
Kobe University Repository : Kernel

PDF issue: 2025-12-05

Effect of wall friction on oscillation of
velocity at the head of the gravity current

(Citation)
Theoretical and Applied Mechanics Letters,13(3):100439

(Issue Date)
2023-05

(Resource Type)
journal article

(Version)
Version of Record

(Rights)
© 2023 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of
Theoretical and Applied Mechanics.
This is an open access article under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International license

(URL)
https://hdl.handle.net/20.500.14094/0100482475

Koue, Jinichi



Theoretical and Applied Mechanics Letters 13 (2023) 100439 

Contents lists available at ScienceDirect 

Theoretical and Applied Mechanics Letters 

journal homepage: www.elsevier.com/locate/taml 

Letter 

Effect of wall friction on oscillation of velocity at the head of the 

gravity current 

Jinichi Koue 

Graduate School of Maritime Sciences, Kobe University, Japan 

a r t i c l e i n f o 

Article history: 

Received 18 December 2022 

Revised 11 February 2023 

Accepted 14 February 2023 

Available online 17 February 2023 

Keywords: 

Gravity current 

Velocity oscillations 

Transition 

Reynolds number 

Wall friction 

a b s t r a c t 

Velocity oscillations at the head of the gravity current were investigated in experiments and numeri- 

cal simulations of a locked-exchange flow. A comparison of the experimental and numerical simulations 

showed that the depth and volume of the released fluid affected the oscillations in the velocity of the 

gravity current. At the initial stage, the head moved forward at a constant velocity, and velocity oscil- 

lations occurred. The head maximum thickness increased at the same time as the head, which did not 

have a round, and accumulated buoyant fluid due to the buoyancy effect intrusion force. The period of 

accumulation and release of the buoyant fluid was almost the same as that observed for the head move- 

ment velocity; the head movement velocity was faster when the buoyant fluid accumulated and slower 

when it was released. At the viscous stage, the forward velocity decreased proportionally to the power 

of 1/2 of time, since the head was not disturbed from behind. As the mass concentration at the head de- 

creased, the gravity current was slowed by the viscous stage in its effect. At the viscous stage, the mass 

concentration at the head was no longer present, and the velocity oscillations also decreased. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and 

Applied Mechanics. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The gravity current is the flow of one fluid through another, 

aused by a relatively small difference in density between the flu- 

ds. In natural aquatic environments, such as lakes, oceans, and 

eservoirs, there are a myriad of possible sources of density differ- 

nces, including temperature differences, salinity differences, sus- 

ended solids—both organic and inorganic—and combinations of 

hese mechanisms [1] . In the area of human activity, gravity cur- 

ents generated in the atmosphere and ocean may have buoyancy 

s their driving force, as a result of the accidental release and sub- 

equent flotation of industrial pollutants. Thus, the gravity current 

s a very complex flow that is ubiquitous in nature and human ac- 

ivity, and its study is as diverse in purpose as it is in the manifes-

ation of the flow itself. 

In the ocean, gravity currents have a density interface where 

emperature and salinity change in discontinuities of densities, 

reventing material transportation in a perpendicular direction. 

his has an impact on the supply of nutrition and oxygen. Before 

nd after the gravity current passes, the material cycle around the 

uid changes. As a result, it is critical to forecast how the marine 

nvironment will change. Gravity currents have been studied ex- 

ensively, both experimentally [ 2 , 3 ] and numerically [4–6] . Many 
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xperiments to generate gravity currents have been carried out by 

pening the gate in the water tank to investigate the front speed 

nd the mixture of the gravity current [7] . 

The gravity current generally consists of the head with unsteady 

nd strong vortex motion and a relatively steady flow behind the 

ead. Many theoretical and experimental studies have been con- 

ucted to clarify the properties of the steady flow part. The accu- 

acy and consistency of the developed model are checked using the 

xperimental data of the lock-exchange in the straight channel, lat- 

ral flow in the open channel, and mass exchange in the cavity [8] .

he evolution of the local mixing dynamics along a lock-exchange 

ravity current propagating over a mild slope was statistically in- 

estigated and they showed the characteristic of the slumping and 

nitial stages of the current’s propagation [9] . 

According to Simpson [1] and Hallworth et al. [10] , the growth 

rocess of the gravity current can be classified into three major 

tages. Immediately after the sluice gate is opened, the first stage 

ppears, in which the leading edge of the gravity current maintains 

 constant velocity; followed by a transition to the second stage, 

n which the leading edge begins to decelerate and the inertial 

orce and gravity reach equilibrium; and finally, to the third stage, 

n which the effect of viscous friction becomes dominant and fur- 

her deceleration occurs [11] . Hoult [12] conducted experiments on 
ety of Theoretical and Applied Mechanics. This is an open access article under the 
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Fig. 1. A schematic diagram of lock-exchange flow. 

Fig. 2. ( a ) Initial stage of gravity current. ( b ) Viscous stage of the gravity current. 
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he diffusion of heavy oil when a constant supply of heavy oil was 

ept on the water, and a third stage emerged in which viscous fric- 

ion became dominant even though the heavy oil was traveling 

long the free surface. Didden and Maxworthy [13] observed the 

ehavior of the leading edge of a channel with parallel sidewalls 

n which a constant supply of low-density fluid was applied, and 

hey reported that a third stage appeared as well. However, analy- 

is of the head part with unsteady motion is still insufficient and 

any unknowns remain. 

The purpose of this study is to analyze how the velocity at the 

ead of the gravity current varies. The variation in the structure 

f the head of the gravity current was investigated theoretically by 

pplying the box-model, experimentally by using the water tank, 

nd numerically by using the slope-limiting scheme. This experi- 

ent included the condition of no disturbance to the head from 

ehind during the viscous stage. 

The theoretical, experimental, and numerical investigation of 

ravity current propagation in a long channel of length L and wa- 

er depth H was conducted. Figure 1 depicts a water tank with 

 = 40 0 0 mm length and D = 60 mm depth. The gate was placed

rom the edge of the water tank to the position of distance x 0 = L /2,

he fluid with the density of ρ0 was placed in one area partitioned 

y the gate, and the fluid with the density of ρ0 +�ρ was placed 

n the other. As for the density difference of the fluid, the case of 

everal percent salt water was used to do this experiment. The be- 

avior and structure of the head of the gravity current after the 

ate was opened was examined. 

Figure 2 a depicts the initial stage after the gate was opened. 

he fluid exchange occurred in relation to the symmetry position 

f the gate, the height of the gravity current became half its initial 

alue, and it progressed. The amount of energy change between 

he state after the gate is opened and the state where the head 
2 
f the gravity current advances distance x is taken into account. 

he amount of the change in potential energy, �P , by the gravity 

urrent is given by: 

P = −1 

4 

�ρ�x · gH 

2 , (1) 

here �ρ is the difference in density, �x is the difference in dis- 

ance, g is the gravitational acceleration, and H is the water depth. 

It is equal to the potential energy when a heavy fluid falls only 

alf of the initial height and is exchanged for a light fluid. 

The change in kinetic energy of the head, �K , can be expressed 

s: 

K = ρ0 · �x · H · v 2 , (2) 

here ρ is the density of fluid in the head, and v is the character- 

stic velocity. 

Assuming that dynamic energy is conserved and that all de- 

reasing potential energy is used to generate kinetic energy: 

P + �K = 0 . (3) 

Therefore, the front speed is given by: 

 = 

1 

2 

√ 

�ρ

ρ0 

gH . (4) 

The viscous stage is depicted in Fig. 2 b, where friction is created 

etween the progressing fluid and the bottom of the wall. When a 

ectangular area of fluid distance of x in length moves the distance 

f �x along the bottom of the wall, the change in dissipative en- 

rgy, �D , can be written in the form of: 

D = τx �x, (5) 

here shearing stress τ is regarded to be proportional to the ve- 

ocity: 

= μ
1 

H 

d x 

d t 
, (6) 

nd μ denotes the viscosity coefficient of the fluid. 

If the dissipative energy is entirely due to a decrease in poten- 

ial energy, the moving distance x is given by: 

 = 

1 √ 

2 

√ 

�ρ

μ
gH 

3 t . (7) 

When the viscosity on the bottom wall becomes dominant, the 

ront speed decreases as the moving distance is proportional to the 

ime to the power of 1/2. 

As previously stated, gravity current progresses due to the po- 

ential energy of the density difference, and in terms of energy 

onversion, gravity current development stages can be divided into 

wo stages: the initial stage and the viscous stage. 

An acrylic and aluminum water tank with L = 40 0 0 mm, 

 = 100 mm in width, and D = 60 mm in depth was used as

hown in Fig. 1 . The tank was placed on a horizontal stand, and

 partition plate was attached that opens and closes vertically. A 

lastic plate was used as the divider, and a guide was attached to 

he plate to allow it to move smoothly up and down. The gate was 

laced at the middle of the tank, the fluid with the density of ρ0 

as placed in one area partitioned by the gate, and the fluid with 

he density of ρ0 +�ρ was placed in the other. The less dense fluid 

0 was fresh water and the denser fluid ρ0 +�ρ was a solution 

f water and sodium chloride with dye. A gravimeter and refrac- 

ometer were used to measure the density ratio. The divider was 

pened to generate a density flow. A digital video camera was used 

o measure the position of the tip of the density flow. The location 

f the tip of the gravity current was determined by obtaining the 

uminance values from the image of the tip of the gravity current, 

nding the midpoint between fresh water and salt water with red 
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ye, and using the threshold line as the tip location. The images 

ere captured by a computer, and the elapsed time at each 50 mm 

istance from the sluice gate was recorded. The water depth H was 

et to 25 mm, and the density differences between the two flu- 

ds are 1%, 2%, and 4%, respectively. The Reynolds numbers ( Re = 

H /γ ) (γ is the kinematic viscosity of the fluid ; the representa- 

ive length as the water depth H, the representative velocity as the 

ropagation velocity of the internal shallow water wave U = 

√ 

g ′ H ) 

ere 1233, 1743, and 2465, in that order. 

The governing equations are the Navier-Stokes equation for an 

nhomogeneous and incompressible fluid, the continuity equation, 

nd the solute transport equation are the governing equations. 

All variables were non-dimensionalized with the representative 

ength as the water depth H, the representative velocity as the 

ropagation velocity of the internal shallow water wave U = 

√ 

g ′ H , 

nd the representative time as T = H/U . 

The Reynolds number Re = UH/γ and the diffusion parameter 

f the density Rs = UH/γ , and the Froude number F n = U/ 
√ 

g ′ H ,

re included as dimensionless numbers, where κ is the molecular 

iffusion coefficient of the solute, and γ is the kinematic viscosity 

f the fluid and F n = 1 . 0 . 

The density of a fluid becomes dimensionless in two steps. 

he initial density is the representative density, and the change 

rom the representative density is nondimensionalized by the ini- 

ial density difference. Bousinessq approximation is used as fol- 

ows. 

The non-dimensionalized density variation is expressed as: 

s = 

ρ − ρ0 

�ρ
. (8) 

Governing equations: The Navier-Stokes equations for viscous 

uids with density change is shown by: 

∂ ( ρu ) 

∂t 
+ ∇ · ( ρuu ) = −∇ϕ + Re −1 ∇ 

2 u − ρs F 
−2 

n k. (9) 

The continuity equation for incompressible fluids is expressed 

y: 

 · u = 0 . (10) 

The transport equation for the density of the medium is de- 

cribed by: 

∂ρs 

∂t 
+ ∇ · ( ρs u ) = Rs −1 ∇ 

2 ρs , (11) 

here u is the velocity vector of the medium flow, t is the time, k

s a unit vector in the vertical direction, ϕ is the change in pressure 

ith respect to the hydrostatic pressure of the medium, and ρs is 

he change in density. 

For an accurate representation of small density difference, the 

ensity variation relative to the initial density difference was 

sed as the primitive variable, that is, ρs = ( ρ − ρ0 ) / �ρ , so that

he non-dimensional density variations are described as ρρ0 = 

0 . 5 for the denser fluid and ρ0 = −0 . 5 for that with less density;

s a result, the variation of the density is between −0.5 and 0.5. 

he location of the tip of the gravity current was determined by 

btaining the density value ( ρ0 = 0) from the contour map of the 

ip of the gravity current, finding the midpoint between fresh wa- 

er and salt water with red dye, and using the threshold line as the 

ip location. 

The simulation conditions were matched to the experimen- 

al conditions. The initial length of the simulation domain was 

/H = 160, the grid space was �x / H = �y / H = 0.05, and the time

ncrement was set at �t / T = 0.005, the initial density difference 

as �ρ/ρ0 = 0.01, 0.02, and 0.04. The Reynolds numbers were 

233, 1743, and 2465, respectively. The non-dimensional parame- 

er of the diffusion of solute Rs was 10 5 . 
3 
The governing equations were expanded into components of 

he Cartesian coordinate system and discretized based on the fi- 

ite volume method. The components of the velocity calculation 

ector were staggered at the center of the cell surface, and the 

ressure and density were defined at the center of the cell. The 

patial derivatives included in the governing equations were ap- 

roximated by a second-order accurate central difference. The val- 

es at points in space other than the defining point were evaluated 

y the arithmetic mean of the values at adjacent defining points. 

s for the advective term of the transport equation of the density 

nd the advective term of the Navier-Stokes equation was applied 

y the slope limiting scheme compared with the QUICK method 

14] , in addition to the central difference. 

In order to prevent numerical oscillation for the advective term 

f the transport equation of the density and the advective term of 

he Navier-Stokes equation, the slope- limiting scheme was applied 

o solve the equation under very weak density diffusion conditions. 

o slip conditions of flow velocities were imposed at the side and 

ottom boundaries. For the top surface, a free-slip condition was 

mposed. 

At the wall boundary, the condition that the diffusion velocity 

f the medium was zero was imposed as followed, 

 · ∇ρs = 0 , (12) 

he no-slip condition for velocity was imposed as follows: 

 = 0 , (13) 

nd the free-slip condition was imposed as the following equa- 

ions: 

 n = 0 , (14) 

nd 

 · ∇u t = 0 , (15) 

here u n and u t we re the normal and tangential components at 

he wall surface of the velocity, respectively. 

The slope limiting scheme was applied to one-dimensional ad- 

ection equation. 

The one-dimensional advection equation is given by: 

∂ f 

∂t 
+ c 

∂ f 

∂x 
= 0 . (16) 

The finite volume method is used to digitalize this equation, 

hich is written in the form of: 

f n +1 
i 

− f n i 

)
�x + 

(
F i + 1 2 

− F i − 1 
2 

)
= 0 . (17) 

The value f is updated by: 

f n +1 
i 

= f n i −
F i + 1 2 

− F i − 1 
2 

�x 
. (18) 

The average value of f is given by: 

f n i = 

1 

�x 

x 
i + 1 

2 ∫ 
x 

i − 1 
2 

f ( x ) d x, (19) 

here, function f ( x ) is approximated by the straight line, which is 

iven by: 

f ( x ) = f i + a i ( x − x i ) , x i −
1 

2 

�x < x < x i + 

1 

2 

�x, (20) 

nd the flux passing through cell boundaries F is shown by: 

 i ± 1 
2 

= 

t n +1 

∫ 
t n 

c f 

(
t, x i ± 1 

2 

)
d t. (21) 

Considering the monotonous condition, which is given by: and 

he inequality concerning the slope is obtained as follows: 

 

a i − a i −1 | ≤ 2 

∣∣∣a i − 1 
2 

∣∣∣. (23) 
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Fig. 3. Comparison of the position of the head of a gravity current between exper- 

iment and simulation. 

Fig. 4. Contour maps of density of gravity currents at ( a ) t/T = 20, ( b ) t/T = 80, and 

( c ) t/T = 200 ( Re = 1233) (count of levels 21, increment in levels 0.1, minimum level 

−1, maximum level 1). 

Fig. 5. Contour maps of horizontal velocity of gravity currents at ( a ) t/T = 20, ( b ) 

t/T = 80, and ( c ) t/T = 200 ( Re = 1233) (count of levels 21, increment in levels 0.1, 

minimum level −1, maximum level 1). 
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Fig. 6. Contour maps of vertical velocity of gravity currents at ( a ) t/T = 20, ( b ) 

t/T = 80, and ( c ) t/T = 200 ( Re = 1233) (count of levels 21, increment in levels 0.1, 

minimum level −1, maximum level 1). 

Fig. 7. Contour maps of pressure of gravity currents at ( a ) t/T = 20, ( b ) t/T = 80, 

and ( c ) t/T = 200 ( Re = 1233) (count of levels 21, increment in levels 0.1, minimum 

level −1, maximum level 1). 
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 i −1 / 2 is the slope between f i -1 and f i . In order to satisfy the con-

ition, the slope is limited until it is sufficient. 

Figure 3 depicts the logarithmic relationship between the posi- 

ion of the head of the gravity current and the time in the simula-

ion. The results of experiments and simulation agreed well. Both 

he experimental and simulation results showed that the front 

peed advanced at a constant rate at the initial stage, then slowed; 

nally, dominated by the viscosity, the front decelerated with the 

ime to the power of 1/2 when no disturbance from behind came 

o the head. 

Figures 4–7 shows contour maps of density, horizontal and 

ertical velocity, and the pressure of the gravity currents at (a) 

/T = 20, initial stage; (b) t/T = 80, transitional stage; and (c) 

/T = 200 ( Re = 1233), viscous stage, in the case of 1% initial den-

ity difference. The contour interval is 1/10 of the initial density 

ifference. As for the contour map, the count of levels is 21, incre- 

ent in levels is 0.1, minimum level is -1, and maximum level is 1 

n each case of density, velocity, and pressure. At time t/T = 20, the 

ead of the gravity current expanded. At time t/T = 80, which was 

etween the initial stage and viscous stage, the height and mass 

oncentration of the head part decreased. At time t/T = 200, the 
4

welling of the head had stopped, and the head part had flattened. 

he head moved at a constant rate when the mass was concen- 

rated at the head. The front speed decreased with the time to the 

ower of 1/2 when the mass concentration at the head no longer 

xisted. 

As for the 1% initial density difference, around time t/T = 45, 

he initial stage changed to the transitional stage, which was be- 

ween the initial and viscous stages, as observed in the experi- 

ent. The transitional stage changed to the viscous stage around 

ime t/T = 125. Furthermore, as for the case of the initial den- 

ity difference of 2%, the initial stage changed to the transitional 

tage around time t/T = 55. The transitional stage changed to the 

iscous stage around t/T = 175. Concerning the 4% initial density 

ifference, the initial stage shifted to the transitional stage around 

ime t/T = 75. The transitional stage changed to the viscous stage 

round time t/T = 210. 

In the initial stage after the opening of the sluice gate, gravity 

ow with half of the initial thickness travels at a constant veloc- 

ty, but the leading edge of the gravity current swells to about the 

nitial thickness, and immediately after that, the interface becomes 

arrow and sloped. In the transitional stage, the gravity current be- 

omes thinner, the interface becomes almost horizontal, and the 

ead swelling decreases. In the viscous stage, the dye at the head 

ecomes thinner. 

In the initial stage, the interface is inclined as a result of the 

ollapsed tip of the gravity flow, while in the viscous stage; the 

nterface is horizontal because its thickness decreases uniformly 

hile remaining rectangular. Therefore, this difference in the shape 

f the interface is considered to affect the transition to the transi- 

ional stage. The fact that the leading edge of the density interface 

ises at a large angle to the wall is a direct effect of the no-slip

ondition of velocity at the viscous boundary, and the viscous con- 

ition causes the transition stage to self-similarity. This transition 

tage is considered to occur when the overall thickness of the grav- 

ty flow becomes as thin as the thickness of the boundary layer at 

he wall. 

The change in Reynolds number and dimensionless time of the 

ransition point were investigated. As shown in Fig. 8 , the tran- 

ition point was defined as the intersection of a straight line at 

he initial stage, where the front speed advanced at a constant 

peed, and one at the viscous stage, where the moving distance 

as proportional to the time to the power of 1/2. Furthermore, 

ach straight line was obtained using the least-squares method for 

eynolds numbers 50, 200, 500, 1116, 1620, 1900, and 2358. 
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Fig. 8. The position of the head of a gravity current with time in the computation 

in logarithmic scale ( Re = 1233). 

Fig. 9. The time variation of the position of a gravity current in the computation 

showing the effect of Reynolds number. 
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Fig. 10. The time change of the front speed of the gravity currents in the simulation 

( Re = 1233). 

Fig. 11. ( a ) An enlarged graph of Fig. 8 at around t/T = 64 ( Re = 1233), ( b ) compar- 
As a result of the graph in Fig. 9 , it was discovered that the

imensionless time of the transition point from the initial to the 

iscous stage was proportional to the Reynolds number. 

The fluctuation of the speed at the head of the gravity currents 

as investigated. Figure 10 shows the time change of the front 

peed at the head of the gravity currents of Re = 1233 in the simu-

ation. Figure 11 is an expanded view of part of Fig. 10 . As shown in

ig. 11 a, the front speed fluctuated in microscopic areas at around 

/T = 64, although the average front speed was constant at the ini- 

ial stage. This showed that the front speed at the initial stage of 

he microscopic areas was unstable. Figure 11b shows the compar- 

son between the slope-limiting method and QUICK method. Using 

oth schemes, the period was found to be 0.2 around t/T = 64. 

he transition point was at t/T = 80, as shown in Fig. 8 . Accord-

ng to Fig. 10 , the fluctuation of the front speed increased to the 

eak at about that time. Moreover, it was approximately dimen- 

ionless at time t/T = 110 of change to a viscous stage in Fig. 10 .

ere, the front speed fluctuation started to calm down at approx- 

mately t/T = 110, as shown in Fig. 8 . It was considered that the

ison between slope-limiting scheme and QUICK method. 

5 
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Fig. 12. The time variation of the position of the head of the gravity current at the 

initial stage ( a ) experiment, ( b ) simulation. 
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Fig. 13. The time variation of the velocity of the head of the gravity current at the 

initial stage ( a ) experiment; ( b ) simulation. 
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ront speed at the viscous stage, where it decreased with the time 

o the power of 1/2, was stable. 

Figures 12 and 13 show the time variation of the position and 

elocity of the head of the gravity current at the initial stage in 

he experiment and numerical simulation, respectively. The fig- 

res show that the velocity of the gravity current in the initial 

tage fluctuated periodically in both the experiments and numeri- 

al simulations. Figure 14 shows the experimental, numerical, and 

chematic diagrams of the tip height of the gravity current, and 

ig. 15 shows the time variation of the tip height of the gravity 

urrent obtained by the numerical calculation. It was observed that 

he height fluctuation was large by the transitional stage, t/T = 100. 

he maximum tip thickness increased as soon as the tip of the 

ravity current without a round accumulated buoyant fluid due to 

he intrusion force caused by the buoyancy effect. This accumula- 

ion of buoyant fluid was considered to be caused by the higher 

elocity of the stationary part of the flow than that of the tip. The 

uoyancy effect was the result of the buoyant fluid entering the 

ip up to its limit (interfacial shear force), accumulating vorticity 

t the tip, and then re-leasing it as a vortex when it reached its 

imit. The tip would release buoyant fluid as a vortex. When the 

aximum tip thickness equaled the steady state thickness, the tip 

ould start to accumulate buoyant fluid again. The period of ac- 
6 
umulation and the re-lease of the buoyant fluid were almost the 

ame as that observed for the tip movement velocity. 

The dynamic structure of the head of the gravity current was 

nvestigated by the theory, experiment, and the simulation in the 

ange of the Reynolds number 50–2500. The slope limiting scheme 

as used to prevent numerical oscillations in the density transport 

quation and the advective term of the Navier-Stokes equation. 

An examination was carried out on the transition of the gravity 

urrent in the developmental stage without the influence of the 

all of the water tank. 

1. The front advanced at a constant speed during the initial stage 

and decelerated with a time to power of 1/2 during the viscous 

stage. 

2. At the initial stage, the gravity current caused a mass con- 

centration at the head. The gravity current decelerated due to 

the influence of viscosity as the head’s mass concentration de- 

creased. At the viscous stage, mass concentration at the head 

was no longer present. 

3. Fluctuation of the front speed occurred at the initial stage. This 

fluctuation in-creased to a peak at the transition, then abruptly 

decreased when the viscous stage began. 
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Fig. 14. The experimental, numerical, and schematic diagrams of the height of the 

tip of the gravity current. 

Fig. 15. The time variation of the tip height of the gravity current in the simulation. 
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4. The maximum tip thickness increased as soon as the tip of the 

gravity current without a round accumulated buoyant fluid due 

to the intrusion force caused by the buoyancy effect from the 

initial stage the transitional stage. This accumulation of buoyant 

fluid was considered to be caused by the higher velocity of the 

stationary part of the flow than that of the tip. 

5. The buoyancy effect was the result of the buoyant fluid enter- 

ing the tip up to its limit (interfacial shear force), accumulating 

vorticity at the tip, and then releasing it as a vortex when it 
7 
reached its limit. The tip would release buoyant fluid as a vor- 

tex up. When the maximum tip thickness equaled the steady 

state thickness, the tip would start to accumulate buoyant fluid 

again. The period of accumulation and release of the buoyant 

fluid was almost the same as that observed for the tip move- 

ment velocity. 

Anoxia of the bottom layer in enclosed bays is an environmen- 

al problem because it kills benthic organisms and has a wide 

ange of effects due to wind and tidal fluctuations. In particular, 

noxia of the bottom layer in harbor waters is becoming more 

erious, and the development of density stratification is one of 

he causes. A technique to promote vertical mixing by discharging 

uoyant jets into the bottom layer has been proposed as a reme- 

ial measure, and the impact of buoyant jets on the bay scale has 

een reported in impact predictions. 

The present study suggested that the structure of the head 

f the gravity current transitioned from the initial to the viscous 

tage, and that velocity fluctuations occurred significantly up to the 

ransitional stage, which should be taken into account in the im- 

act predictions. The flow from the coastal area to the bay should 

lso be taken into account, and the behavior of the buoyant jet 

ear the outlet and the effect on the density stratification brought 

bout by the jet should be considered. In addition, for closed water 

odies, where bottom layer anoxia is a problem due to the devel- 

pment of density stratification, it is possible to accurately predict 

he effect of buoyant jets released near the density interface on the 

ensity distribution . 
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