Energy Systems
https://doi.org/10.1007/512667-023-00612-0

ORIGINAL PAPER

®

Check for
updates

An approach to evaluating the impact of contaminants
on flux deposition in gas turbines

Stefano Mori' © - Mathilde Mendil® - Jonathan Wells? - Neil Chapman? -
Nigel Simms’ - Roger Wells? - Joy Sumner'

Received: 27 June 2023 / Accepted: 31 July 2023
© The Author(s) 2023

Abstract

Gas turbines are a key part of many countries’ power generation portfolios, but com-
ponents such as blades can suffer from hot corrosion attack, which can decrease
component lifetimes. Corrosion is driven by impurity levels in the fuel and air (e.g.,
species containing sulphur and/or alkali metals) and depends on environmental con-
ditions (e.g., air pollution, seawater droplets), that can lead to formation of harm-
ful species in the gas. Understanding and determining the deposition flux of such
contaminants is crucial for understanding the problem. Thermodynamic simulations
were used to determine types and amounts of potentially corrosive contaminants,
this was followed by deposition fluxes calculations. An operating scenario, based
upon an offshore platform was evaluated. The effectiveness of different filtration
systems has been evaluated. The impurity levels of alkali metals, such as sodium,
greatly impacts the calculated deposition flux of species linked to corrosion attack.
The presence of Na,SO,, and K,SO, was found, at temperature representative of
stage 2 nozzle guide vanes. Lowering sulphur input (from fuel or air) can be an effi-
cient way to decrease deposition, attention must also be paid to lowering the amount
of alkali metal entering the gas turbine, which can be lowered by the filtration sys-
tems’ correct use.
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1 Introduction

Gas turbines’ contribution to the UK’s energy mix has been estimated to account
for about 31.8 GW (30%) of electricity production in 2021 [1]. Moreover, annual
sales of natural gas represent around $8 billion, and continuous growth has been
predicted for the next 10 years [2]. Gas turbines are used in Combined Cycles
Gas Turbine power plants (CCGT), which integrate steam turbines, to use waste
heat from the gas turbine’s exhaust to convert additional energy [3]. This syn-
ergy reduces the amount of fuel required per unit of power generated, and so the
emission of pollutants per unit energy (CO,, NOy, etc.) also falls compared to a
stand-alone gas turbine or a conventional coal-fired plant, which operates at lower
temperature hence at lower efficiency, or simple gas turbines which have higher
heat losses [4, 5]. In addition, CCGT is very flexible in terms of the fuels that
could be utilised [3].

When gas turbine materials are in direct contact with the hot gas stream from
fuel combustion, they experience very high degradation rates [6] [7]. This is due
to the presence of gaseous impurities, such as Na,SO, in the hot gas stream that
can condense on the surfaces of gas turbine components as turbine blades are
cooler with respect to the gas stream temperature. The condensation of such cor-
rosive species can lead to hot corrosion which has been shown to have two peaks,
one around 700 °C and a second one around 850 °C [8].

Gas turbines are complex devices that are composed of different parts, which
all play a vital role in the function of the gas turbine. Air and fuel inputs are
compressed and then combusted. The combusted gases then pass into the turbine,
expanding and turning rotors to convert the energy into electricity. Turbines are
composed of several sections, which all operate at different temperatures and
pressures, requiring different materials for the different stages. The focus of this
work is the nozzle guide vanes (NGV) and blades in the first two stages.

To model the behaviour and simulate the environment in a typical gas turbine,
it is necessary to take into account those components, such as filtration system
which can reduce contaminants levels. The specification of the environment influ-
enced by fuel and air composition is very important. The use of filtration systems
is not only fundamental to stopping particles entering the turbine, but also helps
decrease the number of harmful species that could condense and lead to high
temperature degradation (e.g. hot corrosion) of the machinery.

Ash particles and vapours are the result of fuel combustion and can cause prob-
lems when they deposit on metals’ surface. Vapour condensation is the main con-
cern in natural gas combustion. This type of deposition usually occurs on turbine
blades surfaces since they are cooler than the surrounding gas environment. Even
thin layers of molten mixed deposits can be problematic; fluxing away protective
layers in a process known as hot corrosion [9]. These deposits can be in form of
alkali chlorides (NaCl, KCl); alkali sulphates (Na,SO,, K,SO,); and acidic sul-
phates (H,SO,) [10]. The extent to which these compounds can form is depend-
ent upon trace contaminants in the air and fuel, and so simulating these and the
resulting post-combustion environments is crucial to understand the hot corrosion
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attack mechanism and so predict turbine component lifetimes. To be able to per-
form an analysis of anticipated deposit chemistries and fluxes, an understanding
of fuel and air specifications (i.e., contaminants levels), as well as air filtration
systems is needed.

2 Methodology

The methodology used for this work is depicted in Fig. 1. More information has
been reported in the Theory section. The parameters used to simulate the turbine are
summarised in Table 1. The main parameters used for the simulation are the power
output, pressure ratio, mass flow, gas temperature.

The air composition used for the thermodynamic calculations is given in Table 2.
In addition to these main components, sea salt aerosol (SSA) particles, as well as
dust particles, have been added to the air input for the thermodynamic calculations,
as explained in the sections below.
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Table2 Composition of

standard air [11] Component Molar fraction
N, 0.7809
0, 0.2095
Ar 0.0093
€O, 0.0003

Parameters such as gas density and dynamic viscosity were assumed to have
the same values in the combustion gas as for atmospheric conditions. For this
study, these parameters are needed for specific temperatures, hence a curve fitting
was made using the data from [12]. The density of exhaust gas p in kg/m> and the
dynamic viscosity of the exhaust gas u in Pa.s are given in Eqgs. (1) and (2), with a
correlation factor of 1 for both. In the equation T is temperature in °C.

349.17
p== €]
u=—-1x101713 -4 x 1071712 + 7% 10T + 1 x 107° )

2.1 Sand and dust in offshore environment modelling

Sand from deserts can be carried offshore over thousands of kilometres through
wind action [13], with the sand’s composition dependant on the location of the
desert. However, typically, sand is made of different oxides, such as silicon (Si0O,),
aluminium (Al,03), calcium (CaO), iron (Fe,05), magnesium (MgO) and potassium
(K,0) [13].

Sand particles carried by the wind have a variety of sizes, ranging from 0.01
to 100 um [14, 15]. Kaaden et al. [15] conducted a study on dust from the Saha-
ran desert to investigate the size distribution, the hygroscopic growth of the Saha-
ran aerosol for background conditions and dust events [15]. He also found that the
geometric mean diameter (GMD) for Saharan dust particles was 715 nm during a
dust event and 570 nm for the Saharan background aerosol [15]. In addition, it was
highlighted that between 30 and 250 nm particles are hygroscopic (usually rich in
sodium chloride, sulphates, ammonium sulphate) while over 350 nm particles are
hydrophobic (those are composed by iron-rich, titanium-rich, quartz, calcium car-
bonates, gypsum, carbonaceous species, silicates) [15]. Schiitz et al. [16] noticed,
that during atmospheric transport, the mean value of the particle size distribution
decreases. This is likely because gravitational settling preferentially removes larger
particles [16].

Stohl [17] gathered data showing that dust particles can be coated with sulphates.
This is particularly the case in polluted regions such as the Mediterranean area or east-
ern China. The pollutant are absorbed by the particles (e.g. sea salt, dust) on their sur-
face forming salts (Na,SO,, NaNO;, CaSO,, Ca(NOs),) [18, 19]. However, sulphates
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are also found on the dust particles on the Saharan desert, but those could be mainly
ascribed to sulphate in mineral form, which does not react inside the gas turbine [17].
These form the basis of inputs for sand in later calculations.

2.2 Filtration systems and filter efficiency

Gas turbines are equipped with filtration systems to decrease the amount of contami-
nants ingested with inlet air [20]. Gas turbines manufacturers provides recommended
criteria for air quality. Filters are chosen to meet, at a minimum, these criteria; their
choice depends on the specific operational location of the gas turbine [21].

Therefore, the first step in the choice of a filtration system is to define the operational
environment. Location for the turbine has been assumed as “coastal, marine, or off-
shore”. Gas turbine components can be sensitive to solid particles, liquid contaminant
and gas contaminant [13].

2.2.1 Filtration curves

In this work two filtration systems were considered, following the European standard
BS EN 779:2012 [22] and BS EN 1822-1:2019 [23]: Standard: G2, M6, E11 and High
efficiency: G2, F6, E12.

A filter’s efficiency is a ratio of captured particle quantity (weight, volume or num-
ber) over the inlet particle quantity, Eq. (3) [24].

Wentering - Wleaving
n= W (3)
entering

Table 3 Parameters used for the different simulations

Scenario Fuel Air Contaminant Normalised S~ Normalised Normal-
Saharan dust  ised seal
salt

A Dirty  Standard H,S 5 ppm 17.20 - -

B-G2,M6  Dirty Standard—  H,S 50 ppm 18.28 - REF
G2, M6 + Sea salt aerosol

B- HEPA'! Dirty  Standard—  H,S 50 ppm 18.26 - 0.103
HEPA + Sea salt aerosol

C-G2,M6 Dirty Standard—  H,S 50 ppm 18.28 REF 1
G2, M6 + Sea salt aerosol

+ Saharan dust

C- HEPA! Dirty  Standard—  H,S 50 ppm 18.26 0.059 0.103

HEPA + Sea salt aerosol

+ Saharan dust
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Fig.2 Sum of sea-salt size log-normal distribution for film, jet and spume drop mode

Table 4 Tri modal lognormal

Film d Jetd S d
distribution parameters [32] 1m crop ot drop pume crop
GM 0.1 1 6
GSD 1.9 2 3

2.2.1.1 Scenario assumptions This study will focus on a gas turbine located on an
offshore field in the Arabian Gulf, 180 km away from Abu Dhabi (Abu Al Bukhoosh;
ABK). Six different scenarios have been simulated; they are listed in Table 3.

Dust was assumed to come from the Saharan desert, known as ‘Harmattan’ dusts,
and the composition was measured in Spain [25]. As Saharan dust contains min-
erals, such as clay or glass, which do not react in the gas turbine, only the water-
soluble species were considered in the study. A study led by Alebi¢-Juretié et al. on
a Saharan dust event on 12th of April in 2002 recorded the water-soluble ions con-
tained in the dust [26]. To do that, the ions were measured in the deposit sediment
in Croatia. It was found that the weight fraction of SO,>~ from deposited dusts was
about 0.039%. The dust concentration used was 15,000 mg/m3, which corresponds
to the concentrations found during a dust event [27]. Concerning the dust particle
size for this study, the geometric mean (GM) was 0.5 nm, and the geometric stand-
ard deviation (GSD) was 1.9 nm [27] (Fig. 2).

The amount of salt entering the turbine and the dust coming from the land con-
veyed by wind were taken into account. Then, the salt passes through the filtration
system. With a wind speed of 10 m/s and a 14 m height location, 93%, 7% and
0.00004% of SSA is respectively in film drop, jet drop and spume drop mode. The
parameters of the lognormal size distribution of each mode are given in Table 4. The
size distribution obtained is shown in Fig. 2.

The composition of the SSA has been assumed to be the same of sea water, in
the Persian Gulf water, given in Table 5 [33]. The gas turbine in this scenario also
experiences high variation in the quality of the gas supplied. Hence, two types of
fuel were simulated, one being “standard gas” and the other, “dirty gas” (Table 6).

It was assumed that the air entering the gas turbine had a molar volume as
an ideal gas at 0 °C and P=1°atm. This would have an impact on the amount
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Table 5 Salt content in Persian

Gulf water [33] Component Content (wt. ppm)
Ca 419
Mg 1304
Na 10,710
K 390
S0, 2690
Cl 19,350
Table 6 Composition the. Component Standard gas (molar frac._ Dirty gas
“standard gas” and the ‘dirty tion) (ol rac
gas” [34] o
CH, 0.942 0.841
C,Hy 0.032 0.043
C3Hy 0.006 0.015
i-C/H,o 0.001 0.003
n-C,H,, 0.001 0.005
i-CsHy, 0.001 0.002
n-CsHyy - 0.002
Cotyy - 0.002
G - 0.001
CO, 0.005 0.03
N, 0.012 0.036
H,S 0.0012 0.0205

of contaminants (dust, SSA) entering the gas turbine, along with the air. The
formula given in Eq. (4) give the molar volume (V/n) depending on the tem-
perature [28].

V _RT
LT P “
where V is the volume in m>, n is the amount in mol, R is the ideal gas constant
equals to 8.314 J/K/mol, T is the temperature in K, and P is the pressure fixed at
101,325 Pa (1 atm).

The saturation pressure (pg, ,) was estimated using MTData, through the cal-
culation of the Gibbs’ free energy (AG) of the phases. For the calculations it
was assumed that the temperature of the bulk gas is fixed. Only the metal tem-
perature varies. As nitrogen is the most abundant species, it is assumed that the
coefficient D, y, describe the diffusion coefficient of the species A through the
hot gas stream [10].
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3 Theory

Some background theory has been used to perform this work, starting from the vapour
condensation model to filtration efficiency, to SSA concentration and particle distribu-
tion. The main point of the background used can be found in this section.

4 Vapour condensation models

Tomeczek et al. [29] proposed a method to model deposit growth from aerosols, ashes
and vapours, that could be found in combusted environment, on a cooled boiler tube.
The work focused on deposition of Na,SO, and K,SO, compounds [29]. This method
predicts the rate of condensation of the species A, 71, 4 in kg/s/m?, following Eq. (5).

Pa ~ PsatA

me, = B, 2

Pg )
where B, is the mass transfer coefficient (m/s), p, is the partial pressure of the spe-
cies A (Pa), py, 4 is the saturation pressure (or vapour pressure) of the species A
(Pa), p, is the gas density (kg/m3), and P is the total pressure (Pa). The mass transfer
coefficient B, (m/s) is given by Eq. (6).

ShD,
By=—

(6)

where D, p is the diffusion coefficient of species A through species B (m%/s), D is
the tube diameter (m), and S% is the Sherwood number depending on Reynolds num-
ber (Re) and Schmidt Number (Sc).

Usually for combustion systems, it is assumed that nitrogen is the most abundant
species in the hot gas stream. Hence, it is assumed for the calculation that the coef-
ficient D, ,, describe the diffusion coefficient of the species A through the hot gas
stream [10].

The saturation pressure (or vapour pressure) of the condensing species A, py, 4.
depends on the gas temperature. Tomeczek et al. approximated this using Antoine’s
equation, Eq. (7) [29].

psat,A

S

where A, B and C are Antoine equation parameters, and T is the temperature (K).

n

5 Sea salt aerosol modelling
Sea salt can be found in air as aqueous aerosol or solid particles [21]. SSA is a mix-

ture of very small particles or droplets of salt in the air. Anything that affects the
seawater’s surface may impact SSA properties, such as atmospheric stability, sea
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temperature, air temperature, rainfall, sea topography, etc. [30]. Wind has a major
impact on SSA concentration as it causes waves to break, and it affects the upward
transport of SSA in the air [30]. It is usually measured at 10 m above the sea surface
(and called U ).

SSA particles are typically divided into three principal subgroups based on their
geometric radius at a relative humidity of RH=280% (rg,) [31]:

— Small SSA particles (rgy<0.1-1 pm)
— Medium SSA particles (1 pm <rg; <25 um)
— Large SSA particles (rgy> 100 pm)

Moreover, three modes of formation of a SSA were highlighted by O’Dowd et al.
[32]: film drop (0.2-0.4 um diameter), jet drop (2—4 pm diameter) and spume drop
mode (up to 200 um diameter). In their paper [32], they found that the particle size
distribution can be described by a tri-modal lognormal curve, which parameters are
defined in Table 4.

In addition, the total concentration (cm™) for each mode could be calculated by
Eqgs. (8), (9) and (10), where U is the wind speed at 10 m height (m/s).

10g(N ) = 0.095U, + 0.283 ®)
log(N,) = 0.0422U,, — 0.288 )
log(N,) = 0.0422U,, — 0.288 (10)

The SSA composition depends directly on the composition of the sea, for the rea-
son it might differ from one region to another, depending on the location on earth.
Despite the difference in composition, the main species that could be found in SSA
are alkali metals, such as sodium, magnesium, calcium, potassium, chloride, sul-
phate, etc. The simultaneous presence of these alkali compounds along with sulphur
compounds (coming from the air or the fuel) may be detrimental to the gas turbine,
and might lead to hot corrosion occurrence on the hot gas path section [13].

6 Calculations

The calculations based on the theoretical background of the previous sections are
explained below.

7 Calorific value calculations
The calorific value of the fuel was calculated based on ISO 6976 (1995) [35], taking

into account each molecule constituting the natural gas used for the study. From that,
the fuel mass flow (v, ;,,, in Kg/8) was calculated using Eq. (11)
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Table 7 Calculated

Air-to-fuel rati 30
characteristics of the gas turbine {ro-ue” rahio
Input fuel mass flow 0.78 kg/s
Fuel calorific value 48.16 MJ/kg
. _ Power
mﬁtel,input - ( 1 1)

Efficiency X Calorificvalue

where the power of the gas turbine is in J/s and the calorific value in kg/s. After-

wards the air mass flow rate (s, ;,,,, in kg/s) was deduced using Eq. (12).

m X air-to-fuel ratio (12)

air,input = mﬁtel,inpul

For calculation purposes it was assumed that air has a molar volume of 22.4 L/
mol, which is the standard value for ideal gas at 1 atm and O °C. The results of this
calculations are reported in Table 7.

8 Vapour condensation calculations

The rate of condensation (flux) of the species A (kg/s/m?) was calculated using
Eq. (5) from Tomeczek’s model [29]. The mass transfer coefficient B, (m/s) was
calculated using Eq. (6), and the diffusion coefficients for gases and vapours species
were estimated using the Gilliland model [36]. The Reynolds number was calculated
using Eq. (13) and the Schmidt number using Eq. (14).

V.Lp
Re = £ 8 (13)
He
He
Sc = 14
pgDA,B ( )

where V, is the speed of the exhaust gas (m/s), L is a characteristic length (m), p, is
the dynamic viscosity (Pa.s), p, the density of the fluid (kg/m3) and D, p is the diffu-
sion coefficient of species A through species B (m%/s).

Then, the Sherwood number, was calculated following Kutatela’s method, for a
flow normal to a cylinder and for a Schmidt number over 0.5 [37] (Eq. (15)) using
Eq. (16).

Sh=Ax Sc%¥ x Re™ (15)

Se>0.5 (16)

where the coefficients A and m depend on the Reynolds number [37].
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Fig. 3 Composite of efficiency curve from different sources for filters G2, M6, E11 and E12 [36, 39]

9 Filter efficiency calculations

Filter efficiency from this study is an assembly of information from different
sources, represented in Fig. 3. Brown tested filter efficiency with ASHRAE filters
from 0.1 to 10 um [38] and Kowalski and Bahnfleth tested European filters from
0.01 to 10 um [39]. The efficiency curve of E12 was estimated to fit the standards. In
addition, these efficiency curves represent the worst-case situation, as filters are new,
hence the efficiency is lower compared to that expected in operation, when it gets
clogged with time [40]

10 Sea salt aerosol calculations

Many models have been developed to predict SSA concentration depending on wind
speed [41]. Yoshiaki [42] proposed a model to predict the sea salt concentration tak-
ing into account the speed of the wind and the altitude, described in Eq. (17):

5=5x (631070 x H)** T (17)

where s is the SSA concentration in pg/m>, W is the wind speed in m/s and H is the
altitude above the sea level in m. For this work it has been assumed the gas turbine
and the filtration system are about 14 m above sea level on an offshore platform.
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11 Results and discussion

This section presents condensation data for different scenarios, different stages
inside the turbine, and different filter efficiencies. Among the different species found
through the thermodynamic modelling, this work will focus mainly on the conden-
sation of Na,SO,.

12 Vapour condensation

The only condensed and deposited species found (through MTData thermodynamic
modelling) in this scenario are MgSO,, CaSO,, K,SO, and Na,SO,. Between the
temperature of stage 2 blades and stage 1 NGV (Table 8), only K,SO, and Na,SO,
were able to melt; these are both species of interest from a hot corrosion point of
view. The two other species remain as solid particles. Na,SO, condensation fluxes
are shown in Fig. 4. In Fig. 4 the metal temperature of the stage 2 blades has been
taken as reference point (X) and all the temperature are expressed as a difference
from X. This has been done due to the sensitivity of the metal temperature data.

The cases B and C having the same filtration system (G2 and M6) show Na,SO,
condensation fluxes that almost overlap (only 0.0001% of difference), no matter
the difference of sulphur input (0.002% difference between B and C sulphur). The
observation is the same for the case B and C with HEPA filters. This validates the
finding that sulphur is in excess in the turbine. High efficiency filtration systems (ie.
HEPA) cause a decrease of Na,SO, condensation fluxes by a factor of 2, resulting
in a deposition flux of 2.15 pg/cm?h (HEPA) compared with 4.85 ug/cm?h for G2,
Mé.

Condensation fluxes were plotted (Fig. 5) for the 2 stages of NGVs and blades.
These results indicate the fluxes of condensation was greatest on the stage 2 NGV
with the G2 M6 filtration system followed by that of the stage 1 blade and then the
stage 2 blade, both with the G2 M6 filtration. For the stage 1 NGV, there is no con-
densation of Na,SO, recorded with HEPA filtration system, and the rates of conden-
sation with G2, M6 filters are too low (0.006 pg/cm?h at X-190 K) to display clearly

Table 8 Na,SO, flux of

) Filtration system Metal Na,SO, condensa-
condensation at the stage 1 and @ " i t /
2 NGVs and blades with the G2 emperaturetion rate (g
’ (K) cm“/h)

M6 and HEPA filtration system.

Note, metal temperatures Stage INGV G2, M6 X+100 _
supplied by Siemens Energy ’

but due to the sensitivity of this HEPA -
data, the temperatures are not Stage 1 blades G2, M6 X+50 1.37
repeated in this paper HEPA _
Stage 2 NGV~ G2, M6 X 3.08
HEPA 0.18
Stage 2 blades G2, M6 X 0.84
HEPA 0.53
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Na,SO, Flux with Combustor Exhaust Temperature Greater than X+310 K
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Fig.4 Flux of condensation of Na,SO,, at T, =(X-109) K and p=1 atm. The different curves represent
the different filtering systems (standard and HEPA) for Scenario B (dirty fuel plus contaminants and sea
salts) and Scenario C (dirty fuel plus contaminants, sea salt and Saharan dust). The combustor exhaust
temperature is greater than X+310 K

Na,S0, Flux with Combustor Exhaust Temperature Greater than X+310 K
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Fig.5 Flux of condensation, for scenario C, of Na,SO, on the stage 1 and 2 NGVs and blades with dif-
ferent filtration systems. The combustor exhaust temperature is greater than X+310 K

on the graph. Table 8 summarises the rates predicted by the simulations at the blade
temperature of each stage. Table 8 indicates that no condensation of Na,SO, would
occur on the stage 1 NGV components whilst using either the G2 M6 or HEPA fil-
tration systems. For the stage 1 blade, the stage 2 NGV and the stage 2 blades, the
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predictions suggest that the HEPA filtration system will minimise the Na,SO, con-
densation and thus reduce the risk of hot corrosion.

The dew points are also different depending on the filtration system used and
the stages of the turbine studied. This is summarised in Table 9. The dew point
depends on the Na,SO, partial pressure but also on the gas temperature. The
partial pressure of Na,SO, is the highest at the stage 1 blades (stage 1 blades:
1.41 x 107° Pa for G2, M6 filters, stage 2 NGV: 1.04 x 1070 Pa) of the gas turbine,
but fluxes of condensation are higher at the stage 2 NGV because the bulk gas
temperature is lower (temperatures not quoted at the request of Siemens Energy).

13 Filter efficiency

Filtration curves are not universal, as they depend on the operational velocity
of coming air, on humidity level or on the manufacturer itself. Hence, it is dif-
ficult to confirm or refute the chosen curves. Nonetheless a shift in the curves
might impact the condensation fluxes, especially for the filtration of SSA, which
is important as it contains reactive sodium, which acts as the limiting reactant
in these examples, for forming Na,SO,. A sensitivity analysis was carried out to
estimate the impact of a change of the filter efficiency curves. To do this, the effi-
ciency curves were shifted up as shown in Fig. 6. The G2 efficiency curve (red)
was fully shifted up by 1%, and the 3 others were shifted up only where it was
possible without having an efficiency exceeding 100% (e.g., between a particle
size of 0.03 um and 0.6 pm for E11 and E12, and between 0.01 um and 2.6 um for
M6). The impact of filtration curve changes on the new amount of particles pass-
ing through the filters was estimated.

It was found that a shift of 1% of the efficiency curves had a major effect on
the overall volume of contaminant injected. For the standard filtration system
(G2, M6 and E11) contaminants particles volume decreased by 8.9%. Concerning
HEPA filtration system; the impact was bigger with a decrease of contaminant
level up to 16.1%.

Table 9 Dew point of Na,SO,

Filtrati t Na,SO
at the four stages of the turbine Hiralion system P .
. ew point
with G2, M6 and HEPA
- X)
filtration system
Stage 1 NGV G2, M6 X+32
HEPA -
Stage 1 blades G2, M6 X+167
HEPA X+37
Stage 2 NGV G2, M6 X+152
HEPA X+42
Stage 2 blades G2, M6 X+97
HEPA X+77
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Fig. 6 Illustration of the shift of the efficiency curves by 1%

14 Choice of input

The relevant parameters chosen as gas turbine inputs are discussed in this Section.
The impact of these choices (such as air characteristics, SSA model, dust chemistry,
etc.) have been evaluated along with the choice of the condensation fluxes model.

15 Sea salt aerosol input

SSA concentration in atmosphere, as well as the size distribution, is season depend-
ant [21]. Humidity, also, plays a large role in the phase of the sea salt and the size
of the aerosol particles. When the humidity is above 70%, SSA absorbs the moisture
in the air and the particles diameter increases [21, 32]. The relative humidity in the
Persian Gulf oscillates around 80% [43]. In addition, SSA size decreases with the
altitude, as the smallest particles go at higher altitude than big and heavy particles
[21]. The size distribution has been measured at 10 m above the seawater, and the
bottom of the platform was at 14 m above the seawater. Hence, looking at Fig. 7, it
can be deduced that there is from 25 to 36% less SSA at 14 m. However, the top of
the platform reaches 28 m above the seawater, with a SSA concentration that cor-
respond to 38% of the SSA concentration at 14 m. Moreover, smaller particles are
expected at 28 m height, between 10 and 20 pum.

Most of the trace elements do not have a significant impact, however, species such
as vanadium can be harmful to gas turbine component [44]. In fact, similarly to sodium
sulphate or potassium sulphate, molten vanadates (for example sodium vanadyl vana-
date, Na,0.V,0,.5V,05) can dissolve the oxide scales and thus accelerates the diffu-
sion of oxygen and sulphides to the metal substrate [45]. In addition, sodium vanadyl
vanadate melts at a relatively low temperature 550 °C [46]. If vanadium amount was
taken into consideration in the simulations, it would have represented about 1071% of
the atomic total for MTData input (mol) considered in the whole simulations. Nonethe-
less some vanadates could be able to form. In addition, vanadium can be also contained
in fuel, even with the tight restrictions in place [44]. Hence, the gas turbine could suffer
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Fig. 7 Generalized characteristics of salt aerosol boundary layer above water/ air interface [21]

over time with severe damage caused by vanadium-induced hot corrosion, coming from
both sea salt and natural gas, which could accumulate and impact gas turbine lifetime.

16 Impact of pressure

Gas turbines run at higher pressure than 1 atm (the pressure of the hot gas stream
at the output of the turbine section). Inside the turbine itself, the pressure is higher
depending on the location. Case C—G2,M6 has being evaluated at different pressures
(7.8,7.99, 15.2 and 16.42 atm/7.9, 8.1, 15.4 and 16.64 bar respectively).

It was observed that the change of pressure did not impact the species present
in the hot gas stream, but does impact the partial pressure of the species in the gas.
The evolution of the partial pressure of Na,SO, dependence on the hot gas stream
absolute (local) pressure is plotted in Fig. 8. This means that with the real pressures
in the turbine section, deposits are higher than the ones calculated at 1 atm, and cor-
rosion rates would be expected to be higher. In addition, the different stages have
different pressures, hence different fluxes.

17 Conclusions
The impact of the environment on corrosive species condensation rate was evalu-

ated. Many contaminants can enter the gas turbine and damage the blades. Con-
taminants from atmospheric pollution (corrosive gas or H,S), atmospheric dust,
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sea salt and Saharan dust were studied. It was found that most of the sulphur con-
tent comes from the natural gas, but the amount coming from the corrosive gas
(in the atmosphere or around the offshore platform) can reach up to 22% when
H,S levels are over 200 ppm. However, it was found that the sodium was the lim-
iting reactant, meaning sulphur is present in excess. The filtration system is able
to catch sulphur associated sea salt and Saharan dust, but not from the corrosive
gas and the natural gas. In addition, a filtration system has a direct impact on
sodium amount and, as consequence, on the sodium sulphate amount in the tur-
bine. Sea salt aerosol and Saharan dust have a wide range of sizes ranging from
less than 0.01 pm—100 um. That implies that effective filters must be able to catch
both tiny particles and big particles, while keeping in mind that increasing the
efficiency also increases the pressure losses.

MT Data software predicted the presence of many condensed, species especially
Na,SO,, which might be detrimental to gas turbines. It also predicted the pres-
ence of K,SO, when potassium was recorded in sea salt. Furthermore, the software
predicted a presence of solid species that do not damage blades by hot corrosion
but might cause damage by erosion. These solid species are, for example, oxides
(Al,05.2H,0, Fe,05, Al,O;, Fe;04 Al,Ca0O,y, CaFe,0,), sulphates (MgSO,,
AL(SOy);, Fe,(SO,);, CaSO,,) or silicates (Al,05.5i0,, Ca0;Si, CaAl,Si,Os,
Al,Na,Si0 ¢, Si0,).

Fluxes of deposition of corrosive species directly depends on the partial pressure
of these species. It was found that the fluxes are higher at stage 2 NGV of the turbine
than the three other ones. The higher the condensation flux of Na,SO,, the higher
the corrosion rates are expected to be. Hence, the lifetime of these components is
lowest when the least efficient filtration system (G2, M6; case 3.h-G2, M6) is used.
The conclusions from this work would form a useful background to try and esti-
mate the extent of the corrosion damage on turbines’ blades. The application of this
approach, in conjunction with more sophisticated Fluid Dynamics models, could
help shed some lights on the problem of modelling the dependence of corrosion
damage to fuel and air chemistry.
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