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Phase-resolved CARS Temperature Measurements in a

Lean Premixed Gas Turbine Combustor (2)

Jong Ho Lee, Gun Feel Moon, Chul Woong Park, Jae Won Hahn,
Chung Hwan Jeon, and Young June Chang

ABSTRACT

The effect of equivalence ratio and fuel/air mixing quality on the phase-resolved gas
temperatures at different phases of the oscillating pressure cycle was experimentally
investigated. An atmospheric pressure, optically accessible and laboratory-scale dump
combustor operating on methane with heat release rate of 159%kW was used.
Temperature measurements were made using coherent anti-Stokes Raman spectroscopy
(CARS) at several spatial locations for typical unstable combustion conditions. Analysis
was conducted wusing parameters such as phase-resolved averaged {emperature,
normalized standard deviation and temperature probability distribution functions (PDFs).
Also the probability on the occurrence of high temperature (over 1900K) was
investigated to get the information on the perturbation of equivalence ratio and NOx
emission characteristics. It was shown that most of temperature histograms exhibit
Gaussian profile which has short breadth of temperature fluctuation at equivalence ratio
of 0.6, while beta profile was predominant for the cases of other equivalence ratios (¢
=0.55, 0.50). The characteristics on the occurrence of high temperature also displayed
periodic wave form which is very similar to the pressure signal. And the amplitude of
this profile goes larger as the fuel/air mixing quality become poorer. These also
provided additional information on the perturbation of equivalence ratio at flame as well
as NOx emission characteristics.

Key Words : Phase-resolved Gas Temperature, CARS, Combustion Instability

2l e 49
’I‘uvc. phasc 'ﬂ%jgﬁui [K] 2 0\3-?’—;(}7 8 ’63}‘5: [%]
Tuve AN G g9 Hit (K] H % 4% 2A (]
ON A 2&83 K] R = WE 93 [gn]
® =]
s ratdsha o)A B e TR

¥

ke

At Az}, E-mail © jh0929@empal.com
FIRFRTGATY, dolHAETE

v A3 71 F S5k A shaEy dadolld siu o

:Effect of equivalence ratio on phase-resolved gas temperature

«d

A



104 A273] KOSCO SYMPOSIUM

e
gl
ik

o 1 min
Wﬂﬂﬁﬁé
3:9,‘3‘4‘—‘:‘-'4-&:‘1&
L2 do o >

oft

_\'—Lf‘
O{N Mg 2 Ayl o

ud
N
J.«

o

.

L

5§51°i gohl1- 6] A X%

i FEAole waAME é} R
oA ZopE £ Uot[7-8] A& @ HAUZTE
oA, o) ‘” AR/F7 Y BE dx B

%2 o (R of Uy 2L o
| o
3

Wk
2

-

&

t

A e Gee AANE AS AU oAE
¥ dar] AARY ohs Adste WHEE4

R dh YA SASUAME ofF 38 4
olg} A YWHOR ALHAY Fo] FE-TF
7le] Edddol A7IE A&V 24 e I
Hol BAFA He=v, °1 49L& NOx Aol
B2 9922 AAXIL Ao XY d7/E7

o B#Y PE7k NOx #4 % 4% 54 v
Ne ggel B A7 £ Ld 9990
#[29] AN AolH AR/FY Byl @

T AR WE S aod =8E FHolE £ 9l
o} [10} olsb o}, E¥r9y %?é**«l A5
T ez AAAE Y] dHeel 38 o
T g gus geiEo] gtoy, *4—?91 =g
A olo) dia) B xatn 9Uth[3,11-13]

B oAFd AbgE CARS 719 & Adg v
BEA AY 7IHorA, *lﬂ’-‘d AR I
< 7MAE £EREA sHesith. CARS 7]
HE B 484 24U T 48 ddv)d 3§
%Hﬁ o [14-15] HLols= LDV %+ PLIF 7)

H 5a ol ALENE HEE F9Hsy] H
o}&i guts] ojg=m gh[16-19] H&d wig)
Zo], gt d g A6 g o84 4%
A Ayt #¥EAY AT di 1"@:‘”*2& z27
OMVH 2 é?—ooﬂ #e =52

i
o
W e
N
4o Jo
2 T ok ¥
LM 2
>
o
o
L1

2
XS,
£
o
2
u

[

2 off (g ud
b clo
Hdo
off
o
=]

D5
7
o
o
ok !
oo
i

g
=2
2
i
e

2]
3¥°E’C«} I~ 035:7]LH AR 2571 of
BA WeteAd #d AR E ,
olu} 5% shgolvix) Aztel wjastr] ¢
FRHAt EXZ, 3G W SAAAANAN TF

uzb oabe ewel ulxE e Awuste

]
~
kf
(SN

) EAEel G
£ Azgo] obk o oad,
A 4d exE 239 A7
Ae ARY AAol7o] da

5t

B ok o

e 38 7
Ruie:)
<
— O
f

r

o3
-

L,
rhi

: -ﬁl‘ o’
rﬁ. N
4
Iy

o -
-

e O R 2L el R

A e F o 9 oty HE AR
825 AT o NOx 24 2 T34
ol vlAE YFE st i}’Oﬂ a £
Aok old AlmE daESA vAYS o
T2EE ATHH FAd o] Ao 4
Ed e dx2E ¢ Aoz vidqdd

N
i
og
oA

E T

N

s B

N
2 Agol ALER #FehE Ho] b g=
ALa79 NEEE Fig, 19 JeERAT. d47)
= U7 12mm, Ze) 500me °d§:’n/“‘7l E§5-9
W7 42mm, #Hol 440mel ALFE FAEHO 3l
l4[220] S TE2E BFE gols Hdug
B2 Agsteded, CARSE ol&% 2%
z“"“ slol Ao gte] A Ao U o} #olA ¥
o 2Ho] B EWE &4NIE AV BAs
ot olE Ay s, dd@e 2HAddA
28 HH2 dA=des, 373 25me FHE
%ol ¥¢ 3@ B W2 AxAR ol
g 283 F4-2 Bradley §9 AF510ME
ol &£ Aok Bl AFFLAES A&ty
d7ig sl e dAs A TESFged, 44
el FALE 2doA HYE FyPsr) de
W B39 BHE AL gEY THR Extolr gy
257} 650KE ¥AsA FAHEE st 4
g2y Vg Agagen, nyutdde 2A

il
=
=

-4

g Z&$LS 15Weltt. dge FFYeNE =
UM, FFHE o8 § Ausdel WA
Aguss vl £ S (mixing quality,e)7}

Aeolsled, 1 Fele e zo

{ Laser beam in

Beam access hole
(i.d=25mm)
Flame holder o

I}

Window housing

CARS

-~ Alr
Mass Flow Coniroller

Fig. 1 Schematic of the dump combustor



#1273 KOSCO SYMPOSIUM =33 105

Qin,n,(;r tahe

Q?‘omi Juct
= 100%2s A BE A7t e7% 49
¥ O AElolA, = 0% BE Q87 A% pog
THE S Adujdoh 22y e= 0%°] Fdel
A3l & efn)atAle Ferh dustd g ytol
EFE o RFE T2m Aol $JAste] o
2 o7AA AEe A/ Tl
wgatv] WEolvt ¥ A¥dMe e= TB% 1Y
& 2478 vustgh

e=(1— )X 100% )

2
2
oft
off
=
.&
E«

2.2 CARSEH

&

Ago] AlEd Fig ol
Aol B3 A LH%T-
712 &k CARS #x 9
LAY 10002400K 0 A /0030}010%[21] =4
A A S AE 100m, Hol 1~2mmo]th.

CARS €522 93 Adyel AlFs7
ANa®el Mg Fig. 29 WE}LH‘HE}

Combustor

CARS Al2:4]9]
#2118 g=xs
2R 2o A

{5

O.u.u‘
m .

5 Control circuit
D B
Nd : YAG Laser —_
" Flashlamp <~
Q-switched +—¢&—] Oscilloscope
2 3 4 JRN
EECEEE

(a)
* 341.7Hz, 200mV

A ‘@ﬁ/

Measurement

; * 341.7Hz, SV
X .
point_ o
B ",‘
D H L= 10Hz 5V
C: : "
* 10Hz -5V

4 10uy width

| a
y

g (b)
Fig. 2 (a) Schematic of experimental apparatus

and (b) Chart for signal synchronization;
A, SLM; B, amplifier; C, counter; D, DG-535

VoA AEE AME volaRE EYY A&

&2 71(Sound Level Meter; SLM)&A 4
HotAel 2AAEA-E w9 Y& ZFsoh
4o AdWAS Y&l dAAA @ wegg d4

A stk SLMolA e 8¢S o
200WEHA  Hold HFE 94 EfA Az
(trigger signal® A}&&l7lelle WF & glho
A7, FEIHZE FHAA 5V £Hol HEE
ok ®g golq Axdlo] HHgHN Qe
SHE & (10H2) 3 W s8lA ol gHugzs 7
LI E & Y| 1’133 SLMel A} -2 341‘7}{294
A58 sMEE HRE ol &8t 10Hz A9 4

22 H3AA -r?&‘?k o] AEE HEHoE 7%]
olE ZAH7(DG-533)E B TTLAZGBV—
OV ¥stE F dolx ¥AL H8 AojMiE
2 ALEE A

23 MEYy

Fig2 (el detd 2
F e Myed o
»}% AMFA)E 5Ve AEANEBIZ FEAZ
o 7hEE HEE o] E om 44 oA g(2Valts)
A TTL 45E hiat FAo] slad Wy
nfela e FHold 25-40709 4352 78l
WHZA 10H; el TTL AZC)E g
Zrh o] AT AlolE xdEr(D)E B =,
Fig. 3(b)olAl B “0"= HojAe %28 2%
st B Lo Q-A9A[Alole] Aj7kA]d o
2 B A¥dHe 150msE 4 aye=z
‘a"thE z2ARoRA gEAEY Yoo 94

35:%7] A]AEH_,; 7H§—J—
-3 el SLMe g2 ¥

oA o iLH LRZEHo) J1EEtA "o E o4
9ol 1~‘- "% 250us AR B F79 ¥
Abol g Hob 12¥ ZAstdiw, ol g 94
z} 30° l ’Sf°6¥ﬁ¥ 7F 9ol A 50()&4"] ‘;PBL

AAEYS Wol YRR HAEIY 5§ 7
stgom, WANE WS neelel 1oouu

i A2HEY S HEI =3, 40 &4
ol glol 500709 ~HEY P }‘3"7191 TEEE
Be e 22 JdeElyE 0~10%9 dolEE
AAsHE. CARS +E&F & & Y3RH=20,
25, 30mm) ¥t H=30mmol A 9] uk744bsH(R=0, 5, 10,
15m) 0. 2 dstgct.

3. Az ¥ uF

ArEol LA HE o] At we ¢
M35 9oy o] AEHE FRT WH3lsld 341.7Hz
FE 7t RE A o) o

71s] #Hol/aA 7% Hl(ratio)7} 8§~129
7o) quarter wave® FH45



106 #2738 KOSCO SYMPOSIUM w83

7hxge Agay22]e 3 dX

Fig. 39] H=160mmoiA %73 @eke] o& 33
H Walyl gFLxd vXe dgg e
th ¥EH 27 dir] F4oh "E @A ¢
€ &£EE Yz gud, ol vddHA g
HHogo d&A wFolg WA A FY
e &% Aele Y 100K F=E e
o wg, wirirtart A4V 25 Y AW
A BEaRst g5 AdFolses RS ¥ F A
ot zEln g@url g4 we, d43eEs
gA g2de A A 4 9tk ol w&
G2 20 #4898 #5859 &% GFF
7t gol Adidez %e dA8st $4 dednA
A4S 247 JEQJ Ao AzF of &,
Zd e Z2AMY dEEdRE YAEY,
$=0.50, 055, 06014 Z+zZF 1757K, 1846K, 1931K
22X H=160mml A 9] WA ws Lot dajst
B A%E veha ok g B = de ve
WA REEAT, e=50%, 100% ZZAAME
H=160mnol M &} w74 ade] w2 Hiex e
2e BEgE eI E & £ AN

Fig. 4] H=160mno] A9} F-24 FTFHX(on)
AE Ve ond 60008 24 &5
FEUAE ¥ e Uy F gz A4y
e, ol MEde &% dolHdA F4 “F
Z5E AAI] 48 F2 AMEH e o)
. oong Uz B AFdiaes 259 A
¥z w& WHEZAE(temporal turbulent
intenisty of temperature)o) % E#Z L AL
F A& Aoz Arzgoh oyl diS AME B
g3 9vie FunEA(16lE FzIH7NE
Fig. 4 282 AHR9, 2E 33y =004
0.1 & g% 7IdgdE RS 3418 & g
ol 7zt Ao 2% FEUANI HAELEY
10% 4z 23dds AL oduigy Fajo &
29 Az BE B4R RE 4F Alolge

1360
— a
= .
8 1200 F 03
lr_‘ -
@
e
2
& 1ol
£
g
ER ] Sl gy
& ~o— $=0.55
2 e 7 0,60
4
900 —t 1 1 1 L
0 5 10 15 20

Radial distance, R {mm]

Fig. 3 Profiles of radial temperature obtained
at the axial location of 160mm

Ad3E FEI}de AE Ugdd. of2y F
3 2 oNS 7HAE H27)
2o Aol F, =050,
= HAZAHAA M 58 NS
7bA e ghdel, 0=0559 ¢ R=20mmelA o2
HANYE ARG FEFLEI sgdE B3
2 ooyo] 74 BA vede AE #iEg 5 9l
thoole FFHE WMHAY GE ALENA
2 WAUEH 9727 vl o 1A
Anz Atzdc

Fig. 5ol H=30mnA| folAle] w7 §ae] &
Po2Ee 7349 REAAHoN 2HE A Y
el o] A M9 FAHolfE FH A
nE gy x #RARERE sgo) MR AR
HAE W gHdwelst Ao dAsE g 9
2 FdoMe g 4RE Aot Fig 3
of Jetd H=160mAZolA e dAase guts
E A% vehidd &, 2¥9 0500149 ¥
TE5E7 055 20 Ay o3l8 4% %
A veide RS 20 5 A @9, e=50%,
100% Z2AAMSE £2 284S Jeges & F
AR en, e=100%0 7H7hEFS An7) T
A9 57 gold HHETA ESS] Aoj:
AXE R THE F UAUH ol FYUHE
719 S5 Fotel 9@ dRAEY F0L A
28 FUAZ ARz Asdd. ddeg 7t
2HY didA d272 FdsHe 989 2%
fFEFe 388 ¢ F A '

Ridoll, TVle AFeA AFse Aol B
o7l W], B FRFUNE FHSGE A
47 488 & 4 AUvhl24] o2 SAHCAAM ¥
ATeME A8 AIFHIE LA A7)
Wdse d B8 1500z AEE F, 3719
Agfdes wA7Id g E 2HaHq
1R, T7Y FUS=IF w2 met d2E

=

04t e y=080
g —8— 4055
z —A— 4= 0.60
£
3
- 03+
oo
2
o
g 0.2
=
@
S
3
£
5 01f
z

0 8 10 15 20
Radial distance, R [mm]

normalized standard
obtained at the axial location of

Fig. 4 Profiles of
deviation
160mm



A 273 KOSCO SYMPOSIUM v#3 107

1600 p————
| ~m—g=oso I

=z |~ g=0.55 g
= | —— -

§ 1500 | 2
[ -
< 403 &
& ke
el ]
= 13
- [}
1400 b e
g 402 &
£ . . "
g Pt 3
pos L — =
g 1wt "—‘"‘\\‘ 015
< g
g 5
- -
= z.

lzw 1 i - i A 048
Y s 10 15 20

Radial distance, R [mm]

Fig. 5 Profiles of radial temperature and
normalized standard deviation obtained at
the axial location of 30mm

A wAYEAE JFEE v d By efufel
2kd) o] ¥ 3% (perturbation of equivalence ratio)®E
g A o) 2 HA e Garn] ZdlA
3y we Fam7h vERY Ao Algsich
239 FEHAHoy) AFRES AHyy, wrRE g
of whall Moz Hel dAstA viepwhew,
$=050 27} ¢=055 Z@ABch A v
ol Medutel #ol, ond dHYdANE Fit
& yhwlol] ZHYR wm 2R Ao e w

E0E Ae et

ZhEEl A7 oA

Ganl 2 dAx/3v] EEH = CARS 7Y &
o] &3 P& 7 9ol L& wAE g

160mmoll A whaku] st 93 5ol

(3) 0=060 FHNAME 25 ¥WE Zo] 500K
Hr el 7H9-A¢HGaussian) EEiE ey 9
A7 250 28 Hud g5 HBR e oyl
ol gFaEu|st @dAage] wel &5 HE FEol
Hold 1000K HExel ¥y & 7ixe W
(Beta) ¢ HHE HojFxm ot dF 47 2
Lol &8 Hn¥E T 6% BAFEgS @9l

& A
£ 7|

AFE BTEETHATAKRISS)ANA 4

=R

dsigion, Age £ge 74 dIAASIE

AFAIEA Aoz FAEHUY
23

(1) Keller, J. O, and Westbrook, C. 1986,
“"Response of a Pulse Combustor to Changes in
Fuel Composition,” Proc. Combust. Instit.,, Vol.
21, pp. 547 ~555.

(2) Shih, W. P., Lee, J. G, and Santavicca, D.

A, 1996, "Stability and Emissions
Characteristics of a Lean Premixed Gas
Turbine Combustor,” Proc. Combust. Instit.,
Vol. 26, pp. 2771 ~2778.

(3) Lieuwen, T. and Zinn, B. T. 1998,
"Theoretical  Investigation of Combustion

Instability Mechanisms in Lean Premixed Gas
Turbines,” AIAA paper, 98-0641.

{4) Richards, G. A., and Janus. M. C., 1998,
“Characterization of Oscillations during Premix
Gas Turbine Combustion,” J. Eng. Gas Turb.
Power, Vol. 120, pp. 294~ 302.

(5) Lee, S. Y. Seo, S., Broda, S. P., and
Santoro, R. ], 2000, "An Experimental
Estimation of Mean Reaction Rate and Flame
Structure during Combustion Instability in a
Lean Premixed Gas Turbine Combustor,” Proc.
Combust. Instit.,, Vol. 28, pp. 775~782.

(6) Venkataraman, K. K, Preston, L. H.,
Simons, D. W., Lee, B. ], Lee, J. G., and
Santavicca, D. A, 1999, “"Mechanism of
Combustion Instability in Lean Premixed Dump
Combustor,” J. Propulsion and power, Vol. 15,
pp. 909~918.

(7) McManus, K. R, Poinsot, T., and Candel,
S. M., 1993, "A Review of Active Control of
Combustion Instabilities,” Prog. Energy
Combust. Sci., Vol. 19, pp. 1~29.

(8) Zinn, B. T., and Neumeier, Y. 1997, "An
Overview of Active Control of Combustion
Instabilities,” AIAA paper, 97-0461.

(9) Fric, T. F., 1992, "Effects of Fuel-Air
Unmixedness on NOx Emissions,” AIAA paper,
92-3345.

(10) McDonell, V. G., and Samuelsen, G. S.,



108 273 KOSCQ SYMPOSIUM =83

2000, "Measurement of Fuel Mixing and
Transport  Processes in  Gas  Turbine
Combustion,” Meas. Sci. Technol, Vol. 11, pp.
870~ 886.

(11) Lee, J. G, Kim, K. W., and Santavicca, D.
A., 2000, "Measurement of Equivalence Ratio
Fluctuation and Its Effect on Heat Release
during Unstable Combustion,” Proc. Combust.
Instit.,, Vol. 28, pp. 415~421.

(12) Lieuwen, T., Neumeier, Y., and Zinn, B.

T, 1998, "The Role of Unmixedness and
Chemical Kinetics in Lean  Premixed
Combustors,” Combust, Sci. and Tech, Vol

135, pp. 193~211.

(13) Lieuwen, T., and Zinn, B. T., 1998, "The
Role of Equivalence Ratio Oscillations in
Driving Combustion Instabilities in Low NOx
Gas Turbines,” Proc. Combust. Instit, Vol. 27,
pp. 1809~1816.

(14) Mokhov, A. V., Aptroot, R., and Levinsky,
H. B, 1996, “Experimental Observation of
Correlation between the Temperature of a
Laminar Flame and Acoustic Oscillations,”
Combust, Sci. and Tech,, Vol. 120, pp. 1~9.
(15) Bradley, D. Gaskell, P. H, Gu, X. ],
Lawes, M., and Scott, M. ], 1998, "Premixed
Turbulent Flame Instability and NO Formation

in a Lean-burn Swirl Burner,” Combust.
Flame, Vol. 115, pp. 515~538.
(16) Hedman, P. O, Flores, D. V. and

Fletcher, T.H. 2002, "Observations of Flame
Behavior in a Laboratory-scale Pre-mixed
Natural gas/Air Gas Turbine Combustor from
CARS Temperature Measurements,” ASME,
GT-2002-30054.

(17) Foglesong, R. E., 2001, "Experimental
Investigation of a Lean, Premixed Gas Turbine
Combustor Using Advanced Laser
Diagnostics,” Ph. D. Thesis, University of
Illinois at Urbana- Champaign

(18) Foglesong, R. E., Frazier, T. R., Flamand,
L. M., Peters, J. E, and Lucht, R. P., 1999,
"Flame Structure and Emissions Characteristics
of a Lean Premixed Gas Turbine Combustor,”
AJAA paper, 99-2399.

(19) Woodmansee, M. A., 2001, "Experimental
Measurements of Pressure, Temperature, and
Density Using High-resolution N2 Coherent
Anti- Stokes Raman Scattering,” Ph. D.
Thesis, University of Illinois at
Urbana-Champaign

(20) Jones, C. M., Lee, ]J. G., and Santavicca,
D. A, 1999, "Closed-loop Active Control of
Combustion Instabilities using Sub-harmonic
Secondary Fuel Injection,” J. Propulsion and
power, Vol. 15, pp. 584~590,

(21) Hahn, J. W., Park, C. W, and Park, S. N,
1997, "Broadband Coherent Anti-Stokes Raman
Spectroscopy with a Modeless Dye Laser,”
Appl. Opt., Vol. 36, pp. 6722~6728.

(22) Sivasegaram, S. and Whitelaw, ]J. H,,
1987, "Oscillations in Axisymmetric Dump
Combustors,” Combust, Sci. and Tech., Vol
42, pp. 413~420.

(23) Lefevbre, A. H. 1999, "Gas Turbine
Combustion,” 2nd Ed., Taylor & Francis, pp.
324~ 344,

(24) Docquier, N, and Candel, S. 2002,
"Combustion Control and Sensors: A Review,”
Prog. Energy Combust. Sci, Vol. 28, pp. 107~
150.



