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1. Self introduction
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CCC (Clean Combustion Concept) projects

Executed in collaboration between universities in the Netherlands and industrial partnersZ204%
Main sponsor: Technology Foundation STW

I HITAC 1T Heavy fuel -oil combustion in a HITACboiler I

XCIDE 1 Crossing combustion modes indiesel Engines

|MILDNOx I NOx formation and fuel flexibility in dilute combustion |

ULRICO i Ultra 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




HITAC T Heavy fuel -oll combustion in a HITACboller

Collaboratiornof University Twente, TU Delft, Stork Technical Serand$Shell

Project leader: T.H. Van der Meer, U Twente
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Laser diagnostics to study:

Atomization process
Ignition
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Burnout
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Model development and
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Heat transfer Emissions:
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2. Nonpremixed combustion in industrial furnaecegeak T vsavgT

reacting fuel & air

Conventional Flameless/MildHITAC

Entrained flue ga&
Low local @content

Tﬂame

(M. Khosravyel HossainiReview of the new combustion technologies in modern gas turbines, Process in Gas Turbine Performance (ZH3): 978



2. Nonpremixed combustion in industrial furnacgame type
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2. Nonpremixed combustion in industrial furnacedlOx
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2. Nonpremixed combustion in industrial furnaceksquid fuel
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Experimental (left) and numerical (right) results from ethanol combustion
in cold co-flow (top) and hot co-flow (bottom)

(Shanglong Zhu, Artitozarlik DirkRoekaertsHugo Correia Rodrigues, Theo van der Meer, Numerical investigation toMidAi&onditions in
laboratory-scale ethanol spray combustion, Fuel, Vol. 211, 1 January 2018, {§83Y5



2. Nonpremixed combustion in industrial furnacgls NOx, CO, HC
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2. Nonpremixed combustion in industrial furnaagdiffusion vs. premixed

B
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In gas turbine industry, premixed combustion COMBUSTION TAKES PLACE COMBUSTION TAKES PLACE

Is widely used to reduce NOx emissions



3. A brief introduction of the history of gas turbines

0 1794 John Barberintroduced a design of GJI

U In 19" century, GT was under development, buto product yety

U In 1900, Carnot, Gibbsand Maxwell established the laws of
thermodynamicsp

U In 19391 Brown BoveriCorporationdesigned, manufactured and

operated the first industrial GT.

The World’s First
Industrial Gas Turbine Set
at Neuchatel (1939)

Single combustor

e ]

ar

(Gas- and air compressor

Starting motor Generator Compressor Gas turbine

€ 17911 John Barber, UK(

Layout of the single-stage gas turbine set without recuperator



3. A brief introduction of the history of gas turbine#ABB

iU Brown Boveri Corporation ( x founded by Charles

ENGINEERING. Brown (UK) and Walter Boveri (Germany) in 1891 1|

_—

and headquartered in Baden, Switzerland

LOAD TESTS OF A 4,000-KW. ilability of heat.resisting materials on the other, |scen in the t described below, the individusl
COMBUSTION-TURBINE SET. |would bave appesred unthinkable but s short time | efficienci o‘t,'h:bo o P ing tho Jax. 5, 1940. ENGINEERING.
By Puorzesor Da. &, Sropots ago. The axisltypo compressor, developed some | highest values hitherto achioved. —_—.TT -
R = seven years ago by Messrs, Brown, Boveri in con. | In the disgrammatio arrangement, Fig. 5, on

E unit of which the test results arc given fnection with the Velox steam generator, gives an|page 3. a is the which comp TESTS OF 4.000-KW. GAS-TURBINE SET.

is & gas-turbine set built by Messrs. Brown, | in the perfe of the gas.turbine | the air to about 40 Ib. to €0 Ib, uare inch
and Company, Limited, of Baden, Switzer- cyc'le of 65 per cent., compared with the best result | absolute. The drum is sccured bg,?c:bi?nking and %

d, comprising a combustion turbine and con- | attainable with a centrifugal type of compressor, | welding on to the shaft cnds. The shape of the
only of tho cssential components, such asiwhile a further improvement of 18 per cent. islinlet pguuge. as has been shown by mo;Ttl tests, Ry
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u In January 1988, Brown Boveri merged with ASEA to

T — form Asea Brown Boveri (ABB). Headquartered in

e 19391 Brown Boveri Corporation designed Zurich, Switzerland; Asbestos case

dgg pdgxidfwxuhg wkh zr1r yomdgm 1998 ABBWtarted to sell its main power
industrial GT (

generation business to Alstom



3. A brief introduction of the history of gas turbine#&lstom

U In 1928,Alsthom was established in France
by the merger between the electric
engineering division of SociétAlsacienne
de ConstructionsMécaniques(Als) and
Compagnie Francaise Thomséihouston
(thom), with its headquarters in Paris;

U In 1932, acquiredElectricitede France; in
1976, acquired Atlantic Shipyard; in the
late 1980s, acquired part of Belgium's
ACEC;

i In 1989, a merger with parts of the British
General Electric Company formed GEC
Alsthom;

U In 1998 Alstom was listed on the Paris
Stock Exchange and changed its name to

Alstom in the same year.




3. A brief introduction of the history of gas turbine#&lstom

c:

In 19991 to compete with GEAlIstom and ABBformed joint
venture APP, and developed th@T24and GT26gas turbine
generator sets with the largest power (240,000 kilowatts)
and the highest design efficiency (54%) in the world at th:
timey

In 20001 Alstom acquires all shares in the power
generation business from AB|BDesign accident

From 2003,financial difficulties;

In 2013, the United States arrested Alstom Vice President
Pierucci GE and Siemens bid for Alstom;

In 2015, GE's acquisition of the power and grid sector wa:
obtained, after Alstom sold its heavguty gas turbine
business (GT26&GT36 and US Power System Manufacturii
PSM Company) t&Ansaldo Energia

In 2021, Ansaldo Energy sold itsnsaldo Thomassenand
PSMto Hanwha Group (South Korean).



3. A brief introduction of the history of gas turbineg&nsaldo

U In18531 Ansaldo was founded in Genova, ltaly;
U Business after the acquisition of ATH and PSM in 2014:

A GE Frame 5 6B 9E
[A Alstom GT26/36 ]

A AE V94.2, 64.3, 94.3
A Mitsubishi 501F 701F GE 6F 9F etc.

ISO power Frequency

Simple cycle Combined cycle
(depending on configuration)

GT36-S5 560+ (43.0%)  760+1,525 50
GT26 370 (41.0%) 540+1,083 50
AE94.3A 340 (40.3%) 495+992 50
" comasimcrsen . N AE94.2 191(36.8%)  287:578 50
assomblagglo présso o N
ﬁ:::{risgmcm:ﬁ wog'yr ,' : AE64.3A 80 (36.4%) 1204243 50/60

at the Ansaldo Energia

= planton the seq.

GT36 gas turbine assembly



3. A brief introduction of the history of gas turbine&E

Cc:

I i e R

(i e i e i e i R

Cc:

[ e i

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.
Frame3gas turbine was designed and manufactured by GE, with an outpu
3.5MW (actually larger);

In 1951, the tweshaft intercooled regenerative gas turbine was introduced;
In 1953, the first reheated intercooled regenerative gas turbine was put int
commercial use;

In 1960, the first CCGT station was put into commercial use;

In 1968, the first LM light GT was introduced (J79 aeroenyiné1500);

In 1969, LM2500;

In 1970, the Frame5 and Frame7 series came out, and GE cooperated wit
Alstom to develop the Frame9 singgdlaft gas engine (BBC launched GT11
and GT13 at the same time);

In 1971, the first Elass (7E) gas turbine was unveiled,;

In 1972, Frame7B (51.8MW) came out;

In 1975, Frame9B (80.7MW) came out;

In 1978, the first 6Blass gas turbine came out (DLN was introduced in 19¢
In 1988, LM6000 came out;

In 1990, the first 7F was put into operation (in the same period, Westinghc
cooperated with Mitsubishi to launch the 501F gas turbine in 1989;
Siemens launched the V94.3 gas turbine in 1991; ABB launched the GT2.
the end of 1991 ( 60 Hz)/GT26 (50 Hz) gas turbine);

In 1992, the first 9F gas turbine came out;

In 2003, GE released its first-8ldss gas turbine;

In 2005, Frame 6C came out;

In 2014, GE launchédliA-class gas turbineslurbine vapor coolin@UT



3. A brief introduction of the history of gas turbineaeroengine

Frank Whittle - Britain

¢ Patent - 1930

¢ First Practical Form Of
Modern Gas Turbine

¢ Publsihed - 1932
¢ First Engine
¢ Development - 1935/6
¢ Test - 1939
¢ W-1 Turbojet Engine
¢ Shipped To US
¢ First Flight - May 15, 1941
¢ Gloster E.28/38
¢ Shipped To US
¢ National A & S Museum

¢ RAEI

€ in 1941 first flight of

Fig. 34. Assembly of W1 Enginc

Combustion chamber details not shown.

Frank Whittle (
Glouster E28/39 , powered by W -1¢

In 1930,Frank Whittle (British) registered a patent,
and the W1 gas turbine/engine first flew in 1941;
In 1937, the first test device by Germahians von
Ohainran on externally supplied hydrogen, later
developed to power the world's first flyable ajket
aircraft, the Heinkel He 178 (He 178 V1) in August

1939;
Ernst Heinrich Heinkela famous German aircraft

designer and manufacturer. The HE11, which first
flew in 1935, became the main bomber of the
Luftwaffe.

In 1935, he cooperated with rocket expert von Brau
and began to develop rockets® ,/'&v




3. A brief introduction of the history of gas turbine$Vestinghouse

U In the early 1940s, the American Westinghouse Electric
Corporation (founded in 1886) began theoretical research ¢

3 In 1943, its first aero engineWE19A began testing-> WE19B

LAy eI =— ; U 1944, J30 (FH fighter);

! U In 1945, Westinghouse began to design and develop
industrial gas turbines based on its J30 experience;

U In 1948, Westinghouse's first industrial gas turbimé21

(2000 horsepower, single shaft) was launched;

In 1952, W81 came out (5.7MW, 21% efficiency) W201,

w3l (2.2MW), W121 (9MW)> W171, W191 (18MW);

U In 1954, the first 3600rpm gas turbine W201 came out

(18MW);

1968, W501 (45MW);

1976, W501D5 (95MW);

1981, W501D5 (107MW);

1993, W501F(160MW, using 3D computer code);

1995, W501D5A (118MW);

In 1998, Westinghousewas acquired bySiemens

W501FA SGT65000F; W5016 SGT66000G.

BRIl " ;
2 o - i
P ' z , L i aeroengines and gas turbines;
: . ' | (kI | | : :
7 J U In 1942, Westinghouse received a contract from the U.S.
, ; . - L | military for two X19 engines;
r e~ .

3

-
ayl .‘!Nll.'_f." 3y

CEL o'y

‘.-._._—.
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—
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3. A brief introduction of the history of gas turbineS&iemens

In 1847 Werner von Siemenfounded the company;

In 1942, theJUMO 004ircraft engine designed under the leadership of Anselm
Franz made its first flight and became the first mpssduced aircraft engine (the
turbine was based on the steam turbine technology of Bdrised AEG Compan
He himself immigrated to the United States after World War 11, but in 1948 gro
member Rudolph Friedrich stayed in Germany to work on gas turbines at the
Siemens factory;

In 1948, Siemens began to get involved in gas turbines, but was limited to
theoretical research due to restrictions;

In 1950, Siemens was approved to develop gas turbines and develi&d
(1.5MW) and VM3 (2.8MW, efficiency 26%) based on JUMO 004,

In 1956, the development of VM5 (5.6MW, efficiency 29%, 108#8) began;

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

In 1969, Siemens cooperated with AEG to establish KWU and acquired it entir
1977,

In the 1970s, Siemens developed the V94.2 and V84.2 gas engines (symmetr
combustion chambersA V94.3 (SGTF8000F); V84.3 (SGHO00F) and V64.3;
After acquiring Westinghouse in 1998, SEE0H0H (340MW, mukiube) was
developed;

In 2017, SGTEMO00HL(545MW),SGTEB000HL(374MW) andSGTS000HL
(453MW) were launched.




3. A brief introduction of the history of gas turbinesitsubishi

In 1948, Westinghouse's first industrial gas turbimé21 (2000

horsepower, single shaft) was launched;

In 1963, Mitsubishi Heavy Industries purchased the patent

license from Westinghouse and manufactured the first 780

rated MW-171 gas turbine;

In 1976, the 1000C grade M701B gas turbine was developed

by digesting and absorbing Westinghouse technology, but it

was only factory tested and not officially commercialized,

In 1984, based on Westinghouse technology, the world's firs

1150 C grade M701D heavduty gas turbine using a premixed

combustor was successfully launched;

In 1986, independently developed and produced the 1280

grade MF111 industrial gas turbine;

In 1987, M501F was jointly developed with Westinghouse ur

Westinghouse was acquired by Siemens in 1998;

M501FA M701F (F3, F4, FB)M501G starting from 1993

In 1988, H25 was commercially launched; in 1991, H15; in

2010, H100;

U From 1997 to 2010, M501G was tested at the experimental
power station; in 1999, M701G;

U Since 2004, the Japanese government has funded the resea
and development of key component technologies for 17@0
ultra-high temperature gas turbines;

u In 2010, M501J began product validation testing and leng
term commercial assessment operations;

i In 2015,M701Jput into operation; A M501J ACand M701 JAC




4. Lean premixed combustion in gas turbigé&ayton Cycle

Brayton Cycle

A thermodynamic cycle that describes the workings of the
gas turbine engine

1-2 Isentropic compression 2-3 Isobaric heat addition
3-4 |sentropic expansion 4-1 Isobaric heat rejection

Combustion P A A

'El out 5
a Lﬁb q O

TR

»
PvDiagram V T-5 Diagram
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4. Lean premixed combustion in gas turbigérayton Cycle
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.Lean premixed combustion in gas turbigé&aayton Cycle

k-1

b 2=
T=T*| 22 T 4
P1
k1
P3| ¥
P4
o, k: adiabatic index
)-
. Wout 1 Qout 1 cp(Ty — T1)
th,Brayton — _ — T T =+ = 1 -
Qin Qin Cp(T3 - Tg) g
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' Since process 1-2 and process 3-4 are both isentropic: u"
q
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So, its efficiency: pressure ratio
Efficiency- pressure ratio curve of ideal simple cycle
1 Py , Cp
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51 1 v
k
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4. Lean premixed combustion in gas turbigé&ayton Cycle

[2 . ).
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p | PRESSURE LOSS IN THE
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4. Lean premixed combustion in gas turbigé&ayton Cycle

Relevant factors to the
real efficiency:

A P2/P1

A T3/T1

Note

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

EFFICIENCY [%]

..............

:

45

[

SPECIFIC WORK [KJ/KG]

500

450

200

150

\ 100

Nc = 87%
nr B 90% e
[ S Ty = 288 K . ;,.". a’50
t; = 15 °C ’
o) = 1013 [
| | |
o} e | o
0 5 10 < 20 25 30 35 40

PRESSURE RATIO p2/py ——>

a&a: T; =1000K = 727 °C
b&b: T; =1200K = 927 °C
c&c: T3 =1400K = 1127 °C
d&d: T; =1600K = 1327 °C

0 al USNRALF f Q&
high temperature,etc:
® Cooling

® Hot gas path parts’
maintenance, etc.

U Emissions



4. Lean premixed combustion in gas turbigds3

Howdo we reduceT for low emissiongthermal NOx),while the efficiency
Is still kept high (T3)?

A PeakTvs avgT
A Diffusionvs premixed
4 Tflame
&

DIFFUSE FLAME PREMIX FLAME

AIR OR OXYGEN FUEL AIR AND FUEgXTURE
* T o3 XX 3+ ke
POl 5 o X
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4. Lean premixed combustion in gas turbigdising T

Combustor

Firing Temperature Here
Produces Work

T T T;
A*'B*> (&) Turbine Inlet

Temperature
- Average Gas Temp
in Plane A. (T,)

Firing Temperature
- Average Gas Temp
in Plane B. (Tg)

Temperature Here
Increases NO,

@ ISO Firing Temperature
- Calculated Temp
in Plane C.
T =f(M, ., M)

First Stage Nozzle

First Stage Bucket\

Firing Temperature =
Combustion Temperature - Nozzle DT



4. Lean premixed combustion in gas turbigeésD + Q

Mass Flow [kg/s]
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4. Lean premixed combustion in gas turbigesnsiderations for tuning

AMain Operating Constraints:
A Emissions NOx & CO
A Combustion Dynamics

Combustion
Dynamics
4

AOther Considerations:
A Lean Blow-out
A Flashback
A Auto-ignition
A Turn-down

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



4. Lean premixed combustion in gas turbigd3_N1 combustion modes

Primary Operation Lean-Lean Operation
» Ignition to 20% Load + 20 to 50% Load
Fuel Fuel
100% 11 n % 1]
- 30%| |
‘ |
T
Fuel Fuel
100% 83%
17%
X
T
| B
Second-Stage Burning Premixed Operation
* Transient During » 50 to 100% Load

(L.B. Davis, S.H. Black, Dry Low NOx Combustion Systems for GButg&gs Turbines, 2010, Schenectady, NY)



4. Lean premixed combustion in gas turbige3_N1 parts

Outer Casing Flow Sleeve

\/

Prima z ———

S

Fuel Nozzles

Centerbody
Lean and
Premixing Secondary Zone Dilution Zone
Primary Zone
Secondary m
Fuel Nozzle

r

End Cover

Lean combustio®, Combustion instabilityy Thermoacousticd, Combustion tuning (mixing condition)



4. Lean premixed combustion in gas turbigdé3_N combustor evolution
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