
16 ɁɞŮɛɓɟɑɞɡ, 2015 ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

 

 

 

 

ɀȺȿȺɇȼ ɆɈɁɇȼɅȼɆȼɆ ȷȺɅɃɄɃɅȽȾɃɈ ɆɇɃȿɃɈ 

 

ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

ɀȺȿȷɆ ȷɄɃɆɇɃȿɃɆ 1175 

 

 

ȺɄȽȸȿȺɄɋɁ ȾȷŪȼũȼɇȼɆ: ȷɁɇɋɁȽɃɆ ɇɃɈɅȿȽȹȷȾȼɆ 

ȾɞɕɎɜɖ, Ɂɞɏɛɓɟɘɞɠ 2015 

 

 

 

  



16 ɁɞŮɛɓɟɑɞɡ, 2015 ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

 

 

 

ɀȺȿȺɇȼ ɆɈɁɇȼɅȼɆȼɆ ȷȺɅɃɄɃɅȽȾɃɈ ɆɇɃȿɃɈ 

 

ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

ɀȺȿȷɆ ȷɄɃɆɇɃȿɃɆ 1175 

 

ȺɔəɟɑɗɖəŮ Ŭˊɧ ŰɟɘɛŮɚɐ ŮɝŮŰŬůŰɘəɐ ŮˊɘŰɟɞˊɐ ůŰɘɠ 16 ɁɞŮɛɓɟɑɞɡ 2015 

éééééééé           éééééééé.           éééééééé.   

  ȷ. ɇɞɡɟɚɘŭɎəɖɠ                         Ƚ. ȿ. ɀˊŬəɞɨɟɞɠ                       ȹ. ũɘŬɔəɧˊɞɡɚɞɠ 

   ȾŬɗɖɔɖŰɐɠ Ʉȹɀ                       ȾŬɗɖɔɖŰɐɠ Ʉȹɀ                     Ⱥˊɘə. ȾŬɗɖɔɖŰɐɠ Ʉȹɀ 

       

 

 

ȾɞɕɎɜɖ, Ɂɞɏɛɓɟɘɞɠ 2015 

  



16 ɁɞŮɛɓɟɑɞɡ, 2015 ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

 

ɈˊŮɨɗɡɜɞɠ ūɞɘŰɖŰɐɠ: 

ɃɜɞɛŬŰŮˊɩɜɡɛɞ: ɀŮɚɎɠ ȷˊɧůŰɞɚɞɠ 

ȷȺɀ         : 1175 

ȺɝɎɛɖɜɞ        : 13 

ɇɖɚɏűɤɜɞ        : 6947626884 

E-mail        : apomelas@yahoo.gr 

 

 

 

 

 

 

 

ȷˊŬɔɞɟŮɨŮŰŬɘ ɖ ŬɜŰɘɔɟŬűɐ, ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, Ůɝ 

ɞɚɞəɚɐɟɞɡ ɐ ŰɛɐɛŬŰɞɠ ŬɡŰɐɠ, ɔɘŬ Ůɛˊɞɟɘəɧ ůəɞˊɧ. ȺˊɘŰɟɏˊŮŰŬɘ ɖ ŬɜŬŰɨˊɤůɖ, 

ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ ɔɘŬ ůəɞˊɧ ɛɖ əŮɟŭɞůəɞˊɘəɧ, ŮəˊŬɘŭŮɡŰɘəɐɠ ɐ ŮɟŮɡɜɖŰɘəɐɠ 

űɨůɖɠ, ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ŬɜŬűɏɟŮŰŬɘ ɖ ˊɖɔɐ ˊɟɞɏɚŮɡůɖɠ əŬɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ Űɞ 

ˊŬɟɧɜ ɛɐɜɡɛŬ. ȺɟɤŰɐɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɖ ɢɟɐůɖ Űɖɠ ŮɟɔŬůɑŬɠ ɔɘŬ əŮɟŭɞůəɞˊɘəɧ 

ůəɞˊɧ ˊɟɏˊŮɘ ɜŬ ŬˊŮɡɗɨɜɞɜŰŬɘ əŬɘ ˊɟɞɠ Űɞɡɠ ŭɡɞ ůɡɔɔɟŬűŮɑɠ. 

Ƀɘ ŬˊɧɣŮɘɠ əŬɘ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ ɏɔɔɟŬűɞ ŮəűɟɎɕɞɡɜ Űɞɡɠ 

ůɡɔɔɟŬűŮɑɠ əŬɘ ŭŮɜ ˊɟɏˊŮɘ ɜŬ ŮɟɛɖɜŮɡɗŮɑ ɧŰɘ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɘɠ ŮˊɑůɖɛŮɠ 

ŮˊɘůŰɖɛɞɜɘəɏɠ ɗɏůŮɘɠ Űɞɡ ŰɛɐɛŬŰɞɠ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ɄŬɜŮˊɘůŰɖɛɑɞɡ 

ȹɡŰɘəɐɠ ɀŬəŮŭɞɜɑŬɠ. 

 





16 ɁɞŮɛɓɟɑɞɡ, 2015 ȹȽɄȿɋɀȷɇȽȾȼ ȺɅũȷɆȽȷ 

 

i 

Ɇɨɜɞɣɖ 

Ƀɘ əɘɜɖŰɐɟŮɠ ŬŮɟɞůəŬűɩɜ, ɐ ŬŮɟɘɞůŰɟɧɓɘɚɞɘ, ŮɑɜŬɘ Ůɝɞˊɚɘůɛɧɠ ɛŮɔɎɚɖɠ 

ˊɞɚɡˊɚɞəɧŰɖŰŬɠ, əŬɘ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ ɏɢŮɘ ŮɝŬɘɟŮŰɘəɐ ůɖɛŬůɑŬ əŬɘ ɔɘŬ Űɞɡɠ 

ȾŬŰŬůəŮɡŬůŰɏɠ ȾɘɜɖŰɐɟɤɜ, əŬɘ ɔɘŬ Űɘɠ ŬŮɟɞˊɞɟɘəɏɠ ŮŰŬɘɟɑŮɠ. ȿŬɛɓɎɜɞɜŰŬɠ 

ɡˊɧɣɖ ŰŬ ůɡɛɓɧɚŬɘŬ ˊɞɡ ɡˊɞɔɟɎűɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ əŬŰŬůəŮɡŬůŰɟɘɩɜ ŮŰŬɘɟɘɩɜ 

əŬɘ Űɤɜ ŮŰŬɘɟɘɩɜ ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ Űɞɡɠ əɘɜɖŰɐɟŮɠ, ɞɘ ɛŮɜ ˊɟɏˊŮɘ ɜŬ ɡˊɞɚɞɔɑɕɞɡɜ 

ɛŮ ŬəɟɑɓŮɘŬ Űɞ əɧůŰɞɠ Űɖɠ əɎɗŮ ŮˊɑůəŮɣɖɠ ůŰɞ ůɡɜŮɟɔŮɑɞ ɔɘŬ ŮɟɔŬůɑŮɠ 

ůɡɜŰɐɟɖůɖɠ, əŬɗɩɠ əŬɘ ŰŬ əŮűɎɚŬɘŬ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ŭŮůɛŮɡŰɞɨɜ ɔɘŬ Űɖɜ 

ŬɜŰɘəŬŰɎůŰŬůɖ ŰɛɖɛɎŰɤɜ Ⱥɝɞˊɚɘůɛɞɨ ɄŮɟɘɞɟɘůɛɏɜɖɠ ȹɘɎɟəŮɘŬɠ, Ůɜɩ ɞɘ ŭŮ 

ˊɟɏˊŮɘ ɜŬ ˊɟɞɓɚɏɣɞɡɜ ɛŮ ŬəɟɑɓŮɘŬ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ŬɜɎɛŮůŬ ůŮ ŭɨɞ 

ŭɘŬŭɞɢɘəɏɠ ŮˊɘůəɏɣŮɘɠ ɔɘŬ ŮɟɔŬůɑŮɠ ůɡɜŰɐɟɖůɖɠ, ɔɘŬ ɜŬ ɡˊɞɚɞɔɑůɞɡɜ ŰŬ 

ɚŮɘŰɞɡɟɔɘəɎ ɏůɞŭŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɩůŮɘ Űɞ ŬŮɟɞůəɎűɞɠ ɛŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ 

əɘɜɖŰɐɟŮɠ. ȼ Ŭəɟɘɓɐɠ ˊɟɧɓɚŮɣɖ Űɞɡ ɢɟɞɜɘəɞɨ ŭɘŬůŰɐɛŬŰɞɠ ŬɜɎɛŮůŬ ůŮ ŭɨɞ 

ŭɘŬŭɞɢɘəɏɠ ŮˊɘůəɏɣŮɘɠ ɔɘŬ ůɡɜŰɐɟɖůɖ, Űɞɡ əɧůŰɞɡɠ ůɡɜŰɐɟɖůɖɠ, əŬɘ Űɤɜ 

ŬˊŬɟŬɑŰɖŰɤɜ əŮűŬɚŬɑɤɜ ˊɟɞɠ ŭɏůɛŮɡůɖ ɔɘŬ Ůɝɞˊɚɘůɛɧ ˊŮɟɘɞɟɘůɛɏɜɖɠ 

ŭɘɎɟəŮɘŬɠ, ŭɑɜɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ əŬɘ ůŰɘɠ əŬŰŬůəŮɡɎůŰɟɘŮɠ ŮŰŬɘɟɑŮɠ Űɤɜ 

əɘɜɖŰɐɟɤɜ əŬɘ ůŰɘɠ ŮŰŬɘɟɑŮɠ ˊɞɡ Űɞɡɠ ɚŮɘŰɞɡɟɔɞɨɜ ɜŬ əŬŰŬůŰɟɩůɞɡɜ ɏɜŬ 

ˊɟɧɔɟŬɛɛŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ əɘɜɖŰɐɟŬ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ əɎɜɞɡɜ ŰŬ 

ˊɟɞɥɧɜŰŬ əŬɘ Űɘɠ ɡˊɖɟŮůɑŮɠ Űɞɡɠ ˊɘɞ ŬɜŰŬɔɤɜɘůŰɘəɎ, ŮɚŬɢɘůŰɞˊɞɘɩɜŰŬɠ ŰŬ 

ůɡɜɞɚɘəɎ əɧůŰɖ Űɞɡɠ əŬɘ ɛŮɔɘůŰɞˊɞɘɩɜŰŬɠ ŰŬ ɏůɞŭɎ Űɞɡɠ, ɘůɢɡɟɞˊɞɘɩɜŰŬɠ ɏŰůɘ 

Űɖ ɗɏůɖ Űɞɡɠ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ ŬɔɞɟɎ ůŰɖɜ ɞˊɞɑŬ əɘɜɞɨɜŰŬɘ.  

ɇɞ əŮɜŰɟɘəɧ ɗɏɛŬ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ɆɢɏůŮɤɜ ȺəŰɑɛɖůɖɠ 

ȾɧůŰɞɡɠ ɛŮ ůəɞˊɧ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ŬəɟɘɓŮɑɠ ˊɟɞɓɚɏɣŮɘɠ ɔɘŬ əɘɜɖŰɐɟŮɠ ɛɘəɟɩɜ 

ŬˊɞůŰɎůŮɤɜ. ȷɡŰɏɠ ɞɘ ůɢɏůŮɘɠ ůɡɜŭɏɞɡɜ Űɘɠ ɚŮɘŰɞɡɟɔɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ 

əɘɜɖŰɐɟŬ ɛŮ ŰŬ əɧůŰɖ əŬɘ ŰŬ ŭɘŬůŰɐɛŬŰŬ ůɡɜŰɐɟɖůɖɠ Űɞɡ əɘɜɖŰɐɟŬ. ȼ ɚŮɘŰɞɡɟɔɑŬ 

Űɞɡ əɘɜɖŰɐɟŬ əŬɘ Űɞɡ ŬŮɟɞůəɎűɞɡɠ ˊɟɞůɞɛɞɘɩɜɞɜŰŬɘ ɔɘŬ ɜŬ ůɡɛˊŮɟɘɚɖűɗɞɨɜ 

ůŰɖɜ ŬɜɎɚɡůɖ Űɞɡ əɧůŰɞɡɠ əŬɘ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ ůɡɜŰɐɟɖůɖɠ. Ⱥɜ ŰɏɚŮɘ, ɖ 

ŭɟɘɛɨŰɖŰŬ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ əɘɜɖŰɐɟŬ ŮɝŮŰɎɕŮŰŬɘ ɔɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 

ŮˊɑŭɟŬůɐ Űɞɡɠ ůŰɞ ˊɟɧɔɟŬɛɛŬ əŬɘ əɧůŰɞɠ ůɡɜŰɐɟɖůɖɠ Űɞɡ əɘɜɖŰɐɟŬ.  

ɇŮɚɘəɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɞɟɟɏɞɡɜ Ŭˊɧ Űɞ ůɡɜŭɡŬůɛɧ Űɤɜ ɛɞɜŰɏɚɤɜ 

ˊɟɞůɞɛɞɑɤůɖɠ, əŬɘ ɔɘŬ Űɞɜ əɘɜɖŰɐɟŬ əŬɘ ɔɘŬ Űɞ ŬŮɟɞůəɎűɞɠ, Űɤɜ ɆɢɏůŮɤɜ 
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ȺəŰɑɛɖůɖɠ ȾɧůŰɞɡɠ, əŬɘ Űɤɜ əŬɛˊɡɚɩɜ ɚŮɘŰɞɡɟɔɘəɩɜ ŭɟɘɛɨŰɖŰŬɠ, ɔɘŬ Űɖɜ 

ˊɟɧɓɚŮɣɖ Űɞɡ əɧůŰɞɡɠ əŬɘ ˊɟɞɔɟɎɛɛŬŰɞɠ ůɡɜŰɐɟɖůɖɠ ɔɘŬ ɏɜŬɜ ůɡɔəŮəɟɘɛɏɜɞ 

əɘɜɖŰɐɟŬ əŬɘ ɏɜŬ ŬŮɟɞůəɎűɞɠ ɛŮ ŬɡŰɧɜ Űɞɜ əɘɜɖŰɐɟŬ ůŮ ŭɘɎűɞɟŮɠ ŭɘŬŭɟɞɛɏɠ. 

ȷɡŰɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ 

ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɞɜ ˊɟɞɔɟŬɛɛŬŰɘůɛɧ əŬɘ ůŰɖɜ ɞɘəɞɜɞɛɘəɐ ŬˊɞŰɑɛɖůɖ 

Űɤɜ ŮɟɔŬůɘɩɜ ůɡɜŰɐɟɖůɖɠ, əŬɘ ŮɑɜŬɘ ɏɜŬ ɢɟɐůɘɛɞ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

Ůɜɧɠ Ŭɟɢɘəɞɨ ˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ůŰɧɚɞɡ ŬŮɟɞůəŬűɩɜ ˊɞɡ 

əŬŰɏɢŮɘ ɛɑŬ ŮŰŬɘɟɑŬ ɔɘŬ ɛŮɔɘůŰɞˊɞɑɖůɖ Űɞɡ ɤűɏɚɘɛɞɡ ɚŮɘŰɞɡɟɔɘəɞɨ ɢɟɧɜɞɡ əŬɘ 

ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ əɧůŰɞɡɠ ůɡɜŰɐɟɖůɖɠ ɔɘŬ ɧɚŬ ŰŬ ŬŮɟɞůəɎűɖ ůɡɔɢɟɧɜɤɠ. 
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ABSTRACT 

Aircraft gas turbine engines are very complex equipment and their operation is 

of vast importance for both Original Engine Manufacturers and airline 

companies. Considering the contracts signed between manufacturers and 

operators, the former has to estimate the costs of each shop visit, along with 

necessary reserves for life limited parts, and the latter has to predict the 

available operational time between shop visits. The accurate prediction of shop 

visit intervals, costs and necessary reserves, enable both the engine 

manufacturer and the operator to plan the engine operation in such a way to 

make their products and services more attractive and competitive, with 

minimising cost and maximising income. 

The focus of this project is to create Cost Estimating Relationships in order to 

achieve accurate predictions for short-haul engines. These relationships link the 

engine performance parameters to its maintenance schedule and costs. The 

performance of the engine and the aircraft are simulated in order to be included 

in the analysis of the schedule and costs. At the end, operational severity is 

examined and used to quantify the effect of operation to maintenance planning.  

The resulting models of this project incorporates performance models, cost 

estimating relationships and severity curves to estimate the maintenance 

intervals and costs for a particular engine and aircraft flying at various routes. 

These results are used to study the effect of operation on maintenance 

planning, and they are used to form some basis for airfleet maintenance 

schedule planning. 
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ȺɡɢŬɟɘůŰɑŮɠ 

ɄɟɤŰɑůŰɤɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ə. Anthony 

Haslam, ɔɘŬ Űɖɜ ŮɡəŬɘɟɑŬ ˊɞɡ ɛɞɡ ɏŭɤůŮ ɜŬ Ŭůɢɞɚɖɗɩ ɛŮ ŬɡŰɧ ɗɏɛŬ, əŬɘ ɔɘŬ 
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ɇɏɚɞɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ űɑɚɞɡɠ ɔɘŬ Űɖɜ ŬɜŮəŰɑɛɖŰɖ ɡˊɞůŰɐɟɘɝɐ 
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1 Introduction 

1.1 Background 

Maintenance is a very important part of enginesô life having both technical and 

financial consequences. On a technical level proper maintenance ensures a 

safe operation of the engine, while from a financial point of view, proper 

maintenance can increase the time-on-wing for the engines, and the operational 

income.  

On the other hand, maintenance work has a cost impact on engine 

manufacturers with the cost of repair labour and material costs, and on airliners 

with the time the engine has to spend off operation. Therefore, the accurate 

prediction of maintenance intervals and costs is very important to both 

manufacturers and operators, in order to schedule the intervals and minimise 

the maintenance costs.  

The amount of maintenance costs, which can be up to 15% of the total engine 

costs, and the market competiveness further increase the importance of 

accurate prediction of the maintenance intervals and maintenance costs. An 

accurate prediction enables detailed planning for minimising costs and 

maximising income and gives an advantage to the manufacturer and operator 

against their respective competitors.  

1.2 Aim and objectives 

The aim of the present project is to develop an accurate model that predicts the 

maintenance interval costs and necessary reserves for Life Limited Parts, 

based on the operating parameters of the engine, and study the effect of these 

parameters on the predicted values. 

The first main objective of the project is the development of performance 

models for the engine and the aircraft, for simulation. Then, a proper database 

has to be created for a number of short-haul engines, and the creation of cost 

estimating relationships with the use of the database. Finally, the simulation 

models are used to acquire values for the operational parameters that affect the 
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intervals and the costs, and severity factors for each parameter are used to 

quantify that impact on the intervals and costs. 

1.3 Thesis outline 

The current project is comprised of nine chapters, starting with a background 

outlook, the aim and the objectives of the project in chapter one. 

Chapter 2 ñLiterature reviewò 

In chapter 2, a brief overview is provided for the basic information the reader 

needs to follow the analysed subjects and calculations conducted in this project. 

The work in this chapter is focused on the gas turbine performance, basic 

maintenance principals, and the factors connecting the engine performance with 

maintenance. 

Chapter 3 ñMethodologyò 

This chapter describes the main steps in this project, the connection between 

them and the part of each step for the final results. 

Chapter 4 ñEngine performanceò 

Chapter 4 explains the methodology and the steps followed for simulation of the 

engine performance, and the aim of the simulation. The performance points are 

explained, while finally, the validity of the model is examined. 

Chapter 5 ñAircraft performanceò 

In this chapter the method for the simulation of aircraft performance is analysed. 

The steps covered are the data collection, the model development, with its 

assumptions, the aim of this section, and the examination of the model validity. 

The resulting model is also used afterwards to examine the effect of aircraft 

performance on the maintenance intervals and costs.  
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Chapter 6 ñDatabaseò 

In chapter 6, the created database is examined. The sources and types of data 

are commented on, along with some assumptions made for the validity and 

credibility of the found information. Moreover the normalization of the database 

is described. 

Chapter 7 ñMaintenance schedule and costò 

This is the main chapter of the project. In chapter 7 the relationships for 

estimating the cost and the intervals of maintenance are created, and the 

method, the limitations, the tests and results of each relationship is looked into. 

The results of this chapter are combined with the results of the other chapters 

for the final outcome of the thesis, predicting the effect of some performance 

parameters on maintenance intervals and costs. 

Chapter 8 ñSeverity curvesò 

This chapter is composed of an overview of the used severity curves. In the 

chapter it is described the aim of the curves use, the limitations imposed in their 

use, the meaning and capabilities of such analysis, and the results of the 

previous chapters are used together to quantify the effect of performance 

changes on maintenance intervals and costs.   

Chapter 9 ñConclusions and suggestionsò 

This is the last chapter of this project, including conclusions made after the 

completion of the work if each chapter in this project and some recommended 

suggestions for helping future work to improve similar projects.  
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2  Literature Review 

Before the individual steps of the project are looked into, it is considered 

necessary to provide a brief outline of the literature for gas turbine performance 

and maintenance. The bibliographic research for this chapter was conducted 

through various sources including books, articles, papers and previous theses, 

so that any information presented can be checked for its validity and accuracy. 

The reviewed literature has resulted in a solid foundation for this thesis, with a 

rigid support of the concepts explained. 

The present chapter has a dual purpose, as it can help the reader acquire an 

adequate knowledge to go through the later chapters, and also it illustrates the 

fundamental points on which the credibility of this project depends. The chapter 

is comprised of two main parts, regarding the turbofan performance theory and 

the gas turbine engines maintenance principles. 

2.1  Gas Turbine Engines Performance 

The gas turbine engines used for aero applications can be divided into three 

categories based on the way they achieve propulsion: the turbojet engine, the 

turbofan engine, and the turboprop engine [1]. They all use the same basic 

principle, and they all are designed around the same core engine.  

The basic principle upon which all gas turbine engines are based is the Brayton 

Cycle, which is presented on Figure 1. 
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Figure 1: Ideal Brayton cycle [2] 

The ideal Brayton cycle depicted on Figure 1 is in the form of a relationship 

between entropy (x axis) and temperature (y axis). In reality, the air 

compression, illustrated by process 1-2, and the gas expansion, process 3-4, 

are not isentropic due to losses created by friction, and process 4-1 may be 

excluded from the cycle figures, as the hot gases are emitted to the atmosphere 

and not returned to the engine inlet. Many variations of this cycle may be found, 

depending on the application for which each gas turbine engine is used, and the 

desired outcome.  

Gas turbine engines are internal combustion engines, as the heat from 

combustion is directly transmitted to the working medium. Moreover, gas turbine 

engines are open flow machines as the final products are not returned to the 

inlet, and finally, they are considered continuous flow since at any given point 

air is passing through the engine.  

In the core, air is inserted into the engine through the inlet. Then, the air goes 

through the compressor, where it is compressed and as a result, its density is 

increased. Afterwards, the compressed air goes through the combustor, where 

it is mixed with liquid fuel, combustion takes place, and the heat produced is 

split into the enthalpy in the air and losses. Moving on, the hot gases resulting 

from the combustion pass through the engineôs turbine, where the enthalpy of 

the gas is transformed into produced work by the turbine, and finally it comes 

out of the core via the exhaust nozzle. The kinetic energy from the gas, and the 

gradient of the static pressure between the gas and the ambient air, are the 
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generating factors of thrust for the aircraft. For the gases, the kinetic energy and 

the static pressure are heavily affected by the static temperature, and both 

increase as the static temperature increases. Thus, the higher the temperature 

inside the combustion chamber, or Turbine Entry Temperature (TET) as is 

known, the higher the generated thrust. Of course there are a great number of 

factors limiting the temperature in the combustion chamber.  

 

Figure 2: Turbojet engine [3] 

The expression for generated thrust is: 

 
( ) ( )N j o j aF m V V A p p= - - - 

(2-1) 

Where FN is the generated thrust [N], m  is the air mass flow [kg/s], Vj is the jet 

velocity of the hot gases coming out of the exhaust nozzle [m/s], Vo is the flight 

velocity of the aircraft [m/s], A is the area of the cross section at the exit of the 

exhaust nozzle [m2], pj is the static pressure of the hot gases at the exit of the 

exhaust nozzle [Pa], and pa is the ambient static pressure [Pa] [2]. 

This is the principle found in turbojet engines, and there are some differences 

with turbofan engines. In turbofan engines, there is a big fan in front of the core 

intake followed by a compressor, and there is also a duct going around the 

engine core, and leading to its own exhaust nozzle. The fan compresses the air, 

and the amount of air going around the core transforms this energy into kinetic 

energy, contributing to the generated thrust [2]. 
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Figure 3: Turbofan engine [3] 

The basic principle of turbofan engines is to generate a major part of its thrust 

through the significantly increased mass flow passing through the by-pass duct 

and around the core, and thus improving its propulsive efficiency [1]. One of the 

most important advantages of turbofan engines is the improved Specific Fuel 

Consumption (SFC) for the same thrust level, compared to a turbojet engine 

[2].  

Due to the presence of the fan, the configuration of turbofan engines is different 

in comparison to turbojet engines. The fan in front of the core has a bigger 

diameter than the compressors inside the core, and thus it requires a larger 

amount of power from the driving turbine. In addition, material properties set 

some restrictions on the size and the rotational speed of the fan, since the 

centrifugal loads, depending on the rotational speed and the diameter of the 

blade, do not cause damage to the blades [4]. As a result, it is necessary to use 

more than one spool to connect the turbines with the compressors, to correctly 

match the rotational speed and power demands of the fan and the 

compressors.  

That is the reason why turbofan engines are twin-spool or three-spool, in 

contrast to turbojet engines which are single spool. One of the spools connects 

the turbine and the compressor inside the core, and is called High Pressure 

shaft (HP shaft), while the other shaft connects the fan with its driver turbine, 
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and is called the Low Pressure shaft (LP shaft), referring to the pressure rise 

brought on by the compressor connected to the respective shaft. The third spool 

can be used in case of the fan being separated from the compressor coming 

after it, and the turbine driving the fan is also split into two turbines. The first of 

these two turbines drives the compressor, and both are connected to the 

Intermediate Pressure shaft, while the last turbine drives the fan through the LP 

shaft [1]. 

 

Figure 4: Twin spool (a) and three spool (b) configurations [1] 

An important parameter of turbofan engines is the By-Pass Ratio (BPR), and it 

represents the ratio of mass flow passing through the by-pass duct to the mass 

flow at the entrance to the high pressure compressor, and is expressed: 

"02
ά

ά
 

(2-2) 

Turbofan engines can be classified into two main categories based on their 

BPR, low BPR engines, with a BPR between 0.2-1.1, and high BPR engines, 

with a BPR over 5 [4].  

As BPR increases, the mass flow passing through the bypass duct is 

increasingly greater than the mass flow passing through the engine core. For a 

specific core diameter, the mass flow passing through the core is constant, and 

any increase in BPR, means an increase in the mass flow passing through the 

bypass duct, with the consequence of improving the propulsive efficiency of the 

engine and increasing the generated thrust. On the other hand, the increased 

mass flow demands greater cross sectional area of the bypass duct, thus 

increasing the size of the total engine, the weight of the engine, and finally 
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increasing the drag created while the aircraft is flying [2]. This explains why 

BPR is a parameter used to compare the size of various engines [1]. 

2.2 Modules design concept 

The modern turbofan engines are designed on the principle of using modules to 

construct the whole engine. The modules are specific parts of the engine, and 

when they are put all together in a specific order they create a complete engine. 

The design based on modules serves to assist maintenance, as any module 

can be removed without dismantling the whole engine. Any individual module is 

characterized by its own maintenance history, performance identity and 

maintenance schedule. This gives the potential for any module to be replaced in 

one shop visit as an entity. The two most important advantages of the modular 

design are the reduction in the time the engine is held in the maintenance shop, 

and the reduction in the essential savings for spare parts [5]. 

The major modules found in any twin spool turbofan engine are briefly 

described below: 

ü Fan module: The fan is the first module of every turbofan engine and 

its role is to compress the air that will go around the engine core. It is 

comprised of the fan blades, the fan casing and the fan disk. Fan 

blades are usually made of titanium [5] but the most modern engines 

may have blades made of composite materials [6]. 

ü Low Pressure Compressor module (LPC): The LPC is the first 

compressor inside the core, and it compresses the air going through 

the engine at an initial pressure level. Similar to the fan module, the 

LPC module includes the blades, the casing and the disk. Unlike the 

fan, the LPC module is made up from alternating series of rotating 

and stationary blades [6]. 

ü High Pressure Compressor module (HPC): The HPC module is the 

second compressor inside the gas turbine core, and its role is to 

further compress the passing air, to the desired level before it enters 

the combustion chamber. Both the LPC module and the HPC module 
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are usually comprised of axial compressors with subsequent rows of 

stationary and rotating blades. 

ü Combustor module: The combustor follows the compressor modules, 

and is where the combustion takes place, by igniting the mixed fuel 

and incoming air. The heat is transferred to the air to increase its 

enthalpy. This particular module includes the outer and inner case, 

along with the fuel injectors, and finally the guide vanes for the High 

Pressure Turbine module.  

ü High Pressure Turbine module (HPT): The HPT module comes in 

between the combustor and the Low Pressure module. It consists of 

the rotor and nozzle guide vanes of the HPT. The role of this module 

is to extract power from the hot gases, and transform it into the 

useful work needed to drive the HPC module along with the 

accessory gearbox module. 

ü Low Pressure Turbine module (LPT): The LPT module is the final 

module of the core engine. Its purpose is to make use of any power 

remaining in the hot gases, and to drive the of fan and LPC modules. 

This module is made up from the rotors and stators of LPT, and the 

rear frame of the engineôs turbine. 

ü Accessory drive module: This is the last module inside the whole 

engine. It is not placed on the same axis as the previous modules, 

and usually it is attached to either the engine core, or the fan case. 

Its role is to extract power from the HPT module and drive the aircraft 

accessory systems, such as pumps and generators. [5] 

2.3 Engine performance parameters 

There are some rather important engine performance parameters that also have 

a key role in setting the maintenance schedule as they reflect the performance 

and the deterioration of the engine.  

The first of these key engine parameters is called Engine Pressure Ratio 

(EPR), representing the ratio of pressure at the turbine exit to the pressure at 

the inlet of the compressor. EPR is a way to measure thrust, especially in 
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turbojet engines, and it has been preferred because it is quite reliable and easily 

measured [1]. If the value of EPR is rapidly fluctuating, it may be due to an 

engine stall, while low values of EPR may be attributed to a flame-out in the 

engine. 

Another key parameter is the rotational speed of each spool. N1 is the rotational 

speed of the shaft connecting the LPT to the Fan, and N2 (or N3 for a three 

spool engine) is the rotational speed of the shaft connecting the HPT to the 

HPC. They are both usually expressed as percentages of the respective design 

rotational speed. Similarly to the EPR, any rapid variations in the value of N1 or 

N2 (or N3) may indicate a stall of the engine. Additionally, as with the EPR, a 

low value of N1, may be caused by a flame out in the engine [5]. 

The final key parameter, and probably the most important, is the Exhaust Gas 

Temperature (EGT). EGT is a measure of the engine performance that also 

reflects the deterioration in the engine. EGT is expressed in the form of degrees 

Celsius, and is measured at the exhaust of the engine. However, EGT can be 

measured in other locations as well. For example, in the CFM56-3 series 

engines, EGT is measured at stage 2 of the LPT nozzle [7].  

The EGT is a reflection of the current engine performance state, and its 

capability to achieve the designed thrust level. Thus it is a measure of the 

engine deterioration. The engine is supposed to achieve a specific level of 

thrust, as designed initially. If the engine is degraded, the temperature inside 

the combustor must be increased to create more heat, which will be stored in 

the gas, and it will be extracted by the turbines and consequently the EGT of 

the gas will be higher [1]. The higher the EGT of the engine is, the higher the 

level of degradation the engine has gone through. During the whole procedure 

of a flight, EGT reaches its maximum at take-off, or after lift-off, which are the 

two most demanding phases of engine performance. If EGT is increased 

beyond a certain level, it can directly lead to extended damage on the turbines, 

due to the heat transferred [4].  

To avoid EGT reaching higher levels than that allowed, the Exhaust Gas 

Temperature Margin (EGTM) concept is introduced. EGTM is the margin 
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representing the allowable levels of EGT, before it reaches its limit. The limit of 

EGTM is the maximum allowable EGT, also called the Redline EGT. Redline 

EGT is the maximum EGT, that the engine can withstand without damage. The 

engine can be in service as its EGT is within the EGTM, and it has to be 

removed once its EGT reaches the redline EGT. Since EGT increases as the 

engine becomes more degraded, the highest value of EGTM is met when the 

engine is fairly new [4].  

A factor that has great influence on EGT is the Outside Air Temperature 

(OAT). The control system of an engine is set to deliver a specific thrust level, 

and therefore, any increase in OAT results in a rise in EGT.  

 

Figure 5: OAT influence on EGT [8] 

As can be seen on figure 5 above, EGT rises with OAT, up to TREF, which is 

known as Corner Point Temperature. Above this temperature, the EGT 

surpasses the Redline EGT and damage is caused to the turbine. The engine 

can be operated at higher OAT, but it has to deliver decreased thrust level, to 

avoid exceeding the Redline EGT [5].  

2.4 Aero Engines Maintenance Concepts 

2.4.1 Maintenance categories 

Maintenance ensures that the engine will operate in the desired way. The 

concept of maintenance incorporates the entity of work and services that are 
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essential to retain undisrupted operation so that the engine produces the 

desired outcome. This is either thrust or power. In addition, the purpose of 

maintenance is, to minimize the deterioration in the engine, and to meet the 

regulation standards of a safe and operable engine [5]. 

The nature of the maintenance work can be divided into two main categories: 

ü Performance: As explained earlier, more time on operation, produces 

the more deteriorated it gets, and this can be seen through the 

reduction of EGTM. This type of deterioration can be seen as wear or 

cracks mostly on the turbine blades, and maybe on the compressor 

blades. Therefore to enhance the deteriorated performance of 

engines, the airfoils in turbines, and maybe compressors, are 

checked, fixed or replaced, as seen fit.  

ü Hardware: Besides decreased performance levels, the engine 

deterioration also affects the physical state of the engine 

components. Some of the mechanisms that cause degradation on 

the engine are fouling, erosion, corrosion and rubbing wear to name 

but a few [9] and they lead to cracks in the materials, especially the 

blades. Thus, failure may arise in many forms, such as rupture of a 

blade, and the engine may be heavily damaged. Consequently, 

maintenance procedures must also consider removal of worn 

components to ensure the safe operation of the engine in the future 

[10]. 

Repair work can be take place in two places, either on an engine installed on an 

aircraft, known as on-line maintenance, or in the shop [11]. 

2.4.2 Life Limited Parts 

There is a group of specific engine components that are regulated by different 

rules than the rest. These components are called Life Limited Parts (LLP) and 

they follow specific rules composed by international organizations, such as the 

Federal Aviation Administration (FAA). According to the FAA, the definition of 

LLPs is: ñengine rotor and major structural parts, whose primary failure is likely 
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to result in a hazardous engine effectò [12]. The LLPs limitations are based on 

fracture mechanics and the number of cycles they can run for, before they are 

removed, is calculated as the minimum cycle number before a crack of 

particular dimensions is formed [12]. It should be noted that LLPs are a 

significant part of the overall engine maintenance cost, reaching even more 

than 20% of the total cost [5]. 

Every module of the engine includes a number of LLPs. For example, the fan 

and booster module of a CFM56-3 engine has three (3) LLPs, the LPT module 

has seven (7) LLPs, and the HPC and HPT modules have a total of nine (9) 

LLPs [10]. The LLP with the shortest life dictates the maintenance schedule, as 

the engine has to be removed from operation and sent for repair, when it 

reaches the life limits of LLPs. The shortest remaining life of all LLPs in an 

engine is called stub life [5]. 

2.4.3 Maintenance philosophy 

Historically the philosophy and tools of maintenance have changed and evolved 

to a great extent. In the early days of gas turbines, the maintenance philosophy 

was to fix any damage after it had happened. Later, the maintenance 

philosophy was to fix the whole engine at specified intervals, and now 

maintenance is set on a schedule based on monitoring of the equipment. The 

development of technology has helped to create ways to monitor the condition 

of each engine, and then decide the necessity of a shop visit, or what action is 

the best for the operability of the engine [9]. 

Through the years, the philosophy of the maintenance schedule has also 

changed. In the past, the maintenance intervals were based on strict safety 

regulations, that in order to ensure the safe operation of engines, some safety 

factors were over-estimated. Thus in many cases, the engines were removed 

from operation, although they still were able to operate safely, due to absence 

of tools that enabled better life evaluation. Nowadays, the maintenance intervals 

are scheduled based on a great number of various factors. For example, both 
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LLP remaining life and performance levels are taken into account to schedule 

the next interval.  

These different factors make the development of a complete workscope 

planning a rather difficult task. The aim of the workscope planning is to ensure 

the best possible condition of the engine, regarding both the performance and 

the structural strength of the components. Workscope planning is driven by the 

main expectation that engine long run costs will be reduced to the minimum 

possible level. So the whole planning process is an optimization process that 

takes into consideration all the LLP life limits and the performance indicators, 

such as the EGTM. 

2.4.4 Repair work 

At every shop visit, the engine undergoes  specific repair work. There are three 

different levels of repair work for the engines, depending on the condition they 

are in and the type of the module being repaired. The aforementioned levels 

are: 

ü Minimum level workscope: This is the lightest level of repair work, 

and usually takes place when the engine has passed only a small 

period of time since its last overhaul. For this level of workscope, 

external inspections and minor repairs are adequate to restore the 

engine. There is no need to dismantle modules for a minimum level 

workscope.  

ü Performance level workscope: This level of workscope is more 

demanding, and actually requires the dismantling of a module to 

check the condition of the rotor assembly. The seals, airfoils, shrouds 

and guide vanes are subjected to inspection, and then repair or 

restoration, if they are needed.  

ü Full Overhaul Workscope: This is the most extended level of shop 

visit repair work, and this happens fewer times than the others 

workscope levels. Engines go through full overhauls when they have 

reached their time, or cycle, limits, or when the components are not 

in condition to ensure safe operation of the engine. For this kind of 
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workscope level, the examined module is completely taken apart, 

and each piece of the module undergoes full examination and 

inspection. If considered necessary, the hardware of the module is 

restored to allow the engine to be operable again. 

The two main factors that dictate the workscope level in every shop visit of the 

engine are Time On-Wing (TOW) and economic considerations. The TOW of an 

engine has an impact on its shop Direct Maintenance Cost (DMC) and its 

Shop Visit Cost (SVC). The DMC includes all the costs for scheduled and 

unscheduled maintenance materials, labour and other services to meet the 

desired performance level, and some of the factors of DMC are the depreciation 

of current assets, the insurance costs, the fuel costs, the aircraft crew, and the 

aircraft maintenance cost, to name but a few [13].  

The more TOW an engine has, the more the operational cost is reduced but the 

maintenance cost is increased. It is expressed as $/Flying Hour ($/FH). As 

explained earlier, the wear on the engine components is increased it spends 

more time in operation, therefore, the componentsô condition is more 

deteriorated, and in the next shop visit they will require more extended repair 

labour and replacement. Of course, the amount of the necessary repair work is 

affected by many other factors too, and does not only depend on TOW.  

The consideration over TOW is different for short-haul engines and medium to 

long-haul engines. The former accumulates the maximum number of flight 

cycles rather fast, and the replacement of LLPs on such engines is the most 

usual cause of overhaul, and has a great impact on the engine maintenance 

cost. As a consequence, it is crucial to create a maintenance schedule in a way 

that the performance levels will fit in the intervals of LLP replacements. On the 

other hand, medium to long-haul engines have a different driving mechanism for 

their maintenance schedule. This type of engine manages to spend adequate 

time in operation between LLP replacement intervals, and this leads into 

extended wear on the components. Thereupon, the schedule is mostly based 

on performance degradation, and more components are replaced due to higher 
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level of deterioration, especially on the core modules of HPC, Combustor and 

HPT [5]. 

For the replacement of components and LLPs, there are specific parts that are 

acceptable from the directives of the FAA. As defined by the FAA, the parts 

intended for replacement must undergo a specific approval process, and be 

distributed through approved suppliers in order for a manufacturer to be allowed 

to sell his parts [14]. 

Regarding the financial considerations, some operators are not willing to pay, or 

able to afford, the maintenance costs of an engine, especially since they are so 

high, as explained earlier. Hence, these operators may opt for altering the 

engine performance and build levels, in order to mitigate the maintenance costs 

[4]. 

2.4.5 Removal factors 

As explained earlier, the TOW an engine has dictates the frequency of the 

maintenance schedules. The TOW has an impact on both the performance 

deterioration level and LLP replacement schedule, but these two do not usually 

coincide, and hence there is the need to measure TOW in a suitable manner for 

each parameter. This has led to creation of two parameters for measuring 

TOW, and these are Flight Hours (FH), or Engine Flight Hours (EFH), and 

Flight Cycles (FC), or Engine Flight Cycles (EFC). FH is a measurement of 

TOW suitable for calculating the engine performance level; while on the other 

hand, FC is the measurement of TOW that best suits LLP replacement 

schedule [5]. A FH stands for one hour of flight, while a FC represents the time 

for the entire set of actions from take-off to landing [15]. 

A factor that significantly influences the maintenance schedule is the age of the 

engine. When an engine starts operating it is quite new and its components are 

in condition to withstand extended deterioration, and severe operations. 

However, as the engine accumulates TOW and it becomes ñolderò and 

ñweakerò, and so it requires more frequent maintenance schedules. The period 

from the beginning of an engineôs life until the first shop visit is called the 
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ñhoneymoonò period and it lasts longer than the intervals between the following 

shop visits. Usually, after the engine has gone through its first shop visit, it is 

considered to be in its ñmatureò phase. The mature phase can also be 

considered the period after the first replacement of all the modules in the 

engine.  

The engine removal causes vary depending on the engine type and the engine 

life phase. Short-haul engines usually are taken out of operation for repair 

based on the number of flight cycles they have accumulated, whereas medium 

to large-haul engines have shop visits intervals mostly dominated by their 

EGTM deterioration.  

 

Figure 6: Engine removal causes for short-haul (a) and long-haul (b) engines [5] 

In figure 6, it can clearly be seen that the phase of engineôs life may dictate 

other shop visit cause. For example, the first shop visit for short-haul engines is 

usually imposed by the deterioration of their EGTM, while for the majority of 

their lives after the first shop visit the LLP replacement schedule dominates the 

maintenance schedule of short-haul engines [5].  

The most common removal causes include EGTM deterioration, LLP life limits, 

hardware deterioration, and Domestic or Foreign Object Damage (DOD & 

FOD). Some of these causes have already been discussed. For the 

deterioration of EGTM, it has to be noted that the physical explanation behind it 

is that as the engine deteriorates; the tip clearances in turbine blades are 

increased, leading to increased losses on the gas flow. The losses of the gas 
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path flow result in deterioration of the overall engine, and so the control system 

makes increases the fuel flow into the combustion chamber, in order to achieve 

the desired thrust level. Consequently, the additional fuel brings on increased 

fuel consumption, and more heat generated in the combustion chamber. The 

surplus of heat is absorbed by the incoming air, and later on is absorbed by the 

turbine blades and they suffer more severe and extended damage [5].This can 

shed light on the fact that for a given engine model, the higher rated variants 

have a higher EGTM deterioration [12]. 

 

Figure 7: EGTM deterioration rate for CFM56-3C [12] 

The figure above proves the previous statement as it can clearly be seen that 

the higher rated variant of the CFM56-3C engine demonstrates a rather higher 

rate of EGTM deterioration [12]. However, the data from the same source, [12], 

dictates that the figure above does not reflect reality, as the EGTM for the 

CFM56-3C engines is 30oC for the temperature of 30oC at which they are flat 

rated, so the curves should stop at the point where 30oC of EGTM are lost, but 

this figure is only for explanation of the comments above.  

As explained earlier, the LLPs have strictly specified life limits based on cracks 

formation given the risk they impose on the safety of the engine. Thereupon, 
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LLPs are limited by the number of FC they accumulate, and they are replaced in 

the upcoming shop visit. The hardware of the engine follows a similar principal. 

The hardware includes turbine and compressor blades amongst others, and 

when they reach a certain extent of damage, they are repaired or replaced. 

However, the difference between LLPs and hardware is that the hardware is not 

removed from the engine after a specific FC number, but it is subjected to 

frequent inspections and afterwards the results are evaluated to examine the 

remaining strength and life in the hardware [5]. 

The last mentioned cause of removal is Object Damage. This can be attributed 

either to a foreign object, such as birds, ice or anything else outside the engine, 

or to an object from inside the engine, also known as a domestic object. DOD 

usually happens when debris from within the engine cause damage to the 

engine turbine [5]. The prediction of such events is impossible, and they are 

usually measured in rate of occurrence per 1000FH. FOD and DOD events may 

happen very seldom but when they occur, usually heavy damage results, and 

the engine has to be taken immediately to shop visit for repair. The shop visits 

resulted from such events are never planned. They are called unscheduled 

removals and they heavily affect the existing schedule for planned removals 

[12]. 

2.4.6 Cost affecting factors 

Finally, it is of utmost importance to explain some factors that affect both the 

TOW and the costs of an engine. These factors are thrust level, operational 

severity, age status and workscope planning philosophy. Their influence is a 

significant effect on shop intervals and cost.  

Most engine variants can operate at different thrust levels, and this has a direct 

impact on engine deterioration. The higher the thrust level an engine works in, 

the higher temperatures occurring inside the engine core, and this leads to 

higher thermal stresses on the engine components downstream the combustor. 

The higher thermal stresses can be translated into more severe and faster 

deterioration of the engine, which in turn is seen as shorter maintenance 



 

18 

intervals and higher maintenance costs. A reduction in the thrust level can result 

in improved SFC, lower maintenance costs, longer intervals between shop 

visits, and finally slower rates of EGTM deterioration. 

It has been explained before that the shop visit intervals and maintenance costs 

are affected by the age of the engine. In a great number of occasions, it has 

been noted that new engines can operate for longer time periods than mature 

engines, and this additional life can be up to 20% or more in relationship to the 

life of mature engines. This happens because mature engines suffer from more 

severe deterioration rates, more severe scrap rates, and thereupon higher cost 

of maintenance [5]. 

One other factor that can influence the shop visit intervals and costs for an 

engine is the workscope planning philosophy. The planning philosophy is 

expressed through the workscope planning guide, which is a group of 

guidelines aimed to maximize the performance margins and enhance the 

serviceability, reliability and durability of the engine. These guidelines can help 

establish a workscope strategy for the engine, and the company that has to 

carry out the maintenance work will tend to plan their intervals for minimum 

amount of work, or for minimum shop visits. However, it is of crucial importance 

to keep in mind that these are guidelines, and cannot fully replace the real 

workscope planning which can take into account events such as DOD or FOD.  

The former strategy aims at decreasing the cost per shop visit, with reducing 

the amount of work done in each shop visit, whereas the latter strategy is 

focused on minimizing the long term costs. A complete workscope planning 

policy should be optimized for both operation and long term cost plans [5]. 

Last but definitely not least, the remaining factor of those mentioned above for 

affecting maintenance schedule and costs, is operational severity. Operational 

severity expresses how demanding the conditions are in the environment the 

engine operates. Operational severity includes flight length, take-off de-rate, 

Outside Air Temperature (OAT), and type of environment. Severity can be 

expressed through severity curves and is an indication of the impact the 

environment has on the costs.  
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Flight length is the criteria based on which the engines are divided into short-

haul and medium to long-haul engines. The take-off and climbing parts of the 

flight envelope are an inevitable part of the flight schedule for all the engines, no 

matter their type, short or long-haul, and these two parts have the highest 

demand for power, where the highest rate of deterioration takes place. The rest 

of the flight is under less severe conditions, where the stresses appearing on 

the components are alleviated, and the total degradation of the engine is slightly 

mitigated. Therefore, the more time an engine spends at cruise condition, the 

less severe deterioration is imposed on it through take-off and climb, and the 

longer it will last. 

 

Figure 8: Flight Length effect on SVC [5] 

As it can be seen on the figure 8 above, the greater the flight length the lower 

the SVC is. This is due to the effect described above, regarding the stresses 

caused at each part of the flight envelope, and therefore with less deterioration 

occurring, the engine requires lighter level of repair work on the upcoming shop 

visit.  

Similar effect on severity can be imposed by the thrust de-rate level. The level 

of de-rate represents the percentage by which the thrust is reduced in 

relationship to the maximum thrust level. The de-rate level is actually the sum of 

the de-rate level at take-off, at climb and at cruise, but usually the term de-rate 

refers to the take-off de-rate because 1 minute of take-off conditions represents 

at least 45% of the total engine maintenance cost. The effect of de-rate is the 
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reduction of the EGT, since the lower thrust level demands less power from the 

engine, so less fuel is used, therefore the temperatures inside the core is 

slightly decreased, so EGT and thermal stresses on the turbine are reduced 

[16]. 

 

Figure 9: De-rate effect on severity [5] 

Figure 9 above proves the previous statement, as it can clearly be seen that the 

greater the de-rate level, the less severe the engine operation is, thus reducing 

the SVC and increasing the shop visit interval. 

It has been explained earlier in this chapter that for a given thrust level, EGT 

rises as OAT rises, and this leads to faster EGTM deterioration. If OAT 

surpasses a pre-specified temperature, represented as TREF on figure 5, then 

the thrust level of the engine has to be decreased to maintain a constant EGT 

under the Redline EGT. In order to meet the requirement, the take-off thrust has 

to be de-rated to lead to lower values of EGT [16].  

The last factor affecting the de-rating of the engine is the type of environment. 

Apart from the OAT, the environment can affect the thrust level depending on 

the particles in the air. In some regions of the world, the air includes great 

number of various particles that increase the deterioration of the engine. For 

example, over desert areas, the sand in the air creates a severe environment in 

which the operation of the engine is worse. Over the sea, the evaporation 

increases the composition of the salt in the air, and this leads to more severe 
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degradation of the engine due to corrosion and erosion. To counter such 

effects, the engine has to be de-rated to compensate with decreased EGTM 

deterioration [5]. 

To translate the severity effect on the engine shop visit intervals and costs, the 

Original Engine Manufacturers (OEMs) have developed severity curves from 

the severity data that is based on statistical distributions that represent the 

anticipated visit cost and TOW in respect to the flight length and the de-rate 

level. These severity curves look like the curves presented in figure 8. OEMs 

develop a different severity curve for each thrust rating of each engine variant, 

and different severity curves for non-mature and mature phases of the engine 

life [5]. 
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3 Methodology 

The aim of this project is the development of a group of Cost Estimating 

Relationships (CERs), to examine the shop visit intervals, shop visit costs, and 

reserves for LLPS, for short-haul engines. Moreover, the effect of operational 

factors on the maintenance and costs is examined via the use of severity 

curves. For the implementation of this attempt simulation software for the 

engine and aircraft performance has been used, and mathematical modeling 

has been employed for CERs and severity curves.  

The current thesis takes a generic approach on the examined subjects, and the 

results have been extracted accepting some assumptions and errors in the 

process. Therefore it should be stated that the results of the thesis are just an 

indication of the intervals and the costs, and not definitive values. On that basis, 

the results are not considered accurate enough that any decision can be made 

based on them, but they surely provide an acceptable view on the trends on the 

models when some specific factors are changed. 

The final results of the thesis come through a number of steps. Firstly, the 

engine performance is modeled with simulation software, Turbomatch and the 

aircraft performance is examined with the use of the simulation tool Hermes. 

Simultaneously and independently, the Data Base for the examined engines is 

created through data search and collection, and afterwards, the CERs are 

created with a backwards regression method, to forecast the maintenance 

intervals and costs for the engines. Following that, severity curves were 

modeled, so that in the end, the results from aircraft and engine performance 

simulation can be introduced into the severity curves to forecast their effect on 

the results of the CERs. The sequence can be seen in the following flowchart. 
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Figure 10: Project Flowchart 
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4 Engine Performance 

The first step of this project was the simulation of the gas turbine engine 

performance. The results of this simulation were later used in the next 

simulation program, Hermes, for the simulation of the aircraft performance. 

Finally, the effect the OAT has on the generated thrust was examined using the 

engine simulation software. 

Initially, an airliner selection was needed in order to make the project a little 

more specific, and introduce a feature that would make it more realistic rather 

than just a literature overview. Based on the airliner, the engine and the aircraft 

were selected accordingly, from the range the aircraft manufacturer offers. The 

airliner chosen was British Airways, and a focus was made on short-haul 

narrow-body aircraft [17]. Therefore, the aircraft selection was the Boeing 737-

400, and the engine initially was the CFM56-3B2. However, later on, the engine 

changed to the CFM56-3C1, since most of the selected data regarding the 

payload curves for the aircraft concerned aircraft with the CFM56-3C1 engines 

installed. Both engines are short-haul high bypass ratio turbofan engines with 

separate exhausts.  

 

Figure 11: CFM56-3C engine [18] 
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For the engine, an elaborate data search was conducted, with cross-checking of 

various sources, including books, websites and previous theses for any relevant 

pieces of information. For the particular engine family, the CFM56-3, the theses 

archive of Cranfield University does not offer an abundant amount of 

information since usually the families of the CFM56-5 and CFM56-7 are 

examined, and no performance model for CFM56-3 was found. Therefore, data 

was gathered from several sources, including [18], [19], [20] and [21]. Out of all 

these sources, [20] was considered the most reliable, and this was the major 

source of data. Thus, the data used for validating the model was: 

Table 1: Validation data [20] 

 

4.1 Turbomatch 

The simulation of the engine performance was conducted via Turbomatch, the 

simulation software developed at Cranfield University. Turbomatch is a program 

for the simulation of gas turbine engines, presenting the capability to carry out 

both Design Point (DP) and Off-Design (OD) calculations [21], and in its latest 

version it also performs analysis of the Transient performance of the engine 

[22]. 
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Turbomatch uses some generic component maps, which are experimentally 

derived, and it scales them for each individual engine modeled, to match its 

Design Point, prior to performing OD calculations. These maps are the basis on 

which the calculations are made through an iterative approach and on the 

principal of mass flow and energy equilibrium, and they can be found in [21]. 

For OD cases, the performance of the engine is estimated by altering the 

throttle settings, changing the rotational speed of the shafts, and the 

temperature at the exit of the combustor. 

Turbomatch simulates engine performance using a concept of representing 

them as a group of components, in the form of modules, or ñbricksò as they are 

called inside the program [21]. The performance of each component is based 

on the fundamental equations used in each component, such as combustion 

equations for the combustor and fluid dynamics for the engine intake. However, 

the program itself does not examine the componentsô performance in detail, but 

it does calculate the input and the output to every brick. This modular concept 

enables Turbomatch to simulate any modern engine in detail [22]. 

As stated earlier, the engine examined in this thesis is CFM56-3C1, and a view 

of its components is presented in figure 12 below. 

 

Figure 12: CFM56-3C modular design [23] 
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In the picture above, at the front-left end, the fan frame is represented, with 

white colour, the fan module is with the light blue colour, and it includes the fan 

and the booster compressor. At the same point, with the dark blue colour shows 

the first and the second supporting bearings, and behind it, with a light blue, the 

inlet gearbox and the third supporting bearing are depicted. In the lower part of 

the picture, the accessory gearbox is with orange colour, and next to it with a 

darker shade is the transfer gearbox. In the middle, the green coloured shaft is 

the LPT shaft, the pale yellow is the HPC rotor, the pink represents the HPC 

stator, the orange is the combustor casing and the red colour is the combustor 

liner. Between the LP shaft and the combustor casing is the HP rotor and on the 

right side of the combustor liner is the HPT nozzle. Finally, on the right side of 

the picture are the LPT frame and left of it, the LPT.  

The bricks for the Turbomatch engine model are presented in figure 13. The 

structural parts of the engine are not included in the simulation, as they do not 

directly affect the engine performance.  

 

Figure 13: Engine's blocks in Turbomatch model 

One difference between the simulated engine and the real one presented on the 

figure 12 is that the simulated engine has only one bleed at the end of the HPC, 

while the real engine has two bleeds, one at the 5th stage and the other at the 

9th stage of the HPC [8]. This modification was introduced since Turbomatch 
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does not offer the capability to insert a bleed in the middle of the compressor, 

but only at its end, and therefore, an introduction of a bleed at the 5th stage 

would require the compressor to be broken down to independent compressors, 

introducing greater values of error. Moreover it has been assumed that there is 

only one bleed from the HPC for cooling the blades of the HPT, and there is no 

air bled from the LPC. A complete input file for Turbomatch is given in Appendix 

A.  

With the use of Turbomatch there is one important assumption accepted. As 

explained earlier Turbomatch contains some generic maps for the compressors 

and the turbines, and these maps are scaled based on the DP of every engine 

in order to be used later for the OD performance. This means that Turbomatch 

does not have the real component maps for each engine, and thereupon it is 

known that an error is introduced in the OD engine performance due to the 

absence of the authentic maps [21]. 

4.2 Simulation process 

After the engine selection, a basic step of the simulation process is the selection 

of the DP for the engine. The engine data acquired concerned three specific 

points in the flight profile, as can be seen in table 1. From the sources found 

regarding the engine, most data concerned the parameters from the Take Off 

phase. There was some data concerning Top Of Climb (TOC), while the least 

data was about Cruise. On this basis, the rational choice was to take the Take-

Off as the DP of the engine. However, this choice led to a problem with 

compliance in Hermes model. The Hermes model uses the engine file to specify 

the SFC of the engine, and the flight length based on a specified amount of fuel 

in the tanks. The problem is that although Take-Off seems the most reasonable 

choice for the Turbomatch model, Take-Off is only a very small portion of the 

total Flight Path, as it usually lasts about 1 minute, so the engine file was not 

consistent for its required use in Hermes [24]. For the purposes of the most 

accurate model of Hermes the cruise data should be used in the DP of the 

engine, but the information was not adequate. Therefore, the Top Of Climb was 

selected to be the DP for the Turbomatch model, since it satisfies all 
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requirements. Top Of Climb is a demanding point for the engine, as it requires 

all the components to work at high performance level, and therefore the engine 

is not at part speed, where the Turbomatch maps could introduce great error.  

Moreover it is close to the Cruise conditions and the difference in performance 

is not large. It is therefore reliable in the Hermes model, and above all there is 

adequate amount of data to validate the engine performance at this point.  

The next step after the selection of the TOC as the DP, was the calculation of 

the engine mass-flow at that point, since this information was not found on the 

literature. The mass-flow could be found through an iterative process by 

changing the mass-flow and examining the validity of the results. However, it 

was preferred to calculate the mass-flow to produce a result in a more accurate 

and quick way. The data found in the literature was the fan tip diameter, 

FD=1.524[m] [20], and it was assumed that the fan has a hub/tip ratio equal to 

0.24, and the fan axial inlet Mach number is 0.6 [1].  The mass-flow was 

found equation 4.1 [2]: 

 
FANm VAr=   

(4-1) 

here m  is the mass-flow [kg/s] of the air at the inlet of the fan compressor, ɟ is 

the air density [kg/m3] at the flight altitude, V is the air velocity [m/s] at the inlet 

of the fan compressor, and AFAN is the area of the fan cross-section [m2]. The 

latter parameter was found from equation 4.2, [25]: 
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(4-2) 

For the following, the flight altitude was necessary, and it was found that the 

engine reaches an altitude of 10668[m], 35000[ft], at the TOC [20]. At this 

altitude, the values of temperature and pressure were acquired through [26] and 

[27]. The next step was the evaluation of the air velocity at the fan inlet [2]: 
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AV M Rtg=  

(4-3) 

Where, MA is the Mach number of the axial flow equal to 0.6 according to the 

assumptions stated earlier. The static temperature was found from equation 4-

4. [2]: 
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Where, t is the static temperature of the air as explained before, T is the total 

temperature of the air [K] and was found through [26] and [27]. Lastly, for the 

equation (4.1) the density has to be calculated, and this is given by equation 4-8 

[2]: 

 

p

Rt
r=  

(4-5) 

Where, ɟ is the air density as described before, p is the air static pressure [Pa] 

at a specific altitude. The static pressure is calculated through the following 

equation [2]: 
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(4-6) 

All these equations led to the calculation of the mass-flow, which was found to 

be equal to 138.5[kg/s]. After the mass-flow calculation, the OPR has to be 

divided between the three compressors, the fan, the booster and the HPC. In 

order to make the engine model a little bit more realistic, and to introduce some 

design features in the simulation, the fan pressure ratio was calculated.  

The calculation was done based on the one proposed by Guha in 2001 [28]. As 

stated in [28], the usual design wisdom is followed, dictates that on civil aircraft 
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engines, the fan used is a one-stage fan compressor, and therefore the 

maximum value of FPR is about 1.8. However, the calculation of an optimum 

value for FPR, given the other parameters, such as OPR, BPR and TET are 

constant, results in reducing the SFC of the engine. Guhaôs calculation states 

that the optimum Fan Pressure Ratio (FPR) is found from equation 4-7 [28], 

and is 1.94625: 
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(4-7) 

Where, (FPR)Opt is the optimum FPR to be calculated, BPR is the Bypass Ratio 

of the engine, ɖKE is the efficiency of the energy transferred between the core 

and the bypass flow, and is depending in the component efficiency of the fan 

compressor, the LPT, and the bypass nozzle, as well as the flow losses inside 

the engine ducts, and finally the mechanical losses on the shafts. TŬ is the 

ambient air static temperature, and ĔNF  is the specific thrust of the engine [J/kg], 

calculated as: 
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(4-8) 

Where, ĔNF  is the specific thrust to be calculated, hm  is the mass flow [kg/s] of 

the air passing through the engine core, and cm  is the mass flow [kg/s] of the air 

passing around the core and through the bypass duct [28]. 

The variation of the calculated optimum FPR with the specific thrust in separate-

stream bypass engines can be seen in figure 14, from which the value of FPR 

for the designed engine is extracted: 
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Figure 14: Variation of FPR for specific thrust [28] 

For figure 14, the value of M is 0.82, the total temperature of air is Ta=216.65 

[K], the efficiency ɖȾȺ=0,82, and ɔ=1,4. The lines drawn on top of the figure 

specify the point which represents the BPR and the specific thrust of the engine 

at the TOC. The engine specific thrust at TOC is 17.8[lb/lb/s], and the BPR is 5. 

The calculated value for FPR is quite high for civil turbofan engines, especially 

for the CFM56-3C1 engine, which was designed in the mid 1980ôs. An engine 

designed at that period usually has a FPR about 1.7-1.8 [20]. However, there is 

lack of information about the actual FPR of the engine. Furthermore, the 

optimum FPR is chosen for the minimum SFC, which fits the OEMôs philosophy 

for making engines more appealing. Moreover, the figure was based on a 

comparison of the published data for the engine with the Turbomatch results 

and it gave good results.  

The next step after the calculation of FPR is the evaluation of the PR for the 

booster and the HPC. The data acquired for the engine validation included the 

OPR at the DP, which is the TOC. The OPR is equal to the product of the PR of 

each compressor [2]. In the form of an equation the above statement can be 

expressed as: 
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/02&02,0# 02(0# 02 (4-9) 

Based on the equation above, and since the FPR is calculated, the LPC PR and 

the HPC PR have to be selected. Through research on other engines [22] and 

through fundamental theory about gas turbine engines performance [1], [2], the 

LPC PR was selected to be equal to 2, while the HPC PR was found to be 

7.8613.  

After this, an important step was the selection of the components efficiencies. 

The efficiency for each component is presented in the following table. 

Table 2: Components Efficiencies 

 

The efficiency of each component was selected based on the basic theory of 

gas turbine engines [1], [2], and on the values found for other engines, already 

simulated [22]. The efficiency of the fan, the booster, the HPC, the HPT and the 

LPT are isentropic efficiencies, and they satisfy the engine requirement of the 

turbines working more efficiently than the compressors. Therefore, the turbines 

produce the necessary amount of work to drive the compressors and the 

accessories, even with the mechanical losses. The efficiency of the combustor 

is the combustion efficiency, representing how much fuel is burnt, divided by the 

total amount of fuel introduced in the engine. The efficiency of the nozzles, and 
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the mechanical efficiency are not part of the input file for the Turbomatch, and 

therefore they are not presented here [21], [22]. 

Finally, for the correct validation of the model, the auxiliary work and the amount 

of bled air have been found. The auxiliary power is extracted from the HPT, so 

the turbine must produce this additional amount of work, and is used for the 

aircraft generator and other services. The HPC has two possible locations from 

where air is bled, at the end of the 5th stage and at the end of the 9th stage, but 

as it has already been explained, the simulation model includes only one 

bleeding position. The amount of air bled depends on the rotational speed of the 

LP shaft [7], and therefore, the input value has been selected to be one 

representing an average value for all cases. For every case simulated, the TET 

of the engine was used as the controlling parameter. All the specifications of the 

engine and the flight conditions were inserted to Turbomatch, and in order to 

conduct the calculations and extract the results, the TET value was changed in 

every different case. The final results of Turbomatch are acceptably accurate for 

the matched performance point of the engine. 

After finalizing the input file, the simulation was done, and the following table 

presents the results, and their respective relative errors.  

Table 3: Turbomatch results and errors 

 

The BPR and the OPR are not presented on this table, because they both are 

design parameters that were used as input to simulate the engine more 
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accurately, and therefore they are not part of the results. Moreover, the TOC 

thrust, which is the DP, has an error of 0.032% which is quite satisfactory, and 

the simulated engine is an accurate representation of the engine modeled. 

Apart from this  the OD cases, which are the cruise and the Take Off, have 

similarly small percentages of errors, all below 1%, so overall, the model is 

accepted as accurate for the simulation of the CFM56-3C1 engine. 

In conclusion, Turbomatch is a simulation software used for the simulation of 

gas turbine engines performance, validated against public sensitive engine 

data, and the model made on this program is adequately accurate, with the 

assumptions made above and also regarding the errors introduced by the 

program itself. The model can be used later on without any problems, as it is 

pretty close to the reality. 
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5 Aircraft Performance 

 The next major step in the project was the aircraft performance simulation, 

which is necessary in order to examine the maximum flight distance of the 

aircraft and its requirements for specific flight routes.  In addition, these results 

will be used to examine the maintenance schedule and costs for the engines.  

The aircraft selected is the Boeing B737-400, and it is a narrow-body short-haul 

aircraft, part of the British Airways fleet, as explained above in chapter 3. The 

selected aircraft is a rather mature aircraft, and thus abundant information is 

available on the Internet, and from many other sources such as IHS World 

Aircrafts [29].  

 

Figure 15: British Airways B737-400 [30] 

After a thorough search for aircraft data, and after cross-checking of the 

discovered information, the following table presents a part of the data used for 

validation of the aircraft model.  
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Table 4: Aircraft specifications [31] 

 

Where, the MZFW is the maximum weight allowed for the aircraft, prior to 

loading of usable fuel and other specified agents for use, in predefined sections, 

restricted by the strength of the aircraft and airworthiness requirements. The 

MTOW shows the maximum allowable weight for Take Off, under the limitations 

of the aircraft strength and airworthiness directives. Similar to MTOW, MLW is 

the maximum allowed weight at the landing of the aircraft, restricted by the 

strength of the aircraft and airworthiness directives. The OEW is the resulting 

sum of adding the weights of the structure, the power plant, the furnishing 

systems, and unusable fuel, to name but a few. The maximum payload is the 

result of subtracting the OEW from the MZFW [31]. The total payload added in 

the aircraft includes the passengers, the baggage, and the cargo the aircraft 

has to carry [32]. 

The aircraft performance simulation was conducted with the use of Hermes, an 

in-house developed program of Cranfield University [24]. The results used in the 



 

38 

following parts of the thesis, are the thrust requirements and the time duration of 

some specific flights.  

5.1 Hermes 

Hermes is a simulation software developed at Cranfield University [24], and is 

used for examining the performance of aircraft. Hermes is validated against 

public data for aircraft, and its error was found to be less than 1%. Hermes 

requires two input files namely the engine file used as input for Turbomatch, 

and a file regarding the aircraft. The required aircraft file includes two main 

types of data. First, some geometrical characteristics of the aircraft, such as the 

fuselage dimensions and the wings dimensions are required for the 

performance calculations. In addition, the payload of the aircraft is required, for 

the validation of the model [24], [33]. A complete input file for the aircraft 

specifications is presented in Appendix B.  

 

Figure 16: B737-400 front view [31] 
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Figure 17: B737-400 top and side view [31] 

Figure 16 and figure 17 show the dimensions of the Boeing B737-400 aircraft, 

which have been used as inputs in the Hermes model. Other necessary 

geometric features, the wings thickness at the root, the tip and at ı of the wing 

span, have been acquired through the technical drawings of the aircraft found in 

[34]. 

With these input files, Hermes calculates the range an aircraft can cover with a  

given amount of fuel, and the weight (payload) it has to transfer. The engine 

input file is used to determine the flight speed and the SFC for the flight 

duration. Inside the input file for the aircraft, the GeomMissionEngineSpec file 

[33], there are some features specified regarding the engine on the basis of the 
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mission the aircraft follows. These features include the altitude, the flight speed, 

and the TET for each flight segment. Hermes uses the subroutine 

TurbomatchCalls to run Turbomatch and examine the engine performance 

under the specified conditions. The aircraft input file, is used for the calculations 

specifying the necessary input values.  

Hermes is a program using simple calculations based on the mass end energy 

equilibrium [33]. The flight mission specified is divided into small segments, for 

each major phase. The maximum TET, the flight speed and the altitude for each 

flight segment are specified by the user. The geometric features of the aircraft 

are used to calculate drag coefficients and are implemented in the following 

equation [24]: 

 
O ID D DC C C= +  

(5-1) 

Where, CD is the total drag coefficient, CDo is the zero lift drag coefficient, and 

CDi is the induced drag coefficient. Hermes uses this equation to calculate the 

total drag produced at each flight segment based on the ambient air conditions, 

the flight speed and the payload of the aircraft. Hermes then evaluates the 

required fuel weight that has to be burnt in the engine, in order for the aircraft to 

fly at the specified flight speed, with the given payload in specified conditions of 

the ambient air consideration to the engine SFC. Once the required fuel weight 

is calculated, it is subtracted from the quantity of fuel in the aircraft tanks, and 

this weight is also subtracted from the total weight of the aircraft. Therefore at 

the beginning of the next flight segment, the initial weight of the aircraft and the 

fuels is changed to the one calculated as the final weight of the previous 

segment [33]. 

5.2 Simulation process 

The simulation process of the Hermes model begins with the validation of the 

aircraft model. The aircraft model is an attempt to simulate the performance of a 

Boeing B737-400, a narrow body short-haul aircraft. The validation of each 

aircraft model is done with the payload figures of the aircraft, and its purpose is 
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to ensure that the proposed model simulates the desired aircraft accurately 

enough, so that the results are acceptable.  

For the validation of the model an acceptable payload figure of the aircraft to be 

simulated is necessary. The payload figure illustrates the performance of the 

aircraft as found by the OEM, and shows the distance the aircraft covers with a 

specific payload and amount of fuel stored [31]. An example of such a payload-

range figure is shown below in Figure 18, and is the payload-range figure used 

for validation of the aircraft model. The figure is the payload-range curve of a 

B737-400 aircraft with CFM56-3B2 or CFM56-3C1 engines installed. For every 

figure of this kind some assumptions are used, to specify certain parameters. 

These assumptions include fuel reserves for domestic flights, a standard day 

with zero wind, a long range cruise flight at an altitude of 31000[ft] or 35000[ft] 

(9449[m] or 10668[m]), nominal performance of the engine, typical mission 

rules, mixed-class interiors, 6.7 [lb/US gal] (0.81 kg/L), and 200 [lb] (91.8[kg]) 

per passenger, for his/her own weight with luggage [31], [35]. Finally, it has 

been assumed that the airport from the aircraft starts its flight is the London 

Gatwick airport, in London UK. 
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Figure 18: Payload-range Figure [31] 

In every payload-range curve there are some important points that have to be 

further explained. These points represent the most crucial points of such a 

curve; they are presented on the following figure, and explained afterwards, in 

order to give all the necessary information for understanding the results, the 

model and the validation process. The following figure was created in MS Excel, 

and is a simplified form of Figure 18. Only the top outer line of Figure 18 is 

illustrated in Figure 19. 
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Figure 19: Payload-range figure [31] 

The most important points in Figure 19 are the number points. Point number 1 

shows the maximum payload the aircraft can carry, while point number 2 

indicates the range the aircraft can cover when it is loaded with the maximum 

payload and fuel. The total amount of fuel in the tanks can be increased up to 

the point that the summation of the fuel and the maximum payload are equal to 

the MTOW. From point 2 and up to point 3, there is an exchange between 

payload and fuel loaded in the aircraft, with more fuel to be loaded, and the 

payload is reduced. At point 3 the maximum amount of fuel that can be stored in 

all the tanks of the aircraft is loaded. The payload is the maximum allowed in 

order to keep the summation of fuel, payload and OEW equal to the MTOW, 

which of course means that the payload is less than the maximum payload. 

From point 3 to point 4, the fuel loaded uses the capacity of the tanks, and the 

payload is further reduced, until point 4 where the payload is reduced to zero, 

and the fuel used is again the maximum allowed by the fuel tanks capacity. In 

conclusion, point 4 illustrates the maximum range the aircraft can cover with no 

payload, or a ferry mission. The Design point of the aircraft performance is 

represented by a line and is between points 2 and 3 [36]. 

For the validation, points 2, 3 and 4 must be matched in order to accept the 

model. The results of the simulated model are presented below in figure 20. 
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Figure 20: Simulation results 

In figure 20, the results of the Hermes simulation are represented by the orange 

line, together with the literature figure, with the blue line. It can clearly be seen 

from the figure above that there is a deviation between the literature data and 

the model results. The deviation is not the same for all the payload-range curve, 

and the specific error for the points 2, 3 and 4 are presented on the table below. 

 

Table 5: Hermes results and errors 

 
























































































































































































