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Experiments
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Supervisor: James E. Gardner

During some explosive volcanic eruptions, multiple pyroclastic density currents have
been produced within a short time span of each other and flowed through the same area. This
creates the potential for the currents to interact, specifically in a way where a leading current is
produced, and then a similar trailing current is produced a short time later and possibly flows
into the leading current. The leading current, having changed the ambient surroundings from
normal air, may then have an effect on the dynamics and behavior of the trailing current. To
examine this effect, we designed scaled experiments to produce an analogue leading current and
a trailing current that flows into it. The experiments took place in both an air medium and a
water medium. The results of the experiments showed that the behavior of the trailing current
may change as a result of interacting with the leading current. After certain intervals of time
between currents, the trailing current had a longer final runout distance compared to the leading
current it flowed through. This is caused by the presence of a plume created by the leading
current when it reverses buoyancy. At intermediate heights above the bed, after moderate
amounts of time between currents, the leading plume is less dense than the newly created trailing
plume, and the trailing current cannot rise, and the momentum stays in the body of the trailing
current. This accelerates the trailing current, which decreases sedimentation rate, and allows the

current to runout to a greater distance before lifting off. At low heights and great heights above

Vi



the bed, the leading plume is denser than the trailing plume, and the trailing plume can then rise
without impediment. In natural pyroclastic density currents, the magnitude by which the leading

current affects the trailing current depends on the rise time of the leading plume.
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Introduction

Pyroclastic density currents (PDCs) are mixtures of volcano-produced particles and hot
gas (Branney and Kokelaar, 2002; Druitt, 1998). They are hot, dense, fast moving currents, and
are the most dangerous phenomenon of an explosive volcanic eruption (Baxter et al., 2017, 2005;
Benage et al., 2016; Druitt, 1998). Three different causes of PDCs exist: eruption column
collapse during a Plinian eruption, partial lava dome collapse, and lateral blast (Behncke et al.,
2003; Branney and Kokelaar, 2002; Gorshkov, 1959; Gorshkov and Dubik, 1970; Hoblitt, 2000;
Lipman and Mullineaux, 1980; Woods and Wohletz, 1991). PDCs are composed of two parts: a
dense, ground-hugging undercurrent, and a dilute, upper surge, which sometimes may decouple
into separate currents (Bourdier and Abdurachman, 2001; Burgisser and Bergantz, 2002; Druitt,
1998; Saucedo et al., 2002). PDCs typically have a finite runout distance from the volcano, at
which point they become buoyant and lift-off, creating a co-ignimbrite column (also known as a
phoenix cloud) that rises into the atmosphere, sometimes dozens of kilometers (Andrews and
Manga, 2012, 2011; Branney and Kokelaar, 2002; Bursik and Woods, 1996; Hoblitt, 2000;
Sparks et al., 1993; Sparks and Walker, 1977; Woods and Bursik, 1994; Woods and Wohletz,
1991). They become buoyant through sedimentation and air entrainment. As the current
progresses, it deposits its particle load, decreasing its mass. At the same time, turbulent eddies
on the outer margins of the current entrain cold, ambient air, which heats and expands, increasing
volume of the current. The combination of sedimentation and entrainment eventually leads to
the current becoming buoyant and lifting off, reaching a finite runout distance (Andrews, 2014;

Calder et al., 1997; Sher and Woods, 2017; Sparks et al., 1993; Woods and Bursik, 1994).



During certain volcanic eruptions, evidence suggests that some PDCs erupt closely in
time and space, such that there exists the possibility for one PDC to flow into another and
interact with it (Table 1). During these eruptions, currents are generated within minutes of each
other and flow along the same topography, such as the same valley, ghaut, or stream channel.
For example, a leading current may flow down a valley, and a trailing current generated a few
minutes later flows down the same valley, catching up to the leading current and flows into it.
Most of these types of currents are relatively small, generated from dome-collapse or column-
collapse events, and, with the possible exception of the lateral-blast generated PDCs of the May
18, 1980 eruption of Mt. St. Helens, have runout distances of less than 15 km. In such cases, the
leading current propagates through the ambient atmosphere, but the trailing current propagates
through a medium modified by the leading current, or through leading current itself. The effect
the leading current has on the trailing current is not well understood. The change of the ambient
conditions caused by the leading current could impact the trailing current and make its less
predictable. It is the goal of this study to investigate experimentally the interaction between

pyroclastic density currents.

Laboratory experiments are useful tools to examine the behavior PDCs, because trying to
examine PDCs in nature is generally too dangerous. Experiments have been used to examine
characteristics of PDCs, such as current initiation (Dellino et al., 2010; Dellino et al., 2014),
sedimentation (Andrews and Manga, 2012; Choux et al., 2004; Choux and Druitt, 2002),
entrainment (Andrews, 2014; Hallworth et al., 1993), velocity and flow structure (Breard et al.,
2016; Breard and Lube, 2017; Nield and Woods, 2004), deposits (Dellino et al., 2010), and the
effects of topography (Andrews and Manga, 2011; Woods et al., 1998). Experimental PDCs

provide a valuable means for studying how two separate currents interact. The conditions are



controlled and monitored, and the experiments can be correctly scaled to match the dynamics of
natural PDCs (Sulpizio et al., 2014). In previous experiments, currents have not flowed into

modified ambient conditions, and behavior was not affected in any way.

Experimental Background

We performed experiments by creating pairs of analog density currents, first generating a
leading current and then generating a trailing current which flowed behind the leading current.
The experimental currents differed from previous studies in that they began as normal ground-
hugging density currents, but at some distance from the start of the runout they reverse buoyancy
and lift-off into a rising plume. The leading current in each experiment flowed into “normal”
ambient fluid, and consequently changed the characteristics of the ambient fluid, such as
temperature, density, and particle concentration. The trailing current then flowed into the

modified ambient fluid.

Experiments were carried out in two different settings: in an open air tank and a pool of
water. These two settings were chosen to analyze different aspects of the currents. The runout
distance of PDCs is a function of current mass flux, density, pyroclast granulometry,
temperature, topography, air entrainment and sedimentation (Branney and Kokelaar, 2002). In
currents, mass flux is defined is mass per unit time per cross sectional area. To limit the number
of variables in our experiments, particle granulometry and componentry was held constant, and
currents traversed smooth topography. The factors contributing to lift-off then are
sedimentation, entrainment, and the temperature difference between the current and the ambient
fluid. The behavior of the analog PDCs, which are a type of gravity current similar to
underwater turbidity currents and snow avalanches, is characterized in the same terms as those

other currents (Hakonard®ttir et al., 2003; Sparks et al., 1993). Different aspects of the currents
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can be described through dimensionless numbers common to fluid mechanics. These are the
Reynolds (Re), Froude (Fr), bulk Richardson (Rig), and Rouse (Pn) numbers. Re is the ratio of
momentum forces to viscous forces in the current, and is used to determine whether the current is

in a laminar or turbulent flow regime. Re is defined as:

p:uh
e =
U

where p, is the current density, u is the current velocity, h is the current height, and p is the
dynamic viscosity of the current. Turbulent flow sets in at Re ~ 1000, where inertial effects
begins to dominate over viscous effects (Kleiser and Zang, 1991). When the current is turbulent,
eddies form along the edges of the currents, creating the necessary conditions for entrainment to
occur. Rig determines the scale of entrainment of ambient fluid into the current. Rig is the ratio
of buoyancy to the flow shear of the current. At lower Rig , the entrainment in the current is
large, while at higher Ris numbers, Rig = 0.3 (Geyer and Smith, 1987) or Rig = 1 (Bursik and
Woods, 1996), turbulence decreases and the current transitions from a supercritical flow with
major entrainment to a subcritical flow with little to no entrainment. Rig is defined as:

Ri. — gh(pc — pa)
b= —" "3
pcut
where p, is the density of the ambient fluid and g is the acceleration due to gravity. Entrainment

in a density current is function of the Ris number (Ellison and Turner, 1959; Parker et al., 1987;

Turner, 1986) according to the equation:

_0.00153
~0.0204 + Rig



Entrainment is typically given as a coefficient applied to a currents characteristic velocity.
Entrainment decreases as Rig becomes larger, which occurs when the current velocity decreases.
When the Rig becomes large enough, entrainment becomes negligible, and sedimentation then
becomes the major control on runout distance. Currents with negligible entrainment runout
much farther than currents that do entrain ambient fluid, requiring more time to reverse
buoyancy assuming all else is equal (Bursik and Woods, 1996). Fr is the ratio of inertia to the
body forces of the current. Fr determines whether a disturbance at the head of the flow can
travel upstream into the current body. At high Fr >1, disturbances cannot travel upstream or
even stand steady in the current. At Fr <1, disturbances are able to travel upstream and affect

the dynamics of the current body (Smith, 2015). Fr is defined as:

u
Fr= —

Joh

Pn is the ratio of fall velocity of the particles to the shear velocity of the current (Rouse, 1937,
Valentine, 1987; Zagarola and Smith, 1998). Pn defines the sediment profile of the current.
where the sediment concentration at the top of the current is 0 and the concentration at the bed of
the current is 1 (Rouse, 1937). The value of Pn determines the particle concentration and

suspended sediment profile at different heights above the bed. Pn is defined as:

w

Pn =

Ku*

where w is the fall velocity of the particles in the current, k is the von Karman constant (x =
0.407), and u”* is the shear velocity of the current. The buoyancy of PDCs is measured by the

buoyancy constant v, defined as

_ Pa — Pi
C(ps — pi)

5
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where p; is the density of the interstitial fluid, p is the density of the suspended particles, and C
is the volume concentration of particles in the current. vy is only applicable to particle-laden
currents. A current with a value y<1 is capable of becoming buoyant and lifting off (Hogg et al.,

2000, 1999).

Sedimentation of particles from the current can be modeled using Hazen’s
sedimentation law (Bonnecaze et al., 1995, 1993; Bursik and Woods, 1996; Hazen, 1904; Woods
and Bursik, 1994). Hazen’s law predicts that sedimentation is dependent on current mass flux,
current height and velocity, and particle settling rate. The sedimentation rate also changes with
runout distance, because mass flux decreases due to sedimentation and the current decelerates
(Sparks et al., 1993). Rapid decreases in velocity are known to cause a large amount of
sedimentation and nearly immediate buoyancy reversal (Macias et al., 1998; Saucedo et al.,

2004).

PDCs become buoyant and generate rising plumes through multiple mechanisms; all of
these mechanisms require buoyancy reversal of at least some component of the current. One
mechanism is fluidization of the current (Sparks et al., 1997). Currents may become partially
fluidized through entrainment of ambient air and through continued exsolution of magmatic
volatiles in the current (Sparks, 1978, 1976; Wilson, 1984). This may cause smaller particles in
the current to be elutriated and rise up out of the current to form a plume (Walker, 1980; Wilson,
1984). Another mechanism is boundary shear mixing at the top of the current, where a shear
layer forms at the upper boundary of the current and entrains hot particles and gas from the
current (Denlinger, 1987). Non-linear mixing in the upper, more dilute part of the current may
also create a rising plume, along with creating a more dense lower part of the surge (Fisher,

1979; Huppert et al., 1986; Woods and Bursik, 1994). The final way rising plumes are created



from PDCs is through buoyant lift-off, in which the entire current reverses buoyancy and lifts-off

into a large, co-ignimbrite plume (Sparks, 1986; Sparks et al., 1993; Woods and Wohletz, 1991).

The behavior of co-ignimbrite plumes changes with height of the plume (Woods and
Wohletz, 1991). The density of the plume decreases drastically over the first few kilometers
above the ground, and then at greater heights, the density increases back toward the ambient air
density due to entrainment of denser air and cooling of the plume. When the current stops
flowing and lifts off, the plume rise velocity increases from an initial value of zero to a
maximum at a moderate height, before decreasing at even greater heights. The radius of the
plume starts out large but rapidly shrinks over a very short change in height, after which the
plume begins to increase in radius through entrainment of ambient air (Woods and Wohletz,
1991). This behavior has also been observed in nature and in experimental plumes (Calder et al.,

1997; Sparks et al., 1993; Woods and Kienle, 1994).



Volcano Date of Time Between Type of Data Reference(s)
Eruption(s) Currents
Vesuvius, Italy 472 Entrapment of Deposit (Sulpizio et al.,
fine ash particles 2007)
by closely
spaced PDCs
Ngauruhoe, New | February 19, Multiple PDCs | Visual (Nairn and Self,
Zealand 1975 in a 45 minute 1978)
period
Mount St. May 18, 1980 Two PDCs Visual (Hoblitt, 2000)
Helens, USA generated by
lateral blast
Tungurahua, August 16-17, 16 events spaced | Seismic (Hall et al.,
Ecuador 2006 8 to at most 20 2013)
minutes apart
Merapi, November 22, Multiple PDCs | Seismic, Visual | (Iguchi et al.,
Indonesia 1994 separated by 2011; Jenkins et
seconds to al., 2013;
minutes Kelfoun et al.,
2000;
October 26 — Multiple PDCs Komorowski et
November 5, separated al., 2013)
2010 minutes apart
Soufriére Hills, | June 25, 1997 3 flow pulses Seismic, Visual | (S C Loughlin et
Montserrat within a 10 al., 2002; S.C.
minute period Loughlin et al.,
2002)
Etna, Italy October 25, Nearly continual | Visual (Behncke, 2009;
1999 lava dome Behncke et al.,
collapse ina 40 2003)
minute period
June 8, 2000 Multiple PDCs
generated from
column collapse
ina 6 minute
period
Colima, Mexico | July 10, 2015 3 flow pulses in | Seismic, Visual | (Capraetal.,
a 9 minute 2018; Zobin,
period 2018)
6 flow pulses in
a 52 minute
period

Table 1. Summary of volcanic eruptions where closely spaced PDCs may have interacted.




Methods

Experiments in Air

All experiments performed in air followed the methods of Andrews (2014). Talc powder
(dso =20 um, p = 2.5 g/ecm®) was used for particles, and was heated in an oven to either 121° C
or 93° C for 45 minutes to 1 hour, or kept at ambient temperature. Each experiment consisted of
1000g of talc powder, split evenly into 500 g to form the leading and trailing currents. The talc
powder was spread to an even thickness over a conveyor belt that moved at a constant velocity of
1 cm/s. The talc powder was dropped down a chute at the end of the belt into an 8 m x 6 m x
2.6 m open-air tank, creating a 10-30 cm thick density current that flowed away from the chute at

8-25 cm/s (Fig. 1).

Two sheets of powder were separated on the conveyor belt by a distance corresponding to
the time gap between currents. When a heated current entered the tank, it began to flow away
from the chute and spread laterally over a narrow area of the floor of the tank (Fig. 2). It also
began to entrain and heat up ambient air in the head and the top of the current through Kelvin-
Helmholtz billows, and its thickness began to increase. As the current moved, it deposited
particles on the floor of the tank. All heated currents eventually reversed buoyancy at some
distance from the chute, and lifted off into a plume that rose to ceiling of the tank and spread

laterally. Trailing currents entered the tank and behaved in the same manner.

Ambient temperature currents did not heat any entrained air, did not reverse buoyancy to
form a rising plume, and instead flowed to the far wall of the tank. The currents also spread
laterally along the bed, eventually flowing over the majority of the surface area of the floor of the

tank.



Experimental currents were illuminated with three planes of red (650 nm), blue (445 nm),
and green (532 nm) light, each generated by a series of 250-mW lasers. The red and blue planes
were oriented parallel with the tank floor and illuminated heights above of the floor 5 cm and 25
cm respectively. The green plane was oriented perpendicular to the floor and parallel to the
current flow direction. The experiment was recorded by two different digital single-lens reflex
(DLSR) video cameras at 30 Hz with complementary metal-oxide-semiconductor (CMQOS)
sensors, having photoreceptors grouped in 2 x 2 squares of 1 red, 1 blue, and 2 green sensors.
The photoreceptors have peak sensitivities at wavelengths equal to those of the light sheets,
allowing the cameras to record the current highlighted by all three light sheets simultaneously.
One camera was positioned high up on the left side of the tank, recording the downstream cross-
section of the current. The other camera was position up and to the left of the conveyor belt and

chute, recording the current from behind and capturing the horizontal imaging planes.

Videos of each experiment were then segmented into individual frames. Density of the
currents was estimated from the intensity of light reflectance, assuming that a greater intensity of
color equals greater particle concentration (Andrews, 2014; Andrews and Manga, 2012). The
reflectance of the red light sheet was used a proxy for density for the current, and reflectance of
the green light sheet was used as a proxy for density of the plume. The CMOS sensors record
intensity of color as a value between 0 and 1. After the leading current had been flowing for 20
seconds, the all the red pixel values were summed, and after subtracting out the background
value, the overall intensity of red light reflectance in the current was determined. This process

was repeated for the trailing current.

Twenty-nine thermocouples were used to record the temperature of the currents (Fig. 3).

One thermocouple was hung at the bottom of the chute to record the initial temperature of the

10



current. Five others were hung from the ceiling at heights of 65, 100, and 150 cm above the
floor on the centerline 150 cm and 250 cm downstream from the chute to record the temperature
of the plume. The rest of the thermocouples were positioned along the floor of three rows, at
heights of 5 cm and 30 cm. A line of thermocouples was positioned in line with the chute, and
two other lines were positioned 50 cm to the right and left. The rows of thermocouples were
positioned beginning at 1 m downstream from the chute, and then every 50 cm from there out to
350 cm from the chute. The thermocouples recorded temperature at a rate of 3 Hz, with a

precision of a +0.01 °C.
Experiments in Water

Experiments performed in a water medium, used plastic pellets (dso = 186 um, p =1.15
g/cmq) as the particles for the current (Fig. 4), following the methods of Steel et. al (2017). A
schematic of the experimental setup is in Fig. 5-6. A pool 8 m X 6 m X 2 m was filled with
ambient temperature (=22 °C) water, and a head tank was filled with heated water (=28 °C) plus
plastic particles to 1.5 vol%. The warm particle-slurry in the head tank was continuously mixed
with an auger throughout the experiment. A valve was opened at the bottom of the head tank,
and the warm water-plastic slurry was released into the pool creating a density current flowing
downhill over a platform with a 5° slope. The resulting leading current was allowed to flow
continuously for two minutes, at which point the valve on the head tank was closed. The
requisite amount of time passed (10, 20, 30, 40, or 60 seconds), and then the valve on the head
tank was opened again, releasing a trailing current. This current also flow for two minutes, and

then the valve on the head tank was once again closed.

Video of each experiment was recorded (underwater) with a GoPro® Hero camera at 60

Hz. Some experiments were also recorded with digital cameras high above the water, at a rate of

11



1 Hz. A Vectrino® Acoustic Doppler Velocimeter (ADV) was used to record the velocity of the
current, and was placed 12 cm downstream from where the current entered the pool and 7 cm
above the floor. Velocity was recorded in three different directions: downstream (X), cross
stream (), and vertically (Z). Eight thermistors were used to record temperature at a rate of 60
Hz. Four were placed 6 cm above the floor at distances of 31, 56, 83, and 107 cm from the pipe.
The other four were positioned vertically 74 cm from the pipe at heights of 26, 51, 78, and 105
cm above the floor (Fig. 5-6). The underwater video camera, the ADV, and the thermistors were

continuously active and recording data through the duration of the experiment.

Eight siphons were used to collect particles from the currents in every experiment. Four
siphons were used for the leading current and four siphons were used for the trailing current,
which collected the particles and water in plastic bottles outside of the pool. Three sets of two
siphons were positioned 6 cm above the bed, at distances of 20, 55, and 75 cm downstream. A
fourth set was position vertically at 75 cm downstream and 17 cm above the bed. After either
the leading or trailing current had been flowing for 45 seconds, the set of four siphons was
opened to collect particles and water, and then closed after 30 seconds. Mass concentration of
particles was determined by separating the particles from the water using a vacuum filter funnel
and an Erlenmeyer flask. Masses of particles were them summed, and mass concentration of

particles was calculated.

In three separate experiments, after the two currents stopped flowing, a laser was used to
map the topography of the resulting deposit. The laser scanned along the Y direction of the
deposit, moving downstream 1 mm increments. A deposit thickness map was generated by
differencing the scans. At the end, the water was drained from the pool and photographs were

taken of the deposit from multiple angles.

12
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Figs. 1-2. Diagram of the experimental setup in air. The three colored areas are the three
light sheets, the green sheet illuminating the downstream plane, and the blue and red sheet
illuminating the map-view plane at 5 and 25 cm above the floor respectively. The
experiments are fed by the conveyor belt and the chute on the right of the diagram. And a
photograph from experiment A4.
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Fig. 3. Diagram of the thermocouple layout in the tank. The black dots are the locations of
the thermocouples along the floor, at positioned at heights of 5 and 30 cm above the floor at
all locations. The lone black dot on the right is at 0 cm, the chute, and the lone black dot on
the left is at 350 cm. The red dots are where the thermocouples are positioned vertically, at
150 and 250 cm from the chute. Thermocouples are 65, 100, and 150 cm above the floor at
these positions.
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Fig. 5-6. Diagram and photograph of the experimental setup in water. The current enters the
water from the 5 cm wide delivery pipe on the left. It flows down the platform and passed
underneath the ADV, and then flow by the thermistors (red dots) and siphons (green dots).
The current eventually lifts off, or in ground-hugs in the case of the turbidity current.
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Results

Behavior of currents in air

A summary of the results of each experimental current is given in Table 2. Experiments
in air were conducted with three different starting temperatures, 93 °C, 121 °C, and ambient
temperature. Three experiments each were run at 93 °C and 121 °C with 5, 10, and 30 second
time gaps, and a ambient temperature current with a 10 second time gap. The heated currents
began flowing as ground-hugging currents which eventually reversed buoyancy. The heads,
tops, and sides of the currents had turbulent eddies and billows, entraining ambient air. The
trailing current entered the tank after the specified time gap for the experiments. All of the
heated currents had a large length/width ratio (Fig. 7). The ambient temperature current did not

lift off and ran out to the end of the tank.

The average velocity of the currents measured at 150 cm from the chute ranged from 10 —
25 cm/s, and the velocity of the currents generally decreased with distance from the chute (Fig.
8). Some currents had a pulsating nature as they exited the chute, causing the body of the current
to propagate with a non-constant velocity. The 93 °C currents had an average velocity of 18.3
cm/s and the 121 °C currents had an average velocity of 11.7 cm/s. The Re of the currents were
on the order 10%, which is in the turbulent flow regime. Rig was less than 1, so entrainment of
ambient fluid occurred. Rig for the ambient temperature currents were much higher than heated
currents; Rig for one current was higher than 1, and therefore that current was not able to entrain
ambient air. Pn of the currents ranged 1-5, so that the particles were moving in bed load or
suspended load. Fr was less than 1 in all heated experiments, which allowed for any

disturbances affecting the head of the current to propagate upstream into the body of the current.
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And y was between 0 and 1 for the heated currents, which were able to become buoyant, and 0

for the ambient temperature current, which did not become buoyant.

The trailing current average velocity was slower than the leading current, and because
entrainment of ambient air depends on Rig, entrainment was greater in the leading current than in
the trailing current in both the 93 °C and 121 °C experiments (Fig. 9). For the 121 °C currents,
the temperature rises to a maximum of about 4.5 °C above ambient, and for the 93 °C
temperature rises to a maximum of 3 °C above ambient (Fig. 10-11). After each current stopped
being fed, the temperature began to decrease back toward ambient temperature. In experiments
with shorter length time gaps, temperature did not decrease as much between currents as in

experiments with longer time gaps.

The intensity of red light in the trailing currents was less than that in the leading currents.
Assuming the intensity of red light is a proxy particle concentration in the currents, the
difference in light intensity suggests that the particle concentration in the trailing currents was
less than the leading currents in all experiments (Fig. 12). The height of the leading plume above
the bed varied with time gap and with initial current temperature (Fig. 13). The leading plumes
with 30 second time gaps rose to the ceiling of the tank and spread out, which took them
completely out of the way of the trailing plumes. The leading plumes of the 10 second time gap
experiments had also risen to the ceiling in the 121 °C experiments but did not rise all the way to
the ceiling in the 93 °C experiments. For the 5 second time gaps, the 121 °C leading plume rose
off the bed, but in the 93 °C experiment the leading plume was still forming and just beginning

to rise when the trailing current reached it.

Runout distance was measured as the distance between the mouth of the chute and the

position along floor where the current underwent buoyancy reversal. The position of buoyancy
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reversal was defined as the point where the entire head of the current stopped flowing forward
and began to flow upward. Overall, the 121 °C currents had shorter runout distances than the 93
°C currents. The hotter currents travelled an average of 2.06+0.1 m before lifting off, and the
cooler currents travelled an average of 2.72+0.1 m before lifting off. The trailing currents, in all

of the heated experiments, had shorter runout distances than leading currents (Fig. 14).

The ambient temperature currents travelled 8.5 m, the length of the tank. The ambient
temperature currents were not hotter than the ambient air, so there was no buoyancy force acting
on the current. The ambient temperature talc powder is much denser than air, and without a

buoyancy force, the currents could not lift-off.

Behavior of currents in water

Lofting experiments in water were conducted with time gaps between the leading and
trailing heated currents of 10, 20, 30, 40, and 60 seconds. Two other types of experiments were
conducted: Non-buoyant, ambient temperature with a 20 second time gap and hot water-only
currents with a 20 second time gap. The currents began well-mixed in a head tank, and when the
valve on the head tank was opened, flowed down through the pipe carrying the current into the
pool. The leading particle-laden, heated current entered the pool and flowed down the platform,
acting as a ground-hugging current, and then reversed buoyancy and lifted off. The head and top
of the current showed the presence of turbulent eddies and billows, and the current thickened as
it flowed down the platform. After a requisite amount time passed, the valve on the head tank
was opened again, and a well-mixed trailing current flowed into the pool. The general behavior
of the trailing currents was the same as the leading currents, except that the trailing plume tended

to rise into the leading plume. The currents remained narrow, and had a high length/width ratio
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(Fig. 15). The ambient temperature current, being at the same temperature as the pool, was not

buoyant and did not lift off. The hot water current entered the pool and lifted off immediately.

The average downstream velocity of the currents ranged from 12-17 cm/s, and the trailing
currents flowed at a different velocity than the leading currents. Re of each current was on the
order of 103, thus the currents were fully turbulent. Rig <1 for each current so that they freely
entrain ambient fluid. Pn range from 4-6, so the particles were moving as bed load and
suspended load. Fr was less than 1 in all experiments, so disturbances at the head of the currents
could propagate upstream into the body. And y was between 0 and 1 for all particle-laden,
heated currents indicating that all were capable of becoming buoyant and lifting off. The y
values for the ambient temperature currents were 0, and thus unable to become buoyant. The
average velocity, of the trailing currents in the experiments with 20, 30, and 40 second time gaps
was faster than the leading currents, suggesting that entrainment in the trailing currents was
greater, based on Rig. In 10 and 60 second time gap experiments, the trailing current velocity
was the same or less than the leading current velocity, and entrainment was therefore less than

the leading currents (Fig. 16).

The downstream velocity of the currents decreased with distance from the pipe (Fig. 17).
Velocities were not the same at different depths in the currents (Fig. 18-24). In the experiment
with just hot water, the highest velocity in the X, Y, and Z directions is at the top of the current.
In the ambient temperature current, the highest velocity in downstream direction was in the
middle of the current (depth-wise), which is commonly seen in turbidity currents (Parker et al.,
1986). The highest vertical velocity in the turbidity current was near the bed. In the heated,
particle-laden currents, the velocity structure varied between experiments. The highest

downstream velocity was at the highest measured position above the floor for all currents and
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time gaps. The highest vertical velocity varied with time gap. In the two time gap endmember
experiments, 10 and 60 seconds, the highest vertical velocity was at the top of the current for
both the leading and the trailing current. In the 20 and 30 second time gap, and somewhat in the
40 second time gap, the location of the highest vertical velocity in the leading current was at the
top of the current, as in the other two experiments. In the trailing current in these experiments
(20, 30 and 40 second time gaps), the vertical velocity at the top of the current is high when the
current begins, but soon starts to slow to less than the vertical velocity near the bed. When this
change occurred, the trailing current began lifting off at greater distances than the leading

current.

The maximum temperature difference between the current and ambient water along the
bed was 7 °C near where the current entered the pool, but decreased to 1 °C near where the
current lifted-off. In the time gap between flowing currents, the temperature rapidly decreased
toward ambient. The amount of temperature decrease varied with time gap between currents. In
the 10 second time gap experiment, the temperature did not return back to ambient temperature
but remained elevated by 0.7 °C. The trailing current flowed into a warmer ambient fluid than
the leading current. In the 20 and 30 second time gap experiments, the water temperature did
decrease to ambient, but did not stay at that temperature for an extended period of time because
the trailing current flowed into the pool. The water temperature decreased to ambient
temperature and stayed there for =43 seconds during the 60 second time gap experiment, and =32

seconds during the 40 second time gap experiment (Fig. 25).

Both the leading and trailing currents in water began flowing with the same particle
concentrations because the head tank was well mixed through the duration of the experiment.

Particle concentration in the currents decreased with distance from the pipe. The particle
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concentration was used to calculate the density of the current at the position of the siphons.
When both the leading and trailing currents began flowing, they were less dense than the
surrounding water, and increased with distance as temperature and particle concentration
decreased (Fig. 26). However, the currents did not lift-off immediately, because the downstream
current velocity stayed fast enough for long enough for the downstream momentum to overcome
the buoyancy forces. The currents could only lift-off after they slowed down enough such that
buoyancy forces overcame forward momentum. The currents do not need to stop to lift off,
when they do lift off they take on the shape of the letter “J.” The mass concentration of particles
also differed between the leading and trailing currents (Fig. 27). In the 20, 30, and 40 second
time gap experiments, the trailing current particle concentration is greater than the leading
current over the length of runout. In the 10 and 60 second experiments, the trailing current
particle concentration exceeds that of the leading current near the pipe, but becomes less

downstream.

In all lofting experiments, the head of the rising plume reached the top of the water
column and spread laterally. The height above the floor of the tail of the leading currents
correlates with a trend in density and time gap (Fig. 28). The trailing currents lifted off below
the leading plumes, and created a density contrast between the tail of the leading plume and the
head of the trailing plume. After the 10 second time gap, the tail of the leading plume was 8 cm
above the floor and was also denser than the head of the trailing current when it lifted-off. In the
experiments with 20, 30, and 40 second time gaps, the height above the floor of the tail of the
leading plume became continually greater when the trailing current lifted off. The density of the
leading plume was less than that of the incoming trailing plume in all three experiments. After

the 60 second time gap, the leading plume was 60 cm above the bed, higher than after any
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shorter length time gap, but its density was equal to that of the trailing plume. When the trailing
current entered the pool, it began to lift-off at or near the same distance the leading current did.
After the 10 and 60 second time gaps, when the trailing plume reached the height of the tail of
the leading plume it kept rising through the remnants of the leading plume. In the 20, 30, and 40
second time gap experiments, when the trailing plume reached the height of the remnants of the
leading plume, it stopped rising, but the current feeding it kept flowing downstream, changing

the position of the trailing plume.

The hot water currents had the shortest runout distances of any currents, with an average
runout distance of 0.33+0.1 m. The lack of particles meant the currents were never denser than
the ambient fluid. The turbidity currents, not being hot and buoyant, ran out the entire length of

the platform, and then flowed off the end of the platform, 2.31+0.1 m away.

The heated particle-laden currents had runout distances between that of the hot water
currents and the turbidity currents, with an average distance of 0.69 m. At short and long time
gaps, the runout distance of the trailing current does not change much from the leading current,
and at moderate time gaps the runout distance of the trailing current changes drastically from the
leading current (Fig. 29). After the 10 and 60 second time gaps, the trailing current had a runout
distance nearly the same as that of the leading current. After the 20, 30, and 40 second time

gaps, the trailing current had a much longer runout distance than the leading current.
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Fig. 7. Leading current of experiment A6. The length of the current is much longer than the
width. Turbulent billows are visible on the top and edges of the current.
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Fig. 10. Change in temperature from ambient air of the 93 °C experimental currents, recorded
at 1 m from input point and 5 cm above the bed. A) 5 second time gap. B) 10 second time
gap. C) 30 second time gap.
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Fig. 11. Change in temperature from ambient air of the 121 °C experimental currents,
recorded at 1 m from input point and 5 cm above the bed. A) 5 second time gap. B) 10 second
time gap. C) 30 second time gap.
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Fig. 15. The deposits of the experiments in water. A) A photograph of the deposit from
experiment W3. Current direction is from left to right. Observe the high length/width ratio of
the deposits. B) A difference map of a deposit. Ripple forms are visible in the deposit,
indicating particle movement by traction. Current direction is from left to right.
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Fig. 18-24. Velocity v. time for the hot water currents, the turbidity currents, the 10, 20, 30,
40, and 60 second time gap experiments. The top graph for each is the downstream velocity,
the middle graph is the cross stream velocity, and the bottom graph is vertical velocity. The
red curve in each graph is the velocity at the top of the current. The blue curve is the velocity
in the middle, and the black curve is the velocity at the bottom of the current.
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Fig. 25. Change in temperature from ambient water temperature vs time for the heated
particle-laden currents, recorded 26 cm from the pipe and 6 cm above the bed. A) 10 second
time gap. B) 20 second time gap. C) 30 second time gap. D) 40 second time gap. E) 60
second time gap.
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Fig. 28. The left axis is the trailing plume density relative to the leading plume density in
water for all time gaps. The trailing plume is less dense than the leading plume after the 10
second time gap, and the same density as the leading plume after the 60 second time gap,
allowing the plume to rise. After the 20, 30, and 40 second time gaps, the trailing plume is
more dense than the leading plume, and it cannot rise. The right axis is the height above the
bed the tail of the leading plume is when the trailing current enters the pool.
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Discussion

Runout distance of density currents depends on sedimentation and entrainment in the
current (Branney and Kokelaar, 2002; Bursik and Woods, 1996). Sedimentation can be inferred
from the particle concentration in the currents. Because the leading and trailing current both
begin flowing with the same particle concentration, any difference in sedimentation is the result
of changes occurring in the pool or tank. The trailing and leading currents began with the same
particle concentration. In water, because the trailing current had a greater particle concentration
downstream than the leading current, sedimentation was less in the trailing currents. In contrast,
sedimentation in the air experiments, the particle concentration in the leading currents is greater
than the particle concentration in the trailing currents, which means more deposition occurred in

the trailing currents.

Entrainment of ambient fluid in the experiments followed opposite patterns. In water,
entrainment of ambient water was greater in the trailing currents after the 20, 30, and 40 second
time gaps, whereas it was less or the same in the trailing currents after the 10 and 60 second time
gaps. Both currents in water entered the pool less dense than the ambient water, but their
densities increased with distance. The current density increased with distance because of the
entrainment of colder, ambient water. Water heats up slowly because of its high heat capacity
and low coefficient of thermal expansion, and thus the volume of the currents did not expand
greatly from the entrainment and heating of ambient water, allowing the currents to become
denser with distance. In the air experiments, entrainment caused the volume of the currents to
expand greatly. Air has a very low heat capacity, and therefore heats up quickly and expands in

volume. All of the leading currents in had greater entrainment than the trailing currents.
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The results of the experiments in air and water match the known relationship between
sedimentation and entrainment in gravity currents. An increase in entrainment corresponds to a
decrease in sedimentation (Andrews and Manga, 2012; Bursik and Woods, 1996; Dufek, 2016;
Saucedo et al., 2004). Higher velocities and greater currents heights decrease the Rig, leading to
greater entrainment (Parker et al., 1987). But, higher current velocities lead to higher vertical
velocities, keeping sediment in suspension and leading to slower sedimentation. Slower
sedimentation sustains the density and momentum of the current, which enables it to travel
further than a current in which sedimentation is rapid. In water, higher velocities and less
sedimentation in the trailing currents led to a longer runout distances. In air, lower velocities and

more sedimentation in the trailing currents led to shorter runout distances.

When the leading current became buoyant and lost sufficient forward momentum, it
lifted-off into a rising plume that was then continuously fed by the current. Once the current
ceased to flow, the plume was no longer fed from below but kept rising and spreading through
the water column. When the trailing current entered the pool, the tail of the leading plume had
risen to small distances above the floor after short time gaps, whereas in experiments with long
time gaps the tail of the leading plume rose to large distances above the floor. When the trailing
current lifted off into a rising plume, a density contrast with the leading plume was created. The
trend in density difference between the leading and trailing plumes correlated with height of the
leading plume above the floor. We suggest the height-density trend of the leading plume had a

major effect on the observed behavior of the trailing current.

In the experiments in water, especially the experiments with 20, 30, and 40 second time
gaps, when the head of the trailing plume encountered the tail of the leading plume, it could no

longer rise any higher because it was denser than the leading plume. Not being able to rise
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created changes in the body of the current below which allowed the trailing current to runout past
the point where the leading current lifted off. These changes reflected in the velocity and

particle concentration data of the trailing current. In the 10 second time gap experiment, the
trailing plume was less dense than the leading plume, and could therefore keep rising, and in the
60 second time gap the plumes had near equal densities, so the trailing plume was not greatly

inhibited from rising.

The inhibition of trailing plume rise in the 20, 30, and 40 second time gap experiments
corresponds to a change in the velocity structure of the trailing current. The change in velocity
structure occurs when the head of the trailing plume flows into the tail of the leading plume. We
attribute the change in the structure of the vertical velocity to the inability of the trailing plume to
rise initially through the more buoyant leading plume. The effect on the trailing plume is
transferred down into the current below and suppresses the vertical velocity for a short period
time, allowing the trailing current to runout farther and lift off at a greater distance. The change
of the location of the highest vertical velocity in these currents has an effect on the sedimentation
and the dynamics of the current. In the trailing currents with high vertical velocity, the
downstream velocity is the same as the leading current, and sedimentation and entrainment does
not vary from the leading current; the current loses momentum and density and reverses

buoyancy after a similar runout distance (Sparks et al., 1993).

When the plume of the trailing current cannot rise, it causes the vertical velocity in the
trailing current to decrease, and simultaneously the downstream velocity and the cross stream
velocity begin to increase. Deposition of particles from the current decreased, creating a particle
“swell” in the trailing current relative to the leading current, which then pushed out farther that

the leading current before lifting off (Fig. 30).
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In all experiments in air, the trailing currents had the same or shorter runout distances
than the leading currents. This result we believe is also related to the plume of the leading
current. Because of the lower viscosity of air, the plumes in these experiments rose faster than
the plumes in water, and the volume of the plume expanded more than the plumes in water. The
estimated particle concentrations of the currents show that deposition rate from the current did
not decrease in the trailing current, as occurred in water. Sedimentation in the trailing current
increased compared to the leading current. We believe this results from the leading plume rising
fast enough to allow the trailing plume to lift off without impediment. There were no effects

from the leading plume on the trailing plume that propagated down into the trailing current.

Our experiments show that main factor which can cause an increase in runout distance of
the trailing current is the presence of the leading plume. When the leading plume is present and
a height above the floor where its density is less than that of the trailing plume, the trailing plume
cannot rise. This causes the trailing current to runout farther to a distance where its plume can
rise uninhibited. When the leading plume is not present at all, or at a height where it is more
dense than the trailing plume, the trailing plume rises without impact and the runout distance of

the trailing current does not increase.

Implications for natural PDCs

The runout distances of PDCs in nature vary greatly, depending on many variables,
including mass flux, current velocity, current density, temperature, topography, substrate, and
duration that the current was fed by the volcano (Branney and Kokelaar, 2002; Druitt, 1998;
Dufek and Bergantz, 2007; Nield and Woods, 2004; Wilson et al., 1995). Two nearly-identical
currents with similar mass fluxes might be expected to have similar runout distances (Sulpizio et

al., 2007). Our results show, however, that the leading current can impact the trailing current,
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causing a change in the runout distance of the trailing current. Importantly, in some of our
experiments, the leading plume inhibited the rise of the trailing plume, which in turn changed the
velocity structure and increased the velocity at the top of the current. This decreased

sedimentation, leading to a longer runout distance.

If a leading PDC has any effect on the dynamics trailing current, the magnitude of that
effect is dependent on the rise time of the leading current plume. If the leading plume has not
risen high enough, then the trailing current and leading current function as a single current, and
the trailing current is not effected by the leading current in such a way that drastically changes its
behavior. If the leading plume has risen too high, then when the trailing plume reaches that same
height, the leading plume is dispersed enough so as to be ineffective on modifying the trailing
current. For a leading current to have an evident effect on the behavior of a similar trailing
current, the time spacing between the currents has to be on the same order as that of the rise rate
of the leading coignimbrite column. In nature, buoyant coignimbrite plumes have rise times of
about 100-200 seconds (Sparks et al., 1986; Woods, 2010; Woods and Caulfield, 1992; Woods
and Kienle, 1994). During the April 1990 eruption of Mt. Redoubt, Alaska, for example, the
buoyant coignimbrite column rose to a height of 12 km within 2-3 minutes (Woods and Kienle,
1994). This equates to an average rise rate of about 67 m/s, which is on the same order of the
rise rate of the coignimbrite plume created by the lateral blast of Mt. St. Helens on May 18, 1980

(Sparks et al., 1986).

While not commonly observed, eruptions that produce multiple, closely spaced PDCs can
and do occur, and the interaction between currents may cause changes in the trailing current
which lead to it flowing over a greater distance. Of the known eruptions with closely spaced

PDCs, a few are spaced within the 2-3 minute timeframe necessary for the leading current to
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affect the trailing current. The 1994 and 2010 eruptions of Merapi generated multiple PDCs
within seconds of each other and flowed down the same valley (Jenkins et al., 2013). Also,
eruptions at Etna in 1999 and Colima in 2015 generated multiple PDCs within a period of 2-3
minutes (Behncke et al., 2003; Capra et al., 2018; Zobin, 2018). The dome collapse eruption at
Soufriére Hills on Montserrat on June 25 1997, produced three sequential PDCs that were
closely spaced in time, the first two of which occurred with 3 minutes of each other (S.C.
Loughlin et al., 2002). This eruption provides a potential example where interaction between
currents may have occurred. The first current flowed down the steep-walled Mosquito Ghaut on
the flank of the volcano, travelling a total of 4.7 km in 310 seconds at an average velocity of 15
m/s. The second current was generated 165 seconds after the first current, and also flowed down
Mosquito Ghaut. This current travelled 4.7 km in 233 seconds at an average velocity of 20.2
m/s, and then slowed down but continued flowing for another 2 km. The second current reached
the runout distance of the first current 88 seconds after the first one stopped flowing. If a plume
was produced by the first current, it would have still been rising when the second current reached
4.7 km, and provided the conditions necessary for the trailing current to run out to a greater
distance. The second current did continue flowing to 6.8 km, although its average velocity was
much higher than the first current’s, but the conditions were right for the first current to impact

the second.
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Fig. 30. A) Model for the leading current with uninhibited plume rise. B) Model for the
trailing current where plume rise is inhibited by the leading plume. The current cannot rise
and therefore has to continue flowing downstream.
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Conclusions

Multiple pyroclastic density currents can occur during the same during the same eruption
at time intervals that make it possible for one current to flow into another current in front of it. If
the currents have a similar volume, mass flux, and velocity, then the leading current can have an
impact on the trailing current. The leading current flows through the ambient atmosphere around
the volcano, but modifies the ambient surroundings which the trailing current then flows into.
When the trailing current flows into the modified surroundings, the dynamics and behavior of the
current may also change. The experimental methods used to examine the interaction between a
leading current and trailing current showed that, under certain circumstances, the behavior of the
trailing current changed and its runout distance increased relative to the runout distance of the

leading current.

The scale of the increase in runout distance is dependent on the size of the time gap
between the leading and trailing current and rise rate of the leading current plume. The leading
current reverses buoyancy and lifts off into a rising plume and rises through the ambient fluid.
The size of the time gap between it and the trailing current determines the height in the ambient
fluid to which the leading plume rises before the trailing current flows into it. At certain heights,
the leading plume inhibits the rise of the trailing plume because it has a lower density than the
trailing plume. This causes particles and the momentum of the trailing current to continue
flowing downstream instead of up and into the plume, increasing the velocity of the current. The
sedimentation rate of particles from the current decreases, allowing the trailing current to runout
farther than the leading current. The magnitude of change depends on the rise time of the

leading plume, which in natural PDCs is generally 2-3 minutes. Any time gap between currents
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greater than this, and the effect on the trailing current will be miniscule to nonexistent, and the

runout distance of the trailing current will not increase relative to the leading current.
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Appendix

Water Experiments

Date Experiment
2/23/2017
2/28/2017

3/3/2017
3/7/2017
3/9/2017
3/10/2017
3/14/2017
3/15/2017
3/17/2017
3/23/2017
3/28/2017
3/30/2017
4/6/2017
4/11/2017
4/11/2017
4/14/2017
4/25/2017
4/27/2017
5/2/2017
5/4/2017
5/9/2017
5/11/2017
12/6/2017
12/8/2017
12/11/2017
1/9/2018
1/11/2018

O 00 NO UV B WN B

NNRNNNNNNRRRPRRRRRRR R
N o o, WNRFE O WOWOONOO U WN - O

Concentration (vol %) Duration (min:sec) Tank Temp (°C)

0.02
0.02
0.01
0.01
0.01
0.015
0.015
0.015
0

0

0
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015

17:40
12:00
7:52
9:07
11:17
14:56
17:51
20:21
11:34
10:07
9:38
7:08
7:20
4:10
5:30
5:35
5:20
5:25
4:40
6:00
6:00
6:20
12:00
9:15
6:35
5:37
8:03

40
40
45
35
40
25
28
28
28
28
29
28
28
28
28
28
28
28
27
28
21
29
28
28
28
28
21

Pool Temp (°C) Time Gap (min:sec)

18
18
18
18
18
18
18
18
18
18
19
20
20
20
20
20
20
20
20
20
21
22
21
21
21
21
21

Table 3. Every experiment performed in water. Many of the experiments were setup
experiments, and did not give usable data.
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Fig. 31. Temperature data for water experiment 11: hot water with a 20 second time gap.
The top graph shows the temperature recorded by the thermistors arranged horizontally along
the bed against time. The four thermistors were positions 3 cm above the bed, and 31, 56, 83,
and 107 from the pipe. The bottom graph the temperature recorded by the thermistors
arranged vertically against time. The four thermistors were position 74 cm from the pipe, and
26, 51, 78, and 105 cm above the bed. The positions of the thermistors are the same for all
the following graphs of temperature vs. time in the water experiments.
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Fig. 32. Temperature data for water experiment 17: lofting current with a 20 second time
gap.
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Fig. 33. Temperature data for water experiment 18: lofting current with a 60 second time
gap.
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Fig. 34. Temperature data for water experiment 19: lofting current with a 10 second time
gap.
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Fig. 35. Temperature data for water experiment 20: lofting current with a 40 second time
gap.
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Fig. 36. Temperature data for water experiment 21: turbidity current with a 20 second time
gap.
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Fig. 37. Temperature data for water experiment 22: lofting current with a 30 second time
gap.
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Lead

20
54
76
74

Trail
X
20
54
76
74

a0 OO N

a OO N

17

Sed+Paper (g) Paper(g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)

0.9195
0.5964
0.487
0.5059

0.4621
0.4501
0.4663
0.4638

0.4574 162.29 162.75
0.1463 191.89 192.04
0.0207 188.71 188.73
0.0421 162.3 162.34

0.2810
0.0762
0.0110
0.0259

Sed+Paper (g) Paper (g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)

1.1698
0.8615
0.5691
0.5904

0.4776
0.4539
0.4545
0.4598

0.6922 157.65 158.34
0.4076 197.89 198.30
0.1146 188.22 188.33
0.1306 135.62 135.75

0.4372
0.2055
0.0608
0.0962

Table 4. Particle concentration data calculated from siphon data for experiment 17. X is
downstream distance from the pipe, Z is vertical distance above the bed. The table shows
mass of the sediment plus filter paper, mass of the paper alone, mass of the sediment alone,
mass of the water collected by the siphon, and the concentration of the current at the specific
siphon in mass %. The same calculations are the repeated for all the following experiments.
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Lead

20
54
76
74

Trail
X
20
54
76
74

O O O N

O O OO N

17

Sed+Paper (g) Paper(g) Sediment (g) Water (g)

0.8159
0.4905
0.4728
0.4807

Sed+Paper (g) Paper(g) Sediment(g) Water (g) Sediment+Water (g) Concentration (Mass %)

0.8735
0.599
0.4512
0.4899

0.4627
0.4538
0.4651
0.4614

0.4683
0.4605
0.4493
0.4478

0.3532
0.0367
0.0077
0.0193

0.4052
0.1385
0.0019
0.0421

158.46
182.53
184.5
133.16

177.51
204.93
192.88
135.76

Sediment+Water (g) Concentration (Mass %)

158.81
182.57
184.51
133.18

177.92
205.07
192.88
135.80

0.2224
0.0201
0.0042
0.0145

0.2277
0.0675
0.0010
0.0310

Table 5. Particle concentration data calculated from siphon data for experiment 18.
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Lead

X z Sed+Paper (g) Paper(g) Sediment(g) Water(g) Sediment+Water(g) Concentration (Mass %)
20 6 0.7291 0.4515 0.2776 155.83 156.11 0.1778

54 6 0.5117 0.4653 0.0464 178.76 178.81 0.0259

76 6 0.4674 0.4567 0.0107 183.27 183.28 0.0058

74 17 0.4576 0.4456 0.012 127.02 127.03 0.0094
Trail

X z Sed+Paper (g) Paper(g) Sediment(g) Water(g) Sediment+Water(g) Concentration (Mass %)
20 6 0.7952 0.4532 0.342 139.94 140.28 0.2438

54 6 0.5118 0.4634 0.0484 194.72 194.77 0.0249

76 6 0.4478 0.4454 0.0024 186.89 186.89 0.0013

74 17 0.4738 0.4453 0.0285 128.66 128.69 0.0221

Table 6. Particle concentration data calculated from siphon data for experiment 19.
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Lead

X Z Sed+Paper (g) Paper(g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)
20 6 0.7642 0.4658 0.2984 167.6 167.90 0.1777

54 6 0.4773 0.4623 0.015 173.59 173.61 0.0086

76 6 0.4565 0.4522 0.0043 179.01 179.01 0.0024

74 17 0.4624 0.4584 0.004 131.67 131.67 0.0030

Trail

X Z Sed+Paper (g) Paper(g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)
20 6 0.8391 0.4565 0.3826 147.27 147.65 0.2591

54 6 0.5917 0.4568 0.1349 197.31 197.44 0.0683

76 6 0.4627 0.4562 0.0065 185.16 185.17 0.0035

74 17 0.4639 0.4566 0.0073 127.24 127.25 0.0057

Table 7. Particle concentration data calculated from siphon data for experiment 20.
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Lead

20
54
76
74

Trail
X
20
54
76
74

a O OO N

a OO N

17

Sed+Paper (g) Paper (g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)

0.7163 0.4634 0.2529 150.84 151.09 0.1674
0.6961 0.4533 0.2428 216.49 216.73 0.1120
0.6059 0.4528 0.1531 185.54 185.69 0.0824
0.5353 0.4618 0.0735 131.31 131.38 0.0559

Sed+Paper (g) Paper (g) Sediment (g) Water (g) Sediment+Water (g) Concentration (Mass %)

0.7754 0.4591 0.3163 139.48 139.80 0.2263
0.8453 0.4504 0.3949 188.2 188.59 0.2094
0.7283 0.4587 0.2696 184.05 184.32 0.1463
0.5197 0.4518 0.0679 126.62 126.69 0.0536

Table 8. Particle concentration data calculated from siphon data for experiment 22.
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Fig. 38. Photograph of deposit for experiment 17. The current deposit is on the left close the
pipe. The length/width ratio is large. The particles deposited on the right are the fall from
the lofting plume. This is the case for all the lofting experiments.
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Fig. 39. Photograph of deposit for experiment 18.
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Fig. 40. Photograph of deposit for experiment 19.
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Fig. 41. Photograph of deposit for experiment 20.
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Fig. 42. Photograph of deposit for experiment 21. This is the deposit from the turbidity
current. The length/width ratio is smaller than the lofting currents because the current spreads
out and does not rise. There is also not any particle fall deposit at the end of the bed.
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Fig. 43. Photograph of deposit for experiment 22.
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Air Experiments
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Fig. 44. Temperature data against time recorded by thermocouples for air experiment
20170109_04. The top graph is the temperature recorded by thermocouples positioned
horizontally downstream from the chute. The positions are in the chute, and 100, 200, and
300 cm downstream, all at 5 cm above the floor. The bottom graph is the temperature
recorded by thermocouples positioned vertically. All thermocouples are positioned 250 cm
downstream, at heights of 30, 65, 100, and 150 cm above the bed. All positions are the same
for the following graphs.
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Fig. 45. Temperature data against time recorded by thermocouples for air experiment
20170109_04. The top graph is the temperature recorded by thermocouples positioned
horizontally downstream from the chute, 50 cm to the right of the centerline. The bottom
graph is the temperature recorded by thermocouples positioned 50 cm to the left of the
centerline. The downstream positions are 100, 200, and 300 cm from the chute. All positions
are the same for the following graphs.
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Fig. 46. Temperature data against time recorded by centerline thermocouples for air
experiment 20170109_05.
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Fig. 47. Temperature data against time recorded by offset thermocouples for air experiment
20170109_05.
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Fig. 48. Temperature data against time recorded by centerline thermocouples for air
experiment 20170110_01.
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Fig. 49. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 50. Temperature data against time recorded by centerline thermocouples for air
experiment 20170110_02.
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Fig. 51. Temperature data against time recorded by offset thermocouples for air experiment
20170110_02.
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Fig. 52. Temperature data against time recorded by centerline thermocouples for air
experiment 20170110_03.
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Fig. 53. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 54. Temperature data against time recorded by centerline thermocouples for air
experiment 20170110_04.
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Fig. 55. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 56. Temperature data against time recorded by centerline thermocouples for air

experiment 20170110_05.
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Fig. 57. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 58. Temperature data against time recorded by centerline thermocouples for air
experiment 20170110_06.
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Fig. 59. Temperature data against time recorded by offset thermocouples for air experiment
20170110_06.
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Fig. 61. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 63. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 65. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 66. Temperature data against time recorded by centerline thermocouples for air
experiment 20170112_04.

96



222 Right Side
Oecm , , L .
T o ‘Fl’-'“:‘:". i \m..‘* i
e LiR| r
“ m o N b M.. l’l\ Ce '?—V W
A ey en yo -
l\v.l'l N Yo X '\_:“,’ --ﬂ |lll N M

Temperature ( C)
R
5

Y
1
e
o Y [ 1 \ | 2 4
et B [ : vl ‘l. f g
" o ,
1 o ¢ b, !ﬁ LA
# Yy

2221 Left Side

Ocm
| [- — —100cm

Temperature ( C)

(A0
“'"l,\'\ 1
AN |

GRS g
NN e
AT

fmary

Teasl

214 —

212 L 1 1 | L
o 200 400 600 800
Time (s)

Fig. 67. Temperature data against time recorded by offset thermocouples for air experiment
20170112_04.

1
1000 1200

97



Horizontal

224
0cm
- = =100cm o
& 222H 200 em Wi gy -
LT e 300 cm Ft i
e 1 ‘f M i
e o, i A AT :
= Fesssrmesen, - e A, H
g s eyt s i i -
5 h
=218 I
e |
M PRI s
.
216 | | 1 1 I 1 |
0 100 200 300 400 500 600 700 800
026 Vertical

30cm
224 H— — —65cm
[ 100 cm

:8 299 150 cm """’"'""'""‘"‘”"""""’""""'wm-h....,_ L
g S s
§ 22
@
a
218 . .t
fid . - PR LA ALY Lo eE PN
016 [t E Svbar mv Avay 1\\-'.~;d1‘,\\\..4\-\_..1'.”’“ ol Tt ,--I - Wy,
214 | | I | | I |
0 100 200 300 400 500 600 700 800

Time (s}

Fig. 68. Temperature data against time recorded by centerline thermocouples for air
experiment 20170112_05.

98



Right Side

224
ocm § LRSTS
- = —100cm P *"fl'“'\‘u"‘" LU T .
JIp 200 cm mey ettt
LT e 300 cm [ M
b "
s I
® 22| P e
s [
© 218 .

R

2186
0 100 200 300 400 500 600 700 800

Left Side

n
g
kS

Ocm

| |- = —100cm
~222 200 cm
KCI N
L 2 e
2 ANIESS
g Foofy T e i
g218 N u\':."'l . -JT Mw\,r,, ."‘l,“.J "y . g
E . v v LT ) \ru..,,“”‘
= RO W e e ernses gt asssteenests s v
216 B g i AT IR
214 L | ] | ‘ ‘ | |
0 100 200 300 400 500 600 700 800

Time (s}

Fig. 69. Temperature data against time recorded by offset thermocouples for air experiment
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Fig. 70. Temperature data against time recorded by centerline thermocouples for air
experiment 20170113 01.
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Fig. 72. Temperature data against time recorded by centerline thermocouples for air
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experiment 20170113 03.
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Replication data will be made available via the Texas Data Repository
(https://dataverse.tdl.org/), a platform for publishing and archiving datasets created by faculty,
students, and staff at the University of Texas at Austin, and the Texas Advanced Computing
Center (https://www.tacc.utexas.edu/), a facility of the University of Texas at Austin that designs

and deploys advanced computing technologies
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