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August 12,1997

Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, DC 20555

ATTENTION: T.R. QUAY

SUBJECT: REVISION 1 - SCALING ROLE IN AP600 DBA ANALYSIS

Dear Mr. Quay:

This revised letter and attachment addresses RAI 480.408 (OITS 3415):

Reference 3 in the attachment to NTD-NRC-95-4561, " Scaling Role in AP600 PCS DBA Analysis,"
I dated September 19, 1995, indicates that R. W. Borchardt was the recipient of letter NTD-NRC-95-4545

from N. J. Liparulo. In actuality that letter was sent to T. R. Quay by B. A. McIntyre. Since the NRC
Document Control System (DCS) can use recipient or author as a search parameter, this error should be
corrected to facilitate location of letter NTD-NRC-95-4545 in the DCS.

Reference 3 of the attachment to this letter has been updated to reflect the correct author and recipient.

_

A /
Brian A. McIntyre, Manager
Advanced Plant Safety and Licensing
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cc: D. C. Scaletti, NRC (w/ Attachment)

N. J. Liparuto, Westinghouse (w/o Attachment)
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Attachment to NTD NRC 95-4561 '

Role of Scaling for AP600 PCS Design Basis Accidents

10 Introduction.
I.

A scaling analysis has been conducted by Westinghouse for the AP600 passive containment cooling !

i

system (PCS) for design basis accident (DBA) analyses. De scaling analysis utilized guidance
provided by the USNRC for severe accident technical resolution'. He scaling analysis was applied to
two limiting transients: the double-ended cold leg guillotine (DECLG) loss of coolant accident
tLOCA) and the main steam line break (MSLB).

ne scaling analysis began with a definition of the plant and the accident scenario. All transport
processes that could potentially affect the containment pressure were listed and organized into a

| phenomena identification and ranking table (PIRT) consistent with Reference 1. Control volume
equations were written for the containment gas and manipulated to express containment gas press' ire as
a function of transport processes. He resulting equation, the rate of pressure change (RPC) equation,
was normalized to the break steam source. and the relative magnitude of the various transport terms
were examined. De normalized transport terms are referred to as "pi", or scaling groups that
represent the relative importance of the normalized transport terms, some of which change significantly
in importance throughout the various time phases of the transient. The pi group values, as well as test
results and other analyses, were used to rank the relative importance of the transport processes in the

8PIRT .

Several separate effects tests (SET) were conducted to experimentally characterize important processes
embodied during design basis accidents in AP600 An integral test, referred to as the small scale test
(SST), was built and tests were conducted to develop test and analysis techniques. This was followed
by a 1/8 scale integral test, referred to as the large scale test (LST). The LST was built to produce
data characterizing intemal condensation and extemal evaporation mass transfer in an integral test
setting. These tests, as well as other Westinghouse tests, and test results available in the opn
literature were used to develop and/or validate phenomenological models for:

heat transfer to and through condensing and evaporating liquid films

free and forced convection heat and mass transfer inside and outside containment

wetting and surface coverage of the external liquid film.

The scaling analysis identified the ranges of dimensionless parameters in AP600 that are required to
salidate the phenomenological models. Other tests (wind tunnel, extemal flow path AP) have been
used to develop boundary conditions and hydraulic characteristics. Based on this evaluation of all
relevant pheomena, guidelines for developing bounding analysis methods were developed.

A model of the LST was developed with the WGOTHIC computer code to make validation
compansons to the LST steady state and transient tests. The LST model utilized the most accurate
and nominal phenomenological models, initist conditions, and boundary conditions available. The
computer model represented the transport phenomena identified as important, as well as many others
that are of medium and low impo<tance. Compansons of code predictions to the test data support
code validation, and also confirm that the PIRT and scaling analysis have included the important
phenomena.

.
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The LST models, both lumped parameter and distnbuted parameter. sersed as a staning point for the
PCS DB A evaluation model of AP600. However, the evaluation model is a bounding model, so it is
necessary to input bounding initial and boundary conditions, as well as to bias t e phenomenologicalh

models of the dominant transport processes to proviac bounding results.

He large mass of internal heat sinks, the large scale gas flow that circulates between the above and
below deck regions, and the high flow rate steam source during blowdown were not represented in the
LST, so their effects were validated in the evaluation model by bounding calculations. The scaling
analysis helps with the bounding calculations by providing enough insight into the actual physics to
show that bounding modifications can be made to the evaluation model. De application of scaling to
the LST showed that the LST well represents the AP600 heat and mass transfer, the dominant
transport processes.

8Results of AP600 PCS scaling have been provided to the NRC and review comments have been
received. Scaling has assisted the determination of bounding models and limits for bounding
calculations using the evaluation model. He means by which these are addressed was presented to

S- the NRC in the PCS DBA Road Maps.

He following sections of this document present the major findings of the scaling analysis with
references, whether the LST contnbutes to these findings, and a discussion of how the findings are -!
included in the evaluation model. A summary is presented of how the dominant transport processes
and parameters are bounded in the evaluation model.

2.0 Usane of Scalina for AP600 PCS DBA

ne scaling analysis has been applied to the two limiting containment pressurization accidents: the
double-ended cold leg guillotine LOCA, and the MSLB. De PCS plays a major role in limiting
containment pressure following blowdown and reflood in the LOCA, and several important
conclusions were drawn from the scaling analysis. De MSLB, in contrast, is almost entirely a
blowdown transient that terminates prior to the PCS becoming effective. Consequently, the MSLB
conclusions drawn from scaling are similar to those for the LOCA blowdown.

The following conclusions were reached from scaling the rate of pressure change (RPC) equation,
above deck momentum, PCS air flow path momentum, and energy transfer resistance. Conclusions are
first discussed for the LOCA, followed by conclusions for the MSLB.

2.1 Scaling Conclusions for LOCA

2.1.1 Effect of Mass and Energy Transfer on Containment Pressure

Containment pressure scaling has shown that condensation and evaporation mass transfer are the
dominant transport processes that effect pressure, by an order of magnitude. Therefore, other effects '

- are second order, including the subcooled heat capacity of the extemal coolant.

Scaling has shown the mapr energy sinks are the atmosphere and intemal heat sinks during
blowdown, tne internal heat sinks during reflood, internal heat sinks and PCS evaporation at the
<,econd peak, and the extemal PCS evaporation after the second peak. Processes outside the extemal
shell have no effect on blowdown pressures.

.
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De application of scaling to the LST showed that condensation and evaporation mass transfer are the '

dominant transpon processes that affec, pressure, and that the dimensionless groups that charactenze
mass transfer in the LST adequately represent AP600. The major LST energy sinks are the
atmosphere during blowdown, and the extemal PCS evaporation post blowdown. The ratio of
subcooled heat capacity to evaporative heat removal in the LST ranges from less than to greater than
that in AP600.

Inclusion in Evaluation Model:

ne LST and other relevant mass transfer test results are used to validate the condensation and
evaporation mass transfer models*. The correlations are biased to bound valid data points, and
the biased models are included in the evaluation model. Additional transport processes
identified as second-order are also included in the evaluation model, including liquid enthalpy
transport, radiation, and convection. De effect of these processes are bounded in the
evaluation model as desenbed in Section 3.0.

The evaluation model includes a detailed, yet conservative list and distnbution of the internal
heat sinks and shell, as well as both the major and second-order energy removal mechanisms.

1

! 2.1.2 Containment Momentum
!-

Containment momentum scaling has shown that during blowdown, the jet greatly dominates buoyancy
effects, so forced convection heat and mass transfer are expected to dominate, with minimal
concentration gradients within the above-deck volume. After blowdown, buoyancy dominates forced
convection, so heat and mass transfer are well characterized by free convection models.

Momentum scaling inside the LST shows that when free convection dominates intemal heat transfer,
the free convection heat and mass transfer correlation selected for AP600 predicted the LST results
with acceptable accuracy *. De tests that operated with such high jet source velocities that forced
convection dominated intemal transport processes showed that measured intemal heat and mass
transfer rates significantly exceeded those predicted by free convection conelations.

Inclusion in Evaluation Model:

Free convection is used for heat and mass transfer to the shell throughout the transient. This
produces lower transfer rates than the actual process of forced convection dunng blowdown,
and the biased correlation produces bounded transport rates after blowdown. The Uchida

correlation is used for intemal heat sinks throughout the transient, consistent with accepted
Standard Review Plan methodology.

The effect of air / steam concentration on the mass transfer to the shell is bounded:

For short term LOCA and MSLB by minimizir.g steam access to lower intemal heat-

sinks, and

Fcr Ir,ng term LOCA by using well mixed conditions to conservatively bound PCS-

m*.ss transfer.
.
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2.1.3 PCS Air Flow Path

PCS air flow pgth scaling: showed that the air flow path can be modeled by simply equating drag
forces and buoyant forces. The drag forces can be represented by a constant loss coefficient, and the -

~ buoyant forces can be calculated for the downcomer, riser, and chimney. The PCS air now path
momentum equation was scaled, and the pi groups showed that the magnitude of the downcomer
buoyant force is less than 1/10 of the total buoyant force, and acts in a direction opposite to the
direction of circulation, _ Because the downcomer force is such a small fraction of the total buoyant
force, the downcomer has little or.no effect on the PCS circulation. In addition, buoyancy- in the
downcomer is driven by heatup of the bafne, and shield, each of which successively lags the shell
temperature rise in time. Thus the downcomer buoyancy develops more slowly (is phase shifted in

- time) as containment heats up and the PCS air flow starts up, so there is to potential for thermally
| induced instabilities to impact flow startup.-

_

Although the PCS air flow path circulation starts up by free convection, heat and mass transfer are
predominantly forced convection when the shell outside temperature is more than a few degrees F

8above the ambient temperature .

Models of the air circulation in the LST, SST, Siegel and Norris, and Hugot tests' have verined that
the riser circulation can be accurately modeled with a simple one dimensional model that equates the
buoyant and drag forces.

Inclusion in Evaluation Model:

"Ihe loss coefficient, and the distribution of its component pans, based on the 1/6 scale,14'
_

sector model test conducted at Westinghouse STC* are included in the evaluation model. The
- heat transfer to the downcomer, and the he c :nd mass transfer to the riser and chimney are
included in the determinatien of the buoyant force, using a one dimensional coupled solution ; |.

to the mass, momentum, and energy equations.

Sensitivity studies have shown the containment pressure is not sensitive to variations in the
loss coefficient.

2.1.4 Energy Transfer Resistance

Scaling the energy transport resistance between the containment gas and riser of AP600 showed that
condensation and evaporation tesistance fractions are both significant. Since both are significant, both
must be considered in the modeling.

Specific tests conducted on the LST facility were examined in which tise internal temperature and
steam pressure were similar to those in AP600 Measurements from tne inside to the outside of the

_

.

LST showed that the inside resistance was nearly identical to that in AP600, as was the outside
resistance, but-with approximasely 1/2 the wall resistance due to the thinner LST shell. Variations of
the trI intemal air / steam concentrations demonstrated the sensitivity of condensation mass transfer to
concentration, and its effect on containment pressure. Variations in the magnitude of intemal :
momentum showed the effect of jet velocity on the condensation mass truisfer rate. Variations ~ of the
extemal velocity demonstrated the sensitivity of evaporation mass transfer to riser air velocity and its
effect on containment pressure'.
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Inclusion in Evaluation Model:

The phe,nomenological models for condensation and evaporation mass transfer accurately
predict the local test measurements from inside to outside containment, and hence the series
resistances, when the correct values of air / steam concentration and selocity are known. After
validating the models against local test data, the models were biased to bound the data for both
condensation and evaporation mass transfer.

!

| Modeling inside containtnent has conservatively selected free convection heat and mass
! transfer, to climinate any uncertainty due to internal velocity. Air /stcarv. concentrations are
'

bounded in the evaluation model.

| Outside containment a forced convection model is used that is conservative at PCS air flow'

path startup, and it bissed to bound all the test data at wall temperatures more than a few
degrees hotter than the environment air. Sensitivi+y studies have shown that containment
pressure is not sensitive to the external air velocity.

2.2 Scaling Conclusions for MSLB

The MSLB blowdown lasts approximately 400 seconds, compared to the 27 second LOCA blowdown.
Broughout blowdown, the mass and energy release rates are more than an order of rnagnitude greater
than the energy removal rate from the shell due to evaporation, convection, and radiation.
Consequently, external energy removal processes can be neglected in the scaling analysis.
Furthermore, once the blowdown stops, the mass and energy inputs effcctively stop and the pmsure
drops rapidly due to intemal heat sinks and the external heat removal processes. Bus, there are no
phases that require consideration beyond blowdown as there are in a LOCA.

2.2.1 Containment Momentum

Containment momentum scaling has shown that during blowdown, the jet greatly dominates buoyancy
effects, so forced convection heat and mass transfer are expected to dommate, with minimal
corwentration gradients within the above-deck volurne.

Momentum scaling inside the LST shows that the highest jet velocities achieved in the tests produced
Froude numbers equal to the lowest Froude numbers during the AP600 MSLB. De test results
showed the mass transfer was domma.ed by forced convection, with transfer rates greater than those
predicted by free convection. Data for jets with either horizontal or vertical orientation produced the
same well nuxed above deck r*S on, and forced convection dominated mass transfer. The higheri
Froude numbers in AP600 will produce evea higher forced convection heat transfer than measured in
the LST,

inclusion in Evaluation Model:
,

Free convection is used for heat and mass transfer to the shell throughout the transient. This
produces lower transfer rates than the actual process of forced convection during blowdown.
De Uchida correlation is used for internal heat sinks throughout the transient, consistent with
accepted Standard Review Plan rnethodology.

1
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!

The effect of air / steam concentration on the mass transfer to the shell and intemal heat sinks is
bounded by using a minimum flow area through the operating deck, thus limiting steam access
to the lqwer heat sinks which dominates the pressure drop dunng reflood.

2.2.2 Energy Transfer Resistance

Scaling the energy transfer resistance between the containment gas and the internal heat sinks and shell
of AP600 showed that the condensation coefficient is the dominant resistance, and that the forced
convection gas velocity and air /stearn concentrations are parameters of major importance in
determining the condensation rate. -

|

Measuremenu on the LST showed that the air / steam concentrations were ranged appropriately to
simulate conditions in AP600. Measurements also showed that the effect of jet velocity is not easily
related to the local forced convection dominated mass transfer coefficient inside containment, so forced
convection will have to be conservatively bounded, rather than modeled directly.

Inclusion in Evaluation Model:

' The evaluation model uses free convection heat and mass transfer o .e shell throughout the -
! MSLB transient to conservatively bound the transfer rates. The ar transfer rates were

shown by the scaling and LST to be significantly higher than the adicted with a free
convection model.

Air / steam concentrations are bounded in the evaluation model.

2.2.3 Effect of Mass and Energy Transfer on Containment Pressure -

Containment pressure scaling has shown that condensauon mass transfer is the dommant transport =
process that affects pressure, by an order of magnitude. :'!he major energy sinks are the atmosphere,
intemal heat sinks, and containment shell. -The shell and internal heat sinks are more effective during-

the MSLB than for the LOCA due to the longer MSLB blowdown period.

"Ihe LST showed that free convection condensation bounds the actual mass transfer rat

. inclusion in Evaluanon Model:

The heat and mass transfer correlation is conservatively bounced by the free convection
models for the inside of the shell. "Ihe Uchida correlation is used, consistent with the SRP, for

-internal heat sinks.

The evaluation model includes conservative values for the gas volumes, solid heat sinks, and
shell, as well as second order convection and radiation heat transfer on the inside. Although
shown to be a minor effect on pressure, the outside of the shell includes a bounded
evaporative mass transfer correlation and convection and radiation heat transfer.
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3.0 Usage of Scaling to Develop Rationale for Bounding Approach

The scaling analysis shows that condensation on the shell and intemal beat sinks, and evaporation
from the shell are the dominant transport processes for containment heat removal and containment
pressurization. A bounding approach was developed'such that:

The condensation and evaporation mass transfer correlations are each biased to bound
appropriate test data,

The input parameters to the mass transfer correlations (velocity, concentrations, and wetted
coverage) are bounded, and

The effect of intemal circulation from the source to the above and below-deck heat sinks and
heat removal paths are bounded.

In conclusion, the scaling groups were used to identify the dominant transport processes, the LST and
other tests provided validation for phenomenological models of the dominant transport processes, and
the phenomenological models and inputs to the evaluation model were conservatively biased to

! produce a bounding evaluation model.
!
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