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Vibration Characteristics of Heat Exchanger Tube Bundles in Two-Phase Cross-Flow
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ABSTRACT

Two-phase cross-flow exists in many shell-tube heat exchangers such as nuclear steam generators,

condensers and reboilers. An understanding of damping and of flow-induced vibration excitation

mechanisms in necessary to avoid problems due to excessive tube vibration. In this paper, we present

the results of experiments on normal-triangular tube bundles of pitch to tube diameter ratio, p/d, 1.22,
1.32 and 1.47. The bundle were subjected to air-water mixtures to simulate realistic mass fluxes and
vapour qualities corresponding to void fractions from 5 to 99%. Damping, fluidelastic instability and
turbulence-induced exciatation are discussed. The behaivior of damping and two vibration mechanisms
are different for intermittent flows from for bubbly flows. The effect of pitch to tube diameter ratio

and void fraction is dominant on damping and fluidelastic instability.

J1EH4 Y
A REmA
d D #A A
L DA
K eARy gy A
moReldeld e
ho L ARREE
RS S E
Q  :AHEY
Sre(f) ! Power spectral density &
voooies
WAy =
y R
s D Hol= g
e DA

¢ A

st & %
g 374
[ el
ro1E A AR
©  AREE

LA =

2o A-ad dusr)|(d o], 249
A, AR Tl EAsle 24 3AF(two-
phase cross-flow) -2
W, =3 24FEY # 7MHe whabR-%(single-
phase) 9| 7} ¥R} & Zog ez © dwg
719 Ao & FHE 2EE §48% IR

WY 5 AR, 59 2o

»

SLBTSISEIX| A 4H A 2F, 19943,7199

ok



o
lo

o}, z2jEE fEAdE Abdel #x| sl
dwr|e] A A ol A %Xﬁf& A%
Pejofof sh=dl, ol 24 A F-Fellxe
7bA 7 o] shetat 2% X}EJ} 8t

.

r?L_‘Lo:m
4y 2 P

offf o rr &
2{_1‘

oo St N rp
I
R

o

=g whe dasty] fre] AFdTde
1980 A F-E] A|=zt=| i), Pettigrewe} Gorman®2-
Aeoz Fr-F EYER 24 HHEE Eodte
HBo)l= g (void fraction) 40% o)slell 4], Heilkerst
Vincent®%= 1A%k % 2 lo]o] Al o] 7
1] (pitch to tube diameter ratio: p/d)7} 1.3391 &
g Zta Bolg 80% olstellA, ZEli Remy“&
p/d=1.4430 AP wide] HTE o Hol=4&
65~80% A fFEAEE AAstd #AFe ATE
2P}, =23 F7)-F EFEA Nakamura®=
p/d=1.4701 A zt3 wde] FTE 23 Hol=g
20% o)3loll4l, Hara®+ Hol=8§ 60% o]slellA
sl 50 % YARSE e, Axisa 50

HAgog F7-F EFES AHEst] S
Uzls #& 293 p/d=1.4490 AHALE BT
FARY BHY A5E BHste] T7)-F BBl
He| s} wlmgch, o4 ATFEFeNA & &
Qlol, W3] ATE A Hel=g W BRI p/
dolA =T,

B odgodes A AdFEA 4 dAY 3.4%
A A 3,43.7]9 F71HA7] B9 ul
) 2+7+8 (normal-triangular) ol off 5

AYE Axskedct. A¥e p/d=1.22,
4790 HAZEE ol il N A Abef 2
Ei E°l£z€r 99%712 wWatE 24-frEol A Hel &
d Ao =¥ wrhx f3E HAlxes Fob
stk REAF R FEl p/dvt Adeld 3R] A
A2y wld #ATe s, FARA EUA
(fluidelastic instability), Z28]2 FFoi7|3%
(turbulence-induced vibration excitation)

A3l

o
o =

2. dgAd

2.1 AEAEK

Al#e 0.3 m¥/sece] €3} 0.5 m¥/secel F7IE F
£33 = gle 24 IHF AYAAHAA FAsAn
AP A=, dudtr], fFxzd 28, fF

ZA7], Agd, F7|FFAE ¥ wiRes 74
Hoj glom AR, A4 2AEd, A¥de

{s
i
n
LHE
i

Test section, tube bundle, instrumentation and

Fig. 1
outlet piping of two-phase vibration test loop

Fig. 1ol ¥ % slEel #F, 371-%
el o TAHch AP st
ol 377 B4l #AsH 4ol 7
1% wlAlEA 5

(mixer homogenizer) & % % -:s}
114.3 X 600 mme] A}ztedmolny,
ol WE #E PHstel MHAAE Fo

He sl f214 7

ukE

K

2.2 BI2Y U EHFY|

BEEde 4A dugs] #e Fd nfAES
s sdshl mojsta, e el B P
2a G 5 Qe ol BT NARAL
WastA sty s nA-ARA A Hefo o )
G2 g owue sjoch(Fig. 2), e el 600

FA 1.07mme] gl A7} o™
A 20mmel ®A7} 3 AR Fell 1A = Aok
e 12 aH3ES
Al Awskr] Uzpg
s 3hsdc,

N
ey
wel 9 mAAER T

#He] AFL 2% 2= ACAE AMLstd F
Astelet, Fig 204 2 £ 9l¥ol, 2% xEdHQl
Aol A= 7o AFE FHAG, $Udd 2 7
% oo sxg AAE Bel wyulel Fabsiy
th, ~E# AlojX 2R e AFABE HolL



Aasr] Bre AFEA

Fig. 2 Normal-triangular tube bundle showing several
strain gage instrumented tubes and lead wires

FLOW

c) SPRAY FLOW

a) BUBBLY FLOW b) INTERMITTENT FLOW

Fig. 3 Shell-side two-phase flow patterns of vertical
flow channel

=
K
An)
=
=
w
5,
L
br
E)
|mt
i
o
X
N

2ARE) 4RSS AR deld A7k} Sl Al
et HakAuh, 2 dAFelMe fAUE, AFRE
& (mass flux), Hol=-§ S-o| A (homogeneous)
stha sbdebeh #A Holmg e El%h
o) AP RE chgu ol A

_ Q¢
Eg Qs+ Q. )

A Hol=&& 2183t AF3E e ellA

FAUE o, F% Vo ¥ ABHEE et 2
o] A4tget,

0=p:(1—€g) + pgx (2)
_ (0@t psle) _ Qi+ Q

V=—F lpAm B (3)

oo = 0 Vo (4)

A555 AelddAde] FAAAAES P wjddda
p/dell @ebA T i Fell A W 5 Qi) wheby
o] wjgE o] AAYe] BE Hdo] AHSIHE
714 7} < (reference gap velocity) V,, 7|15 78
AREEE m, 2L 7F REDUH A, 5T
AHe)g P37t gk o)L AHrsEelAde HAA
ARNE b3 o] Hrl,

— (P

mrzmm(?_?—a? Z,OVr (6)
—a (b—dy_ p—d

Ar=Aa( 5 )=WL( > ) (7

3.2 FE599Y (Flow Regime)
24 Fol A AE R FEEYS B FEA
of F83F 93g mA), 2 {FFALIE 522

£ 2AHRE-S Fig 39} o] Hol=g3 gl e}
355 HEEHE WHDTY,
AREES Rol=gol wlA JEHEH 1A

& B9l EAATE Hol=g 50% oldtlA=
TE 71 ERF(Fig. 39] (a)ell sid)oldda, Reol=
& 50~90%°l e 71ERFH TFHH FEol ad
2 ke Holddolglan, Hel=4 90% ol
ol X A FE(Fig. 32) (b)ell sid)olxct. ol
ZE freddd ApEed gl sdddE glHd
PAARTETES 1/2 oA Hol=
o FEdideldt. 349 #F
A el fE=7F AdWaA] wdokoh ARl#ed =
275 Fig
.24 EiE

sl & AlolE
N

3.3 X284
AL AR HolmgollA HEFHEFS HIEA
71 psidn), Hol=8L 5~99% (53] 90%

ST ASTESEEX A 4W A 23, 19943201



% VOID FRACTION : 751

© &, = 75%

®) &g = 50% (d) £g= 90%

Fig. 4 Photograph of flow pattern of two-phase mixtures streaming through tube bundle

o) el A WAz om, AekfEES Wl FAE
zal

A EBAE fiske YA
TUBE

7 MOSTLY LIQUID

TWO-PHASE
| MIXTURE

| STREAM BOUNDARY

Fig. 62 A Hoj=gdx AFRE&El F7t

o), <F 4.0 Hz o]3te] F34r} =A| vhehybizul, ’H

1]

Ae A 24%E AVALAN £F vehte or
A4 oE f5o 3E0 EQL NS FUIHeR Fig. 5 Typical flow pattern of two-phase mixtures
veljo] ARAAAE 71 3E=  #AF(jogging phe- streaming through tube bundle

[%]
=
N\
ro
H
k>
olo
]
ofn
OH
o
foh

(%] /A 43 A 23F, 19943



27 HHE e dudr] F79 AF5A

5 2180 NORMAL TRIANGULAR
z pd=1.22

c VOID FRACTION = 50%
3 1see LIFT DIRECTION

= !

3

= 9eg

-

Q.

z

<

3ge

\2

FR = 33\}‘ ‘68
EQug, 4% o0 8ag A
N )
Cy Hy) 6@ l2gg ‘;\-“* ey [

WAS®

7

AMPLITUBE (zem RMS}

[ ]

788

580

300

100

NORMAL-TRIANGULAR
=122

VOID FRACTION = 50%
DRAG DIRECTION

1\

20
FREQ,. " a8 e 1
Qe -~ 50 5 o st
{HZ} 5] 1 Eaa < ?\-\)* [\3)

WAS

Fig. 6 Typical vibration response spectra for increasing mass flux including fluidelastic instability

1200 Y T T T T
1000 o lift i
o drag

800 | b
600 [ Eg =25% o 1
400 o7

200 h

a a g P 0 0 e,
0 100 200 300 400 500 600

1000 T T T T T T T

800 |- b

VIBRATION AMPLITUDE (um RMS)
[=3

400 | 0 .

1 1 1 ' 1
0 50 100 150 200 250 300 350 400

1400 T Ll Ll T ¥

1200 h

1000 - 1

800

o*
1

Eg=50%
600 T

400 o N

200 1 T

1
0 0 100 200 300 400 500 600

900 L T T T

o

750 F 4
600 |- 4
ssof Eg= 90% -
300 | ° 4

09

150 | °°n°u°n

0 L 1 1 1

0 40 80 120 160 200

REFERENCE GAP MASS FLUX (kg.s~m®)
Fig. 7 Typical vibration response curves for normaltriangular tube bundle of p/d =1.22 (* : fluidelas-

tic instability threshold)

nomena) 22 WA FHFAE A1) high-pass
YE & AHgsted AAsET Fig 72 p/d=1.229
A B SHEAFolrh, AHfgolA e A

< FE FFAECl o sRIEAA @] 2Fur
ol BAIGe] v&F AZS vepid, ey &
ety Bt o] Alztsle AFEEM o] 2

2o §59 AN o 2A gk

4. #EO7IZS 7tmo|+ 1E

4.1 &4
2ol A el gty e fEAHAA £

o

ILFTSSEEX AN 44 A 23, 19943203



z1

o [}

e}, vkl AAE Aol
BE 4 o] weleh 24
o webd Wk,
o) AekfEEol A
deleh, ejne
Aok

& 24l

o © =
H53

e

fl

=
ol
B
=
e
a2
X
i)
off
o
offt
e
o
—
~
w

l

Do
~
Lo

el

Apare) Axch AA < @A

p/d=1.32 % 1.479 A4 A7 AT 5
Ak, HAZ 2475l B vl
A mi R} Al AX Hel=§  40~80%¢l A
4.0~5.0%° Z3c}, Hol=go] FadyE #e
Zraule ghaste] EellAe] Zanidl 1.0~2.0%:¢
A7 vbdol], Holmg 80% oldelA Ml
7|5l Aol zhalulel oF 0.2% HIHA W
HR ¥ 2.0~3.0%0 F3ch oA ofutw 7
AR50 SALE F7]|& EEHY e Eol
T Tl AAEAN FAulE FIAA AeE A
ZrEle), o)z A p/d7) FolAFE R Alst
A vhebytoh, Fig. 102 593 379 ul Q3 Akl A
p/dol W2 el 7hav]E wlag Zolc), 4wl
TUE Bol=golA p/d7t Aot pE Frhsisict

10 T T T T T
VOID FRACTION

O : 25%

a : S0% 4
a 5% /

v : 90% ,
47

oo

N, T

Oa T o .
SR i o
K T 4 S

DAMPING RATIO (%)

2 [ ROTATED SQUARE Y )
TUBE BUNDLE, p/d:122

0 200 400 600 800 1000 1200

MASS FLUX (kg.s™.m=}

Fig. 8 Effect of mass flux on tube damping for differ-

ent void fraction

204 /B LZESIEHEX] A 4AE A 25, 19941

ol A2 p/d7}F FetAFE I #HE e KAF
&3 coupling #Afo] F7}str] Wil

4.2 wHEHY Z2otA

AT o e FAFHEA LS a2 W2 o
Axta ol AHE He AFel s dTgsE W=
o}, o]z AAL fFEfAld s WS A
A §ah fel B4, A, gz dA4Y 7

l
o byl & @el @ F7)

= dv&
S okl o] FEFAZFE FFY i
ol ztalel ofa) 2uE ojuixncl o Adw o

6.0 T ™ | E— T T

" 0
8 ° % e
5.0 /}’o ?D\.\.. T
rd A . LIN \AD:!

— s a a @ a.
X 40 2 a
o
g 7
g s0F ¢ i
g &
a / a
= 20/ NORMAL TRIANGULAR
=] ﬁ, TUBE BUNDLE, p/d=1.22

10k [=] Drag Direction

’ s Lift Direction

— @ - Average
0.0 ! 1 L 1
o 20 40 60 80 100

VOID FRACTION (%)

Fig. 9 Tube damping in two-phase cross-flow for
normal-triangular tube bundle of p/d=1.22

6.0 e ———— T
L o .
o
5.0 -
— B Q.7
R sof 4
e | J
<
€ 3.0 .
o b= -
= —o— pid=1.22
3201 —& -p/d=1.32 ooy
o Lo — o -p/d=1.47 ]
1or Normal-Triangular Tube Bundle
oo I L A 1 1 1 L 1 1
0 20 40 50 80 100

VOID FRACTION (%)

Fig. 10 Tube damping showing the effect of pitch-to-
diameter ratio for same arrays of tube bundle



7] H7e] AFEA

&
Bol Mgl AHA AHG 71F A 4%

i)Y
T
tlo

z,

= BT Afol Connors®e FAHF%, V./fd=
Aek-7ta] Wi, 27im/od*RE, HARA E4A
& o o] Azt Fo)
Ve 278my
Fr=K T (®)
oA7|M, Ve 715 A 5, fo FESAM #e
DHFAFS, me FoiAske] g g delwd &
galef, (v F5FdA F FHvlelth, e A
e-7a] visfwlre] A2 A 052 e, A
FHEES BTY AFTHHERE SHsled],

Fig. 7¢] ®H g (* )E FAIE o] &g Ho|=-FofA
o] A REEolth o]0 AR
FollA e h% v Fzjol PRt AAHoE
£ 24REe A uAdgA g & A=z
Stk dAEZ A RolmgoMde dAARHFEE
o] & AHeol=A] el aRE ¥ =FdAe @
o] AlZo] 750 pm o]Ate] Hujo] AFFEFES YA
Aekf-5-52 AgTh o)Al AA duwstr] 3o
AR 27 Ngshe FFaAH Aol 250 gme}
AT FAFATH F& 7k AZol), AA &
7] #e] oA #F AAW ) Abe]e] b
330 pmo] B2 A¥ 7|53 750 um o] T A|A|

o T FEE HE 7 e AFelH,

Fig. 112 HAMZ-8] wjd g Aol A p/dell & F
Agtd Eobd Aspelnt, AyAFde dA= 7 4
dez FEALAT Hel=g 80~90% el A

0 E-TTTYYTT

/K56, na.05)

sol-
€ge90%

(K=3.5, na0.5)

NORMAL TRIANGULAR
TUBE BUNDLE, p/d 7]

A 147
& 132
a 122

20

REDUCED VELOGTY (%1[)

1.0 fttta bl PR | M
A 1.0 10 100

Z;rfzm)

MASS DAMPING PARAMETER (

Fig. 11 Results of fluidelastic instability for different
pitch-to-diameter tube bundle in two-phase

cross-flow

881 2rtm/od Be) A% nol 2A Hefed el
& 80~90% o1&t I olAbolA ztzt 0.5 B 0.1
sz vehdeh olRe WAL Holmgol we
Fojeje) wistol s)lsh Aoz of 4w,
A AFWE] Hol=g 80~90% AAE | EHE
A ZYHFECD ubAle HolFodel sHuiaich,
NEFFAHN FARY BAH 71TE n=0.52 A
(®)2 & wEsglont BYAREolAE ofF Ak
& A4S vebdeh, oA ol el HAWA e
WeR TG W), ALFEAN S
dape] BTel FADY UL p/dv} AoldS

IR mgs}oq ARy vy

H?~ 402 n

ot

rOl
ox JI-N mﬁ, flo o

=]

2 Az
K3k= zotbzch, Fig 1llol4 2 5= gl%o] p/d
=1.22,1.32 9 1.473) 3% K+ 24 2.5 3.5
2 4.9013i e},

Hol=go W& p/de} FAA B Abpete)

4 p 2 (o

A = Fig 129} o}, FAsA EelA A K=

53 Zeo] A F2EE, (p—d)/dF LS B
A7 9l

Ka24 (©)

Al (95 A&t p/d=1.229} 1.32, p/d=1.329}

4791 #-o] fAlRA] EokA AbenlE oF 1.40]

1.

deh. AEARFAN AR LI e Be

AFFEENA BASA LR o} AU 2l
% upgagx) Raj) eme dagr) A

AA FEddo] AHPARFS HER A sfofo}

gt

6.0 T T T T T
NORMAL TRIANGULAR

5.0 TUBE BUNDLE .
pv2
—
Z a0k _
—_
z .

LA
S s.0f ~ i .
= ﬁ/,/ »
=S LA i
o 2.0 R . —o— void 25
5 .~ —=a - void 50
1% o« — & —void 75
Z 1.0~ --e-- void 90
----&--- void 93

—e- - void 98

1 I 1
1.2 1.3 1.4 1.8 1.6 1.7
PITCH - TO - DIAMETER (p/d)

o
o

!
-

Fig. 12 Effect of pitch-to-diameter ratio on fluidelastic
instability constant for normal-triangular tube
bundle

S| o
SRLBTE

SEEX| /A 43 A 235, 19943 ,7205



ZIEIE

a g 2

4.3 HRHI7T
AAE Hol=golx AfEEo] Sl wet

s 7

) AELGL Bol Aol YAl Tk £
By geby oMo ARfEEAA FAHOR

Lol

o] dee) AFHEFoNA Be) AFL B

7Fghe, d
gl A7 7P vldlEe AR 9

F07]
ZThan.

Bel FWPAE, (0 el B QoD &
Zeo%o o3 r}xl#Ee] power spectral density Sr
(f) 7k BAAL FAE o|EorNEH ALY
olch, ® WAl AHAN FEEstm IuHeE 4
3% (correlated) FHHE e #o 13} R of

o

@ wel AFAPNE, Y (0 & che o) FA3
et

FHORS A 10
A7) A, AF O Bel AAZAH AN P2

A A grl B she oA ogr e A5
o 0.613°]ch,

dmgy] #e] AFHHL B FEEFN A
o) Aupgrel SHAEL AT FHSHAF

3l €,=220% > |
107 .
g ¥ -]
g i //f.
8 1o? ~
E 19 o . ,{’ .
j oy . > .
6_’ 4 /‘/b .
R B e
< lo! e
5
g o v T T T ]
a o Eg=75% ]
> -~
E “ao /b/_‘
s e
=4 ~ °
5 L . 4
8 //n
10°+ - -4
o« - 4
AT —
02

(resultant vibration amplitude)-& & o}ok J i,
Fig. 132 Fig. 79 $¢3&-& AT p/d=1.22
Aty BEel PYSGASolLh Fig 13224
SARY 4y oA AFRFEN AFshe
GAZg 23 el PHSIAEN AFHEE
o BAE nAST) AFHTEY A% bE &
o) gl Aoz Aastach,

(v () a(m,)® (11)

Boleg Wl wE p/d=1.2220 FAA4Y AL
o Af-5E AT b Fig 149 Ao} g be
Bol= g e} @ol HAtE A, AR Rol=
& 20~80%oN e b=1.00 HTde= AISE Ha
Hol=g 80% olAtellAlv b=0.50 H3}

B, £ dFdME ZE AEAERES
I8 5 UAEE b=1.0& A3t

A (100 A ADEREH & F ARl Sr(H=
N&E QA ARFEE m. BAL ok aslER
m,e e 7ol A2|slE normalized power
spectral density (NPSD) & AAtst=d A=),

o
J
) olo

o
g

_ Self)
NPSD=—7=e (12)
T i 11 it RS
19% 4+ €g= 50 %
[ | .
o
. ]
I~ ~
~
2 //
prad
2
1e°r =7
T
to? {9?
19° T I S e |
T €,= 90% -
8- be
s
oL //’ ]
//""
- ///, . 7
b//
10? Ly ‘.‘.lé,

REFERENCE GAP MASS FLUX (kg+s+m®)

Fig. 13 Typical resultant vibration response to random turbulence exciation for normal-triangular tube
bundle of p/d=1.22: dotted line has a slope of unit

. 206/ B2 ASNEFZEEX A 4H A2E, 194



2

ox

HfE

o

ki3

e

Anyr) BT VESA

Hol=§ wWild W& HAZs Fi-e] NPSDI-S
Fig. 159} zch, p/d7F Adeldt Aatzs ol A
NPSD3-& p/dell #AIgle]l vy k& B
NPSD3he Hol=g3 A Frhsided, E7Hs
2 Hol=g 80~90% H-ZollA ZA wiH et 7]
EfFolA NPSD3H2 shutsiA] F71gh wide) 73
ATl g & F718e 2k Frhsksdc
o] & AL FEdde Wsltdl sdlse oz

O
A A dFERe] THEARFAA ARRFEY
A be 7| ERFAAL] A bR} AopA|= g
& B2l

AEARRTH dRo7|AF ka7 s

2.00 T T T T T T T T T
PARALLEL TRIANGULAR »
175 | pre=122 NORMAL TRIANGULAR 4 _
ROTATED SQUARE L 4
150 L a ) A ]
2 sk i
[ : » .
Z L 4
S 100 |- X s it
e . &
= 75 - * ™ ) |
o
50 | >
.25 |- 2
0.00 ! L 1 1 1 1 1 ! )

0 10 20 30 40 50 60 70 80 90 100
VOID FRACTION (%)

Fig. 14 Measured values for mass flux exponent § in
relationship (y(x))™* @ (,)® for tube bundle of
p/d=122

100 '

T T T Y T Y T T

- NORMAL TRIANGULAR
107 TUBE BUNDLE, p/d

) A 147
< a 132
= 10-2!__ A 122
2 E
a. b
- [
2 10
> 3
- L
= -
=3 b
[=]
Z 0t
10°%

VOIO FRACTION (%)

Fig. 15 Normalized power spectral density of random
turbulence excitation for different pitch-to-
diameter tube bundles at around 30 Hz

AHE7HE R o 2 A1S frEskad
25% < 5 <90% ; NPSD = 1((*03es~5
90% < £, <99% ; NPSD =5!0-2es-90)-3] (13)

Fig. 159} 4] (13) .23 & 4 9J5o], FEe7)
gl 7|Qlete BEAS dalr] A= oA
#7) WEe $ES Molmg 90% ©lwre] JEHE
of HF=E AAZt] wiHAsIT), B EFo4
A AR NPSD3Fe 143557} eF 30 Hzgl o]
e 5 gk,

AES Aot
FollA Aaule dAFE(E) oA Bt

ds] A ez, Hoj=gol uf$ F&3o)o]
=& 40~80%NA Hdl 4.0~5.0%¢ 23

(2) &2 7ol vixe #T p/dst AFHEF
o @2 A2 vl

(3) frAlgkAd EqkA

(4) TS p/dv FAA B Abpel 2
ke oA p/d=1.22,1.32 D 1.479 AHA
o] Bl A Ke 77t 2.3,3.5 9 4.99]

£

(6) WFFl7| Gl o we) WEL
of HAZ vl FHAHel mAE BT p/do]
depe mokgc,

(6) FFHI AT 3 NG L FEAdAel o}
2 vl Aelstel F|EHFoNNE Hol=ga g
FAHOE Fo4e e, 1¥Y $EAE o)
wel Frlstdone Jdwmzy] A FEE o
shedo} e},

o

v S
(1) Taylor, C. E., Pettigrew, M. J., Axisa, F. and

HILFTUSHESEX A4 A 2F, 19943,7207



o

7]

/g]

S ) A

Villard, B., 1986, “Experimental Determination of
Single and Two-Phase Cross Flow-Induced
Forces,” Flow-Induced Vibration, ASME PVP
Vol. 104, pp. 104, pp. 31~39.

(2) Pettigrew, M. J. and Gorman, D. ], 1973,
“Experimental Studies on Flow-Induced Vibration
to Support Steam Generator Design, Part III:
Vibration of Small Tube Bundles in Liquid and
Two-Phase Cross-Flow,” Paper No. 424, Interna-
tional Symposium on Vibration Problems in Indus-
try, Keswick, U. K.

(3) Heilker, W. J. and Vincent, R. Q., 1981, “Vibra-
tion in Nuclear Heat Exchangers Due to Liquid
and Two-Phase Flow,” ASME Journal of Engi-
neering for Power, Vol. 103, pp. 358~ 366.

(4) Remy, R. M., 1982, “Flow-Induced Vibration of
Tube Bundles in Two-Phase Cross-Flow,” Paper 1.
9, Proceedings of 3rd Conference on Vibration in
Nuclear Plants, Vol. 1, U. K., pp. 135~160.

(5) Nakamura, T., Kanazawa, H. and Sakata, K.,
1982, “An Experimental Study on Exciting Force
by Two-Phase Cross-Flow, Flow-Induced Vibra-
tion of Circular Cylinder Structures,” ASME PVP
Vol. 63, pp. 19~29.

(6) Hara, F., 1982, “Two-Phase Cross-Flow-Induced
Forces Action on a Circular Cylinder, Flow-

208/ S2ASTESZEHSX| /A 4d A 23, 19944

Induced Vibration of Circular Cylindrical Struc-
tures,” ASME PVP Vol. 63, pp. 9~17.

(7) Axisa, F., Boheas, M. A. and Villard, B., 1985,
“Vibration of Tube Bundles Subjected to Steam-
Water Cross-Flow:A Comparative Study of
Square and Triangular Array,” Paper Bl/2, 8th
International Conference on Structural Mechanics
in Reactor Technology, Brussels.

(8) Grant, I. D. R., Chisholm, D., 1979, “Two-Phase
Flow on the Shell-Side of a Segmentally Baffled
Shell-and-Tube Heat Exchanger,” ASME ]. of
Heat Transfer, Vol. 101, pp. 38~42.

(9) Connors, H. J., 1970, “Fluidelastic Vibration of
Tube Arrays Excited by Cross-Flow,” Proceeding
of the Symposium on Flow-Induced Vibration in
Heat Exchanger,” ASME Winter Annual Meeting,
New York, US.A,, pp. 42~56.

(10) Pettigrew, M. J., 1981, “Flow-Induced Vibra-
tion Phenomena in Nuclear Power Station Compo-
nents,” Power Industry Research 1, pp. 97~133.

(11) Taylor, C. E., Pettigrew, M. J., Currie, T. G.
and Kim, B. S., 1989, “Vibration of Tube Bundles
in Two-Phase Cross-Flow-Part 3 : Turbulence In-
duced Excitation,” ASME J. of Pressure Vessel
Technology, Vol. 111, pp. 488~500.



