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The current review focuses on the utilization of heavy fuel in operating gas turbine and 

their effect on the power plant performance. The literature survey includes a comparison 

of the different studies to reveal the effect of the fuel property on the combustion 

efficiency and fuel consumption. the most important of which is the generation of electric 

power by heavy fuels in power stations that use turbines. Gas turbine is becoming 

increasingly widespread in electric power generation and other branches of industry. It is 

known that the thermal efficiency of an open gas turbine cycle varies according to the 

type of fuel used in the plant. Gas turbines are particularly suitable for fuels with materials 

that have physical and chemical properties that help in continuous combustion and 

therefore the ease inherent in Fuel injection and mixture preparation.  
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1. INTRODUCTION

The metal materials that make up the machines are exposed 

to various problems that they face during use over time, as the 

metal pieces that make up the electrical plant are exposed to 

the corrosion process as a result of the use of heavy fuel in 

them, which results in impurities that break the edges of the 

turbines that generate electricity [1]. The degree of corrosion 

of metal depends on several factors, including (the properties 

of the metal surface, temperature, chemical composition. 

There are many types of corrosion, including the corrosion that 

occurs at high temperatures and is called hot corrosion. High 

Corrosion Temperature High (Which occurs in the presence of 

pollutants instead of oxygen, which is similar in its work to the 

phenomenon of oxidation, it occurs in gas turbines, including 

power plant turbines, and the main reason for its occurrence is 

that the used fuel contains many polluting elements (vanadium, 

sodium, sulfur), which when heavy fuel burns lead to the 

formation of deposits that turn over time to ash, causing 

corrosion of metal pieces and reducing her age [1, 2]. Sodium, 

sulfur and vanadium are among the most important pollutants 

that result from fuel, which is in a volatile form at the start of 

the combustion process that occurs on the surfaces of turbines 

and boilers opposite the flame the most important of which is 

Sodium Vanadal Vanadate (Na2O.V2O5.5V2O5) Which is 

formed in the form of deposits on the body of the turbine [3, 

4]. 

One of the ways to resist corrosion is to use alloys that resist 

the corrosion process, especially hot ones, that remove 

vanadium and sulfur from the fuel before burning it [5, 6]. The 

removal sediment process is carried out by adding capable 

chemical compounds to raise the melting point and change the 

structure of the sediment, and this is exactly what happens 

when add container compounds on magnesium, often when 

any compound containing magnesium is burned, it passes 

through the oxide layer It decomposes and tries to bind with 

oxygen to form magnesium oxide (MgO), which is inhibited 

by molten sodium Vanadyl Vanadates by the formation of 

magnesium compounds Magnesium Vanadate (MgxVyOZ) 

which melts at degrees higher than (C) 1000), and this degree, 

as it is known, is higher than the degrees Thermal heat formed 

in the combustion chambers of turbines and commercial 

boilers fuel, and magnesium oxide (MgO) is A qualified for 

this role [7, 8]. The surveyed studies showed that there is a 

significant effect for the used fuel on the power plant 

performance and gas turbine durability. Hence, the objective 

of the current review is to reveal the effect of heavy fuel 

utilization to operate gas turbine on the power plant 

performance. The review aims to present detailed information 

of the influence of fuel property on the combustion and 

generated power. 

Heavy oil is one of the crude oil derivatives, which is 

formed when refining processes obtain crude oil, Table 1 

shows the components of heavy and light crude oil and the 

composition of medium crude oil is listed in Table 2. 

Table 1. Composition of heavy and light crude oil [9, 10] 

Percent of Total 

Crude  

Light oil Heavy oil 

Normal paraffins (alkanes) 23.3 0.95 

Branched chain alkanes 12.8 3.2 

Cycloalkanes or naphthenes 41.0 19.2 

Aromatic (mono-and Polly) 6.4 9.5 

Naphtheno-aromatics or mixed 8.1 27.9 

Hydrocarbons (include S 

compounds) 

Resins 8.4 23.1 

Asphaltenes 

Total 100 100 
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Table 2. Composition of medium crude oil [9, 10] 

 

 

Carbon 

Number and 

Type 

BP ℃ 
Percent of 

Crude 

Gasoline C5-C10 a, ia 180 25 

Kerosene 
C11-C13 a, ia, 

ca, ar 

180-

250 
10 

Gas oil 
C14-C15 a, ia, 

ca, ar 

250-

300 
15 

Light oil 

distillate 

C18-C25 a, ia, 

ca, ar 

300-

400 
20 

Lube oil 

distillate 

C26-C35 a, ia, 

ca, ar 

400-

500 
10 

Residue (fuel 

oil, etc.) 

C36-C60 a, ia, 

ca, ar, r, as 
500 20 

a=alkanes,straight chain; ar= aromatics; ia= isoalkane, branched chain; r= 

resins; ca=cycloalkanes as= asphaltenes. 

 

 

2. HEAVY OIL FUEL COMBUSTION 

 

The use of liquid fuels occupies a large proportion of the 

total energy production in the world. Where the fuel is of two 

types, heavy fuel and light fuel that is easy to Combustion, 

Considering the use of light fuel oil, there is an urgent need for 

the development of heavy oil combustion Which about its use 

in engines does not burn completely and leads to more damage 

to metal parts such as corrosion and blockage of pipes, this 

necessitates devising effective ways to treat its combustion in 

an environmentally acceptable manner that does not harm the 

engines. In order to ensure the complete combustion of the fuel 

in the engines, more oxygen must be pumped, the fuel must be 

in the form of atomizer, and the fuel compartment must be of 

a high temperature and appropriate to ensure complete 

combustion [9]. 

 

 

3. CORROSION 

 

Metal corrosion is defined as the chemical effect that occurs 

on them in different environments, which leads to their 

damage and destruction. Metals always tend to be in a more 

stable state in their nature. During high temperatures when 

burning heavy fuel oil, corrosion occurs in the form of oxides 

that form on metals, where ash pollution and corrosion are 

among the main problems when burning heavy oils. Steam 

boilers and gas turbines used in power plants [11, 12]. 

The severity of erosion is affected by several factors [13], 

including: 

A- Components of the oil with its inorganic content Such as 

Vanadium and Sulfer and alkali metals. 

B - The excess of combustion air and the placement of gas 

in the face of the pipe. 

C- the interface temperature of the metal layer, which 

determines. 

The following liquid phases occur: 

1- Deposits of molten and semi-molten layer at high 

temperature. 

2- Concentrated sulfuric acid. 

 

3.1 Corrosion of the turbines 

 

The phenomenon of corrosion that occurs in steam boilers 

and turbines (electricity production stations) is familiar to the 

workers in those places, and it occurs in all the metal parts of 

the boiler or turbine material due to the accidental outputs of 

the fuel used [14]. These by-products (pollutants) cause 

corrosion in the operating units of the turbines, which can be 

observed over time because the corrosion is a cumulative 

phenomenon and not instantaneous [15]. Where liquids and 

acids such as (hydrochloric acid, sulfur trioxide) are formed in 

the water unit, causing corrosion.  The corrosion process may 

result in a decrease in temperature [16, 17]. 

Magnesium can be added in the form of small particles 

dispersed as oxide or carbonate or as oil dissolved in it 

(naphthalene or acetate) or in the form of an aqueous solution 

(for sulfates or chlorides) [4]. 

The use of Magnesium oxide additives is one of the 

important methods used to extend the life of the steel 

component of boiler tubes and turbine blades Gaseous fuels 

that use (residual fuel) because magnesium oxide has the 

ability to form vanadates) Stable (Mg3V2O8) which remains 

solid at working temperature in steam boiler tubes and blades 

Gas turbines [18, 19]. 

 

3MgO + V2O5 → Mg3V2O8 (1) 

 

The compound (Mg3V2O8) does not depend on the amount 

of (MgO) when the ratio (MgO: V2O5) is less than (1:3) and 

the reaction products contain (MgO3V2O5) and an increase of 

(V2O5) when the ratio is less than (1:3) and an increase in 

(V2O5) and an increase of MgO (when the ratio exceeds 1:3). 

The compound (V2O5: MgO) is affected by the appearance 

of (SO3/SO2) in the air from sulfur pollutants [16] As in the 

following chemical equation: 

 

SO2 + → 
1

2
O2 SO3 (2) 

 

And when SO3 appears sufficiently, MgO reacts with sulfur 

and turns into (MgSO4): 

 

MgO + SO3 → MgSO4 (3) 

 

The compound (MgSO4) can then be reacted with (V2O5) to 

form the magnesium disulfide and (V2O5.2MgO) fused to the 

surface of boiler tubes and turbine blades [20]. 

 

MgSO4 + V2O8 →2MgO.V2O5 + SO3 (4) 

 

Fluids cause erosion of the turbine wings and lead to a 

reduction in their rotation and thus efficiency over time, in 

addition to the corrosion of acidic liquids, which more affects 

the fuel combustion chamber (fuel saturators, fuel flow tubes, 

compressors) [21]. 

 
Figure 1. Corrosion in turbine blades 
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The sulfates (pollutants) that result from the use of fuel in 

engines interact with the material that makes up the engine 

equipment, especially the fuel injector. It works on corrosion, 

and this is what works on the rapid decomposition and 

corrosion of the metal [22] as Figure 1.  

Corrosion is classified into two categories; type I Hot 

Corrosion Attack to Turbine Blade. This type of corrosion 

occurs in the turbine unit or boiler, which is one of the most 

dangerous types of corrosion. It is easy to know the occurrence 

of oxidation in the turbine unit, and it can be reduced by 

control it, because it includes first the interactions of metal - 

oxygen. As the temperature increases, the frequency of 

oxidation increases, and the occurrence of corrosion due to 

oxidation can be reduced by manufacturing protective layers 

of oxide (chromium, silicon, aluminum) and these elements 

are known for their resistance to the corrosion that occurs to 

metals and this Type I occurs at a temperature range of 730 to 

950℃ [23, 24] as Figure 2. 
 

 
 

Figure 2. Hot corrosion attack to turbine blade 

 

Type II Hot Corrosion Attack to Turbine Blade Shank. This 

type of hot corrosion is one of the forms of rapid oxidation that 

occurs due to the chemical reaction between the components 

of the metal substance and the salts that are deposited on the 

surfaces of metals. Where this type of corrosion consists of 

several complex steps of a chemical reaction, which makes it 

difficult to know this type of corrosion, which is sodium 

sulfate as a basic element for this sediment and the severity of 

the corrosion increases with the increase of pollutants (sodium, 

potassium, vanadium, chlorine, sulfur, fluorine, lead) and this 

Type II occurs at a temperature range of 550 to 730℃ [22, 25]. 

 

3.2 Mechanism of action of corrosion inhibitors 

 

The development of rust on a metal surface is an 

electrochemical phenomenon that occurs due to the reaction of 

water and oxygen with the metal [26, 27]. This happens in the 

following three steps (Figure 3): 

1. Oxidation of metal 

2. Reduction reaction 

3. Charge transfer from anode to cathode. 

Heavy fuel contains relatively large amounts of vanadium, 

sodium and sulfur The combustion of which leads to the 

formation of most of the compounds of sodium sulfate and 

vanadium oxides, which when the temperature of the boiler 

tubes and turbines rises during their work, a reaction occurs 

for these materials and a series of compounds,( V2O5, Na2O, 

SO3) is formed where their melting points are relatively low 

and settle on the surfaces of turbines and boilers, This leads to 

the gradual dissolution of the components that make up the 

turbines and boilers, causing corrosion, which requires 

replacing them as soon as possible as in Figure 4. 

 
 

Figure 3. Electrochemical corrosion of metals 

 

 
 

Figure 4. Hot corrosion [28] 

 

Various methods have been used to prevent this corrosion 

known as hot ash Corrosion, including the method of using 

additives (for fuels, which work to form vanadates). It is stable 

at high melting points rather than the low-melting vanadium 

compounds (that usually appear) and this prevents the 

formation of the liquid phase at the operating temperature of 

the turbines and boiler [29, 30]. 

Shifler [31] explained the effect of some Additives such as 

calcium, magnesium and zinc compounds that work to form 

stable vanadate (3Metal Oxide: 1Vanadium Pentoxide). 

Magnesium compound is the most important additive used 

to reduce the occurrence of corrosion by hot ash because it 

prevents Formation of sodium vanadate and vanadium sulfate 

with low melting points by forming magnesium vanadate 

(MgxVyOz), which melts at temperatures higher than 1000℃ 

(that is, it raises the melting point Precipitations that range 

from 680℃ (for the compound vanadium pentoxide) to 

1100℃ (for the compound) V2O5.MgO (so it is highly 

effective [7, 9]. 

That control corrosion Hot because of the use of poor or 

residual fuel depends on the formation of compounds 

containing solid vanadium and the formation of These 

compounds are affected by the appearance of (SO3) [32]. 

The researcher Meier et al. [22] concluded that when 

injecting magnesium particles (as additives) It can generate 

several benefits for operating boilers, including reducing 

combustion radiation to about 80%, as well as reducing 

emissions Total particulate matter by 60% and metal corrosion 

reduction by 50%. 

One of the unnoticed problems when adding magnesium 

compounds is that they usually cause an increase in pollutants, 
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sediment and increased melting point of the compounds 

formed. 

Researchers such as Kumar et al. [33] (found through his 

research that the addition of magnesium compounds It 

improves combustion conditions and reduces the ignition time 

delay, as well as reducing sulfur trioxide (Sulphar) in the gas 

vapor to less than (5ppm). 

Researchers Chernova [3] (they studied the effect of adding 

MgO on corrosion at degrees The high temperature, where 

they found that the (weight loss causing hot corrosion) to 

decrease when adding (MgO) to about a degree Equal to 

corrosion when kerosene is used as fuel in the combustion 

chambers of steam boilers. 

 

3.3 Solutions of chemical problems 

 

It is very difficult to prevent a certain degree of interaction 

between a mineral composition and high temperature gases, so 

the common term "Prevent" is not fully applicable, but rather 

is intended to reduce the degree of damage and reduce the 

degree of interaction and friction. There are many ways in 

which damage can be reduced, including: 

1- Changing environmental conditions. 

2- Change the material. 

There are three basic ways of environmental conditions, 

they can be applied to reduce corrosion problems and these are: 

a. fuel wash 

b. Addition of corrosion inhibitors 

c- Changing the combustion state to reduce the reaction [34]. 

 

3.4 metals used to control high temperature corrosion by 

fuel additives 

 

To control the corrosion caused by high temperatures, a 

special formula for fuel pumps is made, consisting of 

magnesium, silicon and chromium. This formula consists 

mainly of magnesium that resists vanadic by mixing with V2O5 

at an appropriate Mg /V treatment ratio, magnesium ortho 

vanadate [3MgO.V2O5] It forms as ash when it reaches a high 

melting point of 1243 degrees. In addition, chromium is used 

to resist corrosion by sulfur, and it also reduces ash pollution 

by forming compounds that volatilize through turbines. 

Silicon is also used as an anti-corrosion reinforcement and ash 

disintegrator [35, 36]. 

Iron is added in the form of carboxylic acid salts in fuel oil, 

as it improves combustion. In addition, iron oxide is used to 

reduce smoke pollution at 50ppm [37]. 

 

 

4. EMISSIONS OF HEAVY FUEL OIL  

 

International reports indicate that the demand for energy 

will increase by about 1.6 percent by the year 2030. This was 

confirmed by the International Energy Agency (Figure 5), 

which necessitates the search for renewable alternatives to 

energy sources and the improvement and treatment of some 

energy sources, including fossil fuels, whose derivatives are 

used in many production processes such as the use of fuel oil 

in electric power stations, whose use results in pollutants that 

are harmful to the mineral materials that make up the turbines 

and the environment surrounding [38]. 

There is an urgent need to use renewable energy, including 

reducing harmful emissions such as carbon dioxide, nitrogen 

oxides and gases. 

 
 

Figure 5. World primary energy demand by fuel [39] 
 

Today, many researches focus on biomass and how to 

obtain fuel from it for the various purposes of life [40]. 

Gaseous pollutants are produced due to the incomplete 

combustion of the fuel, as in the case of complete combustion 

all carbon is converted into carbon dioxide gas and all sulfur 

is converted into sulfur dioxide gas. On the contrary, when 

combustion is incomplete, it will produce Pollutants, which 

are the main cause of reduced combustion due to lack or 

absence of oxygen [41]. 
 

4.1 Gas turbine emissions and health impact 
 

This section can be divided into two parts: 

A- Gas turbine emissions 

Emissions from gas turbines are considered low when 

compared to gas emissions carbon dioxide, in addition, gas-

based turbines do not operate in idle mode, unlike air-gas 

turbines, where CO2 and NOX emissions are very high in idle 

mode [42]. Table 3 indicates the most important gases emitted 

from the exhaust of gas turbines and what are their sources and 

effects on the environment. 
 

Table 3. Emissions from fuel turbines [43] 
 

The most 

important gases 

Typical 

Concentration 

(96 volume) 

Emission source 

(N2) 66 - 72 Inlet Air 

(O2) 12-18 Inlet Air 

(CO2) 1.5 
Oxidation of Fuel 

Carbon 

(H2o) 1.5 
Oxidation of Fuel 

Hydrogen 

Minor Pollutants 

Typical 

Concentration 

(PPMV) 

Emission source 

(NO) 20 - 220 
Oxidation of 

Atmosphere Nitrogen 

(NO2) 2 - 20 

Oxidation of Fuel-

Bound Organic 

Nitrogen 

(CO) 5- 330 
Incomplete Oxidation 

of Fuel Carbon 

(SO2) Trace-100 

Oxidation of Fuel-

Bound Organic 

Sulphur 

(SO3) Trace - 4 

Oxidation of Fuel-

Bound Organic 

Sulphur 

Unburned 

Hydrocarbons 

(UHC) 

5- 330 

Incomplete Oxidation 

of Fuel or 

Intermediates 

Particulate 

Matter Smoke 
Trace - 25 

Incomplete Oxidation 

of Fuel or 

Intermediates, Fuel 

Ash, Inlet Ingestion 
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B- The most prominent gas turbine emissions 

Exhaust emissions include CO2, NOx, H2O, and O2 gases, 

where the proportion of these gases is estimated in percentages, 

and the only CO2 gas responsible for the greenhouse effect is 

among those gases [44].  

It is possible to calculate the proportions of these gases if 

the fuel components are known and that they are products of 

complete combustion. With regard to the second category, it is 

considered the most dangerous to human health, such as )PM( 

aerosols, unburned hydrocarbons and carbon monoxide gas. 

Dioxide gas occupies the largest proportion of these 

emissions, estimated at 40% [44]. In the end, carbon dioxide 

is the product of combustion of fuel, and it can only be 

eliminated by improving the fuel or using a renewable 

alternative fuel [44, 45]. 

With the increasing global economic crisis and the 

exacerbation of global warming, there is an urgent need to find 

alternative sources of energy and less pollution [46]. 

Carbon monoxide gas obstructs the transport of oxygen in 

the blood through the formation of a complex of carboxy 

hemoglobin, which increases the heart's pumping of blood, 

which may result in problems that impede the work of the heart 

[47, 48]. 

Despite the harmful effects on health caused by 

hydrocarbons (UHCs), they participate in the formation of 

ozone, which protects the earth from harmful cosmic rays and 

One of the harmful emissions from gas turbines is nitrogen 

oxides [49]. 

 

 

5. CONCLUSION 

 

The current review dedicated to investigate the effect of 

heavy fuel utilization in operating gas turbine on the power 

plant performance. The following conclusion can be addressed; 

• The most prominent impact of the use of heavy fuel on 

the performance of power plants is the corrosion that 

affects the turbines and the metal parts that make up 

them, because heavy fuel contains vanadium and sulfur, 

and when the fuel burns, it results in the oxides of these 

elements (impurities) that lead over time to the 

corrosion of metal pieces and thus affect the overall 

plant efficiency.   

• Corrosion occurs in the most important part of the 

turbines, which is the turbine wings, which are 

responsible for rotation and thus power generation, as 

acid fluids (pollutants) are deposited on them and lead 

to damage over time. 

• There are several methods to prevent corrosion, 

including adding chemical compounds to the fuel 

before burning it in specific proportions, such as adding 

magnesium in the amount of 3:1 vanadium), which 

results in a stable compound. 

• It is possible to add magnesium, silicon and chromium 

to heavy fuels, as magnesium mainly resists vanadic by 

mixing with V2O5, and chromium is used to resist 

sulfur corrosion, and it reduces ash pollution by 

forming compounds that volatilize through turbines.  In 

addition, silicon is used as an anti-corrosion and ash 

disintegrator.  Iron is added in the form of carboxylic 

acid salts in fuel oil, as it improves combustion. 

Additionally, iron oxide is used to reduce smoke 

pollution at 50ppm. 

• The use of heavy fuels results in harmful emissions 

such as nitrogen oxides, carbon dioxide and other 

compounds that contribute to global warming and 

climate change, so it is necessary to go to alternative 

sources of fuel in the future that do not affect the 

environment. 

 

 

REFERENCES  

 

[1] Fichera, M., Leonardi, R., Farina, C.A. (1987). Fuel ash 

corrosion and its prevention with MgO addition. 

Electrochimica Acta, 32(6): 955-960. 

https://doi.org/10.1016/0013-4686(87)87089-5 

[2] De Blas, L.J.M. (1998). Pollutant formation and 

interaction in the combustion of heavy liquid fuels. 

University of London, University College London 

(United Kingdom).  

[3] Solozhenko, V.L., Arkhangelsky, I.V., Kalashnikov, 

Y.A., Chernova, N.A. (1983). Isobaric thermoanalytical 

study of the decomposition process of interstitial 

graphite-Iron (III) chloride compounds. Journal of 

Thermal Analysis, 28: 147-153. 

https://doi.org/10.1007/BF02105286 

[4] Khadom, A.A. (2015). Effect of hot corrosion on boilers 

pipes in north Baghdad electric power plant station: 

Chemical. Diyala Journal of Engineering Sciences, 8(4): 

776-784. 

[5] Hassan, K.S., Razooqi, A.I., Al-Nadawi, A.K. (2019). 

The effect of coating with nano oxide on pitting 

corrosion of gas turbines blade. In AIP Conference 

Proceedings, 2144(1): 040013 

https://doi.org/10.1063/1.5123114 

[6] Lowden, P., Turcott, S., Perrin, M., Hastie, S. (2009). 

The role of metallurgical analysis in gas turbine 

maintenance. In 18th Symposium of the Industrial 

Application of Gas Turbines Committee Banff, Alberta, 

Canada, pp. 1-15. 

[7] Khadom, A.A., Liu, H., Fadhil, A.A., Karim, A.M.E.A. 

(2016). Retardation of high-temperature fuel ash 

corrosion of fireside boiler tubes via nanoparticles. 

Oxidation of Metals, 86(5): 553-565. 

https://doi.org/10.1007/s11085-016-9652-x 

[8] Amiri Kerahroodi, M.S., Rahmani, K., Yousefi, M. 

(2018). The inhibitory effect of magnesium sulfonate as 

a fuel additive on hot corrosion of generating tubes of 

power plant boiler. Oxidation of Metals, 89(5): 565-588. 

https://doi.org/10.1007/s11085-017-9802-9 

[9] Barbooti, M.M., Al-Niaimi, S.A., Al-Sultani, K.F. 

(2012). Dynamic studies on the inhibitive action of 

magnesium stearate on hot corrosion in a kerosene fired 

Furnace. Material and Environmental Science, 3(4): 686-

697. 

[10] Kerby, R.C., Wilson, J.R. (1973). Corrosion of metals by 

liquid vanadium pentoxide and the sodium vanadates. 

ASME Pap, (72-WA/CD-1): 36-42. 

[11] Baukal, C.E. (2003). Industrial burners handbook - 

Industrial combustion. 

https://doi.org/10.1201/9780203488805.ch10 

[12] Raja, V.S., Kain, V., Roychowdhury, S., Raj, B. (2018). 

Corrosion control for achieving sustainable development. 

Corrosion Engineering, Science and Technology, 

53(sup1): 1-1. 

https://doi.org/10.1080/1478422X.2018.1438775 

[13] Singh, A., Ansari, K.R., Chauhan, D.S., Quraishi, M.A., 

109



 

Lgaz, H., Chung, I.M. (2020). Comprehensive 

investigation of steel corrosion inhibition at macro/micro 

level by ecofriendly green corrosion inhibitor in 15% 

HCl medium. Journal of Colloid and Interface Science, 

560: 225-236. https://doi.org/10.1016/j.jcis.2019.10.040 

[14] Bornstein, N.S. (1996). Reviewing sulfidation 

corrosion—Yesterday and today. Jom, 48(11): 37-39. 

https://doi.org/10.1007/BF03223242 

[15] Duretthual, C., Morbioli, R., Steinmetz, P. (1986). Guide 

to the Control of High Temperature Corrosion and 

Protection of Gas Turbine Materials. 

[16] Salehnasab, B., Poursaeidi, E., Mortazavi, S.A., 

Farokhian, G.H. (2016). Hot corrosion failure in the first 

stage nozzle of a gas turbine engine. Engineering Failure 

Analysis, 60: 316-325. 

https://doi.org/10.1016/j.engfailanal.2015.11.057 

[17] John, R.C., Pelton, A.D., Young, A.L., Thompson, W. T., 

Wright, I.G., Besmann, T.M. (2004). Assessing 

corrosion in oil refining and petrochemical processing. 

Materials Research, 7(1): 163-173. 

https://doi.org/10.1590/s1516-14392004000100022 

[18] Mohammed, Q.Y., Taher, S.R. (2018). Determination of 

Vanadium in crude oil and some petroleum products 

spectrophotometrically. Journal of Chemical and 

Pharmaceutical Sciences, 11(1): 300-335. 

https://doi.org/10.30558/jchps.20181101022 

[19] Kadhim, Z.D., Abdulrazzaq, M.A., AL-Shahrabalee, S.Q. 

(2018). Investigation the effect of Nd: YAG laser on the 

hardness and corrosion resistance of carbon steel AISI 

1017. Association of Arab Universities Journal of 

Engineering Sciences, 25(5): 548-561. 

[20] Montero, X., Galetz, M.C. (2017). Coatings for boiler 

components exposed to vanadium-containing oil ash in 

oxidizing atmosphere. Oxidation of Metals, 87(5): 717-

727. https://doi.org/10.1007/s11085-017-9744-2 

[21] McGuigan, P.T. (2004). Salt in the marine environment 

and the creation of a standard input for gas turbine air 

intake filtration systems. In Turbo Expo: Power for Land, 

Sea, and Air, 41723: 767-775. 

https://doi.org/10.1115/gt2004-53113 

[22] Meier, J.G., Hung, W.S.Y., Sood, V.M. (1986). 

Development and application of industrial gas turbines 

for medium-Btu gaseous fuels. Journal of Engineering 

for Gas Turbines and Power, 108(1): 182-190. 

https://doi.org/10.1115/1.3239869 

[23] Estrada, C.A. (2007). New technology used in gas 

turbine blade materials. Scientia et Technica, 13(36): 

297-301. https://doi.org/10.22517/23447214.5037 

[24] Neff, R.A., Katz, G.B., Nagaraj, B., Tarvin, R. (2004). 

Metallurgical analysis of rainbow rotor coatings: 

Analysis of fleet blades. In Turbo Expo: Power for Land, 

Sea, and Air, 41707: 1801-1811. 

https://doi.org/10.1115/gt2004-53461 

[25] Rapp, R.A. (1990). Hot corrosion of materials. Pure and 

Applied Chemistry, 62(1): 113-122. 

https://doi.org/10.1351/pac199062010113 

[26] Stringer, J. (1993). High temperature corrosion in 

practical systems. Le Journal de Physique IV, 3(C9): C9-

43. https://doi.org/10.1051/jp4:1993903 

[27] Srivastava, S.P., Hancsok, J. (2014). Fuels and Fuel-

Additives. John Wiley & Sons. 

[28] McCracken, J.M., Donovan, B.R., White, T.J. (2020). 

Materials as machines. Advanced Materials, 32(20): 

1906564. https://doi.org/10.1002/adma.201906564 

[29] De Seranno, T., Lambrechts, E., Verliefde, A.R.D., 

Depover, T., Verbeken, K. (2021). Mechanistic 

interpretation on acidic stress-corrosion cracking of 

NiCrMoV steam turbine steel. Materials Science and 

Engineering: A, 802: 140433. 

https://doi.org/10.1016/j.msea.2020.140433 

[30] Ashour, M.K., Elwardany, A.E. (2020). Addition of two 

kerosene-based fuels to diesel–biodiesel fuel: Effect on 

combustion, performance and emissions characteristics 

of CI engine. Fuel, 269: 117473. 

https://doi.org/10.1016/j.fuel.2020.117473 

[31] Shifler, D.A. (2017). The increasing complexity of hot 

corrosion. In Turbo Expo: Power for Land, Sea, and Air, 

50770: V001T25A010. https://doi.org/10.1115/GT2017-

65281 

[32] Singh, G., Goyal, K., Bhatia, R. (2018). Hot corrosion 

studies of plasma-sprayed chromium oxide coatings on 

boiler tube steel at 850 C in simulated boiler environment. 

Iranian Journal of Science and Technology, Transactions 

of Mechanical Engineering, 42(2): 149-159. 

https://doi.org/10.1007/s40997-017-0090-4 

[33] Kumar, S., Kumar, M., Handa, A. (2018). Combating hot 

corrosion of boiler tubes–A study. Engineering Failure 

Analysis, 94: 379-395. 

https://doi.org/10.1016/j.engfailanal.2018.08.004 

[34] Srikanth, S., Ravikumar, B., Das, S.K., Gopalakrishna, 

K., Nandakumar, K., Vijayan, P. (2003). Analysis of 

failures in boiler tubes due to fireside corrosion in a waste 

heat recovery boiler. Engineering Failure Analysis, 10(1): 

59-66. https://doi.org/10.1016/S1350-6307(02)00030-4 

[35] Emenike, C.O. (1992). Essentials of petroleum refinery 

corrosion control. Anti-Corrosion Methods and 

Materials. 39(10): 4-7. https://doi.org/10.1108/eb007313 

[36] Meher-Homji, C.B., Zachary, J., Bromley, A.F. (2010). 

Gas turbine fuels-system design, combustion, and 

operability. In Proceedings of the 39th turbomachinery 

symposium. Texas A&M University. Turbomachinery 

Laboratories. 

[37] Radcliff, A.S. (1987). Factors influencing gas turbine use 

and performance. Materials Science and Technology, 

3(7): 554-561. 

https://doi.org/10.1080/02670836.1987.11782267 

[38] Mihailowitsch, M., Schatz, M., Vogt, D.M. (2018). 

Numerical investigations of an axial exhaust diffuser 

coupling the last stage of a generic gas turbine. GT2018-

75185, V02BT43A003. Proc. ASME Turbo Expo, 13 

pages. https://doi.org/10.1115/GT2018-75185 

[39] Al-Mamoori, D.H., Aljanabi, M.H., Neda, O.M., Al-

Tameemi, Z.H., Alobaidi, A.A. (2019). Evaluation of gas 

fuel and biofuel usage in turbine. Indonesian Journal of 

Electrical Engineering and Computer Science, 14(3): 

1097-1104. 

https://doi.org/10.11591/ijeecs.v14.i3.pp1097-1104 

[40] Eckardt, D., Rufli, P. (2002). Advanced gas turbine 

technology: ABB/BCC historical firsts. Journal of 

Engineering for Gas Turbines and Power, 124(3): 542-

549. https://doi.org/10.1115/1.1470484 

[41] Di Blasio, G., Belgiorno, G., Beatrice, C. (2017). Effects 

on performances, emissions and particle size 

distributions of a dual fuel (methane-diesel) light-duty 

engine varying the compression ratio. Applied Energy, 

204: 726-740. 

https://doi.org/10.1016/j.apenergy.2017.07.103 

[42] Report, A. (2012). Corporate overview. U. S. 

110



 

Department of Energy. 

https://www.energy.gov/sites/default/files/DOE_Corpor

ate_Overview-2012.pdf. 

[43] Kurniawan, J.S., Khardi, S. (2011). Comparison of 

methodologies estimating emissions of aircraft pollutants, 

environmental impact assessment around airports. 

Environmental Impact Assessment Review, 31(3): 240-

252. https://doi.org/10.1016/j.eiar.2010.09.001 

[44] Huang, Y., Yang, V. (2009). Dynamics and stability of 

lean-premixed swirl-stabilized combustion. Progress in 

Energy and Combustion Science, 35(4): 293-364. 

https://doi.org/10.1016/j.pecs.2009.01.002 

[45] Beyersdorf, A., Anderson, B. (2009). An overview of the 

NASA alternative aviation fuel experiment (AAFEX). 

TAC-2 Proc, pp. 21-32. 

[46] Kurji, H., Valera-Medina, A., Okon, A., Chong, C.T. 

(2017). Combustion and emission performance of 

CO2/CH4/biodiesel and CO2/CH4/diesel blends in a Swirl 

Burner Generator. Energy Procedia, 142: 154-159. 

https://doi.org/10.1016/j.egypro.2017.12.025 

[47] Sgouridis, S., Bonnefoy, P.A., Hansman, R.J. (2011). Air 

transportation in a carbon constrained world: Long-term 

dynamics of policies and strategies for mitigating the 

carbon footprint of commercial aviation. Transportation 

Research Part A: Policy and Practice, 45(10): 1077-1091. 

https://doi.org/10.1016/j.tra.2010.03.019 

[48] Pavri, R., Moore, G.D. (2001). Gas turbine emissions and 

control. Atlanta: GE Energy Services, 1: 1-20. 

[49] Andrews, G.E., Li, H., Wright, S. (2009). Particulate 

mass emissions from aircraft: A first order 

approximation method based on experience from diesel 

particulate mass emissions measurement. In Turbo Expo: 

Power for Land, Sea, and Air, 48838: 465-487. 

https://doi.org/10.1115/GT2009-59572  

111




