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similar distributions are independent of the roughness. Mathematical relationships 

developed from the self-similar velocity and density distribution reveal the self-similar 

vertical distribution of mean dynamic pressure. This empirical model can inform multi-layer 

PDC models and estimate the height and values of peak time-averaged dynamic pressure for 

dilute PDCs of arbitrary scale.  

Turbulence fluctuations around the mean were investigated through Reynolds 

decomposition. The large-scale turbulence structure and the dominant source of turbulence 

generation are shown to be controlled by free shear with the outer flow boundary, while 

strong density gradients at the basal high-shear flow boundary dampen turbulence 

generation. The large-scale, shear-induced coherent turbulence structures can be tracked 

along the runout and were found to be superimposed by smaller turbulence structures. In 

Fourier spectra of dynamic pressure, flow velocity, and temperature, these sub-structures are 

observed as discrete frequency bands that correspond to the coarse modes of the 

spatiotemporally evolving flow grain-size distributions. This can be associated with the 

preferential clustering of particles at the peripheries of the sub-structures. Following the 

decoupling of particle clusters, the rapid sedimentation of particle clusters occurs 

periodically at the characteristic frequency of the turbulence sub-structures. This mechanism 

of preferential clustering, decoupling and rapid sedimentation of particles with critical 

particle Stokes numbers is an important mechanism of turbulent sedimentation to explain 

the spatiotemporally evolving flow grain-size distribution of pyroclastic surges. 
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Despite the significant research efforts on pyroclastic density currents (PDCs) over the past 

decades, understanding these ground-hugging gravity currents of hot particles and gas is still 

limited. Advancing this understanding is a central objective in volcanology (Lube et al., 

2020) and is necessary to improve risk management and mitigation for populations that life 

in the vicinity of volcanoes (Cashman and Sparks, 2013). 

PDCs are highly polydisperse and strongly vertically density-stratifies multiphase flows of 

hot particles and gas. The term pyroclastic density current encompasses a spectrum of gas-

particle transport mechanisms from non-turbulent, dry granular flow, over gas pore-pressure 

modified granular flow to fully dilute, fully turbulent suspensions. Based on the 

characteristics of their deposits, PDCs have been traditionally subdivided into two types or 

end-members: pyroclastic flows and pyroclastic surges (Sparks, 1976). In pyroclastic flows, 

the majority of the flow mass is envisaged to be transported in a basal flow region as a gas 

pore-pressure modified granular flow, which has originally been envisaged to behave akin 

to a fluidized granular bed (Wilson, 1980) and which is overlain by a dilute turbulent ash-

cloud surge. In pyroclastic surges (Valentine, 1987), most of the flow mass is transported as 

a dilute, fully turbulent suspension, and dense granular flow processes are restricted to a thin 

basal bedload region. The term pyroclastic density current encompasses the full spectrum of 

transport processes from dense granular flow to dilute turbulent suspensions. This PhD 

research is centered on the effects of turbulence on the multiphase flow and hazard behaviors 

of dilute pyroclastic density currents. Therefore, this research introduction will be focused 

on the dilute turbulent endmember of PDC transport (hereafter dilute PDCs or dPDCs).  

Previous research has highlighted that the destructiveness of dilute PDCs, and PDCs in 

general, results from a combination of effects: high flow velocities and densities result in 

damage-causing dynamic pressures of tens to hundreds of kilopascals that can destroy forests 

and buildings (Valentine, 1998, Spence et al., 2004a, Baxter et al., 2005, Jenkins et al., 2013, 
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Lerner et al., 2022); flow temperatures of several hundreds of degrees Celsius constitute 

severe burn hazards (Lacroix, 1904, Baxter, 1990, Jenkins et al., 2013, Baxter et al., 2017); 

while high concentrations of readily respirable fine ash particles create a high risk for 

asphyxiation (Baxter, 1990). However, there is a fundamental lack of measurements to detail 

the spatial distributions of velocity, particle concentration, temperature, and particle grain-

size inside flows and how these distributions evolve in space and time during flow 

propagation. This limits predictions of how exactly hazard effects are generated inside 

PDCs, and how they perpetuate and vary during flow evolution. Therefore, further research 

is needed to understand how destructiveness develops inside PDCs to implement appropriate 

hazard forecasting and risk mitigation strategies (Cashman and Sparks, 2013, Lube et al., 

2020). To assess the potential hazard impacts of PDCs, volcanologists try to estimate bulk 

flow properties, such as integral averages of flow velocity, flow density (or particle volume 

concentration), flow temperature, and flow particle size (e.g., Dellino et al., 2008, Roche et 

al., 2013, Dioguardi and Dellino, 2014, Dufek et al., 2015, Dioguardi and Mele, 2018). 

Brosch et al. (2021) have shown turbulence fluctuations in velocity and density to be the 

main destruction-driving mechanism in PDCs, generating dynamic pressures 3-5 times 

higher than their average values. They explained this characteristic through the focusing of 

energy in large turbulence structures and internal gravity waves.  

The destructiveness and unpredictability of PDCs occurrences limit detailed direct 

measurement campaigns into PDCs, and only two direct measurements into natural PDCs 

exist (Scharff et al., 2019, Brosch et al., 2021). Most of the understanding of dilute PDCs 

stems from the interpretation of deposits, numerical simulations, and analog experiments 

(Dufek, 2016, Lube et al., 2020). Previous experimental studies on dilute PDCs used the 

analog of aqueous compositional and particle-laden gravity currents (e.g., Burgisser et al., 
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2005, Lube et al., 2015, Brosch et al., 2022). Recently, it has been highlighted that the 

complex multiphase flow processes of PDCs cannot be downscaled to benchtop-scale 

experiments and that aqueous gravity currents do not fully scale to the dynamics and 

complexity of particle-gas transport in PDCs (Burgisser et al., 2005, Lube et al., 2015). 

Therefore, sufficiently large-scale experimental studies of fully turbulent gas-particle flow 

are needed to investigate the internal flow dynamics of PDCs (Esposti Ongaro et al., 2020a, 

Cerminara M., 2021, Shimizu et al., 2021) and to validate computational models (Esposti 

Ongaro et al., 2020a, Cerminara M., 2021, Shimizu et al., 2021). Over the past decades, 

different large-scale facilities have been developed to generate the dilute end member of 

pyroclastic density currents. These setups are located in Italy (Dellino et al., 2007), in the 

USA (Andrews and Manga, 2011), and in Aotearoa/New Zealand (Dellino et al., 2007, 

Andrews and Manga, 2011, Lube et al., 2015). 

Large-scale turbulence has been shown to majorly affect the hazard potential of dilute PDCs 

(Brosch et al., 2021). How turbulence affects the particle distributions and particle coupling 

in PDCs has been described through theoretical models (Burgisser and Bergantz, 2002, 

Burgisser et al., 2005, Breard et al., 2016, Lube et al., 2020). To date, the energy transfer 

from large to small turbulence structures inside PDCs and how these affect the hazard 

potential of PDCs, the flow-internal particle coupling, and grain-size distributions have not 

been studied systematically. Even in homogenous turbulence, it is not well understood how 

the presence of particles modulates the energy cascades of turbulent suspensions (Brandt and 

Coletti, 2022), though most studies suggest increased energy transfer to smaller structures 

under the presence of particles (Yang and Shy, 2005, Bosse et al., 2006, Poelma and Ooms, 

2006). 
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Objective 1: Perform direct high-resolution measurements of dynamic pressure to 

quantify its turbulence spectrum. 

Objective 2: Understand how turbulence fluctuations in dynamic pressure are 

generated and how these relate to hazard. 

II.  How can the internal flow and turbulence structure of PDCs be characterized, and 

how does it evolve during flow runout? To date, the ferocity and unpredictability of 

PDCs prohibited most efforts to obtain direct measurements inside flows, limiting the 

ability to validate flow models of PDCs. This motivates continued experimental 

efforts to characterize the internal structure of PDCs and to understand the hazard 

potential of PDCs better. 

Objective 3: Describing the vertical structure of velocity and concentration in dilute 

PDCs. 

Objective 4: Describing the turbulence structure inside dilute PDCs and track the 

evolution of turbulence structures during flow propagation.  

Objective 5: Generate data to benchmark and inform numerical models. 

III.  What are the effects of turbulent gas-particle feedback mechanisms on the behavior 

of PDCs, and how do these feedback mechanisms modify the flow and turbulence 

structure of PDCs? Theoretical models about the gas particle interactions in 

pyroclastic density currents have been suggested (Burgisser and Bergantz, 2002, 

Breard and Lube, 2017), but comprehensive understanding on the interplay between 

particles and turbulence has not been developed yet, also for other turbulence settings 

this is not fully understood (Brandt and Coletti, 2022). 
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Following the recognition of a self-similar time-integrated flow structure of dilute PDCs, 

Chapter 4 demonstrates how Savitzky-Golay filters can be used to decompose the flow fields 

of highly unsteady multiphase flows into their mean and turbulent components. This 

technique is applied to the experimental measurements to visualize the spatiotemporally 

variable distribution of turbulence fluctuation, turbulence intensity, and turbulent kinetic 

energy inside dilute PDCs. The results from this analysis highlight the importance of 

moderate shear at the outer free-shear boundaries of PDCs for turbulence generation, while 

the strong density gradients dampen turbulence generation at the basal high-shear 

boundaries.   

The manuscript is prepared to be submitted as a full-length research article.  

Both the PhD candidate as well as co-authors contributed: 

Chapter 5: Turbulence Structures in Dilute Pyroclastic Density Currents and their 

Implications on Turbulent Gas Particle Coupling 

Chapter 5 addresses research question three. This research interrogates how flow-internal 

measurements of flow velocity, temperature, and dynamic pressure relate to the turbulence 

structure of dilute PDCs and polydisperse turbulent multiphase flow in general. It is 

demonstrated that velocity data and high-speed video imagery can be used to track the spatial 

evolution of large coherent turbulence structures and mesoscale turbulence. Furthermore, 

this research shows that spatiotemporal changes in the flow grain-size distribution relate to 

characteristics of the turbulent energy cascades and focusing of energies in measurements of 

flow velocity, dynamic pressure, and temperature. It is suggested that it is the clustering of 

particles with high particle Stokes numbers at the peripheries of coherent turbulence 

structures that generates the focusing of energies and modulations of turbulent energy 

cascades. The subsequent decoupling of particle clusters from coherent turbulence structures 
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aftermath of volcanic eruptions, the dynamic pressure is often estimated as the minimum 

dynamic pressure that was needed to cause this destruction on manmade infrastructure (e.g., 

Valentine, 1998, Clarke and Voight, 2000, Spence et al., 2004b, Baxter et al., 2005, Jenkins 

et al., 2013) Also, vegetation can be destroyed and used to analyze the force of PDCs after 

the 1980 Mount St. Helens eruption flattening large areas of forest (Druitt, 1992, Clarke and 

Voight, 2000, Brand et al., 2023). Tables and values in which dynamic pressures can cause 

destruction patterns, inferred from nuclear tests, can be found in Valentine (1998). Further 

research expanded on this research by systematic data collection on the aftermath of 

volcanoes (e.g., Baxter et al., 2005, Jenkins et al., 2013, Lerner et al., 2022). Dellino et al. 

(2008) applied theoretical models of turbulent boundary layers  and principles of hydraulic 

sediment transport to relate grain-size characteristics of PDC deposits to estimates of local 

time-integrated dynamic pressure. Based on the work of Dellino et al. (2008) computer 

programs where developed to calculate the dynamic pressure of dilute PDCs based on 

deposit characteristics (e.g., grainsize distribution and deposit thickness) (Dioguardi and 

Dellino, 2014, Dioguardi and Mele, 2018). For the velocity distribution, a so-called "law of 

the wall" (Prandtl, 1905, Batchelor and Proudman, 1956) profile is used. Recent research on 

PDCs has shown a Power Gaussian form to describe the velocity distribution (Brosch et al., 

2021, Cerminara et al., 2021), contradicting assumptions made by Dellino et al. (2008). Even 

though the model was validated experimentally (Dellino et al., 2010a) and through field data 

(Dioguardi and Dellino, 2014, Mele et al., 2015), direct internal observations, as in Brosch 

and Lube (2020), were not available to link the internal fluid dynamics with sedimentary 

processes. Recent experimental work by Brosch et al. (2021) revealed strong pulsing in 

dynamic pressures, exceeding the previously used mean values by a factor of 3-5. The 

process behind this is not understood yet. In the 1982 eruption of El Chichón (Mexico) 

pyroclasts caused impact craters on a basketball pole, which require far higher velocities 
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measurement volumes along the radar beam. The amplitude associated with each velocity 

depends on the amount of material traveling with this velocity toward the radar. Scharff et 

al. (2019) suggest their data lend itself to validate and benchmark numerical models. This 

potentially understates the importance of the radar data, which might hold unique 

information on the turbulence and turbulent energy cascade inside real-world PDCs, at 

different observer locations. In combination with other data, such as large-scale experiments, 

the data could inform on scale dependence of processes. 

The second data set of measurements of PDCs was recorded during the eruption of Whakaari 

(White Island) on 9 December 2019, creating a dilute PDC. At Whakaari, a seismic-acoustic 

network measured in situ pressure data of the dilute PDC. This data has so far only been 

analyzed for their frequency contents and the number of pressure pulses (Brosch et al., 

2021). 

The measurements with the radar at Vulcan de Colima (Scharff et al., 2019) and of pressures 

inside the PDC at Whakaari (Brosch et al., 2021) reported here are not plannable. This is 

mostly due to the unpredictability and destructiveness of PDCs destroying most sensors and 

making installations very dangerous.  

In addition to these rare in situ measurements, satellite-based sensors can be used to observe 

PDCs. A satellite-based infrared sensor measured the propagation of the 1980 Mount St. 

Helens (USA) lateral blast (Moore and Rice, 1984a). The sparse satellite coverage limits 

satellite-based measurements of PDCs (Lube et al., 2020). Also, the seismic-acoustic signal 

generated by PDCs can be used to locate PDCs and estimate flow velocities (Yamamoto et 

al., 1993, Ripepe et al., 2009, Watson et al., 2023). 
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velocity measurements (Andrews, 2014). Experiments in this facility showed the ability of 

dilute PDCs to surmount topographic obstacles (Andrews and Manga, 2011), investigated 

entrainment of ambient air (Andrews, 2014), and showed that flows at low or ambient 

temperatures spread more than hot flows (Andrews, 2014). 

 

Figure 1-3 Imaged of an experiment conducted by Andrews and Manga (2011). A synthetic gravity current 

created from talcum powder travels along a smooth bed. A) shows the propagating current at 28 s. B) shows 

the propagating current at 68.33 s where the current buoyantly lifts off. Modified from Andrews and Manga 

(2011). 

The third large-scale experimental setup is located at Massey University (Palmerston North, 

New Zealand). It was introduced by Lube et al. (2015) and is currently the largest 

experimental setup synthesizing PDCs. Experimental PDCs generated at the PELE facility 

have been demonstrated to scale well to natural PDCs and to encompass a wide spectrum of 

PDC flow behavior, including dense pyroclastic flow and turbulent dilute pyroclastic surge 

endmembers. Previous studies investigated the spatiotemporal variations of flow conditions 

for dilute, intermediate, and dense flow regimes (Lube et al., 2015, Breard et al., 2016, 

Breard and Lube, 2017, Breard et al., 2018, Lube et al., 2019, Brosch, 2020, Brosch and 

Lube, 2020, Brosch et al., 2021, Brosch et al., 2022). More detailed summaries and 

descriptions of the setup can be found in Lube et al. (2015) and Chapter 3 (Methods). 
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1.11.2 Turbulence Generation 

At the beginning of the energy cascade is the so call energy-containing range, where the 

production/generation of turbulence takes place (Pope, 2000). The mechanisms for 

turbulence generation in PDCs constitute shear, buoyancy, particles, and the sedimentation 

of mesoscale particle clusters (Brosch, 2020, Lube et al., 2020, Brosch et al., 2021). Close 

to the no-slip boundary, the turbulence strength is assumed to approach zero, and a 

laminar/viscous sublayer forms (Cebeci, 2013). Assuming a turbulent open channel flow 

creating a "law of the wall" logarithmic velocity profile as used by Dellino et al. (2008a), 

mechanisms of shear-induced turbulence generation can be highlighted. Large-scale 

experimental results suggest that the vertical velocity distributions in pyroclastic density 

currents are similar to turbidity currents' velocity distributions (Brosch et al., 2021, 

Cerminara et al., 2021). For turbidity currents, an upper free shear boundary and a lower 

solid shear is assumed (Graf, 1984, Altinakar et al., 1996, Cantero-Chinchilla et al., 2015). 

Brosch et al. (2022) Cerminara et al. (2021)show the presence of large coherent turbulence 

structures and a separation of turbulence structures at the wall jet boundary, where shear is 

minimal. Studies by Salinas et al. (2021) also showed the separation at the wall jet boundary 

for submarine water particle flows. 

Other turbulence generation mechanisms are buoyancy in the form of plumes rising and 

creating vortices, particles with high stokes numbers generating turbulent wakes, and 

mesoscale clusters (Brosch, 2020). 
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and theoretical modeling approaches, important aspects of dilute PDC behavior remain 

enigmatic. The following outline of research opportunities is by no means comprehensive 

but informs the main objectives of the PhD research. Measurements of the vertical structure 

of velocity and concentration of experimental dilute PDCs are sparse and have only been 

performed at one observer location and for one substrate roughness (Brosch et al., 2021). 

Previous studies have not focused on the vertical velocity component that must be strongly 

linked with particle settling, the vertical momentum transfer, and the generation of density 

stratification. Further investigations of the vertical structure of PDCs are needed to inform 

depth-averaged multilayered models (e.g., Doyle et al., 2010, Kelfoun, 2017, Shimizu et al., 

2019). Derivation of an empirical function for the vertical velocity will help guide potential 

reevaluation of the definition of depth-averaged layers, which are currently split into the 

dense bedload and the suspended load (Shimizu et al., 2017). Recent discoveries suggest 

that the definition of three layers, the dense bed load, the wall region, and the jet region, 

might be beneficial and able to increase the quality of depth-averaged models. Ultimately, 

this would lead to increased accuracy of flow models with a low computational cost that 

could be deployed for risk assessment globally. The vertical velocity component needs to be 

studied to achieve this. Also, the evolution of the vertical structure of dilute PDCs has to be 

tracked along the flow runout. 

The effect of the basal roughness on the propagation of dilute gas-particle gravity currents 

has not been investigated yet. For sediment-laden gravity currents, I am aware of only one 

study by Kashefipour et al. (2017) investigating water particle currents. Systematic studies 

investigating the influence of naturally scaled roughness are needed. 

The least investigated and least understood is the multiphase turbulence inside dilute PDCs. 

Dilute PDCs show high complexity due to a wide range of particle sizes, densities, and 
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resulting coupling regimes. These complexities are not approached by scientific 

communities looking at the coupling mechanisms and fluid dynamics of turbulent 

suspensions. Which usually look at idealized systems with very fine particles rather than 

gas-particle suspensions from air and highly polydisperse and irregularly shaped volcanic 

material. Though the PDC community has recognized the importance of turbulence and work 

by Burgisser and Bergantz (2002) already suggested models for turbulent gas-particle 

interactions. Models like this are not tested in situ experimentally or in the real world.  

To date, the turbulent energy cascades in PDCs have not been systematically investigated, 

and it is mostly unknown how turbulent energy is transferred from large to small structures 

in PDCs. Also, focusing of energy has been previously shown by Brosch et al. (2021), but 

the exact mechanisms are not known. The energy transfer and focusing of energies is also 

an active field of research for more idealized systems, and so far, no clear consensus has 

been established (Brandt and Coletti, 2022). Successful measurements inside real-world or 

experimental PDCs have the potential to inform the wider scientific community working on 

PDCs, volcanic plumes, and general multiphase physics of turbulent suspensions. Therefore, 

developing measurement systems for experimental setups and real-world flows should be a 

key objective of volcanology.  

This thesis presents a dataset derived from three large-scale experiments conducted over a 

variation of bed roughness from dynamically smooth to scales of the viscous sublayer. For 

this purpose, new and improved measurement setups expanded the PELE experimental 

setup, allowing to capture the spatial-temporal evolution and multiphase turbulence of dilute 

PDCs.  
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Figure 2.6 3D printed Pitot tube mold and other parts needed to cast Pitot tubes. 

The sensor mounts for these casted Pitot tubes (Figure 2.6) were designed by me and 3D 

printed by Morio Fukuoka, Massey University. The sensor mounts are printed to achieve the 

highest possible quality with submillimeter precision. The spinal needles are glued into those 

sensor mounts and sealed off using hot glue to prevent the epoxy resin from entering the 

sensor mount or spinal needles. This assembly is placed in the molds (Figure 2.7), and the 

mold is filled with epoxy. 

 

Figure 2.7 Placement of the sensor mount and internal tubing into the 3D-printed mold. 
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Figure 2.9 Sensor mount (circled in red) and 3D printed mold after producing the second cast prototype. 

A third attempt at producing a more sustainable mold was made by machining the mold from 

plastic, including filling holes, alignment pins, and holes for ejection pins. A clean mold 

release was not possible with this mold. The Pitot tube and the mold were both damaged, as 

the epoxy completely blocked the ejection pins. Applying force in the hope of loosening the 

ejection pins lead to damage to the mold and the ejection pins.  

The final silicone prototypes made from silicone provided excellent mold release and 

reusability. To produce those molds, the male shapes of the mold halves are 3D printed, 

including all relevant features (see Figure 2.10). Mold StarTM 15 SLOW silicone was used 

to cast these molds. With one set of male prints to produce the molds, the serial production 

of Pitot tubes and molds started simultaneously, with the production capacity growing with 

each iteration.  
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Figure 2.10 3D model of the male half for the production of silicone molds. 

The Pitot tubes were set to record counts due to computational limitations of the Arduino 

Leonardo modules used to read the sensors and send the reading via serial connection to the 

logging computer. This and the residual pressure drop are corrected in a calibration step that 

was performed multiple times for each Pitot tube (Figure 2.11). A known pressure signal is 

applied to the dynamic port of the pitot tube and recorded at a calibration sensor and with 

the pitot tube simultaneously (Figure 2.11 b). This signal is then used to calculate a linear 

regression, with an intercept at zero, between Pitot reading and calibration pressure (Figure 

2.11 b). A slight hysteresis is visible, which is not considered, as a linear relationship 

sufficiently describes the calibration. Non-linear responses of the dead-volume could 
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Figure 2.14 Comparing the temperature signal with the temperature-induced pressure changes. The 

temperature and the temperature influence are compared, and the long-period flow features provide an 

excellent match. The sensor construction can explain the inversed relationship between these signals. 

In the last quality control step, the resulting pressure signal, filtered with a moving average 

filter to increase comparability, is compared to an independent pressure measurement 

derived from flow velocities and flow densities (as described in Section 2.7.4). The separate 

measurements show a good match, providing confidence that the temperature correction 

works sufficiently (see Figure 2.15). Single negative measurement values were replaced with 

the following adjacent values. 
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With this approach, the analysis highly depends on analytical or empirical models to describe 

the mean properties. Further, the definition of the mean flow directly defines the turbulent 

fluctuations, and strong assumptions lead to a biased turbulence pattern and potential errors.  

An alternative to using empirical models can be the use of purely data-driven approaches. 

This thesis calculates the mean flow properties by applying Savitzky-Golay filters (Savitzky 

and Golay, 1964). This means that polynomials fit the data's temporal subsets, and the central 

value is used as the filtered value. A convolution is then performed over the whole time 

series. The degree of the polynomials and the length of the data subsets (window length) can 

be chosen. This thesis sets the polynomial degree to one for most applications. The window 

length is varied, allowing to investigate different timescale turbulence structures. The 

Savitzki-Golay filter implementation by SciPy (Virtanen et al., 2020) is used, which results 

in a similar algorithm to a moving average. One key difference is that only parts of the data 

subsets are needed at data boundaries to fit appropriate polynomials, and no padding is 

applied. For example, only data with times equal to or larger than the evaluated data point 

are used at the beginning of the time series to fit the polynomial. This reduced the boundary 

effects and allowed an excellent application to transient turbulence. This algorithm can be 

used for any turbulence setting where temporal data is collected and any data stream (e.g. 

greyscale images, velocities, temperature, and pressures). The results of these algorithms are 

presented in Chapter 4 and Chapter 5, and codes are included in Appendix D and Appendix 

E. 

2.7.8 Frequency Analysis and its Interpretations 

Frequent spectra can be calculated with all the measurements by applying a Discrete Fourier 

Transformation. This way, periodic processes in the measured properties can be identified 
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how can we learn to predict PDC hazards accurately? The key hazard agents of PDCs are 

the volcanic particles carried inside them. PDCs fuel a 'wicked armory': as the main driver 

of PDC motion, the abundance of particles relative to gas, characterizing the flow density, 

in contrast to the density of the ambient atmosphere, controls flow speed, destructive power, 

and reach (Elghobashi, 1994, Burgisser et al., 2005, Dellino et al., 2010, Meiburg and 

Kneller, 2010, Andrews and Manga, 2011, Andrews and Manga, 2012, Jenkins et al., 2013, 

Breard et al., 2015, Cole et al., 2015, Baxter et al., 2017, Steel et al., 2017, Brosch et al., 

2022). Carrying most of the thermal energy, particles are also responsible for PDC burn 

hazards, while the readily respirable particles cause inhalation injury and asphyxia (Eisele 

et al., 1981, Baxter et al., 2017). To model and mitigate against PDC hazards, we must 

understand the behavior of particles better, more specifically, their motion and sedimentation 

inside PDCs (Lube et al., 2020). 

However, a fundamental roadblock hinders this endeavor: the motion of particles within a 

PDC is modified through complex, long-hypothesized, but poorly understood one-way to 

four-way coupling mechanisms between particle and gas phases (Breard et al., 2016, Breard 

and Lube, 2017, Sweeney and Valentine, 2017, Breard et al., 2018, Weit et al., 2018, Lube 

et al., 2020). Unlike a homogenous suspension of particles in a fluid, these interactions 

modify the flow and turbulence structure in PDCs, leading to particle clustering, lubricating 

forces, and enhanced sedimentation (Esposti Ongaro et al., 2007, Breard et al., 2016, Lube 

et al., 2019, Brosch and Lube, 2020, Neri et al., 2021, Calabrò et al., 2022). Recent advances 

through large-scale PDC experiments discovered that these interactions focus particles, and 

thus mechanical and thermal energies, into large eddies, turbulence mesoscale structures, 

and internal gravity waves (Brosch et al., 2021). However, how the feedback mechanisms 

between particles and gas, within and across coherent turbulence structures, control the 
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runout and hazard behavior of PDCs remains unknown. The most advanced numerical 

multiphase PDC models cannot yet capture the turbulent particle-gas interactions across all 

relevant length scales and at the non-isotropic turbulence of PDCs (Dufek and Bergantz, 

2007a, Dufek and Bergantz, 2007b, Dufek et al., 2007, Esposti Ongaro et al., 2007, Dufek 

and Manga, 2008, Dufek et al., 2009, Esposti Ongaro et al., 2012, Carcano et al., 2014, Lube 

et al., 2020, Neri et al., 2021, Calabrò et al., 2022). The opportunity to explore the 
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