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Abstract

Condensation oscillation by jetting the steamn into subcooled water through spargers is
studied, To provide the suitable guideline for the werification experiment of the [RWST in the
next generation reactsr, scaling  methodology has been  introduced and iz werified by
experiments within the possible range of operating and physical parameters, The dorninant
scalihg parameters related to its pressure oscilation are also werified, The wolumetric effects
of the swstermn and the different dvnamic characteristics between the shell side and the bottom
plate are also inwvestizated, Two types of condensation oscillations are identified, The test
facility has been set up according to the scaling methodology, The test results show that the
pressure amplitodes are dependent on the mass fluzx, the shapes of spargers, the subcooling,
and the wolume of the swstemn as shown in the scaling methodology, It is concluded that the
well-desizgned spargers greatly  reduce  the pressure  amplitudes, that by the scaling
methoedology the effects of the swstern volume can be estitmated, and that the bottom plate is

apt to be a weak spot under the pressure pulsation due to condensation oscillation,

1, Introduction

Center for Adwvanced Beactor Besearch (CARR) has dewveloped a passive FWER concept
called CARE Passive Reactor 13000we (CP-1300) since 1991, CP-1300 has the same Reactor
Coolant Swvetemm (RCS) configuration as Korea MNext Generation Beactor (KINGR), Among the
several passive safety features, there iz an In-Containment Refueling Water Storage Tank,
called IEWST, At the event of Total Loss of Feedwater (TLOFW), continued steam
blowrdewn gives severe pressure pulsations at a certain subcooling ¢ imposing these loads on
the IBWST boundaries, Direct contact condensation in subcodled liguid i a cormmon
phenomensn encountered in many two-phase systems, For studying of the steam condensing
phenotmena, the experimental approaches rather than the analwtical ones hawve been preferred,
The pressure amplitudes, due to those condensations, are seen to grow with the pool bulk
temperature te A certain walue but show rapdd decrease thereafter, When the pressure
amplitude becomes mazimmum, severe oscillation leads are imposed on the pool boundaries,
Several related incidents were reported in NUREG-0783, The zuidelines presented in
NUREG-073 are applicakle to the suppression pool of a BWER plant, According to the
changes of the operating and phiysical parameters, the reevaluation of the guidelines, suggested



m MNUREG-0733, is necessarvy, &As the anticipated mass flumes for the accident scenario are
not in the chugging mode but in the condensation oscillation rmeode, the considerations of the
lowr steam fluxes can be ruled ouf,

Claudic Damasic (1985) provided the dimensionless groups for condensation frequencies
via  Jacebh numbers, Revneolds numbers, and Weber numbers, According to his results, the
frequencies increase as the steam mass flux increases: At intermediate and high steam flow
rates, the condensation frequencies decrease as the water subkcooling decreases, Water
temperature and stearmn mass flux keing equal frequency deciesses as the discharge tube
diameter increases, Izuo AYA et al (1983) also mentioned similar frequency wvariations and
considered the effects of the wolume of svstem,

Jung-hoon CHUN (1983) found out the condensation instakilities with wvarious discharge
nozzle shapes and mass fluxes up to 500 Kgfs m® As studied by Kerney et al, (1972), the
sizes of the steam cavities grow as the subcooling decreases, An increase of the subcooling
and the translatery motions enhance heat transfer rate, causing a sheorter collapse time, The
maximum loads may have occurred at a finite’ subcooling due to the facts that the necessary
conditions require low encugh subcocling to have a large bubble and hish encugh subcocoling
to have a short collapse time, Motoaki UTANIBRA (1986) exceptionally provided the
experimental correlations for the pressure amplitudes wia dimensionless subcooling,

According to the magnitudes of steam mass fluzes, the condensation phenomena in low
mass flux are different from those in high mass fluz, At low mass fluxes, discharged steasmn
diverges out whereas the steamn cavity is formed at high mass fluzes, The higher the mass
fluzes, the lower the pressure pulsation, Hewewer the previcus tests for condensation
ogcillaticns did not clearly define the fact that the steam cavity is not formed when the steam
mass flux becomes lower than that of the sonic flow, Figures 1 and 2 shew the different
condensation phenomena, In the cvlindrical-diverging jet (Figure 1), the momentum force of
ejected steam is not sufficient for forming the steam cawvity and the bioken bubbles diverge
into the sukcooled wwater, Whereas the other one as shown in Figure 2, the momenturn force
of ejected stearn is sufficlent for forming the steam cawity, The steam cavity is formed and is
tapered to discharge tiny bubbles at the apices called “tip streaming” Begarding the pressure
pulsations between those two types of condensations, Type [ condensation, as shown in
Figure 1, gives higher pressure peaks up to a certain sukcodling, In the actual operation of
the IRWET, two kinds of events are also predicted, Twe different kinds of condensation
oscillations should be identified and be quantified +ia the megion of condensation and the
pressure amplitudes,

This studvy iz 1) to develope the scaling methodology for setting up the test facility
simulating the prototype, 2) to find out the scaling parameters affecting the unstable
condensations, 3) and to experimentally demonstrate which scaling parameters are dominant,

2. Scaling MWethodology
Figure 3 shows the scaling procedure of scaling methodology, Since there is noe energy
change up to the steam exit region, only the mass balance equation is used, The similarity



requiretnent for the scaling methodology becotmes
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2.1 MWass Conservation
The follewings are the noendimensionalized mass conservation equations at each region,

Figure 4 shows the schematic diagram of mass conservation,
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The other regions can be nondimensionalized as the same procedure,
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2.2 Integral Momenturm Equation

The integral momentum equation from the steam generating region to the condensation
region can be set up as follows:
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2.3 Bubble MMomenturm Equation
The nondimensionalized bubhble momentum equaticn from the Havleigh bubble equation
was set up, considering the sealing effects of frictional loss term, shape factor and

subimergence effect:
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24 Energy Equation
We can write the energy equation for the pool as
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where the left hand side of the last two terms represent evaporative losses and heat
losses of the pool tank, respectively,
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The final scaling methoedology and parameters are presented in Table 1,

25 Linear Analysis for Velume Perturkation

The wolume perturbation of the condensation coscillation can be simulated, It is assurmed
that liguid inertia i represented kv a wirtwal mass attached to the control wolume, Formal
gerneralization of the Hawvleigh equation gives
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The pool momentum equation, bulk modulus of steam, and Clapevron-Clausiug  relation,
were also incorporated into the mass conservation eduation,
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The nondimensionalized lnear equation of wolume perturbation for condensation oscillation

can ke set as follows!
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where M represents Mach mumber and £ is the multplication factor for extranecus heat

transfer areas, Figure 4 represents the effects of discharge dJdiameters and thermal plume
length for the frequencies of condensation oscillation,

3, Experimmental Work

The ezperitnental apparatus used iz shown in Fig, 4.1, The electrically heated steamn
generator wields saturated steam at a pressure of 300 kPa approximately, The steam generator
Iz controlled by steam temperature, In this experiment, the temperature of the steam generator
iz maintained by akout 130%C during the experiments, The steam flow rate iz measured by
means of pneumatic actuated control walve, Before steam flow is supplied into the test section,
a molsture separator is installed to remowve the suspended liguid droplets, So, it is possible to
make stearmn flow in a saturation condition, The plezoelectric pressure transducers are equipped
to measure the pressure pulsations at the side wall and at the bottom plate of the pool tank,
They are flush-mounted on each sides of the pool A PCE Plezoelectronics Model 106E is
used, These are high sensitivity, acceleration compensated ICF quartz pressure  Sensors
suitakle for measuring low pressure acoustic phenomena in hydraulic and prneumatic system,
They have the unique capabiity to measwure small pressure changes of less than 0001 pei
under high static conditions, Also the sensitivity iz 300mV/pei and a resolution of 914E
(0.0001 psi), The measurement of the temperatuies is accomplished by T-type thermocouples,
To measure the bulk temperature, 4 thermocouples were mserted into the pool with 50 mn
depth, And the temperature profile of the thermal plume s messwred by using  the
nstrumented bar represented in Fig, 42, Dwvnamic characteristics of the pool tank is also
mnportant to assure the structural integrity of the poeol, Dynamic characteristics of the pool
was measured by an accelerometer snd an impect hammer, The first natural frequencies were
91 Hz at side wall and 101 Hz at kottom plate, This tells that the response pressures of the
bottom plate are slightly greater than those of the side wrall,

3.1 Test Facility
Figure & shows the test facility, Axial temperature profiles were alse measured by 10
thermocoupdes linearly meounted on the instrurment bar,

32 Test Matrix
o peragting Faordmeters



Ivlass flux, Kgim's Fool subcooling(AT), K
70, 100, 150, 200, 300 from 20 to T0

o Frugical Faradmeters

: MNumkbker of holes :
Hole dismeters { orientation Fool size Volume of upstream
266 mm (17 Single / Multiple Fressure 2/G region
15,80 mm (1/2") varlations with Pipe run region
10 1mrm Horizontal/Vertical | different pool Header wolume
5 mm sizes

3.3 Bukble Breakup

Hinze (1955) represented the basic tvpe of bubble deformaticns, The main cause of the
deformations are external dynamic pressures and wviscous stresses, Three forces per unit area
contrel the deformation/breakup of kbubbles and are grouped into two dimensionless parameters
, a generalized Webker group and a wiscosity group
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where r (=g MZ} represents the momentumn flow arcound the bubble, and subscript &

and I mean the dispersed phase and the diameter of bubhble, respectively, As shown in
equation (13), the momentum of the flow is the gowverning factor to break the bubble, The
breakup of the bubbles iz always present when the Weber number of the flow exceeds the
critical walues (Hinze, 1955), It is concluded that the hkoundary conditions of the bubbles
contrel the breakup and the dispersion of the bubbkles, The ejected steamn agitates the
surrounding fluid and makes it turbulent, This kind of fluid conditions is enough to make a
bubble break inte smaller ones, Hegarding the final sizes of bubbkles, several correlations have
been introduced with relation to the turkbulent intensity of surreunding fluid, S B Bhavaraju
Upronl? 0 sieam )

£ ghzomm

(1978) showed that the steam Bevnolds number { Re = exceeds the critical

value { Re > 10,0000, the ejected bubkle diameters to be weakly dependent on the mass fluxes
and on the dismeters of the exit heoles, The bubkble size reaches eventuslly an asympdotic
value due to the welocity of the steam, The steam Rewvnolds numbers, relating to the tests of
the steam condensation, are far bevond those walues, The dispersing bubbles are wery small in
size regardless the type of condensations, Furthermore the condensation makes it wery tiny
bubkles, The appesrsnce of the tiny kubbles iz wery close to the exit holes in Type |

condensation and near the steamn cavity boundaries in Twpe I condensation It is concluded



that the ejected steam has keen condensed near the exit heoles, It is werv hard to discern the
boundaries of condensation,

34 Test Hesults

Figure 7 shows the difference of the peessure peaks with different mass fluxes, The
pressure amplitudes of Twvpe 1 condensation are larger than theose of Twpe II condensation up
to a certain sub<ooling, This fact tells that the weolume of the swstem affects the condensation
phenomenon, If the mass fluzes exceed 200 kg/m®, then the pressure amplitudes becornes
lower, The subcooling resulting in the maxmum pressure amplitudes s about 20 °C
regardless of the mass fluxes, Figure 8 shows the comparisons of the condensation
frequencies wwith existing correlations, The longer the condensation periods due to the decrease
of the subcooling, the smaller the condensation frequencies, The first natural frequency of the
tank is lower than that of the condensation frequencies so the failure of the pool tank due to
resonance can be excluded, Figure 9 shows the temperature profiles and the pressure peaks,
The termnperatures were measured axzially from the ezt spot of the holes to the distance up to
180, The bulk temperatures are desiznated as Tw, The differences of the femperatures
ketween the bulk and the axial become narrower according to the decrease of subcooling, The
termperature  suddenly decreases at 20 mun of the axial positions, This tells that the
condensgation regions are located mainly within 20 mm and that the effects of the bubble
dispersicn and the turbulence cause the differences ketween the bulk and the local
temperatures, From the pressure-temnperature curves, the maximum subecooling resulting in the
maximum  pressure amplitudes is 20 92, Figure 10 shows that the maximum pressure
amplitude becomes one-fourth as the dismeter of the discharge hele becomes half, Takle 2
shows the scaling relation between 5 mun and 10 mrn discharge holes, The ratio of mumbers
frorn the integral mormentumn equation alse becomes one-fourth, Froam this fact, the scaling
mutnber clearly reflects the volumetric change of stearm cawvity and the discharge area,

Figure 11 shows the effects of the multiple holes sparger, The multiple holes sparger is
made up of two 10mn heles facing the side of the pool and one 7 mm hele facing dowrrerard,
Cme on the right hand side of Fizure 11 shows the case of the multiple heles sparger, The
pressure amplitodes decrease slightly in case of the multiple holes sparzer, Ewen if the total
amount of steamn in the side direction is larger than that in the bottom direction, the pressure
amplitude at the bottom plate is higher than that at the side wmall It is concluded that the
rigidity of the bottom plate is larger than that of the side wall as showmn in the resonance
test, and that seweral accidents reported in NUBEG-0783 had occurred mainly at the bottom
plate of the suppression pocl, One way to assure the structural integrity of the pool tank is to

avoid installing the internal structure in the bottom plate,

4, Conclusions

The mechanism of condensation oscillation was studied experimentally based on the
scaling  methodology, Some of the important parameters for the unstable condensation
phenotmena hawve been found, The pritmary conclusions are as follows



{1} By the scaling methodclogy, the model of the test facility for condensation escillation
can ke established,

(2) According to the mass fluxes, the condensation phenomena at large subcocling are
grouped inte two, One is the formation of steam cawvity and the other iz the diverging jet of
stearn, The pressure amplitudes hbecome larger in case of the diverging jet of stearmn within
certain  subcooling, &z the subcocling decreases, the pressure amplitudes are apparently
derendent on the mass fluzes,

(3) Fressure peaks are proportional to the mass fluxes and discharge diameter, and are
inwersely proportional to the subcooling, The multiple holes sparger reduces the pressure
amplitudes,

(d) The sizes of the broken bubbles are not dependent on the diameters of the exit pipes
during the fest,

(5) The pressure amplitude at the bottom plate is higher than that at the side wall,
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