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In some closed water bodies with little inilow and outflow, a flow is loose. So it has the dif-

ferent hydraulic characteristics from a river or an irrigation canal. When there is no distur-

bance, fluid is stratified based on vertical density distribution. In these bodies, the main 

dynamics of the water environmental substance depends on a mechanical disturbance, which is 

induced by the wind current on the water surface, and a thermal disturbance, which is induced 

by convective flow. We especially considered the mechanical disturbance based on the 
wind-induced flow. The previous study, which studied about the closed water body with float-

ing water plants reported that the existence of the floating water plants may shorten the fetch 

and affect the dynamics of a density interface. Thereat in our study, we experimentally studied 

the relationship between the gregarious density of the floating water plants and the 
wind-induced flow in the closed water body. The result indicated that when the gregarious 

density of the floating water plants on the water surface becomes small, the values of the tur-

bulent characteristics variables in the upper layer increase. This study clarifred that vegetation 

density affects the entrainrnent phenomenon in a stratifred water body. 

INTRODUCTION 
When there is no disturbance in some closed water bodies with little inflow and 

outflow, fluids are stratified based on vertical density differences with temperature, sub-

stance concentration, and the other density differences. Therefore, the heat and the sub-

stance are conveyed by the only density current. In the river, water is always flowing, so 

even if a pollutant flows in it, the concentration of a pollutant decreases wlth time. But 

inflow is little in the closed water body, and the self-purification is scarce compared with 

a river. So it is easy to generate eutrophication or water pollution. Recently, the concern 

about an environmental problem is increasing, and the closed water body where espe-

cially eutrophication has been serious has been studied in various fields of research. 

In the recent study, it was reported that the aquatic plants which live around a water 

area have the capability which absorbs the nutrients salts leading to eutrophication. And 

the technique of the water quality purification with the aquatic plants was proposed. On 

the other hand, since there are little inflow and outflow in the closed water body, the 
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main factors of the behavior for the water environmental substance are .mechanical dis-

turbance, which based on the wlnd-induced flow, and thermal disturbance, which based 

on the convective flow. The wind current on the water surface of a closed water body 

with density stratification gives rise to the entrainment~phenomenon at the density 

interface, and it lowers the density interface and increases the density of the upper layer. 

The fluid mixture between the upper and lower layers based on the entrainment phe-

nomenon significantly influences the water quality of the water body. 

The internal circulation based on the mechanical or thermal disturbances in a closed 

density stratified water body have been studied in the 1980s with the advancement for 

water supplies, and the rise of the concern about an environmental problem (Mori et aL, 

1 989) . 

In the closed water body with floating water plants, these plants shorteri the fetch, 

and affect the entrainrnent phenomenon at the density interface and turbulent structure 

on the density interface based on the wind-induced flow. In previous studies, it was 

reported that when floating water plants grew to the water surface of a closed water 

body, the entrainment velocity decreased as the coverage increased. This is because the 

existence of the plants decreases the amount of turbulent flow energy produced based on 

the wind-induced flow and then reduces the capability of the vertical mixture (Ozaki et 

al., 2002). 

However, these studies considered the floating water plants with a comparatively 

large leaf area, but not about the floating water plants wlth a small leaf area which moved 

independently by the water surface wave. Th~n, this study especially considered the 

floating water plants with a small leaf area which grew gregariously in the water body, and 

investigated the entrainment phenomenon at the density interface and the turbulent 

structure on the density interface. 

METHODS AND RESULTS 

Hydraulic experiments on the entrainment phenomenon 
Experiment equipme7bt 
The test tank consisted of an acrylic plate (1ength 6 m X wldth 0.3 m X depth 0.4 m) . 

O 3mJ 

O ' 4m 

Wind velocimeter 

~ 
EC meter ' 

~~~]Temperature meter 

,:::'*+･:,*,,*,,i･**'*=*i.., 

floating water plants 

simulated by isoliteplate 

//0.3m 

6m 
Fig. l. Experimental equipment. 
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The wind tunnel consisted of a piece of block board on the test tank (Iength 6 m X wldth 

0.3m X depth 0.3m) (cf. Fig. 1). A two-layered stratified density flow is made in the 

test tank. The upper layer is fresh water and the lower layer is salt water. We experi-

mented on the entrainment phenomenon at the density interface based on the 
wind-induced flow by use of this equipment. The salinity was measured with a con-

ductance meter, the wind velocity with a hot-wire velocimeter, and the water tem-

perature with a thermocouple. Salinity and water temperature ware measured at 2.75 m 

from the wlndward end, and Wind velocity was at 3 m. 

Simulated method of the floating water pla7~ts 

Instead of using real floating water plants we used simulated floating water plants 

made from polystyrene form plates. And the structure of the floating water plants com-

munity was simulated by making them a 4-division (cf. Fig. 2 (b)) or a 9-division (cf. Fig. 

2 (c)). When the number of division increased, it sirnulated decreasing of the gregarious 

density of the floating water plants. We set them at both ends of the test tank. This is 

because that the floating water plants are distributed from the circumference part like 

concentric circle-wlse toward the center of the closed water bodies. 

~ ~ ~ i { 

:~;' ,i _~ ~ 

j ~ i ~ ~~'t"w~~ <i 

'i ~ ;~ ~ ^ ~ * ~ * ~* ~ 
"* 

' L:, ~b'fs;i~~~~ { ~ i ~ ~ ~ 

30cm 

(a) O~livision ~ 14.7cm 9.7cm 
(b) 4-division (c) 9 drvrsron 

Fig. 2. Simulated floating water plants. 

Experimental method 
The experiment was run on the condition that the over all Richardson number Ri~(= 

A /~bghlo/ /(~~u*~2) is under 100 for various cases of the simulated objects. In the Ria' A /~b is 

the difference of density between the upper and lower layers; hlo is the initial water depth 

of the upper layer; and u*. is the air friction speed. The experimental conditions are 

shown in Table 1. The measured parameters are the vertical profiles of wind velocity, the 

water temperature and the salinity. 

Representative wiud velocity aud Airfricti07~ speed 

Fig. 3 shows the measurement results of a wind velocity distribution measured at 2.75 

meters from the windward end. The air friction speed is u*~ defined by use of distribu-

tion of water surface wind complying wlth logarithmic law as the following equation. 

U/u*. = (lhc )In(z/z~) , (1) 



422

Table1．

　　　　　K㎜GAルπθむα」．

Exper㎞entalconditionsforentrai㎜entphenomOnon．

n
・U
O
R
N

Cover（1

Rate（％）

Windvelocity　　ハρ×10：3
　　　　　　　　　　　　　　ρ、（k9／m3）　　ん1（m）
Average（m／s）　　（kg／m3）

　
）
α
S

脇
認
　
（

R，，、

RUNI－1

RUNI－2

RUNI－3

RUNI－4

RUNI－5

RUNI－6

RUNI－7

RUNn－1

RUNH－2

RUNH－3

RUNH』4

RUNH－5
RuN皿＿6

0
0
0
0
0
0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
1
1
1
1
1
1

4
6
7
7
7
7
5
5
5
6
6
5
7

5
5
5
5
5
5
5
5
5
5
5
5
5

0．0068

0．0040

0．0020

0．0079

0．0047

0．0039

0．0028

0．0096

0．0062

0．0083

0．0062

0．0034

0．0025

0．00121

0．00122

0．00121

0．00123

0．00123

0．00123

0．00123

0．00126

0．00126

0．00125

0．00126

0．00125

0．00125

0．096

0．106

0．108

0．116

0，110

0．106

0．106

0．096

0．096

0．106

0．116

0．096

0．106

25．37

26．05

27．13

27．27

27．22

26．88

25．43

25．74

25．64

26．63

26．61

25．74

26．99

81．72

50．05

24．08

97．83

55，89

45．40

36，40

108．06

70。27

97．41

78．74

38．74

28．38

100

　
n

（
ε
Q
）
N

ー
計

㌶

　　　　1

　　　　　0　　2　　4　　6　　8　　．10　　12
　　　　　　　　　　　　　　　　灰m／s）

Fig．3．Windvelocity　distributionmeasured　at2．75mfromthe　windward　end．

　　　O．5

　　　0．4

　奮　≧oβ
　㌔
　　言
　　　0．2

　　　．叫1

　　　　0
　　　　　0　　2　・4　

一
、
6 －　8　　10

　　　　　　　　　　　　　　　　U15（m／S）

　Fig．4．Relati・nbetweentheairfricti・nvel・cityandthe血dvel6city．

＠　　【コ

。。瞬8

　磯　　◎、
《9　白P

岬 OAuthors
斑】Wu

▲丁皿uy謎
▲



Effect ofFloating Water Pla7tts in a Closed Water ~ody 423 

5.95m 5.0m 4.0m 3.0m 2.0m l.Om 0.12m Distance from the windwa: 

30 Ceiling of wind tunnel 

25 ~ 
~ 
20 ~~ 
15 ~*,oJ) 

lO ~ 
5 

O Water surface 
5 4 3 2 1 05 4 3 2 I05 4 3 2 I05 4 3 2 I05 4 3 2 I05 4 3 2 I05 4 

wind velocity (m/s) 

Fig. 5. The characteristics of the wind tunnel. 

3 2 1 o 

where U is the wind velocity at height z; z is the height from the water surface; /c is the 

Karman constant; and z~ is the roughness constant. The hatched solid line drawn on Fig. 

3 is the regression line. Fig. 4 shows the relation between the air friction speed u*. 

obtained by the above equation and the wind velocity at 0.15m above the water surface. 

This figure includes the experimental results in previous studies (Wu, 1973; Tsuruya, 

1983). Fig. 5 shows the characteristics of the wind tunnel used in this experiment. 

Although it is influenced of the ceiling in the upper part of the wind tunnel, the loga-

rithmic law is approved near the water surface. 

Coefficient of entraiwaent aud overall Richards07b wamber 

The scale of entrainment velocity is generally given by the coefficient of entrainrnent 

E and the overall Richardson number Rio; which are defined as 

_ u. E- V 

R,~= J~~~LA h (2) pV2 

where u. is the entrainJnent velocity; V is the reference velocity of flow; h is the water 

depth of the upper layer; p is the reference density; Ap is the density difference 

between the upper and lower layers; and g is the gravitational acceleration. 

On condition that the water flow is two-dimensional and the section of flowing water 

under consideration is rectangular, the continuity equation of the flow rate and the 

density conservation law for the upper layer are respectively given as 

ah* a (u*lb*) 

+ . (3) =u at ax 

a(p,h,) + J~~~~L~~1L = /~･u. (4) at ax 
where u* is the cross-average velocity of the upper layer; h* is the upper water depth; p* 

is the density of the upper layer; p, is the density of the lower layer; x is the mainstream 

dir~ction; and t is time. In wind-induced flow, the second term of the left-hand side 

member of Eq. (3) is small. Hence the entrainment velocity is able to represent the rate 

of variation of the upper water depth with time, i.e., the descending velocity of the den-
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sity interface, as shown below. 

d hl 

dt =u. (5) 

Eq. (3), by Eq (4) and Ap = p2 - p* , 

yields 

ap, +u ap, Ap (6) at * ax = hl u. 
On the condition that lower water entrained to the upper layer is rapidly and uniformly 

mixed and diffused in the vertical and horizontal directions, Eq. (6) yields 

d /?* A p (7) dt =u* h* 

By performing integration under the condition that /?, is constant, we obtain the following 

from Eq. (5) and Eq. (7), 

(8) h* A p =1b*o A p0=const. 

where lb*o is the initial upper water depth and A po is the initial difference of density 

between the upper and lower layer. Hence we can substitute as follows: 

H-h;*o, A p - A po, p - p~, V-u*~ 

where u * ~ is the air share velocity; and p~ is the air density. 

Thus Eq. (2) can be described below as a time-invariant equation 

Ria = A poghro (9) p~u * .2 

and, by Eq. 

E= 

(5) , the coefficient of entrainment E can be described as 

dhl/dt u. 
u*~ u** 

(10) 

Experime7~tal results 
Fig. 6 shows variation of the upper water depth based on the wind-induced flow with 

time. The vertical axis shows the amount of reduction of the density interface Ah(=h*,-

h*~) , where h*, is the upper water depth at time t, and a horizontal axis shows lapsed time. 

Although the variation was large for a while after the wind current because of formation 

of a circulation flow and development of an internal wave, it became linear with time. 

Since a previous experiment without floating water plants (Mori et al., 1989) shows the 

same tendency, we can conclude that the lowering of the velocity of the density interface 

is constant except shortly after running. 

About the entrainment velocity at the density interface based on the wind-induced 

flow with floating water plants, it also turns out that the entraiument velocity is u.= 

d/b*/dt = const like a previous study without floating water plants. The entrainment veloc-

ity obtained in this experiment is made dimensionless wlth the air friction speed, and it 

was defined as entrainment coefficient. Fig. 7 shows the relation between the entrain-
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ment coefficient and the overall Richardson number. The previous study defined Ecc 
Ria-3,2 in R*~< 100. In this figure, the triangle mark JL shows the experimental result with-

out floating water plants in the study of Mori et al. (1989) , and the quadrangle mark D 

shows the experimental result with floating water plants of 100/0 of covered rate in the 
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study of Ozaki et al. (2002). From this figure, it also turns out that the relation of Ecc 

R*-8/2 in Ria< 100 is mostly satisfied the result of the previous studies. Moreover, it turns 

out that the entrainment velocity with divided simulated object is larger than with 

simulated object which is not divided, and smaller than without plants. However, there is 

almost no difference in the entrainment velocity by the diffe, rence of division pattern. 

Fig. 8 shows that the coefficient of proportion kfi defined by E=k~Ri~-3~ , where ~ 

means the number of division of the simulated object. The scale of the vertical mixture 

by the difference of the number of division of the simulated object is able to estimate from 

Fig. 8. When the value of kfi without plants defines as 1000/0 , the 9-division is 380/0 , the 

4-division is 480/0 and the O-division is 70/0 . Although the value of the divided simulated 

objects becomes low compared with' it without plants, the difference between the 

9-division and the 4-division is not clearly. 

0.035 

0.030 

0.025 

0.020 

0.015 

0.010 

0.005 

0.000 

without plants 9-division 4-division ~~division 

Fig. 8. Experimental data for k~ as a function of ~: 

Hydrauiics experiment of the turbulent structure in the upper layer 

Experime7~tal method 
The equipment and methods for this experiment were the same as for the entrain-

ment phenomenon.. The experiment conditions are shown in Table 2. The measured 
parameters are the profiles of the flow velocity, the water temperature and the salirtity. 

The flow velocity was measured with an X-type hot-wire velocimeter, the salinity was 

with a conductance meter, and the wind velocity with a hot-wire velocimeter. 
Measurement points were at 3 m from the windward end of the tank i.e., the center of the 

tank (named Point A) , and at 5.6m i.e., the edge of the floating water plants (named 

Point B). The sampling time and the sampling point interval of the horizontal flow 
velocity u, the vertical flow velocity v, and the density variation p are shown in~ Table 3. 

Since it is thought that the density variation near the density, interface is greatly influ-

enced of the internal wave, the sampling time near the, density interface was set for 60 
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Table 2. Experirnental conditions for turbulent structure. 

measurement simulated Wmd velocity u * Ap p X 10 u*~ R~ point object U (m/s) h (cm) (kg/m ) (kg/m ) (cm/s) (cm/s) 

PointA without plants 
O-division 

4-division 

9-division 

PointB without plants 
O-division 

4-division 

9-division 

4.7 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

10.8 

10.1 

11.0 

11.0 

11.6 

11.0 

11.0 

11.0 

0.00523 

0,00552 

0.00554 

0.00546 

0.00552 

0.00536 

0,00554 

0.00544 

0.00126 

0.00126 

0.00127 

0.00126 

0.00127 

0.00128 

0.00127 

0.00127 

20.748 102.35 

21.372 94.85 
21.372 102.63 

21.372 102.41 

21.372 107.86 

21.372 99.15 
21.372 102.63 

21.372 100.88 

0.735 

0.759 
o . 763 

0.758 

0.763 

0.764 

0.763 

0.763 

Table 3. Sampling time and sampling point interval. 

height from the density 

interface (cm) 

sampling time sampling point 

(s) interval (cm) 

O-3 
3~5 
5-10 

60 

25 
25 

0.5 

0.5 

seconds and the sampling frequency was set to 100 Hz in consideration of the cycle of the 

internal wave. From the obtained data, we calculated the horizontal and vertical flow 

velocity, the horizontal and vertical turbulent intensity, the turbulent intensity of density, 

the Reynolds stress, and the vertical flux. The upper turbulent flow structure has been 

quantitatively investigated with them. 

Experimental results 
Fig. 9 shows the profiles of the time average flow velocity in the horizontal and verti-

cal directions. The horizontal and vertical axes are made dimensionless with the friction 

speed and the upper water depth. In the figure, the wind direction is from the right to the 

left. z/hl= I represents the water surface and z/h*=0 represents the density interface. 

The horizontal flow was swept leeward by the wlnd-induced flow near the water surface 

(wind-driven current). The magnitude of velocity decreases from the water surface to 

the density interface, and the flow direction reverses at about 40 percent of the upper 

water depth from the water surface (return current) . That is, it turns out that the vertical 

circulation flow arises in the test tank. The position of the shift point from the wind-dri-

ven current to the return current moves upward as the velocity near the water surface 

become small. This results showed the same tendency both the Point A and Point B. 

The horizontal flow velocity with simulated objects was low compared with the 

horizontal flow velocity without plants at the Point A. However, there was little difference 

by dividing the simulated objects. On the other hand, the horizontal flow velocity 

increased by dividing the simulated objects at the Point B. 

The vertical flow velocity defines the upward flow which goes from the density inter-

face to the water surface as positive. At the Point A, the flow direction becomes down-

ward near the water surface. Its velocity decreases as the measurement point approaches 
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-4 

the density interface, and it became alrnost zero uniformly under the position of about 50 

percent of the upper water depth. The vertical flow velocity was the largest in the case 

without plants and tended to decrease as the number of division of simulated objects 

became few. On the other hand, at The Point B, although it scattered widely within the 

range of a positive value near the water surface, we could not clarify the variation of it by 

difference of division pattern. Near the water surface, the profiles of the vertical flow 

velocity without simulated objects were scattered most broadly, but with the O-division 

simulated objects were least. Moreover, the more the number of division of the simulated 

objects increase, the more the profiles were scattered. 

Fig. 10 shows the profiles of the time average turbulent intensity in the horizontal and 

vertical directions. Both the Point A and Point B, the turbulent intensity in the horizontal 

and vertical directions are the largest near the water surface, and decrease to the alrnost 

same value to about 30 percent of the upper water depth. There was no influence by the 

division pattern at the Point A. On the other hand, the more the number of division of the 

simulated objects increase, the more the value of the turbulent intensity increased at the 

Point B. 

At the Point A, the division pattern of the simulated objects doesn't affect the time 
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Fig. 10. The proflles of time average turbulent intensity in the horizontal and vertical directions. 

average flow velocity and the turbulent intensity. This is guessed by the following reason. 

Generally, the water surface wave in the wind-induced flow is formed from the wlndward 

side and develops as it propagates to the lee. The simulated object set at the windward 

has not effect on the water surface wave without regard to any number of divisions. On 

the other hand, at the Point B, the more the number of division of the simulated objects 

increase, the irlore magnitude of the flow velocity and the turbulent intensity become 

large. That is, since the water surface wave is completely developed leeward (Tsuruya, 

1983) , the energy which a water surface wave moves simulated objects. And if the simu-

lated objects were divided, each inove independently. Therefore, the more the number of 

division of the simulated objects increase, the more influence given to the flow velocity 

and the turbulent intensity increase. In order to examine such a mechanism in detail, it is 

required to increase the number of division of the simulated objects and to verify the dif-

ference of the water surface wave. 

Fig. 1 1 shows the profiles of the Reynolds stress. The Reynolds stress shows the gen-

eration source of turbulence. On every condition, it was large only near the water sur-

face, and it became zero mostly to about 20 percent of the upper water depth. This 

means that production of turbulence originates in the shearing force on the water surface, 
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Fig. 11. The profiles of the Reynolds stress. 

and that the turbulence has taken place into a water body by transporting the energy to 

the lower part. 

Fig. 12 shows the profiles of the density flux. The flux represents transportation of 

the substance in near the density interface, i.e., a mixed scale. It was large only near the 

density interface. Therefore, it turns out that fluid exchange based on the turbulent flow 

between the upper and lower layers is performed in the density interface. Compared 

among the values near the density interface at the Point A, the case without plants was 

the largest, and in another cases, it was mostly the about 50 percent of the case without 

plants. The scale of vertical mixture at the Point B was small compared with the Point A, 

and the more the number of division of the simulated objects increase, the more the value 

were large the same as the flow velocity distribution. Thereby, it turns out that the verti-

cal mixture between the upper and lower layers is taken place more strongly at the Point 

A of the center of the tank, and that the variation by the difference of the number of divi-

sion appears more notably at the Point B. 
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CONCLUSION 
Based on the above results, the following conclusions can be drawn: 

(1) The entrainment velocity at the density interface with floating water plants was 

smaller than without plants. And it became large as the gregarious density of the 

floating water plants became small. 

(2) The values of the turbulent characteristics variables of the upper layer decreased by 

existence of the floating water plants. However, if the gregarious density of the 

floating water plants became small, it increased. 

(3) The scale of turbulent mixture between the upper and lower layers was less near 

water plants than at the center of a water body, and the influence by the difference of 

the gregarious density of the floating water plants appears more notably near water 

plants. 
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