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Experimental Research on Fluid-Elastic Instability of
Tube Bundles Subjected to Two-Phase Cross Flow

ZHANG Yanan' ,LIANG Huili’, JIANG Bo,CHEN Xiaoge', LIU Baoqing'

(1. Institute of Process Equipment,Zhejiang University , Hangzhou 310027, China;
2. Zhejiang Chengtai Chemical Machinery Co. , Ltd. , Huzhou,Zhejiang 311258 , China)

Abstract ; Fluid-elastic instability is the major factor to cause the vibration of tube bundles subjected to two-phase cross

flow. The experimental research on fluid-elastic instability of tube bundles subjected to two-phase cross flow was

reviewed. The test medium and experimental apparatus for the vibrations of tube bundles subjected to two-phase cross

flow were introduced. The measurement and calculation methods of void fraction, amplitude, damping and hydrodynamic

mass were generalized. The influence factors of two-phase fluids, tube bundle configurations, pitch-to-diameter ratio and

void fraction on fluid-elastic instability were discussed, and the design guidelines of fluid-elastic instability in tube arrays

subjected to two-phase cross flow were summarized. At last, it is proposed that the simulation study of the fluid-elastic

instability of the two-phase flow will become a rearch hotspot.

Keywords: shell and tube heat exchanger; fluid-elastic instability; two-phase fluid; tube bundle; damping ratio;

hydrodynamic mass ; pitch-to-diameter ratio
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Table 1  Typical properties of Freon-11, air-water, Freon-22 and steam-water
R BEE/C A kPa AR/ AREE, WRESEE,  RRBESRE WikkmTE S/ S L
(kg-m™)  (kg-m™?) (pm’ - 571 (pm’ - s7") (N-m™")
A S -11 40.0 175 1 440 9.70 0.25 1.20 0.016 0 148.0 0.20
257K 22.0 101 998 1.18 1.00 1.47 0.073 0 845.0 0.70
A 22 23.3 1 000 1197 42.30 0.14 0.30 0.007 4 28.3 0.47
1K 260.0 4 690 784 23.70 0.13 0.75 0.023 8 33.0 0.17

T« 3 PP IR BE A A L B 3L AR R AR BT A AL EE
1.2 KR ENEN

BEAT PIARRE 160 U 5 A A SR IR 3l )il 3 F 7 I oK
TP R B SRR A A A T A A R . B
SRR BRI A R SR TT A TH], n] o3
RESH NG LB AL PR . P i U B9
iR , He— s l&1 5 , 75— F Hy, G50 WLIAL 15 T s
FT BT A 2 18] A4 BAVEE g AL T A , G R A8 1 g

Bl &FReM

Structure of cantilever beam

Figure 1

i FAN AR R [ S L 2 B RES R A S
ety B AR DT, AN S AR IR AR A, 1T LT LA 2353100
BT AT 377 18 RO PR SR N A A 2 B A BRI
PP S AT R ARG A, R A 9 A B A
FAARPHITIR I N B PR st B, (HHEE M S 2%, B At
BB, HFNLH K AW, FeT LR &
SERRRE L, F T, KGR oA R A BB R4

A2 FaEEsh

Figure 2 Structure of pipeline suspension



(&= - Big]

K, & MEREARELEREEAREHINNT AR HE $93 -

2 REHXSHHNESIHE
2.1 ESERMNEFZE

PRAF L 75 A IR B0 AN T A I 1) AR 1 L B AR
VAT TIAR G, I HR 225 8 — i S 5—
RS AR, RTE RIS TR 320G K 5
PR R JE AL B | Dowlati 557 Schrage 4
LTS K Feenstra B 22025 - fF5y F A T0H &R
(IBIFE 32 B e — i WY Jo f Y 91 ] PN 0 2% b e
SEF A AR FH 2% A I 1 T B AT B AR B R R Y
TR L I [F] 45 Fh AR BB A A ) T+ 58 45 2R A
P OS2 3 R =X, {H 5 2 SC I =0 A b g
J1E 7% G AL FEA R .

RO T3 AR A AR A KRR e ) 7 125,
PR G BRET I 0 R DU Bk Ly 2 R A
2 ROCIT VL VLR 2 i . Horp  JGEr RS FIH
SO VA RS B SRR R e pi R X TR
/N AT TR SN & A5 00 A5, (HL 5 H S EREF AR L, AT
PREF AUBLARR B 22, AN T 3 RS T i sl b s
TR ZR T o oy 288 B A 332 ) S 2 A 2 1k
AN 5% BE Ay ), L Ja R B AN R R B, N 25 i IR
W I oA, & T R IR R w5 R T
B PROC IR Tk S — R S S P e T ek
FTRRAER W 7L o TR AR I A R i
SCRERT BE R AEHRAE O %, AR TR AT i 5 T ) A5
BALEAEAEREE
2.2 #RIRRINETT &

TEPIAR 55 9% 2 i 1 b, 0 3 4 i 1 3
i, KA N DR B SR AR E N A8 T B, R
SEI TR AR P 2B SR B AN AR AT I A B [A] £
AR AR S ik B A A B PR B AR )
Pe’[tigrew[”]469 Violette ™ ) J% Moran'"' 25 5 5% F #7:
HE N A2 ML BF ORI R WL 5 Ah, R 1992 4R,
Judd" "1 AT 8 iR SR R R TR R AR T
— R AREOR H T PIAH RS R shil g rh A R 1Y
W&, H U RS RR A E S5 5 5 e
KRG BoRIFe s BOARBA AR L R L
Koy TRAERIDE L B4R 52 2% B H BRI & — 4> J7 1]
ERIRE RS . Judd ™7 45 ] FH S BEAR B R R o 1
7 LR R 3 ST BRURE TR AR A T, 25 2R
2 REAH B AR T 1 22 AT I 380 ) S B0 45 R A 22
AR
2.3 PEEBINETE

X TR ARARE I, A BHLE A By e vERA T2

e RMER , PR, K 722 35 Rk A 502 S vk, B
38 2 I A - PR S RO TR I BEE o Ty
HEEA Y E A 5 % (half-power bandwidth
method ) X0 (logarithmic decrement ) F148 %40
41 (exponential curve fitting) .
2.3.1 pUFA vk

P D BT B2 PR 3 1 A% 48 15 1 4 A 3 ity
KT RLE ey, HBHJE Fe it A= (1) TP

_&
e=2L (1)
A Af RS, WS R 3 thos L f, R [
A

AW, Hay Af RN YRR R EXN,'@%%HH%‘%WQE@
WA Z ] B B0 8 B, Ha s A, R 55 A 350360 7 A

rl]g’mmD

101

PRIEA/mm
o N & o o

A .
10 12 14 16

0 2 4 6 38
WiFfTHz
B3 kahamegiitmi sl
Figure 3  Spectrum curve of vibration response
2.3.2 Xk

Xof B Y A ) IR St 1 ) e s B BOR T RHL
JEHERY . MPHJE /N T 4% B, 3B I s B 1A S
AR (2),

5227,“_0 (2>

120 WA HCREBA 5 = o TN 5 1

AR IR 2 1] ) R IR s 0 Lo, SR BT 25 B O RS A 26 £
WA
2.3.3 JEEUHUAE

PR A1 ol FH 8 50 R BO0T % o e 17 A o it
PEATERER SR )5 , 7E MATLAB o ffi il f5e /) — 3 v 3 ik
LA — Z 5 W A 0T A 3 48 B R B, WL 5K
(3) 10 oS SRORT T B U AR 5 e Y B
BHJE . 5340 X TR S R ARE RS BERE
5 A AU A R RO D

y=ae ", (3)
Ko HHEEGD HIEBEWM R H b = Bo, ;B



.04 - B THI# Light Industry Machinery

2017 B3 HA

HEEWL s 00, A A 5 R 2850 g iE]

Moran & Weaver "' 5 15 5286 (1 7 3 %F LA | 3 Fif
RHJE B 2 7 2 64T 1 LR, PR At FAugs v A A )
TSRS L, B LAXS B0 sk F 1 P AR R v BELJE
FERITHBRIEANTT S 540, LUBOR TR & AR R 2 Zh 3y
SRR RN G R RAR B BHJE T, K LTI e AR
AR TR S AORT 2 D 200 5875 AR 1
FEJE LE BRI K, (B, B 2 SR 1S K, 38 2o P e
5 B ARA A BEE Lo MOk BT . i L, PR AR B 4%
PR, AT LU Rt PR R A A5 B T S R RHE L o
2.4 REFHHNREWITE

BEASF— 4R 3N A S M 1 A5 RS PR I A 1Y
BB, W FR A A AR B B (fluid added mass ) .
Pettigrew“lwz%ﬂ‘ﬁﬁﬁ Carlucci & Brown "' 7 75 A0 %t 1)
i A B B A4 B0 g BT T T HE S S AR A )
A sl B R A =

m, =m[ (f/g) =11, (4)

K emy, ,my 23 51 R B B B IR AR B 7 B i A
B R T BB kg/msf, f 23 A AR AR
PAR T IR S A3, Ha,

Pettigrew' """ 45 i3t S 56 v A 2 (4) 15 310 (0 3 Ak
B it AT A — 2% A BN (E T T AR,
RT3 S R HES 07 =, RIS ST,
WIS AR = SRR, A S B EAE 22 50K,
T4 B OE = I HEP 8 I, TR 21 = & %
EIRTEARE AR T, B2 (4) 15 2 1 AR 3l ) Bt i
(BT R o

534b, Rogers " A4 4 T 5% S —Fii SR M 3h
TRy

(Lfie) +1

mhz(%sz) d\2 o (5)
() -
Atip =pe +p (1 -2),p,p,p 535 JPIAR T
ARS8 B AR A5 BE RN A 2 kg/m’ 56 B
R d HEFIME , myd, R 8 A IR A ARk
HAR ,m;d./d Al ARG Y, 5SS 5
LR AR B p/d A5G, ATARHE A5 (6) #7115
MU = AIEHRSIN , d,/d = (0.96 +0. 5p/d) p/d;
BERCNIE T HESIN ,d./d = (1. 07 +0. 5p/d)P/do}
(6)
Pettigrew 4 HEE T i A R (4) 15 2 B
SSAE , & BT I 14 FHES O =, 3 (A

Pl ZE AR/ T T4 B OE = AIEHES 07 XA o, i
BB PER R . X T A (4) , HA(5) 155
Ao (E 5 BRIV (B 1) ) s 22 A W1 R i kst . LA,
Pettigrew "™ AFAEFER T A5 (5) TR TLIR S T A

BT LA b P Rb 5RO A 2l B ) 5 kA,
Sawadogo & Mureithi'""* 3£ F Dowlati' ™' 2552 H 1 &S,
BRI EFXRAIR 5 8 1E = AIEHES 7=, 2 S
TS Ji [ 170 3R B i A5 A8 A0t/ g
FIABARE ARG NH T k(R <1) XA (S) #171E
NEE

. () +
m, = lp, e ktp(l-e- k) ]d* RGN

@)

(7)

Sawadogo & Mureithi'"” ' XA 3 (7) 11245 3 A %L
AT TG, R IX T4 5 0E =M HES &, Y
k=0.75 i}, EHB B HL 5 R A () 155 19 S5
BARAY) & o (R X T HEHS I AR 0, B 75
A7) HATIEE
3 WHERNRFLAEREEAREENZIN
EEZ it A

FE PR AR ] 3t o It A S PR AN M e e E 1Y
PARPLEE . ikt AR e MR ZAIRZ 1
FEE R L AR HES Ty 2058 R LT HFE
MALHE B AR G WA I P B A B B Il (4R
F+ 2377 W ARE 3 J7 18] ) A5 W AR A B A sh Ak A BR T LA
b S AR A N R B R R 2 AN S A AT TN T
AR EATRE IR THENF R R bR 2, K2
B Connors' ™ 42 H Y 2850 S 163 (8) 11 1 i G
PRIV e 3 0 ot PELJE 23 50R I iy e XL, 9K e AR A
T DX P4 HH e — 2R A T B HEN

Vo _ o(2mmé
—=K o 8
ri=X o) )
Ve "
Sl T B 5

Vo Al FUR T, m/s sm SR AL S AR ) g B TE A Y R
A KA BURE  kg/m;f, S AH IR A 1 A9 A A0
Hzsd A8 1AME ,m; & AT B0 ERBLE L sp AR
P  kg/m” s K W ARFE W H G n NH AL
3.1 HMERSH
3.1.1 H{IGAfR

Pettigrew & Taylor' " SR F SR 522 47 Wi AR I



(&= - Big]

K, & MEREARELEREEAREHINNT AR HE $95-

FRGHBMEAR T E IR, 5 Pettigrew
AT 25 K KA A R B 1R B0 HEA T X 1L, 153
T 4 PoRpRaE X B T, 18R R A R AR
JEBHT , 28 K7k R A WA R R s P s 3 e
B, B E DX AR R AN X, — A DX i e BELJE 250
FERAE 0.5 2247, 3 T IE = ARG 7 Ao, 11X
TR B SRS T 28 KOk B 93% LLF, T 4 T 91
F 22 Heifi 2t 70% LI R FEBLIX Y, HEFE AR 2 o B
K=3; 75— K EEERHNEIRT, WK A REE
Wl K B/, Pettigrew ™7 A g B LA 1 A X 38
F9 B PR 2 VA TR F 7 T DATE B+ Tl A P B it o
HERETT I B, BIR 7 SRR SR TR 5 2 M FasE IX 38
YEo 340, Mitra ™10 2543 il 15 23 S K MIZE 5K B A
VR HERT T A AR WA SR SR, 25 R R, TR
5] (4 Bt BELJE T , 2815 /K 2 2R TR B P AR R P v
SR K, BIVRH 28 K R B, 4 R 7 2595 7K
MR ERAE . i LA S50 9T AR AR A A TR 2804~
KRR L5 IE , R LL 1 BF5E 5 1 S5 SRR
[, AREMTSE BT L. BT, 6 Tt B B4 s
SE PRSI AT R e — A0 B FE

10.00
5
j’:
. FR-K, pld=1.47,
N AEHE90%
= 5K, pld=147,
ES SEE>93%
X A FRE-22, pld=150,
KEET0%
X RH&-22, pld=1.50,
RER>T0%
1.00 1 1 ]
0.1 1 10 100

JRERSH Qrémp d?)

B4 FAD2PEA-KEFERLE
FARTRPE R AR R PG 25 R 3Tk
Figure 4 Fluidelastic instability results in two-phase

cross flow: comparison Freon-22 versus air-water
3.1.2 HF¥ma

Mitra #2245 53 51 5% i 2 A /K RIZE1R-/K AT AR
B AR A BRI S R S s, A N B
IR A AR REJEE DL R AR SRR R AR N
BB BTN T A Y B, ORS8N AR /N
A SRR RS o FEARIR A AR LATHEAE | 5
FRAR LS AR, s U i, g Fid
FE TR . ZUR WoR M T R T, /N R
R T AR & R T KR TR AT E T

3.1.3  WIMEE 5 W 734 LA Am 3 J7 )

Pettigrew ™ 4ER FHGRUR) 122 34T T W AH I 18
RGP TR e M e b 5, 15 8] T AR R
At 53 AR AT 3 T 1) b B3R Sl Rz, 5 45 2R L
BS. BT, Toie 4 e PR A8 TRl 2 WV R
Rl — AR SRV, AR T g Oy 1) bR 25 e A it M e v
ANEEsE M, T WA o R 18— AR SR P A TR FEL ) 7 1)
RS R AR A AR R E . Violette! ! 24t i
PRSP ARG E PEAE T 1 J7 ) FNAEREL T 07 1) b 1) 22 i
117 LA R, 43 X AR A PR 2R
FNEE AG VA DL S A A AT T AR
FERIRSAL, 25 R L s, TR A HEA an
o], PR RAE T 7 07 1) &R 2 & A AR R v AR 8
P, TR SR AERE g Jr 1) b AR A s AN AR
VAR S L o S S S T ¢ 2 I N i e
Ricciardi ® ' 2241 Pettigrew & Taylormmiﬁﬂiﬁy/ﬁﬁ'z:
)8 A TE T AR ) 5 1) b AR i A s A R
PEHEAT THF9E TS B 45 2R 3 5 DL B 45 AT,
Ab, B S AT, AH T RIS R ) — AR R Y
RO, AR 1 RS TE AR BT B i T
S5 A R AR B R R 2 1, Pettigrew 2% 25 1 Pettigrew
& Taylor ™ 3 A I A5 1 T AR A9 2538 . Fh I
B, M R Z R AR AR S AR A5 AH L T W
A ) — AR A R A, R R R R
B o KA AT AT E M

6001 _o 4pztrir, AANA
so0 | —8— RIEEEF B M RIS, THIHT
—a— NI RAER- RS, EITm
& 400}
g
ﬁ 300 f
g 200 -
100
. , . .
0 200 400 600

R BRIE R/ (kg'm2-sT)

BS5 FHRERKEEESAEA
80% B 449 Y 3h vey 2 A bb
Figure 5 Vibration response at 80% void

fraction ; flexible versus rigid tube bundle

3.1.4  FURMIVE

Violette! ™S54 T 7Tk BRIV 76 4% L IE
B ARCR  AT P ARE PR B BT L 18
SELILIE 6., fE A RS I OL R 2400k B



£ 96 - FZETHI# Light Industry Machinery

2017 B3 HA

— I FAERT , PRIE S SRIG A, RUE A T AR A R e
P 5 B RMT 80% i), B & & ORI K, £
PSRN R E T I S A 4 R, BB RN B
G F R AR EATR S PR (B 2 5 ARk 3] 80% LU
B NSRS AR A 2 A B ) A S N
FaEMS ., Ak, Ricciardi ™ 20 F i & AR TR
A PR S N AT T BRI S, 25 R B, 5
FIKF) 70% ~90% W, Bl 25 JAT 3 1 18 T, HiR i Sc 18 K
Ja IS BN A R A TR AN R OE

»
(=]
1

—+—e=0%

-=-e=20%
——e=40%
——e=50%
—e=60%
—-c=80%
—+£=90%

—_
(=)}
T

]

75 MR
CETFHMEAI100) /%
o

e
oo

N
n
T

002 4 6 8 10 12 14 16 18
5] BRI 3% /(m-s ™)
H6 AIhrEeLRAEAETERGKI L
Figure 6 Vibration response at different
void fraction in lift direction

3.1.5 itk

AR R A AR T R 5 A T MR L,
Pettigrew ™ 4515 48 /K WA 4% 1 T B 52 T 76 IE
AR AHESN T5 AR IR A AN R TR Y
SR AR T AR O 132 A 1L 47 TR il JEIRIR
TN 5T BHJE 2 H2H R R DXL, BRI T
HITEL 7 LA, 548 LU A/INIE  ANASE W8 K (HHUD,
WA EARAR T & AR, BN AR LB ), Bl s T
KA ARSI ATE T
3.1.6 EHIH I

LA HRHES J7 A IE = MAIE RS B =
Y HE 5| IE J7 O HE BRI EL B OE T7 O HE 81 S
Pettigrew > S 23 S K R A& AR FSE T 45 K
RS 7 2O A AP AN RRE 52, 7 21 11 8 BT
ANIITEA RV SRS 7 R R e X, di ] 8 T
A = AOEHES 7 SO L T IR = B IR T E
RS 7 30, AR AR B N K A SR s AN AR
P, BITE B SR B 250 T 56 B E = MBS Y
RS R AR A TE T
3.2 gt

ST PR 1075 A AR AS AR E PR BT HAE
W, H AR Z AT S fERE i Connors HEN, 1

10.00
s
E:
NG
b=
=
& & iRtp/d=1.32
e
R W R Hpld=1.47, 8 F<90%
A Tt pld=1.47/545F>93%
1.00 . ‘ )
0.10 1.00 10.00 100.00

FREMBSH Qnémp™ d?)

BT FARRe R T T R AR
PR R AG M R
Figure 7 Effect of pitch-to-diameter ratio on

fluidelastic instability in two-phase cross flow

10.00 [ *

s

j‘:

a5

X

K & LMY, pld-1.47

IR BB IEZME, RS E<T5%, pld=147
A EJ5T%, pld=1.47
@ HEIE=MY, AEE=T%, , pld=147

1031 10 100

1
REILESH Qrémp™ d?)

B8 REHF X E RO AR RALE M

Figure 8 Fluidelastic instability in tube configurations

VU 1] 2 28 (8 ) r i 5 L2 5 ORI G TH 37 ek
e IX P, SR I HE TR Y K ol e IX 184k b
TWAK, R aE X, T e X, kit T
i AP B, R TE B R AR S AL TR E X
Pettigrew ™ " SEHEF A4 R 1.4 ~ 1.5 HH
F R ST 0 T IE TR HES D7 SR AS R K =4, 1
SFH B RAEH K =33, Pettigrew =" 25 %
JE BRI TR L B TR R R K R
(9) , Hod T4 FhHES 7 sC A 3

K=3,p/d=1.47,
K=4.76(p -d)/d +0. 76,1.22sp/d<1.470}
(9)
4 £HiE

TEA G W ARRE [0 P05 A A TROHR 50 32 ZEML B Y Sl



(&= - Big]

KA, 5 : AEEARIB A EREMEARE HINKIT AR <97

b RS R ST 6 2 B0 I R D R e Y

PIZS 3 AT TR T A RS o) U 5 i 4 SR M AN A e PR 1Y

RIGHT AT T RSk, AR T A AR 2

TR-IK VAR A B il B 22 (8] 0 22 501, A4 1 i 42

LB PR I0 58 B 2540, 4G 1 & 0% IR

BELJE 80 2 52 LA R i A4 3l g o s 5, e s G

TR v 35 A PR SR AN R M B 5 e PR 2R

THEN
A4 0 1k T B AR [ U7 R A R N R

PTEMIRSN , © A B B BB A5 N SE B2 5, T

XoF T PR AFTR [ 3 35 4 R s AN R M Y IR Bl , 7R B

o U AU ) 25 R R B 58 iR AR D W8 B, T

PR PRt 7008 o Y A P AN T 1) B2 e i A TR PR T, AR

T 28 56 A IR 174 S5 0 50 45 3] 1) DR 10 R D 75 P

SRBHENGE A R 58, DL EZER R 2 1 56 F

58, MG T PIAR LS 48 AR M AN T 1k RS F 5

R B TS EE AR DL e Ji LA K W AH U 75 &

ERIR SIS WA T 5 35 | A OC AR I U5 A A R L

AFRSE PRI BT 54 A I A

S 30K :

(1] ZwsE, @B ¥RrARBBREFLIRHI(M]. FEE L H MK
#,2014:1 -5.

[2] KHUSHNOOD S,KHAN Z M,MALIK M A, et al. A review of heat
exchanger tube bundle vibrations in two-phase cross-flow[ J]. Nuclear
engineering and design,2004, 230(1/2/3) :233 -251.

(3] B, 5% #FRRFAAHEG AT EHARLI]. CTHM,
1999,26(2) :105 - 109.

(4] X =K, BR/NE, VR, 4. W AR #E 0 8 K #4584 SR IR 20 iy o
R[] AL THLH,2016,43(2) ;131 - 136.

[5] FEENSTRA P A, WEAVER D S,JUDD R L. Modeling two-phase
flow-excited damping and fluidelastic instability in tube arrays[J].
Journal of fluids and structures,2002,16(6) :811 — 840.

[6] FEENSTRA P A, WEAVER D S, JUDD R L. An improved void
fraction model for two-phase cross-flow in horizontal tube bundles[ J].
International journal of multiphase flow, 2000,26 (11) ;1851 - 1873.

(7] Z%.mth, 4%, % SRR 2N EEE &R B RE M

S4E[)]. A T %4 ,2008,8(5) ;833 -838.

WEE, ML, F AR BT AAEE AR F I E A

HLCL// R B e Ttk 20 H R T B K, 1979:

471 -477.

(9] WM, ZHM BHE.% ELACTRALAHRANERT
GRENEHRHF R[], 34 TR F,2006,26(6) 875 -878.

[10] &A1&, %%, FHE EMRARAESHRTOFHRLS A

[J]. HuBk o8 <3 & ,2012,27(2) :651 —659.

[11] PETTIGREW M J, TAYLOR C E, KIM B S. Vibration of tube

bundles in two-phase cross-flow. part 1; hydrodynamic mass and

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

damping[ J]. Journal of pressure vessel technology,1989, 111(4) :
466 —477.

VIOLETTE R, PETTIGREW M J, MUREITHI N W. Fluidelastic
instability of an array of tubes preferentially flexible in the flow
direction subjected to two-phase cross flow[ J]. Journal of pressure
vessel technology,2006,128(1) ;148 —159.

MORAN J E, WRAVER D S. On the damping in tube arrays
subjected to two-phase cross-flow [ J]. Journal of pressure vessel
technology,2013,135(3) ;9 - 15.

JUDD R L,DAM R, WEAVER D S. A photo-optical technique for
measuring flow-induced vibrations in cantilevered tube bundles[ J].
Experimental thermal and fluid science,1992,5(6) ;747 —754.
CARLUCCA L N, BROWN J D. Experimental studies of damping
and hydrodynamic mass of a cylinder in confined two-phase flow[ J].
Journal of vibration and acoustics,1983,105(1) :83 —89.

ROGERS R G, TAYLOR C E, PETTIGREW M J. Fluid effects on
multispan heat exchanger tube vibration [ C ]. ASME PVP
Conference. San Antonio; ASME,1984.

SAWADOGO T, MUREITHI N. Fluidelastic instability study on a
rotated triangular tube array subject to two-phase cross-flow. part II;
experimental tests and comparison with theoretical results [ J].
Journal of fluids and structures,2014,49(8) :16 —28.

DOWLATI R, KAWAJI M, CHISHOLM D, et al. Void fraction
prediction in two-phase flow across a tube bundle [ J]. AICHE
journal ,1992 ,38(4) :619 - 622.

CONNORS H J. Fluidelastic vibration of tube arrays excited by cross
flow[ C]//Proceeding of ASME Winter Annual Meeting. New York:
ASME,1970:42 - 56.

PETTIGREW M J, TAYLOR C E. Vibration of a normal triangular
tube bundle subjected to two-phase freon cross flow[ J]. Journal of
pressure vessel technology,2009,131(5) ;13 - 14.

PETTIGREW M J,TROMP J H,TAYLOR C E,et al. Vibration of
tube bundles in two-phase cross-flow. part 2 ; fluid-elastic instability
[J]. Journal of pressure vessel technology, 1989,111(4) ;478 -
487.

PETTIGREW M J, TAYLOR C E,KIM B S. The effects of bundle
geometry on heat exchanger tube vibration in two-phase cross flow
[J]. Journal of pressure vessel technology,2001, 123(4) 414 -
420.

MITRA D,DHIR V K, CATTON 1. Fluid-elastic instability in tube
arrays subjected to air-water and steam-water cross-flow[ J]. Journal
of fluids and structures,2009,25(7) :1213 - 1235.

PETTIGREW M J,TAYLOR C E,JONG J H,et al. Vibration of a
tube bundle in two-phase freon cross-flow [ J]. Journal of pressure
vessel technology,1995,117(4) :321 —329.
RICCIARDI G, PETTIGREW M, MUREITHI N. Fluidelastic
instability in a normal triangular tube bundle subjected to air-water
cross-flow[ J ]. Journal of pressure vessel technology,2011,133(6) :
13.



