flow-parallel to the interface between the array and the
unobstructed flow.

There are many examples of flow encountering fixed porous obstructions. In literature
[14] such obstructions are referred to as canopies. As an example, planting of random or
regular arrays of trees can be used as a protection and management system of floodplains
and banks. Agriculture canopies are porous obstructions, where fields of trees can be
organized in regular square rows. In addition, flow through rigid and emergent cylinder
arrays are commonly found in several engineering application such as offshore structures,
transmission lines, chimneys and array of silos. Several of these structures may also show
geometries similar to the model geometry investigated in this manuscript. In the present
study, we focus on the understanding of the various hydrodynamic phenomena occurring in
the interaction between a flowing fluid and these structures.
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Several methods exist to predict vertical velocity distribution and to estimate bed shear
stress in rough channels without vegetation, the best known methods is still the logarithmic
law of the wall. The presence of vegetation in the aquatic environment considerably alters
the turbulent flow structures. The additional drag exerted by this vegetation largely
influences the distribution of mean and instantaneous velocity. Numerous experimental
studies conducted on submerged vegetated channels have shown that the vertical velocity
profile above aquatic vegetation follows a logarithmic trend. Therefore, many of these
studies adapted the universal logarithmic law of the wall, with specific modifications, to
describe this velocity profile. Different methods adapting the vertical velocity profile over
aquatic vegetation to the Prandtl’s log-law are well summarized in a previous study by
Stephan and Gutknecht [21]. At the interface between the obstructed and the unobstructed
flow areas of the present study and other previous studies [4, 8, 12, 22], independent of the
obstructed area characteristics, it was observed that the transversal streamwise velocity
distribution almost behaves the same way as a vertical velocity profile above aquatic
vegetation, following a logarithmic trend. This similarity between both cases also made us
adapting the universal logarithmic law of the wall, to describe the transversal mean
velocity profile at the interface in a partly vegetated channel.

Despite the numerous previous studies on partly obstructed channels by array of rigid
and emergent cylinders/vegetation, it was remarked a lack of methods adapting the uni-
versal logarithmic law to the transversal velocity profile at the interface. This motivated us
to enhance this topic by adapting the log-law to predict the transversal profile of the flow
mean velocity at the interface.

This study proposes a new modified log-law adapting the transversal profile of the flow
mean velocity at the interface between the obstructed and unobstructed areas in a partially
obstructed channel by an array of emergent cylinders/vegetation. As a part of second
interest, detailed observations on the flow turbulence structure are also analyzed and
discussed.

2 Theoretical approach

Along the transversal direction, the turbulent flow in partially obstructed rectangular
channels can be divided into two sub-regions, the obstructed region and the unobstructed
region. In the case where the mean flow depth, H, is much smaller than the mean channel
width, B,, that is H/B. < < 1, the flow can be considered, approximately, bi-dimensional
(x, ), in which x and y are the longitudinal and transversal directions, respectively (Fig. 1).
In the present study, the obstructed region was simulated by an array of vertical steel
cylinders. Cylinders were arranged regularly and spaced longitudinally, s,, and transver-
sally, s,, with the same distance s = s, = s, (see Fig. 1). The volume solid fraction of the
cylinders is defined as: ¢ = mad/4.

The velocity inside the obstructed region (defined as a time and spatially average pore
velocity) was defined as U;. Through the shear layer region across the interface, the flow
velocity gradually increases to reach a maximum and constant velocity U, in the main
channel. The velocity distribution is characterized by two length scales: ¢;, a length scale
over which momentum penetrates into the array and defined as the inner layer width [4],
and J,, a length scale over which the shear extends into the main channel and defined as the
outer layer width (see Fig. 1).
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Fig. 1 Problem description at the interface between the obstructed and the unobstructed domains. Note: b is
the width of the unobstructed area, x., is the equilibrium velocity length, defined as the distance from the
leading edge of the array of cylinders to the downstream position at which the flow reaches a full-developed
state (OU/0x = 0), Uy is the mean channel velocity upstream of the cylinder arrays, and y,, (at which the
velocity is indicated by U,,) is defined as the effective shear layer origin of J,, determined as the transversal
position at which the local effect of the cylinders practically disappears and the flow velocity increases
almost linearly

Despite the close resemblance between the flow distribution in the unobstructed flow
area and that of a boundary layer feature on a flat-plate, White and Nepf [4] suggested that
the unobstructed flow hydrodynamic structure is not identical to a developing laminar
boundary layer. It is simply resembles a prototypical boundary layer form. The main
difference between the laminar boundary layer on a flat-plate and the shear layer at the
interface between the cylinder arrays and the unobstructed flow is related to the flow
turbulence level. Due to the flow laminarity, the width of the boundary layer on a flat-plate
is associated to the flow particle deceleration near the solid body caused by the viscous
forces, which are the same order as the inertial forces. In the case of the laminar boundary
layer, an insufficient momentum exchange takes place permitting the flow separation from
the surface on a short downstream position x from the edge of the solid body. However, in
the interface between the cylinder arrays and unobstructed flow, as reported in the present
study, the velocities of the flow particles are not null but have considerable values and then
the flow is full-turbulent [8].

Velocity distribution in uniform open-channel flows was widely discussed in several
previous studies [23-26]. The open channel flow is composed of two regions [24, 25]; the
inner-wall region where the flow is directly affected by the bed and the outer region where
the flow is only indirectly affected by the bed through its shear stress, herein y is the point
distance from the wall. The inner-wall region is further composed by three sub-region; the
viscous sub layer, the buffer layer and the log-law layer. The inner-wall region is con-
trolled and characterized by the friction velocity, u*, and the fluid kinematic viscosity, v,
that is the law of the wall. However, the outer region is characterized by the flow depth and
the maximum mainstream velocity. Authors [24, 25] observed that the velocity in the outer
region deviate upward from the log-law and is described empirically by the log-wake law
(Fig. 2).
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Fig. 2 Sketch of a classical representative velocity profile in open-channels

Velocity profiles are usually interpolated using laws belonging to one of two families:
logarithmic laws and power laws. The best known velocity distribution law is still the
logarithmic law of the wall [26]. The law of the wall governs the wall region in which the
characteristic scales of length and velocity are v/u* and u*, respectively. The logarithmic
law of the wall is usually written as follows:

Ut = %m(y*) + @ (k) (1)

where U = Ulu*, y* = u*y/v, ki = u*ky/v, U is the local time-averaged velocity, k is the
Von Karman’s constant, k; is representative of roughness height, v is the water kinematic
viscosity and @ is a function.

As mentioned above, the law of the wall governs a wall region, which means the presence
of no-slip condition at the wall, and thus the flow velocity should be null at the solid boundary.
In this study, the interface between the cylinder arrays and the unobstructed area is permeable,
and then the no-slip condition is not available, whereas a slip flow condition occurs. At the
interface, the flow velocity is not null, but it is of considerable magnitude and the flow is full
turbulent. In order to adapt the law of the wall to the present study, it must rescale the flow
conditions at the interface to resemble the application conditions of this law, i.e., zero velocity
at the effective shear layer origin and characteristic scales of length and velocity similar to v/
u*and u*. Because the flow is full turbulent at the interface we adapted a length scale as v,/u",
where v, is the eddy viscosity. Finally, Eq. (1) can be written as follows:

leln<w) +o 2)

ux K 2

The eddy viscosity is determined as:

ux?

—<d > ©)

Vy =
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From Eq. (2) the velocity deficit at the interface region can be determined as:

UfUm:u—*ln(yfym)+u—*ln(u—*> Yuxd (4)
K K v

It is also possible to write Eq. (4) as follows:

U-U,=Aln(y —yn) +B (5)
where
ux
A=— 6
- (©)
and
B:M—*1n<ﬁ)+u*d§ (7)
K vy

From Eq. (6), it can be noted that when the experimental velocity deficit (U — U,,) fits a
single line as a function of /n(y — y,,), the value of A can easily be determined. Conse-
quently, the friction velocity u* can also be obtained, taking into account the value of Von
Karman’s constant (x ~ 0.412).

3 Experimental method

The experimental runs were carried out in a smooth horizontal rectangular channel at the
Coastal Engineering Laboratory (L.I.C.) of the Department of Civil, Environmental,
Building Engineering and Chemistry at the Technical University of Bari, Italy. The
channel consisted of a base and lateral walls made of glass. The channel is 15 m long, 4 m
large and 0.4 m deep. To create a current inside the channel, a closed hydraulic circuit was
constructed. The water was pumped, from a large downstream metallic tank, by means a
Flygt centrifugal electro-pump to the upstream steel tank. A side-channel spillway with
adjustable height made from different plates mounted together was fitted into the upstream
tank. The water that overflowed was discharged into the large metallic tank located
downstream of the channel. Two different electromagnetic flow meters were mounted onto
the hydraulic circuit of the channel, in order to measure both the pumped and the over-
flowed flow rates. The channel discharge Q was determined as the difference between the
two flow rates. To create a smooth flow transition from the upstream tank to the flume, a set
of stilling grids were installed in the upstream tank to dampen inlet turbulence. The
upstream and downstream gates were used to define the flow depth and mean velocity in
the channel (Fig. 3).

The model array was constructed of vertical, rigid, circular and threaded steel cylinders.
The cylinder height, A, and diameter, d, were 0.31 m and 0.003 m, respectively. The
cylinder extremities were inserted into a plywood plaque 3.0 m long, 4.0 m wide and
0.02 m thick, which in turn was fixed along the channel bottoms, forming the obstructed
area of 3 x 3 m. It should be taken into account that the arrays of cylinders were partially
mounted on the bottom of the channel, in the central part, leaving two lateral areas, each of
them is 0.5 m large, of free flow circulation near the walls. The plywood plaque was
extended 3 m both upstream and downstream of the array of cylinders (experimental area)
and was tapered to the channel bottom to minimize flow disturbance. Cylinders were
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Fig. 3 General sketch of the laboratory flume with the experimental area

arranged regularly and spaced longitudinally, s,, and transversally, s,, with the same dis-
tance s, = s, = 5.0 cm, so that the cylinder density, n, was 400 cylinders/mz.

The origin of the x-axis (x = 0) was taken at the leading edge of the array of cylinders,
while the origin of the y-axis (y = 0) was taken at the array edge (Fig. 1). Because water is
forced to move around the cylinders, the flow within the cylinder arrays is turbulent and
highly heterogeneous at the scale of the individual cylinder. Therefore, the instantaneous
three-dimensional flow velocity components, through different longitudinal, cross and
horizontal planes, were accurately measured (1 cm x 1 cm grid resolution) using a three-
dimensional (3D) Acoustic Doppler Velocimeter (ADV) system, together with CollectV
software for data acquisition and ExploreV software for the data analysis, all produced by
Nortek. The ADV was used with a velocity range equal to £0.30 m/s, a velocity accuracy
of 1 %, a sampling rate of 25 Hz, a sampling volume of vertical extend of 9 mm and a
time of acquisition window of order 2 min. A 15 db signal-to-noise ratio (SNR) and a
correlation coefficients larger than 70 % are recommended by the manufacturer for high-
resolution measurements. The acquired data were filtered based on the Tukey’s method and
the bad samples (SNR <15 db and correlation coefficient <70 %) were also removed.
Because of the configuration of the ADV of downlooking probe probes, the uppermost
7 cm of the flow could not be sampled [3]. Additional details concerning the channel setup
and the ADV operation can be found elsewhere in Ben Meftah et al. [26, 27] and Ben
Meftah et al. [28].

The initial experimental conditions and parameters of the investigated runs are shown in
Table 1. Herein, T is the water temperature, Re, = UyH/v is the inlet Reynolds number,
Frp = Uyl(gH)®? is the inlet Froude number, Re, = U,H/v is the Reynolds number in the
unobstructed area and Fr, = UZ/(gH)0'5 is the Froude number in the unobstructed area, U,
is the mean channel velocity and g is the gravity acceleration. The solid fraction of
cylinders was constant for all the experimental runs having a value of ¢ = 0.0028.
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Table 1 Initial experimental conditions and parameters of the investigated runs of fully-developed flow

Runs  H(m) Uy(m/s) U, (mfs) U, (m/s) T(°C) Rey(—=) Fro(=) Rey(=) Fry(-)

R1 0.25 0.100 0.220 0.087 20 25000 0.064 55050 0.141
R2 0.22 0.114 0.247 0.101 09 17194 0.077 39331 0.168
R3 0.18 0.139 0.309 0.119 14 19555 0.105 47334 0.233
R4 0.14 0.179 0.385 0.162 15 20163 0.152 47193 0.329

4 Results and discussion
4.1 Shear layer development

Figure 4 shows an example of a vector map of the measured longitudinal velocity com-
ponent U in both the obstructed and the unobstructed flow areas. The transversal profiles of
U refer to run R3. The solid curve qualitatively represents the position of the nominal limit
of the shear layer as a function of the ratio x/x,,. x,, is the equilibrium velocity length, see
Fig. 1 for definition, determined experimentally, it is a longitudinal position from which
U(y) remains almost invariant as going further downstream (fully-developed flow). The
numerous profiles of several measurement points for each one, as shown in Fig. 4, were
taken in order to obtain as many details as possible on the flow development inside and
outside the array of cylinders.

At the entrance section, where x/x,, ~ 0, the U-profile appears of constant value along
all the transversal direction y, except at the positions in line with the cylinders, where a
reduction of U can be clearly noted, due to the known wake region formed downstream of
each cylinder. When going further downstream from the entrance section, the magnitude of
U starts to decrease gradually within the array of cylinders [19]. Outside the array the U-
profiles, at x/x,, > 0.1, are characterized by two typical regions: (i) a region immediately
next to the interface between the array and the unobstructed flow domains, in which
U increases continuously from a given velocity at the interface (y = 0) to a full velocity
U,, (ii) a free-stream region where U remains almost constant and equal to the full velocity
U,. It can be noted that, outside the array of cylinders, U almost behaves in the same way
as a flow velocity close to a flat-plate [23]. Following and in the same way as the flow over
a flat-plate, the first region will be defined as the shear layer, and behaves in exactly the
same way as a rough boundary layer; the second region will be called the region of free-
stream velocity. On the other hand, it can be seen that both the free-stream velocity U, and
the velocity in the shear layer increase gradually with increasing distance from the leading

b

Fig. 4 Vector map of the U-velocity distribution for Run R3. The solid curve qualitatively represents the
nominal limit of the shear layer, obtained at U(y) = 0.99U,
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edge of the array in the downstream direction. Starting from x/x,, = 0.70, both U and U,
velocities show a slight increase as x increases, tending to a state of almost fully-developed
flow. According to the previous study by Rominger and Nepf [14], this can be explained by
the transversal flow diversion, caused by the additional flow resistance due to the cylinder
array drag. At the entrance of the obstructed area, Fig. 4 shows that the flow adjusts over a
certain longitudinal distance x/x,, of order 0.1, defined in Rominger and Nepf [14] as the
interior length scale which is proportional to the cylinder array drag length scale and the
cylinder array width (¥/2). The positive pressure gradient generated at the entrance of the
obstructed area, due to the flow deceleration, causes transversal flow diversion. The
absorption of this additional flow rate in the unobstructed area, keeping the flow depth
H constant, is manifested by a slight velocity acceleration. It is worth noting that the
proposed model refers to the region of fully-developed flow as the area where the shear
layer width is almost constant (OU/0x =~ 0).

The shear layer width §, was defined as the distance between the transversal position at
v (see Fig. 1) and the position where the longitudinal component of the water velocity U
is equal to 0.99 U,. At any downstream position x outside the shear layer, it can be noted
that U, remains of almost constant magnitude along the transversal direction. Despite the
slight increase of U, as a function of x, upstream of the fully-developed flow region, J, was
determined defining at every position x the flow velocity U,. Figure 4 shows that the shear
layer width increases along the interface in the downstream direction. Near the leading
edge of the array, at x/x., < 0.11, the thickness of the shear layer starts to increase with a
slight rate, resembling in form the prototypical growth of the boundary layer in the initial
laminar region of flat-plate turbulent boundary [23]. This is more pronounced in Fig. 5 for
x/x.q < 0.15. Figure 5 depicts the values of the normalized momentum thickness 0/0,, for
all runs. The momentum thickness was calculated using the measured velocity profiles as:

= | ) e

1.2 4

1.0 - O -

0.8 - q-

66,

0.6 1 1) o % =Present study

O White and Nepf [4]
044 ©
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Fig. 5 Evolution of the momentum thickness. The values presented in this figure are the average of the
calculated values of 0 obtained with the different runs and the vertical bars are their standard deviations.
The superposed data of White and Nepf [4] refer to run IV with Cpa = 0.285 cm™!
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The momentum thickness at the equilibrium stage is denoted by 0,,,.

Figures 4 and 5 show that, from x/x,, > 0.11 to x/x., ~ 0.5, the shear layer width
shows a clear sharp increase. Further downstream, x/x., > 0.8, the width of the turbulent
shear layer tends to an almost constant value, where a fully-developed flow state is
reached. As the shear layer width increases, the shear in the outer layer decreases indi-
cating a net flux of momentum toward the shear layer. The momentum penetration is
limited by the drag of the array of cylinders [4]. At the distance x,, from the leading edge
of the array of cylinders a maximum momentum penetration should be established leading
to an equilibrium state of constant shear layer width.

Figure 5 clearly shows the growth of the momentum thickness with the increase of x,
which is in agreement with the shear layer width evolution presented in Fig. 4. In addition
to the momentum thickness data of the present study illustrated in Fig. 5, the superposition
of the relative data digitalized from White and Nepf [4] has also been done. As clearly
noted by Fig. 5, for x/x,, > 0.3, the dimensionless momentum thickness for both cases
shows a similar tendency; it behaves in the same manner and shows equal rates of growth.
0/0,, starts to increase slightly as x/x,, increases and then asymptotes to an approximately
constant value of order 1, suggesting the achievement of the fully-developed flow state. In
contrast, for x/x,, < 0.3, 6/92,1 shows two different rates of growth. For the present study,
0/0,, increases slowly compared to White and Nepf’s [4] study. This could be related to the
additional flow resistance due to cylinder arrays drag. White and Nepf’s [4] data refer to a
cylinder arrays drag length scale, (Cpa) ™', of order 4 cm against a value of order 60 cm for
the present study. This means that for the cylinder arrays of highest solid volume fraction a
strong upstream flow divergence occurred giving rise to low pressure at the leading-edge
corner (more details in Rominger and Nepf [14]) which in turn leads to highest rate of the
shear layer growth. As the solid volume fraction of the cylinder arrays becomes smaller
this effect diminishes, giving rise to a smooth growth of the shear layer width, as shown in
Fig. 5 for the present study.

For further confirmation of the equilibrium width of the shear layer, we plot, as an
example, in Fig. 6 the transversal profiles of the normalized stream velocity (U — U,,)/
(U, — U, at different longitudinal positions x for run R2. Figure 6 shows that from
X/x0q > 0.6, all profiles are very close to one another. However, the profiles at x/x., > 1
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Fig. 6 Transversal profiles of the normalized stream velocity at different downstream positions x/x.,
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line up exactly, confirming the fully-developed flow occurrence where the width of the
shear layer becomes almost invariant.

4.2 Adaptation of the law of the wall to the transversal velocity profile

The specific objectives addressed in this section are: (i) establishment of a new analytical
model of the flow velocity distribution in the interface between the obstructed and the
unobstructed flow areas based on the familiar universal law of the wall; (ii) introduction of
specific flow velocity and transversal displacement parameters at the interface to adapt the
law of the wall to the present study conditions; (iii) examination of the validity of the
modified log-law model in producing the flow velocity distribution at the interface.

As clearly shown in Fig. 4, the flow velocity U almost behaves, as previously indicated,
in the same way as a flow velocity close to a flat-plate, resembling a boundary layer
feature. This supports the possibility of adapting the law of the wall to the transversal U-
profiles in the interface region of the present study. Application of Eq. (2) requires before
the determination of the friction velocity u* as a boundary condition. Usually, there are
different ways of calculating u* [29]: (i) from the log-law; (ii) from the measured Reynolds
shear stress distribution; and (iii) using a global shear velocity based on the hydraulic
radius. It is worth mentioning that in this study, due to the additional effect of transversal
flow motion on &, the friction velocity u* should be determined using only the log-law
procedure. In the current study, the value of #* can be equal to the value of the square root
of the maximum measured shear stress, if y,, coincides with the position of the shear stress
peak, otherwise it experiences different values. If the peak of the measured shear stress
takes place at a transversal position significantly greater than y,,, which is the case of this
study, u* shows a value greater than the square root of the maximum measured shear
stress, recompensing the increase of 0, subjected to transversal flow motion, as observed
by ben Meftah et al. [8].

In Fig. 7 we plot the flow velocity deficit (U — U,,) versus (y — y,,), in semi-loga-
rithmic scale graph. The experimental data refer to runs R1 to R4. The plotted data
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White and Nepf [4, 22]

5 YYmlcm) 50

Fig. 7 Flow velocity deficit (U — U,,) against (y — y,,) in semi-logarithmic form, at the region of fully-
developed flow
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Table 2 Experimental values of the coefficients and physical properties presented in the different equations
at the region of fully-developed flow

Runs Cpa (cm™) A B R’ u* (cm/s)  u* (cm/s) A (] 02
predicted  experimental (cm?/s) (cm)

Present study

R1 0.015 894  —1428 099 3.69 1.22 20.58 0.30 225
R2 0.017 10.02 —1532 099 4.13 1.34 21.32 0.28 21.0
R3 0.014 11.63 —16.19 1.00 4.79 1.30 21.45 0.26 20.8
R4 0.012 13.19 —17.84 1.00 543 1.50 24.01 0.32 215
White and Nepf [4, 22]

I 0.092 467 =579 1.00  1.92 1.81 7.11 0.16 24.5
v 0.285 567 —8.03 1.00 2.34 2.10 11.36 040 252
VI 0.255 360 —5.19 1.00 1.48 1.48 7.33 0.38 333
VII 2.430 545 —693 099 225 1.93 7.76 —0.07 29.2
X 1.770 958 —13.23 1.00 3.95 3.44 18.10 0.34 293
Average — - - - - - - 026 -

R? is the square of the correlation coefficient relative to the linear regression (Fig. 7)

correspond to the longitudinal position x/x,, = 1.01, where a fully-developed flow is
reached. In addition to the experimental data of the present study, in Fig. 7 we also plot the
data obtained by White and Nepf [4, 22] for five other different configurations, of various
values of Cpa (Table 2), with the aim to reflect the cylinder array density effect on the flow
structure. In the current study, the White and Nepf’s [4, 22] velocity data were digitalized
from Fig. 16 of their paper [22]. As clearly shown in Fig. 7, U — U, fits a perfect single
line as a function of y — y,, for each run. The values of A and B, as shown by Eq. (5), are
respectively determined, for each run, as the slope and the intercept of the regression line
(dashed lines on Fig. 7). Based on Eq. (6) and taking into account a value of the Von
Karman’s constant x equal to 0.412, the friction velocity u* can be finally predicted
(Table 2). In addition to the predicted values, the experimental values of u*, calculated
based on the maximum magnitude of the measured shear stress, were also illustrated in
Table 2. Table 2 shows that the predicted values of u* of the present study are consid-
erably greater than those determined experimentally, this is due to the additional
enlargement of J, caused by the transversal flow motion generated by the cylinder arrays,
as above indicated. While, for the previous studies of White and Nepf [4, 22], the predicted
and experimental values of u* are almost equal, due to the close coincidence of y,, and the
position of the shear stress peak. Note that in White and Nepf’s [4, 22] studies, the flow at
the entrance of the array was separated from the unobstructed area of the channel flow by a
1.2 m long, splitter plate, allowing the flow to develop separately within each region, and
minimizing transverse flow motions. In addition, it was observed, in a previous study [2],
that the vegetation density affects the flow velocity at the interface. According to Naot
et al. [2], with density values of the order of those used in White and Nepf [4, 22], see third
paragraph in the introduction section, the flow in the obstructed area is gradually blocked,
minimizing the transverse flow motions toward the unobstructed area. This may be
explains why the peak in the equilibrium Reynolds stress profile appears close to the array
edge (1-2 cm of it), which is quasi coincides with y,),.
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The values of @ were determined using Eq. (7) after defining the values of B. Note
that, in the calculation of both the function @ and the eddy viscosity v, obtained
empirically using Eq. (3), we referred to the predicted friction velocity u* (Table 2). For
open-channel flows with smooth walls, @ has a typical constant value of 5.3 regardless
of the Reynolds and Froude numbers [24]. However, at the interface between the
obstructed and the unobstructed flow areas, @ shows (Table 2) small values compared to
5.3 for both the current study and those of White and Nepf [4, 22]. Table 2 shows that
the predicted values of @ varies slightly from run to run in a random order. It varies
around an average value equal to 0.26 with a standard deviation of order 0.08 for all runs
(of the present study and those of White and Nepf [4, 22]). This implies that® can be
considered almost constant (x0.3) regardless the Reynolds number, the Froude number
and the cylinder array density Cpa. This finding strongly supports the idea of adapting
the law of the wall to the transversal profile of the flow velocity at the interface. By the
introduction of a determined v, into the log-law, keeping the parameter x equal to 0.412,
it is worth mentioning that, in the current study, the integration constant @ was
empirically determined using the flow velocity measurements. In contrast, in other
studies @ is treated as a constant value and the characteristic roughness parameter (v/u*)
as a variable to be determined. According to Stephan and Gutknecht [21], with the aim
to define flow resistance due to the presence of submerged vegetation, the procedure
used in many studies was the keeping of the integration constant @ equal to 8.5 in
addition to Von Karman’s constant x equal to 0.4 while varying the characteristic
roughness parameter and the zero plane displacement.

Figure 8 depicts the profiles of the dimensionless velocity U" plotted versus the
dimensionless transversal position y* in semi-logarithmic form for runs R1 to R4. On the
same figure, we also plot some data obtained by White and Nepf [4, 22]. In Fig. 8, U' and
y* are defined as: Ut = (U — U,)/u* and y© = (y — y,,)u*/v,. Both the classical theo-
retical curve of the log-law (solid line) for open-smooth-channel flows, of @ = 5.3 [30],
and that of U" = y* (dashed line) are also plotted on Fig. 8. The dash-dotted line on Fig. 8
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Fig. 8 Equilibrium transversal dimensionless velocity profiles U" versus y* in semi-logarithmic form
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is simply the parallel of the log-law line, for open-smooth-channel flows, translated at the
level of the illustrated data. Figure 8 shows that for y+ < 1.5, all the data, for both the
present and the previous studies, collapse onto a single fit and following the curve of
Ut =y*. From y* > 1.5, all the data follow a single logarithmic trend. This logarithmic
trend remains valid over a certain distance y+, varies from run to run, and then the data
experience a sharp deviation downward the log-law. The occurrence of the last deviation at
different values of y* led to a shift of the profiles from each other, indicating an incomplete
data similarity. The value difference between @ determined in the present study and that of
the typical log-law for open-smooth-channel flows (0.3 against 5.3, respectively), in
addition to the incomplete similarity of all profiles shown in Fig. 8, points out the
noticeable difference in the flow properties between both cases. At the interface between
the obstructed and the unobstructed areas, the flow hydrodynamic structure is not identical
to a developing laminar boundary layer, but simply the flow velocity distribution resembles
a prototypical boundary layer form, as also confirmed by White and Nepf [4, 22].

The incomplete similarity of the data shown in Fig. 8 implies that the generated
dimensionless velocity U and length scales y* are not appropriate to represent all the data
onto a single profile. In order to resolve this problem of data similarity, ulterior scaling of
the flow velocity and the transversal coordinate, respecting always the log-law approach,
should be done. Based on a previous study of Ben Meftah et al. [8], the rescale of the
velocity and the length variables in the following way:

U - Um Y —=Ym
U++ _ - Tm d ++_2 Jm 9
U2 - Um mey 52 ( )
shows a good similarity between different profiles of U™ as a function of y*'. By

comparing the data of the current study with those of previous studies reported in White
and Nepf [4, 22], Ben Meftah et al. [8] confirmed that this similarity occurs independently
of the flow and cylinder array characteristics, i.e. the Reynolds number, the Froude number
and the cylinder array density. It is worth mentioning that in White and Nepf [4, 22] J, was
determined as (U, — Up,)/0U/Oyl,,,, which differs from its definition used in this study. In
the present study, the White and Nepf’s [4, 22] J,, (Table 2) was determined in Ben
Meftah et al. [8], using digitalized velocity data from White and Nepf [22], as the
transversal distance between y,, and the position where U is equal to 0.99U.,.

Taking into account the rescaled velocity U and transversal position y*™, as pre-
sented in Eq. (9), one can rewrite Eq. (2) as:

U—Umziln[ﬁz((y_y’”)”*ﬂ +ﬁilcb (10)

Byu* Bix Bovi

where f§; and f3, are respectively a dimensionless velocity and a dimensionless length
parameters determined as follow:

U2 — Um 52
pr=—"—"—and ) =7~ (11)
u ()
Equation (11) can also be written as:
U-U, 1 ((y — ym)u*) 1 1
=—In|—— |+ —In(B) + - 12
But PBrx Bave Brx () B 12)

and finally we can obtain an equation similar to Eq. (1) as:
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-1
Ut+ ﬁ—ln()ﬁ*)—k(b’,

1K
where
U++:U—Um: Uu-u,
piu* U, - U, (13)
y = O =ymu” (= ym)
Bave o
o = ﬁln(ﬂz) +%<D.

The use of Ut" and y*™ instead of U' and y™* is to mention the slight change that the
formula has undergone compared to the classical log-law formula, as clearly manifested by
the appearance of f§; in the first term in the right hand side of Eq. (13).

Using the predicted friction velocity u* (Table 2) and the measured physical prop-
erties U,, U, (Table 1) and J, (Table 2), the values of f8;, f, and @ were easily
determined, as shown in Table 3. The standard deviation of the parameters f3;, ff, and &’
(calculated based on the set of the nine runs presented in Table 3) are 0.48, 1.21 and
0.03 and their average are 4.27, 5.56 and 1.02, respectively. Compared to the average
value the standard deviation of f3;, > and @' can be almost considered of small value,
which is more pronounced with 8; and @'. This implies that f3;, >, and @' tend to be
very close to their average values.

Figures 9a—c show the variation of three parameters f3;, §, and @ as a function of the
cylinder array density Cpa, the Reynolds number Re, and the Froude number Fr»,
respectively, for the nine runs presented in Table 3. Figure 9 shows that the parameters
B1, B> and @ are almost invariant as a function of Cpa, Re, and Fr,, especially @' and
Bi. B2 shows more scattering which mainly due to the difficulty to accurately estimate
the eddy viscosity using the experimental data. Figure 9b indicates a slight decrease of
p; and f3, as a function of the Reynolds number which is less pronounced with f;.
Therefore and fore sake of simplicity, the values of f8;, > and @' can be considered as
constants in Eq. (13), regardless the cylinder array density, the Reynolds number and the
Froude number. The non-dependence of f3;, > and @' on the flow and cylinder array

Table 3 Calculated values of

the parameters presented in Runs B B2 4
Eq. (13) Present study
R1 3.56 4.03 1.03
R2 3.54 4.07 1.04
R3 3.95 4.65 1.01
R4 4.06 4.87 1.03
White and Nepf [4, 22]
I 4.64 6.63 1.02
v 4.68 5.18 0.94
VI 4.83 6.74 1.04
VII 4.70 7.52 1.02
X 451 6.39 1.07
Average 4.27 5.56 1.02
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characteristics leads to a general formula [Eq. (13)] capable of predicting the flow
velocity distribution at the interface between the obstructed and the unobstructed areas in
an open channel flow partially obstructed by an array of emergent cylinders/vegetation.

Figure 10 shows the transversal profiles of the experimental velocity, for both the
present study and those of White and Nepf [4, 22], plotted as Ut versus y** in a semi-
logarithmic form. In contrast to Fig. 8, where only a partial similarity occurs between the
experimental data, in Fig. 10 it can be clearly noted that all the data collapse onto a single
profiles, confirming a complete similarity between them. In addition to the experimental
data, in Fig. 10 we plot the predicted velocity profile using Eq. (13) with $; and @' of
values equal to 4.3 and 1, respectively. As shown in Fig. 10, it can be observed that the
logarithmic law presented by Eq. (13) is only applicable for 0.3 < y™+ < 1. In Fig. 10 we
also plot the curve of U™t = y™*, making analogy with the viscous sub layer in open-
smooth-channels (Fig. 2). In addition, the analytical power-law solution proposed by Ben
Meftah et al. [8], as presented by Eq. (14), is also plotted in Fig. 10.

1
1 2 3
utt :—[(—al) +4—a2y++} 7_3114 For 0<yt <1

2|\L L
with
yy LU+ Vi 11LUy, (14)
U, —U, U,— U,
0 — glé,
(U = Un)?

In Eq. (14) L is a secondary velocity intensity coefficient and I = OH/Ox is the energy
slope, see Ben Meftah et al. [8] for more details.

For y™* < 0.3, it can be clearly noted that the Ben Meftah et al.’s [8] analytical solution
slightly overestimates the mean velocity U™, however the solution of U™t = y**
slightly underestimates it, and then the measured data are enveloped between them.
Therefore, an average of both equations, as shown by Eq. (15), could be the suitable so-
lution for the mean flow velocity distribution up to y™* = 0.3.

o=

1 2 1
Ut = [(%) +4%y++] ot —% For 0<y™ <0.3 (15)

According to Ben Meftah et al. [8], in Eq. (15) the empirical constants L, «;, and o,
were experimentally estimated as 0.10, 0.07 and 0.17, respectively. The proposed solution
of Eq. (15) is also plotted (dotted line) in Fig. 10. As you can see, the predicted velocity
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Fig. 9 Variation of f8;, 8, and @' as a function of Cpa, Re, and Fr,
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Fig. 10 The modified velocity profiles U™ versus y** in semi-logarithmic form

profile determined by Eq. (15) seems to match well the experimental data trend for both
the present and the previous studies. Figure 10 shows that, for y* > 1, all the experi-
mental data, for the different runs of the present and previous studies, collapse onto an
almost single line of Ut = 1.

Summarizing the results of this section, it can be concluded that the analysis of flow
velocity in partly obstructed channel flows led to the following results: (i) Seeing the
resemblance in form between the shear layer, formed in partly obstructed channel flows,
and the well-known boundary layer, formed in open-smooth-channel flows, an analytical
modelling adapting the familiar logarithmic law to the flow velocity distribution at the
interface between the obstructed and the unobstructed areas appears to be suitable and
reasonable; (ii) introduction of the velocity deficit (U — U,,) is necessary to resemble the
application conditions of the law of the wall, i.e., null velocity at the effective shear layer
origin; (iii) the friction velocity u* as a boundary condition, is determined using the
experimental data where the velocity deficit (U — U,,) fits a single line as a function of
In(y — y.»), keeping a constant of Von Karman’s x equal to 0.412; (iv) because the flow is
full turbulent at the interface between the obstructed and the unobstructed domains, an
eddy viscosity v, is adapted rather than the water kinematic viscosity v; (v) Adaptation of
the classical logarithmic law to the transversal mean flow velocity distribution at the
interface requires the introduction of specific rescaling of the velocity as U™ and the
transversal coordinate as y*; and (vi) a new modified log-law of the transversal profile of
the flow velocity, at the interface between the obstructed and unobstructed areas in an open
channel partially obstructed by an array of rigid and emergent cylinders/vegetation, is
proposed as follows:
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1
1 2 |
U++:—{(ﬂ) +4ﬁy++} + -yt ——  For 0<y'" <03

1
Utt = ﬂln(yJ’J’) +@ For 03<y <l
1

Utt' =1 For ytt>1

with
L=0.1,0 =007, 00 =0.17, k = 0412, By, =43 and ¢ =1

By analogy with the classical representative velocity profile in open-channel flows, as
shown above in Fig. 2, and based on the results obtained in this study, it can be concluded
that the representative velocity profile at the interface between the obstructed and the
unobstructed areas of partly obstructed channel flow is basically composed of two regions;
the inner region (y** < 1) and the outer region (y*+ > 0.3) (Fig. 11). The inner region is
further composed of the interface layer (y*" < 0.3) and the overlap (or the log-law) layer
(0.3 < y™* < 1). The outer region is also composed by two layer; the overlap layer and the
free-stream layer (y*" > 1). The interface layer, as shown in Fig. 11, is virtually
resembles in form the viscous sub layer, in open-channels, but is hydrodinamically dif-
ferent than it, due to the full turbulence flow at the interface. Comparable to open-channel
flows [24, 25, 30], the interface layer is controlled by the inner variables such as the
friction velocity u* and the eddy viscosity v, instead the water kinematic viscosity v. Since
the variation from the inner region to the outer region is gradual, the overlap was also
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Fig. 11 Proposed sketch of the representative velocity profile at the interface between the obstructed and
the unobstructed areas of partly obstructed channel flows
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considered a part of the outer regions, it is an intermediate region where both effects of the
inner and outer regions are combined. the outer region is controlled by the outer variables
such as the flow depth H and the maximum mainstream velocity U,. As shown in Figs. 10
and 11, at the free-stream region the velocity abruptly deviates downward the overlap
region (log-law form) to a linear form of constant value, UtT = 1. It is to be noted that,
the log-law, as shown in Eq. (16), is inherently valid (is continuous) both in the inner-
interface region and in the free-stream region, and not only in the inner region as the cases
of open-channels [30]. The deviation from the standard log-law region to the free-stream
region does not require an additional function to adjust it, as is customary in boundary-
layer and closed-channel analysis done by adding a wake function [24, 25, 30].

4.3 Analysis of turbulence intensities

To better understand the flow hydrodynamic structure at the interface between the
obstructed and the unobstructed areas of partly obstructed channel flows, it is helpful to
analyze the flow turbulence characteristics. The time of acquisition window was long
enough to satisfy a constant local longitudinal mean velocity U and to establish a Gaussian
frequency distribution of the velocity fluctuation u’. The tests carried out for the different
runs showed that 3000 local velocity samplings (with an acquisition rate of 25 Hz) are
widely sufficient to obtain a statistical stable estimation of U at any local position inside or
outside the cylinder arrays (Fig. 12). Figure 12 shows the profiles of the ratio of the mean
velocity Uy of N samplings (10 < N < 3000) against the mean velocity of the total
samplings Uszpgp (N = 3000). Data refer to runs R1 to R4 and to different transversal
position y: inside the array of cylinders [(y — y,)/(b — y,,) = —0.45], at the interface
between the obstructed and the unobstructed flow [(y — y,)/(b — y,,) = —0.04], at almost
the center of the shear layer [(y — y,,)/(b — y,») = 0.26] and at the free-stream area
[=y /(b — y,,) = 0.57]. Figure 12 indicates that, at any position in the channel, the time
of acquisition window was widely sufficient to put out a significant constant local mean
velocity. Moreover, Fig. 13 shows that using the 3000 local velocity sampling, the values
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Fig. 12 Variation of the local mean velocity as a function of the sampling number, the illustrated sampling
points were obtained at mid flow depth and at the normalized transversal position (y — y,,)/
(b — yn) =057, 0.26, —0.04 and — 0.45 for R1, R2, R3 and R4, respectively
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Fig. 13 Gaussian frequency distribution of the measured velocity fluctuation at (y — y,)/(b — y,,) = 0.57,
0.26, —0.04 and —0.45 for R1, R2, R3 and R4, respectively

of the velocity fluctuation are distributed according to a Gauss law with mean zero. Herein,
the u'-root mean square is defined as U’ = [(1/N)Z(u'>)]*>.

In order to explore the distribution of energy in the signal across frequencies, example
of the power spectral densities (PSD) of both the streamwise fluctuation u/(z) and the
spanwise fluctuation v/(z) velocities are shown in Fig. 14. The data refer to run R2 and
obtained at the transversal position of (y — y,,)/(b — y,,) = 0.26 (in the shear layer) and at
the downstream position of x/x., = 1, where a fully-developed flow is established. In
Fig. 14, we also plot the averaged PSD of the streamwise fluctuation, of run R2, obtained
at the center of the obstructed area (obstructed area) [(y — y,,)/(b — y,,) = —3.26, x/
Xeg = 0.62], as reported in Ben Meftah and Mossa [19]. Note that, in the shear layer and
for both velocity components, the spectrum of a frequency between 0.2 and 0.5 Hz,
indicating the scaling subrange, is often referred to as the production subrange. This range
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Fig. 14 Spectral distributions in the shear layer and within the array of cylinder
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is characterized by a —3/2 spectral slope. Inside the obstructed area, however, the pro-
duction subrange appears at a frequency between 1 and 2 Hz. At intermediate frequencies,
2-7 Hz, in the shear layer, an inertial subrange with a —5/3 spectral slope is observed.
Inside the cylinder arrays, the spectral distribution obeys the —5/3 power law, however, in
a narrow range of 4—7 Hz. This finding is in agreement with results obtained by Nezu and
Onitsuka’s [12] in a partly obstructed channel flow. Between the production subrange and
the inertial subrange, a transitional subrange of frequency between 0.5 and 1, in the shear
layer, and 2-4 Hz, inside the obstructed domain, is shown. In this subrange, a transfor-
mation of the turbulent energy of large scale motion (small frequency) to energy of small-
scale motion (large frequency) takes place. For a frequency greater than 7 Hz, the PSD
tends to very small values, indicating the start of the universal equilibrium range, where the
energy input is in balance with the energy dissipation (no significant energy presence). This
is more pronounced in the shear layer area.

Figure 14 clearly shows that, for a frequency greater than 1 Hz, the PSD has higher
magnitudes within the array of cylinders compared to those obtained in the shear layer.
This reveals a higher turbulent energy within the obstructed area due to the flow distur-
bance generated by the row of cylinders. White and Nepf [4] indicated that within the array
of cylinders the velocity fluctuation are large compared with the local mean velocity U,
while it is very small in the unobstructed flow area. This confirms the increase of PSD in
the obstructed area compared to that obtained in the unobstructed one, as shown in Fig. 14.

Figure 15 shows the transversal profiles of the relative turbulence intensity U'/U of the
longitudinal velocity component u# for runs R1 to R4. The data refer to the downstream
positions at x/x., = 1.01, zone of fully-developed flow. In Fig. 15 we also plot the data
obtained by Laufer [31], Blinco and Partheniades [32] and White and Nepf [4, 22]. Note
that the data of Laufer [31] and Blinco and Partheniades [32] refer to smooth open-
channels with different Reynolds numbers Re, calculated based on the mean channel flow
velocity U,y. The data of White and Nepf [4, 22] refer to a partly obstructed channel with
different array densities, as previously mentioned (Sect. 4.2) and of Reynolds number Re,
ranges between 1800 and 30,000.
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Fig. 15 Relative turbulence intensity profiles at the interface
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Figure 15 indicates that the relative turbulence intensity profiles for the present and the
previous studies show similar tendencies. U'/U starts to decrease gradually from (y — y,,)/
(b — y,») = 0, position of the effective shear layer origin, to attain the smallest values at
the free-stream region. For (y — y,,)/(b — y,,) <2, the data of White and Nepf [4, 22]
show higher values of U'/U, ranging between 0.15 and 0.7. This can be explained by the
small magnitude of the local velocity U of excessive fluctuation, at the interface. U'/U is
greatly affected by the cylinder array density Cpa (Table 2), as clearly shown in Fig. 13 in
White and Nepf [4]. Within the array of cylinders and at the edge of the obstructed area, it
can be clearly noted the increase of U'/U as Cpa increases. This is also evidently observed
in Fig. 15. The array density of the present study is almost six time smaller than the
smallest density (Cpa = 0.092) reported in White and Nepf [4, 22], as shown in Table 2.
This means that the values of U'/U of the present study should be smaller than those
observed in White and Nepf [4, 22], which is clearly the case as shown in Fig. 15. Due to
the small value of Cpa in the present study, U'/U behaves in almost the same way as in
smooth channel flows, as shown in Fig. 15 by the data of Laufer [31] and Blinco and
Partheniades [32].

5 Conclusions

Despite significant previous studies [4, 8, 12, 22], it was observed that there still exists a
lack of simple and efficient operative methods allowing the prediction of the main flow
distribution at the interface between obstructed and unobstructed flow areas in a channel
partially obstructed by array of rigid and emergent cylinders/vegetation. Numerous
experimental studies conducted on submerged vegetated channels have shown that the
vertical velocity profile above aquatic vegetation follows a logarithmic trend. Therefore,
many of these studies adapted the universal logarithmic law, with specific modifications, to
describe this velocity profile.

Analogous to what happened with submerged vegetated channels, at the interface
between the obstructed and the unobstructed flow areas, of the present study and other
previous studies, it was observed that the transversal profiles of the mean velocity almost
behaves the same way as a vertical velocity profile above aquatic vegetation, resembling a
boundary layer feature. This similarity between both cases, in addition to the similarity in
feature of the flow velocity distribution at the interface to a boundary layer over a flat plate,
made us adapting the universal logarithmic law of the wall to describe the transversal mean
velocity profile at the interface in a partly vegetated channel, considering, by analogy, the
interface as a virtual wall.

This study is limited to the region where the flow velocity profiles resembles a boundary
layer. Note that the data within the obstructed region was discussed in a separate previous
study by Ben Meftah and Mossa [19]. In contrast to the characteristics of the boundary
layer on a flat plate, where the viscous shear stress plays an important role near the solid
wall, at the interface between the obstructed and unobstructed areas the flow is full tur-
bulent. This implies that, despite the resemblance in feature of the flow distribution
between both cases, the hydrodynamic flow structure within the shear layer in partly
obstructed channel is not identical as a boundary layer on a flat plate. This was taken into
consideration in this study.

The specific objective addressed in this study is the proposal of a new modified log-law
adapting the representative transversal profile of the flow velocity distribution, at the
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interface between the obstructed and unobstructed areas in a channel partially obstructed
by array of rigid and emergent cylinders/vegetation.

Summarizing the results of this study, it can be concluded that the analysis of flow
velocity in partly obstructed channel flows led to the following results:

(1) Dbecause of the similarity in form between the shear layer, observed in partly
obstructed channel flows, and the well-known boundary layer, formed in open-
smooth-channel flows, an analytical modelling, adaptation the universal law of the
wall, to predict the transversal profile of mean flow velocity at the interface between
the obstructed and the unobstructed areas was suitable and reasonable;

(2) introduction of the velocity deficit (U — U,,) is necessary to resemble the
application conditions of the law of the wall, i.e., zero velocity at the effective
shear layer origin;

(3) due to the additional enlargement of J,, caused by the transversal flow motion, the
peak in the equilibrium Reynolds stress profile can be strongly shifted away from the
array edge, depending on the array density. Therefore and in order to include almost
all the transversal profile of flow velocity in our analysis, y,, is simply defined as the
transversal position at which the local effect of the cylinders practically disappears
and the flow velocity increases almost linearly. It is worth mentioning that, in some
cases, y,, can coincide with the position of the shear stress peak;

(4) to recompense the increase of d, subjected to transversal flow motion, the friction
velocity u* as a boundary condition, is determined only using the experimental data
where the velocity deficit (U — U,,) fits a single line as a function of In(y — y,,),
keeping a constant of Von Karman’s x equal to 0.412;

(5) Dbecause the flow is full turbulent at the interface between the obstructed and the
unobstructed domains, we adapted an appropriate eddy viscosity v, instead of the
water kinematic viscosity v;

(6) adaptation of the classical logarithmic law to the transversal representative mean
flow velocity profile, at the interface, requires the introduction of specific rescaling
of the velocity as U™ and the transversal coordinate as y*™;

(7) a new modified log-law of the transversal profile of the mean flow velocity, at the
interface between the obstructed and the unobstructed areas in an open channel
partially obstructed by an array of rigid and emergent cylinders/vegetation, is
proposed and validated, as shown by Eq. (16),

As a part of second interest, detailed observations on the flow turbulence structure are
also analyzed and discussed. The spectral analysis of the streamwise and spanwise
velocities, inside and outside the array of cylinders, shows the formation of the three
familiar production (—3/2 power law), transitional and inertial (—5/3 power law) sub-
ranges, confirming the full-developed turbulent flow. It was also observed that the power
spectral density has higher magnitudes within the array of cylinders as in the shear layer.

In the region of full-developed flow, the relative turbulence intensity profiles, for the
present and previous studies, in both the partly obstructed channels and the smooth
channels, follow similar tendencies. U'/U shows highest values at the effective shear layer
origin, from which starts to decrease gradually to attain smallest values far from at the free-
stream region. The relative turbulence intensity is greatly affected by the cylinder array
density Cpa. It increases as Cpa increases. Due to the small value of Cpa in the current
study, U'/U behaves in almost the same way as in smooth channel flows.
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