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F. Naaim-Bouvet
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Abstract

We present results from laboratory experiments of the downslope propagation
of a finite volume released gravity current by means of combined PIV /PLIF
measurements. The experimental data were used to estimate the global char-
acteristics of the current, such as the propagation speed, the lateral surface
and the buoyancy, revealing that thermal theory is a robust model that can
predict such quantities properly, especially the models of Beghin et al. (1981);
Maxworthy (2010) and the theoretical model of Dai (2013a). The collected
data allowed also for the determination of the entrainment rates based on
the turbulent fluxes instead using the variation of the volume flux, and the
regions of entrainement/detrainment have been identified. The results sup-
port previous observations of the mechanism responsible for the buoyancy
loss of the cloud and its consequent deceleration down the slope, as a large
scale recirculation vortex at the back of the cloud. A very complex interior
structure of the cloud is observed, with a large variety of turbulent processes
taking place, such as the large-scale convectively unstable recirculation vor-
tex at the scale of the current itself, the small-scale convectively unstable
motions inside the head of the cloud and close to the bottom boundary and
shear (Kelvin-Helmholtz) instabilities at the boundary between the current
and the ambient water. The synoptic velocity and density measurements
allowed also to test existent parametrizations of turbulent fluxes, that have
been quantified in 2D fields with a high spatial resolution. Results confirm
that parametrization laws based on the assumption of a constant turbulent
diffusivity or mixing length do not apply for buoyancy clouds due to their
high spatial heterogeneity. Hence, the parametrization of the turbulent dif-
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fusivities in such flows should be based on scalar quantities that avoid the
problem of spatial heterogeneity and takes into account the different sources
of turbulence production, e.g. using energetic considerations that compare
the terms having a definite exchange of energy and acts as a source or a sink.

Keywords: Gravity currents, mixing, experiments, sloping bottom, internal
structure

1. Introduction

Variations in temperature, salinity and/or sediment concentration cause
variations of fluid density in the vertical direction. The resulting flow strati-
fication, which typically occurs in environmental and geophysical flows, leads
to qualitative and quantitative modifications of the flow patterns by buoy-
ancy. When buoyancy driven flows encounter topography, a downslope dense
current, i.e. gravity current, is created. Its motion is then sustained by
buoyancy and deviated by the topographic slope. Gravity currents are key
processes that affect ocean, atmospheric and coastal circulation.

Gravity currents can take on different forms depending on their source
of supply of buoyancy being continuous (Baines, 2002; Britter and Linden,
1980; Martin et al., 2019; Negretti et al., 2017; Odier et al., 2014) or resulting
from a finite volume release (Beghin et al., 1981). Examples of the first type
are oceanic gravity currents (Baringer and Price, 2001), while examples of fi-
nite volume released gravity currents are avalanches (Clément-Rastello, 2001;
Hopfinger, 1983; Rastello and Hopfinger, 2004), volcanic eruptions (Holyer
and Huppert, 1980) or turbidity currents (Meiburg and Kneller, 2010), which
contribute to the shaping of the continental surface and have a large impact
on the geomorphological floor and the related ecosystems (Briindl et al., 2010;
Kostaschuk et al., 2018; Pohl et al., 2020; Thorez et al., 2021). Katabatic
winds are also an example of an intermittent gravity flow and are impor-
tant to determine the local air circulation in several regions (Brun, 2017;
Charrondiere et al., 2020).

This paper deals with finite volume released gravity currents over sloping
boundaries. For the terminology, finite volume released gravity currents on a
sloping boundary is more precisely described as a 'thermal cloud’” or ’density
cloud’ (Simpson, 1982), because the flow resembles more a cloud with some
tail following.

The pioneering work on donwlope propagating density clouds was made
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by Beghin et al. (1981), who studied the full range of slopes between 5°
and 90°. They showed that the current development includes a first quick
accelerating phase of the density cloud, followed by a decelerating phase, if
no buoyancy is entrained by the current, as for gravity currents propagating
over a sediment bed (Rastello and Hopfinger, 2004). Further theoretical,
numerical and experimental studies followed, giving important insights in
the dynamics and the spatio-temporal development of the current (Adduce
et al., 2012; Beghin and Brugnot, 1983; Beghin et al., 1981; Dai, 2012, 2013a,
2014, 2015; Dai et al., 2011; Hopfinger, 1983; Martin et al., 2020; Ottolenghi
et al., 2017; Rastello and Hopfinger, 2004; Steenhauer et al., 2017a; Zemach
et al., 2019).

To describe the front velocity history of a lock-released gravity current
both a shallow water model approach (Ross et al., 2002; Tickle, 1996; Ungar-
ish, 2009; Webber et al., 1993) or thermal theory (Beghin et al., 1981; Morton
et al., 1956) have been adopted. In the latter case, the assumption of a con-
stant buoyancy flux during the head propagation was made and despite the
strong approximation, this model has shown to give a good description of the
evolution of both the first accelerating phase and the successive decelerating
phase (Beghin et al., 1981).

A more sophisticated model has been proposed by Maxworthy and Nokes
(2007), who argued that during the acceleration phase, the head was be-
ing fed by a following current that increased its buoyancy as it propagated
downstream. Maxworthy (2010) showed that after a propagation distance of
the order of (5-10)Hy, where Hy is the initial depth of the lock, the inflow
into the rear stopped, and the head began to lose buoyancy-containing fluid
from its rear by the detachment of large, weakly vortical structures. Their
measurements have shown that the buoyancy in the current head increased
during the acceleration phase and decreased during the deceleration phase.

Dai (2012, 2013b) implemented a three-dimensional direct numerical sim-
ulation of a lock released downslope gravity current. They confirmed numeri-
cally that the maximum buoyancy in the head never reaches the total released
buoyancy, and a significant portion of heavy fluid is left in the tail current,
which is often detached from the head when the density cloud propagates
over steep slopes (see also Dai (2013a,¢)), in accord with Maxworthy (2010).
For a long running length = > 13H, they showed a disagreement between the
thermal theory (Morton et al., 1956) and the observed growth of the density
cloud in the deceleration phase.

Recently, Martin et al. (2020) and Zemach et al. (2019) proposed a the-
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oretical solution based on the shallow water model combined with a Ben-
jamin’s type jump condition at the nose of the head and an empirical entrain-
ment law, respectively. Their solution is of relevance during the acceleration
phase only, taking into account the contribution of the tail to the buoyancy
budget of the density cloud, as reported by Maxworthy and Nokes (2007).
However, the model cannot predict the loss of buoyancy in the deceleration
phase (Dai, 2012, 2013a; Maxworthy, 2010).

While previous studies mostly concentrated on the global properties of
such density clouds propagating on horizontal or inclined boundaries, their
internal structure has started to receive attention only recently. Hopfinger
and Tochon-Danguy (1977) measured the velocity distribution within the
density cloud by means of the hydrogen bubble technique combined with a
conductivity probe measurement for the density. Three-dimensional direct
numerical simulations of a lock-released gravity current were performed by
Calgaro et al. (2015); Etienne et al. (2004); Steenhauer et al. (2017b) reveal-
ing a very turbulent structure of the buoyancy cloud. Nishimura and Ito
(1997) measured internal velocities of 50 ms™! for a front velocity of about
10 ms™!, demonstrating that the head interior is characterized by a strong
energetic circulation and a large variety of turbulent structures. Knowing the
internal structure of density clouds may help to better predict the entrain-
ment and dilution mechanisms, which are directly related to the propagation
speed and motion of such currents.

Detailed velocity and/or density measurements within the head of a den-
sity cloud propagating over a horizontal boundary using optical non-intrusive
measurements techniques (such as Particle Image Velocimetry-PIV) have
been performed only in few studies (Hallworth et al., 1996; Martin and
Garcia, 2009; Pelmard et al., 2021; Thomas et al., 2003). Hallworth et al.
(1996) and later Martin and Garcia (2009) observed the formation of per-
sistent Kelvin—Helmholtz type billows at the front of the density current
causing entrainment of ambient fluid into the current at the interface cur-
rent /ambient.

Here, we performed experiments on finite volume released gravity cur-
rents over steep sloping boundaries (with slope angles of 15° and 20°) using
simultaneous PIV/PLIF measurements techniques. Such measurements in
unsteady and heterogeneous turbulent buoyancy flows are rare, but are very
useful since they allow to highly resolve both large-scale and small-scale flow
motions and statistics, which otherwise are very difficult to measure. This
also enables resolving turbulent fluxes and their spatial distribution, which

4
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are impossible to quantify with other measurement techniques.

The recent studies performed by Agrawal et al. (2021); Mukherjee and
Balasubramanian (2020, 2021) on horizontal lock-released gravity currents
focused on the slumping phase and their analysis was aimed at estimating
the mixing efficiency at the interface between the cloud and the ambient fluid
due to Holmboe or Kelvin-Helmholtz instabilities. No study is known in the
literature on downslope density clouds aimed at verifying the theories of the
global characteristics governing the dynamics of such flows, as the front prop-
agation, the buoyancy and the entrainment, but also quantifying small-scale
processes and turbulent fluxes that characterize the internal structure of the
density cloud, based on highly resolved simultaneous measurements of both
the velocity and the density fields. By means of such detailed measurements,
the validity and limitations of the existent theories for both the global char-
acteristics of the flow, but also those related to the parametrization of the
turbulent diffusivities, have been tested, revealing interesting insights on the
small-scale features of the internal structure of the head. The global charac-
teristics of the density cloud compared to the semi-empirical thermal theory
of Beghin et al. (1981) and Escudier and Maxworthy (1973) reveal a fairly
good agreement, with exception of the assumption of initial mass conserva-
tion, in accord with Maxworthy (2010). The predictions for the buoyancy
loss of the gravity current during the decelerating phase are in better agree-
ment with the theoretical model proposed by Dai (2013a,c), while the model
of Maxworthy (2010) reveals to strongly overestimate it, even if the trend of
decrease is well represented by Maxworthy (2010)’s theory

A very complex interior structure of the buoyancy cloud is observed, with
a variety of turbulent processes sources of mixing and dilution present. These
are large-scale and small-scale convective motions inside the cloud, shear
turbulence and related instabilities (e.g. Kelvin-Helmholtz and boundary
layer instabilities) at the boundaries with the ambient fluid and the bottom.
Finally, it is shown that classical mixing parametrizations of turbulent fluxes
based on mixing length models are not appropriate for lock-released buoyancy
clouds due to their strong spatial and temporal heterogeneity.

The paper is organized as follows: section 2 outlines the experimental
set-up and the measurement techniques. Section 3 gives the global charac-
teristics of the buoyancy cloud, while entrainment/detrainment and mixing
are presented in 4 and 5, respectively, and compared to existent parametriza-
tions. Section 6 summarizes the results and includes concluding remarks.
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2. Experimental facility and measurement techniques

2.1. Experimental setup

The experimental set-up is shown schematically in figure 1la. A plexiglas
water channel 2.76 m long, 20 ¢cm wide and 38cm deep was immersed in a
larger water tank of dimensions 2.4 m x 2.4 m x 2.4 m. The slope angle
of the experimental channel was set to the desired angle. The dense fluid
was introduced in a reservoir Ly = 20 ¢m long and 30 c¢m deep, with a lock
depth of Hy = 6.25¢m located at the upper end of the channel and initially
separated by a removable gate, resulting in an initial lateral surface of Ag =
Lo x Hy = 125cm?. The initial reduced gravity was fixed to gy = gAp/p, =
5cm/s? and produced by saline solutions with Ap = 5.1 £0.1 kgm™3 and a
constant temperature of 19.7°C' £0.1, measured just before each experiment
with a high precision (1072) densimeter (DMA TM 35, Anton Paar). The
resulting Reynolds numbers were Re = UH /v ~ 1.2-10* where U and H are
respectively the typical velocities and depths of the cloud in the measurement
region and v the kinematic viscosity.

Run Ay [em?] 60°] gjlem/s?] N Technique F.O.V.

1 125 15 5£0.1 5 PIV/PLIF 1.65m < x < 2.5m
7
5

2 125 20 5£0.1 PIV/PLIF 1.65m < x < 2.5m
3 125 15 5£0.1 PIV/PLIF 0.7m < x < 1.55m

Table 1: Main parameters of the experimental runs.

Two runs of experiments have been performed in the deceleration region
1.65m < x < 2.5m from the lock release (see figure 1). The same initial con-
ditions have been adopted for both runs with exception of the bottom slope,
which was set to 15° in the first run and 20° in the second run of experi-
ments. A third run of experiments has been conducted in the initial stage
of the decelerating region within 0.7m < x < 1.55m from the lock release,
and same initial conditions as in the first run of the experiments. The same
experiment was repeated N < 7 times to check for reproducibility and all
calculated quantities have been averaged over the N experiments (ensemble
average). The main parameters of the experimental runs are summarized
in table 1. For all runs, synoptic PIV and PLIF measurements techniques
have been used to capture simultaneously the velocity and density fields,
respectively. Essential details are given below and in the appendix.



181

182

183

184

185

186

187

188

189

191

192

193

194

195

196

197

198

199

200

201

(b)

(a) Canal side

f.o.v.
/‘3 c = lﬂ?wn B 5
V% /\ s - ; Laser sheet

—>
— \ \ fov.AnB / ’
\ \ ’ ’

Y s + Canal side

ambient
freshwater

7

/
\ » /7
A4

A Filter 2
Vg
v v
Filter 1 ’
& X
Cam. B
Z

Cam. A

Figure 1: (a) Side view of the experimental setup. (b) Top view of the optical measurement
configuration for PIV and PLIF.

2.2. Measurement technique

The velocities and the density were determined using the optical, non-
intrusive experimental techniques of Particle Image Velocimetry (PIV) and
Planar Laser-Induced Fluorescence (PLIF), respectively. Both PIV only and
combined PIV/PLIF experimental data are used in the following results sec-
tions. Essential details on the measurements techniques are given below,
while the detailed procedure for the PLIF calibration is given in the ap-
pendix.

The PIV set-up consisted of a light source, light sheet optics, seeding
particles, a camera, and a PC equipped with a frame grabber and image
acquisition software. Polyamide particles (Orgasol) with a mean diameter
of 60um and a specific density of 1.016g/ cm > were added in both the fresh
water and the salt water in the initial release reservoir as tracer material for
the PIV measurements.

A 5 Watt Yag-laser (A = 532 nm) has been used as continuous light
source. The beam was transmitted through mirrors to a spherical lense with
an angle of 45° to generate a laser sheet with a length of approximately 1 m
and a width of 5mm, positioned in the middle of the channel. Rhodamine 6G
was used as fluorescent dye (absorption peak at 530nm and emission peak at
555nm) and uniformly mixed in the reservoir containing the dense fluid with
initial concentration ¢y = 5ug/l. The dye and the salt have approximately
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the same diffusivity, with a Schmidt number S¢ = v/k = 700, where & is the
mass transfer diffusion coefficient (Troy and Koseff, 2005).

For the simultaneous PIV/PLIF measurements an interferometer band-
pass, 532nm for PIV and a high pass filter with cut-off 550nm for PLIF were
used to separate the emitted wavelengths.

Images of roughly 70cm x 55c¢cm were grabbed with a CCD camera (Flow
Master 1200 x 1600 pixels) for PIV, and with a second CCD camera (Dalsa
1000 x 1000 pixels) at a frame rate of 23.22 Hz for PLIF.

The raw image pairs were then processed using a PIV cross-correlation
algorithm (software package DaVis, LaVision) to compute the velocity fields,
starting with an interrogation window of 32x 32 pixels and a final window size
of 16 x 16 pixels with 50% overlap. Each vector of the resulting vector field
represents an area of roughly 0.6¢m x 0.6cm. Given the velocities encountered
in the experiments, the error for the instantaneous velocity is approximately
4%.

The calibration procedure for the PLIF measurements is given in the
appendix.

3. Experimental results

3.1. Global characteristics of the density cloud

Figure 2 illustrates an instantaneous side view of a calibrated density
field. The cloud has the size of the present PIV/LIF field of view, hence,
present results are treated in terms of the vertical coordinate z and time t,
where time is converted in the streamwise space coordinate x by neglecting
the time distortion of the cloud during the advective time t4 at a given x-
position, and assuming a constant advective velocity of the cloud over this
time laps.

For each x-position, the density cloud is detected (t, z) using a threshold
of 0.99(Ap/p)mas for the density.

As suggested by Beghin et al. (1981), and as evident from present visual
observations, the shape of the cloud can be fitted in time and vertical space
(t,z) assuming a semi-elliptic shape (cf. also figure 5), that follows the fol-
lowing equation

NI

((0.524)* = (t —10)*)?, (1)

z =

0.5t 4
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Figure 2: Instantaneous density field of the cloud for [Ap/p];, = 5-107% and run 2 (cf.
table 1).

where z is the vertical (normal to the slope) coordinate of the boundary
of the density cloud with the ambient fluid, H and 0.5¢4 are the minor and
major axis of the ellipse and t; is the time corresponding to a given position of
the geometrical centre of the ellipse x,. From equation (1), H and the length
L = t,U of the density cloud can be estimated, where U is the velocity of
the geometric centre of the ellipse defined as

Ax
= At (2)

Figure 3a, shows the non-linear fit using equation (1) (dashed line) com-
pared to experimental values (solid line). The streamwise coordinate corre-
sponds to the dimensionless advective time (¢t — ty)/t4, where ¢y has been
determined using a power law fit ((Beghin et al., 1981), cf. figure 3b).

Using this procedure, the velocity of the buoyancy cloud U, its surface
area A and its buoyancy flux B = ¢’UH have been determined.

Figure 4a shows the normalized experimental velocity U/+/gHo (solid
line) obtained from equation (2) clearly in the deceleration stage and in
good accord with predictions of the thermal theory (dashed line).

The normalized lateral surface A/Ag, defined as A = 7LH, where L and
H are estimated from equation (1), is shown in figure 4b. Beghin et al. (1981)

U
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Figure 3: (a) Nonlinear fit of the shape of the buoyancy cloud by a half-ellipse (run 1). Di-
mensionless height of the cloud (blue line); Dimensionless fit (red dashed-line). Horizontal
axis corresponds to a dimensionless advective time and the vertical axis corresponds to the
dimensionless height. (b) Time position ¢y of the geometric center of the ellipse function
of the along slope position (blue line). The dashed line is deduced from a fit by a power
law following Beghin et al. (1981).

showed experimentally that the surface of the buoyancy cloud increases with
the square of the along slope direction as A = C'(z —|—x0)2, where C' is a
constant defined as C' = 7/16 (S,/S1)* @® and zq is a virtual origin corre-
sponding to A = 0, i.e. 1y = 451/Ssa 1/ Ag/m. The shape factors S; and
S, are estimated assuming a semi-elliptical shape of the buoyancy cloud, and
« is an empirical entrainment coefficient (see also equation 7). This model
is represented by a dashed line in figure 4b revealing a good agreement with
the experimental data in the initial accelerating stage. At X/Lgsinf ~ 2.8,
corresponding to x &~ 34H,, the data suggests that the lateral surface stops
increasing, in accord with previous numerical observations (Dai, 2012, 2013b;
Steenhauer et al., 2017b). In particular, for a slope of 10°, Dai (2012) ob-
served that the semi-elliptical head experiences multiple sporadic reductions
in its height.

As mentioned in the introduction, Maxworthy (2010) explained this be-
haviour as the result of loss of volume (and buoyancy) that takes place during
the descent, induced by large scale vortical structures developing at the back
of the gravity current head, that has been also supported by Dai (2013a,b).

10
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The numerical results from Dai (2013b) are also reported as symbols in figure
?77b: results are within the range of our data and the theoretical prediction
of Maxworthy (2010); however, the lateral surface A increases monotonically
and no decrease is observed.

1.25
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1
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Figure 4: Experimental global characteristics of the buoyancy cloud with Re ~ 1.2 x 10*
(a) Velocity of the geometrical center U from equation (2) of the buoyancy cloud (runs 1
and 2). (b) Lateral surface of the buoyancy cloud function of the along-slope direction for
run 1 with a slope of 15° (red shaded region) and run 2 with a slope of 20° (green shaded
region), and from DNS of Dai (2013b) (symbols). The z axis has been re-normalized by
Lo/ sin.(c) Dimensionless experimental ensemble average of the buoyancy of the cloud B
from equation (3) (black line) and B’ from equation (4) (green line). Red lines represent
the confidence interval. The blue dashed and continuous lines represent the empirical
equation from Beghin et al. (1981) and from Maxworthy (2010) respectively, where the
axis has been rescaled by L/ sin 6.

Figure 5, illustrates the density field at three different = positions. In
(a), at &, = 2.2 m, the buoyancy cloud is well fitted by the half-elliptic
shape, with a very active back vortex incorporating ambient water at the
back of the cloud. On figure 5(b), at z, = 2.3 m, a larger interfacial shear
instability develops which begins to separate the back of the cloud, as seen
later in (c): there is clearly a loss of volume and mass at the back of the
cloud. This phenomenon is observed in all the experiments, although with
variable intensity, and confirms the suggestion of Maxworthy (2010) and Dai
(2013a) to explain the observed decrease of buoyancy in the second stage of
propagation of the cloud down the slope.

Steenhauer et al. (2017) observed a variation in the development of the
lateral surface at z ~ 35H, for slopes larger than 30°. They showed that
for sufficiently large distances from the source, the normalized sub-volume

11
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containing mixed fluid (which is linearly related to the lateral surface A)
starts decaying for any value of the slope 6 related to a strong dilution of the
sub-volume. Defining a constant, C representing the ratio between mixed
and unmixed fluid, they observed that smaller values of Cj corresponded to
extended regions in which the lateral surface A increases linearly with x and
trends in the variation of A with x are similar for any value of C.

The buoyancy of the semi-elliptical cloud is shown in figure 4c, defined as

00 tp
B = U/ (/ g’5cdt) dz, (3)
0 tn

where ty and tp are respectively the time at a given distance = at which
the nose and the back of the ellipse appears, respectively, and J,. is the Dirac
function. Note that this definition of the buoyancy differs from that of Max-
worthy (2010) by a factor of 1/pg, which is cancelled out in figure 4c since
it is normalized with the initial buoyancy. From the figure, it emerges that
at (x/Lg)sin® = 2.2 the buoyancy of the cloud is about 60% of the initial
buoyancy, demonstrating that during the descent buoyancy has been left be-
hind in the tail. For this value of the buoyancy, thermal theory predicts
a velocity 84% of the predicted velocity, which explains the lower velocity
(88%) reported in figure 4a. For comparison, we also report the conservation
of buoyancy from Beghin et al. (1981) (dashed line in figure 4c). Maxworthy
and Nokes (2007) and Maxworthy (2010) showed that the buoyancy of the
cloud is not conserved in the deceleration stage of the density cloud. For a
slope angle of 10.6°, they showed that the buoyancy of the cloud reaches a
maximum of about 43%B, for x ~ (10 — 13)H, and decreases afterwards.
This is represented as a continuous line in figure 4c and we see that the
descent of our data follows the trend of Maxworthy (2010).

The theoretical solution of Maxworthy (2010) however underestimates
our reported values (60% versus 43%), which may be imputed by the differ-
ent definition of the buoyancy threshold within the cloud or by the different
quantities used for its estimation: in our case the buoyancy has been obtained
by instantaneous velocity and density measurements, and not from dye con-
centration measurements.Dai (2013a) derived a power-law relationship which
enables to estimate the fraction of heavy fluid in the lock that is contained
within the head, x, via x = [Ky;/Kp]13, where K is parameter which has
been determined by several measurements in previous studies (Beghin et al.
(1981), Hoult (1972), Huppert and Simpson (1980), Marino et al. (2005)),
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whereas a theoretical derivation of Kp is given in Dai (2013a) (cf. equa-
tion (1.7) therein). The theoretical estimations of Dai (2013a) were also in
good agreement with the measurements of Beghin et al. (1981), predicting
values of = 0.75 for slope angles below 5° and =~ 0.82 for slope angles of 9°
(Dai, 2013c). These values are much higher than those predicted by Max-
worthy (2010) and this difference was explained by erroneous estimations of
the model constant K and/or a different definition of the head dye concen-
tration threshold. If we estimate the model constant with our values using
equation (1.7) in Dai (2013a), we obtain Kp = 3.8, resulting in x ~ 0.63
for K, = 2.45 (Beghin et al., 1981), which is in good agreement with the
reported values in figure 4c of 0.6.

Figure 5: Density field at three different x positions for run 1. Non-linear fit of the shape
of the buoyancy cloud using a half-ellipse (red dashed line). Horizontal axis corresponds
to the advective time.

In order to assure that the results do not depend on the definition chosen
to determine the buoyancy of the cloud, it has also been estimated directly
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using the combined PIV/PLIF data as follows

[e%s) tp
B = / (/ u(z,t)g’écdt> dz = B%, (4)
0 tN U

where u(z,t) is the local velocity from the PIV and U, the velocity of the
centre of mass of the buoyancy cloud. The buoyancy B’ is shown in figure
4c as a green line, revealing that both estimations for B and B’ give similar
results: the ensemble average of B’ is slightly smaller than that of B because
the geometric velocity U overestimates the velocity of the centre of mass of
the cloud.

3.2. Interior structure

Figures 6 (a,b) show the mean structure of the buoyancy cloud with
the black arrows representing the velocity difference between the ensemble
average of the instantaneous velocity (¢) and the ensemble average of the
velocity of the gravity center (dg) of the buoyancy cloud. The density for
[Ap/p]; = 5% 1073 in (a) and the mean vorticity (w, = 2% — 29) in (b) are
highlighted by the colormaps.

Clearly, the density within the cloud is not homogeneous and at the back
of the head, a large-scale vortex appears, associated to a downward vertical
velocity at the outer edge of the density cloud and an upward vertical velocity
in the central area of the head, with evident regions convectively unstable
(cf. colormap in figure 6a). Such a large scale vortex structure has been
already observed in the literature (e.g. Beghin and Brugnot, 1983; Dai, 2013a;
Hampton, 1972). This vortex is composed of much lighter water (=~ 4%g;)
as compared to the frontal part at the nose (=~ 12%g;), entrained from the
ambient. The size of the large-scale vortex is of the order of the maximum
depth of the buoyancy cloud. The averaged reduced gravity within the cloud
is about 6%gy, thus 60% of the initial value, during the considered space-time
interval when observations were taken.

Figure 6(b) shows that the vorticity is negative at the interface between
the buoyancy cloud and the ambient water and positive in the bottom bound-
ary layer of the buoyancy cloud. The high values of the vorticity on the back
of the buoyancy cloud confirms the presence of the large-scale vortex. High
positive vorticity is observed at the nose of the buoyancy cloud, highlight-
ing the presence of Kelvin-Helmholtz like structures on the frontal part of
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These results also highlight that a variety of different turbulent processes

w0 take place inside the density cloud: the large-scale and small-scale convective
1 motions which become locally unstable in the core of the cloud, shear tur-
sz bulence as Kelvin-Helmholtz instabilities at the boundary with the ambient
33 fluid, as also observed and quantified by Balasubramanian and Zhong (2018),

Figure 6: Mean structure of the buoyancy cloud for run 2 with the velocity (@) — (ip)
(black arrows) and (i) being the velocity of the gravity center of the buoyancy cloud.

are highlighted by the colormaps.

The density for [Ap/p], =5 x 10
37 scale vortex within the buoyancy cloud, induced by enhanced vertical shear

36 the head (Martin and Garc
18 generated by the vortex itself.
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and boundary layer instabilities at the bottom boundaries, which all concur
to the dilution of the cloud.

4. Entrainment

Two phenomena responsible for entrainment can be distinguished (cf fig-
ure 6): the first is induced by the large scale vortex (of typical scale of the
order of H) that engulfs ambient water within the full cloud, and the sec-
ond is due to small scale (shear) instabilities of typical scale of the order of
~ 1 cm that develop at the contours of the buoyancy cloud with the ambient
water and entraining locally.

The conservation of mass for the buoyancy cloud can be expressed using
the model of the thermal theory considering the temporal variation of the
lateral surface A:

DA

= AUT 5

Dt~ (5)
where o« = —W/U, is the entrainment coefficient, W is the average entrain-

ment velocity across the contour I' corresponding to the buoyancy cloud
interface with the ambient water, assuming a 2D flow. This formulation ne-
glects the variations of density, that can be assumed valid for small Ap/p.
More rigorously, the conservation of mass across the control volume repre-
senting the density cloud, can be expressed as

_D —
—// pds :/ Ve (pu)ds + // pOyvds, (6)
Dt ] Js, Sr Sr

where Vp - @ = Oyu+ 0w is the divergence of the velocity in the (z, z) plane.
Assuming the flow to be primarily two-dimensional, the last term on the right
hand side of equation (6) can be neglected, so that the local mass flux can
be directly estimated across the interface between the buoyancy cloud and
the surrounding ambient. The entrainment coefficient o used in the thermal
theory can be then written as

1 1
o= —— - Tidl fdlz j{ i - ndl, 7
Pon;p / r poUC Fp (@)

where the circulation integral in the latter equation can be replaced by the
surface integral using the Green’s theorem

fpa*-ﬁdzz/ Vp - (pil) ds. (8)
T Sr
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Figure 7: Entrainment coefficient. Coefficient deduced from equations (7) and (8) (black
line) and its spatial average (horizontal dashed line); constant coefficient proposed by
Beghin et al. (1981) (horizontal red line).

Figure 7 displays the entrainment coefficient deduced from equations (7)
and (8). The observed sign fluctuations of « in figure 7 are of the order of the
spatial average (cf. dashed line in figure 7) and correspond to entrainment
(positive) and detrainment (negative). For comparison, the constant entrain-
ment coefficient proposed by Beghin et al. (1981) is also reported (continuous
line).

Odier et al. (2012) suggested a quantitative measure of local entrainment
and detrainment derived from observed conditional correlations of density
fluxes to fluctuations of density p’ or of the vertical velocity w’.

Figure 8 shows the two-dimensional probability density functions (PDF)
of p/ versus p'w’ for the initial development phase where the lateral surface
of the buoyancy cloud increases (a) and for the second stage characterized
by a decreasing lateral surface of the buoyancy cloud (b). The right part of
the plots corresponds to the stabilizing return to neutral buoyancy, while the
top left quadrant corresponds to entrainment, and the bottom left quadrant
to detrainment. It is evident comparing the two figures, that most of the
entrainment takes place in the initial development phase of the density cloud,
while detrainment is dominant during the second phase characterized by the
detachment of the back of the cloud.
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Figure 8: Two-dimensional PDFs of the density flux versus the density fluctuations. (a)
During the increasing phase of A/Ay (run 3). (b) During the decreasing phase of A/A,
(runs 1 and 2.

5. Turbulent fluxes

The results in section 3 have shown that a variety of turbulent motions
characterize the internal structure of the density cloud. Turbulent motions
are usually not solved explicitly in numerical models and thus they need to
be parameterized (e.g. Madec, 2015).Vertical turbulent fluxes are generally
assumed to depend linearly on the gradients of large-scale quantities.

The eddy viscosity 14 is used in the momentum equation to parameterize

the Reynolds stress such as:
ou
) = - (5 )

A frequently used turbulence closure for mixing in ocean or atmospheric cir-
culation models is to assume a linear relation between the vertical buoyancy
flux and the density gradients. This relation defines a diapycnal turbulent
diffusivity K, that can be written as

i) =k, (3) (10)
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Figure 9: Turbulent diffusivity (logiom?/s) in the buoyancy cloud. v; (a); K, with stable
stratification (b).

Maps of the turbulent diffusivities are shown in figure 9, with v, in (a)
and K, in (b). v, and K, present the same order of magnitude, with high
values (> 107* m?s™!) within the large-scale vortex and smaller values (<
107° m?s™!) close to the nose and at the bottom. Their spatial structure is
however different. Turbulent diffusivities v; are intensified at the edge of the
large-scale vortex and the ambient, whereas diapycnal turbulent diffusivities
K, present the largest values in the core of the large-scale vortex. These
estimations show clearly that the usual hypothesis of a constant diffusivity
for the entire density cloud does not apply, with strong variations of one
order of magnitude.

Prandtl (1925) proposed a mixing length scale £, to relate the Reynolds
stress and the square of the mean velocity vertical shear:

(ol = £ <§—> ()

Similarly, for the buoyancy flux a buoyancy mixing length £, can be defined:

b =232 (55) (12

In figure 10, both parametrizations for the Reynolds stress equations (9)
and (11), respectively (a,c), and for the buoyancy turbulent fluxes as given in
equations (10) and (12), respectively, (b,d), are reported. Two-dimensional
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histograms show the correlation between fluxes and gradients, but no con-
vergence for both models is found.
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Figure 10: Two-dimensional histograms representing the correlation between the Reynolds
stress and the mean gradients. The color scale represents the log;, number of entries in
the histogram. (a) Momentum flux (u'w’) versus the vertical-velocity gradient (9u/0z)
and (b) versus the square of the velocity vertical gradient (Ou/0z)2. (c) Buoyancy flux
(p'w’) versus the vertical density gradient expressed using the Brunt Vaisilaa frequency
N? and (d) versus the square (N?2)2.

Thorpe (1977) proposed a characteristic length scale related to a density
profile in a mixed patch, obtained by adiabatically re-ordering the density
profile in the unstable regions of the water column and estimating the vertical
displacements Az needed for a fluid particle to be moved from the synthetic
stable profile to the observed profile.

A characteristic length scale for the mixing can then be introduced from
the root mean square of the vertical displacements Az over the vertical profile
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of the buoyancy cloud such as Ly = 4/ (AZ)Q, where - corresponds to the
vertical average operator. Dillon (1980) showed that this length scale can be
related to the Ozmidov scale Lo as

Lo = 0.8Lr, (13)

where the Ozmidov scale Lo is defined as Lo = €/2N—3/2. Herein, ¢ the
dissipation rate and N the Brunt-Vaisala frequency. By combining the equa-
tion (13) with the expression of L given above, the dissipation rate can be
written as:

e = 0.64L3.N°. (14)

Osborn (1980) showed that the turbulent diffusivity is limited by the dissi-
pation rate following the equation

(w'p’) 2 2
K,=—-—-<0.2¢/N*~0.13L5N. (15)

" {0:p) !
Barry et al. (2001) proposed also two equations to estimate the turbulent
diffusivity depending of the buoyancy Reynolds number Re, = ¢/(vN?) =

0.64L2N/v
092K ) ®Re, for 10 < Re, < 300, (16)
* ) 24(2K o) 3 Rey®  for Rey > 300,

where K,,, is the molecular diffusivity of salt in water. Combining the
equations (14) and (16) leads to

_Jo6(Pr)"BLEN  for 10 < Re, < 300, (17)
77 21(LENV2/Pr)'® for Rey > 300,

where Pr = v/ K, is the Prandtl number of the fluid.

Figure 11a displays the turbulent diffusivity deduced using the Thorpe
scale Lr. The light-gray dots are estimated following the Osborn equation
(15) and the red dashed-line is the vertical running mean of these points with
a window size of 0.05z/H. The black dots are estimated following the Barry
et al. (2001) equations (17) and the red line is the vertical running mean of
these points with a window size of 0.05z/H. The vertical green line is the

vertical average of the diapycnal turbulent diffusivity following Barry et al.
(2001).
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In figure 11b the turbulent diffusivity is estimated using equation (10)
(black stars), where the continuous vertical green line represents the vertical
average. Both methods (figure 11(a,b)) give a similar distribution with the
same order of magnitude.

These results suggest that neither the mixing model based on the Prandtl
scale £ nor the model based on the Thorpe scale L deliver a reliable relation
to parametrize turbulent fluxes.
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Figure 11: Diapycnal turbulent diffusivity X, (m?/s) from an instantaneous vertical den-
sity profile at the back of the buoyancy cloud using (a) The light-gray dots are estimated
following the Osborn equation (15) and the red dashed-line is the vertical running mean
of these points with a window size of 0.05z/H. The black dots are estimated following the
Barry et al. (2001) equations (17) and the red line is the vertical running mean of these
points with a window size of 0.05z/H. The vertical green line is the vertical average of
the diapycnal turbulent diffusivity following Barry et al. (2001). (b) K, estimated from
equation (10) (black stars) and the associated vertical average (vertical green line).

6. Summary and conclusions

An experimental investigation of finite volume gravity currents down a
slope released from a lock has been performed using combined PIV and
PLIF measurement techniques to obtain two-dimensional velocity and den-
sity fields.

Experiments were focused on the deceleration region of the buoyancy
cloud at a distance z > 10H, from the initial volume reservoir. Based on
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the high resolved simultaneous velocity-density data, it is verified that the
existing theoretical models of Beghin et al. (1981); Dai (2013a); Maxworthy
(2010) are suitable for predicting the global characteristics of the cloud prop-
agation (front propagation, lateral surface and buoyancy), with exception of
the buoyancy variations that have to be corrected from Maxworthy (2010)
using the coefficients given in the theoretical model of Dai (2013a).

The measurements showed the complex turbulent structure of the cloud
with the back of the buoyancy cloud being hydrostatically unstable with
the associated Thorpe scale larger than at the front of the cloud. Large
patches of ambient fluid are engulfed into the cloud, especially at the back
of the head due to a large scale recirculation vortex, that causes convectively
unstable small-scale structures within the head and subsequent intense dilu-
tion. Smaller scale instabilities at the limiting edge between the head and the
ambient fluid also contributes to local mixing and dilution, such as Kelvin-
Helmholtz instabilities.

Using the combined velocity and density data and by averaging the buoy-
ancy cloud along its descent, turbulent fluxes has been estimated revealing
that the usual parameterization laws based on the assumption of a constant
turbulent diffusivity or a constant turbulent mixing length do not work prop-
erly. These results apply for lock-release density clouds propagating down
steep slopes, and in particular for the head of the gravity current, which
present high spatial and temporal hetereogenity. The tail behind the passage
of the head in case of continuous supply, or even some lock released grav-
ity currents propagating on horizontal boundaries, has shown to be rather
stationary and homogeneous, present self-similarity and can be treated with
a good approximation as a stratified shear layer, as given by the measure-
ments of Odier et al. (2012, 2014). The turbulent closure models based on
mixing length scales (e.g. Prandtl 1925) revealed to work reasonably well
in such cases. Spatial hetereogenity has been also reported for spatially de-
veloping gravity currents (Martin et al., 2019; Negretti et al., 2017). In this
latter case however, turbulent diffusivities can be defined distinctively in the
defined spatial regions, that can be identified using for example the inter-
nal Froude number or the bulk Richardson number (a study is currently in
progress on this aspect).

The high spatio-temporal anisotropy of downslope density clouds over
steep slopes makes it challenging to find a correct parametrization using
closure models based on the turbulent viscosity v; that depend on the spa-
tial variables. Our results show clearly that none of the parametrizations
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proposed in the literature can properly represent turbulent diffusivities for
downslope propagating density clouds. The fact that in figure 10 the his-
tograms show no correlation between the turbulent fluxes and a mixing
length, the strong vertical variations shown in figure 11 using the formu-
lation of Osborn (1980) and Barry et al. (2001), comes from the fact that for
downslope propagating buoyancy clouds over steep slopes there are several
characteristic scales, which are set by the multiplicity of turbulent processes
that take place, along with their intermittency. These are convective unsta-
ble processes (inside the cloud), Kelvin-Helmholtz (shear) instabilities (at the
edge with the ambient fluid) and lobes and clefts instabilities (not observed
in this study). Under these conditions, mixing scales go from the small con-
vectively unstable scales, the Kelvin-Helmholtz scales, up to the large scale
recirculation vortex, which is of the same order of the size of the cloud itself,
as also highlighted in figure 9.

The parametrization of the turbulent diffusivities should be based rather
on scalar quantities that avoid the problem of spatial hetereogenity and takes
into account the different sources of turbulence production. This could be
done for example using energetic considerations that compare the terms hav-
ing a definite exchange of energy and acts as a source or a sink: the shear
production deriving its energy from the mean flow (Fy), the buoyancy pro-
duction representing the rate at which turbulent kinetic energy is consumed
in mixing, but also aliments the production of kinetic energy for downslope
propagating currents (P), and the viscous dissipation of turbulent kinetic
energy (€), governed by the balance P, + P, = e¢. Each of these three terms,
can be represented by a characteristic length scale of shear (L), of buoy-
ancy, as for example the Monin-Obukhov or the Ozmidov scales (L) and a
dissipation scale (L), as proposed earlier in Bradshaw (1969).

The use of the energy budget approach has also the advantage to permit
extending the results to similarly spatially hetereogeneous non-conservative
currents such as turbidity currents or katabatic flows, where the additional
source/sink of buoyancy can be added following the suspension/deposition
of fluid particles - in turbidity currents - or the presence of a local thermal
flux in katabatic flows.

Additional investigations are needed to test the appropriate turbulent
closure for these flows based on the above described energy approach, which
is left for future work.

24



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

Declarations

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgements

This work has been supported by the LabEx Tec 21 (Investissements
d’Avenir - grant agreement n°ANR-11-LABX-0030). We are grateful to A.
Di Rienzo for her support in conducting the experiments. Special thanks
go to H. Bellot, C. Eymond-Gris, M. Lagauzere, L. Vignal, S. Viboud, T.
Valran for technical support in the experiments. Special thanks go to E.J.
Hopfinger, C. Staquet and M. Rastello for useful discussions.

Appendix A. PLIF calibration

Optical flow diagnostics techniques in a stratified environment require
closely matching the refraction indices of the dense and light fluids. This is
generally achieved by the use of salt water for the heavy fluid and ethanol
water mixture for the light fluid. However, as shown by Daviero et al (2001),
the refractive index variations in stratified flows can be neglected if the salt
and dye concentrations remain below thresholds values (Ap < 20 kgm ™3, ¢y <
70 pg/l), which is the case in our study with Ap =5 kgm™3,¢y =5 ug/l.

For an excitation illumination Iy(r, 8), with (r, ) being the position along
a radius and an angle of the laser sheet, and with no absorption along the
laser path, there is a linear relationship between the intensity of fluorescence
emission and the dye concentration, consistent with our measurements at
dye concentrations ranging from 0 to 53.8 pg/l. For low laser intensities
(Crimaldi, 2008), the pixel grey scale values at each location in the fluores-
cence image, go(r, 8,1), are linearly related to the dye concentration at that
location, ¢(r, 8,t), and to Iy(r, B) via

go(r, B,¢) = Tly(r, B)c(r, B,t) + gu(r, B), (A.1)

where g,(r, 3) is the background noise or camera dark-response. The con-
stant I' accounts for the system-specific optical collection efficiency and the
effective quantum yield of the fluorescent dye. Here the subscript ‘0 de-
notes the case without absorption. The values of I'Iy(r, 5) and g,(r, B) are
determined from a calibration procedure detailed below.
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When laser light passes through the test section, the dye solution attenu-
ates the laser intensity and this attenuation must be corrected to obtain ac-
curate dye concentrations from PLIF images (e.g., Atsavapranee and Gharib,
1997; Ferrier et al., 1993; Krug et al., 2013; Odier et al., 2014). In the present
set-up, the propagation of the laser sheet in the field of view is along the r
axis. According to the Bouguer—Lambert—Beer law, the laser intensity in
such an absorbing medium is

1(r,8,t) = Io(r, B)a(r, B, ¢) (A.2)

a = exp (— <aw7" + e/r c(r', B, t)dr’ + e /T cs(r’,ﬂ,t)dr’)) (A.3)
0 0

_ . Cs,0 " / /
= exp( <awr+ <e+es @ ) /0 c(r,ﬁ,t)dr))

where a = «(r, 3, ¢) is the attenuation along ray paths due to solution
absorption. a,, is the clear water attenuation coefficient, € is the attenuation
coefficient of the dyed solution per unit concentration, €, is the attenuation
coefficient of the salt solution per unit of salinity and c,(r/, 3,t) is the salt
concentration of the water. The recorded greyscale value is then g(r, 5, ¢) =
CI(r,B,c)e(r, B,t) + go(r, B). Substituting eq. (A.2) into this last equation
leads to

with

g(r,8,¢) =TIy(r, B)al(r, 8, c)c(r, B,t) + gu(r, B). (A4)

The PLIF calibration was done before and after each experiment. The
main tank was filled with Rhodamine 6G with uniform known concentrations
(c=0,3.8,7.7,15.4, 30.8, 38.5, 46.2 and 53.8 ug/l). The zero concentration
measurement gives the camera dark-response g(r, 5). For uniform known
concentrations ¢ and for a given angle /3, equation (A.4) gives

g(r,c)g — gu(r)s = TIo(r) s exp[l — (ec + ay)r]e, (A.5)
where g5(1)s = g(r)s|e=0. For (ec + a,)r < 1 and assuming Io(r)s ~ Agr™?
far from the laser source, with Ag being a constant to be determined, the
previous equation can be approximated by the following equation

g(r,c)g — gp(r,c)p ~ FAﬁr_l [1 — (ec+ ay)r]c. (A.6)
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For each angle 3, a non-linear fit of equation (A.6) has been performed to
find the parameters €, a,, and ['Ag. The following attenuation coefficients
has been found: a,, = 2.84+1.7x 103 ecm™, ¢ = 3.24+0.3x 107* (cm pg/1)~!
and (escz(’)()) ~ 1.4 x107% (em pg/l) ! < e

Finally, the non-dimensional dynamic density is related to the measured
dye concentration by p(r, 8,t) = ¢(r, 8,t)/co.
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