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rate of stearn supply and the geometry and
scale of ihe systeq. (e.g. injection pipe
dianeter)- Fukuda(uJ studied some details
of the condensatioa oscillatiorr for both
lrater and freon (R-113) in a wide range of
flor+ rates and teraperatures. He revealed
that the liquid subcooling played such a

dramatie role in condeasation process that
pressure oscillation 'aas enhanced as the
liquid subcooling rr'as lowered dovrn to a

certain value but was redueed drasticaLly
thereafter in subsonic f1ow, and that the
pressure oscillation rras significantly
decreased in sonic flo'a.

Simpson and 66tt(9) performed an
experiment for lrater in a temperature
tange 25-65oC and correlated grorvth o{ the
oscillgtion amplitude as a funetion of
Jacob number and Revnolds number" Jones
and Dcdge(i0) have detived a theoretical
expression for the ampiitude of pressure
oscillations. However, these correl'ation
and expression did Eot explain rapid
deerease in the magnitude at near-
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Pressure Oscillation Accompanying

Steam Discharge into Subcooled Liquid Pool*

By Motoaki UTA卜 胃RAX*

Pressure oscillation may be induced in liquid when steam is in]ected into
subcooled  liquid  through  a  submerged  Pipe.    Theoretical  and  experimental
cOnsiderations have been nade on mechanism of the pressure oscillation in the
case that an OSCillatory condensation interface exists at the pipe exit.   The
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effects  ●n  various  characteristics  of  the  pressure  oscillation,    A  new
dimensioniess parameter of subcooling is proposed ☆hich correlatees Water and
freon data better than 」acob llumber.   Operational ranges  for the onset of
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電「 li ;:riblld requency al■
d atIPlitude are obta■ ned in

by  experiments  in  a  wide  range  Of
parameters。
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1. Introductio■

Direct    ‐aっ or    COndensation    in
si]bcooled  licuid  is  a  commOn  p■ enotte■ o■

encountered in manv t170~Phase sl,St‐‐rn S.  Of

ごDecl fic ■nこ erest lヽ ere ■s vaPOr in]ection
tnto  sub cooled  liquid.     ・Ios t  of  the

tesearch  t‐ n ■raPor  jet  tし,densation llave
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characteristics  changes  froirt intermitこ ent

(:● ndensatiOn  at  lo、7 ,la ss  fluHes  and  low

フater  temperatureS  tO  periodic  one  at
intermediate masS fluxes, and to bubbling
IFithout lligh frequency COmpOnentS near the
saturat■ on temperature.
At  low  steam  :[10W  rate,  the  con―

densation interface beCOmes  unstable,  as
waこ er comes in and out or‐  the discharge
pipo,   causing   short― duration   pressure
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At  intermediate  and hign  steam f10W
rates,  an osctllatory condensation inter―
face  forme at  the exit Of the injection
。■,e 、c ollこensaこ ■つn osc■ 1lati on).  The con―
iensation  oscillation  produces  preSSure
cscillation inside the diSCharge Pipeline
and in th●  lJquid Pool: vhich is the sub―
ject of the present Stucy.   ItS freqtlency
and  amplitu■ e  vary  in  a  complex  inanner
depending  on  the  liquid  subcP。 ling,  tl、 c

satur::::lalemper:i:ぶ
:そ 3)(8)一 111) have
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investigated   frequency   beilaviors   with
respecこ   とo  the  liquid  subcooling,  stea■ l

velocity  and  diameter  Of  こlle  in」 ection

Pipe.    As  a  resulし ,  it  is  .・ enerally
believed  that  the  freq、 lency  Of  the  con―
densatton  oscillation  increases  as  the
liquid tenlperature and the pipe diameter
decrease.  and ,lsc as  the Stean velocity
lncreaseso   Correlation fOrms propOSed so
far, however, were rather o■ vers■ ve; Which
seems  to res● lt mainly from limited riata
ranges.   Hence,  assessment still remains
tO  be  done  uslng  a  w■ de  range  oI
・・xperimental Parameters.
In  short,   through  extensiVe  past

research,  Phenomenological  understanding
of     the     condensati。 ■     oscillati on
progressed.   ■oWe'er,  ti・ le mechaniSm that
triggers condensation oscillation and sOme

霊itachi
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of imporfant feafures of the condensation
oscillation remain to tre revealed"
Therefore, the objective of the Present
worlc is Eo undersLand the mechanism of
condensation oscillarion based on a

physical modeL and to demonstrate it by
experiments- The frequency, the anplitude
and che limit of the condensaEion
oscillacion are discussed for both cases
of subsonic and sonic flow raEes.
Specifically, unificarion of vater and
freon daEa was attempted' The parmeEric
effects of f.iquid subcooling, exit steam
velocity and pipe diameter vere
investigated as rsell-

NoDenclature

A = flors area of injection pipe at its
exit

a = exponent of steam velociEy in
expression of h

b = geometric consEant (Eqs.(12),(15))
C = sonic velocity of steam

(= ,,(TI'7an 
=).p = specific heat of subcooled li:rie

at consEant Pressure
D = diameter of the injeclioa pipa
d = diameEer of iierid Par:icie

entrained froa :es-iisuid ia:erface
AE = mechanical ensrg-j or:du:ei rithin

sleaB jet
F = funcEion of subcooiing and steam

velociry defined by (Eq. (17))
f = freouency condensation

oscillation
= sEean mass in eoncrol volume
= condensaEion heat transfer

coefficient oa the entrained liquid
particles

= overall condensaEion heat transfer
coefficient in sEeaE jet

= Jacob number (= coA0/L)
= bulk modulus of sEea. (r oc2)
= exponent of steam velocitY in ex-

pression of net heat transfer area
= latent heat
= exponent of bubble volume in

expression of ahe area o",

macroscopic vagor-liquid interface
= Mach number defined at stat ic

system pressure (- u/C*')
= mass of an enerained liquid

parcicLe (= 4rrp{(d/2)3,/3)
= virtual mass atrached to interface

(Eq.(15))
= number of liquid Particles

entrained per unit atea of the
interface. per unit cime

= exPonent of sieam vel0city in
expression of overall condensation
heat transfer rafe (= a + k)
pressure

R = bubbLe radius
Re = Reynolds numbet
s = net heat transfer area
56 = surface area of an efltrained liquid

particle
31 = surface area

interface
of vapor-Li-quid

= srfouhal- nuuber (= fD/c)
= Laplace parameter
= tioe
= tiue constant (= cofl{o)

u = steam velocitv at ihe entrance of
the control volume

v = volume of the conLrol voiume
I{o = steam floru rate at steady state
i'iin = steam inflors raEe inco the coatrol

volume
I{" = rate of sEeam condensation in rhe

control volume
x = staEic quality of saLuraEed steam

in rhe conErol wolume
rlZ = infinitesimal variaLion of physical

variable Z

P = density
o = surface tension force of subcooled

liquid
,ig = riscosiEy of sLeam
,\r = liquid subcooling
'".- = sa:uratiotr temperaEure
- I = average life tine for a subcooled

.iquid particle to reach saEuraEion
:icっnd/(hSd))

~_   = ti■eisiOnless   subcooling
(1(=sat))

―
_■
  = ―_ ie fined at the entrance

ca:::o1 volume
=" = ie:::siop-less cri.tical subcooling

as a solut.ion of Lhe equation F = 0

. = ai3riai irequency

Subs criD is

o = steail- state
e = enEraintrent
I = dr-v steam
)l = liquid phase
d = enErained liquid particle
I = macroscopic vapor-liquid interface
w = water

Superscrip ts

o = steady sEaLe
*- = entrance of the control volune

non dimension
^ = representative value

2. Theory
2.1 ilode1 description

Figure I shows the cotrcePE of the
presenr mode1. SLeam is discharged from
an opening inEo subcooled liquid and is
supposed to fom a jet r+ith macroscopic
vapor-liquid interface. A control voLume
is set up in the staam jet- Based on the
mass balance oi stean and Ehe equalions of

Steam flow

- lnflow variation

Steam-water
interface
Variation of
condensation rate

Entrained liquid
particles
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3asic assuコ ptions made in the analysis are
as follo聰,s:

(1) EaCh phySiCal quantity consists of a
steady part ZO and a t■ ne― dependent
infinitesimal variation δZ,

(2)i置
..翼 s,血:at』翼rlaj。

lT二
:

thermodynamic equilibriulll;0讐
ilttTT喜嚢霧
stnaller  than  that  Of  the  incident
wave at the etltrance of the control
volume,

(4)  entraiment  iS  prese,t  and  steaIIl
condensatiOn occurs pr■ularily on the
surface    Of    entra■ ned    liquid

O整
島 驚 L雌 富 現 選 ζ

at the entranCe of the control vo■ ume

while it iS independetlt Of the pool

(6) ユ1:[::::::l interfacial area is in a
ge●Illetr■ c  relat■ on   ■th  the  Steam
volmles and
(7)::1寵
1奮∬
ilttihIPご iTc』

L∫
volume.
The statelnent of the assumptiOn (3)
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holds  if  length  of  the  piPeline  is
infinite.   However, even in a high steam
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ln  the  case  of  Steatt  jet  emerged  in

姜釜
d塞
瓶Л垂i=菫確

l:雌翌1豊,事悪:手苗ゞ :塾義蓬
聾蓬至.電ξ   l運:
::ansitlpWttffttSal:°

nin」

:IlllenlealI

:こ::::::1:s「
XCetel:[。
」llSeti[ lfξ習[m:[I:i

(5ヽ 電ょl=∬:ion(7)is baSed m tte
observation   that   frequency   of   the
concenat■ o■   OSCillat■ on   is   relat■vely

'11 $9

high( 11) , r.rhich means that liquid f 1ow

field is acceleration-dominated. The

other assumptions r,ri1l be verified by
comparing the analytical results k'ith
experiments -

2-2 Basic equations

Based on the assumptions (1) and (2),
variations of thermodynamic quantities 6p,
:(-l) and 6p are related as follows:

'-:podp/K " (2)

r;here. subscipr o denotes Ehe steady

iioting that 6(A0) = S(esar), Clapev-
ron-Ciausius relarion gives

6(■ 3)‐ =sat δP/(ρ oι )
・・ (3)

In   the   case   of   Subson■ c   flow,

i:::II:Iattbaled llglili・
Vesu:::l:n v];:

we  can  ごヽite  the  variation  of  S tealll
velocity at the  entrance Of the  contr01
v。 lume as

δu = ― δp/て「_i C■ )                
・° (4)

where,  superscripこ  丼 denotes the entrance
of the control volume.
In the case wnere the f101・ 7 iS ChOked

:IPe[::nc:ipls」 IlllЪ icthee、ξffξI:n fl:ItsI:ζ
the  pipe,  developing  a  supersOn■ c  flov.
Since  the  velocity  of  the  Superson■ c

:玉:]:il°
n:re:llle,ilheittCミ

、1。:Ity tli

:::ssII:Sと、lillllionililllIWttte:二  j:[:
:::11[ngin tiis littiFCit ■e F:face° 11[::
pressure of free jet  reacheS  the statiC
PreSSure  of the pool  System,  ■le get an
alternative to Eq。 (4)as

`●

 = ― =P/(p。 C`'I・1) (4):

in the cho!:ed fl-ors case, uhere Bernoulli's
equaEion d(u2r'2) * dP/pc* = 0 and I'lach

nuober I1(= uo,/C-k) are used in deriving Eq.
(4)' .

Mass balance oi steem in the control
voluae yields

器莉in― δWc

where,

1ヾ in = p,Au

lllc = hS△ 0/ι

・・ (5)

・・ (6)

・。 (7)

The variaEioo of nass inflow rate
SWio ia the case of subsoaic flow at the

".,i"rrr.e of the control voluue is given by

6i.iirr=i,Iirr"(6p*lpo*+6u/uo), il.1 " (8)

where 6P* is expressed as
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δρ■ = ρ。′ヽ6p/K共 ・・ (9)

similarly to Eq"(2).
l{of e thaa lhe mass f Lor'r rate is not

affecLed by th€ Dressure condition at the
dovnscream r'rhere a choked flors is
established aE the pipe exit. Then, Ehe
variation of masa inflors rate ai: the
enfrance of lhe control volume becones
naught, that is

δlJin = 0, M≧ ■ ・・ (8):

The variation of condensation raLe in
Eq.(5) may be expanded ro give

δWc = Wc°  (δ h/h。 +δ S/S。 ) ・・ (10)

Condensation  heat  transter  coeffi―
cient appearing in Eqs。 (7) and (lo)may be
wr■ tten as

ll = nua                            .. (11)

under the assumptio■  (5)。    Herel il  is `
cons tattt  independent  of  variable●   し  ■■i
△9.

Derivation of net hこ こt― ■r■■三f== `==こ
S in Ecs.(7) and (10, 1= ここ

=こ
riヒ 三二 lil二 lr.

Figure 2 sho● s a ■ここt―
=r●
■三f=r it=こ :三■1■■

1lyPOthes■ zed.

Saturated liquid

Deposiiicn

Steam-water interface

Fig.2 lleat transfer aechaaiea
hypothesized in the nodel

An eatrained Eubcooled liquid
particle absorbs latent heat by steam
condeasation oa its surface, decreases its
subcooling and eveatually beeomes
saturat.ed. During or after this proeess,
the liquid particLe is deposited on the
vapor-i.iquid interface and disappears from.
the vapor - phase. Ilence, tlro processes
exisl thaL deprive a liquid particle of
heat Erasfer capability, i.e. self

i::eoueac..' :lse:ved i: :he arrr.ri*"r,t(B).
ihis means ihai iha Dr3c3ss A is vircualll,'
a static one reia::l'e :o ihe
characteristic period of ccndeirsaiic:t
oscilLation. Considering ihe i-:igh:
disLance of the particle <luring Lire perin:
'f I, iE is reasonable co assume 'i2 >> 11 "

Therefore, the process B is neglecfed,
Nor.r, ne may Ery to inLerpret tire

decrease in Ehe subcooling of ihe particl:
effectively by the decrease of Ehe heat-
transfer area, ryith ihe subcooling hept
constanE at iEs initial va1ue, i.e. pooi
subcooling. Then, the neE heat-lransfer
area io lhe characEeristic time scaie in
the condensaEion osciliaEion is shorvn to
be S = i1S.S1 (S. = NS6), r+here. Tr is a
fuuction of the diameter of liquici
particle d. <i and Se are pri.mariil,
functions oi u in the entrainmeni
iheor','( i+) , Thus, 'f 1S" is supposed to be
a iuicij-on of u. As for SI, from the
assu::r;ioa (5). the follor{i.ng relation is

:: = iI v4 .. {12)

lhe e:{Donent rI{ It assumes geometrical
sinj-larity of jer shape on scaling. The
value of rr' rr mus t become lrro Ehirds
p::ovi<ied the simila::i.ty of Ehe jei
:onfiguration is preserved on scaling
aecaecry (e.g. scaling pipe diaroete::) viiir
ine ooerational parameters ri anC u iteoi
::ichanged. In the case chat the ier shaDe
:s sohlrical, we have b1 = (41)t''1 32/3'=
;' 8-35 ' ConsequenEly, net heal-Eraasier
alea S becomes

; = ; rk 1,1 .. (t3)

:.ihara . ; is a cons tant independent of
;:i'::---es u. '.- and -:,

:i.-t::l::re relation G = PV. ne have
ics'.'a:ii'-:-::.a1 :crm as

rClG- = :.r r - : ''. /1-- ., (14)

The bulk:cci rlotion r.ras modeled in a
simplified Eanter t,ased on the assumption
(7). Formai generalization of Reyleigh
equation ior a spherical bubble rgas made
in tems of jet volume V from the relaLion
v = 4r-x3/3, giving \

;, = ,',^ CiI
' " ii t' i) " (1s)

-\ / )tt.mo = D;-LVs

in. which higher order variations (".9.
(6v)z etc.) roere neglected. Here, bg is a
dimensionless parameter Eo characterize
the jet configu::ation. In the case of a
spherl, b.t is 14fl-2/\-1 {3 = 0.128 and
Eq. (11r) reduees to Rayleigh equaiion
vithout a non-linear term.

In sumrary, the basic equation system
consists of eleven equations (Eqs. (2) '-
(5), rqs.(8) tu (i1), Eqs.(13) "- (15)) a:":
variable vector 6X having the same nu::!:r
of cornponenEs XT = (pr 0, A0, u, c, ii.=
P?'", Wc, h, S, V),

saturation (process A) and deposition
(process B) with average life times 'r1 and
TZ, reEpectively. The diameter of the
liquid partiele uay be evaluatqd -by Lhe
correlation ge(us :un)2d/o = 10(14) 

-ortri.rt

is applicableo tE a ^liquial film under a
sudden acceleratioa. Let rg (r>ug) be a
typical value of 200n/s, Ehen d = 2.5
10-2 rm will be obtaiaed. Consideration
of traasient heat conduction in the
partiele with h assr.rmed to be tO6w/o2r
gives 0.02ms for t1. Eeaee, we have 'r1 <<

I/t if ve take f = 50082, rhe highesr



2"3 CondiLion for condensalion
oscillaEion onset

2.3'1 Subsonic flow

By use of the basic equation set
exeepr Eq. ( t5 ) thaE exhibits liqui<i
ii'rerlia, lhe follorting relation beEneen 5G

and r\p r,tas deriveC

亀警 +襲G、学Fδ P (16)

rsh ere

.b=s+[-ie (l-a-k)C,r/su]-Ke"os/cai.to .. (17)

anci

i =K/ti:i " (i8)

In cieliving Eqs.(16)'! (18)r relaricns
for Ehe sleedy state l{lrro - W"o = wot is =

G.r/i.Io = ooVo/Qo"l Auo rvhich meaos iime
requii:eri to consume steam in the corrtrol
volume bv condensecion, and- a relation for
the hrrlll moduirts K*'= JorLC*'2 r'rere used-

Itlow, assuming the pressure variation
to iie e harmonic oscillation lrith a smaii
anp lii:ude .\p I an<i an angular f requencY o .

rse can <ieduce the nechanical enerElv
pr:ociucei '..Jithin lhe conEroi volume from
oq. (16) as

△E=ノ 6p tt dt= δp ttdt… 。9)

- .-,(\ :"rLsr I ril | / ( ;.. +_.i r.: )

uhere. 'ip is a d imens:cniess group of
pressures defined by,!ii = 1O;4."

iience. i:he condj.tion for the system
io cl:eate e positive mechanical ene::gyr AE
> C, is equivaleni Eo E > 0, ihat is

! : "{.i-i/:.i) + (l +:n,iil)-Llrc - 0 "' (20)

Fig " 3 l.lechanisrn of condensation
osc ii lation

Fi-g,4 ?hase relatioa between
variations of Pressure and
vaPor rnass

Equation (20) can be simPiified.
I'rom foliowing relations and aR

appro:<imaEion" t7- o = x/:, - i i-::)i". C2 =

xC.2 (good approximation 'i'r lh: rafige x \
0.I) and :a/:, = i. r.rc can reduce .o =

.',/x. L = K; : I-Cr2 anri ihen : = 1.. Th'.'s.
EE"ll0) 

"onob. 
i"oIritt., ,.

２Ｔ
一
プ

ｏ

Ｖ
。
一
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(22)
where. n = a + k and

7r c = poι △0。 /(KOsat)

F = ■+■ ―(■―n)/M― X/7c大 , I・iく ■

where

ic夫 =ι△0。κCfOsat)A  diinensionless   group  
「
c   provides   a

neasure of Lhe subcooling under a variable
aぶ3ieit  pressure  x・ 7ith  a  constant  liquid
te“Perattre, since the relation さ(Tc)= δう
holds from Eq.(3)and Eq。 (21).
A  phy,■ ●21  mean■ ng  of  each  teril

appeari ng in Eq.(20) follows.   The first
term comes fro■l the inflow variation oWin,
tlle   Eccond   and   the   third   from   the
CO,t■ enSatlo■  variation δWc.   To be more
scecific.  the second term is due  to the
variaこ ■o■  ●工 a prOduct of the net heat―
tran,fer   area   and   the   heat― transfer
cOefficient, j.e. 6(hS) and the third te_rm
i:ュ .‐  こo the マユFiatiOn of subcoolin3・    The
second term is seen to excite the system
and  the  ctheis  しo  Suppress  the  syste三
excitatici.   Figure 3 sllows resPonses or
quanti::ies  tc  tl)e  Pressure  perturbati_・ ■.

The nlechanical ellergr is produced ltthen i
is posirive (rq.{19))" Under   thiS

corldition, ftass variation foliol,is Pressure
variatiori, causing

・・ (21)

2'3.2 Choked flow at PiPe exir

!'o 11-or,:ing the proce dure in 2 "3 " 1

using Eqs. (4)' and (8 )' instead oi Eqs. (4)
and (8 ) , the sane foim of mechaaical
energy formulalion as Eq. (19]t c:il 1-'e

obcaine<i p::ovideti che funeiion F is
--- 1 .^aJ h.,

f = .q.+n/1.I2 -x/n.:r, M>1 ・・ (22):

The above reS131ts of Eqs.(22), (22)i
,Fere Obtained e■ cluding the liquid inertia
equatio■  (E■ .(15)).   Alternativelメ ? based
o■   こhe  whole  seこ   of  basic  cquationsi
applicaLio■   o_‐   Rou th― Hurwit2  inetability
cilterion  to  the  syste=  clla l‐ acこ er■ stJさ

eqtlation  was  found  L●   vield  the  samc
reslllts as above.   This suggests that key
mechanism    to    create    condensatio=1
0scillation  is  related  tc  thermodyl■amics

of vapor phase.cscl i1Eiic,r. as shor.rn in lig.4"
co]ldensation
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2.3.3 Regime map of
oscillation

Figure 5 shorvs the
sarisfy inequalities given bY

{22)' .

I郡[漏璽1…
condensatiOn

ranges  that
工qs。 (22) and

直

01M2
Fig.5 Range of condensaEion

oscillations

In the figure, ltc corresoonds tc -c* 
":t.Possibly, three kinds of regimes aar a:<ist

depending on the value of paradeter "n".
Recalling Ehe definiEion of "n", ii
represents an exponent of steam velocity
in the expression of condeoqalion- rate.
Referring to the past t{orks(8)(10), "n"
must be DosiEive and less Ehan unity.
fukuda(8) proposed from his experiment
that Ehe overall heat-transfer coefficienE
based on the macroscopic interface area be
proportional to ReO'9, which is the only

1

1+り

eorrelation available. therefore, we

assume EhaL n = 0.9 in the following
discussions. The subcooling at the
boundary r.Jhere rhe condensation
oscillation Eerminales is shown Eo

decrease with steaE velocity in the
subsonic flow region. rghile i.t increases
in supersonic flow region. This eendency
asrees r,riEh exoerimental observations in
tt" p."t(z)(a). '

2.4 Frequency analYsis

Based on the basic equations, Ehe

system characteristic equation becomes

rnt."s3 +m(.{,-F)s2 +t.s+1 = 0 ・・ (23)

nhere s is the Laplace Parameter and m =
uoVo/(. Equation (23) may be approximated
by

mt"s3+t=0 ・。 (24)

if we aote that PriaciPal terms Eo

characterize eigen frequeacy are the
first, the third and the fourth Lerms in
Eq.(23), and that g > ts 0 from
experiBental data on frequency. Inaginary
part of the solutioll of Eq.(24) yietas

in which the equivalent radius of the jet
Ro can be derived from the steadY
relations to give

R, : ir.-1l3!''rt1-n)/:n

食= こ2D2/3λ

け0イ
3皓
錐∋
″メ

Incorporating these relations, we have an
expression for frequency f (= ..,l?.;) as

f = 43 ric0 LIB DY

-< I a

iE = (r ez '''/2,
where α = 5/9t, 3 = ―α(1 - n) ■ 1/3, γ = ―

2(o - 1/3) and  こ3  iS a constant With a
velocity dimension_  The parameter "″ l,and

the constant =3 are to be determ■ ned by
experimentation.      However,   with   the
assulllption  that  the  jet  shape  keeps  a
ge oIIle t ri c  s itlli l ar i ty  (1.e.   t =  2/3),  we

can oっ しa■■ non― d iElenS■ onal exっ ress■ ons for
b● bble  radius  R。 (=  R。 /D)  and  frequenCy
S.(=  fD/C) ,ith  di■ensionless  constants

i=こ2(1=2/3)and:.==3/C as follols

R。

St

Table 1 coutpares the functional form
of eq.(zz)' with those appearing in the
past literature.

Table l Frequency correlat■ ons

f o3∠ θ
″
uβ D'′

r. Theoretical or Semi:empirical

** Purely empirical

・・ (26)

・。 (27)

・。 (27):
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2.5 Analysis of mechanical
energy

Using the assumption g2 >> i;2t"2 made
in section 2.4, we can siraplif-v Eq. (19) to
obtain

△E = πKV。 .ltsFI Cう 12/.2 ・。 (28)

・。 (30)

・・ (31)

?:'oduct VcutiF is a function of M and
-c. Defining -" as a function of M that
satisiies F = 0 (Eq.(22) or (22)'), and
iecorporating Eqs. ( 25 ) and {26) , we can
:xoand Eq,(28) to geE

;s = (..;./ii.-l)r"-(6+1).,611--n)-2/3 .. (2g)

vhere, 6 = 13/9L and tre is a dimensionLess
mechanical energy defined by AEi(K0ol6iJ2)
in which Vo is a replp,s-enlative jet volume
proportional to A6-21 J - Obviously, Ae
beeomes zeto at ,trc = frc, and ryirh M

provided, can be sho\,m to have a peak
value Aemax aE the follor,ring subcooling

,cmaく =(1+1/δ )〒 c

where

Tc =||:;lii:IIn_1}: I』
i
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teuperature distribution rras virEually
aegl.igible due to good mixing of liquid by
the vapor Eoneatum. Experimental
parameters r{rere Ehe diameter of the
Lajeetion pipe (67.9-130.8md), the pipe
submergeace (90011500rm), the steam rnass
flux (20-270kglu2s) and the buLk lrater
temperaEure (20-97.5oC). Feature of this
experioent Lay ia Ehe ?ange of diameters
of the iajection pipe which was wider than
ir the past experiaeots. Effect of the
subuergeace was aegli.gibly snal-l.

3.2 Experimeatal results

Bigure 7 shows preasure-time
histories measured et taak wa1l. The
steam rtrass flux was 82t<glm2S, thg diameter
of the iajection pipe, 130.8mo and the
submergence, 900m.

:[

o o1 0.2 0.3

Time (s)

Fig.7 Pressure time histories al
tank wa1l

The pressure amplitudes are seen Eo grow
with the pool bulk Eemperature to a
certain value but show rapid decrease
thereafter. The frequency at temperature
77oC shows some resooant behavior. ExcepE
this, frequencies show a gradual decrease

Water temperature(C)
Fig.8 Pressure aqlitude arrd lrater

teDperattre

０
０
Ｌ
α

3. ExperimenE
3.1 Apparatus

The test aPParaEus consisEed of a
sEeam generator, a pipeline, an injeetion
pipe and a water tank open to aEmosphere
as shom in Fig. 6. The injection pipe.
having an oepn end, uas verticall]'
submerged and locaEeri at the center of the
vater Eank. The cipaiiae ;;as 2C: ic:s
incluriing the injeciion pipe aai 130.S:

@ Thermocouple @ Flor'; indicat,or @ Fressure gauge

fig. 6 Test apparatus

in diameter. Saturated dry steae tras
obtained at the exit of the injection pipe
by use of a heat exchanger. The apparatus
rras operated so that steam rras supplied at
a eorrstant flow rate. Condensation
increased water teuperature uatil oear
saturation and the rater 1evel was
eoatrolled to rens.in uochauged usiag aD
overflow 1ine. The dynamic pressure was
measured orr the tarrk rral1 at Ehe same
height as the exit of the iajection pipe.
Aa iustrumentation zig equipped with
several thernocouples was iastalleil
veltica1ly at a radial distance of 300m
aray from the ceoter of the tank. I{ater

iu geueral with temperature.
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The reletion beLrteen the r'm' s

Pressul€ anplicude and the e'aLer

E"*p".rrttu is shom in Fig'8 rqith the
steam mass flux as a parameEer' In each

case, Lhere is a temPerature (limiting
lemperaEure) lrhere the pressure amplirude
becomes maximum. This remperature shifts
higher r,iith an increasing mass flux' At
hilh steaur flora rates, an ampiitude drop
is distinct r'Ihere the condensation
oscillation tends io cease.

Combinations of the Daramererst steam
mass flux and rsater temPeraturet rvhich

give Lhe maxirnum amplitude Pm are plotted
in Fig"9.

Fig.9  ::1:in::i::ia:[r:t::・ lc言こ:: :を 1l and
PresSures

The data obtained by Fukuda and SaitO(15)
from  smaller  scale  experiment  are  alS0

::lsilllll[t tfI『

eLtlllll裁
     [l:SLalit:i

both autllors ShOw no essential difference,
wn■ch  indicates  that  tl■ e  conditiOn  to

II:d鳳 il lttiktfrP::i廿 :lsil:。 1° licII:lit:I
is  not  influenced  by  the  SCale  of  the

lli:Cti:lmellll 

｀

ititildFhe ξf]:「er:f dil:
tend   aSymptotically    t。     こ    Cer=ain
temperature  in  a higher  steam mass  flu11
reg■ On.

4. ConParison between e、 Peri● enこ

and theo■‐v
4.l Theoretical analySiS

EquatiOn (27)' Was eValuated aSSumirlg

:eSin「itts:ililig/131「
11lK」li豊咀うほtiざ t:

:=ξ [liI: 
す
::° lilyま
°
 wel12Lv:賀距[:::nl電 i

::ilitittS'.二 _ξI∬∫fif[::f∬ llllil i::
[llBテI:gサ

Ct 」::Ileinl:LA'■と
Su:ffltllliat[

Water temperature(℃ )

Fig.10-A  Equivalent bubble radius

（
型

，Ｃ

ゝ
９

，３

「き

Ｐ

一」 5X10・

G X10'

fis: lXlO'\rYlri K

Water temOerature(℃ )

Fig.10-B  Frequency Of pressure
oscillations

calculation results with experinents(3) 。.
the  ecuivalent  bubble  radius  ■■三  the
frequencI:  respectively, as a fこ ,Ction of
the pool 7ヽater temperaこ urei t al{in= h3 aS a
calculational  oarameter,    3■   =11=  other
h and.   3anioff:s   ●●ser■ 3こ i●ユニ   coVereci
7.331104_1.86、 106111.2K fo= tr i■  turbulent
subcooled lictid s=r=,「 IIF _~  Taking this

■nto cons■ cerat■ c■ . =■ 1=)二 ==二 iこ■s show gooc
agreeme■ ■  ■ith  i■ ■二  1■   a  phySically
justi:iabir=,三

二 te theoretical
e、oressi・ ■●     ■1.117):)i    dimensionless

逢I:二 l=t=n身 轟電X延唯
:二 ::::二:Itξ「ilill°

m ti:rξ reS'i■
c:lltr::::I

Ili=,= こi「 ‐===i a 、′ide range Of parameterS,
i.3. = |]≦ 130.81mrl in the pipe diameter,
13 二 「「二 269kg/m2s in the steam mass flux,

:i:cil糞
。
a島
91i61せ
重
h12勝ki∫。ali:

::::I][:i;m2111子  [l[l琴live:「 liVilif∫

=1::

result, ,7e have

St = 5.558× ■0~3,c夫 3/6 111/● '・  (27)::

Figure t.i conPares the fieqrrenc-"
p;edicLeri by Ea. ( 27 ) " r':ith the measured
6eg. r+hich shor"s goo<i agreemeni .
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ち/全 △
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申 //8° 0

0     -
Logro(predicted(Hz)l

Fig"1i Accuracy of theoretical
correlation on freouencv
(Eq, (27 )',)

4.2 Regression aaalysis on
frequency and deternination
of paratceter rr_Q,tr.

Next, a ryultivariate regressioa
analysis sas carried out to deteruiae
geometric sinilarity parameter ',,{." aad
coilstant 61 appearing ia nq. (Z:).
Pararne Eer rr1l, ilas f ixed at 0 . 9 i" Lras
explained in secEion 2.3.3. The
regression gave I = 0.634 and 13 = 2193
r:ith D taken in millinerers] The
resultant correlatioa beeame

42{)5

FUKUda

!iadars$e

P,'eseni

あ ささa勁

嶽 
。3.

f = 2193 r"'i1.8121,i1"252D-C.9ss "" (32)

Figures 1 2-A and 12-B cornpare the
present semi-empirical correlation(Eq"(32)) rvith orher ,,,11lor,"(11) usins
the same frequenc.,, data as in Fig.11.

O  Fukude

a  lladaralne          r

X  Present

+手
な

O      f―
―

―

・Lo3ご (Predicteo(卜 12))

Fig。 12-A  Accuracy of semi― enlPirical
correlation (Eq.(32))

12s
Logro(PredictedlHz) )

Prediction by ernpiricaL
correlation (Uy aya "1 "1.(t1);

It is seen rhar fq. (32) produced 3}ilprediction error an<i a."oar"y vas muchimproved. The value .t = 0.684 gives 51 -r'/o0.584 in Eq.(12), rshich.rg;;* ii,".
siniiarity of jer configuratioi- is almost
craserveci on scaling pipe diamete:: because

va iue is curte c 1os e to Lhe:haore:ica1 ..'a1ue cf 2i3 (= 1i.661) inlhich case 3ecnairic siuilarrty is exacrl.,,
--;^*-r--ii:ra rntalner. rirs observaiion \,/aseonfirn:i )1.' tire iac: chat bothprediciioas blr Eqs. (27)', and (3D rrere
verv ciose ro each other !.r:om ccmparison
of iigs. il anc ll-a.

4.3 Amplicurie

The mechanical energy produced in the
steam jet is transformed inlo fhe kinetic
energy of surrounding liquid which
eventually produces a dynamic pressure inliquid. Ttrus. the mechanical energy mav
be related Lo the magniEude of pr-essrre
oscillation induced in rsater. Noiing the
::elation thal mechanical energy is
proportionai to the square of
dimensionless amplitud" i 'p ir., vaDor
phase shown in Eq. | 28 t . lre Er1, to
co::;:e1ate the amplitude of the p."""ur"
oscillation using ihe square root of fhe
dimensionless mechanical energy (nq.(29)).
Using tire result of Lhe lrequency analysis
-t = 0.684, an undetermined parameter ,'A',
becomes 2,112 and Ehe resultant
correlation for the iimensionless
anplitude considering Lhe spatial
attenuation effect yieiris

LP I, P, = ) (D/lr.) (-";' 1=";.-t 1 -/.
"... (11)

. :^J,--, ll*...a
where, r and ,i dencte a dimensionless
constanE end a poiytropic index for dry
steam, respectiveilr. rr" and f., in [q,129)
rvere replaced by -"x and r-":" respectively
ln order to enable the correlation to be
compared vith experiment, T"* can bederived by rearranging Eq. (31)' with therelation ii. = ir.,:'rfx in rhrch stean qruliLy

0

Fig.12-3
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tk* vas ehosen to be A.428 which $ras

determined by the aaaly3is described later
ia sectioa 4.4. Taking I as 0.76, Fig.L3
coBlreres calculatioa by Eq.(33) with
experirneat.

0i.e-sio-less Suhcooling fi;

Fig.13 Predicted amplitude in
comparison with experiment

The trend of amplitude with subcooling has
been shown to be well PredicEable.
CalculaEion was also .made using Sirnpson &

Chan's "o.ru1"11orr(9) 
whieh had been

confirmed in Ehe raoge of Pool
temperatures 25oC-75oC equivalent Lo the
range 1.1-2.35 in Eerms of lIc-*. Both
results agreed well in an inLermediare
subcooling.

The reasoo r,rhy pressure amplitude has
a peak with respect to subcooling can be

explained as shown in Fig.14. The roechan-
ical energy is proportional lo votsoF in
vhich Vot" has a posiEive gradient and orF

negative rvith subcooling deereased if ve
recall nqs.(20),(26) and (27).

tr.ig.14 Water subcooliog effect on
pressure amPlitude

The foroer is dominaot at high subcooling
aod the l"atter is tlooinant at Low

subcooling, whi.ch results in a peak
amplitude at an intermediate subcooliag.
Physical iaterpretatsion fol"1ows. As the
suLeooliag is decreased, the rate of
condeosation eones to be decteased, uhich
causes grolrth of bubble volume Vo and thus
steam eorsumption tirne ts to be longer.
these ttro eause a larger volume change ia
a bubble when unit Pressure chaEge is
applied, which iaduces a larger ctyaamic

pressure iD the liquid pool. On the other
haad, as the subcooling is decreased' the
bubble frequency is redueed, r.rhieh gives a
slower bubble aotion to cause a saaller
dynamic pressure in the liquid pool. The

variation of stean temperature ilue to uait
pressure ehange iafluenees the chatrge ln
the rate of steam coadeosation. This
effect, shown ia F, is dominaet at a low
subcooling aoa reduces meehanicaL eaergy
drastically as the eubcooling is
decreased.

Figure 15 depicts tread of the Peak
arrplitude with steam velocity.

Hoch nun:e_ M

Fig.15 Peak amplitude deoendence on Mach

number

Calculation shoss a rapid i::crease in the
amplitude up Eo the Mach auaber 0'4 anC

then a gradual decrease un:i. a choke:
flors is established. In supe:sl:.ic ilc";'
Ehe arlpliEude decays signiiisaa:i-.- as:r2
st.eam velocity increases. Ia :ie ra::qe -'f
experimentaLion, experimeni a:.: ca-cu-
lation are shown to agree reii' l:: e::-
perimental observations :::e ::::ie:rsation
in a choked flow r,ras noi so icis: as in a

subsonic 51oro(8)(O), r,;hic':. -...=i:iur the
trend of Ehe Prese.: analYsis
qualitatively.

0.05 0.1

M

Fig.16 Threshold
lation in

of condensation oscil-
terms of Jacob number
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4.4 Condensation oscillation
l irni t

Figure i6 is a dimensionless
.*or.""Ion of data given in Fig'9 together
,iit fr"ot (R-113) data obtained by Fukuda

"g "1.(15). 
The $rater temPeralure and Ehe

steam mass flux were replaced by the Jacob
n,,mhpr (- c-:10^/L) and the Mach number (=

;:/i;i, ,"rf,".ii',"tv' rhe freon daEa are

ailout twice'as large as k'ater daEa at rhe

same steam velocity' Hence, it was not
proper choice Eo use the Jacob number as a

iinensionless subeooling' Nor r^7as the use

of density veighted vith the Jacob number'

An alternative approach }'as atEemPted

with a new dimensionle"s subcooling ;.* (=

i.r0^ /(c-20.'r)) instead of the Jacob

.rtt"t "." "h-Jt:.t 
in Fig.17' obviously' a

much beLter unification of both data has

been achieved except a part of freon data
in the range of 11 < 0.075 !'here no $ater
data \0ere presenL. 1t was observed that
these freon data belonged Eo a

condensation type. in which liquid reenlr)'
ir,ao injection pipe occurred on a sma1l

scr1.( t51 , uniit" the condensation
oscillation. I{ence, as for eondensation
oscillation, a regime map among different
materials can be defined by tc* better
than bY Ehe Jacob number'

-l.nalyses h'ere condueted Lo predict
condirions to limit condensation

D(m rr) 巨xP

□ Vlater 679～ 130.8 lresent

△ \later 8.0～ 276 Fukuda
&
SaitOe Freon 80～ 13
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experiment. The value of rtxll thus
determined r,ras found to be in a physically
justifiable range, because an enerainment
JxperimenE using a co-current ascending
tuie had shown that static quality was

around 0.5 in the rang9.,o.f gas-phase mass

fluxes 50<w < 80kg/mzs\14/.
Correlations for limiting subcooling

bv other .rrg1-,or"(8)( l8) are also shor'rn'

Untn of vhich failed Lo predict the steam

velocity effect. On the contraryt the
present analysis represented Ehe velocity
Lffect and accomplished a qualitative
agreemen! in Ehe range of steam velocity
oI: < u < t. calculation, however, tends
to underestimate data below Ehat velocity
raage. Most probably, Ehe reason -m1y be

i" it) the rate of entrainment and (Z) ttre
thermodynamic non-equilibrium effecE at a

low steam velocity. At a lover steam

velocity, the rate of enErainment might be

de"rea"Ld, resulring in a higl-rer static
quality.- 

fire second reason is that lhe lower
Ehe sream veloci-!Y, the higher the
frequency along the calculation curve'
because the corresponding subcooling is
increased. Generally, the phase change

can not fo1lov a rapid Eransi'ent Eo show

the quasi-isentropic Process which causes

the apparenL sieam velocity to be higher
than in the thermodynamic equilibrium
process. i.e. C2'*Cg2. This effect is
Lquivalent to a higher static quali.ty rn
the present anaLysis' This hypothesis-nay
be verified bY Yori et a1 ' ' s
calc.lation( 19 ) for a two-phase dispersed
flow, which shows EhaE c2/cgz t 0'9 f"t
static quality of O.77 r'7ith droplet
d.iameter of 0'1nnn. This droplet size is
anticipated to be realized in entrainment
by the steam velocity.of 100m/s.(M.= 0'22)
from correlation Og(ut - _'t,l d/ o .=
r6(14). Considera-tioin of "the above

meniioned trro meehanisms may resulE in
shifting lhe calculaEion result upward at
low steam velocity and improve agreemenE

between analysis and experiment in a lower
steam mass flux region.

5. Conclusions

The meehanism of condensation
oscillation vas studied theoretically and

experimentally, and some of imPortaflt
characteristics in condensaEion
oscillarion have been revealed' Primary
conclusions to be drawn follor'::
(1) Condensation oscillation is teal-ized
under the condition thac variation of
sEeam oass in the jet follovs rhe Pressure
change, which is triggered purely by gas-
phase thermodYnamics.
7z> A new dlmensionless subcooling li" is
proposeC which enables regime map., of

"ori.nsation 
oscillation to be uoified

between waEer and freon (R-l13).
(3) Limit of condensation oscilLation is
obtained as a function of dimensionless
subcooling T"* and Mach number' and it
shows no depindence on scaling which has

been confirmed by lhe experiment in the

range of pipe dianeters I a D I 130'Bnm'
(4)" meoreiical and semi-empirical

T

fig.i7 Threshold of condensalion
oscillation in terms of l"*
and Predictions

oscillation and Eo give rise .!9 peak

amplitude of condensation oscrllatLon'
ifrl broken li-ne in Fig ' 17. "l?Y"
"or,a"r""aio" 

oscillation lirnit (rqs ' ( zz)

and (22)') and the solid line shows the

condition where peak Pressure apPears
(Eqs. (30) and (31)). Thus, area belr+een

above mentioned two curves covers

transition region. IR Eqs'(30) and (31)'
T^max rvas replaced by .-"o/*' A set of
plrame ter .rri,r"" f or "1. and rrnrr were

b.6g4 ana 0.9 respectively which are the

same as used in frequency analysis and the

remaining parameter "x", static quality of
saturatei steam in the control volume' $ras

determined as x = 0.428 so that rhe soliC
line fit the daEa of the Present
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correlat■ ons for frequency of condensation
oscillation are  ob tained,  the  latter  of
which  fit  experinents  with precision of
30% for a wide frequency range。
(5) Amplitude  dependence  on  subcooling
and   steam  veloc■ ty   is   clar■ fiec   and

PhySICal  explanat■ on  ■s  made  for  the
reason ,hy the amplitude has a peak at a
certa■n subcooling.
(6) Charac teristics    of    condensatio■
。scillation   depend   on   tWO   ■mportant
parameters,    a    geometric    similarity
Parameter "£=: and an exPonent 'in'l of steam
velocity in the expression of the rate of
colldensation.  Analvsis of the 1ltit reveals
that  iet  configuration  almost  preserves
geometric  similarity  on   scaling  Pipe
diameter   with   operational   variables,
subcooling   and   steam   veloC■ ty,   kept
unchanged.
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