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Abstract

Turbulent plumes are fascinating to study in large part due to the ability to see the eddies and structures that comprise the
exterior structure as they develop in space and time. We perform a laboratory study in which positively buoyant turbulent
plumes are generated in a quiescent water tank. Buoyancy is varied by modifying the relative percentages of isopropyl alcohol
to water in a mixture placed in a head tank. Photographs captured at steady frame rates record the evolution of the plume as
it develops in time and space. A custom algorithm tracks the visible exterior outline of the plume, from which eddies and
structures can be identified along the interface between the plume fluid and ambient fluid. Statistical analyses are performed
to characterize differences in the distributions of external structures to study their dependence on relative buoyancy between
the fluids. Spectral analysis of the edge signal of the plume reveals a —2.2 slope, indicative of the range of eddy lengths that
comprise turbulent plumes. We explore the relationship between buoyancy with both the plume front velocity and plume
spread angle. We find the front velocities to be functions of both the buoyancy and source Reynolds number. However, the

spread angles were found to vary only with buoyancy of the plumes, thus proportional to their Richardson numbers.

1 Introduction
1.1 Motivation

From hydrothermal vents at the ocean floor to chimney
smokestacks in the atmosphere, turbulent plumes are found
in many natural and industrial scenarios. Understanding
the transport mechanisms of plumes is important in hazard
management, especially in situations such as underwater oil
blowout wells or volcanic ash cloud eruptions. Using the
volcanic ash cloud as an example, detailed in situ velocity
and concentration measurements of the ash cloud are often
prohibitively difficult to collect. Thus, real-time predictions
of the fate of the ash remain particularly elusive. By contrast,
video recordings in the field can be readily accessible. While
field videos may not necessarily show fine scale transport
and mixing, they can clearly show large-scale structures
(e.g., eddies, billows, cauliform structures) that comprise
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the exterior structure of the plume, examples of which are
shown in Fig. 1.

Numerous scientists have explored visual large-scale
structures of plumes in order to obtain detailed information
regarding plume behavior and characteristics. For example,
Kitamura and Sumita (2011) used the change in shape and
regime on-set times to constrain the buoyancy of the plume,
Chojnicki et al. (2014) correlated the morphology of buoyant
jets with sources of momentum flux, and Clarke et al. (2009)
estimated the erupted mass using video analysis of plume
front velocity. We aim to add to this literature by investigat-
ing the size distribution of the visual structures comprising
the plume exterior. We explore correlations between the
dimensions of these external features with the turbulence
and buoyancy that drive entrainment and structure formation
from the source. By determining relationships linking plume
source conditions with their resultant physical structures, we
will be able to inform improvements to models that predict
fate and transport of natural and anthropogenic plumes from
remote photographic or video recordings.

1.2 Background
A vast literature has been established on the physics of

plumes (e.g., Kuethe 1935; Rouse et al. 1952; Batchelor
1954; Hoult et al. 1969; Turner 1979; Matulka et al. 2014),
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Fig. 1 Cauliform eddy length
identification for Mount St.
Helens eruption, reproduced
from Andrews and Gardner
(2009)

buoyant jets (e.g., Rodi 1982; Chojnicki et al. 2014), par-
ticle-laden jets (e.g., Shannon et al. 2020), particle-laden
plumes (e.g., McConnochie and Cenedese 2023; ODonnell
et al. 2024), and thermals (e.g., Turner 1969), in which a
fluid either rises due to positive buoyancy (i.e., low-density
plume), or sinks due to negative buoyancy (i.e., high den-
sity plume), relative to the surrounding fluid. As buoyant
fluid rises, shear stress is generated between the plume and
ambient. This leads to the development of turbulence, seen
as the formation of eddies, or rotating parcels of fluid of
varying size and velocity. These eddies can nibble or engulf
ambient fluid, thereby entraining relatively quiescent fluid
(assuming a stagnant ambient) into the core of the plume
(Corrsin and Kistler 1955; Westerweel et al. 2005; Philip
and Marusic 2012) and reducing its velocity. Subsequently,
the concentration gradient between the plume and ambient
is reduced, and the plume spreads laterally, often forming a
Gaussian-like distribution of concentration and velocity in
the radial direction (inter alia, Turner 1986). Key takeaways
from prior studies include the notion that plumes entrain
ambient fluid more efficiently than their counterpart momen-
tum-driven jets do (Kaminski et al. 2005; van Reeuwijk and
Craske 2015; Saeed et al. 2022), and that the mechanisms
that provide this efficient means of transport and mixing rely
heavily on interfacial turbulent structures.

Starting plumes, or plumes initiating from zero flux, have
seen considerable laboratory and field attention, as they are
adequate models for many natural and industrial events
including volcanic eruptions and underwater oil well blow-
outs. In early studies, Turner (1962) determined the ratio of
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the front velocity for a starting plume to the velocity of a
steady plume at corresponding heights to be approximately
equal to 0.61. This finding is supported by Scase (2009),
who measured a front velocity ratio of 0.65, and Bhamidi-
pati and Woods (2017), with a value of 0.63, providing a
means for considering plume source or outlet dynamics from
bulk parameters. The shape and spread of plumes provide
insight, albeit limited and imperfect, into the interior driv-
ing dynamics as well as ambient stratification (Turner 1962;
Sparks and Wilson 1982; Sparks 1986). Using quantitative
imaging techniques to look at the coarse outline of a distant
ash cloud in the field, Sparks and Wilson (1982) showed
how the mass flux through a volcano vent could be inferred
from sequential photographs of a starting plume. Models
exist to approximate the volume of ash clouds, based on
two-dimensional images of eruptions from which the overall
plume outline, cloud color, and other features are utilized to
deduce information about the bulk dynamics of the plume
(Sparks and Wilson 1982).

In ash clouds, there is typically a stark visual contrast
between the plume and ambient. As a result, turbulent eddies
comprising the plume structure can be distinguished through
optical techniques. Using video recordings and photographs
of the 1980 Mount St. Helens eruption, Andrews and Gard-
ner (2009) used quantitative imaging techniques with feature
tracking of image series to measure the turbulent velocity
field of the plume exterior during its rise. Due to shadows
and bulges highlighting cauliform structures of turbulent
eddies, there was sufficient variation in light intensity to spa-
tially resolve the flow field at different times and locations
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within the eruption. Andrews and Gardner (2009) visually
identified cauliform structures of the front face (i.e., camera
side) of the plume, appearing in photographs as large clus-
ters of turbulent eddies comprising the plume exterior. The
horizontal lengths of these structures are shown in Fig. 1,
indicated by black and white lines superimposed on the pho-
tographs. It was found that these length scales were aligned
with the vent size and boundary layer formation, the latter
of which depends upon eruption velocity conditions, shear
stress between the plume and ambient, and phase of plume
evolution.

To obtain information on detailed characteristics of plumes,
laboratory researchers have leveraged different measurement
techniques to understand the relationship between the structural
evolution and transport processes of a plume. Through the use
of a dye technique, Kitamura and Sumita (2011) categorized the
shape evolution of a buoyant plume. Using different fluid density
as the main driver for the buoyancy flux, Kitamura and Sumita
(2011) observed the evolution of the plume from a finger-like
shape to a plume head that later transformed into a cone-like
self-similar shape. The self-similarity is a result of the entrain-
ment parameter becoming time independent. Rogers and Morris
(2009) followed a similar approach of using a density difference
to form a starting plume. However, they used shadowgraphy in
addition to the dye technique to visualize the plume and analyze
the dependence of the plume structure on the plume Richardson
number (Ri) based on front velocity Uj. Their study reports that
the plume head assumes a confined shape or a dispersed shape
depending on whether Ri > 1or Ri < 1, respectively.

Clarke et al. (2009) leveraged a dye visualization tech-
nique to conduct front velocity conventional analysis. By
tracking the front of a plume produced by injecting a buoy-
ant mixture via a pump into a freshwater tank, they deter-
mined a relationship between the flow front propagation and
the vent conditions. This relationship allowed for estimates
of two important hazard management parameters for vol-
canic events: total mass erupted and vent mass flux as a
function of time. When measured against mass estimates
obtained via independent fieldwork, values obtained using
the Clarke et al. (2009) relationship compare favorably. This
is significant because it means that the evidence needed to
categorize the buoyancy and momentum released for impul-
sive events can be found through the front displacement.
Impulsive events include thermals (releases where buoyancy
drives the flow), puffs (releases where momentum drives the
flow), and releases driven by both buoyancy and momentum
(Clarke et al. 2009).

Instead of tracking the displacement of a single point
as a proxy to determine the velocity of the plume, as is
the case in front velocity video analysis, particle image
velocimetry (PIV; Adrian 1991) allows for determination
of the instantaneous velocity measurements of a cross
section through an entire plume and body of fluid in the

laboratory. Chojnicki et al. (2014) employed PIV in their
jet (i.e., “momentum-driven plume”) research to develop a
simultaneous understanding of the visible plume boundary,
structure and velocity evolution through time. When analyz-
ing the instantaneous velocity fields, they observed large
vortex structures that were present throughout the evolution
of the plume. These structures subsequently influenced the
shape profile of the plume. The vortices became less evident
when the instantaneous velocity field was averaged tempo-
rally, suggesting that the use of an average velocity leads to
a loss of information that could be useful in understanding
the transport mechanisms within the plume, and thereby
emphasizing the critical role of turbulence as an indicator
of plume behavior.

Krug et al. (2014) and Funatani et al. (2004) have used
variations of simultaneous PIV and laser induced fluores-
cence (LIF) to explore the interaction between turbulence,
entrainment, and mixing. Specifically, Funatani et al. (2004)
recreate a temperature driven buoyancy-flux plume and use
simultaneous two-color LIF and PIV to monitor the tempera-
ture and velocity distributions, respectively. The temperature
distribution is then used as a proxy to determine the presence
of entrainment processes in the plume. Effectively, what they
observe is a decrease in temperature as the plume width
grows with increasing distance from the outlet, demonstrat-
ing entrainment of the colder ambient fluid into the plume.
Additionally, they noticed the velocity field of the plume
increasing in width with distance from the nozzle.

A laboratory study of Burridge et al. (2016) considered
the relationship between coherent structures of a steady
dense falling saline turbulent plume edge with the bulk
transport (i.e., mass, momentum, buoyancy) of the plume.
Using fluctuating plume width as a metric of the physical
turbulent structure of the plume (Fig. 2), correlations were
determined linking visual features of the plume outline with
measured entrainment and transport dynamics of known
source conditions. This work used shadowgraphy to deter-
mine velocities of the plume using feature tracking of coher-
ent structures at the outer edge of the plume. Subsequent
laboratory experiments of Bhamidipati and Woods (2017)
explored mechanisms by which starting plumes develop
from zero flux toward steady state, and in particular, how
buoyancy varies in the plume head as opposed to the trailing
body through the use of colored dyes in optical measure-
ments. Thus, spatiotemporal records of starting plumes can
be used to infer steady-state conditions of the bulk velocity
and propagation of the plume.

Recently, Ibarra et al. (2020) employed a combination of
direct flow visualization, schlieren photography, shadowgraph
photography, and PIV to show that an opaque jet flow can
be gauged using visible interface features near the jet exit.
They classify the visible turbulence structures as edge curve
segments and perform discrete Fourier transformations to
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Fig.2 Instantaneous shadow-
graph images (a, b) of a dense
saline plume; average image
intensity (c¢). Red and green
lines (panel a) denote mean
width and fluctuation scale,
respectively; width measure-
ments denoted in panel b;
time-average plume with and
standard deviation denoted by
red and blue lines, respectively,
in panel ¢. Reproduced from
Burridge et al. (2016)

convert their lengths to a measure of magnitude with respect
to the wavenumber of their occurrence. Plotting the non-
dimensionalized curvatures against the non-dimensionalized
wavenumbers, they found that segments with the highest
amplitudes occur at lower wavenumbers, and these dominant
amplitudes fall off at a rate of — 7/3. At higher wavenumbers,
the amplitudes are smaller and fall off at a rate of — 5/3, thus
showing that the smaller structures are decaying at a faster rate
than their larger counterparts.

1.3 Objectives

The main objectives of this research were to develop a meth-
odology for quantifying the distributions and characteristics
of the coherent structures that are visible at the margins of
a plume and to correlate the distributions of exterior physi-
cal structures with the buoyancy conditions of the plume.
Whereas the range of flow and buoyancy conditions explored
in the present study are relatively narrow, it is our aim that
insights obtained from this research can be used to lever-
age remotely acquired videos or photographs as a means
of inferring mass transport and entrainment for natural and
anthropogenic disasters.

We performed a series of laboratory experiments in which
buoyant plumes were generated in a tank of quiescent water;
experimental methods and data collection techniques are
presented in Sect. 2. Quantitative imaging techniques were
used to identify and quantify the structures that comprise the
boundary outlining the visible exterior of the plume, as pre-
sented in Sect. 3. We present quantification of front velocity,
spread angle, and spectra of the plume shape in Sect. 3, and
we conclude our findings in Sect. 4.
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2 Experimental facility
2.1 Apparatus

The experimental facility is located at the Johnson Environ-
mental Turbulence Laboratory (JETlab) at The University of
Texas at Austin Center for Water and the Environment. The
apparatus (Fig. 3) consists of a water tank with an 84.0 cm x
84.0 cm square base, with a 100.0 cm height. The water tank
is filled to a depth of 63 cm with tap water of approximately
20°C. A cylindrical head tank with diameter 35.5 cm sits
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Fig.3 Schematic diagram of experimental facility. Head tank and
tubing filled with fluorescent buoyant mixture; main tank filled with
tap water
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atop the main water tank. The head tank is filled to a height
of approximately 15 cm with a buoyant water-alcohol mix-
ture and is placed above the water tank.

The buoyant fluid in the head tank consists of mixtures
of tap water, 91% isopropyl alcohol for buoyancy, fluores-
cein salt for illumination, and AGSCO Corporation silica
flour with median diameter ds, = 0.252 pm for opacity. By
volume, the percentage of isopropyl alcohol to water ranged
from 10 % to 30 % across tests. The temperature, T,, of the
buoyant fluid is approximately 40 °C. The density of the
buoyant fluid mixture, Pp» Was determined directly in the
laboratory while measuring the ingredients, and the viscos-
ity, u,, of the mixture was measured using a Hydramotion
Viscolite 700 Portable Viscometer. Three different buoyant
solutions were tested, as summarized in Table 1. The relative
dimensionless buoyancy between the plume and ambient
fluids is defined as (p, — p,) /p,, where p, is the density of
the ambient water at 20° C. Values of relative dimensionless
buoyancy range from 2.5 to 6.7 %.

Buoyant fluid was released from the head tank with a
manual spigot and subsequently through a 0.0125 m inner
diameter (d)) clear PVC pipe. The pipe was placed in the
tank corner and directed the fluid across the tank base to its
vertical opening, centered laterally, as depicted in Fig. 3. The
pipe outlet through which plume fluid enters the water tank
is positioned at a height, A, equal to 9.5 cm. Thus, the plume
was generated by a combination of buoyancy (i.e., due to

the reduced density via alcohol and temperature gradient,
relative to the ambient) and head (i.e., placed above the free
surface within the water tank). For each of the three buoy-
ancy conditions, 10 replicate experiments were performed.
However, some experiments had to be discarded due to
inconsistency in data collection, leaving 7 to 8 good trials
for each buoyancy condition. For each test, buoyant fluid was
released for approximately 20 s. The coordinate system is
shown in Fig. 3, with (x, y, z) = (0, 0, 0) at the outlet, with x
pointing upward and y and z pointing laterally (or radially)
outward from the centerline. Velocity components U, V, and
W follow the x, y, and z directions, respectively.

2.2 Measurement techniques

Photographs were recorded at steady frame rates to capture
the structural evolution of the plume exterior (Fig. 4). Black
lights were mounted externally surrounding the tank, in
order for the buoyant plume mixture to sufficiently fluoresce.
This allowed a detailed look at the texture (i.e., cauliform
structures, eddies, billows) that comprise the outermost vis-
ible edge of the plume. Images of the plume were recorded
using an iPhone 13 Pro with the Skyflow Time-lapse Shoot-
ing application with frame rates of 9, 12, and 16 frames per
second in different trials, with a spatial resolution of 3840
pixels by 2160 pixels. Images were recorded over a dura-
tion of 5 s in a 58 cm X 32 cm measurement region. Spatial

Table 1 Components of the buoyant fluid for plume generation. Note that all fluid mixtures used 0.075 g of fluorescein salt and 2.25 g of silica
flour. Alcohol volume refer to the total volume of a 91 % isopropyl alcohol source

Alcohol content (%) Alcohol volume (L) Water volume (L) H, (mPa*s) oy (kg/m3) PrPa (%) T,(°0
P

10 0.95 7.66 1.0 972 2.5 38.9

20 1.89 6.71 1.4 952 4.6 42.4

30 2.84 5.76 1.6 931 6.7 37.7

Fig.4 Photographs of a starting plume; 10 % alcohol mixture
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calibration of pixels to physical dimensions was completed
by taking a photograph of a ruler positioned in the vertical
central plane of the plume, and calibrating pixel distances
accordingly.

2.3 Identification of Eddy Lengths

Various algorithms have been developed by researchers to
track and analyze plume evolution (e.g., Valade et al. 2014;
Bombrun et al. 2018). These algorithms focus primarily on
following the development of parameters that characterize
plume evolution such as plume height, velocity, accelera-
tion, spreading rate, entrainment coefficients, and fine-par-
ticle loading. By contrast, the purpose of the algorithm and
MATLAB code developed herein is to infer the size distri-
bution of the bulging structures at the margins of the plume
over time and space. This is achieved by performing image
analysis on the outer edges of the plume. After detecting the
edges of the plume, the algorithm uses the edge as a signal
to find the sizes of the structures. The sizes of the structures
are determined by calculating the distance between adjacent
peaks in the signal.

0 5 10 0 5 10
y' (cm) y' (cm)

The algorithm for detecting and characterizing eddy
lengths comprising the outer edge of the plume begins by
cropping the plume images to manually assigned dimen-
sions. This splits the plume into two halves, left and right,
enabling independent analysis of each half. Cropping the
images also improves the analysis as the field of view is nar-
rowed to focus on the plume. Next, the images are rotated
to align the plume edge vertically to facilitate subsequent
analysis. The rotated images are assigned a coordinate sys-
tem with x in the vertical direction and y’ in the horizontal
direction.

The images are then converted to grayscale and smoothed
slightly using the medfilt2 and wiener2 functions in MAT-
LAB to remove additional noise. The graythresh function is
used to maximize the contrast of the images (Fig. 5a). This
function automatically determines the brightness threshold
which is used to binarize the image. However, slight adjust-
ments (i.e., up to 20 %) in the thresholds are made manu-
ally to improve accuracy of the extracted outline. The plume
edges are binarized (Fig. 5b), and small features around and
within the plume are removed using a sequence including
the bwareopen, strel, and imclose functions to clean up the

0 5 10
y' (cm)

Fig.5 Processing of photographic images, showing (a) rotation and cropping; (b) binarization; (c) edge detection; and (d) edge cleaning overlain

on sample image
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edge signal. The boundaries of the plume are then identi-
fied using the bwboundaries MATLAB function (Fig. 5.c).
The identified points corresponding to the boundary often
include several “overlapping” or “non-unique” coordinates
in the sense that there are multiple values of x’ for a particu-
lar y’. To determine the final edge coordinates, only the first
instance of such x’ values were considered. A sample set of
points outlining a plume edge is shown in green in Fig. 5.d.

Once the right and left boundary signals are created, the
MATLARB findpeaks function is used to identify peaks (i.e.,
local maxima in the boundary signal; Fig. 6.a). In order to focus
on the more pronounced protruding structures, the peaks identi-
fied by MATLAB are filtered to ensure that they are consistent
with visual evidence in the photographic images. The MinPeak-
Prominence and MinPeakHeight arguments of the findpeaks
function are used to filter out nonsignificant peaks. Furthermore,
a threshold value is assigned to ensure a minimum distance
between two peaks. The algorithm begins the filtering process
by comparing adjacent MATLAB-identified peaks and test-
ing whether both adjacent peaks have a value difference of this
threshold (e.g., 25 to 35 pixels). If the value difference is smaller
than the threshold, the algorithm considers the adjacent peak
to be part of the larger structure and will use the previous peak

— 20

X' (cm

5 10
y' (cm)

Fig. 6 Identification of plume edge peaks (a) without any threshold-
ing, and (b) after establishing filters

as the basis of comparison with the following adjacent peak. If
the value difference with the adjacent peak is equal to or larger
than the threshold, the algorithm considers that peak as the
ending point of the present structure and starting point of the
next structure. The distance between peaks is considered to be
an approximation for the length of the feature (Fig. 6.b). The
drawback of using the peaks automatically identified by MAT-
LAB lies in the possibility of those peaks being located in the
trough between two protruding structures (Fig. 6.a). This is due
to the local maxima criteria embedded in the findpeaks function.
Though this may add a degree of uncertainty in the total number
of structure lengths for the plume, the consistency of the method
experienced across all experiments allows for the observation of
trends in the data. The optimum values for the MinPeakPromi-
nence, MinPeakHeight, and threshold were assigned manually
for each plume outline.

3 Results
3.1 Front velocity analysis

Front velocity, Up, is determined in the early stages of each
test as the plumes initiate their rise through the measure-
ment region. This is accomplished by tracking the uppermost
pixels that comprise the plume outline, indicating the plume
front. Considering the plume front position as a function of
time, an example of which is shown in Fig. 7, we see a linear
increase of front position over time within the measurement
region, as in Rogers and Morris (2009), and therefore steady
front velocity (i.e., slope of plume front position over time).
Thus, we report temporally-averaged values of U across all
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Fig. 7 Evolution of plume fronts in time. The dotted lines represent
the line of best fit for each trial
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trials in Table 2, along with their standard deviation, o, for
each record.

To estimate the outlet velocity, we rely on empirical rela-
tionships linking front velocity with steady plume veloc-
ity (recall, e.g., Bhamidipati and Woods 2017; Scase 2009;
Turner 1962), such that U, = U, /0.63. With estimates
for outlet velocity, we compute Reynolds and Richardson
numbers at the outlet. We determine the Reynolds number
as Re = pmdo/y. The Richardson number is defined as

Ri=g'd, /702, where reduced gravity g’ = g(p, = p,)/ P
and g is gravitational acceleration. The calculated param-
eters for the experimental cases are presented in Table 2.
All quantities presented in the table are the average metrics
from the right and left sides of the plume, except for the
spread angle 6, which is expressed as the sum of the values
from both sides.

The front velocity follows a peculiar trend with increasing
alcohol content in the buoyant fluid mixture. The mean front
velocity for the 2.5 % relative buoyancy tests (case 1) is low-
est at approximately 30 cm/s. The 4.6 % relative buoyancy
tests (case 2) produced the highest mean front velocity at
approximately 43 cm/s, while it is slightly lower for the 6.7
% relative buoyancy tests (case 3) at around 40 cm/s. For
the three cases, Re was evaluated to be approximately 5740,
5830, and 4680, respectively, with increasing buoyancy
between cases. We initially expected the velocity (and conse-
quently, Re) for the trials with the greatest relative buoyancy
to be maximum, as in Kitamura and Sumita (2011). While
a decrease in the density of the plume mixture results in a
greater buoyancy gradient, and therefore, likely, a faster rise
velocity, the experimental setup is such that the buoyant fluid
is stored in a head tank above the facility. As the relative
buoyancy increases, the reduction in pressure head suggests
U, should decrease. Therefore, there is a trade-off in regards
to how the plume density and pressure head directly affect
the front velocity (and in turn, U, Re, and Ri).

From visual observations, the plume initially appears to
be relatively smooth upon exiting the pipe. We then find
turbulent structures start appearing at the plume edges at
distances approximately 2 to 4 cm from the source in all
cases, indicating a departure from the smooth vertical flow
(Fig. 8). To estimate an approximate value at which this
transition occurs, we calculate the distance of the first peak

point appearing at a plume edge (e.g., the lowermost point
of Fig. 6b) from the start of the plume, as it denotes the start
of the first identified turbulent structure. Upon averaging
these values for all the trials in a case, we obtain distances
of 2.20 cm, 2.25 cm, and 2.22 cm for the 2.5 %, 4.6 %, and
6.7 % buoyancy cases, respectively. While the differences
between these locations are very small, they follow the trend
of the source velocity.

3.2 Plume Spreading

To calculate the spread angles of the plumes, we first
determine the lines of best fit for the plume outlines. The
angle between this line and the plume centerline can thus
be identified as the spread angle of the plume. Considering
that a linear fit is not necessarily the best fit for all of the
plume outlines, only those images with root-mean-square
error (RMSE) values between the line of best fit and plume
edge lower than the average RMSE values were considered
for analysis in a trial. Figure 9 shows a sample image for
determining spread angle. The half angles of the plume for
the different cases were found to range from 7 to 8° in all
the three cases, when averaged across all images within
the trial (i.e., 45 to 80 images). These values are lower
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Fig.8 Plume outlines evolving in time of Trial 2 (left side) of the
4.6% relative buoyancy case

Table 2 Flow parameters of the buoyant starting plumes, as determined from analysis of photographs. Values shown are averaged across all tri-

als for each relative density

(p, — pl,)/pa (%) U (cmls) oy, (cm/s) Re ORe Ri ORi 05 (°) 0y, ©) M,

2.5 29.8 8.0 5740 1540 1.63 0.83 16.1 0.74 —2.26
4.6 43.2 10.3 5830 1390 1.41 0.75 14.9 0.57 —2.22
6.7 40.5 4.4 4680 500 2.04 0.39 14.3 0.95 —2.21
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Fig.9 Determination of spread angle. Red line denotes the line of
best fit to the plume edge signal, blue line is the plume centerline, and
dotted white line is the parallel to the vertical axis for reference

than the reported range of 10.2° + 1.72° by Kitamura and
Sumita (2011). The total spread angles were found to be
16.25°,14.94°, and 14.28° for the 2.5 %, 4.6 %, and 6.7 %
relative buoyancy cases, respectively. We obtained similar
results on measuring the spread angles formed by perform-
ing linear fits of time-averaged images of the different tri-
als, in which we found spread angles of 16.04°, 15.00°, and
14.42° for the three cases, respectively. The averaged values
of the flow parameters are tabulated in Table 2. Intuitively,
we expected the angles to decrease with increasing front
velocities. The front velocities of cases 2 and 3 are notably
higher than case 1, leading to the difference in spread angles
being relatively significant. However, the spread angle for
case 3 is smaller than case 2, even with a lower front velocity

than case 2. We presume this is the result of the relatively
high Ri or influence of buoyancy in the case 3 trials, which
led to the spread angle being lower than case 2. Consider-
ing that the entrainment coefficient is an essential aspect
of plumes (McConnochie et al. 2021), empirical relations
relating spread angle to the plume entrainment coefficient as
provided in Lee and Chu (2003) can be used to determine the
entrainment coefficients of the plume in the different cases.

3.3 Statistical Characterization of Eddy Lengths

To understand the structural evolution of the plume, the dis-
tribution of the structure sizes were analyzed using statistical
methods. The three questions guiding the analysis for the
evolution of the structure size distribution are as follows:

1. Does the distribution of the structure lengths change
over time?

2. What distribution best fits the size distribution of the
structures that occur at the interface between the plume
and the ambient fluid?

3. Does the distribution change for plumes with different
initial buoyancy conditions or Reynolds number?

To determine time-dependence of the structure lengths,
we plotted box plots for the structure sizes as the plume
evolves in time (Fig. 10). However, no distinct trend for the
change in structure sizes over time was found. We observed
this behavior in all trials for all buoyancy conditions, which
led to the conclusion that the structure size distributions
are not time-dependent, even in the early stages of plume
development.

As mentioned in Sect. 2.3, the eddy lengths are char-
acterized as the distance between two consecutive peaks
identified on the plume outline. For all trials across the
different cases, the distribution of the structure sizes was
found to be positively skewed. This can be seen in Fig. 11,
which shows the distribution of all the structure sizes for
the trials with 4.6% relative buoyancy. The distribution is
found to be best represented as either log-normal or inverse
Gaussian, which show a negligible difference in the fit
accuracy. We consider the log-normal distribution for this
study as the parameters are relatively simpler to evaluate
than the inverse Gaussian.

Fig. 12 shows the log-normal distributions of the struc-
ture sizes compiled from all buoyancy levels. It can be
seen that the maximum number of structures in all cases
have lengths between 1 and 2 cm. However, there is a vari-
ation in the intensity and width of the distributions. The
structure size distribution is widest for trials with a buoy-
ancy difference of 2.5%, and subsequently narrows for the
6.7 % and 4.6 % trials. Thus, the width of the distribution
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Fig. 10 Box plot of structure sizes for images of a sample trial (4.6
% relative buoyancy, trial 4, right side). The central mark of each box
represents the median structure size, while the lower and upper edges
denote the 25th and 75th percentiles, respectively. The whiskers
extend to the furthest data points within the non-outlier range, with
outliers represented individually by the "+’ symbol
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Fig. 11 Sample distribution and distribution fits of structure sizes
(4.6 % relative buoyancy, trial 2, right side). Red line shows the log-
normal distribution fit over the sample data. Green line with triangle
markers shows the inverse Gaussian fit

is inversely related to the front velocities, implying that the
range of structure sizes in a buoyant plume decreases with
increasing front and thereby source velocities.
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3.4 Spectra of Plume Edge Signals

Given the range of structure lengths presented in the distri-
butions above, we were interested in further exploring the
shape of the edge signal and corresponding distributions of
features comprising the plume outline. Spectra of the edge
signals (e.g., Fig. 5d) were computed using the fast Fou-
rier transform. For a trial, the spectra were computed for
images where the plume reached the top of the measurement
region in order to maintain signals of approximately equal
size; spectra were then ensemble averaged within each trial
(Fig. 13). We then determined the slope (M,,,) of the spectra
by performing linear fits within a select region of wavenum-
ber (k) for each spectrum. The averaged slope across all
the trials was found to be approximately —2.23, following
a log-log scale (see Table 2). The classic -5/3 slope (Kol-
mogorov 1941) is also shown in Fig. 13 for comparison, to
explore whether the edge signal behaves similarly to that of
concentration data within a turbulent plume (e.g., Crimaldi
and Koseff 2001). We are not aware of similar results being
shown for a spectrum computed of a signal outlining the
shape or physical geometry of a turbulent region of flow. We
hypothesize that the deviation from the -5/3 slope may be
due to the presence of bubbles observed inside the plumes
(Fig. 14).

The turbulent kinetic energy of two-phase air-water flows
is known to be influenced by the void fraction of the bub-
bles in the flow. Experimental studies conducted by Lance
and Bataille (1991) show that the hydrodynamic interac-
tion between the bubbles increases with void fraction and
results in a significant transfer of energy to the fluid. This
leads to an increase in the slope of the 1-dimensional spectra
of velocity fluctuations from -5/3 to -8/3. A similar result
was obtained from the experimental studies of Shawkat
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Fig. 13 Sample spectra of the right side plume edge signal of Trial 2
of 4.6% relative buoyancy. Data shown in blue; black indicates best-fit
line with a slope of —2.22; red dashed line indicates -5/3 slope

et al. (2006). Bryant et al. (2009) reported that the slope of
the turbulent energy spectra is lower than -5/3 at the center
of a bubble plume due to the production of turbulence by
bubbles at smaller scales and reduction of energy at larger
scales. The slope recovers to -5/3 toward the edge of the
bubble plume. Considering these results and the observation
that the bubbles were not significant in our experiments,
we hypothesize that the slope of the best fit line obtained
from our experiments would be closer to -5/3 without bub-
bles from air trapped within the pipes that feed the buoyant

Fig. 14 High-contrast image of the plume. Visible bubbles (appearing
as light blue regions) in the plume are outlined in red

fluid. Indeed, from this finding, we find evidence of the tur-
bulence cascade in the eddies and structures that comprise
this dynamic flow.

4 Conclusions

We have developed a new quantitative imaging technique
for studying turbulent plumes that have high visual contrast
relative to their surroundings. By using continuous photo-
graphic imaging of fluorescent-dyed buoyant plumes, we
explored relationships between plume outlet conditions
and the optical features comprising the plume exterior. By
discerning the outermost edge of the plume from 2D pho-
tographs, we investigated the distribution of feature sizes
apparent along the plume outline. We found that the distri-
bution of feature lengths tends to follow a log-normal dis-
tribution. Importantly, we also found that when taking the
spectrum of the edge signal, we find a —2.23 relationship
on a log-log scale. While this differs slightly from the -5/3
relationship observed for spectra of velocity and concentra-
tion signals in turbulent flows, it is similar to observations
of -8/3 slopes observed for spectra of Lance and Bataille
(1991) and Shawkat et al. (2006) measured in 2-phase flows
with air bubbles, and therefore indicative of the distribution
of physical length scales that comprise the exterior structure
of turbulent plumes.

We evaluated front velocities for the different tests and
used empirical relationships to estimate source velocities in
order to determine outlet Reynolds numbers and Richardson
numbers. The front velocity increased as the relative buoy-
ancy between the plume and ambient fluid changed from
2.5 % to 4.6 %, but dropped slightly with a further density
difference of 6.7 %. We attributed this peculiar behavior to
the balance between the density gradient and the available
potential energy for the plume mixture, which have oppos-
ing influences on the outlet velocity. We then estimated the
spread angles and found that while the angles are primarily
sensitive to the front velocities, they are also influenced by
the buoyancy conditions of the plume. The spread angles
decreased with increasing front velocities for first two buoy-
ancy conditions but further decreased in the third condition
with a slightly lower front velocity than the second condi-
tion. We attributed this behavior to the high relative buoy-
ancy of the third case.

The distribution of feature lengths comprising the plume
exterior was found to be functions of the front velocity. Both
the spread angles and ranges of structure sizes decrease with
increasing front velocities. However, the structure lengths
were found to be independent of time of evolution of the
plumes. This work provides a fundamental look at the
dependence of the physical eddies and structures that com-
prise a plume on the driving conditions at the plume outlet,

@ Springer



136 Page 12 of 13

Experiments in Fluids (2024) 65:136

with intended applications where photographs and videos
can be remotely acquired. In order to establish this method
of edge detection and characterization of plume structures,
there is limited variation of the Reynolds and Richardson
numbers in the present study. Future experiments with a
wider range of Re and Ri will be necessary to analyze varia-
tion of the turbulent structures with the presented algorithm.
Further exploration into 3D edge structures coupled with
increased variability in the plume or jet forcing would pro-
vide benefit for understanding the relevance of the turbulent
energy cascade and Kolmogorov spectra in relation to eddies
and coherent structures found in turbulent flows.
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