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ABSTRUCT

Gas turbine is widely used as a power source of airplanes and generators and has
characteristics that is high power, less vibration and easy to handle because of the simple
structure. Therefore, the gas turbine is expected to apply for small aircrafts such as unmanned
vehicles and emergency generators as well as conventional large aircrafts. It is so called the
micro gas turbine. One of demerits of the gas turbine is the exhaust noise, which acoustic energy
is proportional to the sixth to eighth power of the flow speed. So the establishment of
technology for lowering noise is indispensable. As the traditional methodology for reduction of
the jet noise from gas turbine for aircrafts, it is well known that the modification of the shape of
the nozzle such as the “Chevron type”, which can improve the flow corresponding to the
aerodynamic source is effective, however it is not still unclear the relationships between the
flow structure and the noise and the effectiveness on the micro gas turbine.

In order to reduce aerodynamic noise radiated from subsonic jet such as an exhaust flow of
micro gas turbine, the effect of shapes of exhaust nozzles on jet noise was investigated
experimentally by using the low noise wind tunnel with cold air and numerically by using the
commercial CFD software. Also, the effect was examined by applying the nozzle to the micro
gas turbine for model aircrafts. As the first step, the nozzles of various shapes such as annular
type, Chevron type and so on were prototyped by ABS plastics and the test with cold air flow in
low-noise wind tunnel were conducted. The Mach number of the jet core was set by 0.20, 0.27
and 0.34 and the maximum effect of the noise reduction by 3.6 dB was obtained. Secondly,
several nozzles that have significant effect or not to noise reduction were picked and the CFD
simulations were conducted. As a result, it was found that the Chevron nozzle could extend the
length of the jet core and reduce the contribution of the shear layer as the sound source by
comparing with the circular nozzle. Finally, in order to examine the noise reduction effect, the
improved nozzle for the actual micro gas turbine was manufactured and tested with hot gas.
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V- (p ?%) + V- pVH = —div(p(w x u)) (2.2.12)

ENE LTI HOWTEZ D,

1D
divu="V- u————p

p Dt
LEITFTHDT,

V(au) v 6u+ 6V
Pac) = P 5t TPa:

—y Ju 6(1Dp)
=P 9t TPt \pDe

_v ou 6(16,0) Ju v V(l@p)
=P 9 T Pac\pae) "o P TP Y L

_ (1Dp> ( 1 Dp)
R TAVYT: PDe\pe2 Dt

_ D<1D>
- Ppi\ezD

D /1 DH\ 1 1
( >—E|7-p\7H =;div(p(w X u))

2 Dt

2(i£>_lv-( 7) H—ldiv( (w x u)) (2.2.13)
Dt\c2Dt/ p p P P -

(Y
H

TIEN—EkT b bec=1cy, p=py Ty EH/NhINET 5 EHK(22.13)1F
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102 N\
(?zﬁ v )H = div((w x w) (22.14)

L7, X(2.2.11)D Powell DX EEWICHI I D,

2.2.3 Lilley ® g ¥

Lighthill O#5G T, BIRAFIELIEEEFZE# b D EZEX TS, EEE, HHE
b D BARB R FRIAMEIL 2 D & 9 22 bt e 2 R OB 4 %20 T 5, Ly LE OB IC
TR WA RO O Xz O B |2 ff?é HEIROB) X T, FHIHQL EERE)D
SERRICRT T D ETROBE CTH 5, EBE, TOREN Y = v POKE Z|THAT/HhEan
BAITIT T D ORI X AR v, b 03 % Lighthill DO FLEGISHL

AT NITFIRHZEE L2 T UT 2 b7,

Phillips, Lilley &% Lighthill DEGe %, FERIEIE A & OB EHEE H o Eh Rk
L, FHREEDOTHEEDLNER LT,

mEHL, AhoEnEGROXEEHREONIKRATRIND,

100, %% _ 2.2.15
p Dt 0x; (22.15)

Du; 10
o 19 19 (2.2.16)

Dt p axl p ax]

. _ aui N au] 2 s auk
Tl T H dox; Jdx; 3 b 0xy

=77 L
D d d

Dt odt 7 ox;

IMERE S Th D, 2T, MHEOT-OEE ALK LTS L,

p = pRO
de = c,dO
cp =C+R

_14_



THoH, RIFKEEE, IRETRLX—, OITHEERE, ¢, b3t ThEEL X
DERLBTH D,
Ko, B 2RI, Btz =cy/c, b T D&,

dp 1ldp dS

(2.2.17)
p KPP G
2(2.2.17) & R(2.2.15) I f S AT,
DH+6ul- 1 DS 2918
Dt " 9x; ¢, Dt (2:2.18)
B"EHLhb, ZZT,
1
H=—ln£
K Do

ThHY, 1TEEENTHD, T2 Ty =VkRO XV, &#HE T (2.2.16)1 TR D L 5 I2F
T5,

Dui oIl 1 Oeij
= 24U (2.2.19)
p 0x;
FRoFHAE LV, EEX

ox; Dt Dtdx, 0x, 0%
WS &,

D aui d

00  dujdu; 0 1dey

_ — = - 2.2.20
Dt ox; 0x; ¢ dx; + ox; p 0x; ( )

(')xi axl

Z 2 TR(2218)1ZD/DrEfET & kKT R B,

D2H+Daui_ D 1DS 9991
Dt?2 " Dtdx; Dtc,Dr (2221)

A BH (222007 51< &,
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p*m 9 0l dwodu 91 de;; D 1DS
- S Bt (2.2.22)
Dt? axl axl © ox; dx; 0x;p 0x; Dtc, Cp Dt

BELND, ZOHAX Phillips O HFEI & BRI, IR U 7B ENEVE o E)
FRAICEE G T 2D EEZ 2 N5, 2oL Lighthill OoiEW T, KREH
DEREMTITANE D> TVWDHRTH D, ZHUZ XY Phillips ORUTE 09I, FH
MEETDOTWEELLOTHD, Lighthill DX E FARICHBITERE LTEZLDLIRE
DTH %,

Phillps 137(2.2.22) D470 O IEIT N E AL T~ 5 BENEE h o Eh I8 4 3
ThY, EL%l@iﬁ%¢@ﬁE % EIVAECHENEEBZELL, 5 OHITT
b E B OZEE) & RO DB AR T LR L TV D,

L2 LU Lilley 1%, ZOXOEDT—HEOEAWTROEGE TS 2B TV D BYE DO
HBREAEZ 2 TIEET, ZOMRITER TIZRW &R LT,

Lilley 1% Phillips O SEE My AT 5 &,

D (DZH 9] 2 617) _ Ouj D aui D 0 1a€ij D? 1 DS

— ——Cc"=— —_— 2.2.23
Dt \ Dt2 Oxl-c 0x; 0x; Dt dx; Dt ox;p 0x; Dt2 c, Dt ( )

BEFEoD, ZOoXERNQ22)EXQR22)EHNWTEET 5 L, Lilley DA RHEND,

D (D*n 0 oI Zauj o oI Zau] Ouy du; L 2924
Dt\ D1? 0x; ¢ ox; 0x; 0x; ¢t (')xl 0x; 0x; dx;, (22.24)

ZZT,
Ou; 0 10ey, D 0 10e; D? 1 DS

0x; 0xjp 0x, Dt ox;p dx; Dt%c, Dt
T Fr EORL & L RIKORMMEDREE R,
Phillips DX Lilley DOFUX/EA D3 B2 2 155 Tlde < R Euz Fie, 16> TER

HOWENRBE CThH-> THIFBE TH D, L LY =y e EaxtRETH55120F
WREE L Bl D 2 ek TS OFEU; = ;£ c2TD/DTEEESED &,
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LD, I, MNOFIALZSIGRLBIRN 2 WA, ~ v " BRHE 0 &L 74
WET D EBRESOMMEHI D ZE ) ERE ~ DR ETEA TE 5, Ko TH(2.2.24)1%

D (D1 _ 9 om\ oV 9 ol _ _ owowou
Dt \ D72 axlc ax; 0x; axlc dx;  0x; 0x; Oxy (22.25)
au] auk aul . TN N
LiElENG, ZORD -2 % Lilley O IFIE & RS,
0x; 6x] 0xy
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2.3 HEfiEriic A fipi ©

LLIAIZ DWW TN = D1% Reynolds ©, FENZRNDKNTHRELZET LD
5 MR B ELNVIRRBIC AT 2 4 o), ZhnEkockiRe =V 4/, (U: %
NTHIFOE, d: 8%, v BIEERERO KRNI LD Z EERR Lz, © ORI
Lf LRI E IR, 2D LA J VRS K E RS ELNTIREER ELIE & VL, 1c
LA J IV REAVNES < B BN & BT LS, LA L RBITIEE S & RS 0
WaREHL, ILEOMMARETIZR <, RS TR AT R ORI 5 % 558 %
Y, ZD, HORMOEE u, EHP, IBET, TUXLE—H, BECZE2Zh

5OEGL, P, T, H, C)&ZoEdE(y’, P, T', H, C) IHHET 5,

U =+ u"

P=P+P
T=T+T ; (2.3.1)
H=H+H
c=C+cC'’/

(T2 UEREDG A OV IIME & 138 %2 ¢ & Lc & &, RATRTEEME %2
BHRLTWD,

b = p¢/p (2.3.2)

2L, WL EITEEINEEEIHEN TE R, )
b ZEE RN, =L F—DLRAFER N ORI E ORAF U L TESME
2110 &, T, BroXicns,

opiL,  OTpT, 9

ot 0x; "ax.O”f"ﬁuﬂu/)4'ﬁg (2.3.3)
j j
0pCyT  0mpC,T 0 (9T
= o \Kox ~PGLwT" |14 2.3.4
ot * ax] ax] ax] PLrly + q ( )
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aﬁH+a@ﬁﬁ_aP+__a@ a(_ ST 4+ ¢ 235
ot ox; ~c % dx;  0x; LR ! (235

aﬁf+a@ﬁé 9 (5D oc¢ ou,'C" | + pd 2.3.6
ot~ ax o\ Moy PV P (2:3.6)

23YAD LA VNV AFEAT, —pu/uIFERICK VAL DIRNERL, LA /LR
) LI T B 234)AD—pCouy T RUQRISRO—pu B, fLOIC L Dl
N5THLF—TRI6)XD—pu/ 1%, FHAUTLVEINIIEBMETHD, Zhbd
ODRIETHRELRNDOT, §MEE5AT, —puyy, —pCyy T, —puyH 5 L0
— U, C R BERI OISR & Rd T, TN 21T 5 LN B 5.

2.3.1 RS MEER S

LA VRIS —pu; u DEYD BN S5, Boussinesq 12KV RS AL, JEO & & D5y
TREMEIC X BIS AT

Y AL (2.3.7)
# dx;  0x; 3'u6xk e

THREINLDICHESET, i Th R,

—— (0w, 0w\ 2 ou, 2_
ZZT,
k:Eul’u]’

LA I IVRIEINE, SRR DM ABIZEFIT D EIRETHZE THHDT, ZD
&%@mm%ﬁm%%%@%ﬁ&wbo@x,ﬁaa&mﬁﬁﬁn@mﬁyyﬁ&ﬂW?

T D0, (238)XOANE 1 HOATEEIS(I = ))E2itE T 5 &, FEMHOE B
GFRDOBEIS N2 ) REEEET D,
H(2.3.8) DA 2 BHIFHEES I OFAELRIET D72 OB A S, D) & [FEROMH)
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2T %,
WA, —pCyw T, B L O E T d—puy H I, = KA F—DFLAIC L BIEIC SN T,
TR E DS AR B B L ARET B,

= T oT
—pCou,' T —Kta—xj (2.3.9)

K FTELBMRERT, &7 7 » MVEP 2 NS &

c
K, = Hep (2.3.10)
P

(2310 A x HWIE, K bunbkiETE, b, ELik7 7 v MO M EEE
L721E 9 BRI XM ET25 2 ERMONTNDRD, G777 v MVEP A3 —%
(209 ZH\WTW5,

TEEUE OIS X DR EIEBUE OELIC K Dk E—pu, C' Y, YR
DZEM AR BT D ERE L,

AT _ = 4q
—py,'C' = pof% (2.3.11)
j

Do (TELFLILHARECT, ELILY = 2w M S 20D &

_ U
PSct

(2.3.12)

mt

(231X EH WL, Dy b HIWRETE 5, 7ok, Bty = I v ST 09
ZHWTW S,

2.3.2 15 k¢ FEE

IREDE 2T IE A TH 205, iWRER S, 2 i OIRRE., ST LV ED S,
FLEAY 2@ T 5 RN TS, BRRIEIENA TRICIKS D Z L0 b, Flic
HLTBIMEBERDLERD D, TITINOLDOREUET LH720,” fhefET 5
B “2EY, TONEKERICETD” BT, fEHG Ak, HEONX “2ffE, RE-7EL

g —K L ELEAER € H b IR A T E S,
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1
=5y (2.3.13)

Ju,’ du,’
dx, 0x,

e— v (2.3.14)

Z Dk, eD” FBIR, YEE, ER, HBEOF D k-e FREA LI, BERIICKRAT
FINTWD, FEEMmIEREDOEE,

(')pk_l_(')uipk 0 (,ut 0k>+G s 2315
ot " 0x;  ox\ogox) T ST T T PE (2:3150)

pe?

dpe  Odupe 0 (,ut de

are 1 R
pn 2%, = ox, )+61(GS+GT)( + C3Rf) — Co—

o (2.3.15h)

G aul +6uj aui
s = He\ox; " ox; ) o,

FEREIERAR DS 5,

dpk Oupk 0 (,ut dk

at * ox;  dx; ) Gs — Gsq — Gs; — Gs3 —pe (2.3.16a)

0y 0x;

dpe Oupe 0 (,ut 65) pe?
ot ox; axl

o, Ox +C 7 % (Gs — Gs1 — Gsz — Gs3) — (3 e (2.3.16b)
G Ju; N ou;
s=H ax] 0x;
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2
Gsp = g.’ltD2
U 0p 0P
053 = Gop? o, 0
_ Oy
Cox

k, && kMRS, DRTTHTIN D

pk?
l’lt = Ct < (2.3.17)
NENND, ZNHORIE, o, 0, CiEORBEENZHIIND,
EBOMEITITROBY &725,
Ok O¢ Cy C, Cs Ct Ot
1 1.3 144 1.92 0.0 0.09 0.9

k-e FREXIX, RO FRAXOD, EREHEZLEL L, ROXLIRHLDONREZ LI
Do

FEAE(FLUX B257)
k = A CTOKfE
e = MARTONHE (2.3.18)

Free Slip BECcHFRIE, SEAREAEBE LRV

ok
an 0

de

5. =0 (2.3.19)

XHRIBE(— A OBET 5 Bi5VE 2 5 58)

o
S
S
N
o>
%
&
offf
9
B
ek
&
3
=
bt

BRICEK D ERATHRB SN D,
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1
— =—In—=+4 (2.3.20)
u K

K BV~ 2 EE(=0.4)
A : EH(=5.5)

y @ BEAN D O RERE

U yONLEIZ BT it
v BRSEARE(1/ p)

u*

L BRI E (VT /P)
Ty - AW

BRI & BECR, RHECRI R D STo & L= b, BErfE K & € ofidws e

DB,
w (2.3.21)
K = ..
N
_v 2.3.22
g_ky (2.3.22)

2.3.3 Large Eddy Simulation (LES)

ATEIZ IR Rz kg [TV B EIRET /L EMFEIND DT, kb KA
LRMRHTETH D, ZOTRMETVICHB L TEZ D Z LI, FFEEFHRL TH HILTE
Ru LA VR LRI D FIETREEPEEUE L, RERPSERE S 20 XL 238 LTk
I EITH D,

—J5, ZOX I PR TIEFHME CE R W —A L L B D, AFEOT —~Th D
Z2 IR R bR 2 2 LML T D ELRBBRICER T2 & TANKE W2, SEHETH
I ENTERY, ZOX ) RBIGUIHZRDIEEFEMEIL T TR, ILROARETH LK
IR 2 IR A — L OIRIEE) & EEEICBIfR TS Z LD, BIEEO RANS &IEE 7R D ik
T MERD D,

LES T, FHEHE TITAFR N R 22 = %L F— ok & EEEE O W/ NS R r— L
DOEFEIHRT L TIEET MEEITWD, TR LY b RERAF— L OIXEREFHE TS5
EELD, ZOMAT—NESDWVIINTHZ 2T 4 NVE ) T LIRS,
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TANEFA XL VNS REFIBOET AL, T 7V v RRATF—LET L
(SGS EF V) L IMEEN D RANS & 13572 5 EF AL ET ),

(1) 7anz &I

T4 NE ) TR WVIDORTIERICIE > TEITEIN D,

+ o0
A(x,t) = f G(x — HulE, b) dé (2.3.23)
ZZTGIET7ANEZREEEHINS D, BEEE ulZ7 4 VEZ 23T TR 6 b
FuDT Yy RAT—Va57(GS )7 & &R D,
NS HRERIC 7 4 V& 2T 2356, ROSME

ut+u=u+u
du ou .
3535 7272l s = xt

ZHED &, AR A BND,

dpit. dpmwaw 95 0 | [dp@L Opik
o Pt oL R (—pu‘+—p ’)] (2.3.24)

ot " ox oz ox; |“\ox; T o

720X

optn,  0pTT _ 0P 0 (apm s am@)} _ (s — 0.1

ot | ox  ox  ax | \ox | ox ax;

op 9 [ (dpm,  OpT\ . _
(an + 0x; _p(ulu} _ulu}) (2325)

723, LES TiIwmy, # wig OBIRAEK Y NeomUCTEE,
(2.3.25): T, WIFEHRD D Z LN T 2P0 e BIERD D Z LR TE R, DT
W, HENOEERD LN L0k EE AW TRET HILERD 5,

Leonard (2 X% &, MuAZU FOL OIS LNTE D,

wu=uu + uy +uu’ +u'y’ (2.3.26)
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f:fib, ui'=ui—ﬁl@%§ffﬁ\03%“§<o &Jéb\li;

wu, — iy =uu —uy +uy gy’ +u'y (2.3.27)

Cij = ITlu]’ + 7I]ul’
Rij = ul’u]’

& L, Ljj% Leonard IH(L 7 — FIH), C;;% Cross HH(Z = AIH), R;;% Reynolds Ji /JH(L
A NI LT Do Ly, Cijy RijlZ7 4 2 U U IR0 AT D RA T — Ll
DK D BT DIS T,

LijlZ RA T — VAR NA T — /Wil & DT I K> TRIT DISTIO—HT, RAT—
JABD TRV F—HBO—HZHH D,

CijlTL;j &L AERICKR A T — /RO =NV F—{HD L 29, Ly, Cj& b/hAT—
IVt % 810 #5:C % Sharp Cutoff Filter TIX TN E LW 012725, £72, AIRESR
O XD BRIKRETE R 2 ZEZ D7 4 NVE Y v 7 TlELy, CildEizv,

RijIZ/NA T — AR D R A — AR K 2 T RO KH 5y 2 5, =R/ % —iH
O RE T Lo,

2 727Uy KA —/(SGS)ET /v

NS AR DOIEHERR) 2 7 4 M ZL L TR LTI, £ 0 F F CIRE#ER
5 T LIFTERY, ATEICRAR LD ICuw &Ly, Cj, RyCHMEL, AREENEEE
ZBELj+Cj=0E720, NS HRAMN DI LA JVRER = ww OBDELD, %
ICIDRDETNMEDAHZEEZ D, Z I TR T ANDE DN
Smagorinsky €7 /L DO EZ T %,

Smagorinsky (T2 2 E T 7 DT R)LF—H X4 — Rk™3/312 k- T SGS £F /L T=
KNF—IHBPEL D EE X, WML E A L7z, £ LT LES Okt SGS DRz
RE(TANZHA XD ERERE DFETH D & LTz, T2 TREFRE L ELHET
YINDE2AREEENND &, v = AIS|TESND,

ZIZT, ISliFkThEx 6D,
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. g 6u1+61T]
HRCA 2\0x;  0x;

L7223 o TS PEAR B0
vsgs = (CA)?|S] (2.3.28)

ZIT, ClEAYITY VA —FEHEMIIND, CAIBEDOHIEN G X 7 MOMHEN
FAVD K 9 e NERIEALTIECs = 0.1%, WIKSE D OFRALD K 5 725 & — AR
DFEHT TILCs = 0153 HELEE & T 5,

Smagorinsky OifikEPERE A VT, Reynolds & JTEA 3 &,

om, 9, _
R;j=vsgs a_x,+a_xl =2vs6sSi;
72, LES Tlduuw, — wu, = u,'u"=R;j72 DT,
(2.3.29)

ulu] — ulE :2VSGSSij

CZCIHEMMELES #5825 LEEIXT—E LR, 23.255) O EHEEp TEID &,

ou, owu, 1dp 0 aul au]
3t pan x| \an Fon) T (B T EB)

(2.3.29): % v

am+am@_1aﬁ+ 0 am+aq o
ot 0X; _p(')xj (')x] ox; 0% VsGSij

C19p 9 0T, 0T
+—|(v + vsgs) <6 l+8le>l

p(’)x] ax; |

1op 0 | _ = {00, 01
N A)2 oty

pax,+a,._(”+“s)'5')<axj+axi)l

LB,
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Y 2 — # W,
T A NEY A NI EEA 0 IESN D 3y hr— R Y 22— L0 V & H
A=V3CERT 5,
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o5 3 B ERIRE L OV FBRITIE

3.1 ek v

ARFEBRCTHA L5, A, BLITRT I RHE, ANE AR E LT,
0 —7ARN YA =T IR(CSB L= AR DY = 7 v 7 ZV(CT), / A/
A 2B TIZZRWIEMIE 2 ZV(NC), HER % 2 VRS Ta T i & /3 /R AP 4yl S
H5 _H ) X(D)% 3D 7V v #— dimension ZHWTIERR LTz, =7 1> ) XD
SHEZK 321, —HEH/ AWVIEK 3312, FEME S AV ORI 3.4 [ZZENER
N BN

— 50 — |
i ////%:Q\
=
')
1
S o %_
Vv
20

Fig.3.1 Original nozzle
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- - Amplitude | Numnber of chevron
a i MNozzle No. . [mm] z,
t, 1 6 4
B B 2 8 10
B 3 2 16
4 6 4
5 8 10
6 12 16
7 6 4
8 8 10
9 12 16
Fig.3.2 Dimension of chevron type
20
o -~ Outer n0zzle | Nozte No. | tfmal | D [ma
s TP el
-
u
. 1 1 50
al L1 llgl
S S &
T — \ 2 2 48
50 Inner nozzle
5 5 3 3 46

Fig.3.3 Dimension of double nozzle

®50

Fig.3.4 Cross sectional view of Non-circular nozzle
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Table.3.1 Abbreviation of tested nozzle and their dimension

Shape Abbreviation Dimension
Circular (Normal) N Dy=30mm
C5-1 Z=4, ar=h
C5-2 Z=10, a=5
C5-3 =16, a=6
Cs54 Z=4, a=8
Chevron (Sinusoidal lobe) CE-3 Z=10, a~=%
C5-6 Z~=16, a~=8
C8-7 Z=4 a=12
C3-3 Z=10, a=12
Cs-9 Z=16, ar=12
CT-1 Z=4, a=6
CT-2 Z=10, a=5
CT-3 Z=16, a=6
CT4 Z=4 a=8
Chevron (Tnangular lobe) CT-5 Z=10, a;=8
CT-6 Z=16, a=8
CT-7 Z=4 a~12
CT-8 Z=10, ar=12
CT-% Z=16, ar=12
Star {Tnangular lobe) NC-1 Figure 3
Flower (Circular lobe) }‘_{:_2 I-'Tgu.fe ?
WNC-3 Figu.fe 5
D-1 t=1.D=50
Double nozzle D2 t=2.D=48
D-3 t=3.D=44

HUEL 0D N 2 ZAVEK 3512, CS / A/VE¥ 3.6~3.812, CT / AL 3.9~11
12, NC / A/VEX 312, D / A/VEIK 313 IZENEIRT,
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Fig.3.5 Tested nozzle (N)

Fig.3.6 Tested nozzle(left: CS-1, center: CS-2, right: CS-3)
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Fig.3.7 Tested nozzle(left: CS-4, center: CS-5, right: CS-6)

Fig.3.8 Tested nozzle(left: CS-7, center: CS-8, right: CS-9)
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Fig.3.9 Tested nozzle(left: CT-1, center: CT-2, right: CT-3)

Fig.3.10 Tested nozzle(left: CT-4, center: CT-5, right: CT-6)



Fig.3.11 Tested nozzle(left: CT-7, center: CT-8, right: CT-9)

Fig.3.12 Tested nozzle(left: NC-1, center: NC-2, right: NC-3)



Fig.3.13 Tested nozzle(left: D-1, center: D-2, right: D-3)
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3.2 fREEE JRIA AR

2 A7 aHAZ—E LDV =y NERF ib@&?éﬁﬁﬁg bR X D IRA
e ) AV D EMM IR EZ TR D 72D, KBRS BEIRIC X AMEREHEZ1T - 72,

3.2.1 fRER R

il U7 ARBR S R L, SRS RUYERT IR SN TV D b DT, EEEW’ﬂ
BENEH L A bmEmiEs m%%ééﬁé%@f%@ PR D Z — R LA
STELNTEAIITEE Y 7 ML > THZIZEE S TW 5D, A&l ﬂ’ﬂﬁﬁ@ﬁﬁuf
M Sy, /2 AM R E HTRAOENE T oIS <, FERMICKIED B O34

BRE B RO T/ &,

55kW D F— & — T%%éhé%ﬂ%ﬁ%ﬁmémtﬁh X, WET 4 72—V, &
DA 1A L7, Y X7 R TIE S, KD X7 NOSEEICED T bl s X
w#%ﬂmﬁimmmméMé Fig.3.14 (JAREE T BWIH O F X Td 5 o

Gallery Reactive Settling .
5|tencer silencer chamber W [—— ]
-/ f |:] iNozzle i

: premrad | (403 | Anechoic. chamber

6,860
]
i

| P ~| N
| N ~— f Sound

i Inlet silencer Qbsorber ‘
! ~ Centrifugal fan ,
Speed variable A.C motor !

L L 1

iy .

16,500 10,000

Fig.3.14 Low-noise flow tunnel®
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TEREEERT

|

Fig.3.15 Brower and motor

i

| 4

3.2.2 BREHIE K OGRS

% ) XD & BEF ORIR 2T D 72012, BIEOIKER S BURIZ 2 AV Z2 B0 £+,
VE LT 2 RION L8 52 E% % 5 NL-31 THl@E L, Roland %% PCM L a2 —4% —
R-09HR(X 3.16)iZ L ¥ wav B TS T 5,
317 (ML DR E S &~ T,/ A O L S EEEE 3m, = > Rl 100 ~90°
?10° fF, FFOATHET D, WET LY =y b~y L 02, 027, 034 D 3 /¥
— b L,

Fig.3.16 Sound level meter(left: NL-31, right: R-09HR)
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Sound
absorber

Tested
nozzle

Blower 1 -—-

Straightening |

HY y
mesh @i %)g
.
"."."""'"'T".".TT'T'.'.’.'T'TT]".'TT.T".'TT".T.T'TP
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Fig.3.17 The experimental apparatus of jet noise

Fig.3.18 Installation of tested nozzle
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3.2.3 JHRlE

FEER BT N —E (X 3.20) kO CEM T Y Z WAtfl 7o 2 v~ ) A —# (¥ 3.21)
EMWTEEROCEELHIE L, WX EEROTEEZ RDTZ,

27315 P, + ps

p = 1.2931 T 1013 x 105 (3.2.2)
ZIT, TEy =y FOREK], PydkAE[Pa], pglds = hO#E[Pa],
2Ap

ZITC, KIFE h—EOMIERETL ET 5, Aplit Fh—EFOEE - FEEEL),
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Fig.3.20 Pitot tube

Fig.3.21 Digital manometer (DT-8890)

Fig.3.22 Measurement of pressure at center point

_40_



3.24 ZIRBEAE

CATECHR SO B — A7 + — I U ZIEFIREA > A 7 2 CAT-Sound Camera %
WIS DO EIRIEE 21T o717, K323~ A 27 a7+ T LA, X324 ZHIE « 4
Brég, X 3.25 ICE B A2 ~d, BIREAEZIT S 2 A/VIEN, CS-1, CS-3, CT-1, CT-3,
NC-1, D & L7,

[
/ I'I l 'lyl'l'l

Fig.3.24 Measuring device and analyser
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Fig.3.25 Measurement of noise source identification

Table.3.2 Measuring apparatus

Microphone array : CATEC “SeeSV200Q-48" (48 channel microphone)

Measuring device and analyzer : NATIONAL INSTRUMENTS “NI PXI-8108”&”NI PMA
1115~

Analyzing soft-ware : CATEC “SeeSV200” & “CAT-System”
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3.3 Vi fEAT

J ZNTGAROENT K DS IE DI 21T 5 1o, MY 7 o =727 1A
RV OPLRRIAMRNT > 7k SCRYU/Tetra & FIVN T/ R/VIEGROFRNT 21T > 7., Wi & FF
JEREMERRAL EAGE L, ELIEE 7 /WIEATRRE & L CER RANSGHEYE k-¢ 7 V), ARFHHA
(21X Smagorinky €7 /L Large Eddy Simulation (LES) % V>, fi##r& 217> 7-,

3.3.1 fifbrxise

AFRAT I TACER 35 SRR 3R 2 it L 7= & o ¢, JREER I 3D CAD TEF V 7 LT=
J RIVDEERIr— VBT )V E TR GR & T 5, JRVRGER 2 A5 U CHENT 21T 5 08, fifdT
TG ) ZOVETOMETR A 7 N DIFTEIZBE L TV, fi#lT A~ 3 = &[] 3.26,
3.27 1R,

3.3.2 fRMTSEM:

ARFFE CHM L 7T OS2 3 3.3, 34107, AOBERSMEIE, 7 AV ofls
D~y NS JRIFFRERF & [/ U722 K9 AT 217 VRGE L, it 7 — 213 X
NARIZ 7 AV OO~ v A~ EIRRER & [ Tl 2 L9 RE LI~ v 7
—A(Casel) &, MIZ/ ANDOAOSEME R CIZ LIZFyEE 7 — A(Case2) & L7z,

J RVEEEZ X9 0 72 L OBEm S % 5 2 7=, SCRYU/Tetra TIXREEHI & LT, 12
% k-¢ BT /LTIt A%, LES <TiX Smagorinsky <& 7 /112 Van DriesDriest % (D)5 B
A BRI T LTV D, 7235, Smagorinky 3 Cs 1201 & L7219, Y=y MME
MO ABERSEME L UTH A EZEERKEICHRE L, £, EiRiZ K> THEE
LRMNNEBEZIAEND Z ENTFHEINDWVIALREICITRERE & L TEERKIEE
BRIE LT,

Fig.3.26 CFD simulation model (left: nozzle, right: whole region)
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Suction =

' Outlet

Fig.3.27 Cross sectional view of whole mesh and boundary surface

Table.3.3 Boundary condition Case 1 (equal Mach number)

Mach number of |  Velocity of Static pressure of | Total pressure of
Nozzle type . .
jet “Inlet” [m/s] “Qutlet” [Pa] “Suction” [Pa]
0.20 40
N
0.27 55 0 0
NC-1
0.34 69
0.20 43
CS-3
0.27 58 0 0
CT-3
0.34 73
0.20 45
CS-7
0.27 61.5 0 0
CT-7
0.34 77

Table.3.4 Boundary condition Case 2(equal flow rate)

] Velocity of Static pressure of Total pressure of
Mach number of jet i
“Inlet” [m/s] “Qutlet” [Pa] “Suction” [Pa]
0.20 40
0.27 55 0* 0*
0.34 69

* SCRYU/Tetra TIERE SN RKKREE DEETAT 5729, 0[Pa),
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3.4 SEREAER
J AT KD ERE RN R 2 R~ D 402, BB/ A B — e TR ) AV % i

AL, Z0ERE 2 HET 5, X 3.28 (23R A L 7= JetCat 415/ Vil 7 X & — B> JetCat
P'60 %i—\‘ﬁqo

121.5

Fig.3.28 Micro gas turbine (JetCat P-60)

WIZFHERBR 21T 5/ ANV OFIRZ 7R, FEREHBR A G VI ERRER I VW7
) AN HE_R— 2, T A EMRL, 2 AV E Y = v MNillcst U TR TFIc A A &
IR E Uiz, X 329 (12K ) AD~HEER RS, 3 Avidy =7 arotA
v h—7 2 f(CS-3, CS-7), =M 2FE(CT-3, CT-)2B%IC, / AL Sehie X9 X
P T Lz, =7y Zo~FEEx 3.2 KO 3.1 @b, %330, 3.3121E
% U7z SRR ) A& IRT,

49

¢ 40
¢ 40
I
$D2.0

Fig.3.29 Cross sectional view of based nozzle (left: based nozzle, right: normal lip)
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Fig.3.30 Normal nozzle (left: based nozzle, right: normal lip)

Fig.3.31 Chevron lip (upper : sinusoidal lobe, : triangle lobe)
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Fig.3.36 Test apparatus of micro gas turbine
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FHA4TE ERERK S

41 ZHhE TOMEOEEE Y

INETOMIET, MU R Z— e HOBREREREZFE - RIEL, Y= v ME
TR TREO—DTHAH X T I X —IC O\ T HE R EBR A 1T -7, L FICF ORFZED
B 2T

4.11 HRY — e HEREELSE OG- FYE

2% LR LI K D IS/VBH A4 — L OB THIEFR Y = v MoRET 285, 2
YTy e XU OENTHITERT 28T, SLIRIREEICER T 55 E 1 H D,
AWFETIZNUTG AL — DOV =y MEEFIEAL, 2OV = v MEEOEBERES
IR IEBR A AT 5 2 0/ VISR 5 SRR DR FRRIE AT o 2.0 AR B O il 5 2 e
HEICHAZ = DASGINES 7 N TEIIRE TS,

B MI2 mREEE L, NEESCF s E T b, SMEZAT L AR N, R -
NI 2 FobT B, NV R & — B R B R A TE T 1o WA B
ICHENTr Y 7 =RV, Yy MEFIEY = v MK L TR T RICIR S
[EIVEZ R o T D, £ 2T, MU AT — PR ZVIRS 7 MBS &9 IZi
BI52LTVxy NEEEZER LAANE 510 Lz, #EHNER 410, 8UYELEES
HIELEE A X 4.2 12”7,
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Fig.4.2 Test apparatus of noise radiated from micro gas turbine
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27 IF Y=L DV v MEERBIL/N S 2580 (Z 7)) 28R AVIZEY £,
PRV =y FOFLRIREAZMREL, RSB SE 5, 2 2 CIEHMARIROERE S 7
XV —FRIEL, MUTRAZ - ~OEAEEZRGF Lz, BIELIZERY 7 %4
— O HEE, HER . AVEE D=40[mm]iZkt LT, ME7H % 0.05D &Y 0.1D, &S S5
% 0.1D K11 0.2D & L7=(X 4.3),

—}( W T
(8] Q

MGT A B . C D

o o W 2142 4

MGT nozzle H 4 4 8 8

Fig.4.3 Dimensions of rectangle tab mixer

BIELTEREY 7 I —%2 K44 12, BERBREEICVTDEoD0 7T Uk
X 4.3 |21,

Fig.4.4 Rectangle tab mixer
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=

Fig.4.5 Experiment of tab mixer

412 /WNRIH 27— OERETHIE

BRI ERER T, INUT R F— B DOHOBRE(IE S 1~8), #E LS E
AW GA ORSE E R 1~8), il 7 2 3 —%H L= 54 O5RE (HE S 1,4)
ICOWTHRIEZIT 9, BIERESHZHOTITY, JEFIE, BEsta /M LTPCM L
a—Z—Zwav I CEE T 5, HEREX 4.6 28T, FROWE R TIT/NRH R H—
vy Ol A 50, 70, 100, 120 krpm & 2L S CTHIE, 7 OMRIE R CIEREREIT 50

krpm @ 2 % IE L7,

5 MNo. r[m] B [deg]
6 _,.f". 1 5 0

7 2 1 45

3 2 45

4 45

- 5 10 45

-l',! ’ 6 5 S0

! - 7 5 135

‘ 8 5 180

Fig.4.6 The measuring point of tab mixer test
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4.1.3 EBGER

HAHX—E ORI E R 272012, K47 1K RER TOA—"—F— LT E 1L
JV(0.ASPL) & 7R,

50krpm DI, HERFH /NS W, HERY = v MR ORIt OO R A
O J716(45 deg) DERF 1T/ N &SV, £, BEOTRA N2 T Lo —EE LR B0
a7 Ly RS J7(135 deg) DEEE N K E K 2o T D, [BHEES L2351 8, HE
SR BHR L, ZAUTEI HER Y = v MBS 20 = v M 45 deg 7T DB%
EMRKEL 2o TNDZ ERDND,

180°  O.A 480

o5 SPL g5
90 [dB] 90
85 85
80 80
75 75
70 70
65 65
90° L 60 * 60 | ' 90°
Jet
Flow
—— 50krpm
—=-70krpm
100krpm
(a) MGT only o° [=®=120krpm| 5= (b) On test bench

Fig.4.7 Directivity of noise radiated from micro gas turbine

Z 7 IF =2 WO MITIGEOMEELX 4.6, 471577,

48 XV Yz v M0 deg HIMI T, 7 IFH—ICLDWHEDIENIFEALEAD
AR, WZH T ARV T, # 72k > THE L DB HiT- 255" E 72 v 2~3dB
DEFRENHR LT LES72, 49 LYY=y M 45deg 7MW TlE, 0deg Jim & ilE
FUEITIFEAEDH T TIHWENREA LN o7, LrLET B IZBWT
100krpm DFE, 4 dB OELR1 G DTz, X 4.10 (2% 7 B @ 100krpm (Z351T 5 &
B R A2~ RS = v MRS ORI B 5 %, JRHEIPHIZ o7 > TRE L
TNDHZ EBRDbIND,
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Fig.4.8 Effects of tab mixer at point 1
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Fig.4.9 Effects of tab mixer at point 4
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Fig.4.10 FFT spectra at point 4 (N=120000rpm)

4.1.4 f5im

1)

2)

3)

INRITT A 2 — B U BRF DR R T2 & 2 A, 50krpm TC I E I JE IR B S A
O.ASPLIZ 5 D EIG 322\, IR () 25 BN DX EPESBRE DN RE <2 b,
PERERE MRS LU D DEIE N L L 2o Tz,

FRAE U7 B R 2L 8 oD B B IRl SR 2 F 726 A, 50krpm T 90° 7 alCH) 7dB
OIS OIS, [FHREDS A 51T &3 TR & Ze W PSR 23K
XL o, WEIXIFEAER LN ot

A7 XY —DOEE N REZT-E 2 A, TabB 2T 100krpm D & X (2 4dB 2
DIEDRP RN, ZOMOEZ 7 TIIRITIFEAERLNT, HZXZTD
WRETRENKREL Kotz
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4.2 (RERE JRIA AR

FFIADICEGRGERIC L 2 &G XV OBERHEICOWTEET, 2 2T, FFT &
BGRB8 ) ANOERERINE L R RBEORIIE D, / AR & BRE OB
FRIZO N T OB I ORBFER L A TIT 9,

411, 412, 41313V A v H—T D =T ) Z(CS)DY =~ MMy 50° (21T
% FFT oMt OfERZ R, EkigoZ, @EOMKE 7 ZAV(N)OSHiFER S &b T
W TWND, X41412V = MGB0° IZBIFHCS / ANVDIEER =712y M LT,

FFT ot a2 fo &, BELV-VVEIEEREIC R DI >N THFIZED L TE D,
74— KXy 7 B ICER T 5 X 5 eI S0 A R bR,

CS-1, CS-4, CS-7 @/ Z/FTNTIDO~ v " FUZBWTHEENRELS > TEY,
Z O A E R HBIRIPE > TV D BFEZ ' — 7 BT H % 1000~1500Hz {331 D%
BENRKREL Lo TWVDH, ¥ v FEM=0.20 TiE, N / AL & DZETE— 7 JEH % 1000Hz
FHETREL, AERBENRRESRDIZONEDEI NS RoTnDH, LarL~v vy ¥
MRELRDIZONTE =7 JHAER TOBEEEIT/NES 2D, M=0.34 TiL, 1ZIT2EH
WEHIRIC B W CRBREOBR G M E 72> TV 5,

CS-2, CS-5, CS-8 TiI & — 7 AL DR H I1TE T S 41TV 5723, M=0.20,
0.27 IZB W TITEAIEEIT 72 513 & Z ORJEIX Y, 5000Hz (T b Wil ZhE B 23K
Lo TS, ZHE 211 TR E Iy =7 v rpd@hE, EE BT OR S
DNEEI AR OB L2t B2 5D, Mj=0.34 128\ T, B — 7 (T OBR & KK
FRONDD, EEREHRIR TR O NS INI R Sz,

CS-6 TlE, M=0.27, 0.34 TiX CS-2 72 & LAEEDMMA R S5, Mi=0.20 IZF\
T E— 7 B T T HEREEHEARA OIS, CS9 D/ X/LiE CS-2 7 & & AR OfH
MR R ONE0, EEEEFIR COREHRPIRESHTWSD 0.A HEL~LT
DER RN RI3H U TR <, M=0.20 TIEMIZERE A K LT\ 5, CS-3 DER K
BRI 414 TRLUTZED, CS / ANVDOHT—EFEHW, FFT oM RaeH»5 & 8—7
JE AT DEEE IR R E <, @R RIC BN T HITE A EEEHMA RS
T, Mj=0.34 Tl A EeT Ik T B IR R o5,

TR X~ o NP KREL R BIE EREEBOIENPKEL 2o>TND 2
ENK B4 DBLYIND,
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Fig.4.11 SPL spectra of “CS” nozzle ( 50deg, M;=0.20)
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Fig.4.12 SPL spectra of “CS” nozzle ( 50deg, M;=0.27)
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Fig.4.13 SPL spectra of “CS” nozzle ( 50deg, M;=0.34)
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Fig.4.14 Noise reduction of “CS” nozzle
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415, 4.16, 417 ZI=AEDOT =T 1) X)(CT)OMH L\ 50° (23815
FFT oM OfE R %, X418 1% CT / ANVOBEIKEEZ /R,

CS J ANV EEETCT-L, CT4, CT-7DY =734 50 ) Z)LBRNTHD 2N
BIZBWTH N J AL HEREFAEAL TS, CT-2, CT-3, CT-5 CT-6, CT-8,
CT-9 OfFEH[ENIRIGET 2E B D CS / A L1FF KT 528, CS-6 IR LN —7 JF
AT T ORRE M2 E13 R S 720,

RE LT CS J XL EEENIEL TV AR, # U TREFIEBZIRIZ CS / Avkn
K< 72oTWV3,

50
45 p— J
—CT-1
40 CT-2
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Fig.4.15 SPL spectra of “CT” nozzle ( 50deg, M;=0.20)
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Fig.4.16 SPL spectra of “CT” nozzle ( 50deg, M;=0.27)
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Fig.4.17 SPL spectra of “CT” nozzle ( 50deg, M;=0.34)
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Noise reduction R [dB]
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Fig.4.18 Noise reduction of “CT” nozzle
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[X]4.19, 4.20, 4.21 |2 NC / A)v®D FFT S3#rfi R4, [X14.22 12 NC / 2V O EE K
BERT,

FFT oMk RE D &, & /7 AN b7 4 — Ry 7 L —FIRKFT 5 X 9 72 ek
SR SRV, NC-1  Zudaftit ) roh T b RS MER Sz, LasL
L, EMLO , ALk H/EL o TWETATREENE 2 b5, ARVRRERICER
WD AR TADLE TV D%, NC / XLOREICH ORI 2 XL L0 Hik
HINTWDERG NS D 2y, TR OFEHEN B EICK L TRE S HTOEARESER S 5,
NC-2 1Ev v "EDPMRWIRFI, v — 7 JEEEAHE L0 D LE W ERR BRI VTN
ANED HEERENPER LTS, v v BB KREL 2D EIEE N AV EFRIBROE R
BREEZ TR L TWD Z s, FEMATBOIRIZ LV ~ v DR R SEL R 72 5 )
R ERAHE R L, = v D B ORISR - ER L 0 b AW o 4 B SR
MNKELNZ 2o Teted B2 HIVD, NC-3 1% Mi=0.34 TiX 0.5dB & #5 T DB KI8T
RONDZNIFIE N 2 RV EHEME, OA L LE REIL &7 o7-, ZiuE NC-1, NC-2
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Fig.4.19 SPL spectra of “NC” nozzle ( 50deg, M;=0.20)
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Fig.4.20 SPL spectra of “NC” nozzle ( 50deg, M;=0.27)
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Fig.4.21 SPL spectra of “NC” nozzle ( 50deg, M;=0.34)
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Noise reduction R [dB]
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Fig.4.12 Noise reduction of “NC” nozzle
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423, 4.24, 42512 D / Z)vD FFT iRz, M 4.26 (12 D / AV DS EARIA)
RERT, DAV, S ANVEGTET CHERZ a7 L A SAFRITH L, A
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Gi( Z DY, PN+ S0 7 ZOVER) OISR & 53 Biis s © OFE L O A B T
WHRy, 1A CBREREAET D HBE N ESOLGABEEIIS ST VIAFEN HHE)
WEERhole b bBREIND,

70

60
—D-1
50 D-ZI
—D-3
a0 A AT,
w0 W\f\m -

] T

]

SPL Hz

O T T T
0 5000 10000 15000 20000
Frequency Hz

Fig.4.23 SPL spectra of “D” nozzle ( 50deg, M;=0.20)
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Fig.4.24 SPL spectra of “D” nozzle ( 50deg, M;=0.27)
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Fig.4.25 SPL spectra of “D” nozzle ( 50deg, M;=0.34)
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Noise reduction R [dB]
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Fig.4.26 Noise reduction of “D” nozzle
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WIZ, X427, 4.28, 4.29 |[Z&MELTO A BpPEF — R —F— L FE L~ULZoRT,
ZOMMNG, 7 A D-1 PSMTEWTIIE~ v E E BIETRO Tl ORIE s OB K
EL 2o TWVDN, TAUFMEFIEA FIRICAT < IZHE> THER L, JE S E A &R
IS TWA b EEZ BN D, D-1 Tk Mj=0.20, 0.27 (23 TREH LJ71H 90° 23
ROBEEDREL RS TND, ZAUTFEICELE LTl Y 53iaB i b O & 23 3B
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Fig.4.27 Directivity of Overall jet noise emitted from tested nozzle (M; = 0.20)
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Jet flow

M;=0.27

Fig.4.28 Directivity of Overall jet noise emitted from tested nozzle (M; = 0.27)
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Fig.4.29 Directivity of Overall jet noise emitted from tested nozzle (M; = 0.34)
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4.2.2 EIREA
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T, Y= v FHMIZ 2Dy~4D, DEEREO EIE TR, ¥ v MNERE ORERE A E X D
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Fig.4.30 Noise source identification of “N” nozzle (M;=0.34, 1/3 octave band center frequency:
1600 Hz)

a) CS-1 b) CS-3
Fig.4.31 Noise source identification of “CS” nozzle (M;=0.34, 1/3 octave band center
frequency: 1600 Hz)

a) CT-1 ~ p)CT-3

Fig.4.32 Noise source identification of “CT” nozzle (M;=0.34, 1/3 octave band center

frequency: 1600 Hz)
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Fig.4.33 Noise source identification of “NC-1" nozzle (M;=0.34, 1/3 octave band center
frequency: 1600 Hz)

Fig.4.34 Noise source identification of “D-1" nozzle (M;=0.34, 1/3 octave band center
frequency: 1600 Hz)
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Fig.4.35 Contour plots of dimensionless velocity in the horizontal plane
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Fig.4.36 Contour plots of dimensionless velocity on cross sectional view
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Fig.4.37 Shear layer thickness in horizontal plane (M;=0.34, casel)
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Fig.4.38 Shear layer thickness in horizontal plane (M;=0.34, case2)
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CS-3

CS-7

v

NC-1

Fig.4.39 Instantaneous of vortical structure (vorticity isosurface)
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Fig.4.40 Contour plots of vorticity in an axial sectional plane
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Fig.4.41 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane (casel)
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Fig.4.42 Contour plots of Powell’s acoustic source term in an axial sectional plane (casel,
MJ=O34)
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Fig.4.43 Contour plots of Lilley’s acoustic source term in an axial sectional plane (casel,
MJ=O34)
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Fig.4.44 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane (case2)
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Fig.4.45 Contour plots of Powell’s acoustic source term in an axial sectional plane (case2,
MJ=O34)
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Fig.4.46 Contour plots of Lilley’s acoustic source term in an axial sectional plane (case2,
MJ=O34)
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Fig.4.47 Shape effects of jet noise reduction (M;=0.20)
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Fig.4.49 Shape effects of jet noise reduction (M;=0.34)
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App.1 Noise source identification of “N” nozzle (M;=0.20, 1/3 octave band center frequency:
1000 Hz)

I,l

a) CS-1 b) CS-3
App.2 Noise source identification of “CS” nozzle (M;=0.20, 1/3 octave band center frequency:
1000 Hz)
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a) CT-1 b) CT-3
App.3 Noise source identification of “CT” nozzle (M;=0.20, 1/3 octave band center frequency:
1000 Hz)

App.5 Noise source identification of “D-1” nozzle (M;=0.20, 1/3 octave band center frequency:
1000 Hz)
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App.6 Noise source identification of “N” nozzle (M;=0.27, 1/3 octave band center frequency:
1250 Hz)

a) CS-1 b) CS-3
App.7 Noise source identification of “CS” nozzle (M;=0.27, 1/3 octave band center frequency:
1250 Hz)

' | M L) i;
a) CT-1 b) CT-3
App.8 Noise source identification of “CT” nozzle (M;=0.27, 1/3 octave band center frequency:
1250 Hz)
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App.9 Noise source identification of “NC-1” nozzle (M;=0.27, 1/3 octave band center
frequency: 1250 Hz)

\
\l
App.10 Noise source identification of “D-1" nozzle (M;=0.27, 1/3 octave band center frequency:
1250 Hz)
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App.11 Shear layer thickness in horizontal plane (IM;=0.20, casel)
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App.12 Shear layer thickness in horizontal plane (M;=0.20, case2)
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App.13 Shear layer thickness in horizontal plane (M;=0.27, casel)
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App.14 Shear layer thickness in horizontal plane (M;=0.27, case2)

_94_



Powell

CS-3

Cs-7

NC-1

€T3

CI-7

App.15 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane
(casel, M;=0.20)
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App.16 Contour plots of Powell’s acoustic source term in an axial sectional plane (casel,
MJ=020)
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App.17 Contour plots of Lilley’s acoustic source term in an axial sectional plane (casel,
M;=0.20)
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App.18 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane

(case2, M;=0.20)
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App.19 Contour plots of Powell’s acoustic source term in an axial sectional plane (case2,
MJ=020)
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App.20 Contour plots of Powell’s acoustic source term in an axial sectional plane (case2,
MJ=020)
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App.21 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane
(casel, M;=0.27)
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App.22 Contour plots of Powell’s acoustic source term in an axial sectional plane (casel,
MJ=027)
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App.23 Contour plots of Lilley’s acoustic source term in an axial sectional plane (casel,
M;=0.27)
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App.24 Contour plots of Powell’s and Lilley’s acoustic source term in horizontal plane
(case2, M;=0.27)
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App.25 Contour plots of Powell’s acoustic source term in an axial sectional plane (case2,
M;=0.27)
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App.26 Contour plots of Lilley’s acoustic source term in an axial sectional plane (case2,
M;=0.27)
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