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Abstract 
Gravity currents can be generated by density differences created by high suspended 

sediment concentrations in the form of turbidity currents, which can also transport significant 

volumes of near surface waters into the deep ocean. These flows are often concentrated in 

downslope channels that link and act as conduits from the continental shelves to the deep sea. 

Thus, understanding these mixing and exchange processes are critical to furthering our 

understanding of key ecosystems, the global carbon cycle and climate.  

Many parameters affect density-driven flow dynamics, including density difference, bed 

roughness, and bottom slope. At large-scales, in real-world environments, the rotational motion 

of the earth generates pseudo-forces, i.e., Coriolis force that increase with latitude. In extreme 

limits this may become as important as the inertial force of average fluid motion. As such, this 

force also affects flow dynamics.  

The formation and development of submarine channels are influenced by dynamic interaction 

of turbidity currents with the seafloor and the force acting on the flow. Laboratory experiments 

were conducted using world’s largest rotating platform to investigate how the Earth’s rotation 

might influence the internal flow structure and secondary flow at a bend apex. The downstream 

and cross stream velocity, as well as the density data for various rotating rates, across a range 

of Rossby numbers were gathered and analysed in order to investigate how buoyancy & velocity 

of channelized turbidity currents effect ambient fluid entrainment under different Rossby 

numbers (RO). 

It is suggested that enhanced secondary flow with increasing Coriolis force results in reduced 

mixing. Coriolis force is responsible for changes in the direction of the bottom boundary layer of 

a gravity current and the location of the maximum velocity core, leading to result in uneven right 

and left-turning bends. The denser fluid, on the other hand, always remains close to the outer 

bend, creating a hydraulic mechanism for stabilizing bend evolution at higher latitudes. Strong 

Coriolis forces, in addition, can change the course of near-bed secondary flow.  
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Chapter 1 Introduction 

Gravity currents are driven by a density difference with the surrounding ambient fluid 

and are a ubiquitous phenomenon in environmental fluid dynamics (Middleton, 1993; Simpson 

& Britter, 1979; Simpson, 1982). Gravity currents such as dense overflows, sediment- laden 

turbidity currents and contourite flows, occur across large ranges of space and time scales 

(Simpson, 1999). In the oceans, turbidity currents, gravity currents driven by suspended 

sediment, are important mechanisms that transport material, and sediment, across large 

horizontal distances and contribute to cross-shelf mixing (Azpiroz-Zabala et al, 2017). As the 

currents travel downslope in the continental shelf, they accelerate and interact with the bed 

entraining sediment, and entraining fluid from the ambient water above (Meiburg & Kneller, 

2010). Submarine canyons and channels are among the most significant and substantial 

sedimentary features on the ocean floor, serving as a key pathway for the interchange of 

materials between the shelf and the deep ocean. Turbidity currents can result from geological 

disturbance events like earthquakes or collapsing slopes (Meiburg & Kneller, 2010). The turbid 

water rushes downward after turbidity is set in action, which can change the physical structure 

of the seafloor by eroding vast areas and forming underwater canyons (Parsons et al, 2007). 

Here the dynamics of turbidity currents, and their role in development of seafloor channels, are 

the focus of this study.  

Flows at large scales, such as atmospheric winds and oceans currents, can be deflected by the 

Earth’s rotation (generating pseudo Coriolis forces). Coriolis forces are a fictious force that 

describes the apparent deviation and curvature of a flow, from a stationary frame of reference, 

as the Earth rotates underneath it (Arnol'd, 2013). These forces increase with latitude and 

deflect flow to right in the Northern Hemisphere and to the left in the Southern Hemisphere for 

a north-south flow. It has been observed that submarine channels and canyons are also affected 

by the effect of Coriolis forces (Akhmetzhanov et al, 2007; Hesse et al, 1987) which is discussed 

later in the thesis. Especially, buoyancy and velocity effects ambient entrainment are the key 

focus of this study. Turbidity currents that flow within oceans are large enough to be impacted 

by the rotation of the Earth, and the Coriolis forces can drive secondary circulations and decide 

where erosion and deposition occurs (Akhmetzhanov et al, 2007; Hesse et al, 1987). This is 

especially important for the formation of submarine channels located at mid-high latitudes and 

those with large bends which flow dynamics are dominated by Coriolis forces, and turbidity 
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currents under Coriolis forces can also affect levee asymmetry and channel sinuosity (Peakall et 

al, 2012).  

In conclusion, the dynamic interplay between turbidity currents and the seafloor, as well as the 

forces acting on the flow control submarine channel development. (De Leeuw, 2016). The aim 

of this project is to investigate the influence of Coriolis forces on the internal flow structure and 

secondary flow at a bend apex, and thus to link turbidity current flow dynamics to development 

of seafloor channels. In particular, a key control on the transport of sediment by turbidity 

currents is the mixing between flow and ambient fluid, which plays an essential role in 

controlling run out distances and sediment deposition (Hacker et al, 1996). The ambient 

entrainment is strongly impacted by velocity (downstream and cross-stream) and buoyancy of 

the flow, and these two factors can vary under different Rossby numbers.  Previous work has 

not considered how Coriolis forces may impact mixing and ambient fluid entrainment. 

To achieve these aims, the effects of Coriolis force on the mixing efficiency of submarine gravity 

currents in a sinuous channel is here systematically analyzed based on novel experimental data. 

In this study the downslope and cross slope velocity and the density of a submarine turbidity 

current is analyzed for different rotating rate, at laboratory scale. The experimental system has 

some similarities to idealised cross-shelf contour current systems.  

Chapter 2 reviews the literature describing gravity current forms, dynamics and the controls, 

especially the formation and dynamics of turbidity currents. The literature review focuses on 

turbidity currents in sinuous channels and also mixing between the current and ambient flow. 

Chapter 3 outlines the methodology adopted in this thesis, introducing the experiment in detail 

with how the data were captured and analysed.  Chapter 4 presents and describes the results of 

the study. Density and velocity (downstream and cross-stream) profiles and velocity contour 

maps are presented. Chapter 5 discusses those results, placing them into wider context within 

the literature and satisfying the aims and answering the objectives of the thesis. Chapter 6 

presents the conclusions of the thesis and provides suggestions for future work. 
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Chapter 2 Literature Review 

Gravity currents are driven by density difference such as salinity, sediment, temperature; by 

interacting with the ambient water they can mix and change their characteristics (Maslin et al, 

2006; Piper & Deptuck, 1997). However, additional forces may enhance mixing between 

turbidity currents and the ambient fluid. For example, the Coriolis force, which is due to Earth’s 

rotation and the centrifugal force, arising at a channel bend, strongly influences turbidity current 

mixing (Dorrell et al, 2013; Kelly et al, 2019). Because of the interaction between turbidity 

currents and pseudo forces, the force required for Newton's laws of motion to be valid in a non-

inertial frame of reference, despite it being physically evident but non-existent (American 

Heritage® Dictionary of the English Language, 2023), the flow can overspill from the channel 

levee and create turbidite deposits. This process is particularly important and significantly 

regulates the amount and the grain of sediment that overspills, determining the shape of the 

channel levee.  

2.1 Fundamental Controls on Gravity Currents 

In this section the key concepts controlling gravity current dynamics are introduced, by 

considering the fundamental equations and non-dimensional parameters for the motion of fluid. 

In particular, since the scale of gravity currents that we intend to study are strongly impacted by 

the effect of Earth’s rotation, the rotating frame of reference with pseudo-forces (Coriolis force 

and centrifugal forces) are highlighted. A consequence of Earth’s rotation is the development of 

key flow features; for example, near boundaries an Ekman layer develops (Davarpanah Jazi et 

al, 2020), where Coriolis forces are in balance with frictional force, and forcing on secondary 

flow, modifying the balance of centrifugal forces and hydrostatic pressure gradients. 

The motion of incompressible, Newtonian fluid is governed by the three-dimensional mass- and 

momentum-conservation equations (Acheson, 1990). As mass cannot be generated or 

destroyed, inflows, outflows, and changes in the storage of mass within a system must all be in 

balance. The law of mass conservation can be formulated mathematically and it is expressed as 

the continuity equation (Pedlosky, 1987): 

𝜕𝜌
𝜕𝑡 + 𝛻 ∙

(𝜌𝑢) = 0 (1) 
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Where ∂ is the partial derivative operator, 𝜌 is the density, 𝑡 is the time, 𝛻 is the divergence, 

and u is the flow velocity vector field. Equation 
!"
!#
+ 𝛻 ∙ (𝜌𝑢) = 0 (1) 

 can be simplified by assuming that changes in density in space and time are negligible except 

when multiplied by g, the acceleration due to gravity. Applying this simplification to equation 
!"
!#
+ 𝛻 ∙ (𝜌𝑢) = 0 (1) 

 yields the Boussinesq approximation (Boussinesq, 1897; Tritton, 2012):  

∇ ∙ u = 0 (2) 

Momentum conservation states that the momentum of an isolated system is constant if there 

are no external forces acting on that system (Batchelor, 1967). Written in non-conservative form: 

Du
Dt =

1
ρ ∇ ∙ σ + F

(3) 

where D/Dt is the total or material derivative, 𝜎 is the stress tensor – the second order tensor 

consists of completely specified nine components which are defined by the direction stress acts 

and the orientation of the surface upon which it is acting, and 𝐹 are the forces acting on the 

body of fluid (for example viscous dissipation, gravitational forces or Coriolis force). 

Without loss of generality Equations (1) – (3) can be rewritten using characteristic dimensional 

scales, typically a flow velocity scale and a length scale. Appropriate normalisation of the 

governing equations results in the generation of non-dimensional parameters. Such non-

dimensional parameters are extremely useful, as:  

I) a priori of any analysis non-dimensional parameters can be used to understand 

primary controls on the dynamics of the fluid flow, here turbidity currents; 

II) non-dimensional parameters enable scaling and comparison of different flows in 

different context and settings, for example comparing physical and numerical 

models with real world processes (Paola et al, 2009).  

The density differential, frictional drag, and bottom slope are only a few of the variables that 

determine density-driven flow dynamics (Cenedese et al, 2004). For large-scale flows, the 

rotation of the planet produces a non-negligible Coriolis force that increases with latitude  
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(Cossu & Wells, 2010). This force consequently has an impact on flow dynamics. Here three key 

non-dimensional parameters, which are known to control the dynamics of gravity currents at 

large scale in rotating reference frames, are introduced below.  

 

2.1.1 Reynolds Number: Turbulent Mixing 

For turbidity currents, mixing by fluid turbulence is a key control on flow dynamics. It determines 

the suspension of particulate material, providing the motive force for the flow. Mixing is also 

responsible for the entrainment of fresh water, from the ambient (Cenedese et al, 2004). 

Turbulence is characterised by the Reynolds number (Re) as the dimensionless ratio of inertial 

and viscous forces (parameterised within F, Equation (3)): 

Re =
ρuL
µ =

uL
ν

(4) 

Here u  is the characteristic velocity of the fluid, L  is a characteristic linear dimension (for 

example the flow depth), µ is the dynamic viscosity of the fluid, ν is the kinematic viscosity of 

the fluid. The Reynolds number can be used to define flow regimes (Munson et al, 2013), 

determining the relative importance of turbulence and laminar flow (Reynolds, 1883). 

• For low Reynolds numbers (Re < 2000), fluid behaviour is dominated by viscous 

forces, and the flow is predominantly laminar. 

• For intermediate Reynolds numbers (2000 ≤ Re < 4000), the flow is transitional, 

with characteristics that are partly laminar and partly turbulent. 

• For high Reynolds numbers (Re ≥ 4000), fluid behaviour is dominated by inertial 

forces, and the flow is turbulent. 

In real-world turbidity currents, flow velocity ~10 m/s, depth ~100m and viscosity ~10-6 m2 s-1 

(Peakall & Sumner, 2015). Reynold numbers are therefore Re ~ 109, implying the flow is highly 

turbulent. Physical experiments and numerical studies are constrained by scale and 

computational resource; therefore, it is often assumed that as long as flows are turbulent 

Re>>2000 there is a similarity between modelled and real-world dynamics (Peltier & Caulfield, 

2003). However, a critique of previous work (Cenedese & Adduce, 2008; Cenedese et al, 2004; 
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Cossu & Wells, 2013; Cossu et al, 2010) is that small scale laboratory experiments are not large 

enough to approximate the turbulent dynamics of real-world flows. 

 

2.1.2 Froude and Richardson Numbers: Gravitational Forcing 

The difference in density from the ambient flow drives gravity currents. The ratio between 

inertia and gravity forces, defined as the Froude number (Fr) is thus a crucial factor in controlling 

an unstratified flow dynamics; Froude number modelling relaxes the requirement on Re, and as 

such neglects viscous effects and is only applicable to fully turbulent flows. For gravity currents, 

densiometric Froude number is commonly used (as the action of gravity is dependent on the 

fractional density difference between current and ambient). The inverse Froude number 

squared is also referred to as the Richardson number (Ri) (Munson et al, 2013; White, 1999).  

Fr =
UY

Z𝑔B𝐿
≡

1
√𝑅𝑖

(5) 

Here UY	is depth-averaged current velocity, the length scale 𝐿 is the hydraulic depth (Baines, 

1998) and 𝑔B is the reduced gravity. The reduced gravity (𝑔B = 𝑔(𝜌2 − 𝜌1)/𝜌1) is defined as in 

terms of the difference between density of the current (ρ2), and the density of the ambient (ρ1) 

(Kneller & Buckee, 2000).  In general, based upon the Froude number (Fr), the flow can be 

classified as follows (White, 1999): 

• When Fr < 1 , flow is sub-critical; the wave velocity is greater than the flow 

velocity, causing a wave created by an obstruction to propagate upstream. 

• When Fr = 1, the flow is critical; its speed is nearly equal to that of the surface 

waves. 

• When Fr > 1, the flow is super-critical, and it is impossible for waves to move 

upstream. 

According to  Ashford (1985), gradient Richardson number, or Rig , expresses the ratio of 

buoyancy to flow shear, gives an estimate of the stability of the flow, which in this context 

relates to how effectively the turbulence can be damped by the flow: 
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Rig = −
g
ρ

∂ρ
∂zb

(∂u ∂z⁄ )R
(6) 

Ri < 	1/4 is a requisite for velocity shear to overcome the stratified fluid's tendency to remain 

stratified, and certain turbulence generally occurs. When Ri is large, turbulent mixing is usually 

inhibited due to the difficulty of mixing due to buoyancy (Turner, 1979).  

Given the dearth of coupled observational data of turbidity current density and velocity, there 

is a lack of knowledge of how Rig varies within real-world turbidity currents (Dorrell et al, 2016). 

This is important as Rig characterise stability and thus mixing process within turbidity currents, 

their capacity to suspend particulate material, distribute it within the flow and entrain ambient 

fluid. 

 

2.1.3 Rossby Number: Rotating Frames of Reference 

A rotating frame of reference is a reference system for non-uniform linear motion relative to an 

inertial reference frame (Arnol'd, 2013). The Earth’s surface is a common example in geophysical 

fluid dynamics (Vallis, 2016). Pseudo-forces (also called fictitious forces) operate on all fluids 

whose motion can be explained using a rotating frame of reference (Bhatia, 1997). Example of 

pseudo-forces on Earth are i) the Centrifugal force, which is the apparent force that makes an 

object move outwardly away from the centre when it is moving around a curve; ii) the Coriolis 

force, which is also an apparent force that deflects a moving object due to the Earth’s rotation 

(Arnol'd, 2013). These two forces are responsible for the secondary circulation in a sinuous 

channel, where they determine location of erosion and deposition.  
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The Coriolis force is an inertial force acting on an object moving within a rotating frame of 

reference (Persson, 1998). The Coriolis force causes an apparent deflection of an object’s path 

in relation to the rotating frame of reference, to the right in Northern Hemisphere, and to the 

left in Southern Hemisphere (Figure 1). The motion of the coordinate system gives the 

impression that the item is deviating from its path, although it is not. 

The Rossby number (R9) is the ratio of inertial force to Coriolis force and compares the velocity 

and length scales of motion to the rotation rate of the Earth (Banerjee, 2004; Price, 1994): 

R9 =
U
Lf

(7) 

where U and L are respectively characteristic velocity and length scales of the phenomenon. The 

Coriolis frequency (f) is computed as f=2Ωsinφ, where Ω is the angular frequency of a planetary 

rotation and φ the latitude. R9 is frequently used in geophysical phenomena in the oceans and 

atmosphere, where it portrays the importance of Coriolis acceleration caused by planetary 

rotation (Boubnov & Golitsyn, 1995). A large Rossby number indicates the effect of Coriolis force 

is not significant. In contrary, smaller Rossby number indicates the role of rotation is significant 

 

Figure 1 : Coriolis effect diagram demonstrating how an item traveling in a north-south 
direction will appear to deviate to the right in the Northern Hemisphere and to the left in the 
Southern Hemisphere. 
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(Barry, 2009). The sign of the Rossby number tells if the object is rotating clockwise as it imitates 

the northern hemisphere, and anticlockwise as in the southern hemisphere.  

2.2 Turbidity Currents 

Gravity currents, flows driven by the action of gravity on the density difference between flow 

and ambient fluid, play an essential role in the transport of fluid, sediment, nutrients and 

pollutants from the relatively shallow waters of the continental shelf to the abyssal plains of the 

deep ocean (Nittrouer & Wright, 1994). Density currents often drain through seafloor channels 

(Simpson, 1999). Examples of oceanic density currents are dense current flows from marginal 

seas, e.g. the Celtic Sea, North Atlantic Ocean initiated by strong cooling at the surface (Ivanov 

et al, 2004) or massive overflows originating in semi-enclosed basins such as Nordic seas (Legg 

et al, 2009). Submarine channels are extensive geological features, traversing thousands of 

kilometres of seafloor, that are formed by the passage of successive turbidity currents over 

thousands of years, and that are still evolving due to the process of entraining and deposition 

by turbidity currents (Maslin et al, 2006; Piper & Deptuck, 1997). Since gravity currents are vital 

to the transfer of water and sediment between the continental shelf and the deep sea, exploring 

their dynamics is critical to enhance understanding of those exchanges, entrainment and, 

further, overall oceanic circulation.  
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2.2.1 Natural Occurrence of Turbidity Currents 

Whether in a natural situation or a man-made one, density driven flows, gravity currents or 

buoyancy currents can exist. Turbidity currents coming down from the continental shelf 

periodically disturb the seafloor (Hage et al, 2018). The presence of sand and silt in abyssal plains 

is proven to be due to the sediment being transported by turbidity currents. (Meiburg & Kneller, 

2010; Simpson, 1982). The evolution of seafloor topography is controlled by the turbidity 

currents via deposition and erosion (Meiburg & Kneller, 2010; Talling et al, 2015). Such gravity 

currents flow from the continental shelves to the deep ocean (Meiburg & Kneller, 2010). The 

flows themselves display distinctively well-defined ‘body and head’ (and tail) areas with the head 

being thicker than the body (Figure 2), and the body forms the majority of the flow. 

 

Although the body, head tail depicts a picture of a two-dimensional flow, gravity currents can 

be strongly three dimensional. It is well established that three-dimensional behaviour at the 

head is related to two forms of instability (Figure 3) which are responsible for mixing: (1) Kelvin-

Helmholtz billows, which gather above the front of the dense flow in the zone of velocity shear, 

and (2) lobes and clefts, which are created by the impact of the ground on the bottom half of 

the head. The dominant instabilities are Kelvin-Helmholtz billows, which are generated by the 

opposite motion of contacting layers moving at differing densities and velocities, breaking 

behind the head and causing entrainment of ambient fluid (Nogueira, 2014). The distortion, 

 

Figure 2 : Schematic of a sediment gravity flow (Kneller & Buckee, 2000). 
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even breaking up, of the Kelvin-Helmholtz billows is usually due to the subordinate convective 

instability called lobes and clefts that are created by the mixing of the less dense flow under the 

‘nose’, i.e. the leading edge of the flow (Simpson, 1986). Because of the intense mixing that 

results in high levels of entrainment, the head may be as much as twice as thick as the body that 

comes behind it (Simpson, 1986).  

 

Even though the body often constitutes the majority of the flows, little is known about its 

structure (Wells & Dorrell, 2021). For example, Dorrell et al (2019) hypothesized that the body 

of the gravity current may evolve to resemble a zonal jet in structure, as driven by mass and 

momentum redistribution by flow-scale internal waves that propagate in a density stratified 

medium.  Due to internal velocity variation, these waves may help the flow develop a critical 

layer by preventing mixing and the dilution of the lower part of the current; this changes the 

expected structure of the density and velocity profiles. Internal gravity waves suggest that the 

body may not be statistically stable as is typically assumed. Since internal waves have the 

capacity to transmit horizontal momentum inside a flow and deposit it at crucial layers, they 

may be required to explain long duration gravity current dynamics. (Marshall et al, 2021b). 

Further, Marshall et al (2021a) demonstrated that increasing the ratio of turbulent momentum 

to mass diffusion, i.e. the turbulent Schmidt number from 1, results in significant structural 

changes in gravity current body that are not visible with increasing the Reynolds number in the 

range under consideration. 

 

Figure 3 : The two main mixing processes at the front of a gravity current: (a) Kelvin-Helmholtz 
billows; and (b) lobes and clefts (Simpson, 1986). 
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The considerable mixing at the Interface between two fluids plays a significant part in flow 

dynamics (Simpson, 1999). This action is crucial for sedimentologists to consider since it has the 

potential to significantly affect erosion and sediment transport by the current (Middleton, 1993; 

Straub et al, 2008).  

Gravity currents have large amounts of turbulent mixing at the head region, in comparison the 

mixing process in the body region may be of reduced intensity (Simpson, 1999). The thickness 

of the head remains quasi-steady for currents moving on horizontal surfaces but the relative size 

of the head increases with slope angle for those flowing downslope (Simpson, 1999). Because 

pressure rather than gravitational forces dominates slopes steeper than 3°, the front velocity is 

only slightly dependent on slope, which causes the thickness of the head to rise (Middleton, 

1966b).  

Despite the importance of the head the duration of turbidity currents can be very long, order 

days to weeks (Azpiroz-Zabala et al, 2017). Dynamics within the body of the flow are therefore 

crucial to explaining the transport of material by turbidity currents. Velocity and density profiles 

of the flow determine how much, and what, material is transported and how quickly. Further, 

velocity and density profiles control turbulent suspension. Turbulent suspension of material 

provides the motive force to drive flows, keeping material in suspension: a process referred to 

as auto-suspension (Parker et al, 1986). In particular, turbulent mixing dictates the ambient 

fluid’s entrainment. The entrainment of ambient fluid balances the dissipation of the turbulent 

kinetic energy, by raising the centre of suspended mass. Dissipation of energy ultimately slows 

the flow down, resulting in deposition. The extant paradigm is that entrainment of ambient fluid, 

and thus dissipation of energy, scales with Froude number squared. However, this dissipation is 

too large to enable prediction of turbidity current run out – despite observations that flows 

travel for thousands of kilometres of shallows slopes: this is the auto-suspension paradox 

(Parker et al, 1986; Wells & Dorrell, 2021). 

 

2.2.2 Velocity and Density Profiles 

In contrast to the head of a gravity current, the body has a different mass-momentum balance 

(Middleton, 1993). The body of a gravity current is relatively stable and uniform in thickness 

compared to the head. Because the amount of dense fluid on the back of the head that is mixed 

with the ambient is lost into the ambient and loses its forward momentum, turbulent mixing at 
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the back of the head has no effect on the body's dynamics (Lowe et al, 2002). The vertical 

structure of a gravity current is important for understanding further processes and dynamics 

involved. Density, velocity and turbulence profiles dictate how turbidity currents travel for 

thousands of kilometres along the seafloor and are essential to understand the mixing process 

(Klaucke et al, 1998).  

Gravity flows are characterised mainly by their velocity and density profile characteristics 

(Ellison & Turner, 1959; Stacey & Bowen, 1988). The typical vertical velocity and density profile 

of a gravity current is shown in Figure 4. The velocity maximum is close to the bottom of the 

current and divides the flow to an inner region, which has a positive velocity gradient, and an 

outer region with negative velocity gradient (Meiburg & Kneller, 2010; Tesaker, 1969). The 

thickness of the inner region is often reported to be less than half of the outer region. The ratio 

of upper and lower boundary shear and drag forces decides the height of the velocity maximum 

(Kneller et al, 1997; Middleton, 1966a) and height of the velocity maximum is about 0.2-0.3 of 

the current height in many experiments (Kneller et al, 1997). 

Sequeiros et al (2010) observed that independent of the bed type, the subcritical flows, Fr<1, 

show vertical position of the velocity maximum is slanted toward the interface between the flow 

and ambient. Conversely, when bed forms are absent, the vertical position of the velocity 

maximum is biased toward the bed to an extent that varies with bed type in supercritical flows 

(Sequeiros et al, 2010). This was argued to entrainment in supercritical flows acting to mix the 

upper layer of the flow and lower the velocity maximum. (The Froude number is viewed as an 

estimate of the Richardson gradient number, Equation (6), across the flow – ambient fluid 

 

Figure 4 : a) Collapse of downstream velocity data using characteristic height (from Kneller & 
Buckee (2000)) b) Characteristic velocity and c) density profiles for a saline gravity current 
(modified from Sequeiros et al (2010). 
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interface, and thus the stability of the flow). These conclusions were disputed by Stagnaro & 

Bolla Pittaluga (2014) who argued, albeit from a limited data set, that the densimetric Froude 

number of the current has no effect on velocity profiles. The experiments of Sequeiros et al 

(2010) exhibited slight stratification in subcritical flows and continuous stratification in 

supercritical flows. However, flows in the middle and lower parts of submarine channels exhibit 

stratification, and the middle and upper part of submarine channels are characterised by 

subcritical flows (Bowen et al, 1984; Dorrell et al, 2013; Pirmez & Imran, 2003). As shown by the 

aforementioned paradox, there is no connection between stratification for particulate gravity 

currents and Froude number. This hypothesis is also reinforced by Stevenson et al (2014) that 

channelized flows quickly create and sustain continuously  stratified subcritical flows until 

stepped stratification profiles are produced by late-stage development of cohesive forces over 

turbulent forces.  

With particle sedimentation balancing turbulent mixing and resuspension, gravity currents 

naturally have vertical variations in density. This density for turbidity currents is dictated by the 

amount of sediment in the current. Density profiles have previously been described by three 

different models:  

I. Two-layer model (Figure 5a) was first introduced by Middleton (1969), and also 

observed by Middleton & Hampton (1973), Ravenne & Beghin (1983), Mulder 

et al (1997) in experiments that with a dense lower portion of the current and 

a low-concentration plume at the top; 

 

Figure 5 : Schematic diagram showing various characteristic density profiles (dashed lines) in 
density currents. a) Two-layer profile, b) Smooth profile, c) Stepped profile, d) Rouse-type 
profile. Figure from Kneller & Buckee (2000). 
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II. Continuous profiles (Figure 5b&d) illustrate a continuous decrease in 

concentration with increasing height. This model characterizes weakly 

depositional subcritical flows (Altinakar et al, 1996); low-concertation , 

depositional subcritical flows in laboratory (Garcia, 1994); and supercritical 

flows on low slopes in laboratory (Garcia & Parker, 1993). Theoretical models 

(Stacey & Bowen, 1988) and direct measurement of turbidity currents (Normark, 

1989) also reinforced this continuous profile;  

III. Stepped model (Figure 5c) has a region near the maximum velocity, where the 

intensity of turbulence is reduced and the generation of turbulent kinetic 

energy is reduced, a proposed dynamic barrier for the sediment transportation 

from the inner to the outer part (Garcia & Parker, 1993).  

The step profile has been observed in subcritical and supercritical experimental flow in where 

high entrainment rate of ambient flow at the upper part or the sediments were entrained by 

erosional flows (Garcia & Parker, 1993). Saline flows and low-concentration flow in the 

laboratory shows continuous concentration profiles. However, a very stepped profile can be 

seen from direct observations of a salinity gravity current in the southwest Black Sea (Sumner 

et al, 2014). 

 

2.2.3 Turbulent Mixing 

The turbulent structure of gravity currents was first studied experimentally by Kneller et al (1997) 

using laser Doppler anemometry. Subsequent work includes Buckee et al. (2001), which has 

recently been revisited by Islam and Imran (2010). Cossu and Wells (2012) used acoustic Doppler 

velocimetry and showed that the turbulent structure of saline and turbidity currents have no 

significant differences. An almost consistently observed essential feature is a low level of 

turbulence near the velocity maximum, with higher levels along the wall in the inner region and 

in the shear layer in the outer region (Kelly, 2018). This low-turbulence area is known as the slow 

diffusion zone (SDZ) because it is thought to hinder mass transfer between the inner and outer 

regions (Buckee et al, 2001; Peakall et al, 2000). The low area of turbulence can be produced by 

shear or buoyancy. Reynolds stresses and velocity gradient are necessary for shear formation: 

P<=>?@ = −uABuCBCCCCC duS
dxT

(8) 
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Stratification, or variation of buoyancy normally, acts to dampen turbulence within a flow (it is 

harder to lift a comparatively dense parcel of fluid vertically upwards into a region of lighter 

fluid, where it would naturally want to sink). “Buoyancy production” is dependent on the 

buoyant fluxes: 

PF%GH = −
g
ρ?
ρBwBCCCCCC (9) 

But may be assumed to be on average an energy sink, like viscous dissipation, unless the flow is 

unstably stratified. Due to the zero velocity gradients at the velocity maximum, the shear 

component is low in magnitude and contributes significantly more to gravity currents (Buckee 

et al, 2001; Islam & Imran, 2010). Note that prior research, like that of Buckee et al (2001), only 

documented in the vertical plane and disregarded cross-stream components (i.e. the shear 

production was determined using just the 𝑢′𝑤′ term) because of the available technology. 

Turbulence strength was found to be higher in the cross-stream than in the vertical direction by 

Islam and Imran's 3D technology, which is why it should be considered in all turbulence 

computations. 

 

2.3 Partially Confined Turbidity Currents 

Being a subset of gravity currents, turbidity currents primarily depend on flow buoyancy to 

determine their horizontal velocity. They have more complex fluid dynamics than gravity 

currents, though, because of the levels of turbulence, density stratification, and suspended 

sediments (Wells & Dorrell, 2021). Turbidity currents are sediment-filled flows that spread 

throughout reservoirs, lakes (Best et al, 2005; Cossu et al, 2016), and oceans (Mountjoy et al, 

2018; Mulder et al, 2003), as a result of their different densities from ambient fluid. One major 

mechanism for transporting sea floor sediment is the turbidity current, and compared to rivers, 

the volume of transported material is much larger (Paull et al, 2018). At the boundary of two 

water masses with different sources, such as fast-flowing floods of turbid water flowing 

downslope, two oceanic gravity current heads are generated. Due to the density difference 

relative to ambient fluid, turbidity currents propagate across oceans (Mountjoy et al, 2018; 

Mulder et al, 2003). The processes of flows travelling down slope gradually builds, through 

deposition and erosion, seafloor canyon and channel systems that either fully or at least partially 

confine the flows that build them (Klaucke et al, 1998). These channels, much like sub-aerial 
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rivers meander across the seabed (Lonsdale & Hollister, 1979), concentrating the transport of 

material over large distances. Indeed, there is such similarity between submarine channels and 

fluvial systems that they are often referred to as “rivers of the seafloor”. However, these systems 

can be much larger than terrestrial rivers. Also, fluvial and underwater channel systems have 

different channel morphology and flow dynamics (Kolla et al, 2001; Kolla et al, 2007; Peakall et 

al, 2000), with bend migration in submarine channels being significantly reduced (Peakall et al, 

2000). The different types of submarine channels at present-day sea levels are shown in Figure 

6.  Where the characteristic Rossby number, Equation (7), of such systems becomes small these 

flows are large enough to be affected by rotation of the planet (Simpson, 1999) with increasing 

latitude. Although flow is mostly contained within the channel, there may be occasional overspill. 

Large levee systems on either side of submarine channels are frequently present and may even 

be broader than the channel itself. These levee structures are the result of deposition from flows 

overspilling the confines of the channel (Birman, 2009; Nakajima & Kneller, 2013). The 

deposition on inner/outer bank is determined by degree of confinement and Coriolis effect 

(Cossu & Wells, 2013; Straub & Mohrig, 2008). 

The majority of submarine and subaerial channels are moderately to highly sinuous (Langbein & 

Leopold, 1970; Pirmez, 1994). Since channels are curved, the fluid within them is subjected to 

centrifugal force that produces cross-stream flow towards the outside bank of bends. The 

 

Figure 6 : Schematic view of 6 type of submarine channels at present-day sea levels. Figure from 
Peakall & Sumner (2015). 
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mathematical formula for centrifugal force (Figure 7) is mrωR, where m is the mass of the object, 

r is the radial distance from the axis of rotation of the frame, and where ω is the angular velocity 

with respect to the point (Feynman et al, 1965). 

 

2.3.1 A note on Centrifugal Forces 

The outward radial force that an object experiences as it moves transversely with respect to a 

frame of reference is known as a centrifugal force (Weidner, 1975). For instance, because the 

Earth spins around a fixed axis, the direction of centrifugal forces always point away from the 

axis, which is the opposite of the direction that gravity at the equator (Talley, 2011). The curved 

shape of channels, which provide the dominant centrifugal force, has significant impact on 

submarine channels. 

 

2.3.2 A Note on Pressure Gradients 

All submarine and subaerial flows in meandering channels develop cross-channel superelevation: 

a cross-stream surface slope that is the leading order balance between the outer bank 

orientated centrifugal forces. The cross surface slope, and thus pressure gradient force, is largest 

and most obvious at channel bend apex where centrifugal forces are largest (Rozovskii, 1957). 

 

Figure 7 : Schematic illustration of the centrifugal force arising from the rotation of the Earth. 
Showing gravity always pointing towards the centre of Earth, and the centrifugal force is 
perpendicular to the axis of the Earth. Note this is distinct from the centrifugal force that can 
arise from the choice of coordinate system in specific frame of reference, e.g., relative to a 
sinuous channel traversed by a flow. 
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The degree of cross-channel superelevation controls how much material is lost overbank 

through overspill. This further defines how channel levees are constructed. There is significant 

difference between the amplitude of cross-channel superelevation in subaerial and submarine 

channels; this may be explained due to the reduced density difference of turbidity currents 

versus rivers compared to respective ambient of water and air (Dorrell et al, 2014). 

To study cross-channel superelevation in submarine channels Straub et al (2008) used 

experiments on 24 turbidity currents driven by 𝐶𝑎𝐶𝑙R and suspended sediment entering a sine-

generated channel with three bends to explore how curved channels determine the cross-

channel superelevation, deposition and grains size distribution both inside and outside of 

channels. Straub et al (2008) reported that significant cross-channel superelevation occurred 

due to run-up at the outer bank resulting in deposition of coarse sediments on the levee crest. 

In addition, channel relief decreased because of larger deposition at the channel bottom 

compared to the levee crest.  

 

2.3.3 Flow Dynamics in Sinuous Channels 

Both submarine and sub-aerial channel bends exhibit a helical velocity structure with primary 

and secondary velocity components (Peakall & Sumner, 2015). The primary flow is quite similar 

to the flow pattern expected if the fluid is inviscid, and the secondary flow is a relatively minor 

flow superimposed over the primary flow (Figure 8). These areas of secondary flow are typically 

found close to the fluid's boundary, on solid surfaces where there are viscous forces present, 

like in the boundary layer.  

The dynamics of gravity currents in submarine channels have been explained by considering the 

comparatively well-studied dynamics of subaerial channels (Rozovskii, 1957) as an analogue. 

However, super-elevation is substantially larger, by a magnitude of two to three, than subaerial 

systems because there is a substantially smaller disparity between flow and ambient fluid 

densities in gravity currents (Dorrell et al, 2013). In order to remain flowing through a bend 

within the riverbanks, water follows curved streamlines. The water surface is higher near the 

outer bank than near the inner bank due to the centrifugal force. As a result, there is hydrostatic 

pressure gradient, resulting in a force directed towards the inner bank. Centripetal forces which 

are provided by the pressure gradient are necessary for the curved paths (Bowker, 1988). The 

higher pressure near the outer bank has faster water speed, and the lower pressure near the 
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inner bank has slower water speed. Velocity is faster at the near surface, and it moves towards 

the outer bank; near-bed flow moves in the opposite direction. Velocities toward the outer bank 

are 3 to 4 times faster than those near the inner bank (Ferguson et al, 2003). A secondary flow 

forms in the boundary layer along the riverbed. The boundary layer is not able to balance the 

pressure gradient since it is not moving fast. So, its path is partly downstream and partly cross-

stream from the outer bank driven by the pressure gradients toward the inner bank (Dietrich & 

Smith, 1983). 

 

The direction of the cross-channel plane that delineates the downstream and cross-stream 

components of flow must be chosen carefully in order to analyse the value and orientation of 

forces acting in the flow. Unlike laboratory channels in which the cross-section is perpendicular 

to the walls, the river width is variable in natural rivers with irregular banks. The approach of 

Rozovskii (1957) determines the mean direction of flow for individual vertical velocity profiles. 

Then, for each vertical profile, the cross-stream component of velocity is calculated in relation 

to the mean flow direction. The analysis only produces the secondary circulation and not the 

whole cross-stream velocity field since the discharge normal to the mean flow direction is taken 

to be zero. Each vertically averaged velocity is multiplied by the entire depth of flow at the place 

 

Figure 8 : Illustration of the primary and secondary flow environments around a meander bend 
(Smit & Kaeser, 2016). 
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of measurement to determine the total cross-stream and downstream discharge measured at 

each section (Dietrich & Smith, 1983). 

Factors controlling secondary flow orientation in submarine channels have been investigated 

systematically over the years (Abad et al, 2011; Azpiroz-Zabala et al, 2017; Dorrell et al, 2013; 

Ezz & Imran, 2014; Parsons et al, 2010; Sumner et al, 2014; Wei et al, 2013). Numerical modelling 

of Kassem & Imran (2004) found secondary flow patterns that matched those of subaerial river 

channels, with near-bed flow directed towards the inner bank (Imran et al, 2007; Rozovskii, 

1957). Yet, in the physical experiments of Corney et al (2006) and Keevil et al (2006) river-

reversed secondary flows were seen in which the near-bed flow was directed towards the outer 

bank. The Froude number and bed roughness serve as significant controls on where the flow 

velocity maximum occurs, according to Abad et al (2011) , who discovered that both river-

normal and river-revered secondary flows are conceivable. Dorrell et al (2013) addressed this 

apparent dichotomy systematically by introducing i) radial stratification of the flow: ii) Coriolis 

force; iii) boundary conditions. Crucially, three-dimensional flow framework assumed that non-

zero radial flux boundary conditions are required. Near-bed density flux and the potential for 

reversed secondary flow can be enhanced by the vertical and radial (horizontal) flow 

stratification according to the 3-D numerical modelling of Dorrell et al (2013). 

Secondary flow is influenced by the equilibrium of centrifugal forces with cross-channel pressure 

gradients, net cross-channel fluid, and buoyancy flux. Because of this, secondary flow closures 

do not permit a consistent examination of flow hydrodynamics and, consequently, 

morphodynamics (Wells & Dorrell, 2021). Secondary flow appears to be temporally unstable 

according to an analysis of time series data. The number of stacked vertical and horizontal 

secondary flow cells as well as the direction of near-bed flow both change periodically (Dorrell 

et al, 2018).  

 

2.4 Latitudinal Control on Turbidity Currents  

Submarine channels are one of the conduits for material exchange between shelf and deep 

ocean: they occur at scales large enough to be affected by the Earth’s rotation. The dynamic 

interplay between turbidity currents and the bottom leads to the development of submarine 
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channels (De Leeuw, 2016). At high latitudes, the Coriolis force is known to have a significant 

impact on gravity currents (Akhmetzhanov et al, 2007; Hesse et al, 1987).  

Field observation and studies of turbidity currents can be hard and troublesome because such 

flows occur in the deep oceans, are rare, and potentially destructive. Experimental studies are 

necessary to study submarine channels because the experimental visualizations illustrate the 

processes occurring underneath the ocean that are very difficult to observe in the field.  

Experiments have used rotating flumes to simulate flow deflection from Coriolis force. Clockwise 

rotation is equivalent to flow in a left-hand turning bend, in the Northern hemisphere, where 

Coriolis forces are aligned with centrifugal forces. These flows are characterised by a 

positive Rossby number. Anti-clockwise rotating flow is equivalent to flow in a right-hand 

turning bend, in the Northern hemisphere, where Coriolis forces are opposed to centrifugal 

forces. These flows are characterised by a negative Rossby number. In the Southern hemisphere, 

the relationship between clockwise and anti-clockwise flows and left-hand and right-hand 

turning bends is reversed. 

However, experimental research on the impact of Coriolis on the flow dynamics of these 

channels has largely been restricted to velocity profiles and isolated, low-resolution, two-

dimensional cross-sectional velocity fields. Previous experiments on the impact of Coriolis on 

density currents were also conducted at relatively low Reynolds numbers (Cenedese & Adduce, 

2008; Cenedese et al, 2004; Cossu & Wells, 2010; Cossu et al, 2010; Wåhlin et al, 2008). Mixing 

has been studied over a sloping bottom in a rotating freshwater system (Cenedese & Adduce, 

2008; Cenedese et al, 2004). There is a need to explore the dense water and ambient mixing 

under the influence of Coriolis force in a sinuous channel. This is needed to provide more 

detailed insights about flow velocity, density and mixing profiles – potential solutions to the 

auto-suspension paradox, as natural flows occur in sinuous channels not idealised channels 

predominantly considered previously. Due to the limitation of field data, especially for 

submarine channels, experimental modelling becomes significantly important for 

understanding dynamics of gravity currents. 

Coriolis forces also affect the velocity distribution in straight subaqueous channels. The Coriolis 

force has a marked impact on turbidity currents, which are diverted to the right (looking 

downstream) in the Northern Hemisphere and to the left in the Southern Hemisphere. This 

causes an asymmetry in the height of overbank levees, with levees higher on the right in the 
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Northern Hemisphere and on the left in the Southern Hemisphere. This is evidenced in natural 

systems such as the North Atlantic Mid-Ocean Channel (NAMOC). 

Cossu et al (2010) investigated the influence of Coriolis on straight channels with levees using a 

computer-controlled rotating platform with a saline gravity flow as an analogue of turbidity 

currents. Both Ultrasonic Doppler Velocity Profiler (UDVP) and Acoustic Doppler Velocimeter 

(ADV) were used to capture the along-stream and cross-stream velocity. There was also a digital 

camera placed looking upstream to measure the thickness of the current and slope and 

deflection of the interface. It was observed that the greatest velocity was found to be between 

0.5 and 1 cm above the bed. Between the base and the highest velocity, 𝑈UVW, in the bottom 

boundary layer, the velocity rose nonlinearly. Above that, it decreased continuously. With 

positive f, the current deflected to the right; for negative f, the current deflected to the left. The 

deflection became more significant with increasing rotation rate. The downstream velocity 

decreased with the increase of rotation rate. From the across-stream velocity profile, two 
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neighbouring flow cells in the channel rotated in opposite directions while remaining stationary, 

with the density current convergent at the surface and divergent at the bottom.  

 

By controlling the secondary circulation of turbidity currents, it is hypothesised that the 

combination of centrifugal and Coriolis forces controls the sinuosity of undersea channels. 

Secondary flow varies with depth; it can be orientated towards the inner bank or outer bank 

near the bed depending on controls like overspill (net radial material transport) (Dorrell et al, 

2013). In the Northern Hemisphere, it has been noted that Coriolis forces divert gravity currents 

to the right, which results in overbanking sediment flows on the right side (looking downstream) 

for mid- and high latitudes. In the southern hemisphere, it is the opposite (Cossu & Wells, 2010).  

Cossu & Wells (2010) conducted a comprehensive set of experiments to investigate the effects 

of Coriolis force on sinuous channels, by investigating different rotation rates, to investigate the 

mutual interaction of these forces on the flow dynamic. The findings demonstrate that, in the 

 

Figure 9 : The downstream velocity profiles (u) along the centreline at left. Cross-stream 
velocity field at the bend apex, with the contoured colours representing the v component at 

right. Panels a), b), c) and d) show the Coriolis parameters f = 0 rad s−1, f = +0.25 rad s−1, f = 

−0.25 rad s−1, and f = −0.5 rad s−1. Figure from Cossu & Wells (2010). 
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absence of rotation, centrifugal acceleration causes the density interface to slope upward in the 

direction of the outer bend (Figure 9a). As a result of the Coriolis force operating in the same 

direction for f=0.25, 𝑅X=0.55 the interface tilted more toward the outer bend, however for f=-

0.25 𝑅X=-0.42, the Coriolis force opposes centrifugal force causing the super-elevation at the 

outer bend to be greatly reduced. The Coriolis and centrifugal forces were balanced at 

0.35<𝑅X<0.45 and the interface in the bend apex was almost horizontal. 

From the velocity profile (Figure 9), it is clear that there is a development of secondary 

circulation at the channel cross section. For non-rotating experiments (f=0, Figure 9a) the 

current flowed from the inside bend (IB) to the outside bend (OB) of the bend near the base 

while above this, it flows from the outside to the inside bend, causing upwelling near the outer 

bank. For f=0.25, the flow resembles a non-rotating experiment in terms of its structure. Yet, 

there is a rise in super-elevation at the outer bend when the Coriolis and centrifugal effects on 

the flow are equal in strength (Figure 9b). For f=-0.25 and f=-0.5, the flows toward the outer 

bend has decreased significantly, but there was still a flow between 3-5cm directed to inner 

bend because the opposition of centrifugal and Coriolis forces suppressed the height difference 

in the outer bend and inner bend. These experiments do not investigate the effect of Coriolis 

force on the mixing mechanism between the turbidity current and the ambient water.   

Turbidity currents and the seafloor interact dynamically, leading to the development of 

submarine channels (De Leeuw, 2016). Kane et al (2008) found that deposition at channel bend 

is impacted by the system's degree of bypass, which is related to channel aspect ratio (width 

divided by height). Cossu & Wells (2013) conducted an experimental study with varying Coriolis 

parameters (𝑓= 0, +0.5, -0.5 rad 𝑠Y') in a channel has straight and sinuous components. There 

is a chance that combination of aspect ratio and Coriolis force affect the mixing between density 

current and ambient water, but there is no study available in the literature that would explain 

this aspect.  

2.4.1 Ekman Layers 

Ekman layers are  fluid layers where  the pressure gradient force, turbulent drag and Coriolis 

force are balanced (Ekman, 1905). Ekman layers can form on the ocean's surface where surface 

winds drag the water, as well as at the ocean's and atmosphere's bottom where frictional forces 

are brought on by the flow over rough surfaces (Ekman, 1905). The mathematical solution for 

the structure of the Ekman layers was developed by Ekman (1905). Stuart (1954) and Gregory & 
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Walker (1960) noted Ekman layer instabilities over a constant rotation, however, detailed 

description of the transition to turbulence for a rotating boundary layer with Ekman layer 

instabilities was first provided by Faller (1963). Ekman boundary layers are known to be 

produced by Coriolis forces in gravity currents (Wåhlin, 2004). In the boundary-layer of gravity 

flow that travels downstream, it has been demonstrated that Ekman boundary layers are 

essential for controlling the rotationally controlled secondary circulation (Cossu et al, 2010; 

Wåhlin, 2004). Coriolis forces will produce strong Ekman boundary layers if the Rossby number 

is low. The thickness of the Ekman layer, 𝛿Z , depends on the viscosity of the fluid and the 

rotation rate (Cossu et al, 2010). 

Ekman boundary layers are essential for determining the rotationally controlled secondary 

circulation in the gravity flow boundary layer that flows downstream. Coriolis forces will produce 

robust Ekman boundary layers if the Rossby number is low. 

2.5 Summary 

According to the literature review study, the research of flow velocity, density, turbulence and 

entrainment all comes from studying idealised gravity currents in straight channels. However, 

real-world systems are much more complex and there is a need to understand the dynamics of 

gravity currents in systems that more closely resemble real-world settings in order to attempt 

the explain the auto suspension paradox.  

In real-world systems, submarine channels are mostly sinuous and are affected by the Earth’s 

rotation. Therefore, the mixing of gravity currents with ambient flow must consider the impact 

of both centrifugal force and Coriolis force. In the previous literature review, there is more and 

more study on density currents (Abad et al, 2011; Amy et al, 2005; Azpiroz-Zabala et al, 2017; 

Benjamin, 1968; Cenedese & Adduce, 2008; Dorrell et al, 2018; Dorrell et al, 2013; Dorrell et 

al, 2014; Dorrell et al, 2019; Ellison & Turner, 1959; Griffiths & Linden, 1982; Imran et al, 2007; 

Islam & Imran, 2008; 2010; Kelly et al, 2019; Kneller et al, 1997; Kneller et al, 1999; Marshall et 

al, 2021b; Maslin et al, 2006; Middleton, 1966b; Parker, 1976; Parker et al, 1986; Peakall et al, 

2001; Peakall et al, 2000; Piper & Deptuck, 1997; Sequeiros et al, 2010; Simpson, 1972; 1999; 

Sumner et al, 2014; Sumner et al, 2013).It is now known that Coriolis force have significant 

influence on dynamics of gravity currents in the channels under the sea. The influences on flow 

deflection and velocity have been studied in recent years (Cossu & Wells, 2010; Cossu & Wells, 

2013; Cossu et al, 2010; Davarpanah Jazi et al, 2020). It is also important to understand how 
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Coriolis affects the mixing of shelf-ocean water since this is the main process of material 

transport and carbon cycle: how does Coriolis forces influence mixing at the gravity currents 

and ambient fluid at the interface above the body? This key question has not been answered. 

To understand the physical processes, one of the important points we must investigate is how 

Coriolis forcing affects the dynamics of gravity currents. 

.  

There are other environmental controls that effect the dynamics of the flow along with the 

Coriolis. For example, the effect of channel width-depth aspect ratio, especially when subject to 

Coriolis forcing, may affect the mixing between density current and ambient water. However, 

there is no study available in the literature exploring this yet. This thesis therefore expands on 

existing work looking at Coriolis force on secondary flow dynamics, to consider implications for 

flow mixing. Potential further work is left for the discussion. 
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Chapter 3 Methodology 

3.1 General description of the experiments 

 

The submarine channel experiments described in this thesis were carried out in 2016 by Jeffrey 

Peakall, Stephen Darby, Robert Dorrell, Robert Thomas, Shahrzad Davarpanah Jazi, Gareth Keevil, 

Mathew Wells, Joel Sommeria, Samuel Viboud at the 13 m-diameter CORIOLIS II at Laboratoire 

des Ecoulements Geophysiques et Industries, Grenoble, France, which is the largest rotational 

flume in the world. These experiments looked at the dynamics of the heads of gravity currents 

in sinuous channels with changing Coriolis forcing.  

Within the Coriolis facility, a submarine channel model was placed. The channel was 11-m long, 

0.6 m wide and 0.5 m high with a slope of 3/50 radians (3.5 degrees, 6% gradient). The channel 

was positioned in the large tank consists of an initial tapered input section, contains a straight 

 

Figure 10 : (a) An illustration of the experiment channel at the Coriolis facility at LEGI in 
Grenoble. Position X1 and Position X2 along the channel were the palaces where data was 
collected. (b) A picture of the channel with a R = 1.5 radius of curvature, 11m long inside the 
rotating table, looking upstream. (c) The locations of the velocity measurement at two positions 
of X1 and X2 in the channel. (d) The precise location of the ADVs and the MSCTI conductivity 
probe that were employed in the studies (from Davarpanah Jazi et al (2020)). 
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channel section of 3.2 m, and two bends with a mid-channel radius of 1.5 m sinuosity of 1.2. 

Figure 10 shows the schematic and photograph of the channel. In order to simulate a turbidity 

current, saline water was pumped into the top of the channel. The fluid, in turn, can then be 

brought down in one of two ways: either while being recirculated, with a maximum flow rate of 

20 𝑚[/ℎ𝑟 (5.55 l/s), or by being emptied down a drain, which any flow rate is possible. 

An experimental coordinate system is defined in Figure 10. When the traverse is at position X1, 

the basal ADV probe (ADV1) is positioned at a position 0.56 m upstream from the downstream 

end of the straight channel, where X is specified as zero. At the second apex and 7.01 m 

downstream of position X1, position X2 was assigned. 

3.2 Experimental Parameters 

The tank was filled with 1 m depth of fresh water and the experiment was carried out at least 

12 hours after the ambient was rotated to a solid body rotation. The tank was rotated in 

different rates and different direction (clockwise or counterclockwise) to form different Rossby 

numbers and simulate the rotation of Northern and Southern Hemispheres.  Rotational rates, Ω, 

between -0.167 and +0.167 rad s-1 were used in a total of 46 experiments, which included 11 

Rossby situations at two places along the channel. The first 18 experiments were test 

experiments, where Rossby numbers were either infinity and +1. The remaining 28 experiments 

compose the main experiments discussed herein. The tank was drained, washed and cleaned 

after the first 18 test experiments. Based on the test experiments, siphon location was 

recalibrated and new, taller, for the stream-wise UVP probes were constructed and installed. 

When the calibration of both conductivity probes was being finished, a new traverse sequence 

was also developed. These works were to ensure all of the flow was captured in the main 

experiments.  

The saline water was allowed to run for 15 minutes before the data were collected since at this 

point the flow density at the measuring points had stabilized. Table 1 below lists specifics of 

fixed and variable parameters.  
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Table 1 : Range of fixed and variable flow parameters for the experiments. 

Parameters Definition Values 

Qinput Input discharge 5.7-5.9 Ls-1 

∆ρ Input density difference 18.8 – 20.9 kg m-3 

W Channel width 0.6 m 

ν Viscosity 10-6m2 s-1 

S Slope 3.5° 

T Fluid temperature 21 - 22 °C 

HC Channel height 0.5 m 

t Duration of experiments 900 s 

Hw Water depth 1-1.1 m 

Qoutput Output flow rate 5.5 Ls-1 

R Centreline radius of curvature 1.49 m 

h Depth of gravity current 0.2-0.4 m 

U Mean downslope velocity 0.1-0.15 m s-1 

Details of the 28 experiments conducted are specified, by date order conducted in Table 2. The 

names, ‘fix’, ‘rot’, ‘str1’, ‘apex 2’, refer to the non-rotating fixed cases, the rotating cases, the 

first straight position (X1), and the apex of bend 2 (X2), respectively. Numbers referred to the 

date when the experiment is conducted, for example, 0410 refers to October 4th, 2016. The last 

alphabet refers to the sub-experiments on that date. 
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Table 2 : Experimental flow conditions. 
 

Exp. 

numbe

r 

Experiment 

name 

Rotatio

n rate 

Rossby 

numbe

r 

Notes 

Used in 

this 

study 

    rad s-1 RoW     

The tank was drained, washed, cleaned and refilled with fresh water 

18 fixstr1_0410a 0 ∞   
Siphon

, UVP 

19 fixapex2_0410b 0 ∞   No 

20 rotstr1_0510a +0.083 +1   
Siphon

, UVP 

21 
rotapex2_0510

b 
+0.083 +1   No 

22 rotstr1_0610a +0.167 +0.5   
Siphon

, UVP 

23 
rotapex2_0610

b 
+0.167 +0.5   No 

The tank was drained, washed, cleaned and refilled with fresh water 

24 rotstr1_1010a +0.041 +2   
Siphon

, UVP 

25 
rotapex2_1010

b 
+0.041 +2   No 

26 rotstr1_1010c +0.021 +4   
Siphon

, UVP 
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27 
rotapex2_1010

d 
+0.021 +4   No 

The tank was drained, washed, cleaned and refilled with fresh water 

28 rotstr1_1210a -0.083 -1 

The fire alarm distracted which 

cause the 4th set of siphon 

samples (t = 20 min) were not 

collected 

Siphon

, UVP 

29 
rotapex2_1210

b 
-0.083 -1   No 

30 rotstr1_1310a -0.041 -2   
Siphon

, UVP 

31 
rotapex2_1310

b 
-0.041 -2   No 

32 rotstr1_1310c -0.021 -4   
Siphon

, UVP 

33 
rotapex2_1310

d 
-0.021 -4   No 

34 rotstr1_1410a -0.0104 -8 Ambient was too salty Siphon 

35 
rotapex2_1410

b 
-0.0104 -8 Ambient was too salty No 

36 rotstr1_1710a -0.0052 -16 Ambient was too salty No 

The tank was drained, washed, cleaned and refilled with fresh water 

37 rotstr1_1810a 0 ∞ 

The primary goal was to gather 

PIV data and capture a high-

quality movie 

No 
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38 
rotapex2_1810

b 
+0.0104 +8   No 

39 rotstr1_1910a +0.0104 +8   
Siphon

, UVP 

40 
rotapex2_1910

b 
-0.0104 -8   No 

41 rotstr1_1910c -0.0104 -8   UVP 

42 rotstr1_2010a -0.167 -0.5   No 

43 
rotapex2_2010

b 
-0.167 -0.5   No 

44 rotstr1_2010c -0.167 -0.5 
The main goal was visualization 

and movie shoot 
No 

45 rotstr1_2110b -0.083 -1 
The main goal was visualization 

and movie shoot 
No 

From the 28 experiments, 12 sub-experiments ending with b and d were not reported in this 

study because: for these experiments, from 15 to 30 minutes after the experiment began, only 

ADV measurements were taken at the second apex (Position X2). Seven sets of siphon samples, 

each lasting a minute, were taken for experiments ending in a and c at intervals of 5, 10, 15, 20, 

25, 30 and 35 minutes after the experiment started. From 5 to 15 minutes, the cross-stream UVP 

data was collected, and from 25 to 35 minutes, the down-stream UVP data. Experiments 37, 45 

and 45 were not reported because they were conducted for visualization purpose, and no siphon 

or UVP data were collected. Experiment with Rossby number -16 is not used because 1) the 

ambient water got too salty, and 2) the is no corresponding experiment as R0= +16. Experiments 

with Ro=±0.5 were not used in this study. For the case of Ro=-8, because of the ambient water 

got too salty for experiment 34, that made the data from this experiment not valid, however, 

experiment 41 (Ro= -8) is missing Siphon data from experimental notes, only UVP data from this 

experiment is used in our study. 
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3.3 Instrumentation and Data Acquisition 

Two ultrasonic systems, Ultrasonic Velocimetry Profiling UVP and Profiling Acoustic Doppler 

Velocimetry ADV, were utilized in experiments to assess velocity. In our study, we used only UVP 

data for further interpretation on velocity. A single component of velocity can be measured 

using the ultrasonic velocimetry profiling (UVP) approach at up to several hundred points along 

a line. An ultrasonic pulse is transmitted via a transducer, which then gates the return signal into 

a number of spatial bins. For the purpose of gathering downstream velocity profiles, a system 

of ten 4 MHz UVP probes (with 10 m long cables) was employed. In the studies, probes were 

positioned 10, 25, 50, 75, 100, 150, 200, 250, 350, and 450 mm above the channel's base. The 

probes are initially placed on the channel centreline, 80 mm downstream of the bend 2's apex 

and facing upstream. The nature of secondary flow at the second bend apex as well as the cross-

section measurements are investigated using an array of ten 2 MHz UVP sensors (with 4 m long 

cables). These probes were poisoned 45, 90, 135, 180, 225, 270, 315, 360, 404, and 450 mm 

above the base of the channel.  

Fluid samples were taken from the siphon rig throughout the currents in order to collect density 

data. A custom density siphon created especially for this research was used to extract these 

samples. The siphon rig consists of 12 siphon tubes, which are secured in the channel portion by 

a plastic holder that is connected to a rod fastened to the channel. Positioned horizontally 78 

mm off-axis from the UVP, the siphon rig is 80 mm downstream of the inflection downstream 

of bend 2 (on the right-hand side as looking downstream). A height of 10, 25, 50, 75, 100, 125, 

150, 175, 200, 250, 350, and 450 mm above the bed was where the siphons were placed. Starting 

at 5, 10, 15, 20, 25, 30 and 35 minutes into the test, samples are taken over a 60 second interval 

in a variety of 12 plastic containers. The transit time of fluid moving through the siphons was 

measured using dye.   

In contrast to how the traverse is immediately connected to the Coriolis control software, the 

UVP and Siphon data are independent as their outputs are not directly tied into the Coriolis 

control software. The siphons start after 5 minutes, and the cross-stream UVPs start at 5 minutes 

(run until 15 minutes), and the downstream UVPs start at 25 minutes and run until 35 minutes.   
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Chapter 4 Results 

The analysis of the data collected during the experiments described in Section 3 is presented 

here. In particular, the time evolution of the flow density and flow velocity are presented, and 

it is discussed how these profiles are affected by centrifugal and Coriolis forces. Time-averaged 

downstream velocity profiles and density profiles at the centreline and cross-stream profiles at 

second bend of channel are shown below. Here we show that the temporal evolution of the 

buoyancy and velocity fields of density-driven flows is interlinked, and essential to understand 

flow dynamics. Previous studies (e.g. Davarpanah Jazi et al (2020)) have not considered how 

flow evolves over time, this may distort understanding of key physical process including shear, 

stratification and turbulence. 

4.1 Density Profiles 

The density difference, i.e., buoyancy, between the saline gravity current and the fresh water 

ambient in the experiments provides the force to drive the flows down slope. Therefore, 

buoyancy is a key control on flow dynamics. Here, the buoyancy parameter is calculated for 

different conditions of Rossby number. Buoyancy is calculated at the second bend apex as 

B=
"'
"(
− 1 (Figure 10), where 𝜌\  is the measured density of the flow and 𝜌V  is the measured 

density of the ambient fluid. When the buoyancy parameter tends to zero, it means that the 

sampled fluid has the same density as the fresh water of the ambient, can therefore be assumed 

to be the ambient fluid, and is not mixed with the dense fluid flowing in the channel. 

Time-averaged density profiles at the second apex of the channel are displayed in Figure 11. The 

profiles are reported every 5 minutes from 5 to 35 minutes of simulated flow. The case of zero 

rotation is reported in Figure11-a (Ro = ∞), left panels (Figures 11-b, d, f, h) represent rotation 

in the clockwise direction and right panels (Figures 11-c, e, g, i) represent are rotation in the 

anticlockwise direction. The rotation rate increases from top to bottom (i.e., Ro decreases in 

magnitude from top to bottom).  
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Figure 11-a shows the no rotation case. The current is well stratified, with no excess density 

above a depth of 0.35 m and an excess density >0.075 in the lower 0.05 m of the flow, and this 

 

Figure 11 : Vertical profiles of time-averaged gravity current buoyancy, defined as 
dimensionless excess density, at the second apex of the channel under different rotation rates 
(Ro= ±8, ±4, ±2, ±1, ∞) at 5 minute increments between 5 and 35 minutes. a) Flow in a non-

rotational frame of reference, where the Rossby number (𝑅X =
]
/\

) equals infinity; b), d), f) and 

h) Flow in a rotating frame of reference, subject to increasing pseudo Coriolis force towards the 
outer bank at Rossby numbers, b) Ro=+8; d) Ro=+4; f) Ro=+2 h) Ro=+1; c), e), g) and i) Flow in a 
rotating frame of reference, subject to increasing pseudo Coriolis force towards the inner bank 
at Rossby numbers, c) Ro=-8; e) Ro=-4; g) Ro=-2, and i) Ro=-1.  
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does not change with time. Error! Reference source not found.s 11-b, d, f, and h, which 

represent the clockwise rotation cases (Ro > 0), show that in most cases, the gravity current gets 

more mixed with ambient fluid over time (Figures 11-b, d, h). This is highlighted by the reduced 

excess buoyancy gradient in the upper part of the flow because it has mixed with the ambient 

fluid, and there is no longer a sharp interface between the fresh water and the dense current. 

In addition, as rotation increases and Rossby number decreases in magnitude, the rate of mixing 

increases (Figures 11-b, d, h). The difference in buoyancy is significant between a depth of 0.3-

0.45m when the flume gets rotated. It is highlighted that the Rossby number, Ro = +2 case has 

a similar buoyancy profile to the case with zero rotation (Ro=∞). This result is treated as an 

experimental anomaly, especially since the profile for the faster clockwise rotation case (Ro = 
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+1) does not show a similar profile. Possible explanations for this anomaly are left for the 

discussion.   

 

Figures 11-c, e, g, and i, show the anticlockwise rotation cases (Ro < 0), indicate a complex 

pattern. In contrast to the clockwise rotating cases, as the rotation rate gets faster (Ro decreases 

in magnitude), the dense fluid is less well mixed with the ambient fluid. Figures 11-c, e, and g 

suggest again that it takes more time mix if the rotation rate is not fast enough. Ro = −8 is the 

case when the initial ambient water was very salty (Table 2); such that the results for this case 

 

Figure 12 : Contour maps of gravity current buoyancy, defined as dimensionless excess density, 
at the second apex of the channel under different rotation rates (Ro= ±8, ±4, ±2, ±1, ∞). a) Flow 

in a non-rotational frame of reference, where the Rossby number (𝑅X =
]
/\

) equals infinity. b), 

d), f) and h) Flow in a rotating frame of reference, subject to increasing pseudo Coriolis force 
towards the outer bank at Rossby numbers, b) Ro=+8, d) Ro=+4, f) Ro=+2, and h) Ro=+1. c), e), 
g) and i) Flow in a rotating frame of reference, subject to increasing pseudo Coriolis force 
towards the inner bank at Rossby numbers, c) Ro=-8; e) Ro=-4; g) Ro=-2, and i) Ro=-1. 
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might not be consistent/comparable with the other anticlockwise experiments. When Ro = -4, 

there is no longer an interface between the fresh water and the dense current. However, when 

Ro = -2, the interface between the fresh water and the dense current can be seen until 15 

minutes. It is noted that the fastest negative rotation case reported (Ro = -1) also has a similar 

buoyancy profile to the case with no rotation (Ro = ∞) and the case where Ro = +2 (compare 

Figures 11-a, f, i). 

Figure 12-a shows evolution of the buoyancy field, driving the flow, with time for the no rotation 

case. The current is stably stratified since the colour changes uniformly with depth and this does 

not change with time. This also indicates that no mixing occurs with time. Figures 12-b, d, f, and 

h, which show the clockwise rotation cases (Ro > 0), generally show that as time and rotation 

rate increase, the region of excess density expands, indicating mixing.  

The thickness of the bottom of the current, which exhibits the greatest excess density (shown 

in yellow), does not change with either rotation or time, which means that the bottom of the 

current is not significantly affected by rotation or time. The one exception to this pattern is the 

case Ro=+2, which looks like the case without rotation (Ro=∞), similar to the vertical profiles 

shown in Figure 10-f. In contrast to the clockwise rotation cases, Figures 12-c, e, g, and i, which 

show the anticlockwise rotation cases (Ro < 0), generally show that when the rotation rate gets 

faster (Ro decreases), mixing decreases. Ro=−8 is the case when the initial ambient water was 

salty and the contour map therefore has almost one colour, suggesting a well-mixed situation 

with no stratification. However, the Ro=−4 case shows a similar pattern, but with a slight trend 

towards a well-mixed situation over time. When Ro=-2, the interface between the fresh water 

and the dense current can be seen until 15 minutes.  

It is highlighted that the fastest rotation case (Ro=-1) has a similar buoyancy profile to the case 

with no rotation (Ro=∞), similar to the vertical profiles shown in Figure 11-i. This is further 

discussed in chapter 5. 
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4.2 Downstream Flow Velocity  

The buoyancy, or dimensionless density difference, described in section 4.1 drives the flow. The 

resultant flow velocity is described in this section. Due to no-slip, the flow velocity must be zero 

at the bed. Also, there is no downslope flow in the ambient fluid, as there is no density difference 

to drive a flow in this region.  

Figure 13 shows normalised downstream velocity of the flow at centreline of second apex of the 

experiments. In the case of clockwise rotating experiments (Figure 13-a, Ro > 0), the normalized 

vertical velocity profiles have a similar trend. The maximum velocity appears at 0.025 m from 

the bed for all the other rotation rates (Ro= +2, +4, +8, 0), while with high rotation rates (Ro = 

+1, blue line in Figure 13-a) the maximum velocity is located approximately at 0.05 m from the 

bed. The height of the flow increases with the increase of the rotation of the flume from 0.15 m 

for the case of non-rotational frame of reference, to 0.35 m for the case of Ro = +8, and then it 

reaches a height that remain constant for all the other simulated rotational cases. Figure 13-b 

shows normalised downstream velocity of the flow at centreline of second apex for southern 

 

Figure 13 : Normalised downstream velocity profile (U/Umax) of the flow at centreline of second 
apex under different rotation rates (Ro= ±8, ±4, ±2, ±1, ∞). a) Flow in a non-rotational frame of 
reference and in a rotating frame of reference, subject to increasing pseudo Coriolis force 

towards the outer bank (same direction as centrifugal force) at Rossby number (𝑅X =
]
/\

) equals 

infinity, +8, +4, +2, and +1. b) Flow in a non-rotational frame of reference and in a rotating 
frame of reference, subject to increasing pseudo Coriolis force towards the inner bank (opposite 

direction of centrifugal force) at Rossby number (𝑅X =
]
/\

) equals infinity, -8, -4, -2, and -1.  
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hemisphere. All the anticlockwise cases have a similar trend and have maximum velocity at the 

height of 0.025m.  

Flow velocity is further detailed by looking at the evolution of vertical profiles in time (Figure 

14). The case of zero rotation (Ro = ∞, Figure 14-a) shows the downstream velocity of the 

current at depths below 0.1 m is high (> 0.15 m/s) and relatively stable, above that elevation, 

the velocity decays rapidly but fluctuates intensively.    

 

Figure 14 : Contour maps of gravity current downstream velocity at the second apex of the 
channel under different rotation rates (Ro= ±8, ±4, ±2, ±1, ∞). a) Flow in a non-rotational frame 

of reference, where the Rossby number (𝑅X =
]
/\

) equals infinity. b), d), f) and h) Flow in a 

rotating frame of reference, subject to increasing pseudo Coriolis force towards the outer bank 
at Rossby numbers, b) Ro=+8, d) Ro=+4, f) Ro=+2, and h) Ro=+1. c), e), g) and i) Flow in a rotating 
frame of reference, subject to increasing pseudo Coriolis force towards the inner bank at Rossby 
numbers, c) Ro=-8; e) Ro=-4; g) Ro=-2, and i) Ro=-1. The zero-velocity line (black line) and 
maximum velocity line (white line) are added to the contour maps. 
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In general, for rotating flows, the velocity at the bottom gets slower when the rotation gets 

higher (Ro decreases). The exception to this is case Ro = +2 (Figure 14-f). The general trend is 

because the effect of Coriolis force is more significant when the rotation gets faster, and it 

supresses current from moving downstream. The thickness of the region with higher velocity at 

the bottom also gets smaller with the increasing rotation, which means that there is more mixing 

between the dense current and the ambient water above. The maximum velocity is located in 

between 0-0.05m, and zero-velocity is located at upper part around 0.35-0.45m. These plots 

show that in the case of large values of Rossby number, the high velocity line and zero velocity 

line are well defined and separated, so that the two zones characterized by maximum (above 

0.3 m from the bed) and zero (below 0.05 m from the bed) are well defined and separated.  

Whilst Coriolis and centrifugal forces are opposed (Figures 14-c, e, g, i), flow in all cases seems 

to be well stratified, with clear separation between high velocity near the bed and low velocity 

above. The contour maps appear to be very similar until Rossby number reaches -1. Only the 

velocity at the upper part gets bigger with the higher rotation rate. From Ro = -8 to Ro = -2, the 

region with higher velocity gets stretched with increasing rotation rate. For the case Ro = -1, the 

rotation is highest in anticlockwise, however, the deflection to the left might not be significant 

as Ro = +1 because the Coriolis and centrifugal works against each other. Maximum velocity is 

located around 0.025m, and zero-velocity locating around 0.35m for Ro = -4, -8, and it is located 

at more upper with increased rotation rate, which means higher flow height. The zero velocity 

is located far from the bed, while high velocity is close to the bed, and they are well separated.  

4.3 Cross-Stream Flow Velocity  

Flow around a fluvial (or submarine) meander bend results in centrifugal force, pushing the flow 

towards the outer bank. This is balanced by a hydrostatic pressure gradient, generated by a 

cross-stream water slope, towards the inner bank. However, the net result of variations in flow 

velocity, and thus centrifugal force, with depth is local imbalances between the two forces. This 

results in the generation of cross-stream or secondary flow velocity. Cross-stream flow velocity 

is important as it is responsible for cross-channel sediment transport, and thus meander 

development and growth.  
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Here the cross-stream flow velocity in the meandering submarine channel is detailed. Negative 

velocity is used to indicate that flow is moving towards inner-bend, where the UVP probes were 

mounted (Figure 10). Figure 15 depicts the time average cross-stream flow velocity profiles at 

different distances from the inner bend. Under clockwise rotation (Figures 15-a-c), the flow near 

the inner bend have almost zero velocity, which can mean that cross-stream movement is not 

significant, or all of the flow is piled up on the outer bank (away from the UVP) as centrifugal 

and Coriolis forces are aligned. The Ro = +1 case has no cross-stream movement near the inner 

bend. At the centre of the channel, Ro=+1 moves toward the outer bend which is opposite to 

other slower cases. At the near outer bend location, only the faster rotating case (Ro= +1) is 

moving towards the outer bend.  

When the table is rotating anticlockwise (Figures 15-d-f), there is less variation of the cross-

section velocity with the increase of the rotation rate. At 100 mm, the cross-stream velocity is 

zero at the bed, and it becomes negative up to 0.15 m. Moving further from the bed, there is a 

change in direction of the cross-stream velocity which becomes positive meaning that the flow 

is moving towards the outer bend.  

For the clockwise rotation cases (Figures 16-b, c, d, e), the outer and inner bend cross-stream 

velocity profiles change with increasing rotation rate and flips over when rotation gets very high. 

When Ro reaches +4, cross-stream velocity at inner bend (blue line) gets close to zero, when Ro 

reaches to +1, cross-stream velocity starts to become negative at flow height under 0.25m. 

Cross-stream velocity at the centreline (red line) is still negative when Ro = +8, when Ro= +4 and 

+2 it shows positive between 0.15-0.25m and gets positive below 0.25m when   Ro = +1. Cross-

stream velocity at the outer bend (green line) has positive value between 0.05 and 0.1m and 

negative between 0.1-0.25 for cases when Ro= +8, +4, +2, it becomes nearly zero at Ro=+1.  

When the table is rotating anticlockwise (Figures 16-f, g, h, i), the cross-stream velocity profile 

at three locations has a similar trend but the magnitude of the cross-stream velocity is slightly 

different. The outer bend cross-stream velocity is more likely to be shifted to the right of the 

figure with increasing rotation rate. The magnitude of cross-stream velocity under flow depth 

of 0.25m gets larger with increasing rotation rate until Ro = -2 and starts to get smaller.   

Cross-stream velocity of the flow at second apex of channel is further detailed by looking at the 

evolution of vertical profiles throughout the channel width (Figure 17). There are two cells 

showing in the contour map for the case of zero rotation (Ro = ∞, Figure 17-a), one is at the 
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bottom of right-hand side (yellow), one is just above it (dark blue). The “yellow cell” indicates 

higher velocity that moves towards the outer bend, and the “dark blue cell” indicates movement 

towards inner bend.  

Cross-stream velocity contour maps at the second apex of channel throughout the channel 

width for 10-minute show an increasing rotation rate in a clockwise direction (Figures 17-b, d, f, 

h). When there is no rotation, there are two cells showing in the contour map, one is at the 

bottom of right-hand side (yellow), one is just above it (dark blue). The “yellow cell”, which 

indicates higher velocity that moves towards the outer bend, moves upward and gets bigger and 

lighter with increasing rotation rate. That means, the flow at the bottom of outer bend is moving 

 

Figure 17 : Contour maps of gravity current cross-stream velocity at the second apex of the 
channel under different rotation rates (Ro= ±8, ±4, ±2, ±1, ∞). a) Flow in a non-rotational 
frame of reference, where the Rossby number (R_O=U/Lf) equals infinity. b), d), f) and h) Flow 
in a rotating frame of reference, subject to increasing pseudo Coriolis force towards the outer 
bank at Rossby numbers, b) Ro=+8, d) Ro=+4, f) Ro=+2, and h) Ro=+1. c), e), g) and i) Flow in a 
rotating frame of reference, subject to increasing pseudo Coriolis force towards the inner bank 
at Rossby numbers, c) Ro=-8; e) Ro=-4; g) Ro=-2, and i) Ro=-1. The zero-velocity line (black line) 
and maximum velocity line (white line) are added to the contour maps. 
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towards the outer bend, and the cross-stream velocity that moves towards outer bend gets 

slower with the increasing rotation rate. The “blue cell” gets lighter and diminishes eventually, 

that means, flow at that height is moving towards the inner bend, and when rotation gets faster 

it loses its movement towards the inner bend. When Ro = +1, there is no “yellow cell” or “blue 

cell”. The direction of the flow cell at the bottom is anticlockwise and clockwise above that. From 

the white line, it is easy to see that the current gets more tilted with higher rotation.  

For the anticlockwise rotating cases (Figures 17-c, e, g, i), the “yellow cell” gets lighter with 

increasing rotation rate, except when Ro=-2, and diminishes eventually. That means, the flow at 

the bottom moving towards the outer bend gets slower with increasing rotation rate. The “blue 

cell” gets flattened with the increasing rotation rate. 
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Chapter 5 Discussion 

Here the results presented in the thesis are summarised and discussed. In particular, 

downstream flow velocity and density fields are used to assess mixing dynamics, enabling 

speculation on flow entrainment and turbidity current channel development. Further, 

experiments are critically reviewed highlighting potential anomalies. This leads to discussion of 

future work required. 

 

5.1 Time Average Flow Parameters 

Flow parameters described in the results section show dynamics of the flow over the 35 minute 

runtime of experiments (Section 2). Average down stream flow velocity and buoyancy, as 

function of depth, at the channel centre, are plotted in Figure 18. Average cross stream flow 

velocity was previously plotted in Figure 15. When the buoyancy parameter approaches 0, it 

indicates that the sampled fluid has the same density as the ambient water. Mixing between the 

ambient fluid and the dense current should be low at this sampling position.  

The case of zero rotation (Ro = ∞, Figure 14a) reveals that the current's downstream velocity 

was high (> 0.15 m/s) and rather constant at depths below 0.1 m; above that height, the velocity 

declined swiftly but varied intensely. This suggested a thick flow height of roughly 0.1 m. Further, 

it suggests that the flow, at this point in space, was not progressively diluted by ambient water, 

confirming the buoyancy parameter study findings (Figure 12a). 

The average vertical velocity and buoyancy profiles in the rotating experiments were different. 

Whilst the highest velocity was a similar 0.025 - 0.05 m from the bed, both flow velocity and 

buoyancy decreased much more slowly with depth. Qualitatively the height of the flow grew as 

the rotation of the flume increased, from 0.15 m for a non-rotational frame of reference to >0.35 

m for Ro = ±8, and then to a height that remained constant for all the other simulated rotational 

scenarios.  

Although a key parameter describing flow dynamics (Wells & Dorrell, 2021), flow depth has not 

quantitatively been explicitly described within the results. The range of different possible 

definitions, and interpretations, for flow depth have been left for the discussion. First it is 

concluded that the Ellison and Turner length scale (Ellison & Turner, 1959): 
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ℎ =
v∫ 𝑢d𝑧^
_ y

R

∫ 𝑢Rd𝑧^
_

(10) 

is clearly inappropriate to describe flow depth due to inherent variation in vertical structure 

within the flow (Figure 13) (Dorrell et al, 2014) and the finite depth of the measurements and 

ambient fluid (Figures 11-17). There exist three potential dynamic boundary conditions that 

could be considered to define flow depth. A density boundary condition, where excess flow 

density buoyancy vanishes, 

𝐵|LNO = 0 (11) 

A downstream zero-velocity boundary condition (see e.g. (Dorrell et al, 2014)): 

𝑢|LNO = 0 (12) 

A cross-stream zero-shear velocity boundary condition (see e.g. (Abad et al, 2011)): 

𝑑𝑣
𝑑𝑧|LNO

= 0 (13) 

It may be expected that these conditions coincide, i.e., there can be no downstream flow where 

there is no driving force (Wells & Dorrell, 2021); however reality is more complex (Dorrell et al, 

2016).  Flow depth also may evolve in time. Table 3 compares the height of the flow estimated, 

where possible, from time-average flow parameters (Figures 15 and 18) using the dynamic 

boundary conditions, Equations 11-13, at the centre point of the channel y=300mm (Figure 10). 

From Table 3 it is concluded that there is no good consistent representation of flow height. 

However, the use of zero shear-stress condition does highlight that flows shallow as they are 

pushed towards the outer bank by positive Coriolis forces (Figure 17). Further, for negative 

Coriolis forces, as the flow is more uniformly distributed across the channel, flow depth also 

shallows as the flow is more evenly distributed across the channel (Figure 17). 

The range in flow depth, and the complexity in deriving them means that any interpretation 

must be made with care. For this reason, here depth average flow velocity parameters are not 

explicitly determined. 
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5.2 Coriolis Controls on Flow Dynamics  

As discussed in Section 2.2.1, turbidity currents run out for 100-1000’s of kilometres via a 

process called auto-suspension (Parker et al, 1986; Wells & Dorrell, 2021). However, our 

understanding of autosuspension is limited: models predict energy is rapidly used up by the 

entrainment of ambient fluid, e.g., “flow mixing”, prohibiting flow runout. Given the importance 

of ambient fluid entrainment on turbidity current dynamics and the known control of Coriolis 

forces on flow dynamics (Akhmetzhanov et al, 2007; Hesse et al, 1987), a key question is do 

Coriolis enhance or limit mixing and thus entrainment of ambient fluid. 

The higher rotation rate in anticlockwise direction drags flow to the left hand-side (inner bend) 

of the channel and overcomes the centrifugal force which drags flow to the right hand-side 

(outer bend) (Figures 17-c, e, g, i). The tilt of zero-gradient (white line) is not as obvious as in the 

case of positive Rossby numbers (Figures 17-b, d, f, h), because Coriolis force and centrifugal 

force works against each other when it rotates anticlockwise. Eventually, the Coriolis force 

overcome the centrifugal force, which results in higher elevation at the inner bend of the 

channel if the rotation is fast enough.  

A useful parameter to quantitatively describe mixing in stratified shear flow, such as turbidity 

currents, is the gradient Richardson number, Rig, Equation (6). The gradient Richardson number 

indicates the stability of the stratification of the flow (Kneller & Buckee, 2000), when Rig is less 

than ¼, stratification insufficient to limit flow instability, i.e. dampen turbulence (Turner, 1979). 

Turbulent instabilities are the major form of entrainment for density currents. Here results have 

been integrated to show velocity, density and gradient Richardson number profiles for clockwise 

rotating (Figures 18-b, d, f, h) and anticlockwise rotating (Figures 18-c, e, g, i) flow.  

For all cases calculated Rig (Equation (6)) tends to go infinite at the height of velocity maximum 

because the velocity gradient is zero at this height. This may imply relatively stable flow in the 

centre of the current. However, the stability of this region, due to advection of turbulence, and 

the unsteady nature of real world flows has been the subject of some recent debate (Dorrell et 

al, 2018; Dorrell et al, 2019; Wells & Dorrell, 2021). Here, however, the mixing dynamics in the 

upper shear layer above the flow velocity maximum is of most interest, as mixing in this region 

determines entrainment of ambient fluid.  
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Figure 18 : Downstream velocity, density and gradient Richardson number (Equation (6) ) 
profiles of gravity current at the second apex of the channel under different rotation rates (Ro= 
∞, ±8, ±4, ±2, ±1, =). a) Flow in a non-rotational frame of reference, where the Rossby number 
(Ro=U/Lf) equals infinity. b), d), f) and h) Flow in a rotating frame of reference, subject to 
increasing pseudo Coriolis force towards the outer bank at Rossby numbers, b) Ro=+8, d) Ro=+4, 
f) Ro=+2, and h) Ro=+1. c), e), g) and i) Flow in a rotating frame of reference, subject to 
increasing pseudo Coriolis force towards the inner bank at Rossby numbers, c) Ro=-8; e) Ro=-4, 
g) Ro=-2, and i) Ro=-1. The critical Rig=0.25 is denoted by a red line. 
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For the case of zero rotation (Figure 18a) Rig is reduces in the upper shear layer to 0.12, although 

it does increase to infinity due to a local minimum in flow velocity near the flow ambient 

interface. Aside from this artefact the reduction in Rig is greater than seen than in any rotating 

flow (Figures 18b-i). An initial hypothesis is thus that turbulent mixing, and thus ambient fluid 

entrainment, is greater without Coriolis forces than with it.  Put another way, modification of 

secondary flow by Coriolis forces (Dorrell et al, 2013) may thus limit ambient fluid entrainment. 

Next, mixing with increasing Coriolis forcing, i.e., decreasing Rossby number, are discussed. 

For the clockwise rotating cases, Coriolis forces act with centrifugal forces, pushing the flow 

towards the outer bank (Figure 17). With increasing Coriolis forces this is seen to increase cross 

channel hydrostatic pressure gradient, i.e., slope of the interface between flow and ambient 

fluid, and decrease the maximum magnitude of secondary flow (compare Figures 17b, d, f and 

h). However, flow velocity at the “zero-shear” flow depth increases (compare Figures 17b, d, f 

and h). With increasing height above the velocity maximum the gradient Richardson number 

decreases from 0.25. Towards the upper limits of flow measurements, at 0.45m height, Rig then 

increases for Ro = +8 and +1; in all other cases it continuously decreases. In the region above the 

velocity maximum there is no immediately obvious general trend in gradient Richardson number. 

However, the magnitude of Rig may be seen to increase from just below 10-2 to just above 10-2 

when Ro decreases from +8 to +1. Estimates of Rig based on downstream flow velocity may 

decrease if momentum is transferred into enhanced cross stream flow. 

Similar patterns are observed for negative Rossby numbers. With depth above the velocity 

maximum, the gradient Richardson number decreases. Yet it remains larger than in the case of 

no Coriolis forcing. Looking at the secondary flow it is seen that when Coriolis force oppose 

centrifugal force the cross-channel flow velocity is enhanced. As above, transfer of momentum 

in the upper shear layer of the flow may influence calculation of Rig, and thus mixing, based on 

downstream velocity alone. 

Centrifugal force caused by flow around a fluvial (or underwater) meander bend pushes the flow 

towards the outer bank. This is countered by a hydrostatic pressure gradient towards the inner 

bank, forming the cross-stream water slope. It is well documented how a cross-stream water 

slope can be seen to generate asymmetry in the submarine channel levees constructed by, and 

constraining, turbidity currents on the seafloor (Peakall & Sumner, 2015). As detailed previously 

(Dorrell et al, 2013), and herein (Figure 17), centrifugal-hydrostatic pressure balance is modified 

by Coriolis forces. It has been documented how this can fundamentally change the seafloor 
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channel levee development, generating levee slope asymmetry between left and right turning 

bends (Cossu & Wells, 2013; Davarpanah Jazi et al, 2020). 

Here it is further suggested that both positive and negative Coriolis forces may lead to local 

increase in Rig within the flow. Whilst the interplay of flow and mixing processes remains unclear 

from study, this hypothesis suggests reduced mixing, and entrainment with increasing Rossby 

number. With mixing linked to entrainment and flow runout and Rossby number linked to 

latitude, it may be speculated that, as well as levee asymmetry, high latitude turbidity currents 

may be able to propagate more easily (suffer less entrainment) than low latitude systems.  

5.3 Experimental Anomalies 

A consistent feature of the experimental results has been the lack of clear trends in the empirical 

data, especially downstream flow velocity and flow buoyancy. This is most clearly evidenced in 

Figure 12, plotting buoyancy evolution with time. It is clearly seen that the case Ro = ∞, +2 and 

-1 are very similar. In these cases, at the measurement point (apex of the second channel bend, 

Figure 10) the buoyancy field does not evolve in time. Naively this is what we would expect for 

a pseudo-steady flow, where the flow may evolve in space but given constant influx conditions 

(Section 3) should remain constant in space (i.e., after the head has passed). The other 

experimental runs do not have this pseudo steady behaviour. For the Ro = ±8, ±4, -2 and +1 the 

flow buoyancy field thickens in time at the spatially fixed measurement point. This behaviour is 

not easily explained. However, when reviewing the experimental programme, Table 2, it is noted 

that the 13m diameter master basin was drained and refilled with clean water before the start 

of Ro = ∞, +2 and -1 runs only. In these cases, the flow from the channel emptied into a purely 

freshwater basin. 

In all experiments the basin was continuously drained to remove denser than ambient salt water 

and salinity of the ambient was monitored. However, in the runs where Ro = ±8, ±4, -2 and +1 

the ambient in the basin was likely still “polluted” by the discharge from the previous runs.  It is 

therefore postulated that the dynamics of the flows in these runs were directly affected by the 

different experimental setup. It is plausible that, when not fully drained, high density solution 

from previous experiments may have pooled at the end of the channel. Such high density 

solutions could have formed a blockage at the end of the channel, resulting in a high density 

saline wedge propagating up channel during the course of the experiment. An up channel 



 65 

propagating saline wedge would explain the thickening of the buoyancy field over time, as 

observed in Figure 12. 

Further to this downstream and cross-stream velocity measurements were made at different 

times, to avoid cross-talk between the UVP probes (Section 3). Cross stream flow velocity was 

sampled from 5-15 minutes, downstream flow velocity was measured from 25-35 minutes. With 

exception of the Ro = ∞, +2 and -1 cases, measurement timing means that: 

I. Flow depth, downstream and cross stream flow velocity measurements are not directly 

comparable. 

II. Late time measurements (i.e., downstream flow velocity) are likely most polluted by 

upstream propagating channel blockage and are thus least reliable. 

In summary whilst tentative conclusions may be drawn from the results of these experiments, 

the experiments themselves may be subject to inherent bias that masks any underlying trend in 

flow dynamics. 
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Chapter 6 Conclusions  

Here it has been discussed how the Coriolis force may have a significant impact on the dynamics 

of oceanic density driven flows, turbidity currents, in seafloor channels especially in sinuous 

channels. Submarine fans are the largest sedimentary deposits on the Earth surface. Seafloor 

channels are important as the conduits for sediment, nutrient and pollutant transport within 

the deep ocean. 

It was reviewed how seafloor channel evolution is the outcome of the dynamic interaction 

between turbidity currents and the seafloor, as well as the forces acting on the flow. This study 

investigated the effect of Coriolis forces, inherent to real world flows due to Earth’s rotation. 

However, modelling Coriolis forces in the lab is difficult, as by definition it requires a rotating 

frame of reference. It is even more complicated to scale Coriolis force with other key flow 

parameters, including the ratio of inertial to viscous forces, the Reynolds number, and inertial 

to gravitational forces the Froude number (or inverse Richardson number). For the first time the 

effect of experimentally scaled Coriolis force on mixing of turbulent flow is reported. Internal 

flow dynamics are measured at a bend apex, as analogous to real-world sinuous channel systems. 

An important impact identified is how ambient fluid is entrained, which is critical for 

understanding gravity current dynamics (Hacker et al, 1996). This had previously not been 

considered. Experiments quantified the downslope and cross slope velocity, as well as the 

density, for various rotating rates, across a range of Rossby numbers. It is speculated that 

enhanced secondary flow with increasing Coriolis force results in reduced mixing. 

The detailed results of this study suggest the Coriolis force has a significant impact on the density 

structure, as well as the direction and intensity of internal flows inside a saline gravity current 

running down a deep-water channel. Under the influence of the Coriolis force, the direction of 

the bottom boundary layer of a gravity current and the location of the maximum velocity core 

alter, resulting in uneven right and left-turning bends. On the other hand, the denser fluid, 

always stays near the outer bend, creating a hydraulic mechanism for stabilizing bend evolution 

at higher latitudes. Strong Coriolis forces, in addition, can change the course of near-bed 

secondary flow, which is expected to have a significant impact on sediment load in turbidity 

currents and, as a result, the formation of sinuous and straight deep-water channels at various 

latitudes.  
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This work provides the most extensive density and velocity measurements of scale gravity 

current, with and without rotation, due to the utilization of a rotating 13 m radius channel. The 

size of facility enabled study of both scaled Rossby number and unprecedented high Reynolds 

number flows. These observations are the largest and most turbulent gravity currents 

investigated under the action of Coriolis force, providing a bridge to field-scale gravity currents. 

However, the experimental methodology was robustly critiqued. Failure to drain the master 

basin between experiments may have resulted in previous experiments “polluting” the empirical 

data. It is concluded that further work is required to test the robustness of the methodology 

used and the conclusions drawn from the research. Further, key topics for future research within 

the field are highlighted, including scaling of Reynolds number and sediment transport, the 

impact of channel aspect ratio and the effect of downslope gradient and gravitational force. 

These important considerations are left as hypothesis for future work. 

6.1 Future work 

Section 5.3 details plausible explanation for some of the anomalous behaviour of experiments 

conducted. A potential major criticism of the experimental campaign was that the master basin 

was only refreshed three times, before the Ro = ∞, +2 and -1 experiments. This represented a 

trade-off between access time to the experimental facility and need to study a parameter space 

of flow dynamics. Ultimately future work will need to be conducted, repeating the work 

conducted, testing the effect of draining the master basin on flow dynamics and thus advancing 

experimental methodology. This could be done using small scale facilities (Cossu & Wells, 2013) 

before going back to large scale facilities (Davarpanah Jazi et al, 2020) where turbulent flow can 

be resolved. That this issue has been identified is an important finding in advancing methodology 

used in experimental fluid dynamics. 

Further to the potential limitations of the experimental methodology, the experiments 

themselves only touched the surface of the wide range of potential leading order control 

parameters on gravity current flow dynamics. Limiting study to channelised gravity currents, 

subject to Coriolis forces, analogous to many turbidity current systems a range of other 

parameters is reviewed as in need of future study. Firstly, experimental research on the Coriolis 

force's impact on these channels' flow dynamics has been restricted to relatively low Reynolds 

numbers and data collection has been limited to velocity profiles and isolated low-resolution 

two-dimensional cross-sectional velocity fields (Cenedese & Adduce, 2008; Cenedese et al, 2004; 

Cossu & Wells, 2013; Cossu et al, 2010). Secondly experiments, including those presented herein, 
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have only been carried out over a narrow range of channel sizes, width: depth, or aspect ratios, 

rotation rates (Coriolis parameter 𝑓 from -1 to +1 𝑠Y') and slopes (0.02-0.7).  

The relatively low Reynolds number of previous scale experiments means that turbulence is 

likely a poor representation of real-world systems, as at low Reynolds number experimental 

flows may be subject to local re-laminarization from energy sink into buoyancy production 

(Caulfield, 2021). This transitional nature of turbulence means that flow mixing, and thus 

ambient fluid entrainment is likely poorly described. Further, weak turbulent mixing prohibits 

the turbulent suspension of sediment, as in real-world turbidity currents. This has meant that 

many experiments have relied on the use of saline solution, as herein, as a proxy for sediment-

laden flow. This has the disadvantage of failing to describe work done against keeping sediment 

in suspension, or the work gained from sediment erosion (Luchi et al, 2018). In general, future 

experiments on turbidity currents are likely needed at larger scale, or an appropriate scaling of 

dilute (Simmons et al, 2020) sediment transport needs to be developed. 

Parker (1976) suggest that braided planform development in subaerial systems is essentially a 

response to flow instability, which is controlled by the depth-width (aspect) ratio of the flow. 

Assuming submarine channels have some similarity to rivers, channel aspect ratio therefore may 

be a key parameter controlling morphodynamics. Indeed experiments conducted by Foreman 

et al (2015) combined with other field observations and experimental tests suggested that the 

aspect ratio of the density currents determine the planar morphology of the submarine channels. 

Further, Kane et al (2008) conducted experiments directly on aspect ratio (width divided by 

height) effect on a seafloor channel bend. The aspect ratio was varied between 4 and 25.  It was 

seen that depositional focus from the outer bend in an aspect ratio of a 25 aspect ratio channel 

shifted to the inner bend in the 4 aspect ratio channel. This is important as it suggests that 

channels reach a quasi-steady planform geometry as maintained by deposition at the inner bend 

by frequent equilibrium currents, and deposition at the outer bend by larger, less frequent, 

disequilibrium currents. By changing aspect-ratio, the morphology of submarine channels will 

be impacted. However, to-date there has been no work considering how change in aspect ratio 

affects the impact of Coriolis force on gravity current dynamics. It is hypothesised that with at 

greater aspect ratios the effect of the flow ambient interface slope will be increasingly important. 

In wide enough channels the flow may ultimately detach itself from a side wall confinement. 

This loss of confinement would result in a new interface between flow and ambient flow 

developing, increasing ambient fluid entrainment and flow drag. However, this hypothesis is left 

here for consideration of future work. 



 69 

Finally, previous studies have argued that there is a strong dependence of entrainment 

parameter on the slope angle (Cenedese & Adduce, 2008; Cenedese et al, 2004; Ellison & Turner, 

1959; Özgökmen & Chassignet, 2002). Experiments and numerical modelling showed that the 

entrainment coefficient increases with increasing slope angles. (Özgökmen & Chassignet, 2002), 

and this can be explained by the fact that as the angle of inclination increases, increases the 

gravitational force, driving faster flow, creating greater shear and causing larger entrainment 

(Özgökmen & Chassignet, 2002). Cenedese et al (2004) conducted experiments found that when 

the slope and the density of bottom currents increase, the flow regime evolves from laminar to 

turbulent. The mixing efficiency also increases when passing through the laminar to wave 

regime. Studies conducted so far have not reviewed the co-dependence of mixing and 

entrainment, Coriolis force and slope. It is hypothesised that mixing will increase with increased 

slope but may be limited by Coriolis force. This is left to future work to consider. 
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