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ABSTRACT 
 
The overall aim of the work reported in this paper is to explore 
whether a physics-based simulation approach has the potential 
to reduce the uncertainty & variability associated with both 
predicting & managing maintenance costs and improving 
engine design to optimise through-life economic performance. 
The main novelty in the paper is to demonstrate how an 
innovative Digital Geometry model can represent typical in-
service component degradation and then support appropriate 
simulation meshes to permit degraded performance to be 
predicted. Two examples are given: blade erosion from 
particulates; and a simulated cooled blade burn-through event. 
 
NOMENCLATURE 
 
 Aface erosion impact face area 

AI Artificial Intelligence 
BREP Boundary Representation 
CAD Computer Aided Design 
CFD Computational Fluid Dynamics 
cp specific heat capacity 
d Level-set signed distance 
dp eroding particle diameter 
DMC Direct Maintenance Costs 
EGT Exhaust Gas Temperature 
ER Erosion Rate 
F Level-set Speed Function 

 FC Flight Cycles 
 FH Flight Hours 
 FL Flight Leg 
 h1 enthalpy at turbine stage entry 

 
 
h3 enthalpy at turbine stage exit 

 HPT High Pressure Turbine 
 LLP Life Limited Parts 
 m’ mass flow 
 mp eroding particle mass 
 n exponent in erosion correlation 
 NGV Nozzle Guide Vane 
 NURBS Non Uniform Rational B-Spline 
 OPR Overall Pressure Ratio 
 RSVR Restored Shop Visit Rate 
 TE Trailing Edge (of blade) 
 TET Turbine Entry Temperature 
 vp eroding particle velocity 
 v2 absolute velocity at stator blade exit 
 w3 relative velocity at rotor blade exit 
 Wnet gas turbine net cycle work 
 
 a eroding particle impingement angle 
 hT turbine rational efficiency 
 xN stator (nozzle) blade loss coefficient 

xR rotor blade loss coefficient 
Dx change in overall blade row loss coefficient 

 f Level-set distance field variable 
 
 
INTRODUCTION 
 
Aircraft engine maintenance represents a significant portion of 
the operating costs for an aircraft and has a significant impact 
on the value of the engine (Ackert [2011]). Traditionally, 
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maintenance was based on prescribed, fixed time intervals. 
Modern on-condition maintenance practices are based on 
routine monitoring of key parameters like fuel flow, engine 
rpm, EGT (Exhaust Gas Temperature) margin, etc.. Any 
degradation beyond specified limits requires the engine to be 
removed for maintenance. Forecasting and estimating the on-
wing life and subsequent shop visit costs play a central role in 
managing the economic performance of an engine (see, for 
example, Kennet [1994] & Justin et al [2010]).  
 
Engine performance degradation can be caused by a variety of 
factors: erosion associated with ingested particulates; fouling; 
deposition of volcanic ash; hot corrosion; excessive local 
temperature; manufacturing variability compromising local part 
life; foreign object damage; tip rubs; etc.. Hence the on-wing 
life of an engine is greatly influenced by operational factors 
like thrust rating, flight length, the flight environment (dry, hot, 
dusty, marine, etc.). An excellent review is given by Kurz et al 
[2014]; as illustration, Figure 1 shows the impact of compressor 
fouling & washing on engine performance. 

	
Fig.1:	The	impact	of	compressor	fouling	&	washing	on	

engine	performance	(from	Kurz	et	al	[2014])	
 
As components degrade and clearances increase (especially in 
the HPT) the engine has to run hotter to develop the same 
thrust. EGT sensors provide a surrogate to infer the 
temperatures seen by the turbine blades and disks (see, for 
example, von Moll et al [2014]). The need for a performance 
restoration of a degraded engine module is signalled by the 
EGT margin reducing with flight hours (FH). The various Life 
Limited Parts (LLP) need replacing after specified flight cycles 
(FC) and so it is important not to waste any LLP “stub life”.  
 
As well as the number of flight hours, the degradation of the 
EGT margin is very much influenced by environmental factors 
(sand, temperature, etc.). Figure 2 (from Ebmeyer et al [2011]) 

illustrates this; notable is the wide spread of data and the very 
severe effect of dust & sand erosive damage (Category A 
airports) which can double degradation rates. 
 

	
Fig.2:	The	reduction	of	EGT	margin	with	engine	flight	
cycles	for	different	airport	environments	A,	B	&	C;	

Category	A	suffers	mainly	dust	&	sand	erosive	damage		
(from	Ebmeyer	et	al	[2011])	

 
To illustrate the scale of the challenge, Figure 3 shows typical 
in-service degradation in aero-engines. In the Figure (top left) 
is hot corrosion (Wing at al [1981]), (top right) deposition & 
erosion on a HPT NGV (Batalha [2012]) (bottom left) HPT 
blade deterioration pattern & (bottom right) HPT vane damage 
– Trailing Edge “bulging” (both from Ebmeyer et al [2011].  
 

	 	

	 	
	

	
Fig.3:	Typical	in-service	degradation:		

(top	left)	hot	corrosion	(Wing	at	al	[1981]),	(top	right)	
deposition	&	erosion	on	a	HPT	NGV	(Batalha	[2012]),	

(bottom	left)	HPT	blade	deterioration	pattern	&	(bottom	
right)	HPT	vane	damage	–	Trailing	Edge	bulging	(both	

from	Ebmeyer	et	al	[2011]	
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The particular HPT NGV shown in Figure 3 (top right) had 
apparently been under observation via borescope and, despite 
its appearance, at the Shop Visit was declared within limits and 
sent for repair rather than being scrapped (the replacement cost 
is around $10-15k per blade (Batalha [2012])). The repair-
replace judgement – as well as the judgement that the blade was 
safe to continue flying – were made using experience and 
naturally in a conservative way. Aero-engine maintenance is 
very expensive: the typical cost of “performance recovery” at a 
Shop Visit is $1.5-2M per engine and the replacement cost of 
the several Life Limited Parts (HPT module, etc.) is in the 
range $400-600k each (Ackert [2011]). Given the extremely 
large costs involved and the current trend to bundle 
maintenance costs into a long term support package, there is 
huge scope for a much more physics-based approach.  
 
Work has been carried out to try to simulate the degraded 
behaviour of engines to better understand and manage their in-
service performance. However, this is usually based on a cycle 
analysis with something like GasTurbTM (see Ebmeyer et al 
[2011] or through-flow simulation (see Campora et al [2011]) 
with empirical data, perhaps fleet averages, used to modify key 
performance correlations like blade loss coefficients, blade 
throat (and hence exit angle), tip clearance losses, etc. in some 
overall averaged way. There have been some attempts within 
3D simulation to model degradation by increased roughness 
levels imposed via modified wall functions (like Aligoodarz et 
al [2013]) but, again, the roughness effects need to be 
correlated from measured data. 
 
There is clearly a role here for AI, Machine Learning & Data 
Analytics mining data and finding patterns and trends from all 
the in-service data currently flowing from a particular engine 
type. Examples of this are: Yildrin et al [2018] & Ntantis et al 
[2015]. However, this cannot follow an individual engine in the 
spirit of a Digital Twin, nor deal with new engines with no fleet 
data to mine, nor respond to (perhaps borescope) observed 
degradation and predict how much life is left in an individual 
component, nor help design an engine which ages better. What 
is needed is a more physics-based approach. 
 
The common factor in performance degradation is changes to 
the physical geometry of the engine’s primary and secondary 
flow paths – blades, seals and cooling systems. This paper will 
describe & demonstrate a physics-based simulation framework 
consisting of a novel Digital geometry model which can 
represent a wide range of typical in-service degradation 
coupled with a meshing system which can deliver the full 3D 
complexity of the geometry to conjugate aero-thermal-
mechanical simulation. Then, predicted (or observed) 
degradation modifies the geometry, the performance, and so on, 
with the potential to enable through-life simulation of the 
economic performance of the engine.  
 
 

 
THE STRUCTURE OF THIS PAPER 
 
In this paper there are three core sections describing the three 
different strands of modelling which need to be brought 
together to support through-life modelling.  
 
The first strand is a financial perspective on engine 
maintenance. A brief overview of the financial implications of 
engine maintenance is presented - in particular the basic 
uncertainties are described in terms of the wide variability & 
predictability of maintenance costs.  
 
The next strand is the engine cycle itself. A simple model 
(purely for illustration) is developed connecting cycle 
thermodynamics and component efficiency to one of the key in-
service condition monitoring measurements, Exhaust Gas 
Temperature (EGT).  
 
The final strand is the physics-based modelling of the in-service 
degradation itself. We introduce a novel Digital Geometry 
model and discuss its potential to support through-life geometry 
change; we describe particular application to support particulate 
erosion. 
 
Then, two example simulations are presented to demonstrate 
the combined capability. The paper ends with some concluding 
remarks and discussion of possible future directions. 
 
 
BRIEF OVERVIEW OF THE FINANCIAL IMPLICATIONS 
OF VARIABILITY & UNCERTAINTY IN ENGINE 
MAINTENANCE SCHEDULING 
 
An excellent introduction to the financial implications of 
engine maintenance is given by Ackert [2011]. In simple terms 
there are two rhythms: 
 

• LLP (Life Limited Parts) are certified for a fixed 
number of Flight Cycles (FC); these are typically 
declared as 15,000 to 30,000 FC – after which the 
parts must be replaced 

• Engine wear & deterioration measured by EGT 
(Exhaust Gas Temperature); for fixed thrust, the 
efficiency of the engine degrades so the cycle exit 
temperature rises. 

  
For optimum economic performance these two maintenance 
rhythms need to be balanced carefully against the flight profiles 
so no LLP ”stub life” is wasted. The key is for wear & 
deterioration to be as predictable as possible.  
 
Direct Maintenance Costs (DMC) in $/Flight Hour ($/FH) 
depend on the duty required of the airplane & the environment 
the aircraft flies through. DMC is expressed relative to a Base 
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Point (see, for example, Table 1) with variations from the Base 
Point taken into account via “correction factors”: 
 

• “Severity Factors” for de-rate (ie. running at reduced 
thrust) & flight hours (see Figure 4) 

• “Environment Factors” for temperate, hot/dry & 
erosive operating conditions (see also Figure 4). 

 

	
Table	1:	Example	Base	Point	data	(Ackert	[2011])	

 
These factors are derived from correlation, in-flight data, 
manufacturer, fleet averages, etc. and are key to managing 
maintenance costs. Clearly the reliability & predictability of the 
degradation rate have a significant bearing on the maintenance 
costs. 
 

	
	

	
Fig.4:	Correlated	engine	Severity	Curves	&	Environment	
Factors	which	“correct”	for	engine	duty	away	from	the	

Base	Point	(from	Ackert	[2011])	
 
Hence using Table 1 and Figure 4 the DMC in $/Flight Hour 
($/FH) can be estimated from the “Severity Factors” & 
“Environment Factors” used relative to the Base Point – this is 
shown in Table 2 (with the associated FH). What is 
immediately noteworthy is the very wide variability - around 
factor two. This represents a huge financial uncertainty and 

illustrates the business risk of in-service maintenance packages 
and leasing contracts. 
 

	
Table	2:	Potential	range	of	DMC	(equivalently	FH)	

relative	to	the	engine	Base	Point	
 
One of the objectives of the work reported in this paper is to 
explore whether a more physics-based approach has the 
potential to reduce the uncertainty & variability associated with 
both predicting & managing maintenance costs and improving 
engine design to optimise through-life economic performance. 
This is especially so for new engine variants or even new 
engine architectures for which there will be a lack of 
accumulated in-service condition monitoring data to mine. 
 
CONNECTING ENGINE COMPONENT DEGRADATION 
VIA THE THERMODYNAMIC CYCLE TO THE EGT 
 
Accordingly, the second core strand of this paper is to create a 
simple way to connect the degradation of individual engine 
components (like the blading) via the engine cycle to the EGT 
monitoring measurements. We deliberately adopt a very simple 
approach to clearly illustrate the physics at play. Figure 5 shows 
the classic thermodynamic cycle for the core of a by-pass 
turbofan. Degradation reduces component efficiency and this 
then needs increased TET (T04) to maintain constant thrust. 
EGT is a surrogate for the temperature of the HPT blades and 
disks (the key life limiting components).  
 

	
Fig.5:	Classic	thermodynamic	cycle	for	the	core	of	a	by-
pass	turbofan	engine	showing	the	effect	of	component	

degradation	on	efficiency	(black	to	red)	
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Using simple analysis we can relate the change in component 
performance to EGT. First, the effect of changing efficiency on 
EGT can be derived by considering the net work produced by 
the engine core; this produces thrust both from the core jet and 
by powering the fan/by-pass flow (Cumpsty [2003]): 
 

	
 
If thrust is to be held constant then Wnet is fixed; assume also 
that the cycle pressure ratio, OPR, the compressor efficiency, 
hc, and T02 are constant. The equation can be differentiated to 
give: 

	
 
To first order, the change in EGT is the same as the change in 
TET, DT04. Hence, in a typical, modern high by-pass ratio 
engine at cruise (31,000ft, M=0.85), T02=259K, hT ~0.90 and 
T04/T02~6 and so a reduction in turbine efficiency of 0.01 (1% 
point) leads to an approximate increase in EGT of 16°C. This is 
very significant. 
 
Component performance can be related to efficiency (again, in 
a very simple illustrative way) using basic analysis - for 
example Dixon [1971] gives the following for a stage 
 

	
 
where xN & xR are the nozzle & rotor blade enthalpy losses, v2 
& w3 are the nozzle & rotor exit velocities and (h1-h3) is the 
stage enthalpy drop. For a typical 50% reaction stage (with 
flow & work coefficients 0.5 & 1.0) with typical blade exit 
angles this formula reduces approximately to DhT ~ -Dx where 
x is the enthalpy loss coefficient for a single blade row. (In 
practice entropy producing losses have slightly less impact on 
the overall turbine efficiency if incurred at higher temperatures 
(the so-called “reheat” effect, see Denton [1993]) but this is 
neglected here.) 
 
Hence, the change is EGT is related to the change in an 
individual turbine blade row performance by: 
 

	
 
This is a very simple, approximate analysis; a much more 
sophisticated treatment is indeed possible using engine cycle 
modelling software (as, for example, presented by Ebmeyer et 
al [2011]) but this approach is preferred here to clearly 
illustrate the direct relationship between engine degradation and 
component life as measured by EGT. 
 

PHYSICS-BASED MODELLING TO REPRESENT & 
SUPPORT THROUGH-LIFE DEGRADATION 
 
Digital Geometry 
 
Geometry usually starts as “pristine” CAD emerging from a 
typical industrial Design & Product Life Management system. 
This geometry will be classical BREP-NURBS with some 
limited parameterisation. However, once in service, this 
geometry representation rapidly becomes inadequate: geometry 
becomes “discrete” and is derived from scans, CT or 
photogrammetry. To illustrate this, Figure 6 shows a rendered 
laser scan of a volcanic ash damaged HPT NGV (Bonilla 
[2012]); this “discrete” geometry is available as a (tessellated) 
Point Cloud – and reverse-engineering this into BREP-NURBS 
format (whilst not impossible) to support simulation is simply 
too slow & expensive to be considered. And in any case, 
classical CAD is still not well aligned with the needs of 
automated mesh generation and hence not well suited to 
automated simulation workflows (see for example Gammon et 
al [2018]). 
 

	
Fig.6:	Rendered laser scan of a volcanic ash damaged HPT 
NGV (Bonilla [2012]); this “discrete” geometry is available 

as a (tessellated) Point Cloud	
 
As an alternative we have for some years (Dawes et al [2005-
2018]) been developing a Digital Geometry modelling kernel 
aimed specifically at managing efficiently, quickly & robustly 
difficult, complex & challenging geometries. The famous 
Bresenham line algorithm [1962] was developed as a way of 
representing a line via discrete pixels – “Rasterisation” on the 
newly emerging Cathode Ray Tube terminals. This is 
essentially the core idea in digital photography – a picture – in 
3D this becomes geometry and the pixels become voxels.  
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Fig.7:	Our	Digital	Geometry	Kernel;	on	the	(top)	the	

“Rasterisation”	of	the	geometry;	on	the	(lower	left)	a	3D	
voxel	image;	on	the	(lower	right)	the	Level	Set	Distance	
Field	storing	sub-voxel	scale	geometry	information	

 
We have developed a software system (see Dawes et al [2005-
2018]) built on Digital Geometry using generalised 3D versions 
of the fundamental Bresenham algorithm; Figure 7 illustrates 
this. This consists of an integer representation of geometry 
down to a chosen length scale – voxels which determine 
“spatial occupancy”: either occupied, vacant or cut. This is 
combined with a local scalar Distance Field managed through 
Level-Set technology (Adalsteinsson et al [1995]) – to 
represent sub-voxel scale geometry. The key advantage of this 
approach is that geometry editing & management is supported 
in a very general, topology-independent way and is easily 
coupled with physics-based simulation. 
 
In the Digital Geometry world, editing & managing the 
geometry consists of modifying the Distance Field as illustrated 
in Figure 8: shown on the (left), simple Boolean operations; on 
the (right) morphing of one shape, “A”, to another, “B”. 
 
 

	 	
	

Fig.8:	Digital	Geometry	editing	the	Distance	Field:		
(left)	simple	Boolean	operations;		

(right)	morphing	Shape	“A”	to	Shape	“B”	
  

In more detail, the Level-Set Distance Field is defined by: 

   	"($, &	>	0) = ±+   .  
 
It is easy to show (Adalsteinsson et al [1995]) that there is an 
associated evolution equation: 

 
     !" + $ ∙ &! = 0  
 

where F is the Speed Function – setting the rate (and also the 
extent & location) of changes to the Digital Geometry surface 
𝜙=0. “Geometry edits” are just changes to this scalar field, 
defined somehow/anyhow via the function F. For example: 
 

• standard Boolean operation is just 
o F= min (target_shape, tool_shape)   

• classical morphing operation (Breen & Whitaker 
[2001]) is just  

o F= (#$%&'($-#*+,&-()   
• erosion/corrosion/burning/ablation is just   

o F=volume transfer to/from surface/s 
 

This geometry framework provides a rich and as yet largely 
unexplored capability; within this paper we explore the use of 
this model to support through-life degradation in gas turbines. 

 
Using Digital Geometry to Support Erosion Simulations 
 
As a very simple illustration, Figure 9 shows stages in the 
simulation of erosion by sand of the surface of a sphere.  
 
 

	 	 		

	
Fig.9:	Stages	in	the	erosion	of	a	sphere	subject	to	sand	

particle	impingement;	the	image	shows	the	zero	distance	
of	the	Level	Set	geometry	

 
The erosion simulation was performed using standard Fluentä 
Discrete Particle Modelling (DPM) (see [www.ansys.com]) 
combined with classical erosion modelling (see for example 
Finnie et al [1992]). The erosion model takes the form: 

	
 
where the erosion rate (ER) of the geometry face depends on 
the mass of impacting particles, an empirical function of the 
particle diameter, an empirical function of the impact angle and 
the particle velocity (with an empirical exponent). The 
predicted surface variation in erosion rate (m3/m2 s) is related 
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directly to the Level-set morph Speed Function F (m/s) and is 
imported directly into our software system and used to morph 
the Level Set Distance Field; in the Figure the zero distance 
(f=0) is rendered. 
 
A new simulation mesh is then automatically generated for this 
new, morphed geometry – see Figure 10. This is a key novelty 
of our approach – we morph the geometry not the mesh. 
 

	

	 	
	 	

	
Fig.10:	Simulation	mesh	(surface	shown)	generated	by	our	
simulation	system	for	the	eroded	sphere	generated	from		

the	morphed	Level	Set	geometry	
 
Our software system is very robust and to generate a mesh for a 
geometry like this is straightforward; the exported mesh then 
drives, for example, FluentTM allowing the performance of the 
modified geometry to be predicted. Thereby, a scripted, 
automated "morph-mesh-solve" workflow can be created as 
sketched in Figure 11; it is this workflow which we believe is 
capable of supporting through-life simulations by coupling 
physics-based geometry degradation to predicted performance 
changes. 
 
 

	
	

Fig.11:	The	automated	morph-mesh-solve	workflow	

EXAMPLE 1: SIMULATED HPT BLADE EROSION 
 
Preamble 
 
This Section will show our first attempts at modelling blade 
degradation using physics-based simulation. We have chosen 
particulate erosion as this is one of the most severe mechanisms 
as discussed in the Introduction. 
 
There are a number of approaches to particulate erosion 
modelling in the literature based on “dilute phase” (one-way 
coupling) Lagrangian particle tracking combined with an 
impact “bounce” or “stick” erosion model. As validation, there 
are many published cases: for example Tabakoff et al [1990], 
Hamed, Tabakoff et al [2005] or Graham et al [2009]. As an 
example, Figure 12 shows measured erosion by sand particles 
of an aluminium cylinder/endwall compared with a Fluentä 
simulation (taken from Graham et al [2009]).  
 

	 	
	

	
Fig.12:	Measured	erosion	(left)	by	sand	particles	of	an	
aluminium	cylinder/endwall	compared	with	a	Fluentä	
simulation	(right;	taken	from	Graham	et	al	[2009])	

 
Accordingly, we use in this paper the basic DPM/erosion model 
available in FluentTM (based on Finnie et al [1992]) and have 
reproduced the results in Figure 12 to verify our approach. We 
have studied both the stator vanes and the downstream rotor 
blades and results are presented in the following Sections. 
 
Stator vanes 
 
The stator blades are typical of those used in an aero-engine 
HPT stage. A standard unstructured mesh was generated by our 
software system and then exported to FluentTM to produce the 
baseline solution with standard inlet & outlet boundary 
conditions. Then the DPM/erosion simulation was performed 
by FluentTM injecting sand particles with a “Rosin-Rammler” 
distribution (Rosin et al [1933]) and specifying the sand mass 
flow rate / number of particles & the distribution of particle 
diameters as shown in Table 3. The particles were injected in 
the same direction and with the same velocity as the bulk air 
flow. Quantitative data on particulates in aero-engine turbines 
is rarely available in the public domain; for this study the 
particle size & burden were selected based on the information 
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in Hamed, Tabakoff et al [2005] and is representative of 
“runway sand”. 
 

Blade	inlet	angle	[oC]	 0	
Blade	exit	angle	[oC]	 70	

Re	[-]	 0.5-1x106	
Sand/air	mass	flow	ratio	[%]	 0.21	

Sand:	min;	mean;	max	diam.[µm]		 60;	250;	1000	
	

	
Table	3:	Basic	stator	vane	simulation	parameters	

 
Different particle sizes take different paths through the flow 
with small ones following the flow and larger ones having a 
more “ballistic” trajectory. Figure 13 illustrates this. 
 

	 	 	
	

Fig.13:	Predicted	trajectories	of	different	sizes	of	
particle:	(left)	2	µm;	(centre)	20	µm;	(right)	200	µm	

 
An overview of the predicted erosion rates is shown in Figure 
14. The particles in the simulation input are relatively large and 
their trajectories tend towards “ballistic” so the majority of the 
particle-blade impacts occur on the blade pressure side. 
 
Notable in Figure 14 is the tendency for particles to collect in 
the pressure side/endwall corner and for their path-lines to roll 
up into a vortical structure (see zoom view in Figure 15). This 
leads to greatly increased local erosion rates compared to the 
general blade background level of around 0.5mm/10,000h; the 
predicted maximum erosion rate is around 2.3mm/10,000h. 
(10,000h is about half the Flight Hours expected before a 
Restoration Shop Visit (see Table 1).) 
 
The next step in the morph-mesh-solve workflow is for the 
erosion rate to be imported into our software system and for the 
blade geometry to be morphed using the Speed Function “F” 
mapped onto the local erosion rate. Once the new geometry is 
generated it is exported to our simulation system and a new 
simulation mesh created and exported in turn to FluentTM. 
Figure 16 illustrates this simulation mesh (surface shown) for 
the eroded stator blade; particularly evident is the erosion 
pattern associated with the particulate vortical structure formed 

in the pressure side/endwall corner. It is important to emphasize 
that this is a body-fitted mesh generated for a degraded 
geometry – not a morphed mesh – and that classical BREP-
NURBS CAD would have difficulty in representing this 
degraded geometry. 
 
 

	

	 	
	

	

	
Fig.14:	Overview	of	predicted	erosion	rates	in	kg/m2	s	for	

the	HPT	stator	vane	
 
 

	
	

Fig.15:	Particle	trajectories	in	the	pressure	side/endwall	
corner	showing	a	vortical	structure	(view	upstream	

from	the	blade	trailing	edge)	
 
 
A new flow simulation is run using FluentTM and the result is 
illustrated in the next Figure which shows total pressures 
plotted in a constant streamwise cut near the stator vane TE 
plane for both the pristine and eroded geometries. The 
differences are relatively small but nevertheless the extra loss 
generated by the pressure side/endwall erosion is detectable.  
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Fig.16:	Simulation	mesh	(surface	shown)	for	the	eroded	
stator	blade;	particularly	evident	is	the	erosion	pattern	

associated	with	the	particulate	vortical	structure	
formed	in	the	pressure	side/endwall	corner.	

 
To make this more quantitative, Table 4 shows the predicted 
loss coefficients for both pristine and eroded geometries 
together with an estimate of the impact of this on the Exhaust 
Gas Temperature using the very simple analysis described 
earlier and for the nominal case of a modern by-pass turbofan 
engine at cruise (31,000ft, M=0.85, T02=256K and T04/T02=6 ; 
see Figure 5). 
 
As can be seen from Table 4, the loss coefficient is significantly 
impacted during the simulated degradation event by the 
geometry changes. When imagined to be a blade in a by-pass 
turbofan at cruise, this increase in loss coefficient is estimated 
to cause a significant increase in EGT of 5.1 oC per 1000FC 
(1FC=2FH) – the magnitude compares well with Ackert [2011] 
who quotes 4-5°C per 1000FC. 
 
This example has successfully demonstrated how physics-based 
simulation might be applied to estimate through-life 
performance changes associated with component geometry 

degradation and hence the associated changes in monitored 
quantities like EGT. 
 

	

	
Fig.17:	Predicted	total	pressures	near	the	vane	TE	for	the	

pristine	(top)	and	eroded	(bottom)	geometries.	
 
 
 

	
	

Table	4:	Predicted	loss	coefficients	and	associated	
estimated	changes	in	EGT	for	a	nominal	by-pass	

turbofan	at	cruise	for	the	pristine	&	eroded	geometries	
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Rotor blade 
 
The next example is rotor blades typical of those used in an 
aero-engine HPT stage. A standard unstructured mesh was 
generated by our software system and then exported to 
FluentTM to produce the baseline solution with standard inlet & 
outlet boundary conditions. Then the DPM/erosion simulation 
was performed by FluentTM in the same way as for the stator 
vane. 
 
 

Blade	inlet	angle	[oC]	 +56	
Blade	exit	angle	[oC]	 -65	

Re	[-]	 2x106	
Sand/air	mass	flow	ratio	[%]	 1.4	

Sand:	diameter	[µm]	 200	
	

	
Table	5:	Basic	rotor	blade	simulation	parameters	

 
 
As before, the predicted general background erosion level is 
around 0.5mm/10,000h with the maximum rate is around 
2.3mm/10,000h. This is imported into our Digital Geometry 
model, mapped onto the Level Set morphing Speed Function 
“F” and the Digital Geometry modified accordingly. As shown 
in Figure 18 the Level Set geometry can be morphed to 
interpolate between the pristine & eroded geometry and within 
our software can be controlled by a “slider”: (left) slider at 
36%, (right) slider at 96% - so allowing a physics-based 
interpolation between the start & end of the particular erosion 
event. This allows an approximate time history to be 
interpolated.  
 
 

	 	
	

	

Fig.18:	The	Level	Set	geometry	can	be	morphed	to	
interpolate	between	the	pristine	&	eroded	geometry		

and	controlled	by	a	“slider”:		
(left)	slider	at	36%,	(right)	slider	at	96%	

 
 
Any selected geometry can be exported to our software system 
and a simulation mesh generated (see Figure 19); this mesh in 
turn can be exported to FluentTM. It is important to emphasize 
again that our approach morphs the geometry not the mesh. 
 

	

	
	
	

Fig.19:	A	simulation	mesh	can	be	generated	for	any	
selected	geometry	and	exported.	

 
The particles are relatively large and tend to have “ballistic” 
trajectories and so emerge from the stator either with much less 
turning than the stator vane turning angle or rather slower than 
the bulk air velocity. In either case this means that in the rotor 
blade relative frame the particles tend to arrive at high negative 
incidence and impact the blade leading edge region; this can be 
seen from the erosion distribution predicted. The next Figure, 
Fig.20, shows the predicted flowfield in the leading edge region 
of the blade for the pristine and eroded cases. 
 

	 	
	

	
Fig.20:	Predicted	flowfield	(pressure)	in	the	leading	edge	

region	of	the	pristine	(left)	&	eroded	(right)	blades	
 

	
	

Table	6:	Predicted	loss	coefficients	and	associated	
estimated	changes	in	EGT	for	a	nominal	by-pass	

turbofan	at	cruise	for	the	pristine	&	eroded	geometries	
 
Table 6 shows the predicted loss coefficients for the pristine 
and eroded blades with a cycle estimate of the impact of this  
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degradation on EGT assuming the blade to be in a by-pass 
turbofan at cruise and using the simple analysis described 
earlier. As can be seen from Table 6, the loss coefficient is 
significantly impacted during the simulated degradation event 
by the increased roughness. This is compatible with the 
findings of Aligoodarz et al [2013] who reported increases of 
blade loss coefficient of 30-50% when simulations were 
performed with engine-representative roughness level applied 
via modified wall functions. 
 
The estimated increase in EGT associated with the degraded 
geometry compares well with Ackert [2011] who quoted 4-5°C 
per 1000FC. Again, this example has successfully demonstrated 
how physics-based simulation might be applied to estimate 
through-life performance changes associated with component 
geometry degradation. 
 
 
EXAMPLE 2: SIMULATED COOLED HPT BLADE 
BURN-THROUGH 
 
The final example is the ambitious case of a simulated cooled 
turbine blade “burn-through” – representative of the more 
extreme geometric degradation illustrated earlier in Figure 3. In 
this example the “pristine” blade geometry, Shape A, comes 
from manufacturing CAD; the “damaged” geometry, Shape B, 
is created as a Point Cloud to mimic observed cases. Then, as 
before, we use the Level-set Digital Geometry capability within 
our software system to morph “pristine” to “damaged” 
geometries, modelling the time history of the degradation via 
the “slider bar”. We then automatically export CFD simulation 
meshes from our system for each of the geometries at selected 
stages during the morph-mesh-solve workflow. Currently we 
have used the classic Breen-Whitaker [2001] morph; our next 
aim is for the morph (and associated speed function “F”) to be 
taken from a physics-based aero-thermal-mechanical-material 
simulation. Figure 21 shows the geometry during stages of the 
simulated burn-through of the cooled turbine blade. 
 
 

	 	 	
	

Fig.21:	Stages	during	the	simulated	burn-through	of	the	
cooled	turbine	blade:	geometry	

 
 
Figure 22 shows a detail of the blade leading edge geometry 
and associated mesh in the later stages of the burn-through 
simulation. The geometry is by now very complex but both the 
Digital Geometry model and associated mesh generation are 
perfectly happy handling this: every mesh exported from our 
software system solves straightforwardly in Fluentä. 

	

	
	

Fig.22:	Geometry	(top);	the	zero	distance	of	the	Digital	
Geometry	Level	Set	and	associated	mesh	(bottom)	in	the	

later	stages	of	the	burn-through	simulation.	
 
Figure 23 shows flow simulation results at stages during the 
simulated burn-through of the cooled turbine blade. The 
progressive – and increasingly serious – degradation of the 
performance is clear. Finally, in terms of stage matching and 
coolant load: as the throat opens, there is more primary mass 
flow; as the coolant holes “burn” there is more coolant flow 
also (fixed pressure ratio boundary conditions); see Figure 24. 
There is no experimental data currently in the public domain 
with which comparisons of our simulations can be made. 
 
CONCLUDING REMARKS & FUTURE DIRECTIONS 
 
In this paper we have described the three different strands of 
modelling which need to be brought together to support 
through-life modelling: the financial implications; the engine 
cycle coupled to component degradation; and a physics-based 
simulation approach. The core of the simulation is a novel 
Digital Geometry model which is capable of supporting typical 
– even extreme – gas turbine through-service geometry changes 
caused by degradation. The changing geometry can 
straightforwardly be represented by simulation meshes which 
can then support CFD etc. which can then in turn predict the 
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changes in component performance associated with 
degradation.  
There are several potential future directions for this work. One 
is for this physics-based prediction to support the current data-
based approach, based on condition monitoring & correlated 
fleet averages, to enable better physical understanding of 
degradation; more help with concessions & sentencing for 
damaged parts would be very valuable.  
 
A second direction would be to help manage through-life 
economics better – for example to manage the fleet so that 
degradation is synchronised more closely with the Life Limited 
Parts so less stub life is lost.  
 
And finally, physics-based degradation prediction should 
support better up-front design with life-cycle costs added to the 
list of design metrics – design to mitigate degradation. 
 
 

	 		

	
Fig.24:	Predicted	variation	in	cooling	flow	&	primary	flow	

during	the	simulated	“burn-through”	
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