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INTRODUCTION

Water quality problems in closed water bodies such 
as agricultural ponds and creeks have received increasing 
attention in recent years.  Because the amounts of inflow 
and outflow are generally low in closed water bodies, the 
circulation efficiency of water is low, too.  Therefore, 
water with a lot of dissolved oxygen in the surface layer 
is not transported easily to the lower layer; the vicinity 
of the bottom layer includes little oxygen, and the water 
quality of the body becomes degraded.  Since, water qual-
ity problems have been studied with closed water bod-
ies, including eutrophication (Lap and Mori, 2007).

Major one of circulation in Closed water bodies is the 
day cycle, which consist of the formation of thermal strati-
fication and the development of the mixed layer.  Thermal 
stratification forms with heat transportation from the 
water surface by solar radiation in the daytime.  Then, 
the development of the mixed layer is based on the 
mechanical disturbance by wind–induced flow (Mori et 
al., 1989) and on thermal disturbance by the cooling at 
water surface (Asaeda and Tamai, 1983).  Two distur-
bances break down the thermal stratification, and the 
thickness of the thermal uniformed layer increases, in 
other words, the mixed layer. 

Many studies have reported on thermal convection 
at high Rayleigh numbers, and it has been found that the 
flow structure becomes irregular as the Rayleigh number 
increases.  This phenomenon occurs in the vicinity of the 
bottom where a silicone rubber heater heats the water, 
or near the water surface, where it is cooled; this was 
determined by Spangenberg and Rowland (1970), Foster 
(1969), and Katsaros (1978) through various methods.  
For the fluid dynamics based on the density difference, 

there are two kinds of convection: vertical convection, 
based on the subsidence of a cold water mass (hence-
forth, “thermal”) caused by the cooling at water surface 
(Asaeda et al., 1982), and horizontal convection, based 
on a horizontal unstable density caused by the depth dif-
ference or inhomogeneous cooling (Hamagami et al., 
2008).  The convection that originates in these density 
differences is thought to be one of the main flows in the 
closed water body.  Therefore, it is important to clarify 
the characteristics of this density current to consider the 
water quality behavior of stagnated water body.

Here we aimed to clarify the effect of horizontal con-
vection on the development characteristics of thermal 
convection in a closed water body with compound cross 
section.  First, we conducted a experiment for measuring 
water temperature to examine the water temperature 
distribution in the deep, shallow, and step parts in order 
to clarify the characteristics of thermal stratification for-
mation and the development of the mixed layer based on 
inhomogeneous heating and cooling by the depth differ-
ence in the water body.  Moreover, we consider the pres-
sure difference that exists between the deep part and the 
shallow part and a horizontal flow based on this differ-
ence in order to examine the scale of the horizontal con-
vection.  Next, we carried out a flow visualization experi-
ment and consider about generation frequency, genera-
tion interval, and descent velocity in order to examine 
the characteristics of thermals which drives thermal con-
vection by comparison with an experiment involving a 
case of even depth.

METHODS AND RESULTS

Experimental equipment and methods
Water temperature measurement

Figure 1 shows the outline of the test tank used in 
this research.  It is made of an acrylic board 0.5 cm in 
thickness; the water surface area is 60×20 cm, with a 
depth of 30 cm in the deep part and 10 m in the shallow 
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part.  Moreover, we conducted comparative experiments 
with a water tank that separated a shallow water body 
and a deep water body as a case of even depth.  In addi-
tion, the cooling at water surface experiment examined 
for cases of uniformed and stratified thermal profiles.  
The experimental conditions are shown in Table 1.  In 
Exp. 1, the water temperature distributions are measured 
by five sections in the case of compound cross section.  
In Exp. 2, the water temperature distribution is meas-
ured by one section in the deep water body and another 
in the shallow water body as a case of even depth.  In 
Exp. 3, local water temperature distributions near the 
step part were measured by three sections in the case of 
compound cross section.  The Rayleigh number is a 
dimensionless number that shows the scale of convec-
tion, and the flux type of Rayleigh number with the heat 
flux from the water surface Qs is shown in Eq. (1).

Ra =      (1)

where α is the coefficient of thermal expansion (1/ ˚C); 
H, water depth (cm); κ, thermal diffusivity (cm2/s); v, 
the coefficient of kinematic viscosity (cm2/s); Qs, heat flux 
(J/cm2·s); ρr, reference density (g/cm3); c, isopiestic 
specific heat (J/g ·˚C); and g, gravitational acceleration 
(cm/s2).  The parameters in Eq. (1) were defined as α= 
2.5×10–4 = 2.5 and κ= 1.4×10–4.

To measure the amount of heat transportation from 
the water surface to the air (amount of evaporation), we 
measured air temperature, water temperature, humidity, 
and water level.  The heat sources used to make the ther-
mal stratification were an electrothermal board and an 
infrared ray lamp.  These heat sources were set up at 
positions 30 cm above the water surface.  The experiment 
was conducted indoors, and the air temperature was not 
controlled.  Warm water (about 15 ˚C higher than the air 
temperature at the start of the experiments) was used 
as an experimental fluid in the case of thermal uniform-
ity.  In the case of thermal stratification, the water was 
heated for 5 hours by the heat source, and then the cool-
ing at water surface started.  At that time, the bottom and 
sides of the water tank were covered with a styrene foam 
board 2 cm thick in order to satisfy adiabatic condition 

except the water surface.  The water temperature was 
measured for 10 hours every 2 minutes in Exp. 1 and 
Exp. 2, and for 50 minutes every 6 seconds at a specific 
time zone within 10 hours in Exp. 3.  Other measurement 
items except water temperature were measured for 10 
hours every 2 minutes at a position 1 m away from the 
water tank.
Flow visualization experiment 

Using both the same water tank and the same exper-
imental procedure as the experiment for measuring water 
temperature, a flow visualization experiment was con-
ducted with an aluminum powder method.  We then 
examined the characteristics of thermals (generation 
frequency, generation interval, and descent velocity) by 
comparison between cases of even depth and compound 
cross section.  A minute aluminum powder was evenly dif-
fused in water, and a vertical section was made visible by 
a slit of light about 1 cm wide from the tank side in this 
experiment.  The change over time was recorded from the 
front by a video camera.  Additional measurement items 
were air temperature, humidity, and water temperature 
in the vicinity of the water surface.  The experimental 
conditions of flow visualization are shown in Table 2.

αgQsH
4
 

ρrcκ
2v

Fig. 1.  The experimental equipment.

Table 1.  The experimental conditions for the experiment for measuring water temperature

Exp
Wate depth (cm) Measurement 

interval (cm)

Measurement 

time interval (min)

Rayleigh number Amount of

 evaporation (cm3/h)H1 H2 Deep part Shallow part

1–1 24 8 2 2.0 1.59×1010 3.96×1012 29.49

1–2 20 4  1(0~4cm), 2(4~20cm) 2.0 4.19×108 1.28×1012 21.32

1–3 24 8 2 2.0 1.77×108 5.54×107 11.61
1–4 20 4   1(0~4cm), 2(4~20cm) 2.0 1.17×108 4.88×108 13.76

2–1 24 8 0.5(0~4cm), 1(4~24cm) 2.0 1.72×1012 3.01×1012 30.11
2–2 24 8 0.5(0~4cm), 1(4~24cm) 2.0 1.05×109 1.69×109   7.54
2–3 24 8 0.5(0~4cm), 1(4~24cm) 2.0 2.50×109 3.28×109   4.31

3–1 20 4 0.5 0.1 5.63×108 1.70×1012   5.76
3–2 20 4 0.5 0.1 6.59×108 6.53×108   8.41

3–3 20 4 0.5 0.1 1.01×109 4.43×108   6.55
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Experimental results and discussions
Time change of water temperature distribution and 
heat flux at the water surface

Figure 2 shows the time change in the vertical distri-
bution of water temperature in the case of thermal uni-
formity.  Figure 2(a) shows the result in the case of even 
depth (Exp. 2–1), and Figure 2(b) shows the result in 
the case of compound cross section (Exp. 1–1).  These 
figures show the vertical distribution of water tempera-
ture every hour after the cooling at water surface started 
in the central sections of the deep and shallow parts.  
From Fig. 2, it is understood that the water is cooled 
almost uniformly in vertical direction in all sections.  
Thus, the circulating flow based on thermal convection 
has occurred in the whole water tank.  In Exp. 2–1, the 
shallow water body was cooled faster than the deep 
water body; by the end of the experiment, there was a 
difference of about 5 ˚C.  This is because of the differ-
ence in heat capacity due to the difference in depth 
between the two water bodies.  On the other hand, in 
Exp. 1–1 the cooling rate was almost the same in the 
shallow and deep parts.  This suggests that fluid is rap-
idly exchanged between the shallow and deep parts.  
That is, it is thought that the cooled water at the bottom 
of the shallow part flows into the deep part, and that the 
relatively warm water in the vicinity of the water surface 
of the deep part flows into the shallow part. 

Figure 3 shows the time change in the vertical distri-
bution of the water temperature during the period of the 
cooling at water surface in the case of thermal stratifica-
tion.  Figure 3(a) shows the result in the case of even 
depth (Exp. 2–3), and Figure 3(b) shows result in the 
case of compound cross section (Exp. 1–3).  The inver-
sion layer of the water temperature is formed by the 
decrement of water temperature in the vicinity of the 
water surface in either case.  The water mass in the vicin-
ity of the surface is transported downward by this unsta-
ble state of density, and a layer of uniform water tem-
perature, that is, a mixed layer, develops.  After then, 
the thickness of the mixed layer reaches the bottom, and 
the water temperature decreases uniformly in vertical 
direction.  It is thought that the increase in water temper-
ature in the lower layer, which the mixed layer does not 
reach, is caused by heat transmission from the upper 
layer.

Figure 4 shows the time change of the heat flux at 
the water surface.  In this figure, the movement of heat 
from atmosphere to the water surface is defined as posi-

Table 2.  The experimental conditions for the water temperature measurement

Case
Shape of 

water body
Type of

fluid field

Water depth (cm)
Rayleigh number

H1 H2

4–1 even depth thermal uniformity 24 8 1.88×108

4–2 uneven depths thermal uniformity 24 8 2.09×108

4–3 even depth thermal stratification 24 8 2.42×108

4–4 uneven depths thermal stratification 24 8 1.94×108

Fig. 2. The time change of the water temperature in the case of 
thermal uniformity.

Fig. 3. The time change of the water temperature in the case of 
thermal stratification.

Fig. 4.  The time change of the heat flux at the water surface.
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tive.  When comparing Exp. 1–1 and Exp. 2–1 for the heat 
flux on the water surface at 1 hour after the beginning of 
the cooling, the heat flux in Exp. 1–1 is large in the deep 
part and small in the shallow part.  The increase of heat 
flux means the increased loss of calories in the water col-
umn.  The main factor of the loss is a density current 
based on the cooling at water surface in Exp. 2–1.  That 
is, this difference may be attributable to the large contri-
bution of water exchange based on the density current 
between the shallow part and the deep part in Exp. 1–1.
Characteristics of the mixed layer

Figure 5 shows the decreasing velocity of the water 
temperature in the mixed layer in the case of even depth 
and in the case of compound cross section.  In the shallow 
part with even water depth, the decreasing velocity of 
the water temperature in the mixed layer was large imme-
diately after cooling started, and the velocity decreased 
rapidly as time passes.  On the other hand, the decreas-
ing velocity of the water temperature in the mixed layer 
was smaller in the deep part than in the shallow, and 
then the velocity decreased gradually.  That is, there is a 
clear difference in the decreasing velocity of the water 
temperature in the mixed layer because depth (volume) 
differs between the two bodies.  On the other hand, in 
the case of compound cross section there is no difference 
in the decreasing velocity of the water temperature in 
the mixed layer between the deep and shallow parts.  The 
decreasing velocity decreases equally as time passes in 
both the deep and shallow parts.  It is because water is 
exchanged by horizontal flow based on the difference in 
heat capacity.

In the case of compound cross section, flow from the 
shallow to the deep part is generated because of the den-
sity difference between two parts.  We deduce the flow 
velocity at this time bellow.  Figure 6 shows the simple 
model of the density field.  Figure 6(a) shows that water 
fields whose densities are ρ1 and ρ2(ρ1

<–ρ2) are sepa-
rated horizontally by the partition and also are in the qui-
escent condition.  Removal of the partition from this state 
causes the horizontal flow by the density difference.  
The velocity of penetrative convection at this time is 

obtained from the viewpoint of energy preservation.  
That is, it is thought that in the fluid fields the density is 
different horizontally at first, as showed in Figure 6(a), 
and the fluid changes the state in which the density is 
vertically different, as showed in Figure 6(b), after the 
partition is removed.  Assuming that the volume of each 
area is V, the potential energy at this time is
The potential energy to the bottom in the state shown in 
Figure 6(a):

              +          =    (2)

The potential energy to the bottom in the state shown in 
Figure 6(b):

               +           =    (3)

The difference is (ρ2–ρ1)VgH/4.  When the fluids in the 
upper and lower layers flow horizontally in opposite direc-
tions by the velocity u like in Figure 6(b), the kinetic 
energy is ρ1Vu2/2 in the upper layer and ρ2Vu2/2 in the 
lower layer, and the total of these is(ρ1+ρ2)Vu2/2.  
Assuming that the decreasing potential energy is con-
verted to this kinetic energy, 

              VgH =     Vu2   (4)

Therefore, the velocity of penetrative convection is given 
by

u =   εgh      (5)

where, ε= (ρ2 –ρ1)/{(ρ2 +ρ1)/2}.

Figure 7 shows the velocity of penetrative convec-
tion in Exp. 1–1 and Exp. 1–2.  The velocity of the flow 
from the shallow part to the deep part (lower flow) is 
about 0.43 (cm/s), and the velocity of the flow from the 
deep part to the shallow part (upper flow) is about 0.38 
(cm/s) in Exp. 1–1.  The righthand side of Eq. (5) is mul-
tiplied by the constant of proportionality in effect like u 
=γ   εgh.  When we used the result of the flow visualiza-
tion experiment under the same conditions as in Exp. 
1–1, the constant of proportion γ became 0.92 in the 
lower flow and 0.78 in the upper flow.

The generation of a horizontal flow is based on the 
pressure difference which arises from density difference 
between the deep part and the shallow part.  Then, to 

Fig. 5. The decreasing velocity of the water temperature in the 
mixed layer.

ρ1VgH
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Fig. 6.  The simple model of the density field.
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examine the scale of the horizontal convection, we 
examined the relationship in static pressure between the 
deep and shallow parts in Figure 8.  Figure 8(a) shows 
the result in the case of thermal uniformity (Exp. 1–2), 
and Figure 8(b) shows the result in the case of thermal 
stratification (Exp. 1–4).  In Exp. 1–2, the pressure in the 
shallow part is higher than that in the deep part through-
out the experiment time, though there is a small change 
in the pressure difference.  On the other hand, in Exp. 
1–4, though the pressure in the deep part is higher than 
in the shallow part at the initial stage of cooling, the 
pressure in the shallow part falls back after 90 minutes.  
When there is a pressure difference in the water body, 
water flows from the high–pressure place to the low–
pressure place to decrease the pressure difference.  
Therefore, it is understood that the characteristics of a 
horizontal flow from shallow to deep parts differ between 
cases of thermal uniformity and thermal stratification, 
and that the direction of a horizontal flow changes in the 
case of a stratification field, depending on the cooling 
stage.

Figure 9 shows the time change in the thickness of 

the mixed layer obtained from the vertical distribution of 
the water temperature.  The thickness of the mixed layer 
D, which develops as a result of the cooling at water sur-
face, is derived by the relation between the amount of 
heat transportation from the water surface and the 
amount of change of water temperature in the water 
body.  Assuming that the calories lost from the water 
surface per unit time are Q, the relationship between the 
calories that the water body loses from time 0 to t and 
the water temperature change is

∫  Qdt = ∫  ρc(T –Ts) dz             (6)

where T is the water temperature at the water depth z 
(˚C); Ts, the water temperature at the water surface (˚C); 
and ρ, the water density.  Thus, the thickness of the 
mixed layer h is shown as

h = (         )
1/2

    (7)

where β is the water temperature gradient in the verti-
cal direction.  From this figure, it is understood that the 
relationship between the thickness of the mixed layer 
and the elapsed time in this experiment complies with 
Eq. (7).

Our experiment in water temperature measurement 
to examine the characteristics of mixed layers in water 
bodies with compound cross section shows that the hori-
zontal convection based on the density difference 
between the deep and shallow parts affects significantly 
the time change of the thickness of the mixed layer.  The 
development of the mixed layer is caused by the many 
actions of small thermals.  We therefore examined the 
characteristics of thermals in order to consider in detail 
the influence of the horizontal convection on the vertical 
convection.
Characteristics of thermal

In this chapter, the occurrence characteristics of 
thermals (generation frequency, generation interval, and 
descent velocity) are examined in a flow visualization 
experiment in comparison with the results of the experi-

Fig. 7.  The velocity of penetrative convection.

Fig. 8. The relationship in pressure between the deep and shallow 
parts.

  t

0

  H

0

2Qt
ρcβ

Fig. 9.  The time change in the thickness of the mixed layer.
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ment in the case of even depth.  In thermal convection 
based on the cooling at water surface, vertical convec-
tion is formed by a thermal movement settling from the 
vicinity of the water surface and its compensation flow.  
That is, it is thought that the generation characteristics 
of thermals change by the influence of horizontal con-
vection.  Then, through a flow visualization experiment 
using an aluminum powder method, we examined the 
influence of the horizontal convection generated in the 
water body with compound cross section on the occur-
rence characteristics of thermals.

When we consider the cooling at water surface in an 
immovable thermal stratification, the transportation of 
heat is based on heat conduction only at the beginning 
of cooling, and thermal convection is not caused.  When 
the cooling process progresses and the water near the 
water surface reaches an unstable density, a thermal is 
formed by the subsidence of the cold water mass, thus 
establishing the shape involved in the descent by the 
shearing stress from surrounding fluid.  From this, it is 
thought that the generation interval and the generation 
frequency of a thermal are decided by the stability of the 
water surface layer.  In the result of the stability analysis 
by Chandrasekhar (1961), the limit of flux types of 
Rayleigh number that become unstable is Rac ~= 1100, and 
the relationship between the horizontal scale Lv and the 
reference scale in the vertical direction d is d=2.68Lv/2π

~.  
The reference scale d is obtained as d=(Racρrcκ

2v/
αgQs)

1/4 from the definitional equation of Ra(Eq. (1)), so 
that the following relationship is almost proven even if 
there is a difference between the timepoint of the stabili-
zation of density breakdown and the timepoint where 
the thermal is generated. 

 
Lv ∝ (Racρrcκ

2v/αgQs)
1/4   (8)

In addition, assuming that heat is transported by heat 
conduction until the unstable state is reached, the time 
until instability is reached Tv is calculated from d=  κTv  . 

Tv =(Racρrcv/αgQs)
1/2    (9)

Thus, the generation frequency of the thermal generated 
at the unit area and the unit time fv is obtained by 

fv =               = m · Ra                 (10)

where m(= 1.0×10–4) is a constant of proportion (Asaeda 
et al., 1982).  From Eq. (10), it is understood that the 
generation frequency of a thermal does not depend on 
depth.  Moreover, the average descent velocity of ther-
mal wv  is decided from the heat flux at the water sur-
face, and it is given by the dimension analysis as

wv  ∝ (αgQsd/ρrc)1/3               (11)

Figure 10 shows the generation frequency of a ther-
mal in the flow visualization experiment, Exp. 4.  The 
experimental result is an average value for an observa-
tion period of about 30 minutes.  For the observation, 

the number of thermals was counted when a new ther-
mal was generated after the previous thermal had sub-
sided completely.  From this figure, it is understood that 
the experimental result in Exp. 4–2 (the case of even 
depth) complies with Eq. (11).  The generation frequen-
cy of thermals is higher in the case of compound cross 
section than in the case of even depth, though the rela-
tionship to the Rayleigh number has the same tendency 
as that in the case of even depth.  The results also show 
that thermals are frequently generated by an unstable 
density in the case of compound cross section.

Figure 11 shows the generation interval of thermals 
in the flow visualization experiment, Exp. 4.  The gener-
ation interval of thermals is defined as the length of the 
water surface divided by the number of thermals, because 
the generation interval of thermals was almost equal hor-
izontally.  This figure shows that the experimental result 
complies with Eq. (8).  When comparing between the 
case of even depth and compound cross section, there is 
a tendency toward a large generation interval of ther-
mals in the case of compound cross section.  That is, it is 
thought that the generation interval of thermals increases 
because convection cells develop more rapidly when the 
generation frequency of thermals increases.

1
Tv Lv 

2

κ
d4

Fig. 10.  The generation frequency of thermals.

Fig. 11.  The generation interval of thermals.
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Figure 12 shows the descent velocity of thermal  wv 
in the flow visualization experiment, Exp. 4.  The 
descent velocity was defined as the velocity by which 
the thermal descended in depth by 2–4 cm.  From this fig-
ure, it is understood that the experimental result com-
plies with Eq. (11).  When we compare the cases of even 
depth and compound cross section, no clear difference is 
seen in the tendency, and it is understood that the 
descent velocity of a thermal can be expressed by Eq. 
(11) approximately in either case.  That is, it is clarified 
that the descent velocity of a thermal in the vicinity of 
the water surface is the same in the case of even depth 
as in the case of compound cross section.

These results suggest that the generation frequency 
and the generation interval of thermals were higher in 
the case of compound cross section than in the case of 
even depth.  It is shown also that the horizontal convec-
tion based on the density difference between the deep 
part and the shallow part affects the generation charac-
teristics of thermals.  That is, the change in the develop-
ment characteristics of the mixed layer (vertical convec-
tion) based on the effect of the horizontal convection 
was caused by the change in the occurrence characteris-
tics of thermals.

CONCLUSION

In this study, the effects of horizontal convection 
based on the horizontal density difference on thermal 
convection based on the cooling at water surface were 
examined in a closed water body with compound cross 

section, and the following results were obtained.
(1) An experiment for measuring water temperature 

revealed that the characteristics of vertical convec-
tion based on the cooling at water surface were 
affected by horizontal convection based on the den-
sity difference between deep and shallow parts. 

(2) A flow visualization experiment to investigate the 
occurrence of thermal characteristics, which are 
developmental factors in vertical convection, found 
that the generation frequency and the generation 
interval of thermals was higher in the case of com-
pound cross section than in the case of even depth.  
That is, it was understood that the change in the 
development characteristics of the mixed layer based 
on the effect of horizontal convection was caused by 
the change in the occurrence characteristics of the 
thermals.
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