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7 COLD LEG BREAKS

During the recirculation phase for a CLB LOCA, the EGCS draws suction from the sump. Containment
recirculation sump strainers are designed to act as filters to collect post-accident debris, thus preventing a
wide range of debris from entering the ECCS and CSS. However, a portion of the debris may be sufficiently
small or deformable to actually "pass through" the recirculation sump strainer and enter the ECCS and CSS.
This "pass through"' (also sometimes called "bypass") debris in the ECCS may then enter the CSS (if they
are operating) or the RV. Once in the RV, the portion of coolant flow into the RV LP region is driven by a
balance between the available driving head of the water height in the downcomer and the rate of boil-off of
liquid inventory due to removal of decay heat from the core. Any excess coolant flow exits the break and
returns to containment. The excess flow returned to containment via the break or CSS flow is ducted to the
sump and again filtered by the recirculation sump strainer before the coolant enters either the EGGS or the
CSS.

Unlike hot leg breaks, flow through the AFP is not considered for cold leg breaks. The resistance to flow of
the BB region is much higher than the resistance to flow though the core inlet, even with debris
accumulation. Further, the upper head spray nozzles are above the liquid level due to the break location.
Therefore, all flow and debris will approach the core through the core inlet.

The discussion: in this section pertains directly to plants that initiate cold side injection immediately
following the break. Discussions pertaining to UPI plants are provided in Section 8.

7.1 COLD LEG BREAK IN-VESSEL DEBRIS LIMIT

Determination of the total allowable in-vessel fiber quantity following a CLB is dependent upon establishing

a fiber limit that does not adversely impact LTCC. This section establishes the basis for an in-vessel fiber
limit of [ ]•'C for the CLB scenario. This limit is compared to a plant-specific CLB debris load
calculated using the method described in Section 7.2.

Following a large CLB, the RCS is essentially an open loop natural circulation system. Liquid from the
EGGS is injected into the cold legs, flows down the downcomer, turns into the lower regions of the inner RV,
and enters the core region. To remove decay heat, liquid in the core boils, creating a two-phase region in the
core and upper plenum. Steam flows from the RV, through the broken loop or RVVVs, and out of the break
to containment where it is condensed and returned to the sump. The two-phase mixture level in the core and
upper plenum is governed by a manometric pressure balance between the downcomer liquid level and
pressure losses through the inner RV and broken loop piping, or RVVVs, to the break location. The
downcomer liquid level is limited to the break elevation, as EGGS flow in excess of core makeup will spill
from the break. Pressure losses through the inner RV are dependent on the core collapsed liquid level and
two-phase losses in the core and upper plenum region, which are governed by the decay heat level. Losses
through the loop piping, or RVVVs, to the break are due to the flow of a single-phase vapor or a two-phase
mixture, depending on the time of the transient and location in the system.

At the time of transfer to sump recirculation, decay heat is still relatively high and boiling in the core is
vigorous. The two-phase mixture level in the RV extends into the upper plenum region, and there is
sufficient liquid carryover into the hot-side loop piping to limit the build-up rate of boron solute
concentrations in the RV. As decay heat decreases, so does the two-phase mixture level, which in-turn,
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reduces the amount of liquid carryover into the hot-side loop piping. As a result of this reduced liquid
carryover, boron solute concentrations in the RV begin to build.

Initially, the build-up of boron concentration is limited to the boiling region of the core and the two-phase
region of the upper plenum. Turbulent dispersion due to the boiling process keeps the boron distribution in
the core and upper plenum fairly homogenous. Transport of boron so lutes to regions of the RV below the
boiling region of the core is expected to be limited at this point in the transient; however, flow patterns can
develop due to more vigorous boiling in the central region of the core that leads to downward flow in the
periphery of the core that can penetrate into the lower regions of the RV. This is referred to as the chimney
effect. This flow pattern will serve to transport boron solute from the core into the LP during the early phase
of the boron build-up transient.

As the transient progresses, the build-up of boron solutes in the core region creates a density gradient
between liquid in the core and liquid in the LP. Eventually, this density gradient becomes large enough to
overcome the upward flow through the core inlet, and any. opposing density gradient due to a temperature
difference, such that buoyancy-driven convection develops and higher concentration boron solution in the
core is exchanged with the lower concentration solution in the LP. As boiling in the core decreases, due to
the reduction of decay heat,. this convective process becOmes the .primary mechanism for the transport of
boron solutes from the core to the LP.

The arrival of debris to the RV begins shortly after the transfer to sump recirculation, and the majority of
debris will arrive to the RV in the first few hours of the slump recirculation phase. Debris that enters the RV
can have several effects on LTCC. First, debris may; increase the pressure losses through the inner RV (i.e.,
regions of the RV inside the core barrel) such that the two-phase mixture level is reduced and decay heat
removal is challenged. As was seen in the HLB scenario, debris accumulation at the core inlet will impose a
hydraulic resistance. If the hydraulic resistance: becomes large enough, the two-phase mixture. level will
decrease below that required to keep the core covered, and a cladding heatup will occur. Debris that
penetrates through the core inlet, or bypasses the core inlet :via another flow path, can also impart additional
pressure losses through the inner RV. Debris that remains suspended in the liquid-phase can affect fluid
properties, which in turn, affects the gravity head and two-phase pressure losses. Suspended debris can also
alter two-phase pressure losses by changing flow regimes, flow regime transition points, bubble structure,
and heat transfer processes. Local collection of debris on spacer grids within the core region can also
increase frictional resistance through the core region or influence heat transfer. Similar to debris collection at
the core inlet, increasing pressure losses through theinner RV will decrease the two-phase mixture level and
could result in a cladding heatup.

The presence of debris in the RV may also accelerate the build-up rate of boron solutes by affecting the
mixing and transport mechanisms that govern the boron concentration distribution in the RV. Accumulation

of debris at the core inlet has the potential to reduce the transport of higher concentration boron solution from
the core to the LP by influencing the flow patterns that exist at the core inlet or by creating additional
resistance to buoyancy-driven convection. The presence of suspended debris in the RV may alter the two-
phase mixture level, thus reducing liquid carryover into the hot-side loop piping and accelerating the time

*that boron solutes begin to accumulate in the RV. Suspended debris may also impact the boron precipitation
mode, thus changing the timing or location in which precipitation is expected to occur.
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In order to adequately address these potential consequences related to in-vessel debris, an in-vessel fiber
limit of [ ],. for the CLB scenario is established. In establishing this limit, the following aspects are
considered in demonstrating that the established CLB scenario debris limit will not adversely impact LTCC:

* Debris collection at the core inlet resulting in increased pressure losses through the inner RV such
that the two-phase mixture level is reduced below that required to keep the core covered.

* Debris collection at the core inlet such that the transport of high concentration boron solution from
the core to the LP is reduced below that required to maintain adequate BAPC.

* Suspended debris in the liquid-phase within the RV resulting in increased pressure losses through the
inner RV due to changes in apparent fluid properties, two-phase flow characteristics, and heat
transfer processes.

* Suspended debris in the liquid-phase within the RV resulting in premature BAP due to a reduction in
the two-phase mixture level or liquid inventory, a reduction in liquid carryover, or changes to the
precipitation mode or precipitation location.

* Local collection of debris on spacer grids within the core region resulting in increased frictional

resistance through the core region or reduced heat transfer.

Below, each of the above aspects is addressed to demonstrate that the established cLB ftiber limit meets the

LTCC acceptance criteria defined in Section 3.7.

7.1.1 Debris Collection at the Core Inlet

Debris collection at the core inlet is govemned by the resulting flow distribution that develops upstream of the
core inlet. To better understand the expected flow distribution and fluid behavior at the core inlet following a
large CLB, a thermal-hydraulic analysis completed with WCOBRA/TRAC is examined. Table 7-1 provides
a summary of the thermal-hydraulic analysis which considered a double-ended guillotine break on one of the
cold legs. The simulation considers the first hour of the post-LOCA transient and the ECCS performance is
also provided in Table 7-1. As shown in the table, the transfer to sump recirculation begins at 45 minutes
which is the earliest time that debris will begin to arrive in the RV for the simulation.

Table 7-1 Double-Ended Cold Leg Break Thermal-Hydraulic Analysis

Number of
Plant Type BarrellBaffle Decay Heat Initial Core Cr oeDesign Model Power (Mwvt) Chanelste

Westinghouse Downflow 10 CFR 50 2652 4 Interfacial drag multiplier of
3-Loop Appendix K 0.8xnominal used consistent with

Westinghouse NSSS analyses in
_________ ________ ________ _________ _________WCAP- 17788, Volume 4.

ECCS Performance

0 - 15 min after break: 1 R}{R pump, 2 HEISI pumps, typical injection phase modeling with single
active failure.

15 -45 min after break: 2 HHSI pumps, typical safety injection phase modeling for this plant.
45 -47 min after break: No flow, interruption at cold leg recirculation.
47 min - termination: 2 HHSI pumps.
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The axial liquid velocities predicted at the core inlet for the hot assembly core channel, average core channel,
average core channel below guide tubes, and low power peripheral channel are shown in Figure 7-1 through
Figure 7-4, respectively. These figures provide a representation of what the flow distribution at the core inlet
is expected to look like at the time debris begins to arrive at the core inlet. At the inlet to the hot assembly
channel (HA), the velocity is generally positive (i.e., upward flow from the LP into the channel). At the inlet
to the average core channels (AV & GT), the velocity tends to be predominately positive with intermittent
periods of negative flow. The velocity at the inlet to the low power peripheral channel (LP) is predominantly
negative, meaning that the flow is downward from the core into the LP.

While this simulation is completed for a Westinghouse 3-loop PWR, the predicted trends in core inlet
velocity are expected to be similar for other NSSS designs in that the axial core inlet flow is expected to be
distributed radially across the, core inlet, with higher upward flows entering the hotter regions of the core,
lower upward flows with intermittent periods of downflow at the inlet to the average power regions of the.
core, and predominately downward flow around the core periphery. This predicted flow pattern is
representative of the chimney effect described previously, which is not dependent on any specific PWR plant
design. Following the assumption that debris entering the RCS will transport in proportion to the liquid
flow, debris collection at the core inlet will be distributed consistent with the flow distribution. That is, for
regions where the flow is upward, debris will flow upward and may collect at the core inlet. For regions
where the flow is downward, debris will not be able to collect at the core inlet.

Since.WCOBRA/TRAC does not contain, models for Simulating buoyancy-driven flow due to density
gradients between the core and thle LP, the axial liquid velocities shown below are only applicable to the time
'period of sump recirculation when liquid carryover into the hot legs is sufficient to limit the build-up of
boron solutes in the core region. Once decay heat decreases to the point where liquid carryover in the hot
legs is reduced, and boron concentrations in the core region begin to increase, the core inlet flow distribution
predicted by WCOBRA/TRAC becomes unreliable. The onset of buoyancy-driven countercurrent exchange
flow between the core and LP is expected to. increase the flow oscillations and downward flow compared to
the WCOBRA/TRAC simulation results. Figure 7-5 below shows the steam quality leaving the RV. As
shown in the figure, the steam quality remains below 0.8 prior to the transfer to sump recirculation. This
result demonstrates that liquid carryover prior to sump recirculation is sufficient to limit the build-up of
boron solutes in the core region such that the predicted core inlet flow distribution at the time of debris
*arrival is valid. As the transient progresses, the onset of buoyancy-driven exchange flow will generate
additional secondary flow patterns between the core and LP such that the non-uniformity in the core inlet
flow distribution is expected to increase compared to the WCOBRA/TRAC simulation results.
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Figure 7-1 Axial Liquid Velocity at the Inlet to the Hot Assembly (HA)
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Figure 7-2 Axial Liquid Velocity at the Inlet to the Average Power (AV) Fuel Assemblies
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Figure 7-3 Axial Liquid Velocity at the Inlet to the Average Power Fuel Assemblies below Guide

Tubes (GT)

LP Core Channel Liquid Velocity [inlet]

C,

Co

4.

0- -- I-t - ___I

lime (min)

Figure 7-4 Axial Liquid Velocity at the Inlet to the Low Power (LP) Peripheral Fuel Assemblies
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Figure 7-5 Reactor Vessel Outlet Steam Quality

7.1.1.1 Subscale Brine Test Program

As the above discussion and analysis shows, some debris may initially accumulate at the core inlet below the
higher power regions of the core, but due to the radial distribution of core inlet velocity, debris will not
collect uniformly across the entire core inlet. As the post-LOCA transient progresses, density gradients
between the core and the LP develop and buoyancy-driven countercurrent exchange flow will begin to occur
across the core inlet. It has been postulated that this buoyancy-driven exchange flow will continue to
preclude debris buildup or provide a mechanism to break-up any debris beds that may have formed at the
core inlet.

The subscale brine test program documented in PWROG- 15091 (Reference 7-1) was conducted to improve
the state of knowledge of density driven mass transport between the core and LP in the presence of in-vessel
debris and has determined that this mechanism is capable of disrupting debris beds that have formed at the
core inlet. The test program has also collected pressure drop data across debris beds formed under large CLB
conditions which show that highly resistive debris beds cannot be formed at the established CLB in-vessel
fibrous debris limit.

The testing considered a broad range of conditions prototypic of those expected to occur following a
postulated large CLB LOCA and considered both Westinghouse and AREVA core inlet geometries by using
prototypic fuel components. In the testing, the density gradient that develops between the core and the LP
due to the build-up of boron solutes in the core was simulated using a potassium bromide (i.e., brine)
solution. Flow through the test column was scaled based on the boil-off rate calculated for prototypic post-
LOCA conditions. For tests that had brine injection, the flow rate was reduced during each test consistent
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with the decay heat curve. For tests conducted with debris only (no brine injection) to collect pressure drop
data, the flow rate was held constant at a value consistent with decay heat boil-off calculated at 20 minutes
post-LOCA using the 10 CFR 50 Appendix K decay heat model.

Fibrous debris loadings of 2.5 - 22.5 g/FA arriving at the core inlet were considered in the testing. A limited
number of tests were completed with fibrous and particulate debris to understand the impact that particulate
debris has on the resulting debris bed and the core-to-LP buoyancy-driven exchange process.

For the range of debris loads tested, it was shown that debris beds formed under low-flow conditions
prototypic of a large CLB scenario resulted in minimal head loss. Section 8 of Reference 7-1 presents
pressure drop results from tests completed without brine injection and show that the maximum pressure drop
achieved across the debris bed was less than [I ]aC when experimental uncertainty was considered.
The maximum pressure drop was achieved during test T033, which was conducted with a fibrous debris load
of 22.5 g/FA and no particulate. The second highest pressure drop from the debris only tests was achieved in
test T034, which was also conducted with a fibrous debris load of 22.5 g/FA, but included a particulate load
with a p:f ratio of 12:1. By comparing pressure drop measurements from these two tests, it was determined
that[

]•'C This observation is
consistent with that seen in the subscale head loss testing documented in Volume 6, which showed that[

For tests conducted with concurrent brine and debris injection, it was shown in Section 10 of Reference 7-1
that[

],.c Densimetric Froude number provides the relative importance of inertia to buoyancy forces and

provides a means to predict the conditions under which the buoyancy-driven exchange process will be
impeded by a debris bed. As Froude number decreases, buoyancy forces become more dominant. In this
situation, a reduction in upward liquid velocity or an increase in density difference results in a reduction in
Froude number. Using data from these tests, critical Froude numbers for given debris bed fiber masses
have been determined. At any point in time, if the Froude number[

ja~c

The brine test results demonstrate that [

a~c
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7.1.1.2 Experimental Results from Rod Bundle Boiling Tests

Testing documented in WCAP- 17360 (Reference 7-2) was completed using a vertical 3x3 rod bundle with
dimensions and materials prototypic of PWR fuel components. The rods used in the test facility were heated
such that boiling conditions representative of those expected following a large CLB could be simulated.

This testing showed that a debris bed could not be formed at the core inlet. Instead, as seen in Figure 7-6,
debris passed through the bottom nozzle, settled on top of the nozzle, or continued into the heated core
region. This location for debris accumulation is not unexpected given that a low-flow, recirculation zone
will occur downstream of the bottom nozzle. The boiling condition downstream of the inlet produced
instabilities that lead to flow oscillations in this region. These instabilities precluded a debris bed from

forming at the core inlet.

Debris Accumulation

Bottom Nozzle Holes

Figure 7-6 Debris Collection ]Near Core Inlet in the 3x3 Heated Rod Bundle Test Facility

Although online solute concentrations measurements were not made in the 3x3 heated rod bundle tests,
temperature measurements from the core and LP can be used to show that buoyancy-driven exchange flow
also occurred in this experiment. Figure 7-7(a) shows temperature measurements from the core, the top of
the LP, and the bottom of the LP from a test conducted using pure water. As the figure shows, there is clear
temperature stratification between the core and the LP. Conversely, Figure 7-7(b) shows temperature
measurements from a test conducted with buffered boric acid and debris. As the figure shows, the
temperatures in the LP from this test increase as the test progresses. This result indicates that there is an
exchange process (transfer of heat) happening between the core and LP which is analogous to mass transfer.
This was verified by taking a physical sample of the solution within the LP at approximately four hours.
Analysis of the physical sample confirmed that the boron concentration in the LP at four hours was well-
above the source concentration being injected into the test facility downcomer. This experimental
observation provides additional confirmation that core-to-LP mass transport occurs in the presence of in-

vessel debris
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(b) Test Conducted with Buffered Boric Acid and Debris

Figure 7-7 Temperature Measurements from Tests Conducted in the 3x3 Heater Rod Bundle Test
Facility
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7.1.1.3 SKBOR Simulation

The above WCOBRA/TRAC simulation and test results from the subscale brine testing (Reference 7-1) and
the 3x3 heated rod bundle testing (Reference 7-2) demonstrate that a continuous debris bed will not form
across the entire core inlet. However, it cannot be ruled out that a debris bed could form across some
portions of the core inlet, and the subscale brine testing has shown that the presence of a debris bed at the
core inlet will reduce the exchange process. In order to show that a partial debris bed, formed across some
fraction of the core inlet, still allows for adequate core-to-LP exchange flow, a sensitivity study is performed
using the calculation tool SKBOR (Reference 7-3). The simulations were completed using a high-power
density PWR plant model, the 10 CFR 50 Appendix K decay heat model, and a make-up coolant boron
concentration of 2500 ppm. Core voiding is modeled in these simulations, and it is assumed that the two-
phase mixture level in the upper plenum extends to the bottom of the hot leg. This assumption leads to a
conservative effective mixing volume and results in faster boron solute accumulation rates.

Table 7-2 provides the case matrix used to examine the impact of core inlet blockage. As shown in the table,
seven simulation cases were completed. The simulation identified as Licensing assumed that the effective
mixing volume included 50 percent of the LP volume from the start of the simulation, which is consistent
with typical Westinghouse licensing basis analyses. Simulations identified as Exchange Flow applied the
two-region boron transport model described in Section 3.3 of PWROG- 15091 (Reference 7-1). For these
cases, 100 percent of the LP is credited after the onset of buoyancy-driven convection is reached. The
simulation identified as No Lower Plenum does not credit any LP volume as part of the effective mixing
volume used for calculating the build-up rate of boron solutes.

To simulate partial core inlet blockage, the number of lower core plate holes input into the boron transport
model was reduced. Case No. 1 serves as the baseline condition and represents a typical licensing basis
calculation. Case No. 2 is completed using the boron transport model and assumes that exchange flow
occurs across the entire core inlet. This represents a case in which a debris bed is not present anywhere
across the core inlet. Case No. 3 blocks 25 percent of the lower core plate holes which is equivalent to a
condition in which 25 percent of the core inlet is blocked by debris. Here it is assumed that no exchange
flow occurs across this fraction of the core inlet. Similarly, Case No. 4 assumes that 50 percent of the core
inlet is blocked by debris and Case No. 5 assumes that 75 percent of the core inlet is blocked by debris.

Table 7-2 SKBOR Core Inlet Blockage Sensitivity Study Case Matrix

Case No. Case Description LP Credit Cr ne lcae Acmlto tr
____________________(CIB) Fraction Time

1 Licensing 50% 0% 100 seconds

2 Exchange Flow 100% 0% 100 seconds

3 Exchange Flow 100% 25% 100 seconds

4 Exchange Flow 100% 50% 100 seconds

5 Exchange Flow 100% 75% 100 seconds

6 Exchange Flow 100% 75% 40 minutes

7 No Lower Plenum 0% 100% 2 hours 30 minutes



Westinghouse Non-Proprietary Class 3
NP Attachment 2 to LTR-LIS-15-423 Page 13 of 25

November 30, 2015

In Case Nos. 1 - 5, it is assumed that the accumulation of boron solutes begins 100 seconds after the LOCA.
As was described previously, the accumulation of boron in the RV is not expected to occur until much later
in the transient, because liquid carryover to the hot-side piping is sufficient to limit the build-up rate of boron
in the inner RV. To quantify the influence of delayed boron accumulation, Case Nos. 6 and 7 were
completed. Case No. 6 applies the boron transport model, assumes 75 percent core inlet blockage and delays
the start of boron accumulation 40 minutes after the LOCA. Case No. 7 does not credit any LP volume and
delays the start of accumulation 2 hours and 30 minutes.

Figure 7-8 compares the core region boric acid concentration from Case Nos. 1 - 5. As seen in the figure,
Case No. 1 (50 percent LP volume), which represents a typical Westinghouse licensing basis calculation,
shows that the boric acid solubility limit is reached after approximately 6 hours. In comparison, Case No. 2
(0 percent CIB), which applies the boron transport model, shows that the boric acid solubility limit is reached
at approximately 8 hours. As partial core inlet blockage is applied, the figure shows that Case No. 3 (25
percent CIB) and Case No. 4 (50 percent CIB) reach the boric acid solubility limit after the time predicted by
Case No. 1. The figure also shows that Case No. 5 (75 percent CIB) reaches the solubility limit before Case
No. 1.

Boric Acid (BA] Solubility Limit (29.27 wtg)
.. .. Core BA Concentration: Licensing Case (50Z LP))

Core BA Concentration: Transport Model 0 O CI B
.. .. Core BA Concentration: Transport Model (25Z CIB)
----------Core BA Concentration: Transport Model (50g CIB)

Core BA Concentration: Transport Model (75Z CIB)

2 -* .. .- I•

SIi I' "
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0
ci 0 , •/ ' . . . . . . . . .. . . . . . . . . . . . . . . . . .
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Figure 7-8 Core Boric Acid Concentration
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The results shown in Figure 7-8 demonstrate that up to 50 percent of the core inlet can be completely blocked
with debris before the exchange flow is reduced to a point that crediting 50 percent of the LP volume
becomes questionable. These simulations also made the highly conservative assumption that the
accumulation of boron solutes in the core region begins 100 seconds after the LOCA. If the build-up of
boron solutes in the RV is delayed, a larger fraction of the core inlet can be blocked.

For Case Nos. 2 -4, the boron transport model was used. Figure 7-9 shows the LP boric acid concentrations
from these simulations. As shown in the figure, simulating core inlet blockage by reducing the number of
active holes in the lower core plate results in a longer delay until the onset of buoyancy-driven convection is
reached. This result is consistent with trends seen in the subscale brine testing (Reference 7-1) which
showed that the addition of debris created additional resistance to the buoyancy-driven exchange process that
delayed the onset. This consistency in trends between the testing and simulation provides indication that the
modeling of core inlet blockage by reducing the number of active holes is appropriate.

LP BA Concentration: Transport Model ( 0% CIB)
-- LP BA Concentration: Transport Model (25% CIB)

------------LP BA Concentration: Transport Model (50% CIB)
LP BA Concentration: Transport Model (75% CIB)
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0 2 46Time after LOCA (hr)

Figure 7-9 Lower Plenum Boric Acid Concentration
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It is also relevant to compare the exchange mass flow rate predicted by the boron transport model. This
comparison is provided in Figure 7-10. The figure also provides the boil-off rate calculated by SKBOR. As
the figure shows, increasing the fraction of core inlet blockage results in a reduction in the exchange flow
rate. This is expected and is also consistent with results from the subscale brine testing (Reference 7-1),
which showed that increasing the debris load resulted in a decrease in the exchange flow rate.

It is also interesting to compare the predicted exchange flow rates to the boil-off rate. As seen in
Figure 7-10, increasing the fraction of the core inlet blocked by debris increases the time required for the
exchange flow rate to exceed to boil-off rate. Once the boil-off rate is exceeded by the exchange flow rate,
the build-up of boric acid in the core region is significantly reduced, because more boron solute is being
transported to the LP than is accumulating in the core due to boil-off. Results show that more than 50
percent of the core inlet must be blocked before the exchange flow rate, at the time the solubility limit is
reached, does not exceed boil-off.

Core Decoy Heat BoilI-Off: All Coses
Core toLP Exchange Flow: OX CIB

.... Core to LP Exchange Flow: 25% CIB
------------Core to IP Exchonge Flow: 50% CIB

Core to LP Exchange Flow: 75% CIB
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o I ,-- --------------- 4 -- - - -- - -
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Tie ftr OC (r

Figure 7-10 Core-to-Lower Plenum Exchange Mass Flow Rate
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As was noted previously, Case Nos. 1 - 5 apply the highly conservative assumption that the accumulation of
boron solutes in the inner RV begin 100 seconds after the LOCA. In reality, it is not unreasonable to expect
that liquid carryover into the hot-side loop piping will delay the start of accumulation until later in the post-
LOCA transient. The WCOBRAiTRAC results presented above show that the RV exit steam quality
remains less than 80 percent until approximately 40 minutes after the LOCA. This steam exit quality is
sufficient to limit the build-up rate of boron solutes in the RV.

As seen in Figure 7-1 1, delaying the start of accumulation until 40 minutes after the LOCA extends the time
required for the core region boric acid concentration to reach the solubility limit. For Case No. 6 (75 percent
CIB), it is shown in Figure 7-11 that a 40 minute delay to the start of accumulation results in a time of
6 hours after the LOCA to reach the boric acid solubility limit. Even for Case No. 7, which applies the very
conservative assumption of 100 percent core inlet blockage (0 percent LP volume), it is shown that a 2 hour
30 minute delay to the start of boron solute accumulation results in a post-LOCA time of 6 hours to reach the
solubility limit.

Boric Acid [BA] Solubility Limit (29.27 wt%)
.. .. Core BA Concent ration: Licensing Case ( O0 LP)

Core BA Concentration: Transport Model (75% CIB)
----- Core BA Concentration: Licensing Case O0% IP)
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Figure 7-11 Core Boric Acid Concentration
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7.1.2 Suspended Debris in the Heated Core

Debris that penetrates the core inlet or bypasses the core inlet through an alternate path will reach the heated
region of the core and upper plenum. Given that all or most of the debris reaches the RV within the first few
hours of the sump recirculation phase, debris will be entering a two-phase mixture with significant vapor
generation and void (i.e., vapor) motion. Void motion in the two-phase region of the RV is a phenomenon
that causes turbulent agitation and mixing (i.e., dispersion) of the liquid inventory. The chaotic motion of the
voids pushes and drags liquid as the voids circulate through the two-phase mixture. The two-phase flow
regime is considered to have a very important impact on the void motion phenomenon. For example, the
churn-turbulent two-phase flow regime would be expected to provide more effective vigorous void motion
and therefore turbulent mixing of debris in the liquid inventory relative to the bubbly flow regime which is
less turbulent. Even though the two-phase flow pattern or veracity of boiling-induced void motion may
change with decay heat level or safety system design or alignment, boiling and associated turbulent
transport/mixing will always be present in the core region. As a result, debris that reaches the two-phase
region of the RV is expected to be reasonably dispersed and will remain suspended in the liquid-phase.

The ability of turbulent transport and mixing due to boiling and void motion to disperse debris and keep it
suspended in the liquid-phase was observed in the 3x3 heated rod bundle tests documented in Reference 7-2.
For the test rig design and debris loadings used, [

]a,c When a large lower plenum design was utilized, debris did accumulate in

the bottom of the lower plenum thus reducing the effective mixing volume and reducing the debris
concentration in the core region. When the facility was modified to reduce the volume of the lower plenum,
it was observed that only a small amount of debris settled in the lower plenum thus increasing the debris
concentration in the core region. Figure 7-12 shows images of the rod bundle and a spacer grid taken from
the end of a test that utilized the smaller volume lower plenum. As seen in the figure, only a small amount of
debris had collected on the outer edge of the spacer grid where it mated with the acrylic test section.

Based on the understanding of the void motion phenomenon that causes turbulent agitation and mixing of the
liquid inventory, which is supported by observations from the 3x3 heated rod bundle tests (Reference 7-2),
the majority of debris that enters the two-phase region within the reactor vessel is expected to remain
suspended in the liquid-phase. The addition of debris in the liquid-phase may have an effect on the apparent
fluid properties in the core. Suspended debris may increase the apparent density of the fluid such that
pressure losses through the inner reactor vessel are increased resulting in a reduction in the two-phase
mixture level. In order to determine if this is an issue for the established CLB debris limit, the apparent fluid
density considering the presence of suspended debris is calculated.

Density is defined as mass per unit volume:

M (Eq. 7-1)

In order to maximize the increase in density due to the contribution of debris, it is assumed that debris exists
in the core region only. Since this evaluation is intended to show that the addition of debris results in
negligible increase in apparent fluid density, the presence of boron solutes and buffers is neglected.
Including boron and buffers would further reduce the effect of debris on the percentage change in density.
On a per FA basis, CE plants have the smallest flow area, which means that they also have the smallest per
FA coolant volume. Similar to the HLB analysis described in Section 6.4.3.2, it is reasonable to assume that
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the core is 50 percent voided for this calculation. The volume of coolant in the heated region is calculated to
be [ ]•. per FA (Section 6.4.3.2, using Equation 6-5) for the CE fuel design.

At atmospheric conditions, the saturated density of pure water is 59.9 Ibm/ft3 , which results in a liquid mass

of:

[ ]a.c

However, the volume of liquid must be reduced by the volume of fiber and particulate that displaces it in the
FA. Assuming that the entire established CLB fiber limit reaches the core, the mass of fiber is:

[ ]a~c

At a density of 159 lbm/ft3 (Reference 7-5), the volume of fiber is:

[ ]a~c

Similar to the HLB analysis provided in Section 6.4.3, a p:f ratio of [
mass of particulate equal to:

]a*c is used, which results in a

[ ]a~o

Particulates that may reach the core have varying density. A smaller density will maximize the volume of
debris. Therefore, a particulate density of 100 Ibm/fl3, which corresponds to dirt and dust, will be used

(Reference 7-5). The volume of particulate debris is then:

[ ]a,c

The remaining volume of liquid in the FA is then:

[I ]a~c

which corresponds to a mass of:"

[ ]a~c

Using these values, the apparent density of the coolant in the core is then calculated using Equation 7-1:

[ I ao

which is an increase of [ ]a,c percent from that of pure water (59.9 Ibm/ft3). Given this small increase, the
increase in gravitational head loss in the RV will also be small. Apparent liquid density will have a similar
magnitude effect on the two-phase pressure losses through the core. Overall, the presence of suspended
debris in the RV will result in only a small increase to the overall pressure drop across the RV such that
adequate available driving head in the downcomer remains and the core will remain covered with a two-
phase mixture.
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Given that the above calculation shows that the increase in apparent fluid density due to suspended debris in
the core region is small, the impact to other fluid properties is also expected to be minimal. Fluid viscosity
and surface tension are important properties that influence the characteristics of two-phase flow. Flow
visualizations from the 3x3 heated rod bundle tests show no significant changes to the two-phase flow
characteristics or bubble structure as demonstrated by the photographs shown in Figure 7-13. As seen in the
figure, the addition of buffer and debris resulted in only minor changes to the structure of the bubbly flow
regime when compared to the bubbly flow regime for unbuffered boric acid solution. Further, the changes to
the two-phase flow structure seen in the figure are most likely due to the presence of concentrated boron and
buffer solutes as opposed to suspended debris. Considering that these tests were conducted with
[ ]a~c of fibrous debris, any change to the two-phase flow characteristics due to suspended debris
will be less at the established CLB fiber limit.

Figure 7-12 3x3 Heated Rod Bundle Test Results Showing Fiber Accumulation on Outer Edge of
Spacer Grid

Run NRL02 Run NRL06 Run NRL08

BA BA +TSP + Debris BA + NAOH + Debris

Bundle Power: :1700 - 1800 W
Figure 7-13 Comparison of Bubble Characteristics from the 3x3 Heated Rod Bundle Tests with

Unbuffered Boric Acid (BA) and Buffered Boric Acid with Debris
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In addition to the effect of suspended debris on fluid properties and the characteristics of two-phase flow,
changes to the heat transfer processes should also be considered. Results from the 3x3 heated rod bundle
tests (Reference 7-2) confirms that no major degradation in heat transfer occurred across the entire range of
achievable core debris concentrations considered. Figure 7-14 shows the experimental boiling curve from
tests conducted with pure water, unbuffered boric acid, and unbuffered boric acid with debris. As seen in the
figure, the boiling curves are similar for all test conditions. This indicates that the addition of debris will not
have an effect on the subsequent heat removal ability of the water/debris mixture. This conclusion is
supported by work in the open literature that indicates that the addition of suspended particulates in a fluid
will actually improve heat transfer. This work is cited and discussed in detail in Section 6.4.3.2 for the HLB
scenario and is equally applicable for the CLB. It is noted that the effects will be reduced following a CLB
(compared to the HLB) given that no more than [ ]acCan reach the heated core, which is
significantly less than the [ ]a.c that can be tolerated in the core for a HLB.

16 r T T ! !

1 4 . . . ..8. . . . . . . . . . . •, . . . . . . .• . . . . . . . . . . . •. . . . . . .

6 NRLO1 (1420) 1*
NRLO2 (H20 + Boric Acid)

NRLO3 (1420 + Boric Acid + Debhlu)j

0 2 4 6 8 10 12 14 16 18 20&p.len't (P)

Figure 7-14 Comparison of Experimental Boiling Curves for Tests with Pure Water, Unbuffered
Boric Acid, and Unbuffered Boric Acid with Debris

The effects of suspended debris in the RV also need to be considered from the standpoint of BAP. The
addition of suspended debris in the liquid-phase can reduce liquid inventory, thus reducing the effective
mixing volume that boron solutes concentrate in. As was shown in the calculation of apparent fluid density,
the addition of suspended debris in the core region liquid-phase displaces only a small amount of liquid
volume. As a result, any increase in the build-up rate of boron solutes in the RV will be negligible. It is also
expected that, due to the relatively small fibrous debris limit established for the CLB scenario, that any
reduction in liquid carryover into the hot-side piping of the RCS will be minimal and that the location and
timing of BAP in the RV would be similar when debris quantities on the order of the CLB limit are present.
The assertion that debris quantities on the order of the CLB scenario limit will not result in premature BAP is
supported by the 3x3 heated rod bundle tests (Reference 7-2) which concluded that precipitation modes and
transport/mixing phenomena were not adversely affected by the addition of debris to the core region.
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7.1.3 Local Collection of Debris

While boiling precludes buildup at the leading edge of a spacer grid and tends to keep debris suspended in
the two-phase mixture, the energy from the boiling process may force debris into internal grid locations such
as the springs or dimples (see Figure 6-15 and Figure 7-12). The limited size of these geometric features
limits the expanse of the debris collection such that the effects would be localized. However, the boiling
process will continue to force liquid either through the debris collection or very near it such that cooling will
continue. Should some volume in the spacer grid around a single rod be starved of flow, axial conduction
through the cladding to the region immediately upstream or downstream of the blockage is sufficient to keep
the cladding cool as demonstrated in WCAP-l16793-NP-A, Rev. 2 (Reference 7-4). The open lattice design
of the FAs ensures that fluid is free to flow just upstream and downstream of these localized blockages.

As the sump recirculation phase of the transient progresses, core decay heat continues to decrease, which
decreases boiling in the core. In particular, lower power regions of the core (i.e., the core periphery) may
stop boiling while the higher power assemblies continue to boil. In these liquid-only regions of the core, it
may be possible that debris begins to accumulate on the leading edge of the spacer grid. Any debris bed that
forms in the liquid-only region of the core will not extend across the entire core, because boiling continues in

the higher power assemblies. The nature of the fiber and particulate bed will continue to allow flow through
these blockages and the resulting pressure drop will be on the order of those measured across debris beds

formed at the core inlet during the subscale brine testing (Reference 7-1). As a result, any increased pressure
losses through the core region due to this type of debris bed will not become greater than the available
driving head in the downcomer and the core region will remain covered with a two-phase mixture. Should
any region near a blockage become starved of flow, the fluid will heatup and eventually boil. The vapor
generation will either dislodge a debris bed, or the decreased density within the reestablished boiling region
will draw fluid in to replace the generated vapor. In either case, the open lattice design of the fuel will ensure
that the core is cooled and that localized regions with increased boron concentration will not develop even
for blockages across• small portions of the core.

7.1.4 Summary

Determination of the total allowable in-vessel fiber quantity following a CLB is dependent upon establishing
a fiber limit that meets the LTCC acceptance criteria defined in Section 3.7. In determining an acceptable
CLB in-vessel fiber limit, the following aspects have been addressed:

* Debris collection at the core inlet resulting in increased pressure losses through the inner RV such

that the two-phase mixture level is reduced below that required to keep the core covered.

* Debris collection at the core inlet such that the transport of high concentration boron solution from
the core to the LP is reduced below that required to maintain adequate BAPC.

* Suspended debris in the liquid-phase within the RV resulting in increased pressure losses through the
inner RV due to changes in apparent fluid properties, two-phase flow characteristics, and heat
transfer processes.

* Suspended debris in the liquid phase within the RV resulting in premature BAP due to a reduction in
the two-phase mixture level or liquid inventory, a reduction in liquid carryover, or changes to the
precipitation mode or precipitation location.
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* Local collection of debris on spacer grids within the core region resulting in increased frictional
resistance through the core region or reduced heat transfer.

With regard to debris collection at the core inlet, it has been shown through analysis and experimentation that
a uniform debris bed will not form across the entire core inlet such that the core will remain covered with a
two-phase mixture and adequate BAPC is maintained.

For regions of the core inlet where a debris bed may form, head loss testing under large CLB conditions
completed as part of the subscale brine test program (Reference 7-1) has determined that the pressure drop
across a debris bed of up to 22.5 g/FA results in negligible head loss such that the available driving head
produced by the downcomer liquid level is sufficient to maintain a two-phase mixture level in the core region
that covers the fuel and precludes any post- quench secondary heatup. Testing completed by the subscale
brine test program (Reference 7-1) and the 3x3 heated rod bundle program (Reference 7-2) has demonstrated
that the transport of high concentration boric acid from the core to the LP will continue in the presence of in-
vessel debris.

Sensitivity studies performed using SKBOR have demonstrated that sufficient exchange flow from the core

to the LP exists when up to 50 percent of the core inlet is blocked.. This was shown to be the case when
applying the highly conservative assumption that the accumulation of boron solutes in the inner RV starts

100 seconds after the LOCA. In reality, the accumulation of boron solutes in the RV is expected to start later
in the post-LOCA transient. A thermal-hydraulic analysis of the large CLB scenario has demonstrated that
the RV exit steam quality is sufficient to limit the build-upof boron solutes in the RV until at least 40
minutes after the LOCA. If the accumulation of boron, so lutes in the RV is delayed until 40 minutes after the
LOCA, the SKBOR study shows that up to 75 percent of the core inlet can be blocked and adequate
exchange flow exists such that BAPC is maintained..

It has also been shown that if the entire CLB in-vessel debris limit quantity penetrates, or bypasses, the core
inlet and reaches the core that it will not adversely impact LTCC by remaining suspended in the liquid-phase
or collecting locally around spacer grids of other regions in the core with small clearances. The 3x3 heated
rod bundle tests (Reference 7-2) show thatthe boiling process is sufficient to preclude the formation of any
debris beds in the heated region of the core. The testing also shows~that the presence of suspended debris
does not change apparent fluid properties, two-phase flow characteristics, nor heat transfer processes such
that a post-quench heatup will not occur. The testing has also shown that the presence of suspended debris
does not result in premature BAP.

The presence of local blockages around spacer grids is not sufficient to create a core uncovery and cladding
heatup. Considering the lower pressure drops obtained from, the head loss testing completed under the
subscale test program, local blockages will not create head loss sufficient to increase the frictional losses

through the core beyond the available driving head created by the downcomer liquid level. Further, should
some volume in the spacer grid around a single rod be starved of flow, axial conduction through the cladding

*to the region immediately upstream or downstream of the blockage is sufficient to keep the cladding cool as
demonstrated in WCAP-1 6793-NP-A, Rev. 2 (Reference 7-4).



Westinghouse Non-Proprietary Class 3
NP Attachment 2 to LTR-LIS- 15-423 Page 23 of 25

November 30, 2015

7.2 METHOD FOR VERIFYING COLD LEG BREAK IN-VESSEL DEBRIS LIMIT

As part of the current program, a method has been developed to conservatively predict and assess the time-
dependent delivery of fibrous debris to the RV and core for a CLB once the ECCS has been realigned to take
suction from and recirculate the coolant in the containment recirculation sump. The method assumes that
any fibrous debris delivered to the RV and core is captured near the core inlet. The discussion in this section
pertains directly to the Westinghouse, CE, and B&W plants that initiate cold side injection immediately
following the break. Discussions pertaining to UPI plants are provided in Section 8.

The method is an extension of the approach described in Section 5.0 of WCAP-16406-P-A (Reference 7-6).
The method applied to the CLB scenario tracks the depletion of fibrous debris concentration in the
recirculating coolant due to capture of that debris on both recirculation sump strainers and near the core inlet.
The method uses plant-specific values in the calculation method to track fibrous debris through thesump
strainer and through the ECCS, the CSS, and to the RV and core to make a determination of the amount of
fibrous debris that is delivered to the bottom entrance of the core for a CLB LOCA. This mass of fiber is
termed Mf, CLB. A description of the method and the inputs required for the method to operate on a specific
plant is detailed in Volume 3. A summary is provided here.

To evaluate the potential for accumulation of fiber at the core entrance, this evaluation method considers the
complete system requirement for a cold leg break LOCA, including containment spray, cold leg safety
injection, and core boil-off requirements. Figure 7-15 provides a general schematic of the flow paths for
coolant when the ECCS and the CSS are realigned from drawing suction from the RWST to recirculating
coolant from the reactor containment building recirculation sump. For a CLB scenario:

* The EGGS draws coolant from the sump through the recirculation sump Strainer and pumps it into
the RCS. Coolant in excess of that needed to match boil-off spills from R:V out the broken loop and
back into the sump. Only the coolant that is needed to make up boil-off carries debris into the core.

* The CSS also draws coolant from the sump through the recirculation sump strainer, pumps it to the
CSS spray headers, where the coolant is released to the containment and is returned to the sump.

These two flow paths drawing from a common source suggest a simple model 'may be used'to evaluate the
total amount of fibrous debris delivered to the core while accounting for the depletion of fibrous debris in the
sump coolant due to capture by the recirculation sump strainer(s) and the fibrous debris that is delivered to

the RV and core. Plant-specific applications should confrmn the applicability of these flow paths and model
them as appropriate."
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EQ:C~ IF1~

Figure 7-15 ECCS and CSS Flow Paths for a Cold Leg Break

The constituent equations for the method are presented in Volume 3, Section 3 and are consistent with those
used in prior debris depletion evaluations (Reference 7-7). Along with the method itself, assumptions and
input parameters for the calculations have been identified. An example calculation is presented in Volume 3,
Section 4.

As an alternative to the CLB method described in Section 10.2, a simplified method is presented in
Volume 3, Section 5.

These methods were developed for use by utilities to evaluate plant-specific PWR CLB performance in the
presence of post-LOCA debris.

1. These methods provide a means for plants to calculate the plant-specific amount of fiber actually
reaching the core in a large CLB scenario, which can then be compared to the core inlet CLB fiber
limit (established in Section 7.1). A value lower than this defined fiber limit is interpreted as an
acceptable condition to provide for LTCC of the core.

2. Alternatively, a utility can use these methodologies to develop a plant-specific limit on the amount of
fiber that can bypass the recirculation sump strainers in a CLB scenario and still stay beneath the
core inlet limit defined in Section 7.1. This limit can then be used in conjunction with HLB limits
using the method described in Section 6.5 to determine the overall plant-specific limit on fiber
bypassing the sump strainer.
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