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Abstract: During the sinking process, overflow generates an entrainment phenomenon, accompanied
by the occurrence, development, and dissipation of vortices. In this paper, particle image velocimetry
(PIV) technology is used to measure the flow fields of overflow sinking, invasion, and mixing. In order
to quantitatively analyze the mixing and flow processes during the sinking of the overflow, vorticity,
turbulence dissipation, Froude number, local Richardson number, and entrainment coefficient are
calculated. In a stratified environment, the overflow entrains the environment fluid of lower density
to reach a terminal height where their density equals that of their surroundings and then spread
out horizontally. The experimental results show the terminal depth is related to the density of the
overflow. The lower the density, the smaller the terminal depth. The turbulent dissipation mainly
occurs in the area along the slope and during the process of invading flow to the surrounding. The
extreme of the turbulent dissipation is corresponding to the maximum velocity shear and vorticity.
At the point where the overflow crosses the sill and at the front end of the overflow, there will be a
more obvious phenomenon of entrainment. The entrainment parameter is positively correlated with
the density of overflow. These preliminary results would require additional experimental validation
and data observation in order to assess their relevance for realistic flow regimes.

Keywords: overflow; experiment; vorticity; turbulent dissipation; entrainment

1. Introduction

Overflow plays an important role in the generation of deep-sea thermohaline circu-
lation. For example, in the Nordic Sea between the North Atlantic and the Arctic Ocean,
3/4 of the Atlantic water entering will be converted into high-density overflow water [1],
sinking into the North Atlantic Deep Water (NADW) and ultimately contributing to the At-
lantic meridional overturning circulation [2]. It is considered to be the main driving force of
global thermohaline circulation [3,4], thereby affecting global ocean circulation and climate
change [5–8]. Entrainment between gravity flow and its surrounding fluid is directly related
to local mixing caused by turbulent boundaries. The shear between the overflow and the
quiescent fluid lying above the current can produce instability (e.g., Kelvin Helmholtz) and
vertical mixing [9,10]. Therefore, describing the mixing properties of stratified turbulence is
important to the understanding of geophysical flows [11]. Modeling of the overflow relies
on understanding and characterizing the mixing and entrainment of the ambient fluid into
the denser gravity current [12,13]. The Richardson number (Ri) is a good measure of the
stability of the shear layer, and when it is less than 0.25, shear instability will occur [14].
It can be used to understand the entrainment phenomenon in gravity flow by calculating
the gradient Ri and local volume Ri [11]. The overflow undergoes a series of spatial and
temporal changes during the process of terrain subsidence, resulting in varying degrees of
mixing at the interface with the layered environmental water, and continuously exchanges
material and energy between the different water to form new deep overflow water.
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Numerical simulations and observations indicate that terrain-triggered convective
overturning dominates the mixing of the descending gravity flow [15–17]. Investigations
of hydraulically controlled overflow in deep-water channels are generally based on indi-
rect indications following from the theory: channel width in its narrowest parts and sill
height, density stratification that restructures when the current overflows the threshold,
correspondence of measured velocities and transports in the critical section to the velocities
and transports predicted by the theory. Such a theory is well developed for the case of
a two-layer inviscid incompressible fluid [18–21]. The different slopes of the terrain also
affect the velocity of the overflow and the mixing between water bodies during the sinking
process. Therefore, the anisotropy of the deep ocean overflow may also be due to the
different topography of the seabed [22]. The replenishment of deep water by overflow can
cause compensatory flow in the upper layer. The Froude number (Fr) in flow may rely
on the details of stratification and shear profiles as well as the structures of rotational and
transverse flow [23,24]. The characteristics of overflow greatly depend on the Fr based on
upper stratification and upper flow velocity [25]. The descending flow accelerates because
of the difference in the height of the sill and its foot. The Fr of this flow was greater than
1. Near the foot of the slope, the kinetic energy of the flow becomes insufficient to continue
moving in this regime. The flow slows down, and strong mixing and warming of the
bottom water occurs due to the exchange with the surrounding waters. This hydrodynamic
phenomenon is called supercritical hydraulically controlled flow [26].

In this paper, we present experimental measurements of a gravity current, motivated
by characterizing natural oceanic overflows. By changing the density and velocity of
the inflow and the slope of the sill, the turbulent mixing caused by interface instability
during the overflow sinking process is observed. The influence of different factors on the
sinking pattern and interlayer mixing of the overflow along the slope surface is studied,
as well as the vortex generation law of different water layers. The correlation between
the corresponding turbulent dissipation rates and the dimensionless numbers, such as
the Froude number and the Ri, is calculated to explore the impact of these factors on the
turbulent mixing process of overflow.

2. Experimental Setup

A schematic of the experimental facility used to measure the overflow is shown in
Figure 1. The central part of the facility is a water tank, with dimensions of 600 mm (length),
48 mm (width), and 200 mm (height). On the left side of the tank is the simulated seabed
terrain, including curved basins, sill, and terrain with different slopes. For the convenience
of observation and measurement, the water tank is made of acrylic material with a 5 mm
thickness. To simulate stratification in the ocean, a double cylinder method was used to
place layered water. High-density saline water is pumped through a peristaltic pump from
the short horizontal edge at the left end (155 mm high), and then the saline water will pile
up in the basin and overflow from the ridge at the end. To explore the effects of different
terrains, experimental setups with slopes angles of 30◦, 45◦, and 60◦ are used.

Seven experiment groups (Table 1) are set up with overflow water densities of 1040,
1050, and 1060 kg/m3, respectively, with water injection rates of 0.55, 0.65, 0.75 mL/s, and
slope angles of 30◦, 45◦, and 60◦ for the terrain control. For the convenience of labeling, the
experiments are divided into three major groups, where group (a) corresponds to water
injection density from small to large, group (b) corresponds to water injection rate from
small to large, and group (c) corresponds to terrains slope from small to large.

Particle image velocimetry (PIV) is used to obtain the flow velocity field informa-
tion [27]. The measured flow field is illuminated by a pulse laser with a thickness of 532 nm
and 4 W constant energy output, and a 5-megapixel high-speed CCD camera was placed
directly above the middle of the device at a frequency of 20 Hz for a continuous 5 min
shooting with a field of view of 45 cm × 14.5 cm (Figure 2).
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3. Data and Method

The fundamental problem of mixing and entrainment in gravity currents has roots in
theory and experiments [9,28,29], which motivated detailed experimental characterization
of stably stratified shear flows [30,31]. In this paper, the following parameters are mainly
used in the data processing. The buoyancy frequency N2 is the natural frequency of the

vertical oscillation of fluid parcels in a continuously stratified fluid. N2 = g
−
ρ

∂
−
ρ

∂z , where,

g acceleration due to gravity,
−
ρ is in situ density of each layer, ∂

−
ρ

∂z is the density gradient.
The Richardson number provides non-dimensional measures of the relative importance
of inertia to buoyancy to shear (potential to kinetic energy) and usually would be used
to characterize the impact of flow velocity on fluid stability. There are several ways to
define this parameter [11]. Inside the mixing zone, mixing is produced by an instability
whose strength depends on the magnitude and structure of the shear in the z-direction of
the streamwise velocity component [32], as measured by the gradient Richardson number:
Ri =

N2

(du/dz)2 , where, du/dz is the velocity gradient. The Froud number, Fr = v√
g′h

, is used

to characterize the impact of density changes on mixing degree, where, v is the average
flow velocity of the layer where the overflow is located, g′ = (ρl − ρu)/ρl , is the reduced
gravity, ρl and ρu are density in the lower and upper layers, h is the thickness of the layer.

When using the double-cylinder method for layered water paving, the rolling speed
of the pump is constant. Due to the influence of the terrain of the experimental tank, the
density change in the upper water layer is smaller than that in the lower water layer. A
handheld conductivity meter is used to measure the salinity with a depth of 1 cm as an
interval. The water depth on the right side of the device is 16.5 cm, and the measurement
starting point is 1 cm below the surface. Figure 3 shows the density profile and correspond-
ing buoyancy frequency N2 in group (a2). There are slight differences in the density profiles
of experiments, so the images of other groups are omitted.
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The rate of fluid entrainment is an important parameter in many inhomogeneous
turbulent flows including gravity currents and oceanic overflows. Entrainment is often
parameterized using an entrainment parameter E, which is a strong function of Ri. There
have been significant efforts to measure the Ri dependence of E using laboratory and field
experiments [11,28,31,33,34]. Here, E is defined as follows [29]:

E =
0.08− 0.1Ri

1 + 5Ri
(1)
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It should be noticed that the formula is only applicable for Ri < 0.8 and takes 0 for
Ri ≥ 0.8 [29].

The stronger the velocity shear, the greater the velocity difference between layers,
and the stronger the instability, which is usually considered a reliable predictive factor
for the occurrence of instability. The early works include research on eddy formation and
mixing structure [35–37], the effects of rotation [38–40], and the development of the gravity
current front and its speed [41]. Turbulent dissipation in the flow field is calculated by
PIV-measured results. Considering the characteristics of the overflow, the corresponding
mean flow velocity is obtained for the entire layer where each point is located, the pulsation
velocity is obtained by subtracting the corresponding mean flow rate from the instantaneous
velocity of each point, and then the dissipation rate is calculated by the spatial distribution
of the pulsation velocity. Newtonian fluid dissipation is defined as [42]:

E = 2νSijSij = ν
∂ui
∂xj

(
∂ui
∂xj

+
∂ui
∂xi

)
(2)

where ν = 1.35× 10−6 m2/s is the kinematic viscosity coefficient. Sij is the strain rate tensor,

and double indices indicate summation over all three directions. ∂ui
∂xj

is the velocity gradient.
PIV can only obtain two-dimensional spatial velocity distribution, under the assumption
of incompressible fluid and turbulent isotropy, Equation (2) can be simplified by using a
continuity equation to obtain the computational formula of turbulent dissipation:

E0 = 3ν

[(
∂u
∂x

)2
+

(
∂w
∂z

)2
+

(
∂u
∂z

)2
+

(
∂w
∂x

)2
+ 2
(

∂u
∂z

∂w
∂x

)
+

2
3

(
∂u
∂x

∂w
∂z

)]
(3)

where u and w are the pulsation velocities in the horizontal and vertical directions.

4. Results
4.1. Velocity Fields

The momentum flux at the source can be extended to the case of plumes or buoyant
jets, for which the driving energy comes from gravity acting continuously on the small
density difference between the plume and its surroundings [43]. Laboratory observations
have shed on the mechanism of turbulent entrainment [29]. At the beginning of the ascent,
light plumes carry dense fluids and reach the final elevation with the same density as
the surrounding environment, and then expand horizontally. The plume in a layered
environment will stop at a finite height, which depends on two parameters: buoyancy flux
and N2 [9]. A steady turbulent gravity current flowing along a slope can be regarded as a
special case of a two-dimensional plume. It is driven by the component of gravity acting
down the slope [44].

Figure 4 shows the temporal variation of the flow field during the overflow process of
group (a2). The overflow flows horizontally due to inertia after passing the sill. However,
due to the high density of the overflow water itself, there is a downward vertical movement.
Therefore, when the overflow water moves along the terrain slope, there is always a
horizontal diffusion. Overflow water does not move continuously along the slope toward
the bottom. When the overflow water sinks while mixing and reaches a water layer, where
the buoyancy and gravity are equivalent, the flow basically achieves a stable state (about
300.0 s). The vertical movement becomes an oscillation near the layer, and the overflow
water maintains a horizontal movement along the layer. This is consistent with the previous
research [29,43,44].
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The flow fields of the three groups (Figure 5) show the magnitude of the velocity
and the depth of the overflow in the quasi-steady state. In group (a), the densities of the
overflow are different. The overflow in group (a1) starts to move horizontally at a depth of
5 cm, and the horizontal velocity is much higher than that of group (a2) and (a3). This is
because the density of the overflow is the smallest in group (a1), the vertical movement
distance is short, and the kinetic energy dissipation is the smallest. Therefore, the maximum
velocity is maintained in the horizontal direction. With the highest density in group (a3),
the overflow can reach the bottom of the slope and then move to the right along the bottom,
but the velocity is the minimum. Comparing group (b) with different injection rates, the
group (b1) with lower velocity reached a shallower depth of overflow compared to the
other two groups. In group (b3), although the flow velocity is high after passing the sill,
its disturbance in each water layer is large. Therefore, momentum rapidly decays under
the action of mixing and dissipation. The flow velocity to the bottom is smaller than that
of group (b2). The flow fields with different slope terrains are shown in Figure 5c. The
slope angle in group (c3) is the largest, and the shear of overflow velocity is the most severe.
Furthermore, the compensation flow near the overflow in group (c2) is more pronounced
than in the other two groups. It can be seen that the impact of slope on overflow is more
complex and requires more detailed experiments to explore.

4.2. Vorticity Fields and Turbulent Dissipation

To further study the mixing between the overflow water and the ambient water, this
paper observes the evolution of the mixing zones caused by KH instability through typical
vorticity fields and turbulent dissipation.

The spatial distribution of the vorticity of the overflow water sinking to the middle and
lower layers in Figure 6 shows that the overflow continuously generates vortices during the
sinking process. When the overflow sinks, the shear velocity at the front end is the highest,
resulting in larger vortices. The positive vorticity corresponds to the strong mixing related
to the KH instability. Due to the stability of the layered environment, momentum and
vorticity will not dissipate rapidly after reaching the specific water layer. The gravity flow
under the metastability flow field will oscillate at its stable flowing water layer, resulting in
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the phenomenon of alternating positive and negative vorticity. And transfer process from
large vortices to small vortices can be observed. Therefore, the attenuation effect of KH
instability on shear not only occurs in the process of downward flow, but also occurs at the
interfaces of the specific water layer. It is difficult to observe the vortices on the right side
because the turbulent dissipation caused by the frictional effect makes the intrusion flow
velocity decrease.
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velocity from small to large, and group (c) corresponds to slope from small to large.

It can be observed that strong dissipation occurs when sinking along the slope
(Figure 7), while there is almost dissipation elsewhere. This indicates that the slope is
the main area where turbulent dissipation of overflow kinetic energy occurs. When the
overflow sinks to a certain layer, the vortex generated during the entrainment process can
also be transferred to the right. But, as the large vortex breaks down into small vortices,
turbulent dissipation tends to zero. Comparing the experiments in Figure 7 group (a), the
higher the density of the overflow, the stronger the turbulent dissipation generated during
its sinking along the slope. This is because the main source of turbulent dissipation in
the sinking process is divided into two parts, the buoyancy flux term generated by the
larger vertical density gradient at the front of the sinking overflow, and the shear instability
caused by the velocity gradient between the overflow and the background flow. When the
overflow with higher density passes through the ridge, the density difference between it
and the background fluid is greater, resulting in a larger density disturbance term in the
buoyancy flux. According to the turbulent entrainment mechanism, the overflow with a
higher density is easier to reach the bottom, which is consistent with group (a), as shown
in Figure 7.
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In Figure 7, group (b) shows that the greater the inject velocity of the overflow, the
greater the turbulent dissipation, which is consistent with the velocity field and vorticity
field. But group (c) shows different patterns. When the density and velocity of the overflow
are constant and the terrain slope is changed, the difference in turbulence dissipation is not
significant. Because the total turbulent dissipation generated by velocity shear includes the
influence of slope length.

The turbulent dissipation field (Figure 7) shows that each group of experiments
has a large turbulent dissipation after crossing the sill, where there is a large velocity
gradient and density gradient, and the instability caused by the shear between the gravity
flow and the ambient water is the strongest. Another location for the extreme value of
turbulent dissipation is the water layer with a density equivalent to that of overflow,
where the direction of overflow velocity changes, resulting in significant velocity shear.
Therefore, turbulent dissipation will once again attain its extreme value. Corresponding
to the velocity field and vorticity field, the momentum keeps decreasing due to mixing
and dissipation.
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4.3. Entrainment Phenomena and Water Intrusion

Entrainment takes place through the engulfment of external, non-turbulent fluid by
the large eddies of the flow, followed by viscous diffusion of vorticity [44]. During the
sinking process of overflow, turbulent entrainment produces the mixing of high-density
overflow water with a low-density background field. The density of the overflow water
itself reduces with the mixing so that it cannot sink to the corresponding layer according
to the original density and, instead, flow in the less dense layer. The flow velocity of the
intrusive layer is higher than the background flow velocity of the upper and lower layers,
so vortices generated by velocity shear will occur above and below the interface of the
extended layer.

In this paper, we use the double-cylinder method to place the ambient water. Because
of the slope, the volume of injected water in each layer is different which leads to the
different density of each layer. The water density at the bottom of the device varies slightly.
As the volume of water injected into the upper layer increases, the density of each layer
changes markedly. Therefore, it is not strictly linear stratification. By measuring the salinity
of the background water, there are 14 water layers in the background water. The layer
with the highest average velocity is selected as the layer that generates intrusion flow after
overflow reaches a certain depth. The Fr number and Ri number at this layer are calculated.
Further, the two dimensionless numbers of intrusion layers under different experimental
conditions are time-averaged separately, and the following results are obtained (Table 2).
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Table 2. Froude numbers and Richardson numbers at different densities and rotational speeds.

Density (kg/m3) Injection Rate (mL/s) Froude Number Richardson Number

1040 0.55 0.6636 0.3143

1050 0.65 1.0393 0.3086

1060 0.75 1.2614 0.1661

The results show that the overflow intrusion layer with higher density corresponds
to a larger number of Fr, but its change slows down as the density increases. The larger
the flow velocity, the smaller the Ri corresponding to the overflow intrusion layer, and its
change increases with the increase in the flow velocity.

When Fr > 1, the flow state is generally considered to be a jet stream, and the inertial
force is more important than gravity. Therefore, the intrusive water caused by overflow
with higher density is dominated by horizontal velocity. At the same time, the horizontal
velocity shear at the interface with the background flow is greater, and turbulence is more
likely to occur. The intrusive water caused by less density overflow is mainly influenced by
gravity, so in Figure 5 group (a1), an internal wave-like surface wave appears during the
process of overflow water intrusion of 1040 kg/m3.

The occurrence of turbulent mixing is usually characterized by Ri < 0.25 in the ocean
and atmosphere. Therefore, when overflow water with different flow velocities generates
rightward intrusion, the velocity shear caused by the intrusion layer will generate tur-
bulence in parts of the layer. Figures 6 and 7 show that due to the dissipation of kinetic
energy, the vortex and the turbulent dissipation in the intrusive layer mainly occurred in
the early stage. The overflow with high flow velocity not only has a strong shear effect
due to its own high flow velocity, but also causes vertical mixing in the upper layer in the
early stage, making it difficult to continue turbulent mixing in the upper layer to dissipate
kinetic energy and generate invasive flow. The intrusive flow is only possible to occur in
the lower layer and still has a high velocity when flowing to the lower layer. Therefore, the
larger the flow velocity, the greater the change amplitude of the Ri, and the smaller the
value of the Ri.

To quantify the mixing phenomenon caused by overflow, that is, the entrainment
between gravity flow and ambient water, the entrainment coefficients are calculated
(Figure 8). In all groups, there are great entrainments within a certain depth after the
overflow crossing the sill, and the depth corresponding to the maximum entrainment
value was very close. Afterward, it exhibits different characteristics with different inflow
densities, inject velocities, and slope angles. The results of group (a) show that the lighter
fluid is more likely to be mixed with the environmental fluid. The entrainment occurs at a
near depth of 5 cm, which is consistent with the spatial distribution of velocity and vorticity.
Dense overflows have higher entrainment parameters in the middle and lower layers. The
higher the density, the larger the corresponding entrainment, and the distribution of it
is more uniform along the slope. The results of group (b) show that changing the inject
flow velocity has little effect on the entrainment phenomenon. All of the experiments in
group (b) have two distinct peaks. One is after crossing the sill, and the other is at the
confluence with the background current at the specific layer. The entrainment parameter
between the two layers is relatively small. In group (c), the entrainment parameter is
consistent with the turbulence. The turbulence dissipation in group (c3) is significantly
weaker compared to groups (c1) and (c2), and the entrainment parameter is smaller. As the
slope increases, the entrainment parameter decreases. It can be seen that when the terrain
slope is large, gravity plays a dominant role and is less prone to entrainment.
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slope, it will generate vortices and entrainments. Due to the stability of the stratified
environment, the vorticity does not dissipate rapidly, and there is an alternating
phenomenon of positive and negative vorticity after the overflow leaves the slope.
When reaching the bottom at a high velocity after a certain time, vortices continuously
generate at the bottom due to the momentum obtained in the opposite direction.

(2) Turbulent dissipation mainly occurs in the area along the slope and during the process
of invading flow to the surrounding. There is a large turbulent dissipation after
crossing the sill, where the instability caused by the shear between the gravity flow
and the ambient water is the strongest. Another location of the extreme value of

Figure 8. The entrainment coefficients for the three groups of experiments. Group (a) from left to
right corresponds to the water injection density from small to large, group (b) corresponds to the
water injection speed from small to large, and group (c) corresponds to the slope from small to large.

5. Conclusions

In this paper, the overflow process is studied in the laboratory, and we obtain the
following conclusions:

(1) The overflow will mix with their surroundings as they descend and spread out in this
density gradient before they reach the bottom. When the overflow moves along the
slope, it will generate vortices and entrainments. Due to the stability of the stratified
environment, the vorticity does not dissipate rapidly, and there is an alternating
phenomenon of positive and negative vorticity after the overflow leaves the slope.
When reaching the bottom at a high velocity after a certain time, vortices continuously
generate at the bottom due to the momentum obtained in the opposite direction.

(2) Turbulent dissipation mainly occurs in the area along the slope and during the process
of invading flow to the surrounding. There is a large turbulent dissipation after
crossing the sill, where the instability caused by the shear between the gravity flow
and the ambient water is the strongest. Another location of the extreme value of
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turbulent dissipation is the water layer with a density equivalent to that of overflow,
where the direction of overflow velocity changes, resulting in significant velocity
shear. Corresponding to the velocity field and vorticity field, the momentum keeps
decreasing due to mixing and dissipation.

(3) The entrainment parameter can reflect the entrainment process during the overflow
sinking, which is calculated by the empirical formula. Therefore, there is a close
relationship between the vertical gradient of the density and velocity of the overflow
and the entrainment. The greater the density difference between overflow and back-
ground, the larger the entrainment parameter. When the injection flow velocity is
high, strong entrainment occurs at the point where the overflow crosses the sill and
at the front end of the overflow. From the experimental results, it can be seen that
the larger the terrain slope, the smaller the entrainment parameter, which is due to
gravity playing a dominant role.

The entrainment process and turbulent dissipation during overflow sinking in lab-
oratory conditions are studied in this paper. However, the density and stratification of
its background field are somewhat different from the real ocean, and further analysis and
verification of the results need to be carried out in conjunction with the ocean conditions.
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