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Assessment of BWR Main Steam Line Release Consequences
by John N. Ridgely

1. Objective

The objective of this paper is to determine a leakage rate through the main steam isolation valves that
would be risk-significant, i.e., results in the offsite consequence of one prompt fatality. Meeting this
objective, the second objective is to determine the leakage rate which, if achieved in a plant, should result
in some additional investigation by the NRC and the licensee as to the potential consequences of a
postulated accident concurrent with the increased leakage.

2. Background

Boiling Water Reactors (BWRs) are single cycle steam systems; that is, the liquid water is turned into
steam in the reactor vessel and is used to spin the steam turbine that rotates the generator to make
electricity. The design requirements for the main steam system, as with all reactor systems, is found in
Title 10 of the Code of Federal Regulations, Part 50 (10 CFR Part 50), Appendix A, the General Design
Criteria (GDC). Criterion 55 requires that:

"Each line that is part of the reactor coolant pressure boundary and that penetrates
primary reactor containment shall be provided with containment isolation valves --- one
automatic isolation valve inside and one automatic isolation valve outside containment."

For the main steam line, the automatic isolation valves are called main steam isolation valves (MSIVs).
Figure 1 is a cross sectional view of a typical MSIV. There are four main steam lines. Each line has one
MSIV just inside containment (inboard MSIV) and one MSIV just outside of containment (outboard
MSIV). The MSIVs are "safety-grade, seismic Category I" components, which means that they are
designed to perform their function, i.e., close and isolate the steam line inside containment from the
steam line outside containment, under all design basis accident (DBA) conditions. For all BWRs except
the BWR6, the steam line proceeds to the main steam line drain line isolation valves, turbine bypass
valves, and turbine stop valves. In the BWR6 design, a third safety-grade, seismic Category I valve has
been installed, a main steam shutoff valve (MSSV). The MSSV is a slower closing valve than the
MSIVs but creates a much tighter seal. For this reason, the findings for other BWRs would be
unrealistically high for BWR6 designs.

The requirements for the control of leakage past the MSIV are based on the Criterion 54 which
requires that:

"Piping systems penetrating primary reactor containment shall be provided with leak
detection, isolation, and containment capabilities having redundancy, reliability, and
performance capabilities which reflect the importance to safety of isolating these piping
systems. Such piping system*s shall be designed with a capability to test periodically the
operability of the isolation valves and associated apparatus and to determine if valve
leakage is within acceptable limits."
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Figure 1: Typical Main Steam Isolation Valve

Appendix J of 10 CFR Part 50, "Primary Reactor Containment Leakage Testing for Water-Cooled Power
Reactors," provides the requirements for MSIV leakage testing (Type A test). There the test
requirements for BWR main steam lines that penetrate containment are defined. As implied, the
Appendix J requirements typically result in MSIVs being leak tested every refueling outage by local
pressurization to about 25 psig with air or nitrogen. The leak rate limit as specified in the plant-specific
technical specifications is typically 11.5 standard cubic feet per hour (scfh), and is based on a
conservative assessment of dose consequences. For the current operating plants, the dose assessment
methodology is described in the Standard Review Plan (NUREG-0800) Sections 15.6.4 and 15.6.5, and
uses the source term assumptions documented in the Technical Information Document 14844 (TID-
14844) and the 10 CFR 100 dose guidelines as the acceptance criteria.

Beginning about 1970, the staff's concern over the possible dose consequences of MSIV leakage at or
above the technical specification leakage limits led to the requirement that a leakage control system be
installed. This regulatory position was set forth in Regulatory Guide 1.96, "Design of Main Steam
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Isolation Valve Leakage Control Systems for Boiling Water Reactor Nuclear Power Plants." These
leakage control systems were designed for limited leakage, typically for 11.5 to about 20 scfh. Some
systems pressurize the space in the main steam line between the two MSIVs with air or nitrogen,
however most use a blower or "exhauster" to maintain a subatmospheric pressure between the MSIVs.
During a station blackout event, neither of these systems would be available and, thus, they will not be
further discussed here.

Many BWR licensees have reported difficulty meeting the allowable leakage rate limit for periodic local
leak rate tests (LLRTs). One survey (circa 1984) of the leakage rates of 400 MSIVs has shown that 46
valves exceeded the allowable leakage rate limit and required refurbishing to be brought within the
allowable limit. Leakage rates as high as 3795 scfh have been reported. At one plant some valves were
reported to consistently have a test rate well in excess of 11.5 scfh, some consistently above 1000 scfh.
Another survey (1979-1981) found that 18 of 25 operating BWRs had MSIVs failed to meet the limiting
condition for operation (LCO), which specifies the maximum permissible leak rate, during one or more
surveillance tests. During this time the number of MSIV test failures exceeded 150 with MSIVs supplied
by all three MSIV manufacturers.

Measured leak rates that exceeded the LCO ranges up to 3795 scfh. Twelve licensees reported 57 MSIV
tests with results of less than 100 scfh, and 4 licensees had 65 MSIV tests with results between 100 and
3500 scfh. Four other licensees had more than 24 test failures, but did not measure, estimate, or report
the magnitudes of the leak rates.

To return the valves to within the allowable leakage rates limits, different methods of refurbishment have
been used. Most utilities grind or lap the valves. At least one utility has instituted a major refurbishment
that includes increasing the actuator stem diameter, modifying the guide rails for the valve plug, and
increasing the force of the valve operator. In the early 1980s, these methods did not yield consistent
results. The BWR Owners Group (BWROG) and valve manufacturers have investigated and identified
the major causes of excessive MSIV leakage. Improved maintenance procedures have been implemented
which appears to have been successful. However it is beyond the scope of this report to address these
procedures further.

In 1995, NUREG-1465 was published which identified'a source term to replace the classical TID-14844
source term for licensing basis calculations. The revised source term changed the chemical composition
of the releases and the timing of the releases. Based on this revised source term, at least one BWR has
sought and received approval to remove the MSIV Leakage Control System. While this makes a
complete history, it is not germane to the problem for two reasons: (1) the source term that will be used is
a "best estimate," sequence specific source term and (2) the MSIV Leakage Control System is considered
ineffective; both of this issues will be discussed further later in this report.

To understand the significance of MSIV leakage, it is necessary to understand how the Appendix J MSIV
leakage tests are performed. Figure 2 shows the typical arrangement of MSIVs in a main steam line as it
penetrates the containment boundary. The first point to notice is that the steam flow is from the right to
the left, or over the top of the valve as it sometimes referred. This flow would work in conjunction with
the valve actuator to close and seat (seal) the valve. Appendix J states that before testing leak tightness,
''no repairs or adjustments shall be made so that the containment can be tested as close to "as is"
conditional as practical." Thus, when the leak tightness of the valves are tested, the valves are closed
without any other treatment. The main steam line between the MSIVs is pressurized to about 25 psig and
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held for 24 hours. As you will notice from Figure 2, this pressure is over the top of the outboard MSIV,
in the same direction as steam flow, but under the seat of the inboard MSIV. Thus, the pressure is
working to open the inboard MSIV. This modest pressure in the back flow direction, over a long period
of time, and in conjunction with a small allowable leakage rate has been the source of many violations of
the Technical Specification leakage limits. While some licensees have made changes to improve the
tested conditions, e.g., closing the valves under some steam flow, replacing the valve stem with a stouter
one, and increasing actuator pressure, the testing is still pressurizing the wrong side of the valve.
Because of all of the other connections upstream of the inboard MSIV, it is very difficult to test the

Ouwde CoutalameMt

Figure 2: Typical MSIV Arrangement at the Containment Boundary

inboard valve correctly. Thus, we can conclude that at least some of the MSIV leakage test failures and
some of the leakage from the large failures is due to the inappropriate test procedure for the inboard
MSIV. However, this effect, though important in its own right, is not significant for the large leakage
rates that we are concerned with in this paper.

I:J
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3. Sequence Identification

To understand the impact of leakage through the MSIVs, it is necessary to evaluate the fission product
transport from the core, through the MSIVs, and into the environment. Thus, some accident sequence
needs to be defined that would best represent realistic source terms (to the environment) for all
postulated sequences of interest.

To maximize the source terms, the fission products should not be diluted any further than necessary.
This precludes accident sequences where the fission products are mixed with the containment
atmosphere or are trapped in the suppression pool; which eliminates loss of coolant accident (LOCA)
sequences, and containment bypass sequences (Event V).

The leakage control system would reduce the quantity of fission products released; but it requires AC
power. The capacity of the leakage control system is limited and for the leakage rates of interest, i.e., an
order of magnitude greater than the capacity of the leakage control system, the leakage control system
would be ineffective. Therefore, the presence or absence of AC power is not important with respect to
the leakage control system.

The greater the differential across a leaking valve seat, the greater the amount of material that will go
through the closed valve. Therefore, sequences where the reactor remains at high pressure will expel
more material than low pressure sequences. To maintain the reactor at high pressure as long as possible
means that the automatic depressurization system (ADS) is not operated. The ADS requires DC power.
Thus, loss of DC power would prevent the operators from depressurizing the reactor vessel.

All BWRs have a method of maintaining the core covered (the water level above the top of active fuel)
with the reactor at high pressure. Depending on the model of BWR it would be a reactor core isolation
cooling system (RCIC - a steam turbine driven pump needing only DC power), a high pressure core spray
system (usually an operating mode of the residual heat removal system needing AC power), or a high
pressure coolant injection system (usually provided power by a dedicated diesel generator set). These
systems are designed to provide adequate water to maintain the water level above the top of active fuel
until the reactor pressure is reduced below the residual heat removal system operating pressure. This
would result in no core damage. It is insufficient to only have a loss of offsite power (AC) and the
failure of the diesel generators (onsite AC power), which is referred to as a "long term station blackout"
because the DC power would permit RCIC and ADS operation.

To also prevent the DC powered systems, the sequence would be a "short term station blackout," which
is defined as a loss of offsite and onsite AC power and the loss of DC power without power recovery.
This sequence would result in a reactor scram, and turbine trip (closure of the turbine control and stop
valves), and containment isolation (MSIV closure).

The IPE database identifies the frequency of core damage events from all station blackout sequences to
range from about 3 x 105 to 4x 10" per reactor year with the median value of 3.5 x 10' and an mean value
of 7.5 x 1 0. per reactor year. (The total plant core damage frequency ranged from about 8x 1 0-5 to I x -60.

per reactor year with a median and mean value of2x 10' per reactor year.) This frequency would be
dominated by the long term station blackout events because the concurrent failure of all batteries would
reduce the frequency by the battery failure rate of 8.7x 10. per reactor year. This would make the short
term station blackout frequency range for less than 3 x 107 to 4x 10" per reactor year with a median value
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of 3x.10' and a mean value of 6x10" per rieactor year. From a true iisk perspective, the short term station
blackout sequence would not be of interest because of the low frequency. However, the short term
station blackout sequence represents the worst possible sequence for releasing fission products from the
core and past the primary coolant pressure boundary, which for this case is the main steam isolation
valves, because: (1) the decay heat is the highest of any sequence, (2) the core is hottest of any sequence,
and (3) the release occurs at the earliest possible time. (The only sequence that could result in faster,
earlier releases would be a short term station blackout concurrent with the instantaneous failure and
relocation of the bottom head, which would have an even lower frequency.) Thus, the short term station
blackout sequence is a bounding sequence for evaluating the offsite consequences of fission product
releases through leaking main steam isolation valves.
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4. Release Pathway

The releases start with a damaged core which progresses to core degradation and relocation. Figure 3
shows the pathway of the fission products inside the reactor vessel. The fission products will pass
through the cyclonic steam separators and steam dryer and exit out through the main steam lines. At over
a million pounds per hour, the cyclonic steam separators separate the vapor water from the liquid
waterand return the liquid water to the downcomer region, outside of the core, to re-enter the core from
the bottom. These steam separators represent a large mass of steel whose design is to force the fluid to
change directions many times before exiting the separator. While the flow will be significantly less than
during normal plant operation, during fission product releases the steam separators represent a large
impact area for particulates. Both the steam separators and the steam dryer represent a large surface area
for fission product plateout. From the steam dryer, the fission products are required to make a 270° turn
to exit the reactor vessel through the main steam lines. No credit is taken in these analyses for fission
product plateout or impaction in the cyclone steam separators or steam dryers. (To be complete,
there is a potential leakage path past the steam dryer at the contact point with the reactor vessel. This
leakage flow path is tortuous (low velocity, narrow flow path, potentially many turns, and offers a
significant opportunity for fission product removal by impaction and plateout, and could actually plug.
Thus, the contribution from this flow path is considered to be insignificant.)

iu3 LbF

Figure 3: Fission Product Release Pathway within the Reactor Vessel
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Figure 4: Fission Product Release Pathway

Figure 4 from NUREG-1 169, "Resolution of Generic Issue C-8," shows the complete release pathway
from the reactor vessel to the environment. This pathway shows that all of the valves (MSIV, steam line
drain isolation valve (IV), turbine bypass valve (BV), and turbine stop valve (SV)) are closed. This
condition exists in the plant approximately 93.8% of the time that a plant shuts down and the systems are
responding as designed. This value was derived from the a probabilistic assessment, shown in Figure 5.

This assumed that the turbine bypass valves would be normally in the closed position 80% of the time a
plant shuts down. If the turbine bypass valves, which normally open automatically upon turbine trip, are
open, an alternate pathway exists which directs the flow to the condenser. If AC power is available, the
subatmospheric conditions that exist during normal plant operation would continue to exist. Without AC
power, the pressure would slowly increase to one atmosphere absolute. The condenser represents a huge
heat sink and surface area for heat removal and fission product impaction, plateout, and settling. Only
noble gases would be unimpeded once the condenser vacuum was lost. Leakage from the condenser
would be through the turbine seals, condenser draw down lines (which would be isolated because they
are not normally used during power operation), or the non-condensable gases removal system (which is
isolated on loss of offsite power). Because of the large volume of the condenser, the flow rate out of any
of these pathways would be extremely low; thus fission products are very unlikely to escape the
condenser and there will be a significant holdup time for the noble gases.

By comparison, with all of the valves in or on the main steam line closed, the pathway past the MSIVs
would be along the main steam line through the turbine stop valves, through the turbine control valves,
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Figure 5: Release Path Probability of Success

through the high pressure turbine, into the turbine steam seals (which are no loner sealed because of the

lost of steam), and into the turbine building. The turbine stop and control valves are not as tight sealing

as the MSIVs, so any leakage past the MSIVs would be expected to leak past the turbine stop and control

valves. The turbine represents a large area for impaction, plateout, and settling for the fission products,

except for the noble gases. The turbine steam seal is a tortuous labyrinth where the flow is required to

make many 1800 turns, thus promoting the loss of fission products by impaction and plateout. Because of

the reduced volume, as compared to the condenser pathway, the leakage pathway along the main steam
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line and through the turbine valves, turbine, and turbine steam seals would be expected to have the
largest release of fission products.

In all cases, the escaping fission products will be released into the turbine building. BWR turbine
buildings have a huge volume and are completely enclosed. The enclosure removes the possibility of
weather-related winds from immediately transporting the material offsite. The huge volume provides
additional holdup time and reduced velocities, which promotes gravitational settling.

The analyses in NUREG-1 169 used the TID-14844 source term, which includes all noble gases, mostly
elemental iodine, and a small fraction of particulate iodine. With this source term, the various leakage
pathways were evaluated with various leakage rates though the MSIVs. The results show that using the
aforementioned leakage pathway would reduce the population dose by one to two orders of magnitude.
Considering that the revised source term (NUREG-1465) has reversed the chemical composition of the
fission products released (i.e., it is mostly particulate with little elemental iodine), the reduction in
population dose could reasonably be expected to be significantly greater than the one to two orders of
magnitude identified in the previous study.

In summary, the release pathway most likely to be encountered is from the reactor core through the:
steam separators, steam dryers, inboard MSIV, outboard MSIV, turbine stop valve, turbine control valve,
steam turbine, turbine steam seals, and turbine building to the environment.
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5. Source Term Calculations

The source terms (releases to the environment) were calculated using the MELCOR computer code,
version 1.8 .RE+ (dated April 22, 2002). During the process of determining the source terms at various
MSIV leakage rates, the original version of the code (RE) had problems. After several interim code
versions, one version was created that would successfully run to completion all of the assessments
needed for this evaluation. Appendix A is a sample MELCOR MELCOR input for a 10,000 scfh MSIV
leakage case. Appendix B is a sample MELCOR MELGEN input for the same case.

Sandia National Laboratories (Sandia) provided a current Grand Gulf (BWR6 with a Mark III
containment) MELCOR'deck that modeled a short term station blackout. This deck was modified (by
Sandia) for a flow path from the reactor directly into the environment (FL404) which contained an orifice
to represent leakage past the inboard MSIV. In reality, leakage past the inboard MSIV would have to
accumulate within the piping between the inboard MSIV and the outboard MSIV until sufficient pressure
was built up to cause leakage past the outboard MSIV, and it would be this leakage past the outboard
MSIV that would be modeled and of interest. This would increase the holdup time and fission product
plateout (because of the heat in the pipe, the convection eddy currents would more than offset any
gravitational settling of particulates in the pipe). Thus, all benefits of holdup time, plateout,
impaction, and gravitational settling in the turbine, condenser, turbine steam seals, and turbine
building are ignored for these calculations! (This conservative position was taken based on the initial
assumption that only a small increase in MSIV leakage rate might be justifiable. Based on the final
results, it is credible that crediting holdup and deposition would preclude any release through the MSIVs
from resulting in doses large enough to result in a prompt fatality.) The orifice sizing was determined
using the Crane Technical Paper No. 410. A sample calculation sheet is in Appendix C, Orifice Sizing.

A series of calculations were performed to identify the source terms for different'MSIV leakage rates.
The typical plant Technical Specification MSIV leakage rate is 11.5 scfh (standard cubic feet per hour).
Twenty-five MELCOR calculations were performed with the orifice size ranging from an equivalent
11.5 scfh to 200,000 scfh. All calculations were run for a problem time of 27 hours, 46 minutes, 40
seconds (which turns out to be a round 100,000 seconds).

Table I is a listing of the typical events that have occurred in each of the calculations. Only the first
occurrence of an event is shown. The gap release is when the fuel cladding is assumed to fail such that
the gases could escape the fuel pin. This is nominally taken as when the cladding starts to oxidize
(hydrogen production begins). Channel box failure is when the channel box material is either heated to
the point that it melts and relocates into the volume below or relocates because the material in the volume
below can no longer support the channel box. Because the core is nodalized in rings, the core support
plate is also nodalized in rings. The first failure of the core support plate is by temperature, which means
that the steel's strength was reduced by the increased temperature to where it could no longer support the
itself and the material upon it. The second failure was by loss of mass, which means that the plate had
melting sufficiently that the remaining core support plate did not have sufficient strength to support itself
and the material upon it.
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Table 1: Typical MELCOR Sequence of Events

Timing
(Seconds)Event

Accident initiation 0

Core becomes 2/31" uncovered (Starting RCIC) 1,230

Gap release begins 2,280

Channel box fails 3,669

Deflagration starts 4,001

Debris quench begins 5,646

Core support structure fails by over temperature 8,801

Core support structure fails because of failure of 8,801
the columns below it

Core support structure fails by loss of mass 12,047

Lower head penetration fails (0.1m hole) 44,612

Debris ejection to cavity begins 44,614

End of calculation 100,000

I

,l~I

A

I
ff4

Each calculation resulted in a plot of the integrated release fraction of the initial core inventory for each
fission product as a function of time. The fission products predicted by MELCOR are noble gases,
iodine, cesium, tellurium, ruthenium, lanthanum, cerium, and barium. Each of these fission products is
plotted and manually divided into two release plumes. For each plume and each fission product, the
fraction of initial core inventory released, the start time for each plume's release, and the cessation time
for each plume are determined. Since the timing of each fission product's release may be slightly
different, a general timing (usually based on consideration of noble gases, iodine, and cesium) is
determined and applied to each fission product group. MELCOR also provided the enthalpy of the
release as a function of time. Based on the timing determined for the fission product releases, the energy
of each plume is determined from this plot. Since the energy reported by MELCOR is instantaneous and
affected by events in the core, an average value of the enthalpy between the initiation and cessation of
each plume is determined.

Figure 6 shows the typical reactor pressure as monitored in the reactor dome (above the steam dryer). As
can be seen from this figure, the pressure oscillations represent the pressure increases to the safety valve
setpoint and the hysteresis of the valve remaining open until a lower pressure is reached. Figure 7 shows
the hydrogen released (generated) from the core. This shows that as the water level dropped below one-
third active fuel height, the core began heating up and the Zirconium began to react with the water (most
aggressively with gaseous water), forming ZrO2 and releasing the hydrogen into the reactor vessel. This
non-condensable hydrogen adds to the pressure in the reactor vessel. Figure 8 shows that the water boils
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Figure 6: Typical Reactor Dome Pressure

off until the water level reaches the bottom of active fuel at about 67 minutes. At this point, the pressure
oscillations change in frequency as the amount of water being boiled off is reduced because of the lack of
direct contact with the fuel, i.e., boiling is only due to radiative heat transfer. As the water level drops
below one-third of the active core height, the steaming rate is reduced below the flow rate necessary to
maintain adequate core cooling. (It should be noted that in a real event, the operators would have been
instructed to initiate the ADS. While this rapidly reduces the total core inventory of water, it also
plunges the fuel temperature to near normal operating temperature. Thus, the fuel would need to heat up
again to core damage temperature, but with a reduced decay heat load. This additional time delays all of
the following sequence events by at least 30 minutes.) Thus the core continues to heat up but the
reduced steam flow reduces the rate of zirconium oxidation (hydrogen generation rate). As the core
continues to heat up, the fuel melts and relocates downward into the core, and ultimately onto the core
support plate. The core support plate heats up to failure at about 200 minutes. Its failure drops the core
debris into the water in the bottom head, quenching the debris. This can be seen by the temporary
cessation of hydrogen production in Figure 7. Comparing Figure 7 (cessation of hydrogen production)
to Figure 8 shows that it takes approximately 200 minutes to boil off all of the water in the bottom head.
Until the water has been boiled off, cooling is provided to the debris and the bottom head, preventing
bottom head failure and maintaining the reactor vessel pressurized. Once the water is boiled off, the
pressure in the reactor vessel drops (because the volumetric expansion of the liquid to gas is required to
maintain the reactor pressurized) and the debris once again begins to heat up. This time the debris heats
the bottom head and the penetrations until one of the two fails. Without water, there is no Zirconium
oxidation, thus there is no hydrogen production and the curve is flat during this period in Figure 7. Once
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the reactor vessel fails and core debris starts to relocate into containment, the Zirconium will once again
start to oxidize and release hydrogen. From Figure 7 (and Figure 6) we can determine that the reactor
vessel fails at approximately 743 minutes (12 hours and 23 minutes after accident initiation) and within
about one minute the core debris begins to relocate into containment. Once the reactor vessel has failed,
the pressure in the reactor vessel and in containment are essentially the same. Effectively all fission
product releases through the MSIVs will cease, although-once the reactor pressure has significantly
dropped (as at about 500 minutes) there is essentially no more releases through the MSIVs. This is
because in reality the fission products have to pass through two closed MSIVs in BWR 4s and 5s and
three closed valves (two MSIVs and one MSSV) in BWR 6s. The reason for this is that we have only
modeled one MSIV and a pathway of less resistance would be through a leakage path (single orifice)
across the containment bTrrier.

The radionuclide package in MELCOR tracks the location of the radionuclides. In this particular case,
we are only interested in the fission products that migrate from the reactor vessel, through an orifice, and
into the environment (FIA04). Figures 9 through 16 show the typical fission product releases to the
environment as a fraction of the initial core inventory. Figure 17 shows the energy in the releases.
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Figure 9: Typical Noble Gas Releases to the Environment
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Figure 10: Typical Iodine Releases to the Environment

Cesium to Environment

C
C
0)

-5

0

g
C,
C

I-

1.8

1.6

1.4

1.2

1 .0

0.8

0.6

0.4

0..2

0.0
0

Grand Gulf
GGML15KRE
UF.21

.0 0.4 0.8 1 .2 1 .6

Time (10 3 Min)
15000 scfh MSIV Leakage for HP STSBO

5/15/02 14-50:09 MELCOR DV5

Figure 11: Typical Cesium Releases to the Environment
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Figure 12: Typical Tellurium Releases to the Environment
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Figure 13: Typical Ruthenium Releases to the Environment
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Figure 14: Typical Lanthanum Releases to the Environment
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Figure 15: Typical Cerium Releases to the Environment
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Figure 16: Typical Barium Releases to the Environment
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6. Consequence Assessment

The consequence assessment is an evaluation of the offsite consequences to the public. In this particular
case, we are only concerned with those releases that will result in a prediction of one early (prompt)
fatality, using the MACCS2 computer code. MACCS2 requires a number of inputs to predict the offsite
consequences (see NUREG/CR-6613), the first of which that we will discuss is the characterization of
the fission products released into the environment. The fission products are combined into "groups" with
a predetermined element selected as a "characteristic" element for the group. The MACCS2 groups are
the same as those in MELCOR, except MACCS2 has an additional group for strontium. Since MELCOR
does not include strontium, the release fractions for barium are assumed to be the same as those that
would have been calculated by MELCOR for strontium. (This is a standard MELCOR/MACCS2
assumption.) The fission product release graphs generated by MELCOR are manually evaluated to
divide the releases into the environment into one or more "plumes." A plume is a release of fission
products at a constant rate (an assumption built into MACCS2) over a specified period of time and
starting at a specific time after accident initiation. Usually, only one or two plumes are used. Two
plumes were used in these analyses. One of the inputs to MACCS2 is to identify to the code which
plume is the risk-significant plume. For all analyses, two calculations were made, one specifying the first
plume as risk significant and the other specifying the second plume as risk significant. In all cases, the
calculation which resulted in the higher early fatalities was chosen as the result for that MSIV leakage
rate. As can be seen from the MELCOR generated graphs (Figures 9 through 16), there are definite
release periods and there is a variation in the timings between the different release groups. Since
different groups cannot have different, overlapping release periods, the release periods are generally
defined by the groups that are deemed to have the greatest impact on the consequences of interest. In this
case, the releases of noble gases, iodine, cesium, and tellurium are the groups of interest. The release
start times, duration, and release fraction for each group for each plume is scaled off of these graphs.

One decision to be made is the protective action assumptions to be used in the analyses. In all cases, the
protective action assumptions used in NUREG-1150 were used. The protective action assumption is that
99.5% of the people evacuate and 0.5% of the people continue their normal activity (no sheltering).

Another important consideration is the weather that is used to calculate the offsite consequences. All
calculations used a "generic" weather file, created by Brookhaven National Laboratory, to represent an
80"' percentile weather with a mixing height limit of 0.75 miles (NUREG/CR-6295).

With respect to the issue of the offsite consequences related to MSIV leakage rates, there two basic types
of BWRs, those with two MSIVs in each main steam line (BWR3s, BWR4s, and BWR5s) and those that
have two MSIVs and one MSSV in each main steam line (BWR6s). These analyses ignored the benefits
of multiple valves, thus all plants are considered to have only one leaking MSIV between the reactor and
the environment. This removes the variables due to plant design differences.

The only other major input parameter is the population around the nuclear power'plant. Five plants were
chosen based on the population estimates predicted by a beta version of SECPOP2000, which uses the
2000 U.S. Census data (basically only the census data is different from the information in an earlier
version called SECPOP90 which is documented in NUREG/CR-6525). While two of the plants were
picked because of being a BWR4 and a BWR6, the other plants were picked based solely on their ranking
within the entire population of BWRs as being, approximately, the 95', .80', and 5' percentiles based on
population within 10 miles. As it turns out, the BWR4 is just above the plant with the median population
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but below the plant with the average population and the 95' percentile plant is also the 100' percentile
plant. Plant specific site files were created using SECPOP2000.

An iterative process was used where MEL COR assumed a leakage rate for the MSIV, the source terms
predicted by MELCOR, MACCS2 used those source terms, and the early (prompt) fatalities were
recorded for each plant. This iterative process was continued until each plant either reached an early
fatality with a probability approximately equal to one or predicted the early fatality with a probability
greater than 0.4, except for the 5t' percentile case. A sample MACCS2 output is shown in Appendix D.
The output listed in Appendix D has been modified to delete plant identification. The results are shown
graphically in Figure 18.

Early Fatalities
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Figure 18: Early Fatality as a Function of MSIV Leakage Rate

Specifically, one prompt fatality was predicted for the BWR6 plant and 95th percentile plant at a leakage
rate of 176,000 and about 38,700 scfh, respectively. With the expectation that the NRC would not be
likely to accept leakage rates greater that 200,000 scfh, the calculations were not continued to find the
actual leakage rate to correspond to one prompt fatality for the other three cases.

What is shown in Figure 18 is a general increase in the probability of an early fatality until the predicted
dose rate reaches a value which triggers relocation. The probability then remains constant until the
predicted dose approaches the threshold value for a prompt fatality. This occurs at a lower leakage rate
value for the 95' percentile plant and at much higher values for the other plants.
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7. Uncertainty Considerations

There are a number of uncertainties associated with these calculations. The same fission product release
fractions, timing, energy of release, protective action assumptions, and meteorology were used for all
cases and there is only a small difference in the reactor power levels. Thus, the primary uncertainty is
the variableness of the population around the nuclear power plant. This is clearly seen in Figure 18.

Another uncertainty, not illustrated in this report, is in the MELCOR calculation of the source terms.
While MELCOR calculations are "best estimate" calculations and accurately model all important
phenomena to the extent practical, there were problems in getting a consistent set of results. Several
interim versions of the code were needed because of code failures. Different code versions resulted in
slightly different source terms. However, the analyst's interpretation of the graphical release fractions
can overshadow the differences in the different versions' source term predictions. It is for these reasons
that when MACCS2 predicted non-zero probabilities of an early fatality that sensitivity studies were
performed to determine the worst (largest) early fatality probability, which was the value preserved for
that leakage rate. Even so, the net variations were easily within plus or minus a few percent, just enough
to create a non-smooth graph. One would expect that the graphs would be smooth and follow intuitive
trends, as is shown in Figure 18. Because of the interest is in the trends, the desire for clarity in the
graph, and the final selected value would not be influenced by the nuances of minute uncertainties, not
all data points have been shown.

Although the results are shown for as the 95 ' percentile plant, no plant has a higher population than this
"95th percentile" plant. Thus, one could use the leakage rates for this plant and it would bound all current
BWR plants.

The calculation of a prompt fatality in MACCS2 is a threshold function, i.e., there is no early fatality
until a specific dose to a specific organ is received. Some believe in a linear relationship of dose to early
fatality instead of the threshold relationship in MACCS2. Because the NRC will not permit a leakage
rate at a calculated value corresponding to a MACCS2 predicted early fatality value of exact unity, this
uncertainty is not important.

Thus, the uncertainties in the analyses do not adversely affect the final conclusions.
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8. Conservatisms

The leakage pathway that would be available for leakage past the MSIV is either through the turbine and
out through the deflated turbine seals or through the condenser and again out through the deflated turbine
seals. In either case, there is a huge benefit from hold up time (allowing fission product decay), plateout,
impaction, and gravitation settling (allowing fission product removal, except for noble gases). All of
these benefits have been ignored. These benefits are worth from one to two orders of magnitude in
offsite population dose. Expressed differently, these benefits are worth more than a factor of 20 on the
MSIV leakage rate.

The assumption was made that all valves leak at the same rate.

Plateout and impaction are also not credited in the cyclone steam separators or steam dryers.

Leakage testing of the MSIVs is by pressurizing the steam line space between the MSIVs, thus
pressurizing the inboard MSIV in the direction contrary to its intended flow direction and thereby
tending to open the MSIV. Thus, leakage measurements may be higher than the actual leakage rate that
would occur under actual conditions.

If the either MSIV (or the MSSV in a BWR6) does not leak, then there is no release to the environment
and no offsite consequences.
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9. Conclusions

The objective of this work was to determine a leakage rate through the MSIVs that would be risk-
significant, i.e., results in the offsite consequences of one early (prompt) fatality. With a large amount of;,
conservatism, this leakage rate turns out to be 38,700 scffi for any currently operating BWR. Reducing
the conservatism, an estimate of the leakage rate that could result in one early fatality could be
approximately 760,000 scfh. However, this leakage rate is unacceptable from a regulatory perspective.

The second object was to determine the leakage rate which, if achieved in a plant, should result in somei
additional investigation by the NRC and the licensee as to the potential consequences of a postulated 2
accident concurrent with the increased leakage. Considering the 95 ' (100t1) percentile plant has an .
estimated single early fatality with a leakage rate of 38,700 sch through an inboard MSIV without any
consideration for any structures, systems, and components beyond the inboard MSIV, it seems reasonable:`
that a leakage rate of 3 8,700 seh through the best sealing valve in the main steam line (be it an MSIV o-,.
a MSSV) should be acceptable. This assumes that there is only one main steam line. Since there are fobur~iý
main steam lines, each line should be limited to 9,675 scth through the best sealing valve. Given the
factor of conservatism being greater than 20, the conclusion is made that there should be no regulatory ..U.,-
concern if the leakage past the best sealing valve in the mainsteam line is less than 10,000 scfh.

Thus, the conclusion is that regulatory concern should only be raised if the leakage past any main steam
valve (MSIV or MSSV) exceeds 10,000 scfh or is indeterminate.
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