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Abstract

Sukcooled water critical flow phenctnens in s safety walve sere investigated experimentally ab waricos
subcoolings with 3 different disk lifts, The walve iolet test conditicon is abeut 10 bar and sobcoolings
are kebween 10% and 125%C,  Flow petterns are pictorieed ab the critical status and pressorefElosw
characteristics in the test section are also reviewed, [t turns ook that critical flewrakte aond critical
pressure ratio are considerakbly affected by different sukcoolings while the effect of disk lifts on them are
relatively small, Neon-dimensicnal disk lift, sukbcooling and pressure are selected to develop the correlation
ot critical pressure rakio, non-equilibriom factor, and critical mess Eluz,  The non-eqoilibriom critical
flowr correlation for the safety walve is developed kesed on Faoske's non-equilibciom medel and the
precent ezperitnental dats, (ks roob-mean-sgoare ercor is within 522 compared with the experimental

data,

[ [ntreduckon

Fhysical phenctmenct of flewrate and chocking is oot wery el onderstood when s gas and & ligoid
phase are Flowing siraltanecosly through s safety walve, [n the case of safety walve, the geotmetrical
and subcooling parateters are wery influentisl oo the mess flowrate and on the pressure topology,
Geveral studies hawe been condocted to clarify the two-phase criticel flow Eor warious geotnetrical and
thermedynatmic parateters[1,2], The thermedynamic nonegoilibiom state affected by the geometry &5 oot
clear, &5 the critical condition in a walve strongly depends on the nenequilibriom factor, the ckeerved
phencimencts becomes o complicated,  Henry and Faoske developed the nonequilibriom hemegenecsus
bwo-phase flow critical model[3], [n the medel, the critical flowrate can ke obiained from the energy
eguaticn Froeen ab the inlet guality and it is assomed that the vapor which is formed is satorated ab the

[ocal pressure, This research focoses o the visualization of fow pattecns, critical pressore rakios, and



cholzed fowTate in s safety walve, lncloding the effect of varinble eceiwer pressures, disk lifts and
snbeoolings, The developed flow  model besed oo the experimental cesolts  sccounting  for bhe

notedquilibrivm effect is corpared with other analstical critical flow models of safetsy walve,
[[. Thermal Mon—equilibriom and Subcooled Flow Model

Flashing of liguid inte waper, if thermal equilibriom is maintained, cccur 8s soeon as the liguid moves oo
B region ab 8 pressure lower then its saturation pressare,  Flashing, howeser, could be delayed because
of the lack of noclei about which vapor babbles ey form, surface tension which cetards their Eoconation,
due to heat transfer problems, aod other ceasons, When this heppens, o case of meta-stakiliby is said bo
oeoar,  MWEta-stability occurs in rapid espansion, particulacly o short Bow channels, oozeles and orifices,
The case of short channels bave oot been cormpletely iosestigated aoalytically, For sharp edged orifices,
the pipe length o digmeter rakicolr 79 is 0, the ezperimental data showed that because residence time s
chort, flashing cccurced outside the orifice and oo coitical pressure existed, The flow 5 detecmined from

the incompressible flow orifice equation:

Ga’.ﬂ:zzx: FaV Elﬂf(ﬁ'a_f-:'b} for Lo =10, i1}

where & 4 is 8 valve discharge coefticient (0Bl is recommended for the case of L2 = D), and o) py,

and  p, dencte inlet fluid density, valve inlet pressure and back pressore, respectively,  Flow caleolation

results oo oa safety walve can be severely affected by the walwe coefficient and this coefficient is wsoally
provided by valve manofacturer osing their owm experimental cesults,  Fauske pecformed  warious
pzpertment oo the 025 loch inner diameter chaonels sith sharp edzed enterance for 503 bebween 0(an
orifice) and 40, The critical pressuce ratio was Bound to be 055 for long chanoels o which the §-r

rakio exceeds 18, For /70 wvalues greater than gero, he recomemends toogse the following eqoation:

Gooper = K\ 2040,— pod for LA =1, (2

Whele g 15 the throat critical pressure determined by experimental data,

[ the absence of significant frictional lesses, Faoske propesed the following correlation considering the

net-eguilibrivem Bactor (o S0 unik:
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where F{NE) = non-equilibrium factor, kg = vaporization enthalpy(likgl o, = change in specific

volumn(m¥kg), T = absolute ternperature (), o= specific beat of the liquidi]fkg K,

Another critical Elow correlation considering subcooling effect was suggested by Faoske, The effect of

subcooling oo the discharge rate 15 simply obteined by accounting for the incressed single-phase
pressure drop [p,— o T,] resulting from the subcooling, where the subscript o refers to stagnation

conditions, The critical flew rate can be stated as

G gt = V20 F A 0g— 0(T I+ Gloppee for I < L/ <3, 0

When the wvalue of £/7 s swmosller than 3 GPa pe  celoulated by Eg (2) and  a07,) denotes

sbagnation saturation pressace, [E owe koow the critical pressure and the enthelps of the water-steam
tiztuce, the critical flowr can be calculated by abowe four eguations buat there are two unknown velues:

critical pressure and oon-equilibrioe Eactor, These walues can be determined from experimental data,
[[[. Ezperimental Apparatos and Procedure

The ezpecimental main apperatos consist of boiler tank, collection tank, nitrogen gas delivery sywsbem

and test section, & scheme of the ezpecimental facility and test section is shown in Fig 1,
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Fig, 1 Schermsatic drawing of ezperitmental facility and test section



These tmein equipments are connected by 1 oinch walves and plpings, The capacity of keiler tank is 1.3
cubic metecs and 100 W heater subterged in the tenk bottorm ares, Waker termperature of the tank can
be controled aotormatically by setting the tecoperatare of controller, The test section ensbles to wisualize
the flow pattecns at the iolet and ootlet of the valve disk, The disk position of the walve model can be
flzed to any desiced lifE fromm D to B mim by using the top located rmicrometer, The boiler taok is Eilled
with cold water and it s heated up to the equired temperatuce by the submoerged beater, The tank
pressure 5 maintained constant during the exzperiment b mesns of compeessed nittogen,  The pipe line
it preheated by mesns of slow Elow of water ofigineting Erotn the boiler,  The mess-flow rate is
teasured by the hot wmter flow transeitter located at the horizontal pipe line below the boiler tank
Terrperatures are measared By b temperatore transoitters which located o the test section, and the
boiler tank and the collection tank temmperatore meoitored alse by termperatare gages,  Pressore
reasurements are made by § pressore transmitters o the test section aod two pressare taps are holed
at the inlet and ootlet pipes of the test seckion (o this ezperiment, instromentation on hob smter Elor,

pressure and temperature 5 somererized as Takle 1,

Table 1, [nstrumentation

WVariable Harngze & ecuracy Tvpe MNumber
Hot Water flow 400 - 600 EMhI 1 22 Vortex 1
(0,3 - 6 m%hr)
Pressure 0 - 20 har 0.1 % L. F 7
Temperature 0 - 200% 0.1 % E-Tvpe b

The tmeximuom disk lifc is limited by hot water fow-meter, To anelyee the disc life and subcooling
effects on the critical flow parametrically, disc inlet pressures maeintain a5 clese as 10 barg, sobooclings
ranged ketween 10% and 125%, and disc lifts selected between 1 and 3 mm, Tabkle £ shows the hot

water kest matriz,

Takle £, Test matriz and name of each experiment

Lift % Temperature RR'C 1757 145 165 °C
lmm lmm-554C lmm-125° Ilmm-145°C lrmm-165%C
Zmm Zmm-55"C Zmm-125 mm-145°C Zmmn-165°C
Imm Imm-55"C Imm-125°; Smm-145"C Imm-165%

[¥V. Ezperimental Results and Discussion




1. Hot Water Flow Trend for the Pressure Ratio of F_/r  aod P, /P,

One impertant critical phencmencn is related to the flew trend for the pressure ratio of P /P and

szﬂé’.l'fpéw

the hot water expeciments, [o these ezpeciment, the inlet pressure wes held ab o waloe zreater then

saturation pressure of the smter,

different sukcooled wmter tests,

Cetailed review of pressure and flew trend, teo chocking conditiohs were established for

Figures ¢ and 3 show Elow and pressure rabie trend of e tepical
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Fig, # The characteristics of flowr and pressure rabios of 165%C hob wmter
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Fig, 3

The characteristics of flow and pressure ratios of 186°% swmber

From these pictures, it wes evident that cold weters(helow 125 °C) kawe only one critical pressore catio
bat hot waterslakove 145%C) hase two critical peessure ratios, These pheaomens give sote imporbant
cobclosions that for the low subcooling or satorated smters,  One constant nezele pressure charackeristic
does tob exzist as that cccurred o e single phase flew and we could find second constant noezle pressure
characteriskic with the decressing of back peessure,  Ewen though nozele pressure walues rernains

cobstant ag the ootlet pressore decreases, the flowe rate incresses swith the decressing of back pressure



P*= PP tbard (010-~033)
= T TLAED (003 ~038) (5}
L= Disk Lift { Seat Lengthlrom), (0.2 ~0.E)

WhelE P ae = disk outlet pressurell ~3 bar), Py, = disk inlet pressurelB5~10 bar), T4 = vaolve disk
inlet water temperature(bl ~165°C), T, = P, saturation temperature minos T 010 ~126%C),  During
the test, the constent nozzle pressure characteristic esists when the dowmstream pressure decreasEes

sufficiently, This pressure is called as the critical pressurel £_J. The critical pressure ratios of P_J P,

for the different 7 and L' are showm in Fig b
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Fig. b The critical pressure ratios of P_f P, for the diffecent 7% and L°

These pressure retios of high subcooled water! 7°=04) were approzimetely 024 and low subcooled
water{ 7*=0.06) were about 06, These walues increase as the sukbcooling margin or disk lits decrease

and low subcooled water values of P/ P, are almest the same wwith the thecretical criticel pressure

rabie of wet saturated steam as DRB[R], Figore & also shews these critical pressure rakios swith respect
to the disk Lift The critical pressuce rakics of lowr lifE cases are tmoch higher then these of the high L
cace,  When 3 mm test cesolts are cotmpered with 1 oor £ e tesboresults, that phenctnencn is clearly
chowm, Howewer, the effect of digk lift ot the critical peessure ratio s relatively smaller than that of
the subcooling, Using the experimental cesalts, the correlation of the criticel pressure rakio is developed

ag follosws:



P P o= 0.04828( Py 00y —0.846 7+ —0.0212 -

Figure b shews the comparison of the critical pressure ratic cocrelation ssith messured saloes,
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Fig, b Cotnparisen between results from critical pressure rakie correlation with messured daka

There is in good sgreemert between the resolts from the developed correlation and the experimentsl data

with the root mean sguace error of 1125,

3. Non-equilibriom Factors and Critical Wass Fluz
The critical flewrate depends on inlet pressuce, cubles pressure, subcooling and disk LEE The

ezpected mass flowrate will be lhcreased with the iocressing of iolet pressure and subcooling maergin,
These effects can be ezplained by noo-eguilibrivm factors of foid, The Faoske medel, swhich accounts
for noneguilibrivmm vaper generakion by introducing an empdricelly  found  non-equilibriom coefficlent
F{NE), is considered here, The constant F{NE) describes the partial phase change ab the throat, The
critical flow eguation considering the neon-eqoilibciom factor is described in Eq, €33, (o this equation the
unknewt perameter 5 oonly  FUNE) value and the other welues are detercmined by the inlet EHuid
conditions, Therefere, using the exzperimental resolts and this ecuaticn, w® can easily  get  the

not-equilibrivm factors of F{NE) values as follows:

2
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Where {7, . (5 the measured maximum mess Hox, Using this equation, the measured non-equilibriom

valuoes for the different 7 and LY are soggested in Fig 7,
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Fig, ¥ MNon-eouilibciom walues according to the T and L*
3
This picture alse shows that the disk life effect on the non-equilibriom factor i celatively smaller than

the sobcooling effect, By using the same non-dimensionsl pacameters, the nen-egoilibriom fooection

F{NE) of experiment (s obtained by

F(NE) =0.01519( 25 7038 4y —0.807 p =012 (B

The root mean square eccor of this corcelation s 945, Therefore, F{NED equation also shows good
agreetnent with the experimental cesalts, Figore § denctes the comperison of the noo-equilibriven Eackor
correlation with the measured dafa,

[nnoa critical statos, the messured meximom mess fluz for different 7 and £* are shown o Fig 8,
From Egs. (B) and (3), the critical flow correlation considecing the noo-equilibrivem factor can be written

[
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Fig, B Cormparison between results from aoo-eguiliboiom factor corelation with measured walues
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Fig, O WEasured mazimom mess fHog for the differect T and L*

Considering the hot swmter test ranges, the svariaktion of specific beat of bot weter is from 416 to 4,38

klfkegll, Therefore, the average walue of ¢, is set to be approzimately ¢2k]fkgl, The uncertainty

BIrol of oy iz from -1.36% to +047%,  Calculation resolts from the present  correlation and other
correlakions  such as  orifice flow  correlations, Feaouske's subcooled  equakion  are  cotpered  with
pzpertmeatal data in Fig 10, The crifice flow equation using the back pressure valuel (7o poud
estimates the critical flew higher than messured values for the low sobceooling ranges, The orifice Elow

equation using the critical pressure valuel &, pJ gives the smellest values and predicts the critical flow
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Fig, 10 Cotnpariscn between results frorm critical Elows correlations with measored data

less than exzperimental data, Ewven though Fauske's subcooled critical flow equationl G, moa ShoWs
good agreement with ezperimental critical flow data bob slightly underestioates themm, The oot mean

gquare ercor of developed correlabion [ (G med 158 4.8 %, Therefore, thie equation shows good

agreetment with the experimental resuolts,
V. Conclusions

This stody is o provide new experitcental resolts of sobcooling weater critical characteristics in &
safety walve, The general crikical characteristics of sobcooling wmber for the different disk lifts coold be
sutrtniarized as fellowe,

(1) Voids are initiated in the disk sorface areas for both low and high subcooling waters and critical
pressure rafic as one of the indications of the critical status is characterized by constant noeele
pressure ab the throat of the test secticn with the decressing of back peessure,  The critical pressure
rabic is increased swith the decrepsing of subceolings and disk lifts,

(2) Experimental resolts show that variakion of mess fox for the different disk lift s oegligible bat
snbcooling effect shoold be considered in caleolation of safety walve mess flosx

(3) The developed critical How correlation considering the not-eguoilibriven Eactor estimates experimettal
critical Eloss date less than 5% ercors when the inlet peessores are betseen B ~10 kar, disk lifcs

ketween 13 mum, and the sukcoolings between 10 ~1868%,
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and this pheacmenon can be seen more effectively for the low subcooling hot water experiments, This
increasing ttend can ke explained by two effects, First, the inlet pressore is iocreased cormpared with
initial condition and secondly, the water ternpecature is decressed cormpared with initial condition, During
the test, inlet pressure and fermpecature are meintaioed to be constent values, so that these effects oy
be negligible, F, B Zaloudek pecformned the crikical flow test For the het water throogh the  tobe
chorter then 1.5 ioch,  His experiment showed a foor-step flow trend and two constant Elow regimes
defined as first-step critical and second-step critical[t],  Anocther critical flew effect which we can

cotsider is flow strearnlines of disc outlet sections as shown Blg, d,

Fig, ¢ Flow patterns of 163, 3mm hot weter with respect o the different back-pressure

From this picture, it can be seen thab the wold fraction{or wapor welocitsw) ab the dowmstrearn section (s
increased with the decreasing of back-pressure,  Ancther impoctent pheoomenon is the throat outlet
ternperature become to higher than the saktoration tecnpecature of the throat pressure when the sobcooling
i grmll snd the disk Lift s high, Therefore, even though constent throat peessore condition is

established, the critical flow rate is affected by these phenotners,

Z. Critical Pressure Hatio
The measured critical pressare catios can be defined by a8 Bonckion of walve inlet pressuce, iolet
ternperature, poessure difference of walve inoand oot and disk seat length and litt, The ooo-dioeosional

prpression of these parameters are defined by the following equations:



	분과별 논제 및 발표자

