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Abstract

Sintering

The 2010 eruption of Eyjafjallajokull (Iceland) and the 2011 eruptions of Grimsvotn (Iceland), Cordon Caulle (Chile) and
Nabro (Ethiopia) have drastically heightened the level of awareness in the general population of how volcanic activity
can affect everyday life by disrupting air travel. The ingestion of airborne volcanic matter into jet turbines may cause
harm by (1) abrasion of engine parts, (2) destabilisation of the fuel/air mix and its dynamics and (3) by melting and
sintering ash onto engine parts. To investigate the behaviour of volcanic ash upon reheating, we have performed
experiments at ten temperature steps between 700 and 1600°C on (1) fresh volcanic ash from the final explosive phase
of the 2010 Eyjafjallajokull (EYJA) eruption and (2) two standard materials used in ingestion tests in the history of
turbine testing (MIL E 5007C test sand, MIL; Arizona Test Dust, ATD). We confirm expected large differences in the
samples’ response to thermal treatment. We quantify the physical basis for these differences using thermogravimetry
and differential scanning calorimetry. Glassy volcanic ash softens at temperatures that are considerably lower than
those required for crystalline silicates to start to melt. We find that volcanic ash starts softening at temperatures as low
as 600°C and that complete sintering takes place at temperatures as low as 1050°C. Accordingly, the ingestion of
volcanic ash in the hot zone of turbines will rather efficiently transform the angular volcanic particles into sticky
droplets with a high potential of adhering to surfaces. These experiments demonstrate both a large variability in the
material properties of ash from Eyjafjallajokull volcano and a strong contrast to the behaviour of the test sands. In light
of these differences, the application in volcanic crises of models of the impact of ash on operability of passenger jet
turbines that have been based on test sand calibrations must be re-evaluated. We stress as well that ingestion tests
should not only investigate the turbine’s response to ash concentration (g/m?) but also to ash dosage.
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Background

For many years, the civil aviation authorities have primarily
been concerned with localised ash plumes (Guffanti et al.
2010). The year 2010 however marked a dramatic turning
point in our perception of associated risks. Beginning with
mild explosive activity on the snow-covered eastern flank,
the vent position of the Eyjafjallajokull eruption changed to
within the glacier-covered summit caldera, causing a
marked increase in eruption explosivity (Gudmundsson
et al. 2012). The prevailing winds transported the vol-
canic ash over large areas of the Northern hemisphere
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and, soon after the eruption onset, caused widespread
airport closure in Northern and Central Europe. The
dramatic extent of the disruption stemmed from the
“zero ash tolerance” guideline followed by decision-
makers at the time of the Eyjafjallajokull eruption. This
guideline (Miller and Casadevall 2000; International Civil
Aviation Organization [ICAO] 2007) had been imple-
mented by the International Civil Aviation Organization
[ICAQ] after the 1982 Galunggung (Indonesia) and 1989
Redoubt (USA) incidents (Guffanti et al. 2010; Dunn
2012), based on the Proceedings of the First International
Symposium on Volcanic Ash, held in Seattle, Washington,
in July 1991 (Casadevall 1994). This rule had been widely
accepted by all legal authorities and airline companies, as
well as airplane and turbine manufacturers. During the
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Eyjafjallajokull eruption, the combination of eruption dur-
ation, meteorological situation and area of airspace closure
lead to substantial economic loss, which was not restricted
to airline and airport companies (Budd et al. 2011) but
also affected industrial activities and goods production.

The increasing duration of airspace closure and the
consequent magnitude of economic loss and logistical
problems created an increasing reticence towards the
imposed flight ban on the part of the airline and cargo
companies. However, the rigid implementation of the
“zero ash tolerance” guideline undoubtedly avoided
hazardous ash encounters. While in-flight ash detection
is still a complicated task (Prata and Tupper 2009), air-
space contamination by volcanic ash at the time of the
Eyjafjallajokull eruption was confirmed for large areas
of Europe by direct sampling (Schumann et al. 2011) or
LIDAR measurements (Wiegner et al. 2012). At present,
the evaluation of the hazard posed by volcanic ash to
civil aviation is impeded by 1) the absence of a techno-
logy to quantify the ash concentration reliably and
quickly at a high temporal and spatial resolution, 2) the
invisibility of ash even at concentrations above the
currently accepted threshold of 2 mg/m® (e.g., at night
or when overcast; Weinzierl et al. 2012). Recently, the
apparent problem of visual detection of volcanic ash
(Weinzierl et al. 2012) stimulated a change in termin-
ology and was implemented in the latest ICAO (2013)
working paper (IAVWOPSG/7-WP/17).

The “zero ash tolerance” guideline was mainly justified
by the limited knowledge about the tolerance of turbine
engines to the ingestion of ash particles (Dunn and Wade
1994; Dunn 2012). However, for other types of particulate
matter more commonly ingested (e.g., mineral sand) flight
operations are permitted within a certain threshold of
particle concentration. Under pressure from media and
airline companies, turbine manufacturers were asked for a
concentration threshold below which safe flying condi-
tions in volcanic ash could be declared possible. This
threshold value, currently replacing the “zero ash toler-
ance” limit, is set at 2 mg/m? (at the time of writing; e.g,,
Emmott 2010) and has been empirically chosen to fall
between known safe flying conditions in mineral sand
(data from military jet turbines, e.g., Gabbard et al. 1982)
and what are considered ‘dangerous’ ash concentrations,
estimated by reference to ash deposition within turbines
during the 1982 and 1989 incidents (the value of ash con-
centration responsible for the Galungung accident was
however largely overestimated; pers. comm. W. Aspinall).
A more quantitative assessment of the hazard posed by
ash ingestion into turbine engines is highly desirable.

The response of turbine engines to the ingestion of dif-
ferent types of particulate matter will strongly depend on
their chemical and physical characteristics, especially at
high temperature. Particles suspended in the atmosphere
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may have very different origins, including volcanic ash,
aeolian sand or incineration residues, and thus different
chemical and physical characteristics. Particle shape
imposes a strong effect on the viscous sintering rates in so
far as sintering timescales are dependent on curvature of
the surface in contact with the substrate in a jet engine.
Therefore, a particle with a high aspect ratio, which
impacts the jet engine surface end-on, will sinter at a
faster rate than a spherical particle of the same volume
because the contact curvature is higher than the spherical
equivalent. It arises from sintering theory that particle
roughness likely plays a role, albeit a less important one.
The chemical composition of rocks is usually declared as
a list of elements expressed as oxides. With the exception
of natrocarbonatitic melts that also may erupt explosively
(Keller et al. 2010), the major constituent in volcanic rocks
is silica, SiO,. The SiO, content, however, may reflect the
contributions of many silicate phases other than quartz
crystals. Furthermore, due to high cooling or degassing
rates during eruption, volcanic ash usually contains a frac-
tion of silicate glass, i.e., an amorphous phase lacking
long-range crystallographic order. Glass and crystals
behave very differently during heating. Glass may soften
and melt, deform and stick to surfaces, at temperatures as
low as 700°C. Deposition inside turbines will change the
internal aerodynamic conditions, affect the temperature of
individual components (e.g., by clogging cooling holes),
and may react chemically with the thermal-barrier coat-
ing. In order to sustain the high temperatures necessary
for increased efficiency, parts within the hot zone of the
turbine rely on thermal-barrier coatings to operate at
temperatures in excess of the melting point of the under-
lying alloys. Crystalline silicates, in contrast, typically
exhibit melting temperatures far higher than the glass
softening temperature; crystalline SiO,, for example, has a
melting point above 1700°C. Accordingly, the effect of ash
on the operational reliability of aircraft turbines is
expected to be very different from that of any mineral
sand dominated by quartz.

Sintering of glass, crystals and multi-phase mixtures is a
relatively well-understood process in ceramics (Scherer
1977; Scherer and Bachman 1977), physics (Frenkel 1945)
and volcanology literature (Sparks et al. 1999). Sintering
begins with the formation of necks between particles and
involves the transition of a dominantly granular material
to a porous framework (Scherer 1977). This initial stage
sintering or sticking occurs by viscous neck formation in
supercooled melts (high temperature equivalent of glass)
and by diffusive neck formation in crystalline material
(Frenkel 1945). For a given temperature, the latter is
generally a slower process but depends strongly on the
crystal composition and thermal stability (Zarzycki 1991;
Uhlmann et al. 1975). However, in the simpler glass/melt
system, is generally accepted that sintering timescales (7)
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are dependent on initial grain size (R), melt viscosity ()
and melt surface tension (y); given by (Uhlmann et al.
1975):

T=— (1)

In our experiments with natural volcanic ash, for a
constant grain size and composition, the sintering time-
scale is therefore entirely governed by viscosity and there-
fore time and temperature dependent. However at the
same temperature conditions, the grain size of ingested
ash particles should play a critical role in the timescale of
effective sintering and therefore grain size will be the
prime parameter controlling the probability that particles
colliding with each other or with surfaces will adhere and
accumulate in engines (Vasseur et al. 2013). Substrate
materials in jet engines are not well publicised and there-
fore the sintering behaviour of particles on a particular
substrate remains unconstrained. There is remarkably
little literature on sintering as a function of substrate
material. This is especially true when considering a single
particle and not a granular mixture. However, there is
prodigious literature showing and modelling how this
can happen in, for example, coal combustion devices with
metal substrates (Tomeczek et al. 2004; Song et al. 2009).
For this reason we consider the sintering of particles to
other particles of the same material as an approximate
proxy to the timescales and characteristics of sintering to
a metal substrate or to a thermal barrier coating. We
concede that further research in this area is necessary.
For the theoretical model (Eq. 1), a spherical particle
shape is assumed. Figure 1 clearly shows that none of the
three samples is comprised of particles of this shape. The
shape of the particles will affect the sintering timescale,
as heat conductivity is surface area controlled. The effect
of grain shape on sintering timescale was not the target
of this study.

Several working groups have characterized Eyjafjallajokull
ash (Bonadonna et al. 2011; Dellino et al. 2012; Taddeucci
et al. 2011). Further, reaction with metallic surfaces was
investigated for natural ash (Gislason et al. 2011) and
chemically comparable analogue materials (Mechnich et al.
2011) by constraining “size, shape, and hardness [...] as well
as the chemical composition of the salt condensates on the
particle surfaces” of ash that was sampled dry. To the best
of our knowledge, no investigation has compared the
response of Eyjafjallajokull ash and mineral sands to
reheating.

In this study, we compare the ash collected during the
Eyjafjallajokull eruption (EYJA) to two different test
sands commonly employed as turbine contaminants; the
“Arizona Test Dust” (ATD) and the “MIL E 5007C” test
sands (MIL). We focus on the response of static powder
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samples to heating for 30, 60 or 120 minutes, respect-
ively, at 1 bar pressure.

Sample characterisation

Eyjafjallajokull ash

The ash sample E4 (EYJA) was collected on 18 May 2010
along the plume dispersal axis at 7.5 km north from the
vent as it sedimented from the ash cloud. The sample’s
grain size distribution is smaller than 1 mm and displays a
positive skewness (modal value at 500 pm) with a second-
ary peak at 63 um. This bimodal distribution can be attri-
buted to the process of aggregation by finer particles
(<125 pum) acting at the time of sampling, enabling the
premature depletion of the finer grains from the ash cloud
(Taddeucci et al. 2011). Under Field-Emission Scanning
Electron Microscope (FE-SEM) the sample appears almost
entirely composed of juvenile material, ranging in vesicu-
lation from highly vesicular (Figure la) to non-vesicular.
Clasts are mostly glassy with variable contents of micro-
lites (crystals smaller than 10 pm, mostly plagioclase,
clinopyroxene and oxides, Figure 1b). Chemical bulk com-
position has been determined by X-Ray Fluorescence
(XRF) analysis, while single-spot composition of the glass
matrix has been determined by Electron Microprobe
Analysis (EMPA, Table 1). Higher values of SiO, within
the glassy matrix with respect to the bulk composition are
consistent with the presence of crystals in the groundmass
and, although rare, of loose crystals in the whole sample
(Taddeucci et al. 2011).

Arizona test dust

The characteristics of the Arizona Test Dust (ATD)
follow the specification of the International Organization
for Standardization ISO 12103-1 “Road Vehicles - Test
Dust for Filter Evaluation”. The ATD is used as a test
contaminant for fuel system components, water filter
performance evaluation and other custom applications.
It consists of a granular material of mixed silicate min-
eralogy with grain size smaller than 200 pm (Figure 1c).
We purchased two different grades of ATD from Powder
Technology Inc., ATD-A2 fine grade (<120 pm) and
ATD-A4 coarse grade (<200 um), respectively. Grains
from both samples are texturally homogeneous, dense
and display angular shapes. Chemical compositions of
the bulk samples and average composition of single
grains have been determined from XRF and EMPA
analyses respectively, and are reported in Table 1. Since
ATD is mainly employed for the testing of particulate
filters, the manufacturer has no criteria for strict
controls on its bulk composition and reports the range
of compositions for different ATD grades (expressed in
wt% of oxides) as follows: SiOy 68.0-76.0; CaO 2.0-5.0;
Al,O3 10.0-15.0; MgO 1.0-2.0; Fe,O3 2.0-5.0; TiO,
0.5-1.0; Na,O 2.0-4.0; K,O 2.0-5.0. XRF analyses of the
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50KV X1,200  10pm WD 95mm INGY 35 10um WD 10.7mm
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Figure 1 SEM images of single and embedded grains. a) and b) showing different EYJA grains showing the porous nature (a) and the
microlite content (b); €) shows the angular shape of ATD grains; d) shows the rounded shape of MIL grains.

500. um

bulk sample (Table 1) show that the ATD-A2 compo- MIL E 5007C

sition is in good agreement with the composition given = The characteristics of the sample MIL E 5007C (MIL)
by the manufacturer, while ATD-A4 composition is follow the specification of the USA Department of
slightly different, being dominated by SiO, with minor  Defence standards (also called Military Standard; MIL-

wt% of Al,O3, FeO, CaO, Na,O, K,O. STD) for engine, aircraft, turbojet and turbofan. In good
Table 1 Representative EPMA and XRD results of the EYJA, ATD and MIL samples used in this study
EPMA point analysis XRD bulk rock composition
A C D E F A C E F
EYJA MIL MIL ATD ATD EYJA MIL ATD ATD
P<63pum @<63pum 90<@P<125um 90<@P<125uym <63 pm E<63pm P<63pum 90<P<125pum @<63 pm
SiO, 66.38 10048 100.35 100.13 100.14 60.72 95.92 88.34 74.02
Al,O3 15.62 0.03 0.06 0.02 0.02 14.82 297 567 10.79
FeO 4.81 0.01 0.03 0.02 0.07 8.99 046 0.92 297
MnO 0.16 0.00 0.00 0.00 0.00 0.21 0.00 0.03 0.09
MgO 0.62 0.00 0.00 0.01 0.00 2.51 0.15 047 133
Ca0 2.78 0.03 0.01 0.02 0.02 4.58 0.04 1.25 249
Na,O 5.26 0.01 0.01 0.00 0.01 5.81 0.22 1.03 1.32
K,0 261 0.01 0.01 0.01 0.00 227 159 1.78 2.65
TiO, 0.70 0.01 0.00 0.00 0.00 1.39 0.13 0.12 0.38
P,0s5 0.18 0.00 0.00 0.00 0.01 0.25 0.03 0.05 0.13
cl 0.22 0.00 0.00 0.01 0.00 Not analysed
Total 99.34 100.58 100.47 100.22 100.27 101.55 101.51 99.66 96.17

Sample labeling, measured values and cumulative results in bold for clarification.
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commercial quality, it consists of crushed quartz finer
than 1 mm. For our experiments, we sieved the bulk
sample to obtain two sub-samples, 90<¢$p <125 pm
(Figure 1d) and ¢ <63 um. BSE images reveal a better
rounding of most MIL grains in respect to ATD. Chem-
ical analyses of single grains and bulk sample (Table 1)
are in good agreement and confirm the homogeneous
mineralogical composition (almost entirely pure quartz)
of the samples.

Methods

Thermal treatment

Sintering is the process of sticking and cohesion of initially
granular particles as a function of heating rate,
temperature, composition and grainsize. Sintering is the
adherence of particles by diffusive or viscous remobilisa-
tion of material to form necks, joining particles in contact
with one another. In this study we assess the grainsize-
and temperature-dependence of sintering times. We per-
formed 25 experiments with 133 sample specimens at ten
temperature steps between 700 and 1600°C and ambient
atmosphere. We started with 0.3 g of new material placed
in a Calcium Phosphate-crucible (i.e. static experiments).
We observed some limited chemical and mechanical inter-
action between sample and crucible. Chemical interactions
are not a focus of the current study; however, the mechan-
ical interaction, the flowing of molten sample into the cru-
cible’s pore space, was clearly correlated with the
experimental temperature and was constrained qualita-
tively. Irrespective of their differing chemical composi-
tions, porosity within the crucibles used in this study is
also a property exhibited by thermal barrier coatings (see
Figures eight and nine in Mechnich et al. 2011). For each
sample (EYJA, ATD and MIL) we used two different grain
sizes: ¢ <63 pm and 90 < P < 125 um. Sets of 18 samples
have been placed in the furnace at the experimental
temperature, removed after 30, 60 or 120 minutes, respect-
ively, and allowed to cool under ambient conditions. After
cooling, we qualitatively assessed macroscopic changes by
classifying the samples in one of the following classes:
granular (unsintered powder), partially sintered (individual
particles adhere at points of contact and neck formation),
efficiently sintered and texturally completely densified. Se-
lected samples were embedded in epoxy, cut and polished
to allow thin section and SEM analysis.

Thermal stability

A series of three different measurements have been per-
formed to quantitatively constrain the sample responses
to heating.

1. Thermogravimetric (TG) measurements were
carried out using a Netzsch STA 449C thermal
balance. Sample powder of approx. 30 mg was
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heated in a platinum crucible (with lid) at a heating
rate of 10 K/min to 1500°C in an argon atmosphere.

2. Calorimetric (differential scanning calorimetry, DSC)
measurements have been performed using a high
temperature, low sensitivity Netzsch STA 449C.
Approx. 30 mg were heated in a platinum crucible
with a heating rate of 10 K/min to 1325°C.

3. Calorimetric (differential scanning calorimetry, DSC)
measurements have been performed using a low
temperature, high sensitivity Setaram Sensys Evo.
Approximately 60 mg were heated in a platinum
crucible with a heating rate of 10 K/min to 800°C in
an argon atmosphere. This measurement was
performed only on EYJA samples.

Results

1. The major element composition (Table 1) was
quantified as single point (microprobe) and bulk rock
(XRF) analyses (see Appendix for details of analytical
conditions). FE-SEM images reveal a variable microlite
content for EYJA (Figure 1a,b) while ATD (Figure 1c)
and MIL (Figure 1d) are almost exclusively composed
of quartz grains. In the ATD sample, we observe that
the quartz grains are coated with another mineral
phase, most likely clay (see DSC results). The differ-
ences between the two chemical data sets are minor
for MIL, moderate for EYJA and high for ATD. We
observe a generally angular shape for clasts of EYJA
and ATD while most clasts of MIL are subrounded to
rounded. EYJA clasts show abundant segments of
bubble walls from broken bubbles. The EYJA ash was
found to be strongly degassed with measured water
contents below 0.1 wt.%.

2. Sintering experiments: samples were held in the
furnace for 30, 60 or 120 minutes, respectively, and
allowed to cool under ambient conditions (Figure 2a).
Most samples changed colour due to oxidizing
conditions within the furnace. The samples were
investigated for particle-particle cohesion by using a
needle to test the possibility of low-force indentation.
We defined three categories; loose, sintered and
homogenised. We find that the starting grain size has
a minor influence during experiments on EYJA
samples and that macroscopically detectable sintering
starts consistently between 850 and 900°C (Figure 2b).
At higher temperatures (Figure 2c), finer samples
show a more complete densification. During experi-
ments with crystalline sands, the influence of the
grain size is more noticeable and sintering was found
to occur at 1100°C (Figure 2c) for fine ATD and
1200°C for coarse ATD. We observed complete
homogenisation at 1050°C for the volcanic ash; at
1200°C (Figure 2d) for the fine ATD; and at 1400°C
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Figure 2 Photos of the samples (a) after 60 min at 700°C (no observable change), (b) after 60 min at 900°C, (c) after 60 min at 1100°C
and (d) after 60 min at 1200°C (each crucible has a diameter of 22 mm). Arrangement of samples in (a) through (c): top row from left to
right: EYJA, ATD and MIL (all @ < 63 um); bottom row from left to right: EYJA, ATD and MIL (all 90 < @ < 125 um). Arrangement of samples in (d):
top row from left to right: ATD and MIL (all @ <63 um); bottom row from left to right: ATD and MIL (all 90 < @ < 125 pm). After 60 minutes at
700°C (a), all samples are still loose powders. After 60 minutes at 900°C (b), EYJA samples show signs of sintering (crusted surface), all other
samples are still loose powders. After 60 minutes at 1100°C (c), EYJA samples are completely sintered whereas all other samples are still loose.
After 60 minutes at 1200°C (d), ATD is partially sintered (90 < @ < 125 pym) and completely welded (¢ < 63 pum), respectively, whereas MIL samples
are still loose powders.

for the coarse ATD. The MIL sample shows signs of of the used crucibles. At 950°C, no significant
a homogenisation onset at 1400°C (Table 2). melting is obvious (Figure 3a), best evidenced at

3. Infiltration of substrate: Above 850°C, all volcanic higher resolution through the newly-formed glass
ash samples show signs of sintering, the extent of necks (Figure 3b). At 1000°C, the glass necks
which correlated positively with experimental become more numerous and thicker (Figure 3c) but
temperature. Samples from three experiments only the basal ash grains show efficient loss of inter-
(60 min at Teyp = 950, 1000 and 1050°C) were particle porosity by viscous flow (Figure 3d). At
impregnated and sectioned vertically to expose the 1050°C, all ash particles have formed a coherent and
reaction rim between sample and sample holder. dense mass (Figure 3e) that was low enough in vis-
This analysis mainly aims at understanding the cosity to infiltrate the sample holder (Figure 3f).
physics of the process and not the inevitable 4. TG: The thermogravimetric measurements revealed
chemical reactions occurring between the parts of (independent of grainsize) no mass loss for EYJA
the sample in contact with the crucible. We and MIL in the temperature interval between room
observed the strong influence of viscosity on the temperature and 1325°C (experimental error +/—
infiltration of silicate melt into the porous structure 0.1 wt.%). In contrast, ATD reveals a significant

Table 2 Qualitative results of the degree of sintering of the EYJA, MIL and ATD samples

Experimental temperature (°C)

700 800 850 900 950 1000 1050 1100 1200 1400 1600
Sample EYJA (® <63 pm) No No Onset Yes Yes Yes Texturally densified n.p. n.p. n.p. n.p.
EYJA(0O pm<®<125pum) No No Onset Yes Yes Yes Texturally densified n.p. n.p. n.p. n.p.
MIL (® <63 pm) No No No No No No No No No Onset Yes
MIL (90 pm < ® < 125 pm) No No No No No No No No No Onset Yes
ATD (® <63 pm) No No No No No No No Onset  Yes  Texturally densified  n.p.
ATD (90 pm<®<125pm) No No No No  No No No No  Onset Yes n.p.

Abbreviations: n.p. experiment not performed.
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150KV 1 WD 14.6mm

Figure 3 SEM images of impregnated thin section showing the different degrees of sintering from quasi-initial conditions after
60 minutes at 950°C (a overview, b detail), through considerable neck formation after 60 minutes at 1000°C (c overview, d detail)
to complete textural densification after 60 minutes at 1050°C (e overview, f detail).

10pm . WD 146

mass loss of up to 3 wt.% between room
temperature and 700°C (Figure 4).

5. The heat flow signal measured by high-T DSC across
a heating interval up to 1325°C shows a fundamental
difference between EYJA (black line) and the other
samples (Figure 5); the latter two showing a unique
peak at 573 +/- 2°C (a to B-quartz transition).

6. The glass transition interval was measured for EYJA
by low-T DSC and revealed a broad, endothermic
peak starting at 600°C (Figure 6). Remelted ash from
the TG measurements shows are more pronounced
peak, also starting at 600°C. Here, the glass structure
starts to relax, manifested in a measurable change in
sample length (Figure 4). We did not observe a com-
parable response of MIL or ATD.

Discussion and conclusions
Constraining the impact of volcanic ash on the oper-
ational reliability of passenger turbines is difficult be-
cause many important parameters are highly variable
due to natural and/or engineering reasons: 1) Volcanic
ash composition, 2) glass fraction (Kennedy and Russell
2012), 3) interstitial melt/bulk rock composition, 4) ash
concentration, 5) grainsize distribution at turbine inlet,
6) air flow speed inside a turbine, 7) temperature inside
a turbine, 8) maximum pressure inside a turbine, 9) de-
gree of grainsize reduction inside the turbine and 10)
dominant grainsize in the hot zone of the turbine.

In May 2010, a bubbly magma (Figure 1la) with some
crystalline content was erupted at Eyjafjallajokull. The
widespread ash affected aviation significantly as modelled
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Figure 4 Results of thermogravimetry analysis (Pt crucibles were used at 10 K/min heating rate under argon atmosphere.) for the
90 < @ < 125 pm grainsize fraction. EYJA and MIL samples show a fairly similar behaviour whereas ATD shows a significant weight loss (4 wt.%)
that can be attributed to decomposition reactions, most likely of H,O-bearing phases.

800 1000 1200

results predicted ash over large areas of northern and
central Europe. There was no general consensus about
1) the ash concentration, 2) the effective threat posed by
volcanic ash, 3) the necessity of air space closure and 4)
how to be better prepared in the case of a similar future
scenario.

Our experiments demonstrate a significant difference in
material properties between volcanic ash from Eyjafjallajo-
kull volcano (EYJA) and the two mineral sands (ATD and
MIL). In turbines, the ingested matter is subject to rapid
heating. Volcanic ash usually contains a significant frac-
tion of glass whose composition commonly ranges from
40 to 80 wt.% SiO,. This value should not be misinter-
preted as representing quartz. Table 1 shows that MIL is
nearly pure quartz, while ATD is mainly comprised of

quartz grains coated with secondary phases. These phases
break down during heating and release volatiles, leading
to a reduction of sample weight (Figure 4). EYJA does not
contain any quartz as only ATD and MIL results show a
peak at 573 +/- 2°C, indicative of the o-p-transition of the
quartz structure (Figure 5).

When heated, glass requires significantly less energy
than crystalline matter to change from solid to liquid.
Glass does not melt, it softens and transitions to a liquid
state. This “glass transition” range was constrained to be
between 600 and 800°C at a heating rate of 10 K/min for
EYJA (Figure 6). This result differs strongly from results
achieved on experimentally generated samples of the same
composition (Mechnich et al. 2011). We postulate that
this difference lies in the cooling history of our natural

0.35 exo l
EYJA
0.30
0.25
=l
£ 020
>
S
= 015
b MIL
© 010
0.05
0.00
ATD
-0.05
200 400 600 800 1000 1200 1400
Temperature /°C
Figure 5 Low-res DSC results (Pt crucibles were used at 10 K/min heating rate under argon atmosphere.) for the 90 < ¢ < 125 um
grainsize fraction. Only ATD and MIL show the a-B-quartz transition at 573°C. MIL shows further secondary peaks between 400 and 700°C
manifesting the decomposition of secondary phases. The EYJA sample shows a slight bump between 600 and 750°C. This bump corresponds to
the relaxation of the glass phase upon heating (= glass transition interval) and is shown in a more pronounced way in Figure 6.
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Figure 6 High-resolution DSC results (Platinum crucibles were
used at 10 K/min heating rate under argon atmosphere.) for
the 90 < ¢ < 125 pm grainsize fraction of EYJA. The black curve
was achieved measuring a pristine sample as collected in the field.
The grey curve was achieved measuring a remelted sample after the
thermogravimetry experiment (Figure 5). The peak at 750°C can be
attributed to the glass transition. The peak of the pristine ash is less
pronounced due to the crystals content in the ash grains. The curve
of “remelted ash” shows the minor difference between bulk rock
and interstitial melt.

samples and not in the composition alone. The glass tran-
sition peak is less pronounced than for pure glasses; we re-
late this to the presence of crystals in the glass and a
distribution of iron in different oxidation states (Kremers
et al. 2012).

As the viscosity of the EJYA samples below 800°C is very
high, no significant flow was possible on experimental
timescales (up to 2 hours) and the onset of macroscopic
sintering had only been recognized for experiments at
>850°C. Figure 3 shows that temperatures of 1000°C
needed to be achieved in order to allow for significant
neck formation (Figure 3b) and 1050°C to achieve values
of viscosity low enough to allow for considerable viscous
flow during the timescale of the experiments (Figure 3c).
When ingested in the hot zone of turbines, where signifi-
cantly higher temperatures can be reached, volcanic ash
particles are quickly transformed into liquid droplets that
have a high probability of adhering to surfaces. In order to
adhere (and not bounce off) at high impact velocities
(higher than the travel speed of the airplane), the viscosity
of the melt must be low enough. Viscosities are strongly
dependent on temperature (turbine operation dependent),
SiO, content (volcano dependent) and the amount of vol-
atiles still dissolved in the melt (pressure dependent).
Pressures in the hot zone of turbines can be as high as
300 bar (A. Durant, pers. comm.) and could prevent an
outgassing of the melts, thereby keeping the viscosities
low (Hess and Dingwell 1996).
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Based on our empirical findings from static experi-
ments, we calculated the viscosity of a silicate melt
(EYJA interstitial melt composition) as a function of
temperature and chemical composition according to
Giordano et al. (2008) and constrained 10® Pa s as the
critical value of viscosity to achieve sintering in our ex-
periments. This corresponds to 880°C. For ATD and
MIL, 1100 and 1300°C, respectively, have to be achieved
for similar values of viscosity (based on bulk rock com-
position). We stress that these are most likely minimum
temperature values, as higher deformation rates upon
impact of moving particles onto surfaces in the turbines
will require lower values of viscosity to permit sticking
(Wieland et al. 2012). The melting point of pure quartz
is around 1700°C and is usually not achieved in passen-
ger jet turbines. As a consequence, ingested MIL will
not affect the turbines thermally. In multiphase systems,
the bulk melting point is lowered to the eutectic
temperature. The investigated ATD is comprised by
quartz with up to 23 wt.% of other phases. These phases
break down during heating (but before 700°C) and
release volatiles. Possible phases are clay minerals
(releasing H,O) and/or calcite (releasing CO,). As a
consequence, melting was observed for ATD at 1200°C.

Adhering melt droplets will affect the flow of cooling
air through the turbine, both as a whole and over indi-
vidual components. Additionally, the silicate melt may
interact chemically (not part of this study) and mechan-
ically with the thermal barrier coating (TBC) on compo-
nent surfaces in the hot zone of the turbine. At low
viscosity, the melt will flow into the intercrystalline pore
space of the TBC. Upon cooling, differential contraction
due to differences in thermal expansivity of glass and the
TBC, may cause damage to the thermal barrier coatings.

We still face difficulties in quantifying the concentra-
tions of volcanic ash in a small volume of air at high
temporal and spatial reliability (Sears et al. 2013). Thus,
ash ingestion tests should be performed to constrain the
effect of ash concentration and total load. We stress that
fresh volcanic ash should be used in order to avoid a bias
of the results due to alteration/weathering effects. Cer-
tainly, ingestion tests with standard sands cannot be reli-
able proxies for the thermal risk of volcanic ash in
turbines. We are convinced that concentration thresh-
olds alone fail to account for the possible impact of
ingested volcanic ash on the operational reliability of
passenger jet turbines. We propose the introduction of
an ash dose threshold as the impact of volcanic ash on
the operational reliability of passenger jet turbines is the
result of 1) ash concentration (mg/m?), 2) the amount of
air ingested per second (up to hundreds of m?
dependent on flight situation) and 3) the time span an
airplane will possibly travel in ash-contaminated air
space.
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Appendix

Electron microprobe analysis

Groundmass glass and crystal phases were analysed for
major elements by electron microprobe on a Cameca
SX100 at the University of Munich (LMU), Germany.
An accelerating voltage of 15 kV, a 15 nA beam current,
a defocused 3 pm spot size and ZAF correction proce-
dures were used. Na and K were analysed first on their
respective spectrometers for 10 s on the peak and 5 s on
the background. Peak and background analysis times for
Si, Ti, Al, Fe, Mg and Ca were 20 s and 10 s, for Mn, Ni,
Cr, P 30 s and 10 s, for S 50 s and 25 s, while for Cl they
were 240 s and 120 s, respectively. To check for homo-
geneity at least 10 analyses were collected on the glass
and at least 5 on the crystals.

SEM analysis

Micro-scale observations of ash particles was performed
using a JEOL JSM 6500 F Field Emission (Schottky-type)
Scanning Emission Microscope (FE-SEM) at the Insti-
tuto Nazionale di Geofisica e Vulcanologia — Roma.

In comparison to conventional SEMs, FE-SEMs offer a
more stable electron source and a smaller beam capable
of higher spatial resolution at a lower acceleration volt-
age. The nominal resolution of the used FE-SEM is of
1.5 and 3 nm at 15 and 1 kV voltage acceleration, re-
spectively. Magnifications up to 100.000x were used to
visualize down to sub-micron size features of the
particles.
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