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ABSTRACT

A 200-per cent double-ended cold-leg break
loss-2f-coolant accident (LOCA) 4n a typical US pressurized
water reactor (PWR) was simulated using the Transient
Reactor Amalysis Code (TRAC-PD2). The reactor system
modeled represented a "typical" US PWR with four loops
vthree intact, one troken) and cold-leg emergency-
core-cooling systems (ECCS). The finely noded TRAC model
employed 440 three dimensioml (r, e, 2z) vessel cells along
with approximately 300 one-dimensiomal cells that modeled
the primary system loops. The calculated peak-clad
temperature of 950 K occurred during blowdown and the clad
temperature excursion was termi mated at 175 s, when
complete core quenching occurred. Accumulator flows were
initiated at 10 s, when the system pressure reached 4.08
MPa, and the refill phase ended at 36 s when the lower
plerum refilled. During reflood, both bottom and falling
film quench frorcs were calcuiated. Top quenching was
caused by entraimmenrt from the lower plenum and lower core
regions. The entrained 1iquid was sufficfent to form a
small, saturated pool (0.3 m deep) abtove the upper core
support plate (UCSP). M1so, some of the entrained 11quid
was carried out the hot legs and vaporized in the steam
generators. Strong multidimensiomal effects were
calculated in the reactcr vessel, particularly with respect
to rod quenching. 7he calculation shows that some rods
located in core regions closest to the intact cold legs
(ECCS injection points) quench 125 s sooner than rods
located in core regions next to the broken loop.
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1. INTRODUCTION AND SUMMARY

The Los Alamos Natiomal Laboratory has an extensive program, funded and
sponsored ty the US Nuclear Regulatory Commission (Division of Reactor Safety
Research) in the development, assessment, and application of computer methods,
specifically tne Transient Reactor Amlysis Code (TRAC). TRAC 1s an advanced,
best-estimate system code for the amlysis of 1oss-of-coolant accidents
(LOCAs) and other thermai-hydraulic transients in 1ight-water reactors
(LWRs). TRAC-PDZI. the latest released version, 1s designed specifically to
analyze LOCA transients in pressurized water reactors (PWRs). TRAC-PD2
employs a three-dimensiomal (r,e,2z), two-fluid, nonequilibrium, hydrodynmamic
treatment i the pressure vessel and a one-dimensiom1, nonequilitrium,
drift-flux treatment in the rest of the primary system components.
Three-dimensiomal (3-D) modeling in the vessel is essential to calculate
accurately such phenomem as emergency-core-cooling systems (ECCS) typass in
the annular downcomer region, flow distribution from the lower plemum to the
core, rod quenching, and asymmetric loop response. TRAC-PD2 calcu1ation52
of many LOCA-related experiments, such as the Semiscale and the
Loss-of-Fluid-Test (LOFT) facility at the Idaho Natiomal Engineering
Laboratory (INEL), have agreed very well with experimental data, and
consideratle confidence can be placed in TRAC modeling of the tlowdown,
refi11, and reflood phases typical of PWR LOCAs. This paper discusses the
results of a 200-per cent doulble-ended cold-leg-break LOCA 1n a typical US PWR
performed with TRAC-PD2. This calcu:ation can provide insight into the
system's thermal-hydraulic phenomena that occur during the transient,
particularly regarding vessel refill and fuel rod quenching. Some important
calculated system parameters and vessel multidimensioma)l effects are also
presented.

The important conclusions of this amalysis are:

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

2) ECCS hypass period is calculated from approximately 12 to .'6 s during
bl owdown.

3) Lower plerum refills at 36 s (reflood 1nitiated).

4) Both bottom and falling-fiIlm quench fronts are calculated during
reflood.
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5) A small pool (0.3 m deep) is formed above the upper core support plate
(UCSP) from 1iquid carryover from lower core regions during reflood.

6) Midplanes of all fuel rods are quenched ky 130 s.

7) Complete core quenching occurs by 190 s.

8) Core liquid fraction during reflood varies between 25 - 35 per cent
because of manometer-type oscillations between the downcorer and core.

9) Strong multidimensiomal effects are calculated, particularly with
regard to rod quenching. That is, some rods located in core regions
closest to the intact cold 12gs quench 125 s soonrer than rods located
next to the broken loop; this is caused by 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
in Rer¥s. 3 and 4. This model represents a "typical" US four-loop PWR design,
which combines features of a variety of different Westinghouse PWR
des1gns.5'7 Figure 1 shows a 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 1s an intact Toop that contains the pressurizer (the
pressurizer was assumed to be located in an inta:zt 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 1oop. Also shown in Fig. 1 are jurstion rnumbers (circied numbers) and
component numbers ( numbers in squares) for a total o® 42 components and 45
junctions. As shown in Fig. 1, each of the three intact cold legs includes a
tee connected to a FILL that models both the high-pressure frjection system
(HPIS) and 1ow-pressure injection system (LPIS). The cold legs also include a
tee connected to a valve and to an accumulator. There are no ECC systems
fncluded in the broken cold 1eg because it was assuried this system was
inoperable and would not affect the transient significantly.

Almost all dimensions for the pipes and tees 17 each of the ioops were
obtained from the RELAP 1nput8 for the BE/EM study6. Most of the cells in
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the pipes and tees are approximately 1-2 m long, except where geometric
considerations forced the use of smaller cells. The HPIS and LPIS cre
combined into one injection tee connected to a FILL module on each ot the
three intact cold legs. The actual HPIS and LPIS flow rates, which also were
obtained from the BE/EM s‘t:ud_y,6 are combined through this tee when these two
systems are actuated by trips during the transient. The accumulators are
connected to a check valve that opens when the pressure on the loop side of
the valve decreases b:1oc ?  MPa. The pump characteristics such as speed,
head, torque, and d'men ons also were obtained from Ref. 6.

Figures 2 and 3 show the 3-D noding used for the reactor vessel. Figure 2
shows the axial moding scheme and Fig. 3 shows the horizontal noding
scheme.There are 8 angular, 5 :radial, and 11 axial rodes, totaling 440 TRAC
3-D cells. This noding 4istribution was chosen to define the following
regions in the vessel: core, upper and lower plem, upper head, barrel-taffle
region, and the downcomer. The axial noding corresponds to major flow
restriction locations such as the flow distributor 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
efight vessel penetrations (four hot legs and four cold legs), while the radial
noding accounts for the three major radiai power regions in the core and the
tarrel-taffle and downcomer regions.

The fuel rods extend axially in the core region from the LCSP to the UCSP
(1evels 4 through 8 in Fig. 2). One lumped average fuel rod representing many
actual fuel rods in a given core region (2.248 x 104 W/m core average linear
power, 3.028 x 104 W/m peak rod power) is modeled in each core cell (cells 1
through 24 in Fig. 3 - 24 total average rods modeled) for coupling the fuel
rod heat transfer to the 3-D vessel fluid dymamics. The total number of fuel
rods simlated in the core is 39372 which represents 193 fuel assemblies with
204 fue) rods per assembly (the 15 x 15 array also includes 21 gu’ .e tubes).
Fach radial core region has a different power distribution to simulate an
actual radial power profile. The highest relative radial power occurs in the
second radfal core zore (cells 9 through 16). Eight additioml rods also are
modeled in selected TRAC cells (cells 1,2,5,6,9,10,13,14 - Fig. 2) to simulate
hot rods (3.937 x 104 W/m). Inaddition to the axial and radial peaking
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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 from the
broken cold leg. So, rods 1 through 24 represent the average fuel rods and
rods 25 through 32 represent the hot rods. It is important to note that the
hot rod calculation is a separate calculation and uses the fluid conditions
gencrated 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-State Calculation

Based on the geometry and noding described above, a steady-state
calculatior was performed to obtain initial conditions prior to the
transient. Typical US PWR input parame'cers“:"7 were used as boundary
conditions for the calculation. The steady-state calculation was run to atout
300 s of reactor time to assure convergence of all steady-state parameters
{e.g. core flow, core aT, and steam generator steam conditions). Al
calculated parameters were in reasomtie agreement with availatle data
and are representative of "typical" US PWR operating conditions.

5-7

3. TRANSIENT CALCULATION
Because this is a "best-estimate" amlysis, the following assumptions

are made: (1) the plant is operating at rated power (3238 MWt) tefore the
accident; (2) the core is inan equilibrium state; (3) all safety systems
(except on the broken loop) are operatiomal throughout the transient; {4)
off-site rower is mintained throughout the transient, thus the main coolant
pumps remain operatioml; 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 was assumed to occur 6.25 m from the reactor vessel outside the
biological shield. TRAC BREAK components were used to simulate the
contairment, and contaimment pressure history for the transient was taken from
the RELAP BE/EM study.6 The broken cold 1eg was very finely noded near the
break, and the fully implicit sciution 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 was assumed at transient initiation,
the reactor power was tripped and the ANS standard power decay curve was
employed.

Table 1 gives a summary of most of the important events during the
transient calculation. HPIS flows began at 2 s after break initiation inall
three intact loops. Accumulator flows in all intact cold legs began at
apprcximately 10 s, when the system pressure had decreased to 4.08 MPa. The
first blowdown peak clad temperature of 930 K was 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 tc the bro.en cold leg. The tlowdown peak
temperature a2t 11 s was due mainly to an adiabatic heatup of the rods. After
the peak was 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 because of
localized condensation in the downcomer annulus after the initiation of
subcooled accumulator flows at 10 s. ECCS Lypass began at 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 couting. LPIS flows were initiated at 17 s in all intact loops
( setpoint - 1.27 MPa); and at approximately 26 s, most of the ECCS Lypass
ended and refill of the Tower plenum began. 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 typass is when
the upward steam velocity in the inlet annulus of the dowiccmer decreases
sufficiently to allow substantial ECCS 1iquid penctration. This was
cal¢culated to occur at the same time flow reversal occurred in the broken cold
leg and flow was drawn in from the contaimment. As soon as the water height
in the Tower plenum covered the bottom of the downcomer (downcomer skirt), the
steam flow path from the core to the downcomer was blocked and flow stagmation
occured 1n the core.

The fuel rods began heating again at 25 s and at approximately 33 s, which
was the end of the blowdown and the beginning of refill, the second peak clad
temperature was reached in the same rcd as before (rod 10 - 950 K). The
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TABLE 1
CALCULATED TABLE OF EVENTS

Evert Ap}lgiggzt;
1. 200 Per Cent Doulle-Ended Cold-Leg 0
Break (Close off Secordary Side of Steam
Generators; Trip Reactor Power)
2. Begin HPIS Flows 2
3. Accumulator Flows Begin 10
4. First Peak Clad Temperature Reached - 11
Rod 10 - 930 K - Average Rod
5. Pressurizer Empties 12
6. Begin LPIS Flows 17
7. Substantial Amount of ECC Bypass Ends 26
8. Second Peak Clad Temperature Reached:
a. Average Rod - Rod 10 - 950 K 33
t. Hot Rod - Rod 30 - 1040 K 33
9. Lower Plerum Refilled and Reflood Begins 36
10. Accumulators Empty 41
11. Quench Fronts Move Through Core Midplane -
(Min, Max Times)
a. Central Region 45 - 90
b. Middie Region 45 - 130
c. Peripheral Region 45 - 50
d. Hot Rods 50 - 150
12. Entire Core Quenched (Min, Max Times)
a. Central Region Gb - 100
b. Middle Region 75 - 175
c. Peripheral Region 45 - 70

d. Hct Rods 9 - 19C
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temperature of the hot rod in the same cell location (cell 10 - Fig. 3) also
peaked at this time (rod 30 - 1040 K). Complete lower plemum refill and the
initiation of reflood occurred at 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
racial power region rods ( second radial core region - 130 s). The entire core
was quenched by 190 s including the hot rods. A large variation in rod quench
times was calculated because of strong multidimensioml behavior exhitited 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 950 K occurred at the end of blowdown. During
reflood, the cladding temperatures decreased ar average of 1.5 K/s btecause of
precooling and 1iquid carryover ahead of the quench front until the cladding
temperature reached the minimum stable film boiling temperature (approximately
700 K). A1l 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 {rods 2, 10, 18 incells 2, 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 mentioned previously,
the peak clad temperature for both the average and hot rods occurred in rods
10 and 30 (cell 10 - Fig. 3), respectively, during blowdown. Only one hot rod
temperature history will be shown (rod 30 located in vessel cell 10) because
this rod exhiktited the highest calculated cladding temperature (1040 K} and
lTongest quench time of all the rods. The other hot rod temperature histories
and quench times (rods 25-32 in cells 1,2,5,6,9,13,14) were similar to the
average rods calculated in the same cells (rods 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 in cells closest to the broken cold leg
(Fig. 3). These rods were the hottect because of asymmetric core refilling



-9..

during reflood. The core cells closest to the intact cold legs (ECCS
injection pcints) received more ECCS fluid than those cells next to the broken
cold leg as there was no ECCS on the troken loop. The asymmetric core
quenching is evidence¢ by 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 region as rod 10, and is
1ocated directly across from rod 10 ina cell adjacent to an intact cold leg
(refer to Fig. 3). From this comparison it is otvious that more 1iquid
penetrated the core in cells closest to the intact cold legs. Another major
contributor to the large differences in cladding temperature response between
rods 10 and 14 was large differences (factors of 10-50) in 1iquid and steam
flow rates during blowdown in these cells. During blowdown, circulation
patterns were estatlished in the core region during the ECCS bypass period;
and strong co-current dowrnflow was calculated in cells closest to the intact
loops while small, co-current upflow was calculated in cells next to the
broken Toop. 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 typass are important
during the blowdown and refill phases of the calculation. Figure 10 shows the
lower plenum 1iquid velume fractionas a function of time. Figure 11 shows
the upper pienum average pressure for the entire transient. Figure 11 shows
that the blowdown phase ended at approximately 26 s. It is at this time that
ECCS Lypass ended and refill began. This is evidenced by the refill of the
Tower plenum (Fig. 10) shortly after this time. Talble 1 shows that
accumulator flows were initiated at 10 s (4.08 MPa - Fig. 11) after the treak
and at this point the 1iquid fraction in the lower plenum was about 20 per
cent (Fig. 10). This 1iquid fraction decreased and leveled off at about 15
per cent until about 26 s after the break. At this time ECCS bypass ended.
Figure 12, which shows the average saturation and 1iquid temperatures in the
lower plenum, also graphically illustrates this bynass phenomenon. As can be
seen from tihis figure, there was 1ittle subcooled ECCS 1iquid penetration into
the Tower plenum from about 11 to 26 s as evidenced by equal 1iquid/saturated
fluid temperatures. After this point, the subcooled ECCS 1iquid began to
penetrate the downcomer annutus and refill the lower plenum. After the
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accumulators emptied at approximately 41 s, tie amount of subcooling in the
Tower plenum decreased because only the LPIS was avaiiable after this time.

To illustrate further the bypass, refill, and refiood phases of the
transient, the dowrcomer and core 1iquid volume fractions are shown in
Figs. 13-14. As mentioned previously, the accumulator flows were initiated at
10 s and ended at 41 s. Also, ECCS bypass occurred from 11 s until 26 s. 7he
downcomer liquid volume fraction (Fig. 13) reached a minimum level at 10 s,
then filled slightly after the accumulator water reached the downcomer annulus
( 17 s). However, because of partial ECCS Lypass, the dowrcomer did not
fi11. At the end of bypa:s, the downcomer filled rapidly and remained almost
full until the accumulators began to empty ( 35 s). During this time the
lower plerum filled (Fig. 10), but 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 tn 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 of the US
PWR calculation to the LOFT facility (LOFT test L2-3 - L2-3 is used because
the peak power is the same as the US PWR calculation--39.4 kN/m)g, it is
seen that the initial blowdown periods are quite similar and the
time-to-lower-plenum refill is essentially the same (US PWR ~ 36 s; LOFT L2-3
- 35 s). This implies that the ECC bypass periods are about the same as well
as the later stages of blowdown and refill. The differences in the Llowdown
histories can be attributed to two important points.

1. Initial system pressure - The steady-state pressure for the US PWR
calculation was 15.51 MPa compared to 15.06 MPa for LOFT test L2-3.
Therefore, the subcooled blowdown period is longer for the US PWR
calculation causing a lTonger period for higher break flow which
results in a shorter biowdown period.



-11-

2. Rod quenching - In L2-3, some rods experienced alternate periods of
dryout and quenching during tlowdown. The quenching of some of the
rods during blowdown contributed to 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 for LOFT
L2-3 to the US PWR calculation, the results appear quite reasonmable,
especially with regard to the length of blowdown, ECCS Lypass period, and
time-to-lower-plenum refill.

After the accumulators emptied, the downcomer began emptying slowly
(Fig. 13) and the core gradually filled (Fig. 14), typical of a gravity
reflood process. During reflood the downcomer head from the LPIS was talanced
ty the core boiling 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 phas: with a period of
3-6 s. These oscillations were compared to those exhibited in the
Primarkreislaufe (PKL) system reflood testslo; and the period of the
manometer oscillations calculated by TRAC and those of the PKL tests were very
similar.

It appears from the US PWR downcomer liquid volume fraction plot (Fig. 13)
that the downcomer is approximately 45 per cent full during reflood. There
needs to be some clarification as to what this plot means. This plot
represents the amount of 1i~uid in the downcomer as defined in TRAC. TRAC
assumes the downcomer extends from the bottom 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 below the skirt. Therefore, to ottain
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 (M)

where

hyc = 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, and the 10.82 m is the top of the downcomer. So, at 170 s
the downcomer water level is approximately 0.75 m below the height of the
upper core support plate (axial level 8 in Fig. 2), which translates to an
actual downcumer liquid volume fraction of about 0.60. If the top of the
downcomer is defined to te the height to the bottom of the cold leg
(approximately 8.0 m for the US PWR), which really represents a "full"
downcomer, then the actual downcomer 1iquid volume fraction is approximately
0.8.

From representative Cylindrical Core Test Facility (CCTF) experiments11.
it is seen that the downcomer collapsed water level during veflood is
approximately 6.0 m, which is equivalent to the height of the upper core
support plate for this test facility. Therefore, if the effects of scale,
downcomerr 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 Ly 190 s. However,
the core 1iquid fraction was only about 25 - 30 per cent during reflood
(Fig. 14). The core quenched completely as a result of 1iquid entraimment and
carryover from the lower core regions during reflood; as a vresult, a
substantial amount of precooling and falling film auench front motion
occurred. Large, experimental reflood tests for large-break reflood and
cold-leg ECCS irjection such as the CCTF11 and PKL (Appendix C of Ref. 10)
show that both falling films and bottom reflood quench moticn are olserved
experimentally with a core 1iquid “ractior typically 30-40 per cent.
Considering the effects of sca’ing and differences in the experimencal
facility design when compared ., a full scale PWR, the agreement is quite
remarkakle between the experimentally observed core 1iquid fraction and rod
quenching behavior and the TRAC US PWR calculation.

Figiure 15 shows a plot of the upper plenum Tic¢uid volume firaction. During
blowcown, the upper plenum emptied, but during reflood the 1iquid fraction
slowly increased as a small, saturated pool formed above the UCSP. The pool
depth varied approximately linear'y from 0.0 mat t = 30 s to 0.3 m at
t = 190 s. It should be noted that pool formation of similar neight was

observed in CCTF Test 01011. which simulated a double-ended cold-leg break
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with cold-leg ECCS injection. Using the definition of carryover rate fraction
(CRF), as defined in the Code of Federal Regulations? (10CFRSO,

Appendix K), an estimate of the amount of 1iquid carryover from the core to
the upper plenum was made. The CRF is defined as

CRF = Core exit liquid fiow rate (2)

.

Core inlet Tiquid flow rate

Figures 16 and 17 show the -ore inlet and core exit 1iquid flow rate
histories, respectively, as calculated ty TRAC. Some oscillatory behavior is
evident, especially in the core inlet 1iquid flow because of the manometer
oscillations between the core and ¢owncomer discussed previously. During
reflood, the core inlet 1iquid flow rate varied approximately between 250 -
500 kg/s or 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 oxit
1iquid flow rates into the CRF equation (Eq. 2) gives the maximum and minimum
carryover rates during reflood of

(CRF)ypy = 115%8 = 0.2 (3)
and,
(CRF )y = %%g = 0.8 (4)

So, on the average, the CRF varies between 0.2 and 0.8 (average of atout 0.5)
during reflood. This implies that between 20 and 80 per cent of the ECCS
water entering the core is carried through to the upper plenum at a given
time. Therefore, a good cooling mechanisn is provided for the upper core
regions during reflood and 1t is this heat transfer mechanism that allows for
good precooling and falling-film quench front motion.

" To see 1f the CRF and upper plenum pool formation calculated by TRAC are
reasomble, the Full-Length Emergency-Cooling-Heat-Transfer (FLECHT) Facility
Test 483113 was Tnvestigated. FLECHT test 4831 used an axial cosine power
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distribution and a core flooding rate of 1.5 in/s. For comparison, the
minimum core average flooding rate (FR) for the US PWR calculation, using
Fig. 16 for the core inlet 1iquid flow rate, a density of 930 kg/s, and the
core flow area of about €.0 m2 yields:

o 250 =

This flooding rate compares reasonably well with FLECHT Test 4831,

The experimental results for test 4831 show that for a core inlet liquid
flow rate of 0.5 kg/s, the effluent Tiquid mass flow rate varies from about
0.25 to 0.4 kg/s giving a CRF (Eq. 2) of 0.5 to 0.8 (maximum). Therefore, the
core flooding rate and CRF for FLECHT Test 4831 compare reasomably well
(considering the effects of scale, etc.) with the FR and CRF of the TRAC US
PWR calculation. Thus, the reflood and entraiment models used in TRAC 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 1iquid mass inventery as a function of
transient time. During blowdown, the vessel emptied rapidly until accumulator
flows were initiated at 10 s. The vessel {nventory reached its minimum value
at this time ( 8000 kg). The vessel inventory remained at about this value
during the typass period, then at the end of typass (26 s), the vessel began
Fi11ing essentially at the same rate as the lower plenum filling rate
(Fig. 10). The vessel filled tc slightly over 50 per cent ( 500C0 kg) ty
about 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
40 s, with a yradual increase in core pressure. The partial core filling and
biling at this time 1s shown in Fig. 8. After the accumulators emptied, the
LPIS was the only source of water to the vessel. After 50 s the vessel
inventory increased only slightly as a talance was obtained between the LPIS
flow and 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 calculation
(Fig. 1), differences in loop response were calculated. These differences
existed because of (1) differences in loop geometry (that is, pressurizer
located in one loop only, cold-leg break in another loop, etc.), and (2)
multidimensioml behavior in the vessel. Differences in the response of the
intact loops existed mainly between the loop containing the pressurizer and
the other two intact loops. The intact loops that did not contain the
pressurizer exhibited very similar transient behavior.

The accumulator response for each of the three intact cold leys during
refill was very similar even though a separate accumulator was modoled on each
loop. Figure 19 shows the accumulator mass flow rate (negetive flow is into
cold leg) during the transient. This figure shows that accumulator flow was
initiated shortly after 10 s and the “low termimated ty 41 s. The accumulator
flow rate peaked at 1800 kg/s (maximum aP at approximately 15 s) then degraded
and finally emptied as the pressure differential across the discharge nozzle
decrea sed.

Inan actual PWR system, nitrogen cover gas is used above the accumulator
Tiquid to maintain 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 Lypass to some
extent. Future versions of TRAC will model noncondensible gases, thus the
effects of nitrogen on condensation efficiency can be addressed at that time.

Figure 20 shows a plot of the HPIS-LPIS flow rate into an intact cold leg
(negative flow is into cold teg). 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 s and reached maximum flow by
about 33 s. Again, similar response was calculated for the other two intact
Toops. The maximum LPIS flow into each fntact cold leg was about 66 kg/s for
a total LPIS flow of 200 kg/s. Although the actual LP1S capacity nf typical
US.PNRs 1s roughly twice this value, full credit cannot be taken because in
most designs the LPIS injection ports are tied by a common crossover that
connects the intact and brcken loops. Thus, a flow split would occur between



=16-

the intact and broken loops and a significant amount of LPIS flow (depending
upon the pressure differential between the loops) would go to the broken 1oop
and out the break.

The LPIS flow used in the US PWR calculation compares well with the scaled
LPIS flow used in experimental test facilities such as CCTFII, FLECHT13.
and the LOFT fac111ty.9 These comparisons are shown in Tatle 2 for similar

tests.

TABLE 2
LPIS FLOW COMPARISONS
Scaled Sca11ng Scaled-Up
Facility Flow (kg/s) Factor Flow (kg/s)
1. USPRR  emeae meaa- 200
2. CCTF-Run 010 B.4 21.4 18
3. FLECHT-Test 4831 0.5 437.5 220
4, LOFT-Test L2-3 6.0 30.0 180

aScaling ased on number 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 defincd as tlow into the
vessel. Similar void fraction and flow rate response are exhitited in the
other intact loops. Figure 21 shows that the cold legs voided quite rapidly
after break initiation and the void fraction increased until accumulator flows
were initiatced at about 10 s. Conversely, the cold leg flow rate steadily
decrexsed (Fig. 22) after break initiation and decreased until the start of
accumulator flow. Between 10 and 40 s, a significant amount of slugging
(condensation oscillations) was calculated because of condensation in the
steam-fi1led cold legs. After the accumulators emptied (40 s), the slugging
ceased because the amount of subcooled ECCS water enteriny 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 m evidence of slugging.
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Figures 23 and 24 show the oid fraction and mass flow rate respectively
for an intact Toop hot leg at the vessel junction (hot leg 13 - refer to
Fig. 1 for identification). Again, the sign convention for 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 1iquid from the
core passed during reflood through the upper plenum and out the hot legs. As
discussed previousiy, most of this entrained 1iquid formed a pool above the
UCSP, but a small amount of 1iquid (especially from the outer core cells)
escaped the pool and 1eft the vessel out tre 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 1ic¢quid passed from the hot legs to the
steam generators and was then vaporized as a result of secondary-to
primary-side heat transfer. This "reverse" heat transfer mechanism occurred
becauss the steam generator secondary sides were isolated at break initiation
(Tabtle 1), and after the primary side had tlown down to a pressure below the
secondary side (5.8 MPa), secondary-to primary-side heat transfer occurred.
As a result of the vaporization of the entrained 1iquid on the primary side,
local increases in pressure occurred. If these pressure increases are
relatively large compared to the core pressure, then steam-tinding will
result, causing a lack-pressure on the core and retarding the core floodina
rate. However, because such a small amount of "iquid was vaporized in this
calculation, the pressure increase was insignificant compared to the boiling
rate in the core during reflood. Thus, no evidence of steam-tinding 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 "stcam-binding" might. become important.

Figure 24 shows that flow was predominantly from the vessel to the hot leg
(positive flow into vessel) for most of the transient. This {s because the
pressure gradient was always from the vessel upper plenum to the downcomer as
a result of boiling in the core and condensation ir the cold legs at the ECCS
1njection locations. The flow rate in the hot legs during reflood was quite
small compared to the cold legs because the hot legs were essentizlly
steam-filled. The small perturbations in flow rate in the hot 1e s were a
result of the 1iquid entraiment discussed above.
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The hot-leg response for the other intact hot leg (hot-leg 14 - Fig. 1)
without the pressurizer was very similar to hot-leg 13. However, for the
intact hot leg that includes the pressurizer (hot-leg 15 - Fig. 1), the
response wa s quite different, at least for the tlowdown 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 (into the vessel) for the first 15 s because 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 this corresponds approximately
to the time that positive flow from hot-leg 15 to the vessel (Fig. 25)
ceased. After about 15 s, the flow rate and void fraction calculated for
hot-1eg 15 were very similar to the other intact hot legs. The surge of
pressurizer water into the vessel before 15 s aided somewhat in early
quenching from the top of the core of rods in cells associated with hot-leg 15
(rods 8, 16, 24 - Fig. 3). However, the main advantage of this flow was to
provide additioml steam for cooling the upper core regions during the first
15 s of the transient, as discussed in Section 3.0.

Therefore, although the intact cold-leg responses are quite similar during
the =ransient, the responses of the intact hot legs are different (at least
for the first 15 s), primarily due to the pressurizer. During reflood, the
hot-leg behavior is similar for all the intact loops, and a smali amount of
Tiquid entraimment from the vessel out the hot legs is calculated.

3.3. Broken-loop Transient Details

The broken loop consists of the troken colc leg (component 1 - Fig. 1),
pump, steam generatoi and hot leg (component 12 - Fig. 1). As discussed
previously, no ECC systems were modeled in the troken loop. The broken ends
of the cold leg were connected to BREAK components that simulated the
conta{ment,

Some of the broken cold-leg details are shown in Figs. 26 and 27. The
vessel-side- break mass flow rate out the broken cold ley into the contaiment
{s shown in Fig. 26 (positive flow into contaimment). The broken cold leg
void fraction plot (Fig. 27) graphically 11lustrates the ECCS bypass period
from 11 to 26 s. During this time, the void fra-iion decreased to about 0.5

(oS
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as a result of accumulator water bypassed azimuthally around the downcomer and
out the broken cold leg. Then, at 26 s when bypass ended, the void fraction
increased instantaneously to 1.0 as a result of flow reversal in the broken
cold leg. This flow reversal was caused by local depressurization in the
downcomer anrulus as a result of condensation from the highly subcooled
accumulator water. This causes the pressure drop in the broken cold leg to be
from the contaimment to the vessel, thus the flow reversed and steam was drawn
in from the contaimment (no air field 1s modeled in TRAC-PD2). As the
accumulators emptied, the magnitude of this adverse pressure gradient
decreased, and at about 37 s, the flow direction changed again in the troken
cold 1eg from the vessel to the contaimment. When this occurred, some 1iquid
was again carried out the broken cold leg because of partial Lypass of the
remaining accumulator flow and the LPIS.

Figure 28 shows the void fraction in the btroken loop hot leg (hot-leg
12 Fig. 1) at the vessel Jjunction. 7The flow rate out the btroken-loop hot-leg
side is shown ir Fig. 29 (positive flow into contaimment). A comparison of
the void fraction and rass flow rate out the hot-leg side of the break to the
corresponding parameters of the intact-loop hot legs (Figs. 23 and 24) shows
that differences existed only during the blowdown phase of the transient. Ti»
vroken-1oop hot leg voided sooner and the mass flow rate was subctantially
higher than the intact loops during blowdown. However, for the remainder of
the transient, the void fraction and flow rate were comparatle to the intact
loops; and entraimment was calculated from the vessel out the broken-loop hot
leg that is similar to the intact hot legs.

In comparing the US PWR broken coid-leg response to that of CCTF during
rcflood, 1t 1s seen that the responses are quite similar. Figure 30 shows the
US PWR broken cold-leg break flow (positive flow into contaiment) during
reflood. It is seen that a large amount of the injected LPIS flow (200 kg/s)
is bypassed during the entire refiood phase (on the average of 50-60 per
cent). Recent amlysis of CCTF Test 61—1114. which 1s similar to
CCTF-Run 01011. shows that approximately 50 per cent of the LPIS injection
flow (which scales up approximate’y to the 200 kg/s used in the US PWR
calculation--Table 2) is hypassed during reflood. One reason for the similar
responses {s similar downcomer water iovels, as discussed in Section 3.1,
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InFig. 3, the broken loop is connected to vessel cells 25 (btroken 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 btroken loop have the
highest cladding temperatures and latest quench times (refer to Figs. 5 - 9).
The main reason for this, again, 1s asymmetric core filling as a result of no
ECC systems modeled in the btroken lcop. Rods located in core cells associated
with the intact cold legs (ECCS injection locations) farthest from the btroken
loop are “he first to quench, and have the Towest cladding temperatures.

4. SUMMARY AND CONCLUSIONS

The results of this calculation demonstrate some important points atbout
the use and applicatility of TRAC tc large-break LOCA calculations of
full-scale PWRs. TRAC is capable of performing this calculation ina single,
continuous pass from Llowdown through reflood. The overall results are quite
reasomtbtle, and compare both qualitatively and in some irstances
quantitatively (for example, core flooding rate, corryover rate, and upper
plenum pool formation) with aveilable experimental data. Strong evidences of
multidimensiomal behavior are calculated, particularly with regard to
asymmetri. vessel refilling and fuel rod quenching. Some rods located in core
regions closest to the intact cold legs quenck 125 s sooner than rods located
in core regions next to “he broken locop. The 3-D TRAC modeling of the reactor
vessel 1s essen*ial for this type of transient to calculate such phenomera as
ECCS bypass in the annilar downcomer region, flow distritution in the core
during refil?, multidinensiomal rod quenching, and asymmetric loop response.

Some of the TRAC modeling deficiencies that may affect large-tbreak LOCA
calculations of this type include the lack of a separate dropiet field in the
vessel and 1n the one-dimensional components, and a non-condensible gas
field. The addition of a droplet field may improve core heat transfer during
reflood, subcooled pool formaticon in the upper plenum, and entraiment out the
hot legs. Addition of 8 noncondensible gas field will allow the effects of
nitrogen injection from the accumulators on condensation efficiency to be
calculated and air to be modeled 1n the contaimment.

In conclusion, this calculation has provided insight into the system
therma-hydraulic phenomema for a postulated full-scale PWR large-break LOCA,
and hcpefully will lead to calculations that will resolve some fmportant PWR
safety questions,
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