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New experiments with particle-driven, finite-volume gravity currents show that some of
the ambient fluid displaced up and over the head of the current becomes mixed into
the current. Measurements show that this leads to an increase in volume of the current
at a similar rate to that in a single-phase current. Experiments also show that particles
gradually settle from the top surface of the current, releasing fluid from the current.
Eventually, this begins to dominate the entrainment through the head, and the volume
of the current then decreases. Meanwhile, particles continuously sediment from the base
of the flow, reducing the particle load. A simplified integral box model is developed to
illustrate the evolving balance between these processes as a function of Sy, the ratio of the
current speed, based on the initial buoyancy, to the particle fall speed, for 30 < Sy < 300.
The model combines the entrainment law proposed by Sher and Woods (J. Fluid Mech.,
2015, vol. 784, pp. 130-162) for single-phase gravity currents, the sedimentation law
proposed by Bonnecaze et al. (J. Fluid Mech., 1993, vol. 250, pp. 339-369) for a constant-
volume gravity current, and a new model for the release of fluid from the top surface of
the current through particle settling. We show that the maximum volume of the current
and the position of the nose when reaching this maximum volume both increase nearly
linearly with Sp. We discuss the importance of these results for particle-driven gravity
currents, especially where the effects of fluid entrainment can lead to a change in fluid
chemistry, promoting flocculation and hence sedimentation, or a change in fluid buoyancy
through fluid—particle interaction.
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1. Introduction

Particle-driven gravity currents arise in many situations in nature and industry, including
large turbidity currents that spread from 1 km to hundreds of km over the sea floor (Sparks
et al. 1993), volcanic ash flows that travel tens of km from volcanic vents (Sparks et al.
1997), and particle suspensions produced during deep-sea mining operations (Ouillon
et al. 2021; Peacock & Ouillon 2023). Much research into the dynamics of these flows
has focused on the patterns of particle fallout (e.g. Gladstone & Pritchard 2010) and the
impact of the associated change in density on the speed of the current (e.g. Felix & Peakall
2006).

In some situations, it is important to understand the mixing of the current with ambient
fluid: e.g. with an ash flow, the ambient air mixed into the flow may be heated up by
the thermal energy in the particles, leading to generation of buoyancy, or in a submarine
turbidity current, the ambient fluid may be of different salinity from the source fluid in
the current, leading to a change in the ionic concentration of the suspending fluid. This
can cause flocculation and hence accelerated sedimentation of any clay particles in the
flow. While there have been systematic experimental studies of the process of entrainment
in single-phase gravity currents (e.g. Sher & Woods 2015), less is known quantitatively
about the entrainment and mixing in particle-driven currents.

Here, we present a series of new experiments to explore the impact of such mixing on
particle-driven finite-volume gravity currents. In carrying out our new experiments, we
have recognised that the separation of particles from the fluid at the top of the current
is also a key process in particle-driven gravity currents. Although such particle—fluid
separation is a well-known process in settling columns, it has not been explored in detail
in the context of particle-driven gravity currents. The competition between such particle
settling, which reduces the current volume, and entrainment, which increases the current
volume, forms a central focus of the present work.

To place our work in context, we now review some of the earlier work on single-phase
and then particle-driven gravity currents related to our study. Gravity currents are produced
from either a finite release or a continuous release of dense fluid into a less dense fluid: in
experimental studies of gravity currents, a dense fluid is typically released from one end of
a long horizontal flume using either a continuous source or a finite volume of dense fluid,
as shown in figure 1. As suggested by this figure, the dynamics of finite-volume gravity
currents is different from their continuous-source counterparts: the differences emerge
both from the mixing of ambient fluid into the flow and also from the settling of particles
from the flow. The sketch in figure 1 has been drawn from some experimental studies that
focused on the impact of mixing in these different types of gravity current, as presented
by Sher & Woods 2015; Sher & Woods 2017 and Lippert & Woods (2020), and the present
work. We now review some of these studies, as well as the large body of work modelling
the dynamics of gravity currents, to provide context for the present study in which we
focus on high Reynolds number currents (Reg > 10*) produced by the release of a dense
suspension of particles and fluid of finite volume (figure 1d).

Prandtl (1952) described some of the processes involved in high Reynolds number
single-phase gravity currents, including a qualitative picture of the generation of eddies
at the head of the flow and the associated mixing with ambient fluid. Subsequently,
Huppert & Simpson (1980) presented one of the first detailed experimental studies of
single-phase gravity currents produced by a finite release of fluid in the case when the two
fluids are miscible. They focused on the speed of the head of the current as a function of
time, and found that after an initial slumping phase, as the current becomes established,
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Figure 1. Schematic of the mixing processes for homogeneous and particle-driven gravity currents produced
by either a continuous supply or a release of a finite volume of fluid. Models as proposed by (a) Sher & Woods
(2015), (b) Sher & Woods (2017), (c¢) Lippert & Woods (2020) and (d) the present work.

the speed of the head can be described in terms of a local balance
up = Fr(g'hn)'", (LD

where Fr is the Froude number, g’ is the reduced gravity of the fluid in the head, and A,
is the depth of the head. There have been several different models developed to predict
or quantify the value of the Froude number in this relation, and its possible dependence
on the ratio of the depth of the head and the fluid, 4/ H, using shallow-water theory, or
arguments based on Bernoulli-type analyses (Benjamin 1968; Huppert & Simpson 1980;
Marino et al. 2005; Ungarish 2023). These models have been tested through experimental
studies in which Fr has been estimated from measurements of the speed and depth of the
head of the current (e.g. Marino et al. 2005).

There have also been experimental studies exploring the mixing between the ambient
and current fluid in finite-volume, single-phase currents (Hallworth et al. 1993; Sher &
Woods 2015). The advent of digital cameras and image processing systems has enabled
very detailed measurement of the mixing in these flows. As ambient fluid ahead of the
current is displaced up and over the head of the flow, a shear layer develops at the rear of
the head; Sher & Woods (2015) proposed that the entrainment of ambient fluid into the
current results in a constant fraction, of order 0.5-0.6 of this displaced fluid, being mixed
into the flow, and they tested this picture of the mixing with a series of detailed laboratory
experiments.

This mixing of the ambient and current fluid causes the reduced gravity of the fluid
to decrease. In a single-phase current produced from a finite volume of fluid, the total
buoyancy of the current per unit width, B = g(Vj, is constant (where Vp is the initial
volume per unit width), even if the current mixes with ambient fluid, provided that the
buoyancy arises from a conserved quantity (e.g. total salt content) and that the change in
density is linearly proportional to this quantity. In this case, dimensional analysis suggests
that for a unidirectional current, the speed of the current depends on xj, the position of the
head, and B, the buoyancy per unit width of the current, so that

wup(xn) = K (B/xp)"/?, (1.2)

where K is a constant that can be determined empirically from experimental data.
According to this scaling law, the position of the head of the current may be re-expressed
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in terms of time as

2/3
xp(t) = <xh(to)3/2 + STKBW(; — z0)> . (1.3)

Many experimental studies have shown that this model describes the motion of the
current for times ¢ > fy following the initial slumping phase of the flow (Huppert &
Simpson 1980; Sher & Woods 2015), and in this phase of the flow, the current approaches
a self-similar form. The experiments suggest that Fr = 0.7, which has been shown to be
equivalent to K = 1.07. Through detailed experimental measurement of the density of the
flow, Sher & Woods (2015) established that in this regime, the current density is stratified
both vertically and horizontally: the highest-density fluid advances in the head of the flow,
and as ambient fluid mixes into this fluid, the fluid becomes progressively less dense. Data
show that the volume can increase by a factor of 4-5 as the current travels through the
first 10 lock lengths. In accord with this picture, numerical simulations of particle-driven
gravity currents (Necker et al. 2005) have shown mixing with ambient fluid.

We now turn to the literature on particle-driven gravity currents. The seminal work on
such flows was reported by Bonnecaze et al. (1993), who presented laboratory experiments
and a shallow-water model to describe the dynamics. The primary measurements
presented in that work were the location of the head of the current as a function of
time for a series of currents with different particle fall speeds compared to the buoyancy
speed of the initial flow (1.1), but there were also some data on the spatial distribution of
the deposit. They presented a shallow-water model in which it was assumed that (i) the
particles remained well-mixed throughout the flow and (ii) there was no mixing between
the ambient and the current fluid. The model allowed for the sedimentation of particles
from the base of the flow, which led to a gradual decrease in the density of the current. At
the head of the flow, the current speed was assumed to be governed by a relation of the form
(1.1), but now allowing for the density g’ to decrease gradually owing to the sedimentation.
This modelling approach has been developed to account for multiple particle sizes (e.g.
Harris et al. 2002) and an integral ‘box model” has also been proposed (Dade & Huppert
1995).

These models, which are based on shallow-water theory, predict the speed and run-out
distance for the flow based on the rate of sedimentation compared to the rate of advance
of the flow. Since the models assume that the flow remains well mixed and that there is no
mixing between the ambient and the current fluid (cf. Bonnecaze et al. 1993; Harris et al.
2002), there is an important question about the momentum balance. In particular, for a
water-based dilute suspension of particles, the majority of the mass and hence momentum
of the current is carried by the host fluid. As the particles sediment from the base of
the flow, the current therefore retains the majority of its momentum and mass, but the
buoyancy g’ decreases towards zero. The model for the speed of the head, based on (1.1),
then leads to prediction of a deepening and slowing of the head of the current (Bonnecaze
et al. 1993). In the present paper, we describe a suite of new experiments, recorded using
high-speed video cameras and using light attenuation techniques, to explore the evolution
of the current in more detail, and this leads to some new insights about particle-driven
gravity currents. As we describe in the paper, our new experiments suggest that as the
current approaches the maximum run-out distance, the depth of the head in fact falls to
zero. Using dye to visualise the motion of the fluid in the particle-driven current, we
also show that particles settle from the fluid at the top surface of the flow. As the flow
approaches the maximum run-out distance, this settling of particles leads to a decrease in
the volume of the flow, and the momentum of the fluid in the current can then be carried
off in the fluid that is released by this settling at the top surface of the flow.
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Indeed, literature about settling columns suggests that if the speed of turbulent
fluctuations is much larger than the particle fall speed, then the turbulence may act to
suspend and mix the particles in the column, but as the turbulence intensity falls, some
separation of fluid and particles at the top surface of the suspension may develop (Oliver
1961; Kim & Klima 2004; Akutina et al. 2020). This releases particle-free fluid at the
top of the suspension. In an analogous fashion, the experiments reported in this paper
show that in particle-driven gravity currents, there is some settling of the particles from
the top surface of the current, especially in the region behind the head, and this releases
particle-free fluid from the top of the current.

Evidence for the importance of such settling at the top of a gravity current has been
explored in the context of continuous particle-driven gravity currents by Lippert & Woods
(2020). In that study, a series of experiments was reported in which a continuous source
of particle-driven fresh water was released at the end of a flume filled with fresh water.
As the particle suspension travelled along the flume, particles settled through the flow,
releasing particle-free fluid across a settling front (figure 1¢). In addition, some particles
sedimented from the base of the flow to the floor of the tank. Eventually, as the fluid
continued forwards, the settling front descended to the floor of the tank, and this point
marked the leading edge of the particle-laden flow.

The above discussion identifies that there is a competition between the entrainment of
ambient fluid into the head of the flow, tending to increase the current volume, and the
settling of particles and the release of fluid from the top of the flow, tending to decrease
the current volume. Yet, to our knowledge, this aspect of particle-driven gravity currents
has not been explored in detail in the literature. Therefore, we have carried out a systematic
series of new experiments on particle-driven gravity currents. Our objective is to measure
the volume and speed of the current as a function of the position of the head of the flow, to
assess the controls on the evolution of the volume as the current evolves along the flume.
To help in the interpretation of our new experimental data, it is useful to use a model to
provide insight into the controls. To this end, we develop an idealised ‘box model” for the
flow. Although there are box models described in the literature that model the motion of
finite-volume single-phase (Huppert & Simpson 1980) and particle-driven gravity currents
(Dade & Huppert 1995; Gladstone & Woods 2000), these models do not account for the
processes of either entrainment of ambient fluid or settling of particles and release of fluid
from the top of the flow. Instead, they assume that the volume of the flow is constant.
We therefore develop a new box model that combines (i) the entrainment model of Sher
& Woods (2015) for single-phase gravity currents, and (ii) the sedimentation model of
Bonnecaze et al. (1993), but which also includes (iii) a new model for the settling of
particles through the top surface of the current. Through use of our new experimental
data, we are able to explore and test the model predictions as a function of the ratio Sy of
the scaling for the current speed

uo = Fr(gyLs)'/? (1.4)
and the particle fall speed

_dy(pp —pa)g

1.5
Us 1874 (L5)
as defined by
1o
So=—, (1.6)
Us
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Paper Type of gravity current  Entrainment Settling Sedimentation  Sp Reg
Bonnecaze Finite-volume particle-driven X X v 70-200 15000-45 000
etal. (1993)

Sher & Finite-volume particle-driven X v 4 6-23 40000-72 000
Woods (2017)

Lippert & Steady particle-driven v v v 5-170  500-1600
Woods (2020)

Present paper Finite-volume particle-driven v v v 5-1100 12 000-40 000

Table 1. Comparison of previous experimental and modelling studies of particle-laden gravity currents
produced from a finite volume of fluid. Entrainment: incorporation of ambient fluid. Settling: particle settling
from the top surface of the flow. Sedimentation: explicit representation of the basal deposition of particles in
the governing equations. Here, Sy is the ratio of the initial velocity scale of the current to the settling velocity,
and Rey is the initial Reynolds number.

where the initial buoyancy is g, and Ly = (Lo Ho)1/?), where the depth and length of the
lock gate are Hy and Ly, 1, is the viscosity of water, and d, is the particle diameter.

The ranges of values of Sy and of the Reynolds number explored in our experiments
overlap with many previous studies, as shown in table 1; the novelty in the present paper is
the analysis of these new experiments to measure the evolution of the volume of the current
with position of the head of the current, and to interpret this in terms of the different
processes. For convenience, throughout this paper, ‘volume’ refers to ‘volume per unit
width’ of the gravity current.

We have arranged the paper as follows. First, we describe our experiments, and present
new measurements of the evolution of the volume of particle-driven gravity currents to
explore the competition between (i) entrainment, as the head of the current displaces
ambient fluid up and over the current, (ii) settling of particles from the surface of the
flow, and (iii) sedimentation of particles from the base of a particle-driven current. This
leads to a new picture of the evolution of the volume of the current with distance from the
source, and of the rate of mixing of ambient fluid into the current. We then compare the
experimental data with a ‘box model’, which provides a simplified quantification of
the entrainment, the settling and the sedimentation.

2. Experimental method

We have carried out a series of experiments in two different flumes, each of width 0.1
m, depth 0.5 m, which are 3 and 5m long. Silicon carbide particles (o, = 3217 kg m~3,
Washington Mills) were mixed with fresh water (o, = 998 kg m~) and then released from
behind a lock gate located 0.1 m from one end of the tank. The fluid in the tank was 0.4
m deep. A series of experiments was run with different particle loads (g, = 0.0304—0.33

m s2) and sizes (d p =12.8—180 wm) as listed in table 2, and a single-phase aqueous
saline current of the same initial buoyancy was run as a reference in each case. The
experiments were repeated with the fluid behind the lock gate being dyed red or being
clear so that the fate of the particles and the original suspension fluid could be followed.
For the dyed experiments, 0.75 g 1~ of TRS red food dye was mixed inside the lock gate,
and to compensate for the change in density of this fluid, 0.6 g 1= of salt was stirred into
the ambient water so the solutions had the same density. The densities of the different
aqueous solutions were measured by weighing a fixed volume of each solution; these were
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Exp. d, Hp Lo 80 So Rey Tank Exp. d, Hp Lo 80 So Rep Tank
(wm) (m) (m) (ms2) [-] -] (m) (um) (m) (m) (ms™2) [-] [-] (m)

Salt 04 0.1 03300 — 41361 5.0 50 Salt 04 01 0.0901 — 21612 5.0
128 04 0.1 0.3300 1041.6 41361 5.0 51,52 12.8 0.4 0.1 0.0901 4471 21612 5.0
22.8 04 0.1 0.3300 3283 41361 50 53,54 173 04 0.1 0.0901 244.8 21612 5.0
53.0 04 0.1 03300 60.8 41361 50 55,56 228 04 0.1 0.0901 1715 21612 5.0
63.0 04 0.1 0.3300 43.0 41361 3.0 57,58 292 04 0.1 0.0901 859 21612 5.0
10,11 75.0 04 0.1 0.3300 304 41361 3.0 59,60 445 0.4 0.1 0.0901 450 21612 3.0
12,13 106.0 0.4 0.1 0.3300 152 41361 3.0 61,62 63.0 04 0.1 0.0901 225 21612 3.0
14,15 125.0 04 0.1 0.3300 109 41361 3.0 63,64 106.0 0.4 0.1 0.0901 79 21612 3.0
16,17 180.0 0.4 0.1 0.3300 5.3 41361 3.0 65 Salt 04 0.1 01212 — 25066 5.0
18 Salt 04 0.1 01814 — 30666 50 66,67 128 04 0.1 0.1212 631.3 25066 5.0
19,20 12.8 04 0.1 0.1814 7723 30666 5.0 68,69 173 0.4 0.1 0.1212 345.6 25066 5.0
21,22 173 04 0.1 0.1814 4228 30666 5.0 70,71 228 04 0.1 0.1212 222.4 25066 5.0
23,24 228 04 0.1 0.1814 2434 30666 5.0 72,73 292 04 0.1 0.1212 121.3 25066 5.0
25,26 292 04 0.1 0.1814 1484 30666 50 74,75 445 04 0.1 01212 522 25066 3.0
27 Salt 04 0.1 0.0304 — 12553 5.0 76,77 63.0 04 0.1 0.1212 26.1 25066 3.0
28,29 12.8 04 0.1 0.0304 3162 12553 5.0 78,79 106.0 0.4 0.1 0.1212 9.2 25066 3.0
30,31 17.3 04 0.1 0.0304 173.1 12553 5.0 80  Salt 04 0.1 01514 — 28015 5.0
32,33 228 04 0.1 0.0304 99.6 12553 5.0 81,82 12.8 0.4 0.1 0.1514 705.6 28015 5.0
34,35 292 04 0.1 0.0304 60.8 12553 5.0 83,84 173 04 0.1 0.1514 386.2 28015 5.0
36 Salt 04 0.1 0.0456 — 15375 3.0 85,86 228 04 0.1 0.1514 2224 28015 5.0
37,38 445 04 0.1 0.0456 320 15375 3.0 87,88 292 04 0.1 0.1514 135.6 28015 5.0
39,40 63.0 04 0.1 0.0456 16.0 15375 3.0 89,90 445 04 0.1 0.1514 584 28015 3.0
41,42 106.0 0.4 0.1 0.0456 56 15375 3.0 91,92 63.0 04 0.1 0.1514 291 28015 3.0
43 Salt 04 0.1 0.0608 — 17753 5.0 93,94 1060 04 0.1 0.1514 103 28015 3.0
44,45 12.8 04 0.1 0.0608 4772 17753 5.0 95,96 53.0 0.4 0.1 0.1650 43.0 29246 3.0
46,47 173 04 0.1 0.0608 244.8 17753 5.0 97,98 75.0 04 0.1 03300 304 41361 3.0
48,49 228 04 0.1 0.0608 140.9 17753 5.0 99,100 63.0 0.4 0.1 0.1814 31.9 30666 3.0

NeREN IRV, JROS]

gl

5

(o e N

Table 2. Table of experimental parameters; a smaller experiment number indicates that no dye was used,
whereas a larger number indicates that dye was added to the fluid behind the lock gate. Here, we give particle
diameter (dp), height and length of the fluid behind the lock gate (Ho, Lo), the ratio of the current velocity
scale to the settling velocity (Sp), and the Reynolds number (Rep).

also compared with density tables from the CRC Handbook of Chemistry and Physics.
The experiments were recorded by video using Nikon D5300 cameras, with the tank being
back-lit by an electroluminescent light sheet (W & Co Displays and Signs).

Images were analysed using MATLAB in order to identify the volume of the current,
and as far as was possible, to measure the particle load, as a function of position in the
current. There are two different volumes that we measure: first, the volume of the particle-
driven flow, and second, the volume of fluid into which the fluid behind the lock gate has
mixed. In order to measure the volume of the particle-driven current, we do not use any
dye. We take a reference image prior to the start of the experiment. Once the current is
released from the lock and runs along the flume, we subtract the reference image from
each of the series of images of the evolving current. We then assess the location of the
edge of the current by using a small threshold value for the change in light intensity of
each pixel. By varying the value of this threshold, we estimate that our measurement of
the current volume is accurate to within 5 % for a given experiment. In order to measure
the volume of fluid into which the fluid behind the lock gate has mixed, we carry out a
second experiment in which we add dye to the particle-driven fluid behind the lock gate.
We then use the same thresholding technique to detect the edge of the region of dyed fluid.
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Figure 2. Photographs of (a) a saline gravity current, Exp. 1; (b) a particle-driven gravity current with no dye
in the source fluid, Exp. 8; (¢) a particle-driven gravity current with the source fluid dyed, Exp. 9. In each
image, the green line, obtained by thresholding the light intensity of the image, indicates the top of the current
as a function of distance along the tank.

Figure 2 illustrates the result of the edge-detection algorithm for a photograph taken
from each of three experiments. First, we show a single-phase saline current; second, we
show a particle-driven current with no dye; and third, we show a particle-driven current
with dye. In each case, the top boundary of the current is shown by the green line.

To measure the particle load in the current, calibration experiments were carried out
in which the tank was filled with a series of suspensions of different known particle
loads, and in each case, a series of photographs were taken. The particle-driven fluid
becomes opaque above a certain particle concentration, so it is hard to measure the full
distribution of particle load using light attenuation. However, as the concentration falls
below approximately 10 % of the initial value in our experiments, it is possible to measure
variations in the light intensity. This enables us to relate the light intensity, averaged across
the width of the tank, to the width-averaged particle load, in cases in which the fluid had no
dye. To measure the particle load in an experiment, we take a series of images of a current
as it moves along a tank, and using the calibration curve, we convert the light intensity to
particle load, averaged across the width of the tank, as the current evolves along the tank.

The turbulent fluctuations in the flow can lead to some variability in the measured
volume between different experiments using the same source conditions. We have
therefore repeated several of the experiments, and find that the instantaneous volume varies
by up to 10 % between otherwise identical experiments. An example of this is shown in
Appendix.

In order to parametrise the experiments (table 1), the initial reduced gravity is given by

80=%08(0p — Pa)/Pa, 2.1)

where the initial volume fraction of particles is ¢, the particle and fluid densities are p,,
and p,, and g is the gravitational acceleration. In each experiment, the volume fraction of
particles ¢ was calculated by combining the density of the particles and the density of the
solution, with the measurement of the mass of particles m, that were mixed with a mass
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Figure 3. Series of photographs showing the time evolution of: (@) a saline gravity current, at intervals of
1.8 s, Exp. 1; (b) a particle-driven gravity current with clear source fluid, at intervals of 1.8 s, Exp. 8; (¢) a
particle-driven gravity current with the source fluid dyed red, at intervals of 1.8 s, Exp. 9. Experiments (a—c)
had initial buoyancy g(’) =0.33, and the particle diameter (b,c) is 63 wm, so (b,c) So = 43.0.

m, of aqueous solution, so that

_ mp/pp
(mp/pp) + (ma/pa) '

The speed of the head uy, is scaled with ug in (1.4). The particle settling velocity v, for
the present particles, of diameter d,, was based on data presented by Lippert & Woods
(2020) using the Stokes settling speed v in (1.5) The currents are characterised in terms
of the parameter Sp in (1.6), which compares the scaling for the current speed in (1.4) with
the particle fall speed.

The Reynolds number of the currents is defined as Rey = (uoLs)/vy, Where, vy, =
1.0 x 107% m? s~! is the kinematic viscosity of water. In all the experiments, this exceeds
~ 10 000, so the flows rapidly become fully turbulent following release from the lock gate.

(2.2)

o

3. Experimental observations

In figure 3, we illustrate three series of photographs of gravity currents with the same initial
buoyancy. For reference, figure 3(a) shows a series of images of a single-phase current of
an aqueous salt solution, and figure 3(b) corresponds to a particle-driven gravity current.
The frames are taken at time intervals of 1.8 s. As these currents advance along the base of
the tank, the volume initially increases as ambient fluid ahead of the current is displaced
upwards over the head of the flow, and some of this fluid mixes into the current (cf. Sher &
Woods 2015). This leads to formation of a tail of mixed fluid, and dilution of the head. In
the particle-driven flow (figure 3b) some of the particles settle out from the tail, eventually
leading to a reduction in the volume of particle-driven fluid.

A complementary understanding of the evolution of the source fluid in the particle-
driven gravity current can be seen in the third set of images, in which the source fluid is
dyed red (figure 3c). On release from the lock gate, the source fluid spreads out in the tail
as well as the head of the flow. As particles settle through the tail, the fluid develops a
vertical particle stratification, with the upper part of the tail being nearly particle-free and
red, while the lower parts are much darker owing to the presence of particles. The volume
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of the particle-bearing region of the current initially increases but then decreases as the
particles settle from the flow. However, the volume of red-dyed fluid continues to increase.
Once the particles settle from the tail, eddies in the particle-free dyed fluid appear to engulf
and mix more ambient fluid. This may be contrasted with the saline current in figure 3(a),
in which the depth of the fluid in the tail remains much smaller.

We define the depth of the head using a light attenuation technique in the region just
behind the front of the current, x, — Lo < x < xj,. In particular, in this region, we find
the maximum depth above the base of the tank at which the light attenuation, relative to
the background (no current) value, exceeds a threshold. The threshold has been varied
to ensure that our measurements are consistent within an error of 5 %. In virtually all
the experiments, the depth of the head appears to remain close to (0.4 £ 0.05) Hy, where
Hpy is the depth of the water in the flume. This observation is consistent with previous
observations of single-phase aqueous gravity currents (cf. Sher & Woods 2015).

Indeed, in figure 4(a), we present a graph of the evolution of the volume of the current,
and in figure 4(b), the depth of the head of a typical current as a function of the distance
downstream. As expected, it is seen that the volume increases owing to the entrainment
and mixing, while the depth of the head of the current remains close to 0.4 Hy. Eventually,
the volume reaches a maximum then decreases to zero, but the data suggest that regardless
of whether the volume increases or decreases, the depth of the head remains approximately
constant until just before reaching the maximum run-out distance. In the next section, we
explore this in more detail for a series of currents with different values of Sp.

To illustrate the interior structure of the current, we have used the light attenuation
technique to assess the evolution of the particle load in the current in more detail. In
figure 4(c), we present a series of images in which we show the spatial distribution of the
particle load as the current advances along the flume. The different colours in each image
denote different concentration values as a fraction of the initial concentration, as shown in
the colour bar. The figure illustrates that a significant vertical and lateral stratification
of particle concentration develops in the current, with the fluid in the head being of
the highest concentration. Using the particle concentration data in the current, we have
calculated the volume of fluid in the current in which the concentration exceeds a series of
different values as a function of the position of the head of the current. This is shown in
figure 4(d). As the current advances along the flume, the volume exceeding each particle
concentration initially increases but eventually reaches a maximum, and then decreases to
Zero.

The time and hence position of the head at which the maximum volume is reached
increases as the concentration falls, eventually leading to a plot similar to figure 4(a) of
the total volume.

The data also show that the volumes of fluid with concentrations in excess of 6 % and
10 % of the initial concentration evolve in a very similar way. This corresponds to the
region of relatively high particle load, which is located mainly in the head. As the particles
settle through the current, and more ambient fluid is mixed into the current, a region of
progressively smaller concentration forms, especially in the upper part of the flow (see
the first five rows of figure 4c). In part, this results from the separation of the fluid and
particles at the top of the particle-driven flow, as a result of particle settling.

Figure 4(c) also illustrates that the tail of the current is composed of a series of eddy-type
structures, with relatively low particle concentration. These structures do not advance very
far along the flume before the particles settle to the base of the flume, releasing particle-
free fluid into the ambient. Meanwhile, the head continues advancing down the flume.
The key processes observed in the experiments are sketched in figure 1(d), illustrating the
mixing, settling and sedimentation.
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Figure 4. Variation of (a) the volume and (b) the height of the current head as a function of time. Regardless
of whether the volume increases or decreases, the current continues to propagate while maintaining an
approximately constant head height until just before the run-out distance of the current. (¢) Series of false
colour images from Exp. 99, with d;, =63.0 um, So =31.9, which show the evolution of the regions of
different particle concentration as a function of distance downstream x /L. Particle concentration is shown
in the legend. (d) Variation of the volume of particle-laden fluid with concentration in excess of different
fractions of the initial particle concentration as a function of the position of the head of the current. The colour
categories correspond to different concentrations shown in the legend, and the volumes are scaled by Lf,.

4. Quantitative measurements

In order to understand the relative rates of the different processes controlling the evolution
of the flow, we now explore the impact of variations in Sy on the evolution of the volume,
the speed, and the height of the head of the current.

In figure 5(a), we present a series of experimental measurements of the volume of the
particle-driven fluid (open symbols) and of the fluid containing dye that originates behind
the lock gate (solid symbols). Both are shown as a function of the distance of the head of
the current from the rear of the lock gate. The volume is normalised by the initial volume
behind the lock gate, LSZ,, and the position of the head, xj, is normalised by the length
scale of the flow, L. The different experiments correspond to different particle sizes, as
shown in the legend for the plot, and for a fixed total initial current buoyancy. The currents
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Figure 5. Experimental measurement of: (a) the volume of a particle-driven gravity current as a function of
distance of the head from the source; (b) the distance of the head from the source as a function of time; and
(c) the height of the head as a function of the position of the head, scaled by the position of the head when
the volume is a maximum. In (a), the open symbols correspond to the particle-driven fluid in experiments
using undyed source fluid, while the solid symbols correspond to the volume of dyed fluid in an equivalent
experiment in which the source fluid was dyed (d, = 12.8—180 pm, g(/) =0.33m 5*2, Exp. 1-17). The dashed
line in (a) corresponds to the rate of increase of volume of a single-phase gravity current (Sher & Woods 2015).
In (¢), curves are shown for a range of values of Sy as indicated in the legend in (a).
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all have different values of Sp. The dashed line corresponds to the rate of change of the
volume of a saline gravity current, as measured by Sher & Woods (2015).

During the initial phases of the flow, the volumes of both the dyed fluid and the particle-
driven fluid increase at a similar rate to the reference saline gravity current. However,
eventually, the volume of the particle-driven fluid reaches a maximum, and as the flow
continues downstream, this volume begins to fall. We interpret this as the point at which
settling of particles from the top surface of the flow exceeds the rate of mixing of ambient
fluid into the head, and a layer of particle-free dyed fluid develops above the current
(cf. figure 2¢). This fluid retains its forward momentum, but loses the buoyancy associated
with the particle load. It is then able to mix more readily with the overlying ambient fluid,
so the volume of fluid that contains red dye continues to increase with time. The data
for the single-phase saline current shown by the black crosses show the same increase in
volume with distance for xj;/Lg < 10, but as the flow travels further from the lock gate,
there is a gradual decrease in the rate of increase of volume; this may be the result of
bottom friction (cf. Sher & Woods 2015).

In figure 5(b), we illustrate the position of the head of the current as a function of time,

scaled with the characteristic time for the gravity current /L /g for currents with a range

of values of Sp. This figure illustrates that the currents all initially have a comparable
speed, but for smaller values of Sp, the particles settle through the fluid progressively
more quickly, and the flow does not travel as far along the flume before slowing down and
waning. As a result, the maximum volume and the overall run-out length of the current
decrease.

In figure 5(c), we show the scaled height of the head of the current as a function of
position of the head scaled by xy,, , the position of the head at which the maximum
volume is reached. Curves are shown for a large range of values of Sy. This figure illustrates
that for all currents, the depth of the current remains close to (0.4 & 0.05) H as the current
advances to points beyond approximately x; = 1.2xy, , but then it begins to decrease to
zero as the current wanes and all the particles sediment to the base.

We have measured the maximum volume of the particle-driven current, and the
dimensionless position of the head at which the current reaches this volume; the data are
shown in figure 6. As Sy increases, the current travels further before reaching the maximum
volume (figure 6a). Also, there appears to be a strong, and nearly linear, relationship
between the maximum volume and the distance at which this is attained for a range of
values of Sp, 30 < So < 300 (figure 6b). With larger values of Sy, the current reaches the
distal end of the flume prior to reaching the maximum volume. As Sy increases, the settling
slows down, and the current is able to entrain more fluid prior to reaching the maximum
volume. Figure 6(c) shows the position of the distal end of the current as a function of So,
illustrating that the maximum run-out distance increases with Sp.

5. Box model development

In order to illustrate the competing effects of entrainment and settling on the current
volume, as a function of S, it is helpful to use a ‘box model’ approach to describe the
evolution of the current (cf. Huppert & Simpson 1980; Sher & Woods 2015). Although
such box models are simplified and do not describe all details of the flow, they do have
value in providing insight. In this section, we motivate a new box model from the physical
processes that we have described, which influence the boundary conditions, coupled
with the underpinning equations for fluid and particle conservation. Figure 7 provides
a reference for the properties of the current defined in the model.
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Figure 6. Experimental measurement of (a) the position of the head when the current reaches the maximum
volume as a function of Sp, and (b) the maximum volume as a function of the position of the head when the
current reaches the maximum volume. Points are shown for a range of values of Sg in (a). (¢) The position of
the head at the distal end of the current as a function of Sp. The curves are predictions from the box model, and
error bars denote a 10 % error in distances.
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Figure 7. Schematic of the particle-driven current to illustrate the definitions of the variables used in the box
model.

If we consider a small element of fluid in the current lying between x and x + §x, and
spanning the depth of the current, 0 < y < h(x, ), then the rate of change of the volume
of this element of the current in some interval of time, 0/ (x, t)/0t, can be expressed as

oh  9d(hu)

at  ox
where the first term on the right-hand side denotes the difference between the horizontal
flux into and out of the volume, with

Us, 5.1

h
7t = / u dy, (5.2)
0
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and the second term on the right-hand side represents the loss of fluid associated with
any settling of the particles at the top surface of the flow, assumed to occur with speed
vs. We note that since the flow is turbulent, there may be some resuspension of particles
in the flow that suppresses the particle settling (cf. Blanchette & Bush 2005; Guazzelli &
Hinch 2011; Lippert & Woods 2020). This effect is likely to depend on the local ratio of
the current speed compared to the particle fall speed. Near the head of the current where
the turbulence is very intense, many of the particles may remain suspended, but in the
growing tail of the current, behind the advancing head, the flow is less intense, and the
capacity for the current to resuspend particles gradually decreases. We therefore assume,
for simplicity, that the particles settle with their fall speed vy along the top surface of the
current, noting that this approximation should become progressively more accurate as the
lateral extent of the current becomes larger than the length scale of the head of the current.
In general, the volume of the current can be written in the form

xp (1)
V:/ h(x, y)dx, (5.3)
0

where xj, is the location of the nose of the flow. Using the integral expression for V in
(5.3), we find that

dv dx h® 9
- = h—h—/ 7 dx. (5.4)
dr dt 0 at
Substituting (5.1) then leads to the relation
dv dxp, .
Ezhh? —hhuh — Vg Xp. (55)

Following Sher & Woods (2015), we note that the entrainment of fluid in the head of the
flow leads to the relation (their (4.17))

dxp,
up=(01—-a)—/—, 5.6
up=(1-a) ” (5.6)
so that in the present case,
dv dxp,
E = Olhh _d[ — Vg X} (57)

This equation reduces to the result of Sher & Woods (2015) in the limit vy =0,
corresponding to a single-phase saline aqueous gravity current.
We now consider the local conservation of particles:

dg’ og’
= Vo = —p. 2. 5.8
91 +u 8 Us dy (5.8)
If we integrate over the depth of the flow, then we obtain the relation
a A 9 _~ N
— (&' (x, ) h) + A —(ug' (x, 1) h) = —pg'(x, 1) vy, (5.9)
at ax
where
A h A h ~
gh :/ g'dy, Aug'h= / ug' dy, Bg' =g, x,1). (5.10)
0 0

Here, A is a constant associated with any vertical variations in the horizontal velocity
and/or the particle load, while B relates the concentration at the base of the flow to the
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mean concentration. Equation (5.9) is equivalent to that presented by Bonnecaze et al.
(1993), but in that earlier work, it was assumed that A =1 and 8 =1, corresponding to a
well-mixed flow. We also adopt this simplification in the present idealised box model, and
test the model with our experimental data that span the range 30 < Sy < 300.

The total particle load in the current is given by

_ RUIIN
g’V=/ g'(x, 1) hdx, (5.11)
0
so differentiating with time, we find
d@’V) dx, /h(Xh) ) /x}1 8(§’h)
=— d dx. 5.12
dr dr ) 8lx dy [+ 0 91 ( )

If we substitute the expression for B(g:’ h)/dt in the last term on the right-hand side, as
given by (5.9), we find that this equation becomes

d(g'V) dx h(xn) h(xn) o
g _ / g/|xh dy | — / ug'|xh dy | — g’xpvy, (5.13)
det dr 0 0

where for the last term, for simplicity, we assume that the particle load is uniform along
the length of the flow, so that fox h é/ dx = g’x;,. The first two terms on the right-hand side
are associated with the entrainment of ambient fluid at the nose of the flow; this does not
change the particle load of the current, so these terms add to zero (cf. Sher & Woods 2015).
This leads to the relation

d@'v) _
=— . 5.14
dr 8 XnUs ( )
This equation is equivalent to that in the box models of Bonnecaze et al. (1993) and

Dade & Huppert (1995).

To complete the model, we draw on the existing literature and use (1.1) to specify the
speed of the head of the flow:
— =Fr(g’hp)"/~. (5.15)

dr

For convenience, we scale the system so that the dimensionless volume, distance,
buoyancy, depth of the head, and time (denoted by subscript s) are given by Vy, =V/ L?,
xs=xn/Ls, 8, =8'/80 hs =hn/Ls and t, =1 /(L /g)"/*.

Combining the equation for the speed of the head (5.15) with that for the rate of change
of the volume with time (5.7) leads to the dimensionless equation for the rate of change of
volume as a function of the position of the head,

dvi X
— =
dx;

T T (5.16)
Ky S

and the rate of change of the product of the buoyancy and volume with position of the
head,

d(g; Vi) _ xsgfql/z
dx, S()hsl/z’

(5.17)
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while the position of the head increases with time according to the relation

dxy =Frg/'?ny>. (5.18)
d

The three equations (5.16)—(5.18) determine the evolution of the current volume V;, nose
position xy, and particle load g}, as a function of time. The main parameter controlling
the evolution of the current is Sy, which appears in (5.16). The initial conditions for our
experiments are x; = Lo/Ls = 0.5, Vs = 1 and g} = 1. Motivated by the data in figure 5(c),
we assume that the depth of the head is constant and given by hj =0.4Hy. We now
compare the solutions of (5.16)—(5.18) with our data.

First, we note that the equation for the evolution of the volume includes the term
proportional to « that parametrises the entrainment through the head of the flow. Near
the source, the current volume increases nearly linearly with the position of the head
(figure 5a). The best-fit value for the rate of increase of this volume with position of the
head, ahy, in the region 0 < x; < 0.5xy,,,, suggests that o« ~ 0.6 £ 0.1. This is consistent
with the value of « found for a saline current (cf. Sher & Woods 2015), as also shown in
the figure. The second term in (5.16), corresponding to the settling of particles through the
top surface of the current, is new, and becomes progressively more important as the flow
travels further along the flume. As a result, the volume of particle-driven fluid reaches a
maximum and then begins to decrease. We have measured the maximum volume of the
current V., and the position of the head at this maximum volume x; (V;;,4y), for a number
of experimental currents, covering a large range of values of Sy, 30 < Sy < 300. The model
predictions for the maximum volume and the head position at the maximum volume as a
function of Sy are compared with the experimental data in figures 6(a) and 6(b). The model
captures the trend in the experimental data.

Our experiments show that once the current has reached the maximum volume, the
height of the head remains at value 0.4 Hy for some distance, but then begins to decrease,
and falls to zero at the end of the flow, when all the particles have separated from the fluid;
as aresult, we do not expect the model to be fully accurate in this region. However, we have
compared the prediction of the model for the final run-out distance with the experimental
data for those experiments that did not reach the end of the experimental flume. This
comparison is shown in figure 6(c) as a function of Sy. The trend of increasing run-out
distance with Sy in the data is also seen in the model, but we note that there is some scatter
in the experimental data.

In the experiments, for values of Sy smaller than approximately 30, the particles tend to
settle from the flow more rapidly, within a distance of a few lock lengths from the source,
and this coincides with the initial slumping phase of the flow (cf. Huppert & Simpson
1980); for this range of values, the model is less applicable.

In figure 8, we compare the predictions of the idealised box model with data from five
example experiments, with different values of Sp, in which we have measured the volume
of the flow as a function of distance from the source, and the nose position as a function of
time. The figure demonstrates how the simplified box model, accounting for entrainment,
settling and sedimentation, captures some of the complexity of the temporal evolution of
the flow, including the increase and then decrease in volume, and the slow-down of the
flow. It also captures some of the variation in the rates of these different processes as So
changes.

Although the model captures the processes and the trend in the behaviour with Sy, it
is important to stress that the detailed dynamics of each experiment is more complex
than this simplified box model; however, for the range of values of Sy in our study, the
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Figure 8. Experimental observations from a range of particle-laden gravity currents (d, = 12.8—106.0 pm,

g(’) =0.030—0.33 m s~ 2, Sy = 10.3—1041.6, Exp. 2, 34, 55, 76, 93) illustrating (a) the volume as a function of
distance, and (b) the nose position as a function of time. The symbols correspond to measurements from the
experiments, and the solid lines correspond to the idealised box model.

approximate model provides some insight into the evolving balance between the different
controlling processes as the current moves along the flume. We have repeated many of
the experiments, and found that there is approximately 5-10 % variability in the data
of both the volume and the total run-out distance between repeated realisations of the
same experiment owing to some of the natural turbulent fluctuations in the flow (e.g. see
Appendix).

6. Discussion

New experiments have demonstrated that particle-driven gravity currents entrain ambient
fluid through the head of the flow. The entrainment is quantitatively very similar to that
in a saline current, and suggests that a fraction of approximately 0.6 & 0.1 of the fluid
displaced up and over the current by the head of the flow is then entrained and mixed into
the flow.

However, as the current gradually slows, particles begin to settle through the upper
surface of the flow, and the associated decrease in volume of the particle-driven fluid
begins to dominate the entrainment, leading to a net decrease in the volume. The release
of fluid from the top of the current also leads to a reduction in the momentum of the
remaining current. Furthermore, once the fluid released from the top of the current loses
its remaining particles, its density rapidly converges to that of the ambient, so it continues
to mix with the overlying ambient fluid (figures 3 and 5).

With large values of Sp, the particle settling velocity is small relative to the translational
velocity of the current, and the current travels a significant distance along the flume prior
to the settling becoming important, so the current becomes much more dilute. However, for
slower current speeds or larger particles, with smaller Sy, the settling is more important,
and begins to dominate the flow much closer to the source, leading to much less dilution
of the current with the ambient fluid.
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Figure 9. Variation of the volume as a function of time for three realisations of an experiment, corresponding
to the experimental conditions for Exp. 12 (table 1). The dashed line indicates the variance of the three
measurements of volume.

Knowledge of the evolution of the concentration of the source fluid, as well as of the
particles, in the current as it propagates downstream is important for situations in which
the composition or temperature of the fluid impacts the hazards or the evolution of the
flow. For example, when mud-laden fresh water flows offshore from a river, it can develop
into a dense sea-floor current, mixing with sea water. This mixing can lead to a change in
the ionic concentration and associated promotion of flocculation of the clay particles in the
flow. This may cause a transition to a flow in which the particle settling speed increases,
and hence in which there is a smaller effective Sp. In turn, this may change the overall run-
out and sediment patterns. We are presently developing models to explore these additional
complexities.

We also note that the modelling herein has focused on currents with one grain size,
hence one settling speed. With particles of different settling speeds, the settling process at
the top of the current may become much more complex, and could lead to stratification of
particle sizes within the current. We plan to explore these effects with further experiments.
It would be of great interest to develop a more complete shallow-water model for the flow
that includes the spatial and temporal structure of the flow. Key to such a model is the
development of a more detailed parametrisation of the particle settling process at the top
of the flow, building from the experimental and modelling framework presented herein.
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KAKENHI (grant no. 22J23301), the RIKEN TRIP initiative (Prediction Science), and Fugaku Kodoka.
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Appendix. Investigation of the variation of volume between experiments

We repeated some of the experiments using the same experimental conditions in order
to investigate the variability in the turbulent mixing from experiment to experiment, and
its impact on the volume and run-out. In figure 9, we show the volume of the current
as a function of time in three different realisations of an experiment. This illustrates
that there is approximately 10 % fluctuation in the instantaneous measurement of volume
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owing to turbulent fluctuations, and the standard deviation of the volume across the three
experiments is shown as the dashed line just above the x-axis.
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