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Abstract

This dedicated paper presents an overview of six fields of research in combustion in which Pr
Sébastien Candel has made remarkable contributions: cryogenic combustion and liquid rocket en-
gine dynamics, turbulent combustion modeling, combustion noise, flame dynamics and combustion
instability, flame describing functions in combustion instability analysis, combustion dynamics and
instabilities in annular systems. The paper is designed to (1) provide a review of research in each
of the six fields, which can be used by all members of our community and (2) show how Pr Candel’s

work has oriented and shaped research in these fields over the last few decades.
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1. Introduction

Pr Sébastien Candel has been a leader in the field of combustion for decades as well as a remark-
able member of the Combustion Institute. This dedicated paper, written by some of his students
and colleagues, presents a summary of his achievements in six fields of research, starting from
his initial ideas and showing how these ideas have influenced multiple generations of researchers
in combustion. While Pr Candel has also worked on steady flames, his main interest has always
been unsteady combustion as found in turbulent flames, combustion noise and combustion insta-
bilities. He has addressed all types of flames, from laminar Bunsen type flames (in the kW range)

to cryogenic hydrogen-oxygen rocket engines (in the MW range):

¢ Cryogenic combustion and liquid rocket engine dynamics

e Turbulent combustion modeling

« Combustion noise

¢ Flame dynamics and combustion instability

¢ Flame describing functions in combustion instability analysis

e Combustion dynamics and instabilities of annular systems

For each topic, there are two objectives: (1) to provide a historical view of combustion research
in each field so that readers will have an overview of recent progress, and (2) to show the impressive
impact of Pr Candel in all of these fields. Each section is designed to provide a summary of the
field over the last forty years and to be used as an entry point into the domain for all interested

researchers. Details can be found in the corresponding papers.



2. Cryogenic combustion and liquid rocket engine dynamics

Rocket engines are the most extreme application of combustion. They combine high pressures,
huge powers, unusually low temperatures, and extremely high temperatures. The design of fuel and
oxidizer injection systems is a crucial component in rocket engines. Early research into combustion
in liquid rocket motors relied heavily on experiments [21, 46]. By the 1970’s, tests on many
injector designs had led to adoption of the coaxial injector with a slow central liquid oxygen (LOx)
jet surrounded by a fast annular fuel jet. This was used in the Space Shuttle main engine (SSME)
with swirling flow at 200 bar, and in the Ariane family with non-swirling flow at 100 bar. The
more complex design of the SSME was justified by the fact that each engine was expected to be
re-used up to 50 times, although in practice each was used around 5 times.

By the standards of today, numerical analysis before 1990 was rudimentary [242]. Furthermore,
experiments were limited to measurements of global outcomes such as combustion efficiency, thrust,
and mixing rates because rigs did not have good optical access. Until the 1990’s, rocket engine
design therefore relied on empirical correlations and simple axisymmetric models of the flows from
fuel injectors [148]. These models assumed that shear layers grow linearly with downstream dis-
tance and considered the streams as quasi-1D incompressible steady flows. In this way, the shear
experienced by the LOx jet could be estimated from the injector geometry, which went some way
to explaining the experimental observations. Nevertheless, many details remained unknown. For
example, scientists did not know the shape of the flame in a coaxial injector, how it was anchored,
how the LOx jet was atomized, or how trans-criticality influenced jet break-up.

With advances in diagnostics, instrumentation, data acquisition, and numerical simulations
available in the 1990’s, it became possible to start to answer these questions systematically. In
1993 Sébastien Candel and others convened the Groupement de Recherche ‘Combustion dans les
Moteurs Fusées’ to (i) investigate the physical processes involved in mixing and atomization, (ii)
investigate the physical processes involved in combustion of sprays, (iii) develop experimental
diagnostics applicable to cryogenic combustion, (iv) perform experimental measurements on a
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trans-critical cryogenic combustion facility and (v) develop numerical simulations of cryogenic
combustion. One of the most instrumental tools was ONERA’s MASCOTTE test rig: a high
pressure (> 70 bar) coaxial test rig for cryogenic propellants with good optical access and the
ability to be acoustically forced [421]. The information available from experiments on MASCOTTE
enabled advances in models and simulations that would otherwise have been impossible. This
section contains a description of the work that Sébastien Candel led from the 1990’s, which has

changed our understanding of the structure and stability of cryogenic spray flames.

2.1. Unanswered questions about cryogenic combustion in the early 1990’s

Cryogenic combustion occurs between trans-critical species over such a wide range of spatial
and temporal scales that it is too numerically expensive to simulate directly. Instead, reduced order
models must be used for many aspects of the physics, meaning that experiments are required to test
and improve models. Estimates of characteristic times [170] showed that chemical reaction is faster
than mixing, which is faster than vaporization, which in turn is governed by atomization of the LOx
jet, meaning that atomization is the rate limiting process. For atomization, cold flow experiments
showed that the most influential dimensionless groups are the momentum flux ratio J = ( gué):( |u|2)
(also known as the dynamic head ratio) and the Weber number We = ( 4(ug — u)?d))= , where g
denotes gas, | denotes liquid, U is speed, 1is density, d is jet diameter, and is surface tension.
For supercritical flows, the Weber number is undefined because there is no surface tension and it
was not clear what, if anything, should replace it. Despite the fast chemical time, the position
of the base of the flame was also not known before the 1990’s. Four possible flame anchoring
configurations were thought possible [377], shown in Fig. 1. The main questions were therefore (i)
what controls the rate of atomization or mixing, which impacts combustion efficiency and (ii) what

controls the flame anchoring, which impacts reliability.
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Figure 1: Possible flame stabilization configurations: (a) the flame is anchored on the injector rim; (b) the flame
is lifted and stabilized at a finite lift-off distance; (c) the flame is stabilized as a premixed front anchored in the
liquid core break-up region; (d) a weak pilot reaction develops near the injector rim initiating reactions which after

a certain distance run away and produce flame stabilization. Reproduced from [377].
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HBT- /D +2MiiQ i?2 GPt D2iXdyHo?DrBim?vi{ +QMi~ "viQ T'BQ 2tT2+i iB

SGAG6 +QmH/ #2 mb2/ bm+632#H b BMLEG PtT~-iQ®2b- Hi?Qm;? MQi BM ?B;? T

Rk



6B;m 29, P>SGA6BK ;2bQ7i?2~ K2?QHIBX GRtBQMBMD DK I/ #2HQr,iBR HBD2MIi2p

#Qp2 i?2 HBTX

*>9fGPt ~ K2008X SGA6 rQ F2/ 2p2M BM i?2 ~ K2 ?QH/BM; "2;BQM 72r KE
GPt TQbi HBT-r?B+?r b "QmM/ yXjj&KK HBIQX?2QvX/-(BM ?B;?2° "2bQHmil
P>" /B+ Hb 7 " QKGP2 > K2 "2 im+F2/ BM #2?BM/ i?2 GBMX @ Mi iPB QUBXB ; X
? M/- B7B® 2TH +2/ pBii?2> K2 U b K2 bm 2/ #v P> " /B+ HHQ+ iBQMV E
i?72 M+?Q'BM; TQBMi Bb #HQrM /QrMbi’2 K M/ Qb+BHH i2b # +F M/ 7Q]
+QM/BiBQMbX h?2 K BM +QM+HmMbBQM Bb i? i i?2 rB/i? Q7 i?2 GPt TQbi
i?72 ~ K2 i?B+FM2bb 7Q  i?2 ~ K2 iQ #2 M+?Q 2/X

g?2M i?2 ?2v/"Q;2M bi"2 KBb "2TH +2/ rBi? K2i? M2- Bi Bb TQbbB#H2 7
QtB/Bx2" iQ #2 i Mb+ ' BiB+ HX bvbi2K iB+ bim/v i p BQnmMH9IX 2bbm Z
h?Bb "2p2 H2/ i?2 BM~m2M+2 Q7 i?2 + BiB+ HBiv Q7 i?2 Qmi2  U7Tm2HV
Bb bm#+ BiB+ H- r?2i?2 ,i®2 7hp2H?#22~: K2 bi' m+im 2 Bb i?2 b K2 b i? itk
T 2pBQmbHVX q?2M i?2 Qmi2  bi'2 KBb i® Mb+ BiB+ H- 2Qr2p2 - i?2 ~ |
~K2bm "QmM/bi?2 GPt+Q 2- b#27Q 2-#mi b2+QM/ ~ K2bm "QmM/b i

"2 +iBM; rBi? "2bB/m H Qtv;2M BM i?2 +? K#2 X

kX9X 1z2+i Q7 i Mbp2'b2 Qb+BHH iBQMb

h?2'KQ@ +QmbiB+ BMbi #BHBiv "2K BMb QM2 Q7 i?2 ;: 2 i2bi +? HH2WV
/2bB:MR3PX( Ai Q++m'b r?2M HQ+ H 22 i "2H2 b2 " i2 ~m+im iBQMb BM
bm{+B2MiHV BM T? b2 rBi? HQ+ H T 2bbm 2 ~m+im iBQMbX h?Bb K2+? M|

/m2 iQ i?2 p bi ?2 i "2H2 b2 " i2 M/ HQr/ KTBM; BM "Q+F2i 2M;BM2b- Bi
Rj



2{+B2Mi BM Q' /2  iQ BM/m+2 H ;2 KTHBim/2 +QmbiB+ pB#  iBQMbX : 2

PM2 BM~m2MiB H 2H2K2Mi Q7 i?2 i?2 ' KQ@ +QmbiB+ 722/# +F HQQT B
i?72 +QmbiB+r p2b KQ/mH i2i?22 7?2 i 2H2 b2  i2X AM "Q+F2i 2M;BM2b- E
U*i?2"i? M HQM;Bim/BM HV +QmbiB+ +? K#2° KQ/2b i2M/ iQ #2 KQbi /
Bb i?’Qm;? i Mbp2'b2 Qb+BHH iBQMb Q7 i?2 ~ K2bX gBi? i?Bb BM KB
T2 7Q'K2/ QM J a*Phh1l BM Q'/2 " iQ 2t KBM2 i?2 BM~m2M+2 Q7 i’ Mbp2
#2 FOmT M/ iQKBx iBQM Q7 GPt D2ib M/ i?2B  bm#b2[m2Mi +QK#mbil
2M;BM2b-i?2 7m2H BMD2+iQ b bBirBi?BM b?Qr2°22 / Q7 Qi?2 BMD2+iC
+QmH/ #2 BM~m2MiB HX 6Q" i?Bb "2 bQM-i?°22 Q' }p2 BMD2+iQ b BM
P> M im"  H2KBbbBQM- M/ T?QiQKmHIBTHB2 b r2°'2 mb2/X

h?2 i° Mbp2 b2 Qb+BHH iBQMb r2°2 7Q +2/ rBi? bB2M TH +2/ #2?B
J a*Phh1X h?Bbr b /2bB;M2/iQ 2t+Bi2 M +QmbiB+ "2bQM M+2 BM i?2 +
?B;? KTHBiIim/2 Qb+BHH iBQMb 7°QK 2H iBp2Hv HQr KTHBim/2 2t+Bi iB
AMk€B- T "iB+H2 BK ;2 p2HQ+BK2i'v USAoV K2 bm 2K2Mib Q7 i?2 ~Qr /r
r2°2 +QKT "2/ rBi? i?2 +QmbiB+ KQ/2 b? T2b 7QmM/ rBi? >2HK?QHix b
#v *2°7 +bVX h?2 +QmbiB+ KTHBim/2r b ?B;? r?2M i?2 bvbi2Kr b 7Q -
“2bQM Mi 7 2[m2M+vX 6m i?2 'KQ 2- KQ/mH iBOQM +HQb2iQ i?2 KQbi KTF
BMi?2D2i m;K2Mi2/i?2 D2ibT 2 /IBM; M;H2X

h Mbp2'b2 7Q +BM; "QmM/i?2 "2bQM Mi 7 2[m2M+vr b- 2Qr2p2 - H2t
rb bim/B2/ + 27 9HRHAMQBNM K2 M/ 8 ~ K2 +QM};m" iBQMb #Qi? 2tT2 Bk
rBi? HQr Q /2" KQ/2HbX h?Bb T T2  b?2Qr2/i? i i?2 +? K#2 "2bQM M+2 B
/IBbi'B#mi2/ BM ?2Qi ~QrX h?Bb Bb #2+ mb2 i2KT2 im 2 ~m+im iBQMb BM
Q7 bQmM/ ~m+im iBQMb- M/ ?2M+2 “2bQM Mi 7 2[m2M+v ~m+im iBQMb
#m bib i?2M TT2 “/m'BM; }'BM;- i KQK2Mib r?2M i?2 +? K#2° "2bQM
iQ +QBM+B/2 rBi? i?2 7Q +BM; 7 2[m2M+vX h?2b2 “2bQM Mi #m bib K F

IB{+mHiX
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6B;m 2 8, AMbi Mi M2Qmb P> BK ;2b rBi?Qmi 7Q +BM; UH27iV M/ rBéRX Mbp2 b2 7

L2p2 i?2H2bb-p Hm #H2 [m HBi iBp2 BM7Q K iBQM +QmH/[%#R-Q#i BM:
j +Q tB H 7m2H BMD2+iQ b TH +2/ bB/2 #v bB/2 BM J a*Phhl r2°2 7Q +:
h?2 ~ K2 bT 2/ M/ 2?2 i 2H2 b2 " i27r2°2 2M? M+2/ #v i?2 7Q +BM;- M/ |
BM+'2 b2/X h?Bb bim/vr b MQi #H2 iQ /Bb+Qp2 i?2 7mM/ K2Mi H K2+7? |
+QMTHBM: #2ir22M +QmbiB+ 7Q +BM: M/ ?2 i "2H2 bh@NQIM #8 i K2i2" 2t
+QM};m" iBQM T QpB/2/ KQ 2 BM7Q K iBQMX h?Bb 2tT2 ' BK2Mi 7Q +2/
T 2bbm 2X i KQ/2  i2 KTHBim/2 7Q +BM;- b2+QM/ v iQKBx iBQM Bb
p TQ'Bx iBQM "~ i2X i?B;?2° KTHBim/2 7Q +BM;- i?2 T'BK v HB[mB/ Dz
"Qi? K2+? MBbKb BM+'2 b2i?22p TQ  iBQM  i2 Q7 HB[mB/ Qtv;2M- r?B+"

#2HQr i?2 + BiB+ HT 2bbm 2 Q7 Qtv;2M-bQ i?2 ?2 i "2H2 b2 " i2 Bb 2M?

kX8X G ;2 2//vbBKmH iBQMb BM MQM@ 2 +iBM; i° Mb+ BiB+ H+QM/BIE

h?2 +QKTH2tBiv Q7 +v Q;2MB+ +QK#mbiBQM- rBi? bi22T /2MbBiv M/ i
p2HQ+BiB2b- M/ i?2 M22/ 7Q" /2i BH2/ 2[m iBQMb Q7 bi i2- K /2 MmK2"|
2 "Hv H ;2 2//v bBKmH kBRMbU@KaW (#H2 i i?2 iBK2- M/ r b 2ti2aM/2/ 71
Qp2  i?72 M2ti /IRFIdIBYX _2vMQH/b@ p2 ;2L pB2 @aiQFF3BBLAV TT Q
k KQ/2H 7Q  im #mH2M+2- KQ/2Hb 7Q" 2Bi?2"  i° Mb+'BiB+ HK bbi* Mb

iQKBx iBQM- M/ ~ K2 bm' 7 +2 /2MbBivi> MbTQ i 2[m iBQM- vB2H/2/ |

R 8



~ K2bi'm+im 2b-[m MiBi iBp2Hv +Q "2+i ?2 i "2H2 b2 " i2b- M/i?2 +Q .
i2°bX L2p2 i?2H2bb-i?Bb TT Q +?2r b MQi #H2 iQ KQ/2H mMbi2 /v 2z2+i
S'Q; 2bbrBi? Gla/m BM; i? i/2+ /2- +QK#BM2/ rBi? 2tT2 BK2Mi H/ i 7°
pB/2/i?2 KQiBp iBQM 7Q  7m i?2" ii2KTibiQ mb2 Gla b M BMp2biB; iBj

AM +QHH #Q  iBQM #2ir22M 1Jk* M/ 1/r /b B ' 6Q +2" b2- bmT2 + B
+Q tB HD2ir bpBbm HBx2/rBi? # +FHB;?iBM; M/ +QKT "2/ rBi?Gl1laQ7i?
Q7 *1_6 *a2[mBTT2/rBi?i?2S2M;@_Q#BMH®IM2dmTiBGNMBOF+H HiRIBi Q;2
72/ BMiQ i?2 BMM2° M/ Qmi2  ~Qrb Q7 i?2+Q tB HBMD2+iQ -rBi? /Bz2 2
BM i?2 BMM2® M/ Qmi2° ~QrbX h?2 KQK2MimK ~@0X" hB® pQmBR/iirZ QKb
r2>2 [m HBi iBp2Hv i?2 b K2-rBi?i?2 +2Mi° HD2i b?Q i2MBM; b i?2 KQK.
h?2 ~Qrr bi?2M7Q +2/i° Mbp2°b HHv- #Qi? 2tT2 BK2Mi HHv M/ MmK2'B
r2°270mM/ iQ #2 [m HBi iBp2Hv i?2 b K2X h® Mbp2 b2 7Q +BM; b?Q i2M
/B ;MQbiB+-# +FHB;?iBM;- Bb BMi2; i2/ Qp2  i?2 HBM2 Q7 bB;?i M/ Bb
[m MiBi iBp2HvX h?2 Gla QM i?2 Qi?2 2?2 M/ + M #2 T Q#2/ [m MiBi iBp2|
Q#b2 p2/i? ii?72 Qmi2 D2i "2bTQM/b bi"QM;Hv iQ 2ti2"M H7Q +BM; #mi
T Q# #Hv #2+ mb2 i?2 +?Qb2M 7Q +BM; 7°2[m2M+v r b7 7' QK i?2 M im
Q7i?2BMM2  D2iX 7R8ymbdidla(iQ 2t KBM2 i?2BM~m2M+2 Q7 i Mbp2
bmT2 +'BiB+ HD2i BMD2+i2/ BMiQ ?Qi 2MpB "QMK2MiX S2°? Th i?2 KQk
bim/B2b-?Qr2p2°-r bi? i 0"S+QmH/ bBKmH i2bmT2 + BiB+ HD2ib-T p
bBKmH iBQMb i? i 7TQHHQr2/X

AMT " HH2H iQ i?2 #Qp2 bim/B2b- G1ar2°'2 T2 7Q K2/ Q7 GPtf:>9 ~
+QM/BiBQMb rBi? M BM}MBi2HV@7 bi +QK#mbiBQM KQ/2H- b bm;;2bi2/
i?7 ii?22 ~K2rb ii +?2/iQ i?2 BMBX+iQBHWBHI QT2 iBM; TQBMir b +Ql
i FBM; dy-yyy *S1?2Q0m °bX ii? i i BK2-i?2 +QKTmi iBQM H 2tT2Mb2 T 2+t
T K2i2 ' bXkcdyM BBM;H2 GPsf:*>9 +Q tB H BMD2+iQ" r>blPQMbE/2 2/ i _

MA14 # "X h?2 Gla b?Qr2/i?2 ~ K2 M/ ~Qr bim+im 2 BM 7 " ;2 i2 /2i

Re



6B:m 2 e, hQT, GQM;Bim/BM H bHB+2 Q7 BMbi Mi M2Qmb tB H p2HQ+Biv U#Hm2 iQ "2/
U/22T #HM2 iQ HB;?i #HmM2V M/ i?2 +QMi@m 7 i+ PEBGR R K, AMbi Mi M2Qmb BbQ +QMit
i2KT2' im 2 URSyy EV +QHQ 2/ #v t® Krb'piZH @IOB4 ' V # H imRK ¥X

Q#i BM2/ 7°QK 2tT2 B&V2MhYBIBB; K2 r b i?2M bm#D2+i2/iQ i° Mbp2'b2 +
reB+? ~ ii2M2/i?2 /2Mb2 GPt D2i BMiQ TH M2 r?Qb2 MQ'K Hr b BM i?2
i HQr 7Q +BM; 7°2[m2M+B2b- i?2 D2i ~ TT2/ 7°QK bB/2 iQ bB/2 M/ i?2
7Q +BM; 7°2[m2M+B2b-i?2 D2i "2K BM2/ bi iBQM "vr?BH2 i?2 ~ K2~ TT
BiX AM HH + b2b-i?2 +QMi B#miBQM Q7 2 +? "2;BQM iQ i?2 i?2 KQ +QI
BM/2tV r b + H+mH i2/X h?Bb "2p2 H2/ 2ti° Q' /BM “v /2i BH #Qmi i?2 ~
i?72B° +QMi'B#miBQM iQ i?2 ' KQ +QmbiB+ BMbi #BHBiv rQmH/ ? p2 #22M
#22M b2H7@2t+Bi2/X h?Bbr b "2T2 i2/ 7Q " }p8)eHB p\BM ; +3IX & BK B HI-2BI6) Bl v
2Q0m b- M/ 7Q  irQ QT2 iBM; +QM/BiBQMb Q7 b?Qr2°?22 / Q7 9k +Q tB |
"E. +QK#mbiQIYyEKM §BdKX AM i?2 H ii2" bim/v-i?2 bvbi2K r b HBM2 "Hv bi
#2i°B;;2°2/iQ bi #H2 HBKBi +v+H2 BMpQHpBM; i?2 } ' bii° Mbp2 b2 KQ/?2
h?Bb KQ/2r b +QmTH2/ #2Ww22MvbAFK M/ i?2 +QK#mbiBQM +? K#2° M/ B
rbi?2b K2 bi? i 7QmM/ rBi? >2HK?QHix bQHp2 X h?2 K BM TQBMi C

rBi? bm{+B2Mi +QKTmiBM; TQr2 - i° Mb+ BiB+ H + VvQ;2MB+ +QK#mbiBQ

Rd



6B;m 2 d, hQT, GQM;Bim/BM H bHB+2 Q7 BMbi Mi M2Qmb i2KT2  im 2- 7°QK Gla Q7 i?:
TQH/b? ndlyxM (

bBKmH i2/ rBi? GlaX S ~ K2i' B+ bim/B2b "2 TQbbB#H2- HBKBi2/ QMHvV #

kXeX 1z2+i Q7 "2+2bbBM; i?2 GPtim#2 BMbB/2 i?2 ?2v/'Q;2M BMD2+iQ"

.m "BM; i2bib BM i?2 RNeyb M/ RNdyb Bir b /Bb+Qp2 2/ i? i +QK#mbi
2M;BM2br b2M? M+2/B7i?2 GPtim#2r b "2+2bb2/ BMbB/2i?2bm "QmM
BM+"2 b2b #2+ mb2 H ;277" +iBQM Q7 i?2 Qtv;2M #m Mb #27Q 2 "2 +?B
7Q  i?Bbr b MQi FMQrM #mi 7m i?29&e2b9B8 BN 2Q@n2/ +Qi (2+2bb Q7 i?2 GPt
2M? M+2b KBtBM; Q7 i?2 GPtD2irBi?i?2bm "QmM/BM; ~QrX h?Bb KBtBN
TQbi Bb "2+2b®Pt HR2i /B K2i2 #mi "2/m+2br?2Mi?2 "2+2bb2/ H2M;i? Bb ;
i?BbX

M2 "Hv biROBT QTQb2/i? i-r?2M i?2 BMM2  im#2 Bb "2+2bb2/-i?2 Q
i?72 MMmMmH ~ ~Qr 7' QK 2tT M/BM; M/ i?2 2#v “"2i BMb ?B;?2 bT22/ 7Q"
BM+"2 b2b i?2 /Bbi M+2 Qp2  r?B+? ?B;? b?2 "+ M +i QM i?2 BMM2" ~{
#2 FmT M/ iQKBx iBQMX Hi?Qm;? TH mbB#H2-i?Bb K2+? MBbK T 2/B+
iQ #2 2M? M+2/ b i?2 "2+2bb2/ /Bbi M+2 Bb BM+°2 b2/- +QMi"~ "v iQ Q#lI
2tTH M iBQM r b T "QRBEDHQR/ BMTH M ~ ~QriR3A7M {(BbvKK2i "B+ ~QrbX h?
b?Qr2/i? ii?2 ~Qr BM i?2 "2+2bb2/ TQ iBQM Q7 i?2 BMD2+iQRd% bi QM
iQ HQM; r p2H2M;i? ?2HB+ H U xBKM@Qb HBHpL MBQKMHRX g?2M i?72 "2+2bb?2

bm{+B2MiHV HQM;- i?Bb #bQHmi2 BMbi #BHBivi'B;;2'b ;HQ# H?2HB+ |
R3



r?B+? 2M? M+2b T'BK v D2i #2 F mTX h?Bb ?22HB+ H Qb+BHH iBQM Bb
Q7 J a*PhhR@X h?Bb K2+? MBbK 2tTH BMb i?2 Q#b2 p iBQM i? i i?2 KBt
# mTiHv bi?2 GPtim#2 Bb "2+2bb2/ M//Q2b MQiBM+ 2 b2r?2M i?2 GP:
h?2 b K2 K2+? MBbK Bb 7QmM/ BM ; b im #BM2 +QK#mbiBQM +? K#2 b- +

+Q R 3k 3BX

RN



ixhm #mH2Mi +QK#mbiBQM KQ/2HBM:

JIXRX AMi"Q/m+iBQM

h?2 BMi2® +iBQM Q7 im #mH2M+2 M/ +QK#mbiBQM Bb T ' Q# #Hv QM2
Qm’ +QKKmMBiv BM i?2 H bi bBtivv2 "b- 2bT2+B HHv rBi? i?2 /2p2HQTk
.VM KB+b U*6.VX al# biB2M* M/2HBMi Q/m+2/*6.7Q im #mH2Mi 2 +iB
2HBM; +iBpBiB2b iG #Q iQB 2 1Jk*BMi?22M/ Q7 i?2b2p2MiB2b- bi "iE
/2pBb2/ #v ?2Bb T Q72bbQ" i* Hi2+?-6" M+FJ "#H2-7Q MQM@T 2KBt2/ i
*Q?2 2Mi 6H K2 JQ/2H U*6JV /2 ' BpBM; # H M+2 2[m iBQMKB@Xi?2 ~ K2 |

aX* M/2H M/ ?Bb +QrQ F2 b 2ti2M/2/i?2 TTHB+ #BHBiv > M;2 Q7 i?B
BKT Qp2/ Bib BM; 2/B2Mib- BMi2MbBp2Hv T2 7Q KBM; _ La bBKmH iBQI
i?72 RNNyb-i FBM; /p Mi ;2 Q7 bT2+i +mH ~ T Q; 2bb BM +QKTmi iBQM +
"2 +iBp2~QrbM im® HHvim M2/iQ GlaXPM+2 ; BM-aX* M/2H bm;;2bi2/
QM i?2 ~ K2 i?B+F2MBM; T'Q+2/m 2 T 'QTQb2/%V/kNJRBI2 ~ M\Q/i PD"_ Q@M 2t {
M/ r?2Qb2 +HQbm 2- # b2/ QM ~ K2 bm 7 +2 r ' BMFHBM; 7 +iQ - Bb +HQDb?2

h?Bb b2+iBQM bmKK "Bx2b i?2 K BM +QMi'B#miBQMb BM im " #mH2Mi +
Q BMbTB 2/ #v aX * MXHKX&22IBQMB/iQi?2BMBIB Hp2'bBQM M/ K BM |/
Q7 i?22*6J r?BH2 pFBWQM2b QM G1aX JQbi Q7 i?2rQ ' F T 2b2Mi2/?2°2 B
*M/2H- ?Bb /Bb+BTH2b M/ ?Bb bim/2Mib #mi K Mv "272°2M+2b "2 HbQ

BKT Qp2K2Mib Q7 i?2b2 KQ/2Hb #v Qi?2  i2 KbX

jXkX h?2 Q'B;BM H *Q?2 2Mi 6H K2 JQ/2H U*6JV M/ T BK v 2ti2MbBQM

h?2 *6Jr b /2p2HQT2/ mM/2"  i?2 mbTB+2b Q7 i?2 S'QD2+i aZlA.- +Q
# bB+ "2b2 "+? QM C2i S'QTmHbBQM bmTTQ i2/ #v i?2 la P{+2 Q7L p H _
#v Sm /m2 IMBpRKpBMW/ { iQ i?2 #2bi FMQrH2/;2 Q7 i?2 mi?Q b- MQ 7m i
#v Bib + 2 iQ b- 6" MF 1X J "#H2 M/ C K2b 1X "Q /r2HHX h?2 KQ/2H +Q|

#2ir22M +Q~QrBM; 7m2H M/ QtB/Bx2  bi 2 3bAbobF28+BR/ BBIGBDXiQ 2tT

ky



6B;m 2 3, a+?2K iB+ /° rBM; Q7 ~ K2 bi'2i+?BM; M/ b?Q i2MBM; b /2+ B#2/ BM i?2 *Q?
J #H2 M/ " Q /kBEM (

i F2BMiQ ++QmMii?2 +Q?2 2Mibi'm+im 2b 2pB/2M+2/72rv29 bibQQM2°
iBK2r?2°2 +QK#mbiBQM KQ/2Hb "2HB2/ QM "2 +iBQM 'k83p3iR)IMX#mMH2M
2 +iBQM H v2'b "2 i?2M B/2MiB}2/iQ i?BM b?22ib b2T ~ iBM; 7Tm2H M/
bi*2i+?22/ #v i?2 ~Qr- BM+ 2 bBM; i?2 iQi H ~ K2 "2 - M/ /2bi'Qv2/ #v 6
BX2X i?2 +QMbmKTIiBQM Q7 i?2 "2 +i Mi- 7Tm2H Q" QtB/Bx2 - #2ir22M ir
7QKmH iBQM Q7 i?2+Q?2 2Mi~ K2KQ/2H7Q i?2im #mH2Mi/BzmbBQM -
BM?QKQ;2M2Qmb im " #mH2M+2- BM+HmM/BM; +HQbm 2 +QM/BiBQMbc BB\
Qp2  i?2 im #mH2Mi "2;BQM-r?B+? H2 /biQ +Q "2bTQM/BM; "2 +i Mi +C
M/ BBBV + H+mH iBQM QK2 bm 2K2Mi Q7 i?2 2 +i Mi +QMbmKTiBQM °

i?7 i BbmM/2 ;QBM; bi BM BM®BEY QrM TH M26 (

h?2 F2v BM; 2/B2Mi Q7 *6J Bb i?2# H M+2 2[m iBQM 7Q " i?72 ~ K2 bm'7
"2 T2 mMBi pQHmMmKIBM; bi?2BMp2 b2 Q7 H2M;i?X h?Bb# H M+2 2[m
7Q°K H+ H+mH iBOQMKR/r? Q22 KB MR/ i?2 #2? pBQ Q7 HBM2 M/ bm 7 +2 |
KQ;2MQmb M/ BbQi'QTB+im #mH2M+2- //BM; +QMbmKTiBQMi2 K /2b+
h?Bbi2 'K Bb r'Bii2M bT ' QTQ'iBQM HiQ i?2 pQHMK2-VQMbIREIBQM " i2
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