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Many works have been done to investigate the vibration response characteristics of two
circular cylinders in tandem subjected to a single-phase cross fiow. Resently, Zdravkovich and
Chen individually reported reviews of the response of two tandem circular cylinders in various
arrangements, subjected to an air or water cross flow, revealing that the vibrational response
characteristics are not yet well understood and a systematic study is, thus, needed o quantity the
response of two cylinders under different flow and structural conditions.

The two phase cross-flow-induced vibrations in tube arrays have recently become one of
active research fields in flow-induced vibration problems, but the vibrations of two cylinders in
tandem subjected to two-phase cross flow have not vet gained the attention of engineers or re-
searchers due to the limited appliciation in industry, but Ilijima and Hara reported an interesting
effects that a two-phase bubble flow has in suppressing the voltex-induced, in-line and cross flow
vibrations for a single circular cylinder. The vibration response characteristics of two circular
cylinders in tandem are thus considered to be influenced air bubbles in two-phase flow, and it is
academically and partically interesting to clarify these air bubble effects on the vibration of the
tandem cylinders and to discover industrial applications,

In this study, we experimentally examines the vibrational response characteristics of two
circular cylinders in tandem, subjected to two-phase air-water bubble cross flow, with respect to
reduced velocity and void fraction and compares the results obtained for both pitch-to-diameter
ratio of 1.5 and 3.0, and both large and small bubble sizes. The experiments show that 1) for
pitch-to-diameter ratios air bubbles cause a large-amplitude random vibration in the cylinder
system when flow velocity is smaller that corresponding to the onsei of voriex lock-in resonance,
2) they suppress the downstream cylinder's large vibration at the lock-in flow velocity for a large
pitch-to-diameter ratio of 3, but the small /D, 3) for both the pitch-to-diameter ratios the
vibartion excitation and reduction seem to be caused by air bubbles distributed in the region
between the upstream and downstream cylinders, and 1) the smaller bubbles were iess effective on
the vibration response of the tandem-cylinder system with respect to the reduction and excitation
of vibration. These seemed to be due to the condition of air bubble distribution in the region
between the upstream and downstream cylinders.

—269—



o = D

TR NUFE—T 5 v RIFERE ORI, R
FiC & & ENBEREEWIIER ICE L, TORi
FPEARTIRIREAS & 0 12 S N TA LV, FhiC
WL THLSOPFERESREZhTH 30, B
WHDLOMRILALTHY, EEOBEITHA
EESUTE MRS o8 h2B8ME 5, 0
RIS EHE A 29 312, 2 T TR
WoT IO ZHEEOMERER/LOERIT
H-T&k, LbL, £REEMCERMITRES
I F DIREE D 2 71 = % A b PSERSRREA
HhTWEOWoBEKTH S, F 3T Zdravko-
vich et al YO HIEH T D5 b B2 ARES T &
ABEFIT IR E FIc B 2 M B 3R
R E S &, FOREEETHEN T E Y 7 E
FEHOLDEBRL, BEAKE BN FToER
2TV, SUEAZRERORIISHE O RIRINE,
RUGHRMEOEARNE A # =X a2 A obicd
Al EaEHMET B,
HREBR

THF0 63 £F & T OMSLEHE & LT Zdravkovich
etal. COPIFRARII, o FrEEL3.0AET 3
B A oS ARG T OIRES S ik 2
Bl S U, R A OBIE o X
HEERRH O TEL, [EERUE vy FEELD
PRI L B HEER T~ foo T Bt X DERH
R oSl Bl T 2RIt 3
KUADEIE E ©y FEELIT X 23E 0 WHE
ERpc BB s R B e E - 2,
MREE

1. &%

A BT [(m®)

D BEOERE [m)

fo  HEOREEREE (E5H)

Ao P OBEIRDE (kd)

m OB NES SO oFE ke/m)

P MEEH| O F [m]

UX (UYY): LFEEH A58

DX (DY) TEflE B A

gp : BAHFLT OIS O RMS [G]

Gy ZHHF T OMBEERE O RMS [G)

Tg

ERNCESICE

—270—

B4 1.

SR — 7,

=30D

P

¢ 0 0

FLOW
E2. MEs.

MR OIEFERE O RMS [G]

F RRuaks oI E D RMS [G]

: ELRE [m¥/s]

: KRR [m?/s]

: RS =U.P/(P—D) (m/s]

CEE D E=0,/A [m/s]

s HEERSEHE = Uw/foD

s FER

REE 0, /0y (BABERIC 354 2 I BE
RMS ¥4 2 ZARK T OIHEE RMS ©
E(ESY)

B< 1 -Kias M oRENSE 3t LTl
ROREERT
A=1--5iai & 5 M OREIGE T
BRI

B> 1-RianHdoREIGE cxt UTH
RSB AERT



o N
N
W0 O O wecenmmm

B43. MRS,

1 PR

Natural frequency  Damping ratio

In air Jo==T.0 (Hz) £=2.0 (%)

In water fu=6.2 (Hz) £,=3.0 (%)

&2 MEHEOREE (R ERoms)

B/D=15
Input QOutput cylinders
cylinders Lift direction Drag direction
Lift direction 34 (%9) 13 (24)
Drag direction 13 (%) 25 (%)

# 3. MEHHEEOBRE (FikEmoms)

B/D=3.0
Vibrating Cutput cylinder
cylinder Lift direction Drag direction
UX 4.00% 3.33%
oy 3.01% 1.90%
DX 6.61% 4.42%
DY 3.66% 2.50%

o IRKORE [kg/m®)

£ Moz (FEsH)

£, : HFoRER Gkdn)

IRAG S N

AT B REE
2. EEBESE

21 =|HE-_BEEL-T

B, RERNCEH L ARETEREL 7O
MR RY, ORGSR, 14m/sT
Ho,

22 FRMEIL 3 VvRURRER

K 2, 3 MHEoEFXE U HERMERERT,

(b} smail-bubble-type {c} large-bubble-iype

4. SUBFEE LT,

Fz4 BHREEY Y — K P/D=15

Ur UX|UY | DX|OY
0 1 [
o |
3.8951KD‘/—

) |5 | 2 |2
A65S|Q\/l—/—&
iR
=
el =

FRMHS e vid 200 mm X 60 mm OFEERE
BERWTWD, #£/, MHEOBERER 25 mm &
$58mm ObDEHEHL, —EE FIKED
EHSwo €7 s SEEEEREE &, RAED
REEEE LTh B, MECRINEEE y 7 7 »
THERTHh AR AT CHY, BH BRUR
HAEHERHCIETRETH 5,

F7, &1 ol EFREERTR
B &, B2 3FhFRY y FERL 1S &
3 OPFREORASE 2Rt © CTONERMD
HEPRE L WS OR, #kbiBwT—FH0H
B4 —FMic A lEiRE & ¥ & & oindE iR
ERMS b &L, (7o MEOREEINEE IR
BHHE RMS OLTERELI O TH B, (0,/00) T
kb, P/D=15TlmibElRsE S H
A5, P/D=30 T, #F&ALEALNT 5UHIHE
e EE-TH 5,

i, M4 cRatESsnolERE, o5k
4 L F DFAREEEOMEERER T, LR

—271—



3.0 LA B B R B i
ouXx
;|G
¢y 20F #M - zﬂ‘f
w1 »6(?‘5 * 1‘“‘.
= 3 o
o 1.0 o; -
2.0 4 )“ﬁﬁ L1
o 1 2 9 + 5 & 7 B 8§
Ur
B 5. HuEdkic B Y 5 R ER
(P/D=1.5).
z
o
e (3 @
ey
= & o
e | | § o o
o O Eg:,%
[v] o
o8
Myﬁm”%
T s s e e
Ur
B 6. BUBMCBY 5 MdEERDISER
(P/D=3.0).

RiEFA b7 va vicHEERM IS LR
CTHF#EHRL- L 2oWBARBREELT, B
BIDHIELELDTHY, variance i 0.72-
1.42 Td ~» 120

3. =EAE

B TEICDWT, KA FRa 28k
¥, BMEO X5 HFEENH B OREIMEE %
WEST 5. AELEED 7 513 A/D ZEH
(F— 2 SB 2048 5, 7YV v ¥y 44610
msec) L7:#E, FFT 2L T F— #MEEIT 5,
Eh by vy LA L BT, T
IR RNICBEASETHREERET S,
4. EBESR

4.1 EiE5E

BRI B o 3 onis i B MR RS
@D RMS opifRs, K5 &R 6iiRd., X5
EE6 Ik, FhENP/D=154& P/D=30Td
5, ThooRE Y, P/D oXiMehbh 53 U,
=3B (I TEEME SBEHBEMIcT S ki
B, EHRMETET LNEORMRRSX, U=

P.S.D ¢1) 0.6
C2) 2.0
¢33 2.4
¢4y 3.0
x10 s
i 4.0
4.5
4.8
a £.3
“@ 5.1
. 6.7
7.0
7.5
1.9
0
0 )/9
S
Fnﬁaﬁlmcuz?'\c,<
\‘<"-..
15~ @
(a} B{AHME
7. $BJTANOIEE PSD (P/D=1.5).
Wlb= 0 &
{12 0.l
c2r 2.0
¢ 3, 2.
¢4 3.0
¢85 3.5
X 10! ¢B) 3.9
g 7 b8
(@) 4.5
[s] £ 8 4.9
w any o 5.1
a1 6.l
. 12y G
Q7.0
a4 7.5
)
(b)Y HhAR
K 8. $iAAEONnEEE PSD (/D =3.0).
TOFETE -7 2MA 5, CHREAFEOESE

s AR T, 275U, HifdEROKE L
B/S ophES WIBE R, iuE e T RAIES RS
S M 230, 2L, HEo LF T
LAEEESREELEDL -T2, T, BIEE
OHLEREE PSD %5 7, H 8 i £ h ThiIETHM,
AAGF TOSERIRES Y, £4HE S0/
HiRUR G —8 T 3, LA L, B/D=15 D&

e 272



717 @ PSD © ERREHIC 12 2 £, Wi
2b0OMELNE, ChigShhEcBLT, &
ToE GRHIC L3 0w 2 4 VIREELIFS OFE)
T, 8BS, RE—BcH Lo AEr
2ESAENE, ThYi, RTF0L S RS
E-FBIYy—YalBick o EEEI R,

42 [EZMHEK

BIFEHE T DR ESSR T OB ORI F

50.0

W (U,=2.77, 3.69, 4.65, 7.60) lcBiF &K 4 FI
EIREEHE RMS offREEIc, iRk k3
WGBS A 2 B R R USRS R OBk &
hEbaph T Taiwic, #4 FREGHR
BEORRI - WTAKIE &/ NURDIRE O EN
ZLTOR 9, 101w/, CORHREITSOE
#Lo 1l X ARSHNTEHRDES, | Zb/hs
WHFHIRRZERT T E4bh 3,

4.3 FHREE—RA k&

T 7 ' @ £ 4, 5 KR ERTREIC B T ARk T
. Te | esu OEFRONEERIISHRERE, «f OB
wal et 1 ficownT, B/D, SR k3%, BROME
- a DERFFEOEBED LS T E 02— ELTH
2”'.ngﬁk } | =5 BHRE Yy —vEP/D=30
oo.m ! L ! Ur uxfuylox|oy
“o.0 10.0 20.0 0.0 0,6 S Ii lé — Lé
o
BI9. 44 R EHREORIF (B, R =
2.0 T . S
Ggoani o O:BDX 3.41 |:‘/‘ Il/ i '_—/
1.5 Duu a [~ 4 mshxX B lClC /_
%0 L Lo
@, 0.0 l-oooomoooo . 1 s S D I: D D
T 5 I NV =
"0 sio tu!u 15.0 5 \— - Lf_\_ 5
N p 1n—gw:: ;j h:
B 10, K FELBREORMER (S, Y | . _\_Z_
6. GhREOELOEEORD
(a) P/D=15 {b) £/D=3.0
Ur Ux |UY |[DX | DY Ur UX Uy tox | Dy
277 1O1OTOTO!] | 195 [O1O|0]0
369 | OO IATO] 36 |OOIOO
ses A OIOTAT eas OO ATO
760 | OO L] 77310 O L[]

O, Bs< By & Bs=Pu U, Bs > Bn.

~=273—



11, SIRACELNE 1, EFE
(P/D=1.5, /N5GHT).

12. TS 2, (ST
(P/D=15, KZHD).

¥, F BHREE Bs, Bp DEALOEADRNOBEFR
EFEBICRT, Chicdkdh, KaABSKEVEE
P OIRTISE AN, BERoOR
AGHRE NS W (P/D=3.0) I BRI T I
iR, SFUER T RS R A EE SRS
@ THE A LNB, UL, B/DMhE ik
MR E W, EiERORSER DS R
BHOD, EENIICA B L FOYROFEM I
hoHlhy, FERMNE (L E MR
HHE T lock-n IT A » o EERTHEEIRIC B LT
LERAREITATE & T ERBEE AR 38 W T HlRED
B LR E R - THERA 2R,
44 EEMSHET VT
TR OIS E CHLL AL DI,
BT U, Sl A FER, #4 v 73 st

E 18, TIR{LEILF 3, Sk
(P/D=1.5, /NG,

Bl 14, TIRILEER 4, EEDE
(P/D=1.5, X&),

OFEIFEIRE & L TRT, 4B, SULOFREDH
KL, HoUFNEThABITHEIIBELT
ERFEOEEETRY,
5. RN OE[R{LERER

ARERo—flz MO comf{t5a+H
l1~14 iz, FHPEEEELCH - BEOIE
Mmoo bns, HEEH» > OTHLER %R
15, 16 lcmd, bk [EOKMNRT P/D
DR NEMH T, BRERE R SRR TR
hoheRial, MHEoEhbicts—ailT
W3, FRAiRSREERIEEE TR, KRok
5_ AP 0 BRIRC BE L TRV R 08
BN D, SHHEE T I ERS S AEN 50
OLBICRIHAOERAEPRY LKENEVE

—274-



PHASE degree

15. wH{LEER) 5.

B 16 WH{LEEH 6.

FoTHNTO X2 THRIEEN5, EM8
EERESTICFA b eS v a ICEHETBEREC
DOERSE T TH U &, 0o duladifi~
DOEEMRALNG, LdL, BHEIENIRNLEE
EDSHIELYETHRE W, /2, ARORES
Bl TOSESTIR bMY A SO,
6. MhoBs (FIHREER EEERLEE
6.1 LHRAAEOBREOEHLMEORE
£ F
i) P/DAURNELEE

kiR o kAR (P/D=15 0
A, TOHFFICIRVE) B, vy AT

OiRE I, —EEMZERAAE 17, &LL<

&
=

| |
¢ oo%otipo | oU X
a0 TjUD a g o @ 40D X
a a
0
=8 [~ ]
-180 ! 1
¢.0 10.0 20.0 3.6
VOID %

B17. brdf (B0Am P/D=1.5).

iag°

oG ¥ T T

90°

Q°

Phase ongle

(22

~-1g0*
Q

1
10 20

B18. (8 @EHAE P/D=15),
R EMEREACPUMEEN RN, Chid, |
HAE & H 0 ZEE T 2 RN OBERE O
Lo THLD, ZEHT 2HHEOWRE DRI
2 TRAGESY, (HEd 2L 3 WEEy v 7o
A0S, bk b—EkoBERO L5 FE
fifficizd, F/IRREOBTIIFIC T ORITRAL
ESL & T L IEEoOBEMROES, £
DEFBNTO v 74 YIREEE L3 7ch E# 2
6N b,

i) P/DHAEIES
LR O EERSTH  (P/D=3.0 O
&, COFFIEVWE) B&l, oy T
ORENE, THESERE TR 5 (K 18),
chd, ERAIAEEH 0 2ERT 3N OER
Bofitic k » THEUBBRBIELEhE &N
<, MRr A O REE e X B RiEsREA L

—275—



T, BOICWiBcIRET 5w EFEL 5N 5,

6.2 SARAILETDiESESME

i) WiEME

SAMBAT B C ik B, AEMIEERY
BHEIc, FOMNBRRKEQENZELSETHY
R AE S A FRISREN S A 5,

i) FUESHE

[N OBREOHMREEL T C LItk BT
AR S, FAFEOELE LTy EY
7, KERENNS WHBRIEREORE WEEI
H~xTRSERERIC B 2REHMRECELE
HEEREE b,

COTR/DBhEVnE, ZHEN OB
¢, [FAOBANT-ATREL, FrvEVYIOLE
BMKR0EBohEV, T, REFNEVEE,
BEEE AR TRIRIINE (B, TOLDERER
DR EVEEOEHFFAREOEIGRKELES
EEZLNG,

T. F&

PlEoERIOIOTENERL D,

S EFRE TR, MEERhE SR T BRI,
ZOHNBIASEELEE LS ETRIRNRE
52 A, #i, SFETIEMAEOERRE & M
Blc KR T L T LTith, MiEsiks
ISR AR, P Eoc kb, SEURORN
BREANL A H =X &3, BRNRROREESR
flc &k s RELIAMSINA N, MoK TH
OB OES OEVERSICA DIAA TRENHRE
LD THIESRESSE L EEL NS,

C OFHRAEFMEBEOE A B2 W T OREG
BB TEDTUTOL S IKERT 5, Lk
BREHHFEIC D WTIE, P/DHEDNEL, E
JURBEMNRE WHPRIBEDRSAE T T
3, Chid, ZFHHoERSEWEFRBsAD
W AW BT e, TRENKEVEIEDER
OBIANI L H IO THENE LTSN WE
W, LVWITo0MHEL) ChoDFECES
DINE {155 LEESN G, RICTHRMMEOE
THEERTE, vy rolifchrbbod, |
MRABAEWESEIRRRRE W, Thid, K
BEPPRTEROREENASHEEE5L50

T, KEEOFHNEEL D bIRhEEL TR
REVOTENAROHRGRIRE L -TW
LLEZONG,
8. #T

EESWE AT VR OKEEOEY, B
Ury FEELOER L AEN _MAdEbh o
Fh LA, S, REGESEC L TEHRR U
AR A E RSB EE L e,
SHROBHELER

TS OERMIE L Y, BRI ABRR T
OFIEEEORTID A # = X & FTEHEEC R L
B8, TH O OEEEEITHIME L S AR O IR
K 2SR L 37 7o - FIRRRL, &5
CHEEAHTY 2 b — v a YNBSS E, T
FIER I EEMMA & L TR A 3T
O AE B, —olt, H4 FREFADOHHR
ez LT, 95—, ChooKETERPH
BeREEyc S A BB IR E RIS O
AT 5T EThH b, TORD, HHEINE
& BRI ABHR OIETE i E R R
FORTHBLEL LN,
i} ¥

B 2EEH & b b - T, M TFEHE
Wi, ZoEoRERESFOMKIcLb D
FEATFHELEORE 1 F& w5 C 0GR 5
R DIEBHRRE) 2D Z I &R HEEE
WO E AR IR D LW L@ 5%
5zcT{hE L, CTiBBE, KU, #HEEL
TF& » 2 AR ESEC R OEEERR
&Rk, ELRHoEERELEd, OB, C
OWFEORET I, SORECTRRESET
WL DAL B 2 HFEROHEY ORI
FE ORISR LBFOhB K55
B, #ALTw HETHET,

ks, APFEichic b, BER CERITFERE, B
FIEERAE THEMEN T EREA) OERRY
7 — S IO & T R L $9,

X ik

1) M #i35, 46-408. B (I3 55), 1398.
2) Axisa, F., Villard, B., Gibert, R. J., Hestroni, G.
and Sundheimer, P.. Vibration of Tube Bun-

—276—



dles Subjected to Air-Water and Stream-— HORBEE T 2T (FABL ©y SR

Water Cross Flow Preliminary Results on Koz X 5BMEE), #38, No.89-1212 (B
Fluid-elastic Instability, ASME Proc. Symp. T E)
Flow-induced Vib, 2, 269-284, 4) Effects on Bubble Size on Vibration Charac-
3) Zdravkovich, M. M. Classification of Flow- teristics on Tandem Circular Cylinder Sub-
induced Oscillations of Two Parallel Circular jected to Two-Phase Cross Flows, ASME Proe.,
Cylinders in Various Arrangements, ASME Symp. PVP Flow-induced Vib. (1990), 185~
Proc. Symp. Flow-induced Vibration. 2 { 1984), 192.
1-18. 6) Vibration Response Characteristics of a
Tandem Circular Cylinder Subjected to a T'wo-
REWRX phase Cross Flow (Effects of Pitch-to-Diame-
1) fRE - QWK sd sy FIEER 15 ter-Ratio). ASME Proc. Symp. PVP Flow-in-
CEF M OB o Bl B HRgE, #5, duced Vib. (1990), 193—200,
No. 497-54 C (B 63) , 80. D~3) R EEBRESTHGEE (1), 2) 4

8, B, No.525-56 C (FE2) , L ASME (7 # U # 5 4£) © International

3) BE- - S8 AMTHEESY 3EMZE  Conference in Nashville T 1990 £ 6 H 13451

—277—



