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Pollutant emission and devel opment of |owemission
combustion technology for civil aero engine

ZHAOJianrxing

(College of “Energy and Power Engineering,
Nanjing University of Aeronautics and-Astronautics, Nanjing 210016, China)

Abstract @\ Directed against the' polutant emisson status of civil aero engine, the devel-
opment of low-emissons combustion technology described is done. The standards for inter-
national civil aviation organization (ICAQ) aircraft engine emissons and regulations of civil
aviation administration of China (CAAC) exhaust emission are given. The formation mecha
nisms of exhaust emissons are summarized. Various factors influencing pollutant formation
and improved approaches decreas ng exhaust emisson are discussed. The key features, com-
bustion concept and application of sx advanced low-emissions combustors (staged, variable
geometry , and catalytic combustor , lean premixed prevaporized (L PP) , rich-burn, quick-
mix ,Jean-burn (RQL) and twin annular premixing swirler (TAPS)) are detailed. In these
low-emisson combustors, staged combustor is the foundational desgn scheme L PP, RQL
and TA PScombustors have widely developed perspective. Some novel low-emisson combus-
tion concept ,such as lean direct injection, fuel cell and active combustor control are recom-
mended. These new low-emissons technology are very useful , however many formidable
problems remain to be snlved before the systems can be applied to advanced aircraft engines.

Key words: aerospace propulson system; civil aero engine; pollutant ;
low-emissons combustion; staged combustor
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LTO

Tablel L TO cycle of aircraft

LTO / min LTO / min
100 % Fo 0.7 100 % Feo 1.2
85% Fo 2.2 65% Fo 2.0
- - 15% Fao 2.0
30% Fo 4.0 34% Fo 2.3
7% Fo 26.0 5.8% Fo 26.0
(ICAO) 1981 SN=83 6(F.) ** <50

(Committee aviation environmen-

tal protection ,CAEP) ,
:CO,HC ,NOx )

(L anding takeoff L TO)
’ DP/ Fe ’

o/ kKN, Dp/ Fo = Zij Elit/ Fo.
- 1.
Fo (International standard

atmosphere’, 1SA)
,Fo

1986,
CAEPL,24 6

ICAO
1993 ,1996 2004
NOx
NOx ,
CAEP2,4 6

20%,16.5%

CAEP1 ,
12 %. CO ,HC

N Ox (3]

L TO NOx =40 +2.0T «
LTO NOx = 32+1.6M

T =30

(CAEPL) ,
(CAEP2).
Foo >
89 kN
LTO NOx =7+2.0T
LTO NOx: Dp/ Fo = - 1L 04+ 2T

(CAEPY) ,
(CAEPS).
1996

ICAO L TO NOx

2002

1)

2) 2002 4 19
26.7 kN

HC: Dp/ Fw =19. 6, CO"Dpl F» =118,
NOx : Dyl Fe =32+ 1 Blo.
3) 2002 4 19

HC: Dp/ Fe =140 % (0. 92)"= ,
CO: Dp/ Fo 54550 % (o) **®,
NOx : Dp/ Fo =36 +2 42T..

Fe
19

2.2
2.2.1

,CO ' )
N OX )

=) ~
=
T

RENPUELE 26 KR Ll
ALk

/ AL (S0,)

AARIK EHRR

173
=
T

401
Afed (NO,)

i~
=
1

153 Nelke #RiH )
o
S
T

S
—

20 40 60 80 100
% % iy
1 1%

=)

1
Fg.1 Exhaust emisson characterigtics of turbofan engine



6 989
, , CO ,HC
. [6]
1) CcO
CcO ,
, COZ. ]
CO: , CO. 1) CO HC
, CcO co HC,
,COZ ) HC CO 1
CcO . , ,
co , 0.7) ;
2) (HC) : ,
1 2)
, HC. HC CcO , (
co . )
3) NOX 1
NOx , , NO
, CO HC , NO
, NOx “ "NO CO,HC NO
{3 ”NO’ , , ,
, , NO.
NOX ]
(0]
,NO , NO.
H 3)
|NO )
4) , 0. 003 %,
( 0.01 0.06um) , 95 % SN < 20.
2.2.2 ,
; , CO,HC NOx



HIELY TR 8%

Fig.4 Dud annular combustor

990 23
3 H
, . MeSE AR R it NO
= I Sy I
x| I ISERAE13
1 % —_ — — e — — Y
, HC , ‘ 3 B CO 1 HG
NOx : ’ ’ B
NOx ,
, 3
, , Fig.3 Staged combustion concept
' ' 3.1.1
40 % ,
CO:z ,
[7] H 1
12% 20 %. '
! N Ox
y 2 ] /
1670 1900 K ,CO N Ox
1) :
, CO N Ox &1 4 ,
120 30
: TR | '
100 | ,.WJL’&_.‘ 475 , , \
| | cO
80 | | | No 20 ! ’
L | ! L HC
= 60} I ' H15 =
< co l z ' ' '
st N\ d10 NOx 45 %, GE90
20 ) 45 y NOx
30%,HC CO 70 %.
— 11 i 1 1
500 1600 1700 1800 1900 2000 210 B777 ) E® CFM56-5B
S RS 5 IR Vi . 2500 K
2 €O NOx ki
Fig.2 Influence of primary zone temperature :
on CO and NOx emissions
3.1




6 : 991

2) : 5 ,SNECMA , ,
: , Co , co
( ), :
2) L7
, CO HC . o ,
( )
N Ox 30 %, BR715 N Ox

FRBEIX

{2 7% A

; : gL
{3 {os |
! d o~
{EPERE DX
TR
7
5 Fig-7. Double axial-staged combustor
Fig.5 Double-head combustor
3:1.3 1
3.1.2 / 8
. NOx ’
1) , N Ox

( 6) JT 9D-7

CO HC , '

) NOX

Eibsini %

ke

Fg.8 Radialy and axial staged combustor

6 3.2
Fig.6 Swirling combustion and mixing combustor (VGO) ,



992

23
(0.7 , 9) . ,CF , )
86 ) ) )
( 10) l 1 1
, NOx , NOx <2 g/ kg,
, > 99 %.
, FMEE kil L
(6] TEEN C_I
1981 NO J
CcO , L PP |[Bikbelx | migix | MEAE | $BiRIX |
45 o
- s 'S 3 o V4 11
ok @07 WA LILRRREE
8 7 Fig. 11 ~Catalytic.combustor
r 4
& 35F A (Rich-catalytic
o 2~ lean-burn;RCL) (o
;.s( 30F /
2 7w
5 F
/ 1
| |
20 « 0360 100 | ( 12)
ME (L5 N 3 ’ ’
e b ) 1 1350 NOx <1 x
. 10°°.
P9 SR 5 S A Sl L AE g i Ak P
o] L ik 2%
Fig. 9 Variation of primary zone air with-the - T
. . fé—dﬁ! ‘\» ez
engine thrust 1 WABE %
[f LR | g S
e < e ; HE I KAk 2%
Fe Al 5lkE e ==
BT 555 Gl
12 RCL

) SRR AR )

Bl 10 CF-86 iy ] 25 3 i 2%
Fig. 10 Variable swirler of CF-86

3.3
NOx ,

( 11) .

Fg.12 RCL combustor

3.4
, NOx
(LPP) , :
, NO
13 L PP (-



6 993
. , I (RQL)
[13]
( )
, , 15 GE
) NOx. RQL , ,
1.2 1.6,
’ NO ’
Al e 25 f”m"""f‘;“; » No . NOx CO
B ILRBAR
( 0.5 0.7)
, NOx ,CO HC ,

NI s
N\ A 2% iz

13 (LPP)
Fig.13 Lean premixed prevaporized(L PP) combustor

14 (L PP)
(2] 40
40 ,
1 L
NOX ]
(CMQ), ,
AR il KA A ST E MR
i e 2% z N 4
_ /. ' R ,
o . : \J\, \%.\
=N g
$500 <3 P
AR st Ko

WL HRbE R

I yoyy 108 53
R it Y
{‘.’"!I{\ A

AR PR W Ry

14 (LPP)
Fig.14 Concept of aL PP combustor with swirling flow

3.5 / /

1.M6000
U

“Uk
HURE Ay

l_':L‘

W

Jiﬂﬂnml'ﬁﬂﬂﬂjﬁf

MBI
5

HRBE " 1)
TRAELX 7 BEARIX 757 C

15 GE RQL
Fig.15 RQL combustor schematic for GE

, 1993
(Trapped vortex combustor , TVC) ,
(Cavity) (
16

RN /7GR UL AL

KR/ 757 ik

16 TVC
Fig.16 Schematic diagram of trapped vortex combustor



994 23
NOX y ) ] 1
NOx , RQL TVC 2
( 17 )
RQL/ TVC ,
) TAPS
N Ox : (31
= a3t 'T" M )
S— %HLQJLH A X - e . ,
I 32—y // Ji B, GENX
ERAIK it EMRIX itk \iif'” N Ox |
F iR ] . ’
N i L GENX  NOx
(a) (h) CF6 N Ox 30 % . ,
GEN X TAPS (6(0]
17 RQL/TVC
Fig.17 Schematic of RQL/ TV C combustor HC ’ '
TAPS
RQL TAPS ,
(MuHi-annular swirl burner , MASB) , GENX
18 , , ROL GE e
N Ox ,  NOx (5 15) x10°° CFM56-7B - Tech56/
(s CFM TAPS SAC( 19) GE90-94B
- GE90 DAC TAPS( 21) ,
/ N Ox
B — [ — 50 % ;
ST AP %fnnugfg‘ﬁ&ﬁy_-_m"u

g R

18
Fig.18 Schematic of multi-annular swirl burner

3.6
NOx
,20 90 , GE
—_— (TAPS)
( 19) ,
( )
( ) : 20

SACQ)
22).

(TAPY

L PP,RQL

(9ngle annular combustor ,

(Double annular combustor ,DAC) (

(L PP)
(RQL)

TAPS



6 : 995

19 Tech56/CFM TAPS #hte s 20
Fig. 19 Tech56/CFM TAPS combustor Fig.20 Main mixer schematic /flow field

NO, co HC

Pl 22 SAC,DAC, TAPS K B tiLHE TS J4 9 92 56 8 L
Fig. 22 Comparison of measured emissions for

SAC,DAC, TAPS engine

B737
(APU) ,
4 2010 .
(SOFC)
, NOx APU. ,
45 %, B777
340 500 kg , 2010
4.3

(Active combustor control ,



996

23

ACQC)
, ;ACC
ACC
, NOx
y NOX 1
[1] Bahr W W, Jeaon C C. Experiment clean combustor

[2]

[3]

[4]

[5]

program,Phase |: Fina report[ R]. NACA-CR-134737,
1975.

LewL H, Carl D R, Dezubay E A. Low NOx heavy fuel
combustor concept program Phase | : Combustion technol-
ogy generation[ R]. NASA-CR-165482., 1981.

Mongia H C. TAPSA4™" generation propul son combustor
technology-for low emissons|[ R]. AIAA. 20032657,
2003.

[3J1. , 200318 (4) : 492
497.
LIN Yuzhen, LIU-Gaoen,” A preliminary study of NOx
emisson of staging/ premixed and prevaporized lean emis
son combustor scheme[J]. Journa of Aerospace Power ,
2003, 18(4) : 492-497.
Marek CJ, Smith T D. Low emisson hydrogen combus

[6]

(7]

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

torsfor gasturbines usnglean direct injection[ R]. AIAA
2005-3776 ,2005.
[M].

,1995.
. [3]. ,2001 ,
3(7) : 1-6.
Waker A D, Denman P A, McGuirk J J. Experimental
and computational study of hybrid diffusers for gas tur-
bine combustors[J]. ASME J. of Engineering Gas Tur-
bines and Power ,2004 , 126: 717-725.
Rizk N K, ChinJ S. Modeling of NOx formation in diff u-
son flame combustors[ R]. AIAA 2002-3713, 2002.
SmithL L, Karim H, Castaldi M J. Rich-cataytic learr
burn combustion for low-snght-digit NOx gas turbines
[J]. ASMEJ. of Engineeringfor Gas Turbinesand Pow-
er, 2005, 127: 27.
Rizk N K, Mongia H C. Three-dimensona emisson mod-
ding for diffuson flamerich/lean ‘and lean gas turbine
combustors[ R] . -ATAA 93-2338,1993.
Imamura A ,Yoshida M. Research and development of a
L'PP combustor, with swirling flow for low NOx [ R].
ATAA 2001-3311", 2001.
Douglas L.,-Straub 'K H. Assessment of rich-burn, quick-
mix , learrburn trapped vortex combustor for stationary
gasturbines[J].) ASME.J7 of Engineering for GasTur-
bines and Power , 2005, 127 : 36-41.
Brankovic. A" Ryder R C. Emisson prediction and measure-
ment for liquid fueled TV C combustor with and without
water injection[ R]. AIAA 20050215 ,2005.
Vermes G.Low NOx emisson from an ambient pressure
diffuson flamefired gas turbine cycle(APGC) [J]. ASME
J. of Engneering for Gas Turbines and Power, 2003,
125: 46-50.
Souffer SD, Badla D R. Development and combustion
performance of a high-pressure WSR and TAPS combus-
tor[R]. AIAA 2005 1416 ,2005.



