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Abstract

The possibility of het leg flooding is ewaluated in case of a small-kreak loss-cof-coolant
accident in Korean MNext Generation Beactor (KMNGR) operating at the core power of 3983
MW normally, The wapor and liguid welocities in het leg and stestn generator tubes are
calculated during reflux condensation cooling with the accident scenarios of three fypical
break sizes, 0,13 24, 102 22 and 10,19 2% cold leg keeak, The caloulated results are compared
with the existing flooding correlations, It iz predicted that the hoet leg flocding is excluded
when two steam generators are awailakble, It is also shown that the possikility of het leg
flooding under the operation with one steamn generator is wery low, Therefore, it can he said
that the occurrence of hot leg flooding is unexpected when the reflux condensation cooling is
maintained in steam generator tubes,

1. Intreduction

It is frequently described that the prediction of counter-current flow limitation (CCFL) or
flooding in the muclear power plant system is one of the most important issues for the
evaluation of nuclear safety, This is true because the supply of cooling water inte the reactor
core is limited b the occurrence of CCFL at the upper tie plate, reactor wessel dowmcormer,
pressurizer surge line and hot leg pipe.

It has been known that the CCFL phenomena can be encountered during a large-hbreak
loss-of-coolant accident (LOCA) and a small-break (3E) LOCA, During the reflood phase of
large-breakk LOCA, the water accurmulated at the inlet plenum of steam generator (53 can
flow back inte hot leg and forms a counter-current flow with the stearmn flow to the steam
generator, After the occurrence of a small-kreak LOCA, the counter-cwrrent flow is also
expected because the steam can be condensed in steam generator tubes and flew back to the
reactor vessel wia hot legs, This is referred to as a reflux condensation phencmencn,

Sctually, the reflux condensation is one of the effective heat remowval mechanisms during a
small- break LOCA (Kawanishi ¢f af, 1991), When a small break occurs in reactor coclant
systermn, the decay heat generated in reactor core can be remowed by heat transfer to the
secondary side of steam generators, the mjectlon of emergency core cooling, and the heat
release with break flow, The importance of each heat rermeowal mechanism is dependent on the
break size, If the hbreak size is large, the heat is mainly removed by the hieak flow,
Howrewer, the cooling wia steam generators becomes more impertant as the bieak size
decreases, This trend is well descriked in Fig, 1,

The heat transfer through steam generators is achieved by reflux condensation andfor the
natural circulation of primary coclant, As shown in Fig, 1, the reflux condensation does not



contribute much to heat remowal when the kresk is larger than 102 2 of cold leg size,
Heosrewer, both reflux condensation and natural circulation become important as the break size
decreases,

The occurrence of the counter-current flow limitation under the reflux condensation means
the incresse of pressure drop across hot leg, This causes the pressure buildup in the upper
plenum of reactor vessel and then the shrinkage of liquid lewvel in the reactor core (Lopez de
Bertodano, 199), The reduced core lewel can result in fuel heatup, Considering the importance
of the phenomenon, the possibility of CCFL during SBELOCA Is not well amranged up to now,
Ewen though there are a lot of experimental data on CCFL in hot leg pipe, the possikbility of
hot ez flooding under the accident condition in real plant iz rarely ewaluated, The main
purpose of the present study iz to describe the possikility of the CCFL during the reflux
cohdenzation cooling in SELOCA accident scenarios,
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Fig. 1 Fraction of decay heat remowved by SGs with the increase of break =ize.

2 Analysis

The previous studies on reflux condensation reported that waricus heat remowval patterns
were observed depending on the thermal-hydraulic conditions i the primary and secondary
side of condensing tube, The main flow patterns were the partial reflux condensation meode
and total reflux condensation mede, In partial reflux condensation meode, the liguid film is
formed along the hot side of condensing tube wall Usually the partial reflux condensation
made iz introduced at a lower stearn flow rate, When the steam flesw rate is inereazed up to
the fleoding limit in tube, a liguid column begins to be accumulated abowve the two-phase
region where condensation occurs, This situation is referred to as total reflux condensation, In
addition, many other complicated flow patterns were also observed, Those patterns were
expressed as fill and dump mode (Calia and Griffith, 19320, oscillatory mode (Mguven and
Banerjee, 1982), and two-phase thermo-syphoning (Wan ef =i, 1983), However, Girard and



Chang (1992) showed that the basic mechanisms assoclated with the reflux condensation are
partial refluz condensation and fotal reflux condensation, Thevy suggested that there exist no
cscillatory flow patterns when the tube length is long enough, The &0 ratics of the
experiment were 233, 303 and 506, Therefore, it can be said that the complicated oscillatory
flowr pattern during the reflux cendensation in short length swstem iz a part of total reflux
condensation (Jeong e# af, 1998), The oscilatory kehaviors observed with short condensing
tube can be considered as transient procedures to ancther stable stage of total reflux
cohdensaticon,

For the analwsis, it is assumed that the steam generated in the core is  condensed
comnpletely in 5G tubes and drained back to the hot leg pipe. The accurnulation of condensate
in the steam generator inlet plenum is net taken into account, Therefore, all the condensed
liguid flews to the hot leg, The reference plant for the analwvsis iz the Korean Next
Generation Reactor (KMNGR) which has two steam generators, two hot legs, and four cold
legs, The operating core power of KNGH 5 designed to ke 3983 MW, The geometry data for
ENGR hot leg and steam generator are described in Table 1,

The gquantity of steam generated in the core can ke caleulated from the decay power and
the heat of wapeorization for given pressures as described in the following equation:

- Pm
My = PR (1)

The decay heat rate is calculated using 1971 ANSE decay heat curve, MNow, the vapor and
liquid welocities in steam generator and hot leg can be ewvaluated using the following two
equations:

ie= ;E, (Z)
iy = (T;—j) g (3]

The natural circulation termination time after the break iz dependent on the break size, For
example, the natural cireulation iz terminated at akout 200 seconds after the break of 102 32
and the reflux condensation starts at this time, On the contrary, the decay heat hegins to ke
removed by refluz condensation after 2,160 seconds at the kreak size less than 0,13 22 of cold
leg, After the initiation of the reflux condensation, the decay power is continueously decreased
and the swstern pressure is also decreased, &5 a result, the superficial wapor welocity and
liquid welocity are continuously changed, The accident scenarios for three typical break sizes
are summarized in Takle 2 The accident scenarie for 013 2 kreak is obtained from the
experiment performed by Kawanishi et al, (1991), The other two scenaries for 102 %% break
and 1019 % break are obtained from the desizn hesis accident (DBA) LOCA analvsis results
for YN 384,

The superficial phase welocities are calculated from the time history of the ewents for the
three scenarics, In Takle 3, the caleulated wapor and ligquid welocities at hot leg and steam
zenerator tube are provided. The evaluated j.° and i are defined as follows:

0: 1/2
s .

where & means Houid or wvapor phase. New, it can ke evaluated whether the CCFL can be
induced in hot leg and steam generator tubes based on the wapor and ligquid welocities during
the accident scenarios,



Table 1 Hgt leg and stearn generator data for KNGR

Description Design data
Haot leg diameter (m) 106G
3G tube diameter (m) 001692
Mo, of total 3G tubes 12,596
S5 tube plugging rate (4] 10
Mo, of active 3G tubes 11,336

Takble 2 Typical small-break LOGCA scenarios

Case &, 013 % break Case B, 102 2% break Case C, 10,19 2% hoesk
Time Tire Tirme
(zec) Event (gec) Event (sec) Event
244 (Beactor frip 2031 |Reactor trip 120 (Beactor frip
5160 Beflux condensation _ B _ _
initiated, F = 8 IMiFa
- - 2197 [P = 10 MiPa 214 |F =10 MPa
SG  bleed operation . _
Eh45 started P = 8 MPa 496 6 |Loop seal clearing BZ2E |[F =8 MPa
- - ge36 |F = 8 MPa 704 |Loop seal clearing
000 |F = 3 WPa 2872 |F =3 MPa 1244 [F = 3 IWPa

The occurrence of CCFL is usually predicted by the flooding correlation, The correlations
for the hot leg fleoding were suggested by many researchers based on the experimental
results or analytical manipulations, Among these, the correlations suggested by Richiter ef af
(19738) and Chnuki (1986) are frequently used, In the present study, the following correlation
of Richter ¢# af iz adopted for the prediction of flooding in hot leg pipe:

PR R (5)

In addition, the occurrence of the flooding in a wertical flow path such as steam generator
U-tube is predicted with Wallis -tvpe flooding correlation as followrs:

+ 12 3 1
R § R (6)

The walues of 10 for m and 085 for & are used in the present study, It is shown that the
transition from partial reflux condensation to total reflux condensation due to the occurrence
of the flooding at steam generator tubes can be well predicted with these constants (Jecnhg et
G, 1998),



Table 3 Estimated superficial velpeoities in hot leg and =G tubes

Time after | Fressure Hot leg conditions 5G conditions

brip (sec) # Powrer (MPa) }.;1;‘2 }.;1;‘2 jjl."z }.;1.*2
0,13 v | 1916 1 B4l 8 0,1045 02122 01744 0,3541
break with | 5301 1149 i 0,0903 01834 0.1508 03060
L5 A756 0,995 3 0,0699 01902 01167 03173
1.02 % | 166 4 G563 10 0,1958 03677 0,3267 06136
break with | 2935 2 f054 i 0.1361 02762 02271 04609
L5 26721 1 4028 3 00829 02255 0.1384 03763
s % g4 5049 10 0,2040 03831 0,3404 06392
beak with 208 3,773 i 0,1637 03322 02732 05544
2 SG g4 3 651 - 01610 03263 0.2687 05453

1124 3,275 3 0,1267 03447 02115 05752
0.13 v | 1916 1 541 i 0,1478 03001 02467 05007
break with | 5301 1149 g 01278 02593 02132 04327
1 5 £756 0,995 3 00989 02689 0.1650 04483
102 % | 165 4 f563 10 0,2769 05200 04620 08677
break with | 2935 2 5084 8 0,1924 0,3906 0,3211 06518
1 5 26721 14028 3 0,1173 03189 0,1957 05322

3. Hesults and discussion

The data for wvapor and liguid welocities given in Takle 3 are also shown in Figs, 2 tloough
b, The flooding correlation is represented as a solid line with no symbol, The solid syvmbols
are the thermal-hydravlic conditions for the three ftypical small break accidents, The dashed,
dotted, and dot-dashed lines mean the complete condensation lines for a specified pressure, 10
, B and 3 MPDag, respectively,

In Fig, 2, the phase welocities in hot leg for the thiee cases are compared with the flooding
critericonn when all two stearmn generators are available for the cooling of primary side, It is
evaluated that the hot leg conditions are far below the flooding line ewen for the 1019 22

break, which is the largest small-break LOCA in KNGR having the kreak size of 05 2
Therefore, judging from this result, there iz no possibility of hot leg flooding when there
exists the reflux condensation cooling and two steam generators are awvailakble, Actually, 1019
¥ hreak is large enough fo remowve most of the decay heat through the kreak, In other
words, it is difficult that the reflux condensation is to be appeared and the heat remowal
portion of refluz condensation is werv small at the large break size of 1019 22, As described
previously in Fig, 1, the reflux condensation plays important role in smaller breaks less than
1.02 % kreak,

In Fig, 3, the peossikility of flooding in steam generator fukes is checked, Ewen though the
total flowr area in stearn generator is larger than that of het leg, it iz analvezed that the 5G
flooding criterion is satizsfied and there is some possikility of CCFL during the early period of
LoCa with 1019 25 and 102 3% hreak size, It should ke considered that the hydraulic
diameter of steam  generator tube is much less than that of hot leg, Therefore, the
nondimensional superficial welocities in stearn generator tubes can ke greater than those in hot
leg, Thiz result is observed in some experitnental studies on reflux condensation with



intentional depressurization of steam generator secondary side, Asaka and Hukita (1995)
showed that the steam flow inte the S5G U-tubes imcreased after the iniflation of
depressurization and ligquid heoldup was resulted from CCFL in 3G tubke due to the enhanced
stearmn condensation rates, They also reported that there was no indication of CCFL at the 3G
inlet plenum and het leg under this situation, This result is consistent with the present
calculation descrikbed in Fizg, 3, The figure shows that the flooding at 5G tube is accompanied
during the early peried of accident with the breask size of 102 22 cold leg Az menticned
previeusly, the prediction for 1019 25 break can ke considered as conceptual estimation
because the reflux condensation is not an important heat remowval mechanism accompanied
with this kreak size, Though some accident conditions are abowe the flooding line in Fig, 3,
most conditions for the three twpical breaks remain within the flooding criterion in 3G tube,
Thiz means the reflux condensation meode in 3G tuke iz partial or filtwise reflux
condensation,

In Figs, 4 and &, the possikilities of CCFL in hot leg and 5G tukes are checked when only
one steam generator is awvailable, Figure 4 suggests that the hot leg flooding be introduced
with the hieak of 102 % cold leg area, Howewer, it should be remembered that a
conservative assumpton iz adopted in the present anslwvsis, It iz assumed that all the heat
generated in the core is remewved through steam generator, If the heat remowal ratio depicted
in Fig, 1 is taken into account, it is expected that the hot kg flocding is excluded with the
break sizes greater than 102 22 cold leg, The superficial welecities in Fig, & imply that the
probakility of flooding at 55 tubes is wery high and total reflux condensation is introduced
under this situation, Actually, the assumption of one 5G operation for larger break sizes deoes
not hawve significant meaning, The mest impertant feature fo guarantee the neormal operation
of 55 iz the supply of auxiliary feedwater inte 5G secondary side. In safety analysis for
ENGR small-treak LOCA  the operaticn of auxiliary feedwater is not taken intoe consideration

for breaks greater than 002 f2 (0407 2% break), This means that the failure of SG function
becomes significant only for small breaks less than 0407 22 hreak,
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4 Conclusions

The possikility of CCFL in hot leg and stearmn generator tubes iz estimated with the
conservative assumption that all the decay heat is remowed through reflux condensation in
stearn generator fukes, Followings are the main conclusions obtained from the present studsy:

(1) The CCFL at hot leg is precluded when all the two steam generators in KNGH are
availakle,

(2) The partial or filmwise reflux condensation is a dominant heat remowval mechanism with
the bresks less than 102 22 when twe steam generators are operahble,

(3) It is predicted that the hot leg flooding is peossible to occur with the break sizes greater
than 107 32 when only one steam generator is awailable,

(d) If the reduced heat removal rate through 2Gs with larger breaks is taken into account,
the cccurrence of hot leg flooding iz improbable,

Threngh the present studw it is walidated that the CCFL is expected to occur in 3G tubes
not in hot legs during the refluz condensation cooling after a stall-kreak LOCA ., Howewer,
there still remains the possibility of hot leg flooding at the time of the termination of natural
circulation after a small-treak LOCA  in which some portion of hot leg iz filled continuously,
Theugh the prediction of CCFL in het leg iz alse reguired for the modeling of swstem
behavicr, the development of accurate correlation on interfacial fricticn ferm under counter-
current flow condition is more Important than CCFL phenomena for the improwved prediction
of thermal-hydranlic phenomena during small-break LOCA or refleod phase of LELOCA, The
study of Kirmse ef af. (1995) suggests the importance of interfacial welocity in the prediction
of core water level and peak cladding termperature after a small-teealk LOCA,
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