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SUMMARY

The WCOBRA/TRAC-Mod7 code is a general systems analysis code with the capability to model and
analyze thermal-hydraulic transients in pressurized water reactors. Westinghouse three- and four-loop
operating plants have been analyzed with this version of the code. An earlier version of the code has
been licensed and used 1o analyze large-break LOCA transients in two-loop pressurized waler reactors
equipped with upper plenum safety injection systems.

While the AP600 design has several unique features, the key thermal-hydraulic phenomena for an
AP600 large-break LOCA are expected to be the same as those in a conventional operating PWR.
Therefore, the modeling methods and code validation performed in support of operating plants is
directly applicable to the AP600 design.

One area that is different in the AP600 design relative to current operating Westinghouse PWRs is the
use of downcomer injection of the emergency core cooling water. The accumulator, core makeup
tank. in-containment water refueling storage tank, and sump recirculation injection flow enter the
vessel through two opposite direct vessel injection locations. WCOBRA/TRAC has been assessed
using tests from two separate experimental facilities that investigated direct vessel injection to ensure
that the accuracy of the code prediction for this injection mode is acceptable.

The AP600 Standard Safety Analysis Report (SSAR) calculations are shown and compared to
transients for a current three-loop PWR to show that the AP600 large-break behavior is similar to that

of current PWRs,

The results of this study confirm that WCOBRA/TRAC can accurately model the AP600 large-break
transient without any AP600-specific code or model modification. The results predicted by
WCOBRA/TRAC for the AP600 indicate that @ substantial large-break LOCA margin exists for this
new design with passive safety systems.

0 1810w wpl 1h-002E94 1



1.0 INTRODUCTION

The WCOBRA/TRAC code is a generalized thermal-hydraulic systems code that has the capability o
model either boiling water or pressurized water reactors (PWRs). The ( .BRA portion of the code
represents the reactor vessel component. The TRAC portion of the code represents the loop
components, such as the steam generators, pumps, accumulators, and the associated piping. The active
emergency core cooling systems (ECCSs) of the current generation PWRs are modeled as boundary
conditions using pressure- and temperature-dependent tables to represent the high- and low-pressure
safety injection systems. Breaks of different sizes and types, either guillotine or communicative, can
also be simulated at different locations on the reactor piping. The WCOBRA/TRAC-Mod7 version of
the code was developed and verified with the intent of satisfying the requirements of the revised
Appendix K rule with regards to best estimate methods. This version of the code has been used to
analyze large-break LOCAs in several operating PWRs with cold leg injection. An earlier version of
the code, WCOBRA/TRAC-Mod4, was approved by the NRC for use with plants with upper plenum
injection systems. This version has been used to analyze several two-loop PWRs.

The WCOBRA/TRAC code has been used successfully to model PWRs with different ECCS designs.
WCOBRA/TRAC has been used to analyze a four-loop PWR," which has no accumulators, and
employs, instead, large-capacity, high-pressure pumps that inject vertically downward into the upper
plenum to refill the reactor vessel for a large-break LOCA. Detailed upper plenum noding was used
to model the safety injection flow path. Sensitivity studies were then used to quantify the uncertainty
in the upper plenum modeling, and the resulting conservative upper plenum mode] was used.

Westinghouse two-loop PWRs also have the low-pressure emergency core cooling system (ECCS)
injection flowin~ into the upper plenum. The safety injection flow enters the upper plenum as
horizontal jets at the same elevation as the reactor hot and cold legs. Sensitivity studies and
comparisons 1o scaled test data validated the capability of the WCOBRA/TRAC code 1o model this
plant configuration.

The NRC version of the COBRA/TRAC code has also been used to model Westinghouse PWRs,
which utilize upper head injection ECCSs.”' In this design, separate high-pressure accumulators are
used to inject flow into the upper head during the blowdown phase of the transient. A very detailed
model of the reactor system was used 1o best determine the blowdown behavior to the new ECCS that
was added 10 these plants. In addition to these uniqgue PWR ECCS designs, WCOBRA/TRAC has
also been used to model and predict the ECCS performance of conventional three- and four-loop
Westinghouse PWRs. ™ All the above calculations indicate that the WCOBRA/TRAC code has the
capabilities to model different classes of PWRs that utilize different ECCS designs with confidence.

The AP6(X) is an advanced PWR design that incorporates passive safety systems that perform the same
function as the active systems on current PWRs. The principal difference is that natural forces, such
as gravity, are used for the injection of the ECCS water into the reactor vessel, rather than active
ac-powered systems, such as pumps and heat exchangers. It should be noted that oniy the injection

u\ 1410w wpf 1b-092804 1-1



mode is different for the AP600. Once the emergency coolant is injected into the vessel, the flow of
that coolant into the core is gravity-driven by the driving head in the downcomer the same as a current
PWR. For the large-break LOCA, any excess injected flow will spill out the broken cold leg break.
Figure 1-1 shows the AP600 ECCS safety design, and Table 1-1 gives the safety function of the
different passive system components used in the AP600 safety system design. The two components
that are of most interest for the large-break LOCA performance of the AP600 design are the
accumulators and the core makeup tanks (CMTs). As indicated in Table 1-1, the CMTs perform the
same function as the ECCS high-pressure active pumps in existing PWR designs. The AP600
accumulators are of a similar design to current plants, except that they have a larger capacity and will
discharge at a slower rate compared to existing PWRs. This results in an accumulator injection period
that is greater than 120 seconds, as compared to the 45-second injection period of existing two-loop
PWRs. Both the accumulator flow and the CMT flow are injected into the vessel through separate
direct vessel-injection nozzles that are located slightly below the reactor cold and hot legs. This is a
different injection location than that typically used in most Westinghouse PWRs. However, Babcock
and Wilcox PWRs alse use direct vessel injection, as well as newer Westinghouse two-loop PWRs,
such as KRSKO and ANGRA.

The key thermal-hydraulic phenomena for the large-break LOCA are given in Table 1-2, and the
uniqueness of AP600 design features are assessed. The objective is to make an assessment of the
design features relative to WCOBRA/TRAC s code validation and capabilities. The first column gives
the key large-break LOCA phenomena that the computer code must correctly calculate. The second
column indicates if there is a unigqueness in the AP600 design relative to the phenomena for which
additional verification may be needed. The third column indicates whether WCOBRA/TRAC has been
verified over a broad enough range to encompass the uniqueness of the AP600 design. The fourth
column indicates what validation is available or indicates the need for a specific test to validate the
code for this phenomena. There are specific comments in the last column that also indicate specific
sources for code validation that can be used to assess WCOBRA/TRAC.

Table 1-2 indicates that there are very few items that are unique for the AP6(X large-break LOCA
transient relative to existing plant designs. Since WCOBRA/TRAC has already been used extensively
to model the large break LOCA for existing plants, this code is applicable to assess and model the
AP600 large-break LOCA transient. The unique items include direct vessel injection (or downcomer
injection) and modeling the CMTs: which is a new component for the code. Therefore, the ability of
WCOBRA/TRAC to model direct vessel injection of the ECCS flow will be specifically addressed in
this report. The relative importance of the core makeup tank behavior for the large-break LOCA will
also be discussed.
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AP60G PASSIVE SAFETY SYSTEM COMPONENTS

Function

TABLE 1-1

Current PWRs

AP6OO

Reactor Shutdown

control rods

ndeout (negative power
coefficient, auxiliary feedwater,
chemical and volume control)

control rods
rideout (more negative power,
PRHR, CMT)

RCS Overpressure pressurizer relief larger pressurizer
high-pressure trip high-pressure trip
pressurizer safety valves pressurizer safety valves

RCS Heat Removal main feedwater PRHR HX
auxiliary feedwater auto feed/bleed
manual feed/bleed (CMT/IRWST, ADS)
(PZR, PORV, HHSD) manual feed/bleed

(accumulators/RNS, ADS)

High-Pressure Injecton charging pumps CMT

high-head pumps accumulator/IRWST (ADS)
accumulator/residual heat
removal (ADS!

Low-Pressure Imjection accumulators accumulators
jow-head pumps IRWST (ADS)

Long-Term Recirculavon low-bead pumps feeding containment sump (ADS)
high-head pumps

Contamment Heat Removal fan coolers external air + water drain

containment spray pumps/beat
exchanger

external air only cooling

w 1410w wpf: 1b-002864
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TABLE 1-2
ASSESSMENT OF THE AP600 LARGE-BREAK 1LOCA PROCFESSES
APHO6 Uniqueness WC/T Validation A oBG-Specific
LOCA Process WRT W Plants Does 1t Exist Validation Needed Comments
*  Blowdown
- Cntical flow None Yes None
~ Post-cntical heat flux None Yes None
heat transfer
e  Transient critical heat
flux
* Rewetting
+ Film boiling
- Structure heat transfer Yes, refiector Yes, not None Madeled by input
APBO0-specific
Accumulator ECCS None Yes None
hypass
~ 2¢ AP in loops None Yes None
~ Steam generator heat None Yes None
transfer
- High-head safety Yes, CMT delivery, No Yes Very little CMT delivery
mjection behavior before PCT
~ Pump 2¢ behavior Yes, canned rotor No No Obtam data
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0 DESCRIPTION OF THE Af600 LARGE-BREAK LOCA TRANSIENT
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peak cladding temperature period until the entire core is quenched and the plant transitions into long-
term cooling.

Another difference in the two PIRT tables shown in Tables 2.1-1 and 2.1-3 is the presence of the
CMTs as the high-pressure injection system for the AP600. This particular passive system is primarily
designed to provide injection flow for the small-break LOCA and is much less important for core
cooling considerations for the large-break LOCA sitations since the core cooling flow comes from the
accumulators.

Therefore, the most significant difference between the large-break LOCA PIRT charts for existing
PWRs and the AP600 is the direct vessel injection utilized in the AP600 design. Specific
WCOBRA/TRAC code validation beyond that given in the WCOBRA/TRAC Code Qualification
Document is provided in this report to address that design feature.
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TABLE 2.1-1 (Cont.)
COMPONENT AND PHENOMENA HIERARCHY DURING LBLOCA REFILL

e e e
Upper Cold Leg/
Cemponents | Fuel Rods Core Plenum Hot Leg PR Steam (.on Pump Accum Dawncomer HBreak Loop
“&d‘!lﬂs'
stored entram/ steam entran/ critical
Lf'hemmm energy de -entrasn expansion 2¢ performance de-entram flow
phase
onidation separation AP, form loss condensation] flashiag
contam-
OCF {(dran/ ment
decay heat fallback; hot wali pressure
gap 20
onductancd comvection D 20AP
OCF, slug.
entramn/ steam nonegu!
DNR de-entrain nding flow ascillahons
post-UHE flow rev &
H1 Stagnaton AP, form losy lig level osc flow split
rewet/ voud dist. 2¢
top quench voud gen convection
saturated
nucleate ¢ nucieate
horimg convection horling
10 vapor condensation
NC oscillations
nencondensible
3-D flow gases [hot v;li
void dist -T
void gen HPT muning
entram/
de-entraimn
flow rev &
stagnation

*From NUREG-CR-5249
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TABLE 2.1-2
SUMMARY OF EXPERT RANKINGS AND AHP-CALCULATED RESULTS*

= —

*From NUREG-CR-5249

**10 is the highest. most important; | 1s the lowest

Base Base
Expert Line Expert Line Expert Line
Rank (AHP) Rank AHP) Rank (AHP)
Fuel rod
stored energy ges 9 2 2
oxidauon - 1 8 4
decay heat 2 1 8 38
gas conductance 3 1 ] 6
Core
DNB 6 2 2
post-CHF 7 5 8 8 4
rewet 8 X 7 6 1
reflood heat transfer - - 9 9
nucleate boiling -4 o 2
1-phase vapor - 6 4
natural circulation
3-D Flow 1 3 9 7
void generation/distribution R 6 9 7
entramment/de-entrainment 2 3 6
flow reversal/stagnation 3 | i
radiation heat transfer 3
Break
cntcal flow Y 9 7 y 1
3 2 1
2 4 2
Loop
2-phase Ap 7 7 7 6
oscillatuons - 7 7 9 9
flow split 7 7 7 2
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2.2 Comparisons of the Large-Break LOCA Transient for Current PWRs and AP600

P
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* Refill Phase

The core continues to heat up as the lo.ver plenum fills with ECCS water. This phase ends when
the ECCS water enters the core and entrainment begins, resulting in improved heat transfer.

« Early Reflood Phase

The accumulators begin to empty and nitrogen enters the system. Reflood oscillations occur in the
core liquid level.

+ Late Reflood Phase

The accumulators have emptied, and the core is filled via pumped injection. A second heatup and
cooldown period may occur.

2.2.2 VRA Base Case Results

The VRA base case is chosen because of its conservative plant operating conditions, which will lead to
a higher peak cladding tlemperature. In this regard, the base case is similar to a superbounded
calculation in which the uncertainties in the plant operating condition are bounded.

The VRA reactor vessel is shown in Figure 2.2-1. The WCOBRA/TRAC model of the North Anna
plant is shown in Figures 2.2-2, 2.2-3, and 2.2-4. The reactor vessel model noding detail is given in
Figure 2.2-2 |

1* The important initial and boundary conditions assumed for the base calculation are
summarized in Table 2.2-4.

After a 20-second steady-state calculation, which is a transient calculation with fixed boundary
conditions, the LOCA transient was initiated by applying the containment pressure to two open ends of
the broken cold leg in loop 2. The system pressure is shown in Figure 2.2-5. The maximum cladding
temperature (or peak cladding temperature) of the hot rod in the hot assembly is shown in

Figure 2.2-6. Figure 2.2-7 shows T, at various elevations. Figure 2.2-8 shows the axial profile of
the hot rod cladding temperature at several points during the transient.
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Blowdown Period

At the Break  The blowdown period lasts for about 30 seconds until the vessel drops to the
containment pressure. The mass flowrate in the vessel side and loop side of the broken pipe
quickly increases to ~55,000 Ibm/sec and ~25,000 Ibm/sec, respectively. The fluid velocity at the
break is limited by the local sonic velocity at this point. This choked flow condition exists for
approximately 20 seconds. Due to a large pressure drop through the steam generator, there is a
significant difference in the pressure and the void fraction between the vessel and loop side of the
broken pipe during this period.

Core Fluid Condition  The liquid flowrates in the average channel adjacent to the hot assembly
and in the hot assembly at the top and bottom elevations indicate that in the base case the hot rod
receives little cooling due to upward liquid flow. A significant downward liquid flow occurs,
resuiting in improved cooling as the flow reverses due to the break. The core flow at the top and
bottom of the hot assembly is shown in Figure 2.2-9. The average channel core flow is shown in
Figure 2.2-10. This is consistent with the blowdown cooling pattern for a large-break flow and/or
a degraded pump, as described in the previous bulleted paragraphs: CHF phase, upward core flow
phase, and downward core flow phase.

Refill Period

The refill period is characterized by a rapid increase in the lower plenum collapsed liquid level
and the vessel fluid mass. In this period, the cladding temperatures at all elevations increase
rapidly due to the lack of liquid and steam flow in the core region. This results in poor cooling,
as seen in in Figure 2.2-7 and curves 2 and 3 in Figure 2.2-8 (1=40 to 70 seconds).

Refiood Period

The early part of this period is characterized by a rigorous vapor generation when the lower
section of the core receives liquid from the lower plenum and subsequent core/downcomer
oscillations with steadily improving core heat transfer. At around 120 seconds, ECCS water
accumulated in the lower plenum starts to boil. The vessel fluid mass also shows a long-term
oscillation, caused by periodic injection of N, as the vessel pressure decreases, which results in a
reduction in steam condensation in the cold leg. This causes injection of colder water into the
downcomer where niling is taking place. The downcomer level is shown in Figure 2.2-11, and
the core level during reflood is shown in Figure 2.2-12. In the late reflood phase, the cladding at
the top of the core continues 10 heat up while the quench front advances from the bottom-up
cooling curves 4 and 5 (as shown in Figure 2.2-8).
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2.23 AP6DO Large-Break LOCA Transient

The AP600 WCOBRA/TRAC model has been developed in a consistent fashion with other PWR
models.” The AP600-specific features, such as the reactor vessel reflector structural design, operating
conditions, and loop configuration can be treated through the code input. The AP600 reactor vessel is
shown in Figure 2.2-13. The reactor vessel nodalization is shown in Figure 2.2-14 and is similar in
detail to the VRA vessel shown in Figure 2.2-2.

'Il.:
Figure 2.2-15 shows the cross section of the reactor vessel at the core elevation. [

| This modeling aporoach is consistent with those used in
two-, three-, and four-loop plants, as discussed in the WCOBRA/TRAC CQD, where |

l‘.c

The loop model for the AP600, which is similar to the VRA loop, is shown in Figure 2.2-16.

The initial plant conditions for the WCOBRA/TRAC large-break LOCA analysis are summarized in
Table 2.2-2 for the AP600 superbounded analysis. The 10 CFR 50.46 stipulates that the PCT be
calculated at the 95 percent probability level. Such a calculation includes consideration of the
components of analysis uncertainty, including: the computer code, accident initial conditions, accident
houndary conditions, and the uncertainty in plant parameters/systems.

In a superbounded analysis. bounding assumptions are made concerning a number of the initial/
boundary conditions/parameters, as detailed in Table 2.2-2. Referring to that table, item by item:

« Bounding high-power and steam generator tube plugging (SGTP) values are chosen together
with minimum system flow,

« Plant design is such that no active failure of & safety-related component significantly impacts
large-break LOCA performance. Minimizing the accumulator delivery bounds the uncertainty
in system performance pertinent to the large-break LOCA event.

e A worst-break case is identified within appropriate break modeling uncertainties.

e Hot rod fuel pellet temperature is conservatively maximized.

ro
—
e
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« A conservative axial power shape is used, based on previous WCOBRA/TRAC studies.
* A minimum containment pressure is conservative.’

* Bounding values for peaking factors arc used to provide the highest linear power and enthalpy
rise heat rates.

¢ The AP600 contains many guide tubes that provide drain paths for upper head fluid into the
core during a LOCA event and also upper support plate holes to facilitate such draining. The
hot assembly location in WCOBRA/TRAC is specifically chosen so that no such direct flow
communication exists for draining upper head fluid into the hot assembly. This will penalize
the hot assembly during the downflow period of blowdown.

» A best-estimate decay heat approach is applied with uncertainty (2 ».gma) placed on the hot
rod to bound its decay power.

» Both the accumulator initial condition and the uncertainty in the gas expansion constant are set
to minimize accumulator delivery. The accumulator temperature was set to the maximum
containment temperature, The accumulators provide the only ECCS injection that influences
the resulting PCT. Operating bands and plant uncertainty for the accumulator are accounted
for in a minimum delivery case that considers maximum initial water volume, minimum gas
pressure, and maximum frictional resistance. Furthermore, the gas expansion coefficient is
held at a high value throughout the AP600 large-break LOCA transient, even though the
extended length of the accumulator delivery indicates that a lower value is appropriate. The
net effect of these assumptions is to conservatively model the accumulator injection rate for
refilling the reactor vessel and core.

A spectrum of large-break LOCAs at different break locations and discharge coefficient (C;,) values
were performed for the AP600." A description of the most limiting break, C,, = 0.8 DECLG, follows.

The break was modeled 1o occur in one of the cold legs in the loop containing the core makeup tanks
(CMTs). Past sensitivity studies with WCOBRA/TRAC'® have demonstrated that locating the cold leg
break in the loop that does not contain the pressurizer renders conservative results, The steam
generators are assumed 1o be isolated immediately upon the inception of the break in order to
maximize their stored energy. Shortly after the break opens, the vessel rapidly depressurizes, as
shown in Figure 2.2-17, and the core flow quickly reverses, as shown in Figure 2.2-18. During the
flow reversal, the hot assembly fuel rods dry out and begin to heat up. The massive size of the bres -
causes an immediate, rapid pressurizadon of the containment. One second into the transient, cred’ .+
taken for receipt of an "S" signal due to high containment pressure. Applying the pertinent signz
processing delay means that the valves isolating the CMT from the cold legs and direct vessel
injection line begin to open at 2.2 seconds into the transient. Automatic reactor coolant pump (RCP)
trip occurs 17.2 seconds into the LOCA transient, until which time the RCPs are presumed to operate

0 \1410w. wpf- 1b-092K94 2-14
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pattern in the open hole/support column locations is established to the extent that vapor downflow is
also predicted. During this time interval, vapor flows up out of the core in the guide tube locations.

Thus, there is a good flow of liquid into the top of the core at these locations from before 10 seconds
to almost 20 seconds. The flow in the open hole and guide tube assemblies is sufficient 10 quench the
fuel in the assembly (rod 3 and rod 4, respectively) at the 6-ft., 8.5-ft, and 10-fi. elevations, as shown
in Figures 2.2-21 to 2.2-23.

Because the hot assembly can only receive draining liquid from the upper head indirectly, liquid
downfiow is delayed into this assembly. Nevertheless, by 10 seconds into the transient, liquid that has
built up in the global region above the upper core plate begins to flow through the plate at the hot
assembly location and then proceeds into the core (Figure 2.2-18). There is a significant flow of
continuous and/or entrained droplet liquid into the hot assembly from 9 to 18 seconds. The liquid
flow is enough to quench the hot rod and hot assembly rod at the 10-ft. elevation (Figure 2.2-23), but
not at the 6-ft and 8-ft. locations (Figures 2.2-21 and 2.2-22), although there is effective cooling at
those locations. More recent WCOBRA/TRAC versions that are consistent with the CQD may predict
quenching of the heat assembly rods, whereas the 1992 version reported in the SSAR has not.

Figure 2.2-26 demonstrates that liquid downflow exists through the top of the peripheral core
assemblies from the first fraction of a second through the end of blowdown in the C,, = 0.8 DECLG
transient. The low power of the fuel in this region leads to a small clad temperature excursion for the
peripheral rod, shown in Figures 2.2-21 and 2.2-23. Some of the initial upper plenum inventory
passes through initially, cooling the fuel. Thereafter, liquid downflow travels from the upper head into
the core through open hole/support column and/or guide tube channels 2ad into the global region
above the upper core plate, and is then delivered into the low-power peripheral channel.

By 11 seconds into the transient. the entire length of the peripheral rods are quenched and remain
quenched through the end of blowdown.

As the vessel depressurizes during blowdown, liquid inventory continues to be depleted and the hot
assembly void fraction increases (Figure 2.2-27). Curve 1 of Figure 2.2-27 is at the bottom of the
active fuel, curve 2 is the void fraction at the core midplane, and curve 3 is at the top of the core.
This results in reduced core flow and the cladding temperature excursion for the hot assembly. Later,
clad temperature excursions occur at other regions of the core.

About 12.5 seconds into the transient, the accumulator begins 1o inject water 1atn the upper
downcomer region (Figure 2.2-19), initially, bypassing some of the water to the break. At
approximately 21 seconds, accumulator water begins to flow into the lower plenum. Lower plenum
and downcomer liguid levels are plotted in Figures 2.2-28 and 2.2-29, and the core hot assembly liquid
level is shown in Figure 2.2-30.
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At approximately 56 seconds, the lower plenum fills to the point where water begins to reflood the
core from below. The void fraction at the core bottom begins to decrease (Figure 2.2-27). Eventually,
core cooling increases substantially and the peak cladding temperature (PCT) begins to decrease as the
core water level rises.

Figures 2.2-31 through 2.2-33 present plots of PCT at the 6-, 8.5- and 10-ft. elevations for the first

2 minutes of the blowdown and reflood phases of the entire transient and shows the hot rod PCT up
until the start of the long-term cooling phase. These figures illustrate the clad heatup response (and
PCT turnaround) for both the blowdown and reflood phases of the limiting C,, = 0.8 DECLG break) as
being 1565°F at 102 seconds.

It should be noted that more recent AP600 C,, = 1.0 large-break calculations have shown hot rod
quench during blowdown with WCOBRA/TRAC-Mod7A version of the code. There calculations were
supplied in response to RAI 952.46.

The gradual heat up of the fuel rod after blowdown and during refill and reflood is due to the lower
accumulator flow for the AP600. The lower accumulator flow is specifically designed to extend the
injection flow for a longer period of time and to provide additional injection coverage for small- break
LOCA~ The AP600 accumulators are also substantially larger than the VRA accumulators, with 1700
f.” water volume per accumulator, as compared with VRA accumulators, which have 1050 ft." Also,
both AP600 accumulatc.s are available due 1o direct vessel injection, whereas in the VRA analysis,
only two of three accumulators are available because the broken loop accumulator spills to
containment.

The AP600 accumulators are the dominant injection system for a large-break LOCA because of their
increased size and the extended duration of water flow.

The phenomena observed in the AP600 SSAR calculation is very similar 1o that seen in the VRA
calculation. This confirms that the PIRT charts for both AP600 and existing plants should be basically
the same and that WCOBRA/TRAC can represent the AP600.
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TABLE 22-1

NORTH ANNA (VRA) INITIAL AND BOUNDARY CONDITIONS

Piant Physical Description

Pressurizer Location intact loop
Hot Assembly Location under flow mixer
Hot Assembly Type 17 x 17 V5H w/o IFM 5
Steam Generator Tube Plugging (SGTP) 15% ]

Plant Initial Operating Condition I
Core Power 2898 MWt (5.955 kw/ft.) I
Hot Rod Average Power 10.12 kw/ft. (FAH=1.7)
Hot Rod Peak Power 13.54 kw/ft. (FQ=2.5/1.1)
Low Power Region Relative Power 0.8
Axial Power Distribution 7.8 ft. peak (AO=12%)
Hot Assembly Burnup BOL (500 MWD)

Plant Iaitial Fluid Conditions
Tovg 586.8°F
Pressurizer Pressure 2250 psia
Loop Flow 92,800 gpm/loop (minimum minus uncertainty)
Ty ) v
Accumulator Temperature 100°F |
Accumulator Pressure 618 psia :l ]
Accident Boundary Conditions l
Break Location cold leg |
Break Type guillotine l
Break Size 1.0 x pipe area i
Offsite Power on {
Safety Injection Flow minimum minus uncertainty ]l ‘
Safety Injection Temperature nominal (45°F) J |
Containment Pressure lower bound I
o
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TABLE 222

AP600 CONDITIONS FOR THE LARGE-BREAK LOCA SUPERBOUNDED CASE

1. 102% core power, 10% uniform steam generator tube plugging, and minimum flow of reactor
coolant are assumed.

2. Only safety-related systems operate.

3. Beginning of life cycle 1 conditions are analyzed to maximize core stored energy. Fuel
[ average temperature uncertainty applied to hot rod only.

4. Top skewed power shape with a positiv- 5% axial offset.

5. Lower bound containment pressure.

6. Conservative maximum values of peaking factors, (F, = 2.6, F = 1.65).

7. Hot assembly is placed in an isolated location to minimize blowdown cooling.

% 1979 ANS 5.1 decay heat with uncertainty on hot rod only.

9. Accumulator flow delivery minimized to extend bottom of core recovery time.

10. Accumulator temperature set to maximum containment temperature.

11. Single failure postulated is the failure of one of the two paralle] path, intact loop CMT
U isolation valves to open upon receipt of signal.

2
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Figure 2.2-1 North Anna (VRA) Vessel Drawing
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Figure 2.2-2 VRA WCOBRA/TRAC Vessel Model Noding
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Figure 2.2-3 VRA Vessel Cross Section Noding
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Figure 2.2-4 VRA Loop Noding




Figure 2.2-5 VRA System Pressure
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VRA Cladding Temperature at Different Elevations
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Figure 2.2-13 AP600 Vessel Schematic
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Vessel Noding

Figure 2.2-14 AP600 WCOBRA/TRAC




Figure 2.2-15 AP600 Section 4 Noding
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Figure 2.2-16 AP600 Loop Noding
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2.3 Conclusions

The noding approach used on the AP600 plant is very similar to that used for the three- and four-loop
current plants as shown earlier. The loop noding is also consistent between the AP600 and the three-
and four-loop plants.

The large-break LOCA transient behavior of the AP600 is similar to the cusrent three-loop
performance except for improved core cooling performance during blowdown due to the flow from the
upper head region, resulting in significant rewetting of the fuel rods. The lower kw/ft. of the AP600
core design also results in reduced clad heat-up and the resulting peak cladding temperatures. The
accumulator delivery is also prolonged in the AP600 due to the larger accumulator volume and the
fact that both accumulators are available to inject into the reactor vessel, and one is not lost on the
broken loop. as in the three-loop calculation.

The passive safety systems have almost no influence on the resultant calculation behavior of the
wansient, with the exception of the accumulator, which exists in current plants. The flow that is
injected from the CMT is only approximately 0.6 percent of the CMT inventory. This flow, which is
injected early in the blowdown portion of the transient before the accumulators are on, will bypass the
core through the break. Once the accumulators inject, they create significant back pressure 10 close
the CMT injection line check-valve, terminating the CMT injection. Therefore, the larger
accumulators in the AP600 design are the ECCS source responsible for terminating the clad
temperature rise and the final quenching of the core. Since the new passive systems are essentially
inactive (and in fact the PRHR is not even modeled in this analysis) for the large-break LOCA, the
reponse of the AP600 to a large-break LOCA is very similar to that of an existing PWR, which
WCOBRA/TRAC is qualified to analyze.
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1.0 SPECIFIC WCOBRA/TRAC VALIDATION
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alidation with Direct Vessel Injection

Facility Description




power bundles; and under open holes, t' ere are four low-power bundles, six medium-power bundies,
and two high-power bundles.

The axial power profile is shown in Figure 3.1-4. Also shown are the locations of rod thermocoupies
and spacer grids.

As shown in Figure 3.1-1, each loop contains a steam generator simulator (in fact, a single steam
generator shell assembly houses two steam generator simulators), a pump simulator, and connecting
pipework. Flow from the broken loop is discharged to 2 interconnected containment tanks via

two blowdown valves, one connected to each break. Emergency core cooling system (ECCS) water
can be injected either from two accumulator tanks or from a low-pressure coolant injection (LPCI)
pump and its associated water storage tank to each cold leg. A hot leg injection system, which also
has two accumulator tanks, can provide injection 1o each hot leg. In addition, a further injection
system is available that can provide ECCS water to injection ports in the downcomer.

The CCTF core-11 facility is extensively instrumented. Instrumentation was supplied by Japan Atomic
Energy Research Institute (JAERI) and the US Nuclear Regulatory Commission (NRC) and is briefly
described below.

Rod temperatures are recorded by thermocouples located axially and radially throughout the core.
Additional thermocouples are also located in the core, upper plenum, lower plenum, downcomer, and
the primary loops to record the wall and fluid temperatures.

Absolute and pressure difference measurements are obtained from pressure cells in the core,
downcomer, lower plenum, and primary loops.

Liquid level measurements are obtained in four different ways: differential pressure readings; servo-
manometer readings in containment tank-I; conductivity type liquid level detectors; and a fluid
distribution grid (optical type liquid level detector) in the downcomer and upper plenum.

Mass flowrate measurements are made by electromagnetic flow meters for ECCS mass flow; drag
disks for flow between the downcomer and core; a venturi tube for the steam vented from containment
tank-11; and turbine meters for the flow in the upper plenum, end-box region, and through the vent
valves (not used). Velocimeters are used to give the fluid velocity (and hence core flooding rate) in
the lower pienum. Spool piece instruments are used to obtain fluid densities, velocities, mass
flowrates, and void fractions in the loops. Power sensors record the power level of the rods. More
details of the CCTF core-II facility can be found in the Data Report on Large Scale Reflood Test-78."
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3.1.2 Test Description

Test C2-AA2 (run 58) was selected for analysis. This test models downcomer injection as part of the
ECCS, similar to the AP600 design.

Figure 3.1-5 shows the sequence of events for the test, and Table 3.1-2 contains a summary of the
initial and boundary conditions.

The primary system was heated with preheaters 1o its specified temperature of 248°F and pressurized
to 29 psi with steam. The water in the low-pressure coolant injection (LPCI) tanks and accumulator
tanks was heated to its specified temperature of 95°F. The LPCI water was circulated to ensure that
the injection lines were at the same temperature. The accumulator tanks were pressurized with
nitrogen 1o give sufficient head for the required injection flow. The steam generator secondary fluid
was also heated and pressurized. The heaters were then turned off, and the lower plenum was filled to
a level of 2.82 ft. When the initial conditions had been established, power was applied to the heater
rods, and the data recording was started. The heater rods were then heated under near-adiabatic
conditions until the clad temperature of four rods had reached 1331°F.

At 85.5 seconds, accumulator injection to the lower plenum and the downcomer injection ports was
initiated. When the water had reached the bottom of the heated length of the core, the rod power
decay sequence was initiated. The water injection to the Jower plenum was redirected to the cold legs
at 97 seconds. Just before the end of accumulator injection to the cold legs at 116 seconds, LPCI flow
was initiated 1o the cold legs and maintained for the remainder of the test. Downcomer injection was
also maintained for the same penod.

The generated steam and the entrained water flowed via the broken loop to the containment tanks.
The steam was vented to the atmosphere to maintain a constant pressure in the containment tanks.
After all the thermocouples on the surface of the heater rods had indicated quenching, the power
supply o the heater rods and the ECCS water injection were turned off. Then the recording system
was stopped, terminating the test.

1.1.3 Test Results

The water level in the downcomer rapidly increased after 112 seconds as the main accumulator
injection flow reached the vessel via the cold legs and the downcomer injection. By 150 seconds, the
water level in the downcomer had stabilized and was maintained at ~21.3 ft. by the downcomer
injection and LPCI flows, This level provided the hydraulic head necessary to achieve the core
reflood.

Water first entered the core as a result of the rise in water level in the downcomer. The initial surge
of liquid into the core was sufficient 10 quench the lowest elevations of the rods throughout the core.
After this time, the flow into the core became oscillatory as steam production, and the resultant core
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pressurization counteracted the hydraulic head of liquid in the downcomer. The rods at mid and upper
elevations continued to heat up until they were cooled by the enhanced heat transfer in the proximity
of the quench front. The peak clad temperature of 1582°F was recorded at 152 seconds, 6 ft. above
the bottom of the heated length. The quench front progression up the core was directly related to the
power level in the rod bundles. The central high-powered bundies quenched up to 100 seconds later
than the low-powered periphery rod bundles. A total core quench was achieved at 772 seconds.

3.14 WCOBRA/TRAC CCTF Model

The WCOBRA/TRAC model of CCTF uses a one-dimensional mesh for the ioops and employs a
sub-channel formulated three-dimensional mesh for the pressure vessel. The axial momentum equation
is retaiped in a standard form, and the two transverse momentum equations are combined to give a
single transverse momentum equation that is applied to each transverse (gap) connection irrespective of
its orientation within the transverse plane.

First, the vessel component model is described. This is followed by a description of the
one-dimensional loop nodalization.

1141 WCOBRA/TRAC Vessel Component Model

A noding diagram of the vessel model used in the analysis is shown in Figure 3.1-6. It shows the

channel and interchannel connections (gaps). |
I*

The noding used in the CCTF downcomer injection test model is consistent with that used in the
AP600 plant model. |

]k:

The arrangement of four channels in the core regions | 1*¢ was chosen to model the different
power regions within the core and also to lump together regions of the core that share a similar type of
geometry due to their position in relation to guide tubes, support columns, and open flow holes in the

upper core support plate.
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Grouped together are low-powered bundles below support columns (channel 14), low-powered and
medium-powered bundles below the open hole regions of the upper core support plate (channel 15),
and low- and medium-powered bundles below guide tubes (channel 16). The high-power bundles are
represented by channel 17,

Six WCOBRA/TRAC rods are used 1o model the 1824 fuel rod simulators. Table 3.1-3 shows which

rods and bundles they each represent and to which core channels they are connected. Channels 8 to
13 form the downcomer annulus at this elevation.

'l.r

]l.(

)l.r

]l.t

The fuel rod simulators and solid structures within the vessel component are modeled using the rod
and unheated conductor models.

o
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3.1.42 One-Dimensional Component Models

A diagram of the one-dimensional components used to model the CCTF loops is shown in
Figure 3.1-15. |

]l.(

Each of the cold leg and hot leg PIPEs is broken into mesh cell lengths such that no one cell produces
an overly restrictive limit on the time step due to the Courant limitation. The length and elevation to
and from the pipe wall is included by representing the pipe wall by two radial heat transfer nodes.

* Since the CCTF facility
maintains prototypical piping lengths, the loop node sizes are similar to those for VRA and the AP600.

Il.L

The steam generator components are modeled with the secondary side divided into |

]*“ The flow area of these nodes is equal to the
flow area of a single tube multiplied by the number of tubes in the tube bundle. The volume of the
inlet plenum modeled corresponds 1o the physical volume of the plenum. The height of the plenum is
set equal to the vertical distance from the top of the tube sheet to the outside bottom surface of the
shell 1o conserve elevation. The distance between the shell bottom and the cold leg centerline is
modeled as part of the cold and hot leg PIPEs. The area of the junction connecting the plenum to the
piping is set equal to the area of the connecting pipes in the facility. The top area of the plenum is set
equal to the tube bundle area.
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3.1.5 WCOBRA/TRAC Calculation and Data Comparisons

The calculation simulated the experiment from 85 seconds, immediately prior to the start of
accumnulator injection, to the end of the test at 850 seconds. The calculation was started at this time to
achieve a more accurate representation of the rod temperatures before the reflood phase of th.
experiment had begun. Figures 3.1-16 to0 3.1-50 compare the calculated results to the experimental
data. All the figures, except Figures 3.1-31 to 3.1-33, reference the start of the experiment as time
zero on the 'x” axis. The calculated results are plotted from 85 seconds. Figures 3.1-31 to 3.1-33
depict the quench envelopes that reference the beginning of core recovery (BOCREC) as time zero on
the 'x' axis. BOCREC occurred at 93 seconds.

The experimental data are represented by digitized plot profiles in all the figures except the heater rod
temperatures due 10 a corruption of the datatape. The digitized plots are simple averaged
representations of the data and do not depict the fluctuations that occurred in the experimental
readings. To aid the reader, each plot references the figure number used in the full data report,”’

A review of the experimental heater rod thermocouple data shows that the thermal response across the
core is dominated by the power rating of the individual rod assemblies. Rod assemblies of equal
power rating exhibited very similar behavior. Their position in the core relative to the geometric
configurations (open hole, support column, or guide tube) in the upper support plate had no significant
influence on the results. The data from three assemblies, representing the three different power levels
in the core, were selected to compare against the calculated temperatures of rods 1, 3, and 6. Rods 1,
1, and 6 model low-, medium-, and high-powered regions in the core, respectively. Rod 3, however,
is grouped with rod 2, a low-powered rod, in channel 15 (Table 3.1-3). Therefore, it is to be expected
that the thermal response of rod 3 will be reduced due to the influence of rod 2 on the common fluid
conditions.

The calculated clad temperatures for the low-, medium-, and high-powered rods are compared against
the data in Figures 3.1-16 to 3.1-30. The clad temperature histories are given at five elevations,

1.25 ft., 333 ft, 6 ft., 8 ft., and 10 ft. The clad temperature comparisons for the low-powered rod
(Figures 3.1-16 10 3.1-20) show that the lower elevations quench out earlier in the calculation,
although the prediction of the maximum clad temperatures at each of the lower elevations is good. As
the transient progresses, the degree of subcooling at the quench front reduces 1o zero. As a
consequence. the calculated rate of the quench front progression reduces below that seen in the
experiment (Figure 3.1-31). The reasons for the change in the calculated rate of quench front
progression are as follows. At mid elevations, the power rating is large, and the liquid subcooling at
the guench front is reduced o zero. This can produce high calculated steam flows as the channel cells
fill with water, which are sufficient to drag liquid slugs from the quench front. The liquid slugs pass
out of the core, causing a reduction in the core collapsed liquid level, which tends to reduce the
quench front progression. Because the surface area of the liguid slugs is relatively small, the
interfacial heat transfer is low. After 420 seconds, the calculation underpredicts the experimental
quench front elevation, the cross-over point occurring at ~7.5 ft. The quench front progression is well
predicted from 300 seconds to 500 seconds and this leads to a good prediction of the 8-fi. elevation
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upper plenum into the hot leg for the majority of the test. The lower calculated water mass flow has
an effect on condensation of steam and results in higher calculated steam mass flows compared to the
data. As the water flows in to the steam generator simulator, the water evaporates, creating more
steam. This results in the experimental steam flow increasing above the calculated flow downstream
of the steam generator simulator, as shown in Figure 3.1-43. Evidence of lower calculated water flow
in the pump side broken loop is also obtained from the fluid tmyerature comparisons in the hot leg
and loop seal pipe (Figures 3.1-49 and 3.1-50). In Figure 3.1-49, the calculated temperatures are
ahove saturation, whereas the experimental fluid temperatures remain at saturation indicating the
presence of more liquid. The higher saturation temperature in the experiment correspond to the higher
pressure in the broken loop compared to that of the calculation. The temperature difference is more
pronounced in the loop seal pipe (Figure 3.1-50).

The experimental data show that the intact loop flows exhibit similar behavior. The flows in loop 1
were selected for comparison and are shown in Figures 3.1-40, 3.1-41, 3.1-44 and 3.1-45. The
calculated hot leg steam flows are in close agreement with the data up to 300 seconds. After this
time, the calculated steam flow remains at a fairly constant level, whereas the experimental steam flow
reduces as a result of increased condensation corresponding to the higher water mass flow

(Figure 3.1-44). The steam flows are in closer agreement towards the end of the test when the
calculated water mass flow accurately represents the data. The calculated cold leg mass flows are
compared to the data in Figures 3.1-40 and 3.1-41. The calculated accumulator injection into the cold
leg is in close agreement with the data. This flow dominates the plot and no useful information can
be extracted from the comparison for the remainder of the test The calculation overpredicts the cold
leg steam flow, as shown in Figure 3.!-41. The differential pressure across the pump simulator in
loop 1 (Figure 3.1-38) is, however, in closer agreement, indicating that the experimental water mass
flow may be greater than the calculated flow,

The experimental and calculated broken cold leg vessel side fluid temperatures are compared in
Figure 3.1-48. The calculation and the data show the fluid to be at saturation temperature, indicating
that water is spilling from the downcomer into the broken leg and subsequently, flowing to the break.
The saturation temperature in the data is higher than the calculated saturation temperature, indicating
that the system pressure is higher in the experiment.

3.1.6 Summary

The calculation provides a reasonable prediction ot the thermal-hydraulic behavior in CCTF run 58.
Nothing unusual or different from other CCTF with sccumulator injection in only the cold legs was
observed. Downcomer filling and core flows are in close agreement with the data. The calculated
entrained flows in the broken loops are lower than the data. This results in an underprediction of the
system pressure as a consequence of smaller calculated pressure losses in the broken loops. The
maximum clad temperatures in the lower half of the core are well predicted. The modeling of the
fiuid hydraulics at t e quench front produce a conservative prediction of the clad temperatures at upper
elevations. The WCUBRA/TRAC calculation predicted this particular test with the same precision as
the cold leg injection CCTF tests, as shown in the CQD.”
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Component

TABLE 3.1-1
COMPONENT DIMENSIONS OF CCTF COMPARED TO PWR

PRESSURE VESSEL
Vessel Inside Diameter (in.) 173.0 427
Vessel Thickness (in.) 8.5 3.54
Core Barrel Outside Diameter (in.) 152.5 378
Core Barrel Inside Diameter {(in.) 148.0 36.6
Thermal Shield Outside Diameter (n.) 164.2
Thermal Shield Inside Diameter (in,) 158.7
Downcomer Length (in.) 190.9 1909 1/i
Downcomer Gap (in.) 45 24
Downcomer (+ Baffle) Flow Area (ft.") 455 2.12 121.44
Lower Plenum Volume (. 10453 48.73 1/21.44
Upper Plenum Volume (f.”) 1539.7 720 1/21.44
FUEL (HEAT: ROD
Number of Bundies (-) 193 32
u Rod Array (-) 15x 15 8x8
Rod Heated Length {(in.) 1440 1440 11
Rod Pitch (in.) 0.563 0563 | 1/1
Fuel Rod OQutside Diameter {(in.) 0422 0421 | 11
Thimble Tube Diameter (in.) 0.546 0543 | 1/1
Instrument Tube Diameter (in.) 0.546 0543 | V1
Number of Heater Rods (-) 3937<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>