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ABSTRACT
Evaluations of gas transfer velocity and surface velocity divergence are
very important in open-channel flows such as natural rivers. However
the original surface divergence model proposed by McCready et al.
(1986) is found not to be enough for universal form of the gas transfer
velocity in open-channel flows.
The present study suggested that the large surface velocity divergence is
induced by shedding vortices around roughness element, and a great
dependency of the gas transfer on water depth and bottom roughness.
Furthermore, a new surface divergence model which provides reasonable
prediction of the gas transfer velocity, was proposed for the open-channel
flows with submerged vegetation roughness.
KEY WORDS: Interfacial gas transfer; free-surface flow; roughness
bottom; surface divergence; turbulence structure

INTRODUCTION
Many empirical formulae are often used to evaluate the gas transfer
velocity in natural rivers. Previous scientific works have emphasized
contribution of turbulence to the gas transfer, whereas, it is very difficult
to conduct reliable turbulence measurements in field survey in actual
rivers. Thus, practical formulae are composed of the bulk mean velocity
and the water depth. However turbulence production depends on not only
the velocity and the water depth but also the aspect ratio and the bottom
roughness. To fill up the gap between the practical use and the scientific
knowledge, we try to develop a new model modifying the SD model by
McCready et al. (1986) for the prediction of the gas transfer velocity in
the open-channel flows with and without the vegetation roughness.
PIV technique is one of popular methods to measure surface currents in
rivers, and it enables us to evaluate vorticity and diversity of the
horizontal currents. It is possible from these data to calculate the gas
transfer velocity in natural rivers with submerged aquatic plants. The
former part in the present study focused on dependency of vegetation
density on turbulence and surface divergence properties. In the latter part,
we proposed a new practical model based on the turbulence dynamics
which could be used in the open-channel flows with submerged
vegetation.

EXPERIMENTAL PROCEDURE
Experimental setup for PIV measurement in laboratory is shown in

Fig. 1 Stremwisewise, vertical and spanwise coordinates are x, y and z
, respectively. The time-averaged velocity components in each direction
are defined as U , V and W , and the corresponding turbulent
fluctuations are u , v and w , respectively. The free-surface layer could
be illuminated by 2W laser light sheet (LLS) as shown in Fig. 2.
The measured region was located at about 7m downstream from the
channel entrance, at which the turbulent flow was fully developed. The
~ ) was
time-variation of the instantaneous velocity vectors (u~, w
calculated by PIV algorithm.
One of the key factors for the free-surface gas transfer across the air /
water interface is a free-surface divergence which could be given by
horizontal velocity components.
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Only information of four measurement points allows us to evaluate the
instantaneous surface divergence by numerical difference of Eq. 1.
Furthermore, DO measurements were also conducted to evaluate the gas
transfer velocity k L by the whole tank method (see Moog et al. 1999). It
is well known that convection effects should be considered in the
streamwise distance when we calculate k L in unidirectional flows such
as open-channel stream as pointed out by previous studies. In the present
experiment, two DO meters were aligned in the streamwise direction
with 7m span to consider contribution of streamwise convection.
The present study covers two kinds of bed condition, i.e., i smooth-bed
and ii)vegetated-bed. Table 1 shows hydraulic condition for smooth-bed
cases, in which U m and U s is bulk-mean velocity and time-averaged
free-surface streamwise velocity in the centerline of the flume,
respectively. Re and Fr are Reynolds number and Froude number defined
using U m and water depth H . In particular, variations of bulk-mean
velocity and aspect ratio B / H are highlighted. In contrast Table 2
shows hydraulic condition for vegetated-bed, in which the vegetation
density and bulk-mean velocity were varied systematically under the
fixed water depth. The water depth H is three times larger than the
vegetation height h , i.e., H = 3h = 15cm. The present study deals with
only submerged vegetation flow, and focuses on the relation between the
vegetation density and the gas transfer velocity. A vegetation model is a
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5cm height, 0.8cm width, 1mm thick plastic plate which can not warp in
the water stream. They are placed vertically on the base plate with a
rectangular grid allocation as shown in Fig. 1.
The vegetation density has been defined in the following way.

λ ≡ nhb / S ,

Table 1 Hydraulic condition for smooth bed
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Fig. 1 Experimental setup for horizontal PIV measurements in vegetated
open-channel flow

Fig. 2 Illumination of free-surface layer by LLS
S is the horizontal area corresponding to the vegetation zone and b is
the model plant width, n is the total number of vegetation elements
situated in the vegetation zone. We choose three kinds of grid spans, i.e.,
2.4cm, 4.8cm and 7cm, corresponding to λ = 0.3789, 0.0947 and 0.0236,
respectively.

RESULTS
Examination of free-surface turbulence structure in vegetated
bed
Fig. 3 shows effects of the vegetation density and bulk-mean velocity on
the turbulent kinetic energy in the free-surface 𝑘𝑘𝑠𝑠 for vegetation cases in
Table 2. They are obtained along the centerline. It is generally known
that turbulence is produced by a velocity shear near the vegetation-edge
(see Nezu & Sanjou 2008), and it results in larger turbulence is observed
in the higher velocity case. Furthermore, the vegetation density also
influences turbulence structure. Particularly, denser vegetation yields

Fig. 3 Relationship between the turbulent kinetic energy in the freesurface and the vegetation density

larger difference of velocities between over and within the vegetation
canopy. Such a strong velocity shear induces large-scale coherent
vortices with spanwise-axis. These coherent events reach the free-surface,
and larger kinetic energy could be observed in the denser vegetation case
as shown in Fig. 3.
Fig. 4 compares surface kinetic energy normalized by the friction
+
+
velocity 𝑘𝑘𝑠𝑠 ≡ 𝑘𝑘𝑠𝑠 ⁄𝑈𝑈∗ 2 . 𝑘𝑘𝑠𝑠 varies from 1.1 to 1.7 and the ratio of
maximum to minimum is 1.54. In contrast, the ratio for the dimensional
surface kinetic energy in Fig. 3 is 16.1. This implies that the friction
velocity could be used as a proper velocity scale to consider the
turbulence structure in the free-surface layer.

12th International Conference on Hydroscience & Engineering
Hydro-Science & Engineering for Environmental Resilience
November 6-10, 2016, Tainan, Taiwan.

Fig. 6 shows examples of time-series for instantaneous velocity vectors
subtracted by U s every 0.33 seconds for the vegetation case called vegA1, in which the contour means a difference between absolute values of
�𝑦𝑦 � . The red-circle
instantaneous surface divergence and vorticity �𝛽𝛽�� − �𝜔𝜔
zone has a positive sign which is accompanied by upward currents.
Negative divergence zones accompanied by downward currents are also
observed as indicated by blue circle. This means divergence is more
significant than the vorticity there, and a local surface renewal with gas
transfer are expected there. These divergence zones are found to be
generated locally and transferred downstream.

Gas transfer property in the vegetated open-channel flow

Fig. 4 Comparison of surface turbulent energy normalized by friction
velocity

Fig.7 shows relationship between the gas transfer velocity and the
vegetation density. It is found that larger velocity increases efficiency of
the gas exchange across the free-surface. This is because increase of the
friction velocity produces more significantly large turbulence near the
vegetation edge and they are transported toward the free-surface.
In contrast, the vegetation density has significant impacts on formation
of coherent vortices and turbulence structure and it results in that the gas
transfer becomes large with the increase of vegetation density under the
constant bulk-mean velocity condition.

Development of modified SD model
McCready et al.(1986) proposed a surface divergence model (SD model)
by connecting the gas transfer velocity and the surface velocity
divergence,
k L = α Dβ ′ ,

(3)

in which α is proportional coefficient and D is molecular diffusivity of
Fig. 5 Relationship between the surface divergence intensity and the
vegetation density
Fig. 5 shows variations of the surface divergence intensity 𝛽𝛽 ′ in the
centerline. A superscript dash means RMS operation. The divergence
intensity varies in the same fashion as the surface turbulent energy, and
this suggests surface divergence could be standardized by the friction
velocity. When a relationship between the surface turbulent energy and
the divergence intensity is described by some characteristic length and
velocity scales, it is expected to help prediction of the gas transfer across
the free-surface in natural rivers.

Instantaneous velocity vectors and convection of surface
divergence

dissolved oxygen. Fig. 8 shows the relation between k L and Dβ ′ .
Although there exists linear relation in previous studies, α varies in a
range of 0.2 to 0.7 (see Turney & Banerjee 2013). Particularly, it depends
significantly on the depth in the present experiments. Therefore, a more
practical SD model should be proposed for the open-channel with
roughness bottom such as natural rivers.
In a newly proposed model, the water depth is chosen as characteristic
length scale because maximum size of shedding vortex is relevant to the
depth. It is further important in modeling of gas transfer velocity to select
hydrodynamic values obtained by horizontal PIV measurements in field
measurements in terms of practical use. When the free-surface turbulent
energy is used as the velocity-scale, new transfer models are indicated in
the following way.
kL = α D

H
k s1 / 2

β ′2 ,

Fig. 9 shows variation of the gas transfer velocity against

Fig. 6 Instantaneous distributions of velocity vectors

(4)

Dβ ′ 2 H / k s1 / 2

.

In this figure, our results could define the proportional constant, i.e.,
α = 0.15 , irrespective of the vegetation density included with the
smooth bottom cases. Therefore, our proposed model successfully
evaluates the gas transfer velocity from the turbulent kinetic energy and
the SD. This indicates the wide generality of the present model. That is
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to say, the model is applicable to the both boundary layer flows with
smooth-bottom conditions and the mixing-layer flows with a
permeable bottom canopy.

CONCLUSION
It was found that the surface divergence is influenced significantly by
turbulence produced in the bottom layer. The surface divergence depends
on the horizontal density of vegetation allocation. The bottom-generated
turbulence plays a key role for the interfacial gas transfer in the openchannel turbulence in which water depth is generally much shallower
compared to that in ocean.
The proportional coefficient of the original SD model proposed by
McCready et al. has the wide range, and it is inconvenient to predict the
gas transfer velocity. We proposed new form of SD model including
water depth and turbulent kinetic energy to solve this problem.
In near future, the DO profile and related gas transfer velocity will be
measured in natural river and lakes by using autonomous robot boat
system under development, and we will compare results of the laboratory
and field scales.
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Fig. 8 Examination of original SD model for smooth bed condition

Fig. 9 Examination of new SD model for both smooth and vegetated
bottom condition

