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Abstract

Steady-state structure and acoustic-pressure responses of Hi/Air counterflow diffusion flames are
studied numerically with a detailed chemistry in view of acoustic instability. The Rayleigh criterion is
adopted to judge acoustic amplification or attenuation from flame responses. Steady-state flame
structures are first investigated and flame responses to various acoustic-pressure oscillations are
numerically calculated in near-equilibrium and near-extinction regimes. The acoustic responses of Hx/Air
flame show that the responses in near-extinction regime always contribute to acoustic amplification
regardless of acoustic-oscillation frequency. Flames near extinction condition are sensitive to pressure
perturbation and thereby peculiar nonlinear responses occur, which could be a possible mechanism in
generating the threshold phenomena observed in combustion chamber of propulsion systems.

R A B
EZL T . ex
=

A 7\(_]."1 ¢ . }\]Zl-
a 2EdHIE U, jBEEe e
¢, A% HE ’ -
s ) Vo AAE(=p0)
H Zstg Fad FEAF, Eq. (10) N e
ki :jEEFe A2y xy : BUNHES
M; o jERTA A Y; 3% 23Ee

<y . 3=

3
kef
i)
P'L
f
o
o
ol
o
>
e

1 j-3E g WA E

: 97t (phase angle)
 EFEY dAER
: EREY ALASF
=L

7
7S84, Hz

~

P, RAR 4H

* 39, #FYFTLTATY AAIF

» 34, e ZAYTITEE

t AAAA, Y, =AY FF¥FIE
E-mail : chsohn@chosun.ac.kr
TEL & FAX : (062)230-7123

4

IS s N




/%7 NgF 39 v 2% $E5 Ll Ry 1159

oX

o

fnc)

. 74 3 M
O, = 7Hel A HEF Oxidizer stream

Oy : BAFEZ HEE) Y,V
V-w: AEF 97 234
Ve : A3AF 97 22 /\
Flame
LA = ~——<Btagnatipn plan\
. — Xu
3 2EfA(stretch)t S, A2 TAE
T AT AR n@d U A3t (flamelen)e] T
EAQ 2w Ao #I AFE dFHEL o
ke d Ao wie Fasth o dFE Fuel stream
A& B 43 @AV gleH, 53 ¢4Y
HEY e 399 LPEAL g dar)r) Fig. 1 Schematic diagram of counterflow
oA BAsE 5F E¢A A (acoustic instability) diffusion flame
I Aol Aok £ BAAAH L, 924 R
A AEste FEAS T SIFTIF 4N B d7dA Adg 239 2L Fg 1o U
2ARE AILER ARG 2 AR T gy gas gusgo oF AW B3
7}ete HAbolh U2 Ao By 2x9 Heo|A W, 7] g A
[o] i=]
FY BUARE, Ao WA B FH agne Angsg dasd 1Hd adz

GHRES, 283 A5 2 HAIHY
g sy R 5o st LT, 53

& ARL, 83 VEL PANA D $442

AR F Aoh? =3, ELF(mixing layer)
o] FAZ AH oz gro} Bl AT}t uw]
B ez Adus 4L FAY & g, Soret
R R LR EEEERC R R assh Dufour E3HE FAFYG EFFANA
HolX F238 ARF shrjolth. ojg BuH olalsrl Wje Fomz FAY AME FAg £
TEA, 9F #9¢ FF  23Y(aminar Qoh old @ 71He Bakel fEE X4
flamelet)o] HFAH=Z HALGI] 23G9 97 = o en pog®

Aol U@ MY 39 Mol oA o T T '

€ 58 ¥ FZ dAUF g EH o]

°F
rﬁrki-hrﬂﬂﬂﬂ

A7t 2RI, olg@ AFSL BF v 92 4900+ 57 ~0 M
A% @ Hdo) $RHPel Fesoiche ) ) 2
A7 Aok Al dxr)olMY ¢ AE I 05t +0a +Va—“—pwai=§;(ﬂa—“)(2)
2 {3 2NE 7}X]U§ 2 WE gy HE . 3T,
of i A9 THE, S¥Y 3T 54 = "~ t V% '+—(pYU) 3)
249 AT Asl FHT Bl

2 QFNE, e EAE 3887 e o, %{w,vgf %(,{%—Z)
57 937 %92 2ds AYsn, 44 o 4 Py e, AT, 20N
g 17E nese f2F Arld A%L 2 PVl gy + g wMhi=""4
E sl U@ Hdd 28 B4e FAHL s
2 et olg Bal 9% wad 94T 3 P,= oRT 2.(YiIM) ©
99 23 BARY GlAUZS AARIA o
o. -

vy

A7NM Ve V=pl® BEAHE= =293 A
Zoln, ¢ yE Zz Y S99 FHF;olr)
T= \-E = “j"—]Ef Y, M, “79} /A= 2} /'i}'

J

Ir



;‘(?!

FEE,
29
rae) 24 a(y, D=u/xZ EIHD, nt 1"
3839 AF, pe ZAF 4E, ys jS3EE
o] Fi&x RE ZAAgSolt)

dutz oz dadol A= g FAl
& 433 Z7] 9o, dxdHd EAse &
gujo] o) ¢y wTY F7HH W= FAT)
etk uwatA, gl st e o8 4E mg
2 Ao §52A g o] mAldLh

vy

£

H]

P(D/P =1+ Asin(271w?) (6)
o714 AR mE& FAFT (&, FAAEHAA Y
H), oT HAFIFE Yepd 9 doz ¥
e 4= % JH LS SAEZS RHPog A,
olo ma} Ago} A3A AANM AKHEF
259 Te9t To'e Aol uwhet @EHAl H9, A
HN@AA 9 A P F-E ¥dIL Y
ek Ao g FAzAL oS3 2o

[ Poo
))—)—OO; A= Qx| —
P

(7)

YVi=Yj-w, J=1,,2
orowlTe L8
Y0, 4= A
Y/=Yw J7=1,",n (8)
dTo  dPJ(Y)
PO gt T Tt
y=0; V=0 (9)
AR Ae 8 AFAFEVMES A&

oj4tstst gt olitstd A@WA 2 EFolE 4

&, Smooke™ol o3& JTE YuZL uwlEo
2 FAE Newton iteration}H-& &3t €

A8y 249 3euk$ae CHEMKIN-IOE,
HGEX A= TRANSPORT PACKAGE!'?E A&
stod Alabstgch. Ed 870 BatEn 1994 9
RN EFIE B4 i gAY

-0 =2

& AHgsrgeh

EAE

FAHNNE F AR FYPHJG. 1A, Fof
A #% ZANAM I X (transient term)o] Y=
A4S SlE TR ez 4 (6)9 ¢F
7Hde] wE F=AH AdHE Ay P52
T35tk AlZF AEA] Crank-Nicolson < A
gatgn, 7k Fagd o Al S8 23

sto] #3414 1Y% 2 AREE FANES

shgit.

3. 23 & EQ
3.0 Hoatel St 7x
B dFoA QAa2A Fi2E, AFdAZA=

F7121% A219% A2)E AQsigon, FA
LEE T:=300K, T5=300KE 2 335tch

dutd o2 FA7] eEsE2e A7|9 BAlS
To] wEtr HFL, g da A YA
ao. dEgF sde A, 2L we 3
3 (equilibrium) £ I} A H(extinction) = A
FGel o2 TITd 9N dxdATh +F
Aol A& st $HES A¥Esld *A A
FAE g EFL AHEEs Ao 830k

FAHQA FA2H 8 5FE, A A
Ad A 2EHAE(a..)T FH FTE Figs.
29} 30 YeHHAT o|FE 4,8 VAL o=
®715A0. FEFE AL, 2936 sFste
A A (tuming point)ll A&, 2EHA LT &ald]

=

=

1600 T

1500

¥ 1400
€

1300

2 1

8000

1200

5000 6000 7000 9000

Strain rate, a [s”']

Fig. 2 Variations of maximum temperature as a
function of strain rate at mean pressure
P;m = 1 atm



T&/37) AFF Gisd e vy S¥H $HEH BE A7 1161

1500

1450

1400 |

T K

1350 |

1300 +

1250 L s 2
09 0.95 1 1.08 1.1

Stagnation Pressure Ps ™ [atm]

Fig. 3 Variations of maximum temperature as a
function of mean pressure at @, = 7000 s

Ho &£x9 ¥} GRPE /FAIA B
o] 4 (singularity)0] S Z, FHFe]
e 2xE AAHSY doz 2EHIEH
de  AsleE 94X 8 Ynverse numerical
method)& A& stQ @

17]1gell A 2EHelge Wil ug Hlx
o] W3l Y4 Fig 20l AR oY, B g,=
7000 s'oll A o) we e HUYLSEE Fig
300 GRS olgld e EX4E HE A
AHo)7le AT ¥ 7ixel g FHE 9 ]
A (unsteady) SHES AEst=d F23H4 ALE

e r

R 2

2 7 Aot dFF S8 B, FoI 2EY
A&ollAM o] F43] Zasid 298 5+ A
on olggd EFL AYPHA s-ABY QArHA
(upper branch)& B+ Fig. 3225E &
Utk 4714 g we A gz 7l
(Hah)e &Y ¥F " 89 S5 wie
(sensitivity) 5 FAIFT D & £ e, TN A
B 7 ARl 2y 7k A )
7 AAE A& ¢ F A oe, 29 99 &

o] ggollA 53 38t (finite-rate chemistry)
of 7]¢lgch® gk

dlo
Q?\;
e
r o]
ox,
oX,
S
2
2

>
Bl
ol
i,
i
1A
18
K%
™
A

15 ' ' n
0 90 180 270 360

Phase angle, ¢

Fig. 4 Responses of maximum temperature
fluctuation of near-equilibrium - flame to
slow, medium and fast pressure

oscillations
%73 A 7FoE Rayleigh 7|F2 A

st ol ¢tdutel HEH W& Fe
z

F2 2] 4 (phase) o & W%}

- =

Gt 7H Fuge by mgo] i gde

o 5A4E dusdd % 9 AA udH

T Fad  EAAez, 54 #FE5A

(characteristic flow time)3} 54 Z}ab wkg A zho]
7l gl wi#

st A7IE zZhil Tz B4 0(10°~10%9
7

Fol dizt Y ZA &
2E54E AEte Fig. 40 EAEC.
% 10°Hz, 10° Hz, 10° Hz2 Z}zh 7/
Fago gt 7N sdeEE
2 EUEEE AAEE Aol 7
Dol oy, gtE o] Frhgtel w
b kol 2=t FUstar, oje] o)
£57t At olo] wel et ghgx
FLHE wgEo A fHFo] i

= of A Atolel A7t
st Aoz ded doh 2y, FaE v

(o)

o
Ao Ty

4o

I

£

i o2 [0 of do 1o

B
o o



1162

g
o
20 . . ;
) 20 180 270 360
Phase angle, ¢
Fig. 5 Responses of maximum temperature
fluctuation of near-extinction flame to
slow, medium and fast pressure
oscillations

A4l 489 vl8lo Lewiss7t Fowz it
Z7 gojut olE)g A AA dAsA "
o). 39, duty oz o] FriEH 8wk

o] @ua)A Lxr) Z/Ez vHY Lo ¥
2 & FHaccumulation effect)®= LAY 4 Ut

KX

a8y, #Y 2A9) HFe oln Huse B
Holx Ty Avolmz 1 &Bst FA U

e

v}, o] g FrkR Ahube &3t old) ZaH
o2 10°Hz¢9 10 Hz® %3 7179 AL, &

EAEL, 47 43°%) 21°9 94 2 A(advance)E
Bolz At

FoErt FAgd @, F2 45 S99
g3 vehde A4 $9 54 APl #as
¥ ¢ Fig 4914 ¢ £ Qo 2FT 7RA
YJelge o d4e 71&9 o X A
Aoz JAFID® olzRE, 4 YAz

(ol 54 FEAHEHT vRsSAY &A
H, $5%F S8 A ARAI TASA &

F2 gehtgd o3 duEel A9 T
(in-phase) 0.2 L3 A Eo] Rayleigh 7]Zol ut
g $¥H7t 34 FFEdn #3338 + Utk
metd Wy 2Ae HAL 1FF s oa
A e¥de 34 2T Aoz A9
thgog, 29 949 29 H%U@, = 7000
shol &8 710 didte BAFE 39 EA4S
Fig. 5ol JEITh #9249 sans g,

29 2H9 Bde LAY Fos WA

7 % (Extinction)
L

180

270 360

Phase angle, ¢

Fig. Variations of maximum temperature

fluctuation for various amplitude of

pressure oscillation

Al BAHA
ot #EF SH g aAw
4 FEHAE 4 8

)

9371

2

oo ®@
= L g

£

18
r

&
oftt o
N
-3
ot
X
An)
N
£
2
2
(d

s

Wste od wstd 3
gol FEsok Bk s Te
SH AR J1E g 4 94 % A
FEgolAel MY dae AHHez dAF
GO0 mea 10° HEAAAE Hde o

e Mk e o

Wgd wg APz wgde AL
(quasi-steady) FElo] $& 54L& BAT wWaA

AAHY AFm FAy PAA 2F 9%
2 7ol Yeg Aoz d3un.

29 99 21 %Y@, = 7000 s', P = 1

atm, 0=10° H2)9l, 7}3 3o AZo] ua
SEE4YE Fig. 69 YeEAT. *A 71& @ nt
of Zol 29 ZH9 FEL F& Ao &
H7} $AslEE HBAE Holx gu FAN
e §HE Bl o] n@oRRE, /I &
F3he) Feglo]l A7l He 90° A3ARY H
A7 HE 270° AaZeA $ge WMEEZo] g
2 A% & F th o8 T 5L IZo] F7}
ol wel o F33) JehdH, o 4% 2H



F&/F7 AEF G359 vAdY S SHEAH B A7 1163

strong
08 damping .~
(stable).”

A, intermediate
x %r - -~ damping
3 »" {metastable)
w . 7]
§ om | A le——A
8 - P .
4 >
H R weak
N p - N
= 0.02 } ’_/ .. =~ ~damping
E K - (unstable)
S s -
2 T _ -

oot | e .-
-"»’ "
-
-" - -
° : . .
0 2 4 8 8 10
Amplitude, A {%]

Fig. 7 \Variations of normalized maximum
temperature response as a function of

acoustic-pressure amplitude for an =

7000 s', @=10° Hz, and Psm = 1 atm

o ol glo] Fshubgol F=rt ool Wt
of weh ¢ wAsA W) wEejnt. wehA,
Fig. 60l4] BXo], BlHdg A g5 @4o] vet
WA ok AFo] ¥ FAst] B5F JAAU =
7 %R WFol & FL, Ee ¢4y sl
el o ol S&EHA Ritn AgH A

olglg nldY STHEAHES AFEr] K4,
T Aol e WY Hu2Ee WEEE oS
Zo] FE&at.

H= 17./T,]sin@rwddt  (10)

Fig. 69149t S@ A 2ol ta) 73
4 249 32 A4, HE AN
Bgich 284 ¢+ 3
of we FF A7 HYA
o2 7o, AZo] AAZAIL
o Ht & & 4 Utk ole@ %3, Fig 3
of Vehd e BEe S4oz
S Q. F, €24 o] 2
A #E $He ANGEA AA A4
374800 Bk,

3.3 Threshold 8 4t+2}e|
Figure 79| YEhd #Ax

o] mee] WA da B A=
o A (threshold) R0 Yelts ZE AAUS
o2 {HME & Atk daA2=HA] B o
3 ZHeL, Be H9d AR NZo dags
2 2288 £ Reni? Azt gqExxQ
A9E Fig. 7 AAG dHPHdoz ZAS
t}, o] o), A2 =grbst dEE F%
TAEA)T FH FAHe nH et A4
go] & ALddE, o stdd g mPo]
2 Ho] AT 4=02 FEZ FJsA Ho}. ¥
g2 Zago] I Afoe F Mg o]l &
A =0, 4)3tH, ¢AG HA 4 =40 +H3
A =Hol, 3189 $HL s 9sly FEEHm
A 299

Tt 379 ZHeg MAE BAde, F A
o <HAAMU =0, 497 2 Atole] EA3HE sy
o] BAAHU = 4)°] EAF. Bk AZFo] 4
B}t AL HYde meo] ZAHAW, 4ET
g Ao FEFHO 42 FYEIHE 93
(threshold) @& HoEr} o3 dALL ©d
AAI fiquid pooldEle] #PMWi e i3
FEAIMNE & F ddeon, 292X I

ZE5g njMgdd A5S BEYL ¢ F 9

Al

==

[o]
A
% BHL, FAABelN Ushbe )

Hol

Y ASEY AAUZE oldstsd =gl 9

olck

4.2 2

F2/37) 5% UEF B RIFHeIA
59 T, Y o) BE NAY SUE
e AA e )72 mesle £AFoz
A7 3 A HLAA G Aol
e Hyexd THRYH, &9 SANAE
B9 WPE HE S@ol Use oz a4y
F sl



1164 334

Aol diate] A9 g
# 717 gego) Jaxe A
gol ue Ade ¢ & A
AR08 52 A+E =YY
Ao daslel dAsE 2agd
MEge 2, Aol LA
Ao 9x Ae 49T & UAs o
A A8k,

do

o

o

fu

I : olo

o |y l ™ ol

o N IO ot o SE

27 2 op 32

£ e olo o &
o r2 2 oM of

o o K 4 tlo oo HH

(1) Culick, F. E. C., 1983, Combustion
Instabilities in Liquid-Fueled Propulsion Systems -
An Overview,” AGARD 72B PEP Meeting, 6-7
October.

(2) Harrje, D. J. and Reardon, F. H. (eds.), 1972,
Liquid Propellant Rocket Combustion Instability,
NASA SP-194.

(3) Strahle, W. C., 1965, Periodic Solutions to a
Convective Droplet Burning Problem: Stagnation
Point,” Proceedings of the Combustion Institute,
Vol. 10, pp. 1315~1325.

(4 Kim, J. S. and Williams, F. A. 1994,
“ Contribution of strained Diffusion Flames to
Acoustic Pressure Response,” Combustion and
Flame, Vol. 98, pp. 279~299.

(5) Sohn, C. H., Chung, S. H., Kim, J. S., and
Williams, F. A. 1996,“ Acoustic response of
Droplet Flames to Pressure Oscillations,” A/4A4
Journal, Vol. 34, pp. 1847~1854.

(6) Sohn, C. H., 2002, Unsteady Analysis of
Acoustic Pressure Response in N> Diluted H; and
Air Diffusion Flames,” Combustion and Flame,
Vol. 128, pp. 111~120.

(7) Smooke, M. D., 1982,“ Solution of Burner
Stabilized Premixed Laminar Flames by Boundary
Value  Methods,” Journal

Physics, Vol. 48, pp. 72~105.
(8) Lifi4n, A. and Williams, F. A., 1993, Ignition

of  Computational

RYE - EAE

in an Unsteady Mixing Layer Subject to Strain
and Variable Pressure,” Combustion and Flame,
Vol. 95, pp. 31~46.

(9) Kee, R. J, Rupley, F. M,, and Miller, J. A., 1989,
“ CHEMKIN-I: A Fortran Chemical Kinetics Package
for the Analysis of Gas-Phase Chemical Kinetics,”
Sandia National Laboratories Report, SAND89-3009.

(10) Kee, R. J.,, Warnatz, J., and Miller, J. A,
1983,“ A Fortran Computer Code Package for the
Evaluation of Gas-Phase Viscosities, Conductivities,
and Diffusion Coefficients,” Sandia  National
Laboratories Report, SAND83-8209.

(11) Maas, U. and Wamatz, J, 1988 Ignition
Processes in Hydrogen-Oxygen Mixtures,” Combus-
tion and Flame, Vol. 74, pp. 53~69.

(12) Rayleigh, J. W. S., 1945, The Theory of
Sound, Vol. II, Dover.

(13) Kim, H. J., Sohn, C. H., Chung, S. H, and
Kim, J. S., 2001, Nonlinear Acoustic-Pressure
Response of Oxygen Droplet Flames Burning in
Gaseous Hydrogen,” KSME International Journal,
Vol. 15, pp. 510~521.

(14) Park, S. W., Chung, S. H, and Kim, H. J,
2003,“ Acoustic Response of Hydrogen/Liquid
Oxygen Flame in Stagnation-Point Flow,” accepted
in Transactions of the KSME(B).

(15) Clavin, P., Kim, J. S.,, and Williams, F. A,,
1994,“ Turbulence-Induced Noise Effects on High-
Frequency Combustion Instabilities,” Combustion
Science and Technology, Vol. 96, pp. 61~84.

(16) Culick, F. E. C., 1963, High-Pressure
Oscillations in Liquid Rockets,” AI4A Journal,
Vol. 1, No. S, pp. 1097~1104, .

(17) Margolis, S. B., 1993,“ Nonlinear Stability of
Combustion-Driven  Acoustics  Oscillations  in

Resonance Tubes,” Journal of Fluid Mechanics,

Vol. 253, pp. 67~84.



