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Introduction

« An introductory bit of history

« How volcanic ash damages gas turbine engines

« Quantifying the damage — what is and isn’t known

 Where do we go from here?
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Volcanic Ash & Aviation — A Short History 3

Ash hazard was known —=
about from 1950s — mainly
through military experience

1970

1'. : - ., ; ;
Plnatubo 1991
WWW/pubs.usgs.gov
ICAO sets up VAACs & 2000

principle of ‘AVOID, AVOID,
AVOID’ established

15™ April much of Western
Europe’s airspace shuts down

UK CAA attempts to get
flights going by discussing
possible safe concentration
level

201

.y Utube.com

Mt St Helens 1980 & a
L100 (C-130) — T56
engines

m.youtube.com

Mt Redoubt 1989 &

KLM867 — B747 with v
CF-6s Pilot: "KLM 867 heavy

we are descending now...

...We are in a fall!"

Eyjafjallajokull 2010
eruption swisseduc.ch
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Engine Damage Mechanisms

E— Static components

« Anatomy and physiology of a jet engine s High speed rotating

components

("—”' Velocities at high power: gas -\ = 'nggggggtgotating
—— ~250 m/s, blade tip ~400 m/s

Gas velocity at high

~2500 rpm power: 150 — 600 m/s
_- | Zi)le| ~1600°C
/_,/"/ 2% e ) A %100°C‘ (~1450°C rel.
- ~ ; ‘_,4 temp.)
~13000 rpm 7 ﬁ

Gas Temperature

- = = (Gas Pressure /

™~ - 0
450-730°C \\ 350-550°C
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Engine Damage Mechanisms

— Static components

A ,, www.aipenline.com

High speed rotating
components

 Fan effects

Low speed rotating
components

L
7 1980s fan

s |

Fan design and
operating point

Some o TR x 1% &
o : = -
centrifuging S 80 so £
& o
by fan 2 - S
E 60 5 R *x—60
£ « %P ki
-=-=-% Particles entering core o 40 + AR a0 T
g ) uhil g
k) * s, =
+ Distal Ash = 20 ., X 1 . ] -
: (87% mass enters core) R + 5 -
Fan erosion : :
Proximal Ash 1 10 100
(57% mass enters core) PP (kml
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Engine Damage Mechanisms

(""’”‘4—

Rapid impact effects

Vital support systems:

— Static components

electronics, heat exchangers. s High speed rotating

mechanical systems, ...

components

—— ey

Ash
cloud

Compressor erosion —
loss of efficiency and
surge margin

© 2016 Rolls-Royce plc

Low speed rotating
components

e

Fuel supply system
blockage

Fuel spray nozzles
can get clogged —

ash or carbon

Molten ash sticks in
turbine annulus,
reducing surge margin

@l Rolls-Royce




Engine Damage Mechanisms

E— Static components

« Slow developing damage —_ C“g%g‘p%%%ﬁsfma“"g
Low speed rotating
('—/f components
Turbine cooling systems
Ash block/get damaged,
cloud reducing component life

Lubrication system
contamination

Type |l sulphidation SRS TLAPUTOCRAYT

of Ni alloys

CMAS attack Internal blockage
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But How Much Ash Can Engines Tolerate?

all that

Eyjafjallajokull changed

Up until 2010 engine guantitative susceptibility was poorly understood

éndarngérédedenworéipréssicem ™ 9030

Sources of data to understand more:

9

swisseduc.ch

Actual Aircraft
Encounters

Analogous Sand
Dust Experience

1982 BA0O09,

1985 Soputan,

1989 KLM867,

2000 NASA DC-8,
2010 E15 experience,
2014 Kelut,

2014 Fogo,

etc....

Laboratory Research

Engine Testing

Desert operation - RR
civil fleet,

2015 Doha sandstorm,
Military experience in
Iraq & Afghanistan,
V-22 events,

etc....

Calspan HSTS,
NEWAC, VERTIGO &
PROVIDA projects,
University based
sand/dust/coal ash
rsearch,

Military research...

Calspan tests,
GE tests,
Military sand/dust

VIPR-IIl test. )

Plus attempts to understand fundamental scientific principles

© 2016 Rolls-Royce plc
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VIPR-IIl July/August 2015 )

A

Pratt & Whitney

A Unied Tectrokages Compary

%

Ministry
Rolls-Royce'

NASA/USAF

of Defence

Processed Mt Mazama Ash
J (7000 yr old rhyolite, high glass content)
7 —

C17 with F117 (PW2040) engines ; . Ash significantly more erosive than the sand

¢ —— Y . E—) i ' . =
previously used with rig 7 hrs at 1mg/m?

e 427 min at ~1 mg/m3
- 3 runs on 3 separate days: 90 min, 68 min, 269 min

NASA/USAF

* 410 min at 10 mg/m3 (175 min and 235 min runs)

- Initial 3 hr run produced ~5 K rise in EGT, compressor
erosion, significant deposit in HP NGVs

- Additional 4 hr run, core temperatures continued to rise
another ~7 K

© 2016 Rolls-Royce plc
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Fundamental Scientific Principles

* Factors that influence damage mechanisms..

4 Environment ) Atmospheric Atmospheric
Characterlst.lcs ReSIdence Time Concentration
Atmospheric

[ Conditions ]

~

Damage
Volcano )
[ Environment ] Gartlcle Propertleg /nglne Proper’ue Mechanisms
\ / 4 N ( ) 4 ™
Size Engine Design Erosion/
/" Empton O\ > J > Operating < | Abrasion
Characteristics Al >
aEr?LTpTircI; - Shape L Condition ) Cold
Duration ) s < ( Engine ) \ Deposition )
' ™ - Ve <
Plume Height Hardness | Condition Hot
A 7 's = .
([ Mass Eruption | ( . Exp_osure \ Accretion J
Rat Porosity Time ( _
\ ate / X ) & y Cooling System
\
1 Mineral | Blockage
f Magma \ | Composition ( ) ( Chemical )
Characteristics ( Amorphous ) Particle drag Attack
Volume ‘ L Content ) \. Y, > <
Batch | [ Chemical | (o, i) oI
\ T Composition Particle sticking Contamination
Volatile Content \ P b, | or melting T ) > <
 Shemica 4 Th(lejrmodynamic Cont:nli(ierllation
k Composition / t roperties y L )
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12

Sand, Dust and Ash — Similar Problems?

« Sand and dust
- Weathered crystalline material

vy ""\ %;‘f}

« Volcanic ash
- Sharp crystals, lithics and glass

! ’ \
e i Wi
o

N g ';f'ﬁ\s <
AR e

Sand: cs.mcgill.ca %"’

= Data indicates range of accretion temperatures
A ‘I/” Compare test sands/dusts: 1350°C — >1600°C
L+ With extensive range of ash types: <1000°C — 1300°C

\
\
~
ic ash \ickin

n

A 2 r~n
\"J Melting Points for Some Dusts &
Q,

° B
£ , i + QGCS from PTI (US) 1220 C
?;g + Afghanistan sand 1140 C
2 + Afghanistan sand 1125 C
000 ;’ + A2 Fine from PTI (US) 1115 C
[ ?g“S;‘fJLD[;A;)TD) z + Aramco (A2 + 10 % salt) 1085 C
| O . - 0 L —
| M AtEmgR velied of However USAF studies indicate that some dusts melt
5 volcanic ashes i - )
o5 [ FIE] DT and stick within the range of temperatures for ash

Phelps, Krisak — AFRL, 2016

———

Song et al. —= LMU Munich 2016
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Sand, Dust and Ash — Similar Problems?

* Volcanic ash deposited on a

turbine inlet guide vane 175 mins at

10 mg/m3

NASA/USAF 2015 "

3-6 mins at
100-2000 mg/m?3

427 mins at
~1 mg/m?3

NASA/USAF 2015

© 2016 Rolls-Royce plc
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1-2 mins at
1000-3000 mg/m?
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Quantifying Damage

« Three categories of damage:

* Flight safety implications — could result in loss

of controllable thrust

Swirl Carbon Center
Deposits

e.g. Molten ash sticks in
turbine annulus,
choking engine

e.g. Blocked fuel
delivery system

* Long term damage — manageable loss of
performance or slightly premature
removal for overhaul

e.g. Moderate
rotor erosion

e.g. Ni alloy
suphidation

@l Rolls-Royce
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Duration of Engine Exposure

15

Quantlfylng Damage

Duration of Exposure v Ash Concentration chart

- An engineer’s curve drawing exercise
- A more precise statistical analysis being

Discernible by satellite A number initiated with Dept of Statistical Science,
IR instrument agreed in 2010 University College London.
N)‘.z 2/ . 20 200 2000
— N \ ~ 1 : H
1 000 \\' . SO 1 B Negligible damage
Ik N N . Manageable
| N L I b Volcanic Ash
| \/’ \\\ I AL T
100 = v SN Tl e
: i \"\'i \\|\ ¥ Unsgfe Long term damage
I ) AN operation ? -
1 ' SN3 Volcanic Ash
Y \\ | Ne sy e
10 1| Constant dose N I Sand/Dust |
e (CaspAt) line O\\ N S8 . B
\ .
i 1 9 4 _ _ _ Exigent damage
| I \ NG Immediate inspection
1 - 1 O \ | N :
NN 7 orreparr? R
: C> 9 : Sand/Dust =
: I Loss of power
I o e
I 1) o
Visible ash I . \ = E SandiDist g
threshold | -
0.01 = — | 1
- : :
| | |
0.01 0.1 1 10 100 1000 10000

Particulate (e.g. Ash) concentration (mg/m?3)
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Quantifying Damage

« DEVAC chart really only gives an indication of the damage classification...

A

Atmospheric |
Concentratio /

Residence Time

[ Atmospheric

ﬂ’article Propertie; éngine Propertie?
Size Engine Design Erosion/
§ / e _ < Abrasion
s 3 Operating >
Shape \ Condition
Hardness
> < < Exposure Accretion
1 . 'd N
\ Porosity J N [ime Cooling System
( Mineral \ Blockage
Composition _ ( Chemical
Amorphous Particle drag Attack
Content | . g s _ \
Chemical (Dot leing ol
" Particle sticking Contamination
| Composition < or melting T \ v
Thermodynamic b g Fuel

/ Damage

Classification

"4

Significant Safety
Implication

\

AN

Minor Damage

\
e

No Damage

| Properties | ———__—™| Contamination
\ ~/ S Z
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Quantifying Damage

« Many operators, civil and military, will need to know more...

Atmospheric Atmospheric
ReS|dence Time Concentration

Garticle Propertleg
Size
Shape
Hardness
Porosity
( Mineral
Composition
Amorphous
Content
Chemical
Composition
(Thermodynamic\

/nglne Propertle

. Properties )
S _/
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Operating
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or melting T
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~
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N
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>
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\
b
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7z
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\
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\
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7z
<
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"4

\
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~
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Quantifying Damage

 EASA Regulations 2013-2015
« CS-E Amendment 4 (March 2015) — CS-E 1050

18

YEASA

European Aviation Safety Agency

CS-E 1050 Exposure to volcanic cloud hazards (See AMC E 1050)

established.

(a) The susceptibility of turbine Engine features to the effects of volcanic cloud hazards must be

(b) Information necessary for safe operation must be provided in the relevant documentation.

* Oct 2014 — EASA guidance on CS-25 1593 and CS-E 1050

U Purpose is to provide data to support operators’ SRAs

discernable ash)”

the harmful effects of volcanic clouds

is an operational recommendation not a susceptibility

U Applies to new and changed products

» Still apply principle: “Volcanic ash encounters shall be avoided (do not operate in visible +

» Operators need to know susceptibility to volcanic ash to understand operational risk

O Requires manufacturers to investigate and understand the hazards associated with exposure to
U A statement to avoid visible or discernible ash is not acceptable for compliance — such a statement

U Engine testing required if susceptibility declared to be between 4 mg/m3 to 1000 mg/m?3
» No need to test if susceptibility set at <4 mg/m3 (and presumably >1000 mg/m3 ©)

© 2016 Rolls-Royce plc
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Quantifying Damage

« Complying with EASA regulations — CS-E 1050

Atmospheric Atmospheric
[Resndence Time I ‘ Concentratio }\, ~ / Clgsasni}::;%?ion \

Damage C
Significant Safe
ﬂ’article Propertie; (nglne Properheﬂ\ Mechanisms glmplication y
Size Engine Design
\ / ? , < Abrasi
( h Opers_it_lng e ——
k Shape J \ Condition ) 5 Colr_:i_ Minor Damage
> 4 Engine eposition | /
k Hardness , [ Condition No Damage
( ) Exposure \ 4
Porosity 'IIC')ime (. ) \ /
L ) & y Cooling System
o Mineral \ Blockage ate of Damag(—:N
omposition ( ) - VR
Amorphous Particle drag iy Surge Margin
Content . g > < Oselerioralion 7
, 4 —— — Oil Critical System
anqepn;;ﬁlm Partlclelt{;_tlck_lrng \Contamination Failure
Thermodynamic | Nblehel R [ Fuel ) Component Life
" Properties yv Contamination \ Deterioration )

\S 2
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Quantifying Damage

 How long does it take to surge an engine — simple engineering correlation

20

based approaCh Turbine Accretion :Mev = Ay, =lpg h A
.« Model AtC . W, My OSM = bk,
L1, Ul L 0. = Ith¢—AN 100A[h
But how much = | Pae” e

Molten ash/dust
sticks in turbine

ash/dust gets into the
core?

Ash accumulation factor — &

annulus, choking
engine

Particulate e

Ingestion ____§SEa Pj
s 1L

And how much

ash/dust gets
extracted by bleeds?

R YU

Compressor erosion —
loss of efficiency and

Erosion rate — &

surge margin Blade incidence ratio —

] : ,) m - AtCcore B % = Mg, Prip o SM = WRMS kRMS
. . Pair 5/u — merogoﬂ
Compressor

Erosion/Abrasion Model
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Fan Effects, Abrasion and Hot Accretion

21

Since 2011 - A cottage industry approach, using small amounts of money...

Fan Effects

(

study 2014-2017

Abrasion/Erosion

Substantial existing data
from sand/dust studies

Dy

NEWAC -

new aero engine core concepts k

Some NEWAC studies
2010-2011

No new studies since
2011, just evidence from
VIPR-III

© 2016 Rolls-Royce plc

Hot Accretion

3 UNIVERSITY OF

UNIVERSITY OF

B8

@V CAMBRIDGE = deyederan
Vé University of
sristoL - Cranfield

LUDWIG-

MAXIMILIANS-
I-Mu UNIVERSITAT

MONCHEN

3 VirginiaTech

Small laboratory scale rigs using some industry money,
but mainly research grants or university funds

What have these studies shown?
Ash accumulation factor (£) tends to increase with:

- | Increasing gas and surface temperature

- Larger particle sizes

- | Greater proportion of non-silica

components

- Greater impingement angle
- The amount of material already

deposited

Increasing concentration (i.e. same total mass over]

[ shorter time periods)

@l Rolls-Royce



- 22
Hot Accretion A PROVIDA Study
« University of Cambridge
- J. Dean, C. Taltavull, P. Earp & T. W. Clyne
Powder'.':";’ )
feed J’ Thermocouple PltoﬁﬁUbe Thermocouple Thermocouple
=
—$ - / to exhaust
VPS nozzle Lo . system
(operating P )
in air) Stainless Butterfly
e vt 50 mm _
60 F rrrrr 1t rrrrrrrrrrrrrrprrrrrr e
N _ _):SH‘;"k"Ia Basalt,
* Deposition rates: o0 [ | = Laki some
L | —<—Eldgja
| ——Aska glass
2 [ ]
[1
: s 1
Hekla Rhyolite 100 S wf Rhyolite,
w
Laki Basalt 70 2 all glass
Q 2r ]
Eldgja Basalt 23 _
10 | -
Askja Rhyolite 100 '
0750. IBOOI I850I N IQOOI N I950 1000 105CI)I | 1I100
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Hot Accretion ”
« Effect of {=f(C,,) on rate of turbine accretion
SE Accumulation Factor (C)

— Study looking at aggregationin ~ ©° | —
the combustor is being initiated 50 .| —ExPonential
between a group fr(?m the 20 ——Linear /f=
VERTIGO Partners: /
University of Geneva & 30 /
LMU Munich 0 / /
University of Oslo / /
Rolls-Royce UK 10 ~ /
0 —4—/
0.1 1 10 100 1000

Concentration (mg/m?3)

DEVAC = = 200 2000

000.00

q} \\: ~ E | Negligible damage
7 ' o — Exponential M
%100.00 . . E Linear =
w | BN _ lamage
2 : N 4 &.‘_‘. = = C(to =const E
2 10.00 onstant dose So ANNSG LT T o
£ 19007 Comsentise L 5N OO MLy | _
% ; Possible explanation for
g 1007 i QO " Sanabust | non-linear behaviour:
N - particle aggregation in
Visibleellsh CombUStor
goml_"-&hﬁegmfd-'k -------------------- N
! ' LN S
] | | =
0.00 0.01 0.1 1 10 100 1(?0)\ 10 (00

0.001 0.01 UPfrticuIate;l(e.g. Ash)lﬁoncentrfgﬁn (mgﬁrﬁao 10000
Concentration (mg/m3)
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Conclusions (1) :

« Since 2010 a substantial improvement in our understanding of engine
damage from volcanic ash has been achieved

« But there are still substantial gaps in the knowledge
« Should we be trying to fill the gaps?
» Does the benefit to aviation justify the cost?

* Is there an operational and cost benefit from knowing more?

@l Rolls-Royce
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Duration of Engine Exposure

Conclusions (2)

* Hypothetical scenario from 2010-
2015:

« But EASA has adopted the
principle of simply avoiding
discernible and visible ash

Discernible by Eatellite A number
IR instrurrfent agreed in 2010

1000 — ~

~N

1
1 1 1
58 n | B Manageable
I b N i L damage?
1 /1 \\ ~ f
\
100 - . RN
' --~_\;-r ~J \ Unsafe
1 | R operation ?
1 (N 1 N
\
o 10 7] | Constantdo \\\ O' v
£ (o)l Y \\l

~ orrepair?

-
|

threshold

0.01 —

\\ 1 \\
\\ 1
AN |
LY T
0.1 — | 1 O
1 — 1 \\
Visible ash 1 \
1
1
1

]
I I I
0.01 0.1 1 10 100 1000

Particulate (e.g. Ash) concentration (mg/m3)
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\Ol.2 2 . 20 200 2000
\\ ~ i H

3 Immediate inspection

High ash
contamination
(>4 mg/m3)

Medium ash
contamination
(2-4 mg/m?3)

Low ash
contamination
(0.2- 2 mg/m?3)
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Negligible damage Y

Volcanic Ash

_____________

<
=)
Q
]
2,
o
>
7]
)

_____________

____________

Loss of power
-Saust

10000

Discernible

ash threshold

Is there any incentive to
understand engine and

airframe susceptibility at
[Comainn concentrations >0.2 mg/m3?

=2« Are concentration charts still
relevant?
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