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Hot corrosion is a form of chemical damage that causes surface degradation, sound
material loss and reduced component life. A lifing analysis in aero engines without considering
hot corrosion can lead to unexpected damage findings and increased scrap rates due to blade
thickness loss beyond repair. This paper presents a novel methodology to predict hot corrosion
damage based on aero-engine performance and flight mission analysis while taking into
account environmental exposure, fuel quality and material factors. The participating
mechanisms, from salt and sulfur ingestion to deposition and hot corrosion attack, are
discussed to explain the phenomenon in aero-engine components. In the investigated engine
type, the first stage of the low-pressure turbine is the most affected. The application of the new
methodology provides insights into the damage progression during the flight, the most affected
components and the importance of capturing variations in the fuel quality, environmental
exposure at the flight region and the thrust derate policy. For a representative 1500nmi
mission, the variations in environmental exposure, fuel quality and derate policy within typical
limits can result in up to +350% damage. The outputs of the new framework can inform the
decision-making for Maintenance, Repair and Overhaul (MROQO) contract costing and
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I. Introduction

A. Motivation

Engine maintenance is essential for safety, component integrity and performance restoration, and it contributes
significantly to life cycle costs. An informed maintenance schedule based on a combination of predictive methods and
condition monitoring [1] can optimize fleet management by optimizing Time-On-Wing (TOW) and operating costs
[1], [2]. Earlier maintenance philosophies were based on a “hard-time” engine removal which frequently lead to under-
usage of component life, and increased ground time and costs. Disks and blades were designed using simple rules and
had certified lives up to the first crack initiation. More recent practices have shifted towards maintenance actions based
on condition monitoring and the predicted state of the engine components [3]. The state of the art is moving towards
predictive digital twins that use a combination of real-time engine parameter monitoring, probabilistic analysis and
deterministic physics-based models to predict engine condition and remaining life of each component based on the
usage, flight profile and operating conditions of each engine number [4]. Modern fleet management takes into account
not only safe operation, minimizing maintenance costs and grounding time, but also the fuel cost penalty due to engine
degradation. State-of-the-art predictive lifing capabilities such as digital twins can benefit from damage models that
go beyond creep, fatigue and oxidation and can capture more complex chemically induced mechanisms i.e. hot
corrosion which is driven by the combination of the operating region, environmental exposure, fuel quality, flight path
and operating conditions that are specific to each fleet or engine serial number for an even more customized prediction.
Neglecting the effect of hot corrosion may lead to less accurate operational severity estimation of aero-engines and

fleets that may have similar predicted levels of creep, fatigue and oxidation, but different hot corrosion exposure.

B. Hot Corrosion Background

Hot Corrosion (HC) is often defined as the accelerated oxidation/sulphidation in the presence of alkali salts in a
sulfur-contaminated gas environment [5], and it is observed at high temperatures between 600°C and 1000°C. It is a
form of environmental attack, usually in the presence of liquid salt deposits and is distinguished from erosion, which
is a mechanical process that involves material removal by impingement of solid or liquid particles [6]. Gas-phase-
induced hot corrosion [7] may also take place if no deposit can be condensed, but the most catastrophic form of hot
corrosion happens in the presence of molten salt deposits. Two main types of hot corrosion have been identified, Type

IT (Low-Temperature Hot Corrosion) and Type I (High-Temperature Hot Corrosion).



Type II (Low-Temperature Hot Corrosion) usually takes place in the temperature range of 650°C - 800°C and Type
I (High-Temperature Hot Corrosion) in the temperature range of 800° - 950°C [8], although these boundaries should
not be treated as hard limits. It is reported that the most catastrophic form of hot corrosion is when molten alkali
sulfates are deposited, but a previous study by Lillerud et al. [9] detected sulphidation when corrosive species are in
the gas phase and interact with the metal surface. Type I (High-Temperature Hot Corrosion) requires molten salt
deposits that dissolve the protective oxide scale and then attack the substrate material. The mechanism can be acidic
fluxing or basic fluxing, depending on high SOj3 partial pressure or high NaO activity in the melt, respectively. The
reactions of Type Il HC are activated by high SO; partial pressure and the lower-melting-point eutectics of Na,SO4-
NiSOs for the nickel phase [6] and Na,SO4-CoSOj4 for the cobalt phase [8], with NiSO4 (or CoSOj4 respectively) being
a corrosion product [10].

Hot corrosion theory [11], [12], [13], [14], [15] describes the hot corrosion rate (HCR) over temperature
qualitatively with diagrams similar to Fig. 1 with characteristic peaks near 700°C and 850°C. Sumner et al. [15]
explained that the peaks of this curve derive from the balance between increasing reaction rates with increasing

temperature and destabilization/evaporation of the deposits.
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Fig. 1 Hot corrosion rate trend over temperature (qualitative)
C. Hot Corrosion Material Science Studies
There are several types of hot corrosion experimental studies in the literature on various materials, including steels,
cobalt alloys, nickel alloys that may or may not have a coating and are used in gas turbine applications (e.g. power
generation, marine) or other applications, e.g. boilers. Hot corrosion experimental studies can be focused on analyzing
the composition of the exposed surface and the microstructure [6], [16], [17], [18], [19], correlating hot corrosion

damage after exposure under a range of conditions in the form of a parabolic rate constant [20], [21], [22] or on



extracting semi-empirical hot corrosion models [23], [24], [25], [26], [27], [28] which fit the experimental results
under a given set of conditions. In the context of this research, the most relevant type of experimental study is the
latter because formulas that can be used to correlate engine operating conditions with the hot corrosion rate are
required to perform a performance-based hot corrosion analysis under the highly varying conditions of aircraft
engines.

The available experimental data in material science literature offer significant information about the hot corrosion
performance of a specimen as a material itself but do not have sufficient links to aero-engine performance, operational
aspects and overall engine lifing. In addition, each of the reviewed experimental models exhibits variability only in a
part of the possible parameters. No experimental model offers generalization and sensitivity over the complete set of
conditions (temperature, pressure, salt deposition rate (DPR), gas composition). Consequently, some modeling

limitations are faced in the present work.

D. State of the Art in Hot Corrosion Life Prediction Based on Operational Parameters

Apart from the hot corrosion experiments that modeled the phenomenon from the perspective of material science
using some typical boundary conditions, there are very few studies in the literature that connected hot corrosion
damage with operational parameters in the highly varying aero-engine conditions. Lacaille et al. [29] developed a
probabilistic framework using neural networks to predict the probability of cumulative hot corrosion wear on the
turbine stators of a turbofan engine. They used real flight information (duration, environmental exposure, number of
flights) for each Engine Serial Number along with accumulative wear based on inspection findings. This approach
incorporates a few macroscopic operational parameters and is mainly data-driven with no physical interpretation of
the damage based on engine/aircraft characteristics and operating conditions. DARWIN [30] is a probabilistic life
prediction code for fatigue crack growth and has incorporated HOTPITS, a hot corrosion prediction methodology
[31], in order to include the effect of hot corrosion pits nucleation on crack coalescence and ultimately calculate a
probabilistic fatigue life. The hot corrosion methodology of HOTPITS consists of a deposition rate formula which is
a function of Reynolds number, fuel flow, time, a rate constant and the concentrations of Na and K impurities in the
fuel and air. It was assumed that there is always excess of sulfur to allow full sulphation of Na and K and full
conversion is always completed. The applicability was limited to stationary, industrial gas turbines and conditions

were provided as boundary conditions to the model.



Hot corrosion is broadly believed to affect industrial gas turbines more than aero-engines [32] because of their
continuous exposure to an industrial, contaminated environment, so there have been more efforts in literature to
capture industrial gas turbine hot corrosion than aero-engine hot corrosion, however, the challenges for predicting

aircraft engine hot corrosion may be greater due to the highly varying operating conditions, missions and regions.

E. Performance-Based Gas Turbine Lifing Studies

Tinga et al. [33] presented an integrated life modeling approach by using monitored flight data to inform an offline
engine performance model, which is then coupled with a thermal model and a stress analysis. They investigated the
effect of High-Pressure Turbine (HPT) deterioration on the Turbine Entry Temperature (TET) and creep strain at the
first stage (stgl) blade of the Low-Pressure Turbine (LPT). Mohamed et al. [34] correlated power demand with HPT
blade creep life through the effect of TET on the Creep Factor. Eshati et al. [35] studied the effect of humidity on the
remaining creep life of HPT blades under a range of TETs by considering the change in heat transfer to the blade due
to the water presence in the flow and they identified that a higher Water to Air Ratio (WAR) is beneficial to creep life.
Hanumanthan et al. [36] estimated the operational severity factor of HPT blades for different take-off and climb
derates, as well as ambient temperature. The considered damage mechanisms included low cycle fatigue, creep and
oxidation. Abu et al. [37] applied the Neu/Sehitoglu model for thermo-mechanical fatigue life prediction of a high-
pressure turbine blade. Mishra et al. [38] investigated engine life consumption using HPT blade and disc severity
factor, which consisted of creep, oxidation and low cycle fatigue. Ogiriki et al. [39] modeled the effect of the Thermal
Barrier Coating (TBC) failure due to oxidation on the creep life of an aero-derivative HPT by considering the increase
in blade metal temperature after the TBC failure. In another study, the same authors [40] also investigated the
combined interaction of fouling, TBC degradation and cooling hole blockage with the creep life of HPT blades.
Haslam et al. [41] calculated the operational severity for an HPT blade during a short-haul flight based on thermo-
mechanical fatigue using the Neu/Sehitoglu model for different take-off derates and ambient temperatures. Shi et al.
[42] performed fatigue testing and projected the experimental findings on the remaining flights until failure due to
creep and fatigue interaction. Zhou et al. [43] calculated the combined effect of creep and fatigue on the first turbine
stage of a power-generation gas turbine engine using the Larson-Miller Parameter and stress-life curve for the two
damage mechanisms, respectively. Reyhani et al. [44] performed a sensitivity analysis of the relative life factor of an
industrial gas turbine blade to changes in the coating thickness, power load and coolant inlet temperature and pressure,

and considered the effect of creep and fatigue using the Larson-Miller Parameter and Coffin-Manson equation



respectively. Alozie et al. [45] translated the effect of fouling and erosion on an HPT to an equivalent time that the
engine would have to operate in a reference mission to suffer the same degradation as when exposed to desert sand.
Severity is a measure of engine life consumption [36], and it is defined as the ratio of total damage due to a given
flight profile to the total damage of a reference profile [41]. The concept of expressing damage due to one or more
damage mechanisms among fatigue, oxidation and creep in a relative factor has been used in many studies ([36], [38],
[41], [44], [46], [47], [48]) for different combinations of damage mechanisms but none of them considered hot

corrosion.

F. Research Gap

The studies reviewed in Section E are deterministic lifing methods based on gas turbine performance, the
experimental studies reviewed in Section C tested material specimens under hot corrosion conditions in a controlled
lab environment disconnected from the aircraft operation while frameworks in Section D focus on probabilistic and
data-driven approaches to capture hot corrosion effect or considered only stationary gas turbines which have less
variability in the operation, environment and fuel quality than aero-engines. The present work offers a deterministic,
physics-based hot corrosion framework that aims to describe and interpret the phenomenon from the perspective of
aero-engine performance and lifing, while incorporating information from experimental material science that predicts
the damage with boundary conditions and inputs at material level which were previously isolated from the wider
ecosystem of aircraft/engine operation. The presented methodology does not replace experimental hot corrosion
testing, but informs its design and conditions, makes use of its outcome and connects it to the wider ecosystem of
aero-engine operation and performance. The aim of this methodology is to predict and explain hot corrosion damage
accumulation while capturing the effect of different thrust settings, ambient conditions, take-off and cruise altitudes,

payloads, ranges, degraded engine conditions, environments, fuel qualities etc.

G. Heat Transfer and Thermal Analysis Requirements for Aero-Engine Lifing

Material lifetime models focus on the material itself and are based on testing performed on specimens to understand
the material behaviour and characterize it under controlled lab conditions. Therefore, material models such as hot
corrosion experimental models are typically produced under thermal equilibrium in isolation from the wider ecosystem

of aero-engine operation. To move from material-level models to the complex operating environment and life



consumption mechanism of an aero-engine component a series of thermodynamic and aerothermal effects need to be
accounted for:

o Flight mission and aircraft performance
The thermal conditions of the aero engine components continuously change across the flight phases based on the thrust
requirement which is linked with the aircraft weight, and the ambient conditions. The altitude and weather conditions,
usually defined as a deviation from the International Standard Atmosphere conditions [49], affect the air temperature
and, hence, the air density. Hotter ambient temperature and lower air density reduce the drag of the aircraft but also
deteriorate the performance of the gas turbine resulting in higher operating temperatures and increased fuel
consumption.

e Thermodynamic cycle and gas turbine performance
Aero gas turbine engines operate on an open Brayton cycle. Aero gas turbines need to deliver the thrust required by
the aircraft at each segment of the flight mission. The thrust’s main component is the change in the momentum of the
air passing through the engine which creates a propulsive force, and the secondary component is due to the pressure
difference between the exhaust air and ambient air. To calculate the air mass flow and the air properties at each
component and at the exhaust nozzle a combination of thermodynamic processes, mass conservation and energy
conservation equations needs to be resolved over the flight segments [49], [50], [51], [52].

o Heat transfer and cooling effects
The thermodynamic cycle calculation only provides the gas path properties at each component but does not give direct
information about the components performing the work or the state of their material. For this reason, a thermal analysis
is required to model the heat transfer effects from the gas to the component and within the component, and ultimately
estimate the temperature of the component’s material. In the case of turbine blades with internal cooling, there is one
more interface i.e. between the internal blade wall and the cooling channel, and the heat transfer analysis can be
transformed into a blade cooling model. In summary, there is convective heat transfer between the gas and the blade,
conductive heat transfer through the thermal barrier coating and blade material and, in the case of internally cooled
blade, convective heat transfer from the blade to the coolant air in the cooling passages to reject part of the heat. The
heat transfer and blade temperature problem has been presented with solutions of various levels of fidelity and

geometric detail for different purposes. Thermal analysis methods can be classified based on four main criteria:



1. Fidelity: full 3D numerical analysis [53], [54], [55], [56], analysis with reduced directions of heat transfer
(that can be either numerical or analytical) [57], [58], [59], [60], [61], [62], and analytical methods [61], [63]

2. Timescale: steady-state or transient [64], [65], [66]

3. Geometric complexity: full 3D geometry [33], [44] or generic, simplified representation of a component [37],
[62], [67] or local area (ex. cooling hole, cooling channel ribs) [53], [54], [55], [56]

4. Solid-fluid interaction: conjugate heat transfer with coupled gas-solid interaction [44], [56], [68], [69], [70],
[71], [72], [73], or isolated gas/solid [33], [74], [75] thermal analysis while providing boundary conditions at
the interface.

Three-dimensional thermal analysis using numerical methods considers the heat transfer in three directions through
finite element faces and is usually used for the detailed design and analysis of specific geometric characteristics of the
system (ex. internal cooling passages, ribs, holes for film cooling injection, thermal barrier coating) and when
component geometric details are available or need to be defined as an output to inform the design. Moving towards
two and one dimensions for the direction of the heat transfer and simplified blade and channel representations reduces
the complexity and computational time while allowing to capture the relative effect of changing the operating
conditions and flow properties. Transient or pseudo-steady state thermal analyses are adopted based on the phenomena
and timescales that need to be captured. Common uses of transient thermal analysis are to predict thermal stresses
[65], the heat soakage and the thermal expansion effect on tip clearances and during transient operation [66], [67].
Based on the objective and available information, the approaches for the heat transfer analysis can have a different
combination of the above criteria.

e Degradation

Over thousands of hours of service, surface quality deterioration (roughness), geometry deformation and increase in
tip clearances degrade the component efficiencies [76], [77]. This performance degradation results in an increase in
the operating temperatures to produce an equal amount of thrust augmenting the heat transfer and thermally-driven
damage mechanisms which further increases the operating temperatures and therefore the blade temperature.

e Saturation point

In the case of hot corrosion damage which is driven by the presence of corrosive species and is augmented by liquid
deposit formation on the component surface, the phase change effect and, therefore, the saturation point of the

corrosive species become of interest. The need for calculating the dew points of sodium sulphate and potassium



sulphate under varying pressures has also been highlighted by Sumner et al. [37]. The saturation point is defined by a
temperature and pressure, and for a given pressure the temperature is often called dew point. Jacobson [78] calculated
the effect of pressure, Na concentration and sulphur concentration on the dew point of Na>SO4 using NASA’s chemical
equilibrium code and proposed that the upper bound for hot corrosion to occur is the dew point. Within the investigated
range of conditions, the variation in the dew point could be as high as ~500K. An alternative approach for calculating
the saturation temperature is to use the Antoine equation [79] which is an extension of the Clausius-Clapeyron equation
[80].
e Aircraft and fleet level

Material models do not account for the above thermal and thermodynamic effects, therefore, the present work provides
a methodology so that propulsion engineers can take advantage of material models to draw conclusions from engine
performance and flight data about the hot corrosion damage rate. Lifing methodologies, such as the presented hot
corrosion methodology, usually aim to capture aircraft operation and whole engine effects with the ultimate goal of
being applied to fleets to estimate the maintenance requirements. For such purposes, lower fidelity heat transfer and
blade temperature methods are usually preferred as they can be coupled with the complete mission analysis and gas
turbine performance for thousands of flight hours and multiple engines without excessively increasing the

computational time and complexity.

II. Methodology
A. Considerations for Aero-Engine Hot Corrosion Analysis

To be able to capture hot corrosion in the context of aero-engines, the knowledge of a material’s behavior under

lab-controlled conditions must be linked with aircraft engine operation:

o Flight mission specifications (e.g., payload and aircraft weight, ambient conditions, thrust derate) indirectly
influence hot corrosion by altering the take-off time and RoC which in turn affect the time that each component
is exposed to specific temperatures, pressures, Fuel to Air Ratio (FAR) and air quality.

e The combination of ambient conditions and thrust level at each time step influences the operating temperatures
and pressures at component level as well as the FAR which is associated with the fuel-induced sulfur

impurities.

10



e  The local component conditions which are derived from the gas turbine performance analysis (P, T, V, FAR)
affect the gas composition, the deposition rate, and the hot corrosion rate.

e The operating region and the regional environment determine the level of exposure to airborne sea salt and
pollution. The level of environmental exposure is also linked with the amount of time the engine spends at

each altitude which depends on the take-off derate, climb derate, range etc.

B. Hot Corrosion Modeling Framework
A modular framework was developed (Fig. 2) to capture the complexity and multidisciplinary nature of hot
corrosion in aircraft engines and model the sequence of processes. The framework is divided into five modules, each

dedicated to modeling a specific aspect of the hot corrosion phenomenon.
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Fig. 2 Hot corrosion framework outline

The methodology describes and captures the sequence of acting mechanisms, from the aircraft flight path and
ingestion of contaminants to fuel injection, chemical transformations, engine operating conditions,
deposition/condensation of salt and hot corrosion rate at the component based on experimental data. The
environmental module receives inputs from the flight mission analysis (altitude, air mass flow, ambient temperature)
and air quality data at ground level to calculate the concentration of the contaminants in the core flow at each operating
point. The considered air-induced contaminants are airborne sea salt, sulfur dioxide and particulate matter. The fuel
module adds to the core flow the impurities that enter the flow in the combustion chamber due to the fuel injection
and change the species concentrations in the flow. Subsequently, the chemical equilibrium module addresses the

chemical transformations that the initially induced species undergo. Under the effect of high temperatures and
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pressures, the impurities react with each other or with the air compounds to form new species. The dominant chemical
reaction mechanisms that provide the species associated with hot corrosion are the formation of SOx during the
combustion of the sulfur-containing jet fuel and the formation of Na>SO, through the reaction of NaCl with SOx [81].
In addition, the formation of HCl and H>O is included in the chemical modeling as they are also inputs in the selected
hot corrosion rate model. In this framework, it will be considered that local equilibrium is achieved in order to reduce
the complexity of fully simulating the reaction kinetics.

After calculating the gas composition with the chemical equilibrium module, the deposition rate module uses the
concentration of Na,SO4 and pressure and checks if the temperature near the component surface is above or below the
saturation temperature of Na>SOs. If the temperature is below the saturation temperature, a deposition rate model from
literature based on the diffusion coefficient calculates the Na,SOs mass transfer onto the component surface.
Furthermore, if the temperature is above the saturation temperature and a salt layer is already formed, an evaporation
model is applied to calculate the remaining salt deposit on the surface. Regarding the HPT, which is coated with a
TBC, the porosity factor is also considered in the calculation. Apart from offering thermal insulation, the ceramic top
layer of the TBC also acts as a physical barrier and is expected to prevent some of the deposited salt to reach the bond
coat and the substrate.

Finally, the calculated deposition rate and the gas composition serve as input to the hot corrosion rate module
where the selected experimental hot corrosion rate model is used. The original experimental model is sensitive to
deposition rate, HCI, SOx and H>O concentration, but it did not demonstrate any sensitivity to varying temperature
because this experiment was performed under the constant temperature of 700°C. In order to compensate for the lack
of sensitivity to temperature changes, a temperature scaling factor was introduced, based on another experiment on
the same material but with varying temperatures. After the hot corrosion rate is obtained at each operating point, the

accumulative damage at the end of the flight cycle is calculated.

C. Engine Performance and Flight Mission Analysis

The engine performance is calculated using Turbomatch, an in-house gas turbine performance simulation tool and
the flight mission analysis is Hermes, an in-house aircraft performance tool which is described in [82]. Turbomatch is
a 0-D performance simulation code, featuring off-design and transient simulation as well [50]. It comprises several
pre-programmed modules, known as “Bricks”, which correspond to models of individual gas turbine components.

They can be called up to simulate the action of the different components of the engine, resulting finally in outputs of

12



engine thrust or power, specific fuel consumption, etc. Its modularity, which is supported by the implementation of
generic component maps, enables the detailed design of any gas turbine configuration [83].

A typical single-aisle medium-haul aircraft model and a two-spool turbofan engine model rated at 118.8kN with
1 HPT stage and 4 LPT stages are used in the flight mission analysis to demonstrate the framework and the hot
corrosion effects that can be captured. The mission used to demonstrate the new framework is a typical 1500nmi

mission with a 12000 kg payload and cruise at 35000ft.

III. Hot Corrosion Modeling

In this chapter, a description of the modeling process is provided, as organized in the five modules of Fig. 2.

A. Environmental Module

In this framework, the primary species participating in the hot corrosion mechanism are modeled: sea salt,
particulate matter (sulfate), and sulfur dioxide. It should be noted that there might be an overlap between particulate
matter and sea salt in the data in the literature. However, when there is not much detailed information, sea salt and
sulfate in the particulate matter will be treated independently. Concentration is usually defined in air quality literature
as Pgpolluany/m>. Ground-level concentration is usually known from air quality data sources because it is measured by
instrumentation at measurement stations.

At higher altitudes and further away from the emission sources, the concentration gradually drops as a result of
vertical dispersion and mixing phenomena [84], [85]. Sophisticated atmospheric models in literature can take into
account wind and dispersion in all directions, starting from a source of pollution. However, for the purposes of aircraft
engine lifing, in the context of which whole fleets need to be assessed for thousands of flights, such complex and
detailed atmospheric modeling methods could be too expensive computationally and out of scope. A more
macroscopic approach is selected in the present framework, although the modular framework design can integrate
inputs from more detailed atmospheric models and databases, if available.

An empirical exponential formula (Eq. (1)) is proposed for the concentration drop with an increase in altitude to

represent the exponential trend found in atmospheric studies [86], [87].

Ci(alt) = Cigr - (1 —a- [alt — altg )" [ug/m?] (1)

13



alt is the altitude where the concentration needs to be calculated, altgr is the concentration at the ground level
where the concentration is known, Cigr is the species i concentration at the ground level, a and n are the exponent
factors, which depend on the region. In this study, a and n factors were calibrated using public air quality data.

Aircraft engines ingest air during operation and by extension the contaminants contained in the air. Intake air mass
flow at every time step is known from the engine performance simulation. Based on each operating point's ambient
conditions and altitude, concentration is expressed as a mass fraction by dividing with air density at the given ambient
conditions.

Following the assumption that the pollutant concentration is equal in the core and bypass duct, Cp,; is the pollutant
concentration both in the core and bypass flow. Regarding gas SO, and sea salt particles of small diameters, this
assumption does not deviate from reality significantly. On the other side, particles of large size are expected to interact
with the fan blades and deviate from the streamline trajectories after impact with the fan blades, so in reality, we
expect a higher concentration of the larger particles in the bypass duct and less in the core. Therefore, a factor
fc reduction May be introduced to account for the reduction of the core concentration.

Cm,icore = Cm,i * fc reduction ()

This reduction factor is assumed as equal to one since a more detailed particle tracking investigation of particle-
fan interactions is out of scope. After the sea salt and the particulate matter in the core flow are calculated, they are
analyzed to their constituents using some representative percentages [88], [89]. NaCl concentration was modeled as

58.45% of the sea salt, Na;SO4 as 9.75% of the sea salt and sulfates as 17% of the particulate matter.

B. Fuel Module

The input of the fuel module is the FAR from the engine performance analysis and the fuel quality in terms of
sulfur content, which is captured with a surrogate jet fuel model. A new surrogate jet fuel model is considered by
combining n-decane, a simple surrogate jet fuel model from literature [90], [91], with hydrogen sulfide as the
representative species for sulfur impurities [92], [93]. A more thorough representation of the hydrocarbon mixture in
the jet fuel, which may be more relevant to combustion studies, was not required for the hot corrosion analysis.
Developing a more sophisticated surrogate jet fuel that meets some target properties is out of scope. This work aims

to use an acceptable surrogate jet fuel model and combine it with a representative sulfur impurity so that it can be
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implemented in the hot corrosion framework. Sulfur is a tiny fraction of jet fuel and has been excluded from current
surrogate models in literature; however, even this small amount must be considered in a hot corrosion lifing analysis.

The sulfur content in the fuel is one of the framework inputs and determines the fractions of n-CioH2> and H»S in
the fuel surrogate. The average sulfur concentration in modern jet fuel was reported between 0.05-0.1% in [94]. In
2006, the average sulfur content in UK Jet A1 and US Jet A was reported between 0.055-0.075% [95]. The surrogate
fuel mixture for the average sulfur content (0.1%) and the maximum allowed value by the specifications (0.3% [94],

[96]) are presented in Table 1.

Table 1 Surrogate fuel composition for S=0.1% (average) and S+=0.3% (maximum allowed by the

specifications)
Sf=0.1% St=0.3%
Species Mass fraction
n-Clonz 99.9% 99.7%
H,S 0.1% 0.3%

Since sulfur constitutes a small fraction of the surrogate fuel model (max 0.3%), in this context, it is assumed that
it does not vary the surrogate fuel properties significantly. Similarly, in a future version of the framework, vanadium
impurities may be considered. Furthermore, the modularity allows the substitution of the current fuel model with a
more sophisticated surrogate model of jet fuel or with models that are representative of the chemistry of alternative

fuels.

C. Chemical Equilibrium Module

The role of the chemical equilibrium module is to calculate the local gas composition in terms of corrosive species
concentration. Local equilibrium composition is assumed to avoid the computational time and complexity required by
full reaction kinetics modeling at each component. The inputs are the initial concentrations of the species as they enter
the core flow, the temperature and pressure, and the outputs are the equilibrium concentrations. The main assumption
is that the chemical reactions participating in the Na;SO4/NaCl/SOx mechanism are completed fast, and equilibrium
is reached locally.

In every chemical system, the reactions tend to bring the system to the state that minimizes the Gibbs energy of
the mixture [97]. Therefore, chemical equilibrium composition can be calculated based on the minimization of Gibb’s
free energy. In this work, the Gibbs energy minimization problem was solved in MATLAB using the built-in fmincon

solver for constrained minimization to enable integration with the flight mission analysis and the hot corrosion code,
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and the chemical equilibrium code was validated against equilibrium calculations in Chemkin software. However, to
further reduce the computational time when multiple flights and engines of a fleet must be assessed, the chemical
equilibrium compositions were calculated over a wide range of conditions and were expressed as conversion ratios of
the available element moles.

The mole conversion ratios for the temperature range of hot corrosion and pressure ratios typical of gas turbine
operation are stored in matrices. In addition, two cases are distinguished because they affected the mole conversion
ratios:

e Sulfur is in excess so that all sodium moles can potentially be converted to sodium sulfate (most frequent
case due to the sufficient amount of sulfur in jet fuel on average)
e  Sulfur is in deficit so that full sulphation of sodium cannot happen

A few representative datasets for one fixed pressure are demonstrated in Fig. 3, which includes the distribution of
the S mole consumption between SO,, SO3 and Na,SOs, the distribution of the Na moles consumption between
Na,S04, NaCl and NaOH and the distribution of the Cl moles consumption between HCI and NaCl under 1 [atm]
pressure. An interesting observation is that the temperature range with higher SO; formation coincides with the

temperature range of Type II Hot Corrosion, which is attributed to high SO3 (Fig. 1).
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Fig. 3 Mole consumption ratios over temperature
D. Deposition Rate Module
The deposition module incorporates a condition check (above or below the saturation point of sodium sulfate) and
two mechanisms for mass transfer onto the component surface (deposition through vapor diffusion or evaporation).

1. Saturation Point
Catastrophic hot corrosion occurs in the presence of liquid salt deposits, so one of the most important aspects that

should be considered is the contaminants' phase transformation and whether the conditions allow the formation of
stable deposits. Consequently, the effect of pressure variation and species concentration in the gas turbine components
on the sodium sulfate saturation point should be addressed. The need for calculating the dew points of sodium sulfate
and potassium sulfate under varying pressures has also been addressed by Sumner et al. [15].

The saturation point of sodium sulfate defines the applicability of the deposition rate models under specific

conditions. The sodium sulfate saturation point is calculated using the Antoine Eq. [79], [98] and ultimately it is a
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unique combination of pressure, temperature and sodium sulfate concentration. In this framework, the saturation point
is calculated with temperature as the unknown term.

For the specific pair of pressure and Na,SO4 concentration [99] at every operating point, saturation temperature is
calculated, and the following condition has to be checked:

e If T> Ty — evaporation

e If T < Ts — condensation

The above is the general condition that applies to all evaporation/condensation problems. However, studying
deposition and hot corrosion in cooled or thermally transient gas turbine components is more complicated. Ahluwalia
et al. [100] distinguished three different cases regarding cooled gas turbine components and sodium sulfate deposition:

o If Ti< T and Tg>>Tsy — evaporation

o IfTi<Tsxiand Tg> Te: — condensation

o IfTi<Tsxiand Tg<Ts — condensation

T, is the metal surface temperature, Ty is the gas temperature, and Ts is the sodium sulfate saturation temperature.

However, Ahluwalia et al. [100] do not clarify how much higher gas temperature has to be than the saturation
temperature for evaporation to occur when the surface temperature is below the saturation point. Consequently, a
decision had to be made in the framework regarding the condensation/evaporation threshold.

In the modeling of the LPT, which is not cooled, the thermally transient state of the blade in response to gas
temperature changes is ignored in the present study, and it is assumed that at every operating point, the surface
temperature equals the gas temperature. Therefore, the selection of the condensation/evaporation conditions becomes
straightforward for non-cooled components, e.g. LPT stages:

e IfTy/ Ty < Teat — condensation

If the surface/gas temperature is below the saturation point of Na,SO4, condensation shall take place. Regarding
HPT modeling, the chosen condition is to check whether the gas temperature is higher than the saturation temperature.

o If Ty<Tsu and Ty >Tse — evaporation

o IfTs>Tw and Tg>Tsae — evaporation

o IfTs<Tq and Tg< Tex — condensation
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2. Deposition Rate
In [98], the authors reviewed candidate deposition rate models, analyzed them and assessed their applicability to

hot corrosion lifing. In the present paper, the analytical model based on Rosner’s work [101], [102] is used.

3. Evaporation Rate
There are many evaporation studies in the literature, but their main interest has been water droplets, fuel droplets,

and semi-empirical correlations for specific materials [103] and applications. A physics-based model for potassium
sulfate evaporation is provided in [104], and a semi-empirical model to calculate the chromium evaporation rate is
provided in [103]. Nettleton et al. [104] described the theory previously developed by Maxwell and Langmuir for
droplet evaporation in a stationary gaseous medium based on the vapor pressure difference between the surface and
the surrounding environment, diffusivity and temperature. Finally, a generic model, based on the principle that the
required enthalpy of evaporation is provided by heat transfer from the gas to the surface, is described in [105].

The evaporation model from [105] is implemented in the framework and is based on the concept that the required
enthalpy of evaporation is provided with heat transfer from the hotter gas to the condensed salt. The rate of evaporation
is a function of the difference between the gas temperature and the deposit temperature. When the salt condenses and
before it evaporates back to the flow, it is assumed that it has the temperature of the saturated vapor to avoid the

complexity of performing heat transfer calculation on the salt deposits, which would be beyond the scope of this study.

_ h- (Tg ~ Tdep)

k =
evap AH
evap,Na,;S04

3

Where h is the heat transfer coefficient between the gas and the salt deposit. AHevap,Na2s04 1s the enthalpy of

evaporation and the typical value AHevapNa2sos =71 [cal/gr] is used [106].

4. Salt Built-Up
The thickness of the salt deposit per area at each operating point is calculated by applying the deposition rate model

or evaporation model based on whether the operating conditions are below or above the Na,SOj4 saturation point.
o If Tg(ty) > Teae (ti) & Mgep(ti—g) > 0 - evaporation:
Mgep () = Mgep (tim1) — Key (8) * (6 — tizq) 4)
o If Ty(t;) < Tsae(t;) — condensation:

Mgep (t;) = Mgep (ti—1) + Mgep (t) - (t; — ti—1) 5
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Mgep is the deposited salt layer at each time segment, mgep, is the instantaneous deposition rate at time ti, kev is the

evaporation rate.

5. Infiltration through the Thermal Barrier Coating
One of the differences that need to be considered between modeling hot corrosion on the HPT and LPT is that the

HPT is typically coated with a TBC. Apart from offering thermal insulation, the ceramic top layer acts as a physical
barrier, which is expected to prevent a part of the deposited salt from reaching the substrate. A typical porosity of an
EB-PVD thermal barrier coating for high-pressure turbines is 24%-22% [107], although sintering effects after many
hours of operation may reduce the porosity [108]. In the present study, to account for the fact that HPT is coated with
a TBC and that the ceramic layer may act as a partial physical barrier between the salt and the bond coat, the porosity
factor is multiplied with the deposition rate in order to approximate the amount of salt reaching the bond coat from
the top surface.

In reality, the infiltration of liquid deposits is complex and influenced by capillary pressure and material
permeability - a function of the channel's geometrical details [109], [110]. Previous studies [109], [110] have
investigated CMAS infiltration through the TBC pores using a 1D form of Darcy’s Law, and such an approach could
potentially be used for liquid Na,SOj infiltration in a future study dedicated to this aspect. In the present framework,
more detailed modeling of the infiltration process is out of scope, so the porosity factor is used to consider the TBC
presence on HPT blades. Nevertheless, in the type of engine investigated in this work, LPT stages suffer more from

hot corrosion than the TBC-coated HPT blades.

E. Hot Corrosion Rate Module

1. Selected Baseline Model
The baseline hot corrosion model for nickel superalloy is provided by Nicholls et al. in [26]. The baseline Eq. is :

m
Hot Corrosion depth after 500h = x4 + A-ln [1 + m—] ©)
0

Where A is the parameter that depends on the partial pressures of the contaminants:
A= Ao([Psz] + DX ([Pyer] + D™ - ([PHZO] + )" 7

m, is the threshold salt deposition rate for flux-induced hot corrosion initiation and is calculated with Eq. (8).

my = Fo([Psox] + D" ([Pya] + 1° - ([PHZO] + 1)t ®

where k, n, m, 1, s, t are experimentally tuned parameters found in [26] and P1i is the partial pressure of a species 1i.
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2. Introduction of a Temperature Correction Factor
One of the most important limitations of the selected nickel superalloy model is that it was developed under

constant temperature and consequently is not sensitive to temperature inputs. Based on the experimental data from
Haight et al. [76] (Fig. 4) who mapped the effect of temperature on the median metal loss, a temperature correction
factor was extracted with the damage at 700°C acting as a reference point (Eq. (9)) because it is the temperature under

which the baseline nickel superalloy hot corrosion model was developed.

60 Median Good Metal Loss - Temperature
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o
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'
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=
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Fig. 4 Median good metal loss after 200h of hot corrosion exposure (redrawn based on [111])

Median Loss @ T

= 9
fe(T) Median Loss @ 700°C ©)

The variable-temperature experiment [111], on which the temperature correction factor is based, was performed
on the same material (CMSX4) as the baseline model by Nicholls et al. [26], but the deposit had a different
composition. Until more relevant hot corrosion experimental data become available, it is assumed that the damage
trend over temperature is similar for both mixtures. The hot corrosion rate over temperature trend obtained by Haight
et al. [111] is in agreement with the hot corrosion theory (Fig. 1). Using the experimental results in [111] as
representative was the only available way to quantify the theoretical trend due to the lack of a more generalized
experimental hot corrosion model. The data extracted from Haight et al. [111] (Fig. 4) are normalized and interpolated

using the cubic convolution method resulting in the temperature correction factor of Fig. 5.
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Nicholls et al. [26] expressed hot corrosion rate as the depth of attack after 500h of exposure. The initial Eq. (6) is
transformed to (10) with the addition of the normalized temperature correction factor of Fig. 5 and by converting the
exposure time to seconds so that it is comparable to the time scale of the flight mission analysis, assuming linear

damage distribution over time. Therefore, the implemented hot corrosion damage model transforms into Eq. (10):

m
[XO +A-1n(1+%> um

(10)
500 - 3600 5]

I—ICRdepth = f.(T) -

The hot corrosion rate (HCR) in Eq. (10) is expressed as the depth of attack into the metal over time, but it can
also be expressed as the good metal mass loss over time by using the density of CMSX4:
Pemsxe = [786 — 1.23 - (T — 1654)] [kg/m”] (1)

HCR (as depth) can be converted to mass loss using Eq. (12)

ug
HCRpmags = HCRyepin * Pemsxs * 10° [ /s] (12)

3. Hot Corrosion Damage Accumulation
After the instantaneous hot corrosion rate has been calculated at each operating point, damage accumulation at the

end of the flight cycle is approximated linearly by adding the damage caused during each time segment for which the

hot corrosion rate is calculated:
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N
deyete = ) HCR() - [¢() (i = 1)] )
i=1

d is the damage in thickness loss or mass loss, HCR is the calculated hot corrosion rate, i=1...N are the time
segments of the flight mission analysis, and t is the mission time.

Damage accumulation is assumed to be linear to reduce complexity since there are not enough experimental data
to account for non-linear damage accumulation. Consequently, the hot corrosion damage of each mission is added
linearly using Eq. (14):

K
diotal = Z dcycle (14)
cycle=1

If only one representative flight mission or the average flight mission is available for an engine type of a fleet, then
Eq. (14) converts to (15):

diotal = K- dcycle (15)

K is the total number of operated flights since new or since the last full component restoration.

IV. Hot Corrosion Analysis
A. Hot Corrosion Analysis over Flight Time

1. Temperature Assessment
In this section, the analysis focuses on the flight mission, and the contamination, deposition and hot corrosion rates

are calculated over the flight time before proceeding to more macroscopic analyses of whole missions. The discussion
of the intermediate results of each module contributes to the understanding of the final outputs and explains the
progress of the mechanism.

Hot corrosion mechanisms are typically activated between 600°C-1000°C (although these boundaries should not
be treated as absolute). Therefore, a first step in the hot corrosion analysis is to assess which components are within
the temperature range of hot corrosion over the flight time. The averaged component conditions are used as a metric
in the present analysis to explain the methodology and establish an approach for aero-engine hot corrosion analysis,
but other levels of resolution can be selected for different purposes.

In Fig. 6a and Fig. 6b, the average gas and metal temperature of each turbine stage is compared with the theoretical

temperature range of hot corrosion and the local saturation point of Na,SOs. For the specific mission and metric of
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assessment (averaged component conditions), LPT stg3 is out of the temperature range of hot corrosion, LPT stg?2 is
in the temperature range of hot corrosion only at take-off and during the activation of the thrust reverser at landing,
while LPT stgl is in the temperature range of hot corrosion at take-off, climb, beginning of cruise and during the
activation of the thrust reverser. The average HPT metal temperature is in the temperature range of hot corrosion at
take-off, climb, and thrust reverser activation. The metal temperature of the cooled HPT is estimated using a typical
cooling effectiveness value for an engine of this technology level.

However, temperature alone is not a sufficient criterion to predict hot corrosion. The availability of corrosive
species (i.e. sodium sulfate and sulfur oxides are considered in this work) and their ability to form liquid deposits
should also be assessed to predict the severity of hot corrosion damage. Figure 6¢ compares the sodium sulfate
saturation temperature for the given component pressure against the gas temperature. The average metal temperature
of the HPT (Fig. 6b) is within the temperature range of hot corrosion at take-off and climb, but the HPT gas
temperature is above the saturation point (Fig. 6¢) so molten salt deposits cannot be sustained on the surface and they

evaporate back to the flow.
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2. Environmental Impact
In terms of available corrosive species in the atmosphere, the framework incorporates calculations of SO», sulfate

in particulate matter and sea salt ingestion. Sea salt is usually the contaminant with the highest effect among the three,
so it is selected for demonstration. Figure 7a demonstrates the sea salt concentration in the atmosphere over altitude,
which is then used in conjunction with the flight mission analysis (Fig. 7b) to calculate the sea salt concentration in
the core flow at each operating point (Fig. 7c) and the sea salt ingestion rate into the engine core based on the
instantaneous core mass flow. The ingested species concentrations are gradually reduced during the climb, which is

then gradually restored during descent.
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Fig. 7 Effect of ground level contaminant concentration and flight altitude on ingested air quality

3. Fuel Impact
In Fig. 8b, the Fuel to Air Ratio (FAR) is presented against flight time for three thrust settings at take-off and

climb. Thrust affecting the FAR is translated into sulfur impurity concentration in the core flow. The hot corrosion
rate is a function of sulfur concentration, so the parameter of interest is the FAR, while the absolute fuel flow alone
cannot be used for hot corrosion analysis, as the hot corrosion rate in Eq. (6) and (7) is correlated with SOx partial
pressure, thus SOx concentration. Figure 8 supports the findings of the SOx concentration (Fig. 9a) and subsequent
hot corrosion rate calculations. The phases with the highest FAR are take-off, climb and thrust reverser activation at
landing. The fully-rated thrust and climb have the highest FAR (Fig. 8b) up to the washout altitude, which is translated
into higher sulfur concentration imposed on the flow. The climb derate is modeled considering altitude washout that

begins at 10000ft and is completed at 300001t according to [112].
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Fig. 8 Thrust, FAR and sulfur impurity over flight time

4. Chemical Equilibrium Impact
Chemical equilibrium calculations are incorporated into the framework for a mechanism with 30 species. The

concentration of the most relevant species is demonstrated over the flight time: SOx, Na>,SO4 and H,O. In Fig. 9, the
SOx, Na,SO4 and H,O mole concentrations are presented for each component over the flight time, using the local
chemical equilibrium assumption.

The peak of SOx concentration (Fig. 9a) at take-off and thrust reverser at landing is due to the high FAR (Fig. 8b)
and par extension increased fuel-induced sulfur (Fig. 8c). Overall, SOx and H»O are both dependent on FAR, as SOx
is mainly formed by sulfur impurities in the fuel and H»O is a product of fuel combustion. Under the LPT stgl
temperature, Na,SOs is in the stable region of Fig. 3c, in contrast to the HPT which has too high temperature that is

in the unstable region of Fig. 3¢ during take-off.
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The sulfur mole consumption by SO/SO,/SOs is varied over temperature as plotted in Fig. 3a, but since the hot
corrosion rate is correlated with the partial pressure of total SOx in Eq. (6), FAR and total sulfur mole concentration
become the dominant parameter, while a temperature variation will have nearly no effect on the total SOx. These
observations are valid for the typical condition that S is in excess of Na so that there are always enough available S
moles to fully convert Na to Na,SO4. However, in the less frequent case that Na is in excess of S, a higher percentage

of S moles would have been consumed by Na,SOs.
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Fig. 9 SOx, Na2SO4 and H20 mole concentration over flight time

5. Deposition Rate Impact
The LPT stgl instantaneous deposition rates (Fig. 10) are derived by checking if the conditions are above or below

the local saturation point of sodium sulfate and then applying the deposition rate model as appropriate. It should be

noted that the deposition results are targeted to be most valid in the temperature range of hot corrosion (not far below
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the saturation point). At temperatures far below the saturation point, mechanisms of nucleation are expected to come
into effect and cause increased deposition by particle transport and impact on the surface. Consequently, at the
operating points below 600°C, ex. descent, there might be an underestimation of the deposition rate, but in the current
context and application, it does not affect the hot corrosion rate results because the hot corrosion rate model is only
applied in the temperature range of 600-1000°C and is a function of the instantaneous deposition rate, not of the

accumulated salt layer.
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Fig. 10 Deposition rate, saturation temperature and salt layer thickness over flight time (Sf=0.1%, Derate
0%)

A peak in deposition rate is observed at take-off (Fig. 10a) because of the high pressure and high concentration of
contaminants which are the two primary driving factors of the deposition rate model [98]. As the sea salt concentration
(Fig. 7) gradually reduces during climb, the deposition rate also follows this declining trend. During descent, as the

sea salt concentration increases with the altitude drop, the deposition rate increases again but the temperatures are too
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low for hot corrosion. Another deposition rate peak occurs at thrust reverser activation at landing but does not
contribute significantly to the damage accumulation, because it is activated for a few seconds.

6. Hot Corrosion Rate
Fig. 11 presents the instantaneous hot corrosion rate on LPT stgl with variable contamination inputs and thrust

settings. The hot corrosion rate is higher at take-off and climb, explained by the combination of suitable gas and blade

temperatures (Fig. 5), high FAR (Fig. 8b) and SOx concentration (Fig. 9a), and high deposition rate (Fig. 10a).

5
6 %10 : HCR
@ Cos oL [UO/M’]
[aY]
X —s
s — 15
E } 25
x 2t
o
T
0 ; .
0 1000 2000 12000 13000
a) Flight Time [sec]
%107 HCR
6 f
5 sf
g 4r
P
S
E ol
>
o
w
0 1000 2000 12000 13000
b) Flight Time [sec]
x107° HCR
6
@‘ TO & CL Derate
e 4} — 0% ]
(&) o,
a } 10%
£ 20%
w2 | :
&}
- #
0 1000 2000 12000 13000
c) Flight Time [sec]
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B. Affected Component
After having presented the analytical mission results for LPT stgl and variable inputs, Fig. 12 compares the

temperatures, deposition rates and hot corrosion rates of all the hot section components under a fixed set of inputs

LPT stgl is the most affected component in the investigated type of engine and mission and LPT stg2 is the second
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affected component. The average blade temperature at the LPT stgl is within the hot corrosion temperature range,
while the gas temperature remains below the sodium sulfate saturation point, which means liquid salt deposits can be
formed on the surface. The average component temperature of the HPT may also be in the temperature range of hot
corrosion, but the gas temperatures are at most times above the sodium sulfate saturation temperature which means
that liquid sodium sulfate deposits cannot be sustained. The LPT stg2 temperature is below the saturation temperature

of sodium sulfate at take-off and climb, but after take-off, the average component temperature drops below the lower
threshold of hot corrosion.
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Fig. 12 Temperature, deposition rate and hot corrosion rate at hot section components (Css,cL = 15 [ug/m?],
Sf=0.1%, Derate 0%)

C. Damage Accumulation
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After having calculated the instantaneous hot corrosion rate over flight time, the damage summation can be
performed using Eq. (13) which is based on the concept of linear damage accumulation. In reality, hot corrosion does
not progress linearly but typically has two stages — incubation and propagation stage. However, to reduce the
complexity and uncertainty of the actual progress over time, the linear damage summation is broadly used in engine
lifing. The available experimental results are based on hot corrosion damage after 500 hours of exposure and offer a
more macroscopic view of the resulting damage after many operating hours. The damage after 500 hours was divided
linearly to be able to express the equivalent damage at each time step of an individual mission without the knowledge
of how many operating hours have preceded this mission, but when the mission damage is projected to many hours of
operation, the macroscopic view is restored and the missions in the incubation and propagation stage may average out.

In Fig. 13 the results of the hot corrosion damage accumulation over flight time are presented. In Fig. 13a-c, two
parameters are kept fixed while the third parameter is variable and is presented in multiple curves over the flight time.
Most of the damage is accumulated during take-off and climb, where the temperatures of LPT stgl are within the
temperature range of hot corrosion, the FAR (hence SOx concentration) is higher and there is higher salt concentration
which deposits on the component surface. It is observed that at the beginning of climb, the gradient of the damage

accumulation is steeper and it starts to flatten out progressively at higher altitudes and before reaching the top of climb.
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Fig. 13 Hot corrosion damage accumulation over flight time a) Sf=0.1%, TO & CL Derate = 0% b) Css,cL=
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D. Classification of Hot Corrosion Factors

The fuel quality, environmental exposure and derate policy are parameterized within a typical range and their

impact on hot corrosion is characterized based on the relative hot corrosion damage (Fig. 14) they cause. The relative
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changes in the hot corrosion damage accumulation for variable parameters are presented with reference to the mission
with 10% derate at take-off and climb, 0.1% sulfur in fuel and 15 [ug/m?] sea salt concentration in the atmosphere at
ground level.

The different levels of sulfur in fuel represent refueling at different regions over the world with different quality
of fuel supply. All three presented values of sulfur content in fuel are acceptable by the specifications as the upper
limit is 0.3%, however, whether the fuel supply is near the specification limit or away from the specification limit has
a great effect on hot corrosion damage. For 0.01% sulphur concentration, the hot corrosion damage is reduced by 39%
(Fig. 14) compared to the average sulfur content (0.1%) of jet fuel, for the considered 1500nmi mission with sea salt
concentration 15 [ug/m?®] and 10% derate. In addition, since Sustainable Aviation Fuel (SAF) is expected to have very
low to no sulfur, it can be expected that the use of SAF has the potential to reduce the hot corrosion damage by at least
39%.

The different levels of ground-level sea salt concentrations represent different airport locations and flight regions
over the world. Seaside airports and flight segments above the sea have higher sea salt concentrations, and additional
seasonal and weather variations are also expected to take place [113]. The upper limit for the sulfur in jet fuel can be
easily selected on the specification limit (0.3%), but it is harder to define an upper bound in the sea salt concentration.
For a typical range of environmental exposure considered in this study (5-25 [ug/m?]), the change in the relative
damage is up to +80%, however, more extreme values are expected to be found locally which can further increase the
damage.

The selected thrust derate policy is usually a result of considering the available runway length and payload/aircraft
weight for the take-off, and a result of payload/aircraft weight, climb time and desired trade-off between fuel burn and
engine life for take-off [114]. For a constant derate policy across take-off and climb, the damage variation between
10% and 20% derate is in the order of 5-7% when the sulfur content is 0.1-0.3% and the sea salt concentration is at
25 [ug/m?] (Fig. 14b). However, it should be noted that there is a competing effect between take-off and climb. As
shown in Fig. 11c, although the 10% derate at take-off causes the highest hot corrosion rate at take-off among the
three derate settings, the 10% climb setting results in lower hot corrosion than the 0% setting at the beginning of climb
where there is still high sea salt concentration in the atmosphere. This means that, for the LPT stgl, a 10% derate at
take-off is more detrimental at take-off while the 0% derate is the most detrimental at the beginning of climb. Hot

corrosion is a non-linear and non-monotonous phenomenon with temperature, consequently, when studying two
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phases at the same time, the same setting might have a competing effect when assessing which derate setting is more
detrimental. In a future study, the effect of more mission specifications and the effect of individual phases will be
mapped, so the effect of the derate at take-off and climb will be distinguished and a higher variation will become
visible. Within the typical ranges under consideration, the sulfur in the jet fuel and the sea salt concentration are the
most important drivers, and the third driver is the derate policy which will affect the operating temperatures and the

time of exposure.
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Fig. 14 Relative change in the accumulative hot corrosion damage at the end of the 1500nmi mission
E. Maintenance Aspects
Hot corrosion causes surface degradation, good metal loss and a significant reduction in fatigue life due to the
microcracks or pits forming on the corroded surface. Good metal loss also means blade thickness loss and reduction
in the load-bearing capability of the component. When the workscope of the shop visit includes the HPT or the LPT

module, the vanes/blades are inspected and if the thickness loss is beyond a limit defined by the manufacturer, they
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cannot be repaired and must be scrapped. If the damage is within the repairable limits, the blade surface can be cleaned,
repaired and re-coated for further use.

In engine lifing, the absolute damage values are hard to be accurately predicted due to the many uncertainties,
modeling limitations, the complex interactions between multiple damage mechanisms, material defects and deviation
from idealist or assumed conditions. For this reason, a hot corrosion severity factor is introduced to express the damage
relative to a reference mission and set of conditions.

d
SF = total (16)
dref

An example is demonstrated assuming that the thickness loss for the LPT stgl blade to be repairable is 400um. If
previous experience has shown that a reference mission (1500[nmi], Sf=0.1%, Css.cL=15[ug/m3], TO derate = 10%,
Climb derate = 10%) leads to a damage finding of 350 [um] after 10000 Flight Cycles (FC), then a severity factor of

1.14 relative to the reference mission means that the damage has reached the repairable limit.

Table 2 Hot corrosion severity factor to predict if the hot corrosion damage is beyond repair

drer drepairable limit SFrepairable limit
350 um 400 um 1.14

Subsequently, severity factors are calculated for variable inputs as a ratio of the predicted damage by the
framework to the predicted damage at the reference mission and compared against the severity factor that corresponds
to the repairable limit (Table 2). This way a map is created (Fig. 15) to assist the decision-making.

The synergy between environmental exposure and sea salt concentration strongly affects the hot corrosion severity
(Fig. 15a, c and e) and the prediction of whether the blade will be repairable (Fig. 15b, d and f) after a number of flight
cycles. The derate policy has a smaller effect, as it shifts the damage up to 5-7% (Fig. 16), but it is the only parameter
out of the three that can be controlled (within some constraints). A 10% derate is the most detrimental for LPT stgl
hot corrosion, the second most detrimental is 0% derate and the less detrimental is 20% derate. In theory, a 0% derate
may lead to lower hot corrosion damage in the LPT stgl, but it increases the effect of other damage mechanisms, so
it would normally be avoided and the 20% derate would make more sense. If a flight is departing from a seaside
airport with a fuel supply of low quality, the contamination cannot be avoided but a 20% derate policy across take-off
and climb can offer a hot corrosion life benefit up to 7% which may be able to shift the damage and bring it below the

damage threshold for the component to be repairable (Fig. 15f). Overall, considering the whole parameter range in
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Fig. 15, a change from [Sf=0.01%, CssaL=5[ug/m?], Derate = 20%] to [Sf=0.3%, CsscL=25[ug/m’], Derate = 10%)]

increases the damage by +348%, which shows the importance of predicting hot corrosion in the highly varying aero-

engine operation and environment.
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After the severity of hot corrosion is estimated and related to the repairable limit (Fig. 15), two decisions can be



1. The maintenance schedule can be informed by the new hot corrosion framework and be adapted so that the
engine is removed before the material loss is beyond repair. In that case, some remaining life of Life-Limited
Parts (LLPs) may be sacrificed to prevent blade scrap. This is a trade-off choice that is part of a wider
optimization problem that considers multiple component damage, LLP expiry, hardware degradation, fuel
efficiency penalty and engine availability.

2. Even if no schedule change is made due to hot corrosion, if increased scrap rates are predicted due to hot
corrosion under a given maintenance schedule and shop visit interval, the expected costs can be more

accurately be predicted.

V. Discussion

A. Extra considerations

Existing engine lifing approaches based on creep, fatigue and oxidation mainly usually focus on the HPT, and the
most significant inputs are the HPT inlet temperature, maximum rotational speed and stress at take-off. While other
lifing approaches are looking for the highest temperatures and rotational speeds at take-off, a new philosophy and
types of information are required for hot corrosion analysis based on the whole flight mission. The highest
temperatures are not the most detrimental in regard to hot corrosion, but intermediate temperatures of a specific range
should be identified over the whole flight duration. However, the temperature limits should not be treated as absolute,
but they can be slightly different when vanadium eutectics that cause hot corrosion at lower temperatures are present
or when the salt saturation point is higher and liquid deposits can be sustained at higher temperatures, the upper
temperature-limit can also be higher. Furthermore, the hot corrosion rate does not have a monotonously increasing
relationship with temperature, like oxidation, so the hot corrosion predictions become more challenging and more
sensitive to any temperature accuracy errors than other temperature-dependent damage mechanisms such as creep and

oxidation.

B. Operational & Technical Conclusions

The first and most straightforward observation is that high sea salt concentration and high sulfur concentration
(fuel sulfur impurities) are detrimental to hot corrosion, but other better-hidden correlations are also identified. At
component level, increased hot corrosion occurs when a favorable combination of high pressure, high sulfur oxide

and high salt deposition rate is present under an intermediate temperature range that remains below the saturation
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point of sodium sulfate. It should be noted that any change in the component temperatures due to different thrust or
ambient temperatures, may bring a component from a peak of the hot corrosion rate curve to a lower point or vice
versa, may move the component into or out of the temperature range of hot corrosion or it may move the conditions
below or above the saturation threshold of sodium sulfate. High pressure indirectly favors hot corrosion through three
mechanisms:

e It increases the saturation point of sodium sulfate allowing liquid deposits to be maintained at higher

temperatures [98].

e Itincreases the partial pressure of sulfur oxides, a function of which is the hot corrosion rate (Eq. (6) and (7)).

e Itincreases the deposition rate through vapor diffusion [98].

At mission level, take-off and climb, which are associated with high thrust, offer a combination of high SOx due
to the high FAR, high pressure and high salt concentration at lower flight altitudes. Although the HPT has the highest
pressures, the gas temperatures are usually too high for salt condensation to occur. The average LPT stg2 conditions
are below the saturation point of sodium sulfate both at take-off and climb, but at climb, the temperature drops below
the lower temperature limit of hot corrosion. LPT stgl has higher pressure than LPT stgl and remains in the hot
corrosion temperature region for both at take-off and climb. Consequently, in the investigated type of engine, the first
stage of the LPT was found to be the most affected by hot corrosion.

For the engine type that was investigated in this paper and for engines of similar technology level, TET has a
typical range of 1550K-1650K at take-off, 1400K-1500K at climb and 1200-1350K cruise. The TET influences the
temperature ranges of all the downstream components. Therefore, the hot corrosion conclusions are based on this
specific type of engine, but the same rationale and methodology can be used to assess hot corrosion in engines of
different technology levels. For example, a typical cruise TET in the investigated engine is 1200-1350K, which means
the HPT will be in the range of hot corrosion during cruise; perhaps a small part of LPT stgl will marginally be in the
lower end of hot corrosion range, and LPT stg2 will most likely be out of range. A new engine of higher technology
level, which may have a TET of 1500K at cruise will have a decreased risk of HPT hot corrosion progress during
cruise, but this means that both LPT stgl and LPT stg2 will be in the temperature range of hot corrosion at cruise. On
the other side, the higher take-off and climb TETs of newer engines are expected to bring both the HPT and LPT stgl

above the temperature range of hot corrosion, and LPT stg2 and stg3 will likely become more affected.

C. Current Limitations & Future Work
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This framework considers sodium sulfate and sodium chloride from sea salt, sulfate from particulate matter and
sulfur impurities in the fuel. Additional species in lower concentrations that can be considered in the future are the
potassium chloride in the sea salt, vanadium traces in heavily polluted areas and vanadium impurities in the fuel. Hot
corrosion experimental models that include the effect of all the aforementioned species are currently missing.
However, if suitable experimental models become available, the same methodology can incorporate the currently
missing species.

In the hot corrosion module, a temperature correction factor, based on experimental results, was combined with
the baseline hot corrosion rate model that was developed under constant temperature. This temperature correction
factor represents the trend of hot corrosion rate over the temperature. However, this trend hides some effects:

e Reaction rates sensitivity to temperature

e Change in the equilibrium composition of the gas and deposits

e The activation of different chemical reactions due to the change in the surface species
o Evaporation/deposition of species

In a similar manner, the peaks in the hot corrosion rate have also been explained by Sumner et al. [15] with the
underlying balance of increasing reaction rates with temperature and destabilization/evaporation of the deposit. The
framework predicts changes in the gas composition and the deposition or evaporation of species, so some of the
underlying effects of temperature variation with temperature may be already partly accounted for. Consequently, the
implementation of this temperature correction factor is suspected of leading to an “overcorrection”.

The framework includes calculations for the salt built-up over flight time based on the combined effect of
condensation/evaporation, but the experimental hot corrosion rate models available in the literature do not support this
form of input. Their input is usually in mass/area/time (e.g. mg/cm?/h) i.e. deposition rate. This assumption is expected
to lead to an underestimation of the hot corrosion damage, as the available experimental hot corrosion rate models are
functions of the deposition rate and do not relate to the salt thickness that has already accumulated. The
underestimation would be expected especially during cruise because the deposition rate is zero or very low at cruise,
but a salt layer may have been formed during take-off and climb when the engine is exposed to a higher amount of
sea salt. However, salt-layer thickness is calculated in the framework and can be used to assist the hot corrosion

assessment and potentially consider a safety factor to compensate for the damage underestimation during cruise.
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Another limitation of the used hot corrosion rate model is that the effect of sulfur oxide partial pressure is only
synergistic with the deposition rate. Equation (6) shows that when the deposition rate is zero, the parameter A which
includes the sulfur oxide exponential factor stops having any effect, so the variation in gas sulphidation/oxidation
when a deposit is not present cannot be captured. Nevertheless, hot corrosion under molten alkali salts is notably more
catastrophic; consequently, it is expected that the current limitation in the modeling of pure gas effect does not affect
dramatically the conclusions of this work which is focused on sodium sulfate hot corrosion. However, this limitation
can be further investigated and improved in a future version of the hot corrosion framework when more relevant
experimental models become available.

To summarize, the currently available experimental hot corrosion models were identified to have some limitations
regarding the input parameters and the variability of the conditions. This framework should be assisted by the
development of more relevant hot corrosion experiments covering a more comprehensive set of conditions that appear
during aircraft engine operation and which can be estimated using the developed hot corrosion framework. The
conditions of the new experimental set-ups can be specified using the presented hot corrosion framework, and the
derived experimental models can be fed back into the framework to assist future predictions as part of the hot corrosion

rate module (Fig. 17).
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Fig. 17 Mapping of new hot corrosion experiments using the hot corrosion framework
VI. Conclusion
The development of a multidisciplinary framework that predicts and explains hot corrosion damage in aircraft
engines based on the flight mission, engine performance, operational policy, flight location and fuel quality was

described. The framework was applied to a typical 1500nmi flight mission with variable fuel quality, environmental
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exposure and derate policy to provide insights into the damage drivers during the flight mission, the progress of the

acting mechanisms, the most detrimental flight phases and the most affected components:

A 10% derate policy leads to higher LPT stgl hot corrosion damage than 0% derate, which is contrary to the
trend commonly observed for creep, fatigue and oxidation. Hot corrosion has the unique characteristic that it
is activated within an intermediate temperature range, where liquid salt deposits can be sustained, and there is
a non-monotonous relationship between the rate and temperature with two peaks which have been explained
as a result of the balance between increasing reaction rate with increasing temperature and destabilization of
the deposits. Hot corrosion is a phenomenon with complex non-linear and non-monotonous mechanisms, and
a change in the thrust or operating temperatures due to any reason (degradation, derate policy, altitude,
deviation from standard atmosphere conditions) may bring a component from a peak of the hot corrosion rate
curve to a point of lower rate and vice versa or may bring a component into or out of the temperature range of
hot corrosion or above/below the sodium sulfate saturation point. For standard atmosphere conditions in a
1500nmi mission, a 20% derate can reduce hot corrosion damage by up to 7%.

A combination of high sulfur oxide concentration, high sea salt concentration and high pressure while the
surface temperature is in the intermediate range of 600-1000°C and the gas temperature below the salt
saturation point is the main condition for deposit-induced hot corrosion to occur. In the investigated type of
engine, this set of conditions appears during take-off and climb for the LPT stgl and at take-off only for the
LPT stg2.

The LPT stgl is the most affected component and the LPT stg?2 is the second most affected component. The
HPT was found to be less affected due to the higher gas temperature far above the sodium sulfate saturation
temperature during take-off and climb which prevents the formation of stable molten alkali sulfate deposits.
As long as the affected components are within the temperature range of hot corrosion and below the sodium
sulfate saturation point, take-off and beginning of climb provide a combination of low altitude, therefore, high
sea salt concentration in the intake air, and high pressure which increase the deposition rate. The high thrust
is related to a high FAR which is translated into high level of sulfur oxides. Climb has a declining profile of
salt concentration and pressure as the altitude increases, but the time of the exposure is longer than take-off.

Hot corrosion is a mechanism that is temperature, environment and time-dependent.
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Hot corrosion is a chemically induced damage mechanism that requires the presence of corrosive species. In
the context of aero engines, the major source of sulphur is the jet fuel and the main source of alkali metal
sulphates is the sea salt concentration in the atmosphere. The impact of sodium sulfate deposition rate and
sulfur oxides on the hot corrosion rate is synergistic. For a fixed ground-level sea salt concentration of 15
[ug/m?], a fuel quality variation within acceptable limits of the specifications (0.01 — 0.3%) can increase the
damage by up to 128.4%. This highlights, first, the necessity for monitoring the fuel quality from various
suppliers in different regions and, second, the potential for hot corrosion damage reduction with the use of
SAF which are expected to have little to no sulfur impurities as they do not come from the sulfur-containing
crude oil. For the average sulfur content in jet fuel of 0.1%, a rather conservative variation in sea salt
concentration from 5 to 25 [ug/m?®] can increase the damage by up to 80% and even higher concentrations
may be found locally. The environmental exposure and sea salt concentration must be traced to the flight
region and local air quality, including seasonal variations, with emphasis on the departure airport which is
associated with the take-off and climb.

Finally, the available hot corrosion experimental models are a function of the deposition rate, and not the
accumulated salt layer. This leaves some uncertainty in regard to the impact of the flight segments when the
deposition rate has dropped, but a salt layer has been formed and is sustained, such as during the end of climb
and cruise. Particularly in advanced engines with higher operating temperatures, more components could be
at risk of being in the temperature range of hot corrosion during cruise so there is a necessity for experimental

models that capture the impact of the accumulated salt layer thickness when the deposition rate is low or zero.

The new framework was used to explain how the hot corrosion mechanism develops during the flight mission and

estimate the damage. It also highlighted the importance of collecting additional information for hot corrosion lifing

such as fuel quality, and environmental exposure during the whole mission in addition to the derate policy and other

mission specifications. This methodology can contribute to a more accurate engine lifing analysis including the effect

of hot corrosion and can be integrated with digital twins. Finally, the outputs can be used to inform the decision-

making related to MRO scheduling and contract costing based on whether the predicted damage is expected to be

below or above the repairable limits of the component.
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