
1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright is owned by the Author of the thesis. Permission is given for a copy to be 

downloaded by an individual for the purpose of research and private study only. The 

thesis may not be reproduced elsewhere without the permission of the Author. 

 

 

  





3 
 

  



4 
 

Abstract 
 

Pyroclastic Density Currents (PDCs) are hot multiphase flows of volcanic particles and 

gas that are frequently produced during explosive volcanic eruptions. These fast-

moving currents show variable runout distances that range from a few kilometres to 

more than 100 kilometres from their sources. Through their high velocities, large 

contents of respirable fine ash, temperatures and dynamic pressures, PDCs constitute 

extreme suffocation, burn and damage hazards for people living around volcanoes. 

An important additional source of hazard arises from the ability of PDCs to surmount 

significant topographic obstacles, such as hills and ridges. Because of their ferocity, 

to date there are no direct observations and measurements of PDCs interacting with 

obstacles and current knowledge comes from characterizing PDC deposits and PDC 

damage features across terrain after eruptions. The interaction of dense granular flows 

and dilute aqueous and gaseous particle-laden gravity currents with simple 

topographic barriers has been studied in laboratory experiments. These represent 

dense, non-turbulent or dilute, fully turbulent end-members of PDC behaviour. How 

the behaviour of dense and dilute end-member flows interacting with obstacles differs 

from those of real-world PDCs, which encompass a complete multiphase spectrum 

from dilute to dense transport regimes, remains unknown. This PhD research aims at 

bridging this gap in knowledge through synthesizing the behaviour of interaction of 

PDCs with ridge-shaped obstacles in large-scale experiments.  

The experiments were designed and conducted at the eruption simulator facility PELE 

(Pyroclastic flow Eruption Large-scale Experiment) to visualise the processes of PDCs 

interacting with obstacles, measure the changes in the flow velocity and density 

structure induced by this interaction, characterise the effects of the interaction on 

downstream flow behaviour, and study the variations in deposition across obstacles. 

Three hill-shaped obstacles were designed for these experiments, with the same 

shape and aspect ratio, but varying sizes compared to the size of the experimental 

PDC.  

The experiments reveal strong changes in the vertical velocity and density structures 

of the currents immediately before and after obstacles and strong losses in flow 

momentum. This is associated with flow compression and acceleration along the stoss 
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side of the ridge, flow detachment with boundary layer separation behind the ridge 

crest, and formation of a turbulent wake underneath the detached flow before re-

attachment. The amount of flow acceleration, the size of the turbulent wake and the 

flow re-attachment distance increase with obstacle size. High-speed video footage of 

the interaction shows evidence for a typical sequence of transient behaviour that could 

be linked to the time-variant velocity and density structure of the head, proximal body, 

distal body and a tail regions of the experimental PDCs. Four phases of interactions 

are noted in all three experiments: (1) during head passage - flow acceleration and 

compression on the stoss side, followed by detachment after the crest, generation of 

the wake behind the hills and re-attachment downstream; (2) during passage of the 

proximal body - the development of an alternatively thickening and collapsing turbulent 

jet structure along the stoss side that forms the base of the detached flow, and which 

separates and shields the wake from the detached flow above; (3) during passage of 

the remaining body - an increase in flow density leads to the blocking of a dense 

underflow forming thick deposits on the stoss side and to the advection of particles 

from the lower flow region into the detached flow above the wake; (4) during waning 

flow and passage of the gravity current tail - the velocity field rotates and the angle of 

attack of the flow approaches the inclination of the lee side of the obstacle. In this 

situation, the size of the turbulent wake decreases and eventually flow detachment 

ceases. The compression and acceleration of material on the stoss side of obstacles 

allow particles at the base of the flow to be conveyed upward back into the detached 

flow. The higher the obstacle, the stronger the acceleration and the larger the 

proportion of the flow that is advected.  

Ballistic trajectory models, which have been used to predict flow paths of dense and 

dilute analogues flows across simple obstacles, do not describe well the wake 

measured in experiments and under-estimate its dimensions. As evidenced by vortex 

shedding and high detachment angles in a flow with high Reynolds number, PDC-

obstacle interactions are instead controlled by boundary layer separation in a turbulent 

flow. Therefore, they are linked to the drag coefficient of the hill and the drag force 

exerted by the obstacle onto the flow. A study of the wake dimensions revealed that a 

lift force assists in maintaining the wake aloft and in countering gravity. The ratio 

between the drag and lift forces controls the wake dimensions. An empirical scaling 

relationship between the re-attachment distance of the flow and the height of the 
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experimental PDCs are currently not captured in PDC flow and hazard models. The 

local flow acceleration against gravity on the obstacle stoss side warrants caution for 

the application of kinetic to potential energy conversion models that are used to 

estimate bulk velocities of PDCs. These findings encourage further experimental and 

numerical experiments to investigate, for instance, the more complex situations of 

three-dimensional obstacles, systematic test of different obstacle geometries and 

series of obstacles in PDC pathways to help development of predictive PDC flow and 

hazard models.  
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1. Introduction 
 

 

This chapter introduces the PhD research by presenting the research problems and 

establishes the research questions and objectives of this thesis.  

 

 

1.1. Research preface and problems 

 

Pyroclastic Density Currents (PDCs) are hot, fast-moving, ground-hugging, 

particle-laden gas flows produced during explosive volcanic eruptions (Druitt 1998; 

Branney and Kokelaar 2002). PDCs are formed from different mechanisms such as 

plinian column collapse or dome collapse. In the most violent cases, they can be 

associated with flank collapse of a volcano (e.g. Moore and Rice 1984) or with the 

formation of a caldera (Druitt and Sparks 1984; Legros et al. 2000; Roche and Druitt 

2001). The lowest volume PDCs usually travel a few kilometres before stopping (e.g. 

Moore and Rice 1984; Calder et al. 1999; Lube et al. 2014; Capra et al. 2016), but the 

largest eruptions can produce flows travelling up to >100 km from their source, 

overcoming topography (Wilson 1985; Cas et al. 2011; Roche et al. 2016; Takarada 

and Hoshizumi 2020; Roche et al. 2022). PDCs are extremely lethal, with ash loads 

leading to suffocation and long-term pulmonary diseases (Baxter 1990; Hincks et al. 

2006; Dellino et al. 2021) and high temperature causing fatal burns (Mastrolorenzo et 

al. 2001; Baxter et al. 2017). Their high dynamic pressures can cause severe damage 

to buildings (Fig. 5 in Tanguy 1994; Baxter et al. 2005) along with impacts of large 

blocks carried or entrained by the flow (Baxter et al. 2005).  

Two end-members of PDCs are generally recognized: dense and dilute PDCs. 

While dense PDCs tend to be usually confined in valleys, dilute PDCs have the ability 

to topple topographic obstacles with ease, making impact areas hardly predictable and 

hazard planning highly difficult. Topographic interactions include changing flow 

directions (Valentine 1987), overbanking valley walls (Cronin et al. 2013; Risica et al. 

2022), or engulfing entire obstacles (Fisher 1990; Fisher et al. 1993; Burgisser 2005; 

Lube et al. 2014) leading to significant disasters such as the 2010 Merapi and 2018 

Fuego eruptions which claimed the lives of 380 and >400 people respectively.  
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Despite a few studies over the years, the interactions between PDCs and 

topographic obstacles are still largely misunderstood and need more focus. Some 

regions are particularly at risk such as the city of Naples and its surroundings, home 

to 4 million people and located in the immediate proximity of Mt Vesuvius. Hence, 

quantifying the ability of potentially generated PDCs to surmount the caldera wall of 

Mount Somma is essential for hazard assessment in this region (Gurioli et al. 2010). 

Such situations highlight the need to improve our knowledge on the transport 

processes of PDCs across obstacles and how the flow dynamics are impacted 

downstream.  

However, due to the dangerous nature of PDCs, it is nearly impossible to obtain 

internal measurements and our knowledge is still only partial (Lube et al. 2020). 

Hence, the current knowledge on PDCs, and therefore on their dynamics across 

topographic obstacles, comes from:  

- Theorical and numerical modelling (e.g. Valentine 1987; Legros and Kelfoun 

2000; Todesco et al. 2002; Doronzo et al. 2010; Gardner et al. 2018; Kelfoun 

and Gueugneau 2022).  

- Field work characterizing facies variations of PDCs deposits across 

topographic obstacles (e.g. Walker and Wilson 1983; Branney and Kokelaar 

1997; Burgisser 2005; Sulpizio et al. 2008; Cas et al. 2011; Jeon et al. 2011; 

Ogburn et al. 2014; Breard et al. 2015). Field studies have been used to 

determine the two aforementioned end-members of PDCs by looking at their 

deposit characteristics and whether deposits were found on ridges or not. 

Through changes in facies variations across obstacles indicating conversion 

of kinetic to potential energy, field studies usually suggest that PDCs 

decelerate by climbing obstacles.  

- Laboratory experiments on analogue systems such as aqueous particle-laden 

gravity currents (e.g. Alexander and Morris 1994; Woods et al. 1998; Abhari et 

al. 2018; Wilson et al. 2018) and dense granular flows (e.g. Hákonardóttir et 

al. 2003; Naaim-Bouvet et al. 2004; Viroulet et al. 2017; Chung et al. 2019). 

However, while these experiments give insights in the basic structure of PDCs, 

the analogy with PDCs is limited by fundamental differences in the scaling such 

as the density contrast with the ambient fluid, the fluid viscosity or the 

turbulence intensity (Burgisser et al. 2005). 
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- Large-scale experiments (Andrews and Manga 2011; Dellino et al. 2007; Lube 

et al. 2015), which reproduce PDCs in a controlled, scaled environment, with 

the possibility to measure internal parameters and link them to the resulting 

deposits. However, to date, no large-scale experiments were done with hill-

shaped obstacles in the flow path.  

 

 

This research focuses on the transport and sedimentation processes of PDCs 

across topographic obstacles. It is motivated by the gaps in the current knowledge and 

necessity to produce models that would improve hazard mitigation and protect 

populations and infrastructures. Dynamically and kinematically scaled PDCs were 

reproduced in the Pyroclastic flow Eruption Large-scale Experiment (PELE, Lube et 

al. 2015) located in Massey University, New-Zealand. Hill-shaped obstacles of varying 

size were introduced in the channel to span a range of possible obstacles that can be 

encountered by a PDC. Through these experiments, this project aims at decrypting 

the processes occurring inside PDCs as they travel across obstacles, and how the 

transport and sedimentation processes are affected by the hills, even far downstream. 

Figure 1.1: satellite view captured (a) before and (b) after the 2018 eruption of Fuego (Guatemala), 
showing a major overspill zone where the PDC did not stay confined in the valley and rather diverted 
at the valley bend, leading to the desruction of the entire community of San Miguel Los Lotes. Modified 
from Risica et al (2022). 
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This work builds on previous works done in PELE for two PhD theses (Breard 2016; 

Brosch 2020), which respectively focused on dense and dilute PDCs.  

 

 

 

1.2. Research questions and objectives 

 

This PhD research is motivated by three main research questions, presented as 

follows and summarized in Table 1.1: 

 

Question 1: What are the physical processes governing the interactions of PDCs 

with topographic obstacles?  

This will be addressed by: 

�x Designing and building experimental obstacles that would fit the range 

of obstacles encountered by a PDC and refining the PELE setup to 

obtain qualitative results for each experiment.  

�x Characterizing the dynamic interaction of PDCs across obstacles and 

linking them to a detailed analysis of flow regimes.  

�x Determining forces acting on the flow at the obstacle position and their 

impact on the flow dynamics. 

 

Question 2: Can topographic obstacles modify the internal flow and deposition 

behaviour of PDCs? How is this reflected in their deposits? 

This will be addressed by: 

�x Defining the changes in flow density, velocity, temperature and 

momentum before and after the obstacles. 

�x Quantifying the internal energy of the flows with varying obstacle size.  

�x Time-resolved analysis of the deposits before and after the obstacles 

and linking their characteristics to the dynamics of the parent flow.  

 

Question 3: What are the consequences of the interaction of PDCs with 

topographic obstacles on their runout and hazard behaviour?  

This will be addressed by: 
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�x Describing flow processes occurring immediately after the obstacle and 

their variations with time.  

�x Characterising flow propagation and how obstacles of different sizes 

impact the final runout.  

�x Investigating and comparing the flow density, velocity, grainsize and 

temperature after each obstacle and the implication for PDC hazards 

downstream of obstacles.  

 

Question Methodology Objective 

What are the physical 

processes governing the 

interactions of PDCs with 

topographic obstacles? 

Measuring the internal 

time-variant flow structure, 

density and velocity, 

focusing specifically 

across the obstacles.  

Qualitative understanding 

of the processes occurring 

when PDCs cross a 

topographic obstacle.  

Can topographic 

obstacles modify the 

internal flow and 

deposition behaviour of 

PDCs and how is this 

reflected in their deposits? 

Linking the deposit 

characteristics to flow 

regimes.  

Building a dataset to 

assess PDC-obstacle 

interactions with deposit 

characteristics in the field.  

What are the 

consequences of the 

interaction of PDCs with 

topographic obstacles on 

their runout and hazard 

behaviour? 

Measuring time- and 

space-variant flow 

structure, velocity, 

temperature, density and 

grainsize after the 

obstacles up to the end of 

the flow propagation.  

Defining a model that 

predicts hazards 

downstream of different 

obstacle sizes.  

Table 1.1: Summary of research question, methods and objectives.  
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1.3. Thesis outline  

 

This PhD thesis is divided in seven chapters as followed: 

 

Chapter 1 

The thesis starts with the present introductory chapter. Here, the focus is centred 

on the introduction to the research topic and explanations for the reasons behind this 

project through questions and objectives.  

 

 

Chapter 2 

This chapter focuses on the previous works that were done on PDCs in general, 

before focusing on their interactions with obstacles. The fundamental processes that 

are suggested when PDCs encounter topographic obstacles are reviewed through 

field studies, theoretical models, analogue and large-scale experiments.  

 

 

Chapter 3 

In this section, the methodology used to perform the work presented in this thesis 

is detailed, from the design of the large-scale experiments and obstacles to a 

description of the material used for analysis and methods for data processing.  

 

 

Chapter 4 

Here, Questions 1 and 2 are addressed. The interactions of the experimental PDC 

with the obstacle, and how these interactions vary with time are described in detail. 

Changes in PDC structure, transport and deposition processes from the stoss side to 

the lee side are shown.  

Authors contributions: L. Corna: conceptualization, methodology, data collection 

and analysis, investigations, interpretations, writing (first draft, reviewing and editing). 

G. Lube: conceptualization, methodology, resources, discussions, writing (reviewing 

and editing). D. Uhle and E. Brosch: experimental and analytical assistance. J. Jones: 

discussions and assistance.  
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Chapter 5 

This chapter addresses Question 3 and another aspect of Question 1. It is centred 

on the characteristics of the wake formed behind the obstacle. The link between its 

physical characteristics and the initial flow structure is investigated and new models 

are suggested.  

Authors contributions: L. Corna: conceptualization, methodology, data collection 

and analysis, investigations, interpretations, writing (first draft, reviewing and editing). 

J. Jones: discussions, analytical assistance, writing (reviewing and editing). G. Lube: 

conceptualization, methodology, resources, writing (reviewing and editing). E. Brosch: 

experimental assistance and discussions.  

 

 

Chapter 6 

Questions 2 and 3 are investigated in this chapter. It reviews the long-term impacts 

of the obstacle on the flow structure, runout, density, grainsize and temperature in 

medial and distal distances. The hazards involved downstream of the obstacles are 

emphasised.  

Authors contributions: L. Corna: conceptualization, methodology, data collection 

and analysis, investigations, interpretations, writing (first draft, reviewing and editing). 

G. Lube: conceptualization, methodology, resources, discussions, writing (reviewing 

and editing). E. Brosch and D. Uhle: experimental and analytical assistance. J. Ardo: 

experimental assistance. J. Jones: discussions and assistance. 

 

 

Chapter 7 

In this final chapter, the main results of this research and their applications for the 

field are summarized. This conclusion is then followed by perspectives and 

suggestions for future work in this field.  
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2. Literature review 
 

 

This chapter provides a brief review of PDCs and their hazards with a focus on 

current knowledge of PDC interactions with topographic obstacles.  

 

 

2.1. Pyroclastic Density Currents and associated hazards 

 

Pyroclastic Density Currents (PDCs) are gravity-driven hot mixtures of gas and 

particles travelling at high speed down a volcano (Fig. 2.1). They are produced during 

explosive eruptions and tend to follow topographic lows, but have the ability to 

surmount significant topographic obstacles (e.g. Breard et al. 2015; Fisher 1990; 

Burgisser 2005). Associated volumes of PDC deposits span between less than a 

million cubic meters to a few cubic kilometres, (Cronin et al. 2013; Lube et al. 2007; 

Calder et al. 1999; Abdurachman et al. 2000), emplaced during periods of time that 

can vary between a few minutes (Criswell 1987) and several hours (Roche et al. 2016).  

PDCs are driven by the density contrast between the ambient fluid (the 

atmosphere) and the particle-laden flow. While the mixture is the densest at the onset 

of the flow, the ingestion of air and sedimentation of particles decrease the bulk density 

of the flow along the runout. At a critical distance from the source, the bulk flow density 

can decrease below the density of the ambient air. In this situation, the flow becomes 

at least partially positively buoyant and lifts off (Druitt 1998).  

PDCs are one of the most destructive phenomena occurring on volcanoes 

worldwide and the main cause of casualties related to volcanic eruptions, claiming the 

lives of more than 60,000 people since 1783 (Tanguy et al. 1998). Prominent 

examples are the eruptions of Vesuvius (AD 79), Montagne Pelée (1902) or the more 

recent eruption of Merapi in 2010, which respectively killed approximately 2,000, 

29,000 and 380 people (Gurioli et al. 2010; Sigurdsson et al. 1982; Tanguy 1994; 

Cronin et al. 2013).  
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Hazard impacts of PDCs can be generated by several flow characteristics. On 

humans, high temperatures can cause severe burn injuries, often lethal (Voight and 

Davis 2000; Baxter et al. 2017) while the ash load provokes asphyxiation (Baxter 1990; 

Baxter et al. 2017). Highly populated areas are particularly at risk, even in case of 

small-scale events (Baxter et al. 1998). As shown in Figure 2.2, the high dynamic 

pressure generated inside PDCs of several tens to hundreds of kilopascal can cause 

extensive damage to buildings (Valentine 1998; Clarke and Voight 2000). In the case 

of dilute PDCs, self-generated dynamic pressure pulses can further exacerbate the 

destruction potential (Brosch et al. 2021). Important PDC hazards arise from their 

ability to surmount topographic obstacles (e.g. Lube et al. 2011; Breard et al. 2015), 

to avulse (i.e. change directions) from channels, channel interfluves and adjacent 

terrain (e.g. Lube et al. 2011; Risica et al. 2022), and to decouple the mobile dilute 

PDCs from the main parental flow, thereby increasing the impacted hazard area (e.g. 

Burgisser 2005). Through the destruction of crops, livestock and infrastructures, the 

Figure 2.1: View of a PDC generated from dome collapse from the 1991 Unzen eruption (Japan). From 
Yamamoto et al. 1993. 
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economic and social consequences can be severe local communities, especially in 

developing countries (Whiteford and Tobin 2009).  

 

 

 

 

2.2. Characteristics of PDCs 

 

2.2.1. Mechanisms of generation 

 

PDCs can be generated though different mechanisms, summarized below. 

�x Dome collapse , where the gravitational collapse of a solid lava dome 

produces a highly concentrated basal flow, generally overridden by a dilute, 

turbulent surge that can decouple and propagate further. These Block and 

Ash flows mostly stay confined in valleys (Druitt 1998; Abdurachman et al. 

2000; Calder et al. 1999), but can potentially overbank in case of valley 

filling and avulsion, increasing hazard potential (Lube et al. 2011; Cronin et 

al. 2013; Risica et al. 2022).  

 

�x Column collapse , where the density contrast between the atmosphere 

and the exiting mixture from vent is or becomes too great due to the inability 

Figure 2.2: Photograph of the Rue Victor Hugo in the town of Saint Pierre (Martinique) after the passage 
of the deadly lateral blast PDC in 1902. From Tanguy 1994.  
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of the mixture to entrain air. This phenomenon can occur, for instance, 

through vent widening or decreasing speed of the mixture exiting the vent 

(Sparks et al. 1978). The column cannot stay buoyant, collapses and 

produces Pumice and Ash Flows. These flows are often sustained and 

quasi-steady (Branney and Kokelaar, 2002). For the largest eruptions, this 

phenomenon can be linked to ignimbrite generation and caldera formation 

(Druitt and Sparks 1984).  

 

�x Lateral blast , such as the well-known example of Mount Saint Helens in 

1980, where a catastrophic landslide led to the sudden decompression of 

a crypto dome, forming a powerful directed pyroclastic surge (Christiansen 

and Peterson 1981; Criswell 1987) and initiating a plinian eruption. This 

pyroclastic surge travelled up to 24 kilometres unhindered by topography 

(Fisher 1990; Gardner et al. 2018).  

 

�x Phreatomagmatic eruptions creating base surges, which consist of radial 

turbulent flows at the base of a volcanic column and can travel for several 

kilometres (Wohletz and Sheridan 1979). They typically form in shallow 

submarine and lacustrine phreatomagmatic and phreatic eruptions (Moore 

1967). Base surges were emplaced during the eruption of Taal Volcano, 

Philippines in 1965-1966 (Waters and Fisher 1971), during the Laacher See 

eruption, Germany (Schmincke et al. 1973), and in the Auckland Volcanic 

Field, New Zealand (Brand et al. 2014).  

 

�x Hydrothermal blasts , which are highly energetic, relatively cold PDCs 

(<200 °C) generated during hydrothermal eruptions. A typical example of 

these blasts was described at Bandai volcano, Japan, in 1888 (Yamamoto 

et al. 1999) or more recently during Te Maari eruption in 2012 at Mt 

Tongariro, New Zealand (Lube et al. 2014).  
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2.2.2. Structure of the flow 

 

In order to quantify PDC hazards, it is essential to understand the structure and 

the transport and deposition mechanisms in these flows. In the past decades, several 

models have been proposed for the structure of pyroclastic flows and surges, mostly 

based on field observations and experiments. 

Because of the shearing occurring (1) between the base of the flow and the 

substrate, and (2) with the atmosphere, these flows present a turbulent head with a 

nose where sits the maximum velocity (Altinakar et al.1996) as shown on Figure 2.3. 

The head ingests ambient air and leads to a strong dilution of the current in its rear as 

eddies shed off, creating a dilute wake overriding a gravity-driven body. The body can 

travel at greater velocity than the head, allowing a constant feeding of particles to the 

leading part (Andrews 2014; Breard and Lube 2017).  

 

 

The internal architecture of PDCs is still very much discussed because of the lack 

of direct measurements and observations due to the high destructive power of these 

Figure 2.3: vertical velocity (U) profile of a dilute surge (blue curve) fitted by a power-Gaussian function 
(black curve), showing the wall region (below the nose with maximum velocity) and the jet region (above 
the nose) as defined by Altinakar et al. (1996). Modified from Brosch and Lube (2020).  

Nose 
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flows. However, it is widely admitted that the internal structure depends on several 

parameters such as the volume of erupted material, the mass discharge, the grainsize 

and the nature of the particles. In large-scale experiments, Lube et al. (2015) 

suggested that whether a dense underflow would occur or not depends on the 

condition of formation and discharge rate of the flow. Dense pyroclastic flows are 

overridden by a turbulent ash-cloud that can decouple and travel further distances 

than the underflow (Burgisser 2005; Abdurachman et al. 2000). However, it remains 

uncertain whether the transition between the dense underflow and the dilute ash cloud 

is a sharp contact or a gradual transition (Branney and Kokelaar 2002; Breard and 

Lube 2017). In the case of dilute PDCs, most of the mass and momentum is carried in 

the dilute cloud without dense underflow. However, regardless of the initial flow 

density, vertical density stratification will develop in any PDC (Valentine 1987).  

From field studies (e.g. Walker 1985; Sigurdsson et al. 1991; Pollock et al. 2019), 

numerical modelling (e.g. Brodu et al. 2015; Gueugneau et al. 2019), and more 

recently with large-scale experiments (Breard and Lube 2017; Brosch and Lube 2020), 

different transport mechanisms of particles inside PDCs have been suggested. 

Ballistic, granular-fluid avalanches, traction, saltation and suspension are the main 

modes of transport and are very similar to the transport mechanism of sediments in 

aqueous environments such as rivers (Best 1988; Prosser et al. 2001; Branney and 

Kokelaar 2002). According to the regime of the PDC (mostly dense, mostly dilute or 

intermediate regime), a certain transport mechanism can dominate the motion of 

particles (Lube et al. 2020).  

Ballistics transport is inferred to occur at the early stages by Walker (1985) while 

the flow is still not fully formed and contains large dense blocks falling from the 

collapsing volcanic column. Granular-fluid avalanches are present in the underflow of 

dense PDCs or in the bedload region of dilute surges where particles accumulate and 

travel downstream at slower velocities (Rowley et al. 2014), forming shifting 

sandwaves depositing massive units (Brosch and Lube 2020) where the transport is 

facilitated by elevated pore pressure and buoyancy (Branney and Kokelaar 2002; 

Roche 2012). Traction is dominant in the bedload region of pyroclastic surges where 

particle-particle interactions (friction, collision) and gravity are important. This mode of 

transport allows large clasts to roll along the substrate. Saltation affects intermediate-

size clasts, which are intermittently carried by fluid motion before being deposited 

again. This phenomenon creates short-lived ballistic trajectories (Wohletz 1998) at the 
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interface between the bedload and the dilute surge. Suspension occurs in the upper 

dilute region of dense PDCs or in dilute surges, where particles are coupled with the 

gas phase. Particle-particle interactions are rare: the fine particles mostly follow the 

turbulent flow (Burgisser et al. 2005).  

 

 

2.2.3. Flow properties of PDCs  

 

The dynamics of PDCs have been discussed for many years within volcanology 

research and remain one of the main challenges to resolve. The particle content or the 

presence of lobes and lateral levees (Lube et al. 2007) are typical of granular flows 

with important particle-particle interactions and high friction coefficient. However, their 

extended runout and their ability to climb slopes suggest a fluid-like behavior explained 

by different mechanisms such as high pore-pressure (Roche 2012), polydispersity of 

particles inducing low permeability (Breard et al. 2019), velocity-dependent frictional 

weakening (Lucas et al. 2014), or gas-particle feedback induced air-lubrication (Lube 

et al. 2019). The following section summarizes estimates of physical flow parameters 

in PDCs and tries to build an overview of the influence of each of these parameters on 

the transport and deposition processes inside these flows. 

 

Temperature 

PDCs are generally hot, with temperature ranges going up to several hundreds of 

degrees, but some types of PDC have been reported to have low temperatures close 

to that of the ambient air (Moore 1967). Air ingestion and incorporation of relatively 

cold country rock fragments are important processes that have been suggested to 

decrease temperature of the flow along its runout (Valentine 1987). The flow cools 

down until the end of its propagation, when the bulk density becomes too low and the 

flow lifts off (Druitt 1998). Temperature ranges for some of the PDCs emplaced during 

the 1997 Soufriere Hills eruption (Montserrat) probably reached 400 to 600°C 

(Loughlin et al. 2002; Calder et al. 1999) while those emplaced in the Valley of Ten 

Thousand Smokes (Katmai, Alaska, 1922) likely reached 800°C to 900°C (Lovering 

1957).  
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the Auckland Volcanic Field (New Zealand) were capable of blowing down 0.5 m wide 

trees, which necessitate dynamic pressures in the order of 12 to 35 kPa (Brand et al. 

2014). The eruption of the Montagne Pelée in Martinique (1902) produced a lateral 

blast which caused the total destruction of the town of Saint Pierre (Fig. 2.2) located 8 

km from the crater, involving minimum dynamic pressures of 30 kPa to inflict the 

associated damages (Valentine 1998).  

 

 

 

2.3. Large-scale experiments 

 

A better understanding of the dynamics, transport and sedimentation mechanisms 

inside PDCs is necessary to produce accurate models for future events. However, due 

to the ferocity of these flows, direct measurements of real-world flows are dangerous 

and impractical. In the past fifteen years, the uncertainties around the flow dynamics 

of PDCs led to the development of large-scale experiments as a new approach 

towards quantifying internal flow dynamics of PDCs. Large-scale experiments are a 

new way to reproduce PDCs in controlled and safe environments. However, ensuring 

that these flows are dynamically and kinematically scaled to real-world flows is a key 

condition for these experiments to be relevant and applicable.  

 

 

2.3.1. Insights into PDC dynamics from past experiments 

 

The first large-scale device was presented by Dellino et al. (2007) from the 

University of Bari, Italy. It consists of a 2.2 m high cylindrical conduit filled with natural 

pyroclastic material from Vesuvius (Fig. 2.4). The eruption simulation is triggered by a 

pressurization system creating a two-phase mixture that is ejected vertically. This 

ascending column quickly collapses, leading to the formation of asymmetric particle-

laden gravity currents (Fig. 2.4) with Reynolds numbers and coupling of particles 

similar to those estimated for real-world flows. These PDCs spread all around the 

conduit on a plastic sheet as far as 10 m. By measuring dynamic pressure directly 

inside the flows, the researchers linked flow dynamics and deposit grainsize 
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information. They proposed a hazard model showing that only large eruptions would 

produce PDCs with dynamic pressure high enough (40 kPa) to counterbalance the 

resistance of a concrete wall (Dellino et al. 2010). Other experiments with this device 

were run to simulate a diversity of eruption types such as pressurized jets, convective 

plumes or collapsing pyroclastic fountaining, helping to link conduit conditions and flow 

regimes (Dellino et al. 2010; Sulpizio et al. 2014).  

The setup is scaled to reproduce different eruption styles and dynamisms and 

gave valuable insights into the generation mechanisms of PDCs and hazard 

assessment. However, the open non-channelized environment does not allow for the 

study of internal flow structure and dynamics.  

 

 

Andrews and Manga (2011) presented another setup based at the Smithsonian 

Institution (USA). It consists of an acrylic tank in which synthetic PDCs made of heated 

talc powder are generated at a known discharge rate, with or without obstacles in the 

flow path (Fig. 2.5). The flow is visible through a transparent wall and recorded with 

cameras. The resulting experimental PDCs are dilute, turbulent flows. The authors 

showed the importance of air ingestion, temperature and kinetic energy during flow 

transport and how these influence runout distance, while describing flow reversals and 

sedimentation processes from the co-ignimbrite plume (i.e. the buoyant plume above 

Figure 2.4: large-scale experiment device from University of Bari (Italy). Pictures show the development 
of a plume (A and B), its collapse (C) and the generation of a radially spreading surge (D). From Dellino 
et al. (2010). 
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a PDC; Andrews and Manga 2012). Experiments performed with topographic 

obstacles showed that a dilute flow will barely be disturbed by obstacles smaller than 

1.5 times the thickness of the head, but cannot cross a higher obstacle and will rather 

lift-off as a co-ignimbrite plume (Andrews and Manga 2011). Cold currents tend to 

spread radially and entrain air behind their head, forming a well-defined high-velocity 

base, whereas hot currents reach their buoyancy reversal earlier and ingest air on 

their margins, creating narrow flows with a well-defined axis and chaotic velocity 

profiles (Andrews 2014).  

Although this setup gives valuable insights into the runout and formation of co-

ignimbrite plumes, the nature of the particles limits the analogy with real-world flow as 

their transport and sedimentation characteristics are different from those of natural 

pyroclastic material. Noteworthy, the observations are only valid for fully dilute, fully 

turbulent flows. 

 

 

 

2.3.2. Previous work at the PELE facility 

 

The currently largest experimental device for large-scale PDC experiments is 

located in Massey University, New Zealand (Lube et al. 2015). Past studies using this 

international facility concentrated on characterising the spatiotemporal flow conditions 

of dilute, dense and intermediate PDC flow regimes (Breard et al. 2016; Breard and 

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

Figure 2.5: Photographs of a talc powder flow in a red laser sheet from Smithonian Institute with velocity 
profiles in black. Flow direction is from right to left. Modified from Andrews 2014. 
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2021; Brosch et al. 2022). PELE is capable of creating PDCs in an instrumented 

channel with a wide range of possible conditions (initial mass and mixture, initial 

temperature, drop height, channel angle, basal roughness, presence of obstacles). 

Experimental PDCs generated in the PELE scale well with natural flows as 

demonstrated through the partial overlap of the range in important non-dimensional 

numbers characterising experimental and natural PDCs.  

 

Dense pyroclastic flows 

The first experimental series focussed on the dynamics of dense flows (Breard et 

al. 2016; Breard and Lube 2017; Breard et al. 2018). Typical velocities were reached 

up to 30 m/s with initial flow bulk concentrations of 7.8 vol%, reaching 30 vol% in the 

lowermost dense underflow (Lube et al. 2015). Breard and Lube (2017) highlighted 

the different particle transport methods occurring in dense PDCs and evolving with 

space and time. They focused on the importance of the coupling between the laminar 

dense underflow and the turbulent dilute ash cloud, showing that the transition is not 

a sharp boundary, but rather consists of a transitional zone. This intermediate zone 

hosts the formation and settling of mesoscale structures controlling runout dynamics 

and lengths (Breard et al. 2016). A second key process responsible for the long runout 

of these flows was evidenced by Lube et al. (2019) as a retroactive lubrication 

mechanism happening at the interface between the dense underflow and the 

substrate. Gas would move into this zone along a shear-generated pressure gradient, 

lowering effective friction and delaying the deceleration and defluidization of the dense 

underflow.  

However, they also acknowledge the presence of both dense and dilute regimes 

in a single PDC, and that deposits will only depict the dominant mode of transport just 

before deposition, without showing the previous ones (Breard et al. 2018). In the same 

study, they introduced a new non-dimensional number to describe the dominant mode 

of transport of particles just before deposition. Hence,  
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with Tde-di the dense-dilute parameter, A the inundation area, dS1/2 the Sauter mean 

diameter at half runout distance, V the volume of the deposit and L the runout distance.  
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Dilute pyroclastic surges 

In the second experimental series, dilute PDCs were studied in more depth 

(Brosch and Lube 2020; Brosch et al. 2021). With typical velocities around 9 m/s and 

initial concentrations around 0.1 vol% (3.4 kg/m3), their transport and deposition 

processes were explained by Brosch and Lube (2020) who highlighted the strong 

density stratification of surges and, again, the importance of mesoscale clusters 

feeding the transient region. Through their variable settling rate, they are responsible 

for different modes of transport and deposition in the base of the flow, from erosion to 

the formation of cm-thick mobile sand avalanches, and therefore different types of 

deposits. These variable particle settling rates are associated with the largest coherent 

turbulence structures inside the surge, carrying most of the kinetic energy and dynamic 

pressure (Brosch et al. 2021).  

 

These two studies lay down the bases for the new experimental series on which 

this thesis is built. By characterizing the flow initial density, velocity and dynamic 

pressure, it is possible to compare those obstacle experiments with these previous 

runs without obstacles. 

 

 

 

2.4. Flow propagation over obstacles  

 

The ability of PDCs to surmount topographic obstacles has been documented in 

many field studies (e.g. Wilson 1985; Fisher 1990; Cas et al. 2011; Burgisser 2005; 

Breard et al. 2015). However, the lack of quantitative relationships between the parent 

flow and the resulting deposits is limiting the understanding and potential 

interpretations. Studies have tried to address the problem with different approaches, 

from field work to numerical modeling or analogue experiments, but the lack of direct 

observations limits the ability to fully constrain the parent flow. In this section, different 

models that have been proposed are reviewed. 
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2.4.1. Deposit characteristics of PDCs across obstacles in the field and 

inferred mechanisms of propagation 

 

Studying the deposits of past eruptions is a major branch of volcanology. Through 

such field studies, it is possible to better understand the transport and deposition 

mechanisms of PDCs, their architecture and behavior. The study of the deposit 

structure and grainsize distribution can provide information on the densities and 

velocities of the parent flow (Branney and Kokelaar 2002). Typically, deposits from 

dense flows show massive, poorly-sorted, thick deposits mostly confined in valleys. 

Deposits from dilute pyroclastic surges can be stratified, wavy or cross-stratified on 

their extended runout, with the possibility of intercalation of massive, poorly sorted 

beds usually in proximal areas (Druitt 1998), and formation of regressive dune 

bedforms (Douillet et al. 2013a,b; Brand et al. 2016).  

Some field evidences show that obstacles can sometimes completely block PDCs 

(Yamamoto et al. 1999; Yamamoto et al. 1993), but in most cases, PDCs are able to 

easily cross topographic barriers (e.g. Capra et al. 2016). In these cases, the deposit 

type changes according to topography, with thick, massive, ponded deposits in valleys 

and thinner stratified layers on top of ridges, as described for the 1980 Mount Saint 

Helens eruption (Hoblitt et al. 1981; Fisher 1990; Druitt 1992; Bursik et al. 1998). 

Massive, thick, poorly sorted deposits were often identified on the stoss side of 

topography (Wilson 1985; Bursik et al. 1998; Sulpizio et al. 2008; Burgisser 2005) or 

buildings (Gurioli et al. 2002, 2007), with high lithics content (Giordano 1998) and 

sometimes even coarse lithic breccias (Freundt and Schmincke 1985; Macías et al. 

1998). Several field studies considered the dynamics of small to moderate-scale PDCs 

across obstacles and explained their ability to surmount topographic highs through 

blast-like rapid suspension sedimentation (Breard et al. 2015), valley filling and 

avulsion (Lube et al. 2011), momentum balance as basal particles accumulate on the 

slope while the flow compresses and accelerates (Freundt and Schmincke 1985), or 

sediment trapping and rapid topography modification during flow emplacement (Brown 

and Branney 2013). The blocking of the basal bedload could lead to a hydraulic jump 

(or pneumatic jump, Branney and Kokelaar 2002) retreating upstream (Allen 1982, 

Freundt and Schmincke 1985) and creating a backward motion of the bedload. 

Valentine (1987) proposes the presence of a dividing streamline in a surge flow, above 

which particles are able to surmount the obstacle because of their high kinetic energy 
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Trofimovs et al. 2008; Doronzo and Dellino 2013), or even directly from submarine 

eruptions (White 2000).  

Because their structure, transport and deposition mechanisms are similar to those 

of PDCs, it is possible to compare these two types of gravity flows (Branney and 

Kokelaar 1992). Several studies have used experimental turbidity currents as 

analogues of PDCs using lock-exchange experiments in a laboratory environment 

(Middleton 1966a; 1966b; 1967; Parker et al. 1987; Lee and Yu 1997; Altinakar et al. 

1996; Choux and Druitt 2002; Sher and Woods 2017), and more recent works have 

focused on the transport of these flows across obstacles inserted in the water tanks 

(e.g. Woods et al. 1998; Farizan et al. 2019; Goodarzi et al. 2020; Wilson et al. 2018; 

Oshaghi et al. 2013).  

 

 

As the flow climbs the stoss side of the obstacle (Fig. 2.7), its velocity decreases, 

shifting to a low Froude number subcritical regime (Oshaghi et al. 2013). If the obstacle 

is small compared to the thickness of the flow, the latter will cross it with little or no 

difficulty, showing no obvious changes in sedimentary structures (Bursik and Woods 

2000; Oshaghi et al. 2013). In case of a larger obstacle, the velocity drops and can 

even become negative at the base (Wilson et al. 2018; Abhari et al. 2018), reducing 

the basal shear (Goodarzi et al. 2020) and forming a hydraulic jump before the 

obstacle travelling upstream as a reflective bore (i.e. backflow), thickening the arriving 

flow and enhancing sedimentation (Alexander and Morris 1994; Woods et al. 1998; 

Bursik and Woods 2000). As this bore reaches the source of the flow, it would affect 

the entire deposition before the obstacle. This effect would increase with obstacle 

height and concentration as the flow is more density stratified (Farizan et al. 2019). 

Interestingly, upon reaching the crest, the velocity maximum would be similar 

regardless of the size of the obstacle, as evidenced by Oshaghi et al. (2013). 

Immediately after the crest, the flow seems to accelerate again, transitioning back to 

a high Froude number supercritical regime (e.g. Woods et al. 1998; Oshaghi et al. 

Figure 2.7: Analogue water-tank experiment showing the passage of the flow head over a 10 cm high, 
triangular-shaped obstacle. Flow direction from left to right. Modified from Oshagi et al (2013) 
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2013). However, in the region after the obstacle, the velocity decreases again to 

values lower compared to a flat runout, leading to the formation of a backflow (Wilson 

et al. 2018) or a hydraulic jump (García 1993). Sedimentation in the shadow of the 

obstacle is reduced with increasing obstacle size (Alexander and Morris 1994). 

Obstacles would increase the average flow deceleration in their wake (Abhari et al. 

2018), but their influence on flow propagation seem to be localised and the flow would 

rapidly readjust (Farizan et al. 2019).  

 

These analogue experiments however have limits in their comparison with PDCs 

as demonstrated by Burgisser et al. (2005), who showed that these experiments, 

despite their importance in the understanding of PDC dynamics, are limited in their 

scaling to PDCs. Aqueous gravity currents display strong differences to PDCs 

regarding their density contrasts, their temperature, their turbulence generation, the 

viscosity of the fluid phase and the density and grainsize of their particles. These 

parameters affect flow processes such as the coupling of particles (affecting the 

transport and sedimentation mechanisms of the solid phase) or the flow 

compressibility (influencing on the pressure and velocity changes) when encountering 

an obstacle, decreasing the accuracy of the comparison.  

 

 

 

2.5. Summary 

 

PDCs are complex, turbulent, multiphase flows with the ability to move across 

obstacles with relative ease, leading to unpredictable paths. Research on their 

interactions with topography is still at its beginnings and the current understanding 

emphasises the complexity of these interactions.  

Field observations and deposit analyses provide useful insights into these 

interactions. A consistent asymmetry in the deposit thickness and structure has been 

shown between thick, massive deposits on the stoss side showing velocity decrease 

and strong sedimentation rates, and thin, layered deposits on the lee side. In some 

cases, a relative preservation of the flora was observed, showing lower dynamic 

pressures. The similarities between PDCs and turbidity currents allow an analogy to 
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be drawn between these two types of flows and their dynamics when encountering a 

topographic barrier, highlighting the possible formation of strong 

acceleration/deceleration processes, hydraulic jumps and backflows. However, the 

limitations of this analogy raise the importance of a correct scaling to visualise PDC 

interactions with topography. Hence, experimental models are necessary, but to date, 

no experimental device has been able to reconstruct a kinetically scaled gas-particle 

flow interacting with topographic obstacles with direct internal observations. 

 

As variations in flow dynamics are closely related to topography, this research 

aims to fill the gap in the current knowledge by investigating how the transport and 

sedimentation processes of PDCs change when encountering topographic barriers of 

various sizes. This will be achieved by conducting a series of complex large-scale 

experiments with variable obstacle size.  
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3. Methodology 
 

 

This chapter describes the methods used to conduct this research, from the 

general setup to the design of obstacles and data analysis.  

 

 

3.1. PELE setup 

 

3.1.1. Introduction to the structure 

 

The Pyroclastic flow Eruption Large-scale Experiment (PELE) is an experimental 

facility located at Massey University, Palmerston North, New-Zealand. Located inside 

a former boiler house, it was designed to replicate a wide range of flow conditions in 

a controlled environment, using a mixture of pyroclastic material as solid phase and 

air as the fluid phase (Lube et al. 2015). PELE was designed to focus on Pyroclastic 

Density Currents (PDCs) dynamics and their deposition processes, combining 

variations in discharge heights, basal roughness, temperature, initial mixture, basal 

slope, as well as the presence or not of topographic obstacles. A wide range of flows 

can be reproduced, from dilute, small-volume PDCs to dense flows containing up to 4 

tons of pyroclastic material. Flow velocities range from 2 to 30 m.s-1 depending on the 

discharge rate, and flow heights were recorded from 0.75 to 4 m (Lube et al. 2015). 

PELE includes four main structures (Fig. 3.1):  

- A 13 m high tower that supports two hoppers from which the mixture is 

dropped. Hopper A has a filling volume of 0.7 m3 and contains up to nine 

metallic bars controlling the discharge rate. It is mostly used for dilute and 

intermediate pyroclastic surges. Hopper B has a filling volume of up to 4.2 

m3 with the ability to drop up to 6 tons of pyroclastic mixture at a discharge 

rate of several hundreds of cubic meters per second. This allows to 

reproduce fast moving, high concentrations flows. Both hoppers contain a 

heating system to remove residual moisture and are fully insulated. A lifting 

system allows variations of heights from 1.2 to 11 m. During the experiment, 

the hopper doors instantly open with an electric trigger signal.  
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- The shrouding is a heat-proof cloth tied to the tower and to the channel 

which channelizes the dropped mixture into the channel. During the drop, 

the mixture accelerates, mixes with ambient air and expands.  

- The channel is 14.2 m long, 0.5 m wide. Made of steel, it is constrained 

by steel walls on one side and glass walls on the other side. Walls are 1.8 

m high in the most proximal parts of the channel (0 to 6.35 m after impact), 

1.2 m high from 6.35 to 10.3 m and 0.6 m high afterwards. The slope of the 

channel is 6° up to 11.7 m after the impact zone, where it then becomes 

horizontal.  

- The unconfined runout directly follows the end of the channel. In this 

most distal part of the setup, the flow propagates outside, on a flat concrete, 

ground, unconfined, for another c. 15 meters before being blocked by a cliff. 

The total length of the flow is then approximately 30 meters.  

 

 

Two greenhouse-like structures are built on the window side of the channel to 

allow observations inside the flows. The first large greenhouse was built between the 

impact zone (Fig. 3.1) and 6.35 m, where the glass walls are the highest and where 

the generated flows are most dynamic during propagation. The second small 

greenhouse is located between 7.8 m and 10.3, where flow propagation transitions to 

medial-distal reaches.  

 

 

Figure 3.1: Sketch of the PELE setup for all three experiments, showing the position of obstacles in the 
channel as well as the main control profiles with velocity and density measurements.  
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3.1.2. Obstacle design and positioning  

 

For the purpose of this research, three obstacles were added inside the channel 

(Fig. 3.1). Obstacles were designed based on real-world ridges found around Mount 

Saint Helens (USA), Tongariro (New Zealand), Bandai (Japan) and Merapi (Indonesia) 

using satellite imagery and medium resolution Digital Elevation Models. The average 

ratio R of the obstacle heights over the flow heights, and the average aspect ratio AR 

of the obstacle heights over obstacle lengths were calculated with R = 0.24 and AR = 

0.2. Assuming an experimental flow height of 2 m, the obstacle was scaled for a height 

of 0.5 m and a length of 2.5 m, with an initial slope angle of 21°.  

The demi-shape of the obstacle was then estimated using: 
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with H the height of the obstacle at a distance L from the crest, Hcrest the height of the 

obstacle at the crest and Lmax the total length of the obstacle.  

Following the previous works in PELE (e.g. Brosch et al. 2021), the height of the 

velocity maximum was estimated at c. 0.3 m above the base. In order to span the most 

possible obstacle sizes encountered during the propagation of a PDC, it was inferred 

that obstacles could be smaller, larger or of a similar height than the height of the 

velocity maximum (HUmax). Hence, as the first obstacle was already larger than the 

HUmax, it was then downscaled, keeping the same aspect ratio and shape but reducing 

the absolute values of height and lengths. An intermediate and a small obstacle were 

then designed with Hcrest = 0.3 and 0.1 m respectively, giving lengths Lmax of 1.5 and 

0.5 m (Fig. 3.2).  

Figure 3.2: Photograph of the three obstacles. The smallest one is 10 cm high and 50 cm long, the 
intermediate one is 30 cm high and 1.5 m long while the largest one is 50 cm high and 2.5 meters long.  
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In order to characterize the flow before it reaches the obstacles, and to visualize 

the effects on the obstacle lee sides (i.e. after the crest), the positioning into the 

channel of each obstacle was carefully thought through and measured. The crests of 

the large and intermediate obstacles were positioned at 3.3 m after impact, a distance 

that would allow the flow to fully develop and be well characterized before climbing the 

stoss slope (i.e before the crest), especially for the largest hill. However, since the 

small obstacle would allow a good visualisation of both stoss and lee side processes 

in one single view due to its smaller size, it was decided to shift its crest by 25 cm 

downstream. This small variation would not change the overall flow dynamic upon 

reaching the object and would help provide a better characterization of stoss side 

processes.  

 

 

3.1.3. Refinement of the setup to focus on flow behaviour along obstacles 

 

Previous works focused on the transport and deposition processes of dense and 

dilute PDCs in PELE (Lube et al. 2015; Breard et al. 2016; Breard and Lube 2017; 

Breard et al. 2018; Lube et al. 2019; Brosch and Lube 2020; Brosch et al. 2021; Brosch 

et al. 2022). In the latest works, PELE was sub-divided in three profiles (proximal, 

medial and distal) which gave time-resolved information at a static observer location 

using high-speed, high resolution cameras at 500 fps, thermal sensors with a 

resolution of 0.1 second as well as time-resolved samplers. Other time-integrated 

samplers and bulk deposit samplings were used in several locations along the runout, 

which will be further developed later in this chapter.  

For this third phase of large-scale experiments, changes in the setup were 

necessary in order to focus on the flow transport and deposition processes (1) along 

the entire length of obstacles and (2) after the obstacle. In order to achieve the goals 

without downgrading in the quality of measurements, some compromises had to be 

made to obtain the most qualitative results as the experiments could not be repeated.  

Because of the use of high-resolution, high-speed cameras at several profiles 

along the channelized inclined section of PELE, the necessity of good lighting is crucial 

for the good quality of the recordings. For that purpose, towers of LED lights were built 

by stacking up to five flood lights together (references LED Falcon Pro 480W; 

LDFL650-300W ; Optilum LED 30000 ASYM 4K FLFL300). Each of these LED towers 
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study the dynamics of both the turbulent suspension and the thick bedload when 

encountering the obstacle.  

 

In order to create shear, as well as a realistic base roughness for natural PDCs, 

the base of the channel was covered in greywacke pebbles of an average size of 6 

mm. These gravels were glued onto wooden plates up to 5 meters after the impact 

zone using epoxy resin, then loosely emplaced until the end of the confined channel. 

They were equally glued on the obstacles, as well as on sampling trays up to 13 m 

(see section 3.3.1). Assuming a 500 m thick flow in the real-world and with a 2.5 m 

thick flow in average in PELE, these gravels are scaled to measure approximately 1 

m in diameter, which would correspond to a realistic roughness of bushes, small trees, 

and rocks found on and around volcanoes.  

 

 

 

3.2. Scaling analysis inside PELE 

 

Scaling experiments to real-world flows is essential to produce accurate results 

depicting natural phenomena. The kinematic and dynamic scaling is not only assured 

through the overlap of non-dimensional numbers of experimental and real-world flows, 

but importantly through the overlap of them relative to another. An important example 

Figure 3.3: (a) Grainsize distribution of the initial mixture, (b) Photograph of the mixture in a tray after 
drying in the oven to remove moisture. Tray dimensions are 50 x 50 cm. 

b a 
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According to Table 3.1, the flows are dynamically and kinematically scaled with 

natural flows, regarding the transport method of particles with the fluid (Stokes, 

Stability Factor, Rouse), their stratification within the current (Richardson), the 

turbulence generation (Reynolds) or the internal velocity of the flows (Froude). These 

numbers allow us to be confident in the accuracy of the results by depicting real 

processes happening inside PDCs when crossing obstacles.  

By comparing them to previous experimental series in PELE, the range of the non-

dimensional numbers are very similar to pure surge experiments, with only a slight 

increase for density, Froude, Stokes and Rouse Numbers. This trend suggests that 

the flows behave as expected by increasing the mass: they generate a turbulent 

suspension close to a dilute surge, but also allow the generation of a thick, dense 

bedload at the base of the flow.  

 

 

3.3. Data analysis 

 

3.3.1. Experimental material 

 

A large number of sensors, cameras and samplers were deployed for each of the 

three experiments in order to characterise flow internal dynamics as well as its 

sedimentation processes before, across, and after the obstacles. The following section 

explains in detail the purpose of each of these devices.  

 

High-speed cameras 

Six high-resolution, high-speed cameras recording at 1000 fps were used and are 

pictured in Figure 3.4b-d (Basler acA2000-340km, NAC HotShot 1280 and NAC 

Memrecam HX-7 ST-839). The cameras are positioned at four different locations, as 

explained in section 3.1.3. before, across, and after the obstacles in order to capture 

most of the processes occurring.  

 

Gopro cameras 
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Time-integrated samplers 

These samplers consist of glass tubes with a circular opening upstream (Fig. 3.4j). 

They are mounted on the steel wall and are used to characterise bulk flow grainsize 

and mass at defined profiles over the runout. Eight different profiles are used at 0.6 m, 

1.8 m, 4.7 m, 9.6 m, 13 m, 16.5 m, 20 m and 24 m after the impact zone.  

 

 

Time-resolved samplers 

As described in Brosch and Lube (2020), these square tubes are glued directly on 

the glass wall using a heatproof silicon. They are graduated every centimetre, have 

an internal width of 1.4 or 2 cm and a length from 5 to 15 cm according to the expected 

mass (Fig. 3.4i). They are open towards the upstream, but different layers of fine mesh 

Figure 3.5: (a) Isochrones of deposition at 1 second interval on the stoss side of the large obstacle. T=0 
corresponds here to flow arrival at Profile 1. The scale at the base is 30 cm long and the view spans 
from 1.95 m to 3 m after impact. (b) Filled time-resolved sampling tube at Profile 1, 45 cm above base 
for Experiment M. Isochrone intervals range between 0.25 and 0.5 second, and t=0 corresponds to flow 
arrival at the entrance of the sampler. 

a 

b 
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in the downstream end only allows gas to escape while particles are trapped inside 

the tube. Cameras are recording their filling during the experiment at 60 fps and 2.7K 

resolution, which allows then to map isochrones of deposition inside (Fig. 3.5b). These 

isochrones are used to estimate the time-resolved transported mass and, in 

combination with the calculated internal flow velocities, estimate the spatio-temporal 

flow density. Each isochrone is carefully sampled and analysed for spatio-temporal 

grainsize distribution within the flow. Three of these profiles are used at Profiles 1 (1.6 

m), 2 (4.7 m) and 3 (9.6 m).  

 

 

Bulk deposit samples 

In the proximal runout where the bed roughness is non erodible and where the 

obstacles sit, bulk deposit samples were taken using a 15 cm diameter core at the 

centre of the channel. From 5.5 m onward, 45x37 cm trays were emplaced every 1.5 

m, then every 3 m in the unconfined runout. Up to 13 m after impact, greywacke 

gravels were glued directly onto the trays to allow a fast, efficient sampling after each 

experiment by washing the trays into a new container. Substrate gravels were loosely 

emplaced around the trays on the whole length of the confined channel. In the 

unconfined runout, the trays were simply deposited on the concrete ground without 

bed roughness and sampled immediately after the experiment. 

 

Time-resolved deposit samples 

Using the high-speed cameras as well as the sedimentations cameras, it was 

possible to map and then sample the isochrones of deposition at specific locations 

(Fig. 3.5a). These locations include Profile 1, the stoss side of the obstacles, and the 

zone immediately behind them. To do so, the isochrones are drawn directly on the 

windows; one person sits in the channel and carefully samples the layers, led by 

another person outside the channel.  

 

 

3.3.2. Data acquisition 

 

In the following section, the methods used in the laboratory to analyse the samples 

taken from the experiments are explained, as well as analytical methods to estimate 
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Particle Image Velocimetry 

The obtained high-speed camera videos are analysed with PIVlab (Thielicke and 

Stamhuis 2014), a Matlab-supported software using Particle Image Velocimetry (PIV) 

to calculate flow internal velocities. After analysis, the files for each time frame on the 

obstacle view were inserted into a Python code that would average the data in time 

and space using a Savitsky-Golay filter (Savitzky and Golay 1964) in order to extract 

flow parameters such as horizontal and vertical velocities, velocity magnitude, 

streamlines, vorticity, divergence, acceleration and turbulence fluctuations.  

 

Calculations of particle concentrations, flow density and dynamic pressure 

The mapping inside the square time-resolved samplers allowed the definitions of 

isochrones (typically between 0.1 and 2 seconds intervals depending on the distance 

and height of each tube) and the calculation of their volume. By interpolating this data 

at 50 ms interval with a one-way spline and combining with the flow velocity at the 

desired heights and times, it was possible to estimate the particle concentration within 

the flow across time with: 
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        (Eq. 3.2) 

with C the concentration is in volume percentage (vol%), 
n the porosity of pumice, �4Vdt 

the volume deposited inside the tube during the time interval dt (here 50 ms), Udt the 

flow velocity at the tube height during the time interval, A the area of the tube opening.  

From particle concentration, calculations of densities and dynamic pressures were 

produced with 
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and 
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with �Œ the flow density, �Œp the density of the solid fraction, �Œf the density of the ambient 

fluid, Pdyn the dynamic pressure, and U the flow velocity. 

The results on each tube were then linearly interpolated at a 1 cm resolution over 

the entire profile height for each key location.  
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Time-resolved deposit and bedload mapping 

Using the sedimentation cameras as well as the high-speed cameras when 

possible, the deposit and bedload thicknesses were mapped across time in order to 

estimate sedimentation rates and deposition processes at static locations (Profile 1, 

Stoss side, Crest, Lee side, right behind the obstacle and Profile 2). The temporal 

resolution varies between 0.02 and 0.2 s according to the locations.  

 

Deposit thicknesses 

Deposit thicknesses were hand-measured every 5 centimetres from 0 to 5 m after 

the impact zone. Precise hand-measuring was challenging further downstream 

because of millimetric or sub-millimetric thicknesses.  
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4. On the interaction of pyroclastic density 

currents with hill-shaped obstacles 
 

 

Corna L., Lube G., Brosch E., Uhle D., Ardo J., and Jones J. 

 

 

Abstract 

Pyroclastic Density Currents (PDCs) are able to cross topographic obstacles, 

increasing uncertainty in volcanic hazard models. In large-scale experiments we 

reproduced the propagation of PDCs over hill-shaped obstacles, changing their size 

while keeping their shape and the experimental conditions unchanged. We measured 

the spatiotemporal variations in flow velocity, density, temperature and deposition 

across each obstacle to characterize the differences and similarities of flow dynamics 

in their vicinity.  

Four phases of PDC-obstacle interaction were observed in all experiments: (1) 

compression and acceleration on the stoss side, followed by flow detachment and 

generation of a dilute wake behind the obstacle; (2) formation of a turbulent jet above 

the lee side separating a hot, dense, fast detached flow above a cold, dilute, slow 

wake; (3) increasing flow density leading to the deposition of a dune on the stoss side 

and the destabilization of the boundary layer separation above the lee side; (4) flow 

deceleration and rotation of the velocity field, leading to the disappearance of the 

wake.  

Sedimentation is strongly affected by the obstacles, both on the stoss side, where 

blocking of the dense underflow occurs, and on the lee side, where the presence of 

the wake generates local facies in the deposits. Small obstacles do not seem to 

significantly decrease flow density and momentum. However, larger obstacles cause 

a strong blocking with a density decrease of c. 60 % and total momentum loss up to 

c. 72 %. The results suggest that dilute PDCs are fully blocked by obstacles c. 5.45 

times higher than the thickness of their boundary layer. 
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impact, it encounters a curved slope leading to a horizontal channel where it is laterally 

blasted. This channel is 14.2 m long from the impact zone, up to 1.8 m high and is 

made of steel on one side and heatproof glass windows on the other side, allowing 

visualisation of the internal dynamics of the flow as it develops. After 14.2 m, the flow 

continues its propagation across a 16 m-long unconfined runout zone (Fig. 4.1).  

More than 200 sensors, samplers and cameras were deployed to characterise 

each experiment. Two-dimensional velocity fields were measured through the 

hydraulically-smooth glass walls using an array of 6 high-resolution, high-speed 

cameras recording at 1000 frames per seconds (fps), and the Particle Image 

Velocimetry (PIV) software PIVlab (Thielicke and Stamhuis 2014). Measurements of 

time-integrated flow mass and grain-size distribution were obtained from sediment 

samplers that were placed on the steel side of the channel as eight vertical profiles 

(Fig. 4.1). On the glass-wall, vertical profiles of transparent sediment samplers were 

installed at 3 different profiles (Fig. 4.1). These samplers were open to the upstream 

side and included a mesh on the downstream side, which is permeable for air but not 

for particles. Measurements of flow velocity were combined with data of flow sediment 

filling inside these transparent samplers to compute flow density following the method 

of Brosch and Lube (2020). The evolving flow shape was recorded with additional 

cameras (at 30 to 120 fps). The time-variant deposition of the experimental PDCs 

across flow obstacles were recorded with cameras at 50 fps. Flow temperature was 

measured in vertical profiles via fast thermocouples sampling at 70 Hz.  

To quantify the scaling similarity of natural PDCs and our experimental analogues, 

characteristic fluid mechanic and thermodynamic non-dimensional numbers are listed 

in Table 4.1. This table demonstrates the partial overlap in scaling parameters and 

good scaling experimental PDCs with real-world flows.  
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4.2.2. Obstacle design, scaling and position 

 

Natural hills and ridges in PDC pathways come in a range of shapes and sizes. 

Due to the complexity of the large-scale experiments and associated data analysis, a 

series of three experiments for the situation of partial flow blocking of PDCs by hill-

shaped obstacles was designed. In these experiments, the shape of the hill-shaped 

model was kept constant, while the hill size was varied (Fig. 4.2).  

 

Using medium-resolution Digital-Elevation models of Mount Saint Helens (USA), 

Tongariro (New-Zealand), Bandai (Japan) and Merapi (Indonesia) volcanoes, the 

shapes of prominent ridges were analysed. This showed that, on average, the hill or 

ridge shape is well represented by a demi-shape geometrically defined as  
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with H the height of the obstacle at a distance L from the crest, Hcrest the height of the 

obstacle at the crest and Lmax the total length of the obstacle. The average aspect ratio 

Hcrest/Lmax of the hills is 0.2, and the slope angle is averaged to 21°.  

Three hill models of different sizes were built with Hcrest of 0.1 m, 0.3 m and 0.5 m 

(associated with lengths Lmax of 0.5, 1.5 and 2.5 m, respectively). These heights were 

selected relative to the average height of the velocity maximum (HUmax) of the 

Table 4.1: Table of non-dimensional numbers between the experiments of this study and real-world 
data extracted from Burgisser et al. (2005) and Choux and Druitt (2002) 

Particle size �G mm 0.002 - 16 0.002 - 1000
Velocity U m/s 3 - 12 10 - 200
Density �Œ kg/m3 1 - 15

Reynolds Re - 105 - 107 106-109

Richardson Ri - 0.5 - 4 0 - 10
Thermal Ri RiT - 0.003 - 0.7 0 - 5

Densimetric Froude Fr' - 0.6 - 15 ~ 1
Stokes ST - 10-3 - 101 10-3 - 107

Stability �GT - 10-2 - 101 10-6 - 109

Rouse Pn - 1 - 20 10-3 - 102

Scaling parametersSymbol
PELE experiment 
with obstacles

NatureUnit
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experimental PDCs of c. 0.3 m (Fig. 4.2). The crest of the large and intermediate sized 

hill-shaped obstacles were positioned into the instrumented flow channel at a distance 

of 3.3 m from the impact zone. Due to lighting requirements for high-speed recording, 

the position of the crest of the small-sized hill model was positioned slightly 

downstream (by 0.25 m) from this position.  

 

 

To compare the vertical velocity, density and flow grain-size structure of the 

experimental PDCs before and after the obstacle, one vertical sensor profile was 

installed before the obstacle at a runout distance of 1.6 m, which we call the Profile 1, 

Figure 4.2: Comparison between the heights and shapes of the three different obstacles and the typical 
time-average velocity profile in a PELE experiment. Obstacles are scaled to be lower, higher or similar 
height than the height of the maximum velocity (HUmax). In the inset, the natural obstacles are plotted 
using Eq. 4.1 in dotted curves and scaled to the same height. The red curve shows the average value 
used in the experiments. Digital Elevation Models of Mount Saint Helens and Tongariro, showing the 
rough topography around the volcanoes, are shown. The black bars in the bottom right corners 
represent 2 kilometres, and the arrow points north.  
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The flow duration lasts approximately 20 seconds, and most of the deposition 

occurs in the first seconds after flow arrival, but the deposition of the phoenix cloud 

can take several minutes.  

Figure 4.3: Panel showing pictures of the flow and deposits. (a) Flow head crossing the large 
obstacle. (b) Large rotating vortex in the wake behind the intermediate obstacle. (c) Flow from 
Experiment S in the outside unconfined section showing a typical structure of a head and a body 
overridden by a dilute ash cloud. (d) Snapshot at Profile 1 of thick dense underflow emplacing 
massive, poorly-sorting beds. A dashed yellow line separates the static deposits from the shifting 
sand wave. The time is taken after flow arrival at the profile. (e) Deposits on the stoss side of the 
large obstacle showing strong blocking. (f) Thin, thinly stratified or laminated beds on the lee side of 
the large obstacle showing intense erosion and redeposition. (g) Stratified deposits immediately 
behind the large obstacle showing thicker deposits than the lee slope, A yellow dashed line 
separates deposits emplaced with a strong vertical component (low shear) from the deposits 
emplaced purely from traction (strong shear). 
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Because the wake is characterised by lower density stratification, or even lower 

densities than the detached flow above in the early flow stages, there is stronger 

reduction of density in the wall and lower jet regions with increasing obstacle size (Fig. 

4.4g and i). In addition, for the intermediate and large hill, a region in the upper jet and 

gravity current wake regions (<1.1 m above the base) becomes more concentrated 

after the hill. This occurs because of a strong acceleration of the lower proportion of 

the gravity current that impinges onto the stoss side of the hill. The result of this local 

flow acceleration is a redistribution of relatively coarse-grained material from the 

concentrated lower part of the flow into upper flow regions.  
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The following changes occur to the vertical velocity structure of the gravity current:  

- In the turbulent wake behind the hill, low and negative values of downstream 

component (U) of the velocity fields develop (Fig. 4.4d).  

Figure 4.4: Density and velocity of the experimental flows. Time-resolved density plot for (a) Profile 
1 and (b) Profile 2 of Experiment M in kg/m3. The grey area at the base shows the building of deposits 
and the solid line refers to the height of the bedload. The dashed line shows the height of the obstacle. 
Depth-averaged time series are shown below each plot. (c) Time resolved downstream velocity (U) plot 
for Profile 1 and (d) Profile 2 for Experiment M. Note the negative velocities in the wake marked with 
blue colours indicating backflow. Depth-averaged time series are shown below each plot. (e-j) Time-
integrated density and velocity profiles for experiments S, M and L at Profiles 1 and 2. The dashed lines 
refer to the height of the obstacle for each experiment. 
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4.3.3. Flow momentum before and behind the obstacle 

 

The measurements of time-series of flow density and flow velocity in vertical 

profiles before and after the obstacles lend themselves to compute flow depth- and 

time-integrated flow momentum �/
% as: 

�/
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L �é�¼
$
$
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$
$
$
$ ,       (Eq. 4.3) 

where �!c is flow density, V is flow volume, UC is flow velocity, and overbars denote 

depth- and time-averages. 

 

A comparison of flow momentum at Profiles 1 and 2 shows strong reductions by 

48% for the Experiment S, 72% for Experiment M and 68% at for Experiment L. The 

main sinks for flow momentum are mass loss by deposition in-between the two control 

profiles, and pressure drag (also form drag) exerted by the hill onto the flow. Energy 

dissipation due to friction (also skin drag) exerted by the hill surface onto the overriding 

gravity current contributes only minor momentum losses.  

The large mass of material blocked and accreted at the stoss side of the obstacles 

accounts for the largest proportion of the momentum loss. The momentum carried by 

Figure 4.6: Time-resolved temperature plots for the experiment L at (a) Profile 1 and (b) 2. The 
temperature at the base of the flow after the hill is significantly colder than the flow above during the 
entire flow propagation. 
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the dense underflow in the three experiments contributes to c. 47 ± 8% at Profile 1. In 

order to compare the momentum loss due to pressure drag exerted by the currents 

onto the (stoss side of the) hill-shaped obstacles, we compute the time- and depth-

integrated momentum of only the dilute turbulent parts of the experimental PDCs at 

Profiles 1 and 2. The reduction in flow momentum of the dilute part of the currents 

accounts to c. 26% for Experiment S, c. 38% for Experiment M, and c. 46% for 

Experiment L, and is, thus, positively correlated with the effective dimensions of the 

obstacles. The data of depth- and time-integrated flow velocity, density and 

momentum is summarised in Table 4.2.  

 

 

 

4.3.4. PDC propagation over obstacles 

 

In order to better understand the perturbation of the vertical flow structure and 

momentum losses due to interaction with hill-shaped obstacles better, we interrogated, 

and analysed high-speed videos of the experimental PDCs through Particle-Image-

Velocimetry (PIV). These captured either the entire hill (for the small obstacle) or the 

lee side of the hills including their crests (for the intermediate and large obstacles). 

From the PIV data, downslope (U) and orthogonal (V) components of velocity, flow 

streamlines, as well fields of turbulent fluctuations and turbulent kinetic energy were 

computed. In the following, we describe and subdivide the processes of PDC-obstacle 

interaction in four characteristic but highly transient flow phases. These four phases, 

which are recognised in all three experiments, correspond approximately to the 

subsequent passages of the head, frontal body, distal body, and tail regions of the 

experimental PDCs. 

Table 4.2: Data of density, downslope velocity (U) and momentum at Profiles 1 and 2 for the 
three experiments. Bulk momentum refers to the momentum of the entire flow, underflow 
included, while dilute momentum refers to the momentum of the dilute upper part of the flow. At 
profile 2, no distinction is made because of the thin (<0.01 m) bedload. 

Profile 1 Profile 2 Profile 1 Profile 2 Profile 1 Profile 2
Density kg/m3 6.32 5.19 6.68 2.63 6.55 2.57

Velocity U m/s 3.35 2.37 3.16 2.56 2.91 2.51
Bulk momentum kg.m.s-1 59.57 70.56 58.56

Dilute momentum kg.m.s-1 42.14 31.2 35.21
31.15 19.46 19.01

Experiment LExperiment MExperiment S
Unit
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Figure 4.7: Panel showing typical pictures during the propagation of the head (Phase 1). (a-c) Snapshots of the flow jumping across the three obstacles; (d) 
Velocity magnitude and streamlines of the large rotating vortex created in the wake of Experiment M. The low-velocity wake is delimited by a yellow dashed 
line. (e) Downstream velocity component U at the large obstacle showing strong velocity in the upper flow and negative velocities in the lee side evidencing the 
backflow; (f) Downstream velocity in Experiment S showing the migration of the vortex downstream (evidenced by negative velocities). 

a.. b.
. 

c.. 

f.. e.. d.
. 
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Figure 4.8: Panel showing typical pictures during the propagation of the early body (Phase 2). (a) Snapshot of vertical flares on the stoss side of the large 
obstacle showing the formation of gas-escape layer (bordered by dashed line) as the flow compresses and accelerates; (b-e) Respectively: snapshot, U 
component, V component and velocity magnitude with streamlines of a typical well-developed jet structure above the wake of the intermediate obstacle. Black 
arrows in (b) point at the top border of the jet structure. Note the divergence of the streamlines associated with the maximum velocity, the lower velocity in the 
upper boundary of the jet, and the slow, vertical settling of particles inside the dilute wake. (f) Snapshot of the intermediate obstacle showing finger instabilities 
(outlined in white dashed line) in the wake at a time when the jet structure is not well developed. 

a.. b.
. 

c. 

f.. e.. d.
. 
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Phase 3. During approximately the second half of the passage of the gravity 

current body, the depth-integrated density markedly increases to values up to c. 20 kg 

m-3 (Fig. 4.4a).  

On the stoss side, the underflow reaches its maximum thickness, and, from c. 3 

seconds, rapidly deposits a thick wedge of sediment. The continuing convergence and 

acceleration of the flow markedly moves (or shoots up) dense flow material (including 

relatively coarse particles) from the lower wall region of the current and into upper wall 

and jet regions. Behind the crest, this loading of the detached flow with (coarse and 

heavy) particles leads to a bending downwards of the detached flow (Fig. 4.9a-c). 

During this time, rolling and saltating particles as well as thin sand waves start 

migrating as a poorly-defined bedload over the crest and down the lee slope. This is 

associated with a strong increase of the detachment angle and decrease of the re-

attachment distance and thus a decrease of the cross-sectional area of the turbulent 

wake (Fig. 4.9a-c). Characteristic for Phase 3, jet-like structures do not form. Instead, 

the strong disruption of the vertical density and velocity structure is associate with 

strong sedimentation of particles into the increasingly hotter and denser turbulent 

wake (Fig. 4.9d).  

 

Phase 4. From c. 5 seconds after flow arrival, the velocity and density of the 

incoming flow start to decline, marking the passage of the gravity current tail region. 

This burial of the stoss side slope continues from the previous phase and decreases 

its effective inclination as well as the effective hill height. As a consequence of the 

thick deposits, the wall region of the impinging gravity current markedly ceases to 

converge and accelerate along the increasingly flatter stoss side of the obstacle. At 

the same time, while the downslope component of the velocity fields decreases, the 

orthogonal component becomes more dominant. Together with the continuing 

sedimentation of particles from the upper flow onto the turbulent wake, this leads to a 

distinct rotation of the velocity streamlines in the detached flow from a previously 

(channel-) slope-parallel direction (that is c. 6° from the horizontal) to angles similar to 

the lee slope of the obstacle (Fig. 4.10a-b). This rotation of the flow field creates an 

increase of the angle of attack of the incoming flow onto the hill, and causes a strong 

increase of the detachment angle as well as decreases of the re-attachment distance 

and cross-sectional area of the turbulent wake (Fig. 4.10 and Fig. 4.11c-d). From c. 
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4.3.5. Geometric characteristics of the turbulent wake 

 

Figure 4.11 characterises the temporal evolution of the turbulent wake that forms 

in all three experiments behind the hill crests. Time-series of the detachment angle �}, 

the re-attachment distance DR and the cross-sectional area AW of the wake are 

displayed (Fig. 4.11a). As expected for the highly unsteady high Reynolds number 

Figure 4.10: Panel showing typical picture of the propagation of the tail (Phase 4) with (a,b) the rotation 
of the velocity field showing streamlines becoming parallel (experiment M) of steeper (experiment L) 
than the lee side topography as the wake is about to disappear; and (c) overview snapshot of the large 
obstacle with stoss side deposits completely built (striated area), as the flows follow the topography 
without acceleration on the stoss side. The general flow direction is indicated as black arrows.  

a.. b.
. 

c. 
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transported as a (poorly-defined) bedload across the obstacle rolling down the slope 

and become stranded at the break in slope in Phases 3 and 4.  

Finally, weak tractional deposition of fine ash mantles the deposit across the entire 

hill. 

 

  

Figure 4.13: Time-resolved deposition of on the stoss side of each obstacle (in black). (a) Small 
obstacle (b) Intermediate obstacle (c) Large obstacle. Thick and thin dashed lines show isochrones 
of deposition at 1 and 0.5 second intervals respectively, with t = 0 corresponding to flow arrival at 
Profile 1. On the small obstacle, slope-parallel, upstream-migrating bedforms are deposited for the 
entire duration of the flow. On the intermediate and large obstacles, the thick underflow is able to 
climb the obstacle, before a regressive dune bedform is built and ponds the deposits upstream of 
the hills.  
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Figure 4.14: Sketch of the time-variant propagation of the experimental PDCs across the obstacles 
depicting the processes happening for all sizes of obstacles. The arrows show typical streamlines and 
flow direction. A typical streamwise velocity profile after the obstacle is shown in red, where the vertical 
dotted red line shows U = 0. �}: detachment angle; DR: re-attachment distance from the crest; (1) flow 
compression and acceleration on the stoss side; (2) boundary layer separating the wake below and the 
detached flow above; (3) rotating vortex inside the wake; (4) backflows; (5) compression forms a gas-
escape layer on the stoss side with strong upward velocities, leading to the formation of a jet structure 
above the lee side; (6) upper limit of the jet structure with lower velocities; (7) diverging streamlines in 
the high velocity jet; (8) slow settling of particles; (9) strong turbulences inside the jet as the flow re-
attaches; (10) dense bedload partially able to climb the stoss side; (11) the bedload separates with a 
part flowing down the lee slope and a part ejected in the detached flow, increasing its density and 
pushing on the boundary layer separation; (12) finger-like instabilities enhancing sedimentation inside 
the wake; (13) thick, massive deposits on the stoss side from the blocked underflow; (14) rolling pumice 
down the lee slope; (15) strong rotation of the streamlines leading to the disappearance of the wake as 
the flow follows the lee side topography.  
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4.4.3. Model for momentum loss during PDCs-obstacle interactions 

 

The obstacles used in our experiments were shaped as hills found around real-

world volcanoes. Sulpizio et al. (2008) interpreted the massive, coarse-grained 

deposits on the stoss side of an obstacle as evidence for flow deceleration and 

momentum loss. In numerical simulations, Doronzo et al. (2010) also highlighted 

increasing thickness of deposits and sediment flux on the stoss side of obstacles and 

interpreted them as a drop in velocity leading to increasing density and rapid 

suspension-sedimentation. However, field studies on bluff obstacles have revealed 

that despite the mass loss, PDCs were able to maintain their momentum (Jeon et al. 

2011), suggesting that form drag is more responsible for blocking than friction and 

deceleration. In the experiments, the dilute upper region of the flow is compressed and 

accelerated. Even the underflow is able to partially climb the obstacle (though without 

crossing), showing that there is no immediate flow deceleration when PDC interacts 

with obstacles. Instead, they accelerate, highlighting the importance of flow 

compression on the stoss side which likely affects the energy conversion from kinetic 

to potential. The increasing density is rather caused by increasing incoming mass 

during Phase 3. Finally, the massive underflow is largely blocked by form drag, rather 

than by deceleration or friction. 

 

 

However, even when considering only the dilute upper region of the flow without 

the bedload and despite compression and acceleration, momentum still decreases 

Figure 4.15: Momentum loss of the dilute 
part of the flow against the ratio of heights 
of the obstacle over the velocity maximum 
of the incoming flow (Hmax/HUmax). The data 
align well on a linear fit depicted as a red 
curve and suggest that total blocking with 
100 % momentum loss happens from a 
height ratio of 5.45. Note that momentum 
still decreases without obstacles (closed 
point at x=0, data from Brosch and Lube 
2020) as density and velocity decrease 
with distance. 
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after the obstacles (Table 4.2). This shows that the drag does not only affect the dense 

underflow.  

The dimension of the obstacle in the flow path needs to be characterized as a 

given hill may be considered a small or a large obstacle depending on the incoming 

flow thickness. The height ratio (HR) is the ratio of the crest height of the obstacle over 

the time-integrated height of the velocity maximum (Hcrest/HUmax) and depicts how large 

is the obstacle compared to the flow boundary layer thickness. In Figure 4.15, we 

plotted the momentum loss of the dilute part of the PDCs (above the bedload) against 

the height ratio. The data suggest that the momentum loss of a dilute PDC is linearly 

correlated to the height ratio, which can be empirically expressed by a best fit as: 
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where �¿�/
$
$
$
$
$ is the difference in time- and depth-averaged flow momentum before and 

after the obstacle in percent. This fit suggests that obstacles that are 5.45 times higher 

than the height of the velocity maximum lead to 100% momentum loss (complete 

blocking of the flow). In our experiments, this condition of complete flow blocking would 

require a hill crest height of c. 1.63 m. Andrews and Manga (2011) found that a dilute 

PDC cannot cross an obstacle that is higher than approximately 1.5 times the flow 

thickness. This result is in close agreement with our experimental findings and Eq. 4, 

where the time-averaged thickness of the body of our experimental PDCs at Profile 1 

(before the obstacle) is c. 1.1 m.  

In the following sections, we will test this simple conceptual model with real-world 

examples.  

 

 

4.4.4. Case study: the 1980 Mount Saint Helens lateral blast 

 

Here, we study a Northeast-oriented topographic profile of Mount Saint Helens 

(Fig. 4.16a), where the lateral blast travelled across three obstacles and kept 

propagating up to 19 km from the vent. The initial height of the velocity maximum is 

estimated at 250 m (Moore and Rice 1984; Esposti Ongaro et al. 2012).  
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As the flow reaches Johnston Ridge (365 m high), the height ratio is 1.46. Applying 

Eq. 4.4 to these parameters, the bulk momentum loss of the PDC across the ridge 

would amount to c. 41 %. After the ridge, in the valley of South Coldwater Creek, the 

position of the maximum velocity is lifted up to c. 700 m above the ground (Esposti 

Ongaro et al. 2012). This upward shift in the height of the velocity maximum is similar 

to our observations at Profile 2 after the obstacle. Therefore, the height of the 

maximum velocity becomes significantly higher than Coldwater Ridge, although this 

second obstacle has a larger absolute elevation (426 m high): the height ratio is only 

0.61, leading to a momentum loss of c. 30 %. After this obstacle, the height of the 

velocity maximum stays at a similar altitude, and is only c. 600 m above the ground 

(Esposti Ongaro et al. 2012). The third obstacle (Minnie Ridge) is only 634 m high 

(height ratio of 1.09) and causes a momentum reduction of c. 35 %. After these three 

obstacles, the flow has lost c. 73 % of its initial momentum, and the height of the 

velocity maximum is now around 250 m above the ground, as topography remains 

high in altitude. This low-energy flow propagates approximately 5 more kilometres on 

a gentle downslope before lifting off. This application suggests that despite crossing 

multiple obstacles, PDCs conserve their momentum, which can explain the reason 

behind their long runout, even on rough topography.  

The application of Eq. 4.4 on successive ridges however needs to be carried out 

with caution, especially if the flow has not re-attached yet after the first ridge, which 

could lead to different flow-obstacle interactions.  
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4.4.5. Case study: the 2012 Te Maari lateral blast 

 

The blast-like PDC generated during the 2012 Te Maari eruption (New Zealand) 

was able to cross a series of several ridges roughly perpendicular to the flow direction 

(Breard et al. 2015). Before the first ridge, the flow thickness was estimated to c. 80 m 

with the presence of a sharp delimitation of fine ash deposits against the cliffs (Lube 

et al. 2014). According to Cerminara et al. (2021), the ratio of the e-folding height of 

the PDC over the height of the maximum velocity is constant and takes a value of 5.3, 

indicating that the height HUmax of the maximum velocity for the Te Maari blast was 

located at c. 15 m above the base. Assuming that the flow re-attached before 

encountering the next obstacle, the height ratio and the momentum loss can be 

calculated for each of these ridges (Fig. 4.16b). The critical blocking height where the 

entire flow momentum is lost and the PDC is fully blocked can be estimated at c. 82 

m, indicating that none of these 8-41 m high ridges would have been able to block the 

obstacle.  

Figure 4.16: Topographic profiles in the flow direction for (a) Mount Saint Helens and (b) Te Maari. The 
heights of the obstacles above their base (black dotted line) are indicated in black. The red curves show 
typical velocity profile, and the red number indicates the height of the velocity maximum above the base 
(*: data extracted from Esposti-Ongaro et al. (2012), Lube et al. (2014), Cerminara et al. (2021)). The 
height ratios (HR) of the obstacles are shown above each hill, along with the momentum loss (�' M) 
created by the hill. In the case of Te Maari, the variations in the heights of the maximum velocity are 
not known. 
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The first obstacle, which is located approximately 1000 m from the source, is a 

large 40 m high ridge with a Height Ratio HR of 2.67. Following Eq. 4.4, the flow has 

lost almost 60 % of its initial momentum upon crossing this first obstacle. After the 

fourth ridge, the flow has lost c. 87 % of its initial momentum, and from this position 

onwards, trees are not uprooted or broken, but only show burning of leaves with thin 

<1 cm deposits (Breard et al. 2015). Eventually, as the flow kept progressing across 

the fifth and the sixth ridge, the momentum loss was too important, reaching 97 % of 

the initial flow momentum, and the flow stopped. 

 

 

4.4.6. Interpretations of sedimentation 

 

Mechanisms of emplacement 

Topographic obstacles have a strong influence on local transport and deposition 

mechanisms. The geometry of the deposits before the hill gets increasingly longer and 

flatter with increasing obstacle size. This unique feature has never been observed 

before in PELE experiments without obstacles. Therefore, we strongly suspect that 

their presence is responsible for this varying geometry, suggesting that obstacles do 

have an impact on upstream sedimentation, notably through the emplacement of 

regressive bedforms. Variations in depositional features are also linked to the different 

flow phases.  

The blocking of the dense underflow into a coarse breccia or massive unit allows 

a continuous burying of the obstacle and reduction of its absolute height. This effect 

strongly affects the flow and wake dynamics, as well as the sedimentation immediately 

downstream of the hill.  

Stratified deposits are emplaced with tractional transport of a bedload through 

rolling and saltation. This type of unit is usually found above a massive unit, as it is 

emplaced in the late stages of the flow when its energy decreases. While this type of 

transport also occurs in the proximal body of the flow, it is hardly depositional because 

of the high energy of the flow. This is also the case in our experiment before the 

obstacle. However, on the stoss slope of the hill, stratified deposits intercalated with 

coarse pumice clasts are found at the base of the sequence, and were deposited by 

the proximal flow body (Phase 2), and sometimes even the head (Phase 1). We 
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associated with the time-variant vertical velocity and density structure of the gravity 

current.  

- On the stoss side of the ridges, the flow locally compresses and accelerates 

strongly despite the conversion of kinetic to potential energy. This effect leads to the 

advection of material from the base of the flow back into the upper flow regions and 

increases with increasing obstacle size.  

- After the crest, the flow separates and creates an unstable stratification with the 

formation of a cold, slow, relatively dilute turbulent wake below a hotter, faster, denser 

detached flow.  

- In the case of small obstacles, the bedload is largely unhindered by the hill and 

massive deposits can be found on each side of the obstacle. On the stoss side, 

deposits show an aggrading structure with beds sub-parallel to the slope.  

- In the case of larger obstacles, the dense underflow is blocked on the stoss 

side and deposits show facies such as thick pumice breccia and massive units, which 

can partially climb the obstacle. The formation of an anti-dune ponding and thickening 

the deposits is also noticeable.  

- After the obstacle, vertical settling of fine ash leads to the deposition of a thin, 

thinly laminated layer at the base of the sequence. A poorly stratified unit is also 

deposited from a low-shear tractional bedload.  

- A momentum analysis of the experimental PDCs suggests that dilute flows 

cannot cross obstacles that are 5.45 times higher than the height of their velocity 

maximum. This result is in good agreement with previous analogue PDC experiments 

of talc powder and air (Andrews and Manga 2011). The momentum loss is linearly 

related to the ratio of the height of the hill and the height of the velocity maximum of 

the incoming flow.  

- With increasing size, obstacles reduce the momentum despite accelerations, 

even when considering only the dilute part of the flow. This suggests that the form 

drag created by the obstacle is strongly acting on the flow and needs further 

investigation.  
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4.6. Supplementary materials 

 

 

Supplementary videos are available at the following address: 

https://drive.google.com/drive/folders/1FjtDvSlajUmxNk6lDid5QC_JilHXYPt2?us

p=sharing  

Supplementary material 4.2: video of the lee side of the intermediate obstacle across the entire flow 
propagation. The video was recorded at 1000 frame per second (fps) and is played at 30 fps, but the 
quality here had to be downgraded for file size purposes.  

Supplementary material 4.3: video of the lee side of the intermediate obstacle across the entire flow 
propagation in the downstream (U) velocity field, with velocity profiles every 0.1 m showing inflexion at 
the boundary layer separation.  

Supplementary material 4.4: video of the lee side of the intermediate obstacle across the entire flow 
propagation in the vertical (V) velocity field, with velocity profiles. Positive values show upward 
velocities, and negative values show a downward trend.  

Supplementary material 4.5: video of the lee side of the intermediate obstacle across the entire flow 
propagation in the Magnitude velocity field, with streamlines of flow direction.  

 

  

Supplementary material 4.1: Grainsize distribution of the mixture used for the three experiments 
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5. Characteristics of the detachment of dilute 

pyroclastic density currents behind obstacles: 

an experimental study 
 

 

L. Corna, J. Jones, G. Lube, E. Brosch, D. Uhle 

 

 

Abstract 

Dilute pyroclastic density currents (PDCs) produced during explosive eruptions are 

able to cross topographic obstacles with ease. The observation of areas of low PDC 

damage on the lee sides of hills suggests that a possible safe zone could exist behind 

obstacles. Here, we synthesized PDCs in three large-scale experiments with 

topographic obstacles of the same drag coefficient, but different sizes compared to the 

thickness of the boundary layer of the incoming flow. We analysed the characteristics 

of the turbulent wake formed behind the obstacles and suggest a model that allows 

estimating its dimensions and characteristics behind a given obstacle.  

Previous studies envisaged the flow field across obstacles following ballistic 

trajectories. Our experiments show that PDCs detaching from obstacles do not follow 

ballistic trajectories which, when used in calculations, under-estimate the wake 

dimensions. Other processes must occur inside the detached flow to explain these 

characteristics. We show that the wake geometry is governed by a balance between 

the drag force exerted by the obstacle onto the flow and a lift force inside the wake. 

The lift force arises due a vertical gradient in static pressure from the wake into the 

detached flow. For similar conditions of the incoming flow, the scaled cross-sectional 

area and the scaled downstream length of the wake are inversely proportional to the 

obstacle size. This behaviour is explained by an inverse relationship between the ratio 

of lift over drag forces and the size of the obstacle relative to the flow size. This ratio 

decreases with obstacle size, and smaller obstacles create larger lift forces due to a 

strong vertical gradient in static pressure.  

The experimental data suggest that the re-attachment distance of a flow behind a 

ridge-shaped obstacle is related to the ridge height relative to the thickness of the flow, 
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Helens (USA) and Bandai (Japan). The general demi-shape of the hill from the crest 

is given by:  
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with H the height of the hill at a distance L from the crest, Hcrest the crest height, and 

Lmax the maximum length of the obstacle. The aspect ratio is equal to 0.2. At the sides, 

the hills deviate from the concave shape given by the demi-shape of Eq. 5.1 and merge 

to a constant slope angle of 21°. Three obstacles of this shape but different sizes were 

built for each of the three experiments. The height of the obstacles, Hcrest, were chosen 

in relationship to the time-averaged height of the velocity maximum (HUmax) of the 

experimental PDCs before the obstacle. In the experimental flows in PELE, HUmax is 

located c. 0.3 m from the channel base. Obstacles were designed to span a range of 

possible scenarios: smaller than HUmax (0.1 m), similar to HUmax (0.3 m) and larger than 

HUmax (0.5 m). Table 5.1 summarizes the obstacles geometry, using the abbreviations 

depicted in Figure 5.1. Obstacles were placed in the proximal section of the channel 

with a crest at c. 3.3 m from the impact zone. The positioning of these obstacles 

allowed a non-obstructed view with high-speed cameras of the processes occurring 

on the lee side (downstream side) of the obstacles. 

 

 

Flow velocities were measured along vertical profiles before (1.6 m) and after (4.7 

m) the obstacle (named Profiles 1 and 2 respectively), as well as across the lee side 

of the hills using six high-resolution, high-speed cameras at 1000 frames per second. 

The videos were analysed through Particle Image Velocimetry in order to extract 

Table 5.1: Geometric characteristic of the obstacles and the wake generated in their lee side.  
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and observed wake dimensions are obtained for the largest obstacle and for the 

scenario of the detachment point defined by the observed detachment point, using the 

depth-integrated velocity of the flow above the detachment point, and the trajectory 

angle defined by local flow streamlines. 

 

This latter case is depicted in Figure 5.3, where we compare the calculated and 

measured re-attachment distance and wake area. Ballistics mostly under-estimate the 

real values except in the flow head.  

In experiment L, the strong acceleration of the flow on the stoss side leads to 

depth-integrated velocities above the detachment point up to c. 9.4 m.s-1 (Fig 5.3a). 

These high velocities are sufficient for the ballistic equation (Eq. 5.5) to provide a close 

prediction to the measured DR (Fig 5.3b-c). The average ratio between the ballistic 

and the measured re-attachment distance takes a value of 0.94. However, the ballistic 

trajectory is somewhat lower than the real shape of the wake (Fig 5.3b and 5.3d), and 

the wake area of ballistics is generally significantly smaller than the real wake area.  

For experiments S and M, the flow is not accelerated as much as for experiment 

L, and the ballistic prediction strongly under-estimates both the re-attachment distance 

and the wake area (Fig 3c-d).  

 

These results suggest that the wake dimensions are not well modelled by ballistic 

trajectories, and therefore not controlled by velocity or streamline angles (at least in 

the first three phases). Instead, flows over the obstacle generate a lift force which 

extends the re-attachment distance. How this lift force is generated and maintained 

and how its relationship to the components of the �¿�2�ß�â�æ�æ�á�5�?�6 term is defined require 

further investigation. The most likely place to start is to look at density and static 

pressure inside the wake. 
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Figure 5.3: Values determined with ballistic models compared with real measurements of the wake for 
the situation using the real detachment point, the depth-integrated velocity above the detachment point, 
and the basal streamline angle. (a) Snapshot of the flow in experiment L at t=3.25 s from arrival at the 
crest in the velocity magnitude field with streamlines. The red curve represents the mapping of the wake 
area. Note the sharp delineation between the wake low velocities (1-2 m/s) and the high velocities 
exceeding 10 m/s above. (b) Typical difference between the measured wake trajectory (red curve) and 
the ballistic trajectory (grey curve) at t=3.25 s from arrival. The red cross corresponds to the measured 
re-attachment distance. The measured re-attachment distance and wake area are larger than the 
ballistic estimations. (c) Comparison between the re-attachment distances computed with ballistics and 
measured. The measured distance is larger than the computed for the small and intermediate 
obstacles, but takes similar values for the large obstacle. (d) Comparison between the wake areas, 
showing that ballistics are strongly under-estimating the measured wake, even in the large experiment. 
Ballistic calculations also produce trajectories smaller than the obstacle in late stages of the current, 
hence creating negative wake areas, which are here not plotted. 
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5.3.3. Forces supporting the wake 

 

In the three experiments, the depth-integrated wake densities decrease with 

increasing obstacle size by up to two orders of magnitude (Fig 5.4a), with densities as 

high as c. 130 kg/m3 in the wake of the small obstacle, and as low as c. 1.5 kg/m3 in 

the wake of the large obstacle. On average, wake densities decrease from c. 30.3 

kg/m3 in experiment S down to 7.5 kg/m3 in experiment L. These values suggest that 

assuming all particles suspended, static pressure is higher in the wake of experiment 

S and lower in the wake of experiment L.  

The relative static pressure difference between the wake and the detached flow 

above it controls the lift force. Here, this is not a quantity that is directly measured 

inside the flow, therefore, it needs to be estimated from the measured time-dependant 

densities and wake thickness. Since ballistic trajectories are a function of gravity, the 

aforementioned difference in re-attachment distances induces that the lift force 

reduces the effect of gravity. Kinematic equations allow us to estimate that: 
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where a is the reduction in acceleration due to the uplift provided by the static pressure 

inside the wake and �Œ in the time- and depth-integrated flow density at Profile 2. 

Rearranging provides the actual static pressure differential (�4PSwake) between the 

wake and the detached flow as: 

 

�¿�2�Ì���ê�Ô�Þ�Ø
L ���é�=�<
L �é�C�<
l�s
F �@
�½�Ã���Í�Ì�×�×�Ô�Þ�ß�Ô�Î

�½�Ã���Ø�Ð�Ì�Þ�à�Ý�Ð�Ï
�A

�6

p   (Eq. 5.7) 

 

Averaged values of the static pressure differential are c. 24, 11 and 2 Pa for the 

wakes of experiments S, M and L respectively (Fig. 5.4b), as suggested by the 

increasing density in the wake with smaller obstacle size. From the calculation of the 

static pressure differential, the lift force in the three experiments is obtained with: 
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Figure 5.4: Properties of the wakes generated behind the obstacles against time. (a) Particle density 
inside the wake, showing increasing density with time and with decreasing size of the obstacle. (b) 
Static pressure difference between the wake and the flow above, showing higher pressures by 
decreasing the obstacle size. In experiment L, the difference even becomes negative, showing that the 
flow above pushes down on the wake efficiently. The four phases of interactions between the flow and 
the hill are well visible with transitions at c. 1s, c. 3 s and c. 5s from flow front arrival at the crest. (c) Lift 
force of the wake. Averaged values of the lift force show that the wake behind the large hill has the 
lowest lift force of c. 2.71 N. When the lift force is negative, it is enhancing gravity instead of countering 
it. (d) Force ratio between the lift and the drag force, showing the dominance of the lift force to maintain 
the wake aloft in experiment S and M. In experiment L, the lift force is generally smaller than the drag 
force. Again, the four phases of interactions are well delimited. 
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The four phases of flow-obstacle interaction are well visible in the variations of 

static pressure differential, lift force and force ratio over the duration of the gravity 

current (Fig. 5.4b-d).  

- In the head (up to c. 1s), the static pressure increases in the wake. The lift force 

increases up to c. 14 N in experiment S because of the rotating vortex in the 

wake, lifting the detached flow and strongly increasing the wake surface area 

(AS). The lift force then starts decreasing in the rear of the head.  

- In the second phase (c. 1 to 3 s), the static pressure difference is low and 

relatively constant as the flow is dilute. The wake surface area is decreasing 

with DR, and the lift force is therefore relatively low. In experiment L, it can even 

be negative and enhances gravity. In these cases, the force ratio between the 

lift and the drag is also negative and shows that the drag is actually countered 

by the lift.  

- Typically, in the third phase of propagation (from c. 3 s), as density suddenly 

increases, the upper flow above the wake starts pushing down on the wake and 

bending the boundary layer separation. This effect, associated with bedload 

flowing over the crest down the slope, introduces more particles inside the 

wake, increasing its density. The pressure exerted by the flow above is counter-

balanced by increasing the static pressure inside the wake. The lift strongly 

increases in this phase and decrease with increasing obstacle size, from c. 13.6 

N in experiment S down to c. 1.8 N in experiment L. A similar pattern is visible 

in the force ratio, where the lift is c. 11 times higher than the drag in experiment 

S, and similar to it in experiment L.  

- From c. 5 s, in the last phase of interaction, the flow density and velocity 

decrease and the velocity field rotates, becoming sub-parallel to the lee slope. 

The drag strongly decreases and the wake progressively disappears. 

Decreasing static pressure difference and wake surface area subsequently 

decrease the lift force, which cannot maintain the wake anymore.  

 

The above force analysis shows that for these three flows with similar initial 

conditions, a clear link exists between the height of the obstacle and the forces in the 

wake. It is therefore worth speculating whether a similar relationship independent of 

flow conditions exists. A geometric analysis is proposed in the following, looking only 
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at the relationship between the re-attachment distance, the height of the obstacle and 

the height of the maximum velocity of the incoming flow. 

 

 

5.3.4. Geometric analysis 

 

Because the dimensions of the wake are inversely proportional to the size of the 

obstacles (Fig 5.2), the relative height of the obstacle compared to the flow must play 

a role on the wake re-attachment distance and area, as suggested by Hákonardóttir 

et al. (2003). This non-dimensional height is called the height ratio (HR) and is defined 

with: 
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The height ratio depicts the relative thickness of the height of the velocity maximum 

HUmax of the incoming flow (which can be linked to the total thickness of the flow) 

compared to the obstacle, hence describing the importance of the obstacle in the flow 

path. A small height ratio describes an obstacle that is small compared to the flow, 

and vice-versa.  

The height ratio and re-attachment distance compared to the obstacle height are 

calculated at regular time intervals over the entire flow passage for each experiment 

and averaged in Fig. 5.5a. The points show a power trend with a best fit power law of 

the form: 
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From the re-attachment distance, the wake area can be estimated. Figure 5.5b 

shows data of the scaled wake area against the scaled re-attachment distance. Here, 

the scaled values are used to account for the reduction of the wake dimensions with 

increasing obstacle size. With an intercept at 0, the wake area can be approximated 

by the following squared relationship: 
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Equations 5.10 and 5.11 describe the dimensions of the wake according to the 

obstacle and flow geometry, but do not take into account the initial flow density, 

velocity and therefore dynamic pressure.  

 

 

 

 

 

 

 

 

Figure 5.5: (a) Estimation of the re-attachment distance compared to the obstacle height against the 
height ratio. The three points correspond to the three experiments and are averages over the entire flow 
duration with c. 30 measurements per experiment. The error bars corresponds to 1 standard deviation 
and show well the dispersion of the data over a power law shown as the red curve and annotated in the 
top right corner. (b) Wake area against re-attachment distance, with scaled values to allow a better 
comparison between the obstacles. The best fit is shown as a bold curve and equation in the top left 
corner, and simplified as a squared relationship on a thinner curve and equation. 
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5.4.2. Field estimations 

 

In the following, we test the geometric model developed in this study against data 

from two PDC eruptions. The results of this test are summarized in Table 5.3. A drag 

coefficient of 0.7 was used on hills having similar shapes and aspect ratios than the 

experimental obstacles. 

 

Te Maari 

The blast-like PDC generated by the 2012 Te Maari eruption travelled c. 2500 m 

from its source over a succession of seven ridges roughly perpendicular to the flow 

direction (Breard et al. 2015). Patches of preserved vegetation behind ridge crests 

were documented after the eruption and are clearly visible in satellite images. Behind 

the first 40 m high ridge, a patch of undamaged vegetation and distinctly thinner PDC 

deposits extend to a distance of c. 122 m after the crest. At this position, an 

approximate flow thickness of c. 80 m was estimated from the elevation of a sharp trail 

of fine ash deposited by the PDC against sub-vertical lava flow cliffs (Lube et al. 2014). 

Following the work of Cerminara et al. (2021), the ratio of the e-folding height of the 

PDC over the thickness of the wall region is approximately constant and takes a value 

of 5.3. This indicates an approximate height of the velocity maximum to be located c. 

15 m above the ground. This suggests that the obstacle was large compared to the 

flow, with a height ratio of 2.67 (Eq. 5.9). Eq. 5.10 gives a re-attachment distance of 

119 m from the crest, which closely matches the measured extend of the tree patch. 

The wake cross-sectional area is estimated at 1267 m2 with Eq. 5.11. Figure 5.6a 

shows the cross section of the hill with the incoming velocity profile, the extent of the 

tree patch, the calculated re-attachment distance and wake area.  

 

Mount Saint Helens 

During the 1980 eruption, the lateral blast propagated for c. 20 km from the source, 

unhindered by topography (Fisher 1990), leaving patches of trees standing in the lee 

side of obstacles, generally in the most distal parts of the current (Mullineaux and 

Lipman 1981; Gardner et al. 2018; Guinn et al. 2022). Gardner et al. (2018) proposed 

a model of ballistics trajectories corrected with a downward expansion of the front 

ingesting air. Before this correction, the ballistic equation over-estimated the re-

attachment distance of the flow compared to the extent of mapped tree patches. The 
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Figure 5.6: Cross-sections of a hill engulfed by blasts at (a) Te Maari, Tongariro, New Zealand, and (b) 
Mount Saint Helens, USA. On each sketch, the incoming initial velocity profile is drawn on the left with 
height of the velocity maximum extracted from Esposti Ongaro et al. (2012), or calculated from Lube et 
al. (2014) and Cerminara et al. (2021). The green pattern on the lee sides represents relatively 
preserved vegetation, the yellow star the extent of tree patches, and the yellow circle the re-attachment 
distance calculated from the geometric model of this study. The red shaded area behind the hill 
corresponds to the wake area. (a) The first hill in the path of the blast generated by the Te Maari eruption 
has a height ratio of 2.67. A tree patch of preserved vegetation is mapped on the lee side and extends 
up to 122 m from the crest. Eq. 5.10 and 5.11 allow the calculation of a re-attachment distance reaching 
119 m from the crest, with a small wake compared to the obstacle. (b) At Mount Saint Helens, the hill 
located between Bean and Clearwater Creeks is relatively distant from the source, but shows a large 
patch of preserved vegetation extending up to c. 2200 m from the crest (Gardner et al. 2018). The 
calculations of re-attachment distance is close to the mapped patch with DR of 2437 m.  

Table 5.3: Data of the model based on Equations 5.10 and 5.11 applied on different hills around Mount 
Saint Helens (MSH, USA) and Te Maari (New Zealand) with a drag coefficient of 0.7. The upper block 
of data represents the parameters for the model. The lower block of data shows the results. The star 
symbol * represents the values extracted from the source articles.  
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5.4.3. Limits 

 

In the model proposed here, the wake area and re-attachment distance are only 

calculated from the obstacle geometry and the flow thickness, but initial velocity and 

density do not seem to have an effect on the wake area. This model was built based 

on the three experiments. A larger dataset would be necessary to confirm the power 

trend calculated in Figure 5.4 and the absence of role of the flow initial conditions 

(excepted its thickness). Experiments could be run with the same obstacles and 

different starting conditions to determine if the re-attachment distance and wake area 

remain the same regardless of flow velocity and density. Alternatively, the obstacles 

could be placed further down the channel where velocities and densities have 

decreased. Very large obstacles with a height ratio of 3-5 would also be relevant to 

confirm or deny this model.  

This model allows the calculation of DR and AW in nature assuming a given 

obstacle and height of the velocity maximum. However, it does not allow the 

calculations of the static pressure differential inside the wake that could be generated 

by this natural obstacle, and therefore the lift force inside it.  

 

 

 

5.5. Conclusions 

 

Large-scale experiments of PDCs were performed with three obstacles of different 

dimensions in the flow path. The obstacles generated a wake behind them with low 

velocities. As the obstacles become larger, density and temperature in the wake 

decrease, and the dimensions of the wake become small compared to the size of the 

hill. Interestingly, ballistic trajectories do not seem to model the wake, strongly under-

estimating its re-attachment distances and area. This suggests that a supplementary 

lift force must be responsible for increasing the wake dimensions. The lift force 

calculated in the experiments inversely scales to the obstacle height and varies with 

the different phases of interactions between the flow and the obstacle. Interestingly, 

the lift force is up to c. 14 times larger than the drag force and seems more important 

in maintaining the wake aloft. A geometrical analysis allows an empirical estimation of 
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the re-attachment distance behind an obstacle controlled by the height ratio between 

the hill and the boundary layer thickness of the incoming flow.  

For small obstacles, the drag force is low and generates an initially small wake. 

However, particles advected on the stoss side are not well accelerated and tend to 

sediment quickly and fall inside the wake. The flow loses its energy, and the wake 

becomes very dense, which allows a high lift force. The wake becomes significantly 

large compared to the size of the hill as gravity is strongly countered. However, for 

large obstacles, particles are ejected at high velocities above the wake and travel 

above it: the wake is relatively cold and dilute. Even though the drag force is higher, 

the lift force is low and the wake area becomes comparatively smaller. This latter effect 

can reduce the wake area even more when the lift force acts together with gravity 

instead of countering it.  

The geometric estimations of the re-attachment distance and wake areas allowed 

the construction of a model that can be applied on the field. This model was tested on 

several real world examples and gave values in close agreements with the mapped 

patches of preserved vegetation. More experiments would however be necessary to 

test this model with different initial conditions and/or different obstacles.  

 

 

 

5.6. Supplementary materials 

  

Supplementary material 5.1: Scaling table comparing the dimensionless numbers between the three 
experiments and nature. Data in nature extracted from Burgisser et al. 2005 and Choux and Druitt 2002.  

Particle size �G mm 0.002 - 16 0.002 - 1000
Velocity U m/s 3 - 12 10 - 200
Density �Œ kg/m3 1 - 15

Reynolds Re - 105 - 107 106-109

Richardson Ri - 0.5 - 4 0 - 10
Thermal Ri RiT - 0.003 - 0.7 0 - 5

Densimetric Froude Fr' - 0.6 - 15 ~ 1
Stokes ST - 10-3 - 101 10-3 - 107

Stability �GT - 10-2 - 101 10-6 - 109

Rouse Pn - 1 - 20 10-3 - 102

Scaling parametersSymbol
PELE experiment 
with obstacles

NatureUnit
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6. Effects of hill-shaped terrain on the runout and 

hazard characteristics of pyroclastic density 

currents 
 

 

L. Corna, G. Lube, E. Brosch, D. Uhle, J. Ardo, J. Jones 

 

 

Abstract 

Pyroclastic Density Currents (PDCs) are hot, fast-moving gas-particle clouds 

flowing down volcanoes. They can propagate unhindered across topographic 

obstacles, potentially impacting areas that may not have been previously considered 

in hazard planning. Because internal measurements of real-world PDCs are hardly 

possible, we performed here a series of large-scale experiments looking at the 

interactions of PDCs with hill-shaped obstacles of varying size, focusing on the 

consequences on the flow dynamics up to a 30 m final runout.  

A wake with relatively low densities, velocities and temperatures is formed 

immediately behind the obstacle and increases in size according to the obstacle 

dimensions. The wake creates an initially unstable stratification with a hot, dense, fast-

moving flow above a cold, dilute, slow wake. Up to c. 50 % of the initial momentum is 

lost after the hill as density and velocity decrease.  

Variations in flow density, velocity and deposit characteristics occur up to half of 

the final flow runout. Afterwards, flow dynamics, deposits and final runout distances 

are remarkably similar for all obstacle scenarios. This implies that topography and 

momentum loss have little consequences on downstream hazard impacts and that 

processes countering them are present. We suggest that small obstacles do not affect 

flow propagation downstream. However, large obstacles have the ability to transport 

particles from lower flow regions back into the main flow. The density strongly 

decreases immediately behind the hill because of the blocking of the underflow on the 

stoss side and the generation of a large dilute wake. The density ratio is however 

maintained for long distances in a hotter flow. On the other hand, internal energy 

pulses visible as density discontinuities propagate unhindered by the obstacle. They 
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reach the slow flow head and are responsible for strong and sudden accelerations, 

leading to similar final runouts. 

 

 

 

6.1. Introduction 

 

Pyroclastic Density Currents (PDCs) are produced during explosive volcanic 

eruptions and consist of hot, gas-particle multiphase mixtures travelling at high speed 

down a volcano (Druitt 1998; Branney and Kokelaar 2002). PDCs are the most lethal 

volcanic phenomena excluding tsunamis and famines (Baxter 1990), responsible for 

killing tens of thousands of people since 1783 (Tanguy et al. 1998). Hazards 

associated with PDCs include high dynamic pressures up to hundreds of kPa 

enhancing destruction of structures (Valentine 1998; Baxter et al. 2005; Brand et al. 

2014; Esposti Ongaro et al. 2012; Brosch et al. 2021), fine ash content leading to 

suffocation (Baxter 1990; Hincks et al. 2006; Dellino et al. 2021), and temperatures 

reaching 200 to 500°C responsible for most of their lethality (Voight and Davis 2000; 

Mastrolorenzo et al. 2001; Loughlin et al. 2002; McClelland et al. 2004; Hudspith et al. 

2010; Baxter et al. 2017; Giordano et al. 2018). Furthermore, PDCs have the ability to 

cross significant topographic obstacles, making it challenging to predict their hazard 

footprint (e.g. Risica et al. 2022). Understanding the effects of topographic obstacles 

on the downstream flow and hazard dynamics of PDCs is essential to inform 

qualitative hazard modelling approaches and hazard mitigation practices.  

Several studies have addressed the ability of PDCs to climb topographic obstacles 

through field study (e.g. Wilson 1985; Fisher et al. 1993; Burgisser 2005; Sulpizio et 

al. 2008; Cas et al. 2011; Breard et al. 2015), numerical approaches (e.g. Doronzo et 

al. 2010; Kelfoun and Gueugneau 2022), analogue (Alexander and Morris 1994; 

Woods et al. 1998; Bursik and Woods 2000; Oshaghi et al. 2013; Abhari et al. 2018; 

Wilson et al. 2018) and large-scale experiments (Andrews and Manga 2011; Andrews 

2014).  

Four main parameters are to consider regarding the consequences of an obstacle 

in the path of a PDC:  
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- (1) The extent of the final runout. Fisher (1990) proposed that the runout 

distance was affected by hilly terrain especially when the ridge of the obstacles 

is perpendicular to the flow path. However, more recent studies showed that 

only the flow head (and therefore its thickness, density and temperature) 

controls the flow runout, and that obstacles in the flow path do not affect these 

parameters which are rather controlled by the initial flow mass (Andrews and 

Manga 2011) and discharge rates (Roche et al. 2021; Roche et al. 2022). 

- (2) The scale of downstream dynamic pressures. Direct measurements of 

dynamic pressures are too dangerous to be done in-situ, but the study of tree 

damage allowed characterisation of very high dynamic pressure up to 39.7 kPa 

on the stoss side of ridges during the 1980 Mount Saint Helens eruption 

(Clarke and Voight 2000). Guinn et al. (2022) also suggested that hills could 

protect trees in their lee side during the passage of the head, but that the flow 

body would be more ground-hugging, with lower dynamic pressures still able 

to strip the vegetation.  

- (3) Flow density and fine ash content. In numerical experiments, Doronzo et 

al. (2010) noted turbulent mixing of particles downstream of the obstacles. This 

mixing of particles after the hill could be enhanced as the flow re-attaches to 

the ground, elutriating fines in the dilute surge and reinforcing it (Kelfoun and 

Gueugneau 2022). Deposits of the flows may reflect how the conditions of 

emplacement change after an obstacle, but no consensus has been reached 

so far. In water-tank experiments, Bursik and Woods (2000) noted that deposit 

were unchanged behind small ridges, while Alexander and Morris (1994) 

suggested that obstacles were reducing the thickness and extent of deposits 

downstream of obstacles.  

- (4) Flow temperature downstream of the hill. Flow temperatures were modelled 

at Vesuvius and showed higher downstream temperatures when the flow were 

initially encountering an obstacle (Todesco et al. 2002).  

However, because no direct observations have been done inside PDCs, there is 

still a gap in our current knowledge. How do all these parameters link together? How 

do obstacles of varying size influence them? How do the deposits formed behind 

obstacles relate to the dynamics of PDC-hill interaction? Here, we performed a series 

of three large-scale experiments with hill-shaped obstacles in the flow path. We kept 

the shape of the obstacle similar but increased their heights relatively to the height of 
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the velocity maximum of the flows. We interrogate the changes in flow structure, 

grainsize, velocity and temperature after encountering the obstacle and how these 

parameters vary for different obstacle heights.  

After introducing the general characteristics of the flows and the strong local 

changes occurring immediately after the hills in the flow structure, we describe the 

flows until the end of the runout. We start by focusing on the flow front kinematics, 

followed by internal flow characteristics such as density, forces, grainsize and 

temperature. Energy spectra are analysed at multiple positions of the setup regarding 

specific kinetic energy and temperature. Finally, we describe the resulting deposits 

characteristics after the different obstacles. The results of the experimental study are 

discussed in the context of hazard impacts near volcanoes.  

 

 

 

6.2. Methods 

 

6.2.1. PELE setup and materials 

 

The experimental flows were performed in the eruption simulator PELE (Lube et 

al. 2015). PELE is divided in four main structures depicted in Fig. 6.1: 

- The hopper: a 0.7 m3 reservoir placed at 7 m high, with a heating system and 

trap doors opening at the experiment trigger, releasing the mixture.  

- The shroud: a shrouded vertical section of heatproof clothe connecting the 

hopper with a flow channel. Upon hopper opening, the mixture falls, 

accelerates through the shrouded section and dilutes through entrainment of 

ambient air. It also channelizes the mixture into the channel.  

- The confined runout: a 14.2 m long instrumented channel with wall height from 

1.8 m to 0.6 m. One side is a steel wall, the other side is a glass wall allowing 

visualisation of the experimental PDCs internal processes. The channel has a 

6° angle until 11.7 m and is horizontal afterwards. The channel base is covered 

with a 2 cm thick layer of greywacke pebbles with particle diameter ranging 

from 4-8 mm. They are glued onto the base (and onto obstacles) to prevent 

their erosion, then loosely placed from 5 m (Fig. 6.1). For a natural PDC with 
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PELE is equipped with over 200 sensors, samplers and cameras for each 

experiment, positioned at distances from the impact zone of 0.6, 1.8, 3.2-4.8, 7, 9.6, 

13, 16.5, 20 and 24 m (Fig. 6.1). These locations measure a combination of time-

variant temperatures, velocities and particle concentrations of the flow. Three main 

profiles positioned at 1.6, 4.7 and 9.6 m (and named Profiles 1 to 3) are defined to 

characterize the flow dynamics before and after the obstacles (Fig.6.1). Profiles 1 and 

2 flank the obstacles to define flow characteristics before and after the hill. Profile 3 is 

a medial to distal position to characterise the flow downstream.  

Figure 6.2: Overview of the experiments and the scaling of the obstacles. (a) sketch comparing a typical 
vertical velocity profile in dilute PDCs with the three obstacles and their associated heights. (b) snapshot 
of the flow separating over the intermediate obstacle with the formation of a cold, dilute, rotating vortex 
underneath a hotter, denser upper flow at 1.38 s after impact. The dashed yellow line marks the 
boundary layer separation between the wake and the upper flow. (c) Snapshot of the same frame 
looking at the downstream velocity component (noted U). Note the thick backflow in the wake as the 
vortex is formed (shown in blue colours for negative velocity). An inflexion point in the velocity profiles 
delimits the wake. (d-e-f) same flow in the unconfined, horizontal, distal runout viewed by the thermal 
infrared camera at three different times after impact, showing the progression of (d) a hot, shallow flow 
into (e) lower temperatures with a hot head near buoyancy reversal, into (f) a fully buoyant, thick, cold 
flow. Dashed yellow lines mark the flow shapes. A 170 cm tall person is on the right-hand side of the 
image for scale. 
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The following equipment was used across the setup. Thermal sensors (TC Direct 

410-345 Type K) with a sampling rate of 70 Hz were installed in the channel as vertical 

profiles from 3.5 cm to 1.8 m above the base. In the unconfined section, the flows were 

recorded with an infrared thermal camera Infratec VarioCAM at 50 frames per second 

(Fig 6.2). An array of 22 cameras recorded the flow propagation along the entire setup 

with speeds of 30 to 240 fps. High-resolution, high-speed cameras recording at 1000 

fps were deployed at (1) Profiles 1 to 3 and (2) across the entire window length 

showing the lee side (downstream side) of the obstacles between 3.2 and 4.4 m. They 

recorded the internal flow dynamics and velocities were analysed through particle-

image-velocimetry using PIVlab (Thielicke and Stamhuis 2014). Time-resolved flow 

concentrations were calculated at Profiles 1 to 3 by recording the filling of glass 

sampling tubes on the window following the methods detailed in Brosch and Lube 

(2020). In order to ensure synchronization of all the sensors and cameras, a trigger 

signal was implemented at the experiment trigger.  

Time-integrated flow mass and grainsize were collected from flow tube samplers 

at 8 different profiles and heights of 6 to 180 cm above the channel base (21 to 180 

cm for the four most proximal profiles). Deposits were sampled with a 15 cm diameter 

core in the centre of the channel over the first 5 metres where bed roughness was 

glued. From 5.5 m after impact, aluminium trays of known area were placed at 1.5 m 

interval. From 14.5 m after impact, trays were emplaced at 3 m interval.  

 

 

6.2.2. Obstacle design and position 

 

All three experiments have the same starting conditions and hill-shaped obstacles 

were placed inside the channel. The obstacles have the same shape and only their 

size vary between each experiment. Digital Elevation Models were used to estimate 

an average shape of hills in the flow paths of real-world volcanoes like Merapi 

(Indonesia), Mount Saint Helens (USA), Tongariro (New-Zealand) and Bandai 

(Japan). The shape was estimated to mimic the geometry of natural obstacles based 

on their aspect ratio (defined by the ratio of the height over the length of the obstacle) 

and slope angles. The demi-shape of the obstacles was then estimated using:  
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with H the height of the obstacle at a distance L from the crest, Hcrest the maximum 

height of the obstacle at the crest, Lmax the total length of the obstacle. The aspect 

ratio is 0.2 and the initial slope was corrected to an angle of 21°.  

The desired heights were chosen according to the height of the velocity maximum 

(HUmax) in the flows at Profile 1. In PELE the averaged HUmax is located approximately 

0.3 m above the channel base. Hence, as depicted in Figure 2a, the height at the crest 

is lower than the velocity maximum for the small obstacle (0.1 m), similar for the 

intermediate (0.3 m) and higher for the large (0.5 m). The time-integrated ratio of the 

height of the obstacle over the time-integrated height of the velocity maximum 

(Hcrest/HUmax) is here called the height ratio and describes how large is an obstacle 

compared to the flow. The small obstacle has a height ratio of 0.36, the intermediate 

obstacle has a height ratio of 1.3, and finally, the large obstacle has a height ratio of 

1.72.  

The obstacles were placed according to three criteria: (1) the position of the crest 

needed to be similar; (2) the gravity current structure and vertical density stratification 

needed to be fully developed upon reaching the beginning of the obstacle and (3) the 

obstacle needed to be placed in the proximal section of the channel (<5 m) to 

maximise the length of observations of the resulting flow downstream. Their crests 

were placed 3.3 m from the impact (Fig. 6.1). The small obstacle was shifted slightly 

downstream, with a crest at 3.55 m from the impact, so that the entirety of the obstacle 

would be visible by the same camera without significant changes in the overall flow 

dynamics upon the arrival at the hill.  

For purposes of simplification, in the following, the experiments are called 

Experiments S, M or L (standing for Small, Medium and Large).  

 

 

6.2.3. Sampling and laboratory methods 

 

The time-integrated flow samplers were carefully removed from the channel and 

weighted to calculate the total mass of particles at different heights of the flow. 

Afterwards, grainsize distributions were obtained through a combination of dry sieving 
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6.3.2. Changes in vertical flow structure across the obstacles 

 

At Profile 1, the flows are strongly density stratified with time-integrated particle 

concentrations as low as 10-4 vol% in the dilute surge and reaching up to 22 vol% in 

the dense underflow (Fig. 6.2a-c).  

 

 

Upon encountering the obstacles, the slow underflow is stranded on the stoss side 

and the fully dilute turbulent upper flow region is also partially blocked.  

At Profile 2, the flows are increasingly disturbed with increasing obstacle height 

because of the formation of the turbulent dilute wake behind the obstacles. In 

experiment S, time- and depth-integrated concentration Cffull remains high to c. 0.26 

vol% (5.19 kg/m3). However, in experiments M and L, Cffull decreases down to c. 0.09 

Figure 6.3: Flow characteristics between the Profiles 1 and 2. (a-b-c) time-integrated concentration 
profiles at Profile 1 (red curve) and 2 (blue curve) for each experiment, showing that upper flow regions 
>1.1 m become loaded in particles after the intermediate and large obstacles. The red dashed line 
depicts the maximum bedload thickness. The black dashed line represents the hill height. (d-e-f) time-
integrated velocity profile showing a general upward shift in the maximum velocity after the obstacle. 
(g) momentum loss between Profile 1 and 2 for the three experiments (open symbols) against the height 
of the obstacle normalised to the height of the maximum velocity. The closed symbol on the vertical 
axis represents a no-obstacle experiment run by Brosch et Lube (2020). The momentum loss is linearly 
correlated to the obstacle height (red curve).  
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currents reach Profile 1 with flow front velocities of c. 5.0 m/s. After the crest, 

experiments M and L show a significant delay compared to experiment S. However, 

the three flows reach their maximum runout at approximately the same time. Figures 

6.4b show the same data broken up into single plots for each experiment, on a log-log 

scale.  

Data of the position (and velocity) of the flow front against time can be subdivided 

into three main kinematic regimes of different constant deceleration rates: 

In regime 1, characterising the flow from impact until the obstacle, the front is 

strongly decelerating. On log-log scales, data of distance against time fall onto lines 

of slope 1. This regime is equivalent to the inertial regime of non-Boussinesq gas-

particle gravity currents defined by Brosch et al. (2022).  

Regime 2 characterizes the flow from behind the obstacle and to a distance of c. 

28 m. Distance-time data on log-log scales fall onto lines of slope 2/3. This regime 

corresponds to the inertia-buoyancy regime of Brosch et al. (2022). 

Regime 3 occurs from c. 28 m onwards. The flow front decelerates more strongly 

with distance against time on log-log scales, falling onto lines of slope 1/5. Brosch et 

al. (2022) identified this regime as a regime where inertial forces and drag forces are 

balanced.  
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This general trend of deceleration is however interrupted by short-lived 

accelerations (Fig 6.4c) in the first two regimes. The first acceleration occurs on the 

stoss slope of the obstacles, and is the strongest in experiment M, with velocities 

Figure 6.4: Kinematics of the flow front for each experiment. The shaded areas mark the obstacles. (a) 
Position of the flow front for each experiment compared with time on a linear scale. While the three 
datasets are comparable before the obstacles, decelerations of the flow front are visible immediately 
after the crest and are increasingly stronger with obstacle size. Experiment L becomes significantly 
delayed compared to experiments S and M. However, the three flows reach the same distance at similar 
times. (b) Same dataset showing each experiment separately on log-log scales, where deceleration 
and acceleration are strongly visible. The black lines represent the changes in flow regime with general 
slopes of 1, 2/3 and 1/5. (c) Flow front velocity with distance after impact. Note the strong acceleration 
of the flow upon reaching the stoss side, followed by a deceleration that becomes stronger with larger 
obstacles. Acceleration peaks are visibly disrupting the deceleration after the hill and become stronger 
with increasing obstacle size. They are numbered 1-4.  
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increasing from 4.4 to 5.5 m/s. As the flows detach, expand and ingest a large volume 

of air during the wake formation, they strongly decelerate from c. 5 m/s down to c. 2 

m/s. This strong deceleration occurs immediately before the second regime. In 

experiment S, velocity decreases relatively steadily during the second regime. 

However, from c. 5 m onward, three small acceleration peaks are visible (Fig 6.4c) 

with velocity increases up to 0.7 m/s. In experiment M, three peaks are markedly more 

visible and correspond to velocity increases up to 1.2 m/s. No acceleration occurs after 

c. 15 m from the impact. In experiment L, the four peaks are very strong, with velocity 

increases up to 1.7 m/s. The sudden and brief acceleration peaks are present until c. 

21 m from the impact. The initiations of the accelerations of the second regime are 

numbered in each individual plot of Figure 6.4c.  

 

Taking a closer look at the times when these acceleration peaks occur, we notice 

energy pulses inside the flows travelling downstream as density discontinuities. These 

discontinuities are visible through their bow-shaped density contrast with the 

surrounding flow as described by Brosch et al. (2021). They also coincide with sudden 

increases and decreases in temperature of 1 to 5K and lasting between c. 0.05 and 

0.25 s. A typical peak is shown in Figure 6.5b and shows a sharp temperature increase 

of 5K followed by a cooling during a time interval of 0.25 s. Thus, the visual mapping 

and the temperature data can both be used to compile a detailed distance-time dataset 

of 12-14 density discontinuities in each experiment up to 20 m from the impact zone.  

Figure 6.5a shows the distance-time plot of the flow front and the 14 density 

discontinuities of experiment L on a linear scale. Before the obstacle, the velocity of 

the discontinuities is markedly constant with an average of 6.45 m/s. A notable feature 

of the density discontinuities is their ability to travel across the obstacle without 

significant changes in their velocity. At Profile 2 in experiment L, the density 

discontinuities have an average velocity of 6.2 m/s. Their velocity only slightly 

decrease to c. 6 m/s at Profile 3. Therefore, the density discontinuities travel faster 

than the head and their arrival in the frontal part of the flow coincides with the 

acceleration peaks previously described.  
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6.3.4. Effects of the obstacle on flow properties 

 

These fast-moving flows show differences in their propagation immediately after 

the obstacles, which are likely affecting flow geometry and internal properties.  

The head thickness shows strong variations across the entire propagation, 

alternatively thickening and thinning and showing similar trends for all the experiments 

(Fig 6.6a).  

The flows have a high density ratio with the ambient air up to 5.4 at Profile 1. This 

characteristic defines the flows as non-Boussinesq currents because the density 

difference between the flow and the ambient air is over 10% up to c. 23-25 m from the 

Figure 6.5: (a) Position of the flow front 
compared to time on a linear scale for 
experiment L, with color-coded density 
discontinuities showing their high 
number and long runout, without being 
affected by the obstacle (shaded area). 
The first four discontinuities reach the 
flow front as they travel faster and are 
responsible for acceleration peaks 
marked by numbered arrows. (b) 
Temperature time-series at position d=7 
m from the impact, 45 cm above the base 
for the large experiment, showing a short 
0.25 s peak in temperature associated 
with the arrival of a density discontinuity. 
The time on the horizontal axis is from 
flow front arrival at this position.  
































































































