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Thermoacoustic phenomenon has attracted attention as one means of utilizing relatively low temper-
ature from waste heat automobiles and factories. When a sufficient temperature difference is applied
to the both sides of a regenerator (stack) which has narrow flow channels, a sound wave occurs with
resonance frequency of tubes in which the stack is installed. This phenomenon is called thermoacoustic
spontaneous oscillation. Thermoacoustic electric generator converts vibration of air column to electric
power. Traveling-wave thermoacoustic electric generator of looped-tube type has a attracted much at-
tention because of higher efficiency of heat-to-acoustic conversion than standing-wave thermoacoustic
electric generator. However, the operating frequency of such systems is fixed because of the resonance
frequency of acoustic system and mechanical system. Therefore, there is a problem that the power
generation efficiency fluctuates to use the unstable heat sources.

In this research, electricity-feedback traveling-wave thermoacoustic electric generator is studied to
solve this problem. The system has two linear motors installed at both sides of a thermoacoustic core
(it consists of stack and exchangers) and electrical power is fedback via an electric circuit connected to
the linear motors, which replaces the acoustic power feedback by looped tube in conventional looped
tube traveling-wave thermoacoustic electric generator. It is expected that the operating frequency
can be varied by regulating the electric circuits’s coefficients, which makes the system free from the
restriction by the resonance of acoustic system. In addition, compact system is expected because of
the elimination of the acoustical resonance tubes.

In the previous study a stability analysis method of electricity-feedback thermoacoustic electric
generator has been proposed on the basis of the Nyquist stability criterion and frequency responses of
subsystems including the thermoacoustic core and linear motors.

In this research, in order to realize a traveling wave electric generator, we extend to deal with
multi-stage cores. By using the proposed method, a suitable condition on tube length is analyzed by
varying the distance between linear motors. As a result, it is shown that the resultant system actually



oscillates by using electricity-feedback. In addition, to investigate the effect of electricity-feedback on
the oscillation situation of the system, analysis and experiments are carried out by changing the series
resistance in the feedback circuit. The followings are conclusion.

(1) Effect on Critical Temperature Ratio (CTR)
By interpolating the temperature ratio between two frequency responses of experimentally ob-
tained cores at different temperature ratios, a method to estimate CTR (minimum temperature
ratio at which oscillation occurs) was proposed. Both estimation and experiments results showed
that the CTR becomes lower when feedback circuit is directly connected compared with the case
when feedback circuit is opened.

(2) Effect on direction of acoustic power
A method of estimating incoming/outgoing traveling-wave pressure components to/from the
thermoacoustic core is proposed. Both estimation and experiments results showed that acoustic
power flows in the same direction of acoustic power amplification by core when feedback circuit is
directly connected, and that acoustic power flows in both direction from the core when feedback
circuit is opened.

(3) Effect on feedback electric power
With a variation of series resistance in feedback circuit. The feedback electric power was analyzed
by using proposed method. Both estimation and experiments results showed that the feedback
electric power flows in the same direction to acoustic power amplification by the core and the
power becomes larger as the resistance value of the circuit becomes smaller.

In summary, it was experimentally shown that an energy loop in the same direction of core’s
amplification exists through acoustic and electric power by electricity-feedback, which suggested the
practical feasibility traveling-wave thermoacoustic electric generator.
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Table 3.1: Experimental equipment

Stack NGK INSULATORS
honey-comb ceramics 600 cpi
I =55mm, ¢ = 50mm
Loudspeaker FOSTEX FW108N
Power Amp. YAMAHA P1000S
PC Dell PowerEdge840
(RTAI3.6.1/Linux kernel 2.6.20.21)
A/D, D/A CONTEC AD12-16(PCI), DA12-4(PCI)
(12bit, £5 V, 10u sec)
Thermometer ANRITSU HPD-2234

Cartridge heater

HAKKO HLE1201 (100W)

Sheath heater

HAKKO SWD1040 (400W)

Thermo cont.

HAKKO DGC2310

Pressure sens.

NAGANO KEIKI KP15

Bellows

IRIE KOKEN NS151-1
! =30mm, ¢ = 51lmm, k = 7.13N/mm

Linear motor

FOSTEX FW208N

Oscilloscope

LeCroy W wave Jet 324A (200MHz)

Chiller

EYELA NCC-1110
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Fig. 3.1: Photograph of thermoacoustic core

Fig. 3.2: Photograph of stack
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Fig. 3.3: Apparatus for measuring frequency response of thermoacoustic core
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Fig. 3.5: Photograph of voice coil

18



34 YZT7E—2DEF-BEHEHMENER

FRRALE ORI % Fig. 3.6 1”7, 2 2 CIXEEMEOLGH L, 54 B CTER- TR DR
IZOWTIER DL, V=7 F—ZITHAY T 2 TIRIEI S, Ui FEE v, v; RKOERZ T 57290
MR L7z U =7 & —Z OEMITHNE U7z BEBUSERES I 286 L, Tt Y OHNEE ps, pe,
Ui -FEIE v, v; &2 A/D LYY 3 TERY AT, 7272 LEEVREHIA ICHET 10Q ZEYIEER L, £ 0
Wi DEE vs, v; 22HEI @ = (vs —v;)/10 ZHET 2, KOV =7 F—Z 0L IEDOE /252 71
(2 vs, 1 DM ZEED TN D,

AN A AN ANV\Z;%%T@@'_
i E i ! L - —
SPK1L. Q P48 | L—
l_.l\\i i W\/\,ﬁ@@@@@@@
Hi/ Ps1 1 pcll i '
LW |
I
A/D |« v
V
AD ' >
PC
ulPA |+ + |
D/A > 10Q -x—<——
—— J__ O—

Fig. 3.6: Apparatus for measuring frequency response of linear motor
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Fig. 3.7: Electricity-feedback thermoacoustic electric generator with n-stage cores
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FA4E BFEaATHIHISERERINE-EHI714—F

Ny Y BBREEREHRORELHEN

BT 4 — Ry 7 BRI BB A TS D7, G BT OBME SR LT 558
EROWH, 2T N—BOBEIC OV TES [3] T, —ERE Lz ) =7 F— 4 OBEK-EERE,
S O ERE IO TG B 7 226 R RO FERE2 RN L, BELEICRGSh AT E=T
DJERBISE & & b ICHBERORIRRI AR T 5 FIEPRESINLTWD, TITARETIIZOFER
BEHE a7 NEEOLEITIET 5,

FTE 41 HICTaT —BOSGE ORIRIRUEIT FIEL 2B 2 7 OBA LR Lo FIlEZ 7~ 3, &K
T A2 W CERRE LY —TF L LIEGAIS, a 7B MES iz L X ORERMYT, —5CF 434

Hq:
il

TIEaT7TEEE —EL LIGAIl, BERRE2ME LI XOREWMBT 21T, BH7 44— KXy 7
Ko TRRNELD AT LEHEET,

4.1 ZTEMETHE

BEEPCIREN 2D VAT ADE LTI, SMLE L TR f OEZEN G bz EE, ZO4E
TOWEETR —HAEE f THAIEE 2, A7 L~

w(t) = coswt = Re{e?“!} | w=2nf (4.1)
DIEZREEREZ b &, O ¢ 28T 5 RKEND DJENEE) p(a, t) 1%
p(z,t) = Re{p()e’"} = Re{|p(x)|e/“+P))} (4.2)

ERIND, T Tp() II0E v ITBIT DEHEET, EREREFFHIND, ZOMIHE [p(x)] 1% p(x, t)
DIRME, £p 1T w(t) 1T D p(x, t) DAARZEEZF T,
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FFREN D L &, —RIC ENEZ LT EHITPEE & AT ENTE, ZORDEEWIT—RITH

CUPIE SV
Pp  10%
02 oz " (4:3)

WL TEE S, ZO—#E, — oK 5 ETH LY

p(at) = F(EE) + (5D (4.4)

L72%. [(@) L (@) IHEEOEEKCENTN ¢ DEDHI, ADFENAGMT 5T 4% 60T
b, co BEHTHD, 2T, BNICHEBRKO TSRS X b & &, BRITE B
CHAHREEIT 5, Tk X3 (4.2) 15 (4.4) OBEIRIEE

p=Ae I L Belhr | | = d (4.5)
co

Lieh, kLS, A B ixEnEhn o OLEFR, ARG 5 ETIIE RS OBEFEIRIETH 5,
F T [RBRIORL - E B DR SEIRME a b

ke gz, =2 (4.6)

ERIND ZATFMEEEA L E—F AT, pl3BE, SITEOWmEEL LT, —>OWEITHETIK

5y A, BIx 2 Bk [22) 165
—Jjkls

. D2—eM
A=—"—"F——— 4.
j2sin(kls) (47)
= —patetlp
_ 4.
2 sin(kiy) (48)

ERED, 277 LA LTI O 72 0 2 0 5,

ERTFIE B 1L 2N D OMEITIIESI AR ICB T D RERNZR v 27 LKL [20] Z VT, BAVEE =T
DJEREISE, V=T =2 MOES-TERFEN D, BEEaT 2HHxNS, Z01ENh07 4 — Ky
7 BRI G E B 2 MES & AL CHRAL— 7RISR LTHA 2 bR E B2 EAT 5,
a7 —BDOGEEITRIT DRIRSMTFIE (3] 22 B2 7 OGEITHLR L FIEZ LN IR 3, &
D27 OREBISED NS 56T 5 FIERFHONE TH L, 7L, ZEHEkShi=aT
728, KRR EED v AT AOFEA % chain-scattering 8l [21] & A ¥ —FEZ HWTREGICELT S
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T2, KL TIHREI Y 2T LD ASHEEDOER ((4.9) K> Ay & By) ONAE Z HERHFZE & 13 E
%7 %,

1. = 7 ¥R JE I BB DA R,

Fig. 3.3 DIEE 2 AT a7 —Boy O EAERBUNE LR Z1TV, a7 HORERN T AT L Geore,
= Gcore1 - (49)

DB ENEE 2 RATRD D,

1

Al A2 | | BY B2

Gcorcl = ~2 ~2 ~2 ~2 (410)
B BY | |A AP

72720, Ay, By lZR— b1 (MTIEa 7 OFES) 2B B ETIENRY OBREETH D, Al
TEE T OFIRABRE) L= A OERFIE A 28T, KETIRTE KRS OEHEFRIT2 oW
EEY, ENE BB T DEFIENREZHON TR TEZ LD,

1211 BQ 1 —eijk(ls+Al) eijkAl ﬁcl ﬁc2

By Ay 2j sin ki eIRUsHB)  _eIRAL| | B Beo
RBWEE AN L7 Z LTkt LT, REO B E I O B BUSERER R E VT Geore, &
WD X HITHIET S,

o—iks

Gl

—jks 7j122k§ (4.12)
Co'er Onia,

Gi2

ZIT, GM T Georey, ERARRICHNE L72BLOVEK (B S 6 =57Tmm) OFEEIGE, G? 1A
JEZERNEE LI ENENIU, S Uk S 6 OFZE0 417 TR U FNECTHIE U7 B EBUGCE
Thde Gij X Georey P, G 12 GF(k=1,2) DT jHIEHETH D, FHEORS § B+nETh
R EECE 5720, BEOREBIGETTT VIFE -T2 EART I ENTE, A
BOSEREE L, 1T Ok P HOENITE T HHEELE o OMEEEICER T D7ED, L (4.12)
ZBT DHIEREE (O3EH) ISR W TREIN L 720, ARBIGEOMENTZ 5,

23



Fig. 3.7 D X 5 IZ&BH s n BeOBGEE =T

Apt B
U =Geore | (4.13)

- Gcorei B (’L = 1, Ty TL) (414)

MO AL —FEIC K D AL OREGIT L > TR TEHEZ BN D,

Gcore = Gcoren *oeee Gcoreg * Gcore1 (4'15>

L AT ED D BT E AR O JE RS ORERL

Fig. 3.6 DIEE 2 W THEEEBISERBR ATV, V=7 =2 HOmE~ N 7 A H
= H (4.16)

WG D, Ay, By 13U =7 =N - FEHT 2 AR RS T, 5C(4.11) ERIERICHET)
oY ZooHhnrb RIS, K (4.10) LS, ERBISEREBIOA =KUY =
TE—H A CEIES T OB BINEEET 2 2 Lk, H PRATRES,

R _ _ —1
Al A2 it
H = i (4.17)
B B?| | ol o2

a7 OEEERERC, V=TT —XOREEIGE H 2RO X D ITHIET D,

Hyi Hio e—J2kd
H« , F=C (4.18)

HoF' HoF

Fo, Zo0V=T7EF—F20O H A (4.16) LRRICEZ b/ & &, Fig. 3.7 OEITEIE K
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53 DIFTA & EIRD T D, WA DH ALY 3D,

All gl BQ gg
_ | =1 : = H, (4.19)
B Vg1 Ay — Vg2

Wt 1 LR WV O EUSE Grupe 13, — RIS AR B HEITIRIE RO 28 Lube BRI 4
(CERET DL IR TRAD L S ICh 2 5D,

_ | = Grabe | (4.20)
By 1
0 e_jkLtube
Giube = , (4.21)
efjkLtube 0

ZDE %, 37%Bﬁ)%ﬁfiﬁé;ﬁ%®%ﬂ/j:\/2?'b‘ Gother

A By
| =Gother | _ (4.22)
Bl A1
D JE P FS B
Gother = CHAINTY(HL) % Geire x CHAINTH(H ) % Gupe (4.23)

L ZBis, CHAIN! I chain-scattering &5l [21] 2> B KT > AT ARBA~O LM E KT,

ZZT
, 01 1 0
HY = H, (4.24)
10 0 -1
Gcirc = CHAIN_l(TcirC) (425)
Teire 1 FEXRBIEDRE~Y M) 7 A THS:
i i1
= Teire (426)
652 651
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Z3 _ Zi+Zo+Z3
1+ Zo VAV

Teire == (4.27)

—Zs 1+ %
3. TAXARDOLREHR]: Georey Gother PAWEISENF-2 HNIZL &, TFig. 4.1 DN —TRBL
E L7 DT DUBEL 5y FAFIT,
¢ = |1 = GioreGither| (4.28)

core - other

DFA %A NA B EFE RN ETh b, 2L, Gloe & Gy BZRZH, A5
DAEATIE A MENZ AR SN B & 5 (T AT & ANV T B A0

, 0 1
Giore '= Geore (4.29)
1 0
, 0 1
other *— Gother (43(])
1 0
Th s,
G’Core
G’other

Fig. 4.1: Closed-loop system
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4.2 BEREN—EDHZEICHEIT S 7 SEREN

AR SN7AEOREEICE L, V=7 F—HOEBEXIRORFERNG A bz L X, Fig. 3.70
BT 4 — RNy 7 RBE R BEROFRBEO & L AREE THT 222825, REVAT LITE
N7 4— Ry 7 AR EZ Y =7 =2 M2 THDN, a7 B—BEOLEITEN7 14—
RNy 7 28] THIEIRL, EIEEMAFERERE L TEIET S, 72720, mfilo) =7E—2H%
BT D —RRA N ) =7 F— & OIRA I T 5 L 5 I8 T L = 3.051m
LT, RMOGHEEEZD -

L. aT7oBH n=1, Z1 & Zy 3Bt L, Zs =R, AHHT R(Q) %0, 4.7, 10, 47, 75, 120, 220,

470, 820, 1.5k, 2.0k, 4.7k, oo & 2 2 TRAIRIRIL O K NEBR %217 5

2. aT DB n=23,---5, Z1 & Zy 1B, Z3 =R =0,00 O 3@V (% L TN R OVEBR AT
9o BEICL BTV =7 F—FMOMEBEN—E LD LT, EEDREE Liuwve = L—> 11 Leore,
LT 5,
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4.2.1 FBRWRURIRERLE

T cg = 346(m/s), ZERBEIE pg = 1.21(kg/m?), & OWHEAE S = 70.025%(m?), £ 7=EBEDORE %
BRET D0, HEIREHE = (w—70.7)/co Z T 21T o7, RBAFRCHIEE T LR ORI T
WdThbns, Te =16C, Ty = 100,200, 300,400 °C THAG L7z 2 7 OEEEIES Geore, & Fig. 4.2
2R, Fe SR EEPHIE 40~200Hz &£ LCEBY, ZiUI—KIEROHANTSH D Z L, Z oAt
DARJE W I TR MERIR DR B A 2T, @A CIEA & v 7 ORER & il & OB R EEIZ 70 0 5%
RLIZKWHEIKTH DL L BEZONHTDTH D,

MOA FEHE Ay 7°5 By £T, MOVELEESRE By D Ay £TOF A LTI AT H AR VE
Lo THY, aVH TR SNDIEFNIEDOEE 2T ZHHT LS LD /SN2 EBG0 D,
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Fig. 4.2: Frequency response of Geore,
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UNOAB UL T ERoTEY, ZOHMOEITRITMEISND, 72Ty BEWINEIFZET A XKL A
DT MM D, IETFEENS, By D By £ TOFA 13 0dB 282 TEY, ZOHMOEITHIX
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F72, Ty =400 C BT % n = 2~5 BETOLE =T OEWEIEE Geore & Fig. 4.4 (TR 7, i
WRCEA Lz a2 7 OEREIEE Georer 705K (4.15) ZH W2, RBEEO I TIRE DL D LB L
Georel = Georei(i = 2~5) & LTV 5, BHOMIMIEW, £ EEROETEAIMEI SN D A 72D Ay
EFTOTA IR 2D 2L, ETEROEITEISHEESND By 706 By £ TOSA idm< 252
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Wz, V=T F—X OB Z KR OB E LTESHEIZOWT, RifioJFETEI L72EE Gother
DJEWEHINE % Fig. 4.5 1 2R3, 72720, RimXH Tld R = 10MQ % B E UCifr4 5, Fig. 4.5
OXAZHRITIL, ZROY =7 F—Z BT DERE (B LRER) &, HMOY) =T -2 I8
NIZEE ONAREN (B TER) NBEEFICRN TV D, —J, FEtAEE, ETRENNENIEHRS
RGN OETH E L TR TRHRE AR LTEY, BABRFITEN 7 4 — RNy 7 v—7 038 b 7
¥ 0, FAERHT 45Hz (I TH A VMR K & 7o TBY, V=T E—2OHRIZ LV EEZN L TEEN
T 4= KRRy T ENDHENHERTE D, 122 LIDOEEDOMAT A 1% —7.5dB FEE & KVME & 725
TRY, —HE~NU—ZFERT D5V AT LGS 2I2E, 27K 58U —OBERLETH
bL#EZ N5, Fig 4.4 DR —OEKESDOF A 2 REHE, a7 HEOLE 83ABRE L AR->TE
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a7 —ERZEEE L Ty = 400 ‘C DIRE % VT 40~200Hz OHIPH T A ¥ A R #fE U 75 R %
Fig. 4.6 [Z7" 3, KHPOFEEOITbARO 40Hz, TIEKESR D 200Hz, Y3V =7 F—F O HIRJE PR EL 45Hz
T, WIS (R=0) OBBF (HBH) , B (R=o00) OEBF RER) & bIFREHA
TBY, BIRT DLWV FHFRRI GO, JRRMHEZIER Lok R % Fig. 4.7 1277, iSOl
BRO G ROFTNTEMIZ TN TEY, KO REBRF[BE S > THBIA S Z B> TWD Z &R0 5,
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i HHRPUB IS Do 71 F 2 MMk U CRUERY 72 B EALER 217V, RIS LTl =
O JE AR TS L 7= AL 0, A S OB duwn, £ OO f, 25H LSRR L, FiR
FEROR R % Table 4.1 (-7, RBEBRTIIMT THONRBIRICEDIREL (Ty =400C) 25 %
THHEBRIERE L7202, EMOY =7 E—% Hy 27 4 — B8y Z[EEA 50 B L7k g
T -Z 4Vpp, 49Hz OIERLS % 1 FPRRERN L7=, SEEZEINT 20 18 & v 2 3ERRIE, U
=7 AU T EIENRKIERICRET 2 E TORMEIVIRELZLOTH S, FIMLEZERICY— R
Mae VT Z S Lc, ) =7 B— 2 IR%E, bmrRoEGE R ICK 6T, BIRITFHIL, RIZ
X, ZEOEBROFELEA T L TV D, FEIREREIT T RE - EREILICEFEIC L s TIRE—E L
molc, THIMEE ERMEOFREIL 0.5% BE L /NS, BIRAEHRE ISHETETWDHEERD, £
7o, WHUEDY /NS < 22 212240 T IFUR T BEBE dmin (3R <, BRNEDRE [pr| 1IZTKRELR-TEHY,
WE IR EMER R AR SN5, £2C, U=7F—XIC AT D HETHEER By 73 dpin (I
B35 &R L CEH L7t BB R OIRFLOME BN O FRNE 041, 0, P bRTPICFHRT 5, &
REZIE, BRI D 0 MEBREIC T 5 K 5 IS ITHRAT By = 31000dyin & 5%, BL—7FROD
Ay, By lzxb LT (4.9), 5 (4.22), X (4.29), K (4.30) &V k0 SRR

(I - G/core :)ther) B =0 (4.31)

IZ By #RALT Ay &3k, WWTH (4.23) £V Ay, By 2RD7=, £ As, By £V Hy 2

Table 4.1: Analysis and experimental results for Fig. 3.7 (n=1)

Analysis Experiment
R(Q) O(rad) | dwin | fr(Hz) | 9s1(Vpp) | 9s2(Vpp) | P(mW) |pr|(kPa) | fr(Hz) | vs1(Vpp) | vs2(Vpp) | P(mW)

0 -4.41 0.032 49.6 8.6 8.6 0.0 1.20 49.2 8.6 8.6 0.0
4.7 -4.41 0.032 49.6 8.5 8.7 1.1 1.19 49.2 8.4 8.6 0.6
10 -4.41 0.032 49.6 8.3 8.7 2.0 1.18 49.2 8.4 8.6 0.8
47 -4.39 0.031 49.5 7.8 8.7 3.4 1.15 49.2 7.9 8.4 0.8
75 -4.38 0.030 49.5 7.7 8.7 3.0 1.13 49.2 7.8 8.1 0.1
120 -4.36 0.030 49.5 7.6 8.6 2.3 1.12 49.2 7.7 8.0 0.1
220 -4.35 0.030 49.5 7.6 8.5 1.5 1.11 49.2 7.6 7.8 0.0
470 -4.35 0.030 49.5 7.7 8.4 0.7 1.10 49.2 7.5 7.7 0.0
820 -4.35 0.030 49.5 7.7 8.4 0.4 1.10 49.2 7.5 7.7 0.0
1.5k -4.35 0.030 49.5 7.7 8.4 0.2 1.10 49.2 7.5 7.7 0.0
2.0k -4.35 0.030 49.5 7.7 8.4 0.2 1.10 49.2 7.5 8.2 0.0
4.7k -4.35 0.030 49.5 7.7 8.4 0.1 1.10 49.2 7.5 8.2 0.0
[eS) -4.35 0.030 49.5 7.7 8.4 -0.0 1.09 49.2 7.5 8.1 0.0
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Ty, Usp ZRD, Tere ZHNT 4y, 01 ZHEHL, FHEL P

P = ZRe{(vs1 — vs2)i} , i:=11 = i = (Us1 — Us3)/R (4.32)

EEHLE, !

FEBR - AT, PUEDRE SR D L vy, v2 /NS RDMEMDRSHDH Z &, KIRHUE T v DF
Mg FOVKRENWZ L, R=47Q FHETEIIOMEBENNIRKE 25TV DL I ERDI D,

A7 OB n=2~5 L LIEGEDT A XA MBAE Fig. 4.8 726 Fig. 4.11 12737, 7ed, —HO0
U=7 =2 3m WK TH L0, —OEK-FERE H OHEGF LT 21T > 72, B DI
FE Ty HIAICHEIE S D F BT — 1T REL R D720, LVEKREKEOSFHETERELLT 2L LW
O TARIZ o 7es, BAKRE (JRIEHR) - AR (R & ICBEDH 2 2 T L ATHRNTR 1 ~ a2 R
REMDT, EETHLERLRWTHIE o7,

FERRIC a7 HBE CEREE LMK LRIRERZIT o7, a7 RO L E LFEKRIZY =7 F—Fim I
BEAFIILEED, FvuRAa—7 Ol FERE vs, vse DOREFRZIZTTSSERELTLEI Z &
ERER LT, Z0LE, KVRIELLTLSTH72DICH 5 —FH0 Hy #IHEL Te 6 Ty H~EH %
fEAE L7223, BIRICED Z L 13RhoTc, £27 40— RNy 7 BIEBHEIR, W& OB IZIZK 138°
NAREZ MR LT, D& & OMIEX % Fig. 4.12 12739,

Y28 dmin WEROBE, K (4.31) O (I = GloreGlhine) PITFNIIFIERI & 72 0 EHFAERED Ay & By DILEFTRIFHA
L% =TT dwin DERTROVER, (I — GeoreGother) PITFNTIERIE 720 30 (4.31) 13 Ay = Bo =0 &7 %, 72IELA
G T dmin DN SVWEREL, A1 & By OBfFRAE LTHNWS,
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Fig. 4.8: Nyquist plot for n =2
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Fig. 4.9: Nyquist plot for n =3
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Fig. 4.10: Nyquist plot for n =4
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Fig. 4.12: The phase difference between vs; and vy

4.3 ATHN—EHDGERICERR TR L - EMLREN

HTEICIE, BAEBa T NEBREER SNIZE ) 7 4 — RNy 7 RIBGERIEERICT L, V=7 T — 4
HHEE —E L LGB BT 2RI AT Lz, 27 KR THRIET 2/ RITE LR o720,
FRFEFREL VBT 4 — Py ZRIBHBRIC IS WT Y =7 % —F 2l iR L7 # 2R, b BT va,
Ve 129 138° DALMZEZMERE LTz, AHITIE, ZOMARZEICIER UERRZEIC X DA THEATI
RIS ER ORI Z BT, a7 BN —EBER S NIRETY =7 — 2 HEHA L E L, BIRRKLOM
PR OERZITI, SHIREIND ) =7 =X ONMHEEMIT LY, EBRFER L HKRETTO, 7%
WEBRICE Y, EEICHRE SN ZODEE P OWMIEEND, ENEHITBT D HEITIRIE RS
T D,
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4.3.1 fEFTHER

BEEa T 0BT, FRIEE THIA TE 2R ABOIERICHREL, V=7 —ZMEMA2LE L
Yt DREMMRNT 21T o T2, BEEEAIEIO Ligpe = 0.871m 2 HIRZ IR L, KX ERIZIST 5 [HEEH
JORE, RS IRF O BB 2 fERE L 7,

Table 4.2 |[ZHIEO T, BBFOEEE 0, BUF-IEUS IR dun, TRISSRE R f, S O
RZ2oRd, ok, FRZHbRNEE (ZEAIEOHER) O dyy, ZAOEE LTHEELTWS, £72
Fig.4.13~Fig.4. 18 I KX ERICHB W CTHIE L72F 4 & 2 M2 /~r3, FER LY, B L. DIEREIC
BN o 2 MR O 45Hz DJREE (R B A KIS T ) BEAISE SN TN 2 & AR T
%o Liype = 2.956m F THER L7z & &, FHERFOBIO B3GR A T Z & 22 BT THRIET 5 T3l
DGO, —H T, Ligbe = 2.956m 7O HITIER LG EITRIR LW THIE 7o o7, RIEIDZEE O
EEE L =3.051m TIE7 4 — KNy 7 BERBHURIT ve1 12392 vgo DALFHEEIVK 138° 234 L Tz,
BREXIERT 2 2 & TERIMHBNITIRE S RDFHA~MMNY, BRI 2o DIZBIET 27
A XSV gV = A oY I

Table 4.2: Analysis result for tube length

oscillation 0 (rad) Amin f, (Hz)
Liype(m) || short | open | short | open | short | open | short | open
0.871 X X 0.59 | 0.59 | -0.302 | -0.290 | 97.5 | 97.3
1.256 X X 0.10 | 0.09 | -0.224 | -0.260 | 58.9 | 58.9
1.756 X X 0.53 | 0.53 | -0.012 | -0.056 | 54.5 | 54.6
2.256 O O 6.51 | 6.52 | 0.116 | 0.059 | 49.6 | 49.4
2.756 O O 7.21 | 14.7 | 0.048 | 0.006 | 41.0 | 45.1
2.956 O X 6.95 | -0.18 | 0.091 | -0.154 | 44.5 | 40.7
3.156 X X -0.24 | -0.25 | -0.085 | -0.032 | 44.3 | 88.0
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Fig. 4.13: Nyquist plot at Liype = 1.256m
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Fig. 4.14: Nyquist plot at Liype = 1.756m
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Fig. 4.15: Nyquist plot at Liype = 2.256m
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Fig. 4.16: Nyquist plot at Liype = 2.756m
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Fig. 4.17: Nyquist plot at Liype = 2.956m

2.5

— — -short

open

172N

mqa
<X \

_/.ﬂi’l““ 1
NN
WA M/
S A
!

\

15

1
Real Axis

0.5

0.5
-0.51

sIXy Areuibew |

_1.5,

-2
-0.5

Fig. 4.18: Nyquist plot at Liype = 3.156m
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4.3.2 YVZT7E—FWRFERE v, v DFBEDEN

ZIZTE, BT o B BERE O R ERIET A 72012, BERIBICEDS LIRS 20V RICBIT S
Vsl & Vg MIDONAZEZHRT D, EROICELNZaT7BLIWNY =7 F— % OERBISE L, B0
WEFBRET MZEED N T ug M6 vge £ CTOEMEISEAEMNT 5, Figl3.7D7 41— KAy 7[R H)

DEEL, ve O ICRMEREZER LIZ L&D, vy 1D v £ TOREEISEBEEILN (4.23) LY
KR TEHEZBND,
v 1 haa

(CHAIN™Y(H ™) * Gype * Geore) (4.33)

= —_-— * —
Us1 hi2 hi2

01

BREBATH H @ i 17 j I % hyj &&£T, X (4.33) # O TRO AR EUGE % Fig.d.19 17”7,
43Hz IR W TERIERRT (FH) ONAEZEITHN —120° & EBREISDVVEE 72o7, K2 1m EE% (R
B ONARZEITR 60° &7 DAARZEN/NS K oo TWD Z NG D, —F, 74 RIS BIEER
(X 0dB (T 72722\ A8, JIERAZIT 10dB &/e~7c, AMHTIZY =7 F—% Hy l3BAM (i =0) &L TH
D, Zo0)=TE—HXMIBITIENOTA N1 ZBIHRAE G 25 HOTIHRWD, (LHHZEN
INEL IpoleZ b, TAVBRELL RSTLZ L LEDLED EILEHLRD TN vy & vg MEZEMETDHZ LI
F U HFEIRSEL D ATRREREH N E B X B,

20—

(=)
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! " Lype = 0.871m
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Phase (deg)

-720

-1080 ‘ : :
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Fig. 4.19: Frequency response from vy to vgo
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4.3.3 HEEBREERUER

KRB AL L, Liype = 2.956m (2 CRIBEBR AT o 7o R, BIBREEES Ty = 270°C 12 C A%
WHBECRIEDN R T 2 2 L 2R LTz, 20L& XOREEEHIL 43.2Hz Tholz, A B LL
RE) UAKARAICHEZZ LT LE D Z &0 Ty = 400°C OFEEBRIINEH Th 7729, Ty = 270°C THE
FrU7z, FEBRICIE Ty = 300°C B £ TaA Lo LWEBNIHER SN o 7oh, Zettz BB LA
HETIE30°CIRVIREICRE L TS, BIRPICERZMSEZE A, V=T E— X FEHET
Rl LRIRIMEIE Lz, ok &, V=7%F—4% Hy % {12 4Vpp, 43Hz CTIERE %NS 7z
LA, v & v ODAFHZENIZIZ0° 1T 2 2R Lo, EBRTIX vag ZIR%E, ER»OUI0 A

L7cRBE (i =0) CHAEZEZEFHIIL TWAD D, ZNEBE LT 21T 5 2 & TE Y ERITITWVER
nELNDLEEZDLND,
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WIZ, BIRREDE )2 O ITEIE pr, p2, V=T F—F i FEEvg & A/DEHE LY TV T
H10.2ms T 10 HH ORFICE R IE 2 —FFték L7z (Zi% caseA & T°5), E£7ESEU R A/D ZH#
IZE DT v RNV EDRELZET D720, FIEOEE TENE IR T A0E Z2 ATk
21238 (ZvE case B & 9°5) biTo7z, B L7z —RIOKRRISEWRE 2 IR L7125 O (caseA)
% Fig. 4.20 1277, 28, Hroo0nd XA L TWBIETE YO IIE B3 1ms OREFELR
WY Ch 12, FFET RHT 21TV vy OIEARFRBEEEZEMN L, £ OEEEDICET 5 pi(t), pa(t) O
RIE L, ver (¢) (6 DALAHAA 23R D, BAJEREE R 77 O IR A i L 726 O % Fig. 4.21 (caseA)
Fig. 4.22 (caseB) (27”7, fERED, V=7F—2M0E 2 OIENRIEDF 15 % FREREZ W L2550
D, ZhUE, BNILEE KB E— ROENDMEBEXONDLZ Lnh, ZURFERES 25, caseA
TITENT pr DI, caseB 1L po DI BEATND L HIICRZ D,

Pressure (Pa)

-100r

-200-

-300-

_400 L L L L L L L L L
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time (s)

Fig. 4.20: Pressure amplitude time response (measured)
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Fig. 4.21: Pressure amplitude time response (caseA)
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Fig. 4.22: Pressure amplitude time response (caseB)
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W& OBREAIARZEZ R T 720, Rk U7 FET B4 & 0 S U700, pi(t), po(t) OIRIEED =[5
DOFHAFE R Z Table 4.3 12733, EAFREEITIROETOLEIZHBNT 43.2Hz L7xoTz, V=7 F—%
Mt Y DAAED 2 ~ 3° HEATND ZENDNDL, ZNOREVTFARICESRNWZ LD ENT 4 —
KRRy 728D Te 6 Ty FROETHEEPECLTWDEEZZHND, 72721, M E TS
ThIuE, ETHEIK LT L = 2.56ms OIeIFRAAE U 2720, FIRERH43.2Ha LV 2 & 41

(21 22008 5 360° = 40° FREDNAREN S & TRTE 0, FMRITZIND5~8% FELL>TVD
DO EIERBR S BB AT A ThDL EBEZBND,

AEHITIE, FEEZO2IMERT DL TRIRT 2 TIE Y, FROMRIEFICEENEL D Z
&, BABED ) =7 F— F i EEMOMMAAR 138° MITErIRD L, HBRIZa T NERZH
92 7 OWEATIE IR DMENTAET 2 2 & 2R LT, S%OBELE LT, @R ) =7 F—
Z O, BRIEE TOMBERERZETNON D, BRFTROA =V 2d0E L) =7 =X &ff
ML TWa72), ZOEBNENENY =T F—% 25 2 & TEATIRIE ) 0 B MEES e B
irrCcx 5, BAEEREER~DOEMN ZXMRE LY =7 F—F THERPK I0%ITET 2D bHE SN
T3 [23], FBEDY AT AELER 6m & EAT, LCEEL VT 1 — KAy 7 BB TONM
FHREE S IR 22U, VAT A REDOEE GO T Z LAk D 720, & O/ NUEE ) 5 O 1)
EREIRFTE D,

Table 4.3: Pressure amplitude and phase (caseA, caseB)

amp. (Pa) | phase (deg)

1] | P2l | 4P | 4po

case A: #1 | 310 | 267 | -99.4 | -102.9
(right:py; | #2 | 287 | 246 | -99.3 | -102.8
left:pa) | #3 | 297 | 256 | -99.1 | -102.7
case B: #1243 | 283 | 257.9 | 260.2
(right:po; | #2 | 245 | 286 | -101.8 | -99.7
left:pr) | #3 | 244 | 284 | 258.0 | 260.2
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F5F BA74—FN\VIDRERKEANEZLHHIR

RIETIE, V=7 F—Z ME#EE 20 S CTREMMTEZITV, 7 4 — RNy 7 [EIRRAEAE RIS R L
PHRFIZ T RAR L2 WE IR R A R DT, BIBORIGITERERIES L, BT — Ky 72 EHL
THIET DV AT D&Mz, Eo G R M OETIRIE RS BT Z 0 b RENZ L A2RAL, &
N7 4—= KRy 71280, ERICOTNTEITRR DN ECHZ L 2R LT,

AKETIE, ZOVRT LEH/RITT 4 — Ky 7 RIEERK « BARORMETENT 4 — RNy 7 0358R
W~5-2 5B E2RFET 5, BRIICIE, VAT AOBERREL, FEAT -0 T, BREE
WZEBAL, Z0b 2 THT 572 DIZREBEFIEOILREZITWE 7 4 — Ry 7 Bt O A 30 % =7,

51 ERFEDELICETLHIHE

—Iz, BESUREEL GAFEARNRIRNAE LD Ty & To Ok) MMERWIE ERIEEYR COBKEN Y /] HE T
Ho1e, FHEAMBRY AT LATHD EVWA D, T I TAREITIIRER T 4 — BNy 7 [BIRER - Bl
DFAFCHRFIRE L ZRE - i 5, 2O, BSURELL TR 720 R 5 RERTRE S
T ZODBEEISE N D a7 OINEE N L, IRELZ M ST 56 OZEMMRIT 21T 5 ik
EIRET D,

5.1.1 BELONFEICXZa7DORBFICENDER

R A HEE T 2 701, A M < 2 S T2 T OFEBUCE Geore ZBIFT 25 2 &
NLEFE LW, EROTFRZEET D LRSS TRV, £ T, Ty = 200,300,400 C THA L7720
ERNT, ZOREHRENOISEZFHHTH L TICLVFTED Ty DISELEL 2 L 2BRT 5, =
T OFE T —BERITEG L Ty /To (BT 57280, IRELROBEEUNRETHDL EEZ LD,
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FARANIE EBRIREE Ty 3 KOVFIRIBE Ty O =27 OIRE %AW T Z OFBENORE T

T =aly+(1—a)Ty (5.1)

@FG% Gcore (T) %

Gcore(T) = aGcore(Tl) + (1 - a)Gcore(TH) (52)

ERDB, 2FEL0<a<1ThHb, Fig. 5.112 Ty = 200,300,400 C THIG S 7= EGFE =27 O JF1%
Boi, Ty =200°C, Ty =400C, a=0.5 & L 300 CICWFHiE LonEE Eh2iosd, Mis
BNXTA v AR HERIEFITIZE -H L TBY, ZORYMENERTE S, RBHTERLE ST
WHATEFE A "D By £TC, MOVEEESR By vDH Ay FTOH A 0, Fig. 42 TRLEZL =
TECRAT SN DS C, FoREiE X 0 /&,
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Fig. 5.1: Interpolated frequency response of Geore, (@ = 0.5)
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5.1.2 RIEREBRRUMBTHR

% A3 FOZEMMNTCTIX, 74— RNy 7 [BIEEERS - BRECCHE U,  FHS IR 0D B 23 [ 2 [ 7
BT DL TP LT, Lo LEREISERSRE ORI A T v TRRE SBPM-72 2 L, E72)H
WAL O FIRA 40Hz & LTV e, TR VIRWERBR TRIET 27— AR b o7, KEiOfiE
Brcid, o EEERMRE 20 52EIL A X M2 277 1 UH L, TIRMEZ 30Hz &35 2
&L Uiz, AREiILIETIIR T ERROFRMECHIT AT 5, JEAREBHRIALRE - /MO R4 Fig. 5.2, %0
fE % Fig. 5.3 1”3, EMEGEEO FIRZ NP R L TA T 714 Uil &2 T o722 & T, EERIC
XD X5 (BRI OB & R 2 e 2 & 3o Tz,
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Fig. 5.2: Nyquist plot at Ty = 400 C (f = 40~200Hz)
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Fig. 5.3: Nyquist plot at Ty = 400 C (f = 30~200Hz)
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Ty = 200,300,400 °C THG Sz =20 a7 OEFEHIGEN D, o= 0.125 %% T 200~300, 300
~400 CHIFANZ Z 24 8 /0l (12.5 CHIA) Lic, il SN & BB E % Fig. 5.4 177, Zih
B DINE % MW TR DL EVERRIT 24TV, [ « B —38 V) CoUi- s MBI diin, £ O
REDFIREWIL [, ZosReb, T F A MBI NFUR 2 BT oI e 2 R 9% L7, TGS % Table. 5.1 1275
¥ 200~300 C P TIXMSMF THREZ DR WRIR & o 7o, ERERHE, Ty =312.5°C TIIRAZ
A3 (Fig. 5.5), Ty = 325.0 °C THATe (Fig. 5.6), — 75 THAMME Ty = 350.0 °C TIFFEZ P £ 5
(Fig. 5.7), Ty = 362.5°C TP (Fig. 5.8), FIRT 2T E RoTz, F X0 I L A~BAMIF O J7 A5
FENRJEES SHz FEEEARNZ L3070 %, F T2 BIRARERE, T = 400 C 12T oD R732 2 A A DO
BRDNEUS 2 R eRE R & 72 o 72, Fig. 5.3 28 ZAUCKHGET 57 A F 2 MBI T, R Z#B Z[HPHA T
WDHZEMBBEBE—RFTHIRL TS EE2 b5,
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Fig. 5.4: Interpolated frequency response of Geore, (@ = 0.125)
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Table 5.1: Analysis results

oscillation drnin fr (Hz)
T /Tc | Tu(C) || short | open | short | open | short | open
2.33 400.0 O O 0.137 | 0.071 | 44.6 | 40.0
2.28 387.5 O O 0.117 | 0.051 | 44.5 | 39.9
2.24 375.0 O O 0.093 | 0.031 | 44.5 | 39.8
2.20 362.5 O O 0.077 | 0.011 | 44.5 | 39.6
2.16 350.0 O X 0.050 | -0.008 | 44.5 | 394
2.11 337.5 O X 0.044 | -0.023 | 44.4 | 39.2
2.07 325.0 O X 0.008 | -0.033 | 44.4 | 38.9
2.03 312.5 X X -0.038 | -0.042 | 44.4 | 38.7
1.98 300.0 X X -0.035 | -0.056 | 44.4 | 38.5
1.94 287.5 X X -0.073 | -0.077 | 44.3 | 38.0
1.90 275.0 X X -0.107 | -0.093 | 44.3 | 37.6
1.85 262.5 X X -0.136 | -0.115 | 44.3 | 37.3
1.81 250.0 X X -0.167 | -0.144 | 44.2 | 37.2
1.77 237.5 X X -0.198 | -0.179 | 44.2 | 37.0
1.72 225.0 X X -0.226 | -0.217 | 44.2 | 36.8
1.68 212.5 X X -0.253 | -0.222 | 44.1 | 35.7
1.64 200.0 X X -0.280 | -0.230 | 44.1 | 35.6
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Fig. 5.5: Nyquist plot at Ty = 312.5C
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Fig. 5.6: Nyquist plot at Ty = 325.0 °C
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Fig. 5.7: Nyquist plot at Ty = 350.0 °C
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WA, SEEEHER URIRERZIT o7, Ty Z =R OMRA TN S, Wt CRIENAE CliEo
BRSUREELL, BV p OIS, BIREEE A TS Lz, MER R % Table. 5.2 (2R d, [EIEEHERFIE
Ty =252C D&%, 434Hz CHBIRENE LD Z & 2R LIz, —7, BKEHE Ty = 400°C £TO
P CTHBRIRIZAE Clehote, 72750, EERAZ VAR LT, SNl E 5 2 7o 55103
WM DIREEHIE, M Z B 2 W CRIRA G T DIRE LY /N EL< 2D 2 endfE STy
% [24], TZTHA2E EFOTETY =7 F— X112 4Vpp, 43Hz OIESLH 2 FIIN LREIR 212 L
7o ZORER, FLRERHINREF Ty = 238 ‘C I THRIRMNAEL, BlRE Ty = 350 °C £437 T 38.6Hz O
FIRMA Ul £ OBMIRER R A 38Hz & L, FIRT DRARRE ZRB LTCRER, Ty =295C Lgo
7o RPFHERHIATEHI TR L2 X 2 I aA AL IRENT 5720, i CHE LN ERERICET

HEEE— ROMEFIZOWTIIITZ TR,

Table 5.2: Experimental results

oscillation |p1|(Pa) fr(Hz)
Ty /Tc | Ty(C) || short | open | short | open | short | open
2.16 350 - O - 639 - 38.6
1.98 300 - O - 435 - 38.0
1.96 295 - O - 345 - 37.9
1.96 294 - X - - - -
1.88 270 O X 330 - 43.2 -
1.82 252 O X 241 - 43.4 -
1.77 238 O X 144 - 43.5 -
1.76 237 X X - - - -
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Fig. 5.9 (ZRIEEWH O TR TR f, LIRELOBIGE 7T, FEBR - PRI AR =7 & —
Z OIAREW A 45Hz (TN &, —J7 TRIEBI IS 5Hz FEEAR W IEIRFA B & 72 v, S2H) - FHIO
FAFEITHI 2~6 % L /NS W LS5, Fig. 5.1012, BEFURE L ORE « HEERE R ok 2R, FIR
FEBRIZ 1 2 INIRIF OBl FURLEE U IR Ry 1.77, BRAER: 1.96, M#ATIC I 2 Bl SUELEE Hb o> 7 (i s iy
2.07, BAIRE: 2.20 & 78070, FEBR - RAT I RS R O BRFUR I FE o0 5 3B R & v AR, EHT 4 —F
Ny ZIZEVERRELMET LB 26D,

FEBRAE RN L AT TP S N B SIREE Ty 1349 80 CREEERIVME & 7e o 7o, AT TITAE R4y D JF
BB TR O R WD EREHE T V2 5 2 TV DS, FHEERIEE OF BHIX BRI T BEER B O @G
EETHR SN TV D, Ko THEZELR LT o 7 03N EBRICHABRFULE LIRS 25 B2 60
b, TT7—OFEEE LTEZLND DI, JHERBIGERSEROEAEEAT v 72 RELELTNDHHRT
bbb, AT TA EMELT O RIOMHTRERCTH S Fig. 5.2 25 &, FURAITZ T A F A2 N D72
WERHAR TRELS S TND Z ERERTE, 2 ORBEHEAHE CEREBICIEEICRE < FURZH-> TV
LRREVENR B D, AMFIE TIXEBROEAMALDO T DTG AT v 7 KEL G2 TWDHR, BT
ATy T TCINEZBG LT 2175 2 & CTERREIFR T T2 B2 65,
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IP,| (Pa)

700

600

500

400

300

200

100

@ short (exp.) A

A open (exp.) o
o short (analysis)
A open (analysis)

<A .

1.7

19 21 | 2.3
Temperatureratio (T,/Ty)

Fig. 5.10: Analysis and experimental results for CTR

o8

0.16
0.14
0.12
0.10
o
0.08 3,
>
0.06
0.04
0.02
0.00



5.2 BENTJ—OHRENARIZEITHHE

BA2FICT, BT 40— KRy 7 EEEERIC 2T O Te 56 Ty F~mD 9 WATHE )5 A3
EDZR D DI S T, RETIIHTZIZ T 1 — My 7 BIRBH BRI 36 0 2 AT ) plisy 2 FERI L,
FASIFORER E R LE S 7 4 — RNy 7 OREMES D, RICEUFEREBREET H72OICHE 4 =T
R LT a7 ZEOMT FELZIEL, EEBIRIREICK T 2 2 7 IS « it 2 87 E sy
D2 fEHTHN R D, FEEAST —Oih T m 2T 5 FiELRET D,

5.2.1 BENJ—FHKEhDEH

FRRAEE AR L, 71— RNy 7 [ERRERE - BRCE NN ORIRIFIZ IS T 2 BN O EFE T —DfitiL
HaE BT 5, AT AOBEFIRELOIAIT, Te = 12°C O & E[REEERIL Ty = 238°C, BiliE
X Ty =295 C TRIENFMGT D Z MRS Nc, £ ZTAREITIIMARMETRIRNET D Te =12°C
Ty =300 CITRRE LTz, 7285 4.3 Bi CREICEIBBAERERHZ OV TITERIMTON TV D2, S iR
FEDRRESMN R D 1D BEERZIT O,

FIRDE S>INT 252 D721, LEVEMT X0 HEE SV IRA S (R = 0: 43Hz, R = co: 39Hz)
4Vpp TV =7 E—% Hy Z R U7-/ER, HA&HRIT 43.0Hz, BRI 38.1Hz TRIEZ MR LT, KIZ,
%5 4.3 #i & [F U FIE TR - BtenEh, BIRROEE YO NEE p, po, V=T F—%
i BT ve & A/D ZEHL L 10 R O RIS EINE & = [al5tdk L7z, Fig. 5.11 [ZRIEEEAERE, Fig. 5.12
(ZBHARE D, B L7z —BElOET ) o RIS ERE 2 E A L2 b D &R T, BT =7 F—
2 W py 3, BRI = TR Y po MEMNTHEATND K OICR A S, EREEEmE S DY
=7 =2t Y p OETRIEOHBRE L, ERIRZE—KIEROEN M EEZOND DY
RFERTH D, BADEIE SN DEEREO S PENENRBE R E S BIRREN SN2 LB 0005, M
FHOWNMINARZEZ R T 7280, FET T L0 BH U728 A, pi(t), po(t) OIRIEMEO =B 0 G 5
% Table 5.3 12777,

FER IV, BIREHERFX py 126 LT py 238 2.1 EEONLAREIL, [BIREBARIRFZ po 126 LT py 23
L8 EDNAHEN L 2D 2 LD, FMERHIE 7 4 — RNy 71280 To 86 Ty ~IAH 5 B EEE )T
MOEITI D, BRI T 2= x X —JRE Lz =7 —4% Hy fll~[h 5 &7 D25 L0
RENZ EBDNB,
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Fig. 5.11: Pressure amplitude time response (R = 0)
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Fig. 5.12: Pressure amplitude time response (R = o0)

Table 5.3: Pressure amplitude and phase (R =0, R = o0)
amp. (Pa) phase (deg)
pul | b2l | 4Py | Zpe
short #1 | 539.9 | 432.7 | -101.7 | -103.7
(R=0) | #2 | 539.8 | 432.7 | 257.7 | 255.7
#3 | 535.5 | 429.6 | -101.4 | -103.5
open #1 | 348.9 | 214.4 | -252.3 | -250.4
(R=o00) | #2 | 350.7 | 215.7 | 107.7 | 109.5
#3 | 351.6 | 216.6 | 107.7 | 109.5
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5.2.2 EBRIRFETRENDRS ORITFEHE

TE R IRIRREIZ 31T 2 BB OHEI T IRl oy D LA AT R 8O 5 FIE AR T 5, TDOTDICES
FA XA MRS A 8 D B FUR BRI S T D BVEEE o T DA EURE Geore1 &, 55 5.1 Hi CIRES
NI BT DIRE L CRUSG L ZoDINEN G, Z O&ANEE 2Nk T2 FEIVEHL, (RES
AT — & OHELTIE LI A ISk Do E Tk T 2 2 b 2R/ T 5,

TEH R 2 U L7253 (4.31)

! / Al
(I - Gcore othcr) N =0
By

L0, A F A NUBSFAEZEDEA (dmin = 0), 4 (0, 0) IZFEA 5 HEEEICIOT (I — GloreG er)
OITFNTIETRI L 720, ERBEIEFD A & By OA2RTEBERERVEANY MUITHYT 5 A,
By 13 P u LSO E b, 3 (4.31) (25 LEIZIE By &% 2EICE L A 2R, ROT (4.22)
ZHWDHZETA, By BWHEITE 5,

EANNEITI S THIUE, Fig 3.7 OEFEICHNS BV —2ELT 5L |B| > |A] L b, K
FETIE A & By OBMERMN G By Z3 4 2 UEE & LTH X 5 20 ERMZATENILITE 2008, %
WATWE N Ry D2 7% 2 & T, FEANY — ORI MR TE 5,
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5.2.3 fRTHEER

£, 74— RNy ZERER - BIEEZ N Z 0T A F 2 MR F S A8 5 REUEE Georel &
PR L 0 BT 5. 28 5.1 BB SHRE O TR IE o = 0.125 %4 T 200~300, 300~400 “CHfiFH
W% 8 Bl LRI & AT o 72, AR CITFE 20 2 ZERS & 72 5 B BINEN NI L 725720, EHIZ
FEM 72 o = 0.008 %A T 300~400 CHIPAN % 125 751 (0.8 CHIA) LAENT 24T o 7o, P O 8,
[ ARG I Ty = 320 °C, BRI Ty = 355 °C ISl SN72ISE 2 AV D 2 & TR EIF R AT
WZEEDHZENDD o7z, Fig. 5.13, Fig. 5.14 122D & & OIS 2 F O 7= 8RR - B0 )+
¥ A MR AT, K B E D S bR HENIFSEE S TWD Z ERSND, TOLE, FEEE
12 (4.22), (4.31) 25, FEITRESRSOUERH LTz, 728 |By| =1 2EEE LTEHEZ TV 5,
Table 5.4 [ZIENTHER 2R, A F 2 PSSR Z B D58, (I — GloreGhine) PITFNIIEER] &
25720, X (4.31) D 14THEZRAWESA (eq.l), 24T ZAWVEESEEA (eq.2) TR L ZH—OREEN
BOENTND Z EMNnD, Fig 3.7 O TEICHA « it 2 S HETHIE I RIS BW T, (B
BRI [Ay| < By, |Az| < |Bo| 720, =7 OB IR HOMEITIRE IR BNKE N &, BRI
1Z|Ay| > |Bi|, |As| < |Bg| £720, a7 b TV HFIEOEITHIES RS BRE N B35,
AT L 0 15 DAL TI ORI, BRI To 206 Ty~ 5 B EE 7 m O A, B
T2 7 D U =7 F—4 Hy I~ 9 T O F MG L0 K& v e v ) ERFERIC-HL TR
D, BH7 41— Ry 7 OFETEE AT —DFENF ARG b5 Z LR35,
Table 5.4: Calculated traveling-wave pressure components

Pressure amplitude (Pa)
|[A1| | [Bi] | [As] | |Bo|
short eq.1 | 0.437 | 0.440 | 0.782 | 1.000
(R=0) | eq.2 | 0.411 | 0.432 | 0.782 | 1.000

open eq.1 | 0.486 | 0.467 | 0.968 | 1.000
(R=00) | eq.2 | 0.480 | 0.460 | 0.968 | 1.000
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Fig. 5.13: Nyquist plot at Ty
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Fig. 5.14: Nyquist plot at Ty = 355 C (R = o)
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5.3 IREBAHIZEITHHE

RREINDEN T 4 — Ry VRBEERERIT, a7 Lo TEEAHEEIND FIAES DY
=TE—HX Hy BWFEBEL, 74— Ry VEEERA L H ~LBNERETHV AT LAEHELTWD
0, FEERZEAN Hy 706 Hy FT~ LRI TOWDHEREL RV, £ 2 TAREITHE, EA7 14— F 3y 7 [H
WATEERT 58] (BRiXE ) D& L RE SA2HEET D, MR OBl E TEAHREZ /S5 & B
e~ L AL S ETEH DO 24TV, FIRFEROM R & il U FIEOR AL EN 7 4 — Ky 7
DEMEEZRT, RBAHiNDG, I— M) vy —F THERSNAIAEE T 2 BMEEL, HBEAT
[A—HERDObDEEHL TNWD Z EITEET S,

5.3.1 BETBHOERIEFRBICEICEDCIRILT—RNDHE

FERAEE 2R L, EAHEET R(Q) % R=0 2»2LRKET 158V 120, 1, 4.7, 10, 47, 75, 100, 120,
220, 470, 820, 1.5k, 2.0k, 4.7k, oo L ZEH L TRIRFERZ 1T/, Tc = 10°C, Ty = 300 CIZTHEL,
Y=TF—4 Hy ZNHRE L, HPUEBICEFREBISE L%, ENWE VT OHITEE pr, po, V=T F—
B DA TEIE ve1, ve2 V7V 7T 0.2ms T 10 REIREEE L7, 20 & THFSF L7 v, v DERF
FIGZEW Y % Fig. 5.15 725 Fig. 5.29 (2”7, EEREF, R = 220Q 2B W TDOHA v 1 A 33— F Tl
TEIEEFICO RO BAE L TNDZ L E2fERLTRY, ZIULFig. 5.23 00 bR TE 5, LV HE
BE—RTRELTNDEEEZOND, 7277 L vg, v 1A T 20Vpp 22 2 IRIEME & 72 -
Tk, FHLTWD A/DAR—RFTIEE 10V BBHERTH L7290, Fig. 515 bbb b L oI
WRIEDO B — 7 (AL S TWD, Z 2 THUS L7 RERISE I £ 0 o/ h Z 3 21T O IR &
| L7=, Fig 5.30, Fig 5.31 IZHUE L7 R = 01ZBI1T D v, v ORMIGERIE &, Tl S
ZR g, IRFFEN L RREISERE L EHR-> TR Y, O YHERHER TE 5,
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Fig. 5.15: Terminal voltage vs; and vsy amplitude time response (R = 0)
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Fig. 5.16: Terminal voltage vs; and vso amplitude time response (R = 1)
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Fig. 5.17: Terminal voltage vs; and vsy amplitude time response (R = 4.7)
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Fig. 5.18: Terminal voltage vs; and vsy amplitude time response (R = 10)
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Fig. 5.19: Terminal voltage vs; and vsy amplitude time response (R = 47)
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Fig. 5.20: Terminal voltage vs1 and vso amplitude time response (R = 75)
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Fig. 5.21: Terminal voltage vs; and vsy amplitude time response (R = 100)
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Fig. 5.22: Terminal voltage vs; and vsy amplitude time response (R = 120)
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Fig. 5.23: Terminal voltage vs1 and vsy amplitude time response (R = 220)
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Fig. 5.24: Terminal voltage vs; and vsy amplitude time response (R = 470)
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Fig. 5.26: Terminal voltage vs; and vso amplitude time
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Fig. 5.27: Terminal voltage vs1 and vse amplitude time response (R = 2000)
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Fig. 5.28: Terminal voltage vs; and vse amplitude time response (R = 4700)
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Fig. 5.29: Terminal voltage vs1 and vse amplitude time response (R = o)
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Fig. 5.30: Terminal voltage vs; amplitude time response (approximated)
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Fig. 5.31: Terminal voltage vse amplitude time response (approximated)
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TS DA RFRIEEBTE O ARSIy f1 (2B DEFRIRE p1, po, Ua1, U2 ZHHL, EHEY

YALEDOFRE AT — T

Lo o= B —|AP
I=- g N L .
y Reli 0} = = (5:3)
&7 4 — RNy ZRIEHT% OB PP, HEHTHOWEES Py
1 o
P = 5 Re{vsi1} (5.4)
1 o
P, = 5 Re{vsoi} (5.5)
i:=11 =19 = (Vs — Us2)/R, Pr= P — Py (5.6)

Z RO AR A Table 5.5 OZEMNTR Y, SHIC, REMEMTICEA L TWD Y =7 =% OFER-FE
¥tk H 2 VT, V=7 E—4% H OBN->EERT—OEHHR, V=7 F—F Hy DFEAT——
B DL

Ic —P
"nHy = —F > NHy = T (57)
H

Z B LT 5% Table 5.5 OFMICRT, V=7 E—ZMBOEE T — 1o & Iy 1%, X (4.19)

Al i By i

. . .
B Vg1 Ay —Ug2

L0 B U= A AT E SRSy O EFIRIE S kv, Ho (2 [0 — 040]T DU MAZE DN B & [By AT
DY MABELI, Hy ICASIESNDEE Y — [y B TE 5720 BB ny, OB ATEE & 72
%, FERIC ng, bRED, 2L, o0V =7 =X X O H = Hy= H EL T
HEICEET D, TNOITEREEFig. 3.THO I, 1o, Iy, P, P, HIZxNL, RIOKEAIE R &
ERAN

74



FKEMOFER L0, IHUEIV/ NSV (R < 120Q) fEEICB W T, V=TT —2MOES py A2 7RO
£ po &0 2° FREHEA TEY, Fig. 3.7 DANLEICEERT—NHENDLZ Enbnd I >087252
LB BLMERTE D), ZOMEIE R=220Q IETHIAL, RIS 43Hz 725 38Hz (2T
LTS, O FEEOMFAZEICS oD, 7272 LIEHUEIZ L 577 0 < Re{0s1} < Re{0s2}
B SLH, BHOEE (P, Py DFFE) FZE LAV, AR LY, Fig 3.7 0ENLAICEBESNG =
ENbMND, Fig. 5.32 1K HPUCBIT HEREE P, P, DEbZERT, R=4.7Q OSIZHEENELT
WA, HEARMIZEREENORE 1L, BHUEDS/ NS WIZERELS DL &30 %, £7-Fig. 53312
BRI T HHEES) Pr OE{LEZRT, R=T0 D& &, HRIHEE] Ppax = 40mW 2G5
TWDZENTND, Lo TEROFEERDOIN-ERLEHLE n Tt — 2 DEFHHHRABE Wigal,

Wiotal = 100 X 20 = 2000(W) (5.8)

)
Puax _ 0.04
Wtotal B 2000 B

n = 0.002% (5.9)

Lheolz, RBEBRTHEAL TS —FDar hu—F X PIHI#EIC L 5 A ON/OFF #l#iThH %
2, FRROPRITERFON XA L THD LRELTEBEAOLDOTH S,

Table 5.5: Experimental and analysis results
R | A | ol | el | <2 I | fosal | os2l | 282 |l Py Py Pg Ic In NHy | TH,
(©) || (Hz) | (Pa) | (Pa) | (deg) | (mW) | (V) | (V) | (deg) | (mA) | (mW) | (mW) | mW) | (mW) | mW) | (%) | (%)
0 [431]628 [492 | 22 | 43 [11a1|111] -04

1 43.1 | 638 | 497 2.0 41 11.1 | 11.2 | 0.1 107 -585 -592 7 301 647 51 92

4.7 || 43.1 | 625 | 487 2.0 40 10.8 | 109 | 04 41 -198 -202 4 45 272 23 74
10 43.1 | 644 | 502 2.4 51 11.2 | 11.7 | 1.7 62 -293 -313 20 97 385 33 81
47 || 43.0 | 628 | 483 2.0 40 10.5 | 12.2 | 3.5 40 -191 -228 37 43 323 22 71
75 43.1 | 571 | 436 1.7 28 9.4 | 11.8 | 2.6 33 -150 -190 40 39 277 26 69
100 || 43.2 | 510 | 392 1.9 24 84 1109 | 23 25 -105 -137 32 21 215 20 64
120 || 43.2 | 498 | 379 1.4 17 81 | 10.8 | 1.3 23 -91 -122 31 17 198 19 62
220 || 38.3 | 531 | 316 | -1.6 -19 1.8 | 3.3 | -42.5 11 -3 -15 12 -29 148 -1107 | 10
470 || 384 | 528 | 315 | -1.7 -20 1.6 | 34 | -42.1 5 -2 -8 6 -26 143 -1683 6
820 || 38.4 | 522 | 311 | -1.9 -22 1.6 | 34 | -41.3 3 -1 -5 4 -25 138 -2584 3
1.5k || 38.4 | 512 | 307 | -1.7 -19 1.5 | 34 | -40.7 2 -1 -3 2 -24 132 -4414 2
2.0k || 38.4 | 507 | 304 | -1.8 -19 1.5 | 3.3 | -404 1 -0 -2 1 -23 128 -5789 1
4.7k || 384 | 477 | 285 | -1.9 -18 1.4 | 3.1 | -39.6 0 -0 -1 1 -20 109 | -13348 | 1
0 38.4 | 500 | 300 | -1.8 -19 1.4 | 33 | -39.6 0 -0 -0 0 -22 123 - 0
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BOLAMOKER LY, Io £ 2B VOEAFHUNLHEH SN T IZARFRLE & 72 D &N, 4
IZ R=1Q O & TMHFITITRE0E (A1mW & 301mW) 3.6 d, LaL, R=220Q L ET T &
FRRIC I OFERHERLTRY (207D gy, OERRET ERE < RoTWnd), EREEIEE H O
FVPENHRTE D, T & Io BRBRED R=470 ZR5%, Hy {5 a7 ICAK L2 F 8T — 1
K6 ISR SND, D% Hy TO0.74 (5OES P \CEBEND, B P Xl cHETHE S Py
(B SN, Hi TO2 FOEENY—ICEHmIND, Z0—K7M 31 fFaBx Tk, 8
N —LBENENLT, IOKKFRIDIZZRXAVX—DT 4 — RNy 7 —TREBFTETNDH T EN

NG,
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Fig. 5.32: Measurement of feedback power at each resistance
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Fig. 5.33: Measurement of power consumption at each resistance
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5.3.2 MRER

5 A2 HIOMHTFIEL Y, BIUE R M2/ OAL72 T A F 2 MU U CEUER 72 B B LB 217\
FEMTIZ VT2 30 ~ 200Hz OFEPH TR RT3 U CHUBR2NEEA L 72 AL 0, TR O ORI dpin, ©
DYEOJEHL fr % FH LI H % Table 5.6 (277, 72720, 27 OEEEISETIGHO T 240
DFEE LY HE< (16°C), Ty = 300°C DI (G0°C L 42) TIHRIR LARVWEENTFER L o272,
Te DIRTIZHED 74 v ERE2ZJE L T 400°C THAS S NT2IRE &G T

Geore(300°C) = 0.4G300°C 4 .6G00°C (5.10)

core core

EHH LR E 2 vz, Fig. 534 ICE B0 T & FRFE RO A2 Rmd, Pl - EHIILC, R =
0 ~ 120Q FZIZ W TR 45Hz (1 TR Z A, £ i b R 2SR E WL &3 39Hz 1 TH
I, FEIRFEEEDK SHz U)o 2 Z L3 Do FERNT EL AT #E S 00 5 3 JE A 23 80 0 o 2 #dt
E2Y 20Q FREE/N S WS, FIRFEIE O THIFE AT 3% ITINE > TH Y, IKHEETETWDLZ L0
7%, ZIZT, dmin PIRDFENTIER L, ZHOOBEEROBIIUTIIT D dmin DE(LEZRE LT 7
L7 D%, Fig. 5.351T5RT, RBAD dyin 1EFEHE w0 Ll L TLEREREZ <Y, 44Hz O JEHE
FUZBWT, R=0~ 120Q O TITFEEITESIEERELSBRE Lo THTrZ B0 D, —J
T R = 220 ~ 0o OFPH TIXFRZPDT, BIBICIES 2 NEAA BEE T <, 39Hz O 8 %k
RIZEWT, R=0~120Q #iPH TIIFERZHOT, HEIPNRE < 2D ONFERTT IR B #) 4
D ENGIND, — T R =220 ~ co) i CITHBIMFR 2 A, BRI L & FIE—E D4
HEFFT D Z L3 D, 72 R =100Q O8TIEEH O CTIED dyi, & 72> TRV FEZFHA T
HT NG, ERTBHISNIZIRVIZHIGTHEEZEZDILD,

WIS, 4.2 DT L FARRIC, BT Pp MK ERo7lz R = 75Q TRIRED Pp L7256 L 912,
HATHERL T By = dyin x 10000 & 5%, O BWEISE %2 A THEI L2/ b Table 5.6 1T+, &
7= Fig. 5.36 \ZHEHT X 0 KD T-BREE S P, Py OZALE RS, AEIVNSWVIE CBREBNNRRE A
eV, FEEREFRROMEMBGE LN TWD Z LRG0 5,
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Fig. 5.34: Prediction and measurement of oscillation frequency for each resistance

Table 5.6: Analysis results
R 0 dmin f’r Pl PQ Pr
©) | Gad) | - | (H2) | @W) | @mW) | mw)
0 -5.4 | 0.070 | 44.5 | -358 -358 0
1 -5.4 | 0.069 | 44.5 | -348 -350 2
4.7 -5.4 | 0.067 | 44.5 | -321 -328 7
10 -5.4 | 0.064 | 44.5 | -283 -297 14
47 -5.4 | 0.056 | 44.5 | -169 -213 44
75 -5.4 | 0.036 | 44.4 -65 -107 42

100 || -11.7 | 0.013 | 444 -6 -12 6
120 || -5.4 | 0.006 | 39.5 -1 -3 2
220 || -5.4 | 0.009 | 39.5 -0 -0 0
470 || -5.4 | 0.008 | 39.5 0 -0 0
820 || -5.4 | 0.008 | 39.5 0 -0 0
1.5k || -5.4 | 0.008 | 39.5 0 -0 0
2.0k || -5.4 | 0.008 | 39.5 0 -0 0
4.7k || -5.4 | 0.007 | 39.5 0 -0 0

00 -5.4 | 0.007 | 39.5 - -
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Fig. 5.35: Behavior of dyi, at two frequencies
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Fig. 5.36: Prediction of feedback power at each resistance
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FEO6E

RFRLTIE, BT 4 — By 7 TR BR B 2 BT 572010, LB SN AEE o
T mFFORS T 4 — NNy JAREGE BRI L T B S NIV AT AD EEBUSE SN T U R
T LR DORIRIKILE THRIT 5 FlEEZ R LT,

FARETIE, RESNDIAEE T 2 LB LG8 OREWMNT 21To7c, HAL1HEHTIET 14—
R/ 7 [RIERAEHE « BHAL D G4 C,

(1) =27 —BDO5EE OITERDEREOFIRRIC BT 52 &

(2) HE:OHZAIIRIBEETBAFED Y =7 — X i BTSN 138° OMHZENAET D Z &
R LTz,

42 8T (2) DN R LEBIERIC X ARG A M L7 /6 R,

(3) #92.1m OILE CRBEMHIHCRIET 2 Tl & 725 2 &

R Lz, REROMEFZEIZREIEN AT,

(4) TREVNIRS O+ EBIEMOMAZEMNZIFO0 &bl &

(5) 7 WEWABIET 2 H M OETIREN L OF BT LY b REVWT &

R LT, 72V =7 B —H i FREROMMHEL T 2 FEEZREL, FROLERIC K > ThfEE
DINSLK 2D LD (4) OFERIZEET 2RV E b,

BHETI, HAETHELILEN Y 4 — Ry J RIBE B S A XU, 74— K8y Z[ERO
FIAE « B OGS TEN 7 4 — RNy 7 B AT LORIRRGUCE 2 2R E N O HRELTZ, 5.1
HiCIE T AT L O FUEEE H O R R O 21T > 72, FEIREBROFE R,

(6) 74— RNy 7 A BRI D MR EE L CRIET 5 = &

(7) Bif& - BB CRIBEIE AN R 0, FEREILY =7 & — 2 ORIV ER L CRIET 5 2 &
R LT, EBG SRR DIRELD 27 OFBEISEN D, R OIRE 2 /i L2 0221
EEBRIIR Lz, 612, 26 DIRERFEOINEZ MW ZEMMITIC LY, (6), (7) IZEETS
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fiR 2Tz, 5 5.2 fi CIIEE Y —id 5 m O F2 M ORHT 24T > 7=, SABRAN R R 408 2 Bl FUR B
X D BAE B o T OFEEUGE A NARRR L D B L, ERRIRRIEIC I T 2 B oM TIRE ) Ay
DA RN R D 2 FIEL BB LTc, TR LD,

(8) [HIBEALHERFIX = 7 D I HGWE 5 7 O METTIL B 7y AR E W2 &

(9) BB IE =T 22 B T IR OEITIRIE IR AR E W &

TR Uiz, BT — O A R LRI (8), (9) I8 L, BEFHEOZ YL R L, 6
5.3HiITIZT 4 — NNy 7 B 2B+ DBk B O TR R O 21T o 72, FIRFER LV,

(10) =7 2N & BINE 3 2 H I ~BEE B AN, HPUEN NS WELZOBHITREL AB 2L
(11) EHUEIC X > TRIBAEREN 0 bV, ZOBER TIE SOy S FERICEL 5 2 &
o Ui, MR RIE (10) IZBA L, T4 F A2 MHBFT (11) 2SI TE 2 2 & 0 BT FIED 241
R LT,

UEXY, BH74—F Ry 710k THEEBRY—LENEZN L TZRAX—R—FRAIIL—FT 5

BT 4 — Ry 7 RGEATI R dE A D FEBL T REME 22 7m LT,
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