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ABSTRACT

A 200-per cent double-ended cold-leg br~ak
Ioss-?f-coolant accident (LOCA) Ina typical US pressurized
water reactor (PWR) was simulated using the Transient
Reactor Analysis Code (TRAC-PD2). The reactor system
modeled represented a “typical” US PWR with four loops
(three Intactb one broken) and cold-leg emergency-
core-cooling systems (ECCS). The finely noded TRAC model
employed 440 three dimension (r, e, z) vessel cells along
wit;)approximately 300 one-dimensional cells that modeled
the primary system loops. The calculated peak-clad
temperature of 950 K occurred during Nowdownand the clad
temperature excursion MS termimted at 175 s, when
complete core qbenching occurred. Accumulator flows were
initfated at 10 s, when the system pressure reached 4.00
MPa, and the refill phase ended at 36 s when the lower
plewm refilled. During reflood, both bttom and falling
film quench froncswcre calculated, Top quenching was
caused tW entrainnelt from the lower plenum and lower core
regions.- The entrained liquid was sufficient to forma
small, saturated pool (0.3 m deep) akve the upper core
support plate (UCSP). !,lso,some of the entrained liqu
MS carried out the hot legs and vaporized in the steam
generators. Strong multidimensiornl effects were
calculated in the reactcr vessel, particularly with rcsl
to rod quenching. lhe calculation”shows t~t $ome rods
located in core regions closest to the intact cold legs
(ECCS InjectIon potnts) quench 125 s sooner than rods
located in core regions next to the broken loop.
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1. INSTRUCTION AM) SUMMARY

The Los Alamos Natloml Latxmatory has an extensfve program, funded and

sponsored & the US Nuclear Regulatory Comnfssfon (Division of Reactor Safety

Research) fnthe development, assessment, and applfcatfonof computer methods,

specifically the TransleficReactor Analysfs Code (TRAC). TRAC Is an advanced,

bst-estfmte system code for theanlysfs of Ioss-of-coolant accidents

(LOCAS) and other thermal-hydraulic transients in lfght-water reactors

(LURS). TRAC-K)21, the latest released version, fs designed specifically to

amlyze LOCA transients in pressurized water reactors (PWRS). TRAC-PD2

employs a three-dimensional (r,e,z), two-flufd, nonquflfbrfum, hydrodymmfc

treatment f) the pressure vessel anda one-dfmensionsl, nonequilihrfum,

drfft.flux treatment in the rest of the prfmary system components.

Three-dfmensfoml (3-D) modelfng in the vessel fs essentfijlto calculate

accurately such phenomena as emergency-core-coolfng systems (ECCS) typass fn

the annular downcomer regfon, flow dfstritution from the lower plewm to the

core, rod quenchfng, and asymnetrfc loop response. TRAC-PD2 calculations

of maw LOCA-related experiments, such as the Semfscale and the

Loss-of-Flufd-T?st (LOFT) facflfty at the Idaho Natianal Engineering

Labra tory (INEL), havn agreed very well wfth experimental data, and

considerable confidence can te placed fn TRAC modelfng of the tlowdown,

refill, and reflood phases typfcal of PWR LOCAS. Thfs paper dfscusses the

results of a 200-per cent double-ended cold-leg-break LOCA fn a typfcal US PWR

performed with TRAC-PD2. Thfscalculatfon can provide insfght into the

systen’s theml-~draulic phenomena that occur durfng the transfent,

particularly regardfng vessel reffll and fuel rod quenchfng. Some important

calculated system parameters and vessel multldfme~sfonal effects are also

presented.

The fmporti~t conclusions of this aralysis are:

1) Peak clad temperature of 950 K occurs durfng blowdown.

2) ECCS ~pass period Is calculated from approximately 12 to ,’6s during

blowdown.

3) Lower plenum refillsat 36 s (reflood fnft’atecf).

4) Both bottom and fallf)ng-fflmquench fronts tirecalculated during

reflood.
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5) A small pool (0.3 m deep) is formed akove the upper core support plate

(UCSP) from 1iquid carryover from lower core regions during reflood.

6) Midplanesof all fuel rods are quenched ky 130 s.

7) Complete core quenching occurs ~ 190 s.

8) Core liquid fraction during reflood varies between25 - 35 per cent

because of manometer-type oscillations between the dowrcorer and core.

9) Strong multidimensional effects are calculated, particularly with

regard to rod quenching. That is, some rods located irtcore regions

closest to the intact cold ~egs quench 125 s sooner than rods located

next to the troken loop; this is caused ty asymmetric vessel filling.

2, US PWR TRAC MODEL AND STEADY-STATE CALCULATION

2*1. TRAC Input Model——
The input model used for the US PWR is essentially the same as reported

inRefs. 3and4. This model represents a “typical” US four-loop PWR design,

which combines features of a variety of different Westinghouse PWR

designs.
5-7 Figure 1 showsa schematic of the US PWR primary system used

for the TRAC input model. Because the vessel is modeled in three dimensions

(r,e,z), all four loops of the PWR can be modeled explicitly with all of the
primary system components such as pipes, tees, accumulators, steam generators,

and pumps.

Shown in Fig. 1 isan intact loop that contains the pressurizer (the

pressurizer was assumed to be located inan intmt loop); another loop, which

represents two of the other intact loops (these two loops are modeled

separately in the TRAC calculation); and a third loop, which represents the

broken loop. Also shown in Fig, 1 are jurrtion numh:rs (circled numbers) and

component tkJmfX?rS(numbers in squares) for a total o: 42 components and 45

junctions. As shown in Fig, 1, each of the three intact cold legs includcsa

tee connected to a FILL that models toth the high-pressure ildection system

(HPIS) nnd low-pressure itiection system (LpIS)~ The cold le9~also incIud@ a

tee connected to a valvo and to an accumulator. There afc no ECC systems

Included in the broken cold leg because it KS assurledthis system was

inopertibleand would not affect the transient significantly.

Almost all dimensions for the pipes and tees II each of the loops were

obtained from the RELAP input8 for the BE/EM studyG. Most of the cells in
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the pipes and tees are approximately 1-”2m long, except where geom?tric

considerations forced the use of smaller cells. Tt?eHPIS a~~dLPIS ire

combined into one injection tee connected to a FILL module on each o~-the

three intact CO1d legs. The actual HPIS and LPIS flow rates, which al so were

o btained from the BE/EM study,6 are combined through this tee when these two

systems are actuated W trips during the transient. The accumulators are

connected to a check valYe that opens when the pressure on the loop side of

the valve decreases bolo A :MPa. The pump characte~isties such as speed,

head, torque, and d-;men ons also were obtained from Ref. 6.

Figures 2 and 3 show the 3-D mding used for the reactor vessel. Figure 2

shows the axial noding scheme and Fig. 3 shows the horizontal noding

scheme.There are 8 angular, 5 radial, and 11 axial nodes, totaling 440 TRAC

3-D cells. This noding distribution MS chosen to define the following

regions in the vessel: core, upper and lower plena, upper head, brrel-taffle

region, a nd the downcomer. The axial noding corresponds to major flow

restriction locations such as the flow distritutor plate in the lower plenum,

lower core support plate (LCSP), spacer locations in the core, UCSP, and the

upper head plate (UHP). The location of the azimuthal nodes accounts for the

eight vessel penetrations (four hot legs and four cold legs), while the radial

noding accounts for the three major radial power regions in the core and the

Imrrel-knffleand downcomer regions.

The fuel rods extend axially in the core region from the LCSP to the UCSP

(levels 4 through 8 in Fig. 2). One lumped average fuel rod represent ng many

actual fuel rods in a given core regfon (2.248 x 104 U/m core average lil~ear

power, 3.028 x 104 W/m peak rod power) fs modeled fn each core cell (cells 1

through 24 fn Ffg. 3 - 24 total average rods modeled) for couplfng the fuel

rod heat transfer to the 3-D vessel fluid dyramics, The total numker of fuel

rods sim(’latedfn the core is 39372 which represents 193 fuel a ssemN ies with

204 fuel rods per assembly (the 15 x 15 array also fncludes 21 gu’ e tIJlx?s!.

Each radfal core region has a different power distrfbutfon to simulate an

actual radial power proffle. The highest relative radial power occurs in the

second radial core zone (cells 9 through 16). Eight addft?oml rods also are

modeled fn selected TRAC cells (cells 1,2,5,6,9,10,13,14 - Fig. 3) to simulate

hot rods (3.937 x 104 W/m). In addition to the axfal and radial peakfng
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factors, a hot channel factor of 1.30 is applied to these rods. The hot rods

are modeled in the hottest core regions closest to and farthest frotnthe

broken cold leg. So, rods 1 through 24 represent the average fuel rods and

rods 25 through 32 represent the hot rods. It is importint to note that the

hot rod calculation isa separate calculation and uses the fluid conditions

generated by the average rod core heat transfer. In order to model the

conduction from the fuel rod center to the Zircaloy cladding surface, eight

radial nodes were used within each rod.

2.2* Steady-Stite Calculation

Based on the geometry and noding descrited al!ove,a StE?ady-Stdt~

calculation MS performed to obtain initial conditions prior to the

transient. Typical US PWR input parameters5-7 were used as koundary

conditions for the calculation. The steady-state calculation was run to stout

300 s of reactor time to assure convergence of all steady-rtate parameters

(e.g. core flow, core AT, and steam generator steam conditions). All
5-7

calculated parameters were in reasonable agreement with available data ,

and are representative of “typical” US PWR operating conditions.

3. TRANSIENT CALCULATION

Because this is a “test-estimate” analysis, the following assumptions

are made: (1) the plant is operating at rated power (3238 MWt) before the

accident; (2) the core is l’r~an equilibrium state; (3) all safety systems

(except on the broken 100P) are operational throughout the transient; {4)

off-site power is maintained throughout the transient, thus the min coolant

pumps remain operational; and (5) reactor scram occurs at transient initiation.

From the steady-state results, the transient calculation was initiated

with a 200-per cent double-ended cold-leg break in component 1 (Fig. 1). The

break MS assumed to occur 6.25 m from the reactor vessel outside the

biological shield. TRAC BREAK components were used to simulate the

contairunent,and cent.ainnentpressure history for the transient was taken from

the RELAF’OE/EM study.6 The broken cold leg was very finely noded near the

kreak, and the fully implicit sclution method in iRAC was used to mturally

calculate choked flow. Also at the start of the transient, the secondary

sides of all four steam generators were closed to simulate the operation of
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isolation valves. Because reactor scram ws assumed at transient initiatioh,

the reactor power ~s tripped and the AhS standard power decay curve M s

empleyed.

Table 1 gives a summary of most of the importint events during the

transient calculation. HPIS flows began at 2 s after break initiation in all

three intact loops. Accumulator flows in all intact cold legs began at

approximately 10 s, when the system pressure had decreased to 4.08 MPa. The

first blowdown peak clad temperature of 930 K MS reached at 11 s and occurred

at the midplane of rod 10. From Fig. 3, rod 10 is located in cell 10 in the

highest radial power region closest te the bro:erlcold leg. The tlowdcwn Desk

temperature at 11 s was due mainly to anadialntic heatup of the rods. After

the peak MIS reached, the rod temperatures decreased somewhat tecause of

enhanced steam flow through the core. This enhanced steam flow is a result of

increased pressure gradients from the core to the downcomer tecause of

localized condensation in the downcomer annulus after the initiation of

subcooled accumulator flows at 10 s. ECCS typass began~t 11 s, the

pressurizer emptied at approximately 12 s, and mcst of the saturated fluid

expelled from the pressurizer entered the vessel upper plenum ard flashed.

This fluid provided a significant steam source to the upper portions of the

core for cooling. LPIS flows were initiated at 17 s in all intact loops

(setpoint - 1.27 MPa); and at approximately 26 s, most of the ECCS typass

ended and refill of the lower plenum tegan. ECCS bypass occurs when ECCS

fluid from the intact loops enters the downcomer annulus and flows azimuthally

around the downcomer and out the broken cold leg. The end of kypass is when

the uphard steam velocity in the inlet annulus of the dowicmer decreaser

sufficiently to allow substantial ECCS liquid penetration. This was

calculated to occur at the same t~me flow reversal occurred in the broken cold

leg and flow MS drawn in from the containment. As soon as the ~ter height

in the lower plenum covered the tottom of the downcomer (downcomcr skirt), the

steam flow path from the core to the dwncorner ws blocked and flow stagmtion

occured fn the core.

The fuel rods began heating againat 25 sand at approximately 33 s, which

MS the end of the blowdown and the beginning of ~efill, the second peak clad

temperature MS reached in the same r~d as &forc (rod 10 - 950 K). The
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TABLE 1

CALCULATED TABLE OF EVENTS

Event

200 Per Cent Dou N e-Etied Cold-Leg
Break (Close off Secondary Side of Steam
Generator% Trip Reactor Power)

Begfn HPIS Flows

Accumulator Flows Begin

First Peak Clad Temperature Reached -
Rod 10- 930 K - Average Rod

Pressurlzm Empties

Begin LPIS Flows

Substantial Amount ofECC Bypass Ends

Second Peak Clad Temperature Reached:

a. Average Rod - Rod 10 - 950K

t. Hot Rod - Rod 30 - 1040 K

Louer Plefum Refilled and Reflood Begins

Accumulators Empty

Querrh Fronts Move Through Core Mldplane -
(Mln, mx TiMs)

a. Central Region

b. Middle ReSlon

c. Peripheral Regfon

d. Hot Rods

Entire Core Que~hed (Mfn, !hx Times)

a. Central Region

b. Hlddle Region

r
-0 Peripheral Region

Time(s) -
Approxlmte

o

2

10

11

12

17

26

33

33

36

41

45-90

45 - 130

45 - 50

50- 150

60 - 100

75- 175

45 - 70

d. Hct Rods 90 - 19C
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temperature of the hot rod in the same cell locatfon (cell 10 - Fig. 3) also

peaked at this time (rod 30 - 1040 K). Complete lower plenum refill and the

initia~’onof reflood occurredat 36 s. The accumulators emptied at 41 s, and

a slow, gravity reflood process followed using only the LPIS. The midplanes

of the peripheral rods (outer core region) quenched first (50 s), followed by

the central rods (first radial core region - 90 s), and fimlly the highest

radial power region rods (second radial core region - 130 s). The entire core

was quenched by 190 s including the hot rods. A large variation inroc! quench

times has calculated because of strong multidimensional kehavior exhibited in

vessel refilling.

3.1 Reactor Vessel Transient Details

The overall cladding temperature time history for the average rods is

shown in Fig. 4. This plot represents the maximum cladding temperature

calculated for all average fuel rods in the core. This temperature is

independent of axial, radial, or azimuthal position. As shown in this plot,

the peak temperature of %0 K occurred at the and of blowdown. During

reflood, the cladding temperatures decreased an average of 1.5 K/s tecause of

precooking and liquid carryover ahead of the quench front until the cladding

temperature reached the minimum stable film boiling temperature (approximately

700K). All fuel rods, as represented in Fig, 4, were quenched by 175 s,

The cladding temperature time histories for seven core axial positions

(bottom of core - 2.97 m; top of core - 7.05 m, core midplane - 5.01 m) of

three adjacent average rods (rods2, 10, 18 incells2, 10, 18 - Fig. 3) are

shown in Figs. 5 - 7. Figure 8 shows the cladding temperature history for the

peak hot rod (rod 30 - cell 10 - 3.937 x 104 W/m). As ment-

the peak clad temperature for both the average and hot rods

10 and 30 (cell 10 - Fig. 3), respectively, during blowdown

temperature history will be shown (rod 30 located in vessel

this rod exhibited the highest calculated cladd

lonqest quench tfme of all the rods. The other

and quench times (rods 25-32 in cells 1,2,5,6,9

average rods calculated in the same cells (rods

oned previously,

occurred in rods

Only one hot rod

cell 10) because

ng temperature (1040 K) and

hot rod temperature histories

13,14) were similar to the

1,2,5,6,9,13,14). Rods 2, 10

and 18 were calculated to be the hottest average rods for each radial power

region. These rods are located incell$ closest to the broken cold leg

(Fig. 3). These rods were the hotte~t because of asymnwtrlc core refilling
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during reflood. The core cells closest to the intact cold legs (ECCS

i~ection pcints) received more ECCS fluid than those cells next to the broken

cold leg as there was no ECCS on the broken loop. The asymmetric core

quenching is evidenced & comparing the cladding temperature history in Fig. 6

to Fig. 9. Figure 9 shows an average rod temperature history for rod 14 (cell

14 - Fig. 3), which is in the same radial power regionas rod 10, and is

;ocated directly across from rod 10 in a cell adjacent to an intact cold leg

(refer to Fig. 3). From this comparison it is obvious that more liquid

penetrated the core in cells closest to the intact cold legs. Another major

contributor to the large differences in cladding temperature response tetween

rods 10 and 14 was large differences (factors of 10-50) irlliquid and steam

flow rates during blowdown in these cells. During blowdown, circulation

patterns were established in the core region during the ECCS bypass period;

and strong co-current downflow was calculated in cells closest to the intact

loops while small, co-current upflow was calculated in cells next to the

broken loop. These large differences in the flow rates caused large

differences in the heat transfer coefficients that determined the cladding

temperatures.

The effects of subcooled ECCS injection and ECCS bypass are important

during the blowdown and refill phasesof ths calculation. Figure 10 shows the

lower plenum liquid vclume fraction asa function of time. Figure 11 shows

the upper plenum average pressure for the entire transient. Figure 11 shows

that the blowdown phase ended at approximately 26 s. It isat this time that

ECCS bypass ended and refill tegan, This is evidenced by the refill of the

lower plenum (Fig. 10) shortly after this time. Takle 1 shows that

accumulator flows were initiated at 10 s (4.08 MPa - Fig. 11) after the break

and at this point the liquid fraction in the lower plenum was about 20 per

cent (Fig. 10). Thiz liquid fraction decreased and leveled offat about 15

per cent until about 26 safter the break. At this time ECCS bypass ended.

Figure 12, which shows the average saturation and liquid temperatures in the

l~er plenum, also graphically illustrates this by~ass phenomenon. Ascan be

seen from tilisfigure, there was little sukcooled ECCS liquid penetration into

the lower plenum from about 11 to 26 sas Evidenced @ equal liquid/=turated

fluid temperatures. After this point, the sukooled ECCS liquid began to

penetrate.the downcomer annulus and refill the lower plenum. After the
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accumulators emptied at approximately 41 s, tle amount of sukool ing in the

lower plenum decreased because only the LPIS was available after this time.

To illustrate further the bypass, refill, and reflood phases of the

transient, the dowrcomer and core 1iquid volume fractions are shown in

Figs. 13-14. As mentioned previously, the accumulator flows we~e initiated at

10 sand ended at 41 s. Also, ECCS bypass occurred from 11 s until 26 s. The

downcomer liquid volume fraction (Fig. 13) reached a minimum level at 10 s,

then filled slightly after the acctimulatorinter reached the downcomer annulus

( 11 s). However, because of partial ECCS &pass, the downcornerdid not

fill. At the end of ~pa:s, the downcomer filled rapidly and remained almost

full until the accumulators began to empty ( 35 s). During this time the

lower plenum filled (Fig. 10), kut the core remained essentially dry

(Fig. 14). As soonas the lower plenum filled the downcomer head was large

enough to force a large slug of liquid into the core (Fig. 14). This slug

quenched the lower core regions rapidly and caused a gradual pressure rise in

the core (Fig. 11) as a result of nucleate boiling. This slug of liquid

boiled off rapidly; however, the pressure rise due t~ the boiling was gradual

so that the lower plenum did not empty (Fig. 10).

In comparing the blowdown phase and time-to-lower-plenum refill

PWR calculation to the LOFT facility (LOFT test L2-3 - L2-3 is used

the peak power is the same as the US PWR calculation--39.4 W/m)g, s

seen that the initial blowdown periods are quite similar and the

of the US

tecause

t is

time-to-lower-plenum refill is essentially the same (US PWR - 36 s; LOFT L2-3

- 35 s). This implies that theECC bypass periods are abut the same as well

as the later stages of blowdown and refill. The differences in the klowdown

histories can k attributed to two important points.

1. Initial system pressure - The steady-state pressure for the US PWR

calculation MS 15.51 MPa compared to 15.06 MPa for LOFT test L2-3,

Therefore, the sufxooled blowdown period is longer for the US PWR

calculation causing a longer period for higher break flow which

results in a shorter blowdown period.
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2. Rod quenching - In L2-3, some rods experienced altermite periods of

dryout and quenching during klowdown. The quenching of some of the

rods during blowdown cent?’ibutedto holding the pressure up as a

result of an increase in vapor generation in the core. Quenching

during blowdown was not calculated for the US PWR, thus the system

pressure continued to decrease.

Overall, in comparing general trends during blowdown and refill fur LOFT

L2-3 to the US PWR calculation, the results appear quite reasom ble,

especially with regard to the length of blowdown, ECCS bypass period, and

time-to-lower-plenum refill.

After the dL4LmulatorS emptied, the downcomer tegan emptying slowly

(Fig. 13) and the tort gradually filled (Fig. 14), typical of a gravity

reflood process. During reflood the downcomer head from the LPIS was &lanced

ty the core toiling rate and the loop resistance, causing a manometer-type

situation. If the peaks and valleys of the oscillations during reflood are

compared, the liquid volume fractions are out of phase with a period

3-6 s. These oscillations were compared to those exhibited in the
10Primarkr~islaufe (P!(L)system reflood tests ; and the period of the

manometer oscillations calculated by TRAC and those of the PKL tests

similar.

It appears from the US PWR downcomer liquid volume fraction plot

that the downcomer is approximately 45 per cent full during reflood.

of

were very

(Fig. 13)

There

needs to be some clarification as to what this plot means. This plot

represents the amount of liquid in the downcomer as defined in TRAC, TRAC

assume~ the downcomer extends from the kottom of the downcomer skirt to the

top of the downcomer (axial levels 3 through 10 in Fig. 2), and does not

include that portion of the downcomer FQ1OW the skirt. Therefore, to obtain

the actual downcomer collapsed water level at 170 s using Figs. 2 and 13,

‘bc = 0.45(10.82 - 2.496) + 2.496 = 6.24 m (1)

where

~c= downcomer collapsed water level.
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The 2.496 m is the distance from the bottom of the lower plenum to the

downcome~ skirt, ano the 10.82 m is the top of the downcomer. So, at 170 s

the downcomer wter IetielIs approximately 0.75 m below the height of the

upper core support plate (axial level 8 in Fig. 2), which translates to an

actual downcu,nerliquid volume fraction of akout 0.60. If the top of the

downcomer is defired to k the height to the kottom of the cold leg

(approximately 8.0 m for the US PWR), which really represents a “full”

dovmcomer, then the actual downcomer liquid volume fraction is approximately

0.8.
11

From representative Cylindrical Core Test Facility (CCTF) experiments ,

it is seen that the downcomer collapsed inter level during reflood is

approximately 6.0 m, which is equivalent to the height of the upper core

support plate for this test facility. The;efore. if the effects of scale,

downcomer wall heat transfer, etc. are considered, the ccllapsed downcomer

water level height calculated for US PWR (6.2 m) compares very well with that

measured in CCTF (6.0 m).

As discussed previously, the core completely quenched Ey 190 s. However,

the core liquld fraction was only akout 25 - 30 per cent during reflood

(Fig. 14). The core quenched completely asa result of llquid entraimnent and

carryover from the lower core regions during reflood; a$ a result, a

substantialamount of precooking and falling film auench front motion

occurred. Large, experimental reflood test$ for large-break reflood and

cold-leg ECCS injection such as the CCTF’l and PKL (Appendix C of Ref. 10)

show that both falling films and bottom r~flood quench moticn are okserved

experimentally with a core liquid

Considering the effects of scaling

facility design when compared :~~a

remarkable between the experiments”

quenching behavior and the TRAC US

ractior typically 30-40 per cent.

dnd differences in the expt?rimcnca’1

full scale PWR, the agreement is quite

ly observed core liquid fraction and rod

PWR calculation.

Figllre15 showsa plot.of the upper plenum liqtiidvolume fi.action. During

bl.owdown,the upper plenum emptied, tut during reflood the liquid fraction

slowly increased asa mall, saturated pool formed above the UCSP, The pool

depth vari~dapproximately linear?y fromO.O mat t = 30 s to 0.3 mat

t 9 ‘i90s. It should be noted that pool formation of similar height was
11

observed in LCTF Test 010 , which simulated a double-ended cold-leg break
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with cold-leg ECCS injection. Using the ciefinition of carryover rate fraction

(CRF), as defined in the Code of Federal Regulations12 (10CFR5O,

Appendix K), an estimate of the amount of 1iquid carryover from the core to

the upper plenum was made. The CRF is defined as

cR~ = Core exit liquid flow rate (2)

Core inlet liquid flow rate “

Figures 16 and 17 show the ~ore inlet and core exit liquid flow rate

histories, respectively, as calculated by TRAC. Some oscillatory behavior is

evident, especially in the core inlet liquid flow because of the manometer

oscillations between the core and d~wncornerdiscussed previously, During

reflood, the core inlet 1iquid flow rate varied approximately ketween 250 -

500 kg/s on the average (Fig. 16). The core exit liquid flow rate (Fig. 17)

was more stable than the core inlet flow, and varied approximately from 100 to

200 kg/s during reflood. Substitution of these values of inlet and exit

liquid flow rates into the CRF equation (Eq. 2) $ives the maximum and minimum

carryover rates during reflood of

(CRF)M1}J= ~ = 0.2

and,

(CRF)WX = ~ = 0.8

So, on the average, the CRF varies between

during reflood. This implies that between

weter entering the core is carried through

time. Therefore, a good cooling mechanism

regio~lsduring reflood and it is this heat

(3)

(4)

0.2 and 0.8 (average of shut 0.5)

20 and 80 per cent of the ECCS

to the upper plenum at a given

is provided for the upper core

transfer mechanism that allows for

good precooking and falling-film quench front motion.

To see if the CRF and upper plenum pool formation calculated by TRAC are

reasonable, the Full-Lerqth Emergency-Cooling-Heat-Transfer (FLECHT) Facility

Test 483113 MS investigated. FLECI{Ttest 4831 used an axial cosine power
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distribution anda core flooding rate of 1.5 in/s. For comparison, the

minimum core average flooding rate (FR) for the US PWR calculation, using

Fig. S6 for the core inlet liq~id flow rate, a density of 930 kg/s, and the

core flow area of stout 6.0 m2 yields:

(FR)MIN =+= &6=0 .04m /s= 1.8 in/ (5)s.

with FLECHT Test 4831.

show that for a core inlet liquid

This flooding rate compares reasombly well

The experimental results for test 4831

flow rate of 0.5 kg/s, the effluent liquid mass flow rate varies from abut

0.25 to 0.4 kg/sgivinga CRF (Eq. 2) of 0.5 to 0.8 (maximum). Therefore, the

core flooding rate and CRF for FLECHT Test 4831 compare reasonably well

(considering the effects of scale, etc.) with the FR and CRF of the TRAC US

PWR calculation. Thus, the reflood and entrainment models used inTRAC are

acceptable and applicable to full-scale PWRS. However, results might be

improved further by use of a separate droplet field to obtain more accurate

axial void distributions in the upper core regions and upper plenum above the

pool.

Figure 18 shows the vessel liquid mass inventory as a function of

transient time. During blowdown, the vessel emptied rapidly until accumulator

flows were initiated at 10 s. The vessel inventory reached its minimum value

at this time ( 8000 kg). The vessel inventory remained at about this value

during the bypass period, then at the end of bypass (26 s), the vessel began

ei’~lingessentially at the same rate as the lower plenum filling rate

(Fig. 10). The vessel filled to slightly over 50 per cent ( 500(20kg) by

abut 40 s, which corresponds to the end of accumulator flow. As discussed

previously, a slug of water entered the core and was boiled off soon after

4[)s, with a gradual increase in core pressure. The partial core filling and

bciling at this time is shown in Fig. 18. After the accumulators emptied, the

LPIS was the only source of hater to the vessel. After 50 s the vessel

intentory increased only slightly asa tnlance was obtained ktween the 4.PIS

fl!~wand the core boiling rate as a result of rod quenching during reflood.
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3.2. Intact Loop(s) Transient Details

Because all four primary loops are modeled separately in the calculatiorl

(Fig. 1), differences in 100,Presponse were calculated. These differences

existed because of (1) differences in loop geometry (that iS, pressurizer

located in one loop only, cold-leg treak in another loop, etc.), and (2)

multidimensioml behavior in the vessel. Differences in the response of the

intict loops existed mainly between the loop containing the pressurizer and

the other two intact loops. The intact loops that did not contiin the

pressurizer exhibited very similar transient behavior.

The accumulator response for each of the three intact cold leys during

refill ws very similar even though a separate accumulator was mod~led on each

loop. Figure 19 shows the accumulator mass flow rate (negative flow is into

cold leg) during the transient. This figure shows that accumulator flow was

initiated shortly after 10 sand the ‘ilowterminated ty 41 s. The accumulator

flow rate peaked

and finally empt’

decreaseal.

Inan actual

liquid to mainti”

at 1800 &g/s (maximum AP at approximately 15 s) then degraded

ed as the pressure differential across the discharge nozzle

PWR system, nitrogen cover gas is used akve the accumulator

n the setpoint pressure. When the accumulator empties, the

nitrogen is expelled into the primary system. The major effect of the

nitrogen would be to reduce the condensation efficiency In the cold legs and

downcomer region, thus affecting the calculation of end-of-ECCS ~pass to some

extent. Future versions of TRAC will model nonconclensiblegases, thus the

effects of nitrogen on condensation efficiency can k addressed at that time.

Figure 20 showsa plot of the HPIS-LPIS flow rate into an intact cold leg

(negatfve flow is into cold leg). The HPIS-LPIS flow is modeled as a function

of system pressure to simulate the actual response of the LPIS centrifugal

pumps. The LPIS flows began at approximately 15 sand reached maximum flow ky

about 33 s. Again, similar response was calculated for the other two intact

100QS. The maximum LPIS flow into each intact cold leg was about 66 kg/s fo}q

a total LPIS flow of 200 kg/s. Although the actual LPIS capacity of typical

US PWRS is roughly twice this value, full credit cannot b tiken &cause In

most designs the LPIS itiectioriports are tied ~ a comnon cro$sover that

connects the intact and brcken loops. Thus, a flow splft would occur between
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the intact and hoken loops tirtda slgnlflcant amount of LPIS flow (depending

upon the pressure differential Mween the loops) would go to the broken 1oop

and out the treak.

The LPIS flow used In the US PUR calculation compares well with the scaled

LPIS flow used in experimental t?st facillttes such as CCTF1l, FLECHT13,

and the LOFT facility.g These comparisons are shown in Takle 2 for similar

tests.

TABLE 2
LPIS FLOW COMPARISONS

-

Scaled Stalin
i

Sealcd-Up
F1OW (kg/S) E4QQL F1OW (kg/s)

1. US PWR ----- ..... 200
2. CCTF-Run 010 21.4 1811
3. FLECHT-Test 4831 ::: 437.5 220
4. LOFT-Test L2-3 6.0 30.0 180

ascali~ tgsed on numter of rods

Figures 21 and 22 show the void fraction and mass flow rate respectively

for an intact loop cold leg at the vessel junction (cold leg 2 - refer to

Fig, 1 for identification). Positive flow is definedas tlow into the

vessel, Similar void fraction and flow rate response are exhibited in the

other intact loops. Figure 21 shows that the cold legs voided quite rapidly

~fter beak initiation and the void fraction Increased until accumulator flows

were initiated atalmt 10 s. Conversely, the cold leg flow rate steadily

decre~sed (Fig. 22) after break initiation and decreased until the start of

accumulator flow. Between 10 and 40 s, a significantamount of slugging

(condenmtion oscillations) WIS calculated because of condensation in the

steam-filled cold legs. After the accumulators emptied (40 s), the slugging

ceased Lwcause the amount of subcooled ECCS hater entering the cold legs

reduced to only the LPIS injection rate (66 kg/s per loop). During reflood,

the calculated void fraction and mass flow rate in the cold legs were very

stable with no ev!dence of slugging.
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Figures 23 and 24 show the ‘;oldfraction a(ndmass flow rate respectively

for an intact loop hot leg at the vessel junction (hot leg 13 - refer to

Fig. 1 for identification). Again, the sign f;onventionfor positive flow is

into the vessel. The hot legs voided soon after break initiation and remained

essentially void for the entire transient. After 100 s, some minor

oscillations in void fraction occurred (Fig. 23) as entrained liquid from the

core passed during reflood through the upper plenum and out the hot legs. As

discussed previously, most of this entrained liquid formed a pool above the

UCSP, kuta small amount of liquid (especially from the outer core cells)

escaped the pool and left the vessel out tle hot legs. The void fractions in

the hot legs after 100 s typically ranged from 0.97 - 0.99, indicating a very

small amount of entrained liquid. This licluidpassed from the hot legs to the

steam generators and was then vaporizecias a result of secondary-to

primary-side heat transfer. This “reverse” heat transfer mechanism occurred

becau~ the steam generator secondary sides were isolated at break initiation

(Table 1), and after the primary side had blown down to a pressure below the

secondary side (5,8 MPa), seconda~y-to primary-side heat transfer occurred.

Asa result of the vaporization of the entrained liquid on the primary side,

local increases in pressure occurred. If these pressure increases are

relatively large compared to the core pressure, then steam-linding will

result, causing a tack-pressure on the core and retarding the core flooding

rate. However, because such a small amount of “iquid was vaporized in this

calculation, the pressure i~rease was insignificant compared to the boiling

rate in the core during reflood. Thus, no evidence of steam-kinding was

calculated to occur. As discussed previously, the addition of a separate

droplet field in the vessel and pipe components might alter these result: such

that “steam-binding”might become important.

Ffgure 24 shows that flow was predominantly from the vessel to the hot leg

(positive flow into vessel) for most of the transient. This is &caus@ the

pressure gradient MS always from the vessel upper plenum to the downcomer as

~ result of Imiling in the core and condensation in tho cold legs at the ECCS

l~ection locations. The flow rate in the hot legs during reflood MS qultc

small compared to the cold legs &cause the hot legs wer(’essentially

steam-filled. The small perturbations in flow rate in the hot lCJS were a

result of the liquid entrainment discussed above.
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The hot-leg response for the other intact hot leg (hot-leg 14 - Fig. 1)

without the pressurizer MS very similar to hot-leg 13. However, for the

intact hot leg that includes the pressurizer (hot-leg 15 - Fig. 1), the

response ws quite different, at least for the hlowdown phase of the

transient. Figure 25 shows the mass flow rate at the vessel junction for

hot-leg 15. Although there was not much difference In the void fraction

response, the mass flow rate at the vessel junction (Fig. 25) was quite

different from hot-leg 13 (Fig. 24). The mass flow rate for hot-leg 15 was

positive (fnto th vessel) for the first 15 s tecause of saturated flow from

the pressurizer to the hot leg through the pressurizer surge line. Table 1

shows that by 12 s the pressurizer emptied and thts corresponds approximately

to the time that positfve flow from hot-leg 15 to the vessel (Fig. 25)

ceased. After about 15 s, the flow rate and void fractfon calculated for

hot-leg 15 were very similar to the other intact hot legs. The surge of

pressurizer water into the vessel before 15 saided somewhat In early

quenching from the top of the core of rods in cells associated with hot-leg 15

(rods O, 16, 24 - Ffg. 3). However, the main advantage of this flsw was to

provtde additional steam for coollng the upper core regions during the first

15 s of the transfent, as discussed fnSection3.O.

Therefore, although the Intact cold-leg responses are quite similar during

the transfent, the responsesof the Intact hot legs are different (at least

for the ftrst 15 s), primarily due to the pressurizer. During reflood, the

hot-leg behavior Is similar for all the Intact loops, and a small amount of

lfquid entralnnent from the vessel out the hot legs Is calcul,tted.

3*3* Broken-loop Trans~ent Det.afls

The broken loop consists of the broken cold leg (component 1 - Fig, 1),

pump, stsam generator and hot leg (component 12 - Fig. 1). Asdlscussed

previously, no ECC ~stems were modeled In the boken loop. The broken ends

of the cold leg were connected to BREAK components that simulated the

contafrfnento

Some of the broken cold-leg det,allsare shown fnF’lgs. 26 and 27. The

vessel-sfde-kreak mass flow rate out the broken cold leg Into the containment

1s shown lnFlg. 26 (positive flow Into containment). TIIebroken cold lPg

void fractfon plot (Fig. 27) graphfca’llyIllustrates the ECCS bypass per{od

from 11 to 26 s. Durtng this time, the void fr~niion decreased to about (),5
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as a result of accumulator water @pa ssed azimuthally around the downcomer and

out the broken CO1c1leg. Then, at 26 s when bypass ended, the void fraction

increased instantaneously to 1.0 as a result of flow rever~l in the broken

cold leg, Thi$ flow reversal was caused by local depressurization in the

downcomer ann~lus as a result of condensation from the highly sutcooled

accumulator hgter. This causes the pressure drop in the broken cold leg to be

from the containncnt to the vessel, thus the flow reversed and steam was drawn

in from the containment (no air field is modeled in TRAC-P02). As tbe

accumulators emptied, the magnitude of this adverse pressure gradient

decreased, and at about 37 s, the flow direction changed again in the broken

cold leg from the vessel to the containment. When this occurred, some 1iquid

was again carried out the broken cold leg because of partial typass of the

remaining accumulator flow and the LPIS.

Figure 28 shows the void fraction in the hoken loop hot leg (hot-leg

12 Fig. 1) at the vessel junction. The flow rate out the troken-loop hot-leg

side is shown in Fig. 29 (positive flow into containment). A comparison of

the void fraction and ir~ss flow rate out.the hot-leg side of the break to the

cor’responding parameters of the intact-loop hot legs (Figs. 23 and 24) shows

tkt differences existealonly during the blowdown phase of the transient, TI I

Lroken-loop hot leg voided sooner and the mass flow rate was sukctantially

higher than the intact loops during blowdown, However, for the remtiinderof

the transient, the void fraction and flow rate were comparable to the intact

loops; and entrainment was calculated from the vessel out the broken-loop hot

leg that is similar to the intact hot legs,

In comparing the US PWR troken coid-leg response to that of CCTF during

reflood, it is seen that the responses are quite similar. Figure 30 shows the

US PWR kroken cold-leg break flow (positive flow into contairmpnt) during

reflood. It is seen that a large amount of the injected LPIS fl~~’(200 kg/s)

is @pa ssed during the entire reflood phase (on the average of 50-60 per

cent)b Recent analysis of CCTF Test C1-1114, which is similar to

CCTF-Run 01011, shuws that approximately 50 per cent of the LPIS i~ection

flow (which scales up approximately to the 200 kcj/sused in the US PWR

calculation--Table 2) is bypassed luring reflood. One reason for the similar

responses is similal>downcomer ~ter I?vc1s, as discussed in Section 3.1,
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In Fig. 3, the troken loop is connected to vessel cells 25 (broken hot

leg) and 34 (broken cold leg). These cells communicate with core cells 1, 2,

9, 10, 17, and 18. As discussed previously, the calculation shows that rod

temperatures and quenching in cells associated with the broken loop have the

highest cladding temperatures and latest quench times (refer to Figs. 5 - 9).

The main reason for t4$s, again, is asymmetric core filling as a result of no

ECC systems modeled {n the koken loop. Rods located in core cells associated

with the intact cold legs (ECCS injection locations) farthest from the broken

loop are ‘he first to que~h, and have the lowest cladding temp~ratures.

4. SUMMARY ANO CONCLUSIONS

The resultsof this calculation demonstrate some tmportint points abut

the use and applicability of TRAC tc large-break LOCA calculations of

full-scale PWRS. TRAC is capable of performing this calculation ina single,

continuous pass from blowdown through reflood. The overall results are quite

reasonable, and compare both qualitatively and in some ir!stances

quantitatively (for example, core flooding rate, c:rryover rat@, and upper

plenum pool formation) with aveilable experimental data. Strong evidences of

multidimensional kehavior are calculated, particularly with regard to

asyrmnetricvessel refilling and fuel rod quenching. Some rods located in core

regions closest to the int~ct cold legs quench 125 s sooner than rods located

in core regions next to the broken loop. The 3-0 TRPC modeling of the reactor

vessel is essen’ial for this type of transient to calculate such phenomern as

ECCS bypass in the annllar downcomer region, flow distribution in the core

during refil?, mult~rii:nensionalrod quenching, and asymmetric loop response.

Some of theTRAC modeling deficiencies that may affect large-break LOCA

calculations of this type include the lack of a separate droplet field in the

vessel and in the one-dimensioml components, and a non-condensablegas

field, The addition of a droplet field may improve core heat transfer during

reflood, subcooled pool formation in the upper plenum, and entraimnent out the

hot legs. Addition of a noncondensible gas field will allow the effects of

nitrogen i~ection from the accumulators on condensation efficiency to be

calculated and air to be modeled in the containrrent.

In conclusion, this calculation has provided insight into the system

therms?-hydraulic phenomena for a postulated full-scale PWR large-brcak LOCA,

and hcpefully will lead to calculations that will resolve some importsnt PWR

safety questions.
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