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Abstract

The turbine technology incorporated in jet engines is inherently vulnerable to attack by environmental silicate
debris. Amongst the various kinds of such debris, volcanic ash is a particular threat as its glass softens to a liquid
at temperatures of 500-800°C, far below jet engine operating temperatures of . As a result, ingested re-
molten droplets impact and form splats on the protective thermal barrier coatings (TBCs). Investigation of the
damage to jet engines ensuing from this process has, to date been restricted to forensic observations after critical
encounters. Here, we employ a thermal spray technology to recreate the ‘in-situ’ generation of molten volcanic
ash droplets and observe their morphological evolution and interaction with TBCs. The mechanism of splat
formation is found to depend both on substrate topography and on in-flight droplet characteristics, whereby splat

circularity increases with surface roughness and with the product of the Weber and Reynolds numbers.

These findings provide a
greatly improved basis for the quantification of the hazard potential of volcanic ash to jet engines and should be

incorporated into protocols for operational aviation response during volcanic crises.

Keywords: Thermal barrier coatings, volcanic ash, jet engines, impact.
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1. Introduction

Volcanic ash poses a critical risk to aviation safety [1-4]. Since 1953, over 130 jet aircraft have
inadvertently encountered volcanic ash clouds and suffered, as a result, varying degrees of damage,
endangering in the process the lives of tens of thousands of passengers [5,6]. The 2010 eruption of
Eyjafjallajokull volcano in Iceland (Fig.1a) lead to the most severe air-traffic disruption since World
War II and the operational response was responsible for major economic losses approaching around 1.7

billion [7].
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Fig. 1. Impact of volcanic ash to aviation safety. (a) Schematic of volcanic ash hazards from the 2010 eruption of
Eyjafjallajokull volcano in Iceland on aviation. (b) Jet engine volcanic ash ingestion, including (¢) melting of volcanic ash
in the combustor and (d) the interaction of high-energy molten droplet impacts with TBCs.

The primary threat of volcanic ash to jet engines involves the impact and interaction of very fine (< 63
pum), high-energy molten volcanic ash droplets (e.g., temperature: 1200 < 1500 °C and velocity: 100 <
300 m s™) - formed by rapidly softening and melting volcanic ash solid particles passing through the
hot-section airfoils of jet engines’ combustion region [8]. In detail, volcanic ash particles, with glass
transition temperatures in the range of 500-800 °C [9], yield molten droplets of variable viscosity upon
exposure to the operating combustion chamber (peak flame temperature: ~2000 °C, Fig. 1b) [10]. These
molten droplets are then carried by the hot gas stream out of the engine combustion chamber whereby
they are accelerated from low speeds (~15 m s™) up to near-supersonic speeds (<300 m s™') (Fig. 1¢)as

they enter the hot-section airfoils (i.e., the first stage of the high-pressure turbine, consisting of a row of
3
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stationary nozzle guide vanes and one row of moving turbine blades) [11,12]. During transport through
the hot-section airfoils, the molten droplets can impact upon and adhere to the surfaces of hot-section
airfoils operating at high temperatures (~1200 °C). Adhering droplets form so-called “splats™ ( )

[13].

Even in situations where only a few molten silicate ash droplets adhere to the surface of hot-section
airfoils, an initial deposit layer can form and large melt pockets (several cubic centimeters in volume)
can [14]. Such deposits can 1) block cooling traps and air flow paths, and 2) the
top coating of the hot-section airfoils the protective ceramic thermal barrier coatings (TBCs)
[15,16]. The TBCs consist of a top ceramic layer and a middle metallic bond coat with a thermally
grown oxide (TGO) formed by reaction with the combustion gas, which provides thermal insulation to
the underlying Ni-based superalloys of turbine components [17]. The top ceramic coating is made of
tetragonal-phase ZrO, ceramic stabilized by 7 wt. % Y,03 (commonly referred to as 7YSZ) [18]. The
7YSZ coatings typically used in stationary parts of jet engines (i.e., combustor and nozzle guide vanes)
are deposited by atmospheric plasma-spraying (APS) to form a very fine lamellar microstructure with a
low thermal conductivity [19]. In contrast, the coatings applied to rotating components of aero-turbines
(i.e., turbine blades), which are subject to frequent thermal stressing cycles (during take-off and
landing) are deposited by electron beam physical vapour deposition (EB-PVD) to create a feathery
microstructure of columnar grains for an enhanced stress tolerance [20]. At high temperature, the
molten low-viscosity ash droplets infiltrate small open capillaries in the top layer of a TBCs system,
causing spallation of this coating that deteriorates engine performance [21,22] to the point of

catastrophic failure [23].
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environments [24,25] to lab-scale test based on the ingestion of volcanic ash into small turbojet engines
[26,27]. Recent advances provided by thermal spray technologies have allowed the simulation of
molten volcanic ash droplets impact on turbine blades, helping to constrain the factors controlling the
likelihood of ash adhesion in jet engines [28-31]. Despite widespread efforts to explore the threshold of
adhesion vs rebound threshold during impact, the processes by which molten volcanic ash droplets
splat, accumulate and wet TBC substrates lack robust quantitative constraints. These complex
processes are suspected to involve dynamic impact interactions (initial impact, rebounding or sticking,
spreading and wetting, chemical reactions and interactions) of finc high-energy molten volcanic ash

droplets with TBCs of jet engines.

Here, we employ an atmospheric plasma spray technology to generate high-energy molten volcanic ash
droplets in the laboratory, as analogues of those present in operational jet engines. We observe splat
formation, quantify their morphological evolution, and determine their adhesion capacity to
conventional TBCs.

2. Experimental procedures

2.1 Preparation and characterization of the volcanic ash

The volcanic eruptive product used in this study is from the 2010 eruption of Eyjafjallajokull volcano,
Iceland, which posed a major hazard to aviation safety [32]. Volcanic ash samples were prepared by
crushing a volcanic bomb and subsequently milling the material in an agate mill (Fig. 2a). The bulk
chemical composition of the volcanic ash sample was measured by X-ray fluorescence (Fig. 2b). The
particle size distribution of the milled sample was obtained using the laser diffraction method (Fig. 2c¢).
The Dy, Dsop and Dgg values constrain the smallest particle sizes, which contribute to define the coarsest
10%, 50% and 90% particle fractions of the cumulative volume distribution, respectively. Ash
mineralogy was quantified using x-ray powder diffraction in a Panalytical X'Pert Pro MPD
diffractometer fitted with an X’Celerator detector; the ash was mixed with 10 wt.% zincite (ZnO) and

back-loaded into cavity holders as random powders. A copper X-ray tube was used with Ni filter to

5
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select for Cu ka radiation and scans covered the 26 range of 4-70°. Identification and quantification of
the diffraction traces was performed manually using High Score Plus analysis software, by correlating
peak height between the identified phases and the known fraction of zincite; once crystalline phase
fractions were quantified, the rest was ascribed to the presence of amorphous material, primarily glass
(Fig. 2d). The analysis indicates that the ash samples contain approximately 29% plagioclase, 6%
clinopyroxene and 65% amorphous material.
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Fig. 2. Physical and chemical characteristics of experimental volcanic ash. (a) Photographs of volcanic bomb sample
collected from 2010 eruption of Eyjafjallajokull volcano, Iceland (left) and the experimental volcanic ash sample obtained
by milling (right). (b) The bulk chemical composition constrained by the major oxides content (wt.%). (¢) Cumulative
volume distribution of the volcanic ash sample. (d) X-ray diffractogram of volcanic ash sample mixed with 10 wt.% zincite
(ZnO). (e) DSC curve of the volcanic ash sample in oxidising atmospheric conditions under a heating rate of 10 °C min™;
the data constrain the glass transition temperature, T, (inset) and melting temperature 7,,. (f) Backscattered-electron images
of volcanic ash particles. The numbered red points indicate the position of chemical analyses with the electron-probe micro-
analyser. (g) The chemical composition of glass in volcanic ash corresponding to the red points in Figure 2f. (h) Viscosity
(n) of volcanic ash as a function of temperature (in Kelvin).

The melting behaviour of the sample was determined using a Netzsch 404 Pegasus differential
scanning calorimeter (DSC) (Fig. 2¢). In the DSC measurement, approximately 30 mg of sample was
placed in a Pt crucible and heated at 10 °C min™' from room temperature to 1490 °C under a constant air
flow rate of 20 ml min™. The glass transition temperature, T,, (the range of temperature over which the
amorphous glass relaxes from a ‘glassy’ state to a liquid state with viscous response) was constrained at

approximately 670 °C (shown in the inset in Fig. 2e). The second peak of the resultant DSC curve is

interpreted to indicate crystal melting temperature, T, at ca. 1164 °C. The GRD model was used to

6
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estimate 7, at 673 °C (where viscosity is 10'* Pa s) based on the glass composition measured by
electron-probe microanalysis (EPMA), consistent with our calorimetric 7, determination (Fig. 2e) [33].
Finally, the volcanic ash sample was re-melted at 1600 °C and quenched in air; the quenched glass so
obtained was crushed and then milled into powder. The powdered glass sample was then heated in a
platinum crucible and the melt viscosity was measured at 1039-1451 °C using a concentric cylinder
viscometer [34]. The fitted viscosity data vs. temperature were used to constrain the rheological
behaviour of in-flight molten volcanic ash droplets (the details in Ref. 34) (Fig. 2¢).

2.2 Characteristics of the substrates

APS TBCs

EB-PVD TBCs
3R o —

Fig. 3. Morphological characteristics of TBCs. (a—b) Top view SEM images of APS TBCs and EB-PVD TBCs used in
these experiments. (¢c—d) Cross-section of SEM images of APS TBCs and EB-PVD TBCs. A higher magnification image of
each coating is also shown in inset of figures with an enhanced contrast in order to emphasise microstructural features.

The thermal barrier coatings used in our experiments were fabricated at the German Aerospace Centre
(DLR). Ceramic powder with a standard 7 wt.% Y,0O3 stabilised ZrO, composition was deposited onto
polycrystalline Al,Os substrates by APS to produce 750 + 20 pum thick coatings (i.e., APS TBCs), and
the EB-PVD to form 450 + 20 um thick coatings (i.e., EB-PVD TBCs), respectively (Fig. 3). The
surfaces of these two coatings were further carbon coated (low-vacuum coater EM ACE 200, Leica) to
image the surface morphology via a JEOL JSM IT300LV scanning electron microscope (SEM) to
observe the surface morphology (Figs. 3a-b). Next, the two coatings were mounted in epoxy resin discs

to enable the analysis of their microstructures in cross-section (Figs. 3c-d).
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Fig. 4. Surface topographies of three types of substrates. (a) APS TBCs. (b) EB-PVD TBCs. (¢) Al,O; substrate.

The surface profiles of APS TBCs, EB-PVD TBCs, and alumina (Al,O;) substrates (used for a
reference) were further quantitatively analysed using confocal laser scanning microscopy (LEXT,
Olympus OLS 4100). Profile scanning was conducted (in the x, v direction of the surface) over an area
of 200x200 pm? using a laser wavelength of 405 nm at a speed of 4 um s with a height (z) resolution
of 0.05 pm. The surface profiles reconstructed were represented as 3-D digital images (Fig. 4). The

surface roughness was evaluated using the roughness parameter, S,, which represents the average of the
absolute height values of Z(x,y) in the measured area (A) and defined by S, = % I, 1Z(x,y)|dxdy.

2.3 Thermal plasma spraying process
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Fig. 5. Experimental set-up. (a) Schematic illustration of the experimental setup used to investigate the impact of high-
energy molten volcanic ash droplets onto solid substrates. (b) The particle diagnostics system (DPV-2000). (c—d) The
specific experimental conditions (¢) prior to impact and (d) at the point of impact. (¢) Measurement setup for the particle
diagnostic DPV-2000 system. (f) Signal (time versus intensity) generated from droplet passing in front of the dual slit for
speed measurements. (g) Schematic diagram of definition of the droplet concentration.

Effective area: 0.14 mm?

Thermal plasma spraying was performed with a Oerlikon Metco 9 MB plasma spray at the Toyohashi

University of Technology. During the plasma spraying process, volcanic ash particles were injected
8
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into a plasma jet whereby they were rapidly imbued with high kinetic and thermal energy, and

( ) [35]. The spray parameters are listed in

. Here, three substrates have been employed; 1) traditional APS TBCs, 2) EB-

PVD TBCs and 3) alumina (Al,O;) substrates exhibiting a relatively smooth surface ( ). The

distances between the plasma torch and substrate were varied from 50 mm to 125 mm (in 25 mm
) in order to alter systematically the in-flight properties (

) of these high-energy droplets prior to impact.

2.4 Measurement of in-flight behaviour of molten volcanic ash droplets

The characteristics of in-flight, molten, volcanic ash droplets ( droplet temperature, velocity,
and diameter) prior to impact were measured by a DPV-2000 particle diagnostic system ( )
[36]. , the optoelectronic sensor head of the DPV-2000

at distances of 50 mm to 125 mm from the torch as illustrated in
, the sensor could be automatically to maximum
particle flux. A mask with two-slit in the sensing head was used to detect the light signals from a
radiating particle as illustrated in . As a radiating droplet passes the two-slit mask of the

optoelectronic sensor head, the droplet velocity (v) can be calculated in conjunction with the distance

of the two silts dg;;¢, the two signals At, and the magnification factor of the lens
dsyi . .
fnagns v = Z—lt” fmagn ( ). Simultaneously, the temperature of a radiating droplet T

was determined using a two-colour pyrometer by assuming this radiating particle was grey-body
emitter with the same emissivity at colour bands and then, calculating the ratio of the energy E(J;)

E(81) 6:°

W 1 2
X
E(82) &, ) , where w is a contant, 1.43 x 10

radiated at two wavelength §; via T), = w(ai — 6i) /In(
1 2

mK. The molten volcanic ash droplets are opaque at high temperature, therefore, the measured

temperature may differ from that of the droplet core [37]. However, recent experimental work
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indicated that the temperature difference between the surface and centre of a droplet is insignificantly
small [38]. Hence, we assume that the droplet temperature is homogenecous and that the droplets are
fully molten at the points of measurement and impact with the solid substrate. The droplet diameter d,

was estimated based on the assumption that the droplets are spherical; the diameter is obtained from the

radiation energy emitted at a single wavelength using d, =\ E(8;)/faiam » Where fgigm Was a

calibration factor [36]. Finally, the in-flight droplet concentration is defined as the total mass of molten
volcanic ash droplets per unit volume. The ash concentration C was calculated using the mass of high-

N
Yi=1Vip
AWit)max’

energy droplet passing through the measuring volume of the sensor head per second, via C =
where N is the total number of volcanic ash droplets passing through in a unit area, A=0.14 mm?, v; and
t; are the volume and time of an in-flight molten droplet i, p is the droplet density, 2029 kg m™, and the
subscript ‘max’ represents the maximum number of droplets present in the measurement space (Fig.
5¢).

2.5 Estimation of droplet concentration safety threshold for ‘safe-to-fly’ in a realistic jet engine
condition

Based on the assessment of aviation safety by ICAO, volcanic ash clouds with an ash concentrations
greater than 2-4 mg m~ are considered hazardous for commercial airlines [39,40]. However,
considering that the operating pressure in a jet engine is higher than atmosphere pressure, the ash
concentration in the hot section of jet engines increases as the air density increases; thus, the ash
concentration threshold of 2-4 mg m™ in volcanic ash clouds at atmospheric pressure may not
necessarily be applicable to adequately delimit this hazard.

Ash concentration in jet engines is determined by air density, controlled by pressure and temperature
[41]. Air entering a jet engine, is first compressed by the fan. Then it passes through the low-pressure
and subsequently high-pressure compressors, before flowing through the constant-pressure combustion,

nozzle guide vanes and high-pressure turbine blades. The highest pressure in the jet engine is observed

10
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at the compressor exhaust. Thus the ash concentration of this section can be regarded as the maximum
value encountered in the entire jet engine. and is used here as a safety threshold of droplet
concentration for the entire jet engine. We can estimate the ash concentration in a jet engine using the

thermodynamic ideal cycle analyses in a jet engine [42]. The ash concentration ratio under isentropic

. . . . . . Co PO l . .

compression is proportional to the pressure ratio, which is denoted as o= (P—)x, where P is the air
1 1

pressure (Pa), k is the ratio of heat capacity (k =1.4 for air [43]), and the subscripts 0 and 1 denote the
inlet and exit pressure of the compressor, respectively. In an ideal open jet engine, the compressor inlet
pressure is equal to the ambient pressure. Atmospheric air parameters (pressure, temperature and
density) are changing with altitude above sea level, which affects the performance of aircraft engines
[44]. Here, international standard atmosphere is used as the ambient condition, in which it is assumed
that at sea level the air pressure is 101 kPa and temperature is 288.15 K. The compressor exhaust
section pressure is defined as the final condition, which is around 1110 kPa N [45]. Therefore, the
specific value of the hazard threshold of droplet concentrations in jet engine is 27.16 mg m™, based on
the 4 mg m™ of ash concentration in the volcanic ash cloud.

2.6 Substrate temperature measurement in the thermal spray process

To determine the influence of radiative heating of the substrate surface by the thermal plasma gun, we
employed a Type-S thermocouple to monitor the change of temperature during a single spraying cvent.
To reduce the effect of a lag in heat transfer through the alumina protective tube, we deployed the
thermocouple without the protective alumina sheath and located it at the same position as the substrate.
The heating profile experienced by the Type-S thermocouple at each distance condition was measured,
and the evolution of surface temperature of APS TBCs, EB-PVD TBCs, and Al,O; substrate was
estimated using Fourier’s law in a one dimensional differential form for diffusive heat transfer:
q = —k dT/dx, where g is the local heat flux density (W-m™), k is thermal conductivity (kaps tsc= 1.0
W m™! K'l, keppveBCc= 1.7 W m”! K!and kanos =35 W m’! K'l) [46,47], T is the local temperature

(°C), and ¢ is time (s). The maximum temperature value in each heating profile between the torch and
11
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the substrate is regarded as the substrate surface temperature during impact of droplets fired from
different distances.

2.7 Single splats formation on TBCs and Al,O; substrates in the initial impact experiment

75 mm 50 mm

100 mm

125 mm

——— 10 mm 100 um

Fig. 6. Initial impact behaviour of molten volcanic ash droplets on APS TBCs (column I), EB-PVD TBCs (column II), and
AL O;5 (column III) substrates. The left, middle, and right sub-columns in each column display the photographs, SEM
images, and Si elemental mappings corresponding to the SEM images of various substrates impacted by the molten volcanic
ash droplets with torch distances from 50 mm to 125 mm, respectively. Note that the irregularly shaped EB-PVD TBCs
were caused by handling damage before the experiment took place.

In order to investigate the initial droplet impact behaviour as well as to remove complexities arising
from splat overlaps during stable spraying conditions, we first performed a simple, short-lived spray
test onto each one of the solid substrates; yet to prevent splat overlaps from the jet. In the initial impact
experiment (utilising a single spray treatment), the perpendicularly mounted thermal spray gun sprayed
the three kinds of substrates (APS TBCs, EB-PVD TBCs, and Al,O; substrates) with droplets and was
migrated over the substrate at a speed up to 0.2 m s™ at torch distances of between 50 mm and 125 mm
during the brief spray test (Fig. 5a). The impacted surface of all substrates was examined both optically
(with a Canon camera) and microscopically (by SEM) (Fig. 6). The silicate ash droplets adhered onto

the surfaces of the three substrates were characterised using energy dispersive spectroscopy (EDS).

12
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Elemental mapping of silicon was performed with spatial resolution of 1 um per pixel to obtain an
accurate picture of the ash distribution.
2.8 Morphology identification of isolated splats deposited on TBCs and Al,O; substrates

APS TBCs EB-PVD TBCs AlOs

o

(d)

100 pm
Fig. 7. Identification morphology process of initial isolated splats adhered on the various substrates. (a) Original SEM
images of APS TBCs, EB-PVD TBCs, and Al,O; substrate impacted by molten volcanic ash droplets from experiments
conducted at a torch distance of 100 mm. The corresponding grayscale morphologies (b), binary morphologies (¢), and
labelled boundaries (d) of splats observed on each substrates are also displayed.

SEM images of both APS TBCs and EB-PVD TBCs from experiments conducted at a torch distance of
100 mm as well as Al,Os substrate from experiments conducted at torch distances of 50 mm to 125
mm, respectively, were analysed after the initial impact (i.e., single spray). The select tool in Adobe
Photoshop element 15 was used to automatically identify the edge of manually selected splat. Each
splat was selected from the original SEM grayscale images where each splat could be observed at high
magnification (Fig. 7a and Fig. 82a). Grayscale images of each splat marked in Fig. 7b and Fig. 8b were
converted to binary images (i.e.., black and white) with the threshold method (threshold value = 235
and scale = 6.06 pixel/um) and finally the edge of each splat was detected and labelled by Image J
software (Figs. 7c-d and Figs. 8c-d) [49]. The geometric parameters of the morphology of each splat
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(including splat area, perimeter and circularity) were obtained and the total number of splats observed
was counted using the Image J software. The statistical analysis of geometric parameters of the
morphology of each splat on APS TBCs, EB-PVD TBCs and Al,Os substrate are presented in
Supplementary Tables 2 and 3.

) Somm
7S mer

h’o_m‘n s

75 mm

100 i

Fig. 8. Morphological identification images of isolated splats adhered on the Al,O; substrates from experiments conducted
at the different torch distances. (a) Original SEM images of Al,O; substrates initially impacted by molten volcanic ash
droplets from experiments conducted at torch distances of 50 mm to 125 mm. The corresponding grayscale morphologies
(b), binary morphologies (¢), and labelled boundaries (d) of splats observed in each substrates are also displayed.

2.11 Calculation of adhesion rate of the in-flight molten volcanic ash droplets in the deposition
experiment

To determine the adhesion rate of molten volcanic ash droplets on each substrate, we weighed the
substrate before and after the spray test at various spraying distances. However, owing to the
insignificant amount of ash adhered to the substrate, we did not detect any weight differences between
the original versus the sprayed substrate, even when sprayed from a distance of 50 mm. Therefore, in
order to resolve the adhesion rate, we repeated the spray test ten times to accumulate sufficient ash on
each substrate (see Supplementary Table 4). Note that the absolute weight increase depends on the

effective substrate area onto which droplets adhere, which varies for each conditions and substrates. To

14
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eliminate the interference from the difference of original effective deposited area of each substrate, we
normalized the original weight by defining adhesion rate, €, (namely, mass accumulation rate) as a

1—Wo

relative change in weight, € = WW— X 100%, where w, and w, are the weight of substrate before and
0

after the deposition experiment.

APS TBCs EB-PVD TBCs AlLOs

Fig. 9. Photographs of the original and post-deposition APS TBCs, EB-PVD TBCs, and Al,O; substrates from deposition
experiments conducted at torch distances from 50 mm to 125 mm, respectively.

3. Results and discussions

3.1 The characteristics of in-flight molten volcanic ash droplets

The characteristics of in-flight molten volcanic ash droplets were measured by DPV-2000 and
subsequently analysed statistically. The total number of droplets monitored at each spray distance
condition was between 3000 and 5000 droplets over 14-55 s. The properties of the in-flight molten
droplets at each distance condition were measured and analysed, and the distribution of the related
parameters are presented as a histogram in Fig. 10. These parameters contain experimentally measured
parameters (involving droplet temperature, velocity, diameter). These measured parameters
distributions are approximated by Gaussian normal distribution functions. To reduce the disturbance

from outliers in a dataset, the 5% trimmed distribution (when the lowest 5% and the highest 5% of
15
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values are discarded) were applied to the Gaussian correlation. The associated statistical analysis
corresponding to the characteristics of in-flight molten volcanic ash droplets prior to impact are

provided in Supplementary Table 5.
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Fig. 10. Histograms of the characteristics of in-flight molten volcanic ash droplets under various distance conditions.
Droplet temperature distributions (column I), droplet velocity distributions (column II), droplet size distributions (column
IIT) of in-flight molten volcanic ash droplets measured by DPV-2000 at the distances to the torch of thermal spray gun
between 50 mm and 125 mm. The black lines represent the best-fitting Gaussian line profiles. N indicates sample size (i.e.,
the number of volcanic ash particles monitored at each distance condition).

At each spraying distance, high-energy molten volcanic ash droplets were successfully generated. The

average droplet temperatures ;

velocities of 199 m s to 262 m s™) (Figs. |1a-c). These
average velocities and droplet sizes are comparable to those anticipated under the conditions of
operation in current jet engines. The average droplet temperatures and the droplet concentrations
constrained during the tests exceed the operating temperatures of jet engines (1200-1500 °C) and the

recommended maximum concentrations of ash in jet engines (i.e., 27 mg m™; Fig. 11d).
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Fig. 11. Experimentally measured parameters involving (a) droplet temperature, (b) velocity, (¢) diameter and calculated
parameters involving (d) droplet concentration, (e) Weber number and (f) Reynolds number) of in-flight molten volcanic ash
droplets prior to impact as a function of the distance between the plasma torch and the solid. Box-and-whisker plots
represent (hollow circles), 25™"-75"™ percentiles (boxes) and 5"-95™ percentiles confidence intervals (whiskers) (N = number
of data points).

In order to generalise the characteristics of an individual in-flight high-energy molten volcanic ash

droplet before impact onto the substrate, we employ the Weber number (We) and Reynolds number
17
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(Re) (Figs. 11e-t) [50,51]. The We number is the ratio between inertial and the surface tension forces,
whereas Re number inertial viscous forces. The We number is not only a ratio
of time scales but also a measure of the energy of the droplet. The Re number quantifies the relative
importance of inertial forces and viscous forces. The We and Re numbers are defined as We = p - vﬁ .
d,/o and Re = p * v, * d,, /u, respectively, where v, is the velocity of an in-flight particle (m s, dy is
its diameter (m), p is its density (kg m™), o is its surface tension (N m™), and  is its viscosity (Pa s).
These two dimensionless constraints provide a greater capability (than
) to reflect in-flight characteristics and physical properties of molten volcanic ash
droplets.
[34]. The viscosity of a volcanic ash melt decreases

exponentially with increasing temperature [52], leading to a wide distribution of Re at each condition.

3.2 The thermal history of various substrates in the thermal spray process

Q
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Fig. 12. Surface temperature evolution of substrates in the initial droplet impact process. The temperature variation of (a)
Type-S thermocouple measured, (b) APS TBCs, (¢) EB-PVD TBCs and (d) Al,O; substrates as a function of time at torch
distances from 50 mm to 125 mm.

The surface temperature of each substrate (i.e., APS TBC, EB-PVD TBC, and Al,03) was
by a thermocouple (Fig. 12) and found to be far lower than the characteristic temperatures of melting of
crystalline phases in these hot droplets (~1164 °C, as estimated via differential scanning calorimetry).

The maximum temperature increase in the substrate during the impact experiment was 50 °C for both

APS TBC and EB-PVD TBC, and 600 °C for the Al,Os substrate.
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promotes rapid cooling of droplets upon impact. We therefore consider our experiments to take place in

a simplified scenario whereby a hot droplet collides with a cooler substrate.

3.3 Splat formation by in-flight molten volcanic ash droplets

The molten droplet impact process is highly complex [53,54]. Generally, when a single high-energy
molten droplet impacts a cold substrate, it first deforms, and then spreads and/or splashes. The droplet
consequently solidifies as a splat of variable morphology [55,56]. Splat morphology, in turn, plays a
key role in controlling the mechanical properties of volcanic ash deposits on TBCs, and dictates their
capacity to adhere to the surface. Hence, constraining the variables which control both splat formation

and evolution is essential for the understanding of volcanic ash deposition in jet engines.
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Fig. 13. The morphology of molten volcanic ash splats on the various substrates. (a) SEM images of typical splat
micrographs on APS TBCs, EB-PVD TBCs and Al,O3 substrates impacted by molten volcanic ash droplets at a torch
distance of 100 mm. (b) Splat image analysis and morphology characterization. (¢) Changes in the morphology of selected
splats on Al,O; substrates with decreasing splat circularity. (d) The circularity of splats on each substrate at a torch distance
of 100 mm identified from Fig. 7 as a function of substrate roughness, S,. The dashed line is the linear best fit. The number
of circularity measurements for splats on each substrate are indicated numerically below each data point. (e) Changes in the
circularity of splats on Al,O; substrates with increasing torch distance, with the sample size indicated numerically above
each column. f, Comparison between measured and calculated circularities of splats on the Al,O; substrates across all torch
distances. The red-shaded areas correspond to 95% confidence intervals.
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To a first approximation, the morphologies of single splats shown in can be defined by their
circularities [57], which is a quantification of the relationship between the area and the perimeter of the
splat; circularity = 4mArea/perimeter? ( ). A circle has therefore a circularity of 1. The
smaller the value, the less circular the splat is ( ).

Splat morphology is controlled by a combination of factors arising from 1) the surface properties of
substrates, and 2) the characteristics of in-flight droplets at the point of impact. For a given distance
(and thereby thermo-physical state of in-flight droplets), the surface roughness has been identified as a

principal topographic parameter determining splat formation. Within the range of torch distances (50 <

125 mm) , 100 mm
substrate for in-depth analysis, because the distributions allow individual
splat analysis ( ). [Note that in experiments at smaller distances, significant

overlapping of splats obscures the observation of single splats, whilst at greater distance, many splats
are so excessively dispersed as not to be fully amenable for quantitative analysis ( ). We observe a
proportionality between the mean splat circularity and the substrate roughness parameter, S, ( ),
[58]; as the substrate roughness decreases, splat morphology becomes
increasingly variable and unstable, resulting in radial jetting and break-up. Thus, droplet impacts on
smooth surfaces (e.g., Al,O3) produce a greater abundance of ‘splash’-shaped splats, while rougher
surfaces (e.g., APS TBCs) tend to exhibit ‘disc’ shapes ( ). These discs are indicative of a
tendency for a smoother surface yield higher flow speeds of the leading edge of the splat over substrate
asperities, which may in turn promote the formation of a ‘splash’ morphology.
The thermo-physical properties of in-flight molten droplets are an additional control on the splat
morphology of cold substrates. Their influence is felt through the transfer of kinetic and thermal energy
of the droplet before impact, through s energy during impact (i.e., work done in
deforming the droplet against viscosity), surface energy after impact. To elucidate the influence of
in-flight molten droplet properties on splat morphology, we have analysed the evolution of the splat
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circularity on the Al,O; substrates (where the volcanic ash splat is more uniformly distributed
compared to APS and EB-PVD TBCs) with increasing torch distance from 50 mm to 125 mm (Fig.
I3¢). The characteristics of in-flight molten droplets before impact onto the substrate (including
temperature, velocity, and droplet diameter), are described by two dimensionless parameters: the
Weber number (We) and Reynolds number (Re) [59]. Multiple linear regression used to correlate
We and Re numbers with circularity, and
, circularity = 1077°We~21Re%9%92 (Supplementary Table 6). Comparison of
the
a 95% confidence interval shaded in red (Fig. 131),
indicating this model can be employed to describe the splat formation morphology under the differing

in-flight states of each droplet.

3.4 Adhesion rate of in-flight molten volcanic ash droplets on various substrates
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Fig. 14. Deposition characteristics of in-flight molten volcanic ash droplets on the various substrates. (a) Evolution of
adhesion rate of molten volcanic ash droplets with increasing torch distance and varying substrates. (b) Adhesion rate of
molten volcanic ash droplets as a function of the substrate roughness, S,, for the three substrates (APS TBCs, EB-PVD
TBCs, and Al,Oj; substrate) at four torch distances. (¢) Adhesion rate of molten volcanic ash droplets onto APS TBCs, EB-
PVD TBCs, and Al,O; substrate as a function of the dimensionless number, S, plotted on a logarithmic axis. The dotted red
lines in Figs. 14 b and ¢ show the best-fit linear regression; the parameters corresponding to these regressions are displayed
in Supplementary Tables 7 and 8.

After performing the initial single- , the noticeable variability of deposition behaviour of in-
flight molten droplets as functions of substrate and distance is a clear indication that not all high-energy

droplets adhere to the substrates; rather, some rebound from the substrate surface (Fig. 6). To quantify
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the probability that high-energy molten volcanic ash droplets will adhere to the substrate, we performed
deposition experiments and determined the adhesion rate (€) of droplets (namely, mass accumulation
rate of splats) on the substrates over time, and in relation to substrate type and in-flight molten droplets
condition. Distinct depositional behaviours on the three substrates have been observed in experiments

at constant torch distance ( and ),

Firstly, there is a linear correlation between the adhesion rate and substrate roughness (S,) at a given
torch-substrate distance, which indicates that roughness of substrate is most probably key parameter on
controlling the adhesion rate of molten volcanic ash droplets ( ). In addition, for any given
torch-substrate distances, the adhesion rates on the roughest APS always exceed that of rough EB-PVD
TBCs and the smoothest Al,O; substrate, which is consistent with the idea that development of smooth
substrate surface is essential to mitigate the likelihood of molten volcanic ash droplet adhesion to hot
components within jet engines.

Secondly, adhesion rate also varies with torch distance, implying that droplet properties (e.g., droplet
temperature, velocity, and concentration) also govern the adhesion efficiency of these
droplets onto a given substrate

account for all thermo-physical

properties of in-flight droplets and quantitatively constrain their influence, here, we a new
. . We-d -C- . )
dimensionless number, , S = %, where C is the droplet concentration,
N
mg m>, Cs is the estimated safety

threshold of droplet concentration in jet engines, 27.4 mg m™, v is the mean of droplet velocity,

and Ma is the Mach number.
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single curve, with only minor departures (Fig. 14c). Hence, we propose the use of So as a parameter to

simplify the description of the thermo-physical properties of in-flight molten volcanic ash droplets in

its interaction upon impact with various substrates.

4. Conclusions

The systematic description of the characteristics of in-flight high-energy molten volcanic ash particles

in a combustion environment and their impact on various substrates (APS TBCs, EB-PVD TBCs, and

Al,O3 substrates) support the following conclusions drawn from this work:

(a) The surface roughness of a substrate plays a key role in controlling the morphology of splats
resulting from the impact of molten volcanic ash droplets onto TBCs. In particular, smooth
surfaces promote the formation of a ‘splash’ morphology with radial jetting and break-up, whereas
rougher surfaces (e.g., APS TBCs) tend to promote the development of circular, ‘disc’ shape
splats. This 1s due to higher flow speeds of the leading edge of a splat over smoother substrates;
whereas asperities on rough surfaces restrict flow.

(b) TBCs surface properties and in-flight characteristics of high-energy molten volcanic ash droplets
are the dominant controls on the splat accumulation. Hotter droplets with lower viscosity, striking
a rougher substrate with large velocity components normal to the surface of substrate, are more
likely to adhere to TBCs. A new dimensionless parameter S, was developed to quantitatively
constraint the influence of in-flight volcanic ash droplet properties and substrate roughness on
adhesion rate.

To accelerate the development of reliable mitigation protocols for volcanic ash—jet engine interaction,

we propose that the well characterised volcanic ash samples described here should be employed in

future engine operation testing to assess the relative propensities of natural ash particles to adhere to,
and interact with, jet engine coatings. Our results provide a basis for the improvement of current and

next-generation APS and EB-PVD TBCs to improve their resistance to volcanic ash and other silicate
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deposits (sand, dust, fly ash), particularly as higher and higher temperature turbine operating conditions

become increasingly dominant in both aircraft propulsion and land-based electricity generation.
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Supplementary Figure 1 Estimation of the relative contribution of in-flight of the characteristics of high-
energy molten volcanic ash droplets to adhesion rate. (a-¢) the droplet temperature (a), viscosity (b),
concentration (c), diameter (d), and impact velocity (e) as functions of adhesion rate, respectively. (f) The
comparison of coefficient of determination (R?) between these parameters above mentioned and adhesion
rate for three kinds of substrates.

Supplementary Table 1 The specific plasma spraying conditions

Operating gas flow (L min™)

Ar 40
H, 4
Arc current (A) 800
Arc voltage (V) 70

Spray distance (mm)
Powder feed rate (g min™) 0.8

50, 75, 100, 125

Supplementary Table 2 Descriptive statistics for the morphology of single splats deposited on APS
TBCs, EB-PVD TBCs, and Al,O; substrates during impact experiments conducted at torch distance of

100 mm
Substrate N Area (Hm'z) som. Perimeter (um) m. Circularity sem.
mean mean mean
APS TBCs 76 210.60 49.66 44.14 4.91 0.808 0.015
EB-PVD TBCs 55 330.75 146.50 58.88 13.92 0.797 0.022
AlLO; 48 244.08 104.21 78.76 22.37 0.525 0.040




Supplementary Table 3 Descriptive statistics for the morphology of single splats deposited on Al,O;
substrates during impact experiments conducted at torch distances between 50 mm and 125 mm

Distance (mm) N M s.e.m. Perimeter (um) s.e.m. Circularity s.e.m.
mean mean mean

50 1354 168.29 9.13 47.50 1.41 0.795 0.005

75 561 232.72 21.67 86.16 4.22 0.428 0.010

100 437 346.81 33.64 97.53 4.95 0.448 0.012

125 301 87.46 10.44 39.83 2.20 0.638 0.013

Supplementary Table 4 Absolute weights of APS TBCs, EB-PVD TBCs and Al,O; substrate before and
after deposition experiments at various distances

Distance (mm) APS TBCs EB-PVD TBCs Al,Oj; substrate
Before (g) After (g) Before (g) After (g) Before (g) After (g)
50 0.8454 0.8507 0.9145 0.9179 21.2130 21.2530
75 0.8567 0.8558 0.9277 0.9547 21.2100 21.2380
100 0.8805 0.8815 0.9081 0.9091 21.2360 21.2520
125 0.9456 0.9466 0.9340 0.9343 21.2150 21.2220

Supplementary Table 5 Descriptive statistics for the characteristics of in-flight molten volcanic ash
droplets prior to impact

Distance (mm) 50 75 100 125
Number of droplets monitored, N 5,000 4,999 3,652 3,108
Max. 3,999 3,824 3,144 2.875
. ture (°C) Min. 1,759 1,728 1,649 1,543
emperature mean 2,543 2,450 2,367 2,198
se.m. 3.38 2.86 2.98 3.16
Max. 498 470 403 313
. N Min. 45 39 49 60
Velocity (m's™) mean 231 262 244 199
s.e.m. 0.70 0.70 0.69 0.57
Max. 89 91 110 108
. Min. 3 4 7 8
Diameter (um) mean 21 20 23 29
sem. 0.14 0.13 0.21 0.23
Max. 21371 20300 24651 21792
Min. 194 180 176 426
Weber number (We) mean 6100 7854 7626 6415
sem. 4137 54.16 62.18 54.88
Max. 6.09x107 4.9x10° 2.64x10° 5.42x10°
. 4
Reynolds number (Re) Min.  19.97 6.29x10* 5.71 1.34

mean 4.04x10°  1.33x10* 2.59x10° 20122
sem. 1.97x10° 929.13  7.42x10* 2.1x10°




Supplementary Table 6 Multivariate linear regression analyses for the relationship between the
morphology of molten volcanic ash splats on various substrates and characteristics of in-flight droplet
prior to impact

Multiple linear curve regression parameters

Coefficients + SE
Log We Log Re
-2.10£0.09 0.009 £ 0.002 7.79 £0.35 0.999

Y-axis intercept + SE  Correlation coefficient, R*

Supplementary Table 7 Linear regression parameters for the adhesion rate, &, of in-flight molten
volcanic ash droplet from deposition experiments conducted at torch distances between 50 mm and 125
mm compared to the substrate roughness parameter, S,, corresponding to APS TBCs, EB-PVD TBCs, and
Al,O;5 substrate in Fig. 14b

Linear curve regression parameters

Distance (mm)

Slope + SE Y-axis intercept + SE  Correlation coefficient, R’
50 0.076 = 0.01 0.149 £ 0.04 0.979
75 0.052+0.01 0.105 +0.03 0.978
100 0.016 £0.002  0.067 +0.01 0.977
125 0.003 +£0.0001 0.029 + 0.0004 0.999

Supplementary Table 8 Linear regression parameters for the adhesion rate, €, of in-flight molten
volcanic ash droplets on APS TBCs, EB-PVD TBCs, and Al,O; substrate with compared to the
dimensionless parameter, 6 in Fig. 14c

Linear curve regression parameters

Substrate Slope + SE  Y-axis intercept £ SE _ Correlation coefficient, R®
APS TBCs -1.10+0.09 -1.77+0.09 0.988
EB-PVD TBCs -0.99+0.08 -1.71+0.08 0.986

ALO; -0.78 £0.05 -1.38+£0.03 0.993




