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Gas Turbine Pollutants 

Pollutants:-  CO, UHC, Soot,    NOx, etc 
 
                 Energetic components 
 
Pollution:  a) Urban  b) Stratospheric (10 - 50 km ) 

Carbon Monoxide:-   

CO can be formed owing to the lack of oxygen (fuel-rich zone) leading to incomplete reaction 

towards CO2. In addition, CO may be formed by local quenching (steep gradients) or due to 

insufficient residence time. 

 

NOx:- 

Nitric Oxides are mainly formed at high temperatures (above ~ 1900°K) by the dissociation 

of O2 molecules and the action of the O radicals on molecules of nitrogen.  (Zeldovich, 1947). 

Gas Turbine Pollutants 

There is a global need to reduce emission while maintaining high combustion efficiency 
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1. Jet fuels are composed of blends of tens of different 

hydro-carbon molecules and therefore can not be 

modeled accurately 

2. There is a need to select an available (and tested) 

surrogate fuels that was developed for a range of 

operating conditions that includes that of the present 

study 

3. Perform detailed chemical kinetic analysis for flame 

characteristics (ignition delay, evolution of temperature 

and emissions) with residence time at the specific 

operational conditions. 

Combustion process modeling for Jet Fuels: 
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Kerosene composition 
Kerosene (Jet A, Jet A-1, JP-8) is a complex mixture: 
• alkanes (50-65% vol.),  
• mono- and poly-aromatics (10-20% vol.),  
• cycloalkanes or naphthalene (mono- and polycyclic, 20-30% vol.). 

Chromatogram of a fuel sample. a) naphthalene, b) methyl naphthalene, c) ethyl 

naphthalenes, d) C3-naphthalenes, e) diphenylamine, f) C4-naphthalenes, g) phenanthrene, h)anthracene, i) methyl 

anthracene,  [M. Bernabei, R. Reda, R. Galiero and G. Bocchinfuso, Determination of Total andPolycyclic Aromatic Hydrocarbons in 

Aviation Jet Fuel, Journal of Chromatography A (1- 2) 985 (2003), 197-203.] 

Kerosene composition & Surrogates 

THE FUEL 
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Surrogate compounds Violi 

 [2] 

A 

[3] 

C 

[3] 

Aachen 

[4] 

Normal alkanes n-Decane C10H22 60 83 

n-Dodecane, C12H26  30 60 

n-Tetradecane, C14H30 20 

Branched alkanes iso-Octane, C8H18 10 

Cyclo alkanes Methyl-cyclo-hexane, C7H14 20 20 20 

Aromatics Toluene, C7H8 20 

o-Xylene, C8H10 15 20 

Tetralin, C10H12 5 

Trimethylbenzene, C9H12 17 

100% 100% 100% 100% 

As chemical composition is not consistent and includes hundreds of components, 

Surrogates for kerosene are suggested 
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CRECK’s COMPREHENSIVE MECHANISM 
 

Complete chemical kinetic mechanism model for these surrogate 
compositions was taken from CRECK Modeling Group, version 1201. 
 
All selected surrogate compositions were verified experimentally. 
 
CRECK* is a detailed mechanism of pyrolysis, partial oxidation and 
combustion of hydrocarbon fuels, composed of molecules with  up to 16 
carbon atoms. It was verified  over a wide range of operating conditions. 
   
Chemical Kinetic scheme with NOx  includes 454 species and 14244 
reactions. The scheme was examined and confirmed in several studies.  
 

*REF: [http://creckmodeling.chem.polimi.it ] 
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Temperature & Emissions Vs. residence time 

Evolution of Temperature and Emission with time using detailed chemical kinetic mechanism 

(Creck’ mechanism) for different surrogate fuels 

“TAKE-OFF” conditions: 

 

mg=81kg/s, mf=0.39kg/s, P=8.56 bar, Tinlet=1185 K 

0

100

200

300

400

500

600

0 2 4 6 8 10 12

V
o

la
ti

le
 O

rg
a

n
ic

 

C
o

m
p

o
u

n
d

s 
(V

O
C

),
 p

p
m

 

Residence time, ms 

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12

N
O

 m
o

le
 f

ra
ct

io
n

, 
p

p
m

 

0

200

400

600

800

1000

1200

1400

0 2 4 6 8 10 12

C
O

 m
o

le
 f

ra
ct

io
n

, 
p

p
m

 

Residence time, ms 



Turbo and Jet 

Engine Laboratory 

Technion – Israel 

12th Israeli Symposium on 

Jet Engines and Gas 

Turbines, 

November 7 2013, 

 Technion, Israel  www. jet-engine-lab.technion.ac.il 9 

NO, N2O, NO2 mole fraction Vs. residence time. Methane-Air mixture. 

FRESH AIR VITIATED AIR 

NOTE: The mole fraction of N2O  greater than NO for Vitiated Air and N2O is decreasing 

with the residence time. So, NOx is decreasing with the residence time even though NO is 

increasing with the residence time.! 

NO2 

NO2 

NO 

NO 

N2O 

N2O 

“SURROGATE A” FUEL 
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“Surrogate A” was selected as an alternative to 

represent the Jet Fuels 

Surrogate compounds 

Normal 

alkanes 

n-Decane C10H22 60 

Cyclo alkanes Methyl-cyclo-hexane, 

C7H14 

20 

Aromatics Toluene, C7H8 20 

100% 

Comparison between model 

Surrogate A and 

experimental data for Jet A 

at two initial temperatures  

 

From: K. Kumar, C.-J. Sung, 

X. Hui, 47th AIAA Aerospace 

Sciences Meeting January 

2009, Orlando. 

EXPERIMENTAL VERIFICATION OF THE COMPATABILITY OF THE “SURROGATE A” FUEL (from literature) 
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1. Select a reduced chemical kinetic mechanism for CFD 

simulations for specific fuel (methane, surrogate A of any 

other type of fuel)  

2. Verify the flame characteristics and emissions using the 

reduced mechanism with respect to the detailed mechanism 

and with experimental results. 

CFD SIMULATIONS 
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•A simplified ("reduced”) mechanism for “Surrogate A” (Kundu – Creck)  and an experimentally based 2-

step reduced mechanism by Meredith and Black (2006) were compared to the detailed mechanism 

 Selection of simplified chemical kinetics models for jet fuel combustion 
simulations, using CFD.  
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Take Off. Inlet condition:Input mass gas fraction: gH2O=0.0656, gO2=0.1731, gN2=0.7613, mixture flow rate= 21.73 kg/s, T=1185K . 

Kerosene mass flow rate=0.39 kg/s, Tfuel=300K. P=8.56 bar. 

CO mole fraction vs. residence time  

Range not covered by 

Kudu’s mechanism 

In GT and Jet Engine, the relevant residence time range is 1~ 30ms,  
hence, the Meredith 2-step mechanism was selected!  

Surrogate A, 
Comprehensive 
mechanism 

Evaluation of different reduced model using CHEMKIN simulations 

Range not covered by 

Kudu’s mechanism 
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ignition delay time. 

Vitiated Air 
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Operational Conditions of combustor 
 and global dimensions 

Primary Zone Combustion temperature ( limited by emission)  

Secondary zone Dilution Ratio Comb. Zone Oxygen/Fuel Ratio 

Oxidizer (composition, mass flow rate)  
Pressure, Inlet and Exit Temperatures, 

ΔP0 Emission (CO, NOx) 

Fuel (fuel type, mass flow rate) 
Pressure, Temperature 

COMBUSTOR DESIGN BASED ON CHEMKIN AND CFD SIMULATIONS 
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Combustor preliminary shape based on operational 
parameters and geometrical design limitations  

Fuel and Oxidizer distribution for primary and dilution zones 

COMBUSTOR DESIGN BASED ON CHEMKIN AND CFD SIMULATIONS (cont.) 

Performance 
requirements and 
emission limitations 

CFD simulations Geometry 

Select model for Turbulence,  
Atomization, Combustion and 
Heat transfer  

Build grid and perform 
Grid verification 

Comparison results 

Satisfactory agreement 

Not satisfactory Revise design 

Run calculation 

Developed combustor model 
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 LNG/ LH2 Main Combustor  

  Kerosene/ Biofuel Secondary Flameless 

Combustor 

 Bleed cooling by LH2 

 Counter rotating shrouded fans 

 Higher Specific Thrust 

 Low Installation Penalty 

LH2 COMBUSTOR 
JP8/BIOJET FUELED 

COMBUSTOR 

14.585 

 

D2 D1 

L 
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FLAMELESS OXIDATION METHOD FOR NOx REDUCTION 

Ref.: Prof. Arvind G. Rao, TU Delft 



Turbo and Jet 

Engine Laboratory 

Technion – Israel 

12th Israeli Symposium on 

Jet Engines and Gas 

Turbines, 

November 7 2013, 

 Technion, Israel  www. jet-engine-lab.technion.ac.il 18 

Fueld  0.0005m

Oxidizer 0.4517kg/sm 

     2

Oxidizer

Ox2 2 Fuelydizer

*

Fuel , ,    

Oxydizer: 0.1731 O 0.0656 H O 0.7613 N ;

0.0013173kg/s    00.4517kg

  ,  40

/ .06

0

s

9

7

 73

m m

T K T K





 

   

Variant 55. New Scheme (CRUISE Methane):  

46-Reactions Centered Fuel 60-Holes the Right Air inlet  

Air Inlets scheme, internal part 



The results are present in present Figs. 2.1 – 2.12.The temperature maximum is equal 
1846K (Fig. 2.1), the temperature average at the exit is 1081K. As a result, CO mass-
fractions is high 82.9ppm (Fig. 2.5) and NO mass-fraction at the exit is low 1.25ppm 
(Fig. 2.6). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1: Static temperature; the average temperature at the exit 1301K, the 
temperature maximum – 2344K 



 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: CO mass-fraction at the exit – 82.9ppm, maximal value – 8,168ppm 



 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.6: NOx mass-fraction at the exit – 1.25ppm, maximal value – 15.0ppm 
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Mesh; red arrows - 

fuel inlets, blue 

ones - air inlets, 

white – outlet 

1760K 

1000K 

300K 
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IMPLEMENTATION OF FLOXCOM METHOD   

IN GAS TURBINES 

CONVENTIONAL GAS TURBINE 

GAS TURBINE WITH THE FLOXCOM COMBUSTOR 

●5  
●3  

●2  

●1  

●6 

●4 

●3’  

Diluting air Stirring air 

Fuel 
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INDICATIONS OF INCOMPLETE COMBUSTION 

CFD SIMULATIONS 

(Farid C. Christo, The University of South Australia) 
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SECTOR COMBUSTOR - FULLY 

ASSSEMBELED 
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COMBUSTION TESTS 
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a)

b)

c)

EFFECT OF GEOMETRICAL 

VARIATIONS 

Config. 
Air inlet (total = 14 holes × 2 sections) 

Left inlet Right inlet 

A oooooooooooooo oooooooooooooo 

B o●o●o●o●o●o●o● o●o●o●o●o●o●o● 

C oooooooooooooo 
●●●●●●●●●
●●●●● 

D o●o●o●o●o●o●o● 
●●●●●●●●●
●●●●● 

P=1 bar (abs) 

Q= 4KW  

(24 KW complete section) 

PRELIMINARY DESIGN MODIFICATIONS 

NOx 

COMBUSTION 

EFFICIENCY 

RELATIVE LOW EMISSIONS, HOWEVER – NO FLAMELESS OXIDATION! 



Turbo and Jet 

Engine Laboratory 

Technion – Israel 

12th Israeli Symposium on 

Jet Engines and Gas 

Turbines, 

November 7 2013, 

 Technion, Israel  www. jet-engine-lab.technion.ac.il 28 

Modified FLOXCOM  combustor 

Repartitioning 

of the air 

Additional 

insulation 
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Towards complete Flameless combustion 

1 

5 4 

3 2 

4 6 
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FLAMELESS COMBUSTION 
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Emissions under FLAMELESS conditions 

R² = 0.8417 
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TESTING WITH VITIATED AIR 
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INCORPORATION OF MODIFIED COMBUSTOR 

IN A TURBO-FAN ENGINE. 
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GE-90 

Flameless Combustion 

in Aero-Engines 
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summary 
• Basic modeling of the combustion process allowed to 

improve combustion performance and to achieve very 
high combustion efficiencies (η>99.9%) and low 
emissions (<1 ppm NOx) 

• Additional tests are currently being performed in order to 
increase power densities 

• A Jet engine combustor based on similar phenomena is 
currently being developed.  
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THE END 
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Experimental verification of surrogate fuels 

Figure 1. Comparison between Surrogates [1] 

(lines) and experimental [2] (symbols) Jet fuel 

flame speed at 1 atm. 

Figure 2. Comparison between model Surrogate A, 

and experimental data [2] for Jet A 

at two initial temperatures. 

 

Ref: 

•A. Frassoldati, A. Coci, T. Faravelli, E. Ranzi, Proceedings of the European Combustion Meeting 2011 

•K. Kumar, C.-J. Sung, X. Hui, 47th AIAA Aerospace Sciences Meeting Including The New Horizons Forum 

and Aerospace Exposition 5 – 8 January 2009, Orlando, Florida. 
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Flameless Combustion 

FLAMELESS OXIDATION METHOD FOR NOx REDUCTION 



Turbo and Jet 

Engine Laboratory 

Technion – Israel 

12th Israeli Symposium on 

Jet Engines and Gas 

Turbines, 

November 7 2013, 

 Technion, Israel  www. jet-engine-lab.technion.ac.il 38 

Operational Conditions of combustor 
 and global dimensions 

Primary Zone Combustion temperature (emission limitations)  

Secondary zone Dilution Ratio Comb. Zone Oxygen/Fuel Ratio 

Oxidizer (composition, mass flow rate)  
Pressure, Inlet and Exit Temperatures, ΔP0 
Emission (CO, NOx) 

Fuel (fuel type, mass flow rate) 
Pressure, Temperature 

COMBUSTOR DESIGN BASED ON CHEMKIN AND CFD SIMULATIONS 
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COMBUSTOR DESIGN BASED ON CHEMKIN AND CFD SIMULATIONS 
(continuation) 

CFD simulation 

Geometrical model for 
 simulation 

correction req.? YES 

NO END 

Initial conditions 

Geometry 

Mathematical model 
Turbulence,  Atomization, 
Combustion, Heat transfer  

Grid and Grid verification 

Run calculation 
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Residence time, ms 

Kundu Kundu-NOx GRI CRECK (Surrogate A) Kundu-CRECK

CO mole fraction Vs. residence time  
(Kundu and Kundu-NOx GRI gave the same results – their 
chart overlap)  

Comparison between the detailed Creck Mechanism 

and the 3 simplified mechaisms, PSR &Type A 

surrogate  fuel (Cont.) 

detailed 

Creck 

Mechanism 
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Kundu Kundu-NOx GRI CRECK (Surrogate A) Kundu-CRECK

NO mole fraction Vs. residence time 

Calculation results using PSR, Type A 

surrogate  fuel, different chemical kinetic 

mechanisms (Cont.) 

detailed 

Creck 

Mechanism 

Comparison between the detailed Creck Mechanism 

and the 3 simplified mechaisms, PSR &Type A 

surrogate  fuel (Cont.) 
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Ignition delay: The evolution of temperature and OH mole 
fraction with time 

The Ignition 
delay 

CHBR –  

Closed 
Homogeneous 
Batch Reactor 
(CHBR) 
calculations: 

Vitiated air 
Tinl=1200K, 
ER=0.3 
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Ignition time Vs. temperature.  

Vitiated 
air 
ER=0.3 
Batch 
Reactor 
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Inlet 

temperature 

Tinl, K 

Vitiated Air: 

Oxidizer mole fraction 

 75%N2 15%O2 10%H2O 

Air 

Ignition time, s 

(OH max) 

Peak gas 

temperature, K 

Ignition time, 

s (OH max) 

Peak gas 

temperature, K 

1000 2.7554E-02 1629 2.2230E-02 1636 

1100 7.5604E-03 1722 5.7473E-03 1730 

1185 2.8565E-03 1801 

E.R. =0.38, 

mf=0.42Kg/s 

2.4128E-03 1801 

E.R.=0.27, 

mf=0.40Kg/s 

1200 2.4912E-03 1815 2.0757E-03 1831 

1300 1.0497E-03 1908 9.7489E-04 1925 

1500 3.3161E-04 2094 3.2421E-04 2114 

1700 1.4396E-04 2274 1.4233E-04 2298 

1900 7.4113E-05 2445 7.5832E-05 2473 

2100 5.0242E-05 2600 4.7211E-05 2634 

2300 3.9505E-05 2740 3.6243E-05 2778 

Inlet 

temperature 

Tinl, K 

Oxidizer mole fraction 75%N2 

15%O2 10%H2O 

Air 

CO, ppm NO,ppm 

/NOxppmvd 

15%O2 

CO, ppm NO,ppm 

/Noxppmvd 

15%O2 

1185 8.7 17.1/11.6 6.6 29.8/36.2 

Effect of air vitiation on ignition delay CO and NOx emissions: 

Inlet temperature = 1185 K & same combustion temperature = 1800 K 

Vitiated air 

burn 

slower and 

produce 

less NOx! 
Simplified Kundu – 

Creck  

(C12H23) 
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Total combustor’s efficiency is defined as the effectiveness of the 

system to convert the internal energy contained in the fuel 

into heat energy for use by the process. 

  

Jet engines and Gas turbines are considered “adiabatic systems”, 

i.e. heat losses such as convective and / or radiant heat losses from 

the surfaces of the  are considered negligible. 

 

Combustion efficiency in an adiabatic system is the total energy 

contained per unit of fuel minus the energy carried away by the 

unburned fuel exiting the combustor. 

, ,
,

,

1 CO R CO UHC R UHC
b ch

R Ff

m Q m Q

m Q



  

04

03 04 03

,

1 
 


T

P

T Pg Pa

b Adiabatic System

f R R

mC dT
f C T C T

m Q Q f



