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Gas retention in fine-grained pyroclastic flow materials
at high temperatures

T. H. Druitt & G. Avard & G. Bruni & P. Lettieri & F. Maez

Abstract The ability of a dense pyroclastic flow to
maintain high gas pore pressure, and hence low friction,
during runout is determined by (1) the strengths and
longevities of gas sources, and (2) the ability of the material
to retain residual gas once those sources become ineffec-
tive. The latter is termed the gas retention capacity. Gas
retention capacity in a defluidizing granular material is
governed by three timescales: one for the evacuation of
bubbles (tbe ; brief and not considered in this paper), one for
hindered settling from the expanded state (tsett), and one for
diffusive release of residual pore pressure from the non-
expanded state (tdiff). The relative magnitides of tsett and tdiff
depend on bed thickness, tsett dominating in thin systems
and tdiff in thick ones. Three pyroclastic flow materials, two
ignimbrites and a block-and-ash flow sample, were studied
experimentally to investigate expansion behaviour under
gas flow and to determine gas retention times. Effects of
particle size were evaluated by using two size cuts (<4 mm
and <250 μm) from each sample. Careful drying of the
materials was necessary to avoid effects of humidity-related
cohesion. Two sets of experiments were carried out: (1)
expansion in the non-bubbling regime at 50–200°C, (2) bed
collapse tests from the initially bubbling state at 50–550°C.
Provided that gas channelling was avoided by gentle

stirring, all the samples exhibited a regime of uniform
expansion prior to the onset of bubbling. Fine particle size
(in particular high fines content), low particle density and
high temperature all favoured smoother fluidization by
increasing the maximum expansion possible in the non-
bubbling state. An empirical equation describing the
uniform expansion of the materials was determined. High
temperature also favoured greater gas partitioning into the
dense phase of the bubbling bed, as well (in finer-grained
samples) as higher voidage in the settled bed. Large values
of tsett and tdiff were favoured by fine particle size.
Temperature had less influence, suggesting that experimen-
tal results at low temperatures (50–200°C) can be extrap-
olated to higher temperatures. Gas retention times provide
insight into the ability of pyroclastic flows in expanded
(tsett) or non-expanded (tdiff) flow states to retain gas once
air ingestion or gas production have become ineffective.
Finer-grained pyroclastic flows are expected to retain gas
longer, and hence to have higher apparent ‘mobilities’, than
coarser-grained ones of comparable volume, as has been
observed on Montserrat.

Keywords Pyroclastic flows . Fluidization . Sedimentation .

Hindered settling .Montserrat

Introduction

Pyroclastic flows are a common hazard around volcanoes,
yet their physical behaviour is not well understood. They
are hard to observe, and quantitative measurements of their
dynamics and material properties are rare. Of particular
interest is how pyroclastic flows are able to travel large
distances on slopes much lower than the normal angle of
rest of granular materials; i.e., why they are so ‘mobile’. In
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this paper we focus on dense pyroclastic flows with an
essentially free surface that travel in a manner analogous to
debris flows. Friction reduction in such flows is commonly
attributed to fluidization caused by excess gas pore
pressure, supplemented by interparticle collisions and
buoyancy effects from the fine-grained matrix (Sparks
1976; Wilson 1980; Druitt 1998; Freundt and Bursik 2001).

The degree of friction reduction varies with flow type
and volume. The fronts of block-and-ash flows come to rest
on slopes ranging from ∼30° for very small collapses to a
few degrees for large ones (Davies et al. 1978; Boudon et
al. 1993; Yamamoto et al. 1993; Cole et al. 2002). Most
pumice flows of even small volume are highly mobile,
flowing on slopes of a few degrees or less before ceasing
motion (Wilson and Head 1981; Hoblitt 1986; Calder et al.
2000; Cole et al. 2002). Pumice flows form by fountain
collapse and many are initiated as expanded, turbulent
currents (e.g., Rowley et al. 1985). As particles settle, the
lower, and progressively denser, levels of the current
decouple and become confined topographically. With
increasing distance the current becomes separated into two
layers: a dense pumice flow and a dilute ash cloud. The
high mobility of pumice flows shows that the particulate
load is supported very effectively, not only during the
proximal turbulent phase, but throughout most of the flow
path. Realistic modelling of a pumice flow at Mt. St. Helens
using an inviscid flow law is consistent with negligible
friction (Levine and Kieffer 1991). A similarly high degree
of particle support is needed to explain the motion of surge-
derived pyroclastic flows on Montserrat. These formed by
rapid settling from pyroclastic surge clouds, forming small-
volume, high-concentration flows of ash that swept down
drainages with gradients of only a few degrees (Druitt et al.
2002).

A key question is how high gas pressures are maintained
in the dense gas-pyroclast mixture throughout the duration
of transit: typically several minutes in the case of small
flows (Hoblitt 1986; Cole et al. 2002). Two factors are
involved: (1) the strengths and longevities of any gas
sources and (2) the ability of the flow to retain residual gas
once those sources become ineffective. This paper
addresses the second factor, which we term the gas
retention capacity.

We carried out experiments in 1-D fluidization rigs to
evaluate the gas retention capacities of pyroclastic flow
materials. The work was the first stage in an ongoing
programme to generate and study flows of fluidized ash on
a laboratory scale (Girolami et al. 2006). In a first set of
experiments we studied the 1-D expansion behaviour of the
materials when fluidized; in a second set we observed how
the expanded materials re-sedimented under gravity when
the gas flux was turned off. The samples came from two
ignimbrites and a block-and-ash flow deposit, two different

sieve cuts of each material being used to explore particle
size and density effects. Operating temperatures from 50 to
550°C were used to explore thermal effects. High temper-
ature affects particle-gas mixtures by (a) decreasing the
density of the gas phase, (b) increasing gas viscosity
(doubling between room temperature and 550°C), and (c)
modifying particle surface properties and the strengths of
interparticle cohesive forces (Yates 1996). We then used a
numerical model to illustrate some key processes involved
in the defluidization of a gas-particle mixture and to
identify the governing timescales. These gas retention
times were then determined for the natural samples and
the effects of material properties and temperature were
evaluated. We begin by reviewing some basic concepts of
gas-fluidized systems.

Fluidization and sedimentation in gas-particle systems

Fluidization concepts

A granular material is said to be fluidized if the vertical
drag force exerted by the gas is equal to the weight of the
particles. In a monodisperse (single particle size and
density) material this occurs at the minimum fluidization
velocity Umf, expressed as the superficial value calculated
by dividing the gas volume flux by the surface area of the
empty container at the temperature of operation. The
superficial gas velocity for a fine powder is given by
Darcy’s Law:

U ¼ � K

m
dP

dz
þ rgg

� �
ð1Þ

where z is height (positive upwards), ρg is gas density, μ is
gas viscosity, P is gas pressure, and K is permeability
(symbols are defined in the Appendix). Applying this at
minimum fluidization gives:

Umf ¼ � Kmf

m
dP

dz
þ rgg

� �
ð2Þ

The pressure gradient at minimum fluidization is given by

dP

dz
¼ �g "rg þ 1� "ð Þrs

h i
ð3Þ

where ρs is particle density and ɛ is hydrodynamic voidage,
so that Eq. 2 becomes

Umf ¼ Kmf

m
1� "ð Þ rs � rg

� �
g ð4Þ

The hydrodynamic voidage is that ‘seen’ by the gas flow,
and excludes any voids within particles. Several parameter-
isations for Kmf are given in standard texts (e.g., Rhodes
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1998; Fan and Zhu 1998). A material in which Umf>U>0
is said to be aerated and one in which U≥Umf is said to be
fluidized. The dynamic gas pressure gradient is lithostatic
at all levels in a fluidized bed.

Geldart (1973) classified monodisperse powders into
four groups, A to D, according to fluidization behaviour.
Group C materials (particles small and/or light) are
dominated by cohesive forces greater than those exerted
on the particles by the flowing gas. Flow is focussed into
channels and full bed support is hard to achieve. In the
absence of sintering, cohesion in group C materials is due
to adsorbed water, electrostatic forces and/or van der Waals
forces. Group A materials (particles of intermediate size or
density) expand uniformly over a certain velocity range
above Umf before the onset of bubbling at Umb, the

minimum bubbling velocity (e.g. Abrahamsen and Geldart
1980a) (Fig. 1a). In groups B and D (particles coarse and/or
dense) bubbles form as soon as Umf is exceeded, so that
Umf ≈Umb and no uniform expansion regime exists. A
material with a broad regime of uniform expansion is said
to have high fluidization quality.

Fluidization properties of pyroclastic flow materials

Pyroclastic flow materials contain particles ranging in size
from metres to microns and components ranging from
pumice to dense rock fragments; particles of all four
Geldart groups are present. Owing to the poor sorting, gas
velocity can exceed the terminal fall velocity of the smallest
particles before it reaches Umf of the largest ones, causing

total bed height
(dense phase + bubbles)

dense phase
Hmb

Hbe

Hbe

Hsett
Hmp

Hsett

UmpUmb

Bubbling
regime

b    Collapse behaviour

a    Expansion behaviour

Bed
height

Bed
height

Gas velocity

Time

Expt set 2:
collapse

E
xp

t s
et

 1
: e

xp
an

si
on

(1) Bubble
     evacuation

(2) Hindered settling (slope = Usett)
(3) Packed bed

(1) (2) (2) (3)

settled
settled

Uniform
regime

Fig. 1 Schematic a expansion
and b collapse behaviours of the
pyroclastic flow materials of this
study, with definition of param-
eters referred to in the text.
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50–200°C. Experiments of set 2
studied settling behaviour from
U>Umb at 50–550°C
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elutriation (Sparks 1976). To emphasise this difference
from monodisperse materials, Wilson (1980) replaced Umf

by Ump, the superficial gas velocity corresponding to the
maximum pressure drop tolerated by the bed. Another
effect is that when Ump is exceeded, particle size and
density segregation sets in and the bed gets richer in coarse/
dense particles at the base and richer in fine/light particles
at the top (Wilson 1980, 1984).

Druitt et al. (2004) fluidized fine-grained samples of
ignimbrite at temperatures up to ∼550°C. They showed that
if gas channelling is suppressed by gentle stirring, then the
materials expand in the manner of a group A material
(Fig. 1a). The ability of stirring to improve fluidization
quality is well known (e.g., Nezzal et al. 1998).

Sedimentation

Sedimentation behaviour has been studied in collapse tests
by first expanding the bed, then turning off the gas flow and
letting the powder settle under its own weight (e.g.,
Abrahamsen and Geldart 1980b; Geldart and Wong 1985;
Lettieri et al. 1999; Bruni et al. 2006, 2007). Collapse of a
group A material takes place first by rapid bubble
evacuation, then by hindered settling and sediment accu-
mulation (Fig. 1b). Collapse of group B powders occurs
solely by bubble evacuation. Group C powders collapse in
an exponential manner by densification throughout the bed
as gas is forced out through progressively smaller channel-
ways. Druitt et al. (2004) found that sub-4 mm cuts of
ignimbrite collapsed like group A powders (Fig. 1b),
provided that they had been efficiently pre-dried. Samples
that had adsorbed too much atmospheric moisture exhibited
group C behaviour.

It is well known that fluidization and hindered settling
are dynamically equivalent (Richardson and Zaki 1954).
Consider a 1-D suspension of particles settling at velocity
us. By continuity (and taking the upward direction as
positive), we have

"ug þ 1� "ð Þus ¼ 0 ð5Þ

where ug is the upward velocity of the gas. Now in the
same bed of particles in the fluidized state, the superficial
gas velocity is given by

U ¼ " ug � us
� � ð6Þ

so that

U ¼ "ug
1� "ð Þ ¼ �us ð7Þ

Hence the superficial gas velocity necessary to expand a
bed to a given voidage is equal to the velocity at which that
bed settles once the gas supply is turned off. By

determining U=f(ɛ), we therefore determine us= f(ɛ), the
hindered settling function for the material. This is valid if
all particles settle at the same speed, as in a monodisperse
powder or in a polydisperse powder in which settling takes
place en masse, the latter being the case in this paper.

Experimental materials

Three pyroclastic flow materials from France were used in
the experiments: (1) a 0.58-Ma trachytic ignimbrite from
Neschers, 30 km south of Clermont-Ferrand (sample NES),
(2) a 2.5-Ma rhyolitic ignimbrite from Rochfort Montagne
in the Monts Dore (DOR), and (3) a 11-ka block-and-ash
flow deposit from the Puy de Dôme, west of Clermont-
Ferrand (PDD).

The dried materials each exhibited the segregation
behaviour described by Wilson (1980, 1984) when fluid-
ized at room temperature. Above Ump the gas concentrated
into segregation channels that persisted to the highest
velocities used (∼8 cm s−1). Stirring the bed caused the
channels to collapse, generating two layers of approximate-
ly equal thickness: a lower layer enriched in coarse/dense
components and an upper one enriched in fine/light
components. In each case the lower layer was vertically
graded, whereas the upper was not. For each of the three
materials the upper layer was separated off, and two size
fractions, <4 mm and <250 μm, were used in the experi-
ments (Table 1). Each sub-250 μm sample had a smaller
mean particle size and higher fines (<63 μm) content than
its corresponding sub-4 mm sample (Table 1). Particles in
PDD were denser and more equant in shape than those in
NES or DOR, and DOR contained more fibrous pumice
than NES (Table 1; Fig. 2).

No size or density segregation occurred in any of the six
samples when fluidized, even at high velocities. This made
it possible to interpret the experimental results quantitative-
ly, while preserving essential features of the raw materials
such as poor sorting and low permeability. While elutriation
occurred at U>Umb, the loss of mass was not significant on
the timescale of the experiments.

Operating temperatures ranged from 50 to 550°C. A
minimum of 50°C was required to avoid humidity-related
cohesion (Druitt et al. 2004); sintering occurred above
∼550°C. For each experiment a fresh batch of material was
used. It was first oven-dried at 200°C for at least 12 h, then
transferred as quickly as possible (∼5 min) to the
fluidization rig. The bed was then brought to temperature
over 1–2 h in a weak flow of nitrogen. While it is common
in fluidization studies to first condition the bed by
prolonged gas flow in order to loosen the structure and
break down clusters, this was not done because it would
have caused too much elutriation. No attempt was made to
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control electrostatic effects in the experiments (Ciborowski
and Wlodarski 1962).

Expansion behaviour (experiment set 1)

These experiments investigated the regime Umb>U>Ump in
which the samples expanded uniformly when stirred (Druitt
et al. 2004). They provided measurements of parameters
Ump, Umb, Hmp and Hmb (Fig. 1a). Operating temperatures
ranged from 50 to 200°C.

Procedure

The experiments were carried out in a 40-cm-high pyrex rig
with a 20 μm porous distributor plate. The windbox and
fluidization chamber were surrounded by heating mats,

while a vertical window allowed visual observation of the
sample. The gas flux was measured by rotameters; nitrogen
was used as the fluidizing gas to ensure negligible
humidity. The sample mass in all experiments was 1.25 kg.

Exploratory runs were carried out at 130±30°C to
determine the general behaviour of the materials; more
precise experiments were then done at 55±10°C and 200±
10°C. Ump was estimated using the velocity at which the
bed began to expand, lost friction and could be stirred,
since the rig was not fitted with pressure transducers.
Above Ump the following procedure was adopted (Fig. 3).
Gas velocity was increased incrementally as the bed was
stirred with a metal spatula. At each velocity, the bed height
was measured while stirring. Stirring was then stopped, and
the height re-measured immediately, then 10–20 s later
when it had stabilized in the non-agitated state. Velocity
was then increased again and the process repeated. Once

Table 1 Particle size and density data of the experimental materials

Neschers ignimbrite Mont Dore ignimbrite Puy de Dôme block and ash flow

Granulometry
(wt.%)a

P:C:Lb Particle
Densityc

kg m−3

Granulometry
(wt.%)a

P:C:Lb Particle
Densityc

kg m−3

Granulometry
(wt.%)a

Particle
Densityc

kg m−3

μm NES 4000 NES 250 DOR 4000 DOR 250 PDD 4000 PDD 250
2,000 1.9 100:Tr:Tr 610 2.7 100:Tr:Tr 740 4.5 1,310
1,000 2.7 96:2:2 855 5.0 98:1:1 860 4.6 1,300
500 5.1 89:5:6 1,070 7.3 91:7:2 1,020 4.7 1,270
250 9.8 67:28:5 1,270 14.7 87:12:1 1,050 7.3 1,425
125 13.7 17.0 1,495 19.1 27.2 1,430 15.8 20.0 1,615
63 16.3 20.2 1,525 22.3 31.7 1,540 21.9 27.8 1,700
32 16.2 20.1 13.4 19.1 20.7 26.2
16 15.7 19.5 6.7 9.5 12.1 15.3
8 9.6 11.9 4.0 5.7 4.5 5.7
4 4.7 5.8 2.5 3.6 1.2 1.5
2 2.3 2.9 1.3 1.8 0.5 0.6
1 1.4 1.7 0.8 1.1 0.2 0.3
<1 0.6 0.7 0.2 0.3 2.0 2.5
<63 50.5 62.7 28.9 41.1 41.2 52.2
Meand 4.0 4.7 3.1 4.0 3.5 4.1
Sortingd 2.29 1.75 2.11 1.55 2.14 1.41
Voidagee 0.42 0.35 0.50

a Grain size analyses by dry sieving from 2,000 to 63 μm, and by Malvern laser Mastersizer from 32 to <1 μm
b P:C:L: Pumice : crystal: lithic percentages
c Particle density estimated as follows. One-phi size fractions from 2,000 to 63 μm were sieved, dried and weighed. The volumes corresponding to
the loosest possible packing of each size fraction were measured, and the corresponding bulk densities calculated. Estimates were then made of
the mean particle density for each size fraction. To do this required an estimate of the intergranular voidage for each size fraction. Each size
fraction was thoroughly soaked with silicone spray, then dried. Water was then added, while mixing, until the granular framework was just
saturated. The material was then weighed in order to determine the mass of water, and the intergranular voidage was calculated. Silicone spray
prevented infiltration of water into the particles, so that the voidage measured was that between the grains and did not include the porosity of the
particles themselves. This was confirmed by visual inspection, which showed that water penetration into the porous particles was very limited.
d Grain-size parameters Mz and σI of Folk and Ward (1957)
e Intergranular (hydrodynamic) voidage was estimated using (1) the sample particle size distribution, (2) particle density values for each size
fraction, and (3) sample bulk density. Errors (±0.03) reflect uncertainties on particle densities for the <63 μm fractions. For comparison, voidages
of silicon carbide mixtures with similar grain-size distributions to our three <4 mm samples are approximately 0.5.
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the bed was in a state of fully turbulent fluidization,
measurements were then repeated as the gas velocity was
decreased to zero. Differences between up-velocity and
down-velocity curves were not significant.

Results

Representative up-velocity results for samples NES and PDD
are shown in Fig. 3; the expansion behaviours are summa-

rized schematically in Fig. 4. Values of Ump ranged from 0.1
to 0.5 cm s−1, and Umb ranged from 0.4 to 1.5 cm s−1. The
ratio Umb/Ump varied from 2 to 8. Umb was defined as
follows (Fig. 4).

Sub-4 mm samples (1) Umb>U>Ump. Stirring resulted in
uniform expansion; gas channels developed over a few
seconds once stirring ceased. (2) U>Umb. Stirring
resulted in uniform expansion, but when it was stopped the
bed inflated rapidly and bubbling set in, causing elutriation.
The bubbling then died down over ∼10 s as gas channels
formed.

Sub-250 μm samples (1) Umb>U>Ump. Stirring induced
local bubbling around the spatula. When stirring was
ceased, the bed stopped bubbling and inflated uniformly
before then slowly deflating as gas channels formed. (2)
U>Umb. The behaviour was similar except that bubbling
continued even after stirring was stopped.

In all samples stirring served to suppress gas channel-
ling. Stirring also suppressed bubble formation in the sub-
4 mm samples, but promoted it in the sub-250 μm
samples.

The ratio Hmb/Hmp provided a measure of the width of
the uniform expansion regime (Fig. 5). Mean values for
the samples ranged from 1.1 to 1.6, with three clear trends
in the data. First, Hmb/Hmp was higher in each sub-250 μm
sample than in its corresponding sub-4 mm sample. For
example, values for NES 250 were 1.5–1.6, while those
for NES 4000 were 1.3–1.4. Second, values for PDD were
lower than those for DOR or NES at a given size fraction.
Third, raising temperature from 55 to 200°C increased
Hmb/Hmp.

The function most commonly used to describe the
expansion of a gas-particle mixture is (Richardson and
Zaki 1954)

U ¼ Ut"
n ð8Þ

where Ut is the terminal velocity of a single particle at "=1,
and n is a constant for a particular material under given
conditions. A problem in applying this or any other
expansion relationship involving " (e.g., Abrahamsen and
Geldart 1980a; their Eq. 23) to pyroclastic materials is that
it requires accurate estimation of ", which is difficult in
powders composed of variably porous particles. Crude
estimates of " for our materials are given in Table 1, but
they are not precise enough to warrant quantitative use. We
therefore derive an approximation of Eq. 8 that avoids
voidage. Writing Ump � Ut"

n
mp and substituting into Eq. 8

gives U � Umpð"n="nmpÞ. Now for values of ɛ in the range

Fig. 2 Scanning electron microscope images of ash particles from the
samples of this study. a Ignimbrite DOR, b ignimbrite NES, c block-
and-ash flow deposit PDD. The scale bar is 100 μm. DOR had a
higher proportion of fibrous pumice than NES. Particles in PDD were
denser than those of DOR and NES
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0.4–0.6, we have that H
�
Hmp� 1� "mp

� ��
1� "ð Þ � "

�
"mp, so we can write

U � Ump
H

Hmp

� �n

ð9Þ

An advantage of this expression is that U is expressed
solely as a function of measurable parameters. Another is
that, by applying Darcy’s Law, the effective permeability of
the expanded bed can be expressed simply as

K � Kmp
H

Hmp

� �n

ð10Þ

Plots of ln(U/Ump) versus ln(H/Hmp) for our expansion
data (bold curves in Fig. 4) do indeed generate sets of
approximately straight lines (Fig. 6), showing that Eq. 9 is
adequate for describing these complex materials. Sub-
250 μm samples yield 6>n>2, and sub-4 mm samples
yield 12>n>7. There is no discernable influence of
temperature.

In summary, a broad regime of uniform expansion was
favoured by (a) smaller particle size, (b) lower particle
density (and/or more equant particle shapes), and (c) higher
temperature, and this is consistent both with published data
on monodisperse powders and with theoretical predictions
(Foscolo and Gibilaro 1984; Rapagna et al. 1994; Xie and
Geldart 1995; Yates 1996; Lettieri et al. 2002). The highest
uniform expansions were about 60%. Fine-grained materi-
als had low values of the Richardson–Zaki exponent, n,
reflecting their ability to expand relatively easily when
subjected to small increases in gas velocity. Adding coarser
particles (at least up to 4 mm) increased n.

Settling behaviour (collapse tests; experiment set 2)

These experiments studied the defluidization behaviour
from U>Umb through a series of collapse tests. They were
carried out from 50 to 550°C and provided measurements
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7



of Hbe, Hsett and Usett (Fig. 1b). Usett is the hindered settling
velocity; Hbe is the bed height immediately following
bubble evacuation and is a measure of the expansion of
the dense phase in the bubbling bed. Hsett is the height of
the settled bed. Ump of the settled bed was also measured
over the same temperature range for calculation of
permeability.

Procedure

The experiments were carried out using an INOX fluidiza-
tion rig, 1 m high and 14 cm in diameter, with a 20-μm-
pore distributor plate through which nitrogen was passed.

The gas flux was measured by rotameters and the pressure
drop across the bed was measured by a pressure transducer.
Two solenoid valves allowed the bed to be abruptly
defluidized: one (V1) cut the gas supply and the other
(V2) vented the gas trapped in the windbox. Since the rig
was opaque, the bed was filmed at 25 frames per second
using a pulsed, high-energy X-ray beam to image the
surface, as well as bubbles and channels below the surface.

In each experiment 2.5 kg of sample was fluidized at
high velocity before then cutting the gas supply and
allowing the bed to re-sediment under its own weight. We
chose a starting velocity of 8 cm s−1, at which the beds
were fully supported and bubbling vigorously; halving or
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doubling this had no significant effect on the results. The
bed was left in this state for about half a minute in order to
stabilise, during which <1 wt.% of sample was lost by
elutriation. The gas supply was then cut by closing valve
V1 and simultaneously opening valve V2. In this so-called
‘dual-drainage’ configuration the gas escaped through the

base of the windbox as well as upwards through the bed
(Park et al. 1991; Cherntongchai and Brandani 2005). Bed
height during collapse was measured as a function of time
from the X-ray images and corrected for perspective effects
and minor camera distortion. No stirring was required
because collapse took place on a time scale too short for
significant channelling to set in. In some runs gas pressure
was monitored continuously by filming the transducer
readout. The response time of the transducer was very fast
compared with the duration of collapse.

Ump of the settled bed was measured immediately after
collapse. Gas velocity was increased incrementally from
zero while monitoring the pressure drop. Pressure increased
as an almost linear function of velocity until a maximum
was reached at Ump. The maximum pressure tolerated by
the bed was the bed weight per unit area, ΔPmax=Mg/A,
where M is the sample mass and A is the surface area of the
rig, although slight cohesion commonly caused this to be
exceeded. Ump was estimated by extrapolation in samples
where channelling began prematurely before bed support
was reached.

0 1.2 1.4 1.6 1.8
Hmb / Hmp

NES

DOR

PDD

solid symbols :  <  4 mm
open symbols :  < 250 µm
sq uares :  ~ 55 ˚C
circles :  ~ 200 ˚C
typical error

Fig. 5 Values of Hmb/Hmp from experiment set 1
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Results

The results of these experiments are shown in Figs. 7, 8,
and 9. Collapse times ranged from 5 to 18 s, and the
curves had the three segments characteristic of group-A
powders (Geldart and Wong 1985): (1) a steep bubble-
evacuation segment, (2) a shallower, hindered settling
segment, and (3) a horizontal segment corresponding to
the settled bed (Fig. 7). The sediment layer aggraded
progressively at the base of the rig until settling was
complete. Although the sediment layer was not visible on
X-ray images, the sharpness of the transition from
segments 2 to 3 showed that the sediment had a well-
defined surface. Late-stage compaction and channelling
generated slight curvature of transition 2–3 (Fig. 7). The
gas pressure drop across the bed decreased during collapse
such that only about 10% of the initial pressure remained
once settling was complete (Fig. 8). This showed that
outgassing of the sediment occurred on a timescale that
was short compared to that of particle settling.

Values of Hbe/Hmp ranged from 1.1 to 1.5 (Fig. 9) and
were consistent with those of Hmb/Hmp from experiment set
1 (Fig. 5). Moreover, like Hmb/Hmp, Hbe and Hbe/Hmp both
increased with temperature, as also observed in other

powders (Abrahamsen and Geldart 1980b; Lettieri et al.
2000). It seems that high temperature enhanced gas flow
through the dense phase of the bubbling bed, thereby
increasing dense-phase expansion. The temperature depen-
dence exhibited by PDD 250 was particularly marked
(Fig. 9). Sub-250 μm samples had higher values of Hbe

than their corresponding sub-4 mm samples, but this was
not the case for Hbe/Hmp. The effect of particle size on
dense-phase expansion was therefore ambiguous.

Hindered settling velocity Usett either increased or
remained constant with increasing temperature. The
strongest thermal effect was exhibited by PDD 250 and,
to a lesser extent, by NES 4000 (Fig. 9). Interestingly
these two samples also exhibited strong thermal depen-
dences of Hbe, suggesting a relationship between Usett and
Hbe. We infer that in these samples settling at higher
temperatures took place from more expanded, and hence
more permeable, initial states, and was therefore faster.
Thermal dependence of Usett was therefore interpreted as a
secondary effect due to the effect of temperature on dense-
phase expansion.

The height of the settled bed immediately following
collapse (Hsett) was greater in the sub-250 μm samples than
in corresponding sub-4 mm ones, probably because the
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latter were more poorly sorted and finer particles partly
filled interstices between coarser ones. An additional reason
may have been that the sub-250 μm samples were richer in
fines. Voidage in loosely packed powders is increased by
high interparticle cohesion, the strength of which increases
with decreasing particle size below ∼100 μm (Yu et al.
2003).

Raising temperature had the effect of increasing Hsett,
and hence voidage, in the sub-250 μm samples, particularly
in PDD 250 (Fig. 9). In contrast, no systematic thermal
effect was observed in the sub-4 mm samples. The
tendency of high temperature to loosen packing and
increase voidage has been reported from particles including
silica sand, glass ballotini, salt and cracking catalyst
(Botterill et al. 1982; Lucas et al. 1986; Raso et al. 1992;
Yamazaki et al. 1995; Formisani et al. 1998; Lettieri et al.
2000, 2002). It has been attributed either to growth of
cohesive forces (Raso et al. 1992; Yamazaki et al. 1995;
Formisani et al. 1998) or to hydrodynamic effects related to
the positive influence of temperature on gas viscosity
(Lucas et al. 1986). However the fact that temperature
affects voidage in the settled state (Hsett), where there is no
gas flow, rules out hydrodynamic effects in the case of our
materials.

When the gas velocity was again increased following
settling, the bed height remained constant up to Ump.
Values of Hmp were therefore similar to those of Hsett

(Fig. 9). Ump values remained constant or increased
slightly with increasing temperature. This is in contrast
with published data for Umf, which normally decreases
with temperature by a factor of up to two between room
temperature and several hundred °C (Lucas et al. 1986;
Rapagna et al. 1994; Xie and Geldart 1995; Formisani et
al. 1998; Lettieri et al. 2002). The decrease in Umf is
attributed to the approximate doubling of gas viscosity
over this temperature range (see Eq. 20). However, this
effect is partly counterbalanced in our samples by increase
of voidage (through Hmp), and hence permeability, at
higher temperatures.

If the Hmp and Ump data are recalculated in terms of bed
permeability using Darcy’s law

Ump � Kmp

μ
Mg

�
AHmp

� � ð11Þ

an increase of Kmp with temperature is evident for all
samples (Fig. 9). In Fig. 10 the values of Kmp at ∼50 and
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∼550°C are plotted on the sorting-mean diagram of Wilson
(1984), his parameter Ump* being expressed as permeabil-
ity. The Kmp values at 50°C are consistent with Wilson’s
data at room temperature, whereas those at 550°C are not.
Increased temperature therefore has the effect of shifting the
permeability boundaries upwards and to the right on this
diagram.

In summary, high temperature favoured increased gas
partitioning into the dense phase of the bubbling beds,
increasing its expansion, whereas the effect of particle size
distribution was not clear. For finer-grained samples, high
temperature also resulted in increased voidage and perme-
ability in the settled state, possibly due to thermal growth of
cohesive forces.
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Defluidization and gas retention

The defluidization (collapse) behaviour of a gas-expanded
bed is governed by three characteristic timescales: (1) tbe,
the time for bubble evacuation, (2) tsett, the time for
hindered settling, and (3) tdiff, the time for release of
residual gas trapped in the sediment layer. We refer to these
as the gas retention times. tbe is very short in our collapse
tests (Fig. 7); its value probably depends on the size and
ascent velocities of bubbles, which have not been studied
here. We therefore neglect tbe in what follows.

We now present a 1-D numerical model of bed collapse
and use it to explore in more detail the processes that take
place during defluidization. We derive expressions for tsett
and tdiff, calculate their values for our materials, and
extrapolate from laboratory to natural scales.

Numerical model of a one-dimensional defluidizing bed

The model assumes fully uniform behaviour and does not
simulate bubbles. Defining z as positive upwards, the
governing equations are (modified after Wallis 1969):

@

@t
"rg

� �
þ @

@z
"rgug

� �
¼ 0 ð12Þ

@

@t
ðð1� "ÞρsÞ þ @

@z
ðð1� "ÞρsusÞ ¼ 0 ð13Þ

rg
@ug
@t

þ ug
@ug
@z

� �� �
¼ �rgg þ fg � @P

@z
ð14Þ

rs
@us
@t

þ us
@us
@z

� �� �
¼ �rsg þ fs � @P

@z
ð15Þ

and the superficial velocity U is given by Eq. 6. Equations 12
and 13 describe mass conservation, and Eqs. 14 and 15
describe momentum conservation. The drag terms are:

fg ¼ � mU
K

ð16Þ

fs ¼ fg þ rs � rg
� �

g if U < Ump ð17Þ

fs ¼ μU
K

"

1� "

� �
if U � Ump ð18Þ

Gas density and viscosity are given by the ideal gas law
and Sutherlands formula

rg ¼
P

rT
ð19Þ

μ
μR

¼ T

TR

� �3=2 TR þ S

T þ S

� �
ð20Þ

where r is the gas constant, T is absolute temperature, μR is
a reference viscosity, TR is a reference temperature (273 K)
and S is a constant. The values of r, μR, and S for nitrogen
are 296.8 J kg−1 K−1, 1.71×10−5 Pa s and 110.4 K,
respectively.

Equations 12–15 were simplified by ignoring inertial
terms and solved using an adaptive time increment

Δt ¼ "mΔz2

tKP
ð21Þ
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where τ is a constant. Calculations were carried out using
Δz=H/100; a value of τ=2 was sufficient for stable
solutions. Unlike in the experimental collapses, the base
of the numerical bed was impermeable, since this is more
relevant to the natural system of interest. K was param-
eterised using Eq. 10.

Bed initially just fluidized at U=Ump In the simplest case
the bed is initially just fluidized at U=Ump (Fig. 11). Since
there is no expansion, outgassing proceeds purely by
permeable flow through the touching particle framework
and Eqs. 12, 14, 16 and 19 reduce to that for gas pressure
diffusion in a porous medium (e.g., Tardos et al. 1985).

@P

@t
¼ K

m"
@

@z
P

@P

@z
þ rgg

� �� �
ð22Þ

Defluidization starts at the base of the bed and proceeds
upwards. Gas pressure and velocity decline steadily at all
levels until outgassing is complete, the pressure gradient at
all times being perpendicular to the impermeable base of
the bed. Solutions taking into account powder compress-
ibility are given by Murfitt and Bransby (1980) and Tardos
et al. (1985).

Bed initially expanded at Umb>U>Ump In this case
defluidization takes place from the initially expanded
state, so that particle settling and pressure diffusion take

place simultaneously in the suspension and sediment
phases, respectively. We consider two bed thicknesses:
0.2 m for a laboratory-scale bed (Fig. 12a) and 4 m for a
bed of thickness more relevant to a pyroclastic flow
(Fig. 12b), both being initially expanded by 50%. When
the gas supply is cut, a voidage wave passes up though
each bed as collapse occurs and a layer of sediment
aggrades at the base. In the 0.2 m bed, outgassing of the
thickening sediment layer takes place faster than settling,
so that no residual gas is retained once settling is
complete. However, this is not the case for the 4 m bed,
where excess gas continues to diffuse out of the sediment
for some time after settling. As explained below, the
relative magnitudes of tsett and tdiff depend on the
thickness of the bed, tdiff being longer than tsett in thick
beds.

Gas retention times

The timescale for particle settling is

tsett ¼ H � Hsettð Þ
Usett

ð23Þ

where H is the initial bed thickness, Hsett is the thickness of
the settled bed, and Usett is hindered settling velocity.
Engineers call tsett the ‘bed collapse time’ (Geldart and
Wong 1985). The timescale for diffusive gas release is
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obtained by non-dimensionalizing P by Patm and z by H in
Eq. 22, yielding

tdiff ¼ m"H2

KPatm
ð24Þ

Note that P0, the initial pressure at the base of the bed,
could also be chosen to non-dimensionalize P. However,
since P in Eq. 22 is an absolute value, scaling by a relative
pressure, such as P0-Patm, would be incorrect. As written in
Eq. 24, tdiff is the the time necessary for the basal pressure
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to fall to 7% of its initial value in thin beds (P0/Patm ≈ 1)
and to <7% in thick beds (P0/Patm > 1).

Calculation of gas retention times

The experimental results are now used to estimate tsett and tdiff
for our materials. For the collapse tests of experiment set 2,

tsett ¼ Hbe � Hsettð Þ
Usett

ð25Þ

the results being shown in Fig. 13. Values of tsett for the sub-
250 μm samples are up to twice those of their corresponding
sub-4 mm samples. Moreover, values for PDD 250 are much
lower than those of NES 250 or DOR 250, suggesting that
particle density or shape also has an effect. However, there is
little thermal dependence evident in these data. At high
temperatures the beds expand more, but also settle faster
(Fig. 9), and the two effects cancel.

The collapse tests only measure settling time from a
single bed expansion height, Hbe. Data of experiment set

1, on the other hand, allow us to calculate tsett=(H−Hmp)/U
as a function of variable expansion by substituting
incrementally for U and H (Fig. 14). In all samples the
resulting tsett values rise rapidly with expansion, then
either plateau or decrease. Using Eq. 9 we obtain an
expression

tsett �
Hmp H

�
Hmp � 1

� �
Ump H

�
Hmp

� �n ð26Þ

that reproduces approximately the form of the data curves
(Fig. 14a). As in the collapse data, each sub-250 μm
sample yields longer settling times than its corresponding
sub-4 mm sample at a given expansion, confirming that
particle size has an important influence on tsett. PDD has
lower settling times than NES or DOR, possibly due to
higher particle densities or more equant particle shapes.
However, unlike in the collapse data there is a clear
thermal influence on tsett, values for each sub-250 μm
sample being higher at 200°C than at 55°C.
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Diffusion times are calculated using the Kmp data of
experiment set 2,

tdif f ¼
μ"mpH2

mp

KmpPatm
ð27Þ

and the values of " in Table 1 (Fig. 13). No significant
dependence of diffusion time on either temperature or
particle size is evident in these data. However, a clear size
influence emerges if one takes into account Wilson’s (1984)
minimum fluidization data for a broader range of particle
sizes (Fig. 10), long diffusion time being favoured by finer
particle size, which reduces permeability. Sample PDD has
the shortest diffusion time in Fig. 13.

Scaling up the gas retention times

The laboratory gas retention times can be scaled up to
dimensions more relevant to pyroclastic flows, as shown
in Fig. 15. The values of K and n used in the figure span
those for our experimental samples, and hence are
representative of pyroclastic flow materials with particles
up to 4 mm. Times tsett and tdiff have different dependen-
cies on bed thickness (H), tsett being proportional to H and
tdiff being proportional to H2. At small H, tsett is greater
than tdiff, so that sediment outgassing is fast relative to
settling. This is the case in our laboratory-scale collapse
experiments (Fig. 8) and simulation (Fig. 12a). However,
the opposite is true at high H, the limit between the two
regimes depending on the exact choice of physical
parameters, but typically ranging from a few dm to a
couple of m (Fig. 15).

Discussion

We have carried out experiments in 1-D rigs to determine the
gas retention capacities of natural pyroclastic flow materials,
and to study their dependences on material properties and
temperature. Gas retention capacity is best quantified in terms
of the time that a material can retain gas in the absence of any
gas regeneration. Laboratory experiments and numerical
simulations show that there are three governing timescales.
An aerated (U<Ump) bed loses its gas by permeable flow on
a diffusive timescale tdiff. A bed that is fluidized and
uniformly expanded (Ump<U<Umb) on the other hand is
governed by two timescales: one related to hindered settling
(tsett) and the other (tdiff) related to diffusive outgassing of
the resulting sediment layer. In the case of a bubbling bed
(U>Umb) a third timescale related to bubble evacuation (tbe)
is also relevant; however, bubble evacuation is likely to be
very rapid and is probably never the rate-limiting factor. The
relative magnitudes of tsett and tdiff depend on the thickness
of the defluidizing bed, tsett dominating in thin beds and tdiff
in thick ones (Fig. 15). These times in turn depend on the
fluidization properties of the material.

Effects of material properties and temperature
on gas retention

Provided that a careful drying procedure is followed, and
the bed is stirred during fluidization, fine-grained pyroclas-
tic flow materials exhibit a regime of uniform expansion
prior to the onset of bubbling. Stirring suppresses gas
channelling, but also causes premature bubbling in finer
samples. Uniform expansion in pyroclastic flow materials is
limited to a few tens of percent above the loose-packed
state. Large values favour gas retention by decreasing
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the amount of gas lost by bubbling. Our sub-250 μm
samples have higher values of tsett relative to their
corresponding sub-4 mm samples because their fields of
uniform expansion, as measured by Hmb/Hmp, are broader.
The sub-250 μm samples also have smaller values of the
Richardson–Zaki exponent, n, showing that they expand
more readily under vertical gas flow.

The exact influence of particle size is hard to evaluate
because the sub-250 μm samples have both smaller mean
particle sizes and higher fines contents than their
sub-4 mm equivalents. This problem was also encountered
by Abrahamsen and Geldart (1980b), who designed
experiments to distinguish between the two parameters.
These authors observed an important effect of fines content
independent of particle mean, and it is now widely
accepted that high fines content in particular improves
fluidization quality and gas retention in many powders
(e.g., Yates and Newton 1986; Lorences et al. 2003; Bruni
et al. 2006, 2007). Indeed it is common in industrial
applications to add fines in order to increase fluidization
quality and hence improve reactor performance (Bruni et
al. 2007). We infer that the differences in fines contents
between our sub-250 μm and sub-4 mm samples are an
important factor in the observed particle size effects.
Decreasing fines content by adding coarser particles
decreases fluidization quality and gas retention.

This conclusion is consistent with the experimental results
of Wilson (1984), who studied the fluidization behaviour of a
wide range of pyroclastic flow samples at room temperature.
Wilson found that expansion of poorly sorted samples was

limited in most cases to less than 10–20%, whereas the largest
values achieved in our study were ~ 60% for sub-250 μm
ignimbrite ashes. The lower degrees of expansion observed in
Wilson’s samples are to be expected because (1) they were in
general coarser grained than ours, with lower fines contents,
and (2) they were generated at lower temperature.

Low particle density also appears to favour uniform
fluidization and increase tsett, as tentatively deduced from
comparison of block-and-ash sample PDD with ignimbrite
samples NES and DOR. Particle shape may also play a role.

High temperatures promote smooth fluidization in our
materials by (1) enlarging the regime of uniform expansion,
and (2) increasing dense-phase voidage in the bubbling
state, as also observed in other powders (Abrahamsen and
Geldart 1980b; Rapagna et al. 1994; Xie and Geldart 1995;
Yates 1996; Lettieri et al. 2000, 2002). They also favour
looser packing and higher permeability in the settled state,
possibly due to the thermal growth of cohesive forces.
However, the effects of temperature on tsett and tdiff are both
relatively weak. In the case of tsett, this is because greater
expansion at higher temperatures is counterbalanced by
faster particle settling. In the case of tdiff, it is because
higher temperatures result in higher bed permeabilities, but
these are counterbalanced by higher gas viscosities.

The lack of major thermal influence on gas retention has
important implications for future experimental work using
gas-pyroclast mixtures. Provided that humidity-related
cohesion is minimized through careful drying, experiments
can be carried out at 50–200°C and the results extrapolated
to higher temperatures.
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Gas retention in pyroclastic flows

The concept of gas retention capacity is commonly applied
to the pneumatic transport of powders in industrial pipes,
chutes and hoppers. Powders with high retention capacities
flow most readily because they are able to maintain
excess gas pore pressures and hence reduced friction for
long times. For example, the rapid pouring of fine powders
into large hoppers generates excess gas pressures that can
take many minutes to dissipate (e.g., Murfitt and Bransby
1980, 1982). Materials of low retention capacity, on the
other hand, lose excess gas pressure and acquire friction
rapidly, causing blockages. The ability of powders to retain
gas has consequently been the subject of much research
(Abrahamsen and Geldart 1980a, b; Murfitt and Bransby
1980, 1982; Geldart and Wong 1985; Tardos et al. 1985;
Lettieri et al. 1999; Bruni et al. 2006, 2007). Very fine
cohesive powders (Geldart Group C) retain gas poorly
because the gas escapes by channelling. At the other
extreme, coarse powders (Groups B and D) lose gas rapidly
because they are relatively permeable and prone to bubbling.
Powders that flow most readily are those that combine low
permeabilities, small cohesions and broad fields of uniform
expansion (Group A). This is supported by recent flume
experiments on fluidized granular flows using materials
belonging to groups A, B and D (Roche et al. 2004)

Excess gas pore pressures and associated fluidization
effects are believed to be important in the dynamics of
dense pyroclastic flows (Sparks 1976; Wilson 1980), and
the concept of gas retention should be equally applicable. A
key factor in a pyroclastic flow is the fluidization state of
the fine-grained matrix, typically composed of particles less
than a ~1 mm in diameter (Sparks 1976). If the gas velocity
is less than Ump for the matrix, transient particle contacts
will persist, the matrix will retain friction, and the
pyroclastic flow will travel in the aerated state. If, on the
other hand, gas velocity exceeds Ump, the matrix will
expand, lose friction, and form a viscous pseudofluid in
which larger (nonfluidized) particles are suspended or form
a basal traction layer. At least some small pyroclastic flows
appear to travel largely in the fluidized regime because they
have negligible friction throughout most of their runout
(Levine and Kieffer 1991; Druitt et al. 2002).

The ash samples studied in this paper can be thought
of as representing the matrices of dense pyroclastic flows.
They have properties typical of Group A powders, with
negligible cohesion and uniform expansions of up to
several tens of percent above loose packing that, by
analogy with industrial systems, are favourable for effective
pneumatic transport. However, pyroclastic flows have two
distinguishing features. Firstly, gas regeneration is likely to
be strong in a pyroclastic flow, either by internal (exsolu-
tion, pyroclast attrition) or external (burning of vegetation,

boiling of surface water) production or by air entrainment
as the flow cascades down boulder-strewn drainages or
across cliffs (Wilson 1980). Combinations of these sources
probably serve to continuously replenish gas as the
pyroclastic flow travels across the landscape, and in this
context gas retention time can be interpreted in two ways.
(1) In order for gas sources to be effective in reducing
friction, they must replenish the interstitial gas on a
timescale that is shorter than, or comparable to, the
retention time. The longer the retention time, the lower
the rates of gas regeneration required to maintain low
friction. (2) Once the gas sources have become ineffective,
it is the retention time that will govern the excess runout
duration of the pyroclastic flow. For example, one can
envisage a flow in which gas pressure is maintained at a
high level by vigorous gas production, but then which
decays rapidly once production has declined. Conversely, a
high original gas pressure may be maintained for a long
time, even if in the absence of further production, provided
that the flow retains gas effectively.

A second distinguishing feature of pyroclastic flows is
their large scale. Even small pyroclastic flows typically
have thicknesses in the range 1–10 m, which is an order of
magnitude larger than many industrial powder transport
systems (0.1–1 m). In industry tsett is commonly the
governing timescale for gas retention because diffusive
outgassing from the settled state is essentially instantaneous
on such scales (Fig. 15). However, this is not true on the
scale of a pyroclastic flow, where tsett and tdiff are either of
comparable magnitudes or (at thicknesses greater than a
few metres) tdiff is greater than tsett. As an initially expanded
pyroclastic flow several metres thick defluidizes it will
collapse progressively to form an aerated layer, in a manner
analogous to the numerical simulation of Fig. 12b. The
aerated material will in turn continue to flow provided that
the internal angle of friction is less than the slope of the
underlying ground surface. The curves of Fig. 15 imply that
tdiff could be an important factor in the runout duration of
dense pyroclastic flows thicker than a few metres.

There are several assumptions in applying Fig. 15
quantitatively to pyroclastic flows. One is that shear and
mixing effects will prevent gas channelling and promote
smooth fluidization in the manner of laboratory stirring.
Another is that hindered settling velocities (and hence tsett
values) will be similar to those in 1-D rigs. Both
assumptions are justified by recent experiments by Girolami
et al. (2006), who fluidized hot ash in a lock-exchange
reservoir, then released it down a flume. The resulting flows
remained uniformly fluidized as they travelled, without
channelling. Moreover, despite high rates of shear, settling
rates during flow were similar to those measured in 1-D rigs
at the same initial expansion. On the other hand, values of
tdiff for aerated pyroclastic flows might be shorter than 1-D

19



estimates because permeability might be increased by shear
and particle jostling.

Bearing these uncertainties in mind, the curves of Fig. 15
imply that total gas retention times in a pyroclastic flow a
few metres thick could range from a few tens to a few
hundreds of seconds, depending on the exact physical
parameters, the latter being a significant fraction of the
emplacement durations of many small flows (typically
several minutes). Such flows might therefore maintain low
friction for significant lengths of time after gas production
or entrainment had ceased to be effective.

Application to Montserrat pyroclastic flows

Since gas retention is favoured by high fines content, a
coarse-grained pyroclastic flow might be expected to lose
excess gas pressure more quickly than a finer-grained one,
and hence travel further, all other factors being equal. High
temperature also favours gas retention, but is of secondary
importance. These conclusions are consistent with some
recent observations of pyroclastic flow mobility. Calder et
al. (1999) showed that pumice flows and surge-derived
pyroclastic flows on Montserrat were significantly more
mobile than block-and-ash flows of comparable volume,
irrespective of the mobility index used and despite lower
temperatures (120–410°C in the pumice and surge-derived
flows; up to 650°C in the block-and-ash flows; Cole et al.
2002). They argued that low temperatures ruled out
significant internal gas production, and they attributed the
high mobility of the pumice and surge-derived flows to (1)
rapid settling from pyroclastic suspensions, generating
dense gas-pyroclast mixtures with high initial pore pres-
sures, and (2) the fine-grained nature of the constituent
materials. The second factor is supported by our data,
which show that high fines content could indeed favour
longer flow runouts by increasing the gas retention
capacities. The relatively low temperatures of the pumice
flows and surge-derived flows may not have greatly
affected their mobility because gas retention is not very
sensitive to temperature.
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Appendix

Notation
Symbol

A surface area of fluidization rig (m−2)
ɛ hydrodynamic voidage

f drag factor (Pa m−1)
g gravitational acceleration (9.82 m−2)
H bed thickness (m)
K permeability (m−2)
M sample mass (kg)
μ gas viscosity (Pa s)
n exponent in Richardson–Zaki equation
P gas pressure (Pa)
P0 initial gas pressure at base of bed (Pa)
r gas constant (296.8 J kg−1 K−1 for nitrogen)
ρ density of gas or particles (kg m−3)
t time (s)
T absolute temperature (K)
u gas or particle velocity (m s−1)
U superficial gas velocity at T of operation (m s−1)
z height (m)

Subscript

atm atmospheric value
be value following bubble evacuation
diff pressure diffusion
g value for gas phase
mb value at minimum bubbling
mf value at minimum fluidization
mp value at maximum pressure
s value for solid phase
sett value during or following settling
t terminal value
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