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INTRODUCTION

In a closed water body, density stratification is
formed by physical, biological, and biochemistrical fac-
tors.  For example, there are water temperature stratifi-
cation due to solar radiation during daytime and radia-
tion cooling during night, water quality stratification due
to liquation of the nutritive salts from bottom mud, and
DO stratification secondarily produced by plankton etc.
For conservation or improvement of water quality in a
closed water body, it is important to use circulation
flows by a wind induced flow (mechanical disturbance)
and a thermal a convective flow (thermal disturbance).
And it is also important to apply the function of water
quality purification by aquatic plants, because aquatic
plants have the capability to absorb nutritive salts that
leads to eutrophication (Masujima, et al., 2001).

In the present study, we focused on the closed
water bodies with floating aquatic plants where espe-
cially thermal turbulence was outstanding.  Hydraulic
characteristics at the initial stage of formation of a ther-
mal convective flow due to water surface cooling were
measured around a water surface.

MATERIAL AND METHODS

The experiment for the behavior of cold water masses

Experimental equipment

Experimental equipment is shown in Fig. 1.  Area of

water surface was 100 mm×200 mm and the depth was
200 mm.  It was made from an acrylics board of 5 mm
thickness.  The tank was covered with styrene foam of
20 mm thickness at the bottom and sides to make heat
transfer minimum.

Thermocouples were set 16 points.  These were set
at points of 5 mm and 15 mm under a water surface, and
set in a horizontal direction at intervals of 10 mm.  We
named upper sensors H and lower ones L, and gave the
number from the left side.  We used the Thermodac F
(ETO DENKI CO., 5030A) and Ondotori (TANDA,
TR–71U) were used for our measurement.
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In some closed water bodies with little inflow and outflow, a flow is gentle and its water quality gets
worse by developing stratification.  And its main dynamics of flow are circulation flow based on wind action
on a water surface (mechanical disturbance) and a thermal convective flow by solar radiation.  (thermal
disturbance) 

In the present research, we focused on a closed water body where thermal turbulence was out-
standing.  Hydraulic experiments were conducted to investigate the behavior of the cold water mass formed
around a water surface when the water surface was cooled naturally.  And the difference of the behavior
was investigated under coverage and no–coverage plants on a water surface.

Results indicated that turbulence intensity of the cold water mass and the time scale of convection
were influenced by both the Rayleigh number and coverage.  The falling cycle of cold water mass was
influenced by only the Rayleigh number.  The falling cycle of cold water mass and development of convec-
tive a flow were also observed by the wavelet transform in the change of water temperature.

Fig. 1.  Experimental equipment.



Experimental method

The experiment was conducted indoors, and the
conditions of air were not controlled.  The experimental
fluid was tap water.  Surface cooling was conducted
under the temperature difference between air and hot
water.  Heat insulation state was maintained and water
temperature distribution was uniformed, and then water
surface cooling started.  Water temperature was mea-
sured for 20 minutes at 2.5 Hz of sampling frequency.
Variation of water temperature was measured as voltage
value variation.  

In addition, in this experiment, coverage of the
water surface was changed with 0%, 20%, 40%, and
60%.  The styrene foam board of 5 mm thickness was
used to simulate floating aquatic plants.  

Experimental condition

The Rayleigh number was introduced as one of the
experimental conditions, which were defined as

Ra＝――――＝――――― (1)

where α is coefficient of thermal expansion (1/ ˚C); ΔT,
temperature difference between air and water (˚C); h,
depth of water (cm); κ, rate of heat conduction (cm2/s);
ν, coefficient of kinematic viscosity (cm2/s); q, heat flux
(cal/cm2･s); ρ, water density (g/cm3); Cp, specific heat
(cal/g･˚C) ; g, gravitational acceleration (cm/s2).  

The experimental conditions are shown in Table 1.
In calculation of the Rayleigh number, α＝2.5×10–4, g＝
980, κ＝1.4×10–4 and ν＝0.01 were used.  

RESULTS AND DISCUSSIONS

Time variation of water temperature and the num-

ber of falling cold water masses

Figure 2 shows time variation of the water tempera-
ture in case1–1 and case4–1.  In this figure, starting
points of voltage were shifted down 0.05 mV successive-
ly in order to distinguish the change in water tempera-
ture at each measurement point.  Moreover, the number

of falling cold water masses was counted within 20 min-
utes by the upper sensor.  The result is shown in Table 2.

The water temperature decreased rapidly around
the water surface at the initial stage of cooling.  There-
fore, a density difference arose and a multitude of cold
water masses appeared in the whole water surface.  In
this research, rapid temperature variations generated
intermittently were defined as falling of cold water mass.
The water temperature decreased gradually on the
whole.  When the coverage was high, amount of
decrease was small.  When the Rayleigh number was
large, the number of falling cold water masses increased.
Comparing upper sensors with lower sensors, upper
ones reacted sharply and then lower ones reacted
weakly with some time lag.  The number of falling cold
water masses decreased greatly at the covered portion
and in the vicinity of covered portion.  It was thought
that generating of cold water masses and the scale of
thermal convective flow were influenced greatly by
coverage.  

Turbulence intensity

Turbulence intensity of temperature change was
defined as

Trms＝　――― (2)

where T is the change of water temperature; n, the
number of data.  Figure 3 shows turbulence intensity in
case1 and case4.  When the Rayleigh number was large,
the turbulence intensity became large, too, and also
became large at the center of the tank.  For depth of
water, turbulence intensity was large around the water
surface, and this was the reason why density instability
tends to become large.  For the coverage, turbulence
intensity decreased at the covered portion but increased
rapidly around the covered portion.  

Characteristics of cold water masses

In order to investigate the characteristics of cold
water masses, the data was processed by power spec-
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Table 1. Experimental condition

case1–1
case1–2
case1–3
case1–4

case2–1
case2–2
case2–3

case3–1
case3–2
case3–3

case4–1
case4–2
case4–3

0
0
0
0

20
20
20

40
40
40

60
60
60

18.3
15.1
12.4

9.1

17.5
14.7
12.9

18.2
14.9
12.9

18.0
14.8
13.1

3.7
3.4
3.3
3.3

3.3
3.0
3.8

2.9
2.9
4.2

3.2
2.9
4.4

14.6
11.7

9.1
5.8

14.2
11.7

9.1

15.3
12.0

8.7

14.8
11.9

8.7

8.62E＋09
6.91E＋09
5.37E＋09
3.43E＋09

8.39E＋09
6.91E＋09
5.37E＋09

9.04E＋09
7.09E＋09
5.14E＋09

8.74E＋09
7.03E＋09
5.14E＋09

coverage (%)
water temperature

(˚C)
air temperature

(˚C)

difference bitween air
temperature and water
temperature ΔT (˚C)

Rayleigh
number

αgΔTh3

κν

αgqh4

ρCpκ
2ν

ΣT 2

n
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Table 2. Number of falling cold water masses 

case1–1–H
case1–2–H
case1–3–H
case1–4–H

case2–1–H
case2–2–H
case2–3–H

case3–1–H
case3–2–H
case3–3–H

case4–1–H
case4–2–H
case4–3–H

0

20

40

60

15
12

9
6

15
12

9

15
12

9

15
12

9

30
19
15
10

10
15
12

8
7
7

10
6
3

27
18
16

8

11
15
11

10
5
8

10
7
6

34
20
17

9

12
17
14

27
11
13

11
8
6

37
24
16
13

21
19
13

31
14
14

10
8
7

33
20
14
12

22
18
17

32
15
14

17
11
11

31
22
18
12

25
22
17

32
16
15

19
15
11

31
23
19
11

22
23
18

31
22
18

22
13
12

27
20
20
12

28
27
18

31
19
18

19
15
12

250
166
135

87

151
156
120

202
109
107

118
83
68

1 2 3 4 5 6 7 8 sum

8.62E＋09
6.91E＋09
5.37E＋09
3.43E＋09

8.39E＋09
6.91E＋09
5.37E＋09

9.04E＋09
7.09E＋09
5.14E＋09

8.74E＋09
7.03E＋09
5.14E＋09

coverage
(%)

difference of 
temperature

(˚C)
case

the number of sencor and
counted sedimentation Rayleigh

number Ra

Fig. 2.  Variation of water temperature.



trum analysis and wavelet analysis.  Figure 4 shows the
relation between the Rayleigh number Ra and the
generating cycle of cold water masses Tp.  It is known
that the following relation between Tp and Ra, and Fig. 4
shows the relation below is satisfied.

Tp / (d2/κ)∝Ra

–1／2 (3)

where Tp is a generating cycle of cold water masses; d,
water depth;κ, Karman constant; Ra, Rayleigh number.
Because the Rayleigh number was large around the

334 S. KAKIZAKI et al.

Fig. 3.  Turbulence intensity.

Fig. 4.  Relation between the Rayleigh number Ra and falling cycle
of cold water mass Tp .

Fig. 5.  Relation between the Rayleigh number Ra and the time
scale of convection Tc .



water surface, density instability increased in a short
time, so the generating cycle of cold water masses
became short, too.  It was not related with the amount of
the coverage.  

Furthermore, Fig. 5 shows the relation between the
Rayleigh number Ra and the time scale of a thermal con-
vective flow Tc.  The following relation between Tc and
Ra was applied in the previous research (Eguchi et al.,
2003).  Figure 5 shows that this relationship is satisfied

in this research.

Tc / (d2/κ)∝Ra

1／2 (4)

where Tc is time scale of convective flow; d, water depth;
κ, Karman constant; Ra is Rayleigh number.  Time scale
of a thermal convective flow became large when the
Rayleigh number was large, because cold water masses
were generated in a short cycle and the strong convec-
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Fig. 6.  Wavelet analysis in case1–1–3H and case1–1–3L.

Fig. 7.  Wavelet analysis in case1–1–2H and case4–1–2H.

Fig. 8.  Wavelet analysis in case1–1–7H and case4–1–7H.



tive cell was formed.  From Fig. 5, the time scale of con-
vection tended to become small when the coverage was
large.

Figure 6 shows the results of wavelet analysis in
case1–1–3H and case1–1–3L.  We conducted discrete
wavelet transform using the sixth floor Daubechies
Mother–wavelet as analyzing wavelet.  A wavelet coeffi-
cient is expressed formula below.

ωk

( j)＝2 – j／2 ∫–∞

∞
ƒ(t)ψ(2 – j t–k)dt (5)

Where ω is wavelet coefficient; ƒ, data function; ψ,
Mother–Wavelet function; k, shifting; j, level.  The color
display expresses the size of the wavelet coefficient at
each coordinate.  The vertical axis corresponds to time
and the horizontal one corresponds to frequency.  The
advantage of a wavelet analysis is catching visually the
dominant frequency at each time.  So we could detect
rapid water temperature changes and observe the state
of water surface cooling at a certain time.

From Fig. 6, it was found that a relatively high fre-
quency band was dominant at the initial stage of cooling,
and a low frequency band was dominant as time pro-
gresses.  This expresses the transition from the stage,
where many small cold water masses were generated, to
the stage, where the thermal convective flows were
formed and developed.  Moreover dominant frequency
bands of upper sensors were sharper than ones of lower
sensors.  This reason was examined to be larger turbu-
lence intensity at upper sensors compared to that of
lower sensors.  In order to consider changes by coverage
on a water surface, Fig. 7 shows the results of wavelet
analysis in case1–1–2H and case4–1–2H, and Fig. 8
shows the one in case1–1–7H and case4–1–7H.  The
sensor in case4–1–2H was set at covered portion, and
the sensor in case4–1–7H was set at not–covered por-
tion.  From Fig. 7, the reactions were weak in the cov-
ered portions.  This was examined to be small turbu-
lence intensity at the covered portions.  From Fig. 8, it
was found that low frequency bands in case4–1–7H were

dominant at earlier time compared to case1–1–7H.

CONCLUSION

In the present study, the behavior of cold water
masses generated around a water surface was investigat-
ed experimentally to understand the characteristics of a
thermal convective flow in a closed water body.  Fur-
thermore, the influence of coverage on water surface
was also examined.  From the results obtained, the
following conclusions were drawn.
(1) The number of falling and turbulence intensity of

cold water masses changed with the Rayleigh
number and coverage.  

(2) The time scale of convection will become large as
the Rayleigh number becomes large, and it becomes
small as coverage becomes small.  The generating
cycle of cold water masses will become short as the
Rayleigh number becomes large, and there is no
change about the coverage.

(3) Wavelet analysis is an effective means to understand
the characteristics of cold water masses at the initial
stage of natural cooling on a water surface.  
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