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Abstract 

Pyroclastic surges (also dilute pyroclastic density currents or dilute PDCs) are amongst the 

most hazardous volcanic phenomena associated with explosive volcanic eruptions and 

hydrothermal explosions. These fast-moving, turbulent, polydisperse multiphase flows of 

hot volcanic particles and gas occur frequently and have severe impacts on life and 

infrastructure. This is attributed to a compounding of hazard effects: large flow-internal 

dynamic pressures of tens to hundreds of kilopascals destroy reinforced buildings and 

forests; temperatures of up to several hundreds of degrees Celsius pose severe burn hazards; 

and readily respirable hot fine ash particles suspended inside dilute PDCs cause rapid 

asphyxiation. Direct measurements inside pyroclastic density currents are largely absent, and 

previous research has used a combination of detailed field studies on PDC deposits, 

laboratory experiments on analog density currents, numerical modeling, and theoretical 

work to interrogate the internal flow structure, gas-particle transport, sedimentation and 

destructiveness of dilute PDCs. Despite major scientific advances over the last two decades, 

significant fundamental gaps in understanding the turbulent multiphase flow behavior of 

dilute PDCs endure, preventing the development of robust volcanic hazard models that can 

be deployed confidently. Critical unknowns remain regarding: (i) how turbulence is 

generated in dilute PDCs; (ii) how multiphase processes modify the flow and turbulence 

structure of dilute PDCs; and (iii) if and how turbulent gas-particle feedback mechanisms 

affect their destructiveness. To address these gaps in understanding, this PhD research 

involved high-resolution measurements of velocity, dynamic pressure, particle 

concentration, and temperature inside large-scale experimental dilute PDCs. 



 

It is shown that dilute PDCs are characterized by a wide turbulence spectrum of damage-

causing dynamic pressure. This spectrum is strongly skewed towards large dynamic 

pressures with peak pressures that exceed bulk flow values, routinely used for hazard 

assessments, by one order of magnitude. To prevent severe underestimation of the damage 

potential of dilute PDCs, the experimentally determined ratio of turbulence-enforced 

pressure maxima and routinely estimated bulk pressures should be used as a safety factor in 

hazard assessments. High-resolution measurements of dynamic pressure and Eulerian-

Lagrangian multiphase simulations reveal that these pressure maxima are attributed to the 

clustering of particles with critical particle Stokes numbers (𝑆𝑡 = 𝒪(1)) at the margins of 

coherent turbulence structures. The characteristic length scale and frequency of coherent 

structures modified in this way are controlled by the availability of the largest particles with 

critical Stokes number. Through this, spatiotemporal variations in peak pressures are 

governed by the mass loading and subsequent sedimentation of these clustered particles. In 

addition to the ‘continuum phase’ loading pressure, the measurements also revealed that the 

direct impact of clustered margins and high Stokes number particles decoupling from 

margins with structures generate instantaneous impacts. These piercing-like impact 

pressures exceed bulk pressure values by two orders of magnitude. Particle impact pressures 

can cause severe injuries and damage structures. They can be identified as pockmarks on 

buildings and trees after eruptions. This new type of PDC hazard and the magnitude of 

pressure impacts need to be accounted for in hazard assessments. 

Systematic measurements of the evolving experimental pyroclastic surges along the flow 

runout demonstrate that time-averaged vertical profiles of all flow velocity components and 

flow density obey self-similar distributions. Variations of the roughness of the lower flow 

boundary, geometrically scaling ash- to boulder-sized natural substrates, showed the self-



 

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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1 Introduction 

This chapter motivates the conducted research and summarizes the relevant research. The 

introduction includes the definition of research objectives and research questions and a 

selective summary of previous research focusing primarily on the internal dynamics of dilute 

pyroclastic density currents, the vertical structure of concentrations and velocities, and the 

turbulent gas-particle interactions in general turbulence and pyroclastic density currents. 

1.1 Motivation 

Globally, more than half a billion people live close to volcanoes (Dunkley and Norton, 

2002), and are affected by the various threats caused by volcanoes. The main threats include 

ashfall (Baxter and Horwell, 2015), lava flows (Peterson and Tilling, 2000), and pyroclastic 

density currents (PDC) (Nakada, 2000, Valentine and Fisher, 2000, Baxter et al., 2008). 

PDCs are considered the most lethal volcanic phenomenon of those hazards, accounting for 

at least one-third of fatalities caused by volcanic activity (Auker et al., 2013). Excluding the 

five largest disasters, Auker et al. (2013) find PDCs responsible for 46% of volcanic 

fatalities. 

Pyroclastic density currents can be generated during eruptions of all magnitudes (Dufek, 

2016) and are triggered by various processes. These processes include eruption column 

collapse (Clarke et al., 2002, Scharff et al., 2019, Trolese et al., 2019), caldera collapse (Self 

and Rampino, 1981), phreatomagmatic explosions (Fisher and Waters, 1970, Glicken and 

Nakamura, 1988, Yamamoto et al., 1999, Breard et al., 2015), and directed blasts 

(Christiansen and Peterson, 1981, Belousov et al., 2007, Sutawidjaja, 2013), to name a few.  
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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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Motivated by these gaps in knowledge, this thesis is focused on the effects of turbulence on 

PDC transport and hazard behavior. An experimental series in the Pyroclastic flow Eruption 

Large-scale Experiment (PELE) (Lube et al., 2015) was conducted to investigate these. 

Different roughness elements varying from dynamically smooth to roughness in length 

scales of the viscous sublayer were installed in the experimental setup to investigate the role 

of the substrate on the PDC propagation. High-resolution Piezoelectric pressure sensors 

expanded the measurement system in PELE, and existing thermocouple temperature sensors 

were replaced with faster sensors to get more valuable insights into the turbulence of the 

generated flows. The experimental series is aimed to advance the understanding of the 

internal velocity and density distributions in PDCs, and to investigate how turbulence affects 

the particle clustering and the hazard potential of dilute PDCs. This research builds on the 

PhD theses of Eric C. P. Breard (Breard, 2016) and Ermanno Brosch (Brosch, 2020). 

1.2 Research Aims and Objectives 

The following three research questions (summarized in Table 1-1) motivated and guided this 

PhD project: 

I. What are the processes behind the destruction-causing dynamic pressure in 

pyroclastic density currents, and how do these processes relate to hazard impacts? 

Recent experimental results and coincidental measurements into natural PDCs 

revealed the dynamic pressure to be focused in large turbulence structures and to span 

a wider spectrum than previously expected (Brosch et al., 2021). The mechanisms 

causing these broad dynamic pressure spectra remain enigmatic, necessitating more 

detailed experimental work. 
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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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Objective 6: Recording and investigating the turbulent energy cascades inside 

experimental dilute PDCs.  

Objective 7: Determining how the turbulence and gas particle interactions affect the 

flow propagation. 

Objective 8: Determining how the turbulence characteristics of dilute PDCs is 

presented in different characteristic flow variables (e.g., velocity, pressure, and 

temperature). 

Table 1-1 Objectives, methods, and goals. The table summarizes the suggested research's objectives, 

methods, and goals. 

Objective Method Goal 

What are the processes behind the 

destruction-causing dynamic 

pressure in pyroclastic density 

currents, and how do these 

processes relate to hazard impacts? 

Experimental Approach: 

• Deployment of high-

resolution pressure sensors 

• Updating temperature sensors 

with faster sensors 

• Systematic series of large-

scale experiments 

Data Analysis: 

• Develop new algorithms to 

investigate dynamic pressure 

and other measurements 

obtained in PELE. 

• Investigation of Fourier 

spectra to quantify the 

frequency content of the 

measured signals. 

Perform direct high-resolution 

measurements of dynamic 

pressure to quantify its turbulence 

spectrum. 

Understand how turbulence 

fluctuations in dynamic pressure 

are generated and how these relate 

to hazard. 

How can the internal flow and 

turbulence structure of PDCs be 

characterized, and how does it 

evolve during flow runout? 

Experimental Approach: 

• Measuring time-varying flow 

parameters (e.g., velocity, 

temperature, dynamic 

pressure) in highly turbulent 

experimental dilute PDCs 

• Perform measurements at 

different runout distances to 

investigate how dilute PDCs 

evolve during flow 

propagation. 

Data Analysis: 

• Development of new analysis 

algorithms to investigate the 

recorded data-sets and their 

turbulence 

Describing the vertical structure of 

velocity and concentration in 

dilute PDCs. 

Describing the turbulence 

structure inside dilute PDCs and 

track the evolution of turbulence 

structures during flow 

propagation. 

Generate data to benchmark and 

inform numerical models. 
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What are the effects of turbulent gas-

particle feedback mechanisms on the 

behavior of PDCs, how do these 

feedback mechanisms modify the 

flow and turbulence structure of 

PDCs? 

Experimental Approach: 

• Measuring spatially and 

temporally variant flow 

parameters (e.g., velocity, 

temperature, dynamic 

pressure) in experimental 

dilute PDCs 

Data Analysis: 

• Development of new analysis 

algorithms to investigate the 

recorded data-sets and their 

turbulence  

• Investigation of Fourier 

spectra to quantify the 

frequency content of the 

measured signals. 

Recording and investigating the 

turbulent energy cascades inside 

experimental dilute PDCs. 

Determining how the turbulence 

and gas particle interactions affect 

the flow propagation. 

Determining how the turbulence 

characteristics of dilute PDCs is 

presented in different 

characteristic flow variables (e.g., 

velocity, pressure, and 

temperature). 

1.3 Thesis Outline and Structure 

The presented thesis is subdivided into six chapters, followed by an appendix. 

Chapter 1: Introduction 

The introduction chapter motivates the conducted research and summarizes selected 

previous research in the field. The introduction encompasses the definition of research 

questions and objectives. The outlined previous work primarily focuses on the internal 

dynamics of PDCs, the vertical structure of concentrations and velocities, and the turbulent 

gas-particle interactions in general turbulence and PDCs. 

Chapter 2: Methods 

The methods chapter summarizes and explains the existing PELE setup and expansions 

made as part of this research. The proposed experimental series is described, and the design 

of new sensors and analysis algorithms is explained.  

Chapter 3: Deadly coupling – hazard impacts of pyroclastic density currents 

exacerbated by mesoscale particle clusters  

The first research chapter focuses on Research Question 1, the turbulent gas-particle 

interactions, and how these exacerbate the destructive potential of dilute PDCs. High-

resolution measurements of dynamic pressure are used to investigate the multiphase physics 
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inside PDCs. Multiphase numerical modeling, field observations, and non-dimensional 

analysis support the results. It is shown that particle clustering in the peripheries of coherent 

turbulence structures generates a focusing of energies and leads to dynamic pressures that 

are up to 13 times the mean pressure values. Further, it is demonstrated that the clustering 

of particles does not only generate strong turbulence fluctuations in dynamic loading 

pressure but, through direct impact of particle clusters with structures, they are responsible 

for the generation of large discrete pressure excursions. It is highlighted how these processes 

of gas-particle feedback relate to hazard impacts that need to be considered in future risk 

management. 

The manuscript is prepared and structured for submission to Nature Communications Earth 

and Environment. Therefore, the methods section is included in the Supplementary Material.  

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

Chapter 4: Characterizing the Flow and Turbulence Structure of Dilute Pyroclastic 

Density Currents Through Large-Scale Experiments 

Chapter 4 focuses on Research Question 2, how the internal flow and turbulence structure 

of dilute PDCs can be characterized, and how it evolves along flow propagation. An 

experimental series with variable bed roughness, simulating the conditions of ash- to 

boulder-dominated surfaces of volcanic landscapes, was conducted to investigate this 

problem. It is shown that the time-averaged velocity and particle concentration (and flow 

density) structure of dilute PDCs obey distinct self-similar distributions that are largely 

unmodified during flow runout. In combination, these distributions yield a self-similar 

distribution of dynamic pressure and allow vertical profiles of destruction-causing dynamic 

pressure in dilute PDCs to be estimated for arbitrary ranges in bulk flow velocity and 

concentration (or flow density). Furthermore, it is shown that, for the range in roughness 

conditions tested, the substrate roughness does not modify the self-similar flow structure. 
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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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leads to the selective sedimentation of particle sizes and generates polymodalities in the flow 

grain-size distributions. 

The manuscript is in preparation for submission to Earth and Planetary Science Letters. 

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

Chapter 6: Discussion and Synthesis 

The final chapter of this thesis summarizes the main results, links them, and puts them in the 

scientific context. Future perspectives are suggested, and preliminary results are shown to 

suggest future research. 

1.4 Dilute Pyroclastic Density Currents - a Type of Particle 

Laden Gravity Current 

PDCs are vertically density stratified particle-laden gravity currents, with the dense bedload 

at the base, the body composed of the wall and jet region above that, and the wake at the top 

of the PDC (see Figure 1-1). The frontal part of the flow is referred to as the head and is 

envisaged to contain a frontal head vortex. The head is followed by the flow body region 

(Figure 1-1).  

PDCs have been traditionally divided into two end-members: pyroclastic flows (also dense 

PDCs) and pyroclastic surges (also dilute PDCs) (Sparks, 1976). Both end-members are 

characterized by strong vertical stratification in particle solid concentration (Burgisser and 

Bergantz, 2002). In dense PDCs, conceptual models envisage a non-turbulent concentrated 

granular-fluid underflow with particle concentration of several tens of volume percent that 

carries most of the flow’s mass, dominates flow behavior and is overlain by a dilute turbulent 

ash cloud surge with bulk concentration of less than 1 vol.% (Wilson, 1980). Dilute PDCs 

are considered to have bulk flow concentrations of less than one volume percent. These fully 
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turbulent currents are envisaged to have a more continuous vertical density stratification than 

pyroclastic flows (Valentine, 1987). This research focuses on dilute pyroclastic density 

currents, particularly the characteristics of turbulent multiphase flow and hazard behaviors 

of these currents.  

 

 

Figure 1-1 Conceptual structure of dilute pyroclastic density currents, redrawn from PELE experiments. 

The frontal part of the PDC is composed of the shear-induced head vortex followed by the main flow body. The 

main flow body is vertically stratified and envisaged to be layered. The layers are the wall region, jet region, 

and wake. At the lowermost boundary, a dense bedload can form. The conceptual concentration (blue) and 

velocity (red) distribution are marked.  

1.5 Physical Parameters in Pyroclastic Currents 

The lack of direct measurements inside dilute PDCs necessitated the use of bulk flow 

properties to study the dynamics of pyroclastic currents (Dufek, 2016). Average flow 

properties have been inferred from deposit characteristics (Dioguardi and Dellino, 2014, 

Mele et al., 2015), estimated from field observations (Baxter et al., 2005, Jenkins et al., 

2013), and from numerical simulations (Esposti Ongaro et al., 2011b). The destructiveness 

and lethality of PDCs are largely controlled by the dynamic pressure (Valentine, 1998, 
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Clarke and Voight, 2000, Sparks et al., 2002), the flow temperature (Baxter et al., 2005, 

Jenkins et al., 2013), and the ash load (Baxter, 1990, Baxter et al., 2017).  

Velocity: Pyroclastic currents travel down the volcano's flanks with a wide spectrum of 

possible velocities, ranging from a few tens of meters per second to over 300 m ∙ s−1 (Dufek, 

2016). The 1980 Mount St. Helens blast involved dilute PDCs that traveled at an average 

flow front velocity close to 100 m ∙ s−1 while initial overpressure-driven velocities 

exceeded 200 m ∙ s−1 (Moore and Rice, 1984b, Brand et al., 2023). Breard and Lube (2017) 

and Brosch et al. (2022) have observed that the flow internal velocity in experimental PDCs 

exceeds the flow front velocity. Brosch et al. (2021) have shown pulsing of velocity and 

dynamic pressure in PDCs. Direct numerical simulations by Sweeney and Valentine (2017) 

have shown that under poorly coupled particles, the gas phase beneath an impinging 

subsonic jet is displaced, increasing the acceleration of the gas phase. Further analysis of 

this numerical model by Valentine and Sweeney (2018) reports a decompression and 

recompression to occur due to the displacement of gas by poorly coupled particles. This 

decompression/recompression leads to the formation of Mach disks that are stationary in 

space. Brosch et al. (2021) and Brosch et al. (2022) generated experimental PDCs through 

the gravitational collapse of hot volcanic material. Sweeney and Valentine (2017) and 

Valentine and Sweeney (2018) numerically simulated PDCs generated through the 

gravitational collapse of an ash column. The studies performed by Brosch et al. (2021) and 

Brosch et al. (2022) are experimental and do not investigate the impact zone but rather 

characterize the spatiotemporal propagation of the generated PDCs. Valentine and Sweeney 

(2018) focus on only one timestep and the formation of the Mach disks. The results of Brosch 

et al. (2022) confirm the results of Sweeney and Valentine (2017) and their comparison to 
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Breard et al. (2016), just this time for dilute pyroclastic surges. The pulses seen by Brosch 

et al. (2021) cannot be linked to the Mach disk shown by Valentine and Sweeney (2018). 

Density stratification: PDCs are characterized by a strong vertical density stratification 

(Sparks et al., 1978, Fisher, 1979, Valentine, 1987, Wohletz, 2001, Branney and Kokelaar, 

2002, Burgisser and Bergantz, 2002, Dellino et al., 2008, Breard et al., 2016, Brosch, 2020, 

Brosch and Lube, 2020). The density stratification is attributed to the settling of particles 

with different terminal fall velocities (Dellino et al., 2005, Dioguardi and Mele, 2018), 

turbulent sedimentation (Burgisser and Bergantz, 2002), sedimentation through mesoscale 

clusters (Agrawal et al., 2001, Breard et al., 2016, Breard and Lube, 2017, Weit et al., 2019, 

Brosch, 2020), and entrainment of air at the free boundary (Sparks et al., 1993) or particles 

at the base. Due to the lack of observations of the density stratification in dilute PDCs, 

current models of the vertical distribution of flow density originate from research on 

turbidity currents (Altinakar et al., 1996). The main assumption is that the density gradient 

develops a Rouseian profile (Graf, 1984). The Rouseian profile originates from the 

assumption that turbulent flows suspend finer particles better than coarser particles, 

expressed by the Rouse number. This leads to coarse particles accumulating at the base of 

the current, creating a high-concentration layer at the base of the PDCs. Recently, Brosch 

and coauthors (Brosch and Lube, 2020, Brosch et al., 2021) measured vertical profiles of 

flow density in large-scale experimental dilute pyroclastic currents. They identified 

mesoscale clusters that affect the settling and the density stratification in PDCs majorly.  

Dynamic Pressure: Most commonly, the velocity and the dynamic pressure are associated 

with the destructiveness of PDCs (Valentine, 1998, Clarke and Voight, 2000, Jenkins et al., 

2013, Brosch et al., 2021), where the dynamic pressure (𝑃𝑑𝑦𝑛 =
1

2
𝜌𝑣2) depends on the 

velocity 𝑣 and flow density 𝜌 and equates to the kinetic energy per unit volume. In the 
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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 



40 

than those caused by gravitational acceleration (Scolamacchia and Schouwenaars, 2009). 

This observation makes the presence of shockwaves as caused by volcanic eruptions 

plausible (Scolamacchia and Schouwenaars, 2009, Sweeney and Valentine, 2017, Valentine 

and Sweeney, 2018). The exceeded mean values and the particle impact craters highlight 

two gaps in knowledge. What causes the fluctuation in dynamic pressure in PDCs, and how 

important are single particle collisions in PC hazards? 

Temperature: The temperature in PDCs varies between ambient temperatures up to hundreds 

of degrees (Moore, 1967, Waters and Fisher, 1971, Sigurdsson et al., 1987), such as during 

the 1997 Soufriere hills eruption reaching 400 °C (Loughlin et al., 2002) and the Mount St. 

Helens 1980 eruption temperatures up to 250 °C (Banks and Hoblitt, 1981). Cooling of 

pyroclastic density currents is controlled by the entrainment of the substrate and ambient air, 

leading to the dilute PDC further propagating as a gravity current (Valentine, 1987). 

Temperatures of natural flows are often inferred from the aftermath, such as the analysis of 

thermal damages and charring of vegetation (e.g., Rosi et al., 1993, Baxter et al., 2005, 

Jenkins et al., 2013, Lerner et al., 2022). First in situ temperature measurements in synthetic 

pyroclastic currents were performed by Brosch et al. (2022).  

1.6 Field measurements of PDCs 

To date, I am only aware of two direct geophysical measurements inside PDCs (Scharff et 

al., 2019, Brosch et al., 2021). The first in situ measurement was performed by Scharff et 

al. (2019), who achieved flow internal measurements using a frequency modulated 

continuous wave (FMCW) Doppler radar installed at Vulcan de Colima (Scharff, 2012), as 

they are used for volcano monitoring (Hort and Seyfried, 1998, Voege et al., 2005, Hort and 

Scharff, 2016). FMCW radar measure spectra of the radial velocity for multiple 
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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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1.7 Synthesizing Pyroclastic Density Currents 

Over the past decade, large-scale experiments have gained importance in the investigations 

of the complex dynamics of PDCs. Large-scale experiments aim to perform measurements 

that otherwise could not be performed due to the violence of PDCs. As in every fluid 

dynamic experiment, dynamic similarity needs to be achieved to get meaningful results. This 

cannot be achieved easily with benchtop (small-scale) experiments. Large-scale 

experimental facilities synthesizing dilute PDCs are outlined briefly below.  

The first large-scale experimental setup is located at the University of Bari (Italy) (Dellino 

et al., 2007). The apparatus creating the PDCs is composed of a conduit (a 2.2 m high and 

60 cm wide barrel) and gas-supply. The conduit is filled with pyroclastic material, and the 

pressurized gas accelerates the pyroclastic material vertically upwards. A gas-particle 

column is generated, which then collapses and creates a PDC (see Figure 1-2). This 

experimental setup achieves runout distances of up to 10 m. By adjusting the conduit length, 

mass of pyroclastic material, and gas pressure, different eruption scenarios can be simulated 

(Dellino et al., 2014). With this setup, radially spreading PDCs are created. Experimental 

work at this facility provided the first direct internal pressure measurements (Dellino et al., 

2010a) these results further got used to calculate vertical distributions of dynamic pressure 

(Dellino et al., 2008, Sulpizio et al., 2014), informed on entrainment rates (Dellino et al., 

2019). Through its ability to generate a range of eruption scenarios this setup also helped to 

link the source conditions to resulting flow regimes (Dellino et al., 2010b, Sulpizio et al., 

2014). Numerical models were utilized to obtain internal flow parameters (Doronzo et al., 

2011). 
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Figure 1-2 Image sequence from a column collapse generated by Dellino et al. (2010b). A) Volcanic material 

is vertically ejected from. B) The volcanic material starts to fall. C) The volcanic material collapses on the 

ground and generates a PDC. C) The generated PDC spreads laterally. Modified from Dellino et al. (2010b). 

The second large-scale experiment is located at the Smithsonian Institution (Washington 

DC, USA) and was first introduced by Andrews and Manga (2011). The authors create gas-

particle gravity currents inside an acrylic tank (6.5 m x 1.8 m x 0.6 m). In an experimental 

run, talcum powder is heated to 30 − 100 ℃ and fed into the tank at a known mass discharge 

rate. This generates dilute, fully turbulent particle-laden gravity currents (see Figure 1-3). 

The data logging consists of four high-definition video cameras. Topographic obstacles can 

be placed at different locations inside the tank (see Figure 1-3). The facility was later 

updated, and experiments were conducted at a larger scale (8.5 m x 6 m x 2.5 m). Deploying 

three differently colored sheet lasers allowed the authors to obtain three-dimensional 
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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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1.8 Numerical Modeling of dilute Pyroclastic Density Currents 

Numerical modelling of PDCs is an important approach to study and advance the 

understanding of the complex multiphase physics inside PDCs (Dufek, 2016). Numerical 

models have been used to reconstruct and study past eruptions (Doronzo et al., 2011, Esposti 

Ongaro et al., 2020b), and to investigate physical processes of PDCs (Dufek, 2016, Lube et 

al., 2020). Further, numerical models are able to produce data that cannot be easily measured 

in experiments (Doronzo and Dellino, 2011). To investigate PDCs, different classes of 

numerical models are used including 1D integral models, 2D and 3D depth averaged models, 

and 2D and 3D multiphase simulations. 

1D Integral Models: In order to describe the kinematic of the flow front of dilute non-

entraining PDCs, Dade and Huppert (1995) used a box model assuming conservation of mass 

and volume. This model was later applied to interpret the characteristics of the PDCs that 

emplaced the Taupo ignimbrite (Dade and Huppert, 1996). Bursik and Woods (1996) 

included entrainment of ambient air and the conservation of thermal energy, to describe the 

propagation of flows before buoyant lift-off. Fauria et al. (2016) introduced a integral PDC 

model that allows for entrainment of ambient air, as well as sedimentation and sediment loss 

of variable particle size classes to describe spatiotemporal variation in flow density and flow 

velocity. 

Depth Averaged Models: Current depth averaged models are used to achieve 

computationally inexpensive models of the propagation of dilute PDCs and are designed to 

describe stratified flows (Doyle et al., 2010, Kelfoun, 2017, Shimizu et al., 2019). These 

models subdivide the currents in two layers based on their stratification, an upper layer and 

a lower layer (Shimizu et al., 2021) and include assumptions of the flow geometry (e.g. 

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≪ 𝑙𝑒𝑛𝑔𝑡ℎ). The upper layer mainly focuses on the influence of particle settling, 
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entrainment, thermal expansion and outer drag, while the lower layer mainly focuses on 

deposition and basal friction (Shimizu et al., 2021). These layers are then linked through 

mass and momentum exchanges.  

Eulerian Continuum Approach: The Eulerian approach is most often used and 

approximates the suspended solid particles as a continuum fluid (Gidaspow, 1994, 

Goldhirsch, 2008, Armanini, 2013). These models are accepted to appropriately describe the 

transport regimes in dilute PDCs (Dufek, 2016), and have been widely applied to study the 

dynamic of dilute PDCs (e.g., Dobran et al., 1993, Neri et al., 2003, Dufek and Bergantz, 

2007b, Sweeney and Valentine, 2017, Valentine and Sweeney, 2018).  

Eulerian Lagrangian Approach: The Lagrangian approach numerically solves the 

Newton’s equations for interacting particles. Computationally, Lagrangian models are too 

expensive for the application to pyroclastic density currents and are therefore not widely 

used (Esposti Ongaro et al., 2020a). Combining the Eularian and Lagrangian approach 

shows to be an effective solution. In this approach multiple particle classes are considered 

(Dufek and Bergantz, 2007a, Breard et al., 2018).  

Eulerian Eulerian Lagrangian Approach: The Eulerian Eulerian Lagrangian approach 

uses multiple continua to describe gas as well as solid phases. This approach allows different 

particle and gas phases to have independent conservations of mass, momentum, and energy 

and further allows drag coupling between these different phases (Dufek and Bergantz, 

2007b). One example of the application of the Eulerian Eulerian Lagrangian approach is the 

open-source Multiphase Flow with Interphase eXchanges (MFIX) solver, developed by the 

National Energy Technology Laboratory (NETL) within the US Department of Energy 

(Musser et al., 2021).  
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Complex multiphase physics (Dufek, 2016, Lube et al., 2020), as well as restrictions on the 

spatial and temporal resolution (Esposti Ongaro et al., 2011a, Cerminara et al., 2016), make 

numerical modeling of PDCs challenging. Further, volcanic eruptions, by nature, are 

stochastic with significant uncertainties in their initial and boundary conditions of PDCs 

(Sparks and Aspinall, 2004).  

1.9 Vertical Distribution of Velocity and Concentration 

In the past, different models have been suggested to describe the vertical distribution of 

velocity and concentration inside dilute gravity currents. Altinakar et al. (1996) suggest 

models for the concentration and velocity distributions based on an experimental series with 

aqueous gravity currents (turbidity currents). In their experiment, they discharged three 

different mixtures into water, two mixtures with water and sediments and one mixture with 

water and salt. The authors state no distinction can be made in the velocity and concentration 

distributions of their particle-laden and saline gravity currents.  

Their gravity currents are divided into a wall and a jet region. Those two regions are 

separated at the height (ℎ𝑚) where the maximum velocity (𝑈𝑚) occurs. Following this 

distinction, they describe the wall and jet region with different mathematical functions for 

the velocity and concentration distribution (Altinakar et al., 1996). 

The velocity in the wall region (𝑧 < ℎ𝑚) is given by two different functions in the paper by 

Altinakar et al. (1996). 

The first is a law of the wall description 

 𝑢(𝑧)

𝑢∗
= 𝜅−1 ln(𝑧) + 𝐶𝑡 

EQN.  1-1 

And the second is an empirical power law with the fit parameter 𝑛 = 1/6 
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 𝑢(𝑧)

𝑈𝑚
= (

𝑧

ℎ𝑚
)

𝑛

 
EQN. 1-2 

For the jet region (𝑧 > ℎ𝑚) the velocity is given as  

 𝑢(𝑧)

𝑈𝑚
= exp [ −𝛼𝑐 (

𝑧 − ℎ𝑚

ℎ − ℎ𝑚
)
𝑚

] . 
EQN. 1-3 

In this near-Gaussian expression of the mean velocity distribution (Hug, 1975) 𝛼𝑐 and 𝑚 are 

fit parameters. 

The concentration in the wall region is fitted by 

 𝑐𝑠(𝑧) − 𝐶𝑚

𝑐𝑏−𝐶𝑚
=

ℎ𝑚 − 𝑧

ℎ𝑚
 . 

EQN. 1-4 

With 𝑐𝑏 being a reference concentration and 𝐶𝑚 the concentration at 𝑧 = ℎ𝑚. 

This description is a linear simplification of a Rouseian relation (Graf, 1984)  

 𝑐𝑠(𝑧)

𝑐𝑏
= (

(ℎ𝑚 − 𝑧)

𝑧

𝑏

(ℎ𝑚 − 𝑏)
 )

𝜂

. 
EQN. 1-5 

 

With 𝑐𝑏being a reference concentration at the height b. The exponent 𝜂 is a function of the 

Karman constant 𝜅 , the particle fall velocity, and bed-shear velocity 𝑢∗𝑏 (𝜂 = 𝑣𝑠/𝜅𝑢∗𝑏). 

Altinakar et al. (1996) used the simplified function due to difficulties in obtaining reliable 

concentration data in the wall region. 

For the jet region, Altinakar et al. (1996) also propose a near-Gaussian relation similar to 

their description of the velocity in this region: 

 𝑐𝑠(𝑧)

𝐶𝑚
= 𝑒𝑥𝑝 [−𝛽𝑐 (

𝑧 − ℎ𝑚

ℎ − ℎ𝑚
)

𝜆𝑐

] 
EQN. 1-6 

This function is fit using 𝛽𝑐 and 𝜆𝑐 as fit parameters, where 𝜆𝑐 can be kept constant. 

Concentration measurement in their experiment scatters significantly which the authors use 

to explain the large variation in their fit parameter  𝛽𝑐. 
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Cantero-Chinchilla et al. (2015) give another set of equations approximating the vertical 

velocity and concentration profiles for turbidity and salinity currents. The main difference 

between Cantero-Chinchilla et al. (2015) and previous studies (e.g. (Altinakar et al., 1996)) 

is the definition of a single velocity distribution for the whole flow instead of separating the 

flow into wall and jet regions: 

 𝑢̂(𝜂) = 𝜎𝜂𝜉(1 − 𝜂)𝜒 . EQN. 1-7 

Here 𝑢̂ = 𝑢/𝑈𝑚 is the non-dimensional velocity, and 𝜂 = 𝑧/ℎ𝑓 (ℎ𝑓 is the turbidity current's 

depth) the non-dimensional height, 𝜎 is a coefficient, and 𝜉 and 𝜒 are exponents fitted using 

experimental data. The authors show 𝜎 to be a function of 𝜉 and 𝜒 meaning a reduction in 

free parameters. The authors further compare their model to the model of Altinakar et al. 

(1996) and state their model overpredicts most experimental velocity data.  

Cantero-Chinchilla et al. (2015) also suggest a single concentration distribution, which 

contains a typical boundary layer approximation for the wall region and an asymptotically 

vanishing distribution for the jet region. This takes the form: 

 𝑐̂(𝜂) = exp[−𝜙(𝜂𝜁 − 𝜂𝑤
𝜁
)] EQN. 1-8 

Where 𝑐̂ = 𝑐/𝐶𝑚 and 𝐶𝑚 is the reference concentration at the boundary between the wall 

and jet region, 𝜂𝑤 the dimensionless position of the wall-jet boundary. The parameters 𝜁 and 

𝜙 are empirically determined.  

Earlier works focusing on the vertical distribution of velocities in dilute PDCs by Dellino et 

al. (2008) assume a Roussian profile for the concentrations and a law of the wall (Prandtl, 

1905, Batchelor and Proudman, 1956) for the velocity distribution. The law of the wall 

profile assumed by Dellino et al. (2008) implies a free slip at the upper flow boundary. At 

the basal boundary, the law of the wall does not define a boundary condition due to its 

mathematical form. 
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Based on experimental data of dilute PDCs, Brosch et al. (2021) and Cerminara et al. (2021), 

recently suggested a Power-Gaussian distribution for the horizontal velocity component: 

 
𝑢(𝜂, 𝑡) = 𝑈𝑚(𝑡)𝜂(𝑡)𝜉(𝑡)𝑒𝑥𝑝 [− (

𝜂(𝑡) − 1

𝜒(𝑡)
)
2

− 𝜉(𝑡)(𝜂(𝑡) − 1)] . 

EQN. 1-9 

In this equation 𝜂(𝑡) = 𝑧/ℎ𝑚(𝑡) is the dimensionless height and ℎ𝑚(𝑡) the height of the 

wall region where 𝑈𝑚(𝑡) occurs. The terms 𝜉(𝑡) and 𝜒(𝑡) are time-dependent functions that 

are fit to experimental data. 𝜉(𝑡) is the inner layer exponent, and 𝜒(𝑡) the outer layer 

exponent. The parameters are fit over time to fit the passage of a PDC at a static vertical 

profile. Polynomials are used for those parameters to avoid overfitting and to get physical 

logic results (Cerminara et al., 2021). The degree of those polynomials has to be kept as low 

as possible.  

The Power-Gaussian function describes the wall region, as a boundary layer flow, with a no-

slip condition at the base and the jet region as a free-surface turbulent layer (Cerminara et 

al., 2021).  

Brosch et al. (2021) and Cerminara et al. (2021) also show concentration data and fitted the 

function proposed by Cantero-Chinchilla et al. (2015). In Brosch et al. (2021) the authors 

find empirical concentration distributions (Altinakar et al., 1996, Cantero-Chinchilla et al., 

2015) to deviate from their experimental data due to mesoscale clustering occurring in PDCs 

(Breard and Lube, 2017, Brosch, 2020, Lube et al., 2020).  

The density stratification of PDCs (Valentine, 1987, Branney and Kokelaar, 2002, Burgisser 

and Bergantz, 2002, Breard et al., 2016) also guided the development of two-layered depth-

averaged models for the estimation of PDC runout distances, with low computational cost 

(Doyle et al., 2008, Doyle et al., 2010, Kelfoun, 2017, Shimizu et al., 2019).  
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The influence of the bed roughness on the flow propagation has not yet been tested for dilute 

PDCs. For turbidity currents, Kashefipour et al. (2017) investigated the influence of bed 

roughness on the velocity profiles in sedimentary water particle gravity currents. They found 

the wall region height to increase with increasing roughness while the maximum velocity 

decreases. Kashefipour et al. (2017) deployed roughness elements that scale to the wall 

region thickness. Corna (2023) investigated the influence of topographic obstacles with 

similar size to the roughness deployed by Kashefipour et al. (2017), on the propagation of 

dilute PDCs. The experiments by Corna (2023) shows remobilization of suspended material 

leading to modulation of the velocity profile. 

1.10 Particle Settling 

The most basic form to approach particle settling in multiphase physics is to consider 

particles settling in a static gas medium. In such a case, the terminal fall velocity of single 

particles can be obtained from a force balance of body forces (e.g., gravity) and surface 

forces (e.g., drag) acting on the particle. The terminal fall velocity calculates to be (Crowe 

et al., 2012) 

 𝑣𝑇 =
𝑔𝜏𝑉

𝑓
(1 −

𝜌𝑐

𝜌𝑑
) . EQN. 1-10 

Here, g is the gravitational acceleration, 𝜏𝑉 the particle velocity response time, 𝑓 the drag 

factor, 𝜌𝑐 the fluid density, and 𝜌𝑑 the particle density. The incorporation of different 

Reynolds numbers can be found in Eqn. 4.67 of Crowe et al. (2012). 

Using experimental data, Dellino et al. (2005) analyze the terminal fall velocity for 

pyroclastic material. The authors derive a model to account for the density and shape of 

volcanic ash particles. This work applied to investigate dilute PDC deposits (Dioguardi and 

Dellino, 2014). And expanded upon by the development of an empirical one-equation drag 
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model for irregularly shaped volcanic particles, through an experimental series including a 

wide range of particle densities, shapes and different fluid viscosities and densities 

(Dioguardi et al., 2018).  

With those estimates, one has to consider that the terminal fall velocity of a single particle 

is the lower boundary for the settling velocities in gas-particle suspensions. The terminal fall 

velocity in those gas-particle suspensions increases with the particle concentration (Del 

Bello et al., 2017).  

Weit et al. (2018) generated a vertical turbulent flow with Reynolds numbers of 104-106 

inside a vertical cylinder. They found that exceeding a critical particle concentration where 

all particles were in suspension, particles added to the mixture build clusters and settle 

downward to build a dense bedload. They find maximum concentrations of 0.3-2.8 vol. % 

in dilute mixtures. This might also apply to particle solid concentrations in dilute parts of 

pyroclastic density currents and other geophysical multiphase flows. Mesoscale clusters 

have already been shown to occur in PDCs and to increase the terminal fall velocity 

manifolds (Breard et al., 2016, Brosch, 2020). Further studies have shown the maximum 

supported concentration to grow with the particle Reynolds number (𝐶𝑚𝑎𝑥 = 0.78 ∙

𝑅𝑒𝑝
0.17), and infer that geophysical turbulent gas-particle flows (Reynolds numbers from 

102 to 105) to have solid concentrations of about 2-5 vol. % (Weit et al., 2019). 

The concept of a flow stratification occurring in every PDC was first introduced by Valentine 

(1987) who links particle transport with the Rouse number, Brunt Väisälä frequency, and 

other flow properties through a theoretical study that was not verified by experimental data. 

Since then, the way particle concentrations evolve inside PDCs has mostly been studied 

through analog experiments or depositional features of ignimbrites. For this purpose, Woods 

and Bursik (1994) conducted benchtop experiments to first investigate how entrainment 

generates buoyancy through an experimental series generating gravity currents using 
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mixtures of methanol, ethylene glycol, and water. In a second experimental series, Woods 

and Bursik (1994) generate water particle currents to investigate the influence of 

sedimentation. Those two experimental series enabled them to separate the influences of 

entrainment and sedimentation on the bulk concentration of the flow. Further studies by 

Choux and Druitt (2002) and Choux et al. (2004) using water particle currents focused on 

the depositional features, not the internal flow stratification.  

In Burgisser and Bergantz (2002) five different transport and segregation regimes are 

described, which were also observed in the dilute part of experimental dense PDCs (Breard 

and Lube, 2017). A deeper understanding of those processes in PDCs must be established to 

understand the settling behaviour of particles. This is one of the objectives of this PhD. Once 

a fundamental understanding is established, particle concentration profiles can be calculated. 

Current vertical velocity and concentration distributions are summarized in the following 

section. 

1.11 Multiphase Physics of Dilute Pyroclastic Density Currents 

The motion and particle-gas transport of dilute PDCs is governed by a range of coexisting 

fluid dynamic processes. These include particle–particle interactions, fluid–particle 

interactions, fluid shear, turbulence fluctuations, entrainment of ambient air, and mixing of 

ambient air. The characteristic length- and timescales of each of these processes are broad; 

they span several orders of magnitude and are strongly overlapping (see Figure 1 b in Lube 

et al. (2020b) for a mapping of the characteristic length and timescales in PDCs). This leads 

to a broad range of co-existing flow regimes and explains why dilute PDCs are one of the 

most complex types of natural multiphase processes in nature. 
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1.11.1 Turbulent Energy Cascade 

One of the most intuitive descriptions of the energy cascade was given by Lewis F. 

Richardson in the book Weather Prediction by Numerical Processes (Richardson, 1922) in 

the form of the rhyme:  

"Big whirls have little whirls that feed on their velocity, 

and little whirls have lesser whirls and so on to viscosity." 

This rhyme incorporates the most important concept of the energy cascade, which is the 

presence of the largest eddies containing most of the energy. Large eddies transfer their 

energy to smaller eddies. The smaller eddies do the same until the energy is dissipated into 

heat through viscous effects (Pope, 2000).  

Kolmogorov (1941) added complexity to this by answering the main questions that arose 

from the theory of Richardson with three hypotheses (Pope, 2000): 

1. Local isotropy: The small-scale turbulent motion is locally isotropic for sufficiently 

high Reynolds numbers. 

2. First similarity hypothesis: At high Reynolds numbers, the form of the small-scale 

motion is universally uniquely defined by the kinematic viscosity 𝜈 and the 

dissipation rate 𝜀. Which defines the Kolmogorov scales for length (𝜂 = √𝜈3/𝜀
4

), 

velocity (𝑢𝜂 = √𝜈𝜀
4

), and time (𝑢𝜂 = √𝜈/𝜀), characterizing the smallest dissipative 

eddies. 

3. Second similarity hypothesis: The second similarity hypothesis is like the first one, 

just for even smaller turbulence scales, which are not of interest for this thesis. 
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From the second of Kolmogorov's hypotheses, the Kolmogorov −
5

3
 spectrum follows (Pope, 

2000): 

 𝐸(𝑘) = 𝐶𝜀2/3𝑘−5/3 EQN. 1-11 

𝐶 is a constant, 𝜀 is the dissipation rate describing the energy transfer from large to small 

eddies in the inertial subrange, and 𝑘 is the wave number (𝑘 = 2𝜋/𝑙), with 𝑙 the eddy size. 

From this, it follows that the energy cascade has a slope of -5/3 in the inertial sub-range. The 

calculations and theoretical work behind this are based on single-phase turbulence. The 

reader is referred to (Pope, 2000) for a detailed derivation. The -5/3 slope in the logarithmic 

energy cascade is found in the spectra of velocity, compressible velocity, density, pressure, 

temperature, and entropy for the inertial subrange (Wang et al., 2019). In pressure spectra of 

turbulent free shear flows, the energy cascade has a slope of −7/3 for the inertial subrange 

and for the turbulence-mean shear contribution a slope of −11/3 (George et al., 1984). 

Initially, it was assumed that the presence of particles smaller than the Kolmogorov scale 

(𝑑 <  𝜂) lead to an attenuation of turbulence (Brandt and Coletti, 2022). This has been 

contradicted by other studies that investigated the effect of dispersed particles on the 

turbulence of the carrier fluid, indicating an enhanced energy transfer from larger to smaller 

structures (Yang and Shy, 2005, Bosse et al., 2006, Poelma and Ooms, 2006). This highlights 

that energy cascades can be investigated in a variety of measurements and that there is no 

clear consensus on whether the energy transfer is enhanced or decreased due to the presence 

of particles. Especially highly polydisperse flows with particles of different densities and 

geometry are little investigated, necessitating a detailed analysis for the case of dilute PDCs.  
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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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1.11.3 Particle-Gas Coupling 

In gas-particle systems, three different flow regimes are defined by concentrations, the dilute 

regime (concentrations under 10-2), the dense regime (concentrations over 0.3-0.4), and in-

between those two the intermediate regime (Lube et al., 2020) (shown in Figure 1.4). 

One-way coupling assumes that particle motion is affected by the fluid motion the particle 

motion does not affect the fluid motion. In dilute regimes where one-way coupling is 

dominant, particles have a negligible influence on the turbulence due to very low particle 

volume fraction (Elghobashi, 1994).  

During one-way coupling, the momentum of one particle 𝑝⃑𝑃 is only modified by 

gravitational 𝐹⃑𝐺  and viscous forces 𝐹⃑𝜈 :  

 𝑑𝑝⃑𝑃

𝑑𝑡
= 𝐹⃑𝐺 + 𝐹⃑𝜈 . 

EQN. 1-12 

 

Increasing the particle concentration, the regime of two-way coupling starts where the 

particle motion is modulated by the turbulence, and the turbulence is modulated by the 

presence of particles. Rarely, particle collisions act as another force (𝐹⃑𝑃) on the particle 

momentum 𝑝⃑𝑃 

 𝑑𝑝⃑𝑃

𝑑𝑡
= 𝐹⃑𝐺 + 𝐹⃑𝜈 + 𝐹⃑𝑃. 

EQN. 1-13 

 

In dilute gas-particle flows, the dynamics are still dominated by viscous forces, as particle 

collisions rarely occur (Dufek, 2016). 
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Figure 1-4 Different particle coupling regimes.𝝓𝒑is the particle volume fraction,  𝝉𝒑 paricle response time, 

𝝉𝒌 Kolmogorow time scale, and 𝝉𝒆 the turnover time of the largest eddies. Redrawn and modified from 

Elghobashi (1994). 

Depending on the particle properties, the influence of the particle on the turbulence changes 

if the particle response time τp is changed. Increasing τp the particle Reynolds number 

increases until it reaches a critical point where particles enhance the turbulence production 

by shedding vortexes in their wake (Figure 1-5). Lowering τp on the other side, increases 

the dissipation rate 𝜀 of turbulence energy (Elghobashi, 1994). All those models hold for 

monodisperse particle suspensions. The dependence of the particle volume fraction does not 

always hold. Balachandar (2009) gives a different model, where particle response times 
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separate one-way and two-way coupling. In highly polydisperse gas-particle suspensions 

with wide ranges of particle sizes from micrometer scales to centimeter scales, a wide range 

of particle Stokes numbers are present. This leads to different behaviors of different particles 

in the fluid flow. Therefore, even at low particle solid concentrations, two-way and four-way 

coupling can occur when considering polydisperse suspensions with varying particle 

densities (Brandt and Coletti, 2022).  

 

Figure 1-5 Different particle feedback regimes in PDCs. The transition from dilute to dense particle 

interactions is shown. Figure modified from Lube et al. (2020). 

 

Even in isotropic turbulence, the particles are not homogeneously distributed (Maxey, 1987, 

Elghobashi and Truesdell, 1993, Balachandar and Eaton, 2010), but statistical properties of 

the flow are homogeneous in the whole flow. The behavior of particles in a turbulent carrier 

fluid can be described by the particle Stokes number comparing particle response times (𝜏𝑃) 

with characteristic time scales of the fluid motion, such as eddy turnover times (𝜏𝐸) 

(Burgisser and Bergantz, 2002) 

 
𝑆𝑡 =

𝜏𝑃

𝜏𝐸
= 𝑓−1

∆𝜌𝑑2∆𝑈

18𝜇𝛿 
. 

EQN. 1-14 
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With 𝑓 being the Stokes drag factor, ∆𝜌 the density difference between solid and gas phase, 

𝑑 the particle diameter, ∆𝑈 the eddy’s rotational velocity, 𝜇 the dynamic viscosity, and 𝛿 the 

eddies diameter. The Stokes number quantitatively measures how well a particle is coupled 

to the ambient fluid, comparing the particle response times with fluid time scales. Particles 

with 𝑆𝑡 ≪ 1 couple well with the ambient fluid, for 𝑆𝑡~1 particles start to decouple and 

move towards outer regions of eddies, for high particle Stokes numbers 𝑆𝑡 ≫ 1 particles 

decouple from the fluid motion. With the Froude number 𝐹𝑅 (inertial forces divided by 

gravitational forces), the stability number is defined as the ratio of the Stokes and Froude 

numbers (Burgisser and Bergantz, 2002) 

 
𝛴𝑇 =

𝑆𝑡

𝐹𝑅
2 =

𝑈𝑇

∆𝑈
 . 

EQN. 1-15 

With 𝑈𝑇 the particle settling velocity.  

Using particle Stokes number and stability number, five gas-particle transport zones have 

been defined (Burgisser and Bergantz, 2002): 

• The Fall (Σ𝑇 ≫ 1 and 𝑆𝑡 > 1): Particles sediment ("fall") from eddies.  

• The Unroll Zone (Σ𝑇~1 and 𝑆𝑡 > 1): Particles disconnect towards the margins of eddies.  

• The Margins Zone (Σ𝑇 < 1 and 𝑆𝑡~1): Particles accumulate at the eddy’s margins. 

• The Turbulent Sedimentation Zone (Σ𝑇~1 and 𝑆𝑡 < 1): Turbulent structures impact the 

sedimentation of particles.  

• The Homogenous Transport Zone (Σ𝑇 ≪ 1 and 𝑆𝑡 ≪ 1): Particles follow the fluid flow. 

Large-scale experiments showed all those transport regimes to coexist in the same current 

(Breard and Lube, 2017, Brosch, 2020). This indicates that strong polydispersity and 

resulting wide ranges of transport regimes significantly impact the density stratification of 

dilute PDCs. 
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The intermediate flow regime has just recently moved into the focus of PDC research. It 

occurs at solids volumetric concentrations between 10−2 and 0.3, and one of its main 

characteristics is particle clustering, leading to heterogeneous particle distributions (Agrawal 

et al., 2001, Fullmer and Hrenya, 2017). In large-scale PDC experiments, particle clustering 

occurred already at concentrations of 3 ∙ 10−3 (Lube et al., 2020). The occurrence of particle 

clustering was shown through experimental work (Breard et al., 2016, Weit et al., 2019).  

Thus far, three different processes have been proposed to cause this particle clustering in 

PDCs (Lube et al., 2020):  

• Collisions-Induced Clustering: Granular temperature is dissipated by friction, and inelastic 

collisions between particles occur (Goldhirsch and Zanetti, 1993, Garzó, 2005). (Agrawal et 

al., 2001) 

• Drag-Induced Clustering: The drag induced by a fluid medium decreases the particle's 

relative velocities leading to a clustering effect (Wylie and Koch, 2000).  

• Wake-Induced Clustering: Particles cluster in the low-pressure zone behind a bigger particle 

(wake) (Kajishima and Takiguchi, 2002, Uhlmann and Doychev, 2014). 

Clustering, often referred to as mesoscale clustering, has a strong influence on the particle 

settling in intermediate flow regimes (Agrawal et al., 2001, Breard et al., 2016, Breard and 

Lube, 2017, Weit et al., 2019, Brosch, 2020). Breard et al. (2016) and Brosch (2020) 

observed settling velocities up to five times the expected terminal fall velocity in large-scale 

PDC experiments, creating regularly occurring sedimenting particle streaks. 

Clusters also have been observed to create fluid turbulence (Capecelatro et al., 2014). This 

observation is contrary to the assumption that turbulence is hindered by particles in more 

concentrated gas-particle suspensions (Lube et al., 2020).  
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In general, the intermediate regime is poorly understood but highly important to the overall 

dynamics of PDCs, linking the dilute and the dense regime and majorly influencing the 

concentration distribution in the entire flow. 

If the concentration increases further past solids volume fractions of 0.3-0.4, the dynamics 

of the gas-particle suspension becomes dominated by interparticle friction and collisions 

(Elghobashi, 1994, Chen, 2016, Breard and Lube, 2017). In the dense regime, a granular 

flow is created. As the dense bedload is very thin, most particles are suspended in the dilute 

part of dilute PDCs, as considered in this thesis. The dense regime is important only in terms 

of boundary conditions. The dense flow contrast dilute PDCs (Brosch et al., 2021, Cerminara 

et al., 2021) and basal slip boundary conditions are observed (Breard and Lube, 2017).  

1.12 Pulsing in Gravity Currents 

Brosch et al. (2021) showed strong pulsing in PDCs velocities (Figure 1-6) and densities to 

increase peak dynamic pressures by a factor of 3-5. The exact generation mechanism of these 

pulses is not yet understood, and two causes are currently discussed in the PDC community. 

1) Large eddies focusing kinetic energy and 2) internal gravity waves traveling through the 

current. 
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Figure 1-6 Turbulence fluctuations of the downstream velocity component 𝒖′ measured in the PELE setup 

(Brosch et al., 2021). Contour colors show strong velocity pulsing, the dashed line marks the wall jet boundary, 

and the grey surface shows the thickening deposit. Modified from Brosch et al. (2021). 

Velocity and concentration pulsing is also observed in continuous gravity/turbidity currents 

like rivers feeding into lakes (Best et al., 2005, Kostaschuk et al., 2018). This necessitates 

the pulses to be self-induced and no artifact of the feeding mechanism. Combining field 

measurements, laboratory experiments, and numerical models, Kostaschuk et al. (2018) link 

the occurrence of pulsing with Rayleigh-Taylor instabilities and Kelvin-Helmholtz 

instabilities leading to interfacial waves. A similar setting has been used by Marshall et al. 

(2021), the authors create a continuous gravity current, where they are able to analyze the 

dynamics of the pseudo steady body. A dynamic mode decomposition of their velocity data 

isolates "wave like structures" (Marshall et al., 2021) within the body of the gravity current. 

Marshall et al. (2021) suggest these structures to be internal gravity waves after comparing 

them with the Brunt-Väisälä frequency. Matching the conclusions of Kostaschuk et al. 

(2018), Marshall et al. (2021) observe the waves also with a smooth substrate at the base of 

the gravity current. They interpret those must be instabilities in the upper interface, such as 

Kelvin-Helmholtz instabilities. 
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Having a strong indication that self-induced gravity waves are generated in continuous and 

constantly feed gravity currents, is the first indication, that the pulsing observed by Brosch 

et al. (2021) is caused by internal gravity waves. Stancanelli et al. (2018) and Musumeci 

Rosaria et al. (2017) generated gravity currents through a full-depth lock exchange while 

they mechanically induced surface waves on the side of the denser fluid. Through this 

approach, they can investigate the influence of waves on gravity current dynamics. They 

observe a velocity pulsing in the gravity current body region that corresponds to wave-

induced orbital movement amplitudes. The same pulsation takes place in the flow front 

velocity. Both forms of pulsing are also observable in large-scale experiments in large-scale 

PDC experiments (Brosch et al., 2021). 

A different approach to lock exchange experiments by Ho et al. (2018) created gravity 

currents with multiple pulses by generating subsequent gravity currents with lock exchange 

experiments. The propagation of the second gravity current through the first one shows great 

similarity to the observations of Brosch et al. (2021). The second pulse travels at a higher 

velocity than the flow front, is marked by a strong color contrast in the shape of a flow front, 

and the flow front is accelerated when the pulse catches up to the front. In Brosch et al. 

(2021), the pulses traveling at higher velocities have the optical footprint of density 

discontinuities, and when the pulses catch up, the flow front shows a pulsing behavior. 

Walker et al. (1995) hypothesized that pyroclastic currents travel as a transient wave in line 

with all discussed causes for pulsing in gravity currents. 

1.13 Research Opportunities 

Dilute PDCs are perhaps one of the most complex types of natural multiphase flow. Despite 

strong advances in understanding through a combination of field, experimental, numerical, 
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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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2 Methods 

This chapter introduces the PELE setup, describes expansions made as part of this PhD 

project, and the experimental series conducted. Further existing and new algorithms for the 

analysis of data are explained. 

2.1 Large-Scale Experiments 

Pyroclastic density currents (PDCs) are too dangerous, destructive, and unpredictable in their 

occurrence to be systematically studied in the real world. Only a few unplanned measurements 

of real-world pyroclastic density currents exist (Brosch et al., 2021; Scharff et al., 2019). These 

incidental measurements hold valuable information about real-world PDCs but are insufficient 

for a detailed analysis of the complex internal dynamics. Therefore, large-scale experiments 

are the strongest tool for obtaining in-situ measurements inside pyroclastic density currents. 

The Pyroclastic flow Eruption Large-scale Experiment “PELE” (Lube et al., 2015) used in this 

study is located in an old boiler house (length 25 m, width 18 m, height 16 m) Massey 

University situated on the Manawatu campus is the largest of these large scale PDC 

experiments.  

The construction of PELE began in 2013 and was initially only designed to investigate dense 

pyroclastic flows. Later, PELE was expanded to generate all PDC endmembers, from dense 

granular pyroclastic flows to fully dilute, fully turbulent pyroclastic surges (Brosch, 2020). 

This enables PELE to produce PDCs with up to 4 t of natural volcanic material that can be 

heated to temperatures up to 400°C. The generated flows reach velocities up to 30 m ∙ s−1, 

with flow heights of 2 − 4.5 m. The runout distance is limited to 33.5 m by a natural cliff.  



88 

In the presented research, only dilute pyroclastic density currents were synthesized. The 

specifics of setup components exclusively used to synthesize dense PDCs are left out in the 

further description of the setup but can be found in Lube et al. (2015) and Breard (2016). 

The channeled experimental setup and the ability to look and measure inside synthetic 

pyroclastic density currents distinguished PELE from other large-scale experiments using 

natural volcanic material to create column collapse PDCs in Italy by Dellino et al. (2007).  

The conditions of PELE provide a controlled environment to systematically synthesize and 

investigate pyroclastic density currents with changing conditions (e.g., flow density, 

temperature, and terrain). Therefore, PELE is a strong tool to drive the understanding of the 

internal workings of PDCs. Firstly, this includes the characterization of transport and 

sedimentation processes inside pyroclastic density currents, providing knowledge on how to 

interpret natural deposits. Secondly, PELE provides Benchmark datasets to test and improve 

numerical and hazard models (Cerminara et al., 2021; Esposti Ongaro et al., 2020). Thirdly, 

the dynamics of highly polydisperse multiphase flows and associated gas-particle interactions 

and coupling and how variations of the flow's initial conditions (e.g., the surface roughness, 

the used volcanic material, the flow temperature, and discharge rates) affect the flow behavior 

of generated PDCs. 

2.2 The PELE Setup 

PELE’s working principle is to discharge volcanic material from the hopper into an 

instrumented channel, which, on impact creates PDCs. PELE experimental setup can be 

divided into five main structural and functional components (see Figure 2.1): 
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1. Tower: A 13m high metal tower with a 3x3 m base, capable of holding two different 

hopper sizes with different mass discharge rates. A lifting system allows for both 

vertical and horizontal positioning of the hoppers. 

2. Hopper: The small hopper with a total volume of approximately 0.7 m3 to 

accommodate and heat the ash mixture and synthesize dilute pyroclastic density 

currents is used in the presented experiments. The hopper includes a heating system 

composed of three u-shaped 800 W heating elements to heat the mixture to the desired 

temperature with a total power of 24 kW. Further, the hopper is insulated with rock 

wool to achieve minimal heat loss and ensuring an evenly heated ash mixture. Nine 

metal bars at the outlet of the hopper control the discharge, ensuring realistic 

conditions. The hopper weight and discharge of material are monitored using four 

loadcells during experimental runs. 

3. Shrouding: A column built by a shroud made from heat and fire-resistant tarpaulin 

channels the hot ash mixture into the channel. 

4. Channel: The channel is an approximately 14.6 m long and 50 cm wide ramp 

underneath the hopper opening. For all analysis, 0 m is defined as the position where 

the planar runout begins after the initially curved slope underneath the hopper. The 

channel is confined by two side walls, one steel wall and a glass wall enabling a view 

inside the generated PDCs. The steel side accommodates various sensors to obtain in-

situ measurements inside PDCs. Vertical arrays of Piezoelectric pressure sensors (PCB 

PIEZOTRONICS 106B51) are installed in wing-shaped structures in the center of the 

channel. Those side walls' height is initially 180 cm (between 0 m and 6.4 m). Between 

6.4 and 10.6 m, the side walls have a height of 120 cm. In this interval (from 0 m to 

10.6 m), the channel is inclined by 6°. From 10.6 up to 11.7 m, the channel is not 

inclined, and the height of the side walls decreases further to 60 cm.  
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5. Runout: After the last section of the channel (11.7 m from impact), the horizontal 

runout begins. The initial runout is confined by 60 cm high glass walls, which end at 

a runout distance of 14.6 m. Here the generated pyroclastic current can spread laterally 

during propagation over a concrete surface. The unconfined runout holds Piezoelectric 

pressure sensors, temperature sensors, and vertical arrays of passive sediment 

samplers. The unconfined runout ends at 33.5 m m from impact at a several meters 

high cliff.  

For details on the initial setup and updated setup, the reader is referred to Lube et al. (2015), 

Breard (2016), and Brosch (2020).
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Figure 2.1 Sketch of the PELE large-scale experiment setup. The 13 m high tower holds a hopper with a volume of 0.7 𝑚3 to hold and discharge the volcanic material into 

the channel. The material drops 7 m and impacts at the 0 m runout. The first 14.9 m of flow propagation is channeled by a glass wall on one side and a steel wall on the other 

side, where different sensors are installed, and high-speed videos of the passing flow are recorded. Between 0 m and 14.6 m, the channel height is subsequently decreased. The 

confined runout ends at 14.6 m. Shortly after the start of the unconfined runout, the flow exits the old boiler house. The propagation ends in a buoyant lift-off of the flow or 

with a collision with a natural cliff at 33.5 m. Figure modified from Ardo (2022). 
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2.3 Experimental Series 

This PhD thesis and the M.Sc. thesis of James Ardo (Ardo, 2022) present experimental 

results investigating the substrate roughness's influence on the flow propagation, 

sedimentation, and turbulence structure inside pyroclastic density currents. All experiments 

were timed in a way that ensured the same weather conditions, including ambient 

temperature, humidity, and very low wind speeds. In this study, the following initial and 

boundary conditions are used, which are also summarized in Table 2-1: 

• Mass: The mass of ash used in an experiment determines the initial potential energy 

contained in the system before discharge. Through energy conservation, this directly 

also impacts the flow of kinetic energy. The experimental material's mass also 

influences the PDC's duration and particle concentration and is kept constant at 125 

kg for the experimental series. 

• Temperature: The temperature of the volcanic material can be varied between 30°C 

and 400°C. This will strongly influence the dynamics and the buoyancy of generated 

PDCs.  

• Particle Phase: The particle phase used in the experimental series is natural volcanic 

material with grain sizes varying from 2 μm −  16 mm (−4 −  9 𝜙), a fines content 

of 20 wt%, and a median grain size of 245 μm (2 𝜙). 

• Terrain: When varying terrain, we can alter the bed roughness, as well as insert 

topographic obstacles such as hills, houses, or any other structure. The experimental 

series focuses on the influence of bed roughness on the propagation of pyroclastic 

density currents, which was varied in logarithmic steps. The roughest surface used 

was composed of 4 −  8 mm river pebbles. The intermediate roughness used was 



94 

skateboard grip tape equivalent to a P80 grid sandpaper (≈ 201 µm). The smoothest 

roughness used was dynamically smooth medium density fiber (MDF) boards, with 

roughness less than the ambient dust. 

• Hopper Height: Variations of hopper height and with those variations of the drop 

height, as well as initial potential energy, determine the impact velocity. Adjusting 

the hopper height allows the synthesis of different source conditions of volcanic 

eruptions. The current setup of PELE is fixed to 7 m, and with that, an impact 

velocity of 7 m ∙ s−1.  

• Channel Geometry: The adjustable channel inclination and width are kept constant 

at 6° (≈ 10.5%) and 0.5 m. 

All initial conditions, besides the systematically varied bed roughness, are kept constant to 

systematically analyze the influence of the bed roughness on the flow behavior, the 

turbulence generation and the buoyancy. The main conditions of the experimental series are 

summarized in Table 2-1. 

Table 2-1 Initial and boundary conditions of the experimental series 

Parameter Rough Exp. Intermediate Exp. Smooth Exp. 

Mass 125 kg 125 kg 125 kg 

Temperature 120°C 120°C 120°C 

Bed Roughness 4 −  8 mm ≈ 201 µm Hydraulically smooth 

Hopper Height 7 m 7 m 7 m 

Channel Width 50 cm 50 cm 50 cm 

Channel Inclination 6° 6° 6° 

Ambient 

Temperature 
15°C 15°C 15°C 

 

The roughness range was chosen as it represents a broad range of roughness with logarithmic 
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changes between them, a finer discretization. With that, more experiments were not feasible 

with the current experimental setup of PELE. In addition to these experiments, five large-

scale experiments were conducted to test sensors and camera setups. In this thesis, these 

additional experiments will not be further focused on; all analyses will be performed on the 

main experimental series. 

2.4 Properties of the Pyroclastic Material 

The natural volcanic material used in the presented experimental series matches the 

experimental material used by Brosch (2020) and is composed of two well-studied 232 AD 

Taupo ignimbrite deposits (Wilson, 1985). The particle sizes are characterized using the ϕ 

grain-size scale defined as: 

 
ϕ = − log2

𝑑

𝑑0
 

EQN.  2-1 

with 𝑑 being the particle diameter and 𝑑0 being the reference diameter (1 mm). 

The first component, referred to as Surge 2, is located 19 km north-east of the vent, on the 

side of the Thermal Explorer Highway (38°43′8.9”𝑆 176°9′56.31”𝐸). The Surge 2 deposit 

has an unimodal distribution with the primary mode at 2 𝜙, a median grain size of 1.6 ϕ, 

and a fines content (particles smaller 4.5 ϕ) of 3.7 wt%, see grain size distribution Figure 

2.2. The second component of the experimental mixture, referred to as Hatepe, was sampled 

7 km south-east of the vent and 2 km east of Hatepe (38°51′27.9”𝑆 176°2′11.3”𝐸). This 

deposit has a polymodal grainsize distribution (see Figure 2.2) with modes at 2 ϕ, 4 ϕ, and 

6.5 ϕ. Hatepe has a median grain size of 3.6 ϕ and a fines content of approx. 36.5 wt%. 

Upon sampling, both deposits were cleaned of organic material and sieved to grain sizes 

smaller than −4 𝜙 (16 mm). Upon arrival in the lab, all sampled material is dried in ovens 
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at 100°C for a minimum of 3 days to eliminate all moisture for storage and the mixing of the 

final experimental material. 

 

Figure 2.2 Properties of the sampled volcanic deposits. On the left is the grain size distribution of the Surge 

2 deposit. The solid vertical line shows the median grain size of 1.6 𝜙 (solid vertical line). The right provides 

the grain size distribution for the Hatepe deposit, with a median grain size of 3.6 𝜙 (solid vertical line). The 

vertical dashed lines both mark 0 𝜙. 

The experimental mixture consists of 60 wt% Surge 2 and 40 wt% Hatepe. This provides 

the experimental blend presented in Figure 2.3. The final experimental blend has a bimodal 

distribution with modes at 2 𝜙 and 6.5 𝜙, a median grainsize of 2 𝜙 (245 μm), and a 

grainsize range from −4 𝜙 to 9 𝜙 (2 μm to 16 mm). The average solid densities as a 

function of grain size measured by heavy liquids separation are shown in Figure 2.3. It is 

important to note that this does not represent the maximum and minimum densities for each 

grain size and only the averages per grain size. The mixture is composed of quartz, feldspars, 

titanomagnetite crystals, lithics, glassy vesicular pumice, and ash. Some of the singular clasts 

reach over 2700 kg/m3 in our experimental mixture. 
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Figure 2.3 Properties of the experimental mixture. On top the grain size distribution of the experimental 

material is presented. The solid vertical line shows the median grain size of 2 𝜙 and the vertical dashed line is 

0 𝜙. The base shows how the average particle density changes with particle diameter. The black stars show 

measurements from heavy liquid separation, and the blue lines are linear interpolations between the 

measurements. 

2.5 Scaling in PELE 

In fluid dynamic experiments, dimensionless numbers assure dynamic similarity to the 

synthesized process. The dimensionless analysis includes fluid dynamic and thermodynamic 

scaling to show that the synthesized PDCs are dynamically similar to real-world PDCs. 

Previous extensive experimental series and scaling analyses have shown PELE to scale 

natural PDCs adequately for the whole scale of end members and the whole runout and to 

deliver reproducible results (Breard, 2016; Brosch, 2020); results of the scaling analysis are 

summarized in Table 2-2. 
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Table 2-2 Relevant dimensionless numbers, and flow properties, for PELE and natural, dilute pyroclastic 

currents. The parameters are colour-coded, ambient and flow properties are marked in grey, dimensionless 

numbers focusing on fluid dynamics in green, dimensionless numbers focusing on fluid-particle interactions in 

blue, and thermodynamic dimensionless numbers in red. With 𝜇𝑎 ambient dynamic viscosity, 𝐶𝑆 particle solid 

concentration, 𝜌𝑎 ambient density, 𝜌𝑐 flow density, ∆𝜌 density difference between flow and ambient, 𝐶𝑝𝑐
 and 

𝐶𝑝𝑎
 the flow and ambient heat capacity, 𝑔 is the gravitational acceleration, 𝑔′ is the reduced gravitational 

acceleration, 𝑘 is the Karman constant, 𝜃 the substrate inclination, 𝑢𝑇 the particle terminal velocity, and ∆𝑢 

the eddy rotational velocity. Values for natural PDCs from Druitt (1998), Choux and Druitt (2002), and 

Burgisser et al. (2005). The flow dynamic viscosity description is from Wohletz (1998). The equation for the 

Galileo number is from Uhlmann and Doychev (2014). Table modified from Brosch et al. (2021). 

Parameter Meaning Definition Generated PDCs Natural PDCs 

Particle Size  𝑑 2 μm 
−  16 mm 

10−6  −  10−1 m 

Particle density  𝜌𝑠 350 
−  2600 kg
/m3 

300 
−  2600 𝑘𝑔/𝑚3 

Ambient 

Density 

 𝜌𝑎 1.06 
−  1.225 kg
∙ m−3 

0.6 −  1.2 kg
∙ m−3 

Flow density  𝜌𝑐  1.27 
−  10 kg/m3 

 

Flow 

Temperature 

 𝑇 15 −  60 °C  

Velocities  𝑢 ≤ 10.5 m ∙ s−1 10 −  200 m
∙ s−1 

Flow dynamic 

viscosity 

 
𝜇𝑐=𝜇𝑎 (1 +

𝜌𝑠 𝐶𝑠

𝜌𝑎(1−𝐶𝑠)
)
2
 

3 × 10−5 − 

3 × 10−3  
kg

s m
 

10−5  

−  4 × 10−3  
kg

s m
 

Kinetic energy 

density 

 
𝑈𝑘𝑖𝑛 =

1

2
𝜌𝑐𝑢

2 
 10−2

− 103
kg

m s2 

 103  

−  104  
kg

m s2 

Buoyant 

thermal energy 

density 

 
𝑈𝑇 = 𝜌𝑐

𝐶𝑝𝑐

𝐶𝑝𝑎

𝛼 𝑇 ℎ 𝑔 10 − 103
kg

m s2 
 103  

−  104
kg

m s2 

Reynolds 

number 

Inertial Forces

Viscous Forces
 𝑅𝑒 =

𝜌𝑐  𝑢 ℎ

𝜇𝑐
 

1.5 × 106  33 × 105

− 6.7 × 109  
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Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖 =

∆𝜌 ℎ 𝑔

𝜌𝑎𝑢2  
10−2 −  10 0 −  10 

Froude number Inertial Forces

Gravitational Forces
 𝐹𝑟 =

𝑢

√𝑔′ ℎ 𝑐𝑜𝑠(𝛳)
 0.75 − 2  ≈ 1 

Particle Stokes 

number 

Characteristic Time Particle

Characteristic Time Fluid
 𝑆𝑡 =

𝑢𝑇∆𝑢

𝛿𝑔
 

10−3 − 9.9  11 × 10−4  
−  97 × 106  

Galileo 

Number 

Gravitational Forces

Viscous Forces
 

𝐺𝑎

=
𝜌𝑐√|

𝜌𝑝
𝜌𝑐

⁄ − 1|𝐷3𝑔

µ𝑐

 

5.9 × 10−8

−  3.4 × 104 

 

Stability 

number 
Defines particle  

transport zones 

𝛴 =
𝑢𝑇

∆𝑢
 13 × 10−3

−  32  
2.8 × 10−6

− 9.7 × 109  

Rouse number Characterises turbulent  

particle transport regimes 

𝑃 =
𝑢𝑇

𝑘𝑢𝑠
  66 × 10−2

−  19 

10−3 − 102  

Thermal 

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖𝑇 =

∆𝑇 𝛼 ℎ 𝑔

𝑢2
 

2 × 10−2  
−  4.5  

0 −  5  

Pyroclastic density currents pose complex systems where various physical processes 

interplay and must be scaled to reproduce natural events. The scaling can be separated into 

fluid dynamics, gas-particle interactions, and thermodynamics. Relevant non-dimensional 

numbers to scale the fluid dynamics of pyroclastic density currents are the Reynolds number 

(𝑅𝑒) comparing inertial and viscous forces, the Richardson number (𝑅𝑖) comparing 

buoyancy and shear terms, and the Froud number (𝐹𝑟) comparing inertial and gravitational 

forces. With these values matching, fluid dynamic scaling is provided. Of particular interest 

for this thesis are the gas-particle interactions and the investigation of multiphase physics. 

Non-dimensional numbers that need to match are the particle Stokes number (𝑆𝑡) comparing 

particle response times with fluid motion time scales, the stability number (𝛴) comparing 

terminal fall velocities of particles to turbulent velocity fluctuations of the fluid phase, the 

Galileo number (𝐺𝑎) comparing gravitational forces and viscous forces (Uhlmann and 

Doychev, 2014), and the Rouse number (𝑃) describing the particle transport in turbulent 

flows. Using natural volcanic material ensures similarity in gas-particle interactions due to 
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the natural shape of the particles, the grain size and the density of natural PDCs (Lube et al., 

2015). The thermodynamics is scaled using the thermal Richardson number (𝑅𝑖𝑇) comparing 

thermal buoyancy and fluid shear terms. In addition to non-dimensional numbers, the kinetic 

energy density (𝑈𝑘𝑖𝑛), and the buoyant thermal energy density can be used to compare natural 

flows with large-scale experiments. 

Table 2-2 shows a good overlap in non-dimensional numbers and dimensional scaling 

factors. Notably, ranges do not exactly match, and scaling limitations must be considered 

when analyzing the data. Despite these limitations, PELE is the best-scaled PDC experiment 

due to the achieved length scales, the use of natural volcanic material, and the variable 

temperature. For more details on calculating the non-dimensional numbers and the scaling 

analysis for dilute PDCs in PELE, the reader is referred to Brosch (2020). 

2.6 Data Acquisition in PELE 

In PELE, various sensors are used to collect data that can be analyzed to understand different 

aspects of the dynamics inside PDCs. The following describes the sensor inventory and the 

resulting sensor arrays. 

2.6.1 Synchronization Signal 

Exact time synchronization is vital to analyze physical measurements and infer temporal 

correlations. This is especially important for processes with small timescales and high 

frequencies. A 10 V signal, generated with the experimental trigger, is logged in independent 

data logging modules to achieve this synchronization. All visible light cameras record LEDs 

connected to this trigger signal and can be synchronized. This ensures time synchronization 

at the beginning of every experimental run. Subsequently generated 10 V trigger signals also 
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ensure that logging systems record data with accurate sampling rates. A quality control step 

investigating the synchronization signal enables the identification of systematic errors in the 

sampling rates due to rounding errors in logging codes or other malfunctions of the logging 

system. These errors can then be corrected to ensure accurate time synchronization. Due to 

technical limitations, the thermal camera and hopper loadcells are not synchronized with this 

signal. 

2.6.2 Camera Inventory 

Cameras have been one of the primary sources of data deployed in PELE since the first 

experiments. These can be separated into three categories: high-speed, conventional normal 

to fast, and thermal cameras. The entire camera inventory is summarized in Table 2-3. 

High-Speed Cameras: Six high-speed cameras can be positioned to cover different parts of 

the glass walls of the channel and, with that, different portions of the flow. In the presented 

experimental series, these six high-speed cameras were deployed to create profiles at four 

different runout distances (1.8 m, 3.35 m, 5.4 m, and 9.6 m marked in Figure 2.1). For 

profile 1 (1.8 m), two of the Basler A2000-340km were installed on top of each other to 

record high-resolution data for the entire 1.8 m window height at that location. Profile 2 

(3.35 m) is set up the same way using the NAC Meriam HX-7 ST-839 for the lower part and 

a Basler A2000-340km to record the top part of the window. For profile 3 (5.4 m), a Basler 

A2000-340km was installed to observe up to a height of 1.2 m. At Profile 4 (9.6 m), the 

NAC Hotshot 1280 was used to record data up to a height of 1.1 m. The video data recorded 

with the high-speed cameras is used to calculate velocity fields and visually analyze the 

passing flow and its features. 
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GoPro Hero Cameras: In addition to those high-speed cameras, PELE has an inventory of 

22 GoPro Hero cameras with models ranging from GoPro Hero 3 to GoPro Hero 8, recording 

with framerates between 30 − 240 fps at a resolution of 1920 × 1020. These cameras are 

installed in various locations and angles to the flow propagation. They are used to: Firstly, 

give overview imagery of the propagating flow, to track the propagation and geometry of 

the propagating flows. And secondly, record the time-resolved sampling tubes, enabling the 

mapping of the accumulated sediment and the calculation of flow concentrations and 

densities. 

Table 2-3 Camera inventory in the PELE experimental facility.Highspeed cameras are underlain with grey, 

and thermal cameras with red. 

Model Qty Resolution Framerate Measurement 

NAC Meriam HX-7 ST-839 1 1920 × 1080 500 fps RGB 

NAC Hotshot 1280 1 1024 × 640 500 fps Monochrome 

Basler A2000-340km 4 1920 × 760 500 fps Monochrome 

GoPro Hero 3 to 8 20 1920 × 1080 30– 240 fps RGB 

Sony α6000 2 1920 × 1080 50 fps RGB 

Panasonic Lumix TZ110 1 1920 × 1080 50 fps RGB 

Canon EOS 600D 1 1280 × 720 50 fps RGB 

Infratec VarioCAM 1 640 × 480 50 fps 7.5 − 14 µm 

spectral range  

 

Sedimentation Cameras: The 2 Sony α6000 cameras, as well as the Panasonic Lumix TZ110 

and Canon EOS 600D, are used to capture the sedimentation and erosional processes at the 

base of the flows. All sedimentation cameras operate at a frame rate of 50 fps. 

Thermal Camera: A thermal camera will be placed outside the building, accommodating 

the main part of PELE. This measurement enables the mapping of the flow during the 
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propagation on the horizontal runout, which gives valuable information about the 

temperature of the flow at that stage. 

2.6.3 Temperature Sensors 

Temperature measurements are an essential data source to infer particle concentrations, 

thermal buoyancy, and flow density. Previous studies used thermocouples of the type (RS 

Pro 409-4920 K-type thermocouple) with response times of 0.1 s. Thermal measurements 

using thermocouples can be described as a convolution between the temperature signal and 

the response function of the thermocouple (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡(𝑡) = (𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∗

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛)(𝑡)). This naturally leads to a smoothing of the signal where longer 

response times lead to stronger smoothing of the signal, and faster response times can capture 

more high-frequency signals. Previous thermocouples of the type RS Pro 409-4920 K-type, 

with a response time of 0.1 s, meaning 96% of a step change is measured in moving gas, 

were updated with faster 410-345 Type K thermocouples by TC Direct with response times 

less than 0.015 s.  

A total of 49 thermocouples were deployed in eight vertical profiles along the runout (see 

Table 2-4). The sensors are inserted into the flow from the steel wall using small aluminum 

tubes (2.5 mm diameter and 5 cm length). Upon installation, the thermocouples were 

thermally isolated from the aluminum tubes using heat-resistant silicone. Further, it was 

ensured that the sensing tip did not have contact with the aluminum, which would artificially 

increase the thermal mass of the sensor and decrease the responsiveness.  
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Table 2-4 Thermocouple measurement network. 

 P0 P1 P2 P3 P3.1 P4 P6 P7 

Runout [m] 0.6 1.8 3.4 5.4 7 9.6 16 20 

Qty. 4 8 8 8 8 8 4 1 

Height [m]  

 

 

0.45, 
0.75, 
1.1 

1.45 

 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 
1.45, 
1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 
1.45, 
1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 
1.45, 
1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 
1.45, 
1.8 

0.035, 
0.085, 
0.21, 
0.45, 
0.75, 
1.1, 
1.45, 
1.8 

 

0.08, 
0.25, 
0.45, 

  
1.1 

 

  
  
  

0.45 

  
  

2.6.4 Piezo Electric Pressure Sensors 

Previously the only pressure sensors deployed in PELE recorded pore pressures. This PhD 

advanced the PELE experimental setup by deploying new Piezoelectric pressure sensors of 

the type PCB Piezotronics 106B51. These Piezoelectric pressure sensors were installed on 

wing profiles at six vertical profiles along the runout.  These wing-shaped sensor mounts 

were installed in the center of the channel and along the flat runout. This enables the first in 

situ dynamic pressure measurements inside PELE and avoids potential boundary effects 

from the glass and steel wall. The exact locations where the sensors are installed are 

summarized in Table 2-5. 

 Table 2-5 Sensor network of the Piezoelectric pressure sensors (PCB Piezotronics 106B51). 

 P1 P2 P3 P4 P5 P6 

Runout [m] 1.8 3.35 5.4 9.6 16 20 

Qty. 1 7 3 2 1 1 

Height [m]   
  
  
 

0.45 

  
  

0.04, 
0.08, 
0.15, 
0.30, 
0.45, 
0.75, 
1.3 

  
0.08, 

  
  

0.45, 
0.75 

  
0.08, 

  
  

0.45 

 

  
  
  

0.45 

 

  
  
  

0.45 
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2.6.5 Low-Volume Pitot Tubes 

As part of this PhD thesis, low-volume Pitot tubes were designed, built, and tested. To 

achieve low response times, it is vital to create Pitot tubes with very low volume. 

Calculations by Flemmer et al. (1984) suggest that the reaction time of the gas-purged pitot 

tubes is proportional to the internal dead volume. Currently available commercially, Pitot 

tubes are either too expensive or have too high response times to be deployed in PELE to 

investigate the turbulence of experimental PDCs. In the following, I describe the design, 

prototyping, and calibration of low-volume Pitot tubes to be used with differential pressure 

sensors of the type SDP3x by Sensirion AG. 

First, 3D-printed pitot tubes were designed, and gas-purged pitot systems (Flemmer, 1984) 

with 0.5 mm, 0.75 mm, and 1 mm internal tubing diameters were tested (see Figure 2.4). 

These Pitot tubes were printed in titanium by RAM3D, in Tauranga, New Zealand. The gas 

purging generated noise levels above the amplitude of the measures signal; therefore purging 

was eliminated, and the 3D-printed conventional low-volume Pitot tubes were tested.  

 

Figure 2.4 3D gas-purged Pitot tube design. The red box marks the sensor mount, the red ovals the air supply 

for the gas purging, and the arrows the pressure ports (top dynamic, side static). The grey dashed lines indicate 

the internal tubing. 
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In first experimental runs, an airflow with a velocity of approximately 14.5 m ∙ s−1 (meaning 

dynamic of 129 Pa) was generated in the horizontal flow tube. The flow velocity was 

monitored using an anemometer to ensure the right flow velocity. The 3D-printed Pitot tubes 

were inserted into the flow without applying any gas purging. The results for the 3D-printed 

pitot with 0.5, 0.75, and 1 mm internal diameter are presented in Figure 2.5.  

Figure 2.5 shows the Pitot tube with 0.5 mm diameter to measure only very small signals. 

These low values are too small to be calibrated afterward. The pitot tubes with 1 and 

0.75 mm diameters show far better results but have very large volumes and are very cost-

intensive when looking at producing larger batches of over 40 Pitot tubes. Furthermore, 

blockages were observed after the controlled introduction of ash into the flow tubes. 

Blockages were not observed for Pitot tubes with 0.5 mm internal tubing. 

 

Figure 2.5 Results from the vertical flow tube using 3D printed prototypes without gas purging. The 3D-

printed prototypes were inserted in a flow with an expected dynamic pressure of approximately 128 𝑃𝑎. 

The increasing dampening effect, with decreasing internal diameter, is caused by the 

increasing pressure drop. The roughness of the 3D-printing leads to increased pressure drops. 



107 

Also, the radius of the bend in the dynamic pressure port may be increased to decrease the 

pressure drop, as the straightening of the flow is not further necessary, which needs to be 

considered in the design of the gas-purged system.  

Spinal anesthetic needles, providing smooth tubes with small internal diameters, are used in 

the second generation of prototypes. In the process of prototyping, three different needle 

diameters were tested: 22 g (0.413 mm inner diameter), 21 g (0.514 mm inner diameter), 

and 20 g (0.603 mm inner diameter). To produce these Pitot tubes and to give them a shape 

that will have the least influence on the probed flow possible, I designed different molds to 

cast the needles into an epoxy resin structure. The resin structure takes the same shape as the 

pitot tube in Figure 2.4. The casting process was optimized to ensure smooth production and 

reproducible Pitot tubes.  

The resin must be heat resistant and have the right viscosity for the casting process. Two 

different epoxy resins, meeting the heat resistance requirements, were tested, and a heat-

resistant epoxy usually used by boat builders proved most suitable to produce Pitot tubes. 

Secondly, molds needed to be manufactured to assure a smooth production process. First 

attempts using a 3D printed mold (see Figure 2.6) were produced in cooperation with Daniel 

Farley, Xpeed Limited. The mold includes alignment pins and injection holes for the resin.  
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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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After the curing process, the Pitot tube was released from the mold and the slight flexibility 

of the 3D-printed mold provided for an easy release. This delivered the first cast Pitot tube 

prototype (see Figure 2.8). 

 

Figure 2.8 Different prototypes for the pitot tube systems with a 1 New Zealand dollar coin for scale. 1) a 

3D printed pitot tube including a gas purge. 1b) a 3D printed pitot tube, where the gas purging was removed. 

2) The first epoxy Pitot tube, cast using a 3D printed mold. 3) The second cast using the first 3D printed mold. 

4) A provisional prototype is only fixing the tubing and the sensor mount using hot glue. 

For the first prototype, 22G spinal needles with an internal diameter of 0.413 mm were used. 

A second prototype using 21G spinal needles with an internal diameter of 0.514 mm was 

produced. Due to further hardening of the 3D printed mold, the mold got brittle, and a mold 

release was not possible. In the process of removing the mold from the Pitot tube, the sensor 

mount of the Pitot tube and the mold broke (see Figure 2.9). It was possible to fit a new 

sensor mount and test this second prototype (Figure 2.8).  

The prototype using the 20g (0.603 mm inner diameter) spinal needles was built by 

provisionally connecting the spinal needles and the sensor mount using hot glue and building 

a support structure of hot glue (see Figure 2.8). This was done due to the emerging Covid-

19 pandemic and the uncertain accessibility of lab facilities. 

Provisional testing resulted in the choice of the 20g spinal needles for the final production. 
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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.  



111 

 

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 



112 

potentially cause the hysteresis. The result of the calibration is shown in Figure 2.11 c, where 

a sufficient match can be observed, with only slight errors towards high pressures. 

 

Figure 2.11 Calibration algorithm for low-volume Pitot tubes. a) comparison of the Pitot sensor reading 

(orange) and the calibration signal (blue). b) the calibration curve (black) calculated from the calibration data 

(red) in (a). c) Comparison of the calibration signal (blue) and the calibrated Pitot sensor reading (green). 

Each Pitot tube was calibrated three times before each of the three experiments in this PhD, 

and for four experiments performed as part of the PhD project of Lucas Corna (Corna, 2023). 

This has shown reproducibility in the correlation process, as well as reproducibility and 

accuracy of the production process. The final Pitot tubes need a correction of c. 3.7 and the 

pressure range-dependent conversion factor of the SDP3x sensor. 

2.6.6 Time-Integrated Flow Sampler 

In PELE, time-integrated flow solid samples are collected with 2.4 × 15 cm glass test tubes. 

These test tubes are installed at eight vertical profiles along the runout (0.6 m, 1.9 m, 4.5 m, 

9.7 m, 13 m, 16 m, and 20 m). The passive samplers are installed at heights varying from 
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6 cm to 180 cm. The exact positions are summarized in Table 2-6. The sampling tubes up 

until 13 m protrude 5 cm into the flow from the steel wall. Sampling tubes at 16 m and 20 m 

are positioned in the flow's center. These tubes collect time-integrated samples of the passing 

solid particles inside the flow, which can be analyzed to infer time-integrated masses and 

grain-size distributions.  

Table 2-6 Time integrated flow sampler positions. 

 P0 P1 P2/3 P4 P4/5 P5 P6 

Runout [m] 0.6 1.9 4.5 9.7 13 16 20 

Qty. 6 6 6 6 8 8 8 

Height [m]   
  

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

  
  

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

  
  

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

 

 

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.06, 

0.11, 

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.06, 

0.11, 

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.06, 

0.11, 

0.21, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

2.6.7 Time-Resolved Flow Sampler  

Next to time integrated flow samplers, time resolves flow samplers were deployed at four 

different runout distances (2 m, 3.4 m, 5.2 m, and 9.6 m) at heights varying from 3.5 cm to 

180 cm (exact positions see Table 2-7). Thirty-four of these sampling tubes were built and 

deployed in the generated flows. These time-resolved sampling tubes are comprised of 

square glass tubing with an opening cross-section of 1.96 cm2 with lengths varying from 

5 cm to 15 cm (Brosch et al., 2021). In the back of the sampling tubes, two fine steel meshes 

(15 µm) ensure the passage of the gas phase while solid particles are blocked. The filling of 

these tubes is monitored with GoPro Hero cameras, allowing for mapping isochrones of 

deposited material and enabling the calculation of solid concentrations and current densities. 

These isochrones can also be sampled, yielding time-resolved flow grain size information.  
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Table 2-7 Time resolved flow sampler positions. 

 P1 P2 P3 P4 

Runout [m] 2 3.4 5.2 9.6 

Qty. 9 9 9 7 

Height [m]  0.035, 

0.08, 

0.15, 

 0.25, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.035, 

0.08, 

0.15, 

 0.25, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.035, 

0.08, 

0.15, 

 0.25, 

0.45, 

0.75, 

1.1, 

1.45, 

1.8 

0.035, 

0.08, 

0.15, 

 0.25, 

0.45, 

0.75, 

1.1, 

 

2.6.8 Load Cells 

Four loadcells of the type Zemic H8C-C3-1.5T-4B, monitor the weight of the hopper during 

experimental runs. This allows to calculate time-resolved discharge rates and characterize 

the mass discharge during experimental runs. 

2.6.9 Laser Scanner 

A Leica MS50 laser scanner was used to scan the channel base before and after an 

experimental run to accurately determine the deposit thickness as a function of the runout 

and channel width. The difference between these measurements equals the deposit thickness. 

Two geo-reference points inside the experimental facility calibrate the laser scanner. 

2.7 Data Analysis Techniques 

With the vast variety of sensors installed in PELE, different physical properties are 

measured, summarized in Table 2-8. Throughout the existence of PELE, developing new 

analysis algorithms was one of the main challenges to dealing with large and diverse data 
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sets, extracting quantitative information, and linking different physical properties 

quantitively.  

Table 2-8 Physical properties measured and calculated from PELE large-scale experiments. 

Parameter Unit Mathematical representation 

Image Data 0-255 grayscale scalar 

Velocity Data m s-1  vector field 

Concentration  scalar 

Density kg m-3 scalar 

Momentum Density Kg s-1 m-2 vector field 

Temperature °C scalar 

Thermal Images °C scalar 

Dynamic Pressure Pa scalar 

Pore Pressure Pa scalar 

Grain-size Distribution wt.% distribution 

 

2.7.1 Flow Geometries 

The flow geometry, such as the time-resolved flow front position, flow height at static 

runouts, and the whole flow geometry, are mapped using high-speed and GoPro hero 

cameras. For accurate results, predefined grids are overlain onto the images. 

2.7.2 Particle Image Velocimetry 

The data collected by the six high-speed cameras are used to calculate two-dimensional 

velocity fields using digital particle image velocimetry (PIV) using the PIVlab software 

(version 2.54) (Thielicke and Stamhuis, 2014) in MATLAB. PIV needs at least two images, 

one recorded at 𝑡0 and the other one at 𝑡0 + ∆𝑡. It measures how far particles have traveled 

and calculates the velocity of those particles by dividing the distance traveled by the time 

difference. Cross-correlating small sub-images determines the displacement. The output of 
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PIV is a vector field with the velocities (vertical v and horizontal u). For details on PIV, the 

reader is referred to Thielicke and Stamhuis (2014) and Thielicke and Sonntag (2021). 

Velocity fields are extracted from image data using the following workflow, which expands 

the workflow used by Brosch (2020). Using VirtualDub2 (https://www.virtualdub.org/), the 

images of the highspeed cameras are extracted, and for the NAC Meriam HX-7 ST-839, 

converted into greyscale images. Followed by a first preprocessing step using Adobe 

Photoshop. This step corrects uneven lighting using irregularly shaped polygons (see Figure 

2.12). After the external preprocessing, the images are imported to PIVlab, and a region of 

interest (RIO) is defined, for which velocity will be calculated.  

This step is followed by the PIVlab internal image preprocessing. First, a histogram 

equalization using the contrast limited adaptive histogram equalization (Zuiderveld, 1994) 

is performed. In this algorithm, the image is subdivided into smaller regions, and the 

histograms for those regions the histograms are equalized, enhancing the local contrast. The 

region size for this filter should be chosen to be larger than the structures that want to be 

preserved in the image. Here, values between 50 − 100 pixels are used. After applying the 

histogram equalization, a Wiener low pass filter with a size between 3 –  5 pixels is used to 

denoise the images. The implemented automatic contrast stretch is also enabled. The results 

of the filtering are visually assessed and refined. The FFT window deformation algorithm is 

used to extract the velocities in combination with multiple passes of correlation windows 

decreasing in size and step size. The subsequent window sizes are defined to be 256 pixels, 

128 pixels, 64 pixels, and 32 pixels. The step size is always defined to be half the window 

size. The last pass is then repeated until an error slope of less than 0.025 is achieved. A 

Gauss 2x3-point algorithm is used to perform sub-grid estimations and increase the accuracy 

of the algorithm. The Correlation robustness is set to high (Thielicke and Sonntag, 2021).  
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Once the calculations are completed, the sampling rate and a known length in the images are 

defined to calibrate the output from pixel/frame to m ∙ s−1.  

In the post-processing, reasonable velocity limits are defined. And a standard deviation filter 

with 8 ∙ 𝑠𝑡𝑑, and a local median filter with 3 are used. 

The resulting velocities have a temporal resolution of 500 Hz and a spatial resolution of 

around 1 cm. The spatial resolution varies slightly for each camera due to different spatial 

resolutions and zoom in different cameras. The data is exported as a Mat-file to be imported 

and analyzed in Python. 

 

Figure 2.12 Outline of the PIV workflow used to calculate velocities from image data. 1) Raw example image 

from the flower Basler camera at profile one (1.8 m). 2) The results of the histogram equalization in Photoshop. 

3) The results of the PIVlab (version 2.54), the region of interest is marked in red, and the known calibration 

length (1 m) in blue. Filter settings used in this example are a CLAHE window size of 75 pixels and a wiener 

low pass filter window size of 4. The auto contrast stretch is enabled. 4) The resulting vector field for this 



118 

frame. Green vectors show valid results, and red vectors show results that are excluded due to the filtering in 

post-processing.  

2.7.3 Calculating Time-Resolved Particle Solid Concentrations 

Time-resolved particle solid concentrations are obtained using the data from the time-

resolved sampling tubes, following the algorithm of Brosch and Lube (2020). 

The time-resolved flow samplers are recorded using GoPro Hero cameras at a framerate of 

60 fps. In the resulting images, isochrones are mapped, projecting the whole deposited 

material on the glass wall. The change of this area between two time-steps Δ𝐴𝑖 can be 

transferred into a deposited volume 𝑉𝑑𝑖
, with the assumption that the deposit is constant 

throughout the depth of the tube 𝑤. 

 
𝑉𝑑𝑖

= Δ𝐴𝑖 ⋅ 𝑤. 
EQN. 2-2 

The volume flux 𝑄𝑖 is calculated using the downstream component of the flow velocities 𝑢𝑖, 

determined by the PIV algorithm, and the sampling tube cross-section 𝐴𝑐. 

 
𝑄𝑖 = 𝑢𝑖 ⋅ 𝐴𝑐. 

EQN. 2-3 

With which the passing flow volume 𝑉𝑓𝑖
 is for a time difference Δ𝑡 is calculated. 

 
𝑉𝑓𝑖

= 𝑄𝑖 ⋅ Δ𝑡 
EQN. 2-4 

Finally, time-resolved particle solid concentrations are calculated as:  
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 𝐶𝑠𝑖
=

𝑉𝑑𝑖
(1 − 𝜖)

𝑉𝑓𝑖

 EQN. 2-5 

With the porosity 𝜖 for close packing being constant at around 46%. 

This yields time-resolved solid particle concentrations.  

2.7.4 Calculating Time-Resolved Flow Densities and Dynamic Pressures  

Using the time-resolved particle solid concentrations 𝐶𝑠𝑖
 flow densities ρ𝑐 can be calculated 

as follows (Brosch and Lube, 2020; Dellino et al., 2008; Hallworth and Huppert, 1998) 

 
𝜌𝑐𝑖

 = (1 − 𝐶𝑠𝑖
)𝜌𝑓 + 𝐶𝑠𝑖

𝜌𝑝 
EQN. 2-6 

With the fluid density ρ𝑓 and the average particle density ρ𝑝. For the dynamic pressure 

follows 

 𝑃𝑑𝑦𝑛𝑖
=

𝜌𝑐𝑖
 𝑈𝑖

2

2
 EQN. 2-7 

with the instantaneous flow velocity magnitude U𝑖.  

2.7.5 Flow Grainsize Distributions 

Both time-integrated and time-resolved grain size distributions were obtained through a 

combination of sieving for particles larger 250 µm and a laser particle size analysis for all 

particles smaller than 250 µm. Time-resolved samplers are sampled with 0.5 s temporal 

resolution. GRADISTAT (Blott and Pye, 2001) was used to analyze the grain size 

distribution. 
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2.7.6 Temperature Correction for the Piezo Electric Pressure Sensors 

The Piezoelectric pressure sensors are sensitive to temperature changes due to differences in 

thermal expansion coefficients between the sensor's internal quartz crystal, inducing a 

voltage when put under pressure, and the steel casing encapsulating the crystal. The 

measured pressure is lowered for temperature rises due to the steel expanding more than the 

crystal. Cooling of the sensor causes the inversed signal. The temperature signal is much 

larger than the expected pressure range and shows a smooth trend (see Figure 2.13). The 

manufacturer does not provide software or information on the removal of this signal. The 

following temperature correction is performed on the example of an independent experiment 

to test the sensors and the data processing. The results align with the final experimental runs 

and provide an additional example demonstrating that proposed algorithm works repeatedly. 

To remove the temperature influence on the Piezoelectric pressure measurement, I assumed 

the resulting pressure signal to be the superposition of the flow’s pressure signal and the 

temperature’s influence on the measurement. 

 
𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑃𝑓𝑙𝑜𝑤 + 𝑃𝑡𝑒𝑚𝑝 

EQN. 2-8 

As positive dynamic pressures are expected, the temperature influence must be the lower 

envelope of the pressure signal. By removing this lower envelope, the temperature influence 

can be removed. A workflow to remove the temperature influence is defined through 

experimentation, cross-validation with temperature data, and comparison with independent 

pressure measurements. 

The temperature influence is calculated as the moving average (6 ms) of the time series, 

subtracted by the standard deviation (of the 6 ms–interval), providing the lower envelope. 
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A spike removal was performed to avoid plateauing around strong pressure excursions (see 

Figure 2.13), where all pressure gradients larger than 150 Pa/ms are removed. Based on 

this spike-removed pressure data, the lower envelope is calculated.  

 

Figure 2.13 Calculation of the pressure signature of the temperature change. The raw temperature 

influenced pressure signal (𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) is shown in blue. Orange is the temperature influence on the pressure 

measurement (𝑃𝑡𝑒𝑚𝑝) without the spike removal, and green is the spike removed temperature influence. It is 

apparent that the spike removal sufficiently removes plateaus in the calculated temperature influence. 

The lower envelope of the temperature data, caused by temperature changes of the sensor, is 

then compared to the temperature data recorded at the same position as the pressure (see 

Figure 2.14). This shows that the empirically calculated temperature influence and the 

temperature data show the same features and have an inversed correlation, as expected due 

to the sensor’s construction. 
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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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Figure 2.15 Comparison of the temperature-corrected piezoelectric pressure measurement and the dynamic 

pressures calculated from velocities and flow densities. The two completely independent measurements show 

a good fit, both in long- and short-period processes. The Piezoelectric sensors show a more abrupt onset of 

the flow and higher peak values. A 10 ms average filter was applied to the piezoelectric measurement to 

improve comparability. 

This algorithm was developed and tested using data from four independent experiments, 

using different masses of experimental material, as well as different grain size distributions 

and a variety of temperatures. The temperature was varied from unheated volcanic material 

to material heated to 120℃. The unheated material was colder than the ambient air in the 

morning of the experimental run and produced the inverse temperature signature as hot 

material. The temperature removal also worked for the cold material.  

Extraction of Particle Impacts and Calculation of Impact Rates: The particle impacts are 

identified and extracted through a 220 Pa/ms threshold gradient. This can be used to create 

a binary time series for each sensor, where zero denotes no particle impacts, and one denotes 

particle impacts (See Supplementary Figure 3.3). 
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Particle impact rates are then calculated through a convolution of the binary time series 𝑎, 

 𝑎(𝑡) = {1 ∀ 
∆𝑃

∆𝑡
≥ 220 Pa/ms

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

, EQN. 2-9 

with a box function 𝑣 

 
𝑣(𝑡) = {

𝑛−1 ∀ |𝑡| ≤
𝑛

2

0 ∀ |𝑡| >
𝑛

2

, EQN. 2-10 

as 

 
𝑓

𝑖𝑚𝑝𝑎𝑐𝑡
= (𝑎 ∗ 𝑣). 

EQN. 2-11 

The length 𝑛 of the convolutional kernel is set to 200 𝑚𝑠. This particle impact extraction 

leads to a smoothing and temporal blurring of the signal and provides particle impact rates 

(see Figure 3.3). Codes for the temperature correction and the extraction of particle impacts 

are included in Appendix C. 

2.7.7 Reynolds Decomposition 

Data (𝑋) from turbulent flows can be interpreted as the superposition of the mean flow (𝑋̅) 

and the turbulent fluctuations (𝑋′)  

 
𝑋(𝑥, 𝑧, 𝑡) = 𝑋(𝑥, 𝑧, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑋′(𝑥, 𝑧, 𝑡) . EQN. 2-12 

This has previously been done only for the downstream velocity components in experimental 

pyroclastic density currents (Brosch, 2020; Brosch et al., 2021; Cerminara et al., 2021). To 

calculate the mean flow, empirical Power Gaussian fits of the vertical distribution of the 

downstream velocity were calculated using polynomial fits (Cerminara et al., 2021).  
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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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and linked to physical processes. Identifying pronounced maxima can inform about highly 

energetic physical processes such as large eddies (Brosch et al., 2021). The frequency spectra 

for turbulent data show a logarithmic energy decay from low frequencies (large periods) to 

high frequencies and short periods. This is caused by the Kolmogorov cascade describing 

the energy transfer from large to small eddies. Spatial Fourier transforms, where the 

amplitude is calculated as a function of the wave number (𝑘 = 1/λ, with the 

wavelength/eddy size 𝜆), the slope of the Kolmogorov cascade is −5/3 for single fluids 

(Pope, 2000). The Kolmogorov cascade is considered one of the few constants in turbulence. 

The presence of particles in turbulent suspensions has been shown to decrease the slope of 

the energy cascade (Balachandar, 2009; Bosse et al., 2006). An increased slope shows a 

reduced momentum transfer towards smaller turbulence structures, and a decreased slope 

means an enhanced momentum transfer from larger to smaller structures. In previous studies 

in the PELE experimental facility, only the energy cascade in the frequency domain is 

considered. In this thesis, I apply a coordinate transform on the temporal axis to obtain a 

length axis. This is achieved by temporal advection of flow structures with measured flow 

velocities, providing first insights into the energy cascade with relation to turbulence 

structure sizes. 

2.7.9 Time-Height Representation of Data 

Time-height representations of the data are used to obtain insights into the temporal 

evolution of the experimentally generated PDCs (Lube et al., 2019). To create these time-

height plots, measurements or results from calculations along a vertical profile at a given 

observer location are plotted as pseudo-color or contour plots over time. This can be done 

with velocities, temperatures, pressures, and high-speed camera video data. For the 

generation of the video time height plot, in the following referred to as kymographs, camera 
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images are exported as black and white images and loaded into Python, where single-pixel 

columns are extracted and saved as a matrix with a height and a time dimension. Matrixes 

of different cameras can be aligned using the trigger signal and the measuring tool in ImageJ 

(Schneider et al., 2012) in combination with known marker locations, such as sensors in the 

camera view. These new representations allow the correlation of physical data with visual 

features of the flow and increase the interpretability of the time-height representations of 

other measurements. Furthermore, this representation can be used for fast flow and sediment 

height mapping. When interpreting time height presentations generated in PELE, the 

geometry of flow features is mirrored along the y-axis. 
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3.1 Abstract 

Causing one-third of all volcanic fatalities, pyroclastic density currents create far greater 

destruction than we can currently explain scientifically. Opportunities to interrogate the 

mechanisms behind this hazard have long been desired, but real-world flows persistently 

defy direct internal observation. Here, we show, through the first high-resolution 

measurements of dynamic pressure in large-scale experiments, that pressure maxima exceed 

maximum theoretical values used in hazard assessments derived from estimates of bulk flow 

velocity and density by more than one order of magnitude. These distinct pressure excursions 

occur through the clustering of particles with high particle Stokes numbers at the peripheries 

of coherent turbulence structures and from the direct impact of these particles with 

structures. Together, they generate significant loading and piercing impacts to life and 

infrastructure. They account for up to 75 percent of local flow energy and must be considered 

in hazard models that aim to forecast and mitigate volcanic risk globally. 

3.2 Introduction 

Pyroclastic density currents (PDCs) are lethal and recurrent hazards from volcanoes 

(Sulpizio et al., 2014, Dufek et al., 2015, Neri et al., 2015, Lube et al., 2020). Over 500 

million people are directly endangered by these multiphase flows of hot volcanic particles 

and gas (Valentine, 1987, Valentine, 1998, Baxter et al., 2005, Lube et al., 2011, Auker et 

al., 2013, Cronin et al., 2013, Lube et al., 2014, Dufek, 2016). Over the past decade alone, 

and despite strong advances in understanding volcanic hazards, PDCs have caused several 

thousand fatalities and significant damage to infrastructure globally (Auker et al., 2013). So, 
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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 

multiphase physics of PDCs has long been desired, but their ferocity hampers direct 

observation and measurements of their internal characteristics.  

An important example of the large uncertainties for hazard planning that result from this gap 

in understanding is the destruction-causing dynamic pressure of PDCs. To estimate local 

values of dynamic pressure, researchers have systematically mapped the degree of damage 

to structures in the aftermath of volcanic eruptions (Valentine, 1998, Baxter et al., 2005, 

Jenkins et al., 2013, Lerner et al., 2022). Another approach uses relationships between 

sediment transport and resulting deposit characteristics in turbulent fluid flow to estimate 

local time-averaged flow velocity and density values, which define dynamic pressure 

(Dioguardi and Dellino, 2014, Mele et al., 2015). Recently, direct measurements in large-

scale experiments, natural PDCs, and snow avalanches demonstrated that turbulent 

excursions in velocity and density, which together define dynamic pressure, exceed field- 

and theory-derived pressure estimates (Brosch et al., 2021). While this finding demonstrates 

the importance of turbulent multiphase flow in volcanic hazard assessments, it also raises 

caution about the applicability of current approaches that use (time) average flow properties. 

These fundamental and applied research challenges are not unique to PDCs but are thought 

to govern hazard impacts caused by snow avalanches, dust storms, and the debris-laden basal 

parts of tornados and accidental explosions. In this study, we present the first high-resolution 
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direct measurements of destruction-causing dynamic pressure in large-scale PDC 

experiments to interrogate how dynamic pressures form and evolve in PDCs. We show that 

the generally assumed cause of hazard impacts of dynamic pressure, through the loading 

force of a continuum fluid onto an obstacle, accounts for only a fraction (as low as 25 

percent) of the total dynamic pressure. Maximum values and a much wider spectrum of 

pressure result from piercing-like impacts of those individual particles, whose characteristic 

response time to fluid motion is equal to or smaller than the characteristic time-scale of fluid 

motion. Through this, we refine our understanding of the origin and evolution of hazard 

impacts of pyroclastic density currents that necessitate a re-evaluation of current hazard 

assessment strategies.  

3.3 Results 

3.3.1 Synthesizing pyroclastic density currents and measuring dynamic pressure in 

large-scale experiments 

Over the last decade, the development of several large-scale experimental facilities to 

synthesize scaled analogs of PDCs (Esposti Ongaro et al., 2020, Lube et al., 2020) created 

a novel approach to studying their internal flow characteristics under safe conditions. The 

experimental apparatuses in Italy (Dellino et al., 2007) and New Zealand (Lube et al., 2015), 

which use heated natural volcanic material, lend themselves to interrogating the scaled fluid 

mechanic and thermodynamic processes inside fully turbulent PDC analogs. Here, we report 

the results of direct dynamic pressure measurements inside large-scale experimental PDCs 

conducted at the New Zealand facility PELE (the Pyroclastic flow Eruption Large-scale 

Experiment) (Lube et al., 2015). At PELE, experimental PDCs are generated by the 

controlled gravitational collapse of a suspension of hot volcanic particles and air from an 
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elevated hopper into an instrumented runout section. For the experiments reported here, we 

used a 0.7 m3 hopper in which a 124 kg mixture of natural volcanic particles was heated to 

120°C (the ambient temperature was 15°C) over a period of 72 ℎ to allow for thermal 

equilibration and evaporation of residual moisture inside the pre-dried mixture. 

The volcanic material comprises a mixture of two well-characterized deposits of pyroclastic 

density currents of the 232 CE Taupo eruption in New Zealand (Wilson, 1985). The main 

components of the mixture are highly vesicular pumice, glass shards, free crystals, and rare 

lithic particles. The mixture has a weakly bimodal grain-size distribution ranging from 2 µm 

to 16 mm, with a main mode at 250 µm and a minor mode at 11 µm. The particle density 

distribution ranges from c. 300– 2,600 kg ∙ m−3 and is skewed towards low densities. 

Further details of the material characteristics are provided in Supplementary Figure 1 and 

the Methods section. 

The hopper is lifted to a vertical drop height of 7 m. It is mounted onto four load cells 

recording its mass discharge, which in this case lasts c. 4.6 𝑠 at an average discharge rate of 

c. 27 kg ∙ s−1. On impact into a 0.5 m-wide and 12 m-long flume with a slope of 6°, the 

aerated particle-air mixture forms a channelized dilute gravity current with an initial front 

velocity of c. 5.5 m ∙ s−1 and, on average, the particle volume concentration of c. 

0.25 vol.%. The flow is characterized by a leading, c. 1.1– 2 m thick gravity current head, 

which is trailed by a gravity current wake that overlies a c. 0.9– 1.6 m thick gravity current 

body, and followed by a c. 1.8– 3.5 m thick gravity current tail region (Figure 3.1 a and b). 

Downstream of the inclined flume section, the experimental PDC propagates to 17 m along 

a horizontal, 0.5 m wide channel-confined section before spreading across an unconfined 

horizontal concrete pad. Around 8 𝑠 after impact, the vertically density-stratified current has 

propagated 23.5 m, slowed to c. 0.5 m ∙ s−1 and has emplaced approximately 99.7% of its 
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total deposit volume. At 24 m, the depth-and time-integrated particle volume concentration 

has decreased to values smaller than 0.01 vol.% due to both deposition and entrainment of 

ambient air; the current becomes positively buoyant and finally ascends as a series of 

thermals along the flow length (Supplementary Movie 1). 

To investigate the origin and evolution of dynamic pressure inside the experimental PDCs, 

seven vertical, wing-shaped profiles with up to six piezo-electric dynamic pressure sensors 

were placed into the flow centerline at runout distances of 1.8, 3.35, 5.4, 9.6, 12, 16 and 

20 m (Figure 3.1 c). Measurements of time (𝑡)-variant dynamic pressure 𝑃𝑑𝑦𝑛(𝑡, 𝑧) are 

recorded at a frequency of 1 kHz and are complemented by measurements of time series, in 

vertical profiles, of flow velocity 𝑢(𝑡, 𝑧), flow density 𝜌 𝐶(𝑡, 𝑧), flow temperature and flow 

grain-size distribution, where 𝑧 is the height above the flow base in the direction 

perpendicular to the slope (see Section 3.5 for details). Flow velocity components 𝑢(𝑡, 𝑧) are 

measured using high-speed video at 0.5 kHz through the flume's tempered glass sides. The 

sidewalls introduce boundary effects that are not present in unconfined real-world flows and 

in the flow centerline of the experimental flows where the dynamic pressure is measured. 

We minimize these boundary effects through the use of hydraulically smooth sidewalls (i.e., 

the thickness of laminar layer/wall roughness < 5) while the flow's Reynolds number, which 

is inversely related to the thickness of the viscous boundary layer, is high (𝑅𝑒 =  1.5 ∙ 106). 

Velocity data, together with measurements of time-variant and height-variant grain-size 

distribution, flow density, and temperature, allow to calculate independent dynamic 

pressures, defined as: 

 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 =
1

2
𝜌𝐶|𝑢|2, 

EQN. 3-1 
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where |𝑢|is the magnitude of the local time-variant velocity.  

 

Figure 3.1 Simulation and dynamic pressure measurements of pyroclastic density currents in large-scale 

experiments. a) lateral view of the experimental PDC during channel-confined propagation along a proximal 

measurement profile, which is located at 1.8 𝑚 downstream from impact of the hot mixture of volcanic material 

and air with the channel. The height-time kymograph of pixel intensity of the monochromatic flow structure is 

obtained by stacking vertical profiles of pixels recorded with a high-speed camera at the static observer 

location. Pixel brightness correlates positively with, both, bulk flow particle volume concentration and the 

abundance of highly reflective coarse-grained pumiceous glass shards and plagioclase crystals. The red line 

shows the time-variant height of the upper flow boundary. At this location, the density current structure is fully 

developed, comprising a leading head with a wake in its rear and a trailing density current body. The density 

current tail region is not shown. b) lateral view of the frontal c. 7 𝑚 of the advancing experimental PDC across 

the unconfined distal runout section approximately 1.5 𝑚 before buoyancy reversal. c) snapshot of the front of 

the experimental PDC approaching one of the wing-shaped vertical profiles of dynamic pressure sensors. The 

shape of the wings is designed to reduce flow detachment and formation of a turbulent wake behind the profile. 

The sensing elements of the piezoelectric dynamic pressure sensors protrude upstream from the wing into the 

approaching density current (marked by red arrows). 

The scaling Table 3-1 shows that the experimental PDCs generated under these conditions 

scale well to natural, fully dilute, fully turbulent PDCs (i.e., pyroclastic surges or blasts). 
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Amongst the non-dimensional products of characteristic length-, time- and temperature- 

scales, we highlight the Reynolds number (comparing inertial and viscous forces) reaching 

values of 1.5 ∙ 106, Stokes number (characterizing particle coupling to turbulent flow) of 

10−3– 1010, Stability number (comparing time scales of particle settling and turbulent fluid 

motion) of 10−2– 101, Richardson number (characterizing the stability of stratification in 

turbulent flows) of 10−2– 101, and thermal Richardson number (assessing the ratio of forced 

and buoyant convection) of 0.02– 4.5. The overlap of ranges in Reynolds, Stokes, and 

Stability numbers in experimental and natural PDCs ensures that the complete range of 

particle-gas feedback mechanisms and turbulent particle transport is reproduced. 

Table 3-1 Comparison of the scaling of natural dilute pyroclastic density currents and experimental 

pyroclastic density currents in PELE large-scale experiments. Scaling is based on non-dimensional products 

characterizing the bulk flow with regards to the Reynolds number, the Richardson number, the thermal 

Richardson number, the Froude number, the Stokes number, the Stability number, and the Rouse number. ℎ is 

the flow height; 𝜌𝑐 is flow density, 𝜌𝑎 is ambient density, and 𝛥𝜌 is the difference between flow and ambient 

densities; 𝛥𝑇 is the temperature difference between the flow and ambient air; 𝑢𝑇 is the terminal fall velocity 

of particles; 𝛥𝑢 is the eddy rotation velocity; 𝑢𝑠 is the shear velocity; 𝛿 is the eddy diameter; α is the thermal 

expansion coefficient of air, 𝜇𝐶 is the dynamic viscosity of the flow, 𝑔 is acceleration due to gravity, 𝑔’ is the 

reduced gravity, 𝐾 is the von Karman constant and 𝛳 is the slope of the substrate. Values for natural PDCs 

from Druitt (1998), Choux and Druitt (2002), and Burgisser et al. (2005). The flow dynamic viscosity 

description is from Wohletz (1998). Table modified from Brosch et al. (2021). 

Parameter Meaning  Definition Generated 

PDCs 

Natural PDCs 

Particle Size  𝑑 2 μm 
−  16 mm 

10−6  
−  10−1 m 

Particle 

density 

 𝜌𝑠 350 
−  2600 kg
/m3 

300 
−  2600 𝑘𝑔
/𝑚3 
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Ambient 

Density 

 𝜌𝑎 1.06 
−  1.225 kg
∙ m−3 

0.6 
−  1.2 kg
∙ m−3 

Flow 

density 

 𝜌𝑐 1.27 
−  10 kg
/m3 

 

Flow 

Temperature 

 𝑇 15 
−  60 °C 

 

Velocities  𝑢 ≤ 10.5 m
∙ s−1 

10 
−  200 m
∙ s−1 

Flow 

dynamic 

viscosity 

 𝜇𝑐=𝜇𝑎 (1 +

𝜌𝑠 𝐶𝑠

𝜌𝑎(1−𝐶𝑠)
)
2
 

3 × 10−5 − 

3

× 10−3  
kg

s m
 

10−5  
−  4

× 10−3  
kg

s m
 

Kinetic 

energy 

density 

 
𝑈𝑘𝑖𝑛 =

1

2
𝜌𝑐𝑢

2 
 10−2

− 103
kg

m s2
 

 103  

−  104  
kg

m s2
 

Buoyant 

thermal 

energy 

density 

 𝑈𝑇

= 𝜌𝑐

𝐶𝑝𝑐

𝐶𝑝𝑎

𝛼 𝑇 ℎ 𝑔 

10

− 103
kg

m s2
 

 103  

− 104
kg

m s2
 

Reynolds 

number 

Inertial Forces

Viscous Forces
 𝑅𝑒 =

𝜌𝑐  𝑢 ℎ

𝜇𝑐
 

1.5 × 106  33 × 105

− 6.7
× 109  

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖 =

∆𝜌 ℎ 𝑔

𝜇𝑐
 

10−2 −  10 0 −  10 

Froude 

number 

Inertial Forces

Gravitational Forces
 

𝐹𝑟

=
𝑢

√𝑔′ ℎ 𝑐𝑜𝑠(𝛳)
 

0.75 − 2  ≈ 1 

Particle 

Stokes 

number 

Characteristic Time Particle

Characteristic Time Fluid
 𝑆𝑡 =

𝑢𝑇∆𝑢

𝛿𝑔
 

10−3 − 9.9  11 × 10−4  
−  97
× 106  

Stability 

number 
Defines particle  

transport zones 

𝛴 =
𝑢𝑇

∆𝑢
 13 × 10−3

−  32  
2.8 × 10−6

− 9.7
× 109  

Rouse 

number 

Characterises turbulent  

particle transport regimes 

𝑃 =
𝑢𝑇

𝑘𝑢𝑠
  66 × 10−2

−  19 

10−3 − 102  



143 

Thermal 

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖𝑇 =

∆𝑇 𝛼 ℎ 𝑔

𝑢2
 

2 × 10−2  
−  4.5  

0 −  5  

 

3.3.2 Two types of dynamic pressure 

Figure 3.2 a and b depict a typical example of the time series of dynamic pressure inside the 

experimental PDCs (here for the vertical profile 2 at a runout distance of 3.35 m at 

approximately mid-flow height of 0.45 m from the flow base). The spectrum of measured 

dynamic pressures ranges over five orders of magnitude with a local time-integrated value 

of 45 Pa and maximum values of several kilopascals. The wide range between average and 

maximum pressures and the absolute values of recorded maximum pressure are surprising. 

A recent analysis of dynamic pressure in experimental PDCs using measurements of flow 

velocity and flow density and EQN. 3-1 showed that turbulent fluctuations in velocity and 

density generate dynamic pressures that exceed average values by a factor of 3–5 (Brosch et 

al., 2021). This coincides with our measurements of dynamic pressure through velocity and 

density time series (that is 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖) and EQN. 3-1 giving maximum and average values 

of 79 and 24 Pa, respectively (i.e., a ratio of c. 3.3). In stark contrast, time-averaged (45 Pa) 

and maximum dynamic pressures (4830 Pa) recorded by the dynamic pressure sensors 

(Figure 3.2 a) differ more than two orders of magnitude. They can, therefore, not be 

explained by turbulent fluctuations in velocity and density of the multiphase flow. Thus, 

from the perspective of understanding and mitigating the hazard impacts of PDCs, an 

important question arises on the origin and nature of these unexpectedly large pressures. 
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Figure 3.2 Two types of dynamic pressure and their probability density spectra. All measurements of 

dynamic pressure shown in this figure are obtained at the location of 3.35 𝑚 from impact at a height 0.45 𝑚 

above the flow base. a) variation of the entire dynamic pressure 𝑃𝑑𝑦𝑛 as a function of time as recorded by 

piezoelectric sensor and the corresponding probability density function shown in b). The pressure signal of 

𝑃𝑑𝑦𝑛 shows abundant near-instantaneous high-pressure peaks of several hundred to thousands of Pascal, which 

are characterized by pressure increases in less than one millisecond followed immediately by a pressure 

decrease in less than one millisecond. The inset highlights an example of one of the near-instantaneous high-

pressure signals, which are associated with impacts from individual particles with the pressure sensor. c) 

Variation of the partial dynamic pressure signal 𝑃𝑖𝑚𝑝𝑎𝑐𝑡  as a function of time recorded by the piezoelectric 

sensor, which shows only those parts of the entire pressure signal 𝑃𝑑𝑦𝑛 that are associated with near-

instantaneous pressure peaks. d) shows the probability density function of 𝑃𝑖𝑚𝑝𝑎𝑐𝑡. e) Variation of the partial 

dynamic pressure signal 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠  as a function of time, which is the dynamic pressure of the continuous dusty 

gas phase computed as the difference between 𝑃𝑑𝑦𝑛(𝑡)  and 𝑃𝑖𝑚𝑝𝑎𝑐𝑡(𝑡) via EQN. 3-2. The black line shows a 

20 𝑚𝑠 average of the time series 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (depicted in blue). The orange line shows the corresponding time 
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series of the dynamic pressure 𝑃𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 , computed independently from time series of flow velocity and flow 

density via Eq. (1). f) probability density functions of 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (blue) and 𝑃𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖  (orange). 

An important clue is given by the form of those pressure signals that exceed the theoretical 

values of dynamic pressure calculated through turbulent fluctuations of flow velocity and 

density (EQN. 3-1). These high-pressure signals are characterized by an instantaneous 

pressure increase to a maximum in less than one millisecond followed by an immediate 

pressure decrease in less than one millisecond (inset of Figure 3.2 a). Furthermore, we 

determined that in all occurrences of these near-instantaneous high-pressure signals, the rate 

of pressure change with time is always larger than c. 220 Pa ∙ ms−1. These characteristics 

in the form of pressure signals are consistent with the impacts of individual particles with 

the pressure sensor. Considering particle diameters and size-averaged particle densities 

determined from flow samples and local velocities measured in the high-speed video, 

theoretical values of dynamic pressure caused by impacts of individual particles can be 

estimated (Supplementary Note 1 and Supplementary Figure 3.2). At time-averaged local 

velocities, impacts of particles with diameters larger than c. 100 µm generate dynamic 

pressures larger than 500 Pa, and thus, considerably larger than theoretical values of 

dynamic pressure calculated through turbulent fluctuations of flow velocity and density and 

EQN. 3-1. Maximum measured values of dynamic pressure (for instance, 4.8 kPa at profile 

2) can be explained as impacts of both low-density pumiceous particles with particle 

diameters larger than c. 2 mm and abundant high-density plagioclase particles with particle 

diameters larger than c. 600 µm. Hence, the near-instantaneous high-pressure signals are 

explained by individual particle impacts. 
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This finding allows a sub-division of the total dynamic pressure signal 𝑃𝑑𝑦𝑛 into the dynamic 

pressure associated with impacts from individual particles 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 (Figure 3.2 c and d) and 

the dynamic pressure of the (continuous) dusty gas phase 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (Figure 3.2 e) where: 

 𝑃𝑑𝑦𝑛 = 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 + 𝑃𝑖𝑚𝑝𝑎𝑐𝑡. 
EQN. 3-2 

Probability density functions of the thus derived dynamic pressure of the dusty gas phase 

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 and the dynamic pressure 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 derived from flow velocity and flow 

density (via EQN. 3-1) coincide markedly well (Figure 3.2 f). This justifies the subdivision 

of the total dynamic pressure into its continuous dusty gas, 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠, and particle impact, 

𝑃𝑖𝑚𝑝𝑎𝑐𝑡, components. Furthermore, the piezo-electric signal of the dynamic pressure sensor 

has a superior temporal resolution (1 kHz) in comparison to the time series of dynamic 

pressure 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 computed, via EQN. 3-1, from time series of flow density data (with 

a sampling rate of 20 Hz) and velocity (sampled at 0.5 kHz). Thus, the piezo-electric signal 

shows a much more detailed record of the dynamic pressure of the continuous dusty gas 

phase in the high-pressure end of its spectrum. 

Despite the big differences in pressure ranges between the dynamic pressures of the dusty 

gas phase (up to 390 Pa at profile 2) and particle impacts (up to 4.8 kPa at profile 2), the 

probability density functions and the time series of both signals and hence that of the total 

dynamic pressure, share two characteristics: First, the pressure distributions are strongly 

skewed towards large pressures (Figure 3.2 b, d and f). Second, the highest pressures and 

highest occurrences of large pressures occur during passages of the head (c. 0– 1 s in Figure 

3.2 a, c, and e) and distal body regions (c. 2.4– 3 s in Figure 3.2 a, c, and e) of the 

experimental PDC. For the dynamic pressure of particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡, time series of the 
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rate of particle impacts 𝑓𝑖𝑚𝑝𝑎𝑐𝑡 (number of particle impacts per unit time) provide further 

insights (Figure 3.3 e-h). Along flow runout, the rate of particle impacts, at approximately 

mid-flow height (i.e., at 𝑧 =  0.45 m), decays strongly from more than 275 Hz at a distance 

of 1.8 m, to 95 Hz at 5.4 m, and no recorded impacts at 9.6 m and beyond (Figure 3.4). This 

suggests that dynamic pressure signals associated with impacts from individual particles are 

limited to particles with a critical minimum momentum. We note that the pattern of decay 

of the number of particle impacts with runout distance is similar to the decay of particles 

with diameters of 125– 500 µm in flow samples (Figure 3.4). This grain-size range 

constitutes the coarse tail of flow grain-size distributions in proximal to distal runout reaches. 

Interestingly, this is also the particle size range characterized by intermediate particle 

densities between rare, large, low-density particles and highly abundant but small high-

density particles (Supplementary Figure 3.1).   
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Figure 3.3 Spatiotemporal variation of the frequency of particle impacts. a–d) Height-time kymographs (also 

see Figure 3.1 a) of the monochromatic flow structure at four different flow runout distances (1.8, 3.35, 5.4, 

and 9.6 𝑚 from impact). The flow height is marked in red. e-h) time-series of the frequency of particle impacts 

𝑓𝑖𝑚𝑝𝑎𝑐𝑡  at the four different distances. The frequency strongly declines with distance. i-l) time-series of the 

depth-integrated flow density 𝜌𝐶(𝑡)̅̅ ̅̅ ̅̅ ̅ at the four different distances. The regular low-frequency oscillations in 

flow density are positively correlated in time with the fluctuations of particle impact rates. 

The low numbers of particle impacts at medial to distal profile locations limit further 

analysis. However, at the proximal profiles, impact numbers are sufficiently large to see that 

the rate of impacts obeys a regular low-frequency oscillation (Figure 3.3 e), which is 

positively correlated in time with a low-frequency oscillation in flow density (Figure 3.3 i 

and j).  

Supplementary Figure 3.3 depicts a time series of particle impacts in binary form (that is: 

times during which an impact occurs are assigned a value of 1, and times where no impacts 

occur a value of 0). This shows that if a particle impact occurs, it is typically followed by 

multiple further impacts. By contrast, isolated single-particle impacts are rare. The mean of 
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the number of successive (in other words, clustered) impacts ranges from 2– 14 impacts with 

an average number of clustered impacts of c. 4.  

 

Figure 3.4 Spatial evolution of particle impacts and flow grain-size distribution. The number of particle 

impacts with the piezoelectric dynamic pressure sensors at mid-flow height (0.45 𝑚 from the flow base) as a 

function of flow distance (black diamond symbols). In comparison, the time-integrated cumulative grain-size 

distribution of the flow captured in flow samplers at heights of 0.45 𝑚 is shown as a function of flow distance. 

The decrease of particle impacts with distance follows a similar trend as the decay of particle sizes 

125– 500 µ𝑚 in flow samples. Particles with diameters larger than 2 𝑚𝑚 (not shown) completely sediment 

from the flow by c. 1.8 𝑚; particles with diameters > 1 𝑚𝑚 and > 500 µ𝑚 sediment from the flow at distances 

of c. 5 𝑚 and c. 7.5 𝑚, respectively. 

3.3.3 Energy spectra of dynamic pressure from particle impacts and dusty gas 

Recently, low-frequency oscillations in flow density, velocity, and, hence, dynamic pressure 

have been linked to the occurrence of large-scale coherent turbulence structures inside 

experimental and real-world PDCs and snow avalanches (Brosch et al., 2021). The 
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frequency 𝑓 of the most energetic coherent structure in a turbulent flow is given by the 

Strouhal number 𝑆𝑡𝑟 as 

 𝑆𝑡𝑟 = 𝑓
𝐿

𝑈
, 

EQN. 3-3 

where L and U are the flows' characteristic length- and velocity- scales (Strouhal, 1878, 

Turner, 1969). For highly turbulent flow conditions with Reynolds numbers 𝑅𝑒 > 105, the 

Strouhal number approaches a constant value of approximately 0.3 (Brosch et al., 2021). In 

our high-Reynolds number experimental dilute PDCs (𝑅𝑒 =  1.5 ∙ 106), the measured main 

frequencies of flow density oscillations (c. 1.26 Hz (i.e.,  a period of 794 ms) and dynamic 

pressure of particle impacts (c. 1.33 Hz (a period of 752 ms)) coincide closely and 

correspond with the period of the visually observed occurrences of the largest flow structures 

(Supplementary Figure 3.3). Substituting the experimentally determined frequency 

𝑓~1.3 Hz, the time-averaged height of the gravity current body region 𝐿~1.15 m and the 

time-averaged flow velocity 𝑈 ~ 4.76 𝑚 ∙ 𝑠−1 into EQN. 3-3, gives a Strouhal number 

𝑆𝑡𝑟 = 0.31 close to the commonly observed value.  

The energy peak associated with the most energetic coherent structures, at a frequency of 

𝑓~1.3 Hz, is clearly visible in the energy spectra of the total dynamic pressure 𝑃𝑑𝑦𝑛, the 

dynamic pressure of particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡𝑠 and the dynamic pressure of the continuum 

dusty gas phase 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 at the top of their respective energy cascades (orange bars in 

Figure 3.5). The energy of 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 decreases strongly with increasing frequency, up until 

c. 7 Hz, consistent with the transfer of turbulent kinetic energy (per unit volume) to smaller 

scales of coherent structures (Figure 3.5 c). By contrast, the energy of particle impacts 

(Figure 3.5 b) and the energy associated with the total dynamic pressure (Figure 3.5 a) show 
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a markedly flatter decay of pressure energy with increasing frequency (and decreasing 

length-scale of coherent turbulence structure). Importantly, the maximum energy values of 

both, 𝑃𝑖𝑚𝑝𝑎𝑐𝑡𝑠 and 𝑃𝑑𝑦𝑛, which also exceed the energy values of the most energetic coherent 

structures at 𝑓 = 1.3 Hz, occur across a defined band of frequencies f of c. 7 − 16 Hz (grey 

bars in Figure 3.5 a and b). The wavenumbers associated with this frequency band 

correspond to length scales of c. 0.25– 0.6 m (Figure 3.5 d and e).  

 

Figure 3.5 Energy spectra of dynamic pressure in Fourier space. a–c) Energy spectra of dynamic pressure 

against frequency for 𝑃𝑑𝑦𝑛 (a), 𝑃𝑖𝑚𝑝𝑎𝑐𝑡  (b) and 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (c). Energy peaks at a frequency 𝑓~1.3 𝐻𝑧 

associated with the largest coherent structures are highlighted by an orange bar. The highest-pressure energies 

occur in 𝑃𝑑𝑦𝑛 (a) and 𝑃𝑖𝑚𝑝𝑎𝑐𝑡  (b) across a narrow band of frequencies 𝑓𝑚𝑎𝑥 from c. 7 − 16 𝐻𝑧 highlighted by 

a grey bar. d–f) Energy spectra of dynamic pressure against wavenumber 𝑘 for 𝑃𝑑𝑦𝑛 (d), 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 (e) and 

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (f). For 𝑃𝑑𝑦𝑛 and 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 , the high-energy band associated with 𝑓𝑚𝑎𝑥 is highlighted by grey bars. 

This band corresponds to the wavenumber of c. 1. 6̅– 4 𝑚−1 or length-scales of coherent structures 𝑘−1 of c. 

0.25– 0.6 𝑚. The green line with slope of −5/3 shows the Kolmogorov scaling of the inertial range. 
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3.3.4 The multiphase origin of dynamic pressure fluctuations 

We hypothesize that the origin of the unusually high and temporally clustered dynamic 

pressures is rooted in the concentration of particles at the peripheries of coherent turbulence 

structures. PDCs are characterized by extremely wide ranges of characteristic length- (c. 

eight orders of magnitude) and time scales (c. three orders of magnitude) (Burgisser et al., 

2005). They also comprise a broad spectrum of particle sizes (approximately five and six 

orders of magnitudes in our experimental and natural dilute PDCs, respectively) and a wide 

range of particle volume concentration (excluding concentrated, dense granular-fluid 

regimes, this spans from c. 10−5– 3 ∙ 10−1 vol.%). Together, these characteristics allow for 

a wide spectrum of gas-particle feedback mechanisms from simple one-way coupled 

suspensions where the motion of particles is affected by the motion of the fluid phase but 

not vice versa, over two-way coupled particle-gas systems where particle-gas interactions 

can modify the flow and turbulence structure, to four-way coupling that strongly alters the 

flow structure also leading to inter-particle lubrication and collision forces (Elghobashi, 

1994, Breard et al., 2016, Weit et al., 2018, Lube et al., 2019, Lube et al., 2020). The degree 

of coupling of particles to turbulence structures can be approximated through the particle 

Stokes number 𝑆𝑡, defined as 

 𝑆𝑡 =
𝜏𝑝

𝜏𝜀
 , EQN. 3-4 

where 𝜏𝑝 is the characteristic timescale of particles and 𝜏𝜀 is the turbulence timescale. 

Particles with low Stokes numbers 𝑆𝑡 ≪ 1 are well coupled with the fluid phase and tend to 

follow the fluid motion; particles with 𝑆𝑡~1 accumulate at the margins of coherent 

turbulence structures, while high Stokes number particles 𝑆𝑡 ≪ 1 are decoupled from fluid 

turbulence and move independent of the turbulence motion (Burgisser and Bergantz, 2002). 



153 

For the condition 𝑆𝑡 = 1 of particles concentrating at the peripheries of coherent structures, 

it follows: 

 𝜏𝑝 = 𝜏𝜀 ↔ 𝜏𝑝
−1 = 𝑓𝜀, and EQN. 3-5 

 ↔ 𝑓𝜀 = 𝜏𝑝
−1 =

18𝜌𝐹𝜈𝐹𝐹

𝜌𝑃𝑑2 , EQN. 3-6 

where 𝑓𝜀 is the frequency associated with this condition, 𝜌𝐹 and 𝜌𝑃 are fluid and particle 

densities, respectively, 𝜈𝐹 is the kinematic viscosity of the fluid, 𝐹 is the Stokes drag factor 

as defined by Clift and Gauvin (1971) (see Section 3.5) and 𝑑 the particle diameter. EQN. 

3-6 and our experimental data of the particle size-averaged particle density 𝜌𝑃(𝑑)̅̅ ̅̅ ̅̅ ̅̅  can be 

combined to calculate the critical frequency 𝑓𝜀(𝑑) of particle clustering at margins of 

coherent structures as a function of particle diameter (Figure 3.6 a). For the polydisperse 

volcanic mixture used in our experiments (Supplementary Figure 3.1), these critical 

frequencies range over four orders of magnitude from 3 ∙ 10−1– 4 ∙ 103 Hz. However, the 

particle sizes associated with the measured energy maximum in 𝑃𝑖𝑚𝑝𝑎𝑐𝑡𝑠 and 𝑃𝑑𝑦𝑛, at 

𝑓𝜀_𝑚𝑎𝑥~7–16 Hz (Figure 3.5 a and b), constitute a narrow band of particle diameters of 

117– 229 µm (grey horizontal bar in Figure 3.6 a). In flow samples, this particle size range 

occupies the coarse tail of grain size distributions (Figure 3.6 b). Due to sedimentation of 

the strongly vertically density stratified current, the proportion of particles larger than 

117 µm strongly decreases from c. 60 wt.% in the initial mixture to c. 8 wt.% at a flow 

distance of 20 m (Figure 3.4 and Figure 3.6 b). Similarly, the dynamic pressure energy 

associated with particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡𝑠, which, at a runout distance of 1.8 m, accounts to 

c. 75 % of the total dynamic pressure 𝑃𝑑𝑦𝑛, decreases strongly downstream approximately 

following a power law decay (Figure 3.6 c). 
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The largest particle size supported by turbulence in the experimental flows, which is limited 

by the characteristic length- and velocity-scales of the most energetic coherent turbulence 

structure (EQN. 3-3) and associated with a measured frequency 𝑓~1.3 Hz, corresponds to c. 

2 mm (black dashed line in Figure 3.6 a and b). Therefore, the experimental PDC strongly 

depletes in particles larger than 2 mm even before a proper gravity current structure has 

formed at around 1.8 m after impact. Particle sizes smaller than 2 mm (associated with the 

frequency of the largest coherent structure) but larger than 117– 229 µm (associated with 

the frequencies at the energy maximum of dynamic pressure 𝑓𝜀_𝑚𝑎𝑥) do not form notable 

peaks in dynamic pressure energy (Figure 3.5). This is explained by the rare abundance of 

particles of this size range, which occupy the coarse tail of flow grain size distributions 

(Figure 3.6 b).  
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Figure 3.6 Particle sizes of critical Stokes numbers and their sequential sedimentation. a) The frequency 

𝑓𝑚𝑎𝑥 associated with the condition of particle Stokes number 𝑆𝑡 = 1 as a function of grain size. The grey 

horizontal bar depicts the frequency band in 𝑓𝑚𝑎𝑥 of c. 7 − 17 𝐻𝑧 of highest-pressure energies, the orange 

horizontal bar marks the largest coherent structures at c. 1.3 𝐻𝑧. The two vertical dashed red lines delimit the 

experimentally determined corresponding critical grain sizes for 𝑆𝑡 = 1 at 𝑓𝑚𝑎𝑥 of c. 127 − 224 µ𝑚. The red 

horizontal bar and the black vertical dashed line mark the frequency associated with the most energetic 

coherent flow structure at a frequency 𝑓~1.3 𝐻𝑧 and the corresponding grain size of c. 2 𝑚𝑚, respectively. 

b) histograms of time-integrated flow grain size distributions captured in flow samplers at flow heights of 

0.45 𝑚 above the flow base for various flow distances. As in (a), the two vertical dashed red lines delimit the 

grain-size range of c. 127 − 224 µ𝑚 associated with 𝑓𝑚𝑎𝑥, while the black dashed line marks the critical grain 

size of c. 2 𝑚𝑚 supported by the most energetic coherent turbulence structures at 𝑓~1.3 𝐻𝑧. Note the 

downstream depletion of the flow in critical Stokes number particles associated with 𝑓𝑚𝑎𝑥 (c. 127 − 224 µ𝑚). 

c) The fractional time-integrated energy of particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡  relative to the entire pressure energy 𝑃𝑑𝑦𝑛 

as a function of flow distance. The black line is a best-fit power law to the data. 

To visualize the process of clustering of particles with critical Stokes numbers at the margins 

of coherent turbulence structures, we conducted a numerical simulation of the experimental 

dilute PDC using an Eulerian-Eulerian approach with particle-fluid four-way coupling. In 

this multiphase simulation, five different particle sizes are modeled (2 mm, 0.5 mm, 



156 

0.125 mm, 0.032 mm, and 0.008 mm) whose relative proportions and particle size-

dependent densities are the same as in the physical experiment (see Section 3.5 for details). 

Figure 3.7 depicts contour plots of particle volume concentration of the evolving current at 

approximately half of the total runout length for each particle size. High Stokes number 

particles (2 mm in diameter; Figure 3.7 a) do not highlight any coherent turbulence 

structures and have sedimented into the basal flow. Low Stokes number particles (0.032 mm 

and 0.008 mm in diameter; Figure 3.7 d and e) remain homogeneously suspended 

throughout the flow or tend to concentrate slightly in the central regions of coherent 

structures. By contrast, particles with diameters of 0.5 and 0.125 mm concentrate at the 

peripheries of eddies, highlighting the coherent turbulence structure of the flow (Figure 3.7 

b and c). Similar to our physical experiment, the highest particle concentration in eddy 

peripheries occurs for particles with diameters of 0.125 mm. The average size of the large 

coherent structures (highlighted by concentrated margins) in the numerical simulation 

accounts for approximately 0.5 m (Figure 3.7 c). This corresponds with the length scales of 

c. 0.25– 0.6 m that are associated with the narrow band of maxima in dynamic pressure as 

seen in the energy spectra of dynamic pressure as a function of wavenumber (where the 

length-scale is the inverse of the wavenumber 𝑘; Figure 3.5 d and e). 
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Figure 3.7 Clustering of critical Stokes number particles at the peripheries of coherent structures. a-e) 

snapshots from a numerical multiphase Eulerian-Eulerian fluid particle four-way coupled simulation of the 

physical experiment at approximately mid-flow runout distance. The contour plots show the spatial variation 

across the simulated PDC in the particle concentration of five modeled grain sizes of 2 𝑚𝑚 (a), 500 µ𝑚 (b), 

125 µ𝑚 (c), 32 µ𝑚 (d), and 8 µ𝑚 (e). Technical aspects of the numerical simulation are detailed in the 

Methods section. Particles with Stokes numbers 𝑆𝑡 > 1 (a), which are only supported by turbulence at the 

scales of the largest coherent structures, have sedimented into the basal flow and do highlight any coherent 

structures at mid-flow runout. Particles with critical Stokes numbers 𝑆𝑡 = 1 (b and c) concentrate at the 

peripheries of coherent structures. The effect is stronger for particle sizes of 125 µ𝑚 than for particle sizes of 

500 µ𝑚 because of the significantly higher abundance of the 125 µ𝑚 particles over 500 µ𝑚 particles. 

Particles with low Stokes numbers 𝑆𝑡 < 1 (d and e) tend to be homogeneously suspended or slightly 

concentrated in the central parts of coherent structures. 
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3.3.5 Spatiotemporal evolution of dynamic pressure fluctuations 

To assess the destruction potential of PDCs, volcanologists routinely use estimates of either 

bulk flow or local time-integrated flow velocity and density values to evaluate average 

dynamic pressures (Dufek, 2016). Our finding of the accumulation of particles with critical 

Stokes numbers (i.e., 𝑆𝑡 = 𝒪(1),) at the peripheries of coherent turbulence structures imply 

strong fluctuations of dynamic pressure to occur at the characteristic frequency 𝑓𝜀_𝑚𝑎𝑥 of 

these coherent structures. To prevent underestimation of the destruction potential of PDCs, 

it is important to understand how turbulent fluctuations of dynamic pressure around field-

estimated average values evolve during flow propagation. 

Figure 3.8 a compares the time-averaged dynamic pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒, the maximum 

dynamic pressure of the continuum phase 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥 and the maximum dynamic 

pressure associated with particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡_𝑚𝑎𝑥 as a function of flow distance. 

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒 (i.e, the equivalent of the time-averaged loading pressure estimated in hazard 

assessments to assess damage to infrastructure) steadily decreases with flow distance D 

following a powerlaw of the form 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒 ∝ 1/𝐷. By contrast, and up to 9.6 m, the 

maximum loading pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥 exceeds the time-averaged pressure by an order 

of magnitude. In distal reaches, D > 15 m, 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥 starts to decline more strongly. 

Maximum dynamic pressures from particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡_𝑚𝑎𝑥 exceed 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒 by 

two orders of magnitude, strongly decline with distance and are restricted to the proximal 

flow reaches of D ≤ 5.6 m.  

Figure 3.8 b shows the pressure ratio of 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥 over 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒 against flow 

distance. This ratio assesses by how much current field-based estimates of dynamic pressure 
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underestimate actual turbulence-enforced maximum loading pressures and can be expressed 

as: 

 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒
=

𝜌𝑚𝑎𝑥𝑈𝑚𝑎𝑥
2

𝜌𝑎𝑣𝑒𝑈𝑎𝑣𝑒
2 . EQN. 3-7 

The dynamic pressure ratio is independent of scale, and experimental estimates can be 

applied to natural flow scales. However, the spatiotemporal evolution of the dynamic 

pressure ratio is limited by the abundance of particles with 𝑆𝑡 = 𝒪(1) inside the flows. 

Following the decoupling of high Stokes number particles from the margins of coherent 

structures, their motion is independent of fluid turbulence and results in their rapid 

sedimentation from the flow. Figure 3.8 b illustrates the evolution of the dynamic pressure 

ratio against flow distance in the experimental PDCs. Immediately following formation of a 

gravity current structure at c. 1.8 m and up to 5.6 m, the pressure ratio continuously increases 

from initial values of c. 11.8 to maxima of c. 13 in c. 0.74 𝑠. This duration coincides with 

the characteristic eddy timescale of the largest coherent structure of 𝜏𝜀 = 1/𝑓~1/1.3 =

0.77 𝑠. This suggests that the characteristic timescale of the motion of high Stokes number 

particles from a homogeneous suspension into eddy peripheries can be estimated by the 

overturn time of the largest coherent structure. 
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Figure 3.8 Spatiotemporal evolution of dynamic pressures during flow propagation. a) Dynamic pressure as 

a function of flow distance D. The red circles show time-averaged values of dynamic pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒. 

The red line is a best-fit powerlaw through the data that yields 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒 = 136𝐷−1.019. The blue square 

symbols represent the maximum dusty gas pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥 . The black circles show measurements of 

the maximum particle impact pressure 𝑃𝑖𝑚𝑝𝑎𝑐𝑡_𝑚𝑎𝑥. b) The ratio of time-integrated maximum and average 

dusty gas pressures 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 as a function of flow distance (black diamonds), the underlay color shows the 

concentration of particles with diameters > 125 µ𝑚 in weight percent, with red vertical dashed lines demark 

particle concentrations of  40 𝑤𝑡.%, 20 𝑤𝑡.%, 10 𝑤𝑡.%, 5 𝑤𝑡.%, 2.5 𝑤𝑡.%, and 1.25 𝑤𝑡.%. The secondary 

non-linear horizontal time axis depicts the times of flow front arrival corresponding to these distances. After 

the formation of a gravity current structure at c. 1.8 m and up until 5.4 m, the pressure ratio increases slightly 

to maximum values of around 13. The flow duration associated with this increase coincides with the eddy time 

scale 𝑡𝜀 highlighted on the secondary x-axis. Downstream from 5.4 m, the pressure ratio decreases in 

association with a reduction in the particle concentration of critical Stokes number particles larger than 125 

µm, which is a function of distance as a colour contour plot. The horizontal dashed line corresponds to the 

condition predicted by EQN. 3-8 where the pressure ratio takes a critical value of c. 3.9, when the flow is 

depleted in particles with 𝑆𝑡 ≥ 1.  

After the time 𝜏𝜀, the abundance of particles with 𝑆𝑡 = 𝒪(1) declines below 10 wt.%. This 

appears to be the limiting mass loading for maximum particle clustering to occur and, 
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downstream of 5.6 m, the pressure ratio decreases strongly. At 20 m, where the abundance 

of particles with 𝑆𝑡 = 𝒪(1) is around 2 wt.%, the pressure ratio approaches a value of 3.84. 

In the case of exhaustion of 𝑆𝑡 = 𝒪(1) particles carried inside the flow, EQN. 3-7 reduces 

to:   

 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒
~(

𝑈𝑚𝑎𝑥

𝑈𝑎𝑣𝑒
)
4

, 
EQN. 3-8 

(see Supplementary note 2). Our velocity measurement of the maximum and average 

velocity at 20 m give a value of (𝑈𝑚𝑎𝑥/𝑈𝑎𝑣𝑒)
4 of 3.9 closely corresponding with the 

measured pressure ratio of 3.84. 

3.4 Discussion 

Current approaches to assess the destruction potential of pyroclastic density currents 

envisage the loading force of a continuum multiphase fluid of characteristic velocity and 

density across structural surfaces opposing flow direction (Valentine, 1998, Dioguardi and 

Dellino, 2014, Dufek, 2016, Lube et al., 2020, Brosch et al., 2021). In the absence of detailed 

measurements inside flows, volcanologists estimate local time-integrated values of flow 

velocity and density from deposit characteristics to guide assessments of potential hazard 

impact (Dioguardi and Dellino, 2014, Mele et al., 2015). Our simulations of pyroclastic 

density currents through large-scale physical experiments and numerical modeling 

demonstrate a fundamental shortcoming of this approach: the modification of the flow and 

turbulence structure due to coupled feedbacks between particle and gas phases. Our large-

scale experiments demonstrate that these feedbacks lead to the preferential clustering of 

large, high-momentum particles at the margins of coherent turbulence structures and 
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generate two different types of dynamic pressure that result in distinct hazard impacts (see 

Figure 3.9).  

The first type, the dynamic pressure of the continuous dusty gas phase 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠, 

significantly exceeds the average dynamic pressure by more than one order of magnitude. 

The cause of these strong turbulent pressure fluctuations is the modification of the flow into 

coherent structures with high-density margins, spatially separating the flow into high-density 

(eddy peripheries) and lower-density domains (central regions of eddies). The size of the 

coherent structures, and hence the characteristic frequency of high-density/high dynamic 

pressure flow pulsing 𝑓𝜀_𝑚𝑎𝑥, is determined by the abundance of particles whose 

characteristic response time to fluid motion is equal to or smaller than the characteristic time-

scale of changes in the fluid motion (that is, particle Stokes numbers 𝑆𝑡 ≥ 1). Depending on 

the mass loading of particles with this critical Stokes number condition, the ratio of the 

clustering-enforced maximum dynamic pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 and the field-estimated average 

pressure can range between c. 4– 13. To prevent an underestimation of the intensity of 

hazard impact, we strongly suggest that these factors are applied to conventional estimates 

of dynamic pressure that apply bulk values of flow velocity and density (Dioguardi and 

Dellino, 2014, Mele et al., 2015). For instance, for two-story buildings, a mean dynamic 

pressure of 5–10 kPa results in failure or doors, while four-times larger maximum clustering-

enforced dynamic pressures lead to failure of exterior building walls constructed from brick, 

stone or concrete (Valentine, 1998). Oscillation in dynamic pressure at the frequency 𝑓𝜀_𝑚𝑎𝑥 

further intensifies the destructiveness of flows due to the progressive structural weakening 

of materials amid repeated high-pressure loading. 

The second type, the dynamic pressure of particle impacts 𝑃𝑖𝑚𝑝𝑎𝑐𝑡, can exceed average 

dynamic pressures, even stronger than 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠, by two orders of magnitude. Unlike a 
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loading continuum pressure, this pressure results when particles with Stokes numbers 𝑆𝑡 ≥

1 uncouple from the flow that engulfs a structure and directly impinge onto it. The resulting 

piercing pressure impacts can be seen as pockmarks onto trees and infrastructure and are 

illustrated for the case of the Merapi 2010 eruption in Supplementary Figure 3.5. Piercing 

dynamic pressure impacts from PDCs are also the likely cause for the failure of brittle 

structures such as glass windows. Current estimates of a continuous fluid loading pressure 

to explain window damage (Valentine, 1998) must thus be re-assessed to prevent false 

hazard prediction. Importantly, the large magnitude of particle impact pressures must be 

considered as a potential contributor to the high fatality and injury rates in PDC-forming 

eruptions.  
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Figure 3.9 Effects of gas-particle feedback on pyroclastic density current hazards. a) Schematic sketch 

visualizing a dilute PDC propagating down the side of a volcano. The insets visualize the formation of vortices 

in proximal locations, how particles preferentially accumulate at the vortex boundaries, and finally are, 

decoupled and sediment from the dilute PDC. Abundance of particles shows further the increase of densities 

at vortex margins. b) Photo of typical destruction patterns caused by the dusty gas pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠, showing 

complete destruction of a house besides flow parallel walls remaining due to their low area exposed to the 

destruction causing dynamic pressure. c) Pockmarks on an electricity pole showing a characteristic destruction 

pattern of particle impacts. d) Conceptual distributions of the dusty gas pressure 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 and particle impact 

pressures 𝑃𝑖𝑚𝑝𝑎𝑐𝑡𝑠. Dusty gas pressures are predominantly low, with values reaching up to one magnitude 

higher than average pressures, whereas particle impact pressures extend the distributions and reach values up 

to two magnitudes larger than average dynamic pressure values 𝑃𝑑𝑦𝑛
̅̅ ̅̅ ̅̅ .  

Our experiments demonstrate the role of turbulent gas-particle feedbacks in modifying the 

flow and turbulence structure and exacerbating hazard impacts. These findings are also 
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applicable to other types of high-Reynolds number, polydisperse particle-gas flows, such as 

powder snow avalanches, dust storms, and the debris-laden basal flow regions of tornados 

and explosions and should be considered in the assessments of their potential hazard impacts. 

3.5 Methods 

3.5.1 Large-scale experiments 

The Pyroclastic flow Eruption Large-scale Experiment (PELE), fully described in Lube et 

al. (2015), is an international test facility to synthesize, view, and measure inside pyroclastic 

density currents. Experimental PDCs of up to six tonnes of volcanic material and gas move 

at velocities of 7– 32 m ∙ s−1, are 2– 4.5 m thick and propagate to runout length of > 35 m 

(Lube et al., 2015). The currents are generated by the controlled gravitational collapse of 

variably diluted suspensions of pyroclastic particles and gas from an elevated hopper into an 

instrumented runout section. PELE is operated inside a 16 m high, 25 m long, and 18 m 

wide disused boiler house. The apparatus is composed of four main structural components: 

(i) Tower. A 13 m-high construct that lifts either a 4.2 m3 hopper (for moderate to high 

discharge rates of 300 − 1,500 k ∙ s−1) or a 0.7 m3 hopper (for discharge rates of 30 −

200 k ∙ s−1) to the desired discharge height. The hoppers are equipped with internal hopper 

heating units to heat the pyroclastic material to target temperatures of up to 400 °C. The 

heating process is monitored by thermocouples, and the hopper is mounted onto four load 

cells to capture the time-variant mass discharge. (ii) Column. A ≤ 9 m high shroud of heat-

resistant cloth through which the discharged particle-air mixture accelerates under gravity. 

(iii) Chute. A 17 m long and 0.5 m wide multi-instrumented channel section with 0.6– 1.8 m 

high side walls of temperature-resistant glass. The first 12 m are variable adjustable to slope 

angle between 5° and 25° while the last 5 m of the channel is horizontal. (iv) Outflow. A 
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25 m-long flat instrumented, unconfined runout section extends outside the building. The 

physical properties of the particle-gas suspensions prior to impact with the channel (velocity, 

mass flux, volume flux, particle concentration), the characteristics of the solid components 

(grain-size distribution, particle density distribution, particle temperature), and boundary 

conditions (substrate roughness, chute slope, and channel width) can be modified to generate 

a wide range of reproducible natural flow conditions (Lube et al., 2015, Brosch and Lube, 

2020). For the experiments reported in this study, the small hopper with 0.7 m3 is used to 

generate fully turbulent experimental PDCs with a basal bedload region but without a dense 

basal underflow, which would form at the high discharge rates in the large hopper setup 

condition. 

The use of pyroclastic solids material and air is an important prerequisite to generate natural 

stress coupling between the fluid and solid phases. The pyroclastic material, containing 

particle sizes from 2 µm to 16 mm, consists of a mixture of two well-characterized 

ignimbrite deposits F1 and F2 from the 232 CE Taupo eruption(Wilson and Walker, 1982). 

The first component (F1) is a proximal medium-ash-dominated ignimbrite deposit with an 

unimodal grain-size distribution, a median diameter of 366 µm, and 4.5 wt.% of extremely 

fine ash (< 63 µm). The second component (F2) is a fine ash-rich facies from the base of 

the proximal Taupo ignimbrite deposit with a polymodal grain-size distribution, a median 

diameter of 103 µm, and 36.5 wt.% of extremely fine ash. The experiments reported in this 

study involve a material blend with F1= 60 wt.% and F2=  40 wt.% (the grain-size 

distribution is shown in Supplementary Figure 3.1 a), yielding a mixture with 20 wt.% of 

particles smaller than 63 µm. The main solids components of the pyroclastic material are 

highly vesicular pumice, glass shards, free crystals, and lithic particles. The relative 
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proportion of these components varies with grain size. The average particle density as a 

function of particle diameter is shown in Supplementary Figure 3.1 b. 

The resulting experimental pyroclastic density currents are fully turbulent with Reynolds 

numbers in the lower 106 (and up to 107 in proximal regions). Dimensionless products 

quantifying the scaling similarity of natural and experimental currents for the bulk flow are 

depicted in Table 3-1. Further details of the experimental protocol, properties the volcanic 

material, and measurement techniques are reported in Lube et al. (2015) and Brosch and 

Lube (2020), but the measurements and analytical methods specific to the results presented 

here are detailed below. 

3.5.2 Sensors and analytical methods 

Twenty fast cameras (60– 120 fps) and three normal-speed cameras (24– 30 𝑓𝑝𝑠) 

positioned at different distances and viewing angles recorded the downstream propagation 

of the experimental pyroclastic density currents. At flow distances of 1.8 m, 3.35 m, 5.4 m, 

and 9.6 m, four highspeed camera profiles consisting of six highspeed cameras recorded 

vertical profiles of the passing flows at 500 𝑓𝑝𝑠. LED floodlight arrays were used to achieve 

sufficient and even illumination, which allowed for a detailed analysis of the gas-particle 

transport and sedimentation with particle image analysis (PIV; using the algorithm PIVlab 

(Thielicke and Stamhuis, 2014, Thielicke and Sonntag, 2021)). Two-dimensional velocity 

fields were derived with PIV from the highspeed videos at time intervals of 2 ms.  

Time series of dynamic pressure 𝑃𝑑𝑦𝑛(𝑡) were measured with piezoelectric pressure sensors 

(PCB Piezotronics 106B51 and signal conditioners PCB 483C) at the flow centerline, at flow 

distances of 1.8 m, 3.35 m, 5.4 m, 9.6 m, 16 m, and 20 m from impact and were recorded 

at a sampling rate of 1 kHz. The pressure sensors, which comprise a circular, 15 mm 
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diameter, frontal steel diaphragm, were mounted into 0.1 m-long bullet-shaped encasing to 

reduce flow separation at the upstream-directed sensor head. The encased pressure sensors 

protruded out of 1.8 m-heigh wing-shaped profiles designed to reduce flow separation 

behind the profiles and to guide cabling. In this study, we report the results of dynamic 

pressure measurements obtained at approximately the mid-depth of the density current body 

region at a slope-normal height 𝑧 = 0.45 m above the flow base.   

At flow distances of 0.5, 1.8, 3.35, 5.4, 9.6, 12, 16, and 20 m from impact vertical arrays 

of transparent sediment samplers collected the flowing mixture. During the experiment, the 

sequential filling the flow samplers was filmed with highspeed cameras. These samplers are 

open on the upstream side, allowing the flow to enter through the 1.69 cm2 cross-sectional 

area, while on the downstream side, a 16 µm mesh allows only the gas-phase of the flow to 

exit, leading to the accumulation of the transported particles inside the sampler. From this, 

we measure continuous data of flow sediment passing a position as a function of time. 

Downslope velocity components 𝑢(𝑡) of the flow at a position 5 cm upstream of each flow 

sampler were obtained through PIV. The weight and density of the material deposited inside 

the flow samplers was measured at selected time intervals to calculate the time-variant 

porosity of the captured sediment, as well as the sediment grain-size distribution. Particle 

solids-concentration CS is defined as 

 
𝐶𝑠(𝑧, 𝑡) =

𝑉𝑑 (1 − 𝜀) 

𝑢 𝐴𝑜𝑡 
 Supplementary EQN. 3-1 

where 𝑉𝑑 is the time-variant sediment accumulated volume inside the flow sampler, 𝑢 is the 

time-variant downslope velocity obtained through PIV at the entrance of the flow sampler, 

𝐴0 is the cross-sectional area of the flow sampler, 𝑡 the selected time intervals, 𝜀 the time-

variant sediment porosity, and 𝑧 the height in slope-perpendicular direction. 
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At each of the flow sampler locations, time-variant and height-variant temperature 𝑇(𝑧, 𝑡) is 

measured in vertical arrays of fast thermocouples (410-345 Type K). Together with the time-

series of time-variant and height-variant flow velocity 𝑢(𝑧, 𝑡), grain-size distributions, 

volumetric particle concentrations 𝐶𝑆 (𝑧, 𝑡), the temperature time-series allow for the 

calculation of dynamic pressure 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 defined by EQN. 3-1 where bulk flow density 

𝜌𝐶(𝑧, 𝑡) is given by 

 
𝜌𝐶 = 𝐶𝑆𝜌𝑃 +

𝑃𝑎

𝛾𝑔𝑅𝑔𝑇
(1 − 𝐶𝑆) Supplementary EQN. 3-2 

where 𝜌𝑃 is the particle density, 𝑃𝐴 is the ambient pressure, 𝛾𝑔 is the mass fraction of the gas 

components (including moisture) and 𝑅𝑔 their gas constants.  

3.5.3 Energy spectra 

Fourier spectra are computed via Fast Fourier Transform (FFT) using the Python 

implementation by Numpy (Harris et al., 2020). Further, only the positive real output is 

considered due to the symmetry of the Fourier transform and physical meaning. The time 

axis (𝑡) of the data is transferred into advected distances (𝑥) by multiplication with time-

averaged velocities (𝑥 = 𝑢̅ ∙ 𝑡), to calculate energy spectra with wave numbers. These data 

series are functions of advected distance. Using the Numpy implementation of the FFT 

spectra as a function of the wave number (inverse wavelength) are calculated. Also, for these 

spectra, only the real and positive output is considered. 

The pressure data is sampled at 1 kHz, and time series with 8 s length are analyzed, 

providing a Nyquist frequency of 500 Hz and a frequency resolution of 0.125 Hz. Long 

time-series were used to improve the frequency resolution and capture the flow's natural 
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onset and fading. The advected data was analyzed for an 11.24 m advected distance at a 

resolution of ~1.4 mm. This provides minimum wave numbers and a wave number 

resolution of 0.09 m−1 and Nyquist wave numbers of ~16 ∙ 104 m−1. Flow height 

measurements with 60 Hz lead to a Nyquist frequency of 30 Hz. The time series has a length 

of ~5.8 s, leading to minimum frequencies and a frequency resolution of ~0.17 Hz. Flow 

densities are recorded at 500 Hz for 4 s, leading to 250 Hz Nyquist frequencies and 0.25 Hz 

minimum frequency and frequency resolution. Greyscale data recorded at 500 Hz is 

analyzed for 3.5 s, producing 250 Hz Nyquist frequencies and ~0.29 Hz frequency 

resolution. 

3.5.4 Multiphase flow simulation of the PELE experiments 

Numerical simulations using the Eulerian-Eulerian approach, also known as the two-fluid 

method (TFM), were performed to reproduce the experimental currents. We employed the 

open-source Multiphase Flow with Interphase eXchanges (MFIX) solver, developed by the 

National Energy Technology Laboratory (NETL) within the US Department of Energy. This 

technique enables us to solve mass, momentum, and energy equations for both fluid and 

solid phases, capturing solid-fluid 4-way coupling. A comprehensive description of all 

equations can be found in Musser et al. (2021).  

We executed the 3D flow simulation on the ARCHER2 cluster utilizing 1200 CPU cores 

with 3 Tb of RAM for 15 days, employing the large-eddy-simulations (LES) with the wall-

adapting local eddy-viscosity subgrid model WALE of (Ducros et al., 1998) to model 

subgrid turbulence. The initial and boundary conditions for the simulations were established 

based on the international benchmarking and validation exercise for PDC model. (Esposti 

Ongaro et al., 2020) 
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The top boundary of the domain is described as a pressure boundary that creates a stratified 

“atmosphere”. All other boundaries, except the inlet, follow the no-slip boundaries for the 

fluid phase and partial slip for the solid phase, following the work of Johson and Jackson 

(1987). The experimental geometry was uploaded in MFIX as an STL file upon which we 

created a roughness of approximately 0.01 m in height to emulate the basal boundary 

conditions. The mesh was cut to follow the geometry using the cutcell method. (Musser et 

al., 2021)  

The inlet boundary is treated as a mass inflow, where a flux of temperature, fluid and solid 

concentration, and velocity were prescribed. The continuous grain-size distribution of the 

experimental mixture was discretized in five bins of particles with a diameter of 2 ∙ 10−3 m, 

5 ∙ 10−4 m, 125 ∙ 10−6 m, 32 ∙ 10−6 m and 8 ∙ 10−6 m. This representation preserves the 

mean size diameter D[3,2] (surface-mean diameter) and D[4,3] (volume-mean diameter) 

consistent with the experimental counterpart. We also discretized the solid density 

distribution into the same respective five bins to ensure accurate gas-particle coupling in the 

simulation. In order to match experiments closely, the inlet used time- and height-variant 

velocity, concentration, grain-size distribution, and temperature profiles described by 

Cerminara et al. (2021).  

At the inlet, we assumed thermal and kinetic equilibria, resulting in uniform temperature and 

no-slip velocity across all phases in each inlet computational cell. However, the numerical 

simulation captured thermal and kinetic decoupling, dictated by particle Stokes number as 

shown in Figure 3.7. Using the finite volume method with a second-order solver and 

Superbee limiter, the MFIX solves mass, momentum, and energy equations. This approach 

allows us to derive the temperature, velocity, and concentration fields for the fluid and each 
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solid phase in each computation cell. The results were saved as binary VTK files, which 

were loaded in Paraview® v5.11 and subsequently exported as images. 

3.6 Supplementary Material 

 

Supplementary Figure 3.1 Grain size and particle density distributions of the initial volcanic mixture. a) 

grain size distribution of the initial mixture of volcanic material from the Taupo ignimbrite. b) density 

distribution as a function of particle diameter of the initial volcanic mixture. 
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Supplementary Figure 3.2 Theoretical values of dynamic pressure due to particle impacts 𝑷𝒊𝒎𝒑𝒂𝒄𝒕 𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 

in large-scale experiments. 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  as a function of particle size using Supplementary EQN. 3-3. 

Results for two different experimentally determined particle velocity values are shown. The solid curves show 

theoretical impact pressure values for the case where particle velocity u takes the experimentally measured 

maximum values (at a flow distance of 3.35 m and 0.45 m above the flow base). The dashed curves illustrate 

the case where particle velocity u takes the experimentally measured time-averaged value (at a flow distance 

of 3.35 m and 0.45 m above the flow base). Solutions of Supplementary EQN. 3-3 using grain-size averaged 

particle density values (Supplementary Figure 3.1) are shown as black solid and dashed lines. Solutions of 

Supplementary EQN. 3-3 using a constant particle density of 2,650 𝑘𝑔 ∙ 𝑚3 to estimate 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙   for 

abundant free crystals of plagioclase are shown as red solid and dashed lines. The estimated values of 

𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  indicate that maximum dynamic pressures recorded with the piezoelectric dynamic pressure 

sensors of up to 4,830 𝑃𝑎 at this location, can be explained, at average flow velocities, as impacts of two types 

of particles: low-density, rare pumiceous particles larger than c. 1.5– 2 𝑚𝑚 in diameter, and abundant free 

crystals of plagioclase that are larger than c. 0.6 𝑚𝑚 in diameter. The left panel shows an enlarged version 

of the right figure to highlight the variation of 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  with particle size at the lower end of dynamic 

pressures. This shows that, at average velocity, 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  exceeds values of 500 𝑃𝑎, and thus 

maximum measured values of Pdusty gas (i.e., 390 𝑃𝑎 at 3.35 𝑚 runout distance) and 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖  (i.e., 79 𝑃𝑎 

at 3.35 𝑚 runout distance) for particles larger than approximately 0.1 𝑚𝑚 in diameter.  
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Supplementary Figure 3.3 Spatiotemporal characteristics of occurrences of particle impacts. a-d) Time 

series of particle impacts at 0.45 m above the flow base at four different distances from impact: 1.8 𝑚 (a), 

3.35 𝑚 (b), 5.4 𝑚 (c), and 9.6 𝑚 (d). Occurrences of particle impacts are shown in binary form. That is, times 

of impacts are assigned a value of 1 and times without impacts are assigned a value of zero. The number of 

particle impacts is strongly decreasing with flow distance, and no particle impacts are recorded at the position 

at 9.6 𝑚. When particle impacts occur, they tend to occur in clusters of several successive impacts. Non-

clustered particle impacts are rare. Most particle impacts occur in the head region (c. 0– 1 𝑠) and in the mid-

body region (c. 2.4– 3 𝑠) of the experimental dilute PDC. 
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Supplementary Figure 3.4 Fourier spectra of flow density, particle impact rate, and flow height. a-c) Fourier 

spectra of flow density (a), particle impact rate (b), and flow height (c). All spectra show a main amplitude 

peak at a frequency f ~ 1.3 Hz (red vertical bar), which coincides with the visibly observed period of the largest 

coherent structures of approximately 700– 800 𝑚𝑠 (Figure 3.4 a-c). 
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Supplementary Figure 3.5 Observed particle impacts at Merapi (Indonesia). Reduced particle impact on 

concrete structures, with increased distance along flow: a) scoured concrete marker, with flow direction from 

left to right (August 2013); b) snapped and deeply pockmarked electricity pole, with flow direction from left to 

right (July 2011); c) lightly pockmarked electricity pole, tilted but not felled, flow direction into the photo 

(December 2010); and d) Upright electricity pole with little to no pockmarking, flow direction into the photo 

(July 2011). All photos S.F. Jenkins. The upper middle map shows the PDC outline from November 2010 in 

blue and the four photo locations, with the dashed line representing the elevation profile (no vertical 

exaggeration) shown below. 

3.6.1 Supplementary Note 1: Estimating dynamic pressure due to impacts by 

individual particles 

The recorded time series of dynamic pressure include near-instantaneous high-pressure 

signals of several kPa (e.g., up to 4,830 Pa at 3.35 m runout distance; Figure 3.2 a). These 

high-pressure signals largely exceed maximum dynamic pressure of the dusty gas phase 

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 (e.g. 390 Pa at 3.35 m runout distance) obtained from direct high-resolution 
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piezoelectric measurements of dynamic pressure and EQN. 3-2, as well as maximum 

dynamic pressures 𝑃𝑑𝑦𝑛_𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 (e.g., 79 Pa at 3.35 m runout distance) calculated through 

EQN. 3-1 using lower-resolution measurements of turbulent fluctuations of velocity and 

density of the multiphase flow. 

The form of the near-instantaneous high-pressure signals suggest their origin as impacts of 

individual particles with the pressure sensors (see main text and Figure 3.2). Assuming, for 

simplicity, spherical particles, theoretical values of dynamic pressure due to particle impacts 

can be estimated from our measurements of flow velocity 𝑢(𝑡, 𝑧), particle diameter 𝑑 and 

grain-size averaged particle density 𝜌𝑃 obtained from flow samples as: 

 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
4

3
𝜌𝑃𝑑

∆𝑢

∆𝑡
, 

Supplementary EQN. 3-3 

where ∆𝑡 is the time for an impacting particle to decelerate from flow velocity 𝑢 to rest. To 

prevent the overestimation of 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙, ∆𝑡 is assigned a value of 1 ms coinciding 

with both the observed duration of the sudden pressure increases during the near-

instantaneous high-pressure peaks and the maximum sampling frequency. The results from 

this analysis considering measured maximum and time-averaged values of flow velocity at 

the profile at a flow distance of 3.35 m at approximately mid-flow height (0.45 m above the 

flow base) are shown in Supplementary Figure 3.2. 
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3.6.2 Supplementary Note 2: Dimensional scaling of the ratio of maximum and 

time-averaged dynamic pressures 𝑷𝒅𝒖𝒔𝒕𝒚 𝒈𝒂𝒔 

In EQN. 3-7 in the main text, we express the ratio of maximum and time-averaged dynamic 

pressures of 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠, as it is only the time-averaged values that are estimated from field 

evidence and hence deviations are important to know for hazard assessments as: 

EQN. 3-7 in the main text defines the ratio of maximum and time-averaged dynamic 

pressures of 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠 as: 

 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒
=

𝜌𝑚𝑎𝑥𝑈𝑚𝑎𝑥
2

𝜌𝑎𝑣𝑒𝑈𝑎𝑣𝑒
2

 
Supplementary EQN. 3-4 

Field evidence only allows estimating bulk flow or local time-averaged dynamic pressure 

values. To prevent an underestimation of the destructiveness of PDCs in hazard assessments 

it is important to evaluate by how much turbulence fluctuations in dynamic pressure exceed 

time-averaged pressure values.  

In Figure 3.8, we show that initially, the pressure ratio is increasing over a duration that 

coincides with the eddy timescale 𝜏𝜀 of the largest coherent structure. We interpret this to 

suggest that 𝜏𝜀 is the characteristic timescale for critical Stokes number particles (i.e., 𝑆𝑡 =

1) to move to the peripheries of coherent structures where they concentrate relative to the 

average flow density. After a time 𝜏𝜀, the pressure ratio decreases monotonically, coinciding 

with the decrease in the volume fraction of critical Stokes number particles carried by the 

flow. That is when 𝑆𝑡 = 1 particles eventually decouple from the peripheries of coherent 

structures and sediment through the flow unsupported by fluid turbulence. 
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The clustering of critical Stokes number particles at the peripheries of coherent structures 

represents a modification of the flow and turbulence structure into concentrated and less 

concentrated domains. These domains represent density discontinuities inside the flow. 

From gravity wave theory, density discontinuities in shallow flows, with thickness 𝐿, travel 

at the speed of gravity waves. Thus, for 𝑈𝑚𝑎𝑥 and 𝑈𝑎𝑣𝑒 in EQN. 3-7 (also Supplementary 

EQN. 3-4) we may write: 

𝑈𝑚𝑎𝑥~√(𝜌𝑚𝑎𝑥 − 𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡)/𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝐿, and 𝑈𝑎𝑣𝑒~√(𝜌𝑎𝑣𝑒 − 𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡)/𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝐿, where 

𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡 is the density of the ambient air. In natural dilute PDCs and in our experimental 

dilute PDCs, 𝜌𝑚𝑎𝑥 ≫ 𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡  and 𝜌𝑎𝑣𝑒 ≫ 𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡 and hence: 

 𝑈𝑚𝑎𝑥
2

𝑈𝑎𝑣𝑒
2 ~

𝜌𝑚𝑎𝑥

𝜌𝑎𝑣𝑒
 

Supplementary EQN. 3-5 

Substituting this relationship into Supplementary EQN. 3-4, which is EQN. 3-7 in the main 

text, yields: 

 𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑚𝑎𝑥

𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠_𝑎𝑣𝑒
~(

𝑈𝑚𝑎𝑥

𝑈𝑎𝑣𝑒
)
4

, 
Supplementary EQN. 3-6 

which is EQN. 3-8 in the main text. 
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4.1 Abstract 

Dilute pyroclastic density currents (PDCs) are hazardous volcanic phenomena frequently 

occurring on volcanoes around the world. To improve analytical and lower-order numerical 

PDC models used for hazard assessments, it is necessary to characterize the vertical velocity 

and density structures of PDCs and how they are modulated during flow propagation due to 

particle sedimentation, entrainment of air, and the onset of buoyancy reversal. 

In the absence of direct measurements of the vertical structure of PDCs, large-scale 

experiments, and high-resolution computational multiphase simulations can provide missing 

insight. Here, we present data from a series of dynamically scaled large-scale experiments, 

where column collapse PDCs are simulated using hot volcanic material and air. The bed 

roughness and, with this, the lower flow boundary were systematically varied from hydraulic 

smooth to roughnesses in scales of the viscous sublayer. The deployed substrates 

geometrically scale to the conditions of sandy to bouldery substrates in natural volcanic 

landscapes. The resulting data is used to investigate the effects of bed roughness changes on 

the vertical flow structure.  

We show that the time-averaged velocity and particle concentration follow self-similar 

vertical distributions. Combining vertical distributions of velocity and density, we derive a 

vertical distribution of the time-averaged flow dynamic pressure, which defines the heights 

and values of maximum and average (time-averaged) dynamic pressures for arbitrary bulk 

flow densities and velocities. The self-similar vertical structure of the experimental dilute 

PDCs is unmodulated by the basal roughness conditions.  

Reynolds decompositions are performed using temporal Savitzki-Golay filters to separate 

and investigate the turbulent and mean components of dilute PDCs, showing that turbulence 



191 

is most pronounced in the head and wake of dilute PDCs. We show that the main production 

of turbulence occurs at the upper free boundary, where concentrations and density gradients 

are low. At the basal interface, high concentrations and large density gradients hinder the 

generation of turbulence. We show the generation of an actively mixing layer reaching into 

the main flow body and actively driving the entrainment of ambient air.  

4.2 Introduction 

Dilute pyroclastic density currents (dilute PDCs), also called pyroclastic surges, are fully 

turbulent multiphase flows of hot volcanic particles and gas that present a frequent volcanic 

hazard at many volcanoes at the Earth’s surface (Valentine, 1987, Wohletz, 1998, Lube et 

al., 2014, Sulpizio et al., 2014). These density-stratified flows constitute a type of particle-

laden gravity current, where the suspended particles carry a significant part of the flows’ 

momentum, and the flow runout behavior is strongly controlled by the entrainment of 

ambient air and the sedimentation of particles inside the flow (Burgisser and Bergantz, 2002, 

Andrews and Manga, 2012, Dellino et al., 2019, Brosch et al., 2022). Related but isothermal 

phenomena include turbidity currents (Meiburg and Kneller, 2010, Wells and Dorrell, 2021), 

dust storms or haboobs (Knippertz et al., 2007), and powder snow avalanches (Hopfinger, 

1983, Ancey, 2004). 

An essential characteristic of dilute PDCs is their vertical velocity and density structure. 

Together, they define destruction-causing dynamic pressure, and their spatiotemporal 

evolution is critical for estimating hazard footprints and impacts in risk assessments 

(Dioguardi and Mele, 2018, Dellino et al., 2021). The quantitative characterization of the 

vertical velocity and concentration structure of dilute PDCs is a crucial ingredient for the 

testing and further development of theoretical and numerical PDC flow models (e.g., Dade 
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and Huppert, 1995, Dufek and Bergantz, 2007, Neri et al., 2015, Fauria et al., 2016). This is 

particularly the case for multi-layer flow models (Doyle et al., 2008, Doyle et al., 2010, 

Kelfoun, 2017, Shimizu et al., 2019, Shimizu et al., 2021) that rely on empirical models of 

the vertical velocity and concentration structure to describe exchanges of mass, energy, and 

momentum between layers. 

The destructiveness of PDCs makes direct field measurements inside natural flows 

challenging. Recently, measurements inside PDCs of particle velocities with Doppler-Radar 

at Colima volcano (Scharff et al., 2019) and pressure via micro barometers at Whakaari 

White Island (Brosch et al., 2021) provided direct observation of the internal flow structure. 

However, the spatial resolution of these measurements was either too coarse (Colima) or 

limited to one measurement location (Whakaari) to allow for a detailed characterization of 

the vertical flow structure.  

To describe the vertical velocity structure of dilute PDCs, Dellino et al. (2008) suggested 

the use of the law of the wall (Prandtl, 1905, Batchelor and Proudman, 1956), which is used 

to characterize average velocity profiles of turbulent, wall-bounded flows. The law of the 

wall velocity profile was demonstrated not to match the velocity structure of dilute PDCs 

due to the effects of free shear of the current with the ambient atmosphere (Brosch et al., 

2021, Cerminara et al., 2021). Instead, similarity to the vertical velocity distribution in 

turbidity currents has been shown, which is characterized by an inner wall region due to solid 

shear at the lower flow boundary and an outer jet region due to free shear with the ambient 

atmosphere (Parker et al., 1987, Altinakar et al., 1996, Cantero-Chinchilla et al., 2015).  

Brosch et al. (2021) and Cerminara et al. (2021) suggested an empirical, fully differentiable 

Power-Gaussian function to describe the form of vertical profiles of velocity magnitude that 
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accounts for the basal solid-shear and upper free-shear flow boundaries. The Power-

Gaussian is defined as: 

 
𝑢(𝑧) = 𝑈𝑚 (

𝑧

ℎ𝑚
)
𝜉

𝑒𝑥𝑝 [−(
𝑧−ℎ𝑚

𝜒
)
2

− 𝜉 (
𝑧

ℎ𝑚
− 1)] , 

EQN. 4-1 

where 𝑧 is the height in the slope-normal direction, ℎ𝑚 the height of the wall region, at which 

the maximum velocity 𝑈𝑚 occurs, 𝜉 is the inner layer exponent, and 𝜒 is the outer layer 

exponent. EQN. 4-1 describes the wall/jet layer boundary at the height ℎ𝑚, where shear 

vanishes to zero (
𝑑𝑢

𝑑𝑧
|
𝑧=ℎ𝑚

= 0). EQN. 4-1 has a similar shape to velocity functions 

published by Altinakar et al. (1996) and Cantero-Chinchilla et al. (2015) to describe vertical 

profiles of the downstream velocity component in the density current body region of 

turbidity currents. Unlike the velocity functions for turbidity currents of Altinakar et al. 

(1996) and Cantero-Chinchilla et al. (2015), the velocity profiles of EQN. 4-1 do not 

approach zero at the top of the gravity current body region but exponentially decay into the 

gravity current wake region that overlies the body. 

Brosch et al. (2021) and Cerminara et al. (2021) showed the fit of EQN. 4-1 to data of 

velocity magnitude in a large-scale PDC experiment for a proximal observer location and 

calculated time-varying mean flow fields by fitting temporal polynomials for the fit 

parameters 𝑈𝑚, ℎ𝑚, 𝜉 and 𝜒. Empirical functions for the downslope (𝑢) and vertical (slope-

normal) (𝑣) velocity components for pyroclastic currents, if they are related, and how 

velocity profiles evolve downstream remain unknown. Still, empirical descriptions of 𝑣 are 

of particular importance to characterize particle settling, the generation of vertical density 

stratification, and the effects of fluid buoyancy changes. 
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Existing empirical models for the vertical distribution of particle concentration originate 

from analog experiments of low-concentration turbidity currents under both subcritical and 

supercritical flow conditions (Parker et al., 1987, Garcia and Parker, 1993, Altinakar et al., 

1996, Nourmohammadi et al., 2011). These studies show a strong relationship between the 

vertical particle concentration and velocity distributions, with the velocity maximum at the 

boundary between wall and jet regions delineating two distinct zones of concentration 

distributions. Above 𝑈𝑚, concentration is decreasing asymptotically, while below 𝑈𝑚, the 

vertical concentration distribution closely follows a boundary layer approximation. 

While Altinakar et al. (1996) suggested separate empirical laws for the concentration 

distribution in wall and jet regions in the body of turbidity currents, Cantero-Chinchilla et 

al. (2015) derived a fully differentiable function of the variation of particle concentration 

with height defined as 

 

𝐶(𝑧) = 𝐶|𝑧=ℎ𝑚
∙ 𝑒

−𝜙[(
𝑧

ℎ𝑓
)

𝜁

−𝜂𝑤
𝜁]

, EQN. 4-2 

with 𝑧 the height above the substrate, ℎ𝑓 the thickness of the gravity current body region, 

𝐶|𝑧=ℎ𝑚
 the concentration at the wall-jet boundary (𝑧 = ℎ𝑚), 𝜂𝑤 = ℎ𝑚/ℎ𝑓 the dimensionless 

height of the wall-jet boundary, and 𝜙 and 𝜁 are unknown fit parameters. EQN. 4-2 has been 

assessed at a single observer location in large-scale experiments of pyroclastic surges and 

was found to represent the data well, except for the lower flow region where sedimentation 

is enhanced by particle clustering (Brosch and Lube, 2020, Brosch et al., 2021).  

In this study, we present results from large-scale experiments interrogating the vertical 

structure and turbulence generation of dilute PDCs. We test the ability of empirical laws to 

capture the time-averaged vertical velocity and concentration structure of downstream 

evolving large-scale experimental PDCs. These empirical laws are further investigated, and 
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an empirical function describing the dynamic pressure is suggested. Further, the influence 

of the basal roughness is tested, and the presence of a basal slip is investigated. We extract 

and interrogate the turbulence structure of dilute PDCs from the velocity measurements and 

investigate the turbulence field using the turbulence intensity and turbulent kinetic energy. 

The results are used to characterize and interpret the spatiotemporally evolving turbulence 

structure of the experimental PDCs and the engines of turbulence generation. 

4.3 Methods 

Experimental dilute PDCs of hot volcanic particles and air were synthesized at the large-

scale eruption simulator facility PELE in New Zealand. The set-up, experimental protocol, 

scaling similarity to natural PDCs, and sensors and measurement principles are described in 

detail in Lube et al. (2015) and Brosch et al. (2021). The experimental flows were generated 

by the seven-meter vertical fall of heated pyroclastic material from an elevated hopper into 

an instrumented runout section. The volcanic material used in the presented experimental 

series is a mixture of two well-characterized deposits of the 232 CE Taupo ignimbrite 

(Wilson, 1985), with particle diameters ranging from 2 μm to 16 mm (−4 𝜙 to 9 𝜙). The 

particle mixture is characterized by a weakly bimodal grain-size distribution with a main 

mode at 245 μm (2 𝜙) and a minor mode at 11 μm (6.5 𝜙) (Brosch and Lube, 2020, Brosch 

et al., 2021, Brosch et al., 2022). Particle densities averaged over full 𝜙-grain-size classes 

vary from 350 − 2650 kg ∙ m−3, constituted from a wide range of different clast types 

ranging from low-density pumices to high-density glass shards, lithic clasts, and free 

crystals. The utilization of natural volcanic material ensures realistic stress coupling between 

particles and gas and particle settling.  
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The instrumented runout section is comprised of two variably sloping parts: an upstream 

12.8 m long and 6° sloping channel-confined section before a 23 m long, horizontal, and 

partially (first 4 m) channel-confined section. The open channel has a constant width of 

0.5 m and variably high side walls (0– 6.4 m: 1.8 m high; 6.4– 11.6 m: 1.2 m high; 

11.6– 16.8 m: 0.6 m high). To film the experimental currents with high-speed video, while 

also minimizing sidewall boundary effects, one side of the channel is constructed out of 

10 mm thick, high-quality glass sheets.   

At flow distances of 1.8 m, 3.35 m, 5.4 m, and 9.6 m from impact of the mixture onto the 

channel base, six high-speed cameras were deployed to record four vertical profiles of the 

passing flow at  500 Hz. The resulting video footage was used to calculate two-dimensional 

velocity fields (𝑈⃑⃑⃑ = (𝑢, 𝑣)) using Particle Image Velocimetry (PIV), utilizing the PIVlab 

software (version 2.54) (Thielicke and Stamhuis, 2014, Thielicke and Sonntag, 2021). The 

resulting spatial resolution of the velocity fields is c. 1 cm. The resulting velocity fields were 

processed in Python to calculate temporal averages, mean velocity fields, and empirical 

velocity fits.  

At the four vertical profile locations, high-speed video also recorded the filling of transparent 

flow sediment samplers at heights of 0.035– 1.8 m perpendicularly above the channel base. 

The flow sediment samplers allow the flow to enter through a 1.69 cm2 opening on the 

upstream side. On the downstream side, only the gas phase exits the sampler through a 

16 µm mesh, while the accumulation of solid particles inside the sampler is continuously 

recorded. Downslope velocity components 𝑢(𝑡) of the flow 0.05 m upstream of each flow 

sampler were computed from PIV. The weight and density of the material inside the flow 

samplers was measured at selected time intervals to calculate the time-variant porosity of the 
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captured sediment and its grain-size distribution. The time series of particle solids 

concentration at each sampler location was computed as 

 𝐶𝑠(𝑧, 𝑡) =
𝑉𝑑 (1−𝜀) 

𝑢𝑒 𝐴𝑜𝑡 
, 

EQN. 4-3 

where 𝑉𝑑  is the time-variant volume of sediment accumulated inside the sampler, 𝑢𝑒 the 

time-variant velocity obtained through PIV at the entrance of the flow sampler, 𝐴𝑜 the cross-

sectional area of the flow sampler, 𝑡 the selected time intervals, 𝜀 the time-variant sediment 

porosity, and 𝑧 the height above the channel in slope-normal direction. 

At each of the four vertical profile locations, additional high-resolution video cameras 

recorded the sediment transport, erosion, and deposition processes in the basal c. 0.15 m of 

the flow. Together with the high-speed videos, this imagery was used to measure time-series 

of the height of the lower flow boundary at a spatial resolution of < 0.5 mm. 

Three large-scale experiments were conducted at the same starting conditions (summarized 

in Table 4-1), except for the bed roughness, using 125 kg of volcanic material heated to 

120 °C at an ambient temperature of 15 °C. The choice of the experimental basal roughness 

conditions was guided by the idea of simulating a variety of natural volcanic substrates in 

the range from sandy to boulder terrains. In the first experiment, hereafter referred to as the 

rough experiment, a layer of 4 − 8 mm diameter, subrounded pebbles was glued to the 

channel base. In the second experiment, hereafter referred to as the intermediate experiment, 

a layer of skateboard grip tape equal to P80 sandpaper (~201 µm) was used as the channel 

base. In the third experiment, hereafter referred to as the smooth experiment, a high-quality 

medium-density fiberboard (MDF) with roughness scales of less than ten microns was 

inserted into the channel base. For natural PDCs with 100 − 500 m thicknesses, these 

conditions represent geometrically scaled natural roughness (Table 4-1) of 0.2 − 2.2 m for 
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the rough experiment, 1.1 − 5.5 cm for the medium experiment, and 0.56 − 2.8 mm for the 

smooth experiment. In the experimental flows, the thickness of the boundary layer (also 

referred to as the wall region in density currents), on average, is c. 0.3 m thick, and the 

thickness of the viscous sublayer (the lower c. 0.1 − 1  percent of the boundary layer 

thickness (Cebeci, 2013) where strong vertical gradients in velocity and viscosity occur) has 

a thickness of < 3 mm. This means that only in the rough experiment are roughness elements 

larger than the viscous sublayer. 

Table 4-1 Summary of the experimental series investigating the influence of bed roughness on the PDC's 

propagation. The roughness scaling is performed for 100 − 500 𝑚 thick natural PDCs (𝑅 = 𝑟 ∙

𝐻𝑃𝐸𝐿𝐸
𝐻𝑁𝑎𝑡𝑢𝑟𝑒

⁄ , with R the scaled roughness, r the deployed roughness, 𝐻𝑃𝐸𝐿𝐸  flow thickness in Pele, and the 

natural flow thickness 𝐻𝑁𝑎𝑡𝑢𝑟𝑒  of 100 − 500 𝑚). 

Parameter Rough Exp. Intermediate 

Exp. 

Smooth Exp. 

Mass of Volcanic Material 125 kg 125 kg 125 kg 

Initial Temperature of 

Volcanic Material 
120°C 120°C 120°C 

Bed Roughness (r) 4 −  8 mm ≈ 201 µm ≈ 10 µm 

Scaled Roughness (R) 0.2 −  2.2 m 1.1 −  5.5 cm 0.56 −  2.8  mm 

Ambient Temperature 15°C 15°C 15°C 

 

The scaling analysis, summarized in Table 4-2, shows that the experimental PDCs scale well 

to natural dilute PDCs (Brosch and Lube, 2020, Brosch et al., 2021, Brosch et al., 2022). 

From the dimensionless numbers that demonstrate fluid dynamical scaling we highlight the 

Reynolds number that reaches 1.5 ∙ 106, the Richardson number with a range of 10−2 − 10, 

the Froude numbers of 0.75 − 2, and  the thermal Richardson number with a range of 2 ∙

10−2  −  4.5. Using natural volcanic material ensures accurate gas-particle feedback. Which 
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is shown by the particle Stokes number (10−3 − 9.9), stability number (13 × 10−3 −  32), 

and Rouse number (66 × 10−2 −  19).  

Table 4-2 Scaling parameters comparing natural and experimental dilute PDCs. With 𝜇𝑎 ambient dynamic 

viscosity, 𝐶𝑆 particle solid concentration, 𝜌𝑎 ambient density, 𝜌𝑐 flow density, ∆𝜌 density difference between 

flow and ambient, 𝐶𝑝𝑐
 and 𝐶𝑝𝑎

 the flow and ambient heat capacity, respectively, 𝑔 the gravitational 

acceleration, 𝑔′ the reduced gravitational acceleration, 𝑘 the Karman constant, 𝜃 the substrate inclination, 

𝑢𝑇 the particle terminal velocity, and ∆𝑢 the eddy rotational velocity. Values for natural PDCs are collected 

from Druitt (1998), Choux and Druitt (2002), and Burgisser et al. (2005). The equation for the flow dynamic 

viscosity is from Wohletz (1998). Table modified from Brosch et al. (2021). 

Parameter Meaning Definition Generated 

PDCs 

Natural PDCs 

Particle Size  𝑑 2 μm 
−  16 mm 

10−6  
− 10−1 m 

Particle 

density 

 𝜌𝑠 350 
−  2600 kg
/m3 

300 
−  2600 𝑘𝑔
/𝑚3 

Ambient 

Density 

 𝜌𝑎 1.06 
−  1.225 kg
/m3 

0.6 
−  1.2 𝑘𝑔/𝑚3 

Flow density  𝜌𝑐 1.27 
−  10 kg
/m3 

 

Flow 

Temperature 

 𝑇 15 −  60 °C  

Velocities  𝑢 ≤ 10.5 m/s 10 
−  200 m/s 

Flow 

dynamic 

viscosity 

 𝜇𝑐=𝜇𝑎 (1 +

𝜌𝑠 𝐶𝑠

𝜌𝑎(1−𝐶𝑠)
)
2
 

3 × 10−5 − 

3

× 10−3  
kg

𝑠 𝑚
 

10−5  
−  4

× 10−3  
kg

𝑠 𝑚
 

Kinetic 

energy 

density 

 
𝑈𝑘𝑖𝑛 =

1

2
𝜌𝑐𝑢

2 
 10−2

− 103
kg

𝑚 𝑠2
 

 103  

− 104  
kg

𝑚 𝑠2
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Buoyant 

thermal 

energy 

density 

 𝑈𝑇

= 𝜌𝑐

𝐶𝑝𝑐

𝐶𝑝𝑎

𝛼 𝑇 ℎ 𝑔 

10

− 103
kg

𝑚 𝑠2
 

 103  

− 104
kg

𝑚 𝑠2
 

Reynolds 

number 

Inertial Forces

Viscous Forces
 𝑅𝑒 =

𝜌𝑐  𝑢 ℎ

𝜇𝑐
 

1.5 × 106  33 × 105

− 6.7 × 109  

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖 =

∆𝜌 ℎ 𝑔

𝜇𝑐
 

10−2 −  10 0 −  10 

Froude 

number 

Inertial Forces

Gravitational Forces
 

𝐹𝑟

=
𝑢

√𝑔′ ℎ 𝑐𝑜𝑠(𝛳)
 

0.75 − 2  ≈ 1 

Particle 

Stokes 

number 

Characteristic Time Particle

Characteristic Time Fluid
 𝑆𝑡 =

𝑢𝑇∆𝑢

𝛿𝑔
 

10−3 − 9.9  11 × 10−4  
−  97 × 106  

Stability 

number 

Defines particle  

transport zones 

𝛴 =
𝑢𝑇

∆𝑢
 13 × 10−3

−  32  
2.8 × 10−6

− 9.7 × 109  

Rouse 

number 

Characterises turbulent  

particle transport regimes 

𝑃 =
𝑢𝑇

𝑘𝑢𝑠
  66 × 10−2

−  19 

10−3 − 102  

Thermal 

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖𝑇 =

∆𝑇 𝛼 ℎ 𝑔

𝑢2
 

2 × 10−2  
−  4.5  

0 −  5  

 

4.4 Results 

4.4.1 Density Current Structure 

After the impact of the vertically falling particle-air mixture with the channel, a density 

current forms, whose velocity and concentration distributions are measured at four vertical 

profiles at 1.8 m, 3.35 m, 5.4 m, and 9.6 m from the impact zone. Over this distance, the 

flow front velocity decreases from c. 5.5 m ∙ s−1 to c. 4 m ∙ s−1. The time- and height-

integrated volumetric particle concentration declines from c. 0.25 vol% to c. 0.05 vol.% 

through deposition and entrainment of ambient air. Using the example of the first two profile 
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locations at 1.8 and 3.35 m, Figure 4.1 depicts the general flow structure in height-time 

contour plots of velocity magnitude 𝑈(𝑧, 𝑡); the slope-normal velocity component 𝑣(𝑧, 𝑡) 

and particle volume concentration 𝐶(𝑧, 𝑡). The experimental PDC is comprised of a c. 

1.85– 2 m high-density current head region (from flow arrival until c. 0.9 s) and a c. 

1– 1.15 m high-density current body region (from c. 0.9– 4 s). Behind the head, the density 

current body region is overlain by a c. 0.5– 0.9 m-thick density current wake region.  

The head forms an upslope rotating vortex structure that is visible as strong changes in the 

slope-normal vertical (slope normal) velocity components (Figure 4.1 c and d). Above the 

leading, c. 0.15 m high-density current nose, the head is comprised of a frontal, c. 0.5 m 

wide, low-velocity region in front of the high-velocity head center and rear regions (Figure 

4.1 a and b). This low-velocity frontal region, which is in direct contact with and thus 

vigorously entrains ambient air, has the largest positive (upwards-directed) slope-normal 

velocities of the entire current. At the rear of the upper head region, free shear with the 

ambient air sheds off material that produces the frontal part of the gravity current wake 

region, which trails the rear of the head region. However, the bulk of the density current 

wake region above the body region is formed by rapid particle sedimentation and the 

development of a strong vertical density stratification approximately 0.2 s after impact. 

Behind the head, this leads to the segregation of the density current into (i) an upper, strongly 

entraining and well-mixed, low-velocity region (typically <  2 m ∙ s−1) of low particle 

concentration (10−2– 10−3 vol.%) and high vorticity, which we refer to as the wake; and 

(ii) a lower, faster-moving (typically > 4 m ∙ s−1), denser (10−2– 100 vol.%), strongly 

vertically density-stratified body region (Figure 4.1 e and f). The boundary between the body 

and wake flow regions is delineated by a strong increase in vorticity and by the change from 

dominantly downward to dominantly upward-directed velocity components. Over the 9.4 m 
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travel distance of our measurement profiles, and despite the entrainment of ambient air and 

evolving particle sedimentation, the bulk density of the wake (c. 1.4 kg ∙ m−3) remains 

higher than that of the ambient air (c. 1.225 kg ∙ m−3).  

 

Figure 4.1 Velocity and concentration data from large-scale experiments. The first column shows time-height 

contour plots of velocity magnitude, vertical velocity, and concentrations measured at 1.8 𝑚 from impact. The 

second column shows velocity magnitude, vertical velocity, concentrations measured at 3.35 𝑚 from impact. 

All data is shown to the flow height, marked by blackline. a,b) Time-height presentation of the velocity 

magnitude at 1.8 𝑚 and 3.35 𝑚, respectively. The black dashed line shows the height of the velocity maximum, 

where the boundary between the wall and jet region sits. The dashed red line in (a) marks the time-variant 

thickness of the aggrading deposit. With ~2 𝑚𝑚, the deposit in b is smaller than the PIV resolution (~1 𝑐𝑚) 

and therefore not shown. c,d) Vertical velocities as time-height plots at 1.8 𝑚 and 3.35 𝑚, respectively. The 

definition of vertical velocities follows the definition of the coordinate system, with positive velocities (red) 

going upward and negative velocities going downward. The colormap diverges at 0 𝑚 ∙ 𝑠−1 and marks the 

transition from positive to negative velocities white. e,f) time-height plots of particle solid concentrations in 

vol.%. White dashed vertical lines at 0.5, 1.5, 2.5, and 3.5 𝑠 anchor the concentration profiles (white lines). 

The x-axes for these concentration profiles are shown at the upper x-axis. 
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As in turbidity currents, the height ℎ𝑚(𝑡) of the velocity maximum 𝑈𝑚(𝑧, 𝑡) and vanishing 

shear divides the lower wall region (also inner region) from the upper jet region (also outer 

region). Unlike in turbidity currents and as described in detail in Brosch and Lube (2020), 

the lower wall region is characterized by the accumulation of fast-settling mesoscale particle 

clusters and the formation of a cluster-rich, so-called transient region of c. 0.1– 1.5 vol.% 

above the bedload region. The dynamic thinning and thickening of the transient region 

coincides with a pinching and swelling of the bedload region (which has a concentration of 

c. 0.5 to several volume percent) and an alternation of depositional, non-depositional, and 

erosive flow phases. The variably erosive and depositional nature of the lower flow boundary 

towards the static deposit (or substrate) results in a variably strong basal slip at the lower 

flow boundary.  

4.4.2 Vertical Profiles of Flow Velocity and Flow Particle Concentration 

Velocity magnitude: Figure 4.2 shows the time-averaged velocity magnitude 𝑈̅ with height 

𝑧 for the three experiments over rough (Figure 4.2 a-d), intermediate (Figure 4.2 e-h), and 

smooth (Figure 4.2 i-l) substrates at the four observer locations. All of the vertical velocity 

profiles are characterized by a pronounced velocity maximum 𝑈𝑚(𝑧, 𝑡). The height ℎ𝑚(𝑡) 

where the velocity maximum occurs divides the flow into a lower wall region (inner region) 

and an upper jet region (outer region). In the wall region, shear strongly decreases upwards 

from maximum values at the lower flow boundary to zero at ℎ𝑚(𝑡). In the jet region above 

ℎ𝑚(𝑡), shear initially increases upwards before decreasing again with closer proximity to 

the upper flow boundary. Figure 4.2 also shows the height-dependent maximum values of 

velocity magnitude 𝑈𝑚
̅̅ ̅̅ . In the flow body, profiles of 𝑈𝑚

̅̅ ̅̅  and 𝑈̅ have roughly similar forms 

with an approximately constant ratio of maximum and mean velocity values of around 1.5. 

However, in the uppermost part of the body and the entire wake, 𝑈𝑚
̅̅ ̅̅ (𝑧)/𝑢̅(𝑧) strongly 
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increases with height to values larger than 5, highlighting a systematic increase in turbulence 

fluctuations with increasing proximity to the free-shear flow boundary. Similarly, 

𝑈𝑚
̅̅ ̅̅ (𝑧)/𝑢̅(𝑧) also increases towards the lower flow boundary.  

 

Figure 4.2 Spatial evolution of the velocity magnitude. The four columns show the data of different 

experiments along the flow runout. The first row is the smooth, the second row is the medium, and the last row 

is the rough experiment. In a-l, each plot shows the time-averaged velocity data 𝑈 (black), the maximum 

velocity magnitudes 𝑈𝑚
̅̅ ̅̅  (grey), the fit of the Power-Gaussian without slip (EQN. 4-2) (red dashed line), the fit 

of the Power-Gaussian including a basal slip (EQN. 4-3) (purple dashed line), and the height of the body-wake 

boundary (vertical black dashed line). The legend is shared for the entire figure.  

Figure 4.2 a-l shows that the data 𝑈̅(𝑧) are well described by best-fits of the Power-Gaussian 

velocity model of EQN. 4-1 and the correlation coefficient for these fits range from 0.96 to 

0.99. It is noteworthy that the velocity data is similarly well fit with an alternative Power-

Gaussian velocity model with a basal Navier-Maxwell slip condition of the form: 
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𝑈(𝑧) = 𝑈𝑚𝑎𝑥 (

𝑧+𝑛

ℎ𝑚
)
𝜉

𝑒𝑥𝑝 [−(
𝑧+𝑛−ℎ𝑚

𝜒
)
2

− 𝜉 (
𝑧+𝑛

ℎ𝑚
− 1)], 

EQN. 4-4 

where 𝑛 is the Navier slip length. Correlation coefficients for the fit of EQN. 4-4 to the 

downslope velocity data range between 0.97 and 0.99 (Figure 4.2 a-l), therefore showing 

slight improvements of correlation coefficients. 

Downstream velocity: Figure 4.3 presents measurements of the time-averaged downslope 

velocity component 𝑢̅ and of the maximum values of the downslope velocity component 𝑢𝑚̅̅ ̅̅  

against height 𝑧 for the three experiments over rough (Figure 4.3 a-d), intermediate (Figure 

4.3 e-h), and smooth substrate roughness (Figure 4.3 i-l) at the four observer locations. 

Profiles of the downstream velocity have the same characteristics as the velocity magnitude. 

Markedly, for the same experiment and measurement location, the heights of the velocity 

maximum of 𝑢̅ are virtually identical to those obtained for 𝑈̅. Figure 4.3 a-l also shows that, 

similar to 𝑈̅, the data 𝑢̅(𝑧) are well described by best-fits of the Power-Gaussian velocity 

model of EQN. 4-1 (correlation coefficient for these fits range between 0.96 and 0.99) and 

by the alternative Power-Gaussian velocity model with a basal Navier-Maxwell slip 

condition of EQN. 4-4 (regression coefficients ranging between 0.97 and 0.99), again 

showing slight improvements in correlation coefficients. 
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Figure 4.3 Spatial evolution of the downstream velocity component. The columns show the downstream 

velocity data of all experiments along the flow runout. The first row shows data from the smooth, the second 

row the medium, and the last row the rough experiment. Each panel shows the time-averaged velocity data 𝑢̅ 

(black), the maximum downstream velocity 𝑢𝑚̅̅ ̅̅  (grey), the Power-Gaussian fit without basal slip (EQN. 4-2) 

(red dashed line), the Power-Gaussian fit with basal slip (EQN. 4-3) (purple dashed line), and the body-wake 

boundary (vertical black dashed line). The legend at the bottom right corner is shared for all panels.  

Vertical (slope normal) velocity: Figure 4.4 a-n shows the measurements of the time-

averaged vertical (slope normal) velocity (𝑣̅) component against height 𝑧 for all experiments 

and measurement locations. This depicts the occurrence of downward motion (negative 

vertical velocities) in the flow body and upward motion (positive vertical velocities) in the 

wake with the time-averaged height of the body-wake boundary ℎ𝑓, with 𝑣̅|𝑧=ℎ𝑓
= 0 𝑚 ∙

𝑠−1, shown as vertical dashed lines for each velocity profile. For 𝑧 < ℎ𝑓, the form of 𝑣̅ 

velocity profiles show a marked similarity to the power-Gaussian form of the measurements 

of the downslope velocity (𝑢̅) components and the velocity magnitude (𝑈̅). However, the 

height ℎ𝑚𝑣
 of the maximum downward velocity values 𝑉𝑚𝑎𝑥 is systematically lower than 
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ℎ𝑚. Figure 4.4 demonstrates, that vertical profiles of 𝑣 are well described by a power-

Gaussian function of the form: 

 
𝑣(𝑧) = 𝑉𝑚𝑎𝑥 (

𝑧

ℎ𝑚𝑣

)
𝜉𝑣

𝑒𝑥𝑝 [−(
𝑧−ℎ𝑚𝑣

𝜒𝑣
)
2

− 𝜉𝑣 (
𝑧

ℎ𝑚𝑣

− 1)], 
EQN. 4-5 

where 𝜉𝑣 is the inner layer exponent, and 𝜒𝑣 the outer layer coefficients describing the 

vertical velocity distribution. However, unlike the measurements, EQN. 4-5 cannot 

mathematically describe the divergence (𝑦-intercept and associate change from downward 

to upward motion) at the body-wake boundary at ℎ𝑓. Therefore EQN. 4-5 is only valid in the 

flow body. 

 

Figure 4.4 Vertical profiles of the vertical velocity component. The columns show the vertical velocities of all 

experiments along the runout. The first row shows vertical velocity data from the smooth, the second row the 

medium, and the last row the rough experiment. Each panel shows the dimensional time-averaged vertical 

velocity data 𝑣̅ (black), the Power-Gaussian fit for the vertical velocity (EQN. 4-5) (purple dashed line) and 

the body-wake boundary (vertical black dashed line). The legend is shared for the whole figure. 
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4.4.3 Self-Similarity of Time-Averaged Velocity Profiles 

For the case of sub-critical and supercritical experimental turbidity currents, Cantero-

Chinchilla et al. (2015) demonstrated that vertical profiles of the streamwise (downstream) 

velocity component have a self-similar form. To test if such a self-similarity also occurs in 

dilute PDCs and how this is modified by the substrate roughness, the velocity data of our 

experiments is shown in non-dimensional forms in Figure 4.5 by normalizing measurements 

of 𝑈̅(𝑧), 𝑢̅(𝑧) and 𝑣̅(𝑧) velocities with their respective maximum velocity values 𝑈𝑚𝑎𝑥, 

𝑢𝑚𝑎𝑥 and 𝑉𝑚𝑎𝑥, extracted from the Power-gaussian fits in Figure 4.2-Figure 4.4, and height 

𝑧 by the flow height hf, mapped in time-averaged vertical velocities (shown in Figure 4.5). 

The non-dimensional Power-Gaussian of the velocity magnitude takes the form 

 
𝑈(𝜂)

𝑈𝑚𝑎𝑥
= (

𝜂

𝜂𝑚
)
𝜉

𝑒𝑥𝑝 [−(

𝜂

𝜂𝑚
−1

𝜒
)

2

− 𝜉 (
𝜂

𝜂𝑚
− 1)], 

EQN. 4-6 

with 𝜂 =
𝑧

ℎ𝑓
 the non-dimensional height and 𝜂𝑚 =

ℎ𝑚

ℎ𝑓
. The velocity distributions of the 

downstream and vertical velocity components are normalized in the same way as:  

 
𝑢(𝜂)

𝑢𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅
= 𝑢𝑚 (

𝜂

𝜂𝑚𝑢

)
𝜉𝑢

𝑒𝑥𝑝 [−(

𝜂

𝜂𝑚𝑢
−1

𝜒𝑢
)

2

− 𝜉𝑢 (
𝜂

𝜂𝑚𝑢

− 1)], 
EQN. 4-7 

with 𝜂𝑚𝑢
=

ℎ𝑚𝑢

ℎ𝑓
 the height of the maximum downstream velocity; and  

 
𝑣(𝑧)

𝑉𝑚𝑎𝑥
= (

𝜂

𝜂𝑚𝑣

)
𝜉𝑣

𝑒𝑥𝑝 [−(

𝜂

𝜂𝑚𝑣
−1

𝜒𝑣
)

2

− 𝜉𝑣 (
𝜂

𝜂𝑚𝑣

− 1)], 
EQN. 4-8 

with 𝜂𝑚𝑣
=

ℎ𝑚𝑣

ℎ𝑓
 the non-dimensional height of the maximum downward velocity. 
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For the vertical velocity component, we also tested a mathematical law of Cantero-

Chinchilla et al. (2015) derived for the downstream velocity component of turbidity currents 

without dilute wake:  

 
𝑣(𝑧) = 𝜎 (

𝑧

ℎ𝑓
)
𝛱

(
1−𝑧

ℎ𝑓
)

𝛴

, 
EQN. 4-9 

with 𝜎, 𝛱, and 𝛱 being empirically determined fit parameters. 

 

Figure 4.5 Self-Similarity of the velocity distributions in dilute pyroclastic density currents. a) Self-similarity 

of the velocity magnitude 𝑈. The data all profiles of the smooth (blue squares), medium (orange diamonds), 

and rough (green circles) is shown in non-dimensional form. For the normalization, the height 𝑧 is divided by 

the flow height (ℎ𝑓). Further, each time-averaged velocity profile is divided by the maximum velocity 𝑈𝑚𝑎𝑥, 

𝑢𝑚𝑎𝑥, and 𝑉𝑚𝑎𝑥 , for the velocity magnitude, downstream velocity, and vertical velocity, respectively. The Fits 

using Power-Gaussian functions are marked by black lines. For the vertical velocity (c), a velocity fit after 

EQN. 4-9 is shown in red. Further arrows marked with i and ii in (c) indicate the velocity profile trends along 

the runout. A shared legend is provided below.  

Figure 4.5 shows the best fits for all normalized velocity-height data with the non-

dimensional Power-Gaussian models EQN. 4-6, EQN. 4-7, and EQN. 4-8 for the velocity 

magnitude, downstream velocity, and vertical velocity, respectively.  
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For velocity magnitude and the downstream velocity component (Figure 4.5 a and b), for the 

entire wall region and approximately the lower two-thirds of the jet region (
𝑧 

ℎ𝑓
≤ 0.7), the 

normalized velocity data for all tested roughness conditions and all locations collapses onto 

a universal curve. Scatter around this curve shows no systematic dependence on the substrate 

roughness, the flow distance, and the downstream-decreasing thickness of the transient and 

bedload layers. In the uppermost part of the jet region and particularly in the turbulent wake 

(
𝑧 

ℎ𝑓
≥ 0.7), the normalized velocity data show increasing scatter around the universal curve. 

The resulting fit parameters for the velocity magnitude are ℎ𝑚/ℎ𝑓 = 0.24, 𝜉 = 0.25, and 

𝜒 = 6.06, and for the downstream velocity ℎ𝑚𝑢
/ℎ𝑓 = 0.25, 𝜉𝑢 = 0.23, and 𝜒𝑢 = 4.89. 

Therefore, the velocity magnitude and downstream velocity show differences in their fit 

parameters, most pronounced in the outer layer coefficients 𝜒 and 𝜒𝑢. The resulting 

correlation coefficient for the velocity magnitude is 0.926 and for the downstream velocity 

0.931. The vertical velocity component produces correlation coefficients of 0.94 and fit 

parameters ℎ𝑚𝑣
/ℎ𝑓 = 0.189, 𝜉𝑣 = 0.78, and 𝜒𝑣 = 4.9 ∙ 103. This demonstrates that the 

velocity distribution of the vertical velocity deviates significantly in the fit parameters from 

the velocity magnitude and downstream velocity. Unlike, velocity magnitude and the 

downstream velocity component, normalised profiles of the vertical velocity component 

show slight but systematic variation with travel distance as marked with arrows i and ii in 

Figure 4.5 c. 

The fit of EQN. 9 to the data of the vertical velocity component, defined to be zero at the 

body wake boundary (𝑣̅|𝑧=ℎ𝑓
= 0) is shown as a red line in Figure 4.5 c. The fit results in a 

correlation coefficient of 0.917, and fit parameters 𝜎𝐶𝑎𝑛𝑡𝑒𝑟𝑜−𝐶ℎ𝑖𝑛𝑐ℎ𝑖𝑙𝑙𝑎 = 2.4, 

𝜉𝐶𝑎𝑛𝑡𝑒𝑟𝑜−𝐶ℎ𝑖𝑛𝑐ℎ𝑖𝑙𝑙𝑎 = 0.39, and 𝜉𝐶𝑎𝑛𝑡𝑒𝑟𝑜−𝐶ℎ𝑖𝑛𝑐ℎ𝑖𝑙𝑙𝑎 = 1.48.. 
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4.4.4 Self-Similarity of Time-Averaged Concentration Distributions 

Figure 4.6 shows the time-averaged concentration distribution to also follow a self-similar 

shape, following EQN. 4-2 (Cantero-Chinchilla et al., 2015). Due to time constraints and 

data availability, only concentrations for the smooth and rough experiments were computed. 

For both experiments and all observer locations, the dimensional concentration distributions 

are well fit by the concentration distribution of Eqn. 2 suggested by Cantero-Chinchilla et 

al. (2015) for turbidity currents. 

Normalization with the flow height ℎ𝑓 and the concentration at the body wake boundary 

(𝐶|𝑧=ℎ𝑚
) provides the non-dimensional concentration distribution as:  

 
𝐶(𝑧)

𝐶|𝑧=ℎ𝑚

= 𝑒
−𝜙[(

𝑧

ℎ𝑓
)

𝜁

−𝜂𝑤
𝜁]

. EQN. 4-10 

 

Figure 4.6 Evolution and self-similarity of concentration distribution. The first row (a-d) shows time-

averaged concentration distributions from the smooth experiment, at a) 1.8, b) 3.35, c) 5.4, d) 9.6 𝑚. Each 

panel shows the time-averaged data (blue squares), and the concentration fits with EQN. 4-2 (Cantero-
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Chinchilla et al., 2015) (black). The second row (e-h) shows time-averaged concentration distributions from 

the rough experiment, at e) 1.8, f) 3.35, g) 5.4, h) 9.6 𝑚. Each panel shows time-averaged data (orange 

diamonds), and the concentration fits using EQN. 4-2 after Cantero-Chinchilla et al. (2015) (black). i) Shows 

the non-dimensional concentration data of the smooth experiment (blue squares), and the rough experiment 

(orange diamonds), each normalized by the flow height ℎ𝑓 and the concentration at the height of the velocity 

maximum 𝐶|𝑧=ℎ𝑓
, the fit of EQN. 4-10 to the time-averaged non-dimensional data. For comparison, the fit of 

EQN. 4-10 for turbidity currents was computed by Cantero-Chinchilla et al. (2015) (purple line). 

Figure 4.6 i shows the nondimensional concentration data of the smooth and rough 

experiments. The data is normalized by the flow height ℎ𝑓 and the concentration at the height 

of the velocity maximum 𝐶|𝑧=ℎ𝑚
. The data shows a collapse and self similar distribution 

with height. Fits of EQN. 4-10 provide correlation coefficients of 0.85 and fit parameters 

𝜙 = 2.87 and 𝜁 = 0.454. For comparison fit parameters for turbidity current data are 

calculated to be 𝜙 = 4 and 𝜁 = 1.5 (Cantero-Chinchilla et al., 2015). The fit parameters in 

EQN. 4-10 control different proportions of the concentration distribution. Here 𝜙 controls 

how the concentration profile decays with height, with the decay being larger for large 𝜙. 

Lower values of 𝜙, therefore, show that the concentration decays slower with height, 

compared to turbidity currents presented in Cantero-Chinchilla et al. (2015). 𝜁, on the other 

hand, describes the increase towards the base, and if the lowermost region has a concave 

(𝜁 < 1) or convex (𝜁 > 1)trend. The smaller 𝜁 < 1, the stronger the concave trend, and with 

it, the increase of concentrations towards the base. The value of 𝜁 = 1.5 for turbidity currents 

(Cantero-Chinchilla et al., 2015) presents a convex trend in the wall region. This is 

contrasted by a concave trend presented by dilute PDCs with 𝜁 = 0.56 that highlight stronger 

increases in concentration toward the flow base.  
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4.4.5 Self-Similarity of dynamic pressure 

Through the self-similarity of the concentration profiles follows self-similarty of the density 

profiles defined as: 

 𝜌(𝑧)  = (1 − 𝐶(𝑧))𝜌𝑓 + 𝐶(𝑧)𝜌𝑝, EQN. 4-11 

with the ambient density 𝜌𝑓 = 1,293 kg ∙ m−3, and the average solid density 𝜌𝑝 = 1950 kg ∙

m−3. 

Using EQN. 4-2, the self-similar density as a function of height is defined as:  

 

𝜌(𝑧)  = [1 − 𝐶|𝑧=ℎ𝑚
∙ 𝑒

−𝜙[(
𝑧
ℎ𝑓

)
𝜁

−𝜂𝑤
𝜁]
] 𝜌𝑓 + 𝐶|𝑧=ℎ𝑚

∙ 𝑒
−𝜙[(

𝑧
ℎ𝑓

)
𝜁

−𝜂𝑤
𝜁]
𝜌𝑝.         

EQN. 4-12 

As the velocity magnitude was shown to be self-similar, the dynamic pressure must be self-

similar and is defined as:  

 
𝑃𝑑𝑦𝑛(𝑧) =

𝜌(𝑧) ∙ 𝑈(𝑧)2

2
= 

𝑈𝑚
2(

𝑧

ℎ𝑚
)
2𝜉

𝑒[
 
 
 
 −2(

𝑧
ℎ𝑚

−1)𝜉−(2(
𝑧

ℎ𝑚
−1)

2
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∙
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1−𝐶𝑚𝑎𝑥∙𝑒
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𝑧
𝑧𝑓

)

𝜁

−(
ℎ𝑚
𝑧𝑓

)

𝜁
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𝑧𝑓
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𝜁
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ℎ𝑚
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𝜁
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2
. 

EQN. 4-13 



214 

With the fit parameters determined from the concentration and velocity fits. Figure 4.7 shows 

the non-dimensional self-similar distributions of the velocity magnitude, concentrations, 

densities, and dynamic pressure.  

The proposed functions can be used to calculate the non-dimensional time- and height-

averaged velocity magnitude 𝑈̅ = 0.81, concentration 𝐶̅ = 0.8, flow density 𝜌̅ = 0.8, and 

dynamic pressure 𝑃𝑑𝑦𝑛
̅̅ ̅̅ ̅̅ = 0.58. These average values are marked as dashed vertical lines in 

Figure 4.7 a-c. The maximum of dynamic pressure is approximately 2.46 times higher than 

the bulk, depth- and time-integrated value (𝑃𝑑𝑦𝑛𝑚𝑎𝑥
= 2.46 ∙ 𝑃𝑑𝑦𝑛

̅̅ ̅̅ ̅̅ ). The height of the 

maximum dynamic pressure sits at ℎ𝑃𝑚𝑎𝑥
~0.0675 ∙ ℎ𝑓, and thus lower than the height of 

the velocity maximum ℎ𝑚 = 0.24 ∙ ℎ𝑓. Using bulk flow densities 𝜌̅ and velocities 𝑈̅ the 

maximum time-averaged dynamic pressure can be calculated as  

 𝑃𝑑𝑦𝑛𝑚𝑎𝑥
= 2.72 ∙ 𝑈̅2 ∙ 𝜌̅. EQN. 4-14 

Figure 4.7d compares the vertical profile of the self-similar time-averaged dynamic pressure 

with the similarly normalised, direct measurements of the 95th percentile of dynamic 

pressure (measured with Piezoelectric pressure sensors). The 95th percentile is chosen as a 

statistically relevant maximum value of turbulent fluctuations in dynamic pressure that is 

characteristic for the vertical variation pressure of the entire current. While the forms of the 

mean and turbulent pressure profiles are broadly similar, the significantly larger turbulence 

excursions show comparably lower reduction in dynamic pressure towards the solid-shear 

lower and free-shear upper flow boundaries than the time-averaged pressure profile. 



215 

 

Figure 4.7 Self-similarity of the normalized velocity magnitude, concentration, density, and dynamic 

pressure. a) non-dimensional Power-Gaussian fit (EQN. 4-6) of the velocity magnitude, normalized by the 

velocity magnitude 𝑈|𝑧=ℎ𝑚 at ℎ𝑚, and the flow height ℎ𝑓. b) non-dimensional concentration fits of EQN. 4-10, 

normalized by the concentration at the wall jet boundary 𝐶|𝑧=ℎ𝑚 and the flow height ℎ𝑓. c) Densities calculated 

from concentrations shown in b (EQN. 4-11). The density distribution is normalized by the density at the wall 

jet boundary 𝜌|𝑧=ℎ𝑚 and the flow height ℎ𝑓. d) Distribution of dynamic pressures calculated after EQN. 4-13 

as 𝑃𝑑𝑦𝑛 =
𝑈2𝜌

2
. The for the velocity magnitude, the Power-Gaussian velocity fit is used, and densities from 

pannel (c) are used. The distribution of dynamic pressure is normalized using the dynamic pressure at the body 

wake boundary 𝑃𝑑𝑦𝑛|𝑧=ℎ𝑚, marked in red.The height axis is normalized by the flow height ℎ𝑓. Blue diamonds 

mark the 90s percentile of the dusty gas pressure measured using Piezoelectric pressure sensors (PCB 

Piezotronics 106B51). a-d) for each non-dimensional profile, the height average over the flow body (𝑧 ≤ 1) is 

marked with vertical dashed red lines.  

4.4.6 Mean and Turbulent Components of the Flow Structure 

Analysis of the time-averaged velocity and concentration distributions has shown self-

similarity, and comparing with maximum values revealed that turbulence excursions do not 

necessarily follow the time-averaged self-similar vertical structure of dilute PDCs.  

To further investigate the temporal evolution of the generated dilute PDCs, Reynolds 
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decompositions were performed at 3.35 𝑚 from impact for the rough experiment. The 

Reynolds decomposition is defined as:  

 𝑈(𝑡, 𝑧) = 𝑈̅(𝑡, 𝑧) + 𝑈′(𝑡, 𝑧), EQN. 4-15 

with the flow field 𝑈(𝑡, 𝑧), the mean flow field 𝑈̅(𝑡, 𝑧), and the turbulence fluctuations 

𝑈′(𝑡, 𝑧). Previous work by Cerminara et al. (2021) and Brosch et al. (2021) used Power-

Gaussian profiles with temporal polynomials as fit parameters to calculate the mean flow 

field 𝑈̅(𝑡, 𝑧). Here, the mean flow fields are computed using first-degree temporal Savitzki-

Golay filters (Savitzky and Golay, 1964) with filter lengths of 1 𝑠. This algorithm allows for 

the extraction of turbulence fluctuations from all velocity components (𝑈, 𝑢, and 𝑣) and for 

both the body and wake of the dilute PDC. Results of the turbulence fluctuations are shown 

in Figure 4.8.  

The velocity fields for the velocity magnitude, downstream velocity, and vertical velocity 

exhibit complex features, as shown in Figure 4.8 a, b, and c, respectively. The full flow field 

of the velocity magnitude (Figure 4.8 a) and the downstream velocity (Figure 4.8 b) show 

similar features including the flow head (𝑡 < 1 𝑠) and a dominant flow body (c. 2 − 3 𝑠). 

The vertical velocity (Figure 4.8 c) provides more insights into the flow structure. The 

vertical velocity shows the leading upstream rotating head vortex and the divergence at the 

body wake boundary. Calculating the mean velocity fields using temporal Savitzki-Golay 

filters with 1 𝑠 filter length (Figure 4.8 d, e, and f) provides mean velocity fields that still 

show a signature of the flow’s head and body regions. The vertical velocity further shows 

the evolution of the body wake boundary in the flow body (Figure 4.8 f). Maximum values 

of the mean velocity magnitude and downstream velocity reach values > 6 m ∙ s−1. The 
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mean field of vertical velocities takes values between c. −1.14 and 2 m ∙ s−1, and with it, 

smaller, significantly smaller values than the raw vertical velocities (c. −2.3 to 3.9 m ∙ s−1).  

 

Figure 4.8 Reynolds decomposition of the velocity magnitude, downstream velocity, and vertical velocity. 

The first coloumn (a, d, and g) shows the Reynolds decompositon of the velocity magnitude at 3.35 from impact. 

The second coloumn (b, e, and h) shows the Reynolds decomposition of the downstream velocity at 3.35 m from 

impact. The third coloums (c, f, and i) shows the Reynolds decomposition of the vertical velocity at 3.35m from 

impact. All Reynolds decompositions (𝑋 = 𝑋̅ + 𝑋′) where performed using temporal Savitzki-Golay filters with 

filter length of 1 𝑠 to calculate the mean velocity fields 𝑋̅. For each coloumn the first row shows the raw 

velocities 𝑋, the second row the mean velocites 𝑋̅, and the third row the turbulence fluctuations 𝑋′. The flow 

height is marked black in all panels and all data is recorded at 3.35 m. The first row shows the raw velocities 

of a) velocity magnitude, b) downstream velocity c) vertical velocity. The second row shows the mean velocity 

fields of a) the velocity magnitude, b) the downstream velocity, and c) the vertical velocity. The last row shows 

the turbulence fluctuations of a) the velocity magnitude, b) the downstream velocity, and c) the vertical velocity. 

Velocity fluctuations of the velocity magnitude (Figure 4.8 g) and downstream velocity 

component (Figure 4.8 h) show similar features with slight deviations. Noteworthy, the range 

of velocity fluctuations of the downstream velocity exceeds the range of velocity fluctuations 
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in the velocity magnitude. The vertical velocity fluctuations show a strong signature of the 

frontal head vortex and subsequent low-period fluctuations with lower magnitude. 

To investigate how dominant turbulence fluctuations are compared to the mean flow 

turbulence intensities defined as 

 

𝐼 =
√𝑢′2+𝑣′2

2

2

√𝑢̅2+𝑣̅22 , 

EQN. 4-16 

are calculated. Time-height contour plots of turbulence intensities along the runout (1.8 −

5.4 m) are shown, for the example of the rough experiment, in Figure 4.9. The turbulence 

intensities take high values throughout the entire flow with values > 0.05, for all observer 

locations. For the first two observer locations, 1.8 and 3.35 m, the turbulence intensities 

reach values larger 1.5, in the first two profiles. At the third profile at 3.35 m the turbulence 

intensities reach lower values, and an overall decrease with distance is observed. The 

temporal evolution for all observed locations shows strong similarities with maximum values 

in the head (approximately the first second of the flow passage). Especially the higher 

portions of the head at 1.8 m and 3.35 m show the largest turbulence intensities. During the 

passage of the flow body c. 1 − 3 s, a stratification in the turbulence intensities occurs. At 

1.8 m (Figure 4.9 a), this stratification is most clearly visible. The flow wake shows the 

highest values, which decrease at a height of c. 1 m, below the body wake boundary at c. 

1.15 m. Below this, the flow body composed of the wall and jet region shows lower 

turbulence intensities, followed by an increase in turbulence intensities in the last few 

centimeters above the flow base. At 3.35 and 5.4 m from impact, these trends are also 

observed. With the waning of the flows after c. 3 s, turbulence intensities increase for all 

observer locations. 
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Figure 4.9 Spatio-temporal evolution of turbulence intensities (EQN. 4-16). Each panel shows the turbulence 

intensities from the rough experiment at different distances from impact: a) 1.8 m, b) 3.35 m, and c) 5.4 m. 

Turbulence fluctuations are extracted using temporal Savitzki Golay filters with 1 s filter length. For each 

panel, the flow height is marked in black. 

Figure 4.10 shows time-integrated profiles of the turbulence intensities. Figure 4.10 a 

compares the time averaged turbulence intensity for 1.8, 3.35, and 5.4 m from impact. All 

locations show the same trend, with high turbulence intensities at the base, dropping off until 

𝑧

ℎ𝑓
~0.1. Between 

𝑧

ℎ𝑓
~0.1 to 

𝑧

ℎ𝑓
~0.7, a slight increase in turbulence intensities can be 

observed until a strong increase starts at 
𝑧

ℎ𝑓
~0.7, where also deviations of the self-similarity 
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are observed in the velocity magnitude and downstream velocity (see Figure 4.5 a and b). A 

comparison of the different experiments in Figure 4.10 b shows no substantial influence of 

the bed roughness.   

 

Figure 10 Time-integrated normalized profiles of turbulence intensities and turbulence kinetic energy. a) 

Time-integrated profiles of the turbulence intensities (EQN. 4-16) of the rough experiment for 1.8 (blue),3.35 

(orange), and 5.4 m (green) from impact. b) Time-integrated turbulence intensities for different experimental 

runs, smooth experiment (red), medium experiment (purple), and rough experiment (brown), at 3.35 m runout. 

Turbulence intensities are calculated using temporal Savitzki Golay filters with 1 s filter length and averaged 

over the central flow body (1-2.5 s). 

Another measure of turbulence is turbulence kinetic energy (TKE), defined as:  

 𝑇𝐾𝐸 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ ), EQN. 4-17 

with 𝑢′2̅̅ ̅̅  the time-averaged squared downstream velocity fluctuation, and 𝑣′2̅̅ ̅̅  the time-

averaged squared vertical velocity component. For the transient case of dilute PDCs, such 
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as presented here, the squared turbulence fluctuations are not time-averaged; therefore, the 

presented time-dependent TKE is defined as:  

 𝑇𝐾𝐸 =
1

2
(𝑢′2 + 𝑣′2), EQN. 4-18 

providing the kinetic energy contained in the turbulence per unit mass. Results for the TKE 

for for the rough experiment at 1.8, 3.35, and 5.4 m, from impact, extracted with 1 s and 

250 ms filter lengths, are shown in Figure 4.10.  

 

Figure 4.10 Spatio-temporal evolution of turbulence kinetic energy (EQN. 4-18) inside dilute PDCs. The 

turbulence kinetic energy (EQN. 4-18) extracted from velocity measurements obtained during the rough 

experiment are shown at 1.8, 3.35, and 5.4 m from impact in panel a, b, and c, respectively. Turbulence 

fluctuations to calculate the TKE are extracted via Reynolds decomposition, using 1 s long temporal Savitzki 

Golay filters to calculate the mean flow fields for the downstream and vertical velocity. 
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The TKE at 1.8 m from impact (Figure 4.10 a) shows variations over multiple orders of 

magnitude. The TKE is maximal in the flow head, which constitutes the largest turbulence 

structure in dilute PDCs. Following the head, between c. 1 and 2.5 s, the TKE reduces and, 

similarly to the turbulence intensity, shows higher values in the wake than in the main flow 

body. Interestingly, features with small duration (~100 ms) and spatial extend are dominant 

within the main flow body. With the waning of the flow (~3 s onward), an increase in TKE 

can be observed, and the TKE shows a more even distribution with height. As opposed to 

the turbulence intensity 𝐼, no dominant increase in TKE is observed towards the substrate. 

TKE at 1.8 m from impact, extracted with a shorter window length of 250 ms (Figure 4.10 

b), shows that sub-vertical high-frequency features superimpose large turbulence structures 

throughout the flow passage. At 3.35 m from impact (Figure 4.10 b), the TKE shows similar 

features in the head until c. 1 s. Particularly the upper head shows maximum values. After 

the head passage, between c. 1 and 3 s, the turbulence kinetic energy shows consistently 

higher values in the wake and is dominated by small-scale high-frequency structures in the 

flow body. Also, at 5.4 𝑚 from impact (Figure 4.10 b), this same pattern is shown. 

Comparing these three observer locations, it is apparent that the TKE decreases during the 

flow propagation, from initially c.19 m2 ∙ s−2 to 1.85 m2 ∙ s−2 at 5.4 m from impact. 

Extracting higher frequency turbulence structures using shorter filter lengths reveals the 

superposition of larger and smaller turbulence structures also to occur at 3.35 and 5.4 m, 

Figure 4.10 d and f, respectively.  
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4.5 Discussion 

4.5.1 Self-Similar Vertical Structure of Dilute PDCs 

We presented the first dataset interrogating the time-averaged vertical structure of velocity 

and concentration of dilute PDCs. We conducted three experiments with varying bed 

roughness, from dynamically smooth to roughness larger than the viscous sublayer. The 

results show that the Power-Gaussian velocity profile suggested by Brosch et al. (2021) and 

Cerminara et al. (2021) fits the dimensional velocity magnitude and downstream velocity at 

all observer locations and experiments. These results show the similarity to velocity 

distributions used to describe turbidity currents (Altinakar et al., 1996, Cantero-Chinchilla 

et al., 2015). Investigations on the presence of a basal slip did not provide conclusive results 

due to the slightly too coarse spatial resolution of our PIV analysis. The slight increase in fit 

quality of the Power-Gaussian profile with a Navier slip condition (Eqn. 4) in comparison to 

the normal Power-Gaussian description (Eqn. 1) is not significant enough to be interpreted 

and may stem from overfitting due to the employment of an additional fitting parameter. 

Unlike distributions of velocity magnitude and downstream velocity in turbidity currents, 

the velocity distributions of dilute PDCs do not approach zero at the upper boundary of the 

flow body. Here, dilute PDCs develop a turbulent wake where downstream velocity and 

velocity magnitude are not zero, and the vertical (slope normal) velocity component changes 

sign and transitions from predominantly downward to predominantly upward motion. Up to 

the body wake boundary, we further show a Power-Gaussian fit to describe the vertical 

velocity component well. At the body-wake boundary, the vertical velocities switch signs, 

leading to predominantly upward motion in the flow's wake. The Power-Gaussian profile of 

the vertical velocity does not describe the body-wake boundary well. Fitting a velocity 

distribution such as Cantero-Chinchilla et al. (2015) suggested for the downstream velocity 
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components to the vertical velocity data satisfies the boundary condition at the body wake 

boundary. However, the fit parameters of Power-Gaussian velocity distributions provide 

valuable information about the data (Cerminara et al., 2021), whereas the fit parameters of 

EQN. 4-9 are less easily interpretable (Cantero-Chinchilla et al., 2015).  

Analyzing the non-dimensional velocity data reveals the self-similarity of all velocity 

components, and no clear influence of the substrate roughness can be identified. This does 

not match the results of Kashefipour et al. (2017), investigating water particle currents. An 

important difference between the presented experiments and the experiments presented by 

Kashefipour et al. (2017) is the range of roughness used. With wall region heights of 2 −

6 cm, Kashefipour et al. (2017) used 0 − 1.5 cm roughnesses in 0.5 cm steps. Scaling these 

roughness scales to the PELE set-up would correspond to maximum roughness scales of 

10 − 33 cm, exceeding the used roughness scales (4 − 8 mm) by more than an order of 

magnitude. These roughness scales match obstacle heights used by Corna (2023), who 

investigated the influence of topographic obstacles on the propagation of dilute PDCs. 

Therefore, the roughness scales used in this study might be too small to influence the vertical 

structure. Further, with strongly sedimenting flows such as described here, the flows rapidly 

generate their own substrate that they propagate on overprinting the preexisting terrain. 

Further studies applying wider ranges of bed roughness are suggested.  

Time-averaged concentration distributions along the runout were shown to be well fit by 

EQN. 4-2, first suggested by Cantero-Chinchilla et al. (2015), and tested at one observer 

location by Brosch and Lube (2020). The main differences between concentration profiles 

of dilute PDCs and turbidity currents, as shown by Cantero-Chinchilla et al. (2015), are a 

strong increase towards the base and a slower fading with height. This is presented in the fit 

parameters and is constituted in a concave rise of concentrations towards the base as opposed 
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to a convex trend for turbidity currents. Also, the decrease in concentrations of dilute PDCs 

decreases slower towards the top in dilute PDCs. It is noteworthy that turbidity currents 

investigated by Cantero-Chinchilla et al. (2015) did not develop a dominant wake. 

Using the self-similar distributions of velocity magnitude and concentration, a self-similar 

distribution of the dynamic pressure is derived. This self-similar distribution has the same 

shape as dynamic pressure distributions presented in Dellino et al. (2010). The main 

difference here is that EQN. 4-13 has maximum values at c. 
𝑧

ℎ𝑓
= 0.068  compared to smaller 

values observed by Dellino et al. (2010). For natural PDCs, such as the PDC generated 

during the 9th of December eruption of Whakaari (White Island), New Zealand, a flow height 

of 26 m (Brosch et al., 2021) would, according to our results, generate a dynamic pressure 

maximum at c. 1.77 m. For other natural flows between 100 − 500 m flow height, the 

dynamic pressure maximum would result at 6.8 − 34 m, and thereby within the height of 

built infrastructures.  

The self-similarity of all velocity components, as well as the concentration, dynamic 

pressure, and, therefore, the momentum, provides valuable information for depth-averaged 

models (Doyle et al., 2008, Doyle et al., 2010, Kelfoun, 2017, Shimizu et al., 2019, Shimizu 

et al., 2021). To attempt to improve these models, the vertical distributions suggested in this 

research could be implemented in those models. The similarity of the dynamic pressure 

distributions (EQN. 4-13) to results by Dellino et al. (2010), obtained using a law of the wall 

velocity profile, suggests changing the vertical distributions may not significantly change 

the model outputs. 
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4.5.2 Engines of Turbulence in Dilute Pyroclastic Density Currents 

Turbulence fluctuations of the velocity magnitude, downstream, and vertical velocity were 

extracted using temporal Savitzki Golay filters to calculate the mean flow fields. The 

resulting turbulence fluctuations reveal the head to be the most dominant structure and to be 

followed by a range of large turbulence structures. These turbulence structures are presented 

through the entire flow height and show strong similarities to structures presented by Brosch 

et al. (2021). Turbulence intensities calculated from the mean and turbulent components 

extracted from the Reynolds decomposition revealed the turbulence to be dominant in 

lowermost part of the wall region and to strongly increase and be dominant above 
𝑧

ℎ𝑓
> 0.7. 

This matches the main deviations from the self-similar velocity profiles shown in Figure 4.5. 

This pattern is shown throughout the entire flow passage, least dominant in the turbulent 

head, constituting the largest and most dominant turbulence structure in the described PDCs. 

Time-integrated height profiles of the turbulence intensities reconfirm this pattern and 

suggest no significant differences along the runout or the substrate roughness. 

Turbulence kinetic energies extracted with 1 s long Savitzki Golay filters also revealed the 

most dominant turbulence structure to be the head and the turbulence to be higher in the flow 

wake than in the body. Interestingly, the body is dominated by higher frequency turbulence 

structures than the rest of the flow, and no significant increase to the base was observed. 

This pattern is most visible at 1.8 m from impact. The turbulence kinetic energy decreases 

strongly along the runout. These results suggest that the turbulence generation is dominated 

by the outer free shear, creating an actively mixing wake that protrudes into the main flow 

body. In upper flow portions low density gradients and low stratification stability (Brosch 

and Lube, 2020) lead to unhindered turbulence production. Strong density stratifications and 

high particle concentrations in lower flow portions hinder turbulence generation 
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(Elghobashi, 1994, Breard et al., 2016, Lube et al., 2020). Outer shear and the actively 

mixing layer are therefore suggested to be one of the main drivers of turbulent entrainment 

(Burgisser and Bergantz, 2002, Andrews and Manga, 2012, Dellino et al., 2019, Brosch et 

al., 2022) and the generation of large destructive turbulence structures (Brosch et al., 2021). 

Extracting turbulence kinetic energies with smaller window lengths further showed the 

superposition of smaller sub-vertical high-frequency turbulence structures. 
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5.1 Abstract 

Dilute pyroclastic density currents (dilute PDCs) are amongst the most hazardous volcanic 

phenomena globally. In situ measurements are highly challenging due to their high 

destructiveness. Therefore, most research has focused on deposit interpretations, analog 

experiments, and numerical simulations. Large-scale experiments have shown that 

turbulence structures significantly enhance the destructiveness of dilute PDCs. However, the 

formation of the turbulence structures and their modification by gas-particle interactions 

inside dilute PDCs remain poorly understood. 

We present experimental results synthesizing high Reynolds number dilute PDCs formed by 

the gravitational collapse of hot volcanic material falling from a hopper onto an inclined 

chute. The turbulence structures and gas-particle coupling are investigated through 

measurements of flow-internal velocity fields, flow temperature, and dynamic pressure. The 

recorded time series are analyzed for their turbulence characteristics by performing Reynolds 

decompositions and investigations of their frequency spectra. Our observations show large 

turbulence structures to be superimposed by smaller sub-vertical sub-structures. The Fourier 

spectra of dynamic pressure are characterized by maxima and slope changes, corresponding 

to discrete frequency bands at 6 − 17 Hz and 35 − 95 Hz, where flow energies are focused, 

and amplitude maxima occur. Analyzing the particle Stokes number, these frequencies can 

be linked to characteristic modes of the flow grain-size distributions, 114 − 252 μm and 

39 − 67 μm, respectively. The Fourier spectra of dynamic pressure, vertical velocity, and 

temperature also show characteristic decreases in slope and, therefore, enhanced energy 

transfer from large to small structures. Energy maxima in the Fourier spectra of dynamic 

pressure on frequency bands between 6 − 17 Hz coincide with the slope changes at 6 Hz 

and sub-vertical structures with ~10 Hz. 
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We hypothesize that particles cluster at eddy peripheries, from which they finally decouple, 

generating sub-vertical sedimentation pathways. Through this process, turbulent gas-particle 

feedbacks cause selective sedimentation, producing polymodal flow grain-size distributions 

and modulations of the turbulent energy cascade. 

5.2 Introduction 

Dilute pyroclastic density currents (also dilute PDCs or pyroclastic surges and blasts) are 

frequently occurring and highly destructive volcanic processes at the Earth’s surface 

(Wohletz, 1998, Sulpizio et al., 2014, Lube et al., 2020). Dilute PDCs represent strongly 

vertically density stratified, turbulent multiphase flows of hot volcanic particles and gas. 

Dilute PDCs frequently occur for all eruption magnitudes, but their destructiveness and 

unpredictability make systematically planned in situ measurements inside flows challenging. 

Only a few incidental direct geophysical measurements of PDCs exist (Scharff et al., 2019, 

Brosch et al., 2021). Due to this lack of observations, an understanding of the detailed 

internal flow and turbulence structure of dilute PDCs remains incomplete. 

Much of the complexity of dilute PDCs stems from their polydispersity and wide range of 

particle concentrations occurring concurrently within a single flow (Branney and Kokelaar, 

2002, Roche, 2012). In turbulent multiphase flows, different degrees of gas-particle feedback 

are envisaged to occur. At particle concentrations 𝜙𝑝 ≤ 10−6 one-way coupling is expected 

to be dominant where particles follow the fluid motion but do not modulate the fluid motion 

(Elghobashi, 1994). With increasing particle concentrations (10−6 < 𝜙𝑝 ≤ 10−3), two-way 

coupling becomes dominant and the particles and fluid phases affect each other's dynamics 

(Elghobashi, 1994). For concentrations 𝜙𝑝 > 10−3, interparticle collisions and friction are 

important and four-way coupling characterizes gas-particle interaction and feedbacks 
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(Elghobashi, 1994, Carrara et al., 2019). In polydisperse systems, the particle Stokes number 

(𝑆𝑡) and the Stability number (𝛴) describe how particles are affected by turbulent eddies of 

different time and length scales (Burgisser and Bergantz, 2002, Breard and Lube, 2017). For 

particle Stokes numbers of around one, particles tend to accumulate and cluster at the 

peripheries of turbulence structures (Burgisser and Bergantz, 2002). Strong polydispersity 

and a wide range of particle densities result in a broad range of coupling and transport 

regimes (Burgisser and Bergantz, 2002, Burgisser et al., 2005, Lube et al., 2020, Breard and 

Lube, 2017). While particle clustering in multiphase turbulence occurs predominantly for 

𝑆𝑡 = 𝒪(1), it also occurs at conditions of smaller Stokes numbers (Fessler et al., 1994, 

Aliseda et al., 2002, Wang and Maxey, 1993). Particle clustering remains a main research 

avenue in multiphase turbulence (Brandt and Coletti, 2022). 

How the multiphase properties like coupling regimes and polydispersity affect the turbulence 

structures and the energy cascades inside dilute PDCs has not been quantified. Several 

studies on multiphase flows suggest that particles enhance the energy transfer from larger to 

smaller turbulence structures (Yang and Shy, 2005, Bosse et al., 2006, Poelma and Ooms, 

2006). The mechanism by which particles enhance this energy cascade is not known. 

Ferrante and Elghobashi (2003) suggest that the accumulation of particles with 𝑆𝑡~1 at eddy 

peripheries increases the local momentum. 

Experimental studies by Brosch et al. (2021) have shown that turbulence plays a crucial role 

in the destructive potential of dilute PDCs. They observed that fluctuating maxima in 

dynamic pressure, which are up to 3– 5 times the mean dynamic pressure, are associated 

with the largest coherent turbulence structures. However, it remains to be shown how 

pressure energy enhances inside turbulence structures and how these evolve during flow 

propagation.  
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We present measurements into experimental dilute pyroclastic density currents conducted at 

the large-scale facility PELE in New Zealand (Pyroclastic flow Eruption Large-scale 

Experiment) (Lube et al., 2015). We extract turbulence fluctuations for two different time 

and length scales from direct dynamic pressure measurements, flow internal velocities, 

specific kinetic energy, and flow temperature. Based on these turbulence fluctuations, we 

identify turbulence structures and describe their evolution along flow runout. Further, we 

investigate the Fourier spectra of these measurements, showing how turbulent energy is 

transferred from large to small structures and focused into distinct frequency bands. The 

particle Stokes number is analyzed to link the particle size distributions of the flow to 

turbulence timescales. The presented study aims to address three specific research questions 

concerning turbulent gas-particle coupling in dilute PDCs: How is turbulence presented in 

measurements of different flow parameters? How do turbulence characteristics change along 

the runout? Which gas-particle interactions occur in polydisperse dilute PDCs? 

5.3 Methods 

The large-scale experiment was conducted at the PELE facility, designed to generate and 

measure inside experimental PDCs that dynamically scale to natural flows (Lube et al., 2015, 

Brosch and Lube, 2020). The experimental dilute PDC is generated through a gravitational 

collapse by discharging heated volcanic material from an elevated hopper into an 

instrumented flume. An experimental dilute PDC forms on impact, propagating down the 

flume. The volcanic material used in the experimental runs is a mixture of two well-studied 

volcanic deposits from the AD232 Taupo ignimbrite (Wilson, 1985), with particle sizes from 

2 µm to 16 mm, a fines content (particles < 64 µm) of 20%, and particle densities 350 −

2600 kg ∙ m−3 (Figure 5.1). The initial grain-size distribution presents an approximately 
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Gaussian shape with a primary mode at 250 µm, a secondary mode at 11 µm, and a 𝑑50 

median grain size of 245 µm.  

 

Figure 5.1 Properties of the experimental mixture. a) Grain size distribution in weight percent (grey 

histogram) and cumulative grain size distribution in weight percent (dark red), with a 𝑑50 median grain size 

of 241 µ𝑚 (vertical black line), and fines content (particles < 64 µ𝑚) of c. 20%. The grain size distribution 

is near unimodal, with a primary mode at 250 µ𝑚 and a secondary minor mode at 11 µ𝑚. b) Grain size-

dependent average hydraulic densities of the particles. The average particle density, ranging from 350 −

2600 𝑘𝑔 ∙ 𝑚−3, was measured using heavy liquid separation by Breard (2016). 

In the experiment described here, 125 kg of volcanic material was heated to a temperature 

of 120 ℃ (the ambient temperature during the experiment was 15 ℃) inside a hopper with 

a volume of 0.7 m3, which is mounted 7 m above an instrumented flume inclined at 6. The 

material is discharged over 5 s at an average discharge rates of 25 kg ∙ s−1, peaking at 

40 kg ∙ s−1. The material impacts the instrumented flume approximately 1.5 s after the 

experimental trigger. At a distance of 1.8 m, a fully developed density current structure is 

formed.  

The runout section comprises an instrumented confined channel and a horizontal unconfined 

runout section. The confined channel is 14.6 m long and 50 cm wide and inclined at 6°. One 
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sidewall is constructed from tempered glass, and the other side is made of steel. The 

confining side wall height reduces along the runout from 1.8 m (0 − 6.4 m runout) to 1.2 m 

(6.4 − 10.6 m) to finally 0.6 m (until 14.6 m), from 14.6 m onwards. The substrate is made 

from 4 − 8 mm subrounded river pebbles glued into the channel as a closely packed 

monolayer. 

The glass wall on one side of the channel allows viewing inside the flows to record flow 

internal processes and the flow structure, using 20 GoPro cameras (recording at 30 −

240 𝑓𝑟𝑎𝑚𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑(fps) and six high-speed, high-resolution cameras 

(recording at 500 fps). To illustrate the flow structure at static observer location, time-

height graphs of the high-speed video footage (as shown in Figure 5.2 and Figure 5.3) are 

generated by extracting pixel columns for each time step. The high-speed camera data is also 

used to calculate two-dimensional velocity fields (𝑈⃑⃑⃑ = (𝑢, 𝑣)) utilizing the particle image 

velocimetry (PIV) implementation PIVlab (version 2.54) (Thielicke and Stamhuis, 2014). 

Velocity fields generated have a spatial resolution of c. 1 cm and a temporal resolution of 

500 Hz (2 ms). The velocity fields are further processed in Python to compute fast Fourier 

transforms and to perform Reynolds decompositions. 

In the confined runout, time-integrated sampling tubes were positioned on the steel wall side 

at runout distances of 3.35, 5.4, and 9.6 m at 45 cm height. In contrast, time-integrated 

sampling tubes were set at 45 cm in the center of the flow at 16 and 20 m. The particle size 

distributions of these flow samples was obtained through a combination of sieving and laser 

particle sizing. 

Flow temperature was recorded in vertical profiles at 1.8, 3.4, 5.4, 9.6, 16 and 20 m with 

fast responding (< 0.015 s response time) Type K thermocouples a sampling rate of 75 Hz. 

The thermocouples intruded 5 cm into the flow from side walls to reduce boundary effects. 
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In the center of the flow, piezoelectric dynamic pressure sensors (manufacturer: PCB 

Piezotronics, model: 106B51) measured high-resolution pressure data at a sampling rate of 

1 kHz.  

 

Figure 5.2 PDC structure at 1.8 m from impact. a) Time-height graph of the high-speed video footage of 

showing the passing flow showing. The time-height graph is assembled from vertical pixel columns of 

highspeed camera videos. The greyscale is a proxy for observed particle densities. b) Time-height plot of 

vertical velocities. The red line gives the flow height in both plots. Zonations into flow head, and body are 

indicated on top. Both plots also have the same height axes (z [m]) and time axes (t [s]), where the time starts 

at flow arrival. The numbers mark flow features: 1) head vortex, 2) low concentration zone in the center of the 

head indicated by low reflectance, 3) Kelvin-Helmholtz instabilities at the upper flow boundary, 4) examples 

of visual sub-vertical flow structures. 

The scaling analysis summarized in Table 5-1 shows that the experimental dilute PDCs scale 

well to natural dilute PDCs (Brosch and Lube, 2020, Brosch et al., 2021, Brosch et al., 2022) 
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The fully turbulent flow with Reynolds numbers of 1.5 ∙ 106 is characterized by Richardson 

numbers of 10−2 − 10, Froude numbers of 0.75 − 2, and thermal Richardson number of 2 ∙

10−2  −  4.5 demonstrating fluid dynamical scaling. The use of natural volcanic material 

further ensures realistic gas-particle feedbacks, reflected in the particle Stokes number 

(10−3 − 9.9), stability number (13 × 10−3 −  32) (particle stokes numbers and stability 

numbers are calculated for the largest eddies), Galileo Number (5.9 × 10−8 −  3.4 × 104), 

and Rouse number (66 × 10−2 −  19). Calculating the Kolmogorov length scale as 𝜂 = ℎ ∙

𝑅𝑒−3 4⁄  (Pope, 2000) yields Kolmogorov length scales ranging from 1.33 − 42 µm, which 

is significantly smaller than the 𝑑50 median grain-size of the initial mixture of c. 245 µm.  

Table 5-1 Dynamic scaling parameters, comparing experimental and natural dilute PDCs.The scaling 

parameters are grouped into ambient and flow properties (grey), fluid dynamics (green), gas-particle coupling 

(blue), and thermodynamics (red). 𝜇𝑎 ambient dynamic viscosity, 𝐶𝑆 particle solid concentration, 𝜌𝑎 ambient 

density, 𝜌𝑐 flow density, ∆𝜌 density difference between flow and ambient, 𝐶𝑝𝑐
 and 𝐶𝑝𝑎

 the flow and ambient 

heat capacity, 𝑔 is the gravitational acceleration, 𝑔′ is the reduced gravitational acceleration, 𝑘 is the Karman 

constant, 𝜃 the substrate inclination, 𝑢𝑇 the particle terminal velocity, and ∆𝑢 the eddy rotational velocity. 

Values for natural PDCs are collected from Druitt (1998), Choux and Druitt (2002), and Burgisser et al. 

(2005). The equation for the flow dynamic viscosity is from Wohletz (1998). The equation for the Galileo 

number is from Uhlmann and Doychev (2014). Table modified from Brosch et al. (2021). 

Parameter Meaning Definition Generated 

Dilute PDCs 

Natural Dilute 

PDCs 

Particle Size  𝑑 2 μm 
−  16 mm 

10−6  
− 10−1 m 

Particle 

density 

 𝜌𝑠 350 
−  2600 kg
/m3 

300 
−  2600 𝑘𝑔
/𝑚3 

Ambient 

Density 

 𝜌𝑎 1.06 
−  1.225 kg
/m3 

0.6 
−  1.2 𝑘𝑔
/𝑚3 
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Flow density  𝜌𝑐 1.27 
−  10 kg
/m3 

 

Flow 

Temperature 

 𝑇 15 
−  60 °C 

 

Velocities  𝑢 ≤ 10.5 m/s 10 
−  200 m/s 

Flow 

dynamic 

viscosity 

 𝜇𝑐=𝜇𝑎 (1 +

𝜌𝑠 𝐶𝑠

𝜌𝑎(1−𝐶𝑠)
)
2
 

3 × 10−5 − 

3

× 10−3  
kg

𝑠 𝑚
 

10−5  
−  4

× 10−3  
kg

𝑠 𝑚
 

Kinetic 

energy 

density 

 
𝑈𝑘𝑖𝑛 =

1

2
𝜌𝑐𝑢

2 
 10−2

− 103
kg

𝑚 𝑠2
 

 103  

− 104  
kg

𝑚 𝑠2
 

Buoyant 

thermal 

energy 

density 

 𝑈𝑇

= 𝜌𝑐

𝐶𝑝𝑐

𝐶𝑝𝑎

𝛼 𝑇 ℎ 𝑔 

10

− 103
kg

𝑚 𝑠2
 

 103  

− 104
kg

𝑚 𝑠2
 

Reynolds 

number 

Inertial Forces

Viscous Forces
 𝑅𝑒 =

𝜌𝑐  𝑢 ℎ

𝜇𝑐
 

1.5 × 106  33 × 105

− 6.7 × 109  

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖 =

∆𝜌 ℎ 𝑔

𝜇𝑐
 

10−2 −  10 0 −  10 

Froude 

number 

Inertial Forces

Gravitational Forces
 𝐹𝑟 =

𝑢

√𝑔′ ℎ 𝑐𝑜𝑠(𝛳)
 0.75 − 2  ≈ 1 

Particle 

Stokes 

number 

Characteristic Time Particle

Characteristic Time Fluid
 𝑆𝑡 =

𝑢𝑇∆𝑢

𝛿𝑔
 

10−3 − 9.9  11 × 10−4  
−  97 × 106  

Galileo 

Number 

Gravitational Forces

Viscous Forces
 

𝐺𝑎

=
𝜌𝑐√|

𝜌𝑝
𝜌𝑐

⁄ − 1|𝐷3𝑔

µ𝑐
 

5.9 × 10−8

−  3.4
× 104 

 

Stability 

number 
Defines particle  

transport zones 

𝛴 =
𝑢𝑇

∆𝑢
 13 × 10−3

−  32  
2.8 × 10−6

− 9.7 × 109  

Rouse 

number 
Characterises turbulent  

particle transport regimes 

𝑃 =
𝑢𝑇

𝑘𝑢𝑠
  66 × 10−2

−  19 

10−3 − 102  



245 

Thermal 

Richardson 

number 

Buoyancy Term

Flow Shear Term
 𝑅𝑖𝑇 =

∆𝑇 𝛼 ℎ 𝑔

𝑢2
 

2 × 10−2  
−  4.5  

0 −  5  

 

5.4 Results 

The experimental dilute PDC reaches the first observation profile at 1.8 m from impact at 

0.28 s after the impact of the gas-particle mixture with the channel. The current propagates 

a total distance of 24 m within c. 12 s, where the propagation ends in a buoyant lift-off. The 

flow propagation is characterized by strong dilution from bulk concentrations of 0.25 vol% 

to 0.01 vol% due to sedimentation and entrainment of ambient air. Initial flow front 

velocities reach 5.5 m ∙ s−1 which stay approximately constant until c.  0.6 s after impact. 

The flow front goes through three deceleration stages from 0.6 to 5.6 s (3.6 − 20.3 m) 

before the buoyant lift-off at 24 m Supplementary Figure 5.1. 

Figure 5.2 shows the flow structure at the first observer location at 1.8 m from the impact, 

which is composed of the density current head region (c. 0 − 0.8 s), the density current body 

region (c.0.8 s onward), which is overlain by a density current wake region. From c. 3.5 s 

onward, the flow starts to wane. The head vortex (1) is characterized by an upward motion 

at the head front and a downward motion in the rear of the head (Figure 5.2 a and b). The 

center of the head shows a zone of low reflectance in video recordings (reflectance increases 

with particle volume concentration and with the abundance of coarse-grained particles of 

highly reflective crystals and coarse ash) (2) and a transition from upward to downward 

motion (Figure 5.2 a and b). The wake is characterized by predominantly upward movement 

and shear-induced Kelvin-Helmholtz instabilities (3) at the upper flow boundary (Figure 5.2 

a and b). The flow body visually shows sub-vertical structures (4) (Figure 5.2 a), which can 
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also be seen as a striped pattern in the downward velocity v (Figure 5.2 b). These sub-vertical 

structures have an approximate frequency of ~10 Hz.  

Turbulence fluctuations are extracted using a Reynolds decomposition of velocity.  

 𝑈 = 𝑈̅ + 𝑈′ EQN. 5-1 

 

Where 𝑈̅ is the mean flow field and 𝑈′ are the turbulence fluctuations. The mean flow field 

is calculated through temporal averaging using a Savitzki-Golay filter with a filter length of 

2 s (Figure 5.3) and 250 ms (Figure 5.4). The two time periods allow us to identify (so-

defined) low and high-frequency turbulence structures. 

Figure 5.3 shows turbulence structures extracted with the mean flow calculated with a 

Savitzki-Golay Filter of 2 s. These structures are mainly low-frequency features, such as the 

flow head and subsequent shear-induced low-frequency turbulence structures. At 1.8 m from 

impact, the turbulence structures in 𝑢 and 𝑣 (Figure 5.3b and c) are not fully developed, and 

the turbulence field is characterized by a well-established head region (0 − 0.8 s) and 

subsequent turbulence structures with varying periodicity. More coherent and distinct 

turbulence structures are developed at 3.35 m (Figure 5.3 d-f). The frontal head (0 − 1 s) is 

presented by an initial low-velocity zone in 𝑢 (0 − 0.2 s), followed by an acceleration feature 

(0.2 − 0.8 s). In vertical velocities, the head is presented by an initial upward motion (0 −

0.2 s) followed by a downward motion (0.2 − 0.8 s) (Figure 5.3 f). The duration of the head 

passage increases with time as the flow decelerates, following the Strouhal number 

relationship 
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𝑆𝑡𝑟 =

𝑓𝐿

𝑈
 

EQN. 5-2 

with 𝐿 the characteristic length, 𝑈 the characteristic velocity, and 𝑓 the frequency. For dilute 

gravity currents, the Strouhal number is constant at Str ~ 0.3 (Brosch et al., 2021). From this 

follows the frequency of the largest eddies  

 
𝑓 =

𝑆𝑡𝑟 𝑈

𝐿
 

EQN. 5-3 

With an approximately constant flow height of c. 1.1 m for the proximal locations, including 

5.4 m, the frequency of the most energetic coherent turbulence structure is proportional to 

the characteristic velocity, decreasing from 4.6 m ∙ s−1 over 4.3 m ∙ s−1 to  4 m ∙ s−1 along 

the initial runout up to 5.4 m. This change corresponds to head durations of 0.8, 0.85, and 

0.91 s (1.25, 1.18, and 1.1 Hz), for the runouts 1.8, 3.35, and 5.4 m, respectively. This 

increase in durations corresponds with the visually determined duration of the head passage 

in Figure 5.3 a, d, and g and the largest turbulence structures. For the location at 9.6 m, 

structural limitations inhibit the mapping of flow height, and the head duration can only be 

roughly mapped. The expected head duration at 9.6 m, with a characteristic length 𝐿 = 1 m 

and a characteristic velocity 𝑈 = 3.4  m ∙ s−1, is 0.98 s or 1.02 Hz, corresponding to 

observations from the turbulence fluctuations in Figure 5.3 k and l. 

The turbulence features following the head vortex are least pronounced at 1.8 m runout 

(Figure 5.3 a-c). At 1.8 m runout, the turbulence following the frontal head contains more 

high frequencies than turbulence structures observed further along the runout. At 3.35 m 

runout, the turbulence shows more coherent structures and a second distinct high 

downstream velocity feature at c.1.75 − 3.25 s (Figure 5.3 e), which corresponds with an 

initial upward turbulence motion (c. 1.75 − 2.25 s) followed by a downward turbulence 
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motion (Figure 5.3 f). This feature corresponds with the passage of the gravity current main 

body. It can also be identified for subsequent observer locations at 5.4 m (Figure 5.3 h-i) 

and 9.6 m runouts (Figure 5.3 k-l). The observed turbulence structures occur throughout the 

entire flow depth. Along the runout, the magnitude of these turbulence structures decreases. 

The most substantial decrease in magnitude occurs between 3.35 and 5.4 m. 

Calculating mean velocities using a filter length of the Saviztki-Golay algorithm of 0.25 s 

extracts lower period turbulence structures (Figure 5.4). A comparison of Figure 5.3 and 

Figure 5.4 shows that large low-frequency turbulence structures in Figure 5.3 are 

superimposed by smaller sub-vertical turbulence structures with an approximate average 

frequency of ~10 Hz. These turbulence structures occur most pronounced in the vertical 

velocity component at proximal locations (1.8 – 5.4 m). Along the runout, these sub-vertical 

structures become less pronounced. At 9.6 m, only the first second after flow arrival shows 

these structures clearly (Figure 5.4 l). The overall turbulence pattern at 9.6 m is well-defined 

for low-frequency fluctuations (Figure 5.3 k and i) but less for high-frequency fluctuations 

(Figure 5.4 g and h).  
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Figure 5.3 Spatio-temporal propagation of low-frequency turbulence structures. Comparison Time-height 

graph of the high-speed video footage (left column), giving a visual context of the anatomy of the passing flow, 

with turbulence fluctuations of the downstream velocity (center column) and turbulence fluctuations of the 

vertical velocity (right column). The Reynolds decomposition (𝑈 = 𝑈 + 𝑈′) is performed utilizing temporal 

Savitzki-Golay filters, with a filter length of 2 s, to calculate the mean velocity fields. All y axes are scaled the 

same. The time axes show the time after flow arrival at the respective location. The rows are distances from 

impact of 1.8, 3.35, 5.4, and 9.6 𝑚. The red and black lines give the flow height. a,d,g,j) Time-height graph of 

the high-speed video footage of the passing flow at1.8, 3.35, 5.4, and 9.6 m, respectively, and the flow height 

(red). The time axis is shared and starts after the flow arrives at the profile. b,e,h,k). Turbulence fluctuations 

of the downstream velocity (𝑢′) extracted with a Reynolds decomposition (𝑢′ = 𝑢 − 𝑢̅), and the flow height 

(black). c,f,i,l) Turbulence fluctuations of vertical velocities (𝑣′) extracted through Reynolds decomposition 

(𝑣′ = 𝑣 − 𝑣̅), and flow height (black). The first row a-c presents data recorded at 1.8 m runout, the second 

row d-f data recorded at 3.35 m, the third row g-i) data recorded at 5.4 m, and the fourth row j-l) data recorded 

at 9.6 m. At 9.6 m, structural limitations did not allow manual mapping of the flow height. 
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Figure 5.4 Spatio-temporal evolution of low-periodic turbulence fluctuations. Comparison of turbulence 

fluctuations in downstream (left column) and vertical velocities (right column). Mean velocity fields (𝑈) for 

Reynolds decompositions (𝑈 = 𝑈 + 𝑈′) were calculated using temporal Savitzki-Golay filters with a filter 

length of 250 ms. The rows show data from profiles 1.8, 3.35, 5.4, and 9.6 m from impact. Black lines mark 

flow heights. a,c,e,g) Turbulence fluctuations of the downstream velocity (𝑢′) extracted via Reynolds 

decomposition (𝑢′ = 𝑢 − 𝑢̅), and flow height (black). b,d,f,h) Turbulence fluctuations of vertical velocities (𝑣′) 

extracted by Reynolds decomposition (𝑣′ = 𝑣 − 𝑣̅), as well as flow height (black). a-b) Data recorded at 1.8 𝑚 

runout, c-d) data recorded at 3.35 𝑚, e-f) data recorded at 5.4 𝑚, and g-h) data recorded at 9.6 𝑚. Structural 

limitations inhibited flow height mapping at 9.6 𝑚 from impact. 

5.4.1 Reynolds Decomposition in Independent Measurements 

Figure 5.5 presents time series data of velocity magnitude (𝑈), downstream velocity (𝑢), 

vertical velocity (𝑣), flow temperature above ambient (T), and dynamic pressure (𝑃) at 

45 cm height and 3.35 m runout. The velocity magnitude 𝑈 and downstream velocity 𝑢 are 

nearly identical. The experimental PDC is head-dominated, with the head initially showing 
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low velocities of c. 4.2 m ∙ s−1 (0 − 0.2 s) followed by an increase peaking at 0.68 s 

(7.2  m ∙ s−1) and declining afterward. Both long- and short-period fluctuations are present 

in the data, with the fluctuation magnitude increasing in the flow body (2 − 3.5 s) before the 

beginning of the flow waning. The vertical velocity initially shows an upward motion (0 −

0.33 s), followed by a downward motion that persists for the rest of the flow passage. The 

flow temperature (Figure 5.5 d) shows the lowest temperatures occurring in the flow head 

and initial flow body. Temperatures sharply increase after c. 1.77 s in the flow body. These 

fluctuations in flow temperature are dominated by long periods of c. 0.5 − 1 s (1 − 2 Hz). 

Dynamic pressures averaged with a temporal Savitzki-Golay filter with a window length of 

51 ms are presented in Figure 5.5 e. Dynamic pressure values are initially around 50 Pa, 

and increase sharply at 0.15 s. The dynamic pressure peaks at 0.22 s and 126 Pa, drops to 

78 Pa at 0.27 s and increases again to 100 Pa at 0.33 s. The dynamic pressure signature of 

the head ends with a drop to c. ~35 Pa at 0.38 s. This alternating pattern is associated with 

the head and the generation of a low-concentration and low-pressure zone in the center of 

the head vortex. After the head vortex, the average pressure drops significantly to c. 50 Pa 

(at c. 0.4 s). A second drop in dynamic pressure occurs at c. 1.1 s to c. 25 Pa. 
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Figure 5.5 Time series data recorded at 3.35 m from impact and 45 cm height. Data include a) velocity 

magnitude (U), b) downstream velocity (u), c) vertical velocity (v), d) flow temperature (T), and e) dynamic 

pressure (P). Velocity data (a-c) is recorded at 500 Hz and filtered with temporal Savitzki-Golay filters with 

filter lengths of 18 ms. Flow temperature (d) is recorded at 70 Hz and unfiltered. Dynamic pressure data (e) is 

recorded at 1 kHz and filtered using temporal Savitzki-Golay filters with filter lengths of 51 ms. All data shown 

is recorded at 3.35 𝑚 runout and 45 𝑐𝑚 height. 

Using the Savitzki-Golay filters to calculate time-variant mean properties, the Reynolds 

decomposition (𝑋 = 𝑋̅ + 𝑋′) can be performed with any measured time series, where 𝑋 is 

the measured time series, 𝑋̅ the time-variant mean, and 𝑋′ the fluctuating component.  

Figure 5.6 presents turbulence fluctuations extracted from time series data of the velocity 

magnitude (𝑈), downstream velocity (𝑢), vertical velocity (𝑣), temperature above ambient 

(𝑇), and dynamic pressure (𝑃𝑑𝑦𝑛) recorded at 3.35 m runout and 45 cm height, shown in 

Figure 5.5. To calculate mean flow properties (𝑋̅), first-order Savitzki-Golay filters with c. 
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2 s long windows were used. Turbulence fluctuations of the velocity magnitude (𝑈′) and the 

downstream velocity (𝑢′) are near-identical (Figure 5.6 a and c). The frontal head (0 −

0.35 s) is characterized by a negative excursion of turbulent fluctuations, followed by a 

positive excursion until 0.85 s. Fluctuations around 0 m ∙ s−1∙, with magnitudes of c. ±1 m ∙

s−1 follow this. At 2 s, the magnitude of fluctuations increases to c. ±2 m ∙ s−1 until 2.5 s, 

after which the magnitude decreases again. Throughout the whole signal, large oscillations 

are superimposed by oscillations with higher frequencies (c. 8 Hz and above). In turbulence 

fluctuations of vertical velocities 𝑣′ (Figure 5.6 e), the most dominant feature is the frontal 

head, characterized by a strong upward motion (0 − 0.35 s) with a subsequent downward 

motion (0.35 − 0.78 s). The head is followed by low-frequency oscillations around a value 

of c. 0 m ∙ s−1, superimposed by higher frequency oscillations. The magnitudes of these 

turbulence fluctuations decrease with the fading of the flow (c. 3.5 s onward). 

Turbulence fluctuations of temperature (Figure 5.6 g) show more dominant low-frequency 

(< 2 Hz) and minimal superimposed oscillations. The frontal head starts with a negative 

temperature excursion (0 − 0.25 s), followed by a positive excursion until 0.84 s. At 1.5 s 

after a period of low turbulence, the magnitude of turbulence fluctuations of temperature 

increase in the flow body.  

Turbulence fluctuations of dynamic pressure (Figure 5.6 k) clearly show the flow head with 

a negative excursion at the beginning, followed by two peaks. Low-frequency oscillations 

superimposed by high-frequency signals characterize the rest of the flow. 
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Figure 5.6 Multiparametric turbulence fluctuations. Turbulence fluctuations obtained via Reynolds 

decomposition (𝑋 = 𝑋̅ + 𝑋′) of a) velocity magnitude (U), c) downstream velocity (u), e) vertical velocity (v), 

g) flow temperature (T), and i) dynamic pressure (P). Mean properties 𝑋̅ for the Reynolds decomposition are 

calculated using temporal Savitzki-Golay filters with filter length of 2 s. Probability density functions of 

turbulence intensities (𝐼(𝑋) = 𝑋′/𝑋̅) corresponding to the turbulence fluctuations are shown in b) velocity 

magnitude (U), d) downstream velocity (u), f) vertical velocity (v), h) flow temperature (T), and j) dynamic 

pressure (P). All data is recorded at 3.35 m from impact at a height of 45 cm. All time axes start at flow arrival 

and span 4 s. a) Turbulence fluctuations of the velocity magnitude (U'), recorded at 500 Hz and filtered with 

temporal Savitzki-Golay filters with a window length of 18 ms, with the time axis starting at flow arrival. b) 

Distribution of turbulence intensities of the velocity magnitude (𝐼(𝑈) = 𝑈′/𝑈̅). The distribution is polymodal, 

with a mean value of 7.4 ∙ 10−3and standard deviation of 0.18. c) Turbulence fluctuations of the downstream 

velocity (u'), recorded at 500 Hz and filtered with temporal Savitzki-Golay filters with a window length of 18 

ms. The time axis starts at flow arrival. d) Distribution of turbulence intensities of the downstream velocity 𝑢, 

with a mean of 7.5 ∙ 10−3 and 0.19 standard deviation. e) Turbulence fluctuations of the vertical velocity v' 

sampled at 500 Hz and filtered with temporal Savitzki-Golay filters with a window length of 18 ms. f) 

Distribution of turbulence intensities of vertical velocities excluding the frontal head (0.5 s onward) (𝑚𝑒𝑎𝑛 =

0.18, 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0.57). g) shows the turbulence fluctuations of flow temperature sampled at 70 

Hz. h) distribution of turbulence intensities of the flow temperature (𝑚𝑒𝑎𝑛 = 0.016, 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =

0.14) i) Turbulence fluctuations of direct dynamic pressure measurements smoothed with a temporal Savitzky-
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Golay filter with 51 ms filter length. j) Probability density function of the turbulence intensities from dynamic 

pressures (𝑚𝑒𝑎𝑛 = −0.026, 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0.35). 

The probability density functions (PDFs) of turbulence intensity for velocity magnitude 

(𝐼(𝑈) = 𝑈′/𝑈̅), downstream velocity (𝐼(𝑢) = 𝑢′/𝑢̅), vertical velocity (𝐼(𝑣) = 𝑣′/𝑣̅), flow 

temperatures (𝐼(𝑇) = 𝑇′/𝑇̅), and dynamic pressure (𝐼(𝑃𝑑𝑦𝑛) = 𝑃′𝑑𝑦𝑛/𝑃𝑑𝑦𝑛
̅̅ ̅̅ ̅̅ ) are shown in 

Figure 5.6 b, d, f, h, j, and l, respectively. Turbulence intensities for the velocity magnitude, 

downstream velocities, flow temperature, flow densities, and dynamic pressure are 

characterized by polymodal PDFs with mean values < 0.16. The PDF of turbulence 

intensities of the vertical velocity 𝐼(𝑣) (Figure 5.6 f) is unimodal and skewed to large 

excursions, with a mean of 0.19. Standard deviations of the turbulence fluctuations for 

different parameters range from 0.14 to 0.57 and are summarized in the caption of Figure 

5.6. These large turbulence intensities indicate strong modulations of all parameters through 

the turbulence field of the generated dilute PDCs. 

Performing a Reynolds decomposition with a Savitzki-Golay filter length of c. 250 ms 

extracts higher frequency turbulence structures than extracted in Figure 5.6 (Supplementary 

Figure 5.2). These high-frequency turbulence structures occur throughout the entire flow 

passage for the velocity magnitude, downstream velocity, vertical velocity, flow 

temperature, flow density, and dynamic pressure Supplementary Figure 5.2 a-f, respectively. 

For the velocity magnitude and downstream velocity, the amplitude range of high-frequency 

oscillations is maximal for the flow body (~2.5 s). The magnitude of high-frequency vertical 

velocity fluctuations stays approximately constant until 3.5 s after which the magnitude 

decreases. The temperature shows only small high-frequency fluctuations of less than c. 

±1 K until 1.76 s. Stronger excursions occur until 3.5 s. These excursions match the timing 

of turbulence features shown in Figure 5.6 d. The dynamic pressure (Figure 5.6 e) shows the 
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same dominant ~10 Hz fluctuations, with maximum amplitude in the flow head (0 − 0.5 s) 

and a sharp decrease at 3.25 s with the onset of the flow fading.  

5.4.2 Frequency Content and Turbulent Energy Cascade  

These findings highlight that all presented measurements have sufficient temporal resolution 

to capture turbulence at different time scales. The Fourier spectra of the measured time series 

are analyzed to investigate the frequency content and the energy transfer from large to small 

turbulence structures. Figure 5.7 a-e shows the Fourier spectra for a) dynamic pressure, b) 

specific kinetic energy, c) vertical velocity, and d) flow temperature at 3.35 m runout and 

45 cm height. The energy cascade of dynamic pressure (Figure 5.7 a) shows distinct 

behavioral changes and maxima. The energy cascade does not follow the Kolmogorov −5/3 

slope and has a shallower slope in a log-log representation. The initial frequency range <

6 Hz (until the first vertical grey bar) shows an approximately constant slope. At c.  6 Hz 

(start of the first vertical grey bar), slope decrease coincides with the onset of a maximum at 

c. 6 − 17 Hz (grey bar marks 6 − 17 Hz). A second frequency maximum occurs between c. 

35  and 95 Hz (dark grey bar). A series of maxima is observed for higher frequencies (>

95 Hz) until the amplitudes decay strongly at frequencies larger than c. 250 Hz (onset of 

light grey surface). 

The Fourier spectrum of specific kinetic energy (𝑒𝑘 = 0.5 ∙ 𝑈2) (Figure 5.7 b) shows a slope 

shallower than the −5/3 Kolmogorov energy cascade. Besides frequency maxima between 

1 − 1.4 Hz and at c. 1.86 Hz (Figure 5.7 b i), the energy cascade does not present significant 

maxima or slope changes. The vertical velocity (Figure 5.7 c) follows a −5/3 slope for the 

initial frequency range (< 6 Hz). At ~6 Hz (Figure 5.7 c start of the first grey bar), the slope 

decreases abruptly, followed by an increased slope between c. 17 and 35 Hz (Figure 5.7 c 
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between the vertical grey bars). The slope gradually decreases again after 35 Hz (Figure 5.7 

c left boarder of dark grey bar). The Fourier spectrum of flow temperature (Figure 5.7 d) 

closely follows a −5/3 slope until ~6 Hz (Figure 5.7 d left border of the grey bar). For 

frequencies > 6 Hz,  the slope decreases. 

 

Figure 5.7 Fourier spectra of independent physical measurements. Each section shows the  Fourier spectra 

of the physical measurements (blue), the filtered Fourier spectra (black), the -5/3 Kolmogorov slope (orange), 

and the Frequency bands 6 − 17 𝐻𝑧 (grey surface), 35 − 95 𝐻𝑧 (dark grey surface), and 0.25 − 2 𝑘𝐻𝑧 (light 

grey surfaces). All measurements are performed at 45 cm (mid-flow height) and 3.35 m runout. The Fourier 

spectra are only calculated up to the respective Nyquist frequencies, resulting in varying x-axis ranges. a) 

Fourier spectrum of direct dynamic pressure spectra, also shown in Figure 5.8 b. Dynamic pressure data is 

recorded at 1 kHz, resulting in a Nyquist frequency of 500 Hz. b) Fourier spectra of specific kinetic energy 

(𝑒𝑘 = 0.5 ∙ 𝑈2). Velocity data is recorded at 500 Hz resulgint in a Nyquist frequency of 250 Hz. i) marks 

maxima at c. 1-1.4 Hz and 1.86 Hz. c) Fourier spectra of vertical velocities, recorded at 500 Hz resulting in a 

Nyquist frequency of 250 Hz. d) Shows the Fourier spectra of flow temperature. The sampling rate is 70 Hz, 

and the Nyquist frequency is 35 Hz. 



258 

Figure 5.8 a-f show energy cascades for the dynamic pressure at 45 cm height for distances 

of 1.8, 3.35, 5.4, 9.6, 16, and 20 m, respectively. The energy cascade at 1.8 m runout has 

an initially steep slope, which decreases at ~6 Hz (Figure 5.8 a left border of the grey bar). 

The slope increases towards high frequencies >250 Hz (Figure 5.8 a marked in light grey). 

At 3.35 m (Figure 5.8 b), the slope of the Fourier spectrum is approximately constant for 

frequencies < 6 Hz. A first maximum between c. 6 − 17 Hz (Figure 5.8 b marked by first 

grey bar) coincides with a decrease in slope at c. 6 Hz. A secondary frequency maximum 

occurs between c. 35 − 95 Hz (Figure 5.8 b marked by dark grey bar), followed by a 

sequence of frequency maxima and a gradual decrease for frequencies larger than c.250 Hz 

(Figure 5.8 b marked by light grey surface). At profile three at 5.4 m (Figure 5.8 c), the 

Fourier transform of dynamic pressure initially has a steep slope until 6 Hz, where the slope 

decreases for higher frequencies. A frequency maximum occurs between c. 6 and 17 Hz 

(Figure 5.8 c first grey bar). For frequencies > 95 Hz (Figure 5.8 c left of the dark grey 

surface), the slope of the Fourier spectra increases. The Fourier spectrum at 9.6 m from 

impact shows no apparent features, such as slope changes or maxima, besides a minimum 

between c. 17 − 35 Hz (Figure 5.8 d between the first and second grey bar). The Fourier 

spectrum of dynamic pressure at 16 m from impact shows a concave shape initially (< 6 Hz) 

(Figure 5.8 e i). At c. 6 Hz (Figure 5.8 e left boundary of the first grey surface), the slope 

increases until ~50 Hz (Figure 5.8 e ii), after which the slope gradually decreases again. At 

20 m (Figure 5.8 f) from impact shortly before the final stalling of the flow and the buoyant 

lift-off, the Fourier spectrum does not show significant features. 
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5.4.3 The Interplay Between Polydispersity and Turbulence in Dilute PDCs 

The initial grain-size distribution (Figure 5.1 a) is near unimodal, with the primary mode and 

𝑑50 median grain-size coinciding at c. 250 μm. Time-integrated flow samplers show 

alternating stages of unimodal and bimodal grain-size distributions at different flow 

distances. Two bimodality stages can be recognized during flow propagation 

(Supplementary Figure 5.3). The first stage of bimodality, at 3.35 m runout, shows modes 

for particle diameters at c. 50 and 175 µm. The second stage of bimodality, observed at 9.6 

and 16 m, has modes at c. 10 and 50 μm.  
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Figure 5.8 Evolution of the Fourier spectra of dynamic pressure and time-integrated flow grain-size 

distributions along the runout. a-f) Shows the Fourier spectra of direct dynamic pressure measurements along 

the runout (a) 1.8 m, b) 3.35m, c) 5.4 m, d) 9.6 m, e) 16 m, and f) 20 m), recorded with piezoelectric pressure 

sensors (PCB Piezotronics 106B51). Sampling rates of 1 kHz result in 500 Hz Nyquist frequency. The raw 

frequency spectra (blue) are filtered (black) with a linear Savitzki-Golay filter with 3.125 𝐻𝑧 filter length to 

improve interpretability. Vertical grey bars mark frequency ranges, grey 6-17 Hz, dark grey 35-95 Hz, and 

light grey >250 Hz. g) Shows grain-size dependent characteristic frequencies for which particles accumulate 

at eddy peripheries (EQN. 13). Horizontal grey bars mark frequency ranges, 6-17 Hz (grey), 35-95 Hz (dark 

grey), and 250-2000 Hz (light grey). h) Shows time-integrated particle size distribution, in weight percent, as 

a function of their characteristic frequency 𝑓𝑝(𝑑) (upper x-axis) and associated particle diameters 𝑑(µ𝑚) for 

reference (lower x-axis). Grey bars mark the frequency and grain-size ranges 6 − 17 𝐻𝑧 and 114 − 252 µ𝑚 

(grey), 35 − 95 𝐻𝑧 and 39 − 67 µ𝑚 (dark grey), and 0.25 − 2 𝑘𝐻𝑧 and 8 − 23 µ𝑚 (light grey). 
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We hypothesize that the clustering of particles at eddy margins and grain and vortex size-

dependent gas-particle feedbacks lead to the maxima and slope changes in the Fourier 

spectra. The particle Stokes number 𝑆𝑡 lends itself to describe the particle size- and vortex 

size-dependent gas particle feedbacks as: 

 𝑆𝑡 =
𝜏𝑃

𝜏𝐸
 , (8) 

with 𝜏𝑃 the particle's characteristic timescale and 𝜏𝐸 the eddy turnover time. For 𝑆𝑡 ≪ 1 , 

particles are well coupled to the fluid and follow the fluid trajectories. For 𝑆𝑡~1, particles 

accumulate at the eddy margins, and for 𝑆𝑡 ≫  1, particles decouple from the turbulence 

structure (Burgisser and Bergantz, 2002, Breard and Lube, 2017) At the condition St ~ 1, the 

eddy turn over time 𝜏𝐸 and the characteristic particle timescale 𝜏𝑃 are equal for particles to 

accumulate at eddy margins. The characteristic time of a particle with a density 𝜌𝑃, and 

diameter 𝑑 can be calculated as 

 
𝜏𝑃 =

𝜌𝑃𝑑2

18µ𝐹𝑓
 

(10) 

With µ𝐹 the fluid’s dynamic viscosity and stokes drag factor 𝑓 (Burgisser and Bergantz, 

2002) 

 f= 1 + (0.15𝑅𝑒𝑃
0.687) +

0.0175

1+(42500𝑅𝑒𝑃
−1.16)

 (11) 

The particle Reynolds numbers 𝑅𝑒𝑃 are defined as 

 𝑅𝑒𝑃 =
𝑈𝑇𝑑

𝜈
, (12) 

with the terminal fall velocity 𝑈𝑇 and 𝜈 the kinematic viscosity. We calculated the particle 

Reynolds numbers using the empirical drag law by Dioguardi et al. (2018). 
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The largest eddy frequencies for which a particle of the diameter 𝑑, and density 𝜌𝑃 

accumulates in the margins are defined as 

 
𝑓𝑃(𝑑) = 𝜏𝑃

−1  = 𝑓𝐸(𝑑) =
𝜌𝑃𝑑2

18µ𝐹𝑓
 

(13) 

Using EQN. 13, the size axis in grain size distributions can be converted into characteristic 

particle frequencies (shown in Figure 5.8 h). This allows linking energy cascades with flow 

grain-size distributions. Along the runout, the initially unimodal flow grain-size distribution 

with a primary mode at c.  250 μm develops two stages of bimodality. 

In the first stage of bimodality at 3.35 m (Supplementary Figure 5.3), the coarse mode sits 

at 175 μm (c. 114 − 252 μm) particle diameter corresponding to 9 Hz (c. 6 − 17 Hz) 

particle characteristic frequency, matching the first frequency maxima in Figure 5.7 a and 

Figure 5.8 b and c. A second finer mode occurs at c. 50 μm (c. 39 − 67 μm) particle 

diameter matching the frequency maximum at 50 Hz (c. 35 − 95 Hz) matching the second 

frequency maximum in Figure 5.7 a and Figure 5.8 b. Along the runout, the coarse mode is 

sedimented out, and an unimodal distribution is established at 5.4 m with the mode at 

particle diameters of c. 50 μm and 50 Hz particle frequencies. At the following sampling 

locations of 9.6 and 16 m (Figure 5.8 d and e), a second stage of bimodality is established 

with one mode at diameters of c. 50 μm (39 − 67 μm) and characteristic particle frequencies 

of ca. 50 Hz (35 − 95 Hz), corresponding to the finer mode in flow grain-size distributions 

at 3.35 m. At 16 m runout, a second mode is established at particle diameters of 10 μm (8 −

23 μm) corresponding to particle characteristic frequencies of 1 kHz (0.25 −  2 kHz) 

(Figure 5.8 h). 



263 

5.5 Discussion 

Experimental dilute PDCs reaching Reynolds numbers up to 1.5 ∙ 106 develop distinct 

turbulence patterns along the initial runout. The turbulence pattern encompasses large (low 

frequency) vortices superimposed by sub-vertical structures with higher frequencies around 

~10 Hz. The large turbulence structures span the entire flow depth and include the upstream 

rotating turbulent head vortex and low-frequency structured generated by free shear with the 

ambient air at the upper flow boundary. The head vortex visually and in pressure data shows 

that particles cluster at the margins and create a low concentration and low-pressure zone in 

the center of the head vortex. Along the runout, the periods of these large turbulence 

structures increase, consistent with the constant Strouhal numbers of c. 0.3 in dilute PDCs 

(Brosch et al., 2021). A separation of turbulence regions by the wall jet boundary, as shown 

by Salinas et al. (2021) for turbidity currents with Reynolds numbers of 1.8 ∙ 104 − 2 ∙ 104 

was not observed. The experimental flow presented in this study had Reynolds numbers 1.5 ∙

106, therefore, much lower stratification stability and a higher degree of turbulence. 

Decreasing the Reynolds number of their experimental turbidity currents to 6 ∙ 103 − 9 ∙ 103 

Salinas et al. (2021) further show the formation of an intermediate zone. This non-turbulent 

intermediate zone separates the wall and the jet region in these subcritical currents. Brosch 

et al. (2021) identified a similar separation of turbulence features in the wall and jet region. 

Brosch et al. (2021) did not show a non-turbulent intermediate zone, showing the importance 

of the Reynolds number on stratification stability. This difference in our findings for dilute 

PDCs with the same starting conditions could be attributed to the algorithms used to perform 

the Reynolds decomposition. Brosch et al. (2021) used temporal polynomials to fit Power-

Gaussian velocity profiles, assuming maximum mean velocities to occur at the wall-jet 

boundary. Therefore, this algorithm leads to a minimum turbulence fluctuation at the wall 

jet boundary, potentially causing an artificial separation in turbulence structures at the wall 
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jet boundary. The algorithm used to perform the Reynolds decomposition in this study does 

not make these assumptions. Lagrangian coherent structures need to be studied to show the 

coherence of flow structures (Peacock and Haller, 2013, Haller, 2015) and the separation of 

flow features in experimental dilute PDCs. Extracting Lagrangian coherence from our PIV 

outputs in the form of Lagrangian-averaged vorticity deviation (LAVD) (Farazmand and 

Haller, 2016, Haller et al., 2016) and finite-time Lyapunov exponents (Haller and Yuan, 

2000, Haller, 2002), where unsuccessful due to the lack of smoothness in extracted velocity 

fields (Brandt and Coletti, 2022).  

The dominant frequency of 1.3 Hz observed in previous studies (Brosch et al., 2021, Brosch 

et al., 2022) coincides with the largest coherent turbulence structures in the presented 

experiment. Temperature measurements also show these low-frequency oscillations and 

dynamic pressure shows dominant frequencies between 1 and 2 Hz. The largest turbulence 

structures are superimposed by sub-vertical structures with frequencies of ~10 Hz. These 

sub-vertical structures occur in both the downstream and vertical velocity components. The 

sub-vertical structures are also presented in the time series data and turbulence fluctuations 

of the flow temperature and dynamic pressure (Figure 5.5 and Figure 5.6) with frequencies 

between c. 6 − 17 Hz (or ~10 Hz). This ~10 Hz signal is most dominant in the vertical 

velocity and dynamic pressure. The Fourier spectra of the dynamic pressure, vertical 

velocity, and flow temperature show distinct slope changes (modulation of the energy 

transfer from large to small structures) at ~6 Hz and maxima (focusing of turbulent energy 

in specific frequency ranges) between 6 − 17 Hz and 35 − 95 Hz. For the critical condition 

of particle Stokes number of unity, frequencies for which each particle size is accumulated 

at the eddy peripheries can be calculated (Burgisser and Bergantz, 2002, Breard and Lube, 

2017). Transforming the particle sizes to frequencies in flow grain-size distributions (Figure 
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5.8 h) reveals frequencies of 6 Hz correspond to ~252 µm. Therefore, the 6 Hz slope change 

corresponds closely with the initial 𝑑50 median grain size of ~241 µm. Furthermore, 

maxima in the Fourier spectra of dynamic pressure between 6 − 17 Hz and 35 − 95 Hz can 

be linked to grain size modes at 175 μm (114 − 252 μm) and 50 μm (39 − 67 μm). The 

occurrence of distinct maxima suggests the presence of dominant turbulence structures that 

can be linked to selective sedimentation and a turbulent segregation mechanism. Cyclone 

separation, removing specific particle sizes from gas-particle suspensions (Hoffmann et al., 

2003, Rhodes, 2008), might be an analog for this turbulent segregation mechanism. In 

contrast to previous studies (Burgisser and Bergantz, 2002, Breard and Lube, 2017), we 

neglected the stability number and, with it gravitational effects, showing that the Stokes 

number sufficiently characterizes fluid particle feedback. This is confirmed by minimum 

Galileo numbers of 5.9 × 10−8, as shown in the scaling analysis. Maximum Galileo numbers 

of 3.4 × 104 show that the largest particles are mostly affected by gravitational forcing and 

that neglecting gravitational forcing is only valid for the investigated particle size range (<

250 µ𝑚). Experiments at different scales and using volcanic material with other grain size 

distributions are needed to determine the origin of dominant frequencies. 

Observed slopes of the Fourier spectra are shallower than the Kolmogorov −5/3 law 

expected at conditions of isotropic turbulence. The initial frequency range (< 6 Hz) of the 

flow temperature and vertical velocity, following an approximate −5/3 law, poses an 

exception to this. These shallower slopes indicate an enhanced energy transfer from larger 

to smaller structures through the presence of particles. This is consistent with findings from 

experimental and numerical studies showing an enhanced energy transfer from larger to 

smaller scales in the presence of particles in one- and two-way coupling (Yang and Shy, 

2005, Bosse et al., 2006, Poelma and Ooms, 2006, Rosa et al., 2020, Frankel et al., 2016). 
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Slope changes associated with frequencies of ~6 Hz and particle sizes of ~252 μm closely 

coincide with the initial median grain-size (241 μm), the onset of the first maxima in the 

Fourier spectra of dynamic pressure (6 − 17 Hz), and the first establishing grain-size mode 

(Figure 5.8 h). Secondary slope changes around c. 35 Hz and c. 50 Hz are coincide with the 

secondary maxima at c. 50 Hz (35 − 95 Hz) and the establishment of the grain-size mode 

around particle diameters of 50 μm corresponding to characteristic particle frequencies of c. 

50 Hz.  

The slope of the Fourier spectra of the flow temperature is expected to be steepened due to 

the response time of the thermocouples, effectively suppressing high-frequency changes in 

temperature. Thus, the change in slope at c. 6 Hz in the Fourier spectra of the temperature 

data, gives confidence in interpreting changes in slopes observed in also other 

measurements. Furthermore, all Fourier spectra of the flow temperature at 45 cm along the 

runout show this deviation (Supplementary Figure 5.4). 

Being most pronounced in the vertical velocity and dynamic pressure, we hypothesize the 

sub-vertical structures are the origin of the selective sedimentation. For particle-eddy 

combinations with Stokes numbers 𝑆𝑡 = 𝒪(1), most turbulence-induced particle clustering 

is expected  (Fessler et al., 1994, Aliseda et al., 2002, Wang and Maxey, 1993). Therefore, 

we suggest that the particle accumulation at eddy margins is the origin of the formation of 

sub-vertical sedimentation pathways, which preferentially sediment out selected grain-size 

ranges, leading to bimodalities in flow grain-size distributions. The successive preferential 

sedimentation of progressively finer-grained particles with critical particle Stokes numbers 

based on the mass loading of these particle sizes is consistent with qualitative models of 

particle sedimentation in pyroclastic surges (Breard et al., 2015). These studies describe 

outward-gradational sedimentary facies that are characterized by exponential thinning and 



267 

coarse-tail grading-dominated fining with radial distance. These observations can be 

explained by the early clustering, decoupling and rapid sedimentation of the coarsest 

particles with conditions of 𝑆𝑡 = 𝒪(1) along preferential sedimentation pathways, which is 

followed by the successive decoupling and sedimentation of progressively finer-grained and 

initially more abundant Stokes-critical particles. 

The final drop in amplitudes in the Fourier spectra of the dynamic pressure at 3.35 m runout 

at the height of 45 cm coincides with the finally establishing grain-size mode of 11 µm but 

cannot robustly be linked. Through division of the energy cascade into energy containing 

range, intertial subrange, and dissipation range, this drop-off could indicate the end of the 

inertial subrange and the onset of the dissipation range at this frequency. As this only occurs 

at one observer location, this cannot be robustly linked.  

The maxima in the Fourier transform of dynamic pressure, the onset of the enhancement of 

energy transfer towards smaller structures, and their selective sedimentation show large 

degrees of correspondence. This correspondence suggests a physical link between these 

processes. Figure 5.9 summarizes the main findings and conceptually puts them into context 

for PDCs. Figure 5.9 a shows a conceptual sketch of the Kolmogorov energy cascade, where 

shear generates the largest structures in the energy-containing range. The energy then decays 

from large to small eddies on the inertial subrange. The inertial subrange finally ends in the 

dissipation range, where kinetic energy is viscously dissipated. Figure 5.9 b visualizes size-

dependent preferential accumulation of particles in eddy peripheries. We suggest that the 

accumulation of particles at eddy peripheries increases the total energy of eddies, leading to 

the focusing of energies. We suggest that the increased energy transfer is attributed to 

increased viscosities caused by particle accumulation at the eddy margins, as described by 

the description of dynamic viscosities by Wohletz (1998) (Table 5-1). The systematic 
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correspondence of dominant eddy frequencies with the initial 𝑑50 median grain-size, 

established through analysis of the critical particle Stokes number, suggests that this process 

only happens with sufficient mass loading for particles with 𝑆𝑡 = 𝒪(1).  

Further systemic studies are needed to investigate particle coupling mechanisms and 

turbulence-induced selective sedimentation. Experiments using different starting grain-size 

distributions could test if the turbulence structures are determined by the initial grain-size or 

by other dynamic properties of the flow, such as length scale and velocity. To investigate 

the scale dependence, larger experiments or real-world data are needed. Data such as the 

infrasound signal recorded during the December 9, 2019, eruption of Whakaari (White 

Island) (Brosch et al., 2021) and Doppler radar data from Volcán de Colima (Scharff et al., 

2019) can potentially provide information on the scale dependence. The presented research 

only investigated time-integrated flow grain-size distributions. The runout-dependent 

deposit grain-size distributions need to be measured during future experiments to link grain-

size modes with polymodal deposit grain-size distributions. 
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Figure 5.9 Conceptual of the grain-size dependent particle clustering and its influence on the turbulence 

energy cascade on PDCs. a) conceptual sketch of a PDC propagating down a slope. The frontal head consists 

of a large vortex generated through ambient shear. This frontal head vortex constitutes the largest turbulence 

structure and the start of the initial subrange, where large vortices start an energy cascade to ever smaller 

vortices. This generates a sequence of vortices that ends at the Kolmogorov length scale, after which energy 

viscously dissipates. b) Conceptual sketch of the energy cascade as a function of wave number (inverse vortex 

size), frequencies above estimate vortex rotational frequencies. Particles are distributed over the vortices 

according to their grain-size dependent particle Stokes number (𝑆𝑡 =
𝜏𝑃

𝜏𝐸
). For small particles with low Stokes 

numbers, the particles evenly distribute across the vortex. Particles with critical Stokes numbers around 1 

accumulate at eddy margins. Large particles with high Stokes numbers (𝑆𝑡 ≫ 1) decouple from vortices. The 

largest eddies support a wide range of particle sizes. The range of supported particle sizes decreases with 

decreasing vortex sizes. The energy cascade ends in viscous dissipation. c) i. The most basic turbulent energy 

cascade is split into three sections. The energy-containing range is the origin of the turbulence, and external 

influences such as shear generate the largest eddies. These largest eddies afterward transfer their energy down 

to smaller structures and start a -5/3 Kolmogorov slope in specific kinetic energy, the inertial subrange. The 

inertial subrange ends in the dissipation range, where energy viscously dissipates. ii) The energy cascade under 

the presence of particles is shown. The particles increase the energy transfer from large to small eddies. In this 

research, a discrete change in slope was observed and linked to the presence of particles in the turbulent system. 

iii) Kolmogorov energy cascade, including discrete focusing of energies due to particle clustering at eddy 

margins. Particles of certain grain-size accumulate at eddy margins, leading to focusing energy and generating 

energy maxima over distinct frequency bands. 
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5.6 Supplementary Material 

 

Supplementary Figure 5.1 Flow front propagation after impact. a) Position of the flow front as a function of 

time after impact (dashed black line). b) Flow front position as a function of time in a log-log presentation 

(dashed black line). Dashed vertical lines show kinematic phases where the flow front position shows linear 

behavior in the log-log plot (b). Five kinematic stages are observed (red lines in a and b) and delimited by 

vertical dashed lines: 1. Acceleration to 5.5 𝑚 ∙ 𝑠−1 2. constant velocities 3. first stage of deceleration 4. 

second stage of deceleration 5. final deceleration ending in the buoyant lift-off. 

 

Supplementary Figure 5.2 Extracting high-frequency turbulence fluctuations from independent 

measurements. Turbulence fluctuations are extracted through Reynolds decomposition (𝑋 = 𝑋̅ + 𝑋′) using 

temporal Savitzki-Golay filters with a filter length of 250 ms to calculate the time-dependent mean parameters. 

All data was measured at 3.35 m runout and 45 cm height. All time axes start at flow arrival. a) Turbulence 

fluctuations of velocity magnitude (U'). The velocity magnitude is recorded at 500 Hz and filtered with 
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temporal Savitzki-Golay filters with an 18 ms filter length. b) Turbulence fluctuations of the downstream 

velocity, recorded at 500 Hz and filtered with temporal Savitzki-Golay filters with 18 ms filter length. c) 

Turbulence fluctuations extracted from the vertical velocity component, recorded at 500 Hz, and filtered with 

temporal Savitzki-Golay filters with 18 ms filter length. d) Turbulence fluctuations extracted from flow 

temperatures. Flow temperatures are recorded at 70 Hz and unfiltered. f) turbulence fluctuations of the dynamic 

pressure recorded with 1 kHz, filtered with a temporal Savitzky-Golay filter with 51 ms filter length. 

 

Supplementary Figure 5.3 Time-integrated flow grain-size distributions along the runout. The probability 

density functions (histograms) and cumulative (red lines) time-integrated flow grain-size distributions at 45 

cm height are shown along the runout: a) 3.35 m, b) 5.4 m, c) 9.6 m, d) 16 m, e) 20 m. Two stages of bimodality 

establish along the runout at 3.35 m (a), 9.6 m (c), and 16 m (d). 
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Supplementary Figure 5.4 Fourier spectra of flow temperatures. The Fourier spectra of flow temperatures 

were recorded at 45 cm height and 1.8 m (a), 3.35 m (b), 5.4 m (c), 9.6 m (d), 16 m (e), and 20 m (f) from 

impact. The temperature data was recorded with a 70 Hz sampling frequency resulting in a Nyquist frequency 

of 35 Hz. Each plot shows the Fourier spectra for the flow density (blue), the filtered Fourier spectra (black) 

filtered using linear Savitzki-Golay filters with 0.62 Hz window length, the -5/3 Kolmogorov slope (orange), 

and the Frequency bands 6 − 17 Hz (grey vertical bar), 35 − 95 Hz (dark grey vertical bar). 
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6 Synthesis and Conclusion 

This chapter reviews the three research questions that motivated and guided this PhD thesis 

and summarizes the main findings. The findings are discussed in the scientific context of 

volcanology and multiphase fluid dynamics. A link between PDC hazards and sedimentation 

behavior is established through the multiphase physics of dilute PDCs. Lastly, the chapter 

concludes the findings, presenting future perspectives, showing additional preliminary data, 

and providing new research opportunities. 

6.1 Research Objectives 

Pyroclastic density currents are the most lethal (Auker et al., 2013) but least understood 

(Lube et al., 2020) hazards of explosive volcanism. To help shed light on some of the 

unexplained processes, as identified in Chapter 1, this PhD research investigated the vertical 

structure and multiphase gas particle feedbacks inside dilute PDCs. In this context, three 

large-scale experiments were conducted in PELE across basal surfaces of varying roughness. 

These large-scale experiments focused on answering three main research questions: 

i. What are the processes behind the destruction-causing dynamic pressure in 

pyroclastic density currents, and how do these processes relate to hazard impacts? 

This was further motivated by recent experimental results published during this PhD 

by others in the group (Brosch et al., 2021), and supported by coincidental 

measurements into natural PDCs, revealed the dynamic pressure to be focused in 

large turbulence structures and to span a wider spectrum than previously expected. 
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The mechanisms causing these broad dynamic pressure spectra remain enigmatic, 

necessitating more detailed experimental work. 

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

how does it evolve during flow propagation? To date, the ferocity and 

unpredictability of PDCs have prohibited most efforts to obtain direct measurements 

inside flows, limiting the ability to validate flow models of dilute PDCs. This 

motivates continued experimental efforts to characterize the internal structure of 

dilute PDCs and to understand the hazard potential of PDCs better. 

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 dilute 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 

turbulent systems this is not fully understood (Brandt and Coletti, 2022). 

6.2 Key Findings 

6.2.1 Components of Dynamic Pressure and Their Implications on PDC Hazards 

Chapter 3 focused on the research question (i): The processes behind destruction causing 

dynamic pressures and how they relate to hazard impacts. This was achieved through the 

first high-resolution dynamic pressure measurements in large-scale experimental PDCs and 

the development of new analysis algorithms. The results of Chapter 3 show the dynamic 

pressure to consist of two main contributions, which are the continuous dusty gas pressure 

and discrete particle impacts, and that these need to be considered separately for hazard 
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planning. Through investigations of the spectrum of these two contributions to dynamic 

pressure, it was demonstrated that dusty gas pressures exceed mean values commonly 

estimated for hazard assessments (e.g., Burgisser and Bergantz, 2002, Burgisser et al., 2005, 

Dellino et al., 2008, Dioguardi and Mele, 2018), by more than one order of magnitude. 

However, particle impacts, which occur as clusters, exerted dynamic pressures that exceed 

mean pressures by up to two orders of magnitude.  

The dusty gas pressure equates to the fluid dynamic pressure, also considered by Brosch et 

al. (2021). The density in this equation is the bulk density of the gas and well-coupled 

particles (𝑆𝑡 ≪ 1), creating a dusty gas envisaged to act like a continuous fluid. The hazard 

impact caused by the dusty gas is a continuum loading to structures such as walls and trees. 

The force exerted onto these structures is the dusty gas dynamic pressure integrated over the 

area orthogonal to the flow direction. In structural damages caused by PDCs, walls that are 

orthogonal to the flow direction are often destroyed, while walls in the flow direction may 

not collapse (Figure 6.1). Also, tree blowdowns can be caused by the dusty gas dynamic 

pressure (Voight, 1981, Brand et al., 2023). For the Mount Saint Helens eruption, tree 

damage was used to define areas of destructiveness (Esposti Ongaro et al., 2012). Brosch et 

al. (2021) have shown the dusty gas dynamic pressure to be focused within turbulence 

structures, leading to amplifications up to 3-5 times the mean pressure. The results from 

Chapter 3 and Chapter 5 confirm this, focusing on dynamic pressure within turbulence 

structures, but found, as mentioned above, that maximum pressures exceed average 

pressures by more than one order of magnitude. The work also sheds light on the mechanism 

at play, where turbulence induces particle clustering at the margins of coherent turbulence 

structures, which, it is argued, creates high pressures in the margins and low pressures in the 

center of these structures. It was also shown how maximum clustering is established during 
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the first rotation of the largest coherent turbulence structures. The focusing of energy peaks 

at an amplification of 11.8 and then decreases to 3.9, matching the previously suggested 

amplification of 3 − 5 by Brosch et al. (2021). This pattern is linked to the depletion of high 

Stokes number particles that initially cluster at eddy peripheries, leading to the establishment 

of a concentration maxima, which was shown by both the large-scale experiments in this 

work and supported by numerical simulations (Figure 3.7 and Figure 3.8). This successfully 

tests the theory that particles with critical Stokes numbers accumulate at eddy peripheries 

(Burgisser and Bergantz, 2002). After the first rotation of the largest coherent turbulent 

structures, the resulting successive pressure peaks are likely to exacerbate the 

destructiveness of dilute PDCs although they do successively weaken. Just how they do this 

is an area for further research. 

 

Figure 6.1 Remaining flow parallel wall in Kaliadem. The remains of a house in Kaliadem show almost 

complete destruction. Only a wall that stood parallel to the flow direction remains after the passage of a 

pyroclastic density current. Due to the orientation of the wall, the dusty gas pressure only acted on a small 

area. The wall still shows signs of pockmarks. Photo courtesy of Gert Lube. 
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The particle impacts are discrete and are caused by those particles that decouple from the 

fluid phase and impact structures rather than follow the fluid flow around them. Due to the 

mechanism explained above of turbulence-induced clustering, these impacts occur in 

detectable clusters. The rate of change of momentum of these particles causes an impulse 

force that acts on the surface and so is reported as a particle impact pressure, 𝑃𝑖𝑚𝑝𝑎𝑐𝑡. Chapter 

3 showed the particle impact pressure exceeds the average pressures by two orders of 

magnitude, accounting for up to 75 % of the total time-integrated kinetic energy at mid-flow 

height. Unlike the dusty gas pressure (𝑃𝑑𝑢𝑠𝑡𝑦 𝑔𝑎𝑠), particle impacts are discrete events 

restricted to small surface areas. Through high forces on small areas, particle impacts 

generate significant piercing forces, which cause their own distinct damages; for example, 

Figure 3.9 and Supplementary Figure 3.5 highlight characteristic pockmarks into walls 

during the Merapi 2010 eruption, and Kieffer (1981) reports particles being driven into trees 

as projectiles. Furthermore, survivors of the Whakaari (White Island) eruption on the 19th of 

December 2019 in Aotearoa (New Zealand) reported repeated waves of dynamic pressure, 

during which they were hit by white-hot crystals and rocks (Browitt, 2020, Cozad, 2020, 

Urey, 2022).  

These reports further highlight the importance of the findings in Chapter 3 and the 

applicability of the experimental results to natural eruptions. The fluid pressure and discrete 

particle impacts occurring in destruction-causing waves must be considered for hazard 

forecasting. Projectile-like particle impacts pose a significant hazard and need to be 

considered as potential contributors to the injuries and lethality caused by dilute PDCs and 

included in hazard mitigation tactics. Detailed analysis of pockmarks could give information 

on the magnitude of particle impacts in nature. It is to be noted that brittle particles that break 
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upon impact with a concrete wall can still lead to significant injuries. Therefore, the material 

properties of particles and targets must be considered in such studies.  

6.2.2 Vertical Stratification and Turbulence Structure in Dilute Pyroclastic Density 

Currents 

To address the research question (ii), Chapter 4 investigated the vertical structure of 

experimental dilute PDCs through three large-scale experiments, varying the bed roughness 

and the lower boundary condition of the generated flows. For natural 100 − 500 m thick 

dilute PDCs, the largest deployed roughness of 4 − 8 mm scales to boulders of 0.2 − 2.2 m, 

the intermediate roughness (~201 μm) to 1.1 − 5.5 cm, and the smoothest roughness 

(~10 μm) to 0.56 − 2.8 mm. Therefore, this variation in bed roughness presents terrains 

from bouldery down to sandy substrates. The tested substrate changes did not significantly 

influence the propagation of the generated dilute PDCs. This can be explained by 

sedimentation quickly overwriting the initial roughness and generating its own roughness. 

Alternatively, the deployed roughness variations may not produce detectable differences or 

even present hydraulically smooth substrates. Kashefipour et al. (2017) studied experimental 

turbidity currents with significantly larger roughness variations and found significant 

changes in velocity profiles. However, the magnitude of roughness change used by 

Koshefiqour et al. (2017) is not realistic for the substrate around volcanoes but scales to 

natural obstacles such as hills, which was studied in another PhD, that by Corna (2023), 

which conducted an experimental series investigating the influence of hill-like obstacles with 

heights smaller, similar, and larger than the wall region on the dilute PDC’s propagation. He 

found that the flow detachment downstream of the obstacle leads to particle re-suspension 

and modifies the flow and turbulence structure of the dilute PDCs. This indicates that 
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modulations of the flow profile might be more dominant once the roughness is large enough 

to resuspend solid particles.  

Significantly, this research shows that the vertical structure of dilute PDCs, for both the 

concentration and the downstream velocity, collapses onto a single curve in non-dimensional 

form. It is, therefore, self-similar throughout the flow runout. This has previously only been 

shown for turbidity currents (Altinakar et al., 1996, Cantero-Chinchilla et al., 2015). The 

self-similarity of the velocity magnitude and the concentration distributions implies that the 

dynamic pressure is also self-similar (Chapter 4 EQN. 13). The self-similar shape of the 

dynamic pressure shows the maximum average pressure to be c. 2.5 times higher than the 

integral-averaged pressure, indicating further potential shortfalls in the use of integral-

averaged values. The maximum time-averaged dynamic pressure can be calculated 

following EQN. 14 in Chapter 4, using bulk densities and velocities. In this way, the 

maximum dynamic pressure occurs at c. 7% of the height of the density current body region, 

which is significantly lower than the height of the velocity maximum (at c. 24 % of the flow 

height). For the dilute PDC generated during the eruption of Whakaari (White Island), New 

Zealand, (9th of December 2019) with an average height of c. 26 m (Brosch et al., 2021), 

this research suggests the maximum (time-integrated) dynamic pressures would occur at 

1.8 m, i.e., the height of a standing person. For large PDCs with 100 − 500 m height, the 

maximum dynamic pressure is predicted at c. 7 − 35 m, therefore at heights of building 

infrastructure. 

Figure 6.2 summarizes the structure of dilute PDCs schematically, including the new Power-

Gaussian description of the vertical velocity component and the self-similar shape of the 

dynamic pressure distribution. The results from Chapter 4 show that the zonation into the 

wall and jet region has significance for the velocity magnitude, the concentrations, and 
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downstream and vertical velocities. This suggests that the wall-jet boundary is significant 

for the downstream dynamic and the mass and momentum transfer between different parts 

of the flow. The wake is not described well by the time-averaged flow profiles. Current 

multilayered PDC models focus on two layers: the dilute part and the dense underflow 

(Kelfoun, 2017, Shimizu et al., 2019, Shimizu et al., 2021). This research instead suggests 

a depth-averaged 3-layer model based on the empirical fits suggested in Chapter 4. A 3-layer 

depth-averaged model could be composed of a dense basal layer overridden by the wall and 

jet region. As defined in this thesis, the wake is a point of divergence and is not described 

well by the vertical concentration and velocity distributions. Therefore, I suggest first testing 

if models ignoring the wake produce meaningful results. 

 

Figure 6.2 Schematic figure visualizing the structure of dilute PDCs. The PDC begins with the upstream 

rotating head vortex, driven by the ambient shear. Vertically, the dilute upper part of the PDC comprises the 

wall and jet region overlain by the turbulent wake. Profiles show the downstream velocity (red), the vertical 

velocity (blue), concentration (yellow), and dynamic pressure (black). 

The presence of a dense granular bedload and erosional and depositional regimes (Brosch 

and Lube, 2020) suggest the presence of a basal slip condition. Current models either assume 

a zero slip boundary condition (Brosch et al., 2021, Cerminara et al., 2021) or do not describe 

the basal contact (Dellino et al., 2008). The boundary conditions of the Power-Gaussian 

velocity profile were reevaluated by including a slip condition in the form of a Navier-
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Maxwell slip length. The experimental data are well fit using a velocity profile with and 

without a slip condition. Due to the overall objectives and the resulting experimental setup, 

velocity data was recorded with a spatial resolution of c. 1 cm. The results suggest that both 

scenarios are possible, though the presence of a dense bedload and erosional phases (Brosch 

and Lube, 2020) making a slip condition more likely. Including a basal slip did not generate 

a significant difference in the overall velocity fits; only the basal boundary was modulated 

slightly. Data with higher spatial resolution, smaller than the expected viscous sublayer (<

3 mm), is needed to further investigate the presence of a basal slip. Also, the influence on 

depositional and erosional processes needs to be tested. 

6.2.3 Turbulence Field in Dilute Pyroclastic Density Currents 

Chapters 4 and Chapter 5 investigated the turbulence structure of dilute PDCs, expanding on 

previous studies of Brosch et al. (2021) and Cerminara et al. (2021). The turbulence fields 

were investigated by studying the turbulence fluctuations, here extracted via Reynolds 

decomposition, following 𝑈 = 𝑈̅ + 𝑈′ with the full flow field 𝑈, mean flow 𝑈̅, and 

turbulence field 𝑈′. For most settings where turbulence fields are extracted, the mean flow 

field is constant in time and only a function of spatial coordinates (𝑈̅(𝑥, 𝑦, 𝑧)). In contrast, 

mean flow fields for transient flows are highly time-dependent (𝑈̅(𝑥, 𝑦, 𝑧, 𝑡)). Brosch et al. 

(2021) and Cerminara et al. (2021) fit temporal polynomials to the fit parameters of empirical 

functions. They apply assumptions that may influence calculated mean fields and the 

resulting turbulence fields. This research used temporal Savazki-Golay filters (Savitzky and 

Golay, 1964) with varying filter lengths to calculate the mean flow fields. The detail 

contained in the mean flow can be adjusted by changing the filter length (time), and so 

turbulence flow fields for different time scales can be extracted. Short time-windows will 

extract higher frequency turbulence flow fields by including more detail in the mean flow 
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fields. Long window lengths include less detail in the mean flow field, and so extract also 

lower frequency turbulence flow field.  

In Chapter 4, turbulence generation and the influence of turbulence on the vertical structure 

of PDCs were investigated. The results show that turbulence is mostly generated at the top 

flow boundary, where concentrations and density stratification are low. On the other hand, 

turbulence generation at the base is hindered by high-density gradients inhibiting turbulence 

generation. Turbulence intensities increase with height and also towards the lower solid 

boundary. The turbulence kinetic energy does not increase significantly towards the base. 

For the wake and upper parts of the body, turbulence is dominant over the mean flow, 

generating an actively mixing layer. This also leads to deviations from the vertical 

distributions of velocity and concentration, even in time-averaged data. 

Chapter 5 shows the spatial and temporal evolution of the turbulence structure of dilute 

gravity currents reaching Reynolds numbers up to 1.5 × 106. Temporal Savitzki-Golay 

filters with window lengths of 2 s and 250 ms were used to extract these turbulence patterns. 

During the initial flow propagation, distinct turbulence patterns are developed consisting of 

large, low frequency (c. 1.22 Hz) vortices, which are superimposed by smaller sub-vertical 

structures with c. 10 Hz, most pronounced in the vertical velocity. The largest turbulence 

structures encompass the upstream rotating head vortex and shear-induced Kelvin-

Helmholtz instabilities spanning the entire flow height. The head vortex, which can be 

identified visually, shows how particles accumulate at the vortex margins, leading to a low 

concentration and low-pressure zone in its center (Figure 5.2). Consistent with the constant 

Strouhal number of 0.3 in PDCs (Brosch et al., 2021), the period of the largest structures 

increases during flow propagation. The increasing period shows the spatial extent of these 

structures to be constant.  
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A separation of turbulence regions into wall and jet regions, as shown in Salinas et al. (2021), 

occurring in experimental turbidity currents with Reynolds numbers up to 1.8 × 104 −

2 × 104, was not observed. The experimental flows analyzed in this thesis with Reynolds 

numbers of  1.5 × 106, resulted in less stratification (i.e., better mixing) and higher degrees 

of turbulence. Salinas et al. (2021) further show that by lowering the Reynolds number of 

the experimental flows to 6 × 103 − 9 × 103, an intermediate zone forms, similar to that 

observed by Brosch et al. (2021), who found that turbulence features separate into wall and 

jet regions. As a note of caution, this difference potentially stems from an artifact of the 

algorithm used to perform the Reynolds decomposition or the different dynamic behavior of 

the experiment presented in Brosch et al. (2021) to the experimental data presented in this 

thesis. With respect to the Reynolds decomposition, using a Power-Gaussian definition of 

the mean velocity field, the occurrence of the velocity maximum at the wall jet boundary 

could force minima in turbulence fluctuations and thus explain the observed separation into 

the wall and jet region. Lagrangian algorithms need to be used to extract Lagrangian coherent 

structures to show the coherence of turbulence structures (Peacock and Haller, 2013, Haller, 

2015). The extraction of Lagrangian coherent structures, such as Lagrangian-averaged 

vorticity deviation (LAVD) (Farazmand and Haller, 2016) and finite-time Lyapunov 

exponents (Haller and Yuan, 2000, Haller, 2002), was tested in this PhD research, but 

remained unsuccessful due to violations of smoothness conditions of the used velocity fields 

(Brandt and Coletti, 2022). This can be explained by the high levels of polydispersity 

resulting in a range of coupling regimes and noise from the measurement and PIV algorithm. 

6.2.4 Gas Particle Feedback in Dilute Pyroclastic Density Currents 

In Chapter 3 and Chapter 5, the turbulence structure and gas-particle feedbacks inside PDCs 

were investigated, focusing on research question (iii). The particle coupling was described 
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considering only the particle Stokes number, as opposed to previous research by Burgisser 

and Bergantz (2002) and Breard and Lube (2017), who also considered the Stability number 

(particle settling and turbulent fluid motion time scales) to describe the influence of gravity. 

Setting the Stokes number to a critical value of one identifies for which eddy frequencies a 

particle migrates to the margins. Smaller particles will be coupled to the eddy, and bigger 

particles decouple. This allowed linking eddy sizes (Figure 3.5) and frequencies with particle 

grain-size distributions (Figure 3.6 and Figure 5.8). In turbulent flows such as dilute PDCs, 

the energy is transferred from large to smaller structures along a turbulent energy cascade. 

The Kolmogorov cascade has a −5/3 slope in a log-log space, and is often assumed to be a 

constant in fully turbulent flows. Along this energy cascade, large eddies start a sequence of 

exciting ever-smaller eddies until the energy is dissipated in heat (Figure 6.3 a, b, and c). 

The largest eddies lie in the so-called energy-containing range where turbulence is 

generated; in the case of PDCs, this is primarily through shear with the ambient air. The 

shear-induced head vortex is the most prominent example of these large turbulence 

structures. The largest eddies with frequencies of ca. 1.3 Hz are the start of the inertial 

subrange, where the energy is passed down from larger to smaller structures. Based on the 

Stokes number, these largest eddies can theoretically support particles up to c. 2 mm in 

diameter. The dissipation range begins at the Kolmogorov scale at the end of the inertial 

subrange, where energy is viscously dissipated. For the large-scale experiments, reaching 

Reynolds numbers up to 1.5 ∙ 106, the Kolmogorov scale was estimated to be 1.33 − 42 µm 

much smaller than the initial 𝑑50 median grain size of 241 µm and the largest particles with 

16 mm diameter (shown in Chapter 5). Along the inertial subrange, the particle sizes that 

are supported decrease with eddy size and eddy period, predominantly clustering the 

particles with 𝑆𝑡 = 𝒪(1) for a given eddy (Figure 6.3 b) (Wang and Maxey, 1993, Fessler 

et al., 1994, Aliseda et al., 2002).  
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The analysis only studying the Stokes Number differs from analyses by Burgisser and 

Bergantz (2002) and Breard and Lube (2017), who also considered the Stability number. The 

Stability number describes the importance of gravitational forcing. These studies find a 

variety of coupling regimes. In other turbulence studies, the Gallileo Number is used to 

determine the influence of gravitational forces compared to viscous forces. For the presented 

experiments, Galileo numbers range from 5.9 × 10−8 −  3.4 × 104. This indicates that large 

particles are influenced by gravitational forcing, while small and intermediate particles are 

largely unaffected. Therefore, the proposed model, ignoring gravitational effects by only 

considering the Stokes number, describes the sedimentation and gas-particle coupling of 

small to intermediate-sized particles well. However, for the largest particles, gravitational 

forcing becomes dominant. 

Through the analog case of the cyclone separation in the industrial engineering case, the 

forces acting on one particle can be expressed as  

 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝐸 + 𝐹𝐺 + 𝐹𝐵 + 𝐹𝐷 EQN. 6-1 

𝐹𝐸 the centrifugal force, 𝐹𝐺  gravitational forces, 𝐹𝐵 buoyancy forces, 𝐹𝐷 drag force (see 

Figure 6.3 d). In this force balance and in Figure 6.3 d, only inward and outward-directed 

force components are considered, as the tangential force components do not determine the 

coupling of particles to turbulent vortices. 

At the base of a circular vortex, the outward forces (𝐹𝐸 + 𝐹𝐺) are maximum. For a particle 

to be suspended in the vortex, the outward and inwards acting forces have to be equal. From 

this follows  
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𝐹𝐸 + 𝐹𝐺 = 𝐹𝐵 + 𝐹𝐷 →

𝐹𝐸 + 𝐹𝐺

𝐹𝐵 + 𝐹𝐷
= 1 = 𝜃 

EQN. 6-2 

The fraction of outward and inward forces can be written as a coupling number 𝜃. For 𝜃 >

1, particles would uncouple, and 𝜃 < 1, particles would be sufficiently coupled with the 

vortex. For calculations of the coupling number, the forces acting on one particle need to be 

investigated systematically.  

Figure 6.3 e conceptually shows how particles may decouple from one vortex and either be 

coupled by a secondary vortex or fall through smaller secondary vortices. Turbulence 

fluctuations with different timescales for different runout distances were extracted. This 

revealed the shear-induced generation of the largest turbulence structures along the initial 

runout, generating vortices with constant spatial extend. These largest structures are 

superimposed by more frequent sub-vertical structures with frequencies of ~10 Hz. These 

sub-vertical structures are presented as a signature in all measurements. A constant phase 

shift between vertical and downstream velocity is not observed. Therefore, sub-vertical 

structures are unlikely rotational eddies. I hypothesize that the sub-vertical velocity 

structures identified in Chapter 5 generate sedimentation pathways and are the origin of 

selective sedimentation. Figure 6.3 f suggests a mechanism for the generation of mesoscale 

clusters. At first 𝑡1 particles with 𝑆𝑡 = 𝒪(1) accumulate at the eddy margins. Through 

gravitational forcing particles slowely settle to the base of the eddies (𝑡2). Once a sufficient 

cluster is formed (𝑡3), the cluster's terminal fall velocity increases, and the cluster is 

decoupled from the vortex. After detachment, the cluster is in the fall regime (Burgisser and 

Bergantz, 2002) and collects more particles through collisional clustering and wake-induced 

clustering. In the experiments, the sedimentation pathways for rapid sedimentation of 
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clusters are visible as long as sufficient mass loading of specific grain sizes is present. 𝑡4,5 

schematically sets the whole mechanism into the context of a PDC. 

Figure 6.3 Conceptual figure summarizing the turbulent energy cascade and gas-particle feedbacks 

described in this thesis. a) conceptual sketch visualizing the energy cascade in PDCs. The largest eddies, such 

as the head vortex, are driven by shear and start a sequence of energy transfer from larger to smaller eddies 

until the energy is viscously dissipated. b) Schematic energy cascade as a function of the wave number 𝑘 and 

frequency (marked above). Particles are distributed according to their Stokes number. Larger eddies can 

support a wider range of particles. With Stokes numbers of 1 accumulate at eddy margins, smaller particles are 

evenly distributed, and particles with Stokes numbers larger than 1 decouple from the vortex. c) i. The initial 

Kolmogorov cascade split into the energy-containing range, inertial subrange, and the dissipation range. ii) 

Energy cascade, including a change in slope induced through the presence of particles. iii) Energy cascade, 

including cluster-induced energy focusing for discrete frequency spectra. d) Schematic sketch of the forces 

acting on a particle inside a circular vortex with 𝐹𝐸 the centrifugal force, 𝐹𝐺 the gravitational forces, 𝐹𝐵 the 

buoyancy forces, and 𝐹𝐷 the drag force. Arrows indicate the direction of the forces; for simplicity, only force 

components parallel or orthogonal to the propagation direction are shown. e) Conceptual trajectory of a particle 

decoupling at the vortex's base. 𝑡1: The particle is at the top of the eddie and well coupled. 𝑡2: the particle 



294 

travels toward the base of the vortex where it is decoupled. 𝑡3: the particle is decoupled from the first vortex 

𝑉1 and approaches another vortex 𝑉2. 𝑉2 can be either the same size larger (left), or smaller than the initial 

vortex (right). 𝑡4: The particle is coupled again (left) for the equally or larger-sized vortex. If the secondary 

vortex is smaller, the particle falls through and is not coupled. f) Conceptual figure of the hypothesized 

generation mechanism of mesoscale clusters. 𝑡1: Particles with Stokes numbers around 1 accumulate at eddie 

margins. 𝑡2: Particles accumulate at the base of the vortex through gravitational forcing. 𝑡3: If the concentration 

of the particle cluster is large enough, the particle cluster decouples from the vortex. 𝑡4: After the cluster is 

decoupled, it falls through other vortices. During the fall the cluster generates a low-pressure wake, and with 

it, a sedimentation pathway. At the base of (f) this mechanism is schematically put in the context of PDCs. 

6.2.5 Limitations of the Research 

Conducting large-scale experiments is challenging and time-consuming, both in the 

experimental preparation and the data collection and processing stages. Through these 

challenges, two main limitations arise:  

• Repeatability: Due to the large scale of the experiments and partially not 

controllable conditions such as the weather, repeatability is only given to a certain 

degree. Therefore, experiments with even the same starting conditions can have 

slightly different flow behavior. This makes very detailed experimental series such 

as those presented in this PhD difficult, and only clear results can be interpreted with 

confidence. Not consistent results may stem from the measurement 

accuracy/repeatability of the large-scale experiments.  

•  Number of Feasible Experiments: Each large-scale experiment is very time-

consuming and complex to plan. In this PhD, five preliminary test experiments and 

an experimental series of three systematic experiments were conducted. The 

preliminary experiments were used to develop and test new sensors. Thus, reduced 

sensor setups were used, and the data collection was kept at a minimum. The 
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experimental series consisting of three experiments varying the bed roughness was 

conducted, assuring as much repeatability as possible. The experimental series 

conditions were matched as well as possible down to the ambient temperature, wind, 

and other weather conditions. This resulted in a data set investigating the influence 

of the roughness on the flow behavior. While the investigation of new physical 

mechanisms often only needs one experiment for detailed analysis and additional 

experiments for validation, detailed parameter studies need very accurate data sets. 

Our research from Chapter 4 suggests that the influence of the bed roughness in the 

scales tested does not affect the flow behavior significantly. A large-experimental 

series with large numbers of experimental runs for each condition could, though, 

show a systematic that is not presented in the presented small data set. Such an 

experimental series would also quantify the degree of repeatability. Large 

experimental series like this are not possible with large-scale experiments. 

6.3 Future Perspectives 

The outlined limitations of research necessitate further research, and preliminary data opens 

up new research opportunities. The suggested future research is outlined in the following. 

6.3.1 Wider Range of Roughness 

Testing bed roughness scales from the roughness deployed in this PhD to roughness 

deployed in Kashefipour et al. (2017) are suggested to investigate at which scales the 

roughness starts to affect the flow propagation of dilute PDCs.  
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6.3.2 Different Substrate Structures 

In coastal protection, mangroves mitigate damage caused by tsunamis and storm surges by 

attenuating the energy flow (Marois and Mitsch, 2015). Walker et al. (1995) hypothesized 

PDCs to propagate as transient waves, suggesting similarity to Tsunamis and storm surges. 

Testing if different types of roughness and porous media dissipate significant flow energy, 

could inform environmental and infrastructure planning to minimize the risk posed by PDCs. 

6.3.3 Different Grain-Size Distributions 

Detailed studies using different grain-size distributions would inform on the influence of the 

grain-size distribution on the turbulence fields. Using less complex grain-size distributions 

with differently colored particles could give valuable insights comparable to results from 

numerical modeling in Chapter 3 (see Figure 3.7). 

6.3.4 More Detailed Measurements 

This thesis has demonstrated that deploying more detailed measurements provides valuable 

insights into the multiphase physics of PDCs. Measurements with higher spatial and 

temporal resolution will inform on smaller turbulence structures and and interactions of the 

PDC with the substrate. 

6.3.5 Large Experimental Dataset 

A larger experimental series is needed to investigate the influence of bed roughness on the 

propagation of dilute PDCs. The experimental series would need multiple repetition runs for 

each roughness to examine the reproducibility of the results. Due to time constraints and 

limitations in material availability, such a study is not feasible with large-scale experiments. 



297 

Here, benchtop experiments, where multiple experiments a day can be run instead of one or 

two experiments a month, have a strong advantage. Such benchtop experiments would lead 

to less scaling similarity but would still provide the valuable data, due to the possibility of 

creating large datasets. 

6.3.6 Air Pulse and its Implications for Seismo-Acoustic Volcano Monitoring 

The dynamic pressure measurements using Piezoelectric pressure sensors also reveal a pre-

arrival signal caused by air displacement by the collapsing ash column. The signal is visible 

at distances from 1.8  to 9.6 m (see Figure 6.4). Further from impact outside the industrial 

building, the ambient noise becomes too high to detect this signal. The pressure signal 

propagates at sonic velocity (~340 m ∙ s−1) and is presented as a wind gust (Supplementary 

Video 2). The initial pressure pulse is followed by a continuous pressure signal caused by 

air displacement of the propagating flow front. The continuous signal can be compared as 

an analog to the air displacement that can be felt at train stations when a train approaches 

the platform. For the observer location at 9.6 m, the initial pressure pulse and the following 

continuous pressure signal are no longer differentiable.  

A pressure signature preceding the PDC was also reported by Yamasato (1997), who 

detected a pressure wave in infrasound data and correlated it with seismic signals caused by 

rocks collapsing onto the mountain slope. Pre-arrival signals can be used to develop remote 

detection and early warning systems for pyroclastic currents. More focused interdisciplinary 

research investigating the physics of material collapse and generation of air displacement is 

needed to link it to the PDC's source conditions. For this, numerical models, as presented by 

Sweeney and Valentine (2017) and Valentine and Sweeney (2018) could be used. With a 

detailed understanding of the generation of the airwave, seismo-acoustic measurements 
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could be used to investigate the source mechanism of pyroclastic density currents. 

Infrasound is an emerging tool for volcano monitoring (Johnson and Ripepe, 2011, Watson 

et al., 2022) and has been a standard tool for monitoring nuclear explosions (Christie and 

Campus, 2009). Furthermore, frequency spectra of infrasound data could potentially inform 

on the turbulent energy cascades inside PDCs. Understanding infrasound's information 

would open the opportunity to analyze more real-world data and validate concepts developed 

theoretically and experimentally. A detailed experimental series is currently being carried 

out to achieve this. 

 

Figure 6.4Tracking the pre-arrival pressure signature along the runout. a-d) Time series of the filtered dusty-

gas Pressure along the runout (1.8, 3.35, 5.4, and 9.6 𝑚) are shown, with the time-axis showing the time after 

the experiment-trigger experiment. The time series is color-coded with the pre-arrival airwave marked in red, 

the pre-arrival wind in grey, the flow head yellow, and the body and the tail. The expected arrival times, 

assuming the sonic velocity of 340 𝑚 ∙ 𝑠−1 are marked by vertical red dashed lines. 

In addition to the large potential to forward seismo-acoustic volcano monitoring, the pre-

arrival airwave also poses a significant hazard potential. For proximal locations, the 
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amplitude of the airwave reaches up to 94 Pa, a quarter of the dilute PDCs maximum dusty 

gas pressure (~390 Pa), and three times the often-used average pressure (32 Pa).  

Due to the channeling of the air shock, real-world observations have to be considered to 

estimate the hazard in volcanic settings. The channeling in PELE could lead to an 

overestimation of hazard potential. Different generation mechanisms might generate air 

displacements and hazard impacts with different magnitudes. 
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Appendix 

The Following describes the supplementary codes and data. The supplementary data saved 

under: D Uhle Digital Appendix DOI 10.5281/zenodo.10648325 

The Appendix is subdivided as follows. 

Appendix A: General 

All codes run in a free Python environment. To ensure reproducibility and avoid issues with 

versions of Python and single packages, Appendix A contains the Anaconda environment 

‘Anaconda_Environment.yaml’.  

Appendix B: Supplementary Videos 

The Appendix B contains the supplementary videos for Chapter 3.  

Appendix C: Codes and Data: Deadly coupling – hazard impacts 

of pyroclastic density currents exacerbated by mesoscale particle 

clusters 

Appendix C contains all data and codes to reproduce the figures shown in Chapter 3, except 

Figure 8 showing results of numerical simulations. The results of the numerical modeling 

where provided by Eric C.P. Breard (Eric.Breard@ed.ac.uk). For access to this data please 

contact Eric C.P. Breard. 

https://zenodo.org/records/10648326?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjA5Njk4NmY2LWFkMWUtNGIwOS04NjQ2LWMwYzYyNTkxODg0MiIsImRhdGEiOnt9LCJyYW5kb20iOiIzZTM2ZTQyZTQwODY0NTQ1MDczYmQ0MWVjZWNhMDEwMCJ9.4e46wvzvwXMoG-P32Gl3mOPSU_I2W-OedV2b870hWFsgcRTmvJEOsDhAjjcgFuSlD2kqjZGxWB1f9I3r5LY-bw
https://zenodo.org/doi/10.5281/zenodo.10648325
mailto:Eric.Breard@ed.ac.uk
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Appendix D: Codes and Data: Characterizing the Flow and 

Turbulence Structure of Dilute Pyroclastic Density Currents 

Through Large-Scale Experiments 

Appendix D contains all data and codes to reproduce the figures shown in Chapter 4.   

Appendix E Codes and Data: Turbulence Structures in Dilute 

Pyroclastic Density Currents and their Implications on 

Turbulent Gas Particle Coupling 

Appendix E contains all data and codes to reproduce the figures shown in Chapter 5. 

Statements of contribution Doctorate with 

publications/manuscripts for Chapters 3-5. 

Note for Examiners of Doctoral Theses - Explanation of Covid-

19 Impacts  
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