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A Study on Structure and Noise Emission of Underexpanded Radial Jet
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Nozzle characteristics
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Shadowgraph of radial jet from side view ( D, =12 mm )

Averaged Schlieren photograph of radial jet from side view ( D, =12 mm)
Averaged Schlieren photograph of radial jet from cross-section view ( D, =12 mm )
Measurement of cell length

Cell length of radial jet ( D, =12 mm )

Cell length ratio of radial jet ( D, =12 mm )

Schlieren photograph of radial jet from cross-section view ( D, =16 mm )
Averaged Schlieren photograph of radial jet from cross-section view ( D, =16 mm )

Cell length of radial jet ( D, =16 mm )

3.10 Cell Iength ratio of radial jet ( D, =16 mm )

3.11

Comparison of experiment to numerical simulation concerning cell length

(Dy=16 mm)
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Fig. 3.12  Averaged Schlieren photograph of radial jet from cross-section view ( D, = 60 mm )
Fig. 3.13  Averaged Schlieren photograph of radial jet from side view ( D, = 60 mm )

Fig. 3.14  Cell length of radial jet ( D, = 60 mm )

Fig. 3.15 Cell length ratio of radial jet ( D, = 60 mm )

Fig. 3.16  Averaged Schlieren photograph of rectangular jet from cross-section view

Fig. 3.17 Cell length of rectangular jet

Fig. 3.18 Cell length ratio of rectangular jet

Fig. 3.19 Pseudo cell width
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Fig. 4.1 Schematic of feedback mechanism

Fig. 4.2 Sound wave history emitted from radial jet at PR = 3.00 ( D, =60 mm )

Fig. 4.3 FFT analysis of the sound emitted from flow field of radial jet at PR =2.60 to 4.20
(D;=12mm)

Fig. 4.4 FFT analysis of the sound emitted from flow field of radial jet at PR = 4.40 to 6.00
(D;=12mm)

Fig. 4.5 FFT analysis of the sound emitted from flow field of radial jet at PR = 3.00 to 4.80
(D;=16 mm)

Fig. 4.6 FFT analysis of the sound emitted from flow field of radial jet at PR = 2.30
(D, =60 mm)

Fig. 4.7 FFT analysis of the sound emitted from flow field of radial jet at PR = 2.30 to 3.00
(D, =60 mm)

Fig. 4.8 FFT analysis of the sound emitted from flow field of radial jet at PR = 3.10 to 3.70
(D;=60mm)

Fig. 4.9 FFT analysis of the sound emitted from flow field of rectangular jet at PR = 2.20 to 3.20

Fig. 4.10 FFT analysis of the sound emitted from flow field of rectangular jet at PR = 3.30 to 4.00

Fig. 4.11 Screech frequency of radial jet and rectangular jet

Fig. 4.12  Schlieren photograph of radial jet from cross-section view ( D, =16 mm )

Fig. 4.13 Locations of density waves measured from jet axis

Fig. 4.14 Generation frequency of density wave

Fig. 4.15 Shock cell structure and position of density wave source

Fig. 4.16 Positions of cell nodes and sound source of radial jet from slit nozzle ( D, =12 mm )
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Fig. 4.17 Positions of cell nodes and sound source of radial jet from slit nozzle ( D, = 16 mm )

Fig. 4.18 Screech frequency directivity ( D, =12 mm )
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Fig.
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Fig. 5.2

Fig. 5.3

Fig. 5.4
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Table 5.1
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Strouhal number

Coefficient of convective velocity o for radial jets ( D, =12 mm )
Coefficient of convective velocity o for radial jets ( D, =16 mm )
Coefficient of convective velocity o for radial jets ( D, =60 mm )
Coefficient of convective velocity o for rectangular jets

Average coefficient of convective velocity a for jets
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Maximum sound pressure of screech

Sound intensity of screech

Directivity of screech tone ( D, = 12 mm )
Maximum sound pressure of broadband noise
Sound intensity of broadband noise

Sound pressure of screech by nozzle shape

Sound pressure of broadband noise by nozzle shape
Underexpanded jet radially in poppet valve

Underexpanded jet spreading radially on flat plate



{1}
gl
i
|
I

o

Cmin

Smin

S N N

QH]
Te
re

rr

SEHM 2 KV Wr i FE
it A% AN Ty
Z Y s R RO WS

Z Y kRO R/ NS

BELL) 72 2 VIR

2w k7 RV ORREIE
TEARNEZ AR RF O M D
TR O
BES 7 NOFHE

M oW
Mg, 2 ZAsE
INVTEER

Sem s, v 0
) ANVDBRLTE
A7) —F O FARE K
T 18 0D R A JE IR A
MEL I OD AT D IR

2% (Krothapalli &0 A k7 — L OREER L)

BAES

FBEl1EALES
FE2ELES
HBIEALES

Sk R b SRR o BREE

AU v b A ORRRINE D55

7SIV T DT

SEREIERF DML~ v L
EEZ L IND L EES

K5E, FHSE
T35 (=po/pa)
SRR OE & &

Sl ) RV SRR

WL A AR D5 BE I DR AT 1
WETE AT R D5 FE I DR AL 1

MEFE P )~ © oD )

(
(MEFE Pl 70> © oD )

vi



Ar

St

ls

U

[ - 7

B DOFAENE (R v b s O
A ha— U

2y k) ANVDRE

U X 9 GLOB

FEA R IR D ME i R

I/ XV D

Uk 9 ELOBIEHEIZE D 2475

FEEALL

<A U R DOFRE A

Vil



B1FE
ARETIIZEE L LT, EMEERE, REFZREEROMEE, BRI ERE o
JE AR N BE I (B 22 U 72356 OBEEME T DO WERDMFIEIZ SN Tah R, T b &2 E 2

TABIZED HENZ DWW TORT.

1.1 HE

.

HEEE L L — =N TRED T VA N H AL LT T AR OB HME R & LT T¥
A JAWEIFE THW S TWL A DLERLEL = D8 E A BERIZ IR N D, 8 D0 —RIC
IR 2 WA B RS N OB o L SN B R 0 /S L 7 B 70 B Rk < e TR D

L. —RENZZ O XD RPN ITERE LIRE 2RV, ST K o TR SR ORI
ERBEZEASEDLZENHON TS, Tz, BEHEETSIN TR ERT 5 &,
Z D% OWIRFRENITHITIRITIR DS 2 BEEE RS S D 2 L2 5. JIRMICHZET
HEEFRO L EHRSIENBHmIcEmL, 2 AVHANOXRY E COEBENEWEGA, BE
HPE GBS ISR D 2 e D4

D EEROM T E L N HARINTREY, MiESECHFbLe, REE— R
BLONZ SV THREN S TWD. LaL, BEHRICIED 2B EEERICE L Cix, o7
AP TON TR LT, RMEHZREDNE SN TS, AHFZE T, BEm A DR R

(ZIRS D R RRIETIC DWW T, 4 FED ) Az AN TET UL LTINS 2 HEld 5.
MERAEIE &M D DS E AT L, TR O OBREBLET .



1.2 KRB IRER

JERGPERE L & 13 A K DR L S AL B IS T O B CTH 5. FRCES
RMMEIC X DBELEDRE VKA TIE, FiH L FRENZ L EO®RS OSSN
EEETHONERDD. BIEOKEEIM L= 712, HANNLO 2 ZVETRY T
D LT RIS EET L e D, O T/ AV ORI BMEFNE S
EFHRENE L 728 ERZR TR Y, iR & WRENZEICBE NG v a v &
IAEEZMES . ZOBEFEERILELEY 7 NO X ERFIES po & FHAKIE pa O THD
JEFIEE polpa DNEESFUELL L& 720, 7 X QW fEH H PIAT ISRV S 22 D %/ X
NEMEAT D &S REESRICR . £,  AVHRBENkE > TnD T390 XL
EREAL, REHMELL EOE N CTHEH SE 5 & ARREERIC/ZR S, I OREIFIEETIT
J ANV AEBFEAKE pa K0 KREL 2D, Jefll 7 X6 2 AR RREE O
WA 1.1 12R7. 2 ZVHANSRAET DRI, JEFHOF LKA E OFR Th 5k
BRSO UM & 720, B VEIOALE TRIEOERE 2338 4E T D8 O & A L 7
%, FUICHETICON CHRER OFIBIIE S 28 L, ERTAELTRL X 5 ELOBIES K
X B, BAMEEITRNL TV,

Cell

Oblique shock

L[] pa

Fig. 1.1 Underexpanded jet



1.3 JEkiftse

MR DSl ) AN NG A T 2R R IEIRE RIS, R 0 NS & & a1 o gy
WA 7V —F 245 Z &2 Powell 12X - THIESNTWAL, 27 U —F | THRIE N
REWTZD, MEHEOY =y hm VU NbRE LD ERENRTH 25 E OB RICE
1%, Powell I3 & vl b$ 5 2 & C, BEIROLELIZHDIERFRL X 9 ELE Btz
T FWEMR LTS, Cro2Eln  AVHAONOEATE 3 BLERITE 4 B E

WP DL, ROEREETFHL TRWEEEZKE L, FES RO 20 2@
HECHGRO U X D EAEFIEREIT 7 4 — Ry 7 V—T I L > TR 7 U —F 0354
T 5 LA TV D, Norum (TS O EBRIE 21TV, A7 U —F ORI L

(R < e S A, BRI T [ 5 9001 1 IR EFRE DFRWRIAIMED S 5 Z L 2@ L T D
6, Zo k57, WG BAE L 2EE OBEEE LM, WS ORET— FoOfif
sl 7e S TH Y, Krothapalli 515° Suda &I CEBRZITV, 5 3 BB A
7V —FOFERTHDHERRTND., ZORAT )V —FBHLEEL-LT 74— Ky 7 L—
TREREIZ OV T B FFEMT AT B k2l skl isl el 22 g ¢ i3 2 XV H RIS O
AT T, 74— RNy I V—T52HEL TRV —F 2RI LHEER RO T
W50,

ARIFFED R T & 2 HGHR O EREIERETRIX, PRBEBI O BER SV 7 0 [EBLE O JF
TIHEE SNV TIFEOTRNGHAE L 5. WIREBI DS V7 ORI 21X 1.2 12, JEFREEN
VT OIS X 1.3 12T, Z OREHIROAR R IZIRETTIE, PR CIRIRA R O FeIER =
DIETFORKICR D, £z, EHRE LT CIEMEROREE T4 U ENEINC L Dk
DI TR, BEE OERT XX — L A RO L o THAE AN IR U O i+
HIERIC A B 08l 72 HIERCER D 7 AL B H &7 R RN IR 2 FLispg A
PR CPAR IS 2E S 72 AT, TARICAE U 2 BEEE T © iR R R IR L 72 5 2 &
N DM, SRS ETZE 9 D M & BEEME T OIS 2 X 1.4 1R T. 20X S RiEngE
L= —INTHED T > A § T ZARLENGR A 7 A BERE ORI T A DN Lt E%e LT
B\AICAL, U UIRIRE) & BRE 2 0 5 72 DI TR E OR FofEEBR B2 B b S 5 02106,
ZDET, SRR RIRERIT T EMICZ TR TERALBLTH Y, MihoEE%x
BT 52 LIF TR EEFICEECTHD. 2 E THBSPRA EIEIEE R OS2 108 3
D701, WAL O AL EBRSCBAEARNT 23T DI T 5 320021, FE Gz L U 5 BRE I
BT oimiddEV I TWaw.



Radial jet

Fig. 1.2 Poppet valve

Radial jet

Fig. 1.3 Pressure reducing valve



Barrel shock
Mach disk

( Normal shock )
Triple point

Oblique shock
Radial jet

/
’ \
/ \
r \ '
; \ \ \
! ! .
|
\

Slip line

Stagnation bubble
( Recirculating flow region )

Fig. 1.4 Underexpanded impinging jet
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Compressed air Radial jet

Compressed air

Fig. 2.1 Slit nozzle and radial jet
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Fig. 2.3 Round slit nozzle
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Fig. 2.4 Divided slit nozzle
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Table 2.1 Nozzle characteristics

D2 b Dz/b
12 2 6
16 2 8
60 5 12
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Fig. 2.5 Rectangular nozzle

11



22 PEEA

KRAFFE TN BLE RO A X 2.6 (a) &[4 2.6 (b) ITRd. a7 Ly INE

SNFZERIX, =T FIAVICXVBRBISNTH—U % 7 THREVAZELD BrE, g0 e
SNTFEREND 2 OOGEX V7 ITGSIND. 2 DOEEY I NOJEN R ELL 725
LT~ 7 A—F TRIE LW b JEMEROMGRIT VLTI L > TGRES L, Rfl)E
M Z2 5T A Lot 2l L CRBRESNIE S LS. ERERNOER R L RIZHRES
7 NOZERIEEITHFIETH S, K 26 (@) OEHEEEZ L 7IIFAY v b ZAVTHDHIME
Dy =12 mm, N Dy =10 mm % 72134M% D, = 16 mm, WL D) = 14 mm O HERED (1) 5
, THHOHIIEM 23 (R KD IZKEEE b 2R TRV E>Tnd. oEIAY v b
J RNV ERE ) A 2.6 (b) IZRT XIS, 1 DO®EZ S ZITROHITFoins.

High
pressure
— o tank
= _ = = = = Nozzle
= Air cleaner I High
Compressor Air dryer Surge tank pressure
tank
Manometer (1T
(a) For round slit nozzle
E Silencer
| > = —
- | —y - pressure
—E—q D—u:n— =< ank
Valves =
— Air cleaner ! ] Nozzle
Compressor  Air dryer  Surge tank
Manometer

(b) For rectangular nozzle or divided slit nozzle

Fig. 2.6 Compressed air supply equipment
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Condenser lenses A\ -—-——— N

Light source Pinhole — \ J/________

Collimator lenses Mi
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(a) For side view

Nozzle

Light source - Pinhole .
Knife edge
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Collimator lenses

Camera

(b) For cross-section view

Fig. 2.7 Flow visualization apparatus
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(a) For round slit nozzle (b) For rectangular nozzle or divided slit nozzle

Fig. 2.8 Location of microphone

14



FIE vav/EBAEE
3.1. =

ARETIIHEREIRO Y 3 v 7 BUEEICOWTRRS. A7 U —F LIFEh 5 e
DHFFILY 3 v 7 B E FF OB RER N BAE LD 2 ERMLNTE Y, Witk
EHYETHZENEETH D, BRI E ORAEREEIIE LV E SIS FT 5 Z L3 m
HILTEY, BIREROBELVE S ZTHANDL Z L1k, BHEDOREA =X LEW LT
TAHIDICKETH D, ERESLL EOFET & U T fGhIRE i & EE IOV T,
MIES I X OWrdE i & O gk & BRI L5 B VESOREEITY, vav skl
HEORME LR SICOVWTHB AT 72,

32, FREHIRMETR DS 3 v 7 B ILRERS

321 Dy=12mm AU v b/ X)L

3.1/ AWIMED, =12 mm DAY v b R/ BT 5 BEHRERO > v Ko 7
T 7LD AU E R EZ T, @EXY I NO K EREIES py & KEIE p, OIESIEE PR
(=po/pa) % 20005 4.00 DFPATE(L ST, T HIEX 2.7 (a) ORIERD D OF]
FULBEETHY, BEHPROOLEIZH DAY v b AV A0 SRR SEH L,
[FLDPPRIZIER DR B IRE SN TWD . BEENLHPRETOREABOFHFIIAY v /7 X
LD THY, HEEOUVREDOTZDHDAF LI ORRELFEoTND. M EHO MIE5ES
iR OV~ v ~NTH Y, LToR (3.1) Ik RdT-.

(3.1)

T TrITHBLTHY, AFETIIELRDTZD k=140 L L1z, J AVHhEEHINHZ%E
RNFIRICET HEESEIE 1.89 LV ETREWVK 3.1 (a) DI 2.00 CTIERENE NI
B X DRV, K 3.1 (b) DOJEH 225 TIHMEFNICHERIRD 4 DOMEEE 38152
ENnd. ZOMBRRKOEENEEZ T 2 v 7 U7 LMY, J A FULEINZITW S OB 1
av s VT, E2vavy s Vsl h B EE20vay s IR

15



THDHN, FILEFEAIFFTAYa v Vo IRRUNTEY, TRl 5 IZ DR
BEL CWDZ eSS, K31 (o) OESH 250 TlEvay 7 V73582 £T
Bz, B3 OMEICIEAMSRY 3 v 7 U o 73R TE e, K31 (d) OFEJI 3.00
EX 3.1 () DIESI4.00 TIXHFE2 v a v/ V7 ETREINS.

16



(b) PR=2.25
M,=1.36

(d) PR =3.00

1st shock ring ( 1st cell )

2nd shock ring ( 2nd cell )

(e) PR=4.00
Fig. 3.1 Shadowgraph of radial jet from side view ( D, =12 mm )
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M;=1.05 M;=1.14

(a) PR=2.00 (b) PR=2.25
M,=1.22 M,=1.36

(c) PR=2.50 (d) PR=3.00
M, =1.56

Lst shock ring ( 1stcell)

2nd shock ring ( 2nd cell )

(e) PR=4.00

Fig. 3.2 Averaged Schlieren photograph of radial jet from side view ( D, =12 mm )
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Fig. 3.3 Averaged Schlieren photograph of radial jet from cross-section view ( D, =12 mm )

20



HI1IBALESL, B2BLVES L, 3 BLVRES LOWELIT-o7-. KEILE SO
M 3412, WEMEZK 35 IRT. X 3.5 Offfill: 7 A vig ek Lzt kS,
BRI E N TH D, R—DEN T ERAOE 1 EARKbELS, TitfloF 3 &1
D BEV. JEINHENPRELSBRDIZIESELVESIOEITIRELSRY, Mo 2 ik
FB3IBNLOENLVESIICEHPHERTXD.

Bl EE2LVLRSDH L, /L, 2BV EHEIVLESOR L/ L, 2K 3.6 \TRT.
fithI VR SOk, BEITESLTHD. L/ L OFENT 074, L/ 113072 THY, L
WO NVEES L VELS 5. £z, EAHEBHEML T ELVESDITIHEVE{L L
WZ ENbD.

= | =

3.0 T T T T T
°
25 o ]
°
°®
220 o* . .
~ .o. 00 o
5 (] Y'Y,
%15 - ..o oo, .
; ° ( FY ]
10 r .:..o .
®
0.5 t H -
0.0 1 1 1 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0

Pressure ratio PR

e o L,

Fig. 3.5 Cell length of radial jet ( D, =12 mm )

21



Cell length ratio L,/ L, Ly/L,

1.2

1.0

0.8

0.6

0.4

0.2

0.0

L . . i
) PY 000
L ([ J Y ]
° °o® o0
Y CIPY [ ] e _0g9
o oo.:s ® o
o ) o °®
([ J
1.0 2.0 3.0 4.0 5.0 6.0 7.0

Pressure ratio PR

Fig. 3.6  Cell length ratio of radial jet ( D, = 12 mm )
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(a) PR=2.00 (b) PR=220 (c) PR=2.40 (d) PR=2.60 (e) PR=2.80
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(k) PR=4.00 (1) PR=420 (m) PR=440  (n) PR=460  (0) PR=4.80

Fig. 3.7 Schlieren photograph of radial jet from cross-section view ( D, = 16 mm )
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e
(a) PR =2.00

() PR=13.00

M,=1.56

(k) PR=4.00

Fig. 3.8 Averaged Schlieren photograph of radial jet from cross-section view ( D, =16 mm )
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Fig. 3.9 Cell length of radial jet ( D, =16 mm )
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Fig. 3.10 Cell length ratio of radial jet ( D, =16 mm )

26



J RIVEE Dy = 16 mm O EEHRIE TR O TN D W CTEAE AT 217 o 7o FP2 % dUr
PR R b THRIE X, RS R & O AT o 72, BUEfEST 0GR T 2
RKILTHY, AV v~ A6 DGO RN Z %R, / ZAVEEEIZIET N0 A D
& Lz, ARFROIBITRIEDZERN /NS W, KRGRRICITA 1 7 —FHR%E2 0
W, Yee 12X 5 2 WKEE TVD {£& Minmod #I[REE A A4S DOE THEIN TWA.
Z OFHRE = — RIEAE S PN sl B RS O R AT o TR Y, ERER LRV
ENFEoNnTnD.

FEBR & BERST OBV E S &K 301 (R, fiEtlmid ) RUiE CER T LIZ BV E &,
BIE N TH D, FEBFER E BT ROE 1 EARSITLS—HLTWnHZeN
s, 2 BESITESE 2.60 225 3.80 O#PH CTERBRGEE & TR RITIZE A Y —
LTHEY, ZNLUSOEETIEERBERIE T/ NS b, § 3 BALEIIINSWEK
TIRHEBRFEROIT NS 720, JENLOWINE & HITHTRERICI O <. KBRS
EfEAT R L —E L TWD 2 Enn, BRI OB /UAEIED 43 708 THIE S
TWDLHZ b5,

3.0 T T T T T
2.5 ‘ °
L ° 4
A
[ ]
“ sé
: 20 r ® [ ] °® [} 1
= ‘ [ ] ® [} A A A
B 15 | LIPS e2,4 e
5 6.0
= ASe O
3 1.0 N $ee 8
05 A .
0'0 1 1 1 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0
Pressure ratio PR
L=1L, L=1L, L=1L,
Experiment A A
Calculation o ®

Fig. 3.11 Comparison of experiment to numerical simulation concerning cell length ( D, = 16 mm )
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(a) PR = 2.00

() PR = 2.80

Shock

M;=1.19 M, =125

(b) PR = 2.20 (¢) PR = 2.40 (d) PR = 2.60

M;=1.36 M;=1.40 M;=1.45

y 4 "" b T - . N ™
() PR = 3.00 (g) PR = 3.20 (h) PR = 3.40
M,=1.52

() PR = 3.80

Averaged Schlieren photograph of radial jet from cross-section view ( D, = 60 mm )
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M,=1.52
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Fig. 3.13  Averaged Schlieren photograph of radial jet from side view ( D, = 60 mm )
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Fig. 3.14  Cell length of radial jet ( D, = 60 mm )
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Fig. 3.15 Cell length ratio of radial jet ( D, = 60 mm )
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Fig. 3.16 Averaged Schlieren photograph of rectangular jet from cross-section view
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Fig. 3.17 Cell length of rectangular jet

34



1L EE2ENESORL /L, F2BVEEIVLESOH L/ L, 2K 3.18 [TR
T Ly LT 101, Ly/ L3 1.03 &1 LRFELL 20, Eiflé FiRflloe v
SIFHELWZ b5, X 3.18 OFPHTIE, JEALSEIML CHLELVEIHIZIZEEAL
AT B AR,

1.2 T T T T T

—_
(e
T

< < e
L AN [ele)
T T T
1 1 1

Cell length ratio L,/L,, Ly/L,
o
[\

2.0 3.0 4.0 5.0 6.0 7.0
Pressure ratio PR

o

o
—_
o

WL/ m L/L,

Fig. 3.18 Cell length ratio of rectangular jet
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Fig. 4.2 Sound wave history emitted from radial jet at PR = 3.00 ( D, =60 mm )
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Microphone

PR=420,M;=1.59,0,=6.76 X 102 [ kg/s ]
0 ,_’_,__M._J |
PR=4.00, M,=1.56,0, = 6.48 x 102 kg/s |

-~ L _

PR=3.80,M,=1.52,0,, =620 x 102 [kg/s |

e |,

0 |
PR=3.60,M,=149,0, =592 X 102 [ kg/s ]

i L

i PR=3.40,M,=145,0, =5.64 X 102 [kg/s ] _

O o ,LA

PR =320, M,=140, 0, =535 X 102 [ kg/s ]

— L

Sound pressure [ Pa]
S

0
i  PR=3.00,M,=1.36,0, =5.07 x 102 [kg/s ] - /Scre“h
Broadband noise - P
0 ll
L PR=2.80,M,=131,0, =478 x 102 kg/s ]
0 A
E - PR=2.60,M,=1250, =448 X 102 [kg/s ] |
=\ —
0 10 20 30 40 50 60 70 80

Frequency [ kHz ]

Fig. 4.3 FFT analysis of the sound emitted from flow field of radial jet at PR = 2.60 to 4.20
(D;=12mm)
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B;BNozzle
450/_/'/.,

PR=6.00,M;=1.83, |
0,,=9.18 X 102 [ kg/s ]

PR=5.80,M,= 181, |
0,,=8.91 x 102 [kg/s ]

PR=5.60,M,=1.78, |
0, =8.65 X 102 [ kg/s ]

PR =5.40, M, = 1.76,
0, =838 x 102 [kg/s ]

PR=520,M,=1.73,
0, =8.12 x 102 [ kg/s |

PR=5.00,M;=1.71, |
0,,=7.85 X 102 [ kg/s ]

Sound pressure [ Pa ]
e

PR =4.80, M,= 1.68,
0, =7.58 X 102 [kgs ]

0 =

i PR=4.60,M,=1.65, |
0, =731 % 102 [kg/s ]
0

L PR =440, M;=1.62, i
:[: 0,=7.03 X 102 [ kg/s ]
0

1[Pa]

0 10 20 30 40 50 60 70 80
Frequency [ kHz |

Fig. 4.4 FFT analysis of the sound emitted from flow field of radial jet at PR = 4.40 to 6.00
(D;=12mm)
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432 Dy=16mm AU v k) X)L

4512 ) RANHME D, = 16 mm DOFUEIRMENTE D FFT fEATHE R OBl %2 773, 3 &L,
BN B CH H. 2T 046 BEIOEENET —Z % FFTf#T L, £TDAXT ML
10 ENBESE LIEfERTH D, A7 U —FRBTZE I H 3.00 725 4.80 £ TOHEIZ % 0.20
AHTRLTCWD. £z, PSR OMT~ v N M, & 522 ERERFOE B8 O
HRLTWAD.
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TILE M 43.9 kHz T, HHEIL 1.6 Pall2d. EAOTRbbEERREOHEME & b7
H— RN R A ZXOFEEITEE Y, FEEIHME 2ol a2 Rd. £/, K43 BLOK
4.4 D ) XNVHMNE Dy =12 mm O FIHRIER & B2 0, JEHR ERT5Io0TAZ U —F
DR 23 R A3 2 B [ LRERE T & 7 0.
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Sound pressure [ Pa]

1[Pa]

Fig. 4.5 FFT analysis of the sound emitted from flow field of radial jet at PR = 3.00 to 4.80
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- PR=440,M;=1.62, -
L 0.,=9.38 X 102 [ kg/s ] 4
L PR=420,M;=159,
;—_‘MZQOI © ey
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J
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i W 0,,=7.52 % 102 [ kg/s ]
e
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- PR=3.00,M,=136, -

i - 0,,=6.75 x 102[kg/s ] 4

0 10 20 30 40 50 60 70 80

Frequency [ kHz ]

(Dy=16 mm)
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433 Dy=60mmuyEIAY > k) XL

4.6, [X14.7 8 XX 4.8 12/ XVIME Dy = 60 mm OFEGHIRIEFE O FET f@AT 5 o6l %
AR MEERASEIE, BRSNS ERECTH D, 2T 046 MO T— X & FFT f#fT L, ZD A
AR bV S BINESEE LIRER T D, M 4.6 1327 U —F 2R UTci/NES 230
O FFT RATHERCTH Y, ZOEHIT ) AAME D= 2mm BE 16 mm DAY » k /X
IV DFEFIRIESE K VARV, JERH 31,7 kHz IS/ S 72 % £ 0.06 Pa DA 7 Y —F & 15 kHz f+F
PIZTB— RN R A XBRHERTE D, X 4712 230 205 3.00 £ T, X 4.8 ITJE
1 3.10 225 3.70 £ TOHPHADWE A 0.10 A A TRLTWD. X 4.7 DJETIH 240 TiX
302kHz IZAZ U —F PR TE 5. 20k, A7V —FOREEBITE T 7Z2b HE &R
BOWME & BIET L, FEEIHNT M2 7R3, [X4.8 DE/OFEMATRKARL 85
370 TIEAZ UV —F OJEHEEIE 22.0 kHz (2725, 7T r— RNV K A ZOJEEEITHET T
DM E & HITIER T 525, EHE3.00 LLETIEIZE A EZEL LRV,

0.2 T T T

PR=230,M,=1.16, 0, = 1.06 X 10" [ kg/s |

0.1

Sound pressure [ Pa ]

0 1 1 1
0 10 20 30 40
Frequency [ kHz ]

Fig. 4.6 FFT analysis of the sound emitted from flow field of radial jet at PR = 2.30
(D, =60 mm )
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Microphone

PR =3.00, M, = 1.36,
l 0,,=1.06 X 10" [kg/s |

PR=2.90, M,=1.33,
0. =103 x 10" [kg/s ]

0 . A

PR=2.80,M,=131, ]
0,,=9.95 X 102 [kg/s |

0 -~ ! 1

Broadband noise PR=2.70,M,;=1.28,

\Qm= 9.64 % 102 [kg/s |

0 I W A
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0,.=9.34 x 102 [kg/s ]

Sound pressure [ Pa |

PR=2.50,M,=122,
0,,=9.03 x 102 [kg/s ]

O - A

PR=2.40, M, = 1.19,
0, =8.72 x 102 kg/s ]

PR=2.30,M,= 1.16,
[ 0,.=1.06 x 10" [kg/s ]

1[Pa]

0 10 20 30

N
o

Frequency [ kHz ]

Fig. 4.7 FFT analysis of the sound emitted from flow field of radial jet at PR =2.30 to 3.00
(D, =60 mm)
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Microphone

L PR=3.70,M,=151,
X ‘L 0,=126 % 10" [ kg/s ] 1
0 M e :
I PR=3.60,M,=149,
0 ) ]
_ PR=350,M,= 147, 1
£ i On=1.20 X 10" [ kg/s |
o 0 )
5 B ]
g : PR=3.40,M,= 145,
g - 0, =1.17 X 10" [ kg/s }
C% 0 M )
X PR=330,M,=143, |
i 0,=1.15 x 10" [ kg/s [
M v i
0F ]
I PR=320,M,=140, |
i 0,=1.12 X 10" [ kg/s 1
_____.,.....MM‘“ e N
0r ]
s PR=3.10,M,= 138, -
= ! J 0,,=1.09 X 10" [ kg/s ]
IR _
O 1 1 1

0 10 20 30 40

Frequency [ kHz ]

Fig. 4.8 FFT analysis of the sound emitted from flow field of radial jet at PR = 3.10 to 3.70
(D, =60 mm)
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4.4 FEIERE T O E

4 4.9 3 L O 4.10 IZHETEMETE D & OFST & 2 FFT flftir L7z R o Bz 3. it s
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Microphone

.

0,=5.57 % 102 [ kg/s |
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|

[

Higher harmonics PR=3.10, M;=1.38,
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)

:
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A

%

1

{

PR=2.80, M,;=131,

0,=497 x 102 [ kg/s ]
~ A

PR=2.70, M,=1.28,
0,=4.82 x 102 [ kg/s |

Sound pressure [ Pa ]

PR=2.60, M,=1.25,
0, =4.67 x 102 [kg/s ]

PR=250, M;=1.22,
0, =451 x 102 [ kg/s ]

PR=2.40, M,=1.19,
0, =436 x 102 [ kg/s |

PR=2.30, M,=1.16,
0, =420 x 102 [kg/s ]

1[Pa]

PR=220, M,=1.12,
0,,=4.04 x 102 [ kg/s ]
0 1 1 1

0 10 20 30

Frequency [ kHz |

N
(e}

Fig. 4.9 FFT analysis of the sound emitted from flow field of rectangular jet at PR =2.20 to 3.20
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Microphone

PR=4.00, M,=1.56,
0,,=6.75 X 102 [ kg/s |

PR=3.90, M,=1.54,
0, =6.60 X 102 [ kg/s ]

|

PR=3.80, M,=1.52,
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PR=3.70, M,= 151,
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S
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PR=330, M,=143,
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I
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Fig. 4.10 FFT analysis of the sound emitted from flow field of rectangular jet at PR = 3.30 to 4.00
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45 A7) —FJEEE

X 4.11 12 7 A/VHME Dy = 12 mm, 16 mm, 60 mm O FFHIRIESE & HER DO A7 U —F
JEMe B A T, MEE R R, BENIE I TH 5.
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LTWa. EHOEINIGENA 7 ) —F IR T LTk, fHERADES I 3.70
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AR DREE % AT AL SR ORI AL TH 508, BAHREFRO%E1EX 3.19 O X
INTEMT D, HEIRIEIL TIRICZR 51204, EHEOXNZME T2 X2 1/ha< s, Ei
MEA NS R D7D VREIBELS R, BETRERITEEERE Y bEEREDO 2 7 Y
—TFERAETLHEEZ LS.
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Fig. 4.11

Pressure ratio PR

Rectangular jet, w =5 mm |
Radial jet, D, = 12 mm, b =2 mm o
Radial jet, D, = 16 mm, b =2 mm A
Radial jet, D, = 60 mm, b= 5 mm *

2
5 *(Radial jet, D, = 12 mm, b =2 mm) O

% X (Radial jet, D, = 16 mm, b=2 mm) A

Screech frequency of radial jet and rectangular jet
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4.6 R OFEAJE B

4 4.12 |2 £ 4.80 (My = 1.68) DOBREII LW H RO BETHIKER DY =V — L U B H A
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D KO IZAKERLE L TR T 2 EALT G, R itiudmE Al s, Fiz,
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ST HETE 4.40 205 6.00 DFIPHT, A7V —FFEEHE R —HLTWD. J ALED
REV Dy =16 mm O FEAPRMEFEIC ISV THESIE 420 75 4.80 DFIFH TR W—E AR LT
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M,=1.68

Arc-shaped density wave Arc-shaped density wave Arc-shaped density wave

PR=4.80

Fig. 4.12  Schlieren photograph of radial jet from cross-section view ( D, =16 mm )

Fig. 4.13 Locations of density waves measured from jet axis
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Fig. 4.14 Generation frequency of density wave
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47 BEWFEOIRREMNE L ELES
TR e D 28 FEPE DR ANLE OFHITEZ K 4.15 12T, B3I BLFEREICE 1 BAE
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Fig. 4.15 Shock cell structure and position of density wave source
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) RNV Dy = 16 mm O RS TR D& L E DAL E & 5 EE R AN 2 X 4.17 125
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Fig. 4.16 Positions of cell nodes and density wave source of radial jet from slit nozzle

(D;=12mm)
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Fig. 4.17 Positions of cell nodes and density wave source of radial jet from slit nozzle

(Dy=16 mm)
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48 A7 U —FDFEMM

J ZANVHME Dy = 12 mm ORGHIREIEN St & 2 7 ) —F ERE flc >0 T, <A
7 a R DFREME 0 % 15°075 60°F T 15474, ES1H % 2.80 705 6.60 E T 0.20 %4 &
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Y. AT AR OREAE =455 FEHEL LT ZIT35%UNTHY, 0 12k A227Y
—F I f ~DOFBIT N E DD
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40 =g
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Frequency f [kHz]
\
W

Microphone

0 1 1 1 1
2.0 3.0 4.0 5.0 6.0 7.0

Pressure ratio PR

15 A30° 45° 60°

Fig. 4.18 Screech frequency directivity ( D, =12 mm )
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Fig. 5.2 Coefficient of convective velocity o for radial jets ( D, =12 mm )
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Fig. 5.3 Coefficient of convective velocity o for radial jets ( D, = 16 mm )
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Fig. 5.4 Coefficient of convective velocity a for radial jets ( D, =60 mm )
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Fig. 5.5 Coefficient of convective velocity o for rectangular jets
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ICERTHEEERIX o ZEHT 2R 85 TH 044 005 0.49 D IGHISRWEIFH & 72 5.
—J7, WERRMERIEL ) AAAME Dy =12mm, Dy=16mm, D,=60mm & HI2H 1 LR S
LiCHEHLZald1 K0 KREL DD, FE2vNES L TENTS L aldD,=12mm O
A TIX0.62, Dy=16mm % 0.69, Dy=60mm (X 0.72 il EDOHFIERER & ik LT 78k
EIZ725. FHIVLVES LTRERHTSE ald D= 12mm OBFETIL033 L7220, BEIC
WESNTVAHELY HRR/N S, Dy=16mm (3 0.43, D, =60 mm 1% 0.57 & 24 72 5l
LD, TNHDZENG, BHMRERICE T 5 A7 U —F OREFEBIIH L TE 2 H
HWVEE 3 ELVRIVEERNNTA—FTHLLEEZOND.

Table 5.1 Average coefficient of convective velocity a for jets

L=1L1, L=1L, L=1I;
Rectangular jet 0.44 0.46 0.49
Radial jet, D, = 12 mm 1.19 0.62 0.33
Radial jet, D, = 16 mm 1.33 0.69 0.43
Radial jet, D, = 60 mm 1.07 0.72 0.57

67



54 HE

FNOEEFEERT A b a— TR Y —F HEROEHEZ{To7-. AL EE
NHEBLNEZELREEND, A ho— 1 HONREESLE L TCREEMEEZE 1 L, F2
T, H3vATEICHEL, TH % Krothapalli OFRERR & 21T - 72, HIEERIT
B, 2, HEI3IOETOBNLEITEHHAELTYH Krothapalli D& L < —F L. FdhiRmg
WlE D, =12 mm, 16 mm, 60 mm OETIZHNT, H1EARIELITEH 2 ELEI T
59 % & Krothapalli DAL W K& R 2MMARL, 8 3 B/LE S TEAET S & Krothapalli
DHRE KL —FT 5.

27 V) =FBROHERDOE D TH LD U x 5 ELOBIHEIZEHD LRI o 2O
TH1ENL, F2EL, HIBVLVTHAEZTo ., EREKTILIEOELESZHANTDH a
IS HEHR RS NRIDH & 72 5. R RIE Dy = 12 mm, D, =16 mm, D, =60 mm D2 TIZH
WCH T BEARSTHRELZ a1 LV HRE<RD. F2EALBLOE 3 ELES TR
T2 & o (THEOHIIERER L i U T4 2B EIC /e 5.

PUEDZ Ens, BEPRERICBIT DA 7 U —F OREFREEICKH L TEH 2 BLrESH
DWEEIELVEIVHEETHDL LEZXOLND.

68



e A7 U—FLTa— RN R4 XDOGFE
6.1 =

AR TSR X ORI DR AET 28 E OFEIC OV TR L. Wik s
O FFT RHTHE RN O A7V —F ORREELRE Lz, £, &ERE O/ L7 IO
FRERADHAET DA V—FOTFRMICBE LT, TENREMRH 2R,

6.2 A7V —FDOFE

5 4 T TR L7z BhIRME i & M A D R AT 2 B E 22U C FFT AT L 72t R
O, A7V —=FOFRRFEZRE L. ZhEK 6.1 IR T. fitiiI A7 U —F ORKEE,
FEE IS TH Y, FLENZ IR O bRt 2 329 XM LR D, /b HIFFET 5.
J ANVHEE Dy =12mm & Dy =16 mm OBHHIRERITZE AL TH, FEOHMEIX
DINTHD. / ZAVHME D, =60 mm O RUFRIET & AR, ROEDTIIE L
DY L CHEOEMEIT/NS <, FE 290 BLETIIHEEOHWMENKE 8D,
Fio, TNOOFEIL ) AVHE Dy =12 mm & Dy = 16 mm OFEGHRMER & b TRENWD
EMDDD. ) ANIMBEMEDH. Dy /b PR EWVEE, DF D 2 RITEERIZE S UZE RS
V—F OFEIL, JESOEINIEaMicRE< s,

Tam 5PN X 25640 Zu s B 5 R RIEIERT IR O U5 O S &, i~ v o
Bt A (6.1) 12T

rec (M2-1) (6.1)

ZIT, TS OME (BL : dB), MyIXSERMRIEOE R~ v NITH Y, EhED
SIZIEA 7 U —FREABRINEEN TS, M=1, T72bbill EREROLE, "E
TENICE B 3 22\ o O B IZ RO RIAR & DIRABEFICL 2 b0 L7220, K (6.1) 1X
B/NTTe D, My D3I L TR 2 2722 EHSRE HHEM L TS S BHIT My 23EN
LU CARBIZEENRLS 72D &, BIRNIZIE~ v NT 4 A7 DR S AU TR 13 hn L 72
{725, A7 V—FORKGFEENX (6.1) TEIELABREEZK 6.2 1T, I kEs
JEZ 2X107° [Pa] & L7=HFosmE, HElhx (MJ2-1)2 ThbH. JAWVIMED,=12mm &
D, = 16 mm ORBEPRERTIL (M7 - 1 )275§ LS U BB TEHEDOMSITIZ L A LA L7

69



WZ EDD, ERNICY v NT 4 AT PIFIEL TCWDA[EEMEDR ® 5. 2 ANVHME D, =60 mm
ORSHRETIE (M2~ 1) 11 Bk, SRR (M- 1) 7% 1.6 LECBWTEOR
SIHIFEAEE LR 5.

18 T T T T
16 | [ i
14 .
£12 | ]
- [
10 " i
8 ]
& 8 r . u .
<
5 ¢ .
2 L i
%! Ege
4 . "
- ." ’ -
" .
2_I...=.0 Q‘AA“‘....... |
0 LMee’e 022 o0 . .
2.0 3.0 4.0 5.0 6.0 7.0
Pressure ratio PR
® Radialjet, D,=12mm (D,/b=6)
A Radial jet, D,=16 mm (D,/b=38)
¢ Radial jet, D,=60mm (D,/b=12)
B Rectangularjet (D,/b=o)

Fig. 6.1 Maximum sound pressure of screech
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Fig. 6.4 Maximum sound pressure of broadband noise
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Fig. 6.5 Sound intensity of broadband noise
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Fig. 6.6 Sound pressure of screech by nozzle shape
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Fig. 6.7 Sound pressure of broadband noise by nozzle shape
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EILTs

AWgE i, KigXaeE£LDLHITHY, KpIBYL 5 THRELR OO ZHEAIL Y
FUIRGUEERY: B EEs ZaRICREH OB Z R LET.
AWFFRICHER R TR L THELHS, Kma TAGES £ LRUERRY: BT
ORI BIRICIREHBL ET. AR TERWEEE, AR lEEL D
MEZTES LAY BT AGRMGME FEERR, FUTEEAY BT
MArPBER MR, BUCFEMORY: BETSAES  ILRERA]  HEBdRICHILA L ETET.
AT @ 72 TS A THE, ERREAT b 2 T T2 RO AL PE E BT i 5 P
WARBIL BhEICEEALH L B £
AWFFEDRREAT 12 < O ZTH A EZTEWTZHOUEM R AR P LARTER Biis
BERENIIER  CPEERZK, BRIGEZER, AR K, fARTENEE BEAEIZ
basd & D P AEOERRKIZIE AL L BT E T

TERED F £ RFBERmAT- OS2 5 2 TIHWZ A AR EKRASHE FAMKR HRIE
HMLE L B ET.
FEFAROWIEBATITHED O ZTRE & T 2 THW - AAFESMRAS T | ®E &
B, miEd K, FEEE D AR, BRRIL JTER 20 &3 5 EERICER < R
BLET.

AL DOFRETHICKATINEZE AF, BRE ERIE#HLET.



