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1. Self introduction



CCC (Clean Combustion Concept) projects

HiTAC ïHeavy fuel -oil combustion in a HiTAC boiler

XCiDE ïCrossing combustion modes in diesel Engines

MILDNOx ïNOx formation and fuel flexibility in dilute combustion

ULRICO ïUltra rich combustion of natural gas and soot formation

BiOxyFuel - Torrefied biomass combustion under oxy fuel conditions

MoST - Multi-scale modification of swirling combustion for optimized gas turbines

ALTAS - Advanced low NOx flexible fuel gas turbine combustion, aero and stationary

FlexFLOX - Flameless combustion conditions and efficiency improvement of single- and 
multi-burner-FLOX® furnaces in relation to changes in fuel and oxidizer composition

Executed in collaboration between universities in the Netherlands and industrial partners (2009-2014)
Main sponsor: Technology Foundation STW 



Water-steam cycles 
analysis

HiTAC ïHeavy fuel -oil combustion in a HiTACboiler

Laboratory experiments 
Light fuel oil

Model development and 
numerical simulations

Field test                            
Heavy fuel oil

Spray combustion models for
 light and heavy fuel oil                

Turbulence                                            
Heat transfer                     Emissions: 

NOx, CO and soot

Laser diagnostics to study:

 Atomization process                                                  
Ignition                                                                 

Entrainment                                                              
Burnout

Providing a database for validation

Collaborationof University Twente, TU Delft, Stork Technical Services andShell
Project leader: T.H. Van der Meer, U Twente

The HiTACteam
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2. Non-premixed combustion in industrial furnacesς peak T vs. avg T 

(M. Khosravy el_Hossaini, Review of the new combustion technologies in modern gas turbines, Process in Gas Turbine Performance (2013): 978-953)

Entrained flue gasĄ
Low local O2 content

Conventional Flameless/Mild/HiTAC



2. Non-premixed combustion in industrial furnacesς flame type 

(A. G. Rao and Y. Levy, A new combustion methodology for low emission gas turbine engines, in 8th HiTAC conference (2010))

Ladle heater

HiTAC test furnace 
for pre-reduction  
of Carbon-bearing 
Chromite Pellets

(Shanglong Zhu, Xiangrong 
Sui, Wei Zheng, Application of 
Oxygen-Enriched Combustion 
Technology in Ladle Roaster, 

Industrial Furnace, 2007 
Vol.29(4):21-23)



2. Non-premixed combustion in industrial furnaces-- NOx 

(Utkarsha Sonawane & Avinash Kumar Agarwal, Novel Internal Combustion Engine Technologies for Performance Improvement and Emission 
Reduction,15 June 2021, pp 197ς220)

Qualitative



2. Non-premixed combustion in industrial furnacesς liquid fuel 

(Shanglong Zhu, Artur Pozarlik, Dirk Roekaerts, Hugo Correia Rodrigues, Theo van der Meer, Numerical investigation towards HiTAC conditions in 
laboratory-scale ethanol spray combustion, Fuel, Vol. 211, 1 January 2018, pp 375-389)



2. Non-premixed combustion in industrial furnacesςT, NOx, CO, HC



2. Non-premixed combustion in industrial furnacesς diffusion vs. premixed

In gas turbine industry, premixed combustion 

is widely used to reduce NOx emissions 



ε1 7 9 1ιJ o hn  B a r b e r ,  U Kζ

ü 1 7 9 1ι J o h n  B a r b e r  i n t r o d u c e d  a  d e s i g n  o f  G Tψ

ü I n  1 9t h  c e n t u r y,  G T  w a s  u n d e r  d e v e l o p m e n t ,  b u t  n o  p r o d u c t  y e tψ

ü I n  1 9 0 0,  C a r n o t,  G i b b s a n d  M a x w e l l  e s t a b l i s h e d  t h e  l a w s  o f  

t h e r m o d y n a m i c sψ

ü I n  1 9 39ιB r o w n  B o v e r i C o r p o r a t i o n d e s i g n e d ,  m a n u f a c t u r e d  a n d  

o p e r a t e d  t h e  f i r s t  i n d u s t r i a l  G T.

3. A brief introduction of the history of gas turbines 



ε1 9 3 9ιB r o w n  B o ve r i C o r p o r a t i o n  d e s i g n e d  
dqg pdqxidfwxuhg wkh zruogɏv iluvw 

i n d u s t r i a l  GT ζ

ü B ro wn  B o ve r i C o r p o r a t i o n ζχ f o u n d e d  b y  C ha r l e s  

B ro wn ( U K )  a n d  Wa l te r  B o ve r i ( G e r m a n y )  i n  1 8 9 1 ι

a n d  he a d q u a r te re d  i n  B a d e n ,  Sw i t z e r l a n d ψ

ü I n  Ja n u a r y  1 9 8 8 ,  B ro wn  B o ve r i  m e rg e d  w i t h  A S E A  t o  

f o r m  A s e a  B ro wn  B o ve r i  ( A B B ) .  H e a d q u a r te re d  i n  

Z u r i c h ,  Sw i t z e r l a n d ;  

ü F ro m  1 9 9 8 ,  A B B  s t a r t e d  to  s e l l  i t s  m a i n  p o we r  

g e n e r a t i o n  b u s i n e s s  to  A l s to m .

3. A brief introduction of the history of gas turbines-- ABB 

Asbestos case



ü I n  1 9 2 8 ,  A l s t h o m wa s  e s ta b l i s h e d  i n  F ra n c e  

by  t h e  m e rge r  b e t we e n  t h e  e l e c t r i c  

e n g i n e e r i n g  d i v i s i o n  o f  S o c ié té  A l s a c i e n n e 

d e  C o n s t r u c t i o n s  M éca n i q u e s (A l s)  a n d  

C o m p a g n i e  F ra n ça i s e  T h o m s o n-H o u s to n  

( t h o m ) ,  w i t h  i t s  h e a d q u a r te rs  i n  Pa r i s ;

ü I n  1 9 3 2 ,  a c q u i re d  E le c t r i c i t e d e  F ra n c e ;  i n  

1 9 7 6 ,  a c q u i re d  At l a n t i c  S h ip ya rd ;  i n  t h e  

l a te  1 9 8 0 s ,  a c q u i re d  p a r t  o f  B e lg i u m ' s  

AC EC ;

ü I n  1 9 8 9 ,  a  m e rge r  w i t h  p a r t s  o f  t h e  B r i t i s h  

G e n e ra l  E l e c t r i c  C o m p a ny  fo r m e d  G EC  

A l s t h o m;

ü I n  1 9 9 8,  A l s to m  wa s  l i s te d  o n  t h e  Pa r i s  

S to c k  E xc h a n ge  a n d  c h a n ge d  i t s  n a m e  to  

A l s to m i n  t h e  s a m e  ye a r.

3. A brief introduction of the history of gas turbines-- Alstom 



ü I n  1 9 9 9ι t o  co m p e te  w i t h  G E ,  A l s to m  a n d  A B B  fo r m e d  j o i n t  

ve n t u re  A P P,  a n d  d eve lo p e d  t h e  GT 2 4 a n d  GT 2 6 ga s  t u r b i n e  

ge n e ra to r  s e t s  w i t h  t h e  l a rge s t  p owe r  ( 2 4 0 , 0 0 0  k i l owa t t s )  

a n d  t h e  h i g h e s t  d e s i g n  e f f i c i e n c y  ( 5 4 % )  i n  t h e  wo r l d  a t  t h a t  

t im eψ

ü I n  2 0 0 0ιA l s to m  a c q u i re s  a l l  s h a re s  i n  t h e  p owe r  

ge n e ra t i o n  b u s i n e s s  f ro m  A B BψD e s i g n  a c c i d e n t

ü F ro m  2 0 0 3 ,  f i n a n c i a l  d i f f i c u l t i e s;

ü I n  2 0 1 3 ,  t h e  U n i te d  S ta te s  a r re s te d  A l s to m  V i c e  P re s i d e n t  

P i e r u c c i.  G E  a n d  S ie m e n s  b i d  fo r  A l s to m ;

ü I n  2 0 1 5 ,  G E ' s  a c q u i s i t i o n  o f  t h e  p owe r  a n d  g r i d  s e c to r  wa s  

o b ta i n e d ,  a f te r  A l s to m  s o ld  i t s  h e av y-d u t y  ga s  t u r b i n e  

b u s i n e s s  ( GT 2 6 & G T 3 6  a n d  U S  Powe r  Sys te m  M a n u fa c t u r i n g  

P S M  C o m p a ny )  t o  A n s a l d o  E n e rg i a.  

ü I n  2 0 2 1 ,  A n s a l d o  E n e rg y  s o l d  i t s  A n s a l d o  T h o m a s s e n a n d  

P S M t o  H a nw h a  G ro u p  ( S o u t h  Ko re a n ) .

3. A brief introduction of the history of gas turbines-- Alstom 



ü I n 1 8 5 3ιA n s a l d o  w a s  f o u n d e d  i n  G e n o va ,  I t a l y ;

ü B u s i n e s s  a f t e r  t h e  a c q u i s i t i o n  o f  AT H  a n d  P S M  i n  2 0 1 4 :

Á G E F r a m e  5   6 B  9 E

Á A l s to m GT 2 6 / 3 6  

Á A E V 9 4 . 2 ,  6 4 . 3 ,  9 4 . 3

Á M i t s u b i s h i  5 0 1 F  7 0 1 F   G E  6 F  9 F  e tc .

3. A brief introduction of the history of gas turbines-- Ansaldo 



ü In 1949, the world's first gas turbine for power generation was put into 
commercial operation at the power station in Bell Island, Oklahoma, USA. This 
Frame3 gas turbine was designed and manufactured by GE, with an output of 
3.5MW (actually larger); 

ü In 1951, the two-shaft intercooled regenerative gas turbine was introduced; 
ü In 1953, the first reheated intercooled regenerative gas turbine was put into 

commercial use; 
ü In 1960, the first CCGT station was put into commercial use; 
ü In 1968, the first LM light GT was introduced (J79 aeroengine Ą LM1500); 
ü In 1969, LM2500; 
ü In 1970, the Frame5 and Frame7 series came out, and GE cooperated with 

Alstom to develop the Frame9 single-shaft gas engine (BBC launched GT11 
and GT13 at the same time); 

ü In 1971, the first E-class (7E) gas turbine was unveiled; 
ü In 1972, Frame7B (51.8MW) came out; 
ü In 1975, Frame9B (80.7MW) came out; 
ü In 1978, the first 6B-class gas turbine came out (DLN was introduced in 1991);
ü In 1988, LM6000 came out; 
ü In 1990, the first 7F was put into operation (in the same period, Westinghouse 

cooperated with Mitsubishi to launch the 501F gas turbine in 1989; 
ü Siemens launched the V94.3 gas turbine in 1991; ABB launched the GT24 at 

the end of 1991 ( 60 Hz)/GT26 (50 Hz) gas turbine); 
ü In 1992, the first 9F gas turbine came out; 
ü In 2003, GE released its first 9H-class gas turbine; 
ü In 2005, Frame 6C came out; 
ü In 2014, GE launched HA-class gas turbines. Turbine vapor cooling OUT

3. A brief introduction of the history of gas turbines-- GE 



εR A EιF r a n k  W h i t t l e ζ
ε i n  1 9 4 1ι f i r s t  f l i g h t  o f  G l o u s te r  E 2 8 / 3 9 ,  p o we re d  b y  W - 1ζ

ü I n  1 9 3 0 ,  F ra n k  W h i t t l e ( B r i t i s h )  re g i s te re d  a  p a te n t ,  

a n d  t h e  W-1  ga s  t u r b i n e /e n g i n e  f i r s t  f l ew  i n  1 9 4 1 ;

ü I n  1 9 3 7 ,  t h e  f i r s t  t e s t  d ev i c e  by  G e r m a n  H a n s  vo n  

O h a i n ra n  o n  ex te r n a l l y  s u p p l i e d  hyd ro ge n ,  l a te r  

d eve lo p e d  to  p owe r  t h e  wo r l d ' s  f i r s t  f l ya b l e  a l l- j e t  

a i r c ra f t ,  t h e  H e in ke l  H e  1 7 8  ( H e  1 7 8  V 1 )  i n  A u g u s t  

1 9 3 9 ;
ü E r n s t  H e i n r i c h  H e i n ke l,  a  fa m o u s  G e r m a n  a i rc ra f t  

d e s i g n e r  a n d  m a n u fa c t u re r.  T h e  H e-1 1 1 ,  w h i c h  f i r s t  

f l ew  i n  1 9 3 5 ,  b e ca m e  t h e  m a in  b o m b e r  o f  t h e  

L u f t wa f fe .  

ü I n  1 9 3 5 ,  h e  co o p e ra te d  w i t h  ro c ke t  ex p e r t  vo n  B ra u n  

a n d  b e ga n  to  d eve lo p  ro c ke t s .

3. A brief introduction of the history of gas turbinesς aeroengine 



ü I n  t h e  e a r l y  1 9 4 0 s ,  t h e  A m e r i ca n  We s t i n g h o u s e  E le c t r i c  

C o r p o ra t i o n  ( fo u n d e d  i n  1 8 8 6 )  b e ga n  t h e o re t i ca l  re s e a rc h  o n  

a e ro e n g i n e s  a n d  ga s  t u r b i n e s ;

ü I n  1 9 4 2 ,  We s t i n g h o u s e  re c e i ve d  a  co n t ra c t  f ro m  t h e  U. S .  

m i l i t a r y  fo r  t wo  X 1 9  e n g i n e s ;

ü I n  1 9 4 3 ,  i t s  f i r s t  a e ro  e n g i n e ,  W E 1 9 A,  b e ga n  te s t i n g  ->  W E 1 9 B ;

ü 1 9 4 4 ,  J 3 0  ( F H-1  f i g h te r ) ;

ü I n  1 9 4 5 ,  We s t i n g h o u s e  b e ga n  to  d e s i g n  a n d  d eve l o p  

i n d u s t r i a l  ga s  t u r b i n e s  b a s e d  o n  i t s  J 3 0  ex p e r i e n c e ;

ü I n  1 9 4 8 ,  We s t i n g h o u s e ' s  f i r s t  i n d u s t r i a l  ga s  t u r b i n e  W 2 1 

( 2 0 0 0  h o rs e p owe r,  s i n g l e  s h a f t )  wa s  l a u n c h e d ;

ü I n  1 9 5 2 ,  W 8 1  ca m e  o u t  ( 5 . 7 M W,  2 1 %  e f f i c i e n c y )  ->  W 2 0 1 ,  

W 3 1  ( 2 . 2 M W ) ,  W 1 2 1  ( 9 M W )  ->  W 1 7 1 ,  W 1 9 1  ( 1 8 M W ) ;

ü I n  1 9 5 4 ,  t h e  f i r s t  3 6 0 0 r p m  ga s  t u r b i n e  W 2 0 1  ca m e  o u t  

( 1 8 M W ) ;

ü 1 9 6 8 ,  W 5 0 1  ( 4 5 M W ) ;

ü 1 9 7 6 ,  W 5 0 1 D 5  ( 9 5 M W ) ;

ü 1 9 8 1 ,  W 5 0 1 D 5  ( 1 0 7 M W ) ;

ü 1 9 9 3 ,  W 5 0 1 F ( 1 6 0 M W,  u s i n g  3 D  co m p u te r  co d e ) ;

ü 1 9 9 5 ,  W 5 0 1 D 5 A  ( 1 1 8 M W ) ;

ü I n  1 9 9 8 ,  We st i n g h o u s e wa s  a c q u i re d  by  S i e m e n s;

ü W 5 0 1 FĄS G T 6-5 0 0 0 F ;  W 5 0 1 GĄS G T 6-6 0 0 0 G .

3. A brief introduction of the history of gas turbines-- Westinghouse 



ü In 1847, Werner von Siemens founded the company; 

ü In 1942, the JUMO 004 aircraft engine designed under the leadership of Anselm 

Franz made its first flight and became the first mass-produced aircraft engine (the 

turbine was based on the steam turbine technology of Berlin-based AEG Company). 

He himself immigrated to the United States after World War II, but in 1948 group 

member Rudolph Friedrich stayed in Germany to work on gas turbines at the 

Siemens factory; 

ü In 1948, Siemens began to get involved in gas turbines, but was limited to 

theoretical research due to restrictions; 

ü In 1950, Siemens was approved to develop gas turbines and developed VM1 

(1.5MW) and VM3 (2.8MW, efficiency 26%) based on JUMO 004; 

ü In 1956, the development of VM5 (5.6MW, efficiency 29%, 1956-1998) began; 

ü In 1962, VM80 was put into operation (23.4MW, efficiency 32%); 

ü In 1969, Siemens cooperated with AEG to establish KWU and acquired it entirely in 

1977; 

ü In the 1970s, Siemens developed the V94.2 and V84.2 gas engines (symmetrical two 

combustion chambers); ĄV94.3 (SGT5-4000F); V84.3 (SGT6-4000F) and V64.3; 

ü After acquiring Westinghouse in 1998, SGT5-8000H (340MW; multi-tube) was 

developed; 

ü In 2017, SGT5-9000HL (545MW), SGT6-9000HL (374MW) and SGT5-8000HL 

(453MW) were launched.

3. A brief introduction of the history of gas turbines-- Siemens 



ü I n  1 9 4 8 ,  We s t i n g h o u s e ' s  f i r s t  i n d u s t r i a l  ga s  t u r b i n e  W 2 1 ( 2 0 0 0  
h o rs e p owe r,  s i n g l e  s h a f t )  wa s  l a u n c h e d ;

ü I n  1 9 6 3 ,  M i t s u b i s h i  H e av y  I n d u s t r i e s  p u rc h a s e d  t h e  p a te n t  
l i c e n s e  f ro m  We s t i n g h o u s e  a n d  m a n u fa c t u re d  t h e  f i r s t  7 3 0C̄  
ra te d  M W -1 7 1 ga s  t u r b i n e ;

ü I n  1 9 7 6 ,  t h e  1 0 0 0̄C  g ra d e  M 7 0 1 B  ga s  t u r b i n e  wa s  d eve lo p e d  
by  d i ge s t i n g  a n d  a bs o r b i n g  We s t i n g h o u s e  te c h n o l o g y,  b u t  i t  
wa s  o n l y  fa c to r y  te s te d  a n d  n o t  o f f i c i a l l y  co m m e rc i a l i ze d ;

ü I n  1 9 8 4 ,  b a s e d  o n  We s t i n g h o u s e  te c h n o l o g y,  t h e  wo r l d ' s  f i r s t  
1 1 5 0 C̄  g ra d e  M 7 0 1 D  h e av y-d u t y  ga s  t u r b i n e  u s i n g  a  p re m ixe d  
co m b u s to r  wa s  s u c c e s s f u l l y  l a u n c h e d ;

ü I n  1 9 8 6 ,  i n d e p e n d e n t l y  d eve lo p e d  a n d  p ro d u c e d  t h e  1 2 5 0C̄  
g ra d e  M F-1 1 1  i n d u s t r i a l  ga s  t u r b i n e ;

ü I n  1 9 8 7 ,  M 5 0 1 F  wa s  j o i n t l y  d eve l o p e d  w i t h  We s t i n g h o u s e  u n t i l  
We s t i n g h o u s e  wa s  a c q u i re d  by  S ie m e n s  i n  1 9 9 8 ;  
M 5 0 1 FĄM 7 0 1 F  ( F 3 ,  F 4 ,  F 5 )ĄM 5 0 1 G  s ta r t i n g  f ro m  1 9 9 3

ü I n  1 9 8 8 ,  H 2 5  wa s  co m m e rc i a l l y  l a u n c h e d ;  i n  1 9 9 1 ,  H 1 5 ;  i n  
2 0 1 0 ,  H 1 0 0 ;

ü F ro m  1 9 9 7  to  2 0 1 0 ,  M 5 0 1 G  wa s  te s te d  a t  t h e  ex p e r i m e n ta l  
p owe r  s ta t i o n ;  i n  1 9 9 9 ,  M 7 0 1 G ;

ü S in c e  2 0 0 4 ,  t h e  J a p a n e s e  gove r n m e n t  h a s  f u n d e d  t h e  re s e a rc h  
a n d  d eve lo p m e n t  o f  key  co m p o n e n t  te c h n o l o g i e s  fo r  1 7 0 0C̄  
u l t ra -h i g h  te m p e ra t u re  ga s  t u r b i n e s ;

ü I n  2 0 1 0 ,  M 5 0 1 J  b e ga n  p ro d u c t  va l i d a t i o n  te s t i n g  a n d  l o n g-
te r m  co m m e rc i a l  a s s e s s m e n t  o p e ra t i o n s ;

ü I n  2 0 1 5 ,  M 7 0 1 J p u t  i n to  o p e ra t i o n ;  ĄM 5 0 1 J  AC  a n d  M 7 0 1  JAC.

3. A brief introduction of the history of gas turbines-- Mitsubishi 



4. Lean premixed combustion in gas turbinesς Brayton Cycle



4. Lean premixed combustion in gas turbinesς Brayton Cycle



k: adiabatic index

4. Lean premixed combustion in gas turbinesς Brayton Cycle



4. Lean premixed combustion in gas turbinesς Brayton Cycle



Relevant factors to the 
real efficiency:
Å P2/P1
Å T3/T1

Note
The pressure ratio at 
max. efficiency is 
different from the 
pressure ratio at max. 
specific work

ü aŀǘŜǊƛŀƭΩǎ ǘƻƭŜǊŀƴŎŜ ǘƻ 
high temperature, etc:

Cooling

Iƻǘ Ǝŀǎ ǇŀǘƘ ǇŀǊǘǎΩ 
maintenance, etc.

ü Emissions

4. Lean premixed combustion in gas turbinesς Brayton Cycle



How do we reduce T for low emissions (thermal NOx), while the efficiency 
is still kept high (T3)?

ÅPeak T vs. avg T

ÅDiffusion vs. premixed

4. Lean premixed combustion in gas turbinesς T3



4. Lean premixed combustion in gas turbinesς firing T



4. Lean premixed combustion in gas turbinesς LD±Ωǎ



ÅMain Operating Constraints:

ÅEmissions NOx & CO

ÅCombustion Dynamics

ÅOther Considerations:

ÅLean Blow-out

ÅFlashback

ÅAuto-ignition

ÅTurn-down

Weather; Fuel components; Operating conditions; Hardware degradation; etc.

4. Lean premixed combustion in gas turbinesς considerations for tuning



4. Lean premixed combustion in gas turbinesς DLN1 combustion modes

(L.B. Davis, S.H. Black, Dry Low NOx Combustion Systems for GE Heavy-Duty Gas Turbines, 2010, Schenectady, NY)



4. Lean premixed combustion in gas turbinesς DLN1 parts

Lean combustion Ą Combustion instability Ą Thermoacoustics Ą Combustion tuning (mixing condition)



4. Lean premixed combustion in gas turbinesς DLN combustor evolution
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