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Abstract

Flow in the body of gravity currents is typically assumed to be statistically two-dimensional, and cross-stream flow is often
neglected (Simpson 1997; Meiburg et al. 2015). Here, we assess the validity of such assumptions using Shake-the-Box
particle tracking velocimetry measurements of experimental gravity current flows. The resulting instantaneous, volumetric,
whole-field velocity measurements indicate that cross-stream and vertical velocities (and velocity fluctuations) are equivalent
in magnitude and thus are key to energy distribution and dissipation within the flow. Further, the presented data highlight
the limitations of basing conclusions regarding body structure on a single cross-stream plane (particularly if that plane is
central). Spectral analysis and dynamic mode decomposition of the fully three-dimensional, volumetric velocity data sug-
gests internal waves within the current body that are associated with coherent three-dimensional motions in higher Reynolds
number flows. Additionally, a potential critical layer at the height of the downstream velocity maximum is identified.

1 Introduction

Gravity currents are flows driven by gravity, resulting from
a density difference between the current and surrounding
ambient fluids (Simpson 1997; Ungarish 2009). This den-
sity difference could be caused by, for example, the pres-
ence of a temperature difference, suspended sediment, or a
solute. They are a common class of geophysical flow, with
the potential to cause significant environmental damage,
as well as being a key driver of global sediment transport
(Simpson 1997; Kneller and Buckee 2000; Gray et al. 2006).
Therefore, there has been significant experimental (Ellison
and Turner 1959; Middleton 1966; Stacey and Bowen 1988;
Hacker et al. 1996; Hallworth et al. 1996; Kneller et al.
1999; Gray et al. 2005) and numerical (Ozgékmen et al.
2004; Cantero et al. 2007; Meiburg et al. 2015; Hogg et al.
2016) research into their structure and dynamics.

Gravity current flows can be divided into a head and a
body (see Fig. 1). The majority of the existing research has
focused on the head (Hacker et al. 1996; Hallworth et al.
1996; Middleton 1966; Islam and Imran 2010), despite the
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fact that the body often forms by far the largest part of the
flow (Ozsoy et al. 2001; Sumner et al. 2014; Azpiroz-Zabala
et al. 2017), often persisting for hours (or days) or being
quasi-permanent (Simpson 1997; Khripounoff et al. 2003;
Parsons et al. 2007; Sumner et al. 2014; Peakall and Sumner
2015; Azpiroz-Zabala et al. 2017). Despite this, aspects of
body flow remain poorly understood.

The gravity current body may be divided into two lay-
ers by the height of the velocity maximum (Altinakar et al.
1996; Dorrell et al. 2019; Wells and Dorrell 2021). The
upper layer structure, determined by shear between the cur-
rent and ambient fluids and by density stratification, has
been described as similar to that in a wall-bounded jet, while
the lower layer structure is similar to that of an open-channel
flow (Altinakar et al. 1996; Kneller et al. 1999; Sequeiros
et al. 2010). The body is often assumed to be statistically
steady and two-dimensional, as observed by Simpson
(1997), Meiburg et al. (2015), Kneller et al. (2016).

The validity of such assumptions has been questionable.
Existing experimental work on the structure of the gravity
current body has often been based on data from a single
cross-stream plane (Kneller et al. 1997, 1999; Buckee et al.
2001; Gray et al. 2005; Cossu and Wells 2012). Additionally,
while there have been attempts to quantify the magnitude of
cross-stream motions within the gravity current body experi-
mentally (Alahyari and Longmire 1994; Islam and Imran
2010; Krug et al. 2015; Lefauve et al. 2018; Neamtu-Halic
et al. 2019), there are contradictory conclusions regarding
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Fig. 1 Flow visualisation from the work presented in this paper, over-
laid by a gravity current structure as described by Kneller and Buckee
(2000)

their magnitude and significance. Islam and Imran (2010),
for example, suggest that cross-stream velocity should be
considered (as it makes an equivalent contribution to tur-
bulent kinetic energy as does vertical velocity), while Krug
et al. (2015) conclude that cross-stream velocity is small
and can be neglected. Whatever the source of the contra-
diction (for example, differences in flow parameters, spatial
resolution, or position of the measurement region within
the flow), there remain open questions relating to the nature
and magnitude of cross-stream motions within the gravity
current body.

Three-dimensional motions are known to exist in gravity
currents. The numerical works of Espath et al. (2015) and
Dai and Huang (2022), for example, highlight structures and
three-dimensional motions within the head. In the gravity
current body such motions may originate with, for example,
the breakdown of Kelvin—Helmholtz structures behind the
head (Lowe et al. 2002; Cantero et al. 2008; Balasubrama-
nian and Zhong 2018; Pelmard et al. 2020), side-wall effects
in cross-stream constrained flows [such as currents in sub-
marine channels (Peakall and Sumner 2015)], or flow over
three-dimensional bed forms (Paik et al. 2009; Nasr-Azadani
and Meiburg 2014). The simulations of Salinas et al. (2021)
identify three families of hairpin vortex within the body of
supercritical gravity current flows (found near the bed, at
the lower interface, and at the upper interface), with sub-
stantial impact on rate of entrainment. Additionally, in Mar-
shall et al. (2021b, 2021a) large-scale wave-like motions
(postulated to be internal gravity waves) were identified in
two-dimensional PIV measurements and three-dimensional
numerical simulations of gravity current flows. Further, in
Marshall et al. (2021b) it was suggested that these waves
may be forming a critical layer within the flow [a region
where the mean flow speed is similar to the wave phase
speed (Biihler 2014)].

Internal waves interacting with a critical layer could
transfer momentum to the mean flow (Dorrell et al. 2019),
causing local acceleration and questioning the assump-
tion of a statistically steady flow. Further, wave break-
ing at a critical layer would reinforce an eddy transport
barrier resulting from sharp density gradients across the
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velocity maximum (Dorrell et al. 2019). This would in
turn sharpen the density profile, and maintain the current/
ambient interface over larger distances than previously
thought. However, this eddy transport barrier cannot exist
in a purely two-dimensional flow, instead requiring cross-
stream flow and density variations (Dorrell et al. 2019).
This highlights the importance of considering not only
cross-stream velocity, but fully three-dimensional volu-
metric flow measurements.

In this paper, Shake-the-Box particle tracking veloci-
metry (Schanz et al. 2013, 2015, 2016; Tan et al. 2019)
is used to generate instantaneous, whole-field, three-
dimensional velocity measurements of a constant-influx
gravity current. These measurements are used to discuss
the three-dimensional nature of the current body, and to
further quantify body structure. Specifically, the key aims
are to assess whether: (i) neglecting cross-stream flow in
the gravity current body is justifiable, (ii) any wave-like
structures are present, (iii) any structures identified are
associated with three-dimensional motions, and (iv) the
nature of identified structures is affected by increased
Reynolds number.

2 Methodology
2.1 The experimental setup

The experiments in this work consist of constant-influx, sol-
ute-based gravity current flows in a tank 0.1m wide, 0.2m
deep, and 2m long (see schematic in Fig. 2). The raised sec-
tions at either end capture air entrained through the inlet
or outlet, and the 0.5m drop above the outlet prolongs the
body section of the flow by slowing the rate of current fluid
pollution into the ambient fluid. In order to prevent the for-
mation of bubbles on the lid of the tank, the bed slope is set
to 0.1°. Initially, the tank is filled with ambient fluid (a 6%
by mass solution of glycerol (GLY)). Dense fluid (a 6% by
mass solution of potassium dihydrogen phosphate (KDP))
is then pumped in through the inlet at a constant rate using a
positive-displacement gear pump to provide a steady inflow
with an inverter to control the flow rate. A coarse mesh, with
holes of diameter 7.8mm, is fitted over the inlet to provide
a homogeneous inflow. Before entering the tank, the dense
fluid passes through a bubble trap (a 1m long, 0.1m diameter
cylinder mostly filled with dense fluid but with an air gap
at the top) to remove air entrained by the gear pump. The
airtight design results in fluid flowing through the outlet at
the same rate that it is pumped through the inlet by the gear
pump. Black aluminium polyethylene composite panels are
used to cover the back and top of the tank to improve the
image quality.
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Fig.2 Schematic of the STB >  Ambient
setup —

fill inlet

10m ;
(0.0254m
diameter)
<—— Bubble
trap
=
0.1m

Table 1 Details of the density, p, kinematic viscosity, v, and refrac-
tive index, n, of 6% by mass solutions of ambient (glycerol) and dense
(potassium dihydrogen phosphate) solutes in tap water at 20°, from
Haynes (2014)

p (kg m™) v (m?s7h) n
Glycerol (ambient fluid) 1012.0 1.14 x 107 1.3400
Potassium dihydrogen 1041.4 1.09x 10-° 1.3400

phosphate (current fluid)

2.2 Refractive index matching

The experimental fluids, which have a density difference of
3% (see Table 1), are mixed in two 150L mixing tanks. The
two fluids, as well as a mixture of the two, are refractive
index matched as required for optical techniques such as
PIV and STB (Alahyari and Longmire 1994). The density
and refractive index of each fluid are tested using both a
Reichert AR200 digital refractometer and an Anton Paar
DMA™ 35 Basic density meter, and the temperature is mon-
itored. To be deemed refractive index matched, the fluids are
required to be equal to the value in Table 1 to the precision
of the refractometer (5 significant figures) and consistent
across 3 readings at least 5 min apart. While temperature
differences result in variations, density was always within
the range 1012.9 + 0.1kg m™ for the glycerol solution and
1041.5 + 0.5kg m~ for the KDP. Selecting a single pair of
refractive index matched fluids ensures that the viscosity is
as similar as possible between cases; however, the depth-
averaged Froude number is restricted to sub-critical flow.

2.3 The Shake-the-Box system

Shake-the-Box particle tracking velocimetry (STB) is used
to generate instantaneous three-dimensional volumetric
measurements of velocity (Schanz et al. 2016; Wieneke
2012). This method consists of adding seeding particles to
the flow, and repeatedly photographing an illuminated vol-
ume at a known time interval using a synchronised array of
cameras with overlapping fields of view. Particle positions

01m,02m Air

6 mm thick
full-width

Bed slope
0

Measurement region 0.9m

Outlet
(0.051m ;
diameter) i

Table 2 Details of the average particle diameter, dp, density, p, con-
centration of seeding used in each fluid (GLY/KDP), and estimates of
Stokes velocity W,), and relaxation time (z,) for the seeding particles
used (fluorescent Cospheric polyethylene microspheres UVPMS-BO—
1.00)

dp (um) p (kg m) Conc?)ntration U, (m A
(gL”

0.020/0.033

Seeding 138 1000 3x10™* 9.2x10™*

are reconstructed using triangulation and by extrapolation
of particle tracks identified from previous timesteps.

The seeding particles used in this work are fluorescent
Cospheric polyethylene microspheres UVPMS-BO—1.00
(F1). Table 2 includes details of these particles, the con-
centrations used in this work, and estimates of the Stokes
velocity and relaxation times for the particles demon-
strating that they are suitable for use as seeding in these
experiments.

A volume within the flow is illuminated using a LaVision
Blue LED-Flashlight 300. The images are captured using a
LaVision MiniShaker TR-L that captures 0.275m horizon-
tally, 0.15m vertically, and to within Smm of the side walls.
The location of this measurement volume is shown in Fig. 2.
A filter with a cut-off at wavelength 610nm is applied to each
camera to reduce the effect of reflections from the perspex
walls.

Image collection begins several seconds before the cur-
rent head reaches the measurement region. Data collection
is limited by the RAM capacity of the acquisition com-
puter. The duration of measurement is therefore restricted
to either 25s or 50s depending on whether image collection
is at 100Hz or 50Hz (see Table 3), requiring O(10GB) RAM.
The binned velocity field is on a grid with spatial resolution
2.6mm X 2.6mm X 2.6mm. Image calibration is done using
a LaVision 106-10 double-sided calibration plate on the bot-
tom surface of the tank in a central cross-stream location and
approximately central within the measurement region in the
downstream direction. The three-dimensional velocity field
is reconstructed using the STB algorithm in LaVision DaVis
10.0.5 and 10.1.0.

@ Springer



63 Page4of16

Experiments in Fluids (2023) 64:63

2.4 The experimental cases

A series of experiments are conducted to establish the effect
of Reynolds number on the three-dimensional structure of
the gravity current body. These cases cover a range of influx
values (Q) determined by the pump. The lowest and highest
influx cases are dictated by the minimum (Q = 0.032L s_l)
and maximum (Q = 0.148L s™!) stable settings of the pump,
with a third intermediate value (Q = 0.082L s™1). The details
of the influx and collection frequency for each STB case are
shown in Table 3. For each case, a Reynolds and densimetric
Froude number can be calculated based on characteristic
velocity and length scales. As in Marshall et al. (2021b),
these characteristic scales are calculated based on averaged
profiles from the body of the flow.

Body data are defined as in Marshall et al. (2021b) by
measuring the time taken for the current front to cross the
measurement region, and then waiting that length of time
again before averaging over downstream locations and time.
For all cases in this work, this definition leads to consist-
ent downstream velocity averages whether calculated over
S5s or 20s suggesting that the data are approximately quasi-
steady. Profiles of downstream velocity averaged over all
downstream locations and time within the body are shown in
Fig. 3. Except for the lowest Reynolds number case (which
has positive flow in the ambient, possibly as a result of an air
valve not being fully closed), all cases have the same aver-
aged structure. Vertical location is non-dimensionalised by
subtracting the average height of the velocity maximum and
dividing by the Ellison and Turner integral length scale (L,.),
and downstream velocity by dividing by maximum average
downstream velocity (U,),

Fig.3 a Downstream veloc-

Table 3 Details of the influx and time between images for each STB
case

Case 1 2 3
Influx (L s7%) 0.032 0.082 0.148
At (ms7h 20 10 10
Y-Y-
Yt = Umax’X*=£’2*=£’
L. L. L.
U* = 2 V* = 1 VV>k = E
U’ U’ U’
- \2 (H
(/ 0w)
Lo=——F7,
[ U2dy
UC = Ul'l'l'dX

(where L is the height of the tank, and U is the mean veloc-
ity relative to that in the ambient). This non-dimension-
alisation collapses the downstream velocity profiles, and
therefore, L. and U, are considered suitable characteris-
tic length and velocity scales for calculation of Reynolds
number (Re = U,L,./v) and densimetric Froude number
(Frp = UC/\/g’_LC, where g’ is the reduced gravity). Note
that the Ellison and Turner length scale is different from the
current height, which is defined to be where the averaged
downstream velocity U = 0. As the kinematic viscosities of
the experimental fluids are similar, the viscosity of the dense
fluid was used for calculation of flow Reynolds number. A
characteristic time scale can also be defined from the char-
acteristic length and velocity scales, t, = L./U,. The Reyn-
olds and Froude numbers resulting from these characteristic

. . . 0.15 3
ity and b non-dimensional | I
downstream velocity, averaged Re = 1341, Frp =0.35 Re = 1341, Frp = 0.35
over all downstream locations |l — — = Re = 2743, Frp =061 25 — — —Re=2743, Frp =0.61]
and body timesteps on a central ; Re = 4606, Frp =0.74 ‘ Re = 4606, Frp = 0.74
Z* =0 plane ‘ o L
01 | 1 |
[
— \ 15t
8 | x \
b \ 1t
0.05 N 1
>~ - 0.5
=~ ~
~ L
N 0
-
0 — -0.5
0 . 0.05 0.1 0 0.5 1
U(ms™) U
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Table 4 Characteristic velocity, U, —Emax, length, L., and time,
t., scales, along with the Reynolds, Re = U,L,./v, and densimetric

Froude, Fr,, = U,/+/g' L, numbers for each STB case

Case U, (ms™h L, (m) t.(s) Re Fryp
0.037 0.039 1.06 1341 0.35
0.069 0.043 0.63 2743 0.61

3 0.093 0.054 0.58 4606 0.74

scales (shown in Table 4) are output parameters, for which a
doubling of influx does not result in a doubling of Reynolds
number.

3 Results
3.1 Flow on a central slice

Figures 4 and 5 show instantaneous plots of veloc-
ity (U, V, W) and velocity fluctuations from the mean
(U'=U-U,V'=V-V, and W =W —W) at central
cross-stream and downstream locations over time. In all
cases, the vertical velocity has a similar structure of alter-
nating positive/negative regions, though the magnitude of
the velocity increases significantly with Reynolds number,
as does the frequency of the motions. In the lowest Reynolds
number case these regions are less well defined.

As well as the magnitude of cross-stream velocity
increasing with increased Reynolds number, the structure
changes. In the lowest Reynolds number case, cross-stream
velocity takes the form of low magnitude bands. As Reyn-
olds number increases, the structure becomes similar to that
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Fig.4 (left) Downstream, (middle) vertical, and (right) cross-stream velocities from the STB cases on a central cross-stream slice
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Fig.5 Instantaneous dimensionless fluctuations in (left) downstream (middle) vertical and (right) cross-stream velocities in the gravity current

body from the STB cases on a central Z* = 0 cross-stream slice
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of the vertical velocity—alternating regions of positive and
negative velocity. The pairs of cases with similar Reynolds
number always have similar structure. Figure 5 demonstrates
that in every case the magnitude of the cross-stream veloc-
ity fluctuations, W’, is equivalent to those in the vertical
velocity, suggesting that it may not be reasonable to neglect
cross-stream flow as often assumed (Simpson 1997; Meiburg
et al. 2015).

Figure 6a shows the two-dimensional turbulent kinetic
energies on this central slice,

ki, = 0.5(U" + V'), 2)

These averaged turbulent kinetic energies have a similar
structure to those in the existing literature (Buckee et al.
2001; Gray et al. 2006; Islam and Imran 2010; Cossu and
Wells 2012) and those presented in Marshall et al. (2021b),
with a local minimum close to the velocity maximum and a
local maximum between the velocity maximum and current
height. In the highest Reynolds number cases, there is an
additional local maximum just above the velocity maximum.
The difference in magnitude between cases (for example,
the low magnitude in the Re = 2743 case) may be linked to
the time-dependent nature of the data, which can be seen in
the instantaneous turbulent kinetic energy plots in Fig. 6b.
The instantaneous turbulent kinetic energy is intermittent
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Fig.6 Plots of (a) @ = 0.5(U*2 + V*12), downstream location over time. The solid horizontal line indicates

Ky, = 0.5(U*2 + V2 4+ W*2), and K, —g on a central cross-
stream slice (where (-) indicates that the data are averaged over all
downstream locations and body timesteps) for each of the STB cases,
and (b) instantaneous (left) k3, and (right) k3, — k3, data at a central
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the height of the current on the central cross-stream slice (defined as
where downstream velocity changes from positive to negative), and
the dot-dash line the height of the average velocity maximum on the
central cross-stream slice
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(particularly at higher Reynolds numbers) suggesting that
averaging leads to a loss of information about the structure
of the flow.

The three-dimensional velocity measurements presented
allow consideration of the effect of cross-stream velocity on
the calculation of turbulent kinetic energy,

Ky = 0.5(U*2 + V2 + W), 3)

Figure 6a shows the difference between the two- and three-
dimensional calculations. The profiles have almost the same
structure in every case—the biggest contributions being at
the height of the velocity maximum (where the contribu-
tion from W* is equivalent in magnitude to the contribu-
tions from U* and V*'), and a smaller increase at the current
height. This hides some significant structural differences
between cases (Fig. 6b). At the lowest Reynolds number,
the contribution at the current height decreases over time,
and that at the velocity maximum increases. However, the
contributions are relatively consistent. As Reynolds number
increases, the effect of cross-stream velocity at the velocity
maximum becomes intermittent, and the contribution at the
current height no longer decreases over time.

3.2 Alternative slices

Figure 7 shows downstream velocity, averaged over time and
downstream locations, for a variety of cross-stream loca-
tions covering the central half of the tank. For all cases,
moving towards the walls decreases the average magnitude
of the downstream velocity of the flow as a result of wall
drag. This effect is reduced as Reynolds number increases,
with little difference between the central profile and that at
Z* = (.25 for the highest Reynolds number case. This may
be a result of greater variability in cross-stream velocity.
Figure 8 shows velocity fluctuations at Z* = (0.5 and a central

downstream location over time. Compared with Fig. 5, the
velocity fluctuations have broadly similar structure and
amplitude regardless of the plane considered for each case.

Figure 9 shows flow on X—Z planes over time at the height
of maximum downstream velocity at a central downstream
location, and the fluctuations from the mean calculated by
averaging over all body timesteps. Again, these plots dem-
onstrate that the magnitude of cross-stream and vertical
velocities and velocity fluctuations are equivalent. As Reyn-
olds number increases, there are significant changes in the
velocity components. For the lowest Reynolds number case,
the cross-stream velocity shows the fluid moving towards
the centre of the measurement region at this height. There
is a clear separation of positive and negative cross-stream
velocities along a line close to the cross-stream centre. As
Reynolds number increases, this separation breaks down,
and the centreline has alternating positive/negative regions.
By the highest Reynolds number case, the centreline is far
less clear in the cross-stream velocity plots.

There are alternating regions of positive and negative ver-
tical velocity in every case. However, as Reynolds number
increases, their structure changes. In the lowest Reynolds
number case, the negative vertical velocity motions are con-
centrated towards the side walls and are smaller in magni-
tude than the higher Reynolds number cases. Some of these
do not extend across the full domain width. The intermediate
Reynolds number case has alternating regions of positive
and negative vertical velocity that are concentrated in the
centre of the domain. In the highest Reynolds number case,
these regions are smaller, less regular, and are not limited
to the centreline.

3 3 3
\“ Z'=0 7 =0 P
257 | Z'=0.25 25 Z'=0.25 25 Z'=0.25
Z"=0. Z'= Z'=
2 05 5 0.5 ol | 05
— o) =)
3 15 = 15 3 15t
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I ] ) ] ) ]
] Q o L
~ S~ ~
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Fig. 7 Comparisons of average downstream velocity profiles at a central downstream location averaged over all body timesteps for cross-stream

locations Z* = 0, 0.25 and 0.5
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3.3 The three-dimensional structure of coherent

motions

Dynamic mode decomposition (Schmid 2010; Tu et al. 2014;
Kou and Zhang 2017) is performed on all three components
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responds to a particular Reynolds number case, with the upper row
being U*, V*, and W* and the lower row being U*, V*, and W*

of velocity in the entire volume simultaneously to give a

three-dimensional representation of the coherent struc-
tures. As in Marshall et al. (2021b), all velocity compo-

nents and timesteps are combined into a single matrix such
that dynamic mode decomposition is applied to all data
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simultaneously. In order for this to be computationally real-
istic, the dimensionality of the data must be reduced. There-
fore, the data are cropped to just above the current height
and alternating downstream locations are discarded. Singu-
lar value decomposition is carried out using the MATLAB
svd function with the ‘econ’ parameter (to further reduce
computational data dimensionality) (MATLAB 2020). To
carry out dynamic mode decomposition using the MATLAB
functions selected, there cannot be any missing data points.
In the Re = 2743 and Re = 4606 cases, the vast majority of
missing data are at the edges of the illuminated volume. As
this can be rectified by removing the edge rows or columns
with missing data, with small gaps internal to the measure-
ment region filled in using linear interpolation through the
MATLAB interp function (MATLAB 2020), frequency
analysis is applied to these two cases and not the Re = 1341
case. This lower Reynolds number case has more experimen-
tal noise, particularly in the cross-stream velocity measure-
ments, and more missing data (possibly as a result of less
even distribution of the seeding particles, a greater differ-
ence in refractive index between the fluids, or less optimal
timestep or reconstruction settings).

As in Marshall et al. (2021b), the modes with signifi-
cant contribution to the flow are identified using a combi-
nation of Fourier transform, wavelet decomposition, and
dynamic mode amplitude. Figure 10 shows the amplitudes
of the dynamic modes, and Figs. 11 and 12 show the Fourier
transform and wavelet decomposition of the velocity data.
The Fourier transform is performed over time both on data
at central downstream and cross-stream locations, and at a
central downstream location and the height of the velocity
maximum. The wavelet decomposition is performed on data
at a central downstream and cross-stream location, and at
both the height of the velocity maximum and the height of

maximum negative shear. Combining the FFT, wavelet, and
dynamic mode amplitude plots, the frequencies of motions
with significant impact on the flow, their vertical position
within the flow, and the time scales over which they affect
the flow can be identified.

Figure 11 identifies a mode with frequency 0.40Hz in the
Re = 2743 case. This mode is primarily seen in the vertical
velocity plots, above the height of the downstream velocity
maximum (around the height of maximum negative shear).
The motion is concentrated in the cross-stream centre of the
domain but extends throughout the domain width, and is
present throughout the flow duration. The Re = 4606 case
contains a broader range of frequencies, and frequencies
with significant cross-stream FFT amplitude. In particular, a
mode with frequency 0.80Hz is identified. Again, this mode
is at the height of the velocity maximum and concentrated
in the cross-stream centre of the flow. However, the motions
extend less far in the cross-stream direction and unlike the
0.40Hz mode, it is seen equally in the downstream and cross-
stream FFT and becomes more significant in the wavelet
decomposition over time.

Visualisation of the dynamic modes illuminates the
structure of the dominant motions for each case. Figures 13
and 14 illustrate the downstream, vertical, and cross-stream
motions associated with a mode at each Reynolds number.
The other dynamic modes from each case have similar struc-
ture. In both cases, the dynamic mode shows motions at
the expected position within the flow. For the Re = 2743
mode, the vertical velocities extend further across the
domain width than the Re = 4606 mode. Considering the
velocity streamlines, the Re = 4606 mode is associated
with full-width three-dimensional coherent motions (i.e.
motions with equivalent magnitude in the cross-stream
and vertical directions) not clearly visible in the Re = 2743

Fig. 10 Dynamic mode ampli- 1.8
tudes for the (left) Re = 2743,
and (right) Re = 4606 cases,
with red circles to highlight the
modes illustrated later in the 16|
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Fig. 11 Plots of data from the Re = 2743 case: a FFT of downstream,
vertical, and cross-stream velocities (top) at a central cross-stream
and downstream location and (bottom) at a central downstream loca-
tion and the height of the downstream velocity maximum, and b

mode streamlines. The downstream and vertical velocities
on the central cross-stream slice have very similar structure
to those modes identified in the planar PIV data (Marshall
et al. (2021b)), suggesting that similar motions are being
identified in both data sets.

In order to establish whether these motions are due to
gravity, as in Marshall et al. (2021b) a heuristic estimate of
the Brunt—Viisili frequency is obtained,

g dp
- R 4
po dY @

where g is the acceleration due to gravity, p is the aver-
age density profile, and p,, is taken to be the mean of the
glycerol and KDP densities. The average density profile is
estimated as in Marshall et al. (2021b). Specifically, excess
density (p, = p — p,, Where p, is the excess density, and
p, = 1012kg m~ is the density of the ambient fluid) is esti-
mated to be constant both above the current height (where
p. = 01is assumed) and below the velocity maximum (where
p, is estimated by requiring conservation of excess density

@ Springer

wavelet transform of velocity components at a central cross-stream
and downstream location and (top) the height of the velocity maxi-
mum, and (bottom) the height of maximum negative shear. The blue
lines in (b) represent the ‘cone of influence’ of the wavelet spectrum

flux between the inlet and the data) with a linear distribution
between the two. Inlet density flux (F,) is estimated by mul-
tiplying fluid influx and the excess density of the dense fluid.
In order to maintain comparability between this work and
that in Marshall et al. (2021b), the excess density flux from
the data (F,) is estimated by considering the downstream
velocity and density profiles only on a central cross-stream
plane,

_—7"=0
Fe = WT pU dYa (5)

where W, is the width of the tank. Excess density below
the velocity maximum is estimated by requiring F, = F,
(Table 5).

The Brunt—Viisélé frequency, N, is the upper bound on
the angular frequency of internal waves due to buoyancy. A
Doppler shift due to the mean flow must be applied,

Nps = N + Upk. ©)
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Fig. 12 Plots of data from the Re = 4606 case: a FFT of downstream,
vertical, and cross-stream velocities (top) at a central cross-stream
and vertical location and (bottom) at a central downstream location
and the height of the velocity maximum, and b wavelet transform of

where Ny is the frequency measured by a stationary
observer, U, is the mean flow at the height of the wave, and
k the wavenumber, which is here taken to be the downstream
wavenumber k, as all observed waves propagate downstream.
Details of the frequency, wavelength (estimated by inspect-
ing the velocities in Figs. 13 and 14), wave speed, and Dop-
pler shifted buoyancy frequency for each mode are shown in
Table 6, along with a comparison of the measured frequency
and the upper limit on the expected mode frequency and
the wave speed and measured flow speed at the height of
the wave. For the Re = 2743 case, the mode height is above
the velocity maximum (here estimated to be the height of
maximum negative shear, though this is subjective), while
the Re = 4606 waves are at the height of the velocity maxi-
mum. Given that the density profile is estimated rather than
observed, and the wavelengths are approximated by inspect-
ing mode plots such as Figs. 13 and 14, the observed fre-
quencies for all cases are on the right order of magnitude for
the modes to be considered internal waves due to gravity.
Additionally, given the approximations involved in the wave
height and mode wavelength, the estimated wave speed is

velocity components at a central cross-stream and downstream loca-
tion and (top) the height of the velocity maximum, and (bottom) the
height of maximum negative shear. The blue lines in (b) represent the
‘cone of influence’ of the wavelet spectrum

very close to the measured flow speed at the height of the
wave. This indicates the possible presence of a critical layer
in the flow at the height of the velocity maximum.

4 Discussion

The data presented calls into question some commonly
made assumptions about the structure of the gravity cur-
rent body, for example, suggesting that a single plane might
not be sufficient to fully characterise the flow. As shown in
Fig. 9, this is particularly true of the cross-stream centreline
(used in, for example, Islam and Imran (2010); Marshall
et al. (2021b); Gray et al. (2006)), which is not representa-
tive of the flow in general and the cross-stream velocity in
particular (especially in the lowest Reynolds number case).
The level of cross-stream variations in the flow (as shown
in Fig. 9) suggests that even selecting a non-central plane is
not sufficient to understand body structure, being unable to
capture, for example, the cross-stream motions associated
with structures present in the highest Reynolds number case
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Fig. 13 a Slices showing the structure of (left) downstream, (left-cen- with frequency 0.40Hz, and three-dimensional isocontours of b the
tre) vertical, (centre-right) cross-stream velocities, and (right) two- downstream, ¢ vertical, and d cross-stream velocities associated with
dimensional velocity streamlines on (top) a central cross-stream slice, this mode

and (bottom) a slice at Y* = 0.3 for a mode from the Re = 2743 case

Pu Pv Piv

(b) (c) (d)
Fig. 14 a Slices showing the structure of (left) downstream, (left- case with frequency 0.81Hz, and three-dimensional isocontours of b
centre) vertical, (centre-right) cross-stream velocities, and (right) the downstream, ¢ vertical, and d cross-stream velocities associated
two-dimensional velocity streamlines on (top) a central cross-stream with this mode

slice, and (bottom) a slice at Y* = 0 for a mode from the Re = 4606
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Table 5 Details of the inlet

1
excess density flux F; calculated Q(Ls™) 0.082  0.148
by taking the product of the Fykgs™) 0.0024 0.0044
fluid influx and the excess E;nax (ke m_3) 135 14.0

density of the KDP, and the
estimated maximum excess
density within the body
calculated by requiring F; = F,
(where F, is defined in (5))

(Figs. 12 and 14). While concerns around cross-stream cen-
treline data could be linked to the relatively narrow domain
of this work, the aspect ratio of the presented currents is
comparable with that of previous works quantifying veloc-
ity structure in the current body (Islam and Imran 2010;
Gray et al. 2006; Cossu and Wells 2012). When investigating
these flows, it is therefore advisable to consider if not volu-
metric measurements then at least multiple planes.
Similarly, there are temporal and spatial (including
cross-stream) variations in the velocity and turbulent
kinetic energy data (as shown in Figs. 4, 6, and 9), sug-
gesting that averaged values are not sufficient to fully
characterise the body. These variations echo the velocity
and density variations observed in Marshall et al. (2021b,
2021a) and demonstrate averaging risks underestimating
the importance of some parameters, for example, fluc-
tuations in cross-stream velocity, and overlooking fea-
tures with significant implications for flow dynamics, for
example, internal wave-like structures. Additionally, the
presented data suggest that cross-stream flow should not
be neglected when discussing the gravity current body.
While the alternating positive/negative regions of vertical
and cross-stream velocities lead to small averaged values,
the magnitudes of instantaneous vertical and cross-stream
velocity and velocity fluctuations are significant and equiv-
alent (Figs. 5, 8, and 9). Vertical and cross-stream veloci-
ties therefore have significant and equivalent contribution
to the calculation of turbulent kinetic energy. Crucially
the significance of cross-stream velocity fluctuations var-
ies as a function of height, being most prominent at the
height of the velocity maximum (as shown in Fig. 6a).
At this height, the contribution of cross-stream velocity
to turbulent kinetic energy is equivalent in magnitude to

Table 6 Details of the frequency (f), angular frequency (w), wave-
length (4), wavenumber (k,), flow velocity at the estimated wave
height (U,), estimated Brunt—Viisild frequency (), Doppler shifted
estimated Brunt—Viisila frequency (Npy), the ratio of @ and Ny, the

the contributions of downstream and vertical velocities
combined.

It has previously been recognised that the height of
the downstream velocity maximum is associated with a
local minimum of turbulent kinetic energy when only two
velocity components are considered (Buckee et al. 2001)
(also evident in the data presented here, Fig. 6a). In Buc-
kee et al. (2001), it was suggested that this low level of
turbulent kinetic energy, combined with strong stratifica-
tion, could cause a slow diffusion zone. This would slow
mass transport both within the lower part of the current
and across the velocity maximum, explaining observed
stepped density profiles (Buckee et al. 2001; Ellison and
Turner 1959; Garcia and Parker 1993). However, the data
presented here highlight that when the third velocity com-
ponent is taken into account, the level of turbulent kinetic
energy at the height of the downstream velocity maximum
rises significantly (Fig. 6a). Therefore, an alternative
explanation is needed for the observed stepped profiles.
Here, we propose internal waves interacting with a criti-
cal layer.

Fourier transforms, wavelet transforms, and dynamic
mode decomposition (Figs. 11, 12, 13, and 14) have been
used to quantify structures in the body of gravity current
flows. Excepting the lowest Reynolds number case here, the
gravity current body has been shown to contain wave-like
structures. These are similar to those observed in Marshall
et al. (2021b) (hypothesised to be internal gravity waves, a
suggestion supported by the 1 /4—wavelength offset between
velocity and density fluctuations observed by Marshall et al.
(2021a)) with the same changes in these waves as Reyn-
olds number is increased (namely wave frequency increases,
and wave position moves towards the velocity maximum).
Peaks in the FFT data suggest that the waves identified in the
Re = 2743 case are primarily associated with downstream
and vertical velocity but not cross-stream (Fig. 11). The
structure is therefore similar to the largely two-dimensional
waves previously observed in the core of stratified plane
channel flows (Garcia-Villalba and del Alamo 201 1; Zonta
and Soldati 2018).

By contrast, the waves identified in the Re = 4606 case
are associated with peaks in the FFT of cross-stream velocity

wave speed (¢ = f4), and the ratio of wave speed to mean flow speed
at the approximate wave height c¢/U,,,, for dynamic modes identified

wave

as having a significant impact on the flow

w

Re f(Hz) w (rad s7h) A (m) k, (m™") U, (m s N (rad s71) Npyg (rad s7h Mon c(ms™ w

2743 0.40 2.51 0.086 73.06 0.0237 1.88 3.88 0.65 0.034 1.43
4606 0.81 5.09 0.13 48.33 0.093 1.74 6.23 0.82 0.11 1.13
4606 1.11 6.99 0.10 62.83 0.093 1.74 7.58 0.92 0.11 1.19
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(Fig. 12). The streamlines of dynamic modes from this case
reveal coherent motions in all three dimensions (with cross-
stream velocities equivalent in magnitude to vertical), with
the mode having a corkscrew-like structure (Fig. 14). This
cross-stream motion may originate with side-wall effects due
to the relatively narrow domain; however, the downstream
velocity profiles in Fig. 7 demonstrate that the highest Reyn-
olds number flow (the only case shown to contain motions
affecting the cross-stream FFT data) is less affected by side
walls than the lower Reynolds number flows. Additionally,
real-world flows may also be at least partly constrained in
the cross-stream direction (for example, turbidity currents
in submarine channels (Peakall and Sumner 2015)). These
data have demonstrated that even at the moderate Reynolds
numbers considered here the flow is unstable to three-dimen-
sional perturbations. The flow could reasonably be expected
to become more three-dimensional as Reynolds number (and
hence turbulence) is increased further, whatever the original
instability triggering the three-dimensionality (such as the
breakdown of Kelvin—-Helmholtz structures (Meiburg et al.
2015) or flow over bed structures (Bhaganagar and Pilla-
lamarri 2017)).

The phase speed of the observed waves has been found
to be approximately equal to the mean flow speed at the
wave height, indicating a critical layer within the body. The
presence of a critical layer, combined with the demonstrated
three-dimensional motions and cross-stream flow variations,
has significant implications for possible flow structure (Mar-
shall et al. 2021b; Dorrell et al. 2019). Wave breaking at the
critical layer has the potential to form a barrier to mixing,
leading to a stepped density profile, maintaining a larger
density difference than expected based on current under-
standing of body flow, and increasing flow speeds and dura-
tion. Additionally, absorption of internal waves at the critical
layer could transfer horizontal momentum to the mean flow,
increasing downstream velocities over time and suggesting
that the assumption of a statistically steady body may not be
valid in long-running flows.

5 Conclusions

The gravity current body has often been described using
averaged properties and investigated through measure-
ments taken at a single cross-stream location. The influ-
ence of cross-stream flow has typically been neglected,
with few seeking to quantify the magnitude and structure of
three-dimensional motions within the body. In this paper,
Shake-the-Box particle tracking velocimetry has been used
to generate instantaneous, three-dimensional, volumetric
measurements of velocity in constant-influx solute-based
gravity current flows. The measurements call into question

@ Springer

these key assumptions regarding body flow and bring to light
structures with significant implications for flow dynamics.

The presented velocity measurements illustrate that cross-
stream and vertical velocities (and velocity fluctuations) in
the body are equivalent in magnitude. Therefore, cross-
stream velocity should not be neglected (particularly at the
height of the velocity maximum). Additionally, the flow var-
ies both over time (in some cases with a regular pattern) and
in the cross-stream direction. Averaging these properties, or
relying on data gathered exclusively at a single cross-stream
location (particularly the cross-stream centreline), therefore
leads to an inaccurate impression of flow structure. Some of
the structures identified in this work, for example, have been
shown to be associated with cross-stream motions that would
not be captured exclusively using averages or data from a
single cross-stream location.

Analysis of the presented velocity data though Fourier
transforms, wavelet transforms, and dynamic mode decom-
position led to the identification of wave-like structures
(some with three-dimensional corkscrew-like motions)
within the body that may be forming a critical layer near
height of the downstream velocity maximum. The presence
of three-dimensional motions is significant, as the potential
for internal waves interacting with a critical layer to rein-
force an eddy transport barrier (with associated implica-
tions such as sharper density profiles, and maintenance of
the density difference over larger distances than previously
anticipated) requires three-dimensional motions and cross-
stream density gradients within the flow. While density
measurements were beyond the scope of this investigation,
the observed three-dimensional structures suggest that an
eddy transport barrier is a possibility (particularly in higher
Reynolds number flows).
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