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The authors are to be complimented on presenting the results of
carefully conducted experiments on this important topic. The ob-
jective of the study is related to the oxygen transfer process as-
sociated with weir flow. Some comments might be added on the
authors’ discussion and analysis of their results. These comments
are concerned mainly with the oxygen transfer performance of a
weir through air entrainment by plunging water.

The oxygen transfer through the bubble entrained by the
plunging water can be estimated by using the authors’ experimen-
tal data. In this discussion, we estimate the aeration performance
of a rectangular weir by using Emiroglu and Baylar’s data on the
air entrained into the flume by weir falling water and compare it
with the total aeration performance of the rectangular weir. The
empirical correlation predicting the air entrainment rate devel-
oped for rectangular weirs, as given by Emiroglu and Baylar in
the paper, is

Q = 0.0033 · 1.193 · q0.166h1.955 �1�

where Q=air entrainment rate in cubic meters per second,
q=weir discharge in cubic meters per second, and h=drop height
in meters.

P. D. Cummings, and H. Chanson �1997� reported a broad
range for the size of the bubble entrainment by plunging jets, but
they are mostly larger than 1 mm at a jet velocity of 2–8 m/s
when the jet is plunging into the water. The size is similar to the
bubbles created by plunging water over a weir. The aeration

Fig. 1. Ratio of standard oxygen transfer efficiency of weir between
air entrainment process and total
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caused by the bubbles thus created could be regarded as fine
bubble �2–6 mm� aeration, as in wastewater treatment. Accord-
ing to U.S. Environmental Protection Agency �USEPA 1989�, the
standard oxygen transfer efficiency of fine bubbles �which is de-
fined as the percentage of the oxygen transfer to water by bubbles
in standard condition in wastewater treatment� is about 4.5% for a
one-meter depth. So the DO in the flume water through air en-
trainment by plunging water can be estimated as

C = Q · 1.225 · 0.001 · 0.21 · 4.5 % · 2H/q �2�

where H=average depth of air entrained into the flume. Since the
optimum depth of the tailwater is about 2h /3, according to Avery
and Novak’s �1978�, H can be estimated as half of the optimum
depth of the tailwater; and the oxygen transfer efficiency of the
weir through air entrainment by plunging water can therefore be
estimated as

Ej = C/Cs = 0.0033 · 1.193 · q0.166h1.955

· 1.225 · 0.001 · 0.21 · 4.5 % · 2 · h/3/q/�9.17e-6�

= 0.0033q−0.834h2.955 �3�

Avery and Novak’s formula, which is the best empirical formula
for estimating the total oxygen transfer efficiency of the weir,
indicates that the total oxygen transfer efficiency, E, of the weir is

E = 1 − �1 + 0.233H1.335q−0.36�−1 �4�

The percentage of the oxygen transfer through air entrainment to
the total oxygen transfer is Ej /E and can be calculated as shown
in Fig. 1. In the low drop weir, the oxygen transfer through air
entrainment is less than 25% of the total oxygen transfer effi-
ciency when the flow rate is more than 0.1 m3/s. High oxygen
transfer efficiency is obtained at a high dropping height and low
flow rate. In this case, the water flying through the air provides
high oxygen transfer efficiency as a result of nearly saturated
dissolved oxygen content. Using experimental weir aeration data
such as that of Wormleaton and Tsang �2000�, which are similar
to the authors’ experimental data about air entrainment, to replace
Avery and Novaks’ formula would give similar results. So the
authors’ results show that air entrainment by plunging water is not
very important in the aeration performance of the weir. This result
may support the view of Novak �2003� that various three-
dimensional effects introduced by the shape and width of the
downstream pool may sometimes influence the aeration results
more than the downstream depth.
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Empirical correlations predicting the air entrainment rate, QA,
of triangular labyrinth weirs are given in Eqs. �1� and �2�

QA = 1.128Q0.696h1.0740.095cos���1.154sin���

for 22.5� � � � 45� �1�

QA = 0.0033q0.166h1.9551.193cos��/2� for � = 0� �2�

where air entrainment rate QA is in cubic meters per second; weir
discharge Q is in cubic meters per second; the drop height h is in
meters; the weir sill slope � and the weir-included angle � in
triangular labyrinth weirs are in degrees; and unit discharge
q�q=Q /2b� is in m2/s.

For a rectangular weir, substituting �=180° into Eq. �2� yields

QA = 0.0033q0.166h1.955 �3�

There is an erratum in the equation given by the discusser.
Thus, all analyses carried out by the discusser should be revised.

The discusser used U.S. Environmental Protection Agency
�USEPA 1989� reports to determine the oxygen transfer efficiency
of rectangular weirs. However, USEPA �1989� reports are related
to design information on fine pore aeration systems. Fine pore
aeration systems are upflow-type systems. However, weirs are
downflow-type systems. In downflow-type systems, air bubbles
are forced to move in a direction opposite to their buoyancy.
These systems have the advantage that the air residence time is
longer than that in upflow-type systems and that there is higher
contact efficiency between gas and liquid. Thus, the equation
given by USEPA �1989� cannot be used in weir aeration.

The discusser stated that air entrainment by plunging water is
not very important in the aeration performance of the weir. How-
ever, Baylar and Bagatur �2000�, Baylar and Bagatur �2001a,b�,
Baylar et al. �2001a,b�, Baylar �2002�, and Baylar and Bagatur
�2006� revealed that air entrainment played a significant role in
the aeration performance of the weir.
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The authors present a very important paper that discusses ecologi-
cal hydraulics issues at a vegetated stream. They investigated the
effect of submerged vegetation on the turbulence intensities in a
water flow at an open channel with different flow depths and
different plant simulations �with rod canopy and rod/frond
canopy�. In their flume study, the authors used Laminaria hyper-
borea for a model plant. This plant is found on bedrock or other
stable substrata from extremely shallow water to depths that are
dependent on light penetration and sea urchin grazing. The plant
grows as dense forests under suitable conditions �Tyler-Walters
2003�. This plant lives in the seas or forests, so are these plants
suitable for simulating to the river and wetland vegetation? In-
deed wetlands and rivers are completely different systems, that is,
flow velocity in wetlands is very low and usual flow depths vary
between 1 and 50 cm �Tsihrintzis and Madiedo 2000�.

Vegetation is a channel boundary and has a resistance coeffi-
cient that varies with its physical condition �type, age, and den-
sity� �Yen 2002�. The physical condition directly influences the
water flow rate, which is one of the main important parameters
during the design period of a hydraulic structure. Flow velocities
are usually very low in vegetated areas or wetlands compared
with in rivers, so turbulent characteristics become important be-
.132:750-750.
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cause of the sediment deposition and erosion in the vegetation
zone �Cokgor et al. 2003�. In the literature, hydraulic studies
about vegetation generally focused on wetland’s plants �e.g.,
sedges, marshes, stems� because of the constructed wetlands es-
tablishments and on estimating the flow resistance that occurs
because of interaction between the flow and plants.

In the paper, the authors state that “While here we use a ma-
rine species as a model plant, the simulated vegetation does bear
a morphologic and biomechanical resemblance to commonly en-
countered riverine plants.”

Plant diversity is a very complex phenomenon: climate, eleva-
tion, and soil structure have a great influence on plant species
distributions. Even leaf arrangements and sizes vary over a wide
range �Fig. 1�. How can one kind of coastal plant represent such
riverine plants as populus, salix, and Polypodiaceae e.x.

Also in the conclusion, the authors state “Dunn et al. �1996�,
Fairbanks and Diplas �1998�, and Nepf �1999� are the only ex-
amples we have found . . . in the goal of building up a general
picture of the interaction of flow with vegetation.” The authors
did not mention Jarvella’s study �2002�, which is a very detailed
study that is concerned with the vegetation simulation. Jarvella
�2002� investigated the effect of the vegetation on the flow prop-
erties �e.g., the Darcy-Weisbach number and the Reynolds num-
ber�. Jarvella used real plants like willows, grasses, and sedges.
He concluded that plant density increases the flow resistance by a
factor of 2, whereas plant leaves increase it by nearly a factor of
3. In our perspective, in the present study, the authors deduce

Fig. 1. Leaf arrangements in a plant �K
conclusions over too broad an area.

JO

J. Hydraul. Eng. 2006
References

Cokgor, S., Kırca, O., Kucukali, S., Erturk, A., Dikmen, M., and Simsek,
M. �2003�. “Variation of Turbulence Intensities in Emergent Vegeta-
tion.” Proc., 12th Int. Symp. on Environmental Pollution, Antalya,
Turkey.

Jarvela, H. �2002�. “Flow resistance of flexible and stiff vegetation: A
flume study with natural plants.” J. Hydrol., 269�1–2�, 45–54.

Dunn, C., Lopez, F., and Garcia, M. �1996�. “Mean flow and turbulence
structure induced by vegetation: Experiments.” Hydraulic Engineer-
ing Series No. 51, UILU-ENG 96-2009, Dept. of Civil Engineering,
Univ. of Illinois, Urbana–Champaign, Ill.

Fairbanks, J. D., and Diplas, P. �1998�. “Turbulence characteristics of
flows through partially and fully submerged vegetation.” Proc.,
Wetlands Engineering and River Restoration Conf.: Engineering Ap-
proaches to Ecosystem Restoration, Denver, 865–870.

Ketenoglu, O., Bingol, M. U., Guney, K., Geven, F., and Koruklu, T.
�1999�. A guide for plants �in Turkish�.

Nepf, H. M. �1999�. “Drag, turbulence, and diffusion in a flow through
emergent vegetation.” Water Resour. Res., 35, 479–489.

Tsihrintzis, V. A., and Madiedo, E. E. �2000�. “Hydraulic resistance de-
termination in marsh wetlands.” Water Resour. Manage., 14�4�,
285–309.

Tyler-Walters, H. �2003�. “Laminaria hyperborea. Tangle or cuvie.” Ma-
rine life information network: Biology and sensitivity key information
subprogram, Marine Biological Association of the United Kingdom,
Plymouth, �http://www.marlin.ac.uk/species/Lamhyp.htm� �Apr. 3,
2004�.

Yen, B. C. �2002�. “Open channel flow resistance” J. Hydraul. Eng.,

glu et al. 1999, used with permission�
eteno
128�1�, 20–39.

URNAL OF HYDRAULIC ENGINEERING © ASCE / JULY 2006 / 749

.132:750-750.



D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
ar

di
ff

 U
ni

ve
rs

ity
 o

n 
02

/2
5/

14
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.
Closure to “Open Channel Flow
through Different Forms of Submerged
Flexible Vegetation” by C. A. M. E. Wilson,
T. Stoesser, P. D. Bates,
and A. Batemann Pinzen
November 2003, Vol. 129, No. 11, pp. 847–853.
DOI: 10.1061/�ASCE�0733-9429�2003�129:11�847�

C. A. M. E. Wilson1; T. Stoesser2; P. D. Bates3; and
A. Batemann Pinzen4

1Lecturer in Ecohydraulics, Cardiff School of Engineering, Cardiff Univ.,
P.O. Box 925, Cardiff CF24 0YF, U.K. E-mail: wilsonca@cf.ac.uk

2Postdoctoral Research Associate, Institute of Hydromechanics, Univ. of
Karlsruhe, Kaiserstrasse 12, D-76128 Karlshue, Germany.

3Professor, School of Geographical Science, Univ. of Bristol, University
Rd., Bristol BS8 1SS, U.K.

4Associate Professor, Dept. of Hydraulic, Maritime and Environmental
Engineering, Univ. of Politecnica de Catalunya, Barcelona, Spain.

We thank the discussers for their comments and appreciation of
our work on the impact of plant forms on the velocity and turbu-
lence structure in flexible submerged vegetation.

Most of the work conducted so far that has examined the mo-
mentum transfer between the vegetated and surface flow regions
in submerged simplified vegetation has focused on one plant mor-
phologic form per experimental study. Our study aimed to explore
and compare the effect of two forms of flexible vegetation on the
turbulence structure within the submerged canopy and in the sur-
face flow region. We chose two simple plant structures: a rod and
a rod with leaf canopy. The rationale was to look at simplified
plant forms that are less complex than the morphological struc-
tures of natural aquatic plants but that display features intrinsic to
them. Although Laminara hypthorea is a marine species, its
simple physical structure, comprising a stipe �rod� and a single
frond �leaf�, does contain the basic elements of the plant species
shown in Fig. 1 of the discussion by Kucukali and Cokgor and
does, in our opinion, bear a resemblance to them. We do not claim
that this model plant is representative of all riverine plants, such
as the tree species salix and populus mentioned by the discussers,
but that it is representative of a class of aquatic macrophytes and
provides a good starting point in attempting to understand the
complex phenomenon of velocity structure in submerged veg-
etated flows.

The advantage of using a real model for an aquatic plant,
rather than an oversimplified model, is that it can highlight and
address the scaling issues involved in using simulated plants to
model real plants, with particular reference to the scaling of both
the plant geometry and bending stiffness. The few experimental
studies that have been conducted on flexible vegetation have gen-
erally not documented the bending stiffness or flexural rigidity of
the simulated plants and how to scale them from real vegetation.
Further, our paper outlines methods that were used in quantifying
these parameters. The paper provides a new data set in this rela-

tively unstudied area and complements the limited number of
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J. Hydraul. Eng. 2006
existing studies �Dunn et al. 1996; Fairbanks and Diplas 1998;
and Nepf and Vivoni 1999 are the only examples that we have
found� with the goal of building a general picture of the velocity
and turbulence structure in submerged scaled vegetation.

The discussers also draw attention to the study of Jarvela
�2003�, although this study appeared while our article was in
press. Both Jarvela �2003� and Stephan and Gutknecht �2002�
have examined the velocity profile in different forms of natural
vegetation; and in combination with the work we have presented,
they demonstrate the growing importance of this area of hydrau-
lics research. Jarvela �2002� has shed light for the first time on
unanswered questions relating to the impact of plant density and
foliage on flow resistance; however, this, approach is a one-
dimensional one and is based on the area-mean velocity. In con-
trast, our work has examined the effect of different levels of
submergence on the variation of velocity and turbulence with
depth. We focused particularly on how simple plant form struc-
tures affect the momentum transfer between the plant canopy and
the surface flow region above. Experimental results reveal that
within the plant layer the velocity profile no longer follows the
logarithmic law profile, and the mean velocity for the rod/frond
canopy is less than half of that observed for the simple rod array.
In addition to the mean flow field, the turbulence intensities indi-
cate that the additional superficial area of the fronds alters the
momentum transfer between the within-canopy and surface flow
regions. Although the frond foliage induces larger drag forces,
shear-generated turbulence is reduced because of the inhibition of
momentum exchange by the frond surface area.

In conclusion, the interaction of flow and vegetation is an area
deserving of much further study and is certainly one that cannot
be tackled comprehensively by a single paper. Rather, recent stud-
ies have begun this process, and we encourage other researchers
to build on these results with further theoretical, experimental,
and modeling work
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