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Tomogram Visualization of Supersonic Jet Noise
Using an Optical CT Method
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Hideyuki TAGUCH]I, Seiichi SHIGA and Tomio OBOKATA
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Supersonic jet noise was visualized using a newly developed optical CT (Computed Tomogra-
phy) method. From a converging round nozzle whose exit diameter is 8.0 mm, air is injected into the
atmosphere. The pressure ratio is set at 2.25 (M;=1.14), and an under-expanded jet is formed. A
sound wave is pressure fluctuation, and the density fluctuates at the same time, Using a kind of
schlieren method, the fluctuation of the density gradient is detected. A He-Ne laser beam passes
through the supersonic jej, and the beam direction is slightly refracted due to the density gradient
inside and around the supersonic jet. The beam refraction is converted to a brightness signal using
a knife edge and a photo sensor. The signal obtained with the photo sensor is the integrated value
along the laser beam path. Using a modified Abel inversion, the local refraction of the laser beam
is calculated and the tomogram is re-constructed. It is shown that, using the optical CT method, non-
intrusive acoustic measurement is possible even inside the supersonic jet. It is shown that the sound
source of the screech tone exists around the 4th shock cell of the under-expanded jet, and that
intensive fluctuation is observed not only in the shear layer but also along the center axis of the jet,
implying the existence of the traveling shock wave.
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Table 1 Supersonic jet conditions.

Nozzle exit diam. D 8.0 mm
Pressure ratio Py/ Py, 225
Jet Mach number M, 1.14

Screech oscillation mode Toroidal
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Fig. 1 Schlieren image of supersonic jet.
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Fig. 2 Schematic of optics for optical CT method.
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Fig. 3 Schematic of laser beam refraction
due to density gradient.

EIJEER (X, Y ZKXFTIFER) ZHWD. 5
(B r BT DR E AR,

op(r) _
"Er-— = f(r) (1)

LB, AP L—Y - LEITAIL, RRTEES
BANCHBITS @ HBEE (Xr) iIZBTHL—
P e—LEITA « (X)L

8(X,r)=clf(r)sin6?:clf(r)i 0)
r

LERIND, 12770, ¢l TEETHD. L—FE—A
JBITA ¢ (X r) (ZEEEEABLD XI5 RSy O TR
EZTDI0, sing (=XIr) ZRTINERDD.
ZDEI T MBS EERT HFeET, BED
TV E TR, AR T, L)W@it
() OEEEHREITHZ LT, ZOREEZEFOT
—VEBIIRETS. X Q) &, L—FE—2uk
BITIh>T (YElZIh>0) , X<r<RO#EBTHES L
TMERS, WBELEICh S L—Y e — 2B E (X)
LB,

g(X,r)rdr

)1/2

E(X)= 2f

HBHL—HFE—IMBXIZBO T+ MUYt
H S AEERLJOOE, KROS5 ICEL.

AI(X
=0 @

72720, I oI b—H B — ADRITHE A DR,
AIQO) X V—F E— LTI X DIEEE L Th 5.
ZOEEJ(X) L HEReEIDEA L—Y A
AL EXOWCHAH S @

J(X)<E(X) ©

X O ZHNT B 2E&ET L,

IXY 2, JR(f(/’d’

©
_x )1/2
DALY D, 12120, i@ Todd. 22T,
I =" o)

rrn=10y

(X20 2 r=z0)

DOEBERZITH LT, R (6 IIKAIFEEN
5.
*(r)rd
J*(X)——-ZCzE({ (/:/);)1';2 ®
P2

R ®) 13, O 2OT— NG HETHY,
ﬁ@ﬂ?ﬁ’] CRAD L SRS L3 TED O

ro-sLirmed

72120, idETHs. X Q) kv, 7+ bk
TR SN DIEEA L (X)) DD, RFTREEARL
f(r) ZEBRTD LN TES, FEEOAITH,
ZDEEAIRY 3D DT80 J*(X) [ TBERAHES | & 72 5.
BERb S = 9) (ke RREER S B, AT
TiL, Bar OFiE @ AW, R 9) TR
FET 5.

— 126 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

K¥ CT B BEAEREToONBIHA 381

3+3 ERESHIE  FRIIENEENTHVIEE
BHATHD. IEEHERL DY NN THIAT
5. LR, TRTOEEIIROR L4 5.

HDYELE rIZBT AHERELS () 1Y, B2
BBy OEREGEE LT,

fr=3 As,(r)explio,s) (10)

EREND. 1221, Ap(r)idnE B ORGSO
BRIRE, o,/3 n FEOEBEER S OARBEKTH
5. n=0DFFMBEFEE L 10D, ERUL, BEAEE
BN & U CEHIR AR T D720, BAERNE -
R DLW AR E A BET AUERSHD. ZZT
VIO, BEABLS ()L, F¥EEr 7
U H LIRS LIRET 5.

—%, 74 MU THRIESNOMEES L J(X )i,

J(X,0) =3 A ,(X)explim,t) (11)

ERIND. TIZL, Ap(X) i3 niEE ORISR D
BRFE, .03 n BEHOREERSOAEEETH
B. n=0 DR EREIEE 725,

X 10, ) % X @, © fATDLE,
RO,
)| L d ] @A (X)XaX
> Arn (U—Z{ 3mdr{f"(X2_,2)l/2 H

(12)
DESLT D, T, nEHOBREER S OH %
H U,

w1 d | RA;*(X)XdX
v
(13)
BENLTD. K (13) 2ANVHZ LT, 7 U
TRHAIS VD IBEERIE 4,00 005, JRR 2 mAd
HRIE A (r) & RDODZENTED. 2B, 4u(r)BL
A (O HAEERE SOERIRIETH DL, 22T
AR AE IS L, BEEITo WL, (HAEEES
TRAFSNRNZ, SHUEETREFEEE LD,
HF CTIEEAWD I LT, BRI B AECRIE
Ap(P)BKRED. FOWERIEHIC VTR 2.
FRIIESEBORETH Y, R EELE L E)
EUTUERET 5. R 2GR DB o(r, () DFEEh
i3,

p(r9t) = z Ap,n (r)exp{i(anr - a),,t)} (14)

LEIND. 1151, A (r)iEn BB OB O
BRI, o3 n BB ORBREERRS OB, wddn
EHOREBRG DABBTH D, a, IRFHI
Tl (WEIOGEEEE) 20 LT o, BRI O
HZETRD, n=0DERNEFEELD. K (14 D
2y Cdo DFEEE AL DWEN T,
aptr.t)
or
04,,(r)

= Z {—a——- +ia,A4,, (r)} exp {i(anr - w”t)}

.
(15)
TRIND. —F, BEAEOKENT,

[, =3 4, ,(Nexplila,r - o)} as)

EHREND. TIT, A,(r) DEEHOHHTNE
WERETD &,

A= 19

DIFENLY 5. FEPEZEN & P ARAEN S 90 BEDNIAR
Z2RD, TORBIINE o BT R25. nEBD
BSOS D DO THAUL,

Ap,n(r):c4Af,n(r) (17)

DHOIT 5. 72170, eI THB. D%, BE
WA, (r)L, BEAEHNE Ap(r) IZHFT 5. K
(17 %, X (13) A TBLE,

Ay, (X )XdX
Apn*(r)=—cs %%{.[R (;',2 frz))l/z }
(18)
BRI 5. 120, ol3EThsd. LLEDOZERD
b, XF CT EEZAWD Z L CRAWHBERIE
A AN EFHITE D2 21025,

FEONIGEE 2756, IR D EEnT-
BT, BROREZFHRTEDLEZILND. L
DURRH OB TIE, 0 4, .(r) OB by
ISBEABN, o @) BN X > THEENERD
IO e, B r OB E 725, ARFFETIE, Z7Y
—FEROEE EWIFFIH LT 570, HERED
RE PR 2 SRR & e, ASROFHH T,
X (13) ZRVEEARRIBZ AIRILT 2L &35,

—127 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

ZD=25, D=50 (z=20mm, r=40mm) Th5. X4

b 12, 74 UL - TEHAl S-SR
ARSI~ Y, BocfE cEoH b
SEEEHRIE A,/ A 2o d. A0, R HNC
A ba—r i E T, FHINENL, ZD=25 XD=
50 =20mm, X=40mm) ThD.

X4 @, b £9, HBKHzIZAY V—FDF
LENE—I BEND Z D &0 E5 0
KHz(Z, 7'u— RV Rov—s38ns &9 Eh
THGRL 7+ MY ORERIT, L T 5.
L—HFE—A& T b ERWAZ LT, JEEm
FEGHMFIRE TH D Z LAVRENT-.

508, 74 M & o CEHlll & MEfsE S
AR, A RIS 4, SRR
Y. BATHMC L—Y e — M8 XD 273, &
BLELY, ZD=25 =20mm) Thb.

ETOL—FE—IMIEXDIZBNT, KI28KHzIZ
AT ) —FOE—IBBND Z ED5hB. 0<XD <
05 (BHRPER) TIX, A7 J—FOr'—2rn3EHh5
& [RIRAZ AW RS ol - TEEIBIND . XD
=05 (/ AVHO¥E) T, A7 U —FOr—7 MMk
K&y, FELFFENRDHD EEZBND. 05<XD

(EFAN) Ty, FESEFREFEKHICERE LT
TR V—FDE— 7 BPBEL TN Z 3%
N5, L—FE—Ahé 74 MY ERANAZET,
RESHEPNER > B AR REIC o7 BIRIAY EBI VT,
B AR RTRE L 72D Z L AVRENTZ. D

382 H# CT s A BT EERE T OWE R
Strouhal number
0 0.5 1 .
@ 15 13
< f Press. transducer
32 I Soreech  z/D=2.5,7/D=5.0 ]
ST O1F -
R
E E [ Broadband peak
Z 505k ;
2 [
8 of -’
®) f1s5p >
= L Photo sensor .
I 1 Screech /=25 X/D=50
3Y 1f .
£ 5 [ Broadband peak
5. 0.5F -
4 § [
= s v~ - ]
.‘O:D 0 o A 1 2 1 i L " q
<0 20 40 60 80
Frequency kHz
Fig. 4 Jet noise sound spectra obtained with
(@) pressure transducer and (b) photo sensor
atzD=25,
041
3
< 0.3+
-
‘q
=9
§ 0.2F
5
=
20
g 01F
1.5.
10 ro}\xﬁﬁ\
0.5
% 20 40 e
Frequency kHz W
Fig, 5 Jet noise sound spectra obtained with photo sensor
atzD=25

5%, WERSNBOBEERE 0L U3 ) TE
ThBHR, “OBNE, X (18 ZAVEELSEHRE
U BT L L5,

LEB® R B & U E R

4-1 BWEXDEHN X4 @ i, ENEHES
W Lo TR ST MEiBi S B &~ 4. Hidi

i, B CHEIEA L S VR 4,/ Ay 57T

Ry, TEEEA LA ha—ylkETRd. X
kr—rLOBEHITI, EEEE, Ao To
WG, ) ANV OERE AW FHENED,

@5 0.5 S —

‘i 04f l«— Nozzle exit radius b
< L ]
§ o2f | | ;
2 o i |
& OF | I .
Foooald e L]
0 0.5 1 1.5 2

Laser beam position X/D

®)z 0.5

< 04F E E re— Nozzle exit radius
=9 [ i ]
g 0.3 Data invalid | 1
= 02F o= : ]
< t ot E
& 0.1F ! ]
= - _ ]
£ O | %eatt e ]
5 -0.1 P RPN RN S ST
_ 0 0.5 1 15 2

Radial position /D

Fig. 6 Brightness and density gradient amplitudes
at screech frequency at 7D =2.5.

— 128 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

HF CT 2 M- T HERET O BRI 383

fREN (13) [RAT 2 LT, BERERAD

B RERE A TE TR LT 5.
4-2 WBEEEBE X6 @ i, A7 U—F

BN DIEERIG 4 2R T, HEh DR RIE
Ay BRENIL—E— 2B XD 29 K6 b) 1T,
X (13) #AVTH@ER SN, 27 Y —FREHZ
B HRE ARG A 27, feh IR AR
Ay, BEWIERE D AT 6 @, b &
BIZFHANIEY, ZD=25Td 5.

6 @ XY, MEERE 4 FERPNETTIRE
—FET, JANAEAECRAL2Y, FEFEKE
TIHEFAREE L T Z 083455035, FHAGIED
2D =25 THY, HEHRNEIIIRT oy a7 IME
1£9%.

6 (b) L, EEBRINEEGR L BESR
Aot A, 13, "SR OERE R CRE pfER LY,
RIVHEEIE CHOMA L CTHEREE & 9, #EsH
[P TIEEFRIIEE L T 2 E3nd. ZHET
REEC 3 - 7= MRS D b SRS BHS U d07= AIRIA
fEK T, BEARIEEERAFRETH D Z LAVREN
7=, 7%, 6 (b) CHERFLILEFDT — 5 BFEE
Lavoiy, K () OEHEHDTD, D=0 ThE
DRELIRDTeHOTHD. EI-ARGETH- Bar D
HECH, MaEbd 50T DRk 2 5o
DT —F BN THZEEITY @ . Zofw, Fuldl
6 3 E ECOFHIRERIITEL 225,

71, EHER SRR AR RROWIEG R oW
g 2 Y — LB R 7 O E¥531EK

(13) ZAVCEH#R S BEARRE 4 0%
B TSR 2 ) — LR BREE AR
& A 3EORKETER LS TS, KFRoR
A, L e—L2Bm@iiEERRT. Ui oh
RETHB.

780, BEEER L BIEEERSE OTANTET,
T NECRIE SRR % & DR B S
5. EEEEESPOENOE T, BEAECRIED
X% & DI BRI ShD. BEARE
TEASK X RGEIRE S a v 7 R UEE L I—BL TR,
BOEBIZ LY > a v 7 B ANESRICER S AE)
EEE O BRENTWH EEZBID. BEAR
PRSI 4> 3 v 7 0 CROKER L0, A7)
—FEFWH Z OFHIAHET D Z &5,

817, PR SV ARCHRIBTRG 2 H N
B S — B R K 8 o I (13) A
VOB S AV R AECHRIE A, OF R, TS

riD

Af /Af Max

0.0 05 10

Fig. 7 Re-constructed density gradient amplitude at screech
frequency and time-average schlieren image.

riD

S— Af /Af, Max
0.0 0.5 1.0
Fig. 8 Re-constructed density gradient amplitude at screech
frequency and instantaneous Mie scattering image.

VR S —HE AT S EEURD DR TEE
g% RO T

8LV, zD=2~3fbEND, EWEYR (K
FH) BFGEUID D Z LD, ZONEIE, B
3~FAva vy 7 eMIRIRT S, AR, >
3 v 7NV EEESEER AT 5. Flo—H i
J ZVERIZBEEL, Uk 9ERE 722 D IROIBFERLD
EonTED, TOT 4 — KRy I V—TRRTY
—FOFEERD Y ey ERERSED
DI ETITESFGEL, A7 V—FOFRER
DT EWGGD.

Y% CTIERRAWAZ LT, ZhE CEEEHIE 2
T L SEEEC o T OEIROIREE VE, [EREE]

—129—

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

384 K% CT B A BT HERES QBRI

BT B 2 LICEBI L. A% ZodiE, 5
Tt LN IR ~ER L TOS FETH 5.
5 & B
eI HRNE Ch DN CT A REL, BF

BERERT oW L2, [ v

SUSHIT A REARERIC L —F E— A5 BaL, B

BERRAC X B IBITORE S &S, FHREERICT

—~ VBRI Z LT, BERIBORTEG A FER

Lz, ZORER, UTOMRER .

D) kAN T RIS L CORERIITE T —
VIR, BREREIT) Z LT MVER
STRECER LT

@ BEREREEEETD L —E—LA0ETOKRE
&b, BERIEOWTEGE R 5 EE A EH
L.

@) N CTHEEZAWADZ LT, BEFEEPRED
BRI DT DIRA BT, BER
TROWTEE 2 BT A Z EBFRETHH T &3
NEN.

@) BEHEER L LR S OEANTE T, BER
TEAMBAAE A & EEEA BB S nD. £
TABESEER P DTS T, REERIRA MEOE
# L DRSO E N D, BERIEA K
XpSEIR L Soa v UL L, BoR
B X 0> 3 v 7w R ER T S 58HE
BRIEREN TS EEZ DA,

() BERRIE 43 v 7 R UEETRKERZ LY,
A7 Y —FFRIZOEAHET D, vav7
TN ELE S B DD B E CRREL,
ATV —FDOFRE 2B LEZ NS,

AWFFL, FHAZEHZRAEHERE JAXA) SRS
KL OILFERFFED—ERE L TEB Sz, ABZED
Efichi- v, SRR BEmaEmbe GRE
&5 . 15760595, 17760634) DBhRKATEV . A<HF
FEDERNTY VB Z AT &EEE, TS
H BATEMRE OB AT V. T IR L THE
ERTH.

X [

(1) Raman, G.,J. Sound and Vibration, 225-3 (1999), 543-571.

) Powell A. etal, ] Acoust Soc. Am.,92-5 (1992), 2823-2836.

(3) Umeda, Y. and Ishii, R, It J Aeroacoustics, 1-4 (2002), 355-
384,

@) Ahuja, K. K. and Brown, W. H., AI44 paper 89-09%.

(5) Samimy, M. etal, AI4A Journal, 314 (1993), 609-619.

(6) Kobayashi, H. et al, ASME NCA, Acoustic Radiation and Wave
Propagation, 17(1994), 149-163.

(7) Outa, E. et al, Proceedings of the 16th Int. Symposium on
Airbreathing Engines (ISABE 2003), CD-Rom, AIAA.

(8) Araki, M. et al, Transactions of the Japan Society of Mechanical
Engineers, T1-707, B (2005), 1798-1805.

©) Araki, M. etal, AI44 Journal, 44-2 (2006), pp. 408411.

(10) Araki, M. et al,, Transactions of the Japan Society of Mechanical
Engineers, 73726, B (2007), 567-574.

(11) Suda M. etal, AI4A Paper93-4323.

(12) Asanuma, T, A Handbook for Flow Visualization, (1977),
Asakura Shoten, Tokyo, pp. 328-341.

(13) Yaoita, A, Numerical Methods for the Abel Inversion, The
Circulars of the Electrotechnical Laboratory, 172 (1971), pp. 1-32.

—130 —

NI | -El ectronic Library Service



