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ABSTRACT: In experiments of locked-exchange flow, the flow structure at the head of the gravity current 
was examined. In a rectangular channel, a finite volume of fluid was instantaneously released into another fluid 
of slightly different density. By comparing the effect of the bottom shape, how the bottom wall friction 
influences transition to the stage of the developing gravity current was investigated. The movement of the 
position of the head of the gravity current was visualized by a digital video camera. As a result, it was found 
that when no disturbance from behind came to the head during the viscous stage, the front decelerated with the 
time to the power of 1/2 even in the case of existence of effect of bottom wall. The transition time from the 
initial stage to the viscous stage was shown to vary with the Reynolds number even in the change of shape in 
the bottom. The three-dimensional instability of the flow contributed to the mixing process through the head 
and the density interfaced behind it, which also affected the head velocity. 
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1. INTRODUCTION 
 

Gravity currents are flows caused by 
temperature and density differences. There are a 
variety of processes that cause gravity currents, 
from natural causes such as ocean currents, tides, 
freshwater inflows, coastal upwelling, and turbulent 
mudflows on the seafloor [1, 2], as well as those 
caused by human factors such as thermal discharge 
from thermal power plants and oil spills caused by 
tankers in maritime accidents [3]. Gravity currents 
have density boundary surfaces, and when gravity 
currents pass through them, the density boundary 
surfaces prevent vertical mass transport, causing the 
negative effects such as a lack of nutrients and 
oxygen in the lower layers divided by the boundary 
surface layers [4, 5]. Therefore, predicting when, 
where, and how the head of gravity current will 
form is extremely important for the marine 
environment. 

A basic model for studying the behavior of the 
head location of gravity currents is the lock-
exchange problem. In the lock-exchange problem, a 
tank is kept horizontal, the lock gate is placed 
vertically in the tank, and two fluids with different 
densities are added to both sides of the tank with the 
lock gate as a boundary. Various studies have been 
conducted on this lock-exchange problem about the 
gravity currents traveling along a horizontal, flat 
surface, flowing down a slanted bottom [6-13], and 
flowing along the effects of bottom roughness 
elements [14].  

Given the influence of the wall of the water tank, 
the released fluid spreads at a constant velocity at 

the initial stage, then slows down so that the front 
velocity decreases with time to the power of 2/3 
[15] in the self-similar regime. When no 
disturbance from behind comes to the head, the 
current that has begun to be dominated by viscosity 
slows down further in the viscous stage dominated 
by viscosity, the front decelerates with the time to 
the power of 1/5. Each developmental stage has 
previously been replicated with the water tank and 
displayed by the energy conversion in the box 
model [16]. 

In the case of the gravity current with a larger 
initial length than usual and no effect of reflection 
from the side wall generated behind the gravity 
current, the head position transitions from the initial 
stage, which is proportional to the time, to the 
viscous stage, which is proportional to the time to 
the power of 1/2.  

The head position varies not only with density 
difference and water depth, but also with its 
developmental stage. However, the effect of the 
bottom shape of wall friction on the head position 
of gravity flow has not been clarified yet, although 
studies have been conducted on the lock-exchange 
problem under conditions where the wall friction of 
the tank is unaffected.  
   In this study, the effects of the shape of bottom 
wall friction on the head position of the gravity 
current in the developmental stage were 
investigated by calculating the position of the 
gravity current by the box model and conducting the 
experiment by changing the bottom wall friction in 
the lock-exchange problem. 
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2. RESEARCH SIGNIFICANCE 
 

Gravity currents are commonly generated in 
lakes, estuaries, and oceans with a specific bed 
slope. Stratification exists in these environments 
because of uneven temperature distribution and 
salinity diffusion. Furthermore, the propagation and 
dynamics of gravity currents influences the 
vegetation zones such as reeds and mangroves in the 
near shore. In order to understand how stratified 
environments and vegetation zones are influenced 
is to analyze the propagation of gravity currents. 
The results of this study can also provide a scientific 
basis for the construction of marine environments 
and disaster prevention and mitigation on the coasts. 
 
3. METHODOLOGY 

 
The theoretical, experimental, and numerical 

investigation of gravity current propagation in a 
long channel of length L and water depth H was 
conducted. Fig.1 depicts a water tank with 
L=4000mm length and D=60mm depth. The lock 
gate was placed from the edge of the water tank to 
the position of distance𝒙𝟎 = 𝑳/𝟐, the fluid with the 
density of 𝝆𝟎 was placed in one area partitioned by 
the lock gate, and the fluid with the density of 𝝆𝟎 +
𝜟𝝆  was placed in the other.  As for the density 
difference of the fluid, the case of several percent 
salt water was used to do this experiment. The        
behavior and structure of the head of the gravity 
current after the lock gate was opened was 
examined. 
  

 
 
Fig. 1 A schematic diagram of lock-exchange flow 
 

 
 
Fig. 2 (a) Initial stage of gravity current 
 

 
 
Fig. 2 (b) Viscous stage of the gravity current 
 
3.1 Box Model  
 

Fig. 2 (a) depicts the initial stage after the lock 
gate is opened. The fluid exchange occurred in 
relation to the symmetry position of the lock gate, 
the height of the gravity current became half of its 
initial value, and it progressed. The amount of 
energy change between the state after the lock gate 
is opened and the state where the head of the gravity 
current advances distance x is taken into account. 
The amount of the change in potential energy, 𝚫𝐏, 
by the gravity current is given by 
 

𝚫𝐏 = −
𝟏

𝟒
𝚫𝛒𝚫𝐱 ⋅ 𝐠𝐇𝟐                                         (1)

  
where Δρ is the difference in density, Δx is the 
difference in distance, g is the gravitational 
acceleration, and H is  the water depth. 
It is equal to the potential energy when a heavy fluid 
falls only half of the initial height and is exchanged 
for a light fluid. 
The change in kinetic energy of the head, ΔK, can 
be expressed as 
 
𝚫𝐊 = 𝛒𝟎 ⋅ 𝚫𝐱 ⋅ 𝐇 ⋅ 𝐯𝟐

                                                 
(2) 

 
where ρ is the density of fluid in the head, and v is 
the characteristic velocity. 
Assuming that dynamic energy is conserved and 
that all decreasing potential energy is used to 
generate kinetic energy, 
 
𝚫𝐏 + 𝚫𝐊 = 𝟎                                        (3) 
 
therefore, the front velocity is given by 
 

 

𝐯 =
𝟏

𝟐
ට

𝚫𝛒

𝛒𝟎
𝐠𝐇

                                                     

  (4)

    
The viscous stage is depicted in Fig. 2(b), where 

friction is created between the progressing fluid and 
the bottom of the wall. When a rectangular area of 
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fluid distance of x in length moves the distance of 
Δx along the bottom of the wall,    
the change in dissipative energy, ΔD, can be written 
in the form of 
 
𝚫𝐃 = 𝛕𝐱𝚫𝐱                                          (5) 
 
where shearing stress τ is regarded to be 
proportional to the velocity, 
 

𝛕 = 𝛍
𝟏

𝐇

𝐝𝐱

𝐝𝐭
                                                            (6) 

 
and μ denotes the viscosity coefficient of the fluid. 
If the dissipative energy is entirely due to a decrease 
in potential energy, the distance moved x is given 
by 
 

𝐱 = ට
𝟏

𝟐
ට

𝚫𝛒

𝛍
𝐠𝐇𝟑𝐭

                             

(7) 

 

When the viscosity on the wall becomes dominant, 

the front velocity decreases as the distance moved 

is proportional to the time to the power of 1/2.  
The gravity current progresses due to the 

potential energy of the density difference, and in 
terms of energy conversion, gravity current 
development stages can be divided into two stages: 
the initial stage and the viscous stage. 
 
3.2 Experimental Condition  
 

In this study, the experiment was conducted 
with the lock-exchange problem. 

The water tank was an acrylic and aluminum 
tank of length L=4000mm, width B=113mm, and 
depth H=60mm. The length of the water tank was 
large enough to avoid the influence of reflected 
waves. A guide was attached to the center of the 
tank so that an acrylic partition plate could slide 
vertically up and down. At this time, the partition 
was carefully installed without any gaps to prevent 
water leakage. To prevent water leakage, grease 
was applied to the partition plate during the 
experiment. 

The lock gate was placed at the middle of the 
water tank, the fluid with the density of 𝜌଴  was 
placed in one area partitioned by the lock gate, and 
the fluid with the density of 𝜌଴ + 𝛥𝜌 was placed in 
the other.  The less dense fluid 𝜌଴ was fresh water 
and the denser fluid 𝜌଴ + 𝛥𝜌  was a solution of 
water and sodium chloride with red dye. A 
gravimeter and refractometer were used to measure 
the density ratio.  

A digital video camera was used to measure and 

visualize the position of the head of the gravity 
current. The images were captured by a computer 
and the time at each 50 mm distance from the lock 
gate was recorded. The water depth H was set to 
25mm, and the density differences between the two 
fluids were 1%, 2%, and 4%, respectively. The 
Reynolds numbers were 1086, 1536, and 2348, in 
that order. 

In order to analyze how the flow structure of 
gravity flow due to the effect of wall viscosity 
fluctuates, the shape of the bottom wall surface was 
changed. In changing the shape of the wall surface, 
vinyl sheets were used.  

The lengths of the vinyl chloride sheets shown 
in Fig. 3 were 𝑑ଵ = 1.45𝑚𝑚, 𝑑ଶ = 0.8𝑚𝑚, 𝑥ଵ =
1.9𝑚𝑚 , and 𝑥ଶ = 3.15𝑚𝑚 , respectively. One of 
the vinyl chloride sheets were painted white so that 
the motion of gravity current could be easily 
observed. As shown in Fig. 4, two patterns of sheets 
were used to conduct the experiment, one with the 
unevenness in Fig. 3 parallel to the direction of 
gravity current (Horizontal friction), and the other 
with the unevenness perpendicular to the direction 
of gravity current (Vertical friction). 
 

 
 
 
Fig.3 Cross-sectional shape of vinyl chloride sheet 
 

 
 
Fig.4 Type of vinyl chloride sheet laid on the 
bottom 
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4. RESULT AND DISCUSSIONS  
 

4.1 Effect of Bottom Shape on the Head of 
Velocity Variations of the Gravity Current 
 

The experimental values were non-
dimensionalized with the representative length as 
the water depth and the representative time as the 
time. 

Fig. 5 (a) ~ (c) show the change in the distance 
traveled by the head of the gravity current over time 
for the cases of 1%, 2%, and 4% density difference 
and 25 mm water depth. The larger the density 
difference, the faster the gravity current reached the 
side wall, indicating that the larger the density 
difference, the faster the gravity current advanced. 
This was consistent with equation (4). Immediately 
after the lock gate was opened, the gravity current 
proceeded at a constant velocity in each density 
difference, and it was observed that there was a 
difference in time for reaching the side wall 
depending on the shape of the wall friction. The 
horizontal friction and the vertical friction type 
reached the wall in this order for all density 
differences, although only slightly, suggesting that 
the effect of the wall shape on the gravity flow 
varied. 

Next, Fig. 6 (a) ~ (c) show the results of the 
logarithmic graph of the data on the time variation 
of the head position of the same gravity current as 
in Fig. 5. It was observed that the head position 
transitioned from the initial stage proportional to the 
time to the viscous stage proportional to the time to 
the power of 1/2, even when there were horizontal 
and vertical frictions. The reason why the viscous 
stage with a slope of 1/2 was not observed in the 
graph with a density difference of 4% was that the 
gravity current reached the side wall just after 
reaching the transition point, and thus the slope did 
not reach 1/2. 

In each density difference, the transition point 
was delayed in the order of bottom friction, 
horizontal friction and the vertical friction. This 
difference in transition time was the reason for the 
earlier transition to the viscous stage in the same 
order in Fig. 6. 

Fig.7 (a) shows the side snapshot of the head of 
the gravity current in the case of 1% density 
difference in the bottom friction case. After the lock 
gate was opened, the density interface collapsed and 
fluid exchange began symmetrically. As the density 
interface near the lock gate approached horizontally, 
the interface at the head extended vertically and the 
whole area became box-shaped. As the flow 
progressed further, the head edge collapsed at the 
corner and became streamlined, and the density 
interface behind it rolled up. This indicated that the 

fluids in the upper and lower layers started to move 
in opposite directions and the velocity difference at 
the interface increased, indicating the appearance of 
Kelvin-Helmholtz instability. In the roll formed by 
the roll-up of the interface, the distance between the 
density contours gradually became wider, 
indicating that mixing of the upper and lower fluids 
had occurred. 

Fig.7 (b) ~ (d) show the snapshot of the head of 
the gravity current in the case of 1% density 
difference in bottom friction case, horizontal 
friction case, and vertical friction case. In the 
bottom friction case, immediately after the opening 
of the lock gate, the head of the gravity current 
deformed in a lateral direction all at once, forming 
a series of many arc-shaped peaks that extend 
forward. The size of the arcs varied, but the first 
overhanging arcs gradually merged into a larger arc 
by taking in the surrounding arcs. The number of 
arcs in the horizontal direction decreased, and after 
several large arcs appeared in the width direction of 
the tank, multiple smaller arcs emerged from within 
the arcs again.  

These experimental results showed that the head 
edge of the gravity flow lead to three-dimensional 
instability immediately after the onset and 
transitions to a three-dimensional flow. This 
transition occurred simultaneously with a specific 
scale in the lateral direction, and the scale was small 
compared to the width of the tank. This instability 
was caused not by external factors such as initial 
disturbance or the effect of side walls, but by the 
structure of the head. In the horizontal friction case, 
compared with the case of bottom friction, the first 
overhanging arc did not take in the surrounding arc 
and flew along the radial channel type without 
changing their shape. In vertical friction case, 
compared with the case of the bottom friction, the 
first overhanging arc took in the surrounding arc 
and the head of the gravity current flew more slowly 
than the one in case of the bottom friction.  

The three-dimensional instability caused the 
head to form a wavy frontline composed of masses 
of heavy fluid moving ahead as a mountain-valley 
structure. Because each of the masses fell down 
laterally as well as forward, it spread out in all 
directions to form an arc front. Some of them grew 
in size by running over other masses. The enlarged 
masses were once again unstable, and some 
smaller-scale arcs appeared in this.  

As a result, the frontline of the gravity current 
consisted of the boundaries of these masses of 
varying scales, which were frequently 
superimposed on each other. It was independent of 
the instability of the wall boundary layer. The three-
dimensional flow structure could make a significant 
contribution to the mixing process across the 
density interface behind and in front of the head, 
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which affected the head velocity of the gravity 
current. 
 The change in the structure of the head of the 
gravity current when the shape of the bottom was 
varied affected the head velocity. When the three-
dimensional instability became more pronounced 
due to the bottom shape, the three-dimensional 
spreading of the gravity current slowed down the 
velocity in the direction of travel due to the effect of 
velocities other than in the direction of travel of 
each other. The effect of the bottom friction and the 
turbulence caused by the bottom shape could have 
an effect of the head velocities. It is important to 
consider the effect of bottom shape in gravity 
current over the walls of the seafloor, lake bottoms, 
and any offshore structure in order to understand 
nutrient transport conditions. 

   
Fig.5 (a) The position of the head of the gravity 
current over time in the case of 1% density 
difference 

 
Fig.5 (b) The position of the head of the gravity 
current over time in the case of 2% density 
difference 

 
Fig.5 (c) The position of the head of the gravity 
current over time in the case of 4% density 
difference 

 
Fig.6 (a) The position of the head of the gravity 
current over time in the case of 1% density 
difference in the logarithmic scale 

 
Fig.6 (b) The position of the head of the gravity 
current over time in the case of 2 % density 
difference in the logarithmic scale 
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Fig.6 (c) The position of the head of the gravity 
current over time in the case of 4% density 
difference in the logarithmic scale 
 

 
 
Fig.7 (a) The side snapshot of the head of the 
gravity current in the case of 1% density difference 
in bottom friction case. 
 

 
 
Fig.7 (b) The above snapshot of the head of the 
gravity current in the case of 1% density difference 
in bottom friction case. 

 
 
Fig.7 (c) The above snapshot of the head of the 
gravity current in the case of 1% density difference 
in horizontal friction case. 
 

 
 
Fig.7 (d) The above snapshot of the head of the 
gravity current in the case of 1% density difference 
in vertical friction case. 
 
4.2 Relation Between Time of the Transition 
Point and the Change in Reynolds Number 
 

The relation between dimensionless time of the 
transition point and the change in Reynolds number 
was examined. The transition point was defined as 
the intersection of a straight line at the initial stage, 
where the front velocity advanced at a constant 
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velocity, and the one at the viscous stage, where the 
distance moved was proportional to the time to the 
power of 1/2, just as shown in Fig. 8 as reference. 
Moreover, each straight line was obtained by the 
least-squares method in the cases of Reynolds 
number 50,200,500,1086,1536,1900, and 2348. 

The dimensionless time of the transition point 
from the first stage to the viscous stage was 
proportional to the Reynolds number, from the 
graph of Fig. 9 as reference.  

Fig.10 shows the relationship between change in 
Reynolds number and dimensionless time at 
transition point of the gravity current in each case 
of the friction type in this experiment. 

In the bottom friction case, the horizontal 
friction case, and the vertical friction case, the 
dimensionless time of the transition point from the 
first stage to the viscous stage was proportional to 
the Reynolds number in each case.  

In the horizontal and vertical friction cases, the 
transition time was found to be earlier than in the 
bottom friction case, depending on the shape of the 
friction. Furthermore, in the case of vertical friction, 
more three-dimensional instability occurred at the 
head edge of the gravity current than in the case of 
horizontal friction, and the velocity of the gravity 
current slowed down earlier and the time to the 
viscous stage was earlier.  

Changing the head of the gravity current by 
varying the shape of the bottom is important for 
controlling gravity flow behavior, and these results 
are useful for predicting the ambient flow 
environment that can be drawn in by the gravity 
flow. 
 

 
 
Fig. 8 The position of the head of the gravity current 
with time in the simulation in logarithmic scale 
(Re=1086) 

 
Fig. 9 The relationship between change in Reynolds 
number and dimensionless time at transition point 
in the simulation 

 
Fig.10 The relationship between change in 
Reynolds number and dimensionless time at 
transition point 
 
5. CONCLUSIONS 
 

The dynamic structure of the head of the gravity 
current was investigated by the experiment and the 
box model in the range of the Reynolds number 
1000-2500. The transition of the developmental 
stage of the gravity current without the influence of 
the wall of the water tank was examined by 
applying the box model. 
1) The box model results showed that the front 
advanced at a constant velocity 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 concentration at the head. The gravity current 
decelerated due to the influence of viscosity as the 
mass of the head concentration decreased. At the 
viscous stage, mass concentration at the head was 
no longer present. 
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3) The transition from the initial stage to the viscous 
stage occurred at the time, which was proportional 
to the Reynolds number even in each friction case. 
4) The three-dimensional instability at the head 
edge of the gravity current extended laterally and 
deformed three-dimensionally.  

At the front, the heavy flow mass at the head 
edge collapsed in the lateral direction as well as the 
direction of motion, and spread radially from the 
head edge. The head edge of the spreading mass 
became unstable again, and several head sections 
with small arc-shaped head edges emerged from it. 
The head edge of the gravity current consisted of 
multiple arcs spreading in this manner, and these 
arcs had an overlapping structure. In case of 
horizontal friction, this three-dimensional 
instability was large, and many of the wave arc 
overlapped each other, slowing down the head 
velocity. In case of vertical friction, there were also 
more friction areas against the fluid than in the case 
of bottom friction alone, resulting in slower head 
velocities. The three-dimensional instability of the 
flow contributed to the mixing process through the 
head and the density interfaced behind it, which 
affected the head velocity. 

Gravity currents flowing through stratified 
surroundings generate internal waves and bores, 
which play an important role in mass transfer of 
nutrients. It can contribute to fisheries by helping to 
determine the location of the density sea surface 
where there are abundant nutrients in stratified 
water. In disaster prevention, controlling the shape 
of the head edge of gravity flow in the change of 
bottom friction and reducing the head edge velocity 
could prevent the flow of tsunamis in case of 
earthquakes and oil leaks due to ship collisions. 
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