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ABSTRACT 

Tadanobu Nakayama, Ph.D. 
Kyoto University, Japan, 2000 

In this study, the relationship between the turbulence and coherent structures in both layers and the 

gas transfer across the interface was evaluated in view of both the physical and chemical aspects . At 

that time, three types of turbulent conditions were examined; that is to say, (A) bottom-shear generated 

turbulence, (B) wind-shear generated turbulence and (C) combined wind/stream turbulent conditions. 

The turbulence and the coherent structures near the free surface in "smooth open-channel flow" 

were firstly evaluated. It was found that the free surface affects greatly the damping characteristics of 

turbulence intensity near the free surface in quiet open-channel flow in comparison with the DNS data 

in duct flow. However, when the Froude number increases and the surface-wave fluctuations occur, 

this damping characteristic disappears. So, the relationship between the turbulence structure near the 

free surface and the surface-wave fluctuations was considered by the simultaneous measurements of 

LDA (Laser-Doppler anemometer) and the ultrasonic depth meter. These turbulence characteristics 

are closely related to the coherent structure, and therefore, the space-time correlation structures were 

considered in order to relate to the Chapter 3. 

Next, the "mutual-interaction between bursts and boils" was evaluated. The variation of turbulent 

energy redistributions near the free surface including the effect of Froude number was estimated. 

Next, PIV (Particle-Image Velocimetry) method is used to measure evolutionary patterns of coherent 

vortices. In this chapter, a relationship between the "bursting phenomenon" generated near the wall 

and the "surface renewal eddies" near the free surface was evaluated in the flows whether or not the 

surface-wave fluctuations are generated at the free surface. It was clarified that the agglemeration 

occurs in the higher Froude number flow and that this results in the longer bursting-period and the 

increase of turbulence intensity. 

For reproducing the above-mentioned experimental data, the "numerical simulation by using RSM 

(Reynolds stress model)" was conducted. The turbulent redistribution near the free surface could be 

reproduced by considering the effect ofFroude number and the surface-wave fluctuations . At that 

time, two methods, that is to say, (1) giving the boundary conditions of the turbulent redistributions at 

the free surface, and (2) the expansion of Shir model, were used. 

Comparing the smooth bed flow, the "rough-bed flow with large roughness elements" was examined. 

The tendency toward isotropy becomes stronger near the roughness elements in comparison with 

smooth open-channel flow. As for the coherent structure, the inhomogeneity of the coherent structure 

predominates near the rough bed, which results in the generation of boil near the free surface. 

Furthermore, the wave-induced flow is evaluated for comparing "wave-effect" with "turbulence-effect" . 

Next, the "turbulence structure in air-water interface with wind shear above the still water" was 

estimated. Firstly, the fundamental characteristics of wind waves were considered in view of the 

momentum transfer and the relation between roughness height and surface wave, etc. Furthermore, 

the turbulence structures across air-water interface were evaluated. At that time, LFT (Linear Filtration 

Technique) method was used for decomposing the velocity component into the mean, wave and 

turbulence components. The energy budgets in both air and water layers are closely related with each 

other, and the energy transfer through the air-water interface increases when the wind velocity increases. 

Considering the actual river, the "two-layer flows when both the bed shear and the inte1jace shear 

coexist" were evaluated. In this chapter, the mixing-length model in wind wave is extended in the air 
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flow of two-phase flows . As for the roughness height, it was clarified that the value has a 1 
I . h' . h h I . 1 . c ose 

re ations Ip wit t ere ative ve ocity of both layers . 

Furthermore, the "characteristic of gas transfer across the interrace" was estimated t 
· h h · · · 1 

. JL o com pare 
Wit t ~previous empinca models Including the effects of shear velocity and dissipation rate by 

measunng the DO (dissolved oxygen) concentrations. About two-layer flows these d 1 
d db 

·d · , mo e s were 
expan e y const enng the. effect of the bed and interfacial shears, and the gas transfer coefficient in 

two-.Iayer flow~ could b~ estimated_ by u~ing the square-root matching technique. 

Fmally, ~e mec~anzsn1 o~relat1ons~zp between :he coherent structures in both layers and the gas 

11 Jnsjer ac1 oss the 1~1terjac~ was clanfied. By ustng PIV and the phase-averaged method, it was 

fou?d that the separation of air flow on the lee~ard of the crest is closely related to the higher vorticity 

regton of water on the leeward. In the faster wmd speed, there occur a pair of vortices both in air and 

water layers. Furthermore, th~ effect of enhanced surface area on the gas transfer could be ignored in 

open-cha~ne! flow, and the htgher frequency-energy of surface-wave fluctuations contributes greatly 

on the raptd Increase of gas transfer. 
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CHAPTER 1 INTRODUCTION 
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1.1 Motivation 

1.1 Motivation 

Under the sunshine in a warm spring, the fish vigorouly swim around a calm stream, beside which 

the animal and the insect play with a growing bloom and the little birds seem delightful to twitter. 

When we are in these situations, we feel not only a mere unit of the nature, a peace of mind, and a 

pleasure, but also a duty not to have our own way to destroy this property and to leave this for the 

future people. On the other hand, when the water resources are urgently needed for satisfying the 

rapidly increasing population in the city and the natural disaster occurs such as flood, debris flow, 

tsunami and storm surge, we feel powerless and try to conquer the nature for protecting the human 

life. Up to now, the destruction of the system of the ecologies such as the environmental pollution and 

contamination occurs and the environmental problem has begun to be exposed because the "water 

management" and the ''flood control" have been regarded as much important for water resources. In 

particular, the global environment ploblems on earth are most serious, as shown in Fig. I . I . There 

occur enormous ploblems, for example, global warming, destruction of ozone layer, acid rain, occurrence 

of dioxins, and water pollution, etc. It is clear that carbon dioxide has a "greenhouse effect" (the 

increase of temperature is in proportion to the logarithm of concentration). Why there occur many 

ploblems on earth? Insufficient understanding of nature, human and life as "unified system" ? This is 

due to the same reason as the failure example of Marxism which had destroyed the modern civilization 

itself due to the pursuit of an absolutely universal law to the nature and human beings, and is a caution 

to the limitations of material civilization, as pointed out by Takeiti and Tsunetoshi ( 1988). In such a 

case, the Oriental concept, "coexistence with nature" becomes very important instead of Western 

concept, "rule of nature". This means the necessity of engineering considering such a theory as "habitat 

segregation" . 

• Global Warming} Problems of C02 

•Destruction of Ozone Layer 41' 
tJAcid Rain & Destruction CO H 0 ~ C

H 0 0 
of Forest 2 + 2 ~ 2 ~ 2 

ftOccurrence of Dioxins ' 

t@Vater Pollution) Problems of 0 2 

Others 

Nitrous Oxide 

Chlorofluoro 
Carbon 

49% 

Insufficient Understanding 
of Nature, Human and Life 

Contribution of as runified System J ?? 
Green Effect Gas to 

Global Warming (1 988) 

Fig. l . l Global environment problems on earth. 
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All Life in Inland Water 
(Interaction between Life Space & Living Crowd) 

Ill : Limnological Stage 

Hydrological 
Characteristics 

(Unified System · 
Living Crowd) 

Common Life in 
Inland Water 

II : Crowded Stage 

Physical & Chemical Unified System :Species) 

Characteristics Individual Life in Water 

I : Individual Stage 

I A : Physicochemical Part If B : Biological Part 

Fig.I .2 Construction of limnology by Thien em ann (1955) . 

The former functions such as water management and flood control have been a symbol of politics 

itself which led to the adherence to the huge construction such as enormous dams and artificial rivers, 

etc. On the other hand, there have been traditions of coexistence, such as well in the village, Canat in 

Iran, huge reservoir in India and Sri Lanka, and separated channel in Bangladesh, et al. The mo~ntain 

streams may have infinite "gross natural productn instead of "gross national product (GNP)" tn the 

economics. In such a situation, the objection against the construction of dam has recently become 

powerful like "the dam as the weapon to take mvay the common things.f~r a ~pecifi~ i~terest" , as 

pointed out by an English researcher of water resources (Pearce (1992)). T?is tmpltes that.1: IS necessruy 

to regard river in view of broader aspects in philosophers such. as ~aozt .and Zh~angzi Instead of as 

only a connected line or a object for conquest called by Confuctan 1n anctent Chma. 

In addition to the above-mentioned water management and flood control , the "environmental" 

function has recently become more important, in particular, as the waterfront of the source of vision, 

hearing, smell, taste, and touch in the city, as mentioned by Yokouchi ( 199~) . From thi.s po~nt ?f vi_ew, 

the concept proposed by Thien em ann (1955) was a pioneer in the study of ~tm?o.Iogy .<In thts sttuatton, 

it is better to include ocean in limnology), as shown in Fig.1.2. The field ts divtded tnto three stages, 

that is to say, I : individual stage, II : crowded stage, and III : limnological st~ge, respectively . The first 

two stages have A : physicochemical part and B : biological part. However, In the last stage, these two 

parts are combined with each other. In environmental research, it is ultimately necessary to evalua~e 

all life at limnological stage for solving various environmental problems. However, the final stage IS 

affected by many elements. In other words, physicochemical part at individual stage affects all the 

others directly or indirectly . Therefore, there occurs once again the necessity o~ l?cal study, as shown 

in Fig.1 .3. In order to overcome the global environment problems on earth, It ts urgent to develop 

numerical simulation of atmosphere-water global -circulation. Recently, it has become clear that the 

middle size of vortex (about a radius of I OOkm) is very important for convecting the more heat, 

- 4 -

1.1 Motivation 

Q : Why Local Study (I : Individual Stage) is necessary? 

Numerical Simulation of Atmosphere-Ocean 

Global-Circulation 

• Convection of Heat, Salinity and Momentum is 

expressed as Kinematic Eddy Diffus iv ity & V iscos ity • Importance of Middle Size of Vortex 

• -Construction of Better Atmosphere 

-Ocean Combined-Model 

•Forecast of Climate Change 

eForecast of Movement of Pollutant 

& Chemical Substance 

*Study of 2-Layer Flows 

Comparison of Chemical Substances between 

from Atmosphere & from River to Ocean 

Fig.1.3 Necessity of local study. 

salinity and momentum in the field of ocean science (Horibe (1977)). The further local study may 

result in the construction of better atmosphere-ocean combined-model, the forecast of climate change, 

and the movement of pollutant and chemical substance. In particular, the study of two-layer flows (air 

and water) may contribute to the comparison of chemical substances between from atmosphere and 

from river to ocean in the future . 

The ideas of technical development, such as "not to waste the resources", "not to destroy the 

ecological environment", "to ensure the safety and healthy of human beings", and "not to control 

intensively but to let all the people participate", are becoming attractive in the fi eld of technology 

instead of the former "huge techno/ogyn. At that time, the managed society inevitably spreads as a bad 

influence independent of the difference of systems (capitalism or socialism, etc.), which is characterized 

by the three kinds of technology, that is to say, "technology for production and profit", "technology for 

rule" and "technology as ideology" . Under these technologies, "1984 year" by OtWell (1970) becomes 

a good mirror of managed society. Dickson (I 980) has supposed the strategy for resisting the managed 

society, as follows ; 

(I) the dispersion and decentralization from the central management 

(2) the saving type from the mass consumption of energy 

(3) the small scale production from the mass production 

(4) the serious consideration of qualitative standard from quantitative standard 

(5) the incorporation with the nature from the alienation from the nature 

(6) the coexistence with the local culture from the destruction of the local culture 

(7) the technique of public itself from at the professional 

(8) the integrated science from the alienated science from the cul.tur~ . . . . 

The above-mentioned suggestions imply that the previous scientific tdea ongmated tn Descartes 

{1966) (which is a little different from the original meaning in the point that he desi red the construction 
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of "pratique" natural science) is not necessarily universal in the today's situation where there are no 

unique relations between the cause and the result due to the extension of scale, the complexity of 

matter and the feedback operation. This also means that the science does not always have an absolute 

truth in spite of the intuition based on the experience of nature and the logical construction of concept, 

as pointed out by Nakagawa (1995). Instead, another idea is necessary which is the point of view not 

always to understand the matter systematicaJiy, that is to say, to reconsider the environment as system 

based on the thought that the "independence of system" only belongs to the essence of nature, as 

derived by Ishikawa (1998) . In other words, we are now in the time wh ere the consistency of 

understanding is necessary by the "Hermeneutischer circulation" based on .he transformation of 

paradigm. In this situation, the "secondary nature" does not necessarily refer to the destruction of 

nature, and we can understand the environmental system itself by accumulating the understanding for 

"characteristics in a specific place" in the same idea as Gadamer and Apel (1984). We have to make 

the most of technology for pursuing the best possibility in each place on the "environmental" idea of 

Watsuji (1963) harmonized with the surroundings. This idea depends on giving up the insolence that 

the technology is all-round and pursuing the truth realistically, which is a kind of "Husser/ism", as 

mentioned by Ogawa (1990). However, it is necessary of rationalism based on a reality in order not to 

fall in mysticism, and of the moral sense like "Ren" in order to go back to tradition and to bring out the 

new order. This empiricism respecting the actual state than the style is similar to the tradition of Kyoto 

supported by the merchant culture, for example, Jinsai Itoh, as mentioned by Hayashiya (1962). 

Levi-Strauss and Eribon (1996) mention the following phrases in the series of mythology; "the 

power and dignity which \\·ere possessed for impressing mysteriously the people and fascinating the 

listener's mind in the deep forest of image and symbol" . This means the necessity not only to throw 

light on the "encounter to the outer mystery" but also to clear the "encounter to the inner my tery" , 

which is the dynamic consistency between "Prometeus" aspect and "Orpeus" aspect and the urgent 

necessity of "speculation" instead of "scholarship", as mentioned by Mumford (1956). That is to say, 

it is not until we regard the nature as related closely to ourselves that we can get "sustainable 

development" with success. At that situation, the following words by Bacon become meaningful again . 

"If we do not follow the nature, we can not rule the nature" (Anderson (1948)) . In this situation, the 

importance of air-water intetface study can be clearly recognized, as shown in Fig.l.4. The variations 

of dissolved oxygen (0
2
) and carbon dioxide (C0

2
) are closely related with each other, as shown in 

Fig. l .l . The variation 0 2 of is affected by gas transfer, consumption due to resolution of life, and 

increase due to photosynthesis, etc., as mentioned by Ichikawa (1980). On the other hand, the movement 

of C02 is related to gas transfer, pho!osynthesis of plant and breathi· ·, and combustion of fossil fuel 

due to human activity (greater increase in recent years), etc. It is c. .r that the gas transfer pl ays an 

important role on both gases. Furthermore, the majority of environmentally important gases have low 

solubility, and the difference of gases can be explained by Schmidt number Sc. On the above-mentioned 

background of idea, this thesis was written for looking forward to the contribution toward the 

environmental engineering in view of the study about air-water interface. 

1.2 Scope and Objectives 

So far, many hydraulic researchers and engineers of open-channel flow have laid much emphasis 

on the interaction between the fluid motion and the perimeter (bed and side wall), which is a critical 

aspect of the flood control and river improvement. However, there are not so many important researches 

in environmental and geophysical problems except for "rich-in-nature typed works" or "river restoration 
works" . On the other hand, there exists another boundary in open-channel flow, that is to say, a free 
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Q: Why Air-Water Interface Study is necessary? 
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! 
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! •consumption due to Oxidation of ! of Soil Organic Matter 

l Organic & Ammoniacal Nitrogens !eNatural Phenomenon such as 

'-~ .--J ~Volcano * ~~ ............... ~· 
Gas Transfer plays Important Role!! 

In Practical Importance , Majority of Environmentally 

Important Gases have Low Solubility , 

and Difference of Gases can be explained by Sc (= v/ Dm) 

Fig.l.4 Necessity of air-water interface study. 

surface, and this causes a great difference from closed-channel flow (duct flow) . About duct flow, 

there have been a lot of researches in mechanical engineering. In this way, research about open

channel flow is peculiar to hydraulics, and it has a possibility that free-surface problems contribute 

much to the environmental problems of chemical and sanitary engineering. However, there may occur 

different phenomena in flowing water because water layer is usually still in chemical and sanitary 

engineering. 
Let us consider two aspects of the fluctuating free-surface in actual rivers, lakes and oceans, as 

shown in Fig. l .5. One is the fluid mechanics and hydraulics aspect. Free surface peculiar to open

channel flow is not a rigid boundary, but a continuously moving boundary. The surface-wave fluctuations 

affect the turbulent redistributions near the free surface, which are greatly dependent on Froude number 

and the bed slope, etc. Furthermore, coherent structures such as the bursting phenomena which are 

generated near the bed wall are closely related to the air-water mutual interaction near the interface. 

The other aspect considered here is the chemical and environmental aspect. In view of gas transfer 

phenomena due to the air-water interaction, there exists a very-thin concentration boundary-layer 

(CBL) near the free surface where the DO concentration changes dramatically, and oxygen transport 

is controlled by this interfacial resistance. In particular, the gas transfer is more promoted by the 

fluctuating free surface in addition to conduction. Although there are various explanations based on 

the film theory and the surface-renewal theory, etc. about these transport phenomena, a purely chemical 

approach is not sufficient for the evaluation of these complex interfacial phenomena. In particular, it is 

urgent to throw more light on the characteristics of turbulence structure and coherent structure. These 

mechanical and chemical aspects are dependent on each other. So, studying this inter-relationship 

furthers understanding of the air-water interfacial phenomena, and will help us create a richer water 

environment, which are the objectives of this thesis . 
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Fig.l.S Objective of this study. 
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Fig.l .6 Tranquil open-channel flow. 
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Why do Surface Waves Occur ? 

... Necessity to Understand Generation Mechanism 

... Aeration (Important in Environmental Eng ineering) 

Bottom 
Shear 

Bottom turbulence Surface turbulence 

Interfacial 
Shear 

Co-existence 
of Both Shears 

Fig. I. 7 Three types of turbulent conditions in this study . 

In this way, the free surface is very important for defining physically and chemically the characteristic 

of open-channel flow. The image of open-channel flows in rivers, streams and drains changes variously 

depending on a single word, and one can do suitably by combining the physical and chemical knowledge, 

as shown in Fig.l .6. So, this study is very significant for the recently vigorous environmental problem, 

as pointed out by Chanson (1996) and Toba (1996) . Furthermore, evaluating the turbulence 

characteristics near the free surface is also necessary for defining the boundary conditions in numerical 

simulations. 
The aim of this study is to improve understanding of the mutual interaction near the air-water 

interfacial region by the laboratory experiment and numerical simulation, which is an approach from 

a micro point of view rather than from a global one. At that time, the relationship between the surface

wave fluctuations and the gas transfer characteristics is focused on, about which there have been less 

studies till now. Furthermore, when one would like to construct a comprehensive model by GIS and 

GPS, etc., to understand the natural and water environmental systems, to forecast future situations, to 

prevent environmental pollution and contamination, and to utilize water resources efficiently , this 

study is very important in order to clarify the physical and chemical boundary conditions at the air

water interface. From the above-mentioned point of view, in this study, it is firstly necessary to evaluate 

three types of turbulent conditions in order to study the relationship between the turbulence structure 

near the free surface and the gas transfer across the air-water interface, as shown in Fig.1. 7, as suggested 

by Plate and Friedrich (1984); that is to say, (A) bottom-shear generated turbulence, (B) wind-shear 

generated turbulence and (C) combined wind/stream turbulent conditions. 

(A) Bottom-shear generated turbulence means a normal "open-channel flow" as have been studied 

by many researchers in hydraulics, for example, Nezu and Nakagawa (1993) . This type of flow is an 

''ideal" river or stream . In an open-channel flow, turbulence structure is affected by the presence of a 

free surface, and therefore, its characteristics are quite different from those of a duct flow near the 
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plane of symmetry, that is to say, "damping characteristic" . Furthermore, the turbulence structure 
near the free surface has a close relationship with surface-wave fluctuations and the Froude number, 
which is an important characteristic of steep open-channel flow and an essential phenomenon in view 
of the environmental engineering. This phenomenon is called "self-aeration" , and is an important part 
of air-water transfer in open-channel flow, as pointed out by Chanson (1996). 

On the other hand, (B) wind-shear generated turbulence is "wind-water wave" as can be seen in the 

sea or lake when the wind blows above the almost still water-surface. When the wind blows over the 
water, there occur drift currents and wind waves due to the wind shear across an air-water interface. 
These flows have been studied in the field of \..oastal engineering and geophysical sciences, for example, 
Toba ( 1996), and also have a great effect on mass transfer and energy transfer across a gas/liquid 
interface from the air layer toward the water layer. Furthermore, in the water layer, there occurs the 

energy transport from the wave field to the mean field and from the mean field to the turbulent field. 
So, the "coupling" and the interaction among the three fields exist among the mean, wave and turbulent 
fields, and this is a very interesting phenomenon. 

As for (C) combined wind/stream turbulence, there exist both air flow and water flow together, and 
the bed shear and the interfacial shear coexist in the water layer. This flow can be seen commonly in 
actual rivers. Furthermore, in chemical, mechanical and nuclear engineering, the evaluation of these 
flow characteristics and interfacial heat transfer coefficients is important for the need to estimate 
accurately the heat transfer rate at the liquid surface of cooling reactors . The final objective of this 
thesis is to clarify the relationship between the turbulence structure near the free surface and the gas
transfer mechanism in these flows. 

1.3 Overviews 

A brief overviews of this thesis is given here as a guide to selective reading of this report. From 
"Chapter 2" to "Chapter 7", three types of flow conditions, as shown in Fig.1.7, are discussed in view 
of the physical aspect. "Chapter 8" deals with the chemical aspect about three types of flow conditions. 

In "Chapter 9", the above-mentioned physical and the chemical aspects are related with each other. 
"Chapter 2" describes about the turbulence structure and the coherent structure near the free surface 

in smooth open-channel flow in comparison with duct flow from the experimental point of view. At 
that time, the relationship between the turbulence structure and the surface-wave fluctuations is 
considered by the simultaneous measurements of a Laser-Doppler anemometer (LDA and an ultrasonic 
depth meter (Figs.1.6 and 1.8). 

"Chapter 3" considers a relationship between the "bursting phenomenon" generated near the wall 
and the "su1jace renewal eddies" near the free surface. At that time, one of the newest image analyses, 
PIV (Particle-Image Velocimetry) method is used to measure evolutionary patterns of coherent vortices 
(Figs.1.6 and 1.8). 

"Chapter 4" discusses a numerical simulation by using a Reynolds stress model (RSM). The aim of 
this chapter is to propose a new boundary conditions at the free surface including the effect ofFroude 
number and the surface-wave fluctuations, and to reproduce the turbulent redistribution near the free 

surface in steep open-channel flow (Fig.1.9). 
"Chapter 5" treats rough-bed flow . In comparison with smooth-bed flow, the effect of macro

roughness on the turbulence structure near the free sutface and surface-wave fluctuations is investigated 
by using LDA and PIV. At the same time, the wave-induced flow is evaluated for comparing "wave
effect" with "turbulence-effec t" (Fig. l . l 0). 

"Chapter 6" deals with the turbulence structure at an air-water interface with wind shear above the 
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still water. This chapter describes the turbulence structure and the energy budget in both the air and 
water layers . Furthermore, the wave component and turbulence component of the water flow were 
separated by a spectral separation method (LFT) (Fig. l .ll ) . 

"Chapter 7" studies the turbulence structure in a wind-stream combined flow when both the bed 
shear and the interfacial shear coexist. In this chapter, mixing-length model in wind wave is extended 
in the air flow of two-phase flows, and the description of the shear stress distribution in the water flow 
is refined for two-layer flows (Fig .1.12). 

"Chapter 8" relates the characteristics of gas transfer across the interface to the previous empirical 
models including the effects of shear velocity and dissipation rate and expands these models to air
water two layer flows in view of the chemical aspect. This chapter tries to find the key for relating the 
physical aspect to the chemical one (Fig. l.13). 

"Chapter 9" relates the coherent structures of both layers with each other by using PIV and the 

phase-averaged method. Furthermore, the effect of surface area and other factor on the gas transfer is 
evaluated in order to clarify the relationship between the coherent structures and the gas transfer 
characteristics in two layer flows (Fig.1.14). 

"Chapter 1 0" summarizes the findings of this study and gives concluding remarks. Then, some 
applicabilities of this study are mentioned in view of the global environment problems on earth. Finally, 
some recommendations for future studies are given in order to utilize and extend this study to the 

solve of various environment problems. 

Generation of Surface 

Surface-Renewal Eddies 

Higher Froude-Number (=Inertial Force/Gravity Force) Flow 

td 
Generation of Surface ave Agglemeration • • Increase of v' Rebound of Coherent 

near Free Surface Vortex at Free Surface • • Failure of Previous Models Self Aerat1on Effect 

Fig.l.8 Steep open-channel flow. 
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Fig.1.9 Reproduction of turbulent redistribution by numerical simulation. 
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Fig.l .l 0 Rough bed flow with large roughness elements. 
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Abstract 

CHAPTER2 

TURBULENCE STRUCTURE AND CHARACTERISTICS 
OF COHERENT VORTICES NEAR FREE SURFACE 

IN OPEN-CHANNEL FLOW 

In an open-channel flow, turbulence structure is affected by the presence of a free surface, and 

therefore, its characteristics are quite different from those of a duct flow near the plane of symmetry. 

Furthermore, the turbulence structure near the free surface has a close relationship with surface-wave 

fluctuations and the Froude number. In particular, the turbulence structure may become unstable in a 

critical flow, and this phenomenon can be seen in the complexity of turbulent redistribution and the 

undulation property of surface-wave fluctuations. Furthermore, it has been pointed out that the turbulence 

structures near a free surface have a close relationship with coherent vortices, and that its characteristics 

are greatly affected by the presence of the free surface. In a higher Froude-number flow, a coherent 

structure, so-called the "surface renewal eddies", can be seen clearly at the free surface. The macro

scale of turbulence is an important quantitative descriptor of the turbulent eddies, and this macro-scale 

depends greatly on the surface-wave fluctuations and the coherent structures. In this study, turbulence 

measurements were three-dimensionally conducted in open-channel flows by using two sets of fiber

optic LDA systems, and simultaneously, the surface-wave fluctuations were measured by an ultrasonic 

depth-meter instrument. Furthermore, the coherent structure near the free surface is evaluated by using 

space-time correlation analyses and conditional sampling methods. The aim of this study is to clarify 

the relationship between the turbulence structure near the free surface and the surface-wave fluctuations . 
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2.1 Introduction 

It has been pointed out that turbulence structure is affected by the presence of a free surface and 

turbulent energy redistribution changes variously within a surface-influenced layer which is roughly 

ten per cent of the flow depth. Hunt (1978, 1984) has analyzed a grid turbulence convected by a free 

stream past a rigid surface moving at the same speed as the free stream ~ he used a boundary-layer 

theory and spectral methods, and has discussed the turbulence characteristics near the free surface in 

an open-channel flow. Furthermore, he has compared the turbulence in the presence of large shear 

near the surfaces with the turbulence in the small shear stresses near the surfaces, and he mentioned 

the peculiar characteristics near the free surface in open-channel flow. 

Many researchers have pointed out that a turbulence structure is affected by the presence of a free 

surface and turbulent redistributions change variously within a "surface-influenced layer" roughly ten 

per cent of the flow depth. In particular, the characteristics near the free surface depend greatly on the 

Froude number Fr, and a damping effect on the vertical motions is gradually lost out as surface-wave 

fluctuations increase. This means that Fr is one of the important factors for analyzing the turbulence 

structure near the free surface. Bradshaw (1967) proposed the idea that "turbulence consists of active 
motions and inactive motions" , and it is necessary to clarify the effect of the free surface on the 

turbulence structure and to investigate inactive motions such as surface-wave fluctuations . 

In order to evaluate the turbulence structure near the free surface, there have been many researches 

about oscillating-grid turbulence. Komatsu et al. (1995) have measured the turbulence and pressure 

disturbance simultaneously in the oscillating grid, and pointed out that the pressure fluctuation has an 

important role on the turbulent redistribution near the free surface. Furthermore, Brumly and Jirka 

(1987) and Drayton (1993) have investigated the characteristics of turbulence intensities, integral

length scales and dissipation rate in a grid-stirred tank, and compared them with Hunt's theory . In 

these previous works, attention was restricted to the damping characteristics of turbulent quantities. 

Rashidi and Baneij ee (1988) and Komori et al. (1982, 1989) have related surface renewal to some 

more organized motions (bursting motions and coherent flow structures) occurring in the flow. 

Tamburrino and Gulliver (1994, 1999) have also considered the relationship between large-scale 

coherent vortices and the surface renewal by using spectral analyses and correlation analyses. Li , 

Dong and Chen (1995) have evaluated the skewness and flatness factors of velocity components in 

various Froude number flow. However, they did not clarify the effect ofFroude number on the turbulence 

structures near the free surface. Thus there have been no considerations about the relationship between 

the turbulent energy redistributions and the surface-wave fluctuations when the surface-wave 

fluctuations occur. 
Furthermore, the turbulence structures near a free surface in an open-channel flow have a close 

relationship with coherent vortices, whose characteristics are greatly affected by the presence of the 

free surface. Furthermore, the turbulence structure near the free surface has a close relationship with 

surface-wave fluctuations and the Froude numbers . In a higher Froude-number flow, a coherent 

structure, so-called surface renewal eddies, can be seen clearly at the free surface. Nakagawa and 

Nezu (1981), Rashidi and Banerjee (1988) and Komori et al. (1989) have investigated the surface 

renewal, boil vortex and some more organized motions (bursting motions and coherent flow structures) 

occurring in the flow. At that time, macro-scale of turbulence is an important quantitative descriptor 

of such turbulent eddies. Hunt (1984) discussed about the turbulent redistribution near the free surface, 

and pointed out that the vertical macro-scale L is substantially smaller than the streamwise macro

scale L near the free surface in a quiet flow. Fufthermore, Handler et af. ( 1993), Komori eta/. ( 1993) 

and s;ean eta/. (1991) conducted a direct numerical simulation (DNS) in an open-channel flow and 

Handler eta/. (1993) and Swean eta/. (1991) compared the space-time correlation coefficient and the 
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Fig.2.1 Experimental fl ume and LDA system in 3-D measurements. 

Table 2.1 Hydraulic conditions in 3-D measurements of smooth-bed open-channel flow. 

case Sb h B/h Um U* 
(em) (cm/s) (cm/s) 

L-FR01 1/25000 8.0 5.0 10.0 0.59 

L-FR02 1/6000 5.0 8.0 16.0 0.99 

L-FR03 1/3000 4.0 10.0 20.0 1.14 

L-FR04 1/2000 3.5 11 .4 22.9 1.33 

L-FR05 1/1500 3.0 13.3 26.7 1.49 

M-FR06 1/1200 5.0 8.0 40.0 2.10 

M-FR07 1/900 4.5 8.9 44.4 2.32 

M-FR08 1/600 4.0 10.0 50.0 2.50 

M-FR09 1/455 3.7 10.8 54.1 2.78 

M-FR10 1/316 3.5 11.4 57.1 2.90 

M-FR11 . 1/273 32 12.5 62.5 3.24 

M-FR12 1/250 :; o 13.3 66.7 3.36 

H-FR11 1/300 5.0 8.0 75.0 3.80 

H-FR13 1/240 4.5 8.9 83.3 4.00 

H-FR15 1/167 4.0 10.0 93.8 4.75 

H-FR18 1/111 3.5 1L4 107.1 5.42 

H-FR23 1/77 3.0 13.3 125.0 6.09 
Sb=channel slope, h=water depth, B=channel w1dth, 

Um=bulk mean velocity, Fr=Um/(gh)0.5, Re=Umh/v 

Fr Re 
(x103) 

0.12 8.0 
0.23 8.0 

0.32 8.0 
0.39 8.0 

0.49 8.0 

0.57 20.0 
0.67 20.0 

0.80 20.0 

0.90 20.0 

0.98 20.0 

1.12 20.0 

1.23 20.0 

1.07 37.5 

1.25 37.5 

1.50 37.5 

1.83 37.5 
2.30 37.5 

macro scale in an open-channel flow with those in a closed-channel flow. They mentioned the damping 

characteristics of macro-scale near the free surface. However, the situation is quite different when the 

surface-wave fluctuations occur, and this macro scale depends greatly on the surface-wave fluctuations 

and the coherent structures. 
The aim of this study is to clarify the turbulence and coherent structures near the free surface and 

the relationship with the surface-wave fluctuations in open-channel flows . Firstly, a comparison between 

experimental data and a DNS (Direct Numerical Simulation) database in duct flows without free 
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Controller 

Fig.2.2 Experimental flume and LDA system for space-time correlation analyses. 

Table 2.2 Hydraulic conditions in correlation analyses of smooth-bed open-channel flow. 

case Sb h B/h Um U* 

(em) lcm/s) (cm/s) 

M-FR06 1/1200 5.0 8.0 40.0 2.10 

M-FR10 1/316 3.5 11.4 57.1 2.90 

S-FR31 1/41 3.0 13.3 166.7 8.47 

Sb=Channel slope, h=water depth, B=channel width, 

Um=bulk mean velocity, Fr=Um/(gh)0.5, Re=Umh/v 

Fr Re 
(x103) 

0.57 20.0 

0.98 20.0 

3.07 50.0 

surface by Kim et al. (1987) is made, and the effects of the free surface are considered. Furthermore, 

simultaneous measurements by using two-sets of laser Doppler anemometers (LDA) and an ultrasonic 

depth-meter instrument are conducted, and the relationship between the turbulence structure near the 

free surface and the surface-wave fluctuations and the coherent structure are considered by using their 

spectral analyses and correlation analyses . 

2.2 Experimental Apparatus and Procedu res 

The experiments were conducted in a 1Om long, 40cm wide and 30cm deep tilting flum e, whose 

slope can be lifted up to 1/10 by jacks. The bed and side walls of the test section 6m downstream of the 

channel entrance were made of optical glass for LDA measurements. Coordinate axes in the stream wise, 

vertical and spanwise directions were defined respectively as x, y and z, and the corresponding velocity 

components as u, v, and w. The 3-D measurements were made in the center of the channel by using 

two sets of fiber-optic LDA systems (DANTEC-made), as shown in Fig.2.1. The sampling time was 

60sec and the sampling frequency was about 200Hz. At that time, an ultrasonic depth-meter instrument 

(KEYENCE-made) was set above the free surface, and synchronized with the LDA. Hydrauli c 
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conditions for the experiment are shown in Table 2.1. In this study, the aspect ratio was greater, i.e. , Bl 

h>5, for two dimensional (2-D) flow with smooth bed. 

Furthermore, by using two sets of LDA systems synchronized with burst-inhibit controller, the 

space-time correlation analyses were conducted. One is the air-cooling laser light as a fixed point 

(x=O), and the other is the water-cooling laser light as a movable point in the center of the channel. 

Fig.2.2 shows the experimental equipment for space-time correlation analyses . The focal lengths of 

both LDA probes are 300mm, which means that the measurement volumes are the same. When 

measuring at points within 2mm of each other, a biasing-l ic ·"' t board was used for preventing fro. 

conflict oftw,• laser lights. Hydraulic conditions for this experiment are shown in Table 2.2. In thl:

study, three types of flow conditions were evaluated; (A) sub-critical flow in tranquil free surface, (B) 

critical flow in unstable and undulating free surface and (C) super-critical flow with large surface

wave fluctuations, respectively. The sampling time was 60sec, and the sampling frequency was about 

200Hz for the water-cooled laser and about 150Hz for the air-cooled laser. Instantaneous velocity data 

were interpolated linearly at 1OOHz, and space-time correlation analyses were conducted after separating 

turbulence components. More detailed information on the present fiber-optic two-component LDA 

system is available in Nezu and Nakayama (1998b, 1998g). 

2.3 Theoretical Considerations 

2.3.1 Turbulence Characteristics in Open-Channel Flow 

In fully-developed 2-D open-channel flow, the following shear stress equation is deduced from the 

streamwise momentum equation. 

r - dU 2 
-=-uv+v--=U* (1-g) 
p dy 

(2.1) 

where 5=ylh : non-dimensional vertical distance from the wall and p: the density of water, respective1y. 

By applying Prandt11s (1925) mixing-length fonnulation to Eq.(2.1 ), the following expression for the 

dimensionless velocity gradient can be obtained. 

du+ 2(1-5) 

dy + 1+.Jl+4z+2(1-;) 
(2.2) 

where U =UIU. : normalized mean velocity,y+=yUjv : vertical distance in law of the wall coordinates, 

and J+=JU.Iv : normalized mixing length, respectively. By using Prandtl's (1925) mixing-length 

formulation and van Driest (1956) damping function in the above equation, the following famous 

velocity distribution can be obtained. 

if =y+ fory+ <<A 

... ~ 1 + + 
u =-ln(y )+As for A<y s0.2R* 

K 

(2.3) 

(2.4) 

where A is van Driest's damping coefficient (=26), and R,.=hUjvis turbulent Reynolds stress. Eq.(2.3) 

is the "viscous-sublayer" formula, and Eq.(2.4) is the "log-law" formula, both of which are governed 

by the law of the wall in the expression of the inner variables U. and v. For the intermediate region 

between Eq.(2.3) and Eq.(2.4), there exists a "buffer layer" in the range S<y+<30 and no simple velocity 

formula is available, whose distribution can be calculated by integrating Eq.(2.2) directly. Furthennore, 

von Karman constant Kand integration constant As in Eq.(2.4) should be determined from experimental 
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data in the wall region (y/h<0 . 2~ . In t~e p~evious s~di~s, x:=0.41 and As=5.3---5 .5 have been usually 

used .. On the other ~and, recent ~n~esttgattons have tndtcated that the log law in Eq.(2.4) is applicable 

only tn the wall region and that tt IS necessaty to add a wake function to Eq.(2.4), which is a deviation 

from the standard log law. Coles (1956) has suggested the following wake function in the extension of 

Eq.(2.4). 
2II 2( TC ) 

w(~)=-;-sin \ 2"~ 

+ 1 + ( y+ ) U =-ln(y )+As+w -
K R* 

(2.5) 

(2.6) 

As for turbulence intensities u', v' and w' and turbulent kinetic energy k, the following semi-empirical 

formulae proposed by Nezu and Nakagawa (1993) are often quoted. 

u1/U*=2.30exp( -s) (2.7) 

v'/U * =1.27exp(- 5) (2.8) 

w'/U*=1.63exp( -g) (2 .9) 

k/ u~ = 4.78exp( -25) (2.1 0) 

By applying EqQ. 7),._Q.1 0), the turbulence intensity ratio (v'lu', w '/u') and the turbulent energy 

redistributions (u2 /2k, v2 /2k, w2 /2k) take the following constant values: 

v'/u'=0.55, w'/u'=0.71 

u2/2k =0.55, v2 /2k=0.17, w2/2k=0.28 

(2.11) 

(2.12) 

As for u', Nezu and Nakagawa (1993) have refined Eq.(2.7) into Eq.(2.14) to account for the damping 

effect expressed in Eq.(2.13). 

r(y +)=1-exp(-y +/A') 

u'/U*=2.30exp( -y+ /R* )·r(y+)+Dy+ {1-r(y +)) 

(2.13) 

(2.14) 

whereA'=10 andD=0.3. About Reynolds stress, the following expressions are obtained from Eq.(2.1) 

and (2.6). 

-uv/U~=(1-~)-"r 

"r($)= ~. ( s-l +n-llsin(n$)) 

(2.15) 

(2.16) 

The turbulent energy equations are obtained from the basic equations of normal turbulent stresses 

in fully-developed 2-D open-channel flow. 

G=e+(Tn +Pn)+ Vn (2.17) 
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(2.18) 

(2.19) 

(2.20) 

(2.21) 

where G : turbulent generation (or production), TD: turbulent energy diffusion, P D: pressure energy 

diffusion, VD : viscous diffusion, and £ : dissipation rate, respectively. There are various ways to 

evaluate E. Nezu (1977) suggested that the dissipation rate £can be most accurately evaluated from the 

-5/3 power law ofFFT spectrum F(j), as follows : 

(2.22) 

where C: Kolmogoroff universal constant (about 0.5), U : local mean velocity, F(j) : normalized 

frequency spectrum (fboo F(f)df=1), and_fc : frequency when F(f)f/ 13 becomes constant, respectively. 

In regions away from the wall at large Reynolds number, VD is negligible and P D can be obtained by 

the following expression. 

Pn=G-e-Tn (2 .23) 

On the other hand, G can be expressed by substituting Eqs.(2.6) and (2.15) in Eq.(2.18), as follows : 

hi 3 1 -1 
G U* =(1-;- KR.; }(K;) (2.24) 

Nezu and Nakagawa (1993) have suggested the following semi-empirical formula for £. 

(2 .25) 

2.3.2 Small-Amplitude Wave Theory 
The ratio A of the surface-wave fluctuation energy to the total kinetic energy per unit area is expressed 

by evaluating the integral of turbulent kinetic energy according to Eq.(2.1 0), as follows : 

A (pf2)g;(- _1_· ·(Um) 1·~( Rf 
Jt pcdy 4.13 u* Fr \ h } 

(2.26) 

Iwasa (1967) has derived the following equation for surface-wave fluctuations by linearizing the 

momentum equation in open-channel flow. 
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(2.27) 

where S b : channel slope, f3 : momentum correction coefficient, and N : hydraulic exponent (=7/3+(1 +2hl 

B)-1), respectively. Let us assume that 1J is given by small-amplitude wave theory, as follows : 

rr=H·exp {i(kwx-wt)} (2.28) 

(2.29) 

where kw : wave number, w : angular frequency, and Vw : the celerity of small-amplitude waves, 

respectively . The wave is developing (unstable) at Q)>O, damping (stable) at Q) <O, and critical at 

Q)=O. Substituting Eq.(2 .28) into Eq.(2.27), 

where V IU = fj>. The boundary curves for the existence of m are given in the following. 
w m 

f/J=N/2,¢=2{3-N/2 

¢={3±~ {3({3-l)+Fr -2 

Iwagaki (1955) derived the following expression by canceling ¢in Eqs.(2.30)..--(2.32). 

iiJz S(fVl)2 Fr2 (N2-4{3N +4{3)-4 

Urn s x (k..,h)2 Fr 2(p(2f3-l)Fr2+1 FsS 

( )
-1/2 

Fr,c= (N/2)
2 +f3-f3N 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

From the above equations, the flow is stable atF <F and unstable atF >F . Nezu (1977) has pointed 
r r,c r r,c 

out that the flow is developing at F >F .=1.6 and damping at F <1.6. So, the wave celerity is zero 
r r c r 

when Fr=f5 112 •• 1 from Eq.(2.32), whereas flow is stable at this condition. Therefore, the rapid growth 

of surface-wave fluctuations near critical flow cannot be explained by the above-mentioned small

amplitude wave theory, as mentioned later. 

2.3.3 Non-Conditional Space-Time Correlation Analyses 
Non-conditional space-time correlation coefficient Cuiuj of velocity components u; at a fixed point 

P and u. at an arbitrary point Q is defined, as follows : 
J ~--------~~---.--~.---~~~ u.;(xo ,Yo,zo,to}uj(xo+Ax,yo +~y,zo+~z,to+r) 

Cu·u . (xo ,Yo, Z();Ax,L\y, ~,r) , ( \. , ( A..,. A A ..... ) 
c 1 u i x0,y0,.l{), u j xo+LlA,YO +uy ,zo+ l..l.G 

(2 .35) 
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where (Ax, Ay, L1z) is the lag distance from P to Q, r is the lag time, and u/ is the turbulence intensity 

of u;, respectively. 
A macro-scale gives not only a quantitative information about the turbulent eddy sizes, but also a 

qualitative picture of how the free surface modifies the coherent structure. The macro-scale Luix i 

corresponding to velocity component u _ (=u) in the direction x . (=x, z : homogeneous directions) is 

defined by 
I } 

x j,max 

Lu . x · = fCu · u· (~x1· )dx1· l ) I l 
(2 .36) 

0 

Cu ·u· (flx1·)1A- · x · =0 z z '-"J= J,max 
(2.37) 

where x
1 

is the separation distance up to the zero-cross of Cui Ui ( flx j) . In the inhomogeneous 

direction~Handler eta!. (1993) have defined a vertical macro-scale Lui y as follows : 

1 
Lu;Y = fCuiui (~y)dy (2.38) 

0 

On the other hand, Lui x is obtained by the following two methods . 

(2.39) 

where E'ui is normalized spectrum for wave number kw <fo E'ui (kw)ikw=l ). If "Taylor's fro: en 

turbulence hypothesis" is valid, Lui x can be evaluated from the integral time-scale Cui ui (0, r) and 

the convection velocity Uc, as follows: 
00 

Lui x= fCui ui (fix j,O)dx j= fCui u; (0, flx j /Uc )d(Ucr)=Uc fCui u; (0, r)dr 
0 0 0 

(2.40) 

As for the above-mentioned macro-scale, the following equation is generally effective in homogeneous 

isotropic turbulence. 

Luy =0.5, Luz =0.5 (2.41) 

Lux Lux 

The values ofEq.(2.4 1) are called the flatness ratio, and in general, not equal to 0.5 due to anisotropy. 

2.4 Comparison between 3-D Measurements and DNS-Data in Low Reynolds

Number Flow 

2.4.1 Turbulence Characteristics in Tranquil Open-Channel Flow 

The friction velocity U. is usually the most suitable velocity scale to normalize mean velocity and 

turbulence, and there are various methods to evaluate u., as follow; (1) log law, (2) formula ofunifonn 

flow, (3) Reynolds stress distribution, and (4) viscous-sublayer formula, etc. When there exists the 

viscous sub layer, i.e ., in low Reynolds number flow, method ( 4) is most appropriate due to its theoretical 

validity. However, it is usually difficult to obtain measurements in the viscous sublayer in the faster 

flows and then method ( 1) is most convenient both in the actual rivers and the experimental flumes . 

Therefore, first of all, the applicability of log law was evaluated in this study . Fig.2.3 shows the 

distributi on of von Karman constant Kversus Froude number Fr, together with the experimental data 

- 26 -

0.5 

0.3 

0.2 

Fr=1 .0 

Present data 
o Re=8000 
t::. Re=20000 
o Re=37500 
+ Tominaga & Nezu (1992) 

0. 1 '-'--L~J....L..I.~I....L-l...J....I....J....L..I...J....J....J...J....l...J....J....L...Ll...L.L...J 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Fr 

Fig.2.3 von Karman constant K 

versus Froude number Fr. 

2.4 Comparison between 3-D Measurements and 

DNS-Data in Low Reynolds-Number Flow 
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Fig.2.4 Primary mean velocity if 
in tranquil flow. 

by Tominaga and Nezu (1992). At that time, Kwas evaluated from the log law by using u. calculated 

from the Reynolds stress distribution -uv ofEq.(2.15). It can be seen that Kis the universal constant 

at 0.41 independent ofFroude number, and therefore, the log law at x:-=0.41 is effective regardless of 

Froude number and Reynolds number. 

Next, it is necessary to verify the accuracy of these experiments. So, some comparisons were made 

between the experimental data and the DNS data. Fig.2.4 shows the distribution of a primary mean 

velocity U normalized by the friction velocity U. in the wall region for the case- , together with the 

DNS data by Kim eta!. (1987) in a closed-channel. The experimental values of u. were evaluated by 

three methods; (1) log law, (2) formula of uniform flow, and (3) Reynolds stress distribution. Three 

data coincided very well with one another, and the evaluation of u. from the log law is effective, as 

mentioned in the former figure. In this figure, experimental and DNS data are in very good agreement 

with each other. This shows that in the wall region the primary mean velocity in open-channel flows is 

similar to that in closed-channel flows and is scarcely affected by the free surface. Furthermore, because 

this case is at low Reynolds number, the wake strength parameter II proposed by Coles (1956) is zero 

and the log law is effective up to the free surface, as pointed out by Nezu and Nakagawa (1993). 

Fig.2.5 shows the distribution of the turbulence intensities u', v', w' and turbulent kinetic energy k 

normalized by u., respectively. In this figure, the DNS data and the semi-empirical formulae proposed 

by Nezu and Nakagawa (1993) are also plotted together. It can be seen that in the wall region and 

intermediate region, all the values coincide well with the values in closed-channel. However, v' is 

damped near the free surface, that is to say, y/h>0.8, in comparison with the closed-channel , which is 

an important characteristic of tranquil open-channel flow. Furthermore, u' and w' increase a little near 

the free surface, as pointed out by Komori eta/. (1987), while k coincides with the closed-channel. 

Fig.2.6 shows the high-order correlation terms u2v and v3 versus y+. Both data are in good agreement 

with each other, which implies that this experimental data is highly accurate. 

2.4.2 Turbulent Energy Budget near Free Surface 

Fig.2.7 shows the turbulent energy budget (G : turbulent generation, TD: turbulent energy diffusion, 

and B: dissipation rate) versus ylh in tranquil flow, together with the DNS data by Kim eta!. (1987) in 

closed-channel. G, TD, and B were calculated by Eqs.(2.18), (2.19) and (2.22), respectively. It can be 
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Fig.2.8 Turbulent generation Gh!U/ 
and turbulent energy dissipation rate eh!U.3 

near the free surface in tranquil flow. 

seen that turbulent energy is in surplus near the wall (G> e), in equilibrium in the intermediate region 

(G=e), and in deficit near the free surface (G<e) . The experimental data in open-channel flow is almost 

in coincidence with the computational data for a closed-channel, which means that the energy budget 

in open-channel flow at low Reynolds and Froude number is very similar to that for a closed-channel. 

In particular, near the free surface, e is nearly balanced by TD because G and P D are negligibly small 

there, as pointed out by Nezu and Nakagawa (1993). Fig.2.8 shows the distributions of the turbulent 

generation Gh!U/ and the turbulent energy dissipation rate eh!U/ near the free surface in tranquil 

flow. As with turbulence intensities, there seems to be no dependence on Froude number. This region 

is energy deficiency region, that is to say, e>G, and it is very interesting that the energy deficiency (e

G) in open-channel flow is smaller than that for closed-channel. 
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Fig.2.11 Wake strength parameter II versus 
Froude number. 

2.5 Relationship between Turbulence Structure near Free Surface and Surface
Wave Fluctuations 

2.5.1 Variation of Turbulence Characteristics versus Froude Number 

The difference between open-channel flows and closed-channel flows is clearly reflected in v', as 

mentioned previously. In open-channel flow, v' is damped near the free surface in tranquil flow, whereas 

v' increases as the Froude number increases and surface-wave fluctuations occur. Fig.2 .9 shows the 

distributions of primary mean velocity when the surface-wave fluctuations occur. All the experimental 

data are in good agreement with the log law except near the free surface due to the increase of Reynolds 

number and it becomes more difficult to measure near the wall as the Froude number increases due to 

the dec;ease of viscous sub-layer, as pointed out by Iwagaki (1955) and Tominaga and Nezu (1992). 

Fig.2.1 0 shows the variations of integral constant As evaluated from the linear regression of the log 
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Fig.2.13 Turbulent generation Gh!U/ and turbulent energy dissipation rate sh!U/ 

near the free surface in super-critic2 low. 

law with the fixed value of r-=0.41 . In sub-critical flow, the value attains almost a constant value 

As=5.5, whereas the value decreases as the Froude number increases in super-critical flow, which is 

the same characteristics as pointed out by Iwagaki (1955) and Prinos and Zeris (1995) due to the 

decrease of viscous sub layer. Fig.2.11 is the distribution of wake strength parameter II versus Froude 

number. Nezu and Nakagawa (1993) suggested that II is a function of Reynolds number. From this 

figure, II is also found to depend on Froude number, and in particular, !I increases greatly near critical 

flow condition. This means that the primary velocity depends on the inactive component of surface

wave fluctuations near the critical flow, that is to say, the effect of instability. 

Fig.2.12 shows the distribution of turbulent energy redistribution near the free surface, together 

with DNS data in duct flow, and these values never depend on U •. It can be seen that the three 

components vary near the free sutface, that is to say, y/h>0.8, due to the effect of Froude number. This 

means that the surface-wave fluctuations have an important role on the turbulent variation near the 
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free surface. Fig.2.13 shows the distributions of the turbulent generation Gh!U.3 and the turbulent 

energy dissipation rate sh!U.3 near the free surface in super-critical flow, together with Eqs.(2.24) and 

(2 .25). G is similar to that in duct flow regardless of the Froude number (characteristics of self

consistency), whereas e is dependent much on Froude number and generally increases as Froude 

number increases . 

2.5.2 Relationship between Surface-Wave Fluctuations and Velocity Fluctuations 

As mentioned before, the variation-of turbulence intensity has a close relationship with the surface

wave fluctuations when Fr changes. However, Reynolds stress is almost constant regardless of Fr. It 

has been pointed out that this characteristic is related with the "flow instability" due to inactive motions, 

and therefore, the undulation of the free surface in the critical flow is related with the sudden increase 

ofv'. 
Fig.2.14 is the time series of surface-wave fluctuations 17 (em). The amplitude has a maximum near 

the critical flow and the.JQ7-frequency component predominates, which was verified by the fact that 

the Flatness factor F
11

=11
4 rj 4 had a maximum in the critical flow. Fig.2.15 shows the intensity of 

surface-wave fluctuations 17' normalized by the mean flow depth h, i.e., the value of 17'/h. The value 

increases rapidly near the critical flow due to the effect of inactive component. This corresponds to the 

sudden increase of v', and therefore, 17' and v' are related with each other. Fig.2.16 shows an example 

of the spectral distributions near the free surface in critical flow (Fr=0.98) by the FFT methodS (/), 
• ll 

Sv(j)' S (/),respectively . S (/)has a clear peak at aboutf=2(Hz), which corresponds to the ripple of 

water Jave near critical fldw. S (/)has also a peak at the same frequency, butS (j) has no peak. This 
v u 

means that the wave and the vertical component of turbulence intensity have a very close and 

complicated relationship with each other near the free surface. For evaluating the effect of surface

wave fluctuations, it is very effective to examine the ratio A of the surface-wave fluctuation energy to 

the total kinetic energy per unit area. Fig.2.17 shows the distribution of A versus Froude number, 

together with Eq.(2.26) . It can be seen that the ratio of surface-wave fluctuations increases greatly 

near the critical flow, which corresponds well to the distribution of ry'/h in Fig.2.15 . These characteristics 

are closely related to the predominance of low-frequency and inactive component near the critical 
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flow, as mentioned before. 
The cross-correlation coefficient C of x(t) and y{t) is defined, as follows : 

xy 

Cxy( r)=x( t)y(t+r)/(x'y') (2.42) 

where x', y' are the corresponding turbulence intensities. Fig.2.18 is the auto-correlation coefficient 

C versus lag time T(s). It can be seen that the correlation decreases as Fr becomes close to one, 

which implies the turbulence eddy becomes smaller and the flow may be more unstable near the 

critical flow. At the same time, the correlation of velocity components had a small value near the 

critical flow. This similarity can be verified by analyzing cross-correlation between the surface-wave 

fluctuations and the velocity fluctuations. Figs.2.19 and 20 show the cross-correlation coefficients C 

and C near the free surface. When the Froude number is small and free surface is flat, there is ;J 
vry 
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tendency in both C and C . However, the situation is different when the sutface-wave fluctuations 

occur. As for C , th~ coeff;Jient takes a minimum value near r-O(s) in wavy free surface, as implied 

by the continuitYTJequation. On the other hand, Cv takes a maximum value near r-O(s) in a stable flow, 

i.e., away from the critical flow, which means
17
that the water surface goes down when the local

accelerated flow goes downward (u>O, v<O) and that the water surface rises when the local-decelerated 

flow lifts up (u<O, v>O), as previously pointed out. However, the shift in a phase ofCv has a maximum 

near the critical flow, which means that this shift may cause the unstable flow and that turbulence 

intensities and surface-wave fluctuations change rapidly due to the predominance of inactive component. 

Furthermore, these systematic variations decrease rapidly away from the free surface and the effect of 

free surface is negligible for y/h<0.7. 
As mentioned in Fig.2.13, the turbulent energy dissipation rate increases as the Froude number 

increases in super-critical flow, which suggests that there is a close relation between e and the surface 
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waves. Fig.2.21 shows the square of 17'/h versus E near the free surface (ylh=0 .8. 0.9 and 0.95). It can 

be seen that there exists a quasi·linear relationship between these two variables in the wavy flow. This 

means that the higher energy of surface-wave fluctuations results in the more ener =ry dissipation near 

the free surface and that the surface waves affect greatly the energy budget near the free surface 

independent of the inactive component of turbulence. In this way, it has a possibility that the energy of 

surface-wave fluctuations has a close relationship with the change in turbulent energy redistributions 

from that in tranquil flow. Supposing that the increase of v' is due to the effect of surface-wave 

fluctuations as the Froude number increases, the following expression is valid. 

(2.43) 

Fig.2.22 shows the square of ry'lh versus the increasing rate of vertical component of turbulent 

ener ;y redistributions . It can be seen that there exists a linear relationship with each other at low 

Froude number. However, the surface-wave energy increases greatly in super-critical flow due to the 

effect of other component. 

2.6 Space-Time Correlation Structures 

2.6.1 Non-Conditional Space-Time Correlation 

Figs.2.23(a)-(c) show some examples of non-conditional space-time correlation coefficients C in 
uu 

the center of the channel evaluated from Eq .(2.35) in sub-critical flow (M-FR06), critical flow (M-

FR1 0), and super-critical flow (S-FR31) versus the lag-time r . At that time, fixed points X are near 

the wall (y/h=O. l) and the free surface (ylh=0 .9). An evolution of correlation region can be seen 

clearly . Of particular significance is that the maximum correlation line fairly inclines downstream 

toward the wall due to the shear near the wall when the fixed point is near the wall , as pointed out by 

Nakagawa and Nezu (1981 ), regardless of Froude number and surface-wave fluctuations . This 
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characteristic implies that the turbulence and coherent structures near the wall are related to the free 

surface region, as mentioned by Nakagawa and Nezu (1981), Komori eta/. (1989) and Rashidi and 

Banerjee (1988). 
On the other hand, the correlations at the fixed point near the free surface have little inclination and 

spread more widely below the free surface with the increase in Froude number. This phenomenon 

implies that the mixing in the bulk becomes more active in super-critical flow and that the large-scale 

vortices can be seen as boils near the free surface, which can be seen more clearly when the conditionally

averaged space-time correlation analyses are applied as mentioned in the next chapter. Furthermore, 

the coefficients C did not have clearer phase difference as C because there is no shear in the vertical 
vv uu 

velocity fluctuations. More detailed information about Cvv is shown in Nezu and Nakayama (1998b ). 

2.6.2 Macro-Scale 
Fig.2 .24 shows the distribution of macro-scales for the streamwise velocity component in the 

stream wise vertical and spanwise directions L , L , L , respectively, together with the DNS data of 
' u ~ ~ 

Handler eta/. (1993) both in closed and open-channel flows . About the effect of velocity components 

(u, v and w) on the macro-scale, Nezu and Nakayama (1998b) have pointed out that the turbulence 
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Fig.2 .24 Macro-scales for the streamwise velocity component 

in the stream wise, vertical and spanwise directions L L L . 
ux' uy' u:: 

scale in open-channel flow can be expressed by the correlation scales of the streamwise component 

because L , L , L take the higher values. It can be seen that L <L <L independent of the vertical 
, UX uy· UZ , UZ uy UX 

dtstance from the walltn the same way as Asano (1977). L increases as the Froude number becomes 

greater. In a sub-critical flow (M-FR06), the value decrea~es aty/h>0.8, which is in agreement with 

the DNS data and attributes the damping characteristics of the free surface. The distribution of L 

becomes flat in a super-critical flow (S-FR31 ). On the other hand, Luy is quite different from L and 

Luz due to the great effects of the free surface. In particular, the value of L decreases greatly at y/ 

h>0.6. The peak position moves towards the free surface as the Froude numb~r increases. This feature 

has a close relationship with an increase of the vertical turbulence intensity v' in a super-critical flow 

as mentioned by Nezu and Nakagawa (1993). Therefore, in a tranquil flow, the coherent structur~ 
generated near the wall moves upward to the free surface and becomes a "pancake-shaped" (flat) 

structure as suggested by Banetjee (1992). However, the vortices are strongly stretched in the stream wise 

direction and go downwards into the bulk flow in a super-critical flow, which can be seen as boils near 

the free surface. 
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2. 7 Conclusions 

In this study, turbulent characteristics and surface-wave fluctuations were simultaneously measured 

in open-channel flows by using two sets of fiber-optic LDA systems and the ultrasonic depth-meter 

instrument. Fig.2 .25 shows the conclusions of chapter 2. It was found that the free surface affects the 

rate of turbulence redistributions . In particular, the turbulence intensity v' increases rapidly near the 

critical flow. This phenomenon is caused by the undulating and unstable nature of the flow. The waves 

and the turbulence have a close and complicated relationship with each other near the free surface. 

Consequently, the large phase shift between the wave and the turbulence causes the unstable flow, and 

turbulence intensities and surface-wave fluctuations change rapidly. Furthermore, by using two sets 

ofLDA system simultaneously, the space-time correlation coefficient and macro-scale were evaluated, 

and related to the effect of free surface. 

Notations 

A : van Driest's damping coefficient (=26) 
A' : van Driest's damping coefficient in u' (= 1 0) 

As : integration constant in log law 
B : channel width 
C : Kolmogoroff universal constant (about 0.5) 
C .. : non-conditional space-time correlation coefficient of velocity components u at a fixed point 
w~ 1 
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P and u. at an arbitrary point Q 
C : crbss-correlation coefficient of x(t) and y(t) 
cxy : auto-correlation coefficient of surface displacement 

Df7:
71
coefficient in u' of viscous term 

f : frequency in Hz 
F{f) : normalized FFT spectrum 

Fr : Froude number (=Um/.Jih) 
G : turbulent generation (or production) 
g : acceleration due to gravity 
h : flow depth 
k : turbulent kinetic energy 

k : wave number 
w 

Luix.J : macro-scale corresponding to velocity component u. in the direction x . 
I : mixing length 

1 1 

r : dimensionless mixing length (=t=/Uj v) 
N : hydraulic exponent (=7/3+(1+2h/B)-1) 

Re : Reynolds number (=Umh/v) 
R. : turbulent Reynolds number(= U•h/v) 
sb : channel slope 
SJj) : spectrum of u-component 
SJf) : spectrum ofv-component 
S {f) : spectrum of surface displacement 
T~ : turbulent energy diffusion 
U : primary mean velocity 

um : bulk mean velocity 
[]+ : UIU. ; normalized mean velocity 
u. : friction velocity 
u : instantaneous streamwise velocity component 

u' : root-mean-square value of velocity fluctuations in x direction 
-uv : Reynolds stress 
Vw : celerity of small-amplitude wave 
v : instantaneous vertical velocity component 
v' : root-mean-square value of velocity fluctuations in y direction 

w : instantaneous spanwise velocity component 
w' : root-mean-square value of velocity fluctuations in z direction 

x : streamwise direction 
x. : separation distance up to the zero-cross of C .. 
),max urUJ 

y : vertical direction from the channel bed 
y+ : yU jv; vertical distance in law of the wall coordinates 

z : spanwise direction from the center of the channel 

Crreek symbols 
{3 : momentum collection coefficient 
(Ax, L1y, &) : lag distance 
e : turbulent energy dissipation rate 

1J : instantaneous surface displacement with r~ct to the still water level 
rJ' : intensity of surface-wave fluctuations (='V 1]2 ) 
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1( : von Karman constant 
A : ratio of surface-wave fluctuation energy to total kinetic energy per unit area 

v : kinetic viscosity 
II : wake strength parameter 
r : lag time 
w: angular frequency 
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Abstract 

CHAPTER3 

MUTUAL-INTERACTION BETWEEN BURSTS AND BOILS 
NEAR FREE SURFACE IN OPEN-CHANNEL FLOW 

In an open-channel flow, a free surface has a large effect on the turbulent energy redistribution near 

the free surface. When the Froude number increases and the surface-wave fluctuations occur, the 

damping effect is gradually lost out and the turbulent energy redistribution near the free surface changes 

largely. In this study, the damping characteristics are compared between the theoretical model and the 

experimental data. The effect of the surface-wave fluctuations is then considered by using a function 

of the Froude number. Furthermore, it has been pointed out that these characteristics are closely related 

to the coherent structures. So, PIV (Particle-Image Velocimetry) was used to measure evolutionary 

patterns of coherent vortices in the center of channel. Finally, a relationship between the "bursting 

phenomenon" generated near the wall and the "surface renewal eddies" near the free surface was 

evaluated in open-channel flows . 

Generation of Surface 
-Wave Fluctuations 

Higher Froude-Number (=Inertial Force/Gravity Force) Flow ., 
Generation of Surface ave Agglemeration • Increase of v' 

near Free Surface • Failure of Previous Models 
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3.1 Introduction 

3.1 Introduction 

In an open-channel flow, a free surface has a large effect on the turbulent energy redistribution near 

the free surface. Davies (1972) and Hunt and Graham (1978) have evaluated theoretically the damping 

characteristics of the vertical component of turbulence intensity. These effects of the free surface are 

very important in an open-channel flow and therefore, these characteristics are quite different from 

those in a duct flow near the plane of symmetty. Furthermore, the turbulence structure becomes quite 

different from that in a quiet flow and a damping effect on the vertical motions is gradually lost out 

when the Froude number increases and surface-wave fluctuations occur. Consequently, "Hunt's theory" 

which was proposed in the flow of a smaller Froude number does not hold good near the free surface. 

At a higher Froude-number flow, a coherent structure, so-called the "surface renewal eddies", can be 

seen clearly at the free surface. 
A closer interrelation between the wall region and the free surface region, i.e. the bursting and boil 

phenomena in open-channel flows, has been suggested by some researchers . Gulliver and Harverson 

(1989) have pointed out that the frequencies of the depth-scale coherent structure and the surface 

fluctuations due to the surface-renewal eddies have a linear relation with each other. Jackson (1976) 

described the features of boil vortices from field observations of boils in rivers. He speculated that the 

bursting motions generated in the wall region would move toward the free surface and form a boil 

there because the bursting period for boundary layers was roughly equal to the boil period. Komori et 

a/. (1989) have related the surface renewal and the bursting motions with each other in view of their 

frequencies . It is very interesting that Banetjee (1992) has suggested two modes of the interaction 

between bursts and the free surface motions, i.e. , the "splat pattern" (pancake-shaped structure) and 

the "attached vortex pattern" (spinning structure), as shown in Fig.3 .1. They have implied that both 

structures seem to occur and persist for some time at the free surface. Komori eta/. (1993) have used 

the DNS adopting a boundary fitting condition of the free sutface in open-channel flows and clarified 

the relationship between the generation of surface-renewal eddies and mass-transfer mechanism. 

Furthermore, Perot and Moin (1995) have estimated that there exist the surface renewal eddies due to 

the interaction between the splatting structure and the free surface, and that their structures promote 

the scalar transfer across the air-water interface. However, the situation may be quite different when 

the Froude number increases and surface-wave fluctuations occur. 

In this study, the 3-D turbulence measurements have been conducted accurately with a laser Doppler 

anemometer (LDA) in order to evaluate the characteristics of turbulence redistribution near the free 

surface in open-channel flows . Furthermore, we evaluate the spatial scaling of bursts and boils by 

making use of PIV (Particle-Image Velocimetry) methods. We clarify then the mutual interaction 

between bursts near the wall and boils near the free surface by estimating the event contribution to the 

Reynolds shear stress and the period of bursts in the whole depth including the effect of Froude 

number. 
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F . 3 1 Schematic of two modes of the interaction of an ejection tg .. 
with the free surface by Baneijee (1992). 
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Cylindrical 
Lens 

2W Argon Laser 

LAN 

Fig.3 .2 Schematic arrangements for the flow visualization and image analyses (PIV). 

Table 3.1 Hydraulic conditions in PIV measurements of smooth-bed open-channel flow. 

case So h 8/h Amh Um Lr 
(em) (x1 o-2) (cm/s) (cm/s) 

L-FA02 1/6000 5.0 8.0 0.0 16.0 0.99 
M-FR06 1/1200 5.0 8.0 0.6 40.0 2.10 
M-FROS 1/600 4.0 10.0 1.5 50.0 2.50 
M-FR10 1/316 3.5 11.4 2.0 57.1 2.90 
H-FR15 1/ 167 4.0 10.0 2.5 93.8 4.75 
H-FR23 1/77 3.0 13.3 3.3 125.0 6.09 
S-FA31 f /41 3.0 13.3 6.7 166.7 8.47 
Sb=channel slope , h=flow depth, B=channel w1dth, 

ArrFwave height, Fr=Urrl(gh)0.5, Re=Umhlv 

3.2 Experimental Set-Up and Procedures 

Fr Re 
(x103) 

0.23 8.0 
0.57 20.0 
0.80 20.0 
0.98 20.0 
1.50 37.5 
2.30 37.5 
3.07 50.0 

Schematic arrangements for the present flow visualization and image analyses (PIV) are shown in 

Fig.3 .2 The experiments were conducted in a 1Om long, 40cm wide and 40cm deep tilting flume. The 

side walls of test section 6m downstream of the channel entrance were made of optical glass for LDA 

(DANTEC-made) and PIV (KANOMAX-made) measurements . Nylon 12 particles (SOf.!m diameter 

and 1.01 specific gravity) were uniformly scattered in the circulating water of the flume. About 2mm 

thick laser-light sheet (LLS) was illuminated vertically into the bottom-wall and images of tracers 

were taken using a high-sensitive CCD camera that was placed beside the side-wall. In this study, one 

pixel of the image corresponds to the area of0.4 X 0.4mm. These images were recorded in CRV disc 

(SONY -made) at the interval of 1130s and analyzed by the PIV algorithm. Velocity vectors were 

obtained then at the fixed grid points in PIV, which is more accurate and convenient characteristic of 

PIV in comparison with PTV (Particle-Tracking Velocimetry) by Maas eta/. (1993) and Malik et al. 

(1993). More detailed information on the present PIV system is available in Nezu and Nakayama 

(1998k, 1999e). At that time, 3-D measurements were made in the center of the channel by using a 

fiber-optic LDA in the same flume . The sampling time was 60sec and the sampling frequency was 
about 200Hz. Hydraulic conditions for PIV and LDA measurements are indicated in Table 3.1. 
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3.3 Theoretical Considerations 

3.3.1 Turbulence Intensity of Vertical Component v' near Free Surface 

Davies (1972) derived a linear expression (3 .1) for the vertical intensity v' from continuity equation 

supposing that the streamwise intensity u' is independent of y '=h-y near the free surface. In this 

expression, A represents the thickness of the surface layer of damped turbulence and v'=v
0 

aty' >)., 

near the free surface. 
v'/ v0 =y'/ )..;y'<A 

v'/ v0 =l;y'~)., (3 .1) 

Cowen eta!. (1995) have confirmed the above equation by using PTV. Furthermore, Hunt and Graham 

(1978) have analyzed a grid turbulence above the moving bed by using a boundary layer theory and 

spectral methods and deduced the expression (3 .2), where e is the turbulent energy dissipation near the 

free surface. 

(3 .2) 

Furthermore, Brumley and Jirka (1987) supposed the expression (3 .3) by using Hunt's theory (where 

p=1 .54, ).,2=1 .4, g2=0.558). 

(3 .3) 

All these expressions are derived in a quiet flow and it has been pointed out that in particular the 

expressions (3 .2) and (3 .3) reproduce well the damping characteristics of v' near the free surface, as 

shown later. 

3.3.2 Eddy Viscosity 
The eddy viscosity v

1 
for 2-D flow is defined as follows . 

v t = - uV/ ( rv I ay) (3 .4) 

Applying Eq.(2.6), (2.15) and (2.16) to the above equation (3.4), Eq.(3.4) can be transformed into the 

following equation. 

Vt t{(l-s)-yt] 
hU * = g-1 +n11sin(n-s) (3 .5) 

This value is dependent on the wake parameter II near the symmetrical axis of closed-channel flow 

and near the free surface. Furthermore, it is possible to estimate the following expression by using the 

concept of a phenomenological mixing-length model. 

where L represents the vertical scale of macro-eddies. 
y 
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3.3.3 Conditionally-Averaged Space-Time Correlation Analyses 

The non-conditional space-time correlation analyses can be used to evaluate the convection process 

of turbulent eddy and the macro-scale as mentioned in the former chapter. However, it has a possibility 

that these space-time averaged correlation-coefficients of velocity fluctuations cancel the phase pattern 

and the transport phenomenon of coherent structures. For example, it is difficult to separate the sweep 

event and the ejection event of bursting phenomena by using the non-conditional space-time correlation 

analyses . 
On the other hand, conditionally-averaged space-time correlation analyses are one of the methods 

to ensemble-average the velocity fluctuations only when there occurs the specific condition and the 

particular pattern of coherent vortices . Conditionally sampling ensemble-averaged space-time 

correlations {u;) are defined in the same way as Nakagawa and Nezu ( 1981 ), as follows : 

( 
. . )- fr~(x0 +Ax,y0 +Ay,z0+Az,t0+r! I(x0,y0,zo,t0 )dt0 

u
1 

( xo , Yo ,zo ,Ax, Ay ,Az, r) - .:..;:__;_~ _ ___;;..._ _ _;;_ _ ____;;._...;...._...;........;;,....__;;,....__;;..___::...:...._..:;_ 
~ '( x0 +L1x,y0+Ay,z0 +Az)"frl(x0,y0,z0 ,t0 )dt0 

1 M 
=-- ~qi(xo+L1x,y0 +Ay,z0+Az,tk+-c) 

u;'·M k=l 
(3 .7) 

in which, I : the detection function, r : the lag time, T : the sampling time, and M : the sampling 

number, respectively. Lu and Willmarth (1973) have proposed the u-v quadrant threshold method, and 

when the threshold His based on the Reynolds stress, the detection function I is defined as /=1 (the 

velocity fluctuations are greater than H) and I=O (the velocity fluctuations are smaller than H), 

respectively . 
The time fraction T.(H) and the contribution rate RS.(H) to the Reynolds stress can be defined as the 

l l 

following equations that are derived by Nezu and Nakagawa (1993). 

H oo 

Ji(H)= fPi( w)dwsO,(i=1,3),T;(H)= J Pi(w )d~, (i=2,4) 
-oo H 

H 
Ts(H) = fPw( w )dw=1-{Tl (H)+ T2 (H)+ J3(H)+ T4(H)} 

-H 

H oo 

RS;(H)= Jwpi(w)dwsO,(i=1,3),RS;(H)= Jwp;(w)d~O,(i=2,4) 
-oo H 

H 
RSs(H)= Jw·pw( w)dw=1-{RS1 (H)+~ (H)+RSj(H)+RS4(H)} 

-H 

(3 .8) 

(3 .9) 

(3 .1 0) 

(3 .11) 

wherep.(w): a probability density function (p .d.f.) of instantaneous Reynolds stress, H : a threshold 
l 

level of the contribution of each event to the Reynolds stress, and the hole event is labeled as event 5. 

Furthermore, the conventional Reynolds-stress p.d.f. pw(w) contributed from all events is obtained as 

follow: 

(3 .12) 
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3.4 Characteristics of Turbulence Intensity v' 

Several researchers have pointed out that ejection-line event (u<O, v>O) and sweep-like event (u>O, 

v<O) are important for evaluating coherent structures. So, in this study, the detection function is defined 

as follow: 

/2 =1; u<O, v>O and juv/ (u' v') I~H2 

0 ; otherwise 

!4 =1; u>O,v<O and luv/( u'v') ~H4 

0 ; otherwise 

(3.13) 

(3 .14) 

where H
2 

and H4 
are the "half-value threshold level" at RS

2
=0.5RS

2 
(H=O) and RS

4
=0.5RS

4 
(H=O) in 

the same way as Nakagawa and Nezu (1981). 

3.3.4 Mean Bursting Period 
Rao eta/. (1971) have firstly estimated the mean bursting period in a boundary layer and proposed 

the following expressions. 

(3 .15) 

(3 .16) 

whereR8=Umax8/v, and c5* and Bare the displacement thickness and momentum thickness, respectively. 

Laufer and Narayanan (1971) reduced Eq.(3 .16) to Eq.(3 .17). 

(3.17) 

where c5 is the boundary layer thickness. Furthermore, Nakagawa and Nezu (1978) have suggested the 

following expression in open-channel flow. 

(3 .18) 

In the above four equations, Eq.(3 .15) is at inner-variable expression, whereas Eqs.(3 .16)"'(3 .18) are 

at outer-variable expressions. 

3.4 Characteristics of Turbulence Intensity v' 

As mentioned in previous chapter, the turbulence intensity changes in a complicated manner near 

the free surface, and in particular, the vertical component v' is greatly affected by the free surface. 

Fig.3.3 shows the distribution of the vertical component of turbulence intensity v' near the free surface 

normalized by the friction velocity u. for the case L-FR02 (Re=8000, R.=450) offranquil flow and H

FR15 (Re=37500, R.=1900) of the higher Froude number flow, where u. was calculated by the log

law for primary mean velocity. In this figure, the expressions (Eqs.(3 .1), (3 .2) and (3.3)) and the DNS 

data in open-channel flow by Komori et al. (1993) are plotted together, where E in Eq.(3 .2) was the 

constant value near the free surface (ch/U,/=0.8). It can be seen that Eqs.(3.2) and (3.3) coincide well 

with the experimental value in a tranquil flow (L-FR02). However, v' increases rapidly and Hunt's 

theory does not hold good when the Froude number increases. Fig.3 .4 shows some examples of the 
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Fig.3.3 Vertical component of turbulence intensity v' near the free surface. 
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3.4 Spectral distributions S (k) . 
y 

spectral distributions Sv(k) for the fluctuations v(t) versus wave number k. The value of low wave

number near the free surface (y'/h=0.05) decreases in L-FR02, as has been pointed out by Hunt and 

Graham (1978). However, in a super-critical flow (H-FR15 : Fr=l.50), the region of low wave-number 

does not decrease due to the turbulence eddies near the free surface, which is closely related to the 

increases of v' near the free surface. 
Fig.3 .5 is the distribution of experimental value of v' versus the value calculated from Eq.(3 .2) by 

Hunt (1984). It can be seen that Hunt's theory is not applicable iny/h<0.9 because its theory assumes 

that eddies larger than the distance (h-y) from the free surface would not contribute much to the 

vertical fluctuations . In y/h>0.9, its theory reproduces well the damping effect in a tranquil flow (L

FR02). However, it is not applicable when Fr increases and the surface-wave fluctuations occur. So, it 

is necessary to modify its theory in a steep open-channel flow by considering the effect of surface

wave fluctuations . 
Fig.3 .6 shows the distribution of eddy viscosity v

1
, together with Eq.(3 .5) and the DNS data in 

closed-channel by Kim et al. (1987). It can be seen that V
1 
approaches zero near the free surface in 

open-channel flow, whereas v
1 
takes a non-zero constant value at the symmetric surface in closed-
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Fig.3 .5 Evaluation ofHunt's theory. 
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Fig.3.7 Ratio of v to (v'L ). 
t uy 

channel flow. Furthermore, v
1 
does not change so greatly in spite of the greater change of v' when the 

Froude number increases. 
Fig.3.7 is the ratio of v

1 
to (v'Lu)· The value of Lu is the same as that in Fig.2.24. In this figure, it 

can be seen that the distribution is almost independci'tt of the Froude number and Reynolds number. 

The value takes a maximum near the half of depth and decreases toward the wall and free surface. The 

approximate curve is also described in this figure. In this way, the value v/v'Lu is only dependent on 

the vertical direction, which means that Eq.(3 .6) is effective regardless ofFrotide number. 

3.5 Variation of Turbulent Energy Redistributions near Free Surface 

For calculating the RSM, it is necessary to define the boundary conditions of turbulent energy 

redistributions at the free surface. The boundary conditions at the free surface in a tranquil flow are 
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Fig.3.8 Turbulent energy redistributions near the free surface versus Froude number. 

given explicitly by Eq.(3 .19) and therefore, the turbulent redistributions at the free surface can be 

expressed by Eq.(3 .20). 

aujay=aW /ay=V=O;yl h=O 

u
2

/2k=a, v
2

/2k=0, w2
/2k=b,a+b=1; y/ h=O 

(3.19) 

(3 .20) 

Furthermore, Davies (1972) has pointed out that the thickness where the damping characteristics 

are predominant becomes thinner as the vertical fluctuations increase. So, it is predictable that the 

turbulent redistributions near the free surface approach the constant ratio in an intermediate region 

deri,ved by Nezu and Nakagawa (1993) with an increase of the Froude number due to the decrease of 

surface-influenced layer. Therefore, it is better to express the turbulent redistributions by the exponential 

function . Fig.3 .8 shows the turbulent energy redistributions near the free surface (y'/h=0.02) versus 

Froude number, together with the constant values (dotted line) in Eq.(2.12) derived by Nezu and 

Nakagawa (1993). Furthermore, solid line is an approximate curve produced by the above-mentioned 

method ((3.21), (3 .22), (3 .23)). 

u2/2k=0.55-0.05exp( -Fr) 

v2/2k=0.17(1- exp( -Fr )) 

w2/2k=0.28+0.22exp( -Fr) 

(3 .21) 

(3 .22) 

(3 .23) 

It can be seen that the streamwise redistribution almost equals the spanwise redistribution when the 

Froude number becomes close to zero, so called the "hydrostatic". Furthermore, the turbulent 

redistributions approach the constant ratio in Eq.(2.12), with an increase of the Froude number. In this 

way, it is because the thickness of the damping predominance becomes thinner thany'/h=O.OS that the 

region of low wave-number does not decrease in a super-critical flow in Fig.3 .4. 
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Fig.3 .1 0 Turbulence intensity u'IU. 
(PIV data and DNS data) 

For the first time, it is necessary to examine the accuracy of the present PIV measurements due to 

the study of coherent structures. So, some comparisons were made between PIV data and LDA data 

for the case L-FR02 (Fr=0.23). The distribution of primary mean velocity U normalized by the friction 

velocity U. ,i.e., U=UIU*, is shown in Fig.3.9, together with DNS data of Kim eta/. (1987) in a closed 

channel. PIV data agrees very well with LDA data in the log-law region, and consequently PIV is a 

very powerful and accurate method. Fig.3 .1 0 is the turbulence intensity u' normalized by U •. The PIV 

value is a little scattered near the wall and the free surface due to the decrease of mask and search 

regions . And the PIV value is greater near the free surface (y/h>0.9) due to the lower algorithm of 

image boundaries. However, even the result of turbulence intensity agrees reasonably well with the 

LDA data and the advantage of the PIV method is that the instantaneous velocities of an arbitrary 

points in the LLS can be obtained. The present PIV may be more accurate than the PTV (Particle

Tracking Velocimetry), which Nezu and Nakayama (1997a, 1998b) have used in a compound open

channel flow. 

3. 7 Instantaneous Velocity Vectors 

In this way, the turbulence structure in a steep open-channel flow is closely related with the mutual 

interaction between the surface-renewal eddies and bursting motions. It is possible that these relations 

may change when the Froude number increases. 

3.7.1 Instantaneous Structures in a Tranquil Flow 
In general, the free surface acts as a kind of weak wall in a tranquil flow and the vertical component 

of turbulence intensity is largely damped near the free surface. Figs .3.11{a)-(b) are the primary 

component of the instantaneous velocity fluctuations in the center of channel for L-FR02. Fig.3.11(a) 

is about the various points from the bottom of the wall (y/h=0 .1, 0.5 and 0.9), and Fig.3.ll(b) is about 

- 51 -



CHAPTER 3 MUTUAL-INTERACTION BETWEEN BURSTS AND BOILS 
NEAR FREE SURFACE IN OPEN-CHANNEL FLOW 

L-FR02 xlh=1 

10 t 
L1 L4 LS 

40 

20 

L-FR02 ylh=0.8 

0.5 1.0 
t (s) 

1.5 2.0 

(a) Various points from the bottom of the wall (b) Various points in the streamwise direction 

Fig.3 .11 Instantaneous velocity fluctuations . 

the various points in the streamwise direction (xlh=1, 2 and 3), respectively. In Fig.3 .11(b), the velocity 

values are shifted by 1 Ocm/s at xlh=2 and 3, together with the dotted lines which are shifted from xl 
h=1 at the convection ti me. 

From Fig.3 .11(a), regular fluctuations are shown (Ll ---LS) due to the generation of the "bursting 

phenomena" and the mean period of vortex generation attains TU lh=2.2 (U is a maximum max max 
velocity), which is almost coincidence with the mean bursting period (TU lh=1 .5---3 .0), as pointed max 
out by Nezu and Nakagawa (1993). Furthermore, the occurrence of peak values (for example, L3) is 

earlier as the free surface is approached, which implies that the coherent structure is football-shaped as 
mentioned in the former chapter. The periods near the wall and the free surface take almost the same 
values, and almost all the burstings generated near the wall lift up to the free surface, as pointed out by 

Komori eta/. (1989). FigJ .11 (b) indicates that "Taylor's frozen-turbulence hypothesis" is effective. 
Fig.3 .12 shows an example of velocity vector fields that are viewed in movable coordinates of the 

bulk mean velocity in the center of channel in the same way as Utami and Ueno (1987). When the 

Froude number is small in a tranquil flow, the coherent structures generated near the wall about twice 
the depth as mentioned by Utami and Ueno (1987) are quasi-periodically convected to the streamwise 
di rection, and some of the coherent structures lift up greatly near the free surf a (A and B), which 

correspond to the regions of low velocity (L) in Fig.3.11. In contrast, due to the damping effect of the 
free surface, the coherent structures diminish the size and power near the free surface. 

The spanwise vorticities Q (= aujiJy-i}.;/ ax , clockwise direction is positive) are shown in Fig.3.13, 

which are normalized by the maximum velocity Umax and the flow depth h. The front parts of upward 
region (A-1 and B-1) attain negative values and back parts (A-2 and B-2) attain positive values. These 

characteristics agree well with a conceptual model of Nakagawa and Nezu (1981 ). The coherent regions 
indicate an inclined angle toward the wall . The contour of instantaneous Reynolds stress -uv at t=0.6s 

is shown in Fig.3.14, which is normalized by U/ . It can be seen that the regions of 11ejection11 (A and 
B) attain greater value and generate a greater energy than the other regions. 

3.7.2 Instantaneous Structures in a Super-Critical Flow 
On the other hand, the greater coherent structures can be seen to the streamwise direction when the 

Froude number is larger than one in a super-critical flow and the surface-wave fluctuations occur. 
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Fig.3 .14 Contour of instantaneous Reynolds stress (L-FR02). 

Rashidi and Banetj ee ( 1988) have pointed out that the coherent structures bound near the free surface 

and go back to the wall in such a flow, and Nezu and Nakayama (1998b) have confirmed the bounding 
phenomena by using simultaneously two sets ofLDA. Fig.3.15 is instantaneous velocity vector fields 
for the case S-FR31 (Fr=3 .07). It can be seen that the two coherent vortices (C and D) are generated at 

the interval of TUmax/h=3 .3, which coincides well with the mean bursting period by Nakagawa and 
Nezu (1978) in the same way as L-FR02 in a tranquil flow. Of particular significance is the agglemeration 
(E) of the coherent vortices at t=O .Os . The period of this vortex is quite larger (TU lh=9.0) and max 
represents the near value of 11 boils (surface renewal eddies) 11 in rivers, proposed by Jackson (1976). 
Nezu and Nakagawa (1993) have pointed out that the third kind of boils due to the bursting phenomena 
predominates on smooth open-channel flow, which means that the agglemeration may occur in steep 

open-channel flow. 
Fig.3.16 shows the spanwise vorticities Q with respect to Fig.3 .15. Some shapes of contours are 

similar to those for L-FR02 (C and D), but the others are very different and attain a negative value near 

the free surface due to (E). The region of positive value near the wall (G) is blocked by the generation 

of negative vorticities near the free surface. In this way, the agglemeration is predominant when the 

surface-wave fluctuations occur, and therefore boils can be seen clearly on the free surface. Furthennore, 
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it has a possibility that this agglemeration is closely related to the decrease of the surface-influenced 

layer (the thickness of the damping predominance). 

3.8 Relationship between Bursting Phenomena and Surface-Renewal Eddies 

3.8.1 Mean Bursting Period in Open-Channel Flows 
As mentioned before, the surface-renewal eddies and bursting motions have a close relationship 

with each other. Komori et al. (1989) have related these coherent structures with each other in view of 

their frequencies. It is possible that these relations may change when the Froude number increases. 

Fig.3.17 is the ratio of the sweep magnitude to the ejection magnitude RS/RS
2 

in Eq.(3.10), and 

Fig.3.18 shows the ratio of fraction time T/T
2 

in Eq.(3.8) atH=O when the Froude number changes. 

The value of RS/RS2 
decreases with an increase ofy/h and then increases aty/h>0.8. On the other 

hand, the value of TiT2 indicates the opposite characteristics. However, RS/RS2 and T/T2 do not vary 

with the Froude numbers and they are not affected by the generation of surface-wave fluctuations . 

The mean bursting periods normalized by the maximum velocity Umax and the flow depth hare 

shown in Figs.3.19(a)-(b ), where Te and Ts are the ejection and sweep periods in the Quadrant techniques, 

so-called the "half-value thre hold levels" by Nezu and Nakagawa (1993). It can be seen that Te increases 

withy/hat abouty/h<0 .7, regardless of the Froude number, butTs is almost constant in the same 

region. This indicates that the upward eddies that are generated by bursting in the buffer region near 

the wall become greater to the extent, but the outer (high-speed) flow goes downward with little 

deformation On the other hand, the distributions ofT and T change largely at about ylh>O. 7. The 
· e s 

value decreases near the free surface when the Froude number is small in a tranquil flow. However, 

the value increases with an increase of the Froude number. This is closely related with the effect of 
free surface and the agglemeration occurs in a super-critical flow, and therefore, the period increases 
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greatly. 

3.8.2 Sampling of Coherent Vortices by Conditionally-Averaged Space-Time Correlation Analyses 

Fig.3 .20 shows the conditionally-averaged space-time correlation structure <u> in Eq.(3 . 7) 

normalized by the turbulence intensity u' in M-FR06 (sub-critical flow), M-FR 10 (critical flow) and 

S-FR31 (super-critical flow) for the fixed point near the wall (ylh=O.I) when the second quadrant 

(u<O, v>O) is sampled (1
2
=1); ejection event. The maximum correlation line fairly inclines downstream 

toward the wall in the same way as in non-conditional space-time correlation coefficients C in Fig.2.23 . 
uu 

Furthermore, the peak of ejection increases more greatly than that of sweep as the Froude number 

increases, which implies that the enlargement of bursting phenomena in the increase ofFroude number 
is mainly due to the enlargement of ejection, that is to say, the upward flow from the wall toward the 
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Fig.3 .20 Conditionally-averaged space-time correlation structure <u> for the fixed point 
near the wall (y/h=0.1) when the second quadrant (u<O, v>O) is sampled (/2=1). 
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Fig.3 .21 Conditionally-averaged space-time correlation structure <u> for the fixed point 
near the free surface (ylh=0.9) when the fourth quadrant (u>O, v<O) is sampled (/4= 1). 
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Fig.3 .22 Convection process of the peak position of <u> and <v> to the vertical direction. 

free surface. The spacial scale of ejection spreads more widely in the streamwise direction than that of 
sweep, as pointed out by Nakagawa and Nezu (1981) and Krogstad eta!. (1993). 

Fig.3 .21 shows the conditionally-averaged space-time correlation structure <u> normalized by the 
turbulence intensity u' in the same cases as Fig.3.20 for the fixed point near the free surface (y/h=0 .9) 
when the fourth quadrant (u>O, v<O) is sampled (/

4
=1); sweep event. In M-FR06, it can be seen that 

the high correlation region near the free surface is convected to the streamwise direction without 
moving downward. On the contrary, as the Froude number increases, a vortex with strong correlations 
(that is to say, a comparatively high-speed flow) moves downward into the wall . This indicates that 
the coherent structure lifted up from the wall bounds near the free surface and go back into the bulk in 
a super-critical flow. These phenomena can be seen clearly in Figs.3 .22(a)-(b). These figures show the 
convection process of the peak position of<u> and <v> to the vertical direction versus lag time. As the 
Froude number increases, the high-correlation region near the wall lifts up more greatly and the region 
near the free surface goes downward greatly. In this way, the coherent structure near the wall is closely 
related to that near the free surface, and the mixture of both coherent structures is promoted in super
critical f1 ow. 

3.9 Conclusions 

In this study, an effect of the surface-wave fluctuations on coherent structures near the free surface 
was evaluated by using PIV method and LDA. At that time, the boundary conditions at the free surface 
were defined as the function ofFroude number on the basis of LDA data. It is clear that the bursting 
phenomena are comparatively related with the surface renewal eddies near the free surface and also 
that the agglemeration is predominant in a super-critical flow. These phenomena have a close relationship 
with the complexity of the turbulence redistribution near the free surface and it is necessary to evaluate 
these relations. Fig.3.23 shows the physical model of coherent vortices near the free surface predicted 
from the chapters 2 and 3, and Fig.3 .24 shows the conclusions of chapter 3. When the bursting generated 
near the wall approaches to the free surface, the damping characteristics of turbulence change greatly 
depending on whether or not the surface-wave fluctuations occur and the similarity formula does not 
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become effective. In a sub-critical flow without waves, the energy is mainly redistributed from the 

vertical component of velocity fluctuations to the streamwise and spanwise components, which results 

in the decrease of the vertical component of macro-scale . Near the critical flow, the flow becomes 

unstable due to the predominance of inactive component, and the turbulence characteristics and the 

surface-wave fluctuations increase rapidly . At that time, the shift in phase between the velocities and 

waves has a maximum and the macro-scale increases vertically due to the decrease of downward flow 

near the free surface. In a super-critical flow, the surface-renewal eddies predominate and the energy 

dissipation becomes greater near the free surface, and the higher-speed downward flow occurs. In this 

situation, there is little shift in phase and the flow becomes stable again . The macro-scale increases 

greatly, in particular, to the streamwise direction . In this way, the turbulence and coherent structures 

near the free surfac in open-channel flow are closely related to the surface-waves, which has an important 

role on the mass transfer across the air-water interfaces. 

Notations 

Am : wave amplitude 
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Fig.3 .24 Conclusions of chapter 3. 

B : channel width 
Fr : Froude number (=Um/ ..jgh) 
G : turbulent generation (or production) 
g : acceleration due to gravity 
H : threshold level of the contribution of each event to the Reynolds stress 

H
2
, H

4 
: half-value threshold level 

h : flow depth 
I : detection function 
k : turbulent kinetic energy, wave number 

L : vertical scale of macro-eddies 
M : sampling number 
p .(w) : probability density function of instantaneous Reynolds stress 

I 

Re : Reynolds number (=Umh/v) 
RS.(H) : contribution rate of i-th event 

I 

sb : channel slope 
T : sampling time 
T

8 
: mean bursting period 

Te : ejection period in the Quadrant techniques 

~(H) : time fraction of i-th event 
Ts: sweep period in the Quadrant techniques 
U : bulk mean velocity 

m 
U : maximum velocity 

max 
U. : friction velocity 
u : instantaneous streamwise velocity component 

u' : root-mean-square value of velocity fluctuations in x direction 
<ui> : conditionally-averaged space-time correlation 
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=LN. : R~nolds stress 
u2/2k , v2 /zk , w 2/2k : turbulent energy redi stributions 
v : instantaneous vertical velocity component 
v' : root-mean-square value of velocity fluctuations in y direction 
w : instantaneous spanwise velocity component 
w' : root-mean-square value of velocity fluctuations in z direction 
x : stream wise direction 
y : vertical direction from the channel bed 
y' . distance from the free surface (=h-y) 

C'Jt"eek symbols 
(Jx, Ay, &) : lag distance 
e : turbulent energy dissipation rate 
A: thickness of the surface layer of damped turbulence 
v : kinetic viscosity 
v

1 
: eddy viscosity 

17 : instantaneous surface displacement with r~ct to the still water level 
r( : intensity of surface-wave fluctuations (=""V rl ) 
r : lag time 
Q : instantaneous spanwise vorticity (=aujBy-iN/rJx, clockwise direction is positive) 
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Abstract 

CHAPTER4 

TURBULENT REDISTRIBUTION NEAR FREE SURFACE 
BY USING NUMERICAL SIMULATION 
INCLUDING EFFECT OF ANISOTROPY 

Numerical simulation was conducted by using Reynolds stress model (RSM) at a new boundary 
condition of the free surface including the effect of Froude number. The pressure-strain terms were 

corrected in steep open-channel flows, and as a result, the turbulent redistributions were more accurately 

reproduced. This means that the turbulent redistributions near the free surface are greatly affected by 
the pressure-strain terms . 
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• Extension of Wall Function 
........... Relation to Surface 
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4.1 Introduction 

4.1 Introduction 

In an open-channel flow, a free surface has a significant effect on the turbulent energy redistribution 
near the free surface. In particular, the turbulence structure of a steep open-channel flow is quite 
different from that of a quiet flow and a damping effect on the vertical motions is gradually lost out 
when the Froude number increases and the surface-wave fluctuations occur, as pointed out by Nezu 
and Nakayama (1998a). Recently, some researchers, for example, Komori eta/. ( 1993), Handler eta/. 
(1993), and Nagaosa and Saito (1997) have conducted a direct numerical simulation (DNS) in open
channel flow due to the development of computers, and clarified the relationship between turbulent 
energy redistribution and coherent structure near the free surface. Perot and Moin (1995) have studied 
the structure of "splats" and "antisplats" near the free surface and evaluated the relation between these 
structures and the pressure-strain tenns. However, these calculations were conducted in low-Reynolds
number flows. It is, however, still difficult to calculate a steep open-channel flow with larger surface
wave fluctuations. In this situation, it is still convenient to use the Reynolds stress model (RSM) in 
order to calculate steep open-channel flows because of a short calculation time and a low capacity of 
computer, as compared with large-eddy simulation (LES) and DNS. 

Demuren and Sarkar (1993) investigated the roles of pressure-strain and turbulent diffusion models 
in the numerical calculation of closed-channel flow using the RSM. They pointed out that the Speziale
Sarkar-Gastki model (SSG) for pressure-strain terms reproduces the experiment very well. On the 
other hand, Naot eta/. (1993) have calculated an argebraic stress model (ASM) in open-channel 
flows. They compared Hossain and Rodi (1980) model and Naot-Yacoub-Moalem (1989) model of 
the free-surface boundary condition for the turbulent energy dissipation rate s. They pointed out that 
both models are very effective in open-channel flows, and that the former is identified as the special 
case of the latter. 

Furthermore, Nezu and Nakayama (1998k) have compared the experimental data with the previous 
turbulence model considering the effect of damping characteristics near the free surface in open
channel flows, so called, the "Hunt's theory" (Hunt and Graham, 1978). They pointed out that this 
model which was proposed in the flow at a smaller Froude number does not hold good at all near the 
free surface in steep open-channel flows . They suggested the exponential function of the turbulent 
redistributions as free-surface boundary conditions because the thickness where the damping 
characteristics are predominant becomes thinner as the vertical fluctuations increase, as pointed out 
by Davies (1972). Therefore, the turbulent redistributions near the free surface approach a constant 
ratio in an intermediate region (50<y+<0.6R.) derived by Nezu and Nakagawa (1993) with an increase 
of the Froude number due to the decrease of the "surface-influenced layer". They calculated the RSM 
by using these boundary conditions at the free surface and showed the coincidence between the measured 
data and the calculated ones. 

Nakayama and Yokojima (1999) have considered the intermittency of the large-eddy structure 
which interacts with the free surface and conducted a modelling of the equations for the mean free
surface position and the fluctuations of the free surface by using k-w model. They showed a predictive 
accuracy of this model for a step flow accompanying the local surface variation. Borue eta/. ( 1995) 
have conducted the DNS in the flow with small-amplitude gravity waves by assuming linearization of 
the boundary conditions at the free surface. Tsai (1998) also computed the DNS by considering the 
pressure variations due to the surface-wave fluctuations and considered the relationship between the 
coherent structures ("surface renewal eddies"), so called, the "splatting" and "swirling" events. However, 
these models are only applicable to sub-critical flows with small surface-wave fluctuations. 

In this study, a numerical simulation was conducted by using Reynolds stress model (RSM) at a 
new boundary condition of the free surface including the effect of Froude number. The turbulent 
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Table 4.1 Hydraulic conditions in RSM of smooth-bed open-channel flow. 

case So h Blh Amlh Um lJ* 

(em) (x1 o-2) (cm/s) (cm/s) 

run1 1/6GOO 5.0 8.0 0.0 16.0 0.99 

run2 1/600 4.0 10.0 1.5 50.0 2.50 

run3 1/167 4.0 10.0 2.5 93.8 4.75 

Sb=channel slope, h=water depth, B=channel w1dth , 

Am=wave height, Fr=Uml(gh)0.5, Re=Umhlv 

Fr Re 
(x103) 

0.23 8.0 
0.80 20.0 
1.50 37.5 

redistributions were well reproduced by correcting the pressure-strain terms in a steep open-channel 

flow. It was concluded that the pressure-strain term affects greatly the turbulent redistributions near 

the free surface. 

4.2 Experimental Conditions and Calculation Procedures 

4.2.1 Experimental Procedures 
The experiments were conducted in a 10m long, 40cm wide and 40cm deep tilting flume, the same 

flume in the former chapter. The side and bed walls of the test section 6m downstream of the channel 
entrance were made of optical glass for LDA (DANTEC-made) measurements. The 3-D measurements 

were made in the center of the channel by using a fiber-optic LDA. The sampling time was 60sec and 

the sampling frequency was about 200Hz. At that time, an ultrasonic depth-meter instrument 
(KEYENCE-made, 1/lOmm accuracy) was set above the free surface and synchronized with the LDA. 

Hydraulic conditions for the experiments are shown in Table 4.1. The parameters are defined as follows, 

h : the flow depth, Am : the wave amplitude, Um : the bulk mean velocity and u. : the friction velocity, 
respectively. In this study, the aspect ratio was greater, i.e., B/h>5, for two dimensional (2-D) flow 

with smooth bed, and the Froude number Fr (=Um/.Jih) was changed for several stages, so called, 

runl : a sub-critical flow with flat surface, run2 : near a critical flow, and run3 : a super-critical flow 
with large surface-wave fluctuations, respectively. 

4.2.2 Fundamental Equations of Reynolds Stress Model 
Calculation was conducted in a 2-D fully-developed open-channel flow (the aspect ratio was greater 

than 5 in the experiment as pointed out by Nezu and Nakagawa (1993)) by using Reynolds stress 

model (RSM). Coordinate axes in a stream wise, vertical and spanwise directions are defined as x, y 
and z, and the corresponding velocity fluctuations are u, v and w, respectively. The basic equations are 
given by a continuity equation (4.1), a momentum equation (4.2), Reynolds stress equations (4.3) and 

a dissipation equation ( 4.4), as follows : 

DU· 1 aP at4uj a2u. 
--' =g;-----·-+V J 

Dt p axi axj axj ax j 

Du ·U· 
l J 

Dt 
D·· +G .. +"'"-e·· 1) 1) 'f'ZJ l) 
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(4.1) 

(4 .2) 

(4.3) 

4.2 Experimental Conditions and Calculation Procedures 

(4.4) 

where ui, k and e are the components of velocity fluctuations, turbulent kinetic energy and turbulent 

energy dissipation rate, respectively. Ce(=0.15), Ce/=1.44) and C
82

(=1.92) are model parameters, and 

Dr : the diffusion term for Daly-Harlow model (GGDH) (Eq.(4.5)), Gi' : the generation term (Eq.(4.6)), 

¢: : the pressure-strain term for Speziale-Sarkar-Gastki model (SSG, 1991) (Eq .(4.7)) superior to 
Launder-Reece-Rodi model (LRR, 1975) as have been pointed out by many researchers, and e .. . the 
dissipation term for Hallback model (1990) (Eq.(4.8)), respectively. lJ 

a ( k2 au;uj ) D·=c- -v --
ZJ s rJy £ rJy 

- illj -ill· 
G·· =-u·v---u ·v---l-

ZJ l ay J ay 

( 1 ) "'·· =f3oro·· +t-te1 b·kb ·k--b b o·· +{32kS ·· + ~Gkb· · 'f'ZJ ZJ 1-'1 \ z J 3 mn mn ZJ ZJ 1-'J lJ 

k(2 3- 3 - ) 
+c3 -\v O·· --u·vc5 ·2--u ·vc5 ·2 .f 

8 
ZJ 2 z J 2 J z Js 

e··=ee·· +3..eo ·· e· ·=2[1+2a\( b b _]:_)]b··-4a\( b·kb·k -.!.b S 6··) ZJ zJ 3 lJ' ZJ mn mn 3 ZJ z J 3 mn mn lJ 

K£ 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4 .9) 

where br: the anisotropy tensor, Sr : the rate of strain tensor, Wi : the rotation tensor, and Gk : the rate 
ofprodJ'ction ofturbulent kinetic gnergy, respectively. cs (=0.1S), a (=0.75), c

3 
(=0.05), c

1
(=0.01), {3

0 
(=-3.4), f3

1 
(=4.2), f3

2 
(=0.8-IJI12

), f33 (=-1 .8), f34 (=1.25), and f35 (=0.4) are model parameters, respectively. 
The first line in Eq.(4.7) contains a mixture of terms representing both "slow" and "rapid' contributions 

to the pressure-strain correlation. The first term is the usual Rotta term for the return to isotropy, and 

the second term is a non-linear contributions to the return to isotropy. The last two terms on the first 

line are contributions to the rapid part, the first of these is a linear term and the second is quadratic in 

b .. , since Gk itself is linear in b ... The two terms of second line are linear terms of b. containing S.. and Tu. l) I) I) 

wr, respectively. The third line shows Shir model (1973) reflecting the effect of free surface, where.fs 
is lhe free-surface damping function in the same manner as Celik and Rodi (1984), Gibson and Rodi 

(1989) and Naot eta/. (1993). e .. in Eq.( 4.8) is the algebraic dissipation model that relates the anisotropies 

of the dissipation rate tensor t6 those of the Reynolds stress tensor. 
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4.2.3 Boundary Conditions at the Free Surface 
There exist various boundary conditions at the free surface in open-channel flow. Hossain and 

Rodi (1980) have supposed the following boundary condition of sat the free surface on the assumption 
that the length scale lis proportional to the distance from some virtual origin above the free surface 
and that /=0.07h at the free surface. 

c3/4k3/2 
s =__.._1-l __ 

s 1Cj (4.10) 

where C (=0.09) is a model parameter and K is the von Karman constant. Naot-Yacoub-Moalem 
(1989) e~tended Hossain and Rodi model on assuming that the inward energy flux is equal to the 
outward energy flux near the free surface, as follows : 

(4.11) 

where a (=1.225) is a model parameter. So, Hossain and Rodi model is interpreted as /=0.07h aty=h 
e 

(free surface) in Eq.(4.11). 

l=l.07h-y (4.12) 

Ifboth the boundary conditions, Eqs.(4.11) an..Q_(4.12) are equal to each other, then dl/dy=-l, identified 
as the special case with C1=l.O in Eq.(4.11) ; v2/2k=0.456. However, attempts to get better agreement 
with the data ofUeda et al. (1977) suggested C1=1.44 and v2/2k=0.546 . Though Eqs.(4.11) and 
(4.12) are the boundary conditions at the flat free surface in a low Froude number, it has a possibility 
that Eq.( 4.11) can be expanded to the wavy flow in a higher Froude number through the variation of 

v2
/2k · 
By the way, Davies (1972) has pointed out that the surface-influenced layer where the damping 

characteristics are predominant becomes thinner as the vertical fluctuations increase. On the basis of 
his study, Nezu and Nakayama (1998h) have experimentally suggested the exponential function of the 
turbulent redistributions as free-surface boundary conditions as follows (see Fig.3 .8) : 

u2 /2k= 0.55-0.05exp( -Fr) (4.13) 

v2/2k=0.17(1-exp( -Fr)) (4.14) 

w2/2k=0.28+ 0.22exp( -Fr) (4.15) 

The above equations show that three components of turbulent redistributions approach constant values 
in intermediate region proposed by Nezu and Nakagawa (1993) when Froude number increases due to 
an increase of the ratio of the inertia force to the gravity force. 

4.2.4 Calculation Procedures 
In this study, the wall function was applied as the wall boundary conditions of k and e due to the 

high Reynolds-number turbulence-model. Initial conditions for the mean flow, the turbulent energy 
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Fig.4.1 Primary mean velocity if (Exp.). 

4.3 Experimental Results 

and the dissipation rate were taken as an uniform flow Um' k=0.01 Um2 and e=k312/(0.8h), respectively. 
The governing equations were differentiated by the control volume method, and the converged solution 
was obtained by SIMPLE algorithm. The calculations used 50 grid points in the vertical direction. The 
value ofnonnalized distance from the wally+=U,.y/vat the node nearest to the wall was abouty+=40. 

Along the line of nodes nearest to the walls, the local equilibrium is assumed: The stream wise velocity 
component is specified based on the logarithmic velocity_of the wall~nd the turbulent energy 
redistributions attain constant values in intennediate region (u2/2k =0.55, v2/2k=0.17, w2/2k=0.28). 

4.3 Experimental Results 

4.3.1 Distribution of Primary Mean Velocity and Turbulence Intensities 
Fig.4.1 shows the distribution of primary mean velocity U=UIU. nonnalized by the friction velocity 

u. versus the inner variable y+=U.,ylv. u. was calculated by the log-law fonnula (the viscous-sublayer 
formula if=y+ was also used for run 1 ). In this figure, DNS database in duct flow (Re=8000, R. =400, 
which are almost same as run 1) by Kim et al. (1987), the viscous-sublayer formula and the log-law 
fonnula are also plotted together. It can be seen that the experimental data in run 1 coincides well with 
the DNS data. In particular, the viscous-sublayer fonnula holds well in run 1. Near the free surface, 
wake phenomena can be seen as the Reynolds number increases as pointed out by Nezu and Nakagawa 
(1993). In this way, the turbulence structure near the wall in open-channel flow is similar to that in 
duct flow, and the free-surface effect does not reach the wall region. Fig.4.2 shows the distribution of 
turbulence intensities u'IU., v'IU., w 'IU. versus the outer variable y'lh (y'=h-y is the distance from the 
free surface), together with the DNS data in duct flow by Kim et al. (1987), the DNS data in open
channel flow by Komori eta/. (1993) and the semi-theoretical curve derived by Nezu and Nakagawa 
(1993). Of particular significance is that v' decreases greatly near the free surface in run 1, which is 
closely related to the decrease of low wavenumber in the vertical-component spectrum of velocity 
fluctuations as pointed out by Nakayama and Nezu (1999f). However, the value increases near the 
free surface as the Froude number increases. u' and w' do not change so greatly (u' increases a little and 

w' decreases a little). 
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Fig.4.2 Turbulence intensities u'IU., v'IU., w'IU. (Exp.). 

4.3.2 Reynolds Stress and Turbulent Energy 

D-

Fig.4.3 is the distribution of Reynolds stress -uviU/, together with the DNS data by Kim et al. 
(1987) and the semi-theoretical curve by Nezu and Nakagawa (1993). The value of -uviU/ in open

channel flow coincides well with that in duct flow even near the free surface, which means that the 

symmetry condition at the free surface is appropriate even in open-channel flow. The distribution of 

turbulent kinetic energy k!U/ is shown in Fig.4.4. It can be seen that the value in open-channel flow is 

similar to that in duct flow in spite of a great discrepancy of turbulence intensities with each other. 

Therefore, the boundary conditions of -uv and kat the free surface are symmetrical hereafter. 

4.3.3 Turbulent Generation and Dissipation Rate 
Fig.4.5 shows the distributions of the turbulent generation Gh!U/ and the turbulent energy dissipation 

rate £h!U/. Both values were evaluated in the same way as Nezu and Nakayama (1998a) . In this 

figure, the DNS data by Kim eta/. (1987) and the semi-theoretical curve by Nezu and Nakagawa 

(1993) were also plotted together. The value of G is similar to that in duct flow regardless of the 
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Fig.4.5 Turbulent generation Gh!U/ and turbulent energy dissipation rate £hiU.3 (Exp.). 

Froude number, whereas the values of£ are quite different with each other. When the Froude number 

is small in run 1, £decreases around y'/h=O.l (the edge of surface-influenced layer) and increases 

toward the free surface. These phenomena have a close relationship with the decrease of length scale 

due to the effect of free surface, as have been firstly pointed out by Hossain and Rodi (1980). On the 

other hand, in run3 , the value increases a little around y'lh=O.l and decreases toward the free surface. 

The same characteristics can be seen in the experimental data of oscillating grid generated flow by 

Brumley and Jirka (1987), which is closely related to the generation of surface-renewal eddies. 

4.4 Calculation Methods including Effects ofFroude Number 

4.4.1 Limit of Boundary Condition for £at Free Surface 

4.4.1a Boundary Conditions of Dissipation Rate eat Free Surface 
As can be seen in the experimental data in Fig.4 .5, the value of£ increases greatly near the free 
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surface in tranquil flow. There have been suggested several boundary conditions at the free surface 
about these characteristics. Fig.4.6 shows the distribution of if in run1 when the symmetry condition, 
Hossain and Rodi model, and Naot-Yacoub-Moalem model (Clf.=1.44) of e were used at the boundary 
condition of free surface. The other variables were symmetrical at the free surface. In this figure, the 
calculation result in duct flow (c3 

=0 in Eq.( 4. 7)) was also described. It can be seen that all the models 
reproduce comparatively well the experimental data. 

Fig.4. 7 shows the distribution of turbulence intensities u'IU., v'IU., w 'IU .. and -uv iU,/ near the 
free surface. The calculated values of v' and -uv coincide well with the experimental values, and the 
damping characteristics are well reproduced near the free surface. On the other hand, the calculated 
values of u' and w' are quite smaller in Hossain and Rodi model. This is because these values are 
greatly affected by the boundary condition of e, as mentioned later. In this figure, the calculation data 
at c =0.25 is also described when Naot-Yacoub-Moalem model was applied to the calculation. In this 

s 
situation, the values of u' and w' increase slightly, which coincides well with the experimental value. 

Fig.4.8 shows k!U/ and eh!U/. The experimental data by Komori eta/. (1987) and Rashidi and 
Banetjee (1988) are also plotted in the figure of e. The calculated value of k reproduces well the 
experimental value except Hossain and Rodi model. As for e, Hossain and Rodi model and Naot
Yacoub-Moalem model reproduce well the increasing characteristics of e near the free surface. However, 
these calculations do not quite change regardless ofFroude number or Reynolds number, which means 
that it is necessary to apply a new model including the effect ofFroude number in run3 . 

4.4.1 b Boundary Conditions of e for Steep Open-Channel Flow 
As mentioned before, Naot-Yacoub-Moalem model reproduces well the experimental value of e 

near the free surface, and it has the possibility of reproducing the effect ofFroude number by changing 
the parameter Clf Fig.4.9 is the distribution ofClfversus Froude number when Eq.(4.14) was substituted 
for Eq.(4.11). It can be seen that Clfincreases and approaches the constant value as Froude number 
increases. On the other hand, Fig.4.10 shows the distribution of eh!U/ near the free surface when Clf 
changes. In this figure, the calculated value at the symmetrical boundary condition of e was also 
described. The calculation value of C if= 1.44 reproduces well the experimental value in run 1. However, 
the value of C if has to attain a negative value (Clf <0) if the experimental value in run3 is reproduced. 
This means that the increase of length scale in steep open-channel flow cannot be reproduced by 
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0.20 

applying N aot-Yacoub-Moalem model . Therefore, £cannot be evaluated only by the vertical component 

of turbulence intensity v' near the free surface. 

In this way, the effect of Froude number on the variation of the turbulent redistributions near the 

free surface cannot be reproduced even if the effect ofFroude number on£ may be considered. Therefore, 

it is necessary to apply the boundary conditions of turbulent redistributions at the free surface, or 

improve the pressure-strain term. 

4.4.2 Effect of Froude Number on Turbulent Redistributions 

4.4.2a Revision of Shir Model in Pressure-Strain Term 

As mentioned before, Froude number has a great influence on the turbulent redistributions near the 

free surface. When these effects are considered in the turbulence modeling, there are two ways, as 

follows : (a) giving the boundary conditions of the turbulent redistributions at the free surface, and (b) 

including the effect ofFroude number in the pressure-strain term ¢ ... In particular, as for (b), Perot and 

Moin (1995) have pointed out that the coherent structures near the !I free surface, so called, the "splats" 

and "antisplats" are closely related to the pressure-strain term. Sugihara and Matsunaga (1998) 

conducted a numerical simulation by using LRR model in oscillating grid generated flow, and pointed 

out that the thickness of surface-influenced layer becomes larger as the coefficient of pressure-strain 

term c
3 

increases. Furthermore, Nezu and Nakayama (1998h) clarified the decrease features of surface

influenced layer witn an increase of Froude number (Eqs.( 4 .13)-( 4 .15)). Considering the above 

mentioned, c
3 

can be expressed, as follows : 

c3=c3oexp( -Fr) (4.16) 

where c
30 

is the utmost limit of c3 at Fr ~ 0 (ideally flat mirror surface). 

4.4.2b Primary Mean Velocity and Turbulence Intensities 

Fig.4. I 1 shows the distribution of (f when (a) the before-mentioned boundary conditions of the 

turbulent redistributions (Eqs.( 4.13 )-( 4.1 5)) were used at the free surface (cal-l), and when (b) the 

above equation ( 4. I 6) was used in the computation ( cal-2). All the other variables were symmetrical at 
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Fig.4.13 Turbulent kinetic energy k!U/ and dissipation rate eh/U/(cal-1 and cal-2). 

the free surface. In this figure, the calculation data are also plotted when all the variables are symmetrical 

(sym.). It can be seen that both calculations (cal-l and cal-2) coincide well with the experimental data 

regardless of both Reynolds number and Froude number. 

Fig.4.12 shows the distribution ofu'IU., v'IU., w'IU. and -uv iU/ near the free surface. Of particular 

significance is that v' increases greatly near the free surface with an increase of the Froude number. 

Though the symmetric condition cannot reproduce these characteristics, the cal-l and cal-2 reproduce 

roughly these characteristics, and in particular, the cal-2 reproduces them very well . However, the cal

l underestimates the experimental data near the free surface as Froude number increases. This means 

that the boundary conditions Eqs.(4.13)-(4.15) reproduce roughly the effect ofFroude number, but it 

is difficult to reproduce the decrease of surface-influenced layer with an increase ofFroude number. 

And w' decreases slightly as Froude number increases and both the calculations are in good agreement 

with each other. On the other hand, u' increases a little and the cal-l coincides with the experimental 

value, whereas the cal-2 decreases slightly when Froude number increases. This difference greatly 

depends on the redistribution rates of Shir model, which implies that it is necessary to revise Shir 

model in open-channel flow. 

4.4.2c Turbulent Energy and Dissipation Rate 
The distribution of k!U/ and eh!U.3 is shown in Fig.4.13. The both calculated values of k reproduce 

well the experimental data in this figure . On the other hand, the value of e in the calculation is almost 

far from a good reproduction of the experimental data. This means that it is impossible to reproduce 

the distribution of e only with the boundary conditions of the turbulent redistributions at the free 

surface or the pressure-strain term including the effect of Froude number. 

4.4.2d Turbulent Energy Budget in Reynolds Stress Equation 

As mentioned before, the pressure-strain terms are closely related to the turbulent redistributions 

near the free surface. Fig.4.14 shows the distributions of the pressure-strain term ¢ .. near the free 

surface for the cal-l and cal-2 when the Froude number increases. In this figure, the c~lculated value 

of duct flow (duct) is also plotted. Of particular significance is that the values of ¢22 
are quite different 

between open-channel flow and duct flow in the region of y'/h<O.l. The value of open-channel flow 

changes from the positive value to the negative one near the free surface, as pointed out by Handler et 
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a!. {1993) and Nagaosa and Saito {1997). rp22 
decreases greatly and t/>33 increases significantly in the 

cal-l with an increase of Froude number, whereas these values approach the values of duct flow in cal-

2. The cal-2 is better than the cal-l because the turbulent redistributions approach the constant value in 

the intermediate region (the same as in duct flow) . 
Fig.4.15 shows the distributions of the dissipation term er and the diffusion term D iJ in the cal-2. 

Near the free surface, the total dissipation rate skis almost equ~l to the total diffusion rate Dk regardless 

OfFroude number Furthermore the streamwise and spanwise components of D .. and£ .. are almost 
. ' v . v . 

independent ofFroude number, whereas D
22 

and £
22 

approach the curve of duct flow with an Increase 

ofFroude number. In this way, the vertical components in Reynolds stress equation depend greatly on 

Froude number, which affects the vertical component of turbulence intensity near the free surface. 
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4.5 Conclusions 

In this study, a numerical simulation was conducted in smooth open-channel flow by using Reynolds 

stress model including the effect ofFroude number in comparison with the experimental data. Fig.4.16 

shows the conclusions of chapter 4. At that time, two methods, that is to say, (1) giving the boundary 

conditions of the turbulent redistributions at the free surface, and (2) the extension of Shir model, were 

used for considering the effect ofFroude number, and these calculations reproduce well the experimental 

values. 

Notations 

A : wave amplitude 
m 

B : channel width 
br : anisotropy tensor 
CE' eel, CE2: model parameters in dissipation equation 
C , a : model parameters 
cs~: m~del parameters in diffusion term 
D . : diffusion term 
e;1

: algebraic dissipation model that relates the anisotropies of the dissipation rate tensor to those of 

tfie Reynolds stress tensor 
Fr : Froude number (=Um/ jih) 
f's : free-surface damping function 
G : turbulent generation (or production) 
G .: generation term 

I) 
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Gk : rate of production of turbulent kinetic energy 
g : acceleration due to gravity 
h : flow depth 
k : turbulent kinetic energy 
1: length scale 
P : pressure fluctuation 
Re: Reynolds number (=Umh/v) 
R. : turbulent Reynolds number(= U•h/v) 
sb : channel slope 
S .. : rate of strain tensor 
-;J /2k , v2/2k , w2/2k : turbulent energy redistributions 
~· : rotation tensor 
UPJ : bulk mean velocity 

m 
lJ+ : UIU.; normalized mean velocity 
u. : friction velocity 
u : instantaneous streamwise velocity component 
u' : root-mean-square value of velocity fluctuations in x direction 
- uv : Reynolds stress 
v : instantaneous vertical velocity component 
v' : root-mean-square value of velocity fluctuations iny direction 
w : instantaneous spanwise velocity component 
w' : root-mean-square value of velocity fluctuations in z direction 
x : streamwise direction 
y : vertical direction from the channel bed 
y+-: yUJv ; vertical distance in lawofthe wall coordinates 
y' : distance from the free surface (=h-y) 

Greek sytnboJ s 
a : model parameters in dissipation term 
/30, /31' {32, {33, {34, {35 ,c3 : model parameters in pressure-strain term 
e : turbulent energy dissipation rate 
e .. : dissipation term 
e~ : di ssi pati on rate at the free surface 
¢ .. : pressure-strain term 
17~: intensity of surface-wave fluctuations <=J;!) 
v : kinetic viscosity 
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Abstract 

CHAPTERS 

EFFECT OF MACRO-ROUGHNESS AND WAVE 
ONTURBULENCESTRUCTURENEARFREESURFACE 

Recently, there are many researches of experiments and calcula~ions about the coherent structure 

over smooth bed and it is revealed that the turbulence structure ts closely related to the coherent 

structure. In an o~en-channel flow, turbulent energy redistributions change va~ously within a "surf~ce
injluenced layer" which is roughly ten per cent of the flow depth, and a dampmg e!fect on ~he vert.tcal 

motions is gradually lost out as the Froude number and the surface-wave fluctuations are tncreastng, 

as mentioned before. 
As for the rough flow, it has been pointed out that boils become stronger and larger as the bed 

roughness increases. However, the upper part (free-surface side) of the velocity profile over a rough 

bed resembles that over a smooth bed, even though a wake zone may appear above the roughness 

elements. On the other hand, these characteristics are quite different from those in a wave-induced 

flow that can be seen in the sea. 
In this study, the turbulence structure and the coherent structure over lar?e-roughn~ss wer.e evaluated 

by making use ofLDA and PIV (Particle-Image Velocimetry) methods tn companson wtth a wa~e

induced (periodic sine-wave) flow. At that time, space-time correlati~n analyses ~ere conducted wtth 

a laser Doppler anemometer (LDA) and an ultrasonic depth-meter Instrument. Ftnally, the effect of 

such macro-roughness on coherent structures was investigated by distinguishing the "turbulence effect" 

and the "wave-induced effect" in open-channel flows. 

Flow over Large Roughness Elements • Separation behind Roughness Elements 

Boils in A!"al River Comparison with 
• II Smooth Bed Flow & 

Macro-Roughness Effect Wave-Induced Flow 
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5.1 Introduction 

5.1 Introduction 

There have been many researches about the coherent structure over smooth bed in an open-channel 
flow. Nakagawa and Nezu (1981) have firstly investigated the structure of space-time correlations of 
bursting motions in an open-channel flow by a new conditional sampling analysis of the instantaneous 
velocity and Reynolds-stress signals measured simultaneously by two sets of dual-sensor hot-film 
anemometers. They have proposed then a phenomenological model of bursting phenomenon as shown 
in Fig.5.1. Recently, Myose and Blackwelder (1994) have experimentally emulated both the dynamics 
and the interaction of turbulent boundary-layer eddy structures by using "Gortler vortex" , and evaluated 
the relationship between the bursting phenomenon and the structure of outer region. They have suggested 
then that the outer region of turbulent boundary layer plays an important role in the bursting process. 

Nakagawa eta/. (1975) have compared the small roughness flow and the smooth flow and mentioned 
that away from the roughness elements, the distributions of turbulence intensities are very similar with 
each other and that the same similarity law is effective. Bayazit (1976) evaluated the theoretical origin 
of rough flow and how far the effect of roughness elements spreads from the top of roughness. Kironoto 
(1993) and Kironoto and Graf(1994) have measured accurately the turbulence structures in rough bed 
flow and suggested the semi-empirical formula in rough flow in the same way as Nezu and Nakagawa 
(1993) in smooth flow. They evaluated the mixing length and macro-scale in rough flow in comparison 
with smooth flow. 

If the roughness elements are comparatively large over the bed as compared with the flow depth, 
some motions of separation may occur in the dead zone behind the roughness elements and the surface
wave fluctuations may increase due to such motions. Kanda and Doi (1980) have evaluated the effect 
of roughness pattern on the flow resistance and the turbulence characteristics near the free surface in 
large roughness flow. In the same roughened flow with spheres, Kanda and Suzuki (1985) have 
considered the effect ofFroude number on flow resistance and pointed out that its effect is correspondent 
to the effect of Reynolds number and relative depth. Furthermore, Herbich and Shulits (1964) have 
evaluated the roughness coefficients for flows in which the roughness size protrudes through the 
water surface. In this boulder-strewn flow, the log law is not effective. 

On the other hand, Jackson (1976) described the features of boil vortices from field observations of 
boils in rivers. He speculated that the bursting motions generated in the wall region would move 
toward the free surface and form a boil there because the bursting period for boundary layers was 
roughly equal to the boil period. Furthermore, he has mentioned that rough beds and entrained sediment 

Flow 
> 
_..-

High-speed High-speed 

::~.:~.Low-speed region 

~?:i~·n ___ _ 
High / low High / low 
interface interface 

TV -- --.,.., _,__.. -.,------

Fig.5 .1 Conceptual model of high-speed and low-speed regions in open-channel flow 
by Nakagawa and Nezu (1981 ). 
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may modify the intensity of bursting but do not alter the basic burst cycle. It has, however, the possibility 

that the coherent structures over rough bed become different from those over smooth bed when the 

roughness is comparatively large. Nakagawa eta/. (1975) and Nezu and Nakagawa (1993) have 

mentioned that the tendency toward isotropy becomes stronger as the roughness size increases and 

that the vertical intensity of the turbulence increases slightly within the inner region. Raupach (1981) 

has used the quadrant analysis to investigate the events contributing to the Reynolds shear stress over 

regularly arrayed rough surfaces of several different densities and over a smooth surface. He has 

shown that sweeps are stronger than ejections close to rough surfaces and account for fairly most of 

the stress. He called such layer as "roughness sublayer11
• Krogstad, eta/. (1992) have used the quadrant 

analysis in the same way as Raupach (1981 ), and suggested that the strength of the "active motion" 

depends on the nature of the surface by comparing between smooth- and rough-wall spectra of the 

normal velocity fluctuations. Furthermore, Nakagawa eta/. (1989) have evaluated the effect of vortex 

sheddings from the roughness elements on the turbulence structure around roughness in the flow with 

small relative submergence. Therefore, the coherent structures over rough bed may be quite different 

from those over smooth bed, and the surface-wave fluctuations may become larger. Moog and Jirka 

(1995) have studied the "macro-roughness effect" on the turbulent energy dissipation rate near the free 

surface. They have related a gas transfer coefficient with the turbulent dissipation rate near the surface, 

and evaluated the macro-roughness enhancement over rough bed. This fact implies that macro-roughness 

may have an important role on the coherent structures in open-channel flow. 

By the way, it is possible to increase the turbulence intensity in a wave-induced flow as seen in the 

surf zone, which is a little different from the wave-current coexisting flow, for example, longshore 

current and rip current, etc. due to inhomogeneity of radiation stress. Asano (1986) has evaluated the 

vertical distribution of mean flow and turbulence intensity and the effect of wave-phase to the turbulent 

variation in the wave-induced current. Tanaka (1987) has measured the mean velocity and the bed 

shear stress in the wave-induced current. He has presented the linear expression of velocity-defect 

near the free surface and evaluated the energy transfer between the mean flow and the wave. 

Nevertheless, its turbulence structure might be very different from that in a steep open-channel flow 

because wave heights were considerably large in the surf zone. So, it is necessary to consider the 

"wave effect" on the turbulence structure in a small amplitude wave. 

In this study, we deal with open-channel flows over rough beds in comparison with smooth bed. 

We evaluate an instantaneous and space-time correlation mechanism of coherent structures by using 

PIV (Particle-Image Velocimetry) methods. Next, we have measured the turbulent characteristics in 

an open-channel flow with a wave-induced (periodic sine-wave) flow at several types of wave periods 

and wave heights for separating the "turbulence effect" and the "wave effect" in open-channel flows. 

Finally, we reveal the effect of macro-roughness on coherent structures over rough beds. 

5.2 Experimental Apparatus and Procedures 

The experiments were conducted in a 1Om long, 40cm wide and 40cm deep tilting flume. The side 

walls of the test section 6m downstream of the channel entrance were made of optical glass for LDA 

(DANTEC-made) and PIV (KANOMAX-made) measurements. Hydraulic conditions for the 

experiments are shown in Table 5.1. In this study, the flows over smooth bed and rough bed were 

compared with each other and the effect of roughness elements on turbulence structures was considered. 

In rough flow, the bottom of the flume was covered by spherical glass beads of ks= l.1cm diameter, 

arranged in the most compact configuration. On the other hand, in a wave-induced (periodic sine

wave) flow, several types of wave periods and wave heights were generated. 
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Table 5.1 Hydraulic conditions of rough-bed flow and wave-induced flow. 

case condition Sb h B/h h/ks Am/h 

(em) (x1 o-2) 

L02S s 1/6000 5.0 8.0 - 0.0 

L02R R 1/1400 5.0 8.0 2.94 0.0 

LA1S w 1/6000 5.0 8.0 - 1.0 

LA2S w 1/6000 5.0 8.0 - 2.5 

M06S s 1/1200 5.0 8.0 - 0.6 

M10S s 1/316 3.5 11.4 - 2.0 

H15S s 1/167 4.0 10.0 - 2.5 

H15R R 1/34 4.0 10.0 2.35 5.0 

H23S s 1/77 3.0 13.3 - 3.3 

S31S s 1/41 3.0 13.3 - 6.7 

S:smooth, R:rough, W:wave-lnduced,Am=amplltude 

ks=1 .7(cm), Fr=Um/(gh)O.S, Re=llmh/v 

.. . . •... · .•. · . ---f.· 
.. z7 

Um 

(cm/s) 

16.0 
16.0 
16.0 
16.0 
40.0 
57.1 
93.8 

93.8 
125.0 

166.7 

X Optic Fiber Cable 

FIC:> 
Center 

U* Fr Re 
(cm/s) (x103) 

0.99 0.23 8.0 

1.58 0.23 8.0 

0.95 0.23 8.0 

0.94 0.23 8.0 

2.10 0.57 20.0 

2.90 0.98 20.0 
4.75 1.50 37.5 

10.72 1.50 37.5 
6.09 2.30 37.5 

8.47 3.07 50.0 

Fig.5.2 Experimental flume and LDA system of rough bed flow 
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Fig.5.3 Turbulence intensities u'IU. and v'IU. for various measuring points 

around roughness elements. 

Flow visualization was conducted by using PIV (KANOMAX-made) methods. Nylon 12 particles 

(50~-tm diameter and 1.01 specific gravity) stirred into the alcohol were uniformly scattered in the 

circulating water of the flume . About 2mm thick laser-light sheet (LLS) was illuminated vertically 

and images of tracers were taken using a high-sensitive CCD camera (1800 frames of image) that was 

placed beside the side-wall. In this study, one pixel of the image corresponds to the area of 0.4 X 

0.4mm. These images were recorded in CRV disc (SONY-made) at the interval of l/30sec and analyzed 

by the PIV algorithm. 
Furthennore, LDA (DANTEC-made) measurements were conducted at the same flow conditions. 

The sampling time was 60sec and the sampling frequency was about 200Hz. At that time, an ultrasonic 

depth-meter instrument (KEYENCE-made) was set above the free surface, and synchronized with 

LDA of movable point, as depicted in Fig.5.2. Cross-correlation between the velocity fluctuations and 
the surface-wave fluctuations was calculated then. 

5.3 Long-Time Averaged Turbulence Characteristics 

5.3.1 Difference of Turbulence Intensity around Roughness Elements 

Firstly, it is necessary to evaluate how far the roughness effect spreads from the roughness elements. 

Some researchers have studied the effect ofvortex-sheddings from individual roughness elements on 

the turbulence structure of flow with small relative submergence. Kikkawa eta/. (1988) have investigated 

the distributions of velocity and Reynolds stress around roughness elements and mentioned that the 

upward flow occurs in the upstream of roughness and the downward flow occurs in the downstream of 

roughness elements, which implies that the homogeneity does not hold good near roughness elements. 

Fig.5.3 shows the distribution of turbulence intensities u'IU. and v'IU. for various measuring points 

around roughness elements, together with the data for L02S (smooth bed). Herein, the origin of vertical 

direction (y=O) was set at the top of the roughness elements. It can be seen clearly that the distribution 

v' at point U (top of roughness element) is quite different from the others around roughness elements 

(L, V and N) near the bed. The distribution v' at U is similar to the distribution for smooth bed, and the 

value decreases near the wall. Furthennore, the vertical intensity v' increases slightly but the stream wise 
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Fig.5.4 Reynolds stress -uv IU/ for various 
measuring points around roughness elements. 

Fr forced wave 
o L02S 0.23 non 
o H15S 1.5Ch 6~1). non 
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6 LA2S 0.23 6 LWave 

A~~~ 
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Fig.5.5 Vertical component of turbulence 
intensity v'IU. near the free surface. 

intensity u' decreases near the wall (y/h<0 .3; roughness sublayer) for L02R, which shows that the 

tendency toward isotropy becomes stronger for rough bed, as pointed out by Nezu and Nakagawa 

(1993). Fig.5.4 shows the distribution of Reynolds stress -uv IU/ at various measuring points around 

roughness elements, together with the data for L02S. The characteristic at U is similar to that ofv'. The 

distribution of -uv for rough bed is similar to that for smooth bed away from the wall (y/h>0.3) , 

which is the same characteristics for u' and v'. Therefore, the effect of roughness element on the 

turbulence intensity is weaker away from the wall , that is to say, out of the roughness sublayer. 

5.3.2 Turbulence Intensity in Wave-Induced Flow 

It has been pointed out that the turbulence intensity changes greatly near the free surface, and in 

particular, the vertical component v' is greatly affected by the free sutface. Fig.5.5 shows the distribution 
of the vertical component of turbulence intensity v'IU. near the free surface. Furthermore, DNS database 

in duct flow (Re=8000, R.=400) by Kim eta/. (1987) and the semi-empirical formula in an open

channel flow derived by Nezu and Nakagawa (1993) are plotted together in this figure . It can be seen 

that v' is damped near the free surface, that is to say, ylh>0.9 in a tranquil flow (L02S) in comparison 

with the DNS data of duct flow. However, when the surface-wave fluctuations occur, the value ofv' 

increases rapidly (HISS, H15R, LAI Sand LA2S). This means that the damping effect is lost out as 

the surface-wave fluctuations increase and that the surface-wave fluctuations play an important role 

on the turbulent variations near the free surface. 

5.3.3 Spectral Distribution of Velocity Fluctuations 

Hunt and Graham (1978) and Hunt (1984) have related the damping characteristics of v' with the 

spectrum. Fig.5.6 shows some examples of the spectral distributions Sv(k) for the fluctuations v(t) for 

L02S, H15R and LA2S (see Fig.3.4), respectively. The value of low wave-number near the free surface 

(ylh=0.95) decreases in L02S, as has been pointed out by Hunt and Graham (1978). However, in a 

super-critical flow (H15R: Fr=l .50), the region of low wave-number does not decrease with an increase 

ofylh due to the turbulence eddies near the free surface. On the other hand, in a wave-induced flow 

(LA2S), S (k) has distinguishable peaks at k=1.2 (1/cm) (corresponds to the period of the induced
wave) andv k=2.2 (1/cm). Nevertheless, Sv(k) decreases in the region of low wave-number as is the 
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Fig.5 .6 Spectral distributions S/k). 

same with L02S. This implies that the turbulence structures in HISR is quite different from those in 

LA2S. That is to say, the induced wave of small amplitude affects only the particular frequency region 

of velocity fluctuations and has less effect on the energy cascade-process, which differs quite from 

those in a super-critical flow. 

5.3.4 Turbulent Energy Budget near Free Surface 
The turbulent generation (or production) G, the turbulent energy diffusion TD and e are defined in 

the same manner as in the chapter 2. 
Fig.5.7 is the turbulent energy budget near the free surface, together with DNS data of Kim eta/. 

(1987). As for G, the values ofL02S, HISS and HISR coincide well with the semi-empirical formula 

in open-channel flow derived by Nezu and Nakagawa (I993), whereas the value ofLA2S increases 

significantly near the free surface. This implies that the energy is not generated near the free surface 

even in a super-critical flow. On the contrary, e increases in HISS and HISR with an increase of the 

Froude number, in spite of little increase in LA2S. As for TD, the value ofLA2S increases quite greatly 

near the free surface. In this way, the turbulent energy is convected without any deformations in a 

wave-induced flow of small amplitude (without breaking wave), whereas the energy of water waves is 

added to the turbulent energy in a super-critical flow of steep open-channel. 
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Fig.5 .7 Turbulent energy budget near the free surface. 

I 

2 
xlh 

I 

3 

I 

3 

1.0 

~ 0.5 

0.0 
0 

xlh 
t=0.6 (s) 

1.0 

~ 0.5 

0.0 
0 

1.0 

~ 0.5 

0.0 
0 

xlh 

2 3 

2 3 

2 3 

Fig.5.8 Velocity vector fields in tranquil flow 

over smooth bed (L02S). 
Fig.5.9 Contours of instantaneous spanwise 

vorticities over smooth bed· (L02S). 

5.4 Instantaneous Flow Structures over Rough Bed 

5.4.1 Instantaneous Structures in Quiet Free Surface 

Fig.5.8 shows an example of velocity vector fields that are viewed in movable coordinates of the 

bulk mean velocity in the center of channel for L02S (over smooth bed) when the free surface is quiet 

in the same figure as Fig.3.12 (Froude number Fr is small. This figure is again shown here for comparison 

with rough bed flow.). It can be seen that there exist quasi-periodical patterns of a high-speed region 

and a low-speed region alternately (about twice the depth as mentioned by Utami and Ueno (1987)). 
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Fig.5.10 Velocity vector fields in tranquil flow 
over rough bed (L02R). 
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Fig.5.11 Contours of instantaneous spanwise 
vorticities over rough bed (L02R). 

The spanwise vorticities Q are shown in Fig.5.9, which are normalized by the maximum velocity and 

the flow depth (the same figure as Fig.3 .13). The dotted line is the valley (negative peak : A-1 and B-

1) and the ridge (positive peak : A-2 and B-2) ofvorticities. The front parts of upward-motion region 

(A-1 and B-1) attain negative values and back parts (A-2 and B-2) attain positive values. These 

characteristics agree fairly well with a conceptual model of Nakagawa and Nezu (1981), as shown in 

Fig.5.1. The coherent regions indicate an inclined angle toward the wall. 

On the other hand, it has a possibility that this quasi-periodic structure may become weaker or 

diminish over rough bed due to the macro-roughness. Fig.5.10 is the velocity vector fields for L02R 

(over rough bed, the same Fr as L02S}. It can be seen that some of the smaller-scale coherent structures 

are generated near the bed and the quasi-periodic structures become weaker. Near the free surface, the 

coherent structures diminish the size and power due to the damping effect of the free surface, which is 

the same as L02S. This characteristic can be seen clearly in the spanwise vorticities Q, as shown in 

Fig.5.11 . The value ofvorticities takes a greater value near the rough wall than over smooth bed due to 

the wake effect of roughness elements. Furthermore, the periodicity of coherent vortices becomes 

weaker over the whole depth and the inclination of the greater value region (dotted line) changes 

variously depending on the roughness elements. 

5.4.2 Generation of Boil Vortices near Free Surface 
As mentioned previously, some researchers have pointed out that boils become stronger and larger 

as the bed roughness increases. Furthermore, it is presumable that boils can be seen more clearly as the 

velocity increases. Fig.5 .12 is the velocity vector fields for HlSR in super-critical flow when the 

surface-wave fluctuations occur. The coherent vortices are generated near the roughness elements, 

and then convected to the streamwise direction and become larger as they lift up toward the free 

surface. These large-scale coherent structures are generated quasi-periodically and the larger vortices 

are lost out at t=O.l s. Therefore, the boil period is greater in river, as pointed out by Jackson (1976). 
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The spanwise vorticities Q are shown in Fig.5.13 . The regions of greater value are inclined in the 

upstream direction when the large-scale coherent structures occur frequently (A and B, t=0.0--0.033s). 

When the larger vortices disappear (t=O.l s), the shape of contours becomes similar to that for L02R as 

seen in Fig.5.11. 

5.4.3 Instantaneous Structures in Wave-Induced Flow 

In contrast, Fig.5 .14 is an example of instantaneous velocity vector fields for LA2S (wave period ; 

T=0.3s, wave amplitude ; A = 1.25mm) in a wave-induced flow. It was revealed that the stream wise 
m 

velocity became maximum when the flow was deepest (wave crest) (t=O.Os, xlh=I.2) and that the 

streamwise velocity became minimum when the flow was shallowest (wave trough) (t=0.2s, xlh=2.0), 

which implies that the flow was really three-dimensional (3-D). The vertical velocity moves downwards 

at the upstream of the wave crest (t=O.Os, xlh=0.5) and goes upwards at the downstream (t=O.Os, xl 

h=2.0). It can be seen that the coherent structures near the wall are prevented from lifting upwards by 

the periodic wave near the free surface. Fig.5.15 shows the spanwise vorticities Q with respect to 

Fig.5.14. The lower-value region is generated near the wave trough and the higher-value region 

generated near the wall is disturbed. In this way, it is evident that the coherent structures in a steep 

open-channel flow are much different from those in a wave-induced flow. 
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Fig.5.14 Velocity vector fields Fig.5.15 Contours of instantaneous spanwise 
in wave-induced flow (LA2S). vorticities in wave-induced flow (LA2S). 

5.5 Effect of Roughness Elements on Coherent Structures and Surface-Wave 
Fluctuations 

5.5.1 Difference of Correlation Structures around Roughness Elements 
Non-conditional space-time correlation coefficient C .. of velocity components u. at a fixed point 

P and u. at arbitrary point Q is defined in the same man;~~ as in the chapter 2. 
1 

Fig.
1
5.16 shows some examples of non-conditional space-time correlation coefficients Cuu over 

smooth bed (L02S) for fixed points X near the wall (y/h=O.OS) versus the lag-time r . The maximum 

correlation line fairly inclines downstream and the large-eddy structure is convected downstream 

without any remarkable deformation, as mentioned by Nakagawa and Nezu (1981 ). 

In contrast, the horizontal inhomogeneity of the flow dominates greatly near the rough bed, as 

pointed by Raupach et al. (1980). Figs.5.17 and 18 are the contours of Cuu over rough bed (L02R) for 

two fixed points X near the wall (ylh=O .OS), the downstream (point N) and upstream (point L) of the 

top of roughness, respectively . Dotted lines mean the negative values. There exists the different and 

complex correlation structure over rough bed. It can be seen clearly that the negative value spreads 

widely in Fig.5.17. On the other hand, the positive value spreads intermittently downstream from the 

fixed point Lin Fig.5.18. The contours of this positive value is a little different from that for L02S in 

Fig.5.16, and the great value spreads intermittently. This fact coincides well with the measurement by 
Kikkawa eta/. (1988) as mentioned before, and implies that the inhomogeneity of the coherent structure 
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Fig.5 .17 Non-conditional space-time correlation Fig.5.18 Non-conditional space-time correlation 

coefficients C over rough bed at the coefficients C over rough bed at the 
uu uu 

downstream of the top of roughness (L02R). upstream of the top of roughness (L02R). 

predominates near the rough bed. The work of separation occurs more intensively in the dead zone 

behind the roughness elements as Fr increases, which may have a great and important effect on the 

fonnation of boil vortices near the free surface. 
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5.5.2 Relation between Velocity and Surface-Wave Fluctuations 

The surface-wave fluctuations become greater as Fr increases, which indicates that the coherent 

structures generated near the wall have an important effect on the turbulence structure near the free 

surface, as pointed by Rashidi and Banerjee (I988) . Figs.S .I9(a)-(c) show the cross-correlation 

coefficient C nonnalized by 17' and u' for HISS (smooth flow), HlSR (rough flow) and LA2S (wave

induced flo:}, respectively . Herein, the fixed point of the surface-wave fluctuations rJ is x=O. 

Figs.S.20(a)-(c) show the cross-correlation coefficient C v nonnalized by ry' and v' in the same cases 

as Figs.S.19(a)-(c). From Fig.S.l9(a) and Fig.S .20(a), it 2an be seen that the correlation structures in 

wave-induced flow (LA2S) are very different from those in steep open-channel flow (HISS and HISR) 

and the values of correlation are quasi-periodically and much greater. On the other hand, the values in 

steep open-channel flow (HISS and HISR) are much smaller than those in wave-induced flow (LA2S), 

as shown in Figs.S.l9(b)-(c) and Figs.S.20(b)-(c). Furthermore, it can be seen that the negative peak

value of correlation near x=O for HlSR is greater than that for HISS. The contours for HISS and HISR 

have a clear difference with each other. The surface-wave fluctuations at the fixed point are closely 

related to the downstream velocity fluctuations for smooth flow (HISS). On the contrary, the correlation 

takes a positive value at xlh<O for rough flow (HISR), and these positive regions spread more widely 

as the lag time rpasses. This means that the roughness elements have an important role on the generation 

ofboil near the free surface, as mentioned by Jackson (I976), and that the instantaneous structures in 

Fig.S.l2 generate a larger-scale boils, as we can observe in rivers. So, the structure of a steep open

channel flow differs significantly from that of a wave-induced flow and it is very important to mutually 

compare with each other in order to separate the "turbulence effect" and the "wave effect" in open

channel flows. 
Figs.S.2I(a)-(c) are the contours of lag time t(s) when CrJU takes a sub-peak value. The values near 
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the wall and the free surface for LA2S take the same due to the effect of periodic wave. In this way, the 

::wave effect" rela~es. to the pressure gradient, which affects the bulk flow widely. On the contrary, the 

turbulence effect dtsappears away from the free surface ("isotropization") and the correlation between 

velocity fluctuations and surface-wave fluctuations is very small for HISS . 

5.6 Conclusions 

. In_ this chapter, t?e effect of macro-roughness on coherent structures over rough beds was 

tnvesttgated. At that ttme, space-time correlation analyses were used, and the relation between boils 

and surface-wave fluctuations was evaluated by using PIV methods and simultaneous measurements 

of both LDA and ultrasonic depth-meter instrument. Fig.S.22 shows the conclusions of chapterS. The 

results we got are as follows, 

(1) The _vertical int~n~ity v' increases slightly but the stream wise intensity u' decreases near the rough 

bed. Thts charactenstlc shows that the tendency toward isotropy becomes stronger near the roughness 

elements. 

(2) The coherent vortices are quasi-periodically generated near the roughness elements. These vortices 

are convected to the streamwise direction and become larger as they lift up toward the free surface in 
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~~~B~IIIB~ Boil Vortices in Rivers 
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f8Roughness Elements 

II Inhomogeneity of Coherent Structure 

II Inhomogeneity of Turbulence Structure 

Fig.5.22 Conclusions of chapter 5. 

a higher Froude number flow, which can be seen as boil vortices in rivers. 

(3) The correlation structure varies near the rough bed due to the roughness elements. This fact implies 

that the inhomogeneity of the coherent structure predominates near the rough bed. 

(4) The sutface-wave fluctuation at the fixed point is closely related to the upstream velocity fluctuation 

for rough flow. This means that the roughness elements have an important role on the generation of 

boil near the free surface. 
(5) The turbulence structure in a steep open-channel flow was compared with that in a wave-induced 

flow in order to separate the "turbulence effect" and the "wave effect" in open-channel flows. 

Notations 

A : wave amplitude 
m 

B : channel width 
C .. : non-conditional space-time correlation coefficient of velocity components u . at a fixed point 

UIU) 1 

P and u. at an arbitrary point Q 
F(f) : nbrmalized FFT spectrum 
Fr : Froude number (= um I .Jih) 
G : turbulent generation (or production) 
g : acceleration due to gravity 
h : flow depth 
k : turbulent kinetic energy, wave number 
ks : equivalent sand-grain diameter 
Re : Reynolds number(= Umh fv) 
R. : turbulent Reynolds number(= U*hfv) 
sb: channel slope 
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S (k) : spectrum of v-component in a wave number k 

T: wave period 
TD : turbulent energy diffusion 
U : bulk mean velocity 

m u. : friction velocity 
u : instantaneous streamwise velocity component 
u' : root-mean-square value of velocity fluctuations in x direction 

-uv : Reynolds stress 
v : instantaneous vertical velocity component 
v' : root-mean-square value of velocity fluctuations in y direction 
w: instantaneous spanwise velocity component 
w' : root-mean-square value of velocity fluctuations in z direction 
x : streamwise direction 
y : vertical direction from the channel bed 

Greek symbols 
(Lix, L1y, Liz) : lag distance 
e : turbulent energy dissipation rate 
rJ: instantaneous surface displacement with respect to the still water level 
ry' : intensity of surface-wave fluctuations 
v: kinetic viscosity 
r : lag time 
Q : instantaneous spanwise vorticity (=au/ iJy- ().;/ax' clockwise direction is positive) 
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CHAPTER6 

TURBULENCE STRUCTURE AT AIR-WATER INTERFACE 
WITH WIND SHEAR 

Abstract 

When the wind blows over the water, there occur drift currents and wind waves due to the wind 

shear across ~n air-water inter~ace . At that time, mass transfer across a gas/liquid interface is of 

~undamental Importance to environmental and geophysical sciences. -Some studies about the wind

Induced currents have been conducted in the field of coastal engineering and geophysical sciences. 

However, there are few studies about the wind-shear induced turbulence. So the turbulence fields on 

both s~~es ~fan air~water interface were examined experimentally in wind-wa;er tunnel. The turbulence 

quantit~es In the au behave similarly to those in flows over flat plates in open-channels. As for the 

water stde, wave component and turbulence component were separated by a spectral separation method. 

Turbulence component has universal characteristics on a 2-D gravity wave. It became clear that 

turbulence structure and energy budget on both sides are closely related with each other and also that 

energy transfer through :he air-water interface increases when the wind becomes faster. The present 

study was undertaken With the goal of evaluating the relationship between the wind waves and the 

turbulence structures across the air-water interface in a laboratory wind tunnel. 

Surface-Renewal Eddies 

Downward 
Bursts 

Flow with Interfacial Shear • Energy Transfer from Air Layer to Water layer • Capling of Mean, Wave and Turbulence Components 

I • Separation by 
T LFTMethod 

Evaluation of Mutual Interaction 
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6.1 Introduction 

6.1 Introduction 

So far, there have been a lot of researches about wind wave in the branch of coastal engineering and 
geophysical science. These researches are mainly divided into two categories ~ the one is about the 
drift current, wind velocity and momentum transport across the interface, etc., and the other is about 
the turbulence characteristics in a detailed level. 

As for the former research, Wu (1981) has confirmed the logarithmic distribution of wind velocity 
over a water surface and suggested a criterion to separate roughness conditions of the water surface 
into three regimes: aerodynamically smooth, moderately rough and fully rough. By the way, it is very 
important to make clear whether or not the momentum flux from the air side takes the same value to 
that into the bulk of water at the interface. There have been many but different researches about 
momentum transfer across the interface. For example, Shemdin (1972) has pointed out that almost all 
the momentum from the air side is transferred to the bulk of the water, Wu (1975) about 70% and 
Mitsuyasu ( 1985) about the half, etc. Though Wu (1988) has supposed two principal non-dimensional 
parameters relating the roughness height and the friction velocity ofwi·nd, it is not yet clear about the 
relationship between the structure of wind wave and the surface-wave fluctuations . Therefore, it is 
necessary to carry out further examinations about these points . 

On the other hand, most of the latter researches have been conducted in laboratory experiments and 
are closely related to a gas transfer across the interface. When the wind blows over the water, the 
energy is transferred to the mean and wave fields. At that time, there occurs the energy transport from 
the wave field to the mean field and from the mean field to the turbulent field . So, the coupling and the 
interaction among the mean, wave and turbulent fields exist, as pointed out by Cheung (1985) and 
Cheung and Street (1988). So, it is very important how to separate the wave-induced component and 
turbulence-induced component from velocity fluctuations. There are several methods for separating 
these two components. The first method (a) derived by Benilov eta/. (1974) is called the "linear 
filtration technique (LFT)" . In this method, the orbital motion of surface waves is assumed to be 
linearly related to the surface displacement, while turbulence and orbital motion are assumed to be 
uncorrelated at first order. Howe et al. (1982) pointed out that the wave component affects the mean 
velocity near the interface by using this method. The second method (b) derived by Dean (1965) is a 
nonlinear least squares resolution, which assumes that wave-induced motions and turbulence interact 
each other. Jiang et al. (1990) have used this method and pointed out that the wave-turbulence interaction 
does cause the energy transfer. The third method (c) derived by Thais and Magnaudet (1995, 1996) is 
called the ''nonlinear triple decomposition method (TDM)", by which the fluctuating water velocity is 
split into three contributions; that is to say, the potential, rotational wave-related and remaining turbulent 
components. They proposed that the wave-turbulence interactions scale with the ratio between the 
wave kinetic energy at the surface and the wind shear. Except the above-mentioned three methods, 
there are a few methods to separate the wave component. Bliven et al. (1984) have evaluated the first 
and the second order velocity spectra due to the surface elevation by using the deep water-wave 
theory, and Plate and Friedrich (1984) have used the simpler method to regard only the peak region of 
velocity spectrum as the wave component. 

In this way, there have been few comprehensive studies of detailed phenomena about wind waves. 
So, we compare the experimental data with the existing studies and reveal the structure of wind
induced waves and the relation to the surface-wave fluctuations . Furthermore, each decomposing 
method has some advantage and disadvantage, and it is difficult to decide immediately which is the 
best method. In this study, we used the most simple method, so called, LFT, and revealed the turbulence 
structure and coherent vortices in wind waves. 
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Fig.6.1 Schematic diagram of tilting wind-water tunnel. 

Table 6.1 Hydraulic conditions of wind wave. 

Ua, max U*a za ry' HIA. Rr 

(m/s) (cm/s) (em) (em) 

d2wa 0.94 3.84 0.00321 0.0292 3.200 0.08 

d2wb 1.79 7.56 0.00402 0.0145 2.667 0.19 

d2wc 2.63 12.01 0.00617 0.0130 1.333 0.47 

d2wd 3.63 17.51 0.00796 0.0855 1.143 0.88 

d2we 4.56 21 .79 0.00978 0.4812 0.571 1.35 

d2wf 5.46 28.67 0.01145 0.7085 0.286 2.06 

d2wg 6.76 38.98 0.01410 0.8559 0.235 3.45 

d2wh 8.30 50.29 0.01981 0.8157 0.200 6.25 

6.2 Experimental Apparatus and Procedures 

The experiments were conducted in a 16m long, 40cm wide and 50cm deep tilting wind-water 
tunnel, as shown in Fig.6.1. The wind tunnel is composed of a recirculating tilting water flume and an 
open-ended wind tunnel. The side and bottom walls of the measuring point 9m downstream of the 
channel entrance were made of optical glass for LDA measurements. Coordinate axes in the stream wise, 
vertical and spanwise directions were defined as x, y and z', respectively, and z was in the vertical 
direction from the water surface. And the corresponding velocity components are u, v, and w, 
respectively. Hydraulic conditions for the experiments are shown in Table 6.1. The parameters are 
defined as follows, U : the maximum wind velocity, U. : the friction velocity in the air layer 

~m~ · a 
calculated from the log-law, za : roughness height, ry' : the intensity of surface-wave fluctuations, H : 
the flow depth, A: wave length, Rr=U. z l v : roughness Reynolds number, and v : kinetic viscosity 

a a a a 
of air, respectively. In all the experimental cases, the flow depth was fixed to be 8cm. Winds of several 
speeds were blown over a stable water in recirculating flume by valve in the same way as Reid (1957) 
and Baines and Knapp ( 1965), and the measurements were made in the center of channel by using a 
500mW fiber-optic two-component LDA system (DANTEC-made). The sampling time was 60sec 
and the sampling frequency was about 200Hz. At that time, an ultrasonic depth-measuring instrument 
(0.1mm accuracy, KEYENCE-made) was set above the free surface, and synchronized with the LDA, 
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6.3 Theoretical Consideration and LFT Method 

and wave component and turbulence component were separated by a spectral separation method. 
Wind velocity was accurately measured with the LDA and a fog generator. Furthermore, the surface 
drift velocity Us was determined by measuring the time for a floating cube of about 2mm side to travel 
a fixed distance (50cm) by video recorder (0.01sec) and averaging more than 30 samples. 

6.3 Theoretical Consideration and LFT Method 

6.3.1 Theoretical Consideration 
The distribution of wind mean velocity over a water surface can be expressed by a log-law in a 

same manner as boundary layer over a fixed wall, as follows: 

Ua-Us _!_In~ 
U*a K Za 

(6.1) 

where U is a surface drift velocity, z is a roughness height of water surface and U is the friction 
s a ' * 

velocity . From now on, subscript "a" means air side and "w" means the water side. Wu (1981) has 
proposed three regimes dependent on the roughness of water surface, as follows : 
(a) Aerodynamically smooth : Rr=U. z /v <0.5 

a a a 
(b) Incompletely rough : 0.5<Rr<2 
(c) Aerodynamically rough: Rr>2 

Shemdin (1972) and Wu (1975) have pointed out that the log-law is effective near the free surface 
even in the water side. 

Us-Uw 1 y' 
ln-+8.5 (6.2) 

U*w K Yw 

where y '=H-y is the distance from the free surface into the bulk of water, and His the flow depth of 
channel. 

The dispersion relation of linear wave (small-amplitude waves theory) is given as follows ; 

(6.3) 

where c : wave celerity and a : surface tension. Given f. (primary frequency of wind wave), c and A are 
uniquely defined due to the relation c=)/. . P 

Wu (1988) has supposed two principal non-dimensional parameters characterizing wind-wave 
interaction in a local equilibrium and pointed out that these parameters are universal in a laboratory 
flume and field level, as follows: 

~=a 
U:.a 

(6.4) 

WpZa 
(6.5) =r U*a 

where w (=2:if.) is the angular frequency of dominant waves. Eq.(6.4) describes the growth of roughness 
length .Jith wi~d proposed by Charnock (1955), and corresponds to the inverse of square of Froude 
number ( a=O.O 185). Eq.(6.5) is the relation describing the influence of dominant waves on wind-
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wave interacting processes proposed by Toba (1979). 

6.3.2 LFT (Linear Filtration Technique) Method 
Any flow field quantities F(x,t) can be decomposed into three parts, i.e ., 

F(x,t)=F(x)+F(x,t)+F'( x,t) (6.6) 

where F(x), F(x,t) and F'( x,t) are the mean, wave-induced and turbulence-induced components, 
respectively. Straightforward time averaging ofF can determine the mean value p, as follows : 

- lT 
F(x)= lim - JF(x,t)dt (6. 7) 

T-ooT 0 

Benilov et al. (1974) proposed a spectral separation method (LFT) on the following assumption. 
(i) The wave-induced component is linearly correlated with surface displacement 17: 

-
F(x,t) =L 17(r,t) (6.8) 

(ii) The wave-induced motions and turbulence are not correlated with each other: 

FF'=O (6.9) 

where Lis some linear operator and r is the horizontal vector. In this way, the second moments of p 
and F' can be computed by LFT: 

(6.10) 

S __ (f) SarJ(f)S fJTJ *(f) 
a{J srJrJ(f) 

(6.11) 

where S is the cross spectrum of function a and {3, S the power spectrum of 1], S R * the conjugate 
ap !1''1 1 · h b 1-''YJ. h 

of the cross spectrum s
13 

, andf~he frequency, re~pecttve y. By ustng t e a ove equat~ons, t e power 
spectra of total velocity fluctuation and of wave-tnduced component are correlated wtth each other. 

6.4 Fundamental Characteristic of Wind Wave 

6.4.1 Momentum Transfer 
When the wind blows over the water, the drift current occurs in the water side. Wu (1975) has 

evaluated the relation between the wind velocity and the surface drift velocity, and suggested the 
following relation. 

(6.12) 

Fig.6.2 shows the ratio of drift current to friction velocity U/U•a versus the maximum wind velocity 
U . It can be seen that the value approaches a constant value derived by Wu (1975) when the wind 
vcl~city becomes faster and the surface-wave fluctuations occur. However, the value decreases in a 
lower wind velocity and tranquil surface. This phenomenon may be closely related with a momentum 
transfer, as mentioned later. Figs.6.3 and 6.4 show the primary mean velocity both in the air side and 
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the water side from the interface, where z is the distance to the upward-vertical direction from the 
interface (air side) andy' is downward-vertical direction (water side). In Fig.6.3 , there exists a viscous 
sublayer near the interface in the case of d2wa and d2wb. Furthermore, the value of Ua+ becomes 
larger than the log-law near the interface when the wind becomes stronger, which implies that a 
roughness sublayer develops in the same manner as rough bed flow over a fixed boundary. On the 
other hand, the log-law also holds good in the water side in Fig.6.4, in the same way as Shemdin 
(1972), Wu (1975) and Wu and Tsanis (1995) . The increasing characteristic near the interfac.e in 
rough situation is similar to that in the air side. In this way, the primary mean velocities on both stdes 
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have similar characteristics due to a close relationship across the interface. 

10 

Figs.6.5(a)-(b) show the friction velocities both in air side and water side evaluated from the log

law. Dotted curve is the two-order approximate one calculated from the experimental data. It can be 

seen that the present data are in a good agreement to the former values, which implies that u. and u. 
a w 

have an unique relation to the maximum wind velocity. Furthermore, the increasing rate of friction 

velocity becomes greater as the wind increases due to the change into the rough turbulence flow in the 

same way as Ocampo-Torres and Donelan (1995). 
Fig.6.6 shows the ratio of shear stress r /r, in which r =p u. 2 and r =p U._ _2. It has been pointed 

w a a a a w w ·w 

out that the momentum transport by waves is at most 7% of the momentum from the air side, which 

implies that the shear stresses of both sides coincide with each other except for the case that the 

momentum varies in the streamwise direction. In this figure, the momentum is continuous, i.e ., r =r , w a 

when the wind velocity becomes faster and the surface-wave fluctuations occur. However, the value 
of r /r is smaller in a lower wind velocity. This is because the shear stress is transferred through the 

w a 
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UTJ 

molecular viscosity of air in aerodynamically smooth conditions, whereas the drag on the water surface 

would be closely related to the roughness elements formed by the surface wave field in rough regime. 

6.4.2 Developing Process of Wind Wave 
When the wind blows over the water, the wind wave occurs at the free surface and changes 

considerably at various wind speeds, and the developing process of wind wave is closely related to the 

shape of free surface. From the flow visualization and the time-series of instantaneous surface-wave 

fluctuations, it became clear that there occurs the 3-D capillary wave in an incompletely rough region 

and that then it changes into the regular 2-D gravity wave in a rough region, as pointed out by Wu 

(1975). Fig.6.7 is the wave length of wind wave evaluated from the periodicity of cross-correlation 

coefficient between the velocity fluctuations at the fixed point and the surface-wave fluctuations at the 

movable point, together with Eq.(6.3). It can be seen that the experimental value deviates from the 

linear relation when the wind increases, which means that the non-linear component occurs in a rough 
region. 

Figs.6.8(a)-(b) show the water surface plot of cross-correlation coefficient C when LDA (u) was 
UTJ 
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Fig.6.9 Roughness height of air side za. Fig.6.1 0 Roughness height of water side y w· 

fixed at the center of the channel below the trough of waves (x=O , z'=O) and the depth-measuring 
instrument (tJ) was moved around the horizontal plane. It can be seen that the peak position of correlation 
attains like a chessboard in d2wd (incompletely rough situation). On the other hand, in d2wf, the value 
shows the occurrence of 2-D wave (rough situation). These wave shapes have a close relationship with 
the roughness height as mentioned later. 

6.4.3 Relation between Roughness Height and Surface Wave 
Figs.6.9 and 6.10 show the roughness height of both the air and water sides. As for the roughness 

height of air side z , the present data coincides reasonably with the existing results except for the data 
a 

ofWu (1968, 1975). The difference from Wu's data may be because he has applied some detergent to 
the water in order to suppress the generation of wind waves. Fig.6.1 0 is the roughness height of water 
side Yw (the present data are shown by solid circle), together with the value calculated from za' (open 
circle, the value calculated from Eq.(6.1) at A,=8.5) on the assumption that the roughness Reynolds 
numbers of both sides equal to each other, i.e ., y u. /v =z 'u. lv . It can be seen that distribution of 

w w w a a a 
two values is very similar. However, the value from z a' is much larger, which means the roughness 
Reynolds number of water side is smaller and thus the difference from log-law near the interface in 
water side is smaller than that in air side, as shown in Figs.6.3 and 6.4. 

Fig.6.11 shows the distribution of Charnock number a in Eq.(6.4) versus roughness Reynolds 
number Rr. The value approaches a constant value as the wind increases, and coincides well with the 
former value in rough region. On the other hand, Toba's (1979) relation yin Eq.(6.5) is shown in 
Fig.6.12, which value decreases and approaches the experimental value by Chu (1993) as the wind 
increases. Chu (1993) has conducted an experiment in a laboratory and Toba's (1979) data were attained 
in a field, which implies that the constant value by Toba (1979) depends greatly on whether the data 
are obtained in a laboratory or a field . 

Kitaigorodskii (1984) has pointed out that there exists a linear relation between the intensity of 
surface-wave fluctuations and roughness height in a high~nd velocity. Fig.6.13 shows the relation 
between the intensity of surface-wave fluctuations t]'=...Jr(- and roughness height za. It can be seen 
that the intensity ry' takes almost a constant value in smooth situation and increases rapidly in 
incompletely rough situation (3-D capillary wave), and that there exists a linear relation in rough 
region (2-D gravity wave) . 
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6.5 Turbulence Structure across Air-Water Interface 

6.5.1 Turbulence Structure on Air Side 
6.5.1a Turbulence Intensity and Reynolds Stress on Air Side 

The great difference of wind waves from usual boundary layers over fixed wall is that the roughness 
height (surface-wave fluctuations) becomes larger as the wind velocity becomes faster. Nakayama 
and Nezu (2000a) have revealed an unique relation between the intensity of surface-wave fluctuations 
and roughness height; the shape of surface waves depending on the roughness Reynolds number, i.e., 
aerodynamically smooth, incompletely rough and rough. Fig.6.14 shows the distribution of turbulence 
intensities u'IU. and v'IU.._ on the air side, together with DNS data of Kim eta/. (1987) and semi
theoretical curv; derived by Nezu and Nakagawa (1993), where dis the half height of air channel. It 
can be seen that the distributions of u'IU. and v'IU. in d2wa are the almost same as those over a 

a a 
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Fig.6.14 Turbulence intensities u'IU. and v'IU. on air side. 
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Fig.6.15 Reynolds stress -uv IU. 2 on air side. 
a 

smooth fixed bed, and that the distributions in d2wd are similar to those in a rough bed (tendency 
toward isotropy) when 3-D capillary wave occurs. Furthermore, these values become greater than the 
semi-theoretical curves when 2-D gravity wave occurs in d2wf and d2wh. The distribution of Reynolds 
stress -uv IU. 2 is shown in Fig.6.15 . There appears a similar distribution as in smooth bed in d2wa, 

a 
and there exists a constant stress layer peculiar to rough flow in d2wd. When the wind becomes 
greater in rough region, Reynolds stress approaches a triangular distribution and increases greatly 
near the interface, which causes a large energy transport to the generation of surface wave. 

6.5.1 b Energy Budget on Air Side 
Figs.6.16(a)-(c) show the distributions of turbulent generation Gd!U.a3

, turbulent energy dissipation 
rate ed!U. 3 and turbulent energy diffusion TDdiU. 3 on air side, respectively. The value of e was 

a a 
evaluated from the -5/3 power law ofFFT spectrum, as pointed out by Nezu and Nakagawa (1993). It 
can be seen that G decreases slightly near the interface and e decreases considerably when wind waves 
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occur. The value of TD decreases greatly as wind increases, which is closely related to the energy 
transfer into water side, as mentioned later. When the wind blows over the water, the energy of wind 
is transferred to the mean-flow and wave fields in the water. At that time, there occur the energy 
transfers from mean-flow field to wave field and from mean field to turbulence field, and thus the 
mean-flow, wave and turbulence fields are closely coupled. 

6.5.2 Turbulence Structure on Water Side 
6.5.2a Decomposition on Wave-Component and Turbulence-Component by LFT 

Fig.6.17 shows an example of spectral decomposition by LFT on the water side. It can be seen 
clearly that the wave-induced component (indicated as w) is centered around a narrow band of frequency, 
which corresponds to the frequency of dominant waves. Outside this band, the kinetic energy caused 
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by the wave-induced component is negligibly small and thus the turbulence component (indicated as 
t) is predominant, which implies that the wave component and turbulence component are well 
decomposed. 

6.5.2b Turbulence Intensity and Reynolds Stress on Water Side 
Figs.6.18 and 6.19 show the total turbulence intensities u' and v', turbulence-induced r.m.s. u<t) and 

v<t) and wave-induced r.m. s. u<w) and v<w), respectively . Howe eta!. ( 1982) pointed out that the total 
turbulence intensity decreases and finally approaches a constant value as the wind speed increases and 
2-D gravity wave occurs. The same characteristic can be seen in this figure. The distribution in d2wa 
(smooth) is quite different from the others and takes a constant value over the depth, that is to say, like 
a laminar distribution. It can be seen that the wave component is predominant under wind waves, 
whereas the turbulence component takes a greater part in smooth situation, as pointed out by Howe et 
a/. (1982). Furthennore, the turbulence component has a stronger universality under 2-D gravity wave 
in the case of d2wf and d2wh, as shown in the revised semi-theoretical formula. 
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Fig.6.20 Turbulent generation GHIU.w3
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and turbulent energy diffusion T rJIIU ... w3 on water side. 

6.5.2c Energy Budget on Water Side 
As mentioned before, when the wind blows over the water, the energy is transferred to the mean 

and wave fields and there occurs the energy transport from the wave field to the mean field and from 
the mean field to the turbulence field. So, the coupling among these three fields exist, as pointed out 
by Cheung (1985) and Cheung and Street (1988). Jiang eta/. (1990) pointed out that the wave-turbulence 
interaction contributes to momentum and energy transfer. 

Figs.6.20(a)-(c) show the distributions of GHIU.w3
, eHIU.w3 and T dfiU. 3 on water side. The 

distributions of G and e are comparatively similar to those on air side. However, the situation becomes 
a little different very near the interface in 2-D gravity wave. Firstly, there appears G>e on air side (an 
excess energy is transferred to water side), whereas G<e on water side (energy deficiency). Secondly, 
the peak position (indicated by arrow) of G is closer to the interface than that of eon air side, whereas 
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6.5 Turbulence Structure across Air-Water Interface 
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Fig.6.21 Turbulence intensity ratio v'lu' on both air and water sides. 
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Fig.6.22 Peak value and peak position of turbulence intensity on water side 
against roughness Reynolds number Rr. 

~he s~tuation is contrary on water side. The value of TD in water increases as wind increases, which 
tmphes the energy transfer becomes greater as wind velocity increases and corresponds well to the 
energy transfer on air side. 

6.5.3 Relationship of Turbulence Structures on Both Sides 
6.5.3a Relation of Turbulence Structures 

Figs.6.21(a)-(b) show the distributions of turbulence intensity ratio v'lu' on both air and water 
sides. It can be seen that both data approach the same value v'!u' =0.65 away from the interface, that is 
to say, an "equilibrium state". On air side, the value decreases near the interface in smooth situation, 
and the value becomes greater (toward isotropy) as wind increases, which is similar to rough bed flow. 
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In contrast, the value increases greatly near the interface on water side. Mitsuyasu and Kusaba (1988) 
added some detergent into the water in order to suppress the generation of wind waves and their data 
take the equilibrium value. In this way, the increase ofv'lu' near the free surface on water layer is 
peculiar to the flow field below the wind wave. 

6.5.3b Forecasting Turbulence Intensities in Water Layer 
It may be very useful to forecast the turbulence (in particular, the peak value) in wind wave by 

measuring the wind velocity. From Figs.6.18 and 6.19, it became clear that the total turbulence intensities 
near the free surface decrease as the wind increases. Figs.6.22(a)-(b) show the peak value and peak 
position of turbulence intensity on water side against roughness Reynolds number Rr in the semi
logarithmic plot. It can be seen that the peak value is well approximated by the logarithmic decreasing
function from the incompletely rough region to the rough region and that the peak position by the 
logarithmic increasing-function. By using these functions, the turbulence intensities on water side can 
be evaluated only by measuring the wind velocity. 

6.6 Conclusions 

In this study, fundamental characteristics in wind waves were investigated as a first step. Fig.6.23 
shows the conclusions of chapter 6. It was found that the logarithmic law of mean velocity is effective 
on both air and water sides. The momentum transfer in smooth situation is very different from that in 
rough situation, and the momentum flux is continuous across the interface in rough situation. Roughness 
heights on both sides are closely related with each other, and the former is generally greater than the 
latter. Finally, there has a close relationship between the roughness height and the surface-wave 
fluctuations, and in particular, there has a linear relation in fully rough situation. 

Furthermore, the characteristics of turbulence component and wave component were evaluated by 
using LFT in wind waves. The turbulence quantities in the air behave similarly to those in flows over 
flat plates. In the water, the total turbulence intensity decreases as an increase of wind velocity, whereas 
the turbulence component has a stronger universality. Furthermore, energy budget on both sides has a 
close relationship with each other and energy transfer through the air-water interface increases when 
the wind velocity increases. 

Notations 

B : channel width 
c : wave celerity 
d : half height of air channel 
F : any flow field quantities 
Fr : Froude number in water layer (=Um/ /iii) 
f : primary frequency of wind wave 
G : turbulent generation (or production) 
g : acceleration due to gravity 
H : flow depth 
L : some linear operator 
Rr : roughness Reynolds number (=U.az j v) 
r : horizontal vector 
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Notations 

•Log-Law of Mean v ·elocity 
II Effective in Both Air and Water Layers 

8Momentum Transfer 
II Smooth Situation : rw/ Ta < 1 .0 : Rough Situation : T.w/ Ta = 1 .0 

eRoughness Heights 
(D Values Increase as Wind Increases 

D za' (Air Side)>> Yw (Water Side) 

•Intensity of Surface-Wave Fluctuations 
II Closely Related to Roughness Height 

18 Linear Relation ( r(""'Za) in Rough Region 

•Turbulence characteristics in Air Layer 
•• Similar to Those over Flat Plates 

eTurbulence characteristics in Water Layer 
II Total Turbulence Intensities~: Universal Characteristics of 

elncrease of Wind Velocity Turbulence Component 

II Gt, £>,l,, T0 ~ (Air Layer): G~, r~, T0 t (Water Layer) 

II Energy Transfer from Air to Water Layer t 

Fig.6.23 Conclusions of chapter 6. 

S af3 : cross spectrum of function a and f3 
S : power spectrum of rJ 
~'1* : conjugate of the cross spectrum S f3 

1~TJ : turbulent energy diffusion TJ 

U : wind velocity 
a 

U : maximum wind velocity 
a, max 

U : bulk mean velocity 
m 

U : surface drift velocity 
s u. : friction velocity in air layer 

a u.b : friction velocity in water layer 
u. : friction velocity at the interface 

w 
u : instantaneous streamwise velocity component 
u', v' : total turbulence intensities 
u<r), v<t) : turbulence-induced r.m.s. 
u<w), v<w) : wave-induced r.m.s. 
-uv : Reynolds stress 
v : instantaneous vertical velocity component 
x : streamwise direction 
y : vertical direction from the channel bed 
y w : roughness height in water layer 
y' : distance from the free surface (=H-y) 
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y' : peak position of turbulence intensity from the free surface (=H-y) 
peak • c. ..c z : vertical directton .1rom water suuace 

z' : spanwise direction from the center of the channel 
z : roughness height in air layer a 

C'"JJ"eek symbols 
a : Charnock constant 
e : turbulent energy dissipation rate 
y : Toba's relation 
rJ' : intensity of surface-wave fluctuations (::.[:;2) 
A : wave length 
v : kinetic viscosity of air 

a 
v : kinetic viscosity of water w 
p : density of air a 
Pw : density of water 
a : surface tension 
r : shear stress in air layer (=p u. 2

) a a a 
r : interfacial shear stress in water layer (=p U. 2

) w w w 
wP : angular frequency of dominant waves (=27if;) 
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CHAPTER 7 

TURBULENCE STRUCTURE IN WIND-STREAM COMBINED FLOWS 

Abstract 

In actual rivers, a wind blows over the flowing water, so called, a condition that the bed shear and 
the interfacial shear coexist. The mean velocity and turbulence intensity distribution were experimentally 
investigated for both liquid phase and air phase of air-water stratified two-phase flows. As a result, the 
mixing-length model in wind wave was extended in the air flow of two-phase flows . As for water 
layer, it was clarified that the shear stress does not vary linearly which adds interfacial shear to the bed 
shear when there exist both the bed shear and the interfacial shear and that the distribution is parabolic. 
Furthermore, the non-linearity increases as the ratio of friction velocities in both layers increases. In 
this way, it was found that the relative velocity between the air flow and the water flow is closely 
related to the turbulence structure near the free surface in two-phase flows. 

AirFlow . 

Water Flow ... 
Surface-Renewal 

Eddies 

Downward 
Bursts 

Comparison with Single Layer Flow 

Separation of Each Effect 

Prediction of Velocity Distribution 
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7.1 Introduction 

7.1 Introduction 

Up to the former chapters, the turbulence structure and coherent structure were evaluated in open
channel flow and wind wave. However, in actual rivers, a wind blows over the flowing water and the 
bed shear and the interfacial shear coexist, as shown in Fig.7.1. In chemical , mechanical and nuclear 
engineering, the flow characteristics and the interfacial heat transfer coefficients have been investigated 
experimentally for the need to estimate accurately the heat transfer rate at the liquid surface of cooling 
reactors. 

Hanratty and Engen (1957), Cohen and Hanratty (1965) and Hanratty (1983) classified the surface 
wave into smooth surface, 2-D waves, 3-D waves, roll waves, and dispersed waves in terms of a liquid 
and a gas Reynolds number in two-layer flows, and analytically solved the initiation of atomization in 
comparison with Kelvin-Helmholtz theory . About these waves, Akai et al. (1977, 1980) have evaluated 
the variations of auto-correlation function of surface-wave fluctuations. They pointed out that a large 
amount of momentum transfer occurs in the vicinity of the disturbed interfaces because the eddy 
viscosities obtained in the vicinity of the wave interface exhibit a much larger value than those obtained 
for the region close to a smooth wall in the single-phase flow. Furthermore, it was clarified that the 
asymmetric behavior of the total eddy viscosity introduced by the wave-induced shear stress causes a 
significant distortion of the velocity profile in the gas phase. 

In order to evaluate the turbulence structure of these two-layer flows , the prediction of the 
distributions of water and wind velocities has mainly been conducted so far. As for the wind velocity, 
there have been a lot of researches about the relation between the wind velocity and the roughness 
height in view of the disagreement of the Miles' (1957) inviscid theory with experimental data. Because 

Bottom turbulence Surface turbulence 

River and wind 

Fig.7.1 Schematic representation of flow conditions. 
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it is important how to model the mixing length for defining the velocity distribution: Riley eta/. 
(1982) have suggested the new mixing-length model in wind wave in comparison with the mixing

length model in smooth flow by van Driest (1956) and the model in rough flow by Rotta (1962). On 

the other hand, about the water flow, Henstock and Hanratty (1976) have evaluated the interfacial 

drag and the height of water layer in annular flow on the assumption that the shear stress is given by a 

weighted average of bed shear and interfacial shear suggested by Hughmark (1973). Furthermore, 

Reid (1957) has led the distribution of primary mean velocity depending on the ratio ofthe bed shear 
to the interfacial shear in two-layer flows on the assumption that the distribution of shear stress is 

linear and that the mixing length is parabolic. However, errors are unavoidable when the distribution 

of primary velocity is calculated supposing the unknown distribution of mixing length and the shear 

stress. Tsuruya ( 1987) connected the log-law from the bed wall and that from the interface by using 

the continuity equation and the boundary condition, and verified the coincidence of this calculated 
value with the experimental value. Furthermore, Hughes and Duffey (1991) have extended Reid's 
(1957) equation to integrate the expression for the dimensionless velocity gradient and compared the 

velocity distribution depending on the relative magnitude of bed shear and interfacial shear and on the 

eddy viscosity at the interface. 
Tsuraya (1987) has suggested an empirical formula of turbulence intensity on the assumption that 

the turbulence energies generated at the wall and at the interface can be added linearly. However, 

though the turbulence intensity in open-channel flow has the universally semi-theoretical relations as 
pointed out by Nezu and Nakagawa (1993), the turbulence intensity in wind wave decreases as the 

wind increases as suggested by Nakayama and Nezu (2000a) . So, it may be impossible to express 

universally the turbulence intensity in two-layer flow in the same way as Tsuraya (1987). Furthermore, 

Fabre eta/. (1984) examined the occurrence of secondary currents and the non-linearity of shear stress 

in two-layer flows. Banat (1992) pointed out that the Boussinesq law is not suitable to the momentum 

equation in the interfacial layer and that the secondary currents play an important role in the transfer of 
the excess energy in the interfacial layer toward the bulk of the liquid phase though it is applicable in 

the lower layer of water flow. Therefore, the linearity does not generally hold good in two-layer flows 
and it has a possibility that there occurs the interaction of both shears. 

In this way, there have been almost no researches about the relationship of turbulence structures 
between on the air and water layers. In this study, the turbulence structures in two-layer flows and the 

relationship between both layers were examined by using LDA. 

7.2 Experimental Apparatus and Procedures 

The experiments were conducted in a tilting wind-water tunnel of 16m long, 40cm wide and 50cm 

deep in the same flume as in the chapter 6. In this chapter, there exist both the air and the water flows 

as shown in Fig. 7.2. The present air/water tunnel is composed of a recirculating tilting water flume 

and an open-ended wind tunnel. Coordinate axis in the streamwise direction is defined as x. The 

direction of air and water flows is defined as positive, as shown in Fig.7 .2. In this study, only co

current case was evaluated because fully-developed flow could be easily generated. As for the vertical 

direction, the upward direction from the bottom is defined as y . The upward and downward directions 
from the interface are defined as z andy' (=H-y, His the flow depth), respectively . Instantaneous 
velocities for the streamwise and vertical components are u(t) and v(t), respectively. 

In order to measure the instantaneous velocity for both air and water, 500mW LDA system 

(DANTEC-made) was used at the center of channel 9m downstream of the channel entrance. About 
water flow, sampling time was 60sec, and sampling frequency was about 150Hz. An ultrasonic depth-
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Measuring 
Point 

Air-Water 
Interaction 

.. 
Air Row 

Water Row Pump f Jack 

Valve 

Wind Tunnel 

Fig.7.2 Schematic diagram of tilting wind-water tunnel. 

Table 7.1 Hydraulic conditions of two-layer flows . 

Ua,max Q Fr U*a U*b 

(m/s) (1/s) (cm/s) (cm/s) 

wHO 1.49 0.0 0.01 5.34 0.05 

w2f0 4.39 0.0 0.09 21.37 0.43 

w3f0 8.41 0.0 0.15 37.99 0.58 

w0f1 0.00 3.2 0.32 0.00 1.22 

w1f1 1.49 3.2 0.32 4.52 1.25 

w2f1 4.39 3.2 0.32 18.45 1.20 

w3f1 8.41 3.2 0.33 40.20 1.22 

w0f2 0.00 8.0 0.80 0.00 2.53 

w1f2 1.49 8.0 0.81 3.20 2.57 

w2f2 4.39 8.0 0.83 13.66 2.61 

w3f2 8.41 8.0 0.95 38.57 2.61 

w0f3 0.00 15.0 1.50 0.00 4.64 

w1f3 1.49 15LQ 1.57 1.82 4.67 

w2f3 4.39 15.0 1.58 12.49 4.77 

w3f3 8.41 15.0 I 1.63 32.19 4.93 j 

measuring instrument (KEYENCE-made) was set above the free-surface and synchronized with the 

LDA. Wind velocity was accurately measured with a fog generator (sampling number was 10,000, 
and sampling frequency was about 1kHz). 

Hydraulic conditions for the experiments are shown in Table 7.1. Experiments are divided into 

three conditions; (A) bottom-shear generated flow (open-channel flow), (B) wind-shear generated 

flow and (C) combined wind/stream flows. The parameters are defined as follows, Q : flow discharge, 
H : the flow depth, U : the maximum wind velocity, u. : the friction velocity in the air layer 

~m~ a 
calculated from the }:2¥-law, U.b : the friction velocity in the water layer, Fr (=U,n / .,{iii) : Froude 

number, and 17' (= ~rz~ ) : the intensity of surface-wave fluctuations, respectively . Flow depth was 
fixed at H=4.0cm in all cases. As for (B) wind-induced flow, winds of several speeds were blown over 

a still water in recirculating flume (valve-closed : wind-tank) and non-recirculating flume (valve-open 
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Sub-Critical Flow Near-Critical Flow 

(A) Open-Channel Flow 

Super-Critical Flow 

Smooth Region Incompletely Rough Region 
(3-D Wave) 

(B) Wind-Water Wave 

(C) Combined Wind/Stream Flow 

Fig. 7.3 Free surface situations. 

Rough Region 
(2-p Wave) 

: wind-open) . As for (C) combined wind/stream flows, only co-current case was evaluated. The stream 
condition was changed to three patterns, so called, Fr=0.32 (sub-critical flow), 0.80 (near-critical 
flow) and 1.50 (super-critical flow) . The wind condition was changed to three patterns, that is to say, 
Ua max(m/s)=1.49 (smooth region), 4.39 (incompletely rough region) and 8.41 (rough region) . These 
sitUations are depicted in Fig.7.3. 

7.3 Previous Mixing-Length Models 

7.3.1 Mixing-Length Model in Air Layer 
The great difference between the boundary layer over the wavy interface and that over the flat plate 

is that the roughness height at the interface increases as the wind velocity increases. At that time, it is 
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very important how better the mixing length l is modeled for deciding the distribution of Wind velocity. 
Here, three types of previous mixing-length model are shown; 
(1) van Driest's (1956) Model 

(7.1) 

where K: von Karman constant (=0.41 ), U*a : friction velocity in ai r layer, and v : kinetic viscosity of 
air, respectively. This model is for the flow over flat plate (A=26). a 

(2) Rotta' s (1962) Model 

(7.2) 

This model is applicable only for the rough bed flow because /
0 

means the turbulent mixing over the 
roughness element and takes non-zero value at the wall. 
(3) Riley et al.'s (1982) Model 

(7.3) 

where /
0
=0 and B=13 in smooth bed flow. 

7.3.2 Mixing-Length Model in Water Layer 
Hughes and Duffey (1991) have extended the Reid's (1957) idea to lead into the velocity distribution 

in water layer. They obtained the velocity distribution in Eq.(7.7) from the momentum balance on the 
assumption that the shear stress varies linearly and that the mixing length is parabolic. 

(7.4) 

(7.5) 

( yU*b) D=l-exp - vwA (7.6) 

(7.7) 

where D : the van Driest damping function, U.
6

: friction velocity in water layer, Pw: density of water, 
vw : kinetic viscosity of water, k6 

(=1(=0.41), k (l=k H at y=H), and r6 and r are wall shear and 
. w w w 
mterfacial shear, respectively. For rw =kw =0, Eq.(7.7) reduces to the open-channel flow without interfacial 
shear. Superscript"+" means non-dimensional value in Eq.(7.7). 
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Fig. 7.4 Friction velocity in air side U.a 
evaluated from the log-law in two-layer flows. 

7.4 Turbulence Structure of Air Flow 

7 .4.1 Turbulence Structure of Air Flow 
7.4.1a Friction Velocity and Drift Current 
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Fig. 7.5 Ratio of drift current to friction velocity 
U IU. in two-layer flows. 

s a 

Fig.7.4 shows the distribution of friction velocity in air side U.a evaluated from the log-law versus 
the maximum wind velocity U , together with the value of wind wave in recirculating flume by 

a, max 
valve (wind-tank) by Nakayama and Nezu (2000a) and in non-recirculating flume without valve (wind-
open). Dotted curve is the two-order approximate one calculated from the experimental data. It can be 
seen that the discrepancy between wind-tank and wind-open increases as the wing velocity increases 
and that the values of wind-open are little dependent on the flow depth. Furthermore, the friction 
velocity u. decreases as the water velocity increases, which means that u. increases as the relative 

a a 
velocity of air flow and water flow is larger. 

Fig. 7.5 shows the ratio of drift current to frictiQn velocity U/ U.a versus U•a· The value in recirculating 
flume (H=8.0cm, wind-tank) corresponds well to the previous value (~IU.a =0.55) at he rough situation 
in the faster wind velocity (U. > lOcm/s}, whereas the value in non-recirculating fl ume takes a little 

a 
larger value than that in recirculating flume (U IU. = 1.0). In the two-layer flows, U IU. takes a larger 

s a s a 
value than one, which increases as the relative velocity increases. The relative drift current (U -U .fl )/ s s ow 
u. is shown in Fig.7.6, where U fl is the drift current in open-channel flow. The value approaches 

a S OW 

the value in wind wave with the increase in wind velocity, which implies that the relative drift current 
takes the universal value even in two-layer flows. 

7.4.1b Primary Mean Velocity and Roughness Height 
Fig.7.7 shows the distribution of primary mean velocity in air layer Ua+, together with the log law 

and the value in wind wave (wind-open). In this figure, z is roughness height evaluated by the log 
a 

law. Measurement in the vertical direction was conducted up to the point z ·. d (half height of air 
channel) in order to include the maximum wind velocity . The log law holds good even in two-layer 
flows . Fig.7.8 shows the distribution of roughness heightza versus U*a' It can be seen thatza increases 
as u. increases in wind-open and Fr=0.32 . In Fr=0.80, z takes a minimum value at the intermediate 

a a 
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Fig.7.9 Turbulence intensity ratio v'lu' on air side. 

wind velocity. In Fr=1 .50, z monotonically decreases as u. increases. In this way, z depends greatly a a a 
on the relative velocity of air and water, and there always exists the condition that z takes a minimum 

a 
value, so-called condition that the relative velocity takes a minimum value, when the wind velocity 
changes at the fixed water velocity in two-layer flows. 

7.4.1c Turbulence Intensity Ratio 
Fig.7.9 shows the ratio of turbulence intensities v'lu'. In this figure, the equilibrium value (v'/u'=0.65 ) 

at the log-law region in wind wave (wind-tank) proposed by Nakayama and Nezu (2000a) is also 
plotted. In wind-open, v'Ju' approaches the constant value (v'/u'=0.65) away from the interface at the 
log-law region regardless of the wind velocity. On the other hand, in two-layer flows, v'/u'takes a little 
smaller value (v'/u'=0.55) than that in wind wave, whereas v'/u' approaches the same value as in wind 
wave toward the upper wall. This means that the non-isotropy of turbulence takes a larger value in 
two-layer flows than in wind wave. Furthermore, in the case of smaller wind velocity (U =1.49m/ a, max 
s), the return to isotropy increases near the interface as the water velocity increases, which is mainly 
caused by the increase of roughness height anc!_ separation behind the wave crest due to the surface
wave fluctuations . 

7.4.2 Extension of Mixing-Length Model to Two-Layer Flows 
Fig. 7.10 shows the mixing length I normalized by U. and v in the smaller wind case, together a a 

with van Driest's (1956) model (A=26) in Eq.(7 .1) and Riley et al.'s (1982) model (1
0
=0, B=13) in 

Eq.(7.3). It can be seen that Riley et al.'s model reproduces well the experimental value in the point 
that the mixing length near the interface is a little smaller than that near the flat plate. 

The ratio of 1
0 

to za is shown in Fig.7.11 , where 1
0 

is the coefficient in Eq.(7.3) at the fixed value 
B=13 decided from the least square method between the experimental data and Eq.(7.3). In this figure, 
the empirical formula by Riley et al. (1982) and the boundary values between smooth region, 
incompletely rough region and rough region (Rr=0.137, 2.2) are also plotted together. The data in 
wind wave coincide well with the curve by Riley et al. and /

0 
is in proportion to z a in rough region. On 

the other hand, liz a increases remarkably in smooth and incompletely rough region as Froude number 
increases. Therefore, in two-layer flows, as the water velocity increases, roughness Reynolds number 
decreases due to the decrease of relative wind velocity and mixing length increases greatly in smooth 
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Fig. 7.12 Shear stress 'l(y) in wind wave. 

and incompletely rough region. 

7.5 Turbulence Structure of Water Flow 

7.5.1 Shear St ress in Water Layer 
So far, many researchers, for example, Reid (1957), Hughes and Duffey (1991) and Taniguchi et 

al. (1996), have evaluated the velocity distribution in water layer on the assumption that the shear 
stress varies linearly (it is not clarified that the shear stress distribution is linear even in wind wave.) 
and that the mixing length is parabolic. However, there have been less verifications any more. 

Fig. 7.12 shows the distribution of shear stress 'l(y) (g/cm/s2
) in wind wave. The shear changes from 

linear to parabolic distribution as the wind increases. Considering that there exists a small bed shear in 
non-recirculating flow due to the non-zero bulk mean velocity, the shear stress distributions can 
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Fig.7.13 Shear stress ey) in two-layer flows . 

approximate to be parabolic as follows ; 

(7.8) 

In this way, in wind wave, the linear distribution of shear stress does not generally hold good as in 
open-channel flow, which may be closely related to the occurrence of secondary currents (upflow at 
the center of the channel) as mentioned by Banat (1992). 

Fig.7.13 shows the distribution of shear stress L(y) in two-layer flows, together with the dotted 
curve that only water flow and air flow's data added linearly. When the Froude number is smaller, the 
effect of air flow to the shear stress is greater. Furthermore, as the wind velocity is faster, the linear 
solution overestimates the shear stress in an intermediate region. This is because the secondary currents 
are greater in two-layer flows than in wind wave. Therefore, the shear stress in two-layer flows is 
refined from Eq.(7.4) to Eq.(7.9). 

(7.9) 

7 .5.2 Primary Mean Velocity 
Fig.7.14 shows the distribution of primary mean velocity on water layer U+= UI U.6 in wind wave, 

normalized by the friction velocity at the bed wall U.
6 

and the kinetic viscosity of water vw, where 
y=U.iJIVw is the normalized distance from the bed wall. In this figure, the semi-theoretical curve 
using Eq.(7.7) evaluated from Eqs.(7 .5) and (7.8) is also described (k =0.01). It can be seen that the 
distribution varies from the laminar distribution in smooth region to logarithmic distribution in rough 
region, which differs a little from Eloubaidy and Plate (1972) in the point that they pointed out the log 
law is effective near the bed in wind wave regardless of wind velocity. Furthermore, the curve reproduces 
well the experimental data, which means that the shear stress distribution in Eq .(7.8) is effective. 

Fig. 7.15 shows the distribution of water velocity U+ in two-layer flows, together with the semi-
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theoretical curve using Eq.(7. 7) evaluated from Eqs.(7.5) and (7.9) (kw=0.01) . In this figure, As means 
integration constant in log law. The log law is effective near the wall even in two-layer flows . The 
curve calculated from Eq.(7. 7) is well coincident with the experimental data except the case in Fr=0 .32 
and U =8.41 (m/s), which is due to the fact that the calculated curve does not contain the effect of a max 
seconaary currents in shear stress distribution. Taniguchi eta/. (1996) pointed out that the semi-
theoretical curve calculated from Eqs.(7.4) and (7.5) coincides very well with the experimental data 
and this may be because their experiment was conducted in smaller wind velocity (Reynolds number 
equals about 20,000.) . Furthermore, the water velocity increases rapidly near the free surface as the 
wind velocity increases, which implies that the relative velocity between water and air affects greatly 
the velocity distribution in water layer. 

7.5.3 Turbulence Intensity and Dissipation Rate 
7.5.3a Non-Linearity of Turbulence Intensity 

Tsuraya (1987) has suggested an empirical (onnula of turbulence intensity on the assumption that 
the turbulence energies generated at the wall and at the interface can be added linearly, as follows; 

, I ,2 ,2 
U = ~u water + u wind 

I J t2 t2 
V = V water +V Yt'ind (7.10) 

He suggested the empirical formula by using the above assumption and pointed out that this empirical 
formula coincides well with the experimental data. However, in the modeling of atmospheric and 
oceanic mixing layer, it is usual to evaluate the mutual effect of wind and convection by the sum of 
energy flux, as follows : 

' ( ,3 ,3 )1/3 
U = U water +U Yt'ind 

v' - ( v'~ater + v' :;,.nd) 1J3 (7 .II) 
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The turbulence intensities u'IU*b and v'!U*b are shown in Fig.7.16 versus the distance from the f~ee 
surface y'=H-y. In the same way as in Fig. 7.15, the value increases near the free surface as the relative 
velocity is larger. Furthermore, Eqs.(7.10) and (7.11) are also described in this figure . Both calculated 
values reproduce well the experiment in u'IU.b<2.0 or v'IU .. b<2.0. However, Eqs.(7.10) and (7.1 I) 
become scattered from the experimental values at the higher values and Eq.(7 .11) is better than Eq.(7.10), 
which implies that the mutual effect in two-layer flows can be well reproduced by the sum of energy 
flux . So, the turbulence intensities in two-layer flows are not expressed by the universal formula in the 
same way as open-channel flow because u' . jU. and v' . jU. wind decrease as the wind velocity 

wm a wzn a 
increases. 

The depth-averaged values of the ratio of the experimental values (u' , v) to the linear values 
(u' . v' . ) evaluated by Eq.(7.1 I) are shown in Fig. 7. I 7. The non-linearity increases as u.aJU*b 

/mear' lz near · h · 
becomes greater than 2 or 3, which is closely related to the generatton of secondary currents . In t ts 
way, it is from now on needed to forecast the turbulence considering the effect of non-linearity in two-
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Fig.7. 18 Turbulent dissipation rate eHIU.b3 near free surface. 

7.5.3b Distribution of Dissipation Rate 
Figs.7.18(a)-(c) show the distributions of the turbulent dissipation rate eHIU.b3 near the free surface 

evaluated from the - 5/3 power law of spectrum when the Froude number changes. In this figure, the 
semi-empirical formula in open-channel flow by Nezu and Nakagawa (I 993) is also plotted together. 
As the wind velocity increases, e increases near the free surface in Fr=0.32, whereas e decreases near 
the free surface in Fr=I .50. This is because in Fr=l .50, the relative velocity decreases as the wind 
velocity increases. In this way, in order to evaluate the turbulence structure in two-layer flows, it is 
necessacy to consider both the friction velocities or the bulk mean friction velocity in the same way as 
Eloubaidy and Plate (1972). 
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Fig. 7.19 Conclusions of chapter 7. 

7.6 Conclusions 

In this study, the turbulence structure in two-layer flows was conducted . Fig. 7.19 shows the 
conclusions of chapter 7. The log law is effective both in air and water layer near the interface. And the 
roughness height is closely related to the relative velocity of both layers. Furthermore, the relative 
drift current takes the universal value even in two-layer flows . About the air layer, the mixing-length 
model in wind wave was extended in the air flow of two-phase flows. 

In the water layer, it was clarified that the shear stress does not vary linearly which adds interfacial 
shear to the bed shear due to the generation of secondary currents. Furthermore, the non-linearity 
increases with the increase in the ratio of friction velocities in both layers. In this way, the turbulence 
intensities and the dissipation rate have a close relationship with the relative velocity of both layers. 

Notations 

A, B : parameters in damping function 
As : integration constant in log law 
B : channel width 
D : van Driest damping function 
d : half height of air channel 
Fr : Froude number in water layer (=Urn/ /iii) 
g : acceleration due to gravity 
H : flow depth 
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k : constants of mixing length at the interface 
w 

k
6 

: von Karman constant (=x:=0.41) 
I : mixing length 
/
0

: turbulent mixing over the roughness element 
r : dimensionless mixing length (=U. 1/v) a a 
Rr : roughness Reynolds number (=U. z /v ) a a a 
ua: wind velocity 
U : maximum wind velocity a, max um : bulk mean velocity 
Us : surface drift velocity 
U fl : drift current in open-channel flow s. ow u. : friction velocity in air layer 

a u.b : friction velocity in water layer 
u.w: friction velocity at the interface 
u : instantaneous streamwise velocity component 
u'

1
. r' v'

1
. : linear values of turbulence intensities 

znea znear 
v : instantaneous vertical velocity component 
x : streamwise direction 
y : vertical direction from the channel bed 
y+: yU./ vw ; vertical distance in law of the wall coordinates 
y' : distance from the free surface (=H-y) 
z : vertical direction from water surface 

Greek symbols 
c : turbulent energy dissipation rate 
ry' : intensity of surface-wave fluctuations (=...{:!) 
1< : von Karman constant (=0.41) 
A : wave 1 ength 
va : kinetic viscosity of air 
vw : kinetic viscosity of water 
Pa : density of air 
Pw: density of water 
'l{y) : distribution of shear stress in water flow 
r : interfacial shear stress (=p u. 2

) w w w 
r6 : wall shear stress (=pwU.6

2
) 

-t" : dimensionless shear stress (=r/ r6) 
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Abstract 

CHAPTERS 

CHARACTERISTIC OF GAS TRANSFER COEFFICIENT 
ACROSS AIR-WATER INTERFACE 

Mass transfer across an air-water interface is a fundamental and very important process in 
environmental and geophysical problems. The relation between the turbulence structure near the 
interface and the gas transfer process across the air-water interface was experimentally evaluated. At 
that time, three different turbulent conditions were considered; namely, the bottom shear driven 
turbulence, the wind shear driven turbulence, and the combined wind/stream driven turbulence. As a 
result, the mechanism of gas transfer across the air-water interface is well explained by a small-eddy 
model of turbulence. 
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Cbulk 
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• Modification including Effect of Both Shears 
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8.1 Introduction 

8.1 Introduction 

Mass transfer across a gas-liquid interface is of fundamental importance to environmental and 
geophysical sciences. In most cases of practical importance, the majority of environmentally important 
gases have low solubility (or high Henry's constant : for example, 0

2
, N

2
, C0

2
, CO and CH

4
) and the 

liquid flow is turbulent, and therefore the gas transport across the interface is governed by the 
hydrodynamic conditions of liquid side. Recently, Jirka and Ho (1990) and Chu and Jirka (1992) have 
used a finished oxygen microprobe, and measured very accurately the instantaneous gas concentration 
fluctuations very near the free surface. They evaluated the co-spectra of vertical velocity and 
concentration and clarified that both fluctuations are closely related with each other. 

By the way, the previous model of gas transfer coefficient KL is mainly classified into two models, 
that is to say, (1) conceptual model and (2) hydrodynamic model. Conceptual model is simple solution 
of a vertically one-dimensional diffusion equation without any explicit advective flow field. Lewis 
and Whitman (1924) have proposed a ''film model" on the assumption that there exist two stagnant 
thin films on each side of gas-liquid interface and that the gas molecules pass through these two films 
by molecular diffusion. 

(8.1) 

where Dm (cm2/s) is the 1nolecular diffusivity of the gas in the liquid,~, (em) is the thickness of the 
film. On the other hand, Danckwerts (1951) modified the Higbie's (1935) model and derived a "swface
renewal model", as follows: 

(8.2) 

where r (1/s) is the mean frequency of surface renewal. Furthermore, O'Connor and Dobbins (1956) 
have suggested the combined model of film model (r=O) and surface-renewal model (r= oo) depending 
onr. 

In hydrodynamic model, the advective diffusion equation is solved under the imposed assumption 
of a simple, single-scale flow pattern. This model is mainly divided into the "large-eddy model" by 
Fortescue and Pearson (1967) and the "small-eddy model" by Lamont and Scott (1970). The integral 
length scale is used for time scale in the large-eddy model, and Kolmogorov scale (the dissipation rate 
of turbulent energy E) is considered to be an important parameter in the small-eddy model, as follows: 

+ KL S -1/2 -1/2 dd l KL =-ex c & :LargeE yMode 
u* 

(8.3) 

+ -1/2 -1/4 l KL cx.Sc 14 :Sma lEddyModel (8.4) 

where Sc(=v!D ) is the Schmidt number, and R. is the turbulent Reynolds number. Furthermore, 
m 

Theofanous eta!. (1976) proposed a two-regime model combining the large-eddy model for low 
Reynolds number with the small-eddy model for high Reynolds number. Furthermore, Brumley and 
Jirka (1988) have suggested the newer model different from the above-mentioned two models. They 
considered the surface divergence fluctuations as an important force of gas transport across the 
Kolmogorov sublayer into the bulk water and combined the stagnation flow model by Chan and Scriven 
(1970) and the random eddy model by Harriott (1962). 

In order to evaluate the relation between the turbulence structure and gas transfer across an air-
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water interface, it is necessary to consider the following three different turbulent conditions for the 

first time, as pointed out by Plate and Friedrich (1984); (A) bottom-shear generated turbulence (open

channel flow), (B) wind-shear generated turbulence and (C) combined wind/stream turbulent conditions. 

As for (A) open-channel flow, there have been various discussions whether the large-eddy model or 

the small-eddy model is effective, and this is not clear yet. Hirayama eta/. (1995) have pointed out 

that the large-eddy model is more effective based on turbulence intensities by examining the former 

experimental data comprehensively. On the other hand, Moog ( 1995) and Moog and Jirka (1995) 

conducted some experiments in the newest Tilting Wind-Water Tunnel (TWWT) and concluded that 

the small eddies are more active in the surface rene\val. Furthermore, Dobbins (1964, 1965) and 

Thackston and Krenke! ( 1969) have applied the renewaltnodel and proposed a formula including the 

.effect of Froude number to account for enhanced surface area due to surface distortions in open

channel flow. 
As for (B) wind-induced flow, Nezu and Nakayama (1999c) showed the relation between the intensity 

of surface-wave fluctuations and roughness height of water surface. They pointed out that the intensity 

takes almost a constant value in a smooth situation and increases rapidly in an incompletely rough 

situation (3-D capillary wave), and also that there exists a linear relation in a rough region (2-D gravity 

wave) . O'Connor (1983) has applied the film model in the smooth situation and the renewal model in 

the rough situation, and expanded semi-theoretically the relation between KL and the friction velocity 

u. in the air flow by using the continuity of momentum across the interface. Broecker and Siems 

(1984), Liss and Merlivat (1986) and Chu and Jirka (1995) also pointed out the discontinuity of KL 

around a particular friction velocity and the value of KL increases rapidly due to the change of surface 

roughness conditions. 
Finally, as for (C) combined wind/stream flow, Mattingly (1977) has proposed the equation of KL 

in the bottom-shear flow and applied the expression into the two-layer flows. Eloubaidy and Plate 

(1972) have developed the theoretical equation to predict KL based on the concept that KL is controlled 

by an effective turbulent diffusion coefficient at the free surface in the combined flow. On the other 

hand, Jirka and Brutsaert (1984) suggested a simple relationship for the relative importance of 

streamflow generated turbulence and of wind turbulence on gas exchange on the basis of estimation 

for the near-surface turbulent energy dissipation rates. Chu (1993) has expanded this idea and related 

the turbulence structure near the free surface with the gas transfer across an air-water interface. However, 

there is not a clear relation between their suggestion and the previous models. Consequently, it is 

necessary to correlate these models with each other. 
In this way, there remain a lot of questions unanswered concerning the turbulence structure near 

the free surface and its role in the interfacial gas transfer process. The aim of this study is to relate the 

turbulence structure near the free surface with the gas transfer coefficient each other. 

8.2 Experimental Apparatus and Procedures 

The experiments were conducted in a tilting wind-water tunnel of 16m long, 40cm wide and 50cm 

deep, as shown in Fig.8.1 in the same way as in the chapters 6 and 7. The present air/water tunnel is 

composed of a recirculating tilting water flume and an open-ended wind tunnel. Coordinate axis in the 

stream wise direction is defined as x. As for the vertical direction, the upward direction from the bottom 

is defined as y. The upward and downward directions from the interface are defined as z andy' (=H-y, 

His the flow depth), respectively. Instantaneous velocities for the stream wise and vertical components 

are u(t) and v(t), respectively. 
In order to measure the instantaneous velocity for both air and water, 500m W LDA system 
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Fig.8.1 Schematic diagram of tilting wind-water tunnel. 
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Fig.8 .2 Schematic representation of dissolved oxygen (DO) measurement. 

(DANTEC-made) was used at the center of channel9m downstream of the channel entrance. About 

water flow, sampling time was 60sec, and sampling frequency was about 150Hz. An ultrasonic depth

measuring instrument (KEYENCE-made) was set above the free surface and synchronized with the 

LDA. Wind velocity was accurately measured with a fog generator (sampling number was 10,000, 

and sampling frequency was about 1kHz). By applying the log law both in the air flow and the water 

flow, the friction velocities were evaluated. 
Dissolved oxygen meter (0.1 mg/1 accuracy, CENTRAL SCIENCE-made) was used for the 

measurement of dissolved oxygen (DO) concentrations, as shown in Fig.8.2. Water was deoxygenated 

by putting enough sodium sulfite(Na
2
S0

3
) in the following equation. 

(8 .5) 
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Table 8.1 Hydraulic conditions in DO measurements. 

Wind-Water Wave (Valve-Closed) Open-Channel Flow 

case H Ua,max Uw,mean U•a case H Uw,mean Fr 
(em) (m/s) (cm/s) (cm/s) (em) (cm/s) 

d2wa 8.0 0.94 0.0 3.84 d1f1 4.0 6.8 0.10 
d2wb 8.0 1.79 0.0 7.56 d1f2 4.0 20.2 0.32 
d2wd 8.0 3.63 0.0 17.51 d1f3 4.0 50.2 0.80 
d2wf 8.0 5.46 0.0 28.67 d1f4 4.0 92.9 1.50 
d2wh 8.0 8.30 0.0 50.29 d1f5 4.0 123.5 2.00 
d3wi 20.0 11 .20 0.0 107.80 d2f1 8.0 11.2 0.32 

U"b 
(cm/s) 

0.44 
1.22 
2.53 

I 4.64 
6.06 
0.56 

Wind-Water Wave (Valve-Open) Wind/Stream Combined Flow 

case H Ua,max Uw,mean U*a case H Ua,max Uw,mean Fr U•a 
(em) (m/s) (cm/s) (cm/s) (em) (m/s) (cm/s) (cm/s) 

d2wa 8.0 0.94 0.004 5.20 w1f1 4.0 1.49 20.30 0.32 4.52 

d2wd 8.0 3.63 0.017 12.92 w2f1 4.0 4.39 20.26 0.32 18.45 

d2wf 8.0 5.46 0.051 23.45 w3f1 4.0 8.41 20.59 0.33 40.20 

d2wh 8.0 8.30 0.074 37.13 w1f2 4.0 1.49 50.47 0.81 3.20 

d1wh 4.0 5.42 0.054 24.0 w2f2 4.0 4.39 51.83 0.83 13.66 
w3f2 4.0 8.41 59.24 0.95 38.57 
w1f3 4.0 1.49 98.27 1.57 1.82 
w2f3 4.0 4.39 98.64 1.58 12.49 
w3f3 4.0 8.41 101.84 1.63 32.19 

U*b 
(cm/s) 
1.25 
1.20 
1.22 
2.57 
2.61 
2.61 
4.67 
4.n 
4.93 

Then DO measurement was conducted by this instrument. K was calculated by the time-gradient of 
the measured value of DO concentration, which was corretted to 20°C value K by the empirical 
temperature-correction, as follow: LO 

K K 8T-20 
L= LO' (8.6) 

where 8is the temperature collection coefficient (=1.0241) as suggested by Elmore and West (1961). 
Hydraulic conditions for the experiments are shown in Table 8.1. Experiments are divided into 

three conditions; (A) bottom-shear generated flow (open-channel flow), (B) wind-shear generated 
flow and (C) combined wind/stream flow. The parameters are defined as follows, H: the flow depth, 
ua,max: the maximum wind velocity, u.a: the friction velocity in the air layer calculated from ~g
law~ U.b :. the friction velocity in the _water layer, .Fr (=Um/ .[iii) :.Fro.ude number, and 17' (:.,j r/ ) : 
the mtens1ty of surface-wave fluctuations, respectively. As for (B) w1nd-1nduced flow, winds of several 
speeds were blown over a still water in recirculating flume (valve-closed) and non-recirculating flume 
(valve-open). As for (C) combined wind/stream flow, the stream condition was changed to three patterns, 
s~ called, !:=0.32 (sub-critical flow), 0.80 (near-critical flow) and 1.50 (super-critical flow). The 
';lnd condition was changed to three patterns, that is to say, ua max(mls)= l.49 (smooth region), 4.39 
(Incompletely rough region) and 8.41 (rough region). · 

8.3 Theoretical Considerations 

8.3.1 Gas Transfer Coefficient KL in Wind Water Wave 
O'Connor (1983) has applied the film model in the smooth situation and the renewal model in the 
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rough situation, and expanded semi-theoretically the relation between KL and the friction velocity u. 
in the air flow by using the continuity of momentum across the interface, as follows: a 

(8 .7) 

(8.8) 

(8.9) 

where F
0 

: the normalized thickness of viscous sub layer, v w : kinematic viscosity of water, 1C: Karman 
constant, ze :equilibrium roughness, and U.

1
: the transitional shear velocity, respectively. Therefore, 

the transfer coefficient in the transitional region is given as follows: 

1 
(8.10) + ~? 

f PaVa DmU*a 1 -
l PwVw KZa(U*a) J 

(8.11) 

where u.c is the critical velocity of u •. From equation (8.7)-...(8.11), we can see that K is proportional 
to U.a1 in the smooth region (KL5), U.a112 in the rough region (KLR) and U. 2 (at m~ximum) in the 
transitional region, respectively. a 

8.3.2 Relation between Intensity of Surface-Wave Fluctuations 11' and K 
Dobbins (1964) has proposed the surface renewal frequency r and the tength scale L in open

channel flow in the following. 

PwLEs 
rex 

a 

( 

3 )1/4 
L 

Vw ex--
Es 

(8.12) 

(8.13) 

where a andEs are the surface tension and the turbulent energy per unit mass of liquid in the vicinity 
of the surface. He expressed the enhanced surface area due to surface distortions as the function of 
Froude number. In the present study, we consider the increased area CA and E

8
, as follows: 
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Fig.8.3 Time variation of dissolved oxygen deficit D. 

(8.14) 

(8.15) 

where A is a constant coefficient. From the above mentioned, KL is expressed by the surface-renewal 
model in this way. 

(8.16) 

Therefore, the following relation is obtained: 

Kr rx1J,3j4 forA<<H2 

Kr rx17,ll/4 forA>>H 2 (8.17) 

8.4 Distribution of KL 

8.4.1 Time variation of D ( =C. - q and Vertical Distribution of K
2 

In wind-water waves (valve-cl~sed), the bulk mean velocity is zero, and the reaeration coefficient 
K2 is calculated in the following equation. 

a 
K 2=--lnD(t) (8.18) 

at 

where D(t) ( - C - ·C(t) , C : saturation concentration of dissolved gas, C(t) : instantaneous 
concentration) is the dissolved oxygen deficit (mg/1). Fig.8 .3 is an example of the time variation of D, 
together with the approximation line. K2 is calculated from this line by using Eq.(8 .18). 
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Fig.8.5 Example of the two-point measurement. 

Generally, the gas concentration in water changes greatly in the thin concentration boundary layer 
very near the water interface, and it is almost constant in the bulk, therefore, completely mixed situation. 
This means that the gas transfer is controlled by the liquid phase, and it is, therefore, preferable to use 
the gas transfer coefficient KL for evaluating the gas transfer flux F across the interface. 

v 
F=KrD(t)=K2 - D=K2HD (8.19) 

A 

where V: the water volume, A : the water surface area, and H: the flow depth, respectively. To 
confirm the validity of Eq.(8.19), it is necessary to examine the independence of K

2 
on the vertical 

axis. Fig.8.4 shows the vertical distribution of K
2 

normalized by the value of half-depth (y/H=0.5). 
There is not a great difference to the vertical direction regardless of the wind speed. Therefore, the 
value of K at the half-depth was used to calculate KL hereafter. 

On the ~ther hand, when the flow has a mean velocity, it is necessary to measure DO concentrations 
at two points, as pointed out by Moog (1995). In this situation, K

2 
is expressed by the following 

equation including the convection term in the Eq.(8.18). 

a a 
Kz= --lnD(t,x)- Uw mean-lnD(t,x) (8.20) at , ax 

where U is the bulk mean velocity in water. In the right-hand side of the above equation, the first 
w mean d · · 

term is ari acceleration one (one-point measurement, K acc and the secon term IS a convectton one 
(K \ Fig.8.5 is an example of the two-point measurement. 

conv/ 

8.4.2 KL in Wind Water ~av~ . . . 
Fig.8 .6 shows the distnbuhon of KL versus u.a In wtnd-water wave (valve-closed) .. The semi

theoretical equations (8.7).-..(8.11) (solid line) and the approximate functions by Chu and Jtr~a (1995) 
are also described together in this figure. It can be seen that KL increases significantly at u.a . 1 Ocm/ 
s and again become milder at u. ·. 40cm/s, which agree well with the experimental curves of Chu 
and Jirka. It seems that these phe~omena have a close relationship with the condition of surface-wave 
fluctuations. The roughness-shear relationship is shown in Fig.8.7, where roughness size za is calculated 
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Fig.8 .6 Gas transfer coefficient KL 
in wind-water wave (valve-closed). 

Fig.8.7 Roughness height za versus U.a 
in wind-water wave (valve-closed). 
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versus ratio of friction velocity u. I u * k' 
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by applying the log-law to the wind velocity distribution. Various experimental data are also plotted, 
together with the Eq.(8.9). From Figs.8.6 and 8.7, one can see that both of z are in a good agreement 

e 
with each other, which means that the physical aspect (wind velocity) and the chemical aspect 
(concentration) are connected with each other by O'Connor's semi-theoretical formula ofEqs.(8.7)"" 
(8.11). 

Eloubaidy and Plate (1972) have proposed the fol!owij; equation in wind-water wave (valve
open) by using the friction velocity U*c (= JCrb +r w )/ Pw = gHS p ) on the assumption that Krenkel 
and Orlob's (1963) idea is effective. 

(8.21) 
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Fig.8.9 Gas transfer coefficient KL 
in wind-water wave (valve-open). 
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Fig.8.10 Rate of convection termKL,com/KL 
in wind-water wave (valve-open). 

where rb (=pwU*b2
) and rw (=pwU*w2

) are shear stress at the bottom bed and the free surface, .and S .is 
the pressure-adjusted channel slope. It can be supposed that U*b has the possibility of affecting I( 1n 
non-recirculating flume. Fig.8.8 shows the distribution of KL /KL 

1 
k versus u. IU. 

1 
k' It can ,open , an c,open c, an 

be seen that KL I KL k is almost in proportion to u. IU. 
1 

k' ,open ,ran c,open c, an , . 
Fig.8.9 shows the distribution of KL in wind-water waves (valve-open), together with the data In 

recirculating flume (KL ,_).An approximation curve considering the convection effect in Fig.8.8 is 
tan~~. 

also described in this figure. The distribution of KL in non-recirculating flume (KL.o en) seems similar 
to that in recirculating flume (KL k). However, the value in non-recirculating flum~ becomes greater tan 
as u. decreases, which is well reproduced by the approximation curve. Fig.8.1 0 shows the rate of 
conveaction term KL /KL. It can be seen that the ratio has a constant value (about 0.8"-'0.9) regardless 

,conv . 
of the wind velocity and the flow depth. As a result, the convection tenn takes a greater part 1n KL. 

8.4.3 KL in Open-Channel Flow 
Fig.8 .11 shows the distribution of KL versus_U*b in open-channel flow, together with the empirical 

formula including the effect ofFroude number by Thackston and Krenkel (1969) and the large-eddy 
and small-eddy models. From this figure, it can be shown that the small-eddy model is applicable to 
the small zone of u.b. However, this model is not applicable in the larger zone of U*b' There occurs an 
effect of Froude number on KL, as pointed out by Dobbins (1964) and Thackston and Krenkel ( 1969). 
In this figure, the approximation curve considering the effect of Froude number is also described by 
solid line. The ratio of KL to KL is shown in Fig.8.12. The value is almost same as that in wind wave 
(compare Fig.8.10 with Fig.8.12), which implies that the ratio is independent whether the shear is 
impose on the bottom wall or the free surface. 

Fig.8.13 is the distribution of KL against the turbulent dissipation rate E near the free surface (the 
averaged value in the surface-influenced layer). The values of E were evaluated from the -5/3 power 
law of energy spectrum. KL is in a proportion to E114

, which implies the validity of small-eddy model. 
In larger zone of E, the influence ofFroude number occurs, as mentioned before. 

8.4.4 KL in Combined Flow 
Fig.8.14 shows the distribution of KL versus U.a in combined wind/stream flows, together with the 
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in open-channel flow. 
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Fig.8.13 Evaluation of small-eddy model in open-channel flow. 

data in wind-water wave (valve-open). Chu (1993) has estimated the distribution of KL in combined 
flow by using the square-root matching technique. 

KL =J KZ,wind +Kt,water (8.22) 

in which, KL .ndand KL are the values in wind-water wave and in open-channel flow, respectively. ,w1 ,water 
In this figure, Eq.(8.22) using the semi-theoretical curves in Fig.8.9 and Fig.8. 11 is also described by 
solid curves. This prediction shows a good agreement with the measured values. It can be seen that KL 
increases more largely as the Froude number increases in a slower wind speed. The same characteristics 
are pointed out by Chu (1993). These facts mean that KL is greatly affected by the relative velocity of 
both layers, i.e. air/water interface layer. 

Fig.8.15 shows the value of K~.con/Kc The value is almost same as that in wind wave and open-
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Fig.8.16 Evaluation of small-eddy model in two-layer flows. 

channel flow. In this way, the convection term has an important influence on KL regardless of the flow 
depth and the shear conditions. Fig.8.16 is the distribution of KL versus the turbulent dissipation rate E 

near the free surface, together with the data in wind-water wave (valve-open). This figure shows that 
the small-eddy model is valid irrespective of the flow conditions. 

8.5 Criterion of Bottom-Shear and Wind-Induced Turbulence 

8.5.1 Relationship between rJ' and KL 
As mentioned before, the gas transfer across the interface is closely related to the turbulence structure 

of the turbulence-generated point. However, in combined wind/stream flow, both the bottom shear 
and the wind shear are important for the gas transfer, and it is necessary to find the parameter which 
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Fig.8.17 Distribution of KL against intensity of surface-wave fluctuations ry'. 

can express both characteristics. There occur surface-wave fluctuations when the gas is transferred 
across the interface, which have a close relationship with the gas transfer. 

Fig.8.17 shows the distribution of KL against the intensity of surface-wave fluctuations ry'. It can 
be seen that KL is in proportion to the power of ry' in both the wind-water wave and the open-channel 
flow (As a result, wind wave: KL ,.._rJf314, open-channel: KL ,.._rJ'1114). The gas transfer rate is greater in 
open-channel flow than that in wind-water wave when the values of ry' are same in both cases. This 
means that the smaller eddies have a great effect on the gas transfer because the high-frequency 
component is more predominant in the surface wave of open-channel flow than that of wind wave. 
These powers of ry' correspond to the Eq.(8.15). In combined flow, the value of KL in Fig.8.17 is 
located between the two curves and approaches the value that is affected more greatly. 

8.5.2 Criterion based on KL and Dissipation Rates e 
In air-water combined flow, the relative velocity of both layers has a great effect on the gas transfer. 

In particular, it is confirmed that the small-eddy model is predominant irrespective of the flow conditions. 
Jirka and Brutsaert (1984) suggested a simple relationship for the relative importance of bottom-shear 
turbulence and of wind-shear turbulence on the gas transfer, on the basis of estimation of the near
surface turbulent energy dissipation rates E • 

s 

E s IE b <<1: Bottom -Shear Controlled Transfer 

E s IE b >> 1: Wind -Shear Controlled Transfer 

where Eb is defined as follows: 

(8.23) 

(8.24) 

Chu (1993) has proposed the criteria for wind and stream dominance in combined flow with an expansion 
of Jirka and Brutsaert's idea, as follows: 
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E5 IEb<0.5(KLIKLb<1.3): Bottom-Shear Transfer 

0.5<£5 / Eb<2 (1.3<KL /KLb <2): Transition 

E s IE b >2 ( K L I K Lb > 2): Wind -Shear Transfer (8.25) 

where KLh is the gas transfer coefficient caused by the bottom-shear turbulence. Fig.8.18 shows the 
distribution of K/KLb versus U. / U*b' The value of KLb is calculated from the approximation curve in 
Fig.8.11 by substituting U*b' In this figure, the experimental data by Chu (1993), Eq.(8.25) and the 
approximation curve are also described together. The point, i.e. U. / U.h=KL/KLb=l, means the open
channel flow. Furthermore, Mattingly (1977) has proposed the following equation of KL in the two
layer flows. 

KL =1+0.2588(U -U )1·618 

K a w.mean 
Lb 

uo.6o7 
K 0 101 w.mean 

Lb = . Hl.689 (8.26) 

However, this equation is inappropriate in view of the dimension. From Fig.8.18, it can be seen that 
K/KLb is proportional to U. / U*b' Its value switches also from the stream dominance to the wind 
dominance condition with an increase of the wind velocity, but the switchover becomes not so 
conspicuous with the increase of Froude number. 

Fig.8.19 shows the distribution of dEb versus U./ U*b' The value increases monotonically as U j 
U*b increases in the same matter as K/KLb' However, the rate of increase in e!Eb is much greater than 
that in KLIKLb' This means that the dissipation rate and the gas transfer are closely related with each 
other even in combined flow. 

Fig.8.20 is the distribution of e!Eb versus K/ KLb' In this figure , Eq.(8 .25) and the approximation 
curve calculated from Figs.8.18 and 8.19 are also plotted together. It can be seen that there exists some 
relation between KLIKLb and £1Eb. However, both criteria does not necessarily coincide with each 
other. In other words, E!Eb is almost proportional to K/KLb in low Froude-number condition. However, 
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there are not same characteristics in high Froude-number condition. This means that the dissipation 
rate is not the only parameter to evaluate the gas transfer characteristics in combined flow. 

8.6 Conclusions 

In this study, a relation between turbulence structure and gas transfer coefficient near the free 
surface was evaluated. Fig.8.21 shows the conclusions of chapter 8. The gas transfer coefficient in 
wind-water wave (valve-open) can be evaluated by the expansion of wind-water wave (valve-closed) 
considering the convection effect. The gas transfer in open-channel flow can be expressed by the 
small-eddy model including the effect of Froude number. Furthermore, in combined wind/stream 
flow, the gas transfer could be explained by the square-root matching technique. Finally, the relation 
of criteria both in the gas transfer coefficient and the energy dissipation rate was clarified. 

Notations 

A : constant coefficient, water surface area 
C : instantaneous concentration of dissolved gas 
C A : increased area 
C : saturation (equilibrium) concentration of dissolved gas 
Ds: dissolved oxygen deficit (=Cs - C) 
D : molecular diffusivity of the gas in the liquid 

m 
d : half height of air channel 
E : turbulent energy per unit mass of liquid in the vicinity of the surface s 
F : gas transfer f1 ux 
Fr : Froude number (=Um/.Jiil) 
H : flow depth 
K

2 
: reaeration coefficient 

K : acceleration term of K
2 ace 
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f)KL 

( 1 )Wind-Wave (Valve Closed) · 
II KL =func.(U *a) =11(1/KLs+11KLR) =func.(17' 314

) 

(2)Wind-Wave (Valve Open) 
llllliiiiii[B~ KL =func.(U *b, U *a) 

( 3 )Open-Channel Flow 
lllllllllllll~ KL =func.(Fr, U *b314 ) =func.(17' 1114) 

( 4 )Combined Flow 

[8 KL =J(KL~wind-wave ) 2 + (KL,open-channel )Z 

8 ze Ill Wind Velocity = Concentration 

f) Convection Effect 
11111111111~ KL,conv IKL =0.8--0.9 (Constant Value) 

8 KL --£ II "Small-Eddy ModeP' is effective 

Fig.8.21 Conclusions of chapter 8. 

K : convection term of K
2 conv ffi . K : gas transfer coe tctent 

K~b : gas transfer coefficient caused by the bottom-shear turbulence 
K : convection term of KL 

L,conv . 
K : K in wtnd wave (valve-open) 

L,open L 
K : K in wind wave (valve-closed) 

L,tank L 
K : KL in open-channel flow 

L,water 
K . : K in wind wave (valve-open) 

L,wmd L 
0 

KLo : KL at 20 C 
L : length scale 
R. : turbulent Reynolds number 
r : mean frequency of surface renewal 
Sc: Schmidt number (=v!D,) 
S : pressure-adjusted channel slope 
U : wind velocity 
ua : maximum wind velocity 

a,max . 
U : bulk mean velocity 
um : bulk mean velocity in water 

w,mean . u. : friction velocity 
u. : friction velocity in air layer 
u.a : friction velocity in water layer 
u. b : critical velocity of u., friction velocity (= J< rb +T w )/ Pw = JgHS p ) 

c 
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u. : u. in wind \\·ave (valve-open) 
c,open c u. k : u. in wind ·wave (valve-closed) 
c,tan c 

u.l : transitional shear velocity 
u. : friction velocity at the interface 

w 
u: instantaneous streamwise velocity component 
v : instantaneous vertical velocity component 
V: water volume 
x : streamwise direction 
y : vertical direction from the channel bed 
y': distance from the free surface (=H-y) 
z : vertical direction from water surface 
ze :equilibrium roughness 

Greek symbols 
6

1 
: thickness of film 

E : turbulent energy dissipation rate 
Eh : near-surface turbulent energy dissipation rates caused by bottom shear 
E : near-surface turbulent energy dissipation rates caused by wind shear s 
F0 : normalized thickness of viscous sub layer 
17' : intensity of surface-wave fluctuations <=H) 
K: : von Karman constant 
v : kinetic viscosity 
v : kinetic viscosity of air 

a 
v : kinetic viscosity of water 

w 
p : density of air 

a 
p : density of water 

w 
e : temperature collection coefficient ( = 1. 0241) 
a: surface tension 
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Abstract 

CHAPTER9 

RELATIONSHIP BETWEEN COHERENT STRUCTURE 
AND GAS TRANSFER ACROSS AIR-WATER INTERFACE 

Instantaneous structures in both air and water layers were measured by using PIV method in wind 
water waves. Furthermore, turbulence structures at various phase of wind waves were evaluated by 
applying phase-averaged method. Reynolds stress distributions are much different with each layer. 
Reynolds stress contributions take a greater value on windward side of wave crest. It became clear that 
these phenomena are closely related to the generation mechanisms of coherent vortices both in air and 
water layers, which approach the wave periods in the increase of wind velocity. 

Furthermore, the relationship was evaluated between the increase of surface area and the gas trans
fer coefficient across the interface in two-layer flows by using cross-correlation coefficients evaluated 
from two sets of ultrasonic depth-measuring instruments in comparison with VTR. It was clarified 
that the surface area has little effect on gas transfer against former studies. Furthermore, it became 
clear that the smaller-scale eddies contribute greatly to the greater gas transfer in open-channel flow 
than those in wind-wave. 

AirFlow . 
Down 

~ 
WaterFI .. ~P ····.·····-·;: .. :·· ..-..;.'"'··~ 

Relationship of Increase of Surface Area & 
Instantaneous Structures Higher Frequency Energy 

in Air & Water Layers of Surface Wave 

PIV Method #- ,. Simultaneous 
Phase-Averaged . Measurements by 

Method Two Depth Meters 
Comparison of Relationship . 

Contribution Rate & ~ Evaluation of Effect 
Generation Period on Gas Transfer 
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9.1 Introduction 

9.1 Introduction 

In the former chapter, the relationship between the turbulence structures in air/water layers and the 

gas transfer mechanism across the interface in two layer flows was examined. On the other hand, it is 

necessary to make clear the dynamics of instantaneous and coherent structures in both layers in order 

to evaluate the mutual interaction across the air-water interface. Chang eta/. (1971) have calculated 

the phase-averaged wind velocity and turbulence intensity of air layer over each phase of wind water 
waves. They evaluated the energy spectra of each phase related to the coherent structures. Takeuchi et 

a/. (1977) have furthermore examined the instantaneous Reynolds stress in the same flow and pointed 

out that the higher shear occurs downwind of the wave crests. Kato and Sano ( 1971) conducted the 

similar experiment and estimated the relation between turbulence structure and surface-wave fluctuations 

and the cross-spectra in wind waves. Furthennore, Kawai ( 1981, 1982) has evaluated qualitatively the 
instantaneous air-separation behind the wave crest by using the visualization technique of small particles. 

At that time, he considered the condition when the separation occurs. On the base of these former 

researches, Kawamura and Toba (1988) have conducted very interesting experiments about the coherent 

structure of air flow over wind waves. They compared the bursting phenomena over wind waves with 
those over fixed beds, and supposed two models, that is to say, the "big burst" model and the "small 

burst" model, which contribute greatly to the mutual interaction near the interface. 
On the other hand, as for the internal structure of water layer in wind waves, Okuda ( 1982a, 1982b, 

1982c) has conducted the experiments about the internal vorticity structure, the streamline pattern and 

the pressure distribution, respectively. They pointed out that there exist the higher vorticity regions on 
the leeward of crests and that it is impossible to predict the streamline profiles from a water-wave 

theory. About the velocity distribution, Esfahany and Kawaji (1996) have shown that the water velocity 

under the crest is faster than that under the trough, which is the same as the direct numerical simulation 

(DNS) by Komori et al. (1993). Rashidi et al. (1991) evaluated the relationship between the coherent 
structure and the gas transfer characteristics by using the visualization ofhydrogen bubble. Furthermore 

Komori et al. (1993) have suggested the conceptual model about the relationship of coherent vortices 

in both layers. They pointed out that the coherent vortices go upward where the separated flow reattaches 

in the air layer, and that the surface-renewal eddies go downward near the same places in the water 

layer, which are closely related to the gas transfer across the interface. 
By the way, Akai eta/. (1977) exrunined the difference of auto-correlation functions of surface

wave fluctuations when the surface shapes change in two-layer flows about the suggestion by Hanratty 
and Engen (1957). On the other hand, when the-gas transfer coefficient KL was evaluated, the surface

renewal model proposed by Danckwerts ( 1951 ), etc. have been often used on the assumption that the 

surface area scarcely changes, except for some suggestions that the surface-renewal rate can be directly 

given by using the generation period of surface-renewal eddies, for example Rashidi et a/. ( 1991) and 
Komori eta/. (1993). By the way, Nakayama and Nezu (1999f) have experimentally verified that the 

gas transfer coefficient KL in open-channel flows is much larger than that in wind waves even though 
the surface-wave fluctuations in both flows are same with each other due to the difference of enhanced 

surface area. Furthennore, Dobbins (1964) and Thackston and Krenke! (1969) have applied the renewal 

model and proposed a formula including the effect of Froude number to account for enhanced surface 
area due to surface distortions in open-channel flow. In the same manner, Rashidi eta/. (1991) have 

extended the renewal model to evaluate KL including the effect of the ''patch" (the area that looks like 
rising at the free surface) area and frequency by visualization technique on the assumption that there 

occur no waves. 
In this way, though there have been some researches about the turbulence and coherent structures 

in wind water waves, it is not clear quantitatively where both coherent vortices occur and how is their 
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Fig.9.1 Schematic arrangements for PIV system. 

relation with each other. Furthermore, these studies were conducted on a specific wind speed or water 
velocity, and it is not clear about the relationship between the increasing surface area and the gas 
transfer coefficient in two-layer flows. So, in this study, firstly, PIV method and phase-averaged method 
were used for evaluating the instantaneous structures in both layers and the relationship with each 
other. Secondly, the effect of increase of surface area and other factor on gas transfer was evaluated by 
conducting the simultaneous measurements of two depth meters. 

9.2 Experimental Apparatus and Procedures 

The experiments were conducted in a tilting wind-water tunnel of 16m long, 40cm wide and 50cm 
deep in the same way as in the former chapters. Coordinate axis in the streamwise direction is defined 
as x. As for the vertical direction, the upward c!irection from the bottom is defined as y. The upward 
and downward directions from the interface are defined as z andy' (=H-_\ . His the fl ow depth), 
respectively. Instantaneous velocities for the streamwise and vertical compvnents are u(t) and v(t), 
respectively. 

The instantaneous measurements by using PIV system (DANTEC-made) were conducted in the 
following. The YAG Lasers of double pulses were illuminated in the center of channel vertically from 
the bottom-wall or above the top-wall and the images of tracers were taken by using a CCD camera 
(pixel resolutions : 1008 X 1 018) that was set besides the side-wall at the time-interval of 0.6sec. 
Furthermore, wind velocity was accurately visualized by using the fog generator. In this measuring 
system, the vector maps can be monitored almost in a real time. The schematic arrangements for this 
PIV system are shown in Fig.9.1. 

The simultaneous measurements by two sets of depth meters were conducted in the following. The 
LDA system (DANTEC-made) was fixed at the center of channel (y'IH=O.l) 9m downstream of the 
channel entrance for measuring the instantaneous velocity. At the same time, one ultrasonic depth
measuring instrument (KEYENCE-made) was set above the free surface as a fixed probe, and the 
other was moved horizontally as a movable probe, both of which were synchronized with the LDA, as 
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Fig.9.2 Simultaneous measurements by using two sets of depth meters. 

Table 9.1 Hydraulic conditions for air-water interactions. 

Wind-Water Wave (Valve-Closed) Open-Channel Flow 

case H Ua,max Uw,mean U•a case H Uw,mean Fr 
(em) (m/s) (cm/s) (cm/s_}_ (em) jcm/s) 

d2wa 8.0 0.94 0.00 3.84 d1f1 4.0 6.8 0.10 

d2wb 8.0 1.79 0.00 7.56 d1f2 4.0 20.2 0.32 

d2wd 8.0 3.63 0.00 17.51 d1f3 4.0 50.2 0.80 

d2wf 8.0 5.46 0.00 28.67 d1f4 4.0 92.9 1.50 

d2wh 8.0 8.30 0.00 50.29 d1f5 4.0 123.5 2.00 

w1f0 4.0 1.49 0.63 5.34 d2f1 8.0 11 .2 0.32 

w2f0 4.0 4.39 5.63 21 .37 

w3f0 4.0 8.41 9.39 37.99 

Wind/Stream Combined Flow 

case H Ua,max Uw,mean Fr U•a U"b 
(em) {m/s) (cm/s) (cm/sj (cm/s) 

w1f1 4.0 1.49 20.30 0.32 4.52 1.25 
w2f1 4.0 4.39 20.26 0.32 18.45 1.20 
w3f1 4.0 8.41 20.59 0.33 40.20 1.22 
w1f2 4.0 1.49 50.47 0.81 3.20 2.57 
w2f2 4.0 4.39 51 .83 0.83 13.66 2.61 
w3f2 4.0 8.41 59.24 0.95 38.57 2.61 
w1f3 4.0 1.49 98.27 1.57 1.82 4.67 
w2f3 4.0 4.39 98.64 1.58 12.49 4.77 
w3f3 4.0 8.41 101 .84 1.63 32.19 4.93 

U*b 
(cm/s) 

0.44 
1.22 
2.53 
4.64 
6.06 

0.56 

shown in Fig.9.2. The sampling time was 60sec, and sampling frequency was about 150Hz. As for the 
measurement of dissolved oxygen (DO) concentrations, please see the chapter 8. 

Hydraulic conditions for the experiments are shown in Table 9.1, in the same as in the former 
chapters. Experiments are divided into three conditions; (A) bottom-shear generated flow (open-channel 
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flow), (B) wind-shear generated flow and (C) combined wind/stream flow. The parameters are defined 
as follows, H : the flow depth, U : the maximum wind velocity, u. : the friction velocity in the air 
layer calculated from the 1~:\Z:Uu.b : th' e friction velocity in the ~ater layer, Fr (= um I .Jiii) : 
Froude number, and rJ' (a..J 7]2 ) :the intensity of surface-wave fluctuations, respectively. As for (B) 
wind-induced flow, winds of several speeds were blown over a still water. As for (C) combined wind/ 
stream flow, the stream condition was changed to three patterns, so called, Fr=0.32 (sub-critical flow), 
0.80 (near-critical flow) and 1.50 (super-critical flow) . The wind condition was changed to three 
patterns, that is to say, U (m/s)=1.49 (smooth region), 4.39 (incompletely rough region) and 8.41 
(rough region). 

a, max 

9.3 Theoretical Considerations 

9.3.1 Phase-Averaged Method 
The instantaneous velocity fluctuation is written in component form as follow; 

(9.1) 

where U. is the time-averaged mean velocity, uz· is the wave-induced perturbation and u .'is the turbulent 
I I 

fluctuation, respectively. The phase average is defmed in the following by conducting the simultaneous 
measurements of the velocity fluctuations and the surface-wave fluctuations. 

1 N-1 
(ui(x,t))= lim - ~14(x,t+nT)=Ui(x)+ui(x,t) (9.2) 

N--x> N n=O 

where Tis the wave period measured by the depth meter. Therefore, Eq.(9.1) can be converted into the 
following Eq.(9.3). 

uj'( x,t) =14(x,t)-(14(x,t)) (9.3) 

9.3.2 Distribution of Cross-Correlation Coefficient 
On the assumption that the wind wave has a small amplitude and that proceeds to the positive 

stream wise-direction, the surface-wave fluctuations at the different positions in the stream wise direction 
can be expressed as follows; 

1Jl (O,t)=Acos(- rot) (9.4) 

rJ2 (x,t)=A cos( kx-wt) (9.5) 

where k=2n:J).., OF21if, A :amplitude,).,: wave length, k: wave number,/: frequency, and ro: angular 
frequency, respectively. The intensities of surface-wave fluctuations at two points can be given in the 
following. 

,2 1 T 2 A2 

11J. =-:r I 11J. (O,t) dt =2 (T -+00) 
0 

(9.6) 

2 1r 2 A 2 
172' =-Jrn(x,t) dt=- (T -+oo) 

T 0 2 
(9.7) 

Therefore, the cross-correlation coefficient between the different points can be given as follow; 
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(9.8) 

The above equation means that the cross-correlation coefficient is sine wave in the amplitude of unit 
if the surface wave can be assumed to sine wave. 

9.4 Relationship of Instantaneous Structures in Both Layers 

9.4.1 Instantaneous Structures in Air and Water Layers 
9.4.la Instantaneous Structure in Air layer 

Figs.9.3(a) and (b) show the instantaneous wind-velocity vectors of air layer on the leeward and 
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wind':ard of the crest in the center of channel about the case Ua max =8 .41 m/s (rough region at the 
expenmental case ~fNakayama and Nezu (2000a)) by using PIV method. In these figures, the wind 
blows from left to nght. On t~e leeward of the crest in Fig.9.3(a), there exist the separated downward 
~ows from the top ~f crest . I~ the same way as Kawai (1981, 1982). Figs.9.4(a) and (b) show the 
Instantaneo~s spanv:Ise vorticity contours Qa (= 8v/ ax -au/ az , counterclockwise direction is positive) 
correspondtn~ to ~Ig~ . 9 . 3(a~ and (b) . At the low wind speed case (free surface is tranquil), there 
?ccurred quasi-penodically higher vorticity-regions in the same way as the smooth open-channel flow 
In cha~ter 3. On ~he other hand, the higher vorticity-regions of negative values spread over the leeward 
a?d ~In? ward sides of the crest in the higher wind-velocity case, which implies that the vorticity 
distnbutlon greatly depends on the locality of the wind waves. 

9.4.1b Instantaneous Structure in Water layer 
Figs.9.5(a) and (b) show the velocity vectors of water layer in the same case as Figs.9.3(a) and (b). 
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Fig.9.7 Contours ofphase-averag~dmean wind velocity <U>IU.a of air layer. 

From Fig.9.5(a), it can be seen that the upward flows of higher velocity are generated on the leeward 
of the crest. On the other hand, the downward flows of higher velocity are generated on the windward 
of the crest. These velocity vectors are quite coincident with the experiments by Okuda ( 1982b) and 
the calculations by Komori eta/. (1993). However, the experiments by Esfahany and Kawaji (1996) 
are quite different from these studies and the vertical velocities are opposite, which means that the 
accuracy of the experiments by Esfahany and Kawaj i ( 1996) is doubtful. In this way, it is found that 
the flow of the wind waves cannot be predicted by the use of a water-wave theory. The instantaneous 
spanwise vorticity contours Q (=avfax-aufay , counterclockwise direction is positive) are shown in 
Figs.9.6(a) and (b). Though Okuda (1982a) has pointed out that there exists the higher vorticity region 
on the leeward of the crest, the space of measuring points of his experiment is rough due to the point 
measurement and therefore, it is not clear whether his suggestion is correct or not. It can be seen that 
there are more higher vorticity regions on the leeward of the crest in Fig.9.6(a) than on the windward 
in Fig.9.6(b). 
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Fig.9.8 Contour of Reynolds stress -u'v'/U'la of air layer. 

9.4.2 Turbulence Structures at Each Phase by Phase-Averaged Method 
9.4.2a Turbulence Structure in Air layer 

Figs.9.7(a)-(c) show the contours of phase-averaged mean wind velocity <U>IU. at the cases a U =1.49m/s (smooth region), 4.39m/s (incompletely rough region), and 8.41tn/s (rough region), a. max 
respectively. In these figures, dis the half height of air layer and u. is the friction velocity of air layer a 
evaluated from the log law of wind velocity. As for the numerical values in the horizontal axis, 0 and 
360 degrees correspond to the crest of the wave and 180 degree corresponds to the trough of the wave. 
In these figures, the wind blows from left to right. It can be seen that the wind velocity becomes faster 
near the crest due to the effect of acceleration as the wind speed increases and the wind waves develop. 
This characteristic is very similar to the experiment by Chang eta/. (1971) and the velocity distributions 
over fixed bed. The contour of Reynolds stress -u'v'/U'la in the case U =8.41m/s is shown in a, max 
Fig.9.8 . Takeuchi eta/. (1977) have pointed out that the shear becomes larger on the leeward of the 
crest. In this figure, the shear attains a greater value near the crest, and in particular, the shear develops 
greatly from the top of the crest to the upward of leeward side. 

9.4.2b Turbulence Structure in Water layer 
Fig.9.9 shows the contours of mean velocity <U>IU. at the cases U =8.4lm/s, where u. is w a~ w the friction velocity of water layer evaluated from the log law of water velocity near the free surface, 

in the same way as Nakayama and Nezu (2000a). As is the same with the wind velocity, the water 
velocity takes a greater value near the crest, which was also in the turbulence intensities u' and v'. 
Fig.9.1 0 shows the contour of Reynolds stress -u'v'/u'l w. The shear takes a positive value C-u'v' >0) 
on the leeward of the trough (180 o ""'-'360 o ) and its value agrees roughly with that in air layer (due 
to PaU'la=PwU*2w). However, on the windward of the trough (0 o ""'-'180 o ) , the shear takes a negative 
value (-u'v' <0), which is quite different from the value in air layer C-u'v' >0). This disagreement of 
Reynolds stress may be closely related to the higher vorticity region on the leeward of the crest, as 
mentioned before. 

9.4.3 Relationship of Coherent Structures in Both Layers 
9.4.3a Fractional Contributions to Reynolds Stress 

Kawamura and Toba (1988) have evaluated the fractional contributions to Reynolds stress at each 
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phase of wind waves about ejection (u'<O , v'>O) and sweep (u '>O, v'<O) in the log layer of air flow 
above the 2-D wind waves, and pointed out that the former becomes greater on the windward of the 
crest and the latter on the leeward. Fig. 9.11 is the fractional contributions to Reynolds stress about 
ejection (RS) and sweep (RS) when the wind speed changes. At that time, the values were averaged 
within the ii~er layer (z+ <0.2R.). It can be seen that ejection takes a greater value on the windward of 
the crest and sweep on the leeward, respectively, which is similar to the experiment by Kawamura and 
Toba (1988). Furthermore, the difference between each phase cannot be seen as the wind velocity 
becomes smaller. 

Fig.9.12 shows the fractional contributions of each event in the water layer near the free surface (y '/ 
H<0.2), that is to say, RS

1
(u '>O, v'>O), RSiu'<O, v'>O), RS

3
(u'<O, v'<O), and RSiu '>O, v'<O) ~espectively . 

Because the sign of Reynolds stress in water layer becomes reversed near the trough (Fig.9 .1 0), the 
value of each event was normalized by u.w2 instead of u' vt . In the water layer, the contributions of RS1 
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and RS4 are much larger than those of RS2 and RS
3
, which is very different from those in air layer. In 

particular, RS1 takes a greater value on the leeward of the crest and RS
4 

on the windward. This means 
that the downward momentum transfer with high-speed becomes active on the leeward of the crest, 
which coincides well with the conceptual model suggested by Komori eta/. (1993). 

9.4.3b Comparison of Generation Periods of Coherent Vortices 
Kawamura and Toba (1988) have compared the generation number of ejection and sweep with that 

of wind waves and pointed out that the former is generated more frequently than the latter, which 
resulted in the suggestion of the "small burst" model superior to the "big burst" model. Fig.9.13 shows 
the distribution of the generation periods in air layer normalized by the wave period T/ T and T/T 
versus U . At that time, the "half-value threshold level "were used in the same way as in chapter 3. a, max 
In this figure , the value evaluated by Kawamura and Toba ( 1988) when the threshold level equals to 
10 u' v' was plotted together. It can be seen that the values T/ T and T/T decrease as the wind becomes 
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faster, which implies that the generation of coherent vortices is restricted by the wave period and that 
the rate of small burst predominates over that of big burst. On the other hand, Fig.9.14 shows the 
distribution ofT IT and T IT in water layer. The values of water layer are much larger than those of air 
layer in the smaller wind ~peed, and the values of both layers approach the same value with each other 
as the wind is faster. This phenomenon means that the coherent vortices generated in the water are 
dependent on the wind waves and that a pair of vortices is generated both in air and water layers in the 
faster wind speed. 

9.5 Effect of Surface Area and Other Factor on Gas Transfer 

9.5.1 Comparison between VTR Image and Cross-Correlation Measurement 
9.5.1a Distribution of Cross-Correlation Coefficient 

Firstly, it is necessary to examine whether_ the distribution of correlation coefficients is almost 
equal to the real free-surface shape before evaluating the surface area by using the depth meters. 
Fig.9.15 shows the distribution of cross-correlation coefficient C of surface-wave fluctuations in 2-
D wind waves when one depth meter is fixed at x=O in the center cif the channel and the other is moved 
to the streamwise direction. It can be seen that the peak value decreases as x increases in spite of the 
quasi-periodical space. Akai eta/. (1977) have pointed out that the auto-correlation function versus 
lag time in 2-D waves takes the same distribution as Fig.9.15, which shows that "Taylor's frozen
turbulence hypothesis" is effective in wind waves. 

9.5.1b Damping Characteristics of Peak Values 
Though the amplitude of C does not decrease in the stream wise direction as expressed in Eq.(9.8) 

on the assumption that the win7l wave can be regarded as a small amplitude wave, the value really does 
decrease. Therefore, it is necessary to add the damping correction to C YJYJ in order to evaluate the 
surface area from the cross-correlation coefficient. Fig. 9.16 shows the reverse of C rtYJ.peak (!oca] p~ak 
value of C ) versus x. Linear relations can be seen in both two cases, and the approximate hne 
evaluated b)? the least-square method is also described in this figure. Fig. 9.17 is the corrected value of 
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Fig.9.20 Shape of water surface in wind waves. 
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9.5 Effect of Surface Area and Other Factor on Gas Transfer 
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Fig.9.22 Increasing rate of surface area CA=AIA
0
• 

C by using the line in Fig.9.16, together with the approximate curve. The distribution ofC is 
qJite similar to Eq.(9.8), which means that the damping correction is fairly correct. TJTJ.new 

9.5.1c Comparison with VTR Image 
Fig.9.18 shows the distribution of 17=AC , where A is a significant wave height, together with TJTJ.new 

the surface shape estimated from VTR (phase-averaged value of more than at least 30 samples). The 
distributions estimated from VTR and calculated by cross-correlation are well coincident with each 
other for periods and curvatures, which means that this method is very effective. 

9.5.2 Variations of Water Surface 
9.5.2a Shape of Water Surface 

Fig.9.19 shows the shape of water surface in open-channel flow at Fr=I .50. There occur randomly 
a lot of disturbances in spite of small amplitude. Fig.9.20 shows the shape of water surface in wind 
waves of U =8.41m/s. Though there exist 2-D waves with quite a longer wave-length, there are a, max 
less disturbances than those in open-channel flQw. Fig.9.21 shows the shape of water surface in two-
layer flows (Fr=l.50 and U =8.41m/s). There occurs small disturbances over wind waves and the a max 
wave length is twice as long' as in wind waves due to the effect of greater convection. 

9.5.2b Variations of Surface Area 
Fig.9.22 shows the increasing rate of surface area CA =AIA

0 
in open-channel flow and wind wave. 

The surface area was calculated by the triangular meshes. It can be seen that the increasing rate is 
almost zero in both flows because the former formula supposed by Dobbins (1964) and Thackston and 
Krenkel (1969) are for the actual river with rough bed (CA =1.0+0.3Fr2 or 1.0+Fr112

). Furthermore, the 
increasing rate in wind wave is a little greater than that in open-channel flow, which is inconsistent 
with the experimental data by Nakayama and Nezu (1999g) and Eq.(8.17). Therefore, the effect of 
surface area on the gas transfer can be almost ignored in smooth open-channel flow. 

9.5.3 Evaluation of Effects on Gas Transfer 
9.5.3a Energy Spectra of Surface-Wave Fluctuations 

It has been pointed out that the -5 power law in wind waves proposed by Phillips (1958) is mostly 
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Fig.9.24 Ratio of the intensity of surface-wave fluctuations 
by the higher frequency component 1J 'to the total intensity 17 '. 

p 

effective instead of a little modification. By the way, Nezu (1977) pointed out the slope of power law 
in open-channel flow changes from -5 in sub-critical flow to -3 in super-critical flow as the Froude 
number increases. Figs.9.23(a)-(b) show the energy spectra of surface-wave fluctuations S (f) in open
channel flow and wind waves. For calculating the spectra, the ensemble average was conaucted over 
about 40 samples. In wind waves, the gradient is milder at the higher frequency region by the scatter 
of supersonic waves due to the larger amplitude of waves. In open-channel flow, the -5 power law is 
effective in the smaller Froude number, and the energy shifts to the higher frequency region as the 
Froude number increases. 

Fig.9.24 shows the ratio of the intensity of surface-wave fluctuations by the higher frequency 
component 1J 'to the total intensity 17' versus KL' where 1J 'is defined as follow; p p 
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(9.9) 

where/ is the transitional frequency from the -5 power law to the -3 power law in open-channel flow, 
and th/ upper limit of dominant frequency in wind waves, respectively. It can be seen that 1J 'l r]' is 
almost constant in wind waves and that the value gradually approaches one as KL increases iri open
channel flow. This implies that the relation KL ,_ rJf314 is effective when S takes the -5 power law 
regardless of open-channel flow or wind waves, and that the gas transfer is ;bore promoted (KL ,_ 17'111 

4) in open-channel flow than that in wind wave due to the predominance of the energy of the sma11er
scale surface-wave in open-channel flow at the higher Froude number. 

9.5.3b Extension to Two-Layer Flows 
Fig.9.25 shows S in two-layer flows (Fr=_l.50). It can be seen that the effect of wind velocity 

becomes greater ovel the hole frequency region as the wind becomes faster. Fig.9.26 shows the 
distribution of 17 '/17' in two-layer flows, where f. is the upper limit of the predominant wave motion. 
The value rJ 'fry ?increases as the velocity ofwat~r layer becomes faster, which means that the energy 
rate ofhighlr-frequency component increases. The increasing rate is larger as the wind is smaller. In 
this way, the value 17 '/17'becomes a good measure of the contributions of higher-frequency component 
in two-layer flows. :ifig.9.27 shows the conceptual model about the relationship between KL and ry' . As 
for two-layer flows, the values are located between the two lines depending on the rate of higher
frequency energy. This relationship is very effective because it is not necessary to use the relation 
between friction velocities and KL in this situation, which does not depend on the shear conditions. 

9.6 Conclusions 

In this study, firstly, PIV method and phase-averaged method were used for evaluating the 
instantaneous structures in both layers and the relationship with each other. Fig.9.28 shows the 
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-
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Higher-Frequency Energy contributes 
greatly to Gas Transfer 

Fig. 9.28 Conclusions of chapter 9. 

conclusions of chapter 9. It was clarified that the separation of air flow on the leeward of the crest is 
closely related to the higher vorticity region of water on the leeward. Furthermore, the coherent vortices 
generated in the water depend on the wind waves and in the faster wind speed a pair of vortices is 
generated both in air and water layers. 

Next, the effect of increase of surface area and other factor on gas transfer was evaluated by 
conducting the simultaneous measurements of two depth meters. As a result, it was found that the 
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Notations 

effect of enhanced surface area on the gas transfer can be almost ignored in smooth open-channel 
flow. The energy of the smaller-scale surface-wave fluctuations contributes greatly to the rapid increase 
of gas transfer. 

Notations 

A : significant wave height, water surface area 
C : instantaneous concentration of dissolved gas 
CA : increased area (=A/A

0
) 

C : cross-correlation coefficient 
CTJTJ :corrected value of C considering the damping effect TJTJ,new 1)!J 
C k : local peak value of c r) 
D TJTJ'(~olecular diffusivity of tlie gas in the liquid m 
d : half height of air channel 
E : turbulent energy per unit mass of liquid in the vicinity of the surface 
F~: Froude number (=Um/Jiii) 
f: frequency 
f : the transitional frequency of power law or the upper limit of dominant frequency 
H : flow depth · 
KL: gas transfer coefficient 
k: wave number (=2n/)..) 
L : length scale 
RS. : contribution rate of i-th event r 
R. : turbulent Reynolds number 
r : mean frequency of surface renewal 
S :energy spectra of surface-wave fluctuations 
TTJ: wave period 
T. : generation period of i-th event coherent vortex 

l 

U : wind velocity a 
U : maximum wind velocity a, max 
U : bulk mean velocity m 
U : bulk mean velocity in water w,mean u. : friction velocity 
u. : friction velocity in air layer a u.b : friction velocity in water layer 
u. : friction velocity at the interface w 
u : instantaneous streamwise velocity component 
-uv :Reynolds stress 
v : instantaneous vertical velocity component 
x : streamwise direction 
y : vertical direction from the channel bed 
y': distance from the free surface (=H-y) 
z : vertical direction from water surface 

Greek symbols 
E : turbulent energy dissipation rate 
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17: surface-wave fluctuations 
17' : intensity of surface-wave fluctuations <=H) 
17 ' : the intensity of surface-wave fluctuations by the higher frequency component 

p 
X : wave length 
K : von Karman constant 
v : kinetic viscosity 
v : kinetic viscosity of air 

a 
v :kinetic viscosity of water 

w 
8 : degree of wave phase 
p : density of air 

a 
p : density of water 
Q : instantaneous span wise vorticity in air layer ( = rJv/ ax -au/ az, counterclockwise direction is positive) 

a 

Q : instantaneous span wise vorticity in water layer ( = av/ ax -iiu/ ay, counterclockwise direction is 
w 

positive) 
w: angular frequency (=2Jif} 
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10.1 Overall Results 

10.1 Overall Results 
10.2 Specific Findings 

In this study, the relationship between the turbulence and coherent structures in both layers and the 

gas transfer across the interface was evaluated in view of the physical and chemical aspects. At that 

time, three types of turbulent conditions were examined; that is to say, (A) bottmn-shear generated 

turbulence, (B) wind-shear generated turbulence and (C) combined wind/stream turbulent conditions. 

In open-channel flow, the turbulence and coherent structures near the free surface greatly depend on 

the Froude number, and are closely related to the bursting phenomena near the wall. In wind-water 

wave, there exists the interfacial shear, which greatly affects the momentum and energy transfer from 

the air to the water layer. In two-layer flows, the turbulence and coherent structures are greatly dependent 

on the relative velocity . These turbulence and coherent structures are closely related to the gas transfer. 

The enhanced surface area can be ignored and the higher frequency energy of surface-wave fluctuations 

contribute much to the gas transfer. 

10.2 Specific Findings 

"Chapter 1" introduced the motivation, scope and objectives of this thesis . Furthermore, the overviews 

of each chapter are briefly mentioned. 

"Chapter 2" examined the turbulence and the coherent structure near the free surface in smooth 

open-channel flow. It was found that the free surface affects greatly the damping characteristics of 

turbulence intensity near the free surface in quiet open-channel flow in comparison with the DNS data 

in duct flow. However, when the Froude number increases and the surface-wave fluctuations occur, 

this damping characteristic disappears. So, the relationship between the turbulence structure near the 

free surface and the surface-wave fluctuations was considered by the simultaneous measurements of 

LDA (Laser-Doppler anemometer) and the ultrasonic depth meter. These turbulence characteristics 

are closely related to the coherent structure, and therefore, the space-time correlation structures were 

considered in order to relate to the Chapter 3. 

"Chapter 3" estimated the variation of turbulent energy redistributions near the free surface including 

the effect of Froude number. Next, PIV (Particle-Image Velocimetry) method is used to measure 

evolutionary patterns of coherent vortices . In this chapter, a relationship between the "bursting 

phenomenon" generated near the wall and the "surface renewal eddies" near the free surface was 

evaluated in the flows whether or not the surface-wave fluctuations are generated at the free surface. It 

was clarified that the agglemeration occurs in the higher Froude number flow and that this results in 

the longer bursting-period and the increase of turbulence intensity. 

"Chapter 4" described the numerical simulation by using RSM (Reynolds stress model). The turbulent 

redistribution near the free surface could be reproduced by considering the effect of Froude number 

and the surface-wave fluctuations. At that time, two methods, that is to say, (1) giving the boundary 

conditions of the turbulent redistributions at the free surface, and (2) the extension of Shir model, were 

used. 
"Chapter 5" applied the rough-bed flow with large roughness elements. The tendency toward isotropy 

becomes stronger near the roughness elements in comparison with smooth open-channel flow. As for 

the coherent structure, the inhomogeneity of the coherent structure predominates near the rough bed, 

which results in the generation of boil near the free surface. Furthermore, the wave-induced flow is 

evaluated for comparing "wave-effect" with "turbulence-effect" . 

"Chapter 6" examined the turbulence structure at the air-water interface with wind shear above the 

still water. Firstly, the fundamental characteristics of wind waves were considered in view of the 
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momentum transfer and the relation between roughness height and surface wave, etc. Furthermore, 

the turbulence structures across air-water interface were evaluated. At that time, LFT (Linear Filtration 

Technique) method was used for decomposing the velocity component into the mean, wave and 

turbulence components. The energy budgets in both air and water layers are closely related with each 

other, and the energy transfer through the air-water interface increases when the wind velocity increases. 

"Chapter 7" extended the knowledge of former chapters to the two-layer flows when both the bed 

shear and the interfacial shear coexist. In this chapter, the mixing-length model in wind wave is extended 

in the air flow of two-phase flows. As for the roughness height, it was clarified that the value has a 

close relationship with the relative velocity of both layers. 
"Chapter 8" relates the characteristics of gas transfer across the interface to the previous empirical 

models including the effects of shear velocity and dissipation rate by measuring the DO (dissolved 

oxygen) concentrations. About two-layer flows, these models were expanded by considering the effect 

of the bed and interfacial shears, and the gas transfer coefficient in two-layer flows could be estimated 

by using the square-root matching technique. 
"Chapter 9" completed the mechanism of relationship between the coherent structures in both 

layers and the gas transfer· across the interface. By using PIV and the phase-averaged method, it was 

found that the separation of air flow on the leeward of the crest is closely related to the higher vorticity 

region of water on the leeward. In the faster wind speed, there occurs a pair of vortices both in air and 

water layers. Furthermore, the effect of enhanced surface area on the gas transfer could be ignored in 

open-channel flow, and the higher frequency-energy of surface-wave fluctuations contributes greatly 

on the rapid increase of gas transfer. 

10.3 Directions for Further Works 

Fig.1 0.1 shows an applicability of this study. As for the physical aspect, mixing-length model , 

shear stress and energy budget across air-water interface in two-layer flows can be used for conducting 

a numerical simulation of atmosphere-water global-circulation. At that time, by using the predominant 

condition of shear stress, it is possible to treat river and ocean together, that is to say, as a circulation 

system. Furthermore, the relationship between the intensity of surface-wave fluctuations ry' and the 

gas transfer coefficient KL is very effective because it is not necessary to use the relation between 

friction velocities and KL in this situation, whic~ does not depend on the shear conditions. In particular, 

if these findings are combined with GIS, GPS and artificial satellite data, it will result in the construction 

of better air-water combined-model, which is very effective for the forecast of climate change, movement 

of pollutant and chemical substance in view of the global environment problems on earth. 

A continuation of this research should include the following areas of studies in the future, as shown 

in Fig. I 0.2 : 
(1) Extension to the breaking waves, hydraulic jump, and jet flows, etc. These flows are accompanied 

by the air bubble, and therefore, would have a greater contribution to the environmental problems in 

the near future. 
(2) The measurements of the flow with air bubbles may be very difficult and have a limitation of 

accuracy in the present measuring systems. In this sense, the numerical simulations including the 

unsteady effects (LES and DNS) may be much important for predicting the interfacial flow situations. 

Furthermore, the refinements of boundary conditions at the interface are urgently necessary. 

(3) Water sound accompanied by the air bubble is important as the environmental function of hearing 

in the waterfronts. This sound may be closely related to the turbulence structure and it is necessary to 

make clear the relation. 
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Fig.1 0.1 Applicability of this study. 
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Fig.1 0.2 Directions for further works. 
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( 4) In view of global environment problems, it is urgent to add biological model to air-water combined 

model. This will become the measure against public nuisance and pollution and the forecast of future 

situation ofthese substances. 
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