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- FLASHING INCEPTION IN FLONING LIQUIDS: -

- f Mﬂ C,.lﬁ Jé'ngs";'fﬁdr.

T Thoml Hydraulic Dovnlopunt Divisi
B ‘Department of Nuclear Energy -
arookhavcn National: Laboratory

Upton. Ncu York 11973

- rumonucmu

The inception of* net vapar'lzat'lan in nasnmg T In'the unerly event of a cold leg pipe rupture
flows s examined. [t {s suggested that the flashing: in a pressurized water reactor, subcooled water at
inception can be expressed as.two. additive effects.  NIgh pressure enters the pipe and undergoes a prassure.

"QOne 1s due to the stalic decompression which is .a ~ reduction as it flows toward the break. At some point
function of . the spinodal. 1imit and -also of the ex- in the pre thQ pressure is raduced below the satura-

" pansion.rate. The other effact which is a function of tion pressure- according to the cxisting liquid tem
Reynolds number -and’.flashing index, {s due to the perature, At some. later point, nucleation begins and

turbulent fluctuations of the flowing liquid. It is the resulting acnequilibrium vapor gensration causes

shown that by taking a three standard deviation band  the flow to.be choked at the break location. The dis-.
on -the turbulent valocity fluctuations, an. adequate - charge flaw rate, which is especially sensitive to the

reprasentation - of the inverse mass' flux effact on. actual vaper conteat, dlmtly affects the ‘subsequent .

flashing inception for existing data fs obtained,.. . . course of events and aspecially the heat transfer

S SN T L . . -characteristics -of the core prior to quenching by e-.

s ) © mergency cooling. At present there is no general mod--

ABSTRACT

NOMENCLATURE A . e} for the nonequilibrium vapor generation rates’ or’
VENCL TUE et T . . 'for-any of.the three major factors which affect the
. : S void . development ‘under = such- conditionS' ‘flashing

E'nglf'sl;.-v. I NP ~inception  ‘point, " interfacial arsa  available for
; ) . vaparization, .and ‘rate of mass exchange per unit

) ) : © - interfacial area. - It s -the purpose of this paper to

address the guestion of flashing fnception as affected -

d ‘d’émter . : Ve . _ B . s o L ) .,' B
Fi#flashing.index =~ ~ww:s7-s . S e by velocity effects. [t will bDe shown that 2:model
G ‘amass flux ey T e e - . -based on turbulent fluctuation intensity does a. res -
p spressure coriel : T ST .. - . asonably ‘acceptable  job:of accounting for these eﬂ o
T ,"temperature . L ‘ R ©. - fects when applied to the few data available. o
u',v',w -:e!ocny fluctuat'h]:n canponcnts HRRARE - : : :
U -Channe mass-av e Sl e Lo
o u ss-averaged v oc1ty A BACKGROUND
_Gresk . . T L Tt 1s well known that the mass flow rates in
Lmm— ) T ) critical flow conditions are hfghly dependent on. the
A ndifference St el 00+ yapor content. of the flow. Sahall] has reviewed and
u -viscosity ey '_ B . evaluated critical flow research concluding that cure
5 =density ~.- .. s - rpently accepted equilibrium models underpredict criti-
g *rate of prgssun decrease (expansion rate) : -~ cal flows for “short" pipes tspeciany for subcooled .
i . ;..o ococvor nearly saturated sources. - While thermal non--

-equilibrium mist be taken into account. for. “short®.
- plpes, ft 1s not clear how the combination of lTength
-and diameter sntérs the picturs.  Wu et al.[2] have
‘shown_that a model based on spherical bubble growth in

' Subscrigts.

L .“fields ‘of variable superheat adequately predicts the .

Fi »flashi T e T
fosflashing "‘c‘pﬁ"" S . data-of Reocreux[3] for void fractions less than G.3.

- Fiow .
1 o.:}::?;ng fnception undu' static conditions_,‘ - These: predictions ‘require accurate knowledge of both
maxwmaximem:: . : g : .. the volding inception point and an initial nucleation
minemindmua:. - .density paramater. It is well known[4] that the ini-
i " tial’ degrse .of ‘superheat markedly affacts  bubble

© rmereduced minimum o e o

edu .d ok R S = 7. - growth ‘Tn both constant and variable pressure fields.
L : S P o © The degree of superheat has alsc been shown to play a
* Superscripts stron role fn-void develapment in flashing critical

o . AT - flows|2 -Since the point at which flashing incep-
+adimension] ess e . S S0 tien occurs directly affects the finitial superheat,
‘afluctuation .. : e : the flashing inception can also be expected to play &
Teaveraged - - ' o e e o strong role in the critfc:l mass. flow ratcs under

T flashi ng condi tions.

- oy
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- Tisecond. -

..~ hundreds: of mill{seconds.’
" between the static and dynamic flashing Systems seem
0f the factors

) Little work has been accmlishcd examining the
" point’ of.. fluhing ‘incepticn.’  Seynhaeve, Giot. and
- Fritte[S] ran- exporimnts with intet tamperatures be-
. twaen. 1119C a and

Although their data: were quita scattered, the Super-

In their evaluation of Reocreux's 1.74 bar data, Wu

: _-gml.'?.] found similar results as shown in Figure 1. Tn

_this figure the superheat is expressed {n terms of the
“gverexpansion: at the
8Ppy.

and " are,  of course, coupled .along . the saturation
1ine.) Apparently no other experiment appeirs to have

been - here-to~fore undertaken allowing .suitable .de-:
1ncept10n‘

#{nition for dntermnation of

ﬂashfng
suplrhuts.: v o

S The boﬂing 1nccﬁtion “and onsct of net" vapor

_ generation in flowing 1iquids has been the subject of
much scrutiny in the case of heating, havidg been the
subject of such well known works as those of H;ugﬁ],“_
nfor-..
tunately, flashing inception: does not appear . to be .- .
charactarized by, models applicable to heated ‘Tiquids . .
where the superheat is generally confined to:the wall - =~
Instead, bulk super--

and of ‘Saha and Zuber{7],  among . others.

Tayer fn bulk subcooled Tiquids.
~ - heating occurs. prior to.flashing: 1ncept1on ‘whila. the
~‘initial votding stm seems generany re!egatcd to thc
wall Iayer. e

‘In the case of static Hquids undcrgoing n-apid glr:-
el
and ' Trelal8] -appears: =

. compressfon, the situation appears quite similar. -
" work " Of Lfenhard, . Alamgir,
- clearly applicable whers the very early stages of

_the 150 bar range and temperatures up' to  nearly
‘They found that the 1fmit of qverexpansion
depends on the rate of decompression prior -0 nucle-

n&d 1679¢ mass fluxes between =
10 and 20 Mg/mc.s., They dltlFlI‘lMd the 'superheat at
wflashing” 1ncnptfon to behave inversely with mass flux,. -

- . heat apparently decressed to almost zero at the higher .
‘mass. fluxes, and ‘gven hecane ncgativc in 2 few cases.

‘ inception point ‘denoted by -
T (Note that throughout this paper the terms
- .overexpansion and superheat are used .interchangabiy

. hlowdown were observed starting with pressures up to. . : —
- devotey to attempting to characterize flashing in-
::ception fn flowing systems to the extent possible in
“view of the limited-data available.

. ation up to & value of abdut &5% of the spinodal .

“1imit.
temperature.

“role,
o makes this seen somewhat. uni fkely. -

The -data of Edwards and " 0' Brien[9] and off'v-‘.

- Lfenhard Alamgire, and Trela[3] occur with decompres-

7 .gton ratcs of 0.05 - 1.5 Mbar/s while the data of Reo«
-creux({3] and of Seynhaeve, Giot, and Fritte(5] de- -
" comprass .at rates thiree orders of magnitude Slower,
=f__Deconpmsfon tines 1n the static systems of Refe-
rences [8]-and [9] data are gemrally less. than & mils'
Decomprassion times in: the fTowing sys- .-

tems of [3] and [5] range up to several tens or
The only other differences
" to: he ‘those of fluid motion.
“influenced by these motions, the turbulent pressure

B :fluctuations appear to be those most: Tikely to have an
Indeed, Chen[12] offered a similar suggestion :

" effect.
to explain sodﬂm botling superneat b

It ‘thus sesms that dncompnssfvn

‘Vi or.

degree of liquid turbulence. Based dn - these con-
siderations, the balancn uf this plpll' will be

This 1imit: itself depends on the initial fluid
. They - further suggest -that - various.
" imparfaétions in cleaning and preparation of.a givnn.:‘
system as well as history of preparation may play & .
On_the other hand, the correspondencc between . .
thelr data and -the data of Edwards and 0 Brien[9] S

: ﬁashing 1nccp-‘ '
. tien might be characterized by at lust three con-
- giderations: initial tamparature; dccomnssion rate;

* " UNDERPRESSURE AT FLASHING INCEPTION - Ay, (kfa) " |

‘terms of the turbulent pressure fluctuations.
~gtatic systems .of References: [8] and (9], it 1is net
‘Tikely that. turbulence had time to. develop.
. flowing systems of References [3] and (5], fully de-
- velopad turbulence was most certainly present at the

" S
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Figun 1 Observed mass flux effect on overexpansion

(underpressure) at flashing inception for the
data of Reocmx[3]. (Bm. Neg.No 3-237-79)

Indeed, it will

" be shown that the inverse mass flux sffacts of bath
. Referencas [3] and (5] may be explaf ned due to lff-.tcts -
‘of ‘turbulent f1 uctuations.

ANALYSIS

-I.n view of thz precéeding remarks, 1t appears that

" the condition of the fluid at the onset of #lashing,

either static or flowing, might be charactlrizted ;n
n the

[n the

0

. 1 . .
X -2 ] [N} 1.2

high' Reynolds . numbers encountered (order of 107).

Tha fonowing hypothem thus seem nascmble.

“1e stat1c f'lashing ovnr:xpansion is a f‘unct’lon
only of initial temperature and expansion rate,
and represents the true inception. potcntul
“(Lienhard's hypothuis[&]),

T2 dynamic flashing overexpansion at fnclption is
subject to the additive effects of turbulence
giving an appannt alteration in the inception
potential. . -

fnccption my. be «pnsnd as

- [t 1s suggested that the overtxpansion ct ﬂashfng



TURBULENT FLUCTUATION
ENVEL.OPE R

Figure 2 Sketch of pnssum f‘uctuatfon nnvelope w'lth SR

varyfng mass f'!ux. (BNL Neg.ﬂo 3-239—79)

Figure 3 Qualit&tivv Efﬂcts of pressure fluctuations -

‘on observed overexpansion: at ﬂash'lm: 1ncep- .
tion' (BNL Neg No- 3-239-79) - R

oy T 21

- where Ap { (Tf : ) 1s the overexpans'lon under zera.
flow conditions-‘as- dependant on.. inftfal -temperature, . v
is the pressure -
Note that 1'1 may be:replaced with: the.
Tq after Lienhard et al al [8] withautj;j.

Ty, and expansion rate, £ ', and:p'
flugtuation.
spinodal . limit

loss uf general 1ty.

. To see how the pnssun ﬂuctuations might enter :
into the picture, the fluctuation’snvelope may be ene. -
visfoned as sketched in Figure 2 depending on the.mass . 5
As the flux increases, so does: the turbulence
According to.the hypotheses, the bottom of ..
the envelope would represent the true minimum pressure -
If this minimum: pressure is. taken:

" flux.
‘intensity.

.‘at any mass flux..
as identical to the static ivalue: at®inception res

presented by hypothesis .(1), then the: average pressurs.

at the inception point would have ,to increase with
increasing mass flux as shown in Figun 3.=-Since the
' overexpansion at ‘Inception is the.difference: bctwun
the saturation pressure and the cbserved avarage: pres-
. sure, this®value, Aapgj; 1S seen to decrsase’ ‘in ace
- cordance with observation. [f we define thc appartnt
ovenxpansion at ﬂashing 1nception & ;

e

‘static value as

Briq 3 Py Potn

. Note that the

s’ assumed ' to coingide - with . the .

:maximum with increasing. superheat.:

then tht relationshvp betmn the two, “in view of
N _Figures 2 and 3 is simply g S -
-4Pgy ',.A-pF-'lo - Max [p°] L@

“{mportance  of  turbulent pressure
fluctuations - in cavitation has_been preaviously re-
cognized by Daily and Johnson [10]. . They, in fact,
goint out that the  effects of dfsso!ved Jas or

- pre=existing gas nuclei will be to reduca the cavita-
‘tion or ﬂashing fnception superheat. ‘

The maximum in the pressure fluctuation envelcpe -
maximm kinetic )
fTuctuat'lons so that - - .

T‘re nuc?eatiun density mnotonica”y ‘increases uﬂ:h,
increasing superheat while the:probability density of

-‘the’ kinetic enargy . fluctuations . first increases then .
decreases.

‘The product - of - nucleation density and
superheat probability -density - 1s- ‘expected to yield a -
‘This maximum would
probably represent the inception pofnt and is expected

to fall within the 99% probability band. . [f the max~
imum - fluctuation fn each velocity component - is ‘thus

“assumed.to be represantad by thc thru sigms valuc.
.;(three ‘standard. devfatfons), \._1 :

j_naxlpl-zo 3-/_) +(3/=2+(3v4_2)21 ®

»,_.gn that. for thc casc of isotropic turbulcncc (4) be—
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Figure 4 Velocity and scaled kinetic anergy fluc-.
) tuation intensities calculated from the’
.- overexpansion data of Reocraux(3] at flashing
: inception. {BNL Neg.No 3-235-79) . ‘

Z\ @

C4pg; 2 3251— 1. 27 u .~
Fi = aPgyq E{ zzAPFio _

‘cavitation index}, and the Reynolds number thraugh the.
turbulent fiuctuation intensity. Thus, -

ApFi-f(arm..:". Ra.‘Ff);_ o . (8)

Cwhere T

- ATm-difference between the nucleatian teme

e e perature dnd the saturation tmperature
:.at the same pressure, reduced to the o
: eritical tunperature, i

'-dimensionless expansion rate (dacompres- L

¢ sion-rate). .
e-Reynolds number given by R.-Uadn,./u '
anﬂashing index given by ‘F,-ll/bll»Jo/Apro.

i

;

Thare does not seem'to be a readi 1y anlﬂ"!ﬂt ""'"“"C'

to nondimensiana!ize the expansion rate.

(n
RESULTS ANC. orscuss:ou

-symbols).

- _for - convenience of plotting,
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Figure 5 Dimensionless correlation of Reocreux’s{3]
‘overexpansion data at flashing inception.
{BNL Neg.No 3-240-79)

) Equation 7) shows that the apparent overexpansion

Cat flashing inceptian should be linear in the Ssquare

ft is thus seen that the apparent superheat at ﬂash- B
fng inception in flowing Systems may be aipected to
_scale with the reduced limit of superheat, "the ex- -
pansion rate, the flashing index (reciprocal of the

of the mass flux with an intercept of 'the static
inception value, Appig. . If the ideas previously
expressed are at all valid ‘then using extrapolated
valuasvof . ‘APFyq, turbulent fluctuation intensities
ghtained at known inception points should match those

L i’ound for instance by Laufer[ll]. of 0.07-0. 08.

Figure 1 shows the data of Reocreux[3] " The .
straight lines in the” figure represent an attempt -to

correlate the three sats of data in a consistant fa-

shion and in a way that .allows .extrapolation to zero
mass flux. The values of APgiq
17, 18, and 19 .kPa,
superheats - of approximately 3.59C.
kPa represents “about - 0. 189¢ ~at
tested.

Ustng the values of 4ppig obtained from Figuref»“

Note that 1.0~

. '1. the mean fluctuation intensities may be compuyted

from the data. These are shown in Figure 4, (solid
“Also- shown in this figure are the kinetic
energy fluctuation intensities scaled appropriate‘y
(open symbols).

average of the velocity fluctuation intensities ob-
tained is 0.072 in good agreement with the measur-
ements of Daily and. Johnson{10] based on their mea-

- surements of bubble motion and also of Laufer{ll].-

observable trend with mass flux s noticed. Mso,
thare is- surprisingly little" scatter in the results so

obtained

" Reocreux's data are replotted in Figure 5 en
dimensidnless coordinates suggested by Equation (7).
Since the fluctuation effects are subtractive, Equa-

~ tion (7) suggests the possibility of negative super-

thus obtained were -~ -
representative of actual "

‘the 'coh'ditipns“ i




This 1s shm by the
5 of 7.2. UWhile there

»h‘lts.
“tndex,
prohibft?

" flow incipient superheat, bubbles thus generated would

-‘prohebl{ collapse almast immediately in the bulk  suba.
1quid unless .carried to Tower pressure regionsj
An envelope ‘of .Apﬂ 1s'A

cooled
before. this could heppen. i
thus suggested as .- -

’ o 127 [ 4= |F, -
T L

: F'Inally,' extrapolative dstenuination of
for the data of Seynhaeve. Giot, and Fritte(S] uou{d
‘negate the validity of any other comparison.

tion (9).  Howaver 1if thare is any validity in the
'precuding concepts. it might be expected that the Re-
farence E ]
Reocreuxi3
- 'sats.of data are plotted in Figure 6.

_tion underpressure of 18 kPa.:
pear.-to . support. the conclusions previously . stated:

- Note that the Jower limit of zero superheat also :ap~ -
. pears reasonable and. tentatively supported by the.re-

i Iatively meager- amount of data avaﬂable.

i CONCLUSIONS AND RECOHNENDATIONS
L.

* .appears ‘to be described by the’ effects of turbulant.
This suggests ‘that the ..
flowing and static superheats at inception are ‘idens:

fluctuations, (Equation 9).-
tfcai once turbulent ﬂuctuations are accounted for..

u’"z.:
" tion: with vanishing ‘mass. flux

- statie decompross‘lon at the same expans‘lon rates. ‘ :

>3. The scaling permtersn ']
pear to be the reduced limit of superheat, 4Ty,
~“Reynolds. number,:the flashing index (reciprocal.of.the

" cavitation nutber).,\and a dimensionless éxpansion .

- pate. It is not ¢élear, howaver, what -reference

. quent‘ties ars neesoneble to rander the. expansion rate.{t- L
S £3] M. Reocreux, "Contribution a

‘Additional data are n«ded for ﬂashing fnception‘f

o dimnsionless.

Y
- at higher prassures.
to accurately determine the .intept
sensitivity ‘of void. development’’
superheat at inception. Suffici;

Sufficiant . detail are. required
oh, point duk to' tha
small chinges fr
‘range in mass flu

Rt } S
is required to allow extripolstive - detemination pf‘

the case of ven'lshfng turbu'lnn

tercept at e ﬂeshfng’ SE
fs nothing actuany,u' .
ng the turbulent pressure fluctuations from

exceeding the values: required: to avercome the zero< '

® e

Thus, it .
- “is not possible to -obtain a meaningful comparison of -
* the majority.of these data with the results of Equa-

data.in the same temperature range as the . -
data may exhibit the “same behavior. Both
Also shewn. in
“this figure is the prediction based on a static incep<.
The trends observed ap--

Flashing incept‘lon superheat in ﬂowing systums

It s suggested that the Hmit of flashing 1ncep-7‘
in flowing Systems. --
_ coincides ‘with that. va\éxe “that would be abtafned by :

.ﬂashinq 1nception apg- . -
the

swue or'rnc MASS VELOCITY - Ilg‘/m‘ Y

Figure 6 Conperison of the ﬂashing 1ncept'lon data of
Reocraux(3] and of Seynhaeve, Giot, and
Fritte[5] with the theory deveioped herein
using -the approximate static flashing-
-overexpansion value of 18 kPa for ths -
camnutat'fon. (BNL Neg.Xo 3-238-79)
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