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We present an experimental investigation of steady particle-driven gravity currents
with Reynolds numbers in the range 500-1600, and with the ratio of the initial
current speed to the fall speed of the particles, S = uy/uyy, in the range 5 <. < 160.
We identify three regimes: (i) For § < 10, the particles settle close to the source
at a velocity corresponding to their fall speed, consistent with the observation
of sedimenting fronts in classical settling column experiments. (ii) In the range
10 < S <40, a steady gravity current develops within the tank. The experiments show
that the depth of the gravity current gradually decreases away from the source and dye
added to the source liquid appears above the gravity current along its entire length,
suggesting that there is a sedimentation front, so that the volume and momentum
fluxes of the current gradually decrease with distance from the source. We find that
as S increases, the descent speed of the sedimentation front decreases relative to the
fall speed of the particles, and the run-out length of the gravity current increases.
We note that the density of the interstitial fluid corresponds to the density of the
ambient fluid, so that any reduction in buoyancy of the gravity current is attributed
to the sedimentation of particles on the floor of the tank and we do not observe
lofting of the interstitial fluid. (iii) For 40 < S < 160, the gravity currents reach the
end of our experimental tank and we no longer observe a sedimentation front. For
these experiments, it appears that the entrainment at the top of the current begins to
match the sedimentation and so the current depth does not change significantly over
the scale of the tank, but a larger scale experimental system would be needed to
explore the full run-out behaviour for these larger values of S. For the intermediate
case, 10 < § < 40, we develop a model for the conservation of volume, momentum
and buoyancy fluxes in the current, accounting for the sedimentation front and the
release of fluid at the top surface of the gravity current, and we compare this with
our new experimental data.

Key words: gravity currents, particle/fluid flow

1. Introduction

Continuous particle-driven gravity currents frequently occur in nature and industry.
In nature, examples include pyroclastic flows issuing from volcanoes, sustained
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turbidity currents and the continuous discharge of particles into lakes and oceans by
sediment-laden rivers (Bonnecaze, Huppert & Lister 1993; Middleton 1993; Simpson
1999; Ungarish 2009; Steel et al. 2016). In the oil and gas industry, the process
industry and in water treatment facilities, separators are employed to split continuous
streams of multiphase mixtures into their single-phase components (DeRooij 1999).
Understanding the run-out distance and sedimentation from these flows as well as
the fate of the host fluid is important to optimise industrial equipment and to assess
the hazards posed by naturally occurring particle-driven currents, especially since
contaminants on the particles may become dissolved in the host fluid.

In the sedimentology literature, there is a wealth of papers exploring the
sedimentation of particles in settling columns (Kynch 1952; Davis & Acrivos 1985),
and often the effects of hindered settling lead to dispersal of the sedimentation front
(Blanchette & Bush 2005; Guazzelli & Hinch 2011).

There is also a significant literature exploring the dynamics of particle-laden gravity
currents, arising from the original work of von Karmén (1940) and Benjamin (1968).
Many authors have explored the dynamics of finite-volume gravity currents produced
by the release of a fixed volume of fluid from a lock gate. Models of these flows
often assume that the flow maintains a constant volume (Bonnecaze et al. 1993;
Huppert 1998; Simpson 1999; Huppert 2006; Ungarish 2009). For such particle-laden
gravity currents, the concentration is then assumed to decrease through sedimentation
from the base of the flow, while the current is often assumed to remain well mixed
at each position along the flow and the effects of any sedimentation front are ignored
(Bonnecaze et al. 1993). These simplifications have been successful in developing
models to describe the position of the nose of the current as a function of time in the
case that the current speed far exceeds the particle settling velocity, u(x) > ugy. Given
that sedimentation fronts do develop in settling columns, it is of interest to explore
if there are conditions under which a sedimentation front develops in gravity-driven
flows, and to explore the fate of the host fluid as the particles sediment. In our
investigation, the density of the interstitial host fluid corresponds to the density of the
ambient fluid, so that any reduction in buoyancy of the gravity current is attributed
to the sedimentation of particles on the floor. We note that if the density of the
host fluid exceeds the density of the ambient fluid, the overall density and thus the
velocity of the gravity current would increase. The host fluid would continue to travel
as a single-phase gravity current after the particles have sedimented. Conversely, if
the interstitial host fluid is less dense than the ambient fluid, the overall buoyancy of
the gravity current would be reduced and the gravity current would lose buoyancy
through the sedimentation of particles as well as through the escape of host liquid at
the top of the gravity current. Depending on the magnitude of the density difference
between host fluid and ambient fluid, and the size and density of the particles, the
lofting interstitial fluid may lift particles up from the gravity current (Steel ef al.
2017). This complication is beyond the scope of the present study.

We have chosen to study the dynamics of steady particle-driven gravity currents
which are sustained by a maintained source of particle-laden fluid. We explore the
conditions under which a sedimentation front develops on the upper surface of the
gravity current, and we assess the impact of this on the evolution of the mass and
momentum flux of the flow. In our investigation, we assume that the Shields parameter
of the flow is sufficiently small, so that the re-suspension of particles from the bed
can be neglected (cf. Eames et al. 2001). First, we present a series of experiments in
which steady, particle-driven gravity currents develop from the collapse of turbulent
multiphase fountains. This source condition allows for the supply of a continuous
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volume flux without imposing an initial horizontal momentum to the flow. We measure
the depth of the current as a function of position and we use finite pulses of dye in
the source fluid to determine the fate of the fluid as it moves through the current.
We also develop a quantitative model for the conservation of the fluxes of volume,
momentum and buoyancy. This model accounts for a possible sedimentation front, and,
by comparison with our experimental data, we propose that the effective speed of this
front decreases as the ratio of the current speed to the fall speed of the particles, S,
increases. We consider the implications of our model for the dynamics of particle-
laden gravity currents in industry and nature.

2. Experimental method

Particle-driven gravity currents were generated by issuing a mixture of fresh water
and mono-dispersed silicon-carbide particles through a nozzle upwards 10 cm from
the end of a Perspex tank L., =3 m long, 40 cm high and 15 cm wide, initially
filled with fresh water. The dense, particle-laden jet exiting through the nozzle
decelerates owing to its negative buoyancy and the entrainment of ambient liquid.
The jet eventually comes to rest and collapses, thereby forming a turbulent multiphase
fountain with a source Reynolds number of approximately 2500. This source Reynolds
number is based on the density of the injected fluid, ps, and the nozzle diameter,
ds=8.6 mm, as a length scale,

Res = ,Osusds’ 2.1)
Mw
where puw ~ 1 mPa s is the dynamic viscosity of water at room temperature and ug
is the nozzle exit velocity. The density of the source fluid, pg, is proportional to the
source concentration of particles, Cs.

A schematic of the experimental set-up is shown in figure 1. After an initial
transient, the current reaches a steady state. In this paper we present a set of 35
experiments, 24 of which were run with a single fountain source. The corresponding
experimental set-up is shown in figure 1(a). The second schematic in this panel is
a top view of the tank, focusing on the nozzle section to illustrate the positioning
of the nozzle. A further set of 8 experiments were run with two fountain sources
distributed evenly in the spanwise direction of the tank to double the volume flux.
The corresponding experimental set-up is shown in figure 1(b). These experiments
are marked with an asterisk (*) in table 1. Three additional experiments were run
with a plume source, directed downwards and placed 12.5 cm above the base of the
tank. Figure 1(c) contains a schematic of this experimental set-up. These experiments
are marked with two asterisks (**). In three experiments, the gravity current did not
sediment the particle load prior to reaching the end of the tank, and so a steady
state was not reached. These experiments are marked with three asterisks (**%).
The source liquid, a mixture of fresh water and Carborex silicon-carbide particles
produced by Washington Mills, was pumped with a Watson Marlow peristaltic pump.
The particles have diameters between 13 and 63 pwm. The concentration at the source
of the fountain was kept between 20 and 80 grams of particles per litre of water.
This concentration was further reduced by dilution in the fountain, resulting in gravity
currents with initial Reynolds numbers between 500 and 1600. The initial Reynolds
number of the gravity current is based on the density of fluid at the onset of the
gravity current, py, and the initial current height, Ay, as a length scale,

h
Re, = 22100, 2.2)

Mw
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FIGURE 1. Two-dimensional schematic of the experimental apparatus and cartoon of the
transition of the flow from a turbulent fountain or plume into a particle-driven gravity
current. The second cartoon in each panel is a top view of the tank, focussing on
the nozzle section to illustrate the nozzle arrangement on a horizontal plane. (a) Single
fountain source, (b) double fountain source and (c) single plume source.

where u, is the initial velocity of the gravity current. Please refer to §4 for a detailed
discussion of the initial values of current height, density and velocity. The source
Reynolds number, Reg (2.1), is calculated per nozzle. For the double fountain source,
however, the initial Reynolds number of the current, Rey (2.2), is calculated based on
the added flow rates from the two sources forming the gravity current.

An electroluminescent light sheet was placed behind the tank to provide uniform
illumination. Images were recorded with a JAI 5000-C camera. The videos, 6.25 min
in length, have a frame rate of 4 Hz. The steady-state shape of the gravity currents
was extracted by time averaging over the last 2 min of the experiments.

In the experiments marked with a subscript b in table 1 a burst of red dye was
added to the source liquid. The density difference between this water-based dye and
the ambient fresh water is much smaller than the density difference between the
particle-laden water and the fresh water, so that the effects of the dye on the flow
are negligible.

3. Experimental observations

In the experiments we have systematically varied the size and concentration of
the particles, the source fluid volume flux and the orientation of the source (single
fountain source, double fountain source, plume source).
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Exp. dp Ugalt Cs.sic Os Frg Qo L ho S Req
(wm) (mm s™')  (g/Lw) (mls™") (mls™) (ecm) (cm) (=) (o)
1 63 478 20 17.0 12 163 132 44 5 1087
2 63 4.78 40 17.0 9 121 17.5 2.6 7 804
3 45 2.39 20 17.0 12 163 35.6 4.4 10 1087
4 45 2.39 40 17.0 9 121 361 26 13 804
5 45 2.39 80 17.0 6 90.7 35.7 1.5 16 605
6 37 1.60 20 17.0 12 163 767 44 15 1087
7 37 1.60 40 17.0 9 121 815 26 19 804
8 37 1.60 80 17.0 6 90.7 120 1.5 24 605
9 29 1.03 20 17.0 12 163 208 44 24 1087
10 29 1.03 40 17.0 9 121 216 26 30 804
B Ralola 29 1.03 80 17.0 6 90.7 (253) 1.5 38 605
12%* 63 4.78 20 10.5 8 133 15.5 33 6 887
13% 63 478 40 10.5 5 101 228 20 7 670
14%* 45 2.39 20 10.5 8 133 37.4 3.3 11 887
15% 45 2.39 40 10.5 5 101 407 20 14 670
16% 37 1.60 20 10.5 8 133 643 33 17 887
17* 37 1.60 40 10.5 5 101 75.3 2.0 21 670
18 63 4.73 40 16.9 9 240 612 4.1 8 1600
19+ 45 2.39 40 16.9 9 240 959 41 16 1600
20 37 1.60 30 17.0 10 136 59.7 3.2 18 910
21 37 1.60 50 17.0 8 110 655 22 21 732
22 37 1.60 60 17.0 7 102 702 19 22 679
23 29 1.03 30 17.0 10 136 139 3.2 28 910
24 29 1.03 50 17.0 8 110 155 22 33 732
25 29 1.03 60 17.0 7 102 217 19 35 679
26%* 45 2.39 60 17.0 7 96.6 45.9 1.8 15 644
27%* 37 1.60 50 17.0 8 91.0 73.8 1.8 21 606
285 29 1.03 30 17.0 10 769 123 1.8 28 513
A 23 0.63 40 17.0 9 121 — 2.6 50 804
30 13 0.20 40 17.0 9 121 — 26 158 804
31, 63 478 20 114 8 77.9 — 31 5 779
32, 53 3.38 20 114 8 77.9 — 3.1 7 779
33, 45 2.39 20 11.4 8 77.9 — 31 10 779
34, 37 1.60 20 114 8 77.9 — 31 15 7719
35, % ** 13 0.2 20 114 8 77.9 — 3.1 126 779

TABLE 1. Table with source conditions: number of the experiment (Exp.), particle diameter
(dp), particle fall speed (usy), particle concentration supplied through nozzle (Cs), volume
flux supplied through nozzle (Qys), source Froude number of the fountain (Frg), initial
volume flux feeding the gravity current (Qp), initial velocity of the gravity current (i),
ratio of fluid velocity to particle settling velocity (S) and initial Reynolds number of the
current (Rej). In experiments marked with (*) the source was comprised of two nozzles.
In experiments marked with (**) the mixture was issued into the tank as a plume (directed
downwards), positioned 12.5 cm above the floor. In experiments marked with (**%), the
currents reached the end of the 3 m flume tank. In experiments with subscript b a burst
of red dye was added to the source liquid in steady state. These experiments were run in
a tank 150 cm long and 10 cm deep. The value for Qy was computed from (4.4) and the

initial velocity was obtained via the relation uy = \/guho.
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FIGURE 2. (a) Instantaneous image of the gravity current (Exp. 6 in table 1). (b) False-
colour image of the time-averaged, steady-state shape of the current. Blue colour denotes
a high concentration of particles, red colour denotes the absence of particles. (c—e) False-
colour time-series images at the locations marked by columns (i), (ii) and (iii) in (a,b).

Figure 2(a) shows an instantaneous image of a gravity current (Exp. 6) in steady
state. A dark colour indicates a high concentration of particles. The image shows
the multiphase fountain to the left. This feeds the gravity current which gradually
thins out over approximately 150 cm. Figure 2(b) shows a two minute time-averaged
shape of the gravity current in false colour. Dark blue indicates a high concentration
of particles, red denotes the absence of particles. This time-averaged shape smooths
the fluctuations in depth of the current and corresponds to the steady mean shape
of the gravity current. The fluctuations, visible in panel (a), lead to a diffuse front
in the time-averaged image. Figure 2(c—e) shows time-series images of the three
vertical lines shown in (a,b). We interpret the oscillations around a mean depth as the
result of apparent turbulent fluctuations in the flow. The mean depth and the particle
concentration decrease from panel (¢) to panel (e) corresponding to the change in the
gravity current as it moves downstream.

In experiments 31-35 we added a finite volume of red dye to the source liquid
supplied through the nozzle once the steady current had become established. As the
fluid moves along the current, it may be seen that in experiments 31-34 some of
the dyed liquid separates from the upper surface of the current (see figure 3(a—f)
for experiment 33). In panel (a) only the time-averaged shape of the fountain and
gravity current (in dark grey) is visible. This figure indicates that fluid detrains from
the gravity current into the environment as the particles sediment from the flow. Panels
(e,f) highlight that the dyed fluid continues to travel along the tank, implying that this
liquid also carries momentum away from the gravity current. Panel (g) corresponds to
panel (d), but the instantaneous outline of the gravity current is shown, rather than the
time-averaged profile.

In figure 4(a) we show the thickness versus distance of 27 experiments. We do
not include the three experiments which reach the end of the flume tank. The colour
coding indicates the value of the dimensionless settling parameter, S,

§= 0 3.1)

9
Usall

where u is the initial velocity of the gravity current and uy,; is the terminal fall speed
of the particles. Please refer to (4.5) for the exact definition of uy.
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FIGURE 3. (a) Visualisation of the time-averaged steady-state shape of the gravity
current in grey. (b—f) A burst of red dye was added to the source liquid to investigate
the separation of the source liquid from the gravity current. Red dye emerges above
the current, along the entire length of the current. This dyed liquid continues to
propagate owing to its residual momentum. (g) Instantaneous shape of the gravity current
corresponding to panel (d).

Dark blue corresponds to S~ 5, and dark red corresponds to S~ 30. This plot shows
that the run-out distance and the total area occupied by the gravity current increase
for larger values of S. It has previously been shown that the parameter S is crucial
for describing the dynamics of transient particle-laden gravity currents produced by
a finite release of fluid (Bonnecaze et al. 1993). The depth on the y-axis and the
distance travelled on the x-axis are both normalised by the initial depth, h;. In §4
we give a detailed description of the initial velocity uy and depth h.

We note that in experiment 35, obtained for S = 126, we did not observe a
reduction in height of the gravity current along the entire length of the tank and the
dye remained confined to the gravity current.

Figure 4(b) shows a cartoon describing the processes within the gravity current.
The current is fed by the fountain which supplies an initial volume flux per unit
width, gy = uphy, as well as an initial particle volume fraction, Cy. As particles settle
there is a reduction in depth of the current, and some deposition of particles at the
base of the tank. The reduction in depth releases some of the fluid from the upper
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FIGURE 4. (a) Plot of dimensionless depth as a function of dimensionless distance from
the source for 27 experiments (experiments marked with (***) were excluded). The depth
and the horizontal distance are normalised by hy. (b) Cartoon of a particle-laden gravity
current in steady state. The particle concentration, C(x), the volume flux, g(x), and the
depth of the current, h(x), decrease with distance from the source.

surface of the current. However, the apparent turbulent fluctuations (figure 2) lead to
some mixing near this interface so that the rate of decrease of depth of the current is
smaller than the fall speed of the particles. These turbulent fluctuations are likely to
arise owing to the small density gradient between the top of the propagating gravity
current and the ambient as the particles begin to settle from the top of the gravity
current. This shear-driven mixing, in turn, leads to a reduction in the speed of the
sedimentation front to values smaller than the fall speed of the particles. Owing to
the low concentration of particles (Cy < 0.5 % by volume) it is likely that convective
mixing, caused by convective particle settling, is negligible (Hoyal, Bursik & Atkinson
1999). Owing to the change in density of the upper parts of the current associated
with the sedimentation, the entrainment process is different to the mixing of ambient
fluid into continuous single-phase gravity currents. In a single-phase gravity current,
mixing occurs predominantly near the head of the current, while the density gradient
between the tail of the gravity current and the ambient limits the mixing behind the
head (Sher & Woods 2017).

From the contours of the gravity currents displayed in figure 4(a) one can extract
the run-out distance of the gravity current, L, defined as the horizontal distance
from the source, at which h = hy, to the point where h = 0. These contours were
obtained from the time-averaged gravity current profiles (cf. figure 2b). In estimating
the run-out distance, there is some variability in the exact distance owing to the
fluctuations in the flow; we have included some estimate of this variability by
comparing the location of the run-out lengths estimated from the time-averaged images
of the flow, using the light-intensity contour of 0.4, with error bars representing the
distances reached by light intensity contours of 0.3 and 0.5 (see figure 2). The
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FIGURE 5. (a) Plot of experimental run-out length of the gravity current, L, normalised
by the initial height of the gravity current, hy, as a function of S'=uy/uzy. (b) Plot of the
ratio of fall time, 74y = ho/uyy and travel time, Tyqpe =L/uy as a function of S. Circles
correspond to experiments marked with (***).The dash-dotted line in both panels describes
a power-law best fit, defined in the legend.

run-out distance, L, normalised by the initial height, %,, is shown as a function of
S in figure 5(a), demonstrating that the run-out length increases as either the initial
current speed increases or the particle fall speed decreases. The dash-dotted line in
this figure corresponds to a power-law best fit of our experimental data in the form

L b
= as’, (3.2)
0

with a =0.048 and b =2.2. The coefficient of determination, R2, of this fit is 0.92.

For simple settling, the time required for a particle to fall from the top of the
gravity current to the floor is s, = ho/upy, while we expect the travel time of the
particle from the source to the end of the gravity current to scale as 7,4 = L/ug.
In figure 5(b) we plot the ratio of 7, and 7,,., measured in our experiments, as
a function of S, and we observe that this ratio decreases for larger values of S.
We note that for S > 40, we do not in fact observe a reduction in depth over the
entire length of the 3 metre flume tank (experiments marked with (¥**)). These data
suggest that the effective descent speed of the sedimentation front, u,,, decreases
relative to the fall speed of individual particles, ugy;, as S increases. We hypothesise
that the reduction of the apparent fall speed of the sedimentation front results from
the increasing importance of the mixing near the top surface of the current as the
current speed increases to values far in excess of the settling speed of the particles
(cf. Cardoso & Woods 1995). The dash-dotted line corresponds to the power-law best
fit shown in panel (a). On this plot, this best fit has the form

o She 1
Yalt 200 _ 2 gi-b, (3.3)

Tiravel L a
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This best fit has only been plotted over the range for which it has been validated
experimentally (see panel a) and it is in good agreement with the experimental data.

4. Theoretical model
4.1. Initial conditions

The source fluxes of volume, momentum and buoyancy, Qs, Mg and Bg issuing
through the nozzle can be used to construct a source Froude number for the fountain,

F (Ms/ )" Us

rS = = 5
(Qs/m)(Bs/T)'> \/bsgl

where ug is the nozzle exit velocity of the mixture, by =4.3 mm is the nozzle radius

and g is the reduced gravity at the source (Hunt & Burridge 2015). The source
momentum flux is

4.1)

M, = Qsus = nhsus, (4.2)

and the source buoyancy flux is
B, = Qsgy = hjusgs. (4.3)

In our experiments, the terminal particle fall speed, u;, is small compared to the
characteristic velocity of the fountain (cf. appendix A), so that the fountain behaves
as an analogous single-phase fountain (Mingotti & Woods 2016). We employ an
empirical correlation developed through careful experiments by Burridge & Hunt
(2016) to estimate the entrainment into the fountain based on the Froude number,
leading to the estimate for the volume flux feeding the gravity current

Qo =0.71(Fry+ 1)Q;. (4.4)

In the appendix A, we present a further set of experiments in which we measure
the entrainment into the turbulent fountains analogous to those generated in our
experiment. These additional experiments are conducted first in an unconfined
environment, and second in a confined tank of width and depth 17 cm. These
experiments confirm that the entrainment into the fountain is not hindered by the
presence of the walls of the flume tank in the present experimental set-up, so that
(4.4) serves as a good approximation for the initial volume flux of the gravity current.
In the three experiments run with plume sources (marked with (**) in table 1) the
classical solutions for turbulent plumes were employed to estimate the analogous
flux (Morton, Taylor & Turner 1956). We assume that there is no particle settling
within the area occupied by the fountain, owing to the much higher flow speed of
the fountain as compared to the particle settling speed, so the buoyancy flux supplied
to the gravity current from the fountain is assumed to equal the buoyancy flux
supplied to the tank by the pump. The initial reduced gravity of the current is thus
8o = 8.0s/Qo, which is proportional to the volume fraction of particles. The reduced
gravity of the current can be written as a function of the horizontal coordinate, x, in
the form g'(x) =gC(x)(p, — pw)/pw, Where p, =1 g cm™ and p,=3.21 g cm™> are
the density of the water and the particles and g is the gravitational acceleration. With
the initial volume flux given by (4.4), and the initial velocity taken as uy = +/guho,
the initial height of the current follows as hy = qo/up. At this point, the Froude
number of the flow, Fry = uy/+/goho has value 1 (Simpson 1999; Ungarish 2009).
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The initial fluxes of momentum and buoyancy per unit width are gouy and gog;,. The
particle fall speed, uyy, corresponds to the Stokes settling velocity,

2 14 _pwdz
U = S8~ -

, 4.5
o8 1, 4 (4.5)

where wy is the dynamic viscosity of water and dp is the particle diameter, as listed
in table 1.

4.2. Model of the steady particle-driven gravity current

Models for single-phase gravity currents, based on the original work of von Kirman
(1940) and Benjamin (1968) usually consider vertically averaged fluxes of volume,
buoyancy and momentum and describe how these fluxes change in the along-flow
direction (Huppert 1998; Simpson 1999; Ungarish 2009). Following this approach,
models for particle-driven gravity currents have been proposed by including a term
for the reduction in buoyancy owing to the sedimentation of particles from the base
of the flow (Bonnecaze et al. 1993; DeRooij 1999; Huppert 2006). We now build on
this work to include the possibility of a sedimentation front on the upper surface of
the current as suggested by our experimental observations (cf. figure 3). We assume
the flow is well mixed and has depth A, speed u and buoyancy g’ (cf. Ungarish 2009;
Sher & Woods 2015).

In our experiments, the volume flux within the gravity current, ¢ = uh, reduces from
its initial value, g, to zero as the gravity current runs to the maximum distance x =
L. The experimental data presented in figures 3 and 5(b) suggest that this fluid is
released as particles sediment from the top of the current. As S = uy/ug; increases,
our data suggest that the effective sedimentation speed at the top of the current, s,
is reduced. We interpret this to be a result of the mixing near the interface between
the current and the ambient fluid which suppresses the descent of the sedimentation
front of particles. If we write U = Upayf (u(x)/uzy) then the change of volume flux
in the horizontal direction is given by

d(h(x)u(x)) u(x)
B —Ugar f . (4.6)
x Ugail
For simplicity in this paper we assume that
u(2x)
f =1—eux)/upy for upy > eu(x), 4.7
Uganl

and aim to determine the constant € from our data. We note that in our experimental
study we have not observed gravity currents in which the volume flux increases from
the source, so the above expression has only been validated for uy; > eu(x). However,
we note that as u/uy, increases, a further complication emerges because the Shields
number of the flow increases and eventually reaches the threshold at which particles in
the bed may become resuspended (cf. Eames et al. 2001), a process which is beyond
the scope of the present study.

The particle flux continually decreases as particles sediment. The sedimentation of
particles occurs in a viscous boundary layer close to the base of the tank and is
proportional to the local particle concentration (cf. Bonnecaze et al. 1993)

d(C(x)h
w = —ufal,C(x). (48)
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Combining this with (4.6), we find that the particle concentration decreases with
distance according to the relation

dC(x) . _eC(x)

dx  hk) ' (4.9)

The rate of change of momentum flux in the longitudinal direction is due to both
the change in depth of the gravity current and the reduction in particle load

d@?h dh dg’ d(uh
(u ):—g’h——h2£+u (uh)

. 4.10
dx dx dx dx ( )

The term u(d(uh)/dx) corresponds to the momentum carried by the liquid leaving the
gravity current as particles sediment from the upper surface of the gravity current. We
can combine the above equations to determine the rate of change of velocity in the
current,
du(x) 8 () uan
dx  u(x)? - g @hx)

For u? > gyho, the flow is super-critical and (4.6) suggests that the liquid in the
gravity current accelerates and the depth of the flow reduces with distance from
the source. For ué < goho, the flow is sub-critical and in that case, the liquid in the
gravity current decelerates, leading to an increase in depth with distance from the
source. Our experimental findings (cf. figures 2-5) suggest that the flow is critical
at the fountain and follows the super-critical branch, as expected from classical
hydraulics (Long 1954). For evaluating the model predictions we choose the initial
velocity to be just supercritical, uy = 1.001,/gyho. We have found that the model
predictions are insensitive to the exact magnitude of the positive perturbation as long
as it is much smaller than 1. We can write the above equations in dimensionless form
by normalising with gy and g, resulting in the dimensionless variables and initial
conditions

(4.11)

g=4 =% ;-_*% = —"_ {(0)=1.001. 4.12a—e)

90 80 g gy (9080)'"?

This leads to the set of dimensionless equations

dg 1 . dg eg di  g/S
— = —— t€u, ~ =, —X = = -
d.x h dx uz_g/h

= 4.13a—
e 3 (4.13a—c)

It is worth repeating that the equations in (4.13) are only valid for S < 1/¢. In
figure 6(a—d) we show the predictions of the dimensionless model for the volume
flux, depth, reduced gravity and velocity as a function of dimensionless distance from
the source. The four lines in each panel correspond to four values for S given in
panel (d). We note that the run-out length increases for larger values of S. Owing
to a short run-out length, the plots for S =1 are barely visible in this figure. For a
more detailed view of this, please refer to figure 7 in which the horizontal distances
are normalised by the total run-out length. In figure 6(a) we see that the volume
flux decreases approximately linearly with distance from the source. The profiles of
gravity current height as a function of distance from the source, shown in panel (b),
highlight that the height of the gravity current decreases rapidly close to the origin
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FIGURE 6. Variation of the dimensionless volume flux (a), depth (b), reduced gravity (c)
and velocity (d) of the current as a function of dimensionless distance from the source.
The dot-dashed line was obtained for S = 1, the solid line for S = 10, the dashed line
for §=20 and the dotted line for S =30. These model predictions were obtained for the
best-fit mixing parameter € = 0.012.

of the current. The plot of reduced gravitational acceleration within the current as a
function of distance from the source (panel c¢) shows that the particle load within the
current transitions towards an asymptotic shape as the parameter S increases. For small
values of S, the particle load reduces more abruptly towards the end of the gravity
current. The velocity within the gravity current is plotted as a function of horizontal
distance in panel (d). The model prediction presented in this panel indicates that the
flow accelerates close to the origin of the gravity current and then converges to a more
uniform speed.

The four panels in figure 7 correspond to the four panels shown in figure 6, with the
horizontal axis normalised by the total run-out distance, x/L, to allow for a qualitative
comparison of the four quantities. We note that with this choice of normalisation the
profiles of volume flux (a), current height () and velocity (d) are similar over the
entire range 1 < S < 30. The reduced gravity of the current, plotted as a function of the
dimensionless distance from the source in panel (c), however, depends strongly on the
value of S. For small values of S, corresponding to small fall speeds, the particle load
remains high over most of the length of the gravity current, before abruptly decreasing
as the current reaches the final run-out distance. We note, however, that this rapid
reduction in height occurs in a region where the height of the gravity current has
become vanishingly small. At this stage, the dynamics of the current may be much
more strongly affected by the bottom boundary layer, although such effects are not
captured by present model. As S increases, the particle load decreases more rapidly
near the origin of the gravity current. This is consistent with our previous observation
that the entrainment of ambient fluid becomes increasingly important for larger values
of S (cf. figure 5b). We note that the reduced gravitational acceleration of the current
decreases approximately linearly for S = 26.

We compared the experimental data for all the currents with the model predictions
to determine the best-fit value for the settling coefficient, ¢ = 0.012 = 0.002
(equations (4.6), (4.7)). This investigation is shown in figure 8. In panel (a) we
compare the model prediction for the area occupied by the gravity current on the
x-axis as a function of the experimentally measured area on the y-axis. The dashed
line with unit slope illustrates the ideal line of exact agreement. We find that the
model predictions are in good agreement with the experimental data. Panel (b) shows
a plot of dimensionless run-out length, L/hy, as a function of S. The three black
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FIGURE 7. Variation of the dimensionless volume flux (a), depth (), reduced gravity (c)
and velocity (d) of the current as a function of the dimensionless distance x/L from the
source. The dot-dashed line was obtained for S =1, the solid line for S =10, the dashed
line for § =20 and the dotted line for S =30. These model predictions were obtained for
the best-fit mixing parameter € =0.012.
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FIGURE 8. (a) Area occupied by the gravity current plotted as a function of the model
prediction of the occupied area. (b) Plot of dimensionless run-out length of the particle-
laden gravity current as a function of S. The lines illustrate the model prediction for € =
0.012 £ 0.002. Squares represent fountain sources, circles represent plume sources. The
red line denotes the model predictions for € =0.

lines were obtained for € = 0.012 &+ 0.002. We note that the model predictions
are insensitive to the choice of € for small values of S. This corresponds to the
experiments in which the ratio of initial current velocity, uy, and particle fall speed,
Upy, is less than 20. The red line illustrates that the predicted run-out length of
the gravity currents decreases well below the experimental observations if we do
not account for the reduced effective settling speed (¢ = 0). Again, we find a good
agreement between experimental data and model prediction for € =0.012.

In the present experimental investigation we did not observe gravity currents for
which the height of the gravity current increases with distance from the source.
However, our model, especially (4.7), predicts an increase in volume flux for
Uy < €u(x). Since we cannot confirm such an increase in volume flux experimentally,
we can only confirm the validity of our model for the regime uy; > eu(x). This
condition is met for S < 1/e€ &~ 83 with € =0.012. It is worth noting that, for § > 80,
the large difference between current velocity and particle fall speed is likely to lead
to a resuspension of particles and this additional effect would also need to be built
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FIGURE 9. Regime diagram: the grey area illustrates the range in S for which our model
has been validated against experimental data.

into the model (Eames et al. 2001). Owing to the reflection of the flow from the rear
wall of the tank, however, it is not possible to investigate any resuspension effects
with the present experimental set-up.

The above model is based on the experimental observation that the release of source
liquid into the environment is controlled by a balance of particle settling owing to
the particle fall speed, uyy;, and some re-entrainment of this released fluid, quantified
by the parameter € (4.7). For this mixing to occur we require the local Richardson

number,
. gWhWw)
Ri(x) = 7u(x) >

to be small. We can compute this ratio as predicted by our model and we find that the
local Richardson number in the gravity current does decrease from the initial value of
one. Within the first 10% of the total length of the gravity currents presented in the
current study, the Richardson number falls below 0.5, and within the first 30 % of the
total length of the gravity currents the Richardson number falls below 0.25, indicating
that the currents are capable of re-entraining some of the released fluid.

, (4.14)

5. Summary

We have studied the dynamics of steady particle-laden gravity currents. We
presented a new set of experiments, complemented by a model for the conservation
of volume, momentum and buoyancy fluxes. Our findings bridge the gap between
settling columns experiments (S < 10) in which sedimentation fronts are observed,
and studies of particle-driven gravity currents (S > 40) with no sedimentation fronts.
In our intermediate regime, we observe particle-driven gravity currents which reduce
in height with distance from the source and we observe a release of liquid from
the current into the ambient, revealing the presence of a sedimentation front in
particle-driven gravity currents for 10 < S < 40. Mixing near the top of the current
reduces the speed of the sedimentation front to values below that of the fall
speed of the particles. We model this reduction in fall speed with the relation
fu/upy) =1 —eu/ugy, where € =0.012 3 0.002.

As S increases, we expect the Shields parameter of the current to increase beyond
a critical value for which we suspect that the re-suspension of particles from the bed
becomes increasingly important, thereby changing the dynamics of the flow (cf. Eames
et al. 2001), and it would be interesting to include such effects in future work as well
as to investigate the effects of multiple particle sizes.

A regime diagram of our experimental investigation is shown in figure 9. The range
of 5 < S <40 is characteristic for flows in separators and water treatment facilities
and some slow turbidity currents in which sedimentation fronts develop (DeRooij
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15 cm

\ Light sheet

FIGURE 10. Top view of the transition of the flow from a turbulent particle-laden fountain
to a particle-driven gravity current. The image was taken for Exp. 6 in table 1. The dashed
line marks the onset of the gravity current.

Fountain

1999). Particle sizes in these applications range from 10 to 100 pm and flow speeds
are of the order of cm s~!. For turbidity currents, flow speeds can be substantially
larger leading to much larger values of S. Previous studies modelling the dynamics of
turbidity currents have reported observations that the height of such currents remains
constant with distance from the source (Bonnecaze et al. 1993; Huppert 2006). We
interpret this to be a result of the mixing within the flow suppressing the development
of a sedimentation front.
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Appendix A. Investigation of the source condition

In the present experimental investigation, the particle-driven gravity current is fed
by a continuous particle-laden fountain. A top view of the transition of the flow from
a particle-laden fountain to a particle-driven gravity current is shown in figure 10
for Exp. 6 as an example. The fountain is shown to the left, illuminated by the
light sheet at the bottom of the image. The dashed line marks the position of the
onset of the gravity current where Fry = 1. The flow appears to transition rapidly
from the axisymmetric fountaining flow to a near parallel channel flow as it spreads
downstream. The distance from the centre of the fountain to the onset of the gravity
current where Fro =1 is the adjustment length, L,; (cf. schematic in figure 1).

In figure 11 we show a comparison of the gravity current run-out length, L,
the adjustment length over which the flow transitions from a fountain to a gravity
current, L,y;, and the fountain radius, Ry, based on the source Froude number, Frg (cf.
Mizushina et al. 1982). All three lengths are normalised by the width of the tank,
W. The ratio of fountain radius and tank width, Rr/W, shown as crosses, is always
less than one. The ratio of the adjustment length and tank width, L,;/W, shown as
diamonds, is of order one. The dimensionless run-out length, shown as black squares,
far exceeds both these length scales for S > 10, indicating that the distance over
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FIGURE 11. Comparison of gravity current run-out length, L (black squares), adjustment
length, L,; (diamonds) and fountain radius, Ry (crosses), all non-dimensionalised by the
width of the tank, W, plotted as a function of the settling parameter S. The length scale
over which the particles sediment from the gravity current far exceeds the length scales
of the adjustment zone and the gravity current for S > 10.

which particles sediment from the gravity current far exceeds the distance required
for the flow to transition from a turbulent fountain to a gravity current. This suggests
that the investigation presented in the main body is insensitive to the exact value of
the adjustment length.

Mingotti & Woods (2016) have shown that particle-laden fountains behave like
analogous single-phase fountain with the same source fluxes of buoyancy and
momentum if the particle fall speed, ugy, is small compared to the characteristic
fountain velocity,

up = BY* M. (A1)

For the present experiments, this ratio is in the range 0.006 < uz;/up <0.2.
Mizushina et al. (1982) have shown that the diameter of a turbulent fountain
corresponds to
dp == 0-34HSPF7 (A 2)

where Hgpp, the steady-state height reached by a single-phase fountain with a source
momentum flux Mg and a source buoyancy flux By, is

Hgpr = 1.84M7|By | (A3)

From this empirical relation we can estimate that the ratio of the fountain diameter,
dp, to the width of the tank (15 cm), ranges between 12.8 % and 29.1 %, indicating
that the fountain is likely to behave like an equivalent fountain in an unrestricted
environment. In the experiments run with a double fountain source the maximum
fountain radius does not exceed 2 cm so that both the wall effects and the presence
of the adjacent fountain are negligible.

To further test the validity of (4.4) for the present investigation, we directly
measured the volume flux entrained by a fountain in a large environment, and then
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FIGURE 12. Schematic of the experimental set-up to measure the total entrainment into
a turbulent single-phase fountain. First (a), we measure the entrainment into such a
fountain in a large environment of width and depth 45 cm. Second (), we place a square
Perspex section of width and depth 17 cm around the fountain and repeat the entrainment
measurement.

again in a restricted environment of width and depth 17 cm. A schematic of this
experimental investigation is shown in figure 12. In panel (a) we show how the
total volume flux entrained into a single-phase fountain is measured in a large tank
of width and depth 45 cm. This investigation follows the process employed by
Burridge & Hunt (2016). The fountain source is elevated and the dense fountain
liquid accumulates at the bottom of the tank. In the absence of any ventilation, this
dense layer would increase in height as a filling box. By removing fluid from this
dense bottom layer, we can control the position of the interface. When adjusting this
extraction flow rate such that the interface is fixed at the exact height of the nozzle,
the extraction flow rate corresponds to the sum of source volume flux injected through
the nozzle, Qs, and the total entrained volume flux above the interface, Q. The 45
by 45 cm tank is placed inside a much larger tank of dimensions 150 x 80 x 100 cm,
in which the water level is kept fixed, so that fresh water is continuously supplied to
the fountain. In panel (b) we show how we measure the volume flux entrained into
the fountain in a confined environment. We repeat the exact process outlined above,
only this time we place a 17 x 17 cm square Perspex section around the fountain
before measuring the ventilation flow rate, Qs + Qr. We ran these experiments for 6
combinations of source fluxes of buoyancy and momentum, listed in table 2. These
source fluxes correspond to the source fluxes in table 1 and the nozzle is the same
nozzle with internal radius of 4.3 mm as employed in the investigations detailed in
the main body of the paper.

In figure 13 we plot the sum of the measured entrained volume flux into the
fountain and the source flux through the nozzle, Qr + Qs, normalised by the prediction
of the empirical relation for single-phase fountains in an unrestricted environment
(4.4), as a function of the source Froude number, Frg. The black diamonds correspond
to the volume flux measurements in the unrestricted environment (45 x 45 cm tank)
and the circles correspond to the volume flux measurements recorded for a fountain
in the 17 x 17 cm confinement (cf. figure 12b). The experimental data are in good
agreement with the empirical relation of (4.4), represented as the dashed horizontal
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FIGURE 13. Plot of the ratio of measured total volume flux of the down-flow from
a turbulent fountain and the expected volume flux of a single-phase fountain in an
unrestricted environment (see (4.4)), as a function of the source Froude number, Frg.

Exp. Os g Mg Bg Frs  Hspp Ospr Oss 017
(ml s7) (m* s72)  (m* s7d) (cm) (ml s™) (ml s7Y) (ml s7h)
Q1 17 0.134 49x10% 23x10°% 12 128 163 185 185
Q2 17 0201 49x10°% 34x10° 10 10.5 136 143 134
Q3 17 0267 49x10° 45x107° 9 9.1 121 118 116
Q4 17 0333 49x10° 56x10° 8 8.2 110 115 111
Q5 17 0398 49x10° 6.7x10° 7 7.5 102 117 127
Q6 17 0527 49x10°% 89x10° 6 6.5 91 112 112

TABLE 2. Table with source conditions: number of the experiment (Exp.), source volume
flux (Qs), reduced gravitational acceleration at the source (g’), source momentum flux
(My), source buoyancy flux (Bs), source Froude number (Fry), single-phase fountain height
(Hspr), expected total flux according to (4.4) (Sspr), measured total volume flux in the
45 x 45 cm tank (Qus) and measured total volume flux in the 17 x 17 cm section (Q17).

line. This indicates that (4.4) is likely to be a reasonable approximation of the volume
flux from the fountain into the gravity current.
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