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This set of analyses addresses the minimum levels in the D.C. Cook recirculation sump

following a postulated Loss-Of-Coolant Accident (LOCA). In these analyses a spectrum of break

sizes has been considered from I/2 inch in diameter to the equivalent of a double-ended cold leg

'reak.In addition, analyses have been performed for postulated main steam line bieaks into the

containment lower compartment, Moreover, analyses have been performed for postulated breaks,

associated with mode 3 operations with the initial Reactor Coolant System (RCS) temperature at

or below 350'F. As part of these analyses, the MAAP4 models for ice melting and ice condenser

containment response were benchmarked with available experiments for ice melting and global

containment response for ice condenser containment geometries.
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INPUT DATAAND ASSUMPTIONS

The input data and assumptions used in this report are derived from several references as

listed below.

1. LOTIC-3 and NOTRUMP results - Westinghouse Electric Corporation letter NSD-

SAE-ESI-97-555 from Donald E. Peck to Bob Henry dated October 1, 1997.

2. AEP document on recirculation sump inventory analysis - analysis input

assumptions, transmitted to FAI by a letter from John Olvera to R.E. Henry,

October 2, 1997. This includes items that are closed, which are treated as input

and items that are classified as "opened"- which are treated as assumptions unless

they have been resolved by documents listed below.

3. Information related to stated values in the Donald C. Cook UFSAR which include:

performance of the ice condenser drain lines,

spray droplet size for the containment sprays,

water holdup in the refueling canal during spray operation is conservatively

assumed to be UFSAR value.

4. Evaluations of operator responses during the post-LOCA cooldown and RCS

depressurization are taken from the Donald C. Cook procedure number 02-OHP

4023. ES1.2, Rev. 5.

5. A series of Design Information Transmittals (DITS) which are included and

discussed in this report as Appendix A.

'AI>99-77;

Rev. 2





6. Initial containment pressure. is the highest allowed (0.3 psig) per Cook Technical

Specifications Section 3/4.6-7 as this minimizes the time to spray initiation which

reduces the melted ice mass.
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This report evaluates the containment sump level history for postulated LOCA conditions,

. including the injection phase, the transfer from injection to recirculation and recirculation phase.

. As such, this integral analysis using the MAAP4 code 4.0,4.1 (FAI, 1999) addresses whether the

containment sump level is above the licensing base limit for vortexing established at the 602'10"

elevation (approximately 4 ft above the lower compartment floor) by D.C. Cook specific

containment sump tests under maximum Emergency Core Cooling System (ECCS) and

containment safeguard flow rates (Padmanabhan, 1978). (The last digit in the code designation

indicates an enhancement to the official internationally distributed version of 4.0.4 to enable

separate temperatures to be supplied on the cooling side of the containment spray heat exchangers

and the RHR heat exchangers.) These scaled containment sump experiments are the licensing

basis for protecting against vortexing/air ingression into the D.C. Cook recirculation piping. The

necessary water level derived from these experiments, along with additional information derived

from the experiments for less than full ECCS and containment safeguards flow rates, is used to

evaluate the protection against air ingression for accident conditions. Since most of the accidents

have relatively, small breaks in the RCS, the demands on the containment sump are less than those

for the design basis Double Ended Cold Leg (DECL) break.

The MAAP4 code was used since it provides an integral evaluation of the RCS and

containment response. Both are necessary for this assessment since the water inventory in the

sump is influenced by:

the EST injection and containment spray,

the melted ice mass,

the holdup in the RCS,

the extent of accumulator injection, and

the water flow between containment compartments.
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1-2

The integral nature of the MAAP4 model for D.C. Cook, the nodalization of the various

compartments of the ice condenser containment, the behavior of the ice condenser inlet doors, and

the capability to. consider that the break discharge flow may be simultaneously directed to two

compartments are important'code features. Moreover, the MAAP4 models describing ice melting

and ice condenser containment response have been benchmarked with the large scale ice melting

and containment response experim nts performed to investigate the containment response.

,
These analyses were performed using the following computer system, operating system,

and compiler.

Computer:

Operating System:

FORTRAN Compiler:

DEC ALPHA

Open VMS V6.2

DEC FORTRAN V6.3-711

The version of the parameter file used for these analyses is:

$ 6$DKAO:P3CCOOK,AEP005.INPUT]COOK MAAP4 REV4.PAR

The input and output files for these analyses are documented in FAI QA Report FAI/99-84 entitled

"Input and Output Files for D.C. Cook Minimum Sump Level Analyses Reported in FAI/99-77,"

(FAI, 1999). The input and output files can be found in the record

$6$DKAO:P3CCOOK.JUL99. 1CEQ.SUBMIT.SAVE].

A complete spectrum of RCS break sizes are evaluated for Mode 1 conditions beginning

with the DECL and including all break sizes which are sufficient to initiate containment sprays.

Also included are the operator actions associated with establishing recirculation and RCS

cooldown. Furthermore, as a conservatism these analyses use the plant conditions that have been

judged to be the most limiting in terms of the mass of ice melted since this water inventory
is'dded

to the containment sump and is an important element of the evaluation. These analyses also
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1-3

include new plant modifications to the crane wall to permit open communication of water between

the pipe annulus and the active sump as well as the earlier actuation of air recirculation fans.

These analyses also considered different system configurations, such as one train of

ECCS/safeguards operating, two trains of ECCS/safeguards operating and two trains performing

with an individual single failure. Through these integral analyses, the most limiting cases for the

containment sump water level recirculation can be determined.

In addition to the Mode 1 LOCA evaluations, the containment response to breaks in the

RCS pressure boundary conditions were also assessed for Mode 3 conditions, i.e., conditions

inclusive of hot shutdown to a RCS temperature of 350'F. (During the cooldown, the RCS

pressure is maintained at, or above 1000 psia,) These analyses considered the low end of Mode

3 at the time the break occurs since this is conservative with respect to ice melt and sump water

level. With these conditions, the reactor coolant saturation pressure is 135 psia, and as a

consequence, the steam flow to the containment is substantially reduced. As a result, these

sequences are extended in time which has a substantial influence on the performance of the ice

condenser containment.

Lastly, analyses were also performed for two main steam line break sizes with the reactor

at 100% full power. These breaks discharge steam into the lower compartment and also are

sufficient to pressurize the containment to the setpoints for the air recirculation fans (CEQ fans)

and the containment sprays. Therefore, these sequences are also included in the evaluation matrix.

To document these analyses, this report is organized as follows,

Section 2 - discusses a description of the MAAP4 model for D.C, Cook,

Section 3 - provides the dynamic benchmarking information for the MAAP4

models with available design basis models and ice condenser experiments. These

include:

FAI<99-77; Rev. 1





1-4

a comparison of the ice melting rates for the MAAP4 best estimate model

and the LOTIC-3,Design Basis Analysis (DBA) approach,

a comparison of the MAAP4 mass and energy releases to the containment

and those calculated for a small break LOCA using the licensing basis

NOTRUMP code,

comparison with the Waltz Milland PNL ice condenser experiments as well

as the CSTF. tests for mixing in ice condenser containments.

Section 4 - documents those conditions which are the most limiting for containment

sump evaluations.

Section 5 - discusses the analytical results for the containment sump level with

respect to the 602'10" licensing base limit for vortexing for the Mode 1 LOCAs.

~ Section 6 - discusses the results for the Mode 3 LOCAs.

~ Section 7 - discusses the results of the main steam line break analyses.

~ Section 8 - provides the conclusions from these evaluations.

~ Section 9 - lists the references for the text.

The list of appendices include:

Appendix A - information documented in Design Information Transmittals.

Appendix B - a discussion of the flow split for cold leg breaks near the reactor

vessel.
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Appendix C - a discussion of.how MAAP represents opening of the ice condenser

doors. , ~ ~

Appendix D - a description of the MAAP4 model for the ice condenser exit

temperature.

~ Appendix E - a summary of th'e MAAP4 benchmark with the %'altz Milltests.

Appendix F - a description of the MAAP4 benchmark with the PNL ice condenser

tests.

Appendix 6 - a discussion of the MAAP4 benchmark with the CSTF experiments.

Appendix H - a discussion of'the spray droplet fall velocity used for water holdup

calculations.

~ Appendix I - an assessment of water film drainage on vertical walls which is also

used for estimating water holdup.
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2.1

The MAAP4 integral characterization of D.C. Cook (FAI, 1997) includes models for the

RCS, containment, ECCS, emergency safeguard systems, etc., This fast running, best-estimate

model can explore the influence of variations in the accident, the initial conditions, tech spec

allowable variations in key plant parameters, operator actions, etc. This section summarizes the

MAAP4 model for D.C. Cook and also discusses some of the important modeling features that

are important for assessing the minimum sump inventory.

2.2

This MAAP4 model of D.C. Cook uses a 14 node containment model and 44 flow

junctions coupling the various nodes. Both forced and natural convection flows are represented

with the hydrogen skimmer flows being considered as part of the forced flow system. Figures 2-1

and 2-2 illustrate the containment and the 14 node scheme with Tables 2-1, 2-2 and 2-3 listing the

containment nodes, the 44 fiowjunctions and the flow rates used for the hydrogen skimmer and

CEQ fiows to the various compartments. Typically each node is represented by a free volume

versus height table. Since the reactor cavity is a major part of the containment sump analyses,

this has a detailed volume versus height table as illustrated in Figure 2-3. It should also be noted
'n

Table 2-2 that, in addition to the normal fiow paths, two flow paths (junctions 43 and 44) are

included to represent the flow area between the lower compartment and the reactor cavity due to

holes in the biological shield wall to accommodate Nuclear Instrumentation System (NIS) reach

rods. An additional node (number 15) was used to represent the containment spray header which

distributed water to the upper and lower compartment sprays simultaneously. Note that this is

only used for spray headers in the different compartments. The 14 nodes listed in Table 2-1
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Figure 2-1 Basic layout for an ice condenser containment.
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- Cavity
2 - Lower Compartment
3 - Pipe Annular. Region
4- lce Condenser
5- Ice Upper Plenum
6 - Upper Compartment Cylinder
7 - Lower Dome Region

8- Upper Dome Region
9- PZR Enclosure

10 - SG 1 8 4 Enclosure
11 - SG 2 8 3 Enclosure
12- East Fan Room
13 - West Fan Room
14 - Instrument Room

- Junctions

- indicates Connected Flow Paths
RR99AOOS.COR 84-99

Figure 2-2 D.C. Cook containment nodalization revision 4 MAAP4 parameter file
(14 nodes/44 junctions).
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Table 2-1

Node

,9

10

Re ion

Cavity

Lower Compartment

Pipe Annulus Region

Ice Condenser

Ice Condenser Upper Plenum

Cylindrical Section of Upper'ompartment

Lower Dome of Upper Compartment

Upper Dome of Upper Compartment

Pressurizer Enclosure

Steam Generator 1/4 Enclosure

12

Steam Generator 2/3 Enclosure

East Fan Room

13

14

West Fan Room

Instrument Room
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1 - Cavity
2 - Lower Compartment
3 - Pipe Annular. Region
4 - Ice Condenser
5 - Ice Upper Plenum
6 - Upper Compartment Cylinder
7 - Lower Dome Region

8- Upper Dome Region
9 - PZR Enclosure

10 - SG 1 & 4 Enclosure
11 - SG 2 8t 3 Enclosure
12- East Fan Room
13- West Fan Room
14 - instrument Room

Q- Junctions

Q - Indicates Connected Flow Paths
RR99A005. COR 8-3 99

Figure 2-2 D.C. Cook containment nodalization revision 4 MAAP4 parameter file
(14 nodes/44 junctions).
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Table 2-1

Node Re ion

6

10

Cavity

Lower Compartment

Pipe Annulus Region

Ice Condenser

Ice Condenser Upper Plenum

Cylindrical Section of Upper Compartment

Lower Dome of Upper Compartment

Upper Dome of Upper Compartment

Pressurizer Enclosure

Steam Generator 1/4 Enclosure

12

13

14

Steam Generator 2/3 Enclosure

East Fan Room

Nest Fan Room

Instrument Room
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Table 2-2

Junction

AO

AO

AO

UD"

'Descri tion

Cavity - Lower Compt. (Bypass Tunnel)

Cavity - Lower Compt. (Annular Gap)

Lower Compt. - Upper Cylindrical Sec, (Refueling Cavity Drains)

Lower Compt. - Ice Condenser (Door Model)

AO Lower Compt. - Pipe Annulus (over Weir Wall)

UD

AO

Ice Condenser « Ice Upper Plenum

Lower Compt. - Upper Cylindrical Section (Bypass)

Upper Cylindrical Section - West Fan Room (Cont. AirRecirc.)

OOAO Ice Upper Plenum - Upper Compt. Lower Dome

10

12

13

14

15

16

17

18

19

20

21

22

23

24

AO

OOAO

AO

AO

AO

AO

AO

AO

Normal Cont. Leakage (Pipe Annuls - Env.)

Cont. Failure (Pipe Annulus - Env.)

Lower Compt. - PZR Enclosure

Lower Compt. - SG 1/4 Enclosure

Upper Compt. Lower Dome «Upper Dome

Upper Cylinder Section - Upper Compt. Lower Dome

PZR Enclosure - East Fan Room (H, Skimmer)

SG 1&4 Enclosure - East Fan Room (H, Skimmer)

Upper Dome - East Fan Room (H, Skimmer)

Ice Condenser - Lower Compt. (Floppers)

Ice Condenser - Lower Compt. (Drain Line)

Lower Compt. - SG 2/3 Enclosure

SG 2/3 Enclosure - East Fan Room (H, Skimmer)

Instrument Room - East Fan Room (H, Skimmer)

West Fan Room - East Fan Room (H, Skimmer)
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Junction

25'6

27

29

30

31

32

33

34

35

36

37

38

39

40

42

43

44

Fan

AO

AO

AO

AO

AO

AO

AO

AO

AO

AO

AO

AO

AO

Descri tion

Upper Cylinder Section - East Fan Room (Containment AirRecirc.)

PZR - West Fan Room (H, Skimmer)

SG 1/4 Enclosure - West Fan Room (H, Skimmer)

SG 2/3 Enclosure» West Fan Room (H, Skimmer)

Instrument'Room - West Fan Room (H, Skimmer)

Upper Dot'ne - West Pan Room (H, Skimmer)

East Fan Room - West Fan Room (H, Skimmer)

East Fan Room - Pipe Annulus (Floor Holes)

West Fan Room - Pipe Annulus (Floor Holes)

Instrument Room - Pipe Annulus (Floor Holes)

East Fan Room - Lower Compt. (Fan Windows)

West Fan Room - Lower Compt. (Fan Windows)

East Fan Room - Instrument Room (Wall Openings)

West Fan Room» Instrument Room (Wall Openings)

Instrument Room - Lower Compt.

Ice Upper Plenum - Upper Cylindrical Section (Bypass Area)

Ice Condenser - Ice Upper Plenum (Bypass Area)

Lower Compt. - Pipe Annulus (Holes in Weir Wall)

Lower Compt. - Rx Cavity (NIS Holes)

Lower Compt, - Rx Cavity (NIS Holes)

~o
AO

OOAO

Always Open - means junction is always open and flow may occur in eithe'r

direction as well as counter-current natural circulation flow when applicable.

Uni-Directional - means that the junction performs like a check valve and

only permits flow in one direction, as well as counter-current flow ifthe

junction is open due to uni-directional flow.
Once Opened Always Open - means that once a sufficient pressure

differential is developed to open the junction, it remains open thereafter

re ardless of the ressure differential.
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Tabk 2-3

Main fan flow (suction from the upper volume).

Upper containment dome skimmer.

Steam generator 2&3 enclosure skimmer.

Steam generator 1&4 enclosure skimmer.

Pressurizer enclosure skimmer.

Instrument room skimmer.

Skimmer from East fan room to West fan room. (West
train operation assumed. For East train, the skimmer is

from West to East .

39,000 cfm

1,000 cfm

500 cfm

500 cfm

500 cfm

100 cfm

100 cfm
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Volume of Node 1 (Cross Hatched Portion)
= 15,748 ft. up to the 610'levation

Fraction of the
lower compartment spray

flows into the reactor cavity

Spill Over
Elevation

ELEV. 610'15,748 ft. )

RPV ":"-

ELEV. 593.9'12,900 ft3)

- ELEV. 584.3'11,200 ft. )

RH99A001.C OR 8.11.99
- ELEV. 567.3'0 ft3)

Figure 2-3 MAAP4 representation of the D.C. Cook reactor cavity (Node I).
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describe the physical arrangement of the containment. The spray flow calculations also consider

that a small fraction of spray droplets in the active sump region will fall through the grated

opening to the instrument tunnel and thereby influences the water mass held up in the reactor

cavity. This fractional quantity is determined by ratioing the area of this opening to the cross-

sectional area of the lower compartment.

The MAAP4 model of the D.C, Cook reactor coolant system is illustrated in Figure 2-4

and is a typical model for a Westinghouse 4-loop design, For the 2 loops considered, 1 loop

represents a single steam generator while the other represents the composite behavior of 3 steam

generators. The MAAP4 parameter file for the reactor coolant system has been upgraded at

several stages beginning with the IPE process in 1992. Table 2-4 summarizes the pedigree of the

parameter file and the reports/QA records which document this information. This parameter file

was used, along with any specific changes identified through Design Information Transmittals

(DITs) (see Appendix A) to evaluate the reactor coolant response for the spectrum of accident

scenarios included in this analysis.

An important feature of the MAAP4 primary system model that is influential for these

assessments is the representation of mass and energy releases leaving the reactor coolant system.

For these analyses, the MAAP4 code sums the contribution of water and steam flow's and assumes

a thermodynamic equilibrium characterization for this mixture to determine the steam released to

the containment atmosphere. As such, this maximizes the water enthalpy and minimizes the steam

flow rate that would be available to melt ice. For an assessment of the minimum recirculation

sump water level, an evaluation 'that minimizes the steam released to the containment atmosphere

produces a conservative assessment of the ice melting phenomenon. Consequently, the MAAP4

representation of mass and energy release to the containment is appropriately biased for these

specific analyses, For analyses that are directed towards containment integrity, a different

characterization of the steam released to the atmosphere is desired, i.e., an evaluation which

minimizes the water enthalpy and maximizes the steam mass flow rate. It is important to

understand these differences related to different design basis evaluations since this directly

influences the water contribution to the sump inventory due to ice melting.

FAI>99-77; Rev. 1
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Table 2-4

Parameter File U date'ear Su ortin Activities

Generic Ice Condenser Parameter

File for MAAP3

D.C. Cook MAAP3B Parameter
File

D. C. Cook MAAP4 Parameter
File

Updated Containment Parameter
File for MAAP 4.0.3

1986

1992

1994

1997

Generic ice condenser review associated with
IDCOR issue resolution.

IPE evaluations supported by a containment
walkdown and documented MAAP3B (Rev.

17) parameter file, FAI/92-42, FAI QA
Record 5.38-6.

Updated hydrogen assessment for 75% clad
oxidation evaluation, FAI/94-113, FAI QA
.Record 5.38-2.

Containment walkdown and resolution of input
for containment parameters with AEP
personnel, FAI/97-104 as well as FAI QA
Records 5.16-52 and 5.16-66.

Updated MAAP4 Parameter File
for Version 4.0:3 (several minor
revisions)

Update of the D.C. Cook
Parameter File for MAAP4.0.4

1998

1999

Review of drawings and walkdown
information.

Resolution of qualified input information from
the AEP documents and visual checks by a

containment walkdown, AEP DIT-B-00011-00
June 28, 1999 and FAI A File 5.38-7.
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2.2.1.1

The ice condenser inlet doors control the flow junction that enables steam to enter the ice

condenser, be condensed and add the condensate and the. melted ice inventories to the lower

compartment. These doors and their characterization are a major element of the containment

response. Consequently, the force to open each door is checked and recorded at each outage.

Experiments to measure the forces necessary to open the containment doors and their opening

interval was the subject of substantial efforts at the time that the plant was constructed and licensed

(Newby, 1973). MAAP4 models the door response (degree of opening) as a function of the

imposed flow rate. Appendix C is taken directly from the MAAP 4.0.4 User's Manual.

These doors are essentially held in place by their own weight with a bypass (- 20 ft~)

around these doors that enables a small through-flow without forcing the doors to open. For the

analyses performed in this set of calculations the intermediate doors are assumed to lifta sufficient

amount to vent the through-flow with the initial opening being governed by the weight of the

doors and their'projected area. The top deck doors are assumed to fully open and remain fully

open once the weight of the doors is exceeded by the force on their projected area. Since these

doors and the bypass control the flow for a thermally stable environment (high temperature gas

over low temperature gas) it is expected that these doors have a very small influence on the overall

response of the ice condenser system and on these sump evaluations.
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2.2.1.2~ ~

The energy balance determining the extent of energy transfer in the ice condenser is based

on a knowledge of the gas exit temperature. Previous versions of MAAP used a fixed, user

specified value which was derived from the large scale Waltz Mill tests. This is sufficient for

large break evaluations directed at containment integrity evaluations. However, the PNL

experiments (Ligotke et al., 1991) showed a significant dependence of the exit temperature on the

incoming steam mass fraction. Small break analyses have a large variation in'the inlet steam

fraction, especially when the lower compartment sprays are operating.

To address this, a mechanistic model was developed for calculating the ice condenser exit

temperature. This model correctly describes the variations in the exit temperature as the inlet

conditions change. Appendix D is the MAAP 4.0.4 User's Manual description.

2.2.1.3~ ~ ~

The following two models have been included in the latest code (MAAP4 PWR Revision

4.0.4) to represent the potentially influential processes of condensation on the ice melt drainage

and the agitated water pool in the sump region. Both of these tend to reduce the ice melt by

increasing steam condensation in the lower compartment.

When a water pool is stable, a hotter, lighter thermal layer develops at the water pool

upper surface to prevent any significant condensation, However, when a water pool is

continuously disturbed or agitated by inflows, it is possible to have steam condensation at the pool

surface when the water temperature is lower than the saturation temperature based on the steam

partial pressure. For example, the containment spray and the water drainage from the ice

condenser drain pipes continuously disturb the lower compartment water pool in the D.C. Cook
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plant. For the integral evaluations in this report, steam condensation is allowed on the water pools

in the cavity, the lower compartment, and the annular compartment. Ifsteam condensation can

occur, the convective heat transfer coefficient is calculated based on the heat sink (water pool)

facing downward (inherently unstable) instead of facing up, This approach increases the heat

transfer coefficient, thereby mimicking the heat transfer enhancement factors due to agitated gas

space. The mass transfer coefficient and subsequent steam condensation rate are evaluated using

the Reynold's analogy between heat and mass transfer. Increasing heat transfer coefficient on the

pool surface willincrease steam condensation in the lower compartment and decrease potential ice

melt in the ice condenser.

The drainage from the ice condenser into lower compartment is calculated in a mechanistic

manner. The drainage would be discharged from the flapper covered drains and fall through the

gas space in the lower compartment. During this fall, the water would breakup into capillary size

droplets and energy transfer between the gas and the water would occur. To represent this in

MAAP, the initial capillary droplet size and the drainage flow rate are input to subroutine SPRAY

to calculate the energy transfer between the gas and the drainage water, including steam

condensation on the droplets.

2.2.2

To investigate the most demanding set of conditions for the recirculation sump water level
I

inventory, the'ossible variations in the break location must be considered including the lower

compartment and the reactor cavity. Possible locations ofbreaks in the cavity inc)uded the bottom

of the RPV (instrument penetration), the vessel nozzles (cold leg and CRDM) and the reactor head

vent (Westinghouse 1999b). Westinghouse evaluations of these possible locations (Kury, 1998)

conclude that break sizes up to 0.6-inch diameter need to be considered in the bottom of the
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vessel, sizes up to 1 ft're to be evaluated for the RPV nozzles and break diameters of 2.75-inch

for the Control Rod Drive Mechanisms (CRDM) and 0.6-inch for the head vent in the RPV upper

head.

Another attractive feature of the MAAP4 integral analysis is that the discharge flow rate

'from a postulated RCS break can be directed simultaneously to two different containment

compartments, This is important when considering potential breaks in the cold leg at the reactor

vessel nozzles where a fraction of the discharge flow could be. directed into the reactor cavity and

the remainder into the lower compartment as a result of the tight configuration in the holes

through the biological shield. The fraction of the flow diverted is evaluated principally through

. jet impingement considerations and is discussed in Appendix B. Functionally this is accomplished

using the generalized opening in the MAAP4 RCS representation and using discharge coefficients

to determine the extent of flow directed to each compartment. For example, a typical discharge

coefficient of 0.7 for that flow rate directed to the reactor cavity and a value of 0.3 for the flow

rate directed to a lower compartment means that 70% of the discharge is directed to the reactor

cavity and 30% to the lower compartment. This capability is used in characterizing those

postulated breaks in the cold leg at the reactor vessel nozzle level in the near vicinity to the RPV.

Brrds 'Hza

h

The variations in the postulated size'f the RCS LOCA range from those which are

considered to be small-small LOCAs (1/2 to 1 inch in effective diameter) to those which include

large break conditions (6-inch equivalent diameter and DECL LOCAs). As expected, the large

break LOCAs eventually transition to a condition in which the water injected to the RCS is

discharged from the break with the RCS never being completely refilled. In these cases there is

an additional water inventory from the RCS, in addition to that from the RWST, which

accumulates on the containment floor. Moreover, when there is little potential for containment

pressurization as a result of the partial pressure of the relatively cold water being discharged from

the break once the RCS is cooled down, there is no significant continuous steam source to force

continued containment spray operation. Therefore, the large break conditions typically have a
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spray demand early in the accident sequence and then are secured for the remainder of the accident

with respect to the containment pressurization given the assumptions controlling the mass and

energy releases for minimum sump inventory evaluations. As a result, for long term spray

. operation arid sump water level assessments, the small LOCAs typically result in a reduced sump

water level compared to the large LOCAs. On the other hand, the small-small LOCAs can be so

small that tjiey cause ice melting and initiation of the CEQ fans but do not cause the containment

sprays to be initiated. In this sense the very small LOCAs willhave more water in containment

when any long term recirculation will be demanded. Therefore a break size spectrum is

considered from the large DECL to a size which is insufficient to initiate sprays.

The setpoints for actuation of the recirculation fans (CEQ) and the containment sprays

(CTS) for D.C. Cook are 1.1 psig and 2.9 psig respectively with the measurement location being

in the lower compartment (MPR, 1999a). This is the basis for numerous containment analyses

and provides the necessary characterization for the plant response given the spectrum of break

sizes considered. Uncertainties in this setpoint must also be considered since this may also have

some influence on the demands for containment sprays. An uncertainty of J 0.6 psig is

considered for this instrument with the lower pressure being conservative with respect to the mass

of ice melted. A lower setpoint leads to earlier spray initiation which results in a decrease in the

mass of ice melted. Hence, the respective setpoints considered, including instrument uncertainty,

are 0.5 psig and 2,3 psig.

Securing of containment sprays would be through the Emergency Operating Procedures

(EOPs) by instructing the operators to take this action when the containment pressure has been

decreased to an indicated value of 1.5 psig. An uncertainty evaluation shows that the combined

uncertainties for the instrument and for the operators reading the instrument indicates this is +
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0.73 psi. Hence, the action to secure the sprays can be as low as 0.77 psig. This action is

combined with the information regarding minimum spray duration.

To addicts the fundamental question for these analyses, the decision for the recirculating
'an

performance was based on that which would give the minimum ice melt'and therefore the

minimum inventory in the active sump. The flow rate generated by the recirculating fans pushes

the atmosphere from the lower compartment through the ice condenser. An increase in the fan

flow rate would increase the energy transferred to the ice and therefore increase the water

inventory due to ice melting. Consequently, the nominal case investigated was for one train of

recirculating fans with the variation considered as two trains operating once the recirculation fan

setpoint is reached.

There are bypass flows around the ice condenser itself (™ 5 ft'). The results of this flow

bypass are considered according to the values given in the D.C. Cook FSAR.

2.2.3

An integral model needs to represent the feedbacks associated with RCS pressure changes,

as well as the pressure changes in containment, since this can influence the air circulation through

the containment. The respective curves for the high head, injection and charging pumps were

developed from the vendor shutoff head {see DIT information in Appendix A) and the behavior

under full recirculation, assuming that each system experiences a functional behavior that the flow

rate varies as the square root of the available pressure difference. Figures 2-5 and 2-6 illustrate

the functions used for the high head and charging pumps, respectively.

A similar approach was used for the air recirculation fans. Specifically, a stagnation

pressure was used with a run out flow to determine a quadratic function. This is shown in Figure

2-7, along with vendor data, for the vanes opened 45'nd fully opened. As shown, this
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Figure 2-5 MAAP4 functional behavior for a single high head injection pump
(see Appendix A for vendor and system data).
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Figure 2-6 MAAP4 functional behavior for a single charging pump
(see Appendix A for vendor and system data).
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MAAP4 fan curve for a minimum sump
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Figure 2-7 MAAP4 functional behavior for a single air recirculation fan.
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functional description is conservative since an increased air flow through the ice condenser causes

an increase in the ice melt.
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It is ess ntial that this approach be compared with the design basis assessment to assure that

the calculations for the containment behavior are consistent and that the differences between the

calculated results are also consistent with the differences in philosophies of best-estimate and

design basis assessments. Therefore, before entering into a series of MAAP4 integral system

calculations to'investigate the infiuence of variations in the break area and key plant parameters,

the best-estimate model for the integral system behavior is compared with several design basis

Reactor Coolant System {RCS) and containment assessments. Through such a comparison, one

can assure that there is consistency in the modeling of the containment response for the two

different modeling approaches.

DBA containment evaluations for the D.C. Cook Units 1 and 2 have been performed using

the LOTIC-3 {Westinghouse, 1997) code to describe-the containment response, including the

performance of the ice condenser compartment. Typically such analyses are performed by

developing the mass and energy releases from the RCS to the containment using the Westinghouse

design basis small LOCA code, NOTRUMP {Westinghouse, 1997). These mass and energy

releases are then input to the LOTIC-.3 computer code, which represents the containment as

different nodes and also has the plant specific dimensions for D.C. Cook containment, to assess

the transient pressure and temperature distributions throughout the containment, the ice melting

rate, the depth of water accumulation in the lower compartment, etc.

Comparisons of the LOTIC-3 and MAAP4 ice melting rates calculations have been

performed using mass and energy releases input from both a six-inch LOCA and a two-inch cold

leg break as calculated by NOTRUMP. This provides a comparison between the MAAP4 and the

LOTIC-3 calculations for a range of effective break diameters. Moreover, it provides an

opportunity to establish the uncertainty bands that should be considered in the MAAP4
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calculations to examine the possible influences of the minimum ice melting rate on the accident

sequences in question.

MAAP4 also has a dynamic benchmarking capability (Henry, 1996) which enables major

experimental observations to be captured (documented) in the code software and these benchmarks

are updated with each new code version. Three types of benchmarks are considered. The first

are nuclear power plant experiences and exercise the complete capabilities of the code (RCS and

containment), such as the Davis-Besse loss of feedwater event. The second are large integral

experiments which exercise a major part of the code computational capabilities but not the entire

code (one such example is the full scale HDR containment experiments). The third category

includes separate effects tests which exercise only'a limited part of the codes computational

capabilities. These benchmarks are used to test and verify numerous parts of the MAAP4 code

and are discussed in Volume IIIof the MAAP4 User's Manual "Benchmarking" (EPRI, 1999).

Three benchmarking activities have been performed to test the modeling capabilities for

representing ice melting and the flow patterns developed in ice condenser containment

configurations. These include:

~
*

the large scale ice condenser tests performed by Westinghouse at their Waltz Mill

facility'(Salvatori, 1974),

~ the full length ice condenser basket experiment at Pacific Northwest Laboratories

(Ligotke et al., 1991), and

the ice condenser containment flow distribution tests at the Containment Systems

Test Facility (CSTF) (Bloom et al., 1983).

Each of these is important in establishing a level of confidence that the MAAP4 code can represent

the response of the D.C. Cook ice condenser containment system to a spectrum of postulated
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accident sequences. These benchmarks provide insights into the modeling capabilities
I

~

ti

~
~

~

I
L

'representing:

the ice melting rate,

the response of the ice condenser doors,

the potential for single-phase countercurrent natural circulation flows given the

substantial density differences between compartments of the ice condenser

containment,

the response and importance of. the structural heat sinks as steam is introduced into

containment compartments,

the potential for condensation on agitated water pools collected in the various

containment compartments, especially the lower compartment (active sump),

the potential for condensation on containment sprays,

the potential for condensation on the drainage of melted ice from the ice condenser

compartment into the lower compartment, and

the distribution of flow in the containment compartments when the air recirculation

fans are operating.

Consequently, these dynamic benchmarks are an important part of the code qualification and

testing of individual model capabilities. As such, these are reviewed through the dynamic

benchmarking program and are also summarized here with the details for the various experiments

given in Appendices E, F and G.
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3.2.1

As mentioned above, the element of principal interest for these integral plant analyses is

the minimum sump water level which protects against vortexing (air ingression). An important

contributor to this inventory is the mass of ice melted by condensing steam. Hence, a comparison

of the MAAP4 containment model with the LOTIC-3 result for the transient ice melt rate is of

particular interest, To accomplish this, the mass and energy releases from a 6-inch cold leg

LOCA calculation using NOTRUMP results (FAI, 1997) were input to the MAAP4 containment

model in the same manner as they are used for the LOTIC-3 analysis. This time dependent
/

information is input as a transient boundary condition (see Table 3-1). It is assumed that there is

no feedback from the containment to the RCS. To provide the same initial conditions, the

following boundary conditions, which are different than those used in Sections 4 and 5, are

specified in the MAAP4 calculations:

the containment initial pressure is 14.7 psia,

the lower compartment gas temperature is 120'F,

the upper compartment gas temperature is 70'F,

the RWST water temperature is 105'F,

the cooling water for the containment spray heat exchanger is 86'F, and

one train of containment spray is operating without the RHR spray.

This is performed as a dynamic benchmark for the MAAP4 code such that the comparison

is with the containment modeling used for all of the analyses accompanying this small break

assessment. In particular, the dynamic benchmarking assures that the comparison is directly with

the appropriate MAAP4 containment software models and is rug performed with a standalone,

special code version. Also, these dynamic benchmarks for this activity are archived in the FAI

QA files (FAI, 1999).
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Table 3-1

Time (sec)

-1.
0.
10.
20.

30.1
40.2
50.2
60.4
70.5
80.5
90.5
100.5
110.5
120.5
130.6
140.7
150.7
160.7
170.7
180.7
190.8
200.8
210.8
222.9
230.9
240.9
250.1
250.8
300.8
350.9
401.
451.
501.
551.

601.1
651.1
700.
1500.

Mass Flow Rate

ibm/sec

5600
5600

4279.4
2417.7 ~

1973.6
1830.6
1753.5
1720.3
1786.4
1789.2
1778.8
1797.8
1906.9
1876.9
1971.5
2010.9
1865.5
1663.2
871.3
994.8
802.1
795.

748A
799A
671.1
510.7
571.4
359.3
351.2
262.3
195.1
143.4
130.8
129.1
128.7
129.

115.6
115.6

Rate of Energy Addition

BTU/sec

3.0339E+ 06
3.0339E+ 06
2.3854E+06
1.3920E+06

'.1310E+06
1.0400E+06

0.990247E+06
0.968205E+06

1.0018E+06
1.004E+06

0.993281E+06
1.0026E+06

1.05762E+06
1.0426E+06
1.0901E+06
1.1102E+06
1.096E+06

0.920538E+06
674220.
713703.
636242.
625980.
599745.
608020.
548867.
478961.
485297.
430991

'79299.

318283.
240141.
179459.
163958.
160324.
158092.
157918.
142295.
142295.
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The values in Table 3-1 were input through subroutine EFECT using the dynamic

benchmarking capability accessed through subroutine BENCH. With this approach, the

comparison can be easily. repeated for future code versions to examine the MAAP4 comparison

with the DBA calculation.

3.2.2 Baggy

A comparison of the code predictions for the remaining ice mass during the two models

for the first 1500 secs is shown in Figure 3-1. The best estimate calculation includes steam

condensations in the lower compartment due to cold water pool and cold water drainage from the

ice condenser drainage pipes as discussed in the previo'us section. These two MAAP4 models will

reduce the ice melt in the ice condenser because of increased steam condensation in the lower

compartment. As expected, the ice melt from the best estimate MAAP4 calculation is slightly less

than the LOTIC-3 results. In this regard, the MAAP4 representation is the conservative

representation for the minimum sump inventory.

3.3

3.3.1

This benchmarking comparison is carried out in the same manner as that described above.

The mass and energy releases from a two-inch cold leg LOCA calculation using NOTRUMP

results (FAI, 1997) were input to the MAAP4 containment model in the same way that was used

for the LOTIC-3 analysis. The transient mass and energy releases for this calculation are

illustrated in Table 3-2.
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D.C.COOK 6-INCH LOCA

MAAP4 (BEST ESTIMATE)
LOTIC-3 (NOMINAL ICE MELT) 0

0

.15 .3 .45 .6 .75 .9

TIME (SECONDS)
l. 05 1.2 1.35 1.5

x10

Figure 3-1 Comparison of the LOTIC-3 and MAAP4 ice depletion rate for a six-inch diameter cold leg LOCA
(NOTRUMP) for the D.C. Cook Unit 2.
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Table 3-2

Tlfne

0.01
24.46
50.59

100.59
163.37
314.97
433.91

'00.34

600.34
700.68
800.52
900.25

1000.68
2100.71
1161.06
1234.43
1247.26
1300.33
1329.34
1351.04
1450.69
1511.87
1574.64
1600.4
1650.5
1700.54
1750.24
1825.01
1850.18
1900.88
1950.92
2001.8
3000.57
4000.53
6000.78
8000.7

10000.0

Mass Flow Rate
ibm/sec

672.32
589.21
467.2
366.67
303.18
311.75
234.63
259.88
302.73
310.16
333.74
359.35
366.11
370.27

54.39
307.47

54.61
237,59
269.2

73.58
88.3

'122.19
115.87
101.49
93.40
88.35
84,13
71.64
71.57
71.49
71.36
71. 14

69.92
68.25
67.15
65.26
63.16

Energy Plow Rate
BTU/sec

343776.09
306724.84
2S2904.58
200798.7
166565.56
171573.41
129801.85
142323.66
161726.95
164810.02
174618.25
184711.30
186407.45
187081.73
61667.56

162575.5
61388.5

127066.84
145428.66
64738.06
68026.2
78115.33
76351.45
71851.73
70239.51
68337.6
67021.08
63029.41
62858.77
62587.18
62197.95
61609.86
58521.9
55160.46
53195.57
49330.02
45410.11
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3.3.2 Rgsglh~ ~

A comparison of the MAAP4 and LOTIC-3 predictions for the remaining ice mass is

illustrated in Figure 3-2. As shown in the figure, MAAP4 calculates less ice melt compared to

the nominal LOTIC-3 results (LOTIC-3 used an exit ice bed gas temperature of 105'F in this

calculation). After 10,000 seconds, the remaining ice mass calculated by LOTIC-3 is about

380,000 ibm compared to about 700,000 ibm of the best estimate MAAP4 calculation. Thus, the

best estimate MAAP4 calculation is conservative in terms of ice melt and is appropriate for sump

level analysis.

Figure 3-3 illustrates a comparison of the upper and lower compartment temperatures from

the LOTIC-3 analysis with those by the best estimate MAAP4 calculation. As illustrated, there

is general agreement between the transient. thermal history in these two compartments with the

LOTIC-3 analysis.

3.4

For this benchmark, the boundary conditions are the D.C. Cook primary system operating

at 102% of 3250 MWt core power with a system pressure of 2033 psia and experiencing a two-

inch cold leg break. To provide the same initial and boundary conditions in both NOTRUMP and

MAAP4, some of the MAAP4 inputs such as initial conditions, ECCS flows and temperatures,

and AFW temperature and flow rates are adjusted to the NOTRUMP values (Westinghouse,

1999). In addition, the initial core power is increased to 120% at 10 seconds after the reactor

scram in the MAAP4'calculation to match the decay heat used in the NOTRUMP calculation

(ANS + 20%). In this sequence, NOTRUMP calculates recirculation occurs at 2199 seconds into

the transient. The operator action of 100'F/hr cool down was mimicked in the same manner in

both codes.
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D.C.. COOK 2-INCH LOCA

MAAP4 (BEST ESTIMATE)
LOTIC--3 (NOMINAL ICE MELT) Q
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x10

Figure 3-2 Comparison of the LOTIC-3 ice depletion rate for a two-inch diameter cold leg LOCA with the
MAAP4 calculation using the same mass and energy inputs from the NOTRUMP calculation.
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D.G. GOOK 2-INCH LOCA
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Figure 3 3 Comparison of the upper and lower containment compartment temperatures for a LOTIC-3 calculated biased for
maximum containment pressure and the MAAP4 representation with the accident initiator being a two-inch
diameter cold leg LOCA as represented by NOTRUMP.
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The MAAP4 calculated instantaneous mass release rate is compared to the NOTRUMP

value in Figure 34 along with the integrated mass and energy release in Figures 3-5 and 3-6. As

shown in the figures, NOTRUMP discharge rates are higher early in the transient, i.e., within the

first 1500 seconds. Between 1500 seconds and 4000 seconds, NOTRUMP calculates two-phase

discharge from the primary system while MAAP4 calculates a subcooled (all water) two-phase

critical flow discharge. Such differences are likely due to the different. ways in which the primary

system and the break flow model are modeled. For most of the transient, the average MAAP4

and NOTRUMP flow rates are in good agreement. Overall integrated mass and energy releases

to the containment are in general agreement between MAAP4 and NOTRUMP with NOTRUMP

having about 10% higher integrated mass and energy flow out of the break. In this regard the

MAAP4 energy release is conservative in that it minimizes the ice melt for these analyses. The

primary system pressure r'esponse is similar between MAAP4 and NOTRUMP as shown in Figure

3-7. These demonstrate that using the best estimate models in MAAP4 willprovide a somewhat

different history for the accident, but the integrated mass and energy releases to the containment,

which is the principal issue regarding sump water level, willbe very similar.

3.5

The Waltz Milltests were performed with eight 36 ft long ice baskets in a facility set up

to provide scaled steam delivery rates typical of large break LOCAs, medium size LOCAs, small

break LOCAs as well as one test with a large LOCA followed by long term steaming from the

decay heat in the reactor core. As such, these experiments provide an important test of the

MAAP4 ice melting model to that observed in the various experiments covering the spectrum of

LOCA sizes considered in the containment sump evaluations. Consequently, these are an

important benchmark for the integral MAAP4 ice melting rate representation.

3.5.1

The important boundary conditions for the various experiments include the break size, the

initial ice mass, whether long term steaming from core decay heat was represented (Test K only)
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Figure 3-4 A comparison of the instantaneous mass flow rates for the MAAP4 prin;ary system and NOTRUMP
assuming a two-inch cold leg LOCA.
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Figure 3-5 A comparison of the integral mass release to containment for NOTRUMP and the MAAP4 primary
system model assuming a two-inch cold leg LOCA.
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Figure 3-6 A comparison of the instantaneous energy release to the containment for NOTRUMP and the MAAP4
primary system model assuming a two-inch cold leg LOCA.
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Figure 3-7 Primary system pressure for MAAP4 and NOTRUMP for a two-inch cold leg LOCA.
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as well as the initial pressure and temperature of the blowdown vessel simulating the reactor

coolant system water inventory. The various boundary conditions for the individual Waltz Mill

tests are discussed in Appendix E.

3.5.2 Rmglh

The results for the various benchmarks are comparisons of the following information:

~ the transient simulated containment pressure history,

~ the extent of ice melting for the different experiments,

~ the temperature history of the water in the bottom of the ice condenser (Test K

only), and

~ the comparison of the temperature history in the simulated lower compartment for

this scaled experiment (Test K only).

These comparisons are provided in Appendix E as the write-up used in Volume IIIof the MAAP4

User's Manual "Benchmarking". The conclusions derived from each of these comparisons are that

the MAAP4 model provides a good characterization of the ice melted in each test and the water

temperatures in the bottom of the ice condenser compartment and the lower compartment as well.

3.6

The PNL experiments differ from the Waltz Milltests in that the ice condenser baskets

were'ull length but the experiment did not include the ice condenser inlet doors. Furthermore,

the steaming rates for these experiments, as well as the noncondensible gas (air) flow rates were

typical of the ice condenser response after the blowdown transient has been completed and the

steam generation rate is due to decay heat steaming in the reactor core and is subsequently
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discharged to the containment atmosphere. A spectrum of experiments were performed with

similar noncondensible flow rates but different steam partial pressure which enables the MAAP4

ice condenser model to be compared with the PNL experiments over a variety of steam and air

recirculation rates. Consequently, these experiments provide an important benchmark of the ice

condenser/ice melt model for the range of conditions expected in the spectrum of break sizes

considered in these analyses.

3.6.1

Boundary conditions for the PNL experiments are described in Appendix F of this report,

which is the write-up extracted from Volume IIIof the MAAP4 User's Manual "Benchmarking".

3.6.2 Rcsglfz

The results from these comparisons are described in Appendix F along with the conclusions

derived from the comparisons. In summary. the MAAP4 ice condenser model provides a good

representation of ice melting rate and the exit temperature behavior observed for the different inlet

conditions tested.

3.7

Large scale experiments were performed related to the flow distribution and mixing in ice
I

condenser containment configurations, These were performed in the CSTF vessel as part of an

EPRI funded program to examine the mixing in different regions of the ice condenser pressure

suppression containment design. As part of this experimental program, the potential for single

phase natural convection circulation between the upper and lower compartments through the

simulated ice condenser doors was examined along with the potential for "flooding" of the gas-gas

countercurrent natural circulation process by the imposed flow of the air recirculation fans.'ith
these complex flow patterns, this is an important benchmark for the natural convection models in

the hfAAP4 code.
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3.7.1~ ~

The important boundary conditions for the CSTF ice condenser containment experiments

are the initial temperatures in the upper and lower compartments, the steam addition rate to the

'owercompartment representative of the postulated LOCA condition and the imposed flow rate

of light gases into the lower compartment to simulate the release of hydrogen under the postulated

accident conditions. Furthermore, the boundary condition of the imposed air recirculation flow

determ!nes both the mixing potential between the upper and lower compartment as well as the

potential for gas-gas "flooding" in the simulated ice condenser doors, These boundary conditions

are discussed in Appendix G of this report.

3.7.2 Results

The results from the comparisons associated with the CSTF large scale flow distribution

test show good agreement between MAAP4 model and the experimental data for mixing of the

upper and lower compartment gas spaces. This agreement is obtained for those conditions in

which the air recirculation fans are operating as well as for those where there is no forced

circulation fiow. The details of the comparisons are given in Appendix G of this report.

3.8

In December of 1993, McGuire Unit 2 experienced a total loss of offsite power which led

to a Safety Injection (SI) signal due to low pressurizer pressure and a consequential containment

isolation. One of the Main Steam Containment Isolation Valves (secondary side) failed to isolate

allowing the associated steam generator to depressurize. As a result an excessive steam generator

differential pressure was observed and the pressurizer Power Operated Relief Valve (PORVs) were

opened to reduce this differential. Subsequently, the Pressurizer Relief Tank (PRT) rupture disk

was broken releasing steam to the containment lower compartment and causing the ice condenser

inlet doors to open. Post event weighting of the ice baskets showed that ice melting occurred in

the inboard baskets for all of the ice condenser bays. While these observations are more global
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than the large scale experiments discussed above, this event provides a test for the integral model

to determine if the calculated response would open the ice condenser lower inlet doors.

To perform this benchmark, the MAAP4 D.C. Cook model was initiated at full power and

given a loss of offsite power and after the reactor scrammed, the RCS pressurized, and a safety

valve was forced op:n. About 200 secs later the PRT rupture disk burst and steam was discharged

to the containment lower compartment. This is 'sufficient to open the lower inlet doors and begin

melting ice. Consequently, the integral model calculations are consistent with the McGuire

experience. Equally important, the McGuire post incident observations show the uniformity of

the inlet door response (all doors open) for this small break accident sequence.
II

3.9 Sumauug

Numerous benchmarks have been performed comparing the individual models of the

MAAP integral RCS and containment representation with major experiments and other analytical

approaches. Allof these show that the MAAP4 representation (models) are in good agreement

with the experimental observation and also the results of design basis computer codes. Table 3-3

summarizes the benchmarking activities and the conclusions.
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Table 3-3

Issue MAAP4 A roach Relevant Benchmarks

Repres.ntation of
different conditions in
different regions of
the containment.

Variations in break
size and location.

Structural heat sinks.

MAAP uses a 14 node containment model
including the
~ reactor cavity
~ lower compartment
~ annular compartment
~ ice condensei
~ fan rooms
~ instrument rooms
~ ice condenser upper plenum and
~ upper compartment (3 nodes),

14 node containment model with 0.5-'inch
to DECL breaks postulated in lower
compartment and 0.5-inch to 2.75-inch in
the reactor cavity.

Each node has separate concrete and steel
heat sinks, including the ice condenser
node.

~ HDR tests have many rooms.
~ CSTF tests have the major rooms of

an ice condenser containment.
~ Waltz Milltests have the ice

condenser compartments.

~ Comparison with the NOTRUMP
mass and energy releases for a 2-inch
dia cold leg break.

~ HDR tests, T31.5 (large LOCA), and
E11.2 (small LOCA).

~ HDR tests, T31.5, and E11.2 has
numerous rooms and both concrete
and steel heat sinks.

~ CSTF includes steam addition and
condensation of steel and wooden
structures.

Ice melt rate,

CEQ fan flow.

Mechanistic ice melt model.

Model for each train of fans and each fan
room modeled separately.

~ Comparison with LOTIC-3 for the
same mass and energy releases.

~ W Waltz Milltests and PNL full
length ice condenser tests.

~ McGuire ice melt due to rupture of
pressurizer drain tank.

Q Waltz Milltest K, long term steam
released to the containment with
recirculation air flow.

Containment spray
flow distribution.

Additional water for
the RCS to remain
full during cooldown
for small LOCAs.

Sprays are distributed to the upper,
lower, and annular compartments.

Integral model, including RCS and
containment response for a spectrum of
postulated LOCA sizes.

Theoretical basis for spray droplet
response.

RCS response for Davis-Besse LOFW
and Prairie Island SGTR during
cooldown. Also McGuire for the drain
tank ru ture disk incident.
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These evaluations focus on the minimum water level in the containment sump during

recirculation. To perform such analyses, it is important to have an integral representation of the

containment and the RCS since the water inventory retained in the RCS is an important component

of the water distribution, i.e., it is not available to the containment sump. Furthermore, the extent

of ice melting is an important contribution to the sump inventory and is influenced by the break

discharge enthalpy and flow rate.

With an integral representation, the cooldown transient for the small break accidents

represents the increased density of the RCS coolant and the capabilities to keep the reactor coolant

system full as instructed by the EOPs. Moreover, the accumulators are also important since they

could inject approximately 30,000 gallons into the RCS depending upon the pressure and the

system status as defined through EOP decisions. They are a part of this analysis and are discussed
'I

further in this section.

Other influential components ~f the analysis that determine the minimum containment level

are the initial containment temperature, (sets the initial steam partial pressure) and the cooling

water temperatures for both the Emergency Service Water system (ESW) and the Component

Cooling Water system (CCW) for the containment spray and RHR heat exchangers respectively.

These, along with the UA product for the respective heat exchangers, determine the temperatures

of the containment spray and RHR spray/RHR injection under recirculation condition and thus the

potential for reducing the ice melt by condensing steam in the lower compartment. Similarly the

RWST water temperature is important since this influences the potential for spray condensation

in the lower compartment during injection phase. These limiting conditions are also discussed in

this section.

FAD99-77; Rev. 0





4-2

az

For all LOCAs, there is no overpressure challenge to the containment as long as (a) ice is

available, (b) the containment sprays are operating with water drawn from the RWST or (c) the

containment sprays are operating in the recirculation mode with cooling provided by the

containment spray heat exchangers. When investigating a spectrum of break sizes, there is a break

size where the break discharge flow.over the long term can have a significant vapor pressure, for

example several psi. For such conditions, there will be steam released to the containment

atmosphere that is condensed by the containment sprays. The sprays are assumed to remain on

until the reset pressure (0.77 psig) is achieved, at which time the sprays are shut off. This is

conservative with respect to the extent of ice melting.

The spray distribution for the D.C. Cook plant includes spray headers in the upper and

lower compartments as well as in the pipe annulus. With the water flow paths between the various
l

containment compartments described in Section 2, during long term containment spray operation,

water would accumulate in the pipe annulus and lower compartment and with the communication

(fiow) through the crane wall, the level would be essentially the same in these regions. As noted

in Section 2, a small fraction of the lower compartment spray flow would fall through the grated

opening between the lower compartment and the reactor cavity which decreases the water

inventory in the sump. Furthermore, the long term flow through the NI holes also enables water

to flow from the lower compartment into the reactor cavity, or from the cavity to the lower

compartment for a postulated break into the reactor cavity.

With this focus on the water inventory distribution, the basic analysis issue becomes one

of the available water inventory. Therefore, there are several volumes of importance to the

analysis since these control the water available in the sump. These are listed in Table 4-1. (This

assumes that the pressurizer water level remains at the normal operating level.) Those RCS and

containment volumes controlling the water distribution are listed in Table 4-2. Several other

volumes are noted as reference volumes since they are calculated without including the volumes

. occupied by various pieces of equipment such as pipes, support structures, etc.
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Table 4-1

Volume Descri tion

Available RWST Water Inventory

Available Ice Mass

TOTAL

Accumulators (4)

TOTALWITH ACCUMULATORS

Volume/Mass

3 14,000 gal

2.11 x 10'bm
(253,089 gal)

567,089 gal

230,252 ibm
(27,618 gal)

594 707 al

Table 4-2

Volume Descri tion

Reactor Coolant System (including the pressurizer)

Volume of the Pressurizer

Approximate Inventory Needed to Keep RCS Full During Cool
Down

Inactive Sump Water Volume (pipe annulus)

Net Volume for Water Accumulation in the Sump (active and
inactive) to the 602'10" Level

Water Volume for the Reactor Cavity Up to 610'0"

TOTAL

Volume

'11,159
ft'83,469gal)

1800
ft'13,464gal)

- 20,000 gal

'34,950 gal

220,300 gal

117,795 gal

572,795 al
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As illustrated by these two tables, the water'istribution is determined by the water

inventories in the RCS and containment. Of particular note, the RCS cooldown process requires
'

a substantial water addition for the RCS to remain full, which may be the case for small break

events. On the other hand, the large LGCA accidents do not keep the RCS full, i.e., there is a

larger water inventory in the active sump to support ECCS operation.

For very small breaks there are additional components to be considered such as the water

stored in the pressurizer. Typically; the pressurizer drains and only partially refills, hence there

is somewhat of a net contribution to the containment water inventory. This pressurizer response

is determined by the EOPs which instruct the operator to keep the level between high and low

level ifpossible. Maintaining the pressurizer level is unlikely for break sizes 'of 2-inch or greater.

For these conditions the pressurizer drains and the accumulators remain unblocked and discharge

as a result of the LOCA condition combined with a RCS cooldown (100'F/hr was used in this

analysis since this maximizes the RCS water density increase). The accumulators contribute

potentially another 27,618 gallons to the containment water inventory,

In these evaluations it is conservative for the reactor cavity to be filled with water, hence,

sequences were analyzed assuming that the break discharge is into the reactor cavity, which

ensures that the reactor cavity is flooded as well as the lower compartment. Furthermore, the base

case analyses are performed following the system response and operator procedures for the
I

containment sprays, i.e., the sprays actuate automatically at a containment pressure of 2.3 psig

and are turned off, as stated in the procedures, when the indicated pressure is less than 1.5 psig

which is 0.77 psig when the uncertainties for this instrument and reading the instrument are

considered.

For the integral evaluations, the containment water distribution includes assessments of

where water accumulates and flows into drains and thus into the lower compartment. The most

important place for.water accumulation and drainage is in the bottom of the ice condenser. Figure

4-1 shows an elevation view of an ice condenser with the drain pipe at the bottom passing through

the crane wall such that the melted ice and condensate drain into the lower compartment. Figure

4-2 is a plan view for the bottom of the ice condensers showing the floor drains in the ice boxes.
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Figure 4-2 Elevation view of an ice condenser including the drain line.
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As stated in the D.C. Cook FSAR, approximately 18 inches of water in this drain pipe is sufficient

to open the flapper valve covering the drain exit into the lower compartment. In comparison, the

height of the drain line is approximately 4 feet, hence, this flapper valve would open before the

drain pipe would be filled with water. Like the previous MAAP4 analysis (FAI, 1997), this

analysis also models 'this junction between the ice condenser and the lower compartment as a water

only junction that does not allow reverse flow, i.e., the flapper valve closes. Hence, the drainage
'rom

the ice condenser into lower compartment- is modeled in a mechanistic manner and includes

a relatively small water mass, that would exist on the ice condenser floor. This drainage is

modeled with capillary size drops as the water falls through the lower compartment. (It is noted

that each drain line has a small (1/2-inch) pipe which drains ice melted during normal operation

and ducts the water to the sump. These are also modeled but have essentially a negligible

influence on the containment response.)
\

N

Another location for water accumulation is the refueling pool, which has two 12 inch

drains and one 10 inch drain into the lower compartment and requires water to be accumulated

to a depth that would permit flow into these drains in the bottom of the refueling canal. The

MAAP4 code provides a mechanistic spillover calculation for this region. However, a value of

9500 gallons is given in the D.C. Cook FSAR for the water retained in the refueling canal as a

result of this spillage process and accumulation in the fuel transfer pit. Therefore, the MAAP4

"curb height" for this location was increased such that the depth to be accumulated before spilling

could occur to match a value of 9500 gallons.

In addition there are several minor elements influencing the water distribution, which are

modeled in terms of the thermal hydraulic containment response, but the water inventory is not

calculated directly by MAAP. These include the water required to fill the various pipes for

containment spray and RHR operation, the water inventory that is airborne during a steady-state

operation of the containment sprays, that portion of the containment spray which impinges on

walls in a given compartment and drains to the floor region as a filmdraining down the wall and

water that accumulates on the top of the dog house following spray initiation. The various water

volumes held up in these additional processes are listed in Table 4-3 for the readers reference.
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Table 4-3

Location Ma nitude of Water Holdu

Water required to fillspray piping and S/G

doghouse roof
~ containment spray header,
~ RHR spray header,
~ top of S/G doghouses.

Water in-flightduring spray operation
~ upper compartment (h = 80.2 ft),
~ lower compartment (h = 50.9 ft),
~ annular compartment (h = 36.75. ft), .

Sprays impinging upon walls and draining as a

film'
~ upper compartment (42,000 ft'),
~ lower compartment (15,000 ft'),
~ annular compartment (10,000 ft').

TOTAL

7789 gal
1730 gal
5312 gal

656 gal
155 gal
40 gal

206 gal
74 gal
49 gal

16056 gal

A conservative value of 50 ft'74 al was used in the anal sis.

The first item was determined by summing the volumes of the. respective piping

configurations, the second is calculated using the spray fall height in the respective compartments

(see Appendix H) with the third item being determined by the containment geometry and a

methodology for approximating drainage films (see Appendix I). Since MAAP4 does not

specifically represent these holdup volumes, these were accounted for by transferring from RWST

,injection to containment recirculation at a RWST level equal to that defined by the RWST low-low

trip plus the sum of the volumes listed in Table 4-3. Therefore, the water inventory injected to

the RCS and containment from the RWST is 314,000 - 16,056 = 297,944 gal. In this manner,

the water involved in determining the water level history already has the sum of these volumes

subtracted from the final distribution.
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4~

To support this effort a Failure Modes and Effects Analysis (FMEA) was performed to

determine the most limiting conditions related to the containment sump inventory under the

spectrum of LOCA conditions evaluated. Since the ice melt inventory is part of the containment

sump evaluation, the FMEA conditions are directed toward minimizing the extent of ice melt with
A

the particular focus being the lowest spray temperatures which produce the maximum steam

condensation, i.e., minimize the ice melt. Specifically, these relate to the minimum RWST

temperature, according to the D.C. Cook technical specifications, and the minimum lake

temperature that is the cooling water for the ESW systems. In addition, there are other elements

of the containment which cause the sprays to be initiated at the earliest time in the accident, etc.

The results of this FMEA study are listed below:

RWST temperature of 70'F,

initial containment pressure 15 psia,

initial containment temperature in all compartments 60'F (this minimizes the steam

partial pressure to be condensed),

lake water temperature used for cooling the ESW system is 33'F,

the CCW heat exchanger inlet temperature is 60'F,

the initiation signal including uncertainty for the CEQ fans is 0.5 psig, and

the setpoint including uncertainty for initiation of containment sprays is 2.3 psig.

4,4

Severa1 operator actions directed by the EOPs are important to this analysis, These relate

to the RWST water level at which transfer to recirculation is started, the shutdown of containment

sprays to transfer to recirculation, the use of the RHR sprays, the instructions for refilling the RCS

to obtain and maintain a water level in the pressurizer, cooldown of the RCS with the maximum

rate of 100'F/hr, the isolation of the accumulators depending upon the specific response developed

FAIi99-77; Rev. 1





in the RCS, and the termination of containment sprays once initiated. Each of these has an~

~influence on the accident behavior and the modeling of each is discussed below.

4.4.J.

For the D. C. Cook Units 1 and 2 design, transfer from the injection mode to containment

recirculation is a manual operation. As represented in the DIT values presented in Appendix A,

this transfer begins when 280,000 gallons have been taken from the RWST with the initial action

being to transfer the suction of the large pumps (containment spray and RHR) from the RWST to

the recirculation sump. The assumption of two trains of ECCS injection and spray operation is

conservative for the sump water level analysis. Transfer to recirculation of both trains is

accomplished by shutting down both trains of containment sprays and RHR, aligning the valves

'o recirculation and'estarting the pumps. These actions are performed within a five minute

interval; hence, this is modeled as five minutes without containment spray once the RWST transfer

level is reached.

Once these high volume pumping systems have been transferred, the operators then transfer

the smaller systems, such as the high head injection pumps and charging pumps from the RWST

to the containment recirculation sump. This is completed when 314,000 gallons have been taken

from the RWST.

The above values are the calculated deliverable volumes. Holdups in the spray piping, the

airborne water in the containment and the film drainage on the containment walls are all

represented in the analysis'as water which remained in the RWST. Consequently, the actual

amount of water injected to the RCS and containment are the above values minus the individual

holdup contributions.
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4.4.2

Containment sprays'are initiated when the lower compartment pressure reaches 2.3 psig.

Water is initially taken from the RWST and takes a few tens of seconds before the spray is

injected to the containment gas spaces.

The duration of the containment spraying, once initiated, is determined in this analysis by

the pressure in the containment lower compartment, which is monitored by the control room

operators. The RHR sprays (this system only sprays to the containment upper compartment) are

initiated by the operators given the following three conditions are met:

~ 50 minutes or more have elapsed since the SI signal was received, and

~ a single train of containment sprays is operating.

Note that the RHR sprays would not be initiated ifboth trains of containment sprays are operating.

It should also be noted that RHR sprays take their suction from the containment sump and

influence the overall containment thermal hydraulic conditions (some reduction of ice melt), but

do not, by themselves, increase or decrease the water level in the containment sump since the

water sprayed into the upper compartment returns to the sump through the refueling pool drains.

Control room dose evaluations have suggested that the containment sprays may operate for

a significant period before the dose associated with the postulated design basis accident source

term (Soffer et al., 1995) would be reduced by containment spray operation. Currently, these

analyses consider the sprays are terminated when the containment pressure is reduced to 0.77 psig.

This is the minimum containment pressure corresponding to an indicated pressure of 1.5 psig, the

operator set point for terminating containment spray. Generally this results in a time which is

comparable to the 6 hr. duration. However, no specific time duration has been imposed on these

calculations.
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For small break LOCA conditions, the capability of injection systems to restore the RCS

inventory {pressurizer level) determines the ECCS injection rate. The EOPs instruct the operators

to establish pressurizer level and to control the level between 30% and 47% of the full inventory.

In these evaluations, this is represented by a throttling of the injection flow if the pressurizer

inventory approaches the 47% full limit. Since this is the upper limit that the operators are

instructed to maintain, this represents the maximum holdup in the pressurizer and is a

conservatism in the analysis:

4.4.4

RCS depressurization and cooldown is based on the conditions following transfer to

recirculation. Since the initiation of two trains of containment sprays is a key element of this

assessment, the LOCA conditions evaluated are those which would initiate containment sprays.

Typically, these are LOCAs for break sizes which are 1 inch in diameter or larger. Once the

containment sprays initiate, which is generally within a few minutes of the postulated LOCA

transient under Mode 1 conditions, the containment sprays actuate automatically with two trains

operating and this determines that the operators attention would be directed towards recirculation

since this occurs approximately 1/2 hr after the sprays have been initiated. Given the importance

of transferring from RWST injection to taking suction from the containment sump, this is the

highest priority for the operators. Hence, cooldown would be deferred until transfer to

recirculation was completed. This is modeled as taking 15 mins which for this high priority

activity is an underestimate {conservative) of the time over which the operators would have

devoted their attention to actions other than.RCS cooldown. Therefore, RCS cooldown is

evaluated as beginning 15 mins after the start of the transfer to containment recirculation.

Once cooldown is initiated, it is evaluated at the maximum rate described in the EOPs of

100'F/hr. In the analysis this is represented as 10 steps of 10'F over each hour and is

accorhplished in the MAAP4 model by resetting the secondary side PORVs to sequentially lower
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values corresponding to the 10'F steps. The steam generator secondary side saturation

temperature follows this cooldown as long as the generators can blowdown at a sufficient rate

through the PORVs controlling the secondary side depressurization. Early in the depressurization
t

the cooldown is about 100'F/hr, but at reduced secondary side pressures later in the transient, the

blowdown cannot produce 100'F/hr.

4.4.5

One of the actions in the EOPs is to isolate the accumulators during RCS depressurization.

Reviewing the procedure ES-1,2 for RCS cooldown and discussions with D.C. Cook control room

operators, the accumulators would only be isolated if the pressurizer level could be maintained

with normal charging flow. For the break sizes sufficient to initiate containment sprays, which

is discussed in Section 5, the pressurizer level is not capable of being maintained with normal

charging. As a result, the accumulators will not be isolated for any of the LOCA conditions

considered and are modeled as being available for injection during the entire transient history.
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In assessing the minimum containmerit sump level for a spectrum of potential LOCA

conditions, the two most influential boundary conditions are the size of the LOCA and its location.

As mentioned previously, the assessment for the minimum level is compared to the licensing base

limit for vortexing established at an elevation of 602'10" through D.C. Cook specific scaled

experiments performed at Alden Laboratories (Padmanabhan, 1978). This level was developed

for injection flow rates typical of maximum ECCS and containment safeguard flows and is the

licensing basis for all LOCAs initiating from a Mode 1 state begin even though the sump demand

flowrate may be substantially reduced for smaller break accident initiators. Mode 3 analyses have

less stored energy in the RCS and have smaller break sizes and therefore smaller sump demands.

For very small LOCA conditions, the steam entering the lower compartment pressurizes

the region and opens the ice condenser doors. Continued steam delivery to the lower compartment

displaces noncondensible gases from the lower compartment to the upper compartment and

increases the containment pressure sufficiently that the setpoint is reached for actuating the air

recirculation fans. Until this time, the normal containment ventilation system is operating but the

cooling water for this system is isolated once the CEQ fan setpoint is reached. Since this occurs

early in the accident sequence for the spectrum of LOCAs examined, the influence of the normal

ventilation system is considered insignificant and neglected.

Forced flow from the CEQ fan(s) increases the condensation in the ice condenser and

begins to mitigate the containment pressurization. As the lower compartment pressure increases,

the steam condensation rate in the ice condenser also increases. If the containment pressure

remains below the containment spray setpoint, the minimum sump inventory's assured since the

transfer to recirculation occurs after many hours and there is sufficient ice melt to assure that the
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minimum sump inventory is always above the licensing base limit for vortexing. However; for

a somewhat larger break size, the containment pressure reaches the containment spray setpoint

even though the recirculation fans are operating. At this juncture, the containment sprays are

initiated and the spray flow rate into the lower compartment condenses steam such that the ice

melt is substantially reduced from that'immediately prior to the sprays being initiated. These

conditions result in minimal steam partial pressure in the lower compartment to be forced through

the ice condenser by the air recirculation fans. Moreover, the limiting case of two trains of

containment sprays operating results in the minimal time to.the. transfer point from injection to

recirculation. Consequently, the ice melt contribution fo the sump inventory at the time of

minimum sump level is further decreased by the relatively short interval available to melt ice.

As the break size is further increased, the steam partial pressure in the lower compartment

is increased even with the actuation of containment sprays. Consequently, an increased steam

partial pressure causes moie ice melt and the minimum sump inventory during recirculation will

increase compared to the smaller break sequence where the sprays were also initiated. With these

general considerations, it is apparent that the minimal sump inventory results from that postulated

LOCA size, which is large enough to actuate the containment sprays but also results in minimal

steam partial pressure in the lower compartment once the sprays are actuated.

The. second element addressed is the break location with two general locations considered,

i.e., the lower compartment and the reactor cavity. Ifthe break is postulated to occur in the lower

compartment, the accumulated water inventory in the reactor cavity is only due to the flow

between the lower compartment and the reactor cavity through the small nuclear'nstrumentation

(NIS) holes and the spillover which occurs if the active sump water level reaches the
610'levation.

As a result, most of the water inventory is accumulated in the active sump and the pipe

annulus, both of which have essentially the same water level as a result of the water flow

(communication) through the holes in the crane wall. Conversely, ifthe postulated break is into

the reactor cavity, the same steam discharge flows into the lower compartment but the water from

the postulated break is discharged, at least partially, into the reactor cavity. Ifthe break is in the

bottom of the RPV, all of the break liquid discharge is deposited in the reactor cavity. If the
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break is in the cavity at the cold leg nozzle elevation, the water discharge would be split between

the reactor cavity and the lower compartment (see Appendix B). Hence, there may be a

substantial water holdup in the reactor cavity until spillover occurs at the 610'levation.

Several different break sizes have been evaluated for the reactor cavity with the breaks in

the bottom of the reactor vessel being considered as a severing of an in-core instrument

penetrations with a diameter potentially as large as 0.61 inches (Kury, 1998). The penetration

diameter for the in-vessel instruments is illustrated in Figure 5-1. Severing of an in-core

instrument with the thimble tube ejected leaves the full inner diameter of the penetration for a
t

discharge of the reactor coolant inventory. The penetration structure remains in the lower plenum

and this results in a flow path for the discharge of about 2 ft. Hence, for the D.C. Cook

penetration design this results in a=break geometry with an effective length of 40 to 50 L/Ds.

Given this configuration, the effective discharge coefficient is 0,6 or less as illustrated by several

experiments with saturated and subcooled liquid discharge through similar configurations as

summarized and modeled by Henry (1970). With this significant L/D ratio, a discharge

coefficient of 0.4 to 0.5 is the expected range. In the MAAP4 analyses discussed here, a

discharge coefficient of 0.61 was used and is a conservatism in that it overstates the break

discharge flow rate into the reactor cavity.

Break sizes larger than 0.61 inch diameter are also considered but these are into the upper

regions of the reactor cavity, specifically at the cold leg nozzle location. In these locations the

postulated break is in the weld between the safe end (RPV nozzle) and the reactor coolant piping

with a spectrum ofbreak sizes considered ranging from an effective diameter of 1 inch to an area

of 1 ft'. This large break size is the largest that could occur in the vicinity of the RPV considering

the vessel mounts and the pipe restraints. Evaluations of the critical flow discharge from the break

and the secondary choking at locations in the downstream passages results in a flow split of 28%

to the reactor cavity and 72% to the lower compartment (McCurdy et al.,'968).

Because of the tight geometry in this locale and the possibility of the break discharge being

delivered to both the reactor cavity and the lower compartment, the split of the discharge flow for
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the smaller breaks is evaluated in Appendix B. A best estimate of the flow split is 50/50 based

on the analysis of the two-phase jet impinging on the wall of the biological shield. Westinghouse

GOTHIC analyses (Westinghouse, 1999c) concluded that even more than 50% of the water

discharge would flow to the lower compartment. These split break flow analyses have been

performed with a 50/50 split of the water discharged from the postulated break. Since the break

is never submerged at this elevation, the steam discharge flows from the cavity to the lower

compartment as a natural consequence of the MAAP4 generalized containment model.

Lastly, break sizes in the reactor cavity are also considered in the top of the reactor vessel

in the control rod drives. Considerations of possible ruptures in the top of the reactor pressure

vessel included assessments for the CRDMs and the reactor head vent. Assessments for the

CRDM behavior (Westinghouse, 1999b) conclude that rupture of the CRDM would either be very

small leaks or a rupture and ejection of the entire mechanism. This was represented in the

spectrum of accident sequences by considering a 2.75 inch break in the top of the reactor vessel

with a discharge coefficient of 0.75. While this is the default coefficient in the MAAP4 code, it

is also a typical value given the entry into the break location and the length of the flow break

location. As will be discussed this break size initiates containment sprays and is analyzed as

having 100% of the break water flow into the reactor cavity. An increase in this discharge

coefficient would tend to actuate the sprays slightly earlier but would not significantly change the

minimum level in the sump. Hence, there is no significant influence of the discharge coefficient

for these analyses. The representation for a postulated severing of the reactor head vent considers

that the effective discharge coefficient for the upper head is 0.61 as determined from the length-to-

diameter ratio (> 7) and the composite set of two-phase critical flow experiments for the

discharge of saturated subcooled liquids as summarized and evaluated by Henry'(1970).

Given the sensitivities to the break size and the break location, an evaluation matrix was

developed (Table 5-1) to assess the influence for variations in both of these parameters given a

Mode 1 operating state.
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Table 5-1

Break Size Location

DECL '

inch

4 inch

3 inch

2 inch

1.5 inch

1 inch

0.5 inch

1

inch'ower

Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Lower Compartment (Sump)

Cavity/LC (Split Break)

1.5 inch 'avity/LC (Split Break)

2 inch'

inch 'inch'avity/LC
(Split Break)

Cavity/LC (Split Break)

Cavity/LC (Split Break)

Cavity/LC (Split Break)

0.61 inch 'avity
2.75 inch 'avity

This break represents a Double-Ended Rupture on the
Cold Leg.
The break occurs in the cold leg and 50% of the water
flows to the sump.
The break occurs in the cold leg and 30% of the water
fiows to the reactor cavity.

4 The break occurs at the bottom of the reactor vessel.
The break occurs in the to of the reactor vessel.
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5.2.1

Given the size of the piping configurations in the lower compartment, a complete break

spectrum from an effective diameter of 0.5 inch to a Double-Ended Cold Leg break (DECL) were

considered for this region. Figure 5-2 summarizes the response for the DECL condition which

is the break sized used in the design basis assessment for the ECCS and containment systems. In

this sump inventory analysis the mass and energy releases from the RCS to the containment are

produced by the MAAP4 code. The resulting steam discharge to the containment is determined

by the thermodynamic equilibrium of the water and'team discharged from the break during a

blowdown. Using this assumption results in the minimum steam flow rate to the lower

~ compartment gas space and hence results in the minimum potential for ice melting. This

conservative representation for the ice melt behavior is consistent with the structure of evaluations

for the minimum sump inventory. It is to be noted that this thermodynamic equilibrium

representation differs from that used in design basis assessments related to containment integrity

which maximize the steam flow rate from the break into the lower compartment.

As illustrated by this composite plot of the four variables depicted in Figure 5-2, the water

level history in the sump increases rapidly due to the break discharge and ice melt as well as the

water added by the containment sprays once the spray setpoint pressure is reached. Furthermore,

with a large break, the reactor coolant system cannot be refilled and the containment sump

inventory includes essentially half of the RCS inventory as well as the accumulator inventory.

This results in a water level at recirculation of approximately 7.7 ft (an elevation of 606.5') with

a minimum level of 604.7't 9.1 hours into the accident. This lower level is due to long term

flow into the reactor cavity through the NIS holes. Therefore, for this accident sequence the

minimum water level is well above the 602'10" licensing basis limit for vortexing.

, Note that these four plots summarize the integral plant response represented by the MAAP4

code and in particular illustrate the ice melt history, the sump water level, the water inventory in
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the reactor cavity and the RCS pressure which indicates whether the RCS is essentially half full

(depressurized) or completely full (pressurized by the injection flow). Interactions between the

RCS and containment are important for this evaluation and can only be tracked with an integral

model, This set of plots are used to illustrate the integral response as a function of the LOCA size

and location.

Figure 5-3 illustrates the calculated results for a LOCA into the lower compartment with

an effective diameter of 6 inch. This accident sequence progresses in a similar manner to the

DECL case except that the RCS refill is somewhat more effective such that some additional water

is held up in the reactor coolant system. However, the pressurizer is not refilled and accumulators

inject early in the accident. Consequently, the water level in the active sump at recirculation is

6.8 ft (an elevation of 605.6') and, like the DECL assessment the minimum water level occurs

at 9.2 hours and is 604.1'hich is above the 602'10" licensing basis limitfor vortexing.

Figure 5-4 summarizes the results for a 4 inch dia. LOCA into the lower compartment,

In comparison to the 6 inch dia. break, this sequence can have more water held up in the RCS.

The water level in the sump at recirculation is 6.5'an elevation of 605.3') with the minimum

level being 603.9't 9.7 hrs. This is above the 602'10" licensing basis limit for vortexing.

The results for a postulated break into the lower compartment with an equivalent diameter

of 3 inch is illustrated in Figure 5-5. For this intermediate size break, two trains of ECCS

injection are sufficient to eventually begin refilling of the pressurizer after the reactor coolant

system has been substantially depressurized. Therefore, there is additional holdup of water in the
I

RCS but the accumulators have injected completely by the time that the minimum level occurs in
r

the sump. With this smaller break diameter, the steam released to the lower compartment

atmosphere is substantially less than that which was calculated for both the 6 inch and the DECL

break and consequently results in a smaller mass of ice melt added to the lower compartment. As

illustrated in Figure 5-5 the water level in the active sump at recirculation is 6.1 ft (elevation of

604.9'), with the minimum level occurring at 10 hrs. with a value of 604.3'. This is less than that

of large breaks but above the licensing basis limit for vortexing of 602'10".
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Continuing the analysis to a smaller break with an equivalent diameter of 2 inches further

reduces the steam flow to the lower compartment. However, this steam flow is sufficient to

actuate both the CEQ fan (with a 150 sec delay) and the containment sprays. With the smaller

steam release to the lower compartment atmosphere, after condensation by the containment spray

flow rate, there is a reduced contribution of ice melt for this smaller break case. Also, two trains

of ECCS injection are sufficient to eventually recover the pressurizer level after the RCS

cooldown begins. The accumulators inject during the accident as a result of the RCS cooldown

and this inventory is added to that accumulated in the active sump. As illustrated in Figure 5-6,

the minimum water level for this LOCA at recirculation is 5.1 ft (an elevation of 603.9') which

is less than that calculated for the 3 inch dia case but above the licensing basis limit for vortexing.

A MAAP4 analysis was also performed for a 1.5 inch dia. effective break into the lower

compartment. The results of this accideht sequence are illustrated in Figure 5-7, The reduced

steam discharge into the lower compartment is sufficient to pressurize the containment to the CEQ

fan setpoint as well as to the containment spray setpoint. Actuation of the containment sprays in

the lower compartment is sufficient to substantially decrease the ice melt rate and therefore

decrease the contribution of the ice melt to the sump inventory, As illustrated, the minimum sump

level is approximately 5.1'an elevation of 603'9") which is above the licensing basis limit for

vortexing of 602'10".

For the minimum sump water inventory assessment, the analyses also considered a small-

small LOCA with an effective diameter of 1 inch. The results for this calculation are illustrated

in Figure 5-8 and show that the steam released to the lower compartment is sufficient to again

actuate both the CEQ fans and the containment sprays with the spray initiation being

approximately 800 secs into the accident. During this time, there has been a significant amount

of ice melted which has drained to the lower compartment. Once the containment sprays are

initiated, the ice melt rate is reduced and the water addition by the sprays to the lower

compartment results in a significant water level in the active sump. As was the case for the other

LOCA conditions into the lower compartment there is some loss of water to the reactor cavity

through the nuclear instrumentation holes in the biological shield which continues to decrease the

FAI$99-77; Rev. 1
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water level in the active sump over the duration of the containment sprays. However, once the

sprays are secured, this loss of water to the reactor cavity is offset by the existing ice melt rate.

Throughout this transient the minimum water level in the active sump is 4.8'an elevation of

604') which is above the licensing basis limit for vortexing of 602'10".

A LOCA into the lower compartment with an effective diameter of 1/2 inch was also.

investigated in this assessment, as illustrated in Figure 5-9. This very small LOCA does not

initiate containment sprays. This is manifested by the extended time to recirculation and the large

mass of ice melted at this time. Consequently, during th'e time that this release occurs into the

lower compartment atmosphere, the CEQ fans are initiated and circulate the air-steam mixture

through the ice condenser sufficiently to prevent the pressure from increasing to the containment

spray setpoint of 2.3 psig. Therefore, this'represents a condition in which there is substantial ice

melt and a very long time (greater than 36 hours) before recirculation is required. (At 36 hours,

the sump water level is at 604.8'.) Hence, the water level in the active sump is always above the

licensing basis limitfor vortexing.

5.2.2

Because a break in the reactor vessel piping inside the biological shield could cause some

of the brcak discharge to collect in the cavity and some in the sump, these possible break locations

need to also be investigated. In this region, the spectrum of small breaks considered is the same

as that considered for the lower compartment. The largest break associated with the vessel nozzles

and piping is a postulated break at the vessel safe end which has an effective area of 1 ft

(McCurdy et al., 1968). A spectrum of smaller brcak s~ are addressed for this locale including

those which do not initiate the containment sprays, i.e., the same analytical approach used in the

lower compartment.

Figure 5-10 illustrates the system response to the postulated break of 1 ft'nto the reactor

cavity at the elevation of the reactor nozzles. Because of the relatively large break in this confined

configuration, 30% of water is added to the reactor cavity and 70% of the water is discharged to

~ FAD99-77; Rev. 1
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the lower compartment (Westinghouse, 1988). The steam, is released to the reactor cavity but

is calculated to flow through connecting flow paths to the lower compartment by the MAAP4

containment model. Given the elevation of the reactor cavity, the break location is never

submerged. As was the. case for breaks into the lower compartment, the initiation of the single

CEQ fan and two trains of containment sprays occurs for this accident sequence with the lower

compartment sprays condensing steam thereby minimizing the steam partial pressure circulated
'nto

the ice condenser. With this break size; two trains of ECCS injection are not sufficient to

refill the reactor coolant system, hence, the water inventory in the containment sump includes

some of the water from the RCS (primary system is not refilled) as well as the accumulators which

have injected prior to the minimum water level. As illustrated in Figure 5-10, the minimum water

level for this condition is 5.6 ft (elevation of 604.4'), which is greater than the licensing base limit

for vortexing of 602'10".

A effective break size of 4 inch dia. into the reactor cavity was also considered with the

location being at the cold leg nozzles as previously discussed. With this size break, the water

discharged into the reactor cavity and the lower compartment follows the guidance in Appendix

B. Specifically, the best estimate would suggest that this break flow rate is split 50/50 between

the reactor cavity and the lower compartment as a result of the flow due to the jet impingement

on the biological shield wall. Figure 5-11 summarizes the behavior for this accident sequence and

illustrates that there is substantial ice melt resulting from the steam discharged during the accident.

This ice melt in combination with the water lost from the reactor coolant system, including

accumulated discharge, and that discharged by the containment sprays into the lower compartment

results in a minimum sump level of 4.71 ft., or an elevation of 603.5'hich is greater than the

licensing base limit for vortexing.

A similar accident sequence was assessed for a 3 inch dia. break in the cold leg with the

water discharge simultaneously directed to the reactor cavity and the lower compartment as

discussed above. Figure 5-12 summarizes the observations from this accident sequence. This

break is sufficient to initiate the CEQ fans and the containment sprays. For this postulated break

FAI)99-77; Rev. 1
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~

~ ~size, the minimum sump level observed is 4.84 ft. (an elevation of 603.6') which is above the

602'10." licensing basis limit for vortexing.

The break spectrum into the reactor cavity also considered a 2 inch effective diameter

break in the cold leg/RPV nozzle region. As was the case with other breaks in this locale, the

U'lowsplit of the water, discharge follows the guidance given in Appendix B. Figure 5-13

illustrates the results from this analysis and shows that the containment sprays were initiated early

in the accident sequence and that the minimum water level occurs after several hours and reaches

a value of 4.63 ft. (elevation of 603.4') which is above the licensing basis limit for vortexing.

The results for a postulated break with an effective diameter of 1.5 inch at the cold leg-

RPV nozzle weld is illustrated in Figure 5-14. As was the case with the smaller breaks in the

lower compartment, there is a reduced steam inventory released to the lower compartment but this

is sufficient to actuate both the single CEQ fan and the containment sprays. This results in a

reduced ice melt contribution to the containment sump and the RCS inventory can be established

by two trains of injection. As shown in this figure, the minimum water level in the'containment

sump is 4,57 ft (an elevation of 603.4'), which is above the licensing basis limit for vortexing.

., The results for a very small LOCA with an effective diameter of 1 inch at the nozzle safe

end is illustrated in Figure 5-15. The steam released is very small but is sufficient to increase the

lower compartment pressure such that both the CEQ fan and the containment sprays actuate. Once

the sprays have been initiated with the assumption that two trains are initiated and sustained, the

system progresses to recirculation at approximately 45 mins into the accident sequence. The

active sump water level decreases until about 5 hrs into the accident sequence, At this time the

water level in the sump reaches a minimum of 4.35 ft (elevation of 603.13') which is 3.5 inch

above the licensing basis limit for vortexing.
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5.2.3

Analysis for a postulated ejection of a CRDM due to weld-failure is illustrated in Figure

5-16. A rupture in this location may have an increased steam discharge due to two-phase

separation within the reactor vessel. MAAP4 does not represent phase separation in the RPV

upper plenum and as a result provides for a mass and energy release to the containment which

minimizes ice melt for this postulated accident sequence. In contrast to the split fiow break

locations considered above, this postulated break in the RPV.upper head is assumed to discharge

all of the break flow to the reactor cavity. With this LOCA size, the RCS is eventually refilled

by two trains of ECCS injection and is essentially full at the time the minimum level is calculated

in the containment sump. However, during the blowdown and cooldown transient, the

accumulators have partially injected and this inventory is discharged to the reactor cavity. As

illustrated in Figure 5-16 the minimum water level during the transient is 4.41 ft (an elevation of

603.2') which is above the licensing basis limit for vortexing.

Figure 5-17 illustrates the results from a postulated break of 0,61 inch in the bottom of the

reactor vessel. A break of this size is sufficiently small that the containment sprays are not

actuated, which is the expected behavior given the results previously discussed for very very small

LOCAs into the lower compartment. As long as the containment sprays do not actuate the time,

to recirculation is determined by the ECCS injection which is in excess of 36 hrs. Consequently,

the'ump inventory includes a substantial amount of ice melt and the sump water level at

recirculation is of no concern with respect to the licensing basis limit for vortexing. This result

also characterizes a similar break size in the RPV upper head, which is the severing of the reactor

head vent. Therefore, the containment sprays would not initiate for this postulated event.,

5.2.4 ~ ~

Compiling the information from the various size postulated LOCAs into the lower

compartment results in a characteristic behavior demonstrating the minimum active sump level as

a function of the LOCA sizes for break location for these Mode 1 initiation cases. Figure 5-18

FAI<99-77; Rev. 0
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shows the minimum sump water level for the spectrum of breaks into the lower compartment and

the reactor cavity and Figure 5-19.shows the mass of ice melted at the minimum level for the

different accident sequences. As illustrated, the water level in the active sump follows the

expected trend of decreasing with a decreasing break size and results in a minimum value of 4.35

ft (elevation of 603.13') for the smallest split flow LOCA which is sufficient to actuate the

containment sprays, For completeness, the 2.75 inch LOCA in the RPU upper head is included

here as having an effective diameter of 2.4 inches. For effective LOCA sizes less than 1 inch,

the containment sprays are not initiated and the minimum sump level is the level at recirculation

which takes'many hours and in'eludes a substantial mass of water due to ice melting. Hence, these

analyses demonstrate that the postulated LOCAs into either the lower compartment or the reactor

cavity have a minimum sump level that is above the licensing basis limit for vortexing regardless

of the LOCA size postulated.

5.3

The information from the most limiting case was examined to provide the necessary details

of the RCS and containment behavior to clearly illustrate the integral behavior of the system under

this condition. These are documented in Figure 5-20 with the information in Figure 5-20a

showing that the water level in the active sump (the lower compartment) is above the 602'10"

licensing base limit for vortexing. This also shows that the reactor cavity reaches the spillover

condition after approximately 6 hrs. into the accident and that the water level in the pipe annulus

(inactive sump) is the same as that in the active sump region (lower compartment), For these

analyses the containment sprays w'ere secured when the lower compartment pressure is decreased

to 0.77 psig.

Figure 5-20b shows the respective break flow rates to the sump and the reactor cavity and

these follow the flow split evaluated in Appendix B, This figure also illustrates the required safety

injection flow to the RCS eventually is reduced when the RCS is cooled down and the pressurizer

level reaches the upper limit indicated in the EOPs. Injection flows were throttled in these

analyses to maximize the water inventory in the pressurizer. This is different from the plant

FAI599-77; Rev. 0
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behavior since the high head flows can not be throttled. Such an assumption is a conservatism in

the analysis.
\

The flow rates of the containment sprays and RHR sprays are indicated in Figure 5-20c.

It is particularly important to note that the RHR sprays were not actuated, which is consistent with

the conditions input to the calculation requiring that the RHR sprays would only be used when

~
both trains of containment sprays are not operating. Also, this figure shows that the containment

sprays are actuated early in the accident progression with the injection phase terminating at about

3/4 hr. Once transfer to recirculation has been completed, both trains of sprays are restarted, i.e.,

the same flow rate as the injection phase.

The sump water temperature and the containment spray injection temperature are illustrated

in Figure 5-20d which shows the influence of long term spray operation with containment heat

removal through the containment sprays. Also, the heat removed by the containment spray heat

exchangers is shown in this figure and as expected, the heat removal rate is highest early in the

transient and decreases as the sump water temperature decreases. It should also be noted that the

containment spray injection temperature changes substantially over the accident with the initial

temperature being that set for the RWST and the final temperature approaching 42'F. This figure

also shows the discharge of the accumulator mass, which begins at about 3 hrs. into the accident

and is slowly discharged over the next 3-1/2 hrs, Hence, the accumulators provide most of their

inventory to the containment sump at the time of the minimum level, i.e., at 5-1/2 hours.

Another important part of the system response is the RCS behavior, including the

pressurizer and the secondary side transient response as illustrated in Figure 5-20e. With this

small initial break size, the pressurizer does not drain completely and this level is restored once

the cooldown begins. This figure also illustrates the influence of the cooldown process on the

RCS water temperature. As discussed previously, a cooldown rate of 100'F/hr was used which

is the maximum rate allowed in the EOPs and the maximum rate results in the minimum sump

inventory. Once the cooldown process is initiated, the RCS water temperature decreases 200'F

in 2 hrs, consequently, the cooldown effected by control of the secondary side pressure
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accomplished the desired. influence on the. reactor coolant system. It should be noted that this

cooldown and depressurization has the integral influence of enabling the pressurizer to be refilled,

initiating accumulator injection and requiring additional water mass in the RCS as the coolant

density increases.

Figure 5-20f illustrates the lower compartment pressure and the steam mass fraction in the

lower compartment gas space during the accident sequence. 'his demonstrates that the pressure
k

increases to the containment spray setpoint (17 psia) early in the accident sequence. This also

shows that once the injection phase is completed and the containment sprays are shut down for 5

mins. during the transfer to recirculation, both the steam mass fraction and containment pressure

increase during this interval which is the expected behavior. Once transfer to recirculation has

been completed and the two trains of containment sprays are re-established with suction from the

containment sump, the containment pressure and the steam concentration decrease rapidly to a

quasi-steady value until the RCS cooldown begins to decrease the break flow rate and the steam

flow rate to the containment.

In summary, the details of this most limiting case follow the expected behavior from the

integral analysis; In addition to examining these details, a mass balance check was performed for

this case. The water mass balance is examined for the most limiting break size (i.e., 1 inch small

LOCA with a 50/50 flow split of saturated water from the break to the cavity the lower

compartment). In this 1 inch small LOCA case, the minimum sump level occurs at around 5.4

hours. At the time of minimum sump level, the water level (referenced to the lower compartment

fioor; 598'9-3/8") in the active sump is 4,35 ft.

In these MAR'un analyses, it is assumed that 280,000 gallon - 16,100 gallon (assumed

holdup volume) of RWST water willbe injected into RCS and containment before switching from

injection to recirculation. After the recirculation is completed, an additional 34,000 gallons of

RWST water willbe injected into the RCS. Thus, the total available RWST water to the RCS and

the containment is 297,900 gallons (- 2.48E6 lb). The additional water can be supplied from the

accumulators and melted ice. At the time of the minimum sump level, 1.97E5 lb of accumulator
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water has been injected into the RCS and 4.3E5 lb of ice melt has occurred. Table 5-2 shows a

detailed mass balance of the entire syst'm at the time of the minimum sump level. As illustrated,

there is a check on the water inventory at the time of minimum sump level.

Table 5-2
~ ~

Initial Water Mass in RCS + Pressurizer

RWST Water Available (all injected)

Accumulator Water Injected at 5.4 hour

Ice Melted at 5.4 hour

TOTAL

Water Masses in RCS + Pressurizer at 5.4 hour

Water Masses in Containment at 5.4 hours
in Cavity
in Lower Compartment
in Annular Compartment
in the Rest of Containment

TOTAL

5.230E5 lb

2.48E6 lb

1.97E5 lb

4.3E5 lb

3.63E6 lb

6.40E5 lb

0.93E6
1.03E6
0.94E6
0.9E5

3.63E6 lb

5.4

F

As discussed previously, the most limiting containment conditions for a loss-of-coolant

accident in the containment with respect to the containment sump inventory were addressed

through a Failure Modes and Effects Analysis (FMEA). In general, these conditions are those

which minimize the ice melt through the earliest spray initiation for a given break size combined

with the minimum steam mass in the lower containment compartment and the coldest spray water

temperature. Since the most limiting cases for this evaluation had already been established, these

were not a subject of sensitivity analyses.
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II

One aspect of the. containment evaluation to be assessed through an integral model is the

sensitivity to the ECCS and containment safeguards configuration. The base case for the sump

evaluation was performed with two trains of ECCS and a single train of air recirculation fans in

operation. Hence, the single active failure is a single CEQ fan failed with the remainder of that

train operating as designed. To address the sensitivity to this assumed failure, two additional

configurations were considered:

failure of a complete ECCS train and containment safeguards (one CEQ fan is in

operation along with one injection train and one train of containment sprays);

~ the single active failure was not in the ECCS and containment safeguards such that

two trains of all the systems were available.

Figure 5-21 illustrates the response to a 1.5 inch LOCA into the reactor cavity using a

50/50 split flow to the reactor cavity and the lower compartment (the limiting case) for these three

different cases. As illustrated, the failure of a single CEQ fan is more limiting in terms of the

minimum sump level by several inches with the principal reason for this difference being increased

ice melt for the two conditions considered in addition to the base case. This demonstrates that the

system configuration evaluated for these assessments is the single most limiting case in terms of

presenting the minimum containment sump level for the spectrum of LOCA conditions.

5.5

Several of the conservatisms can be quantified. These are detailed below.

The free volumes assumed in the pipe annulus and lower compartment regions are

documented in the DIT information in Appendix A. This analysis represents the total volumes

in these compartments and no assessment has presently been made for the volume occupied by

internal structures such as pipes, valves, etc. In the previous analyses (FAI, 1997) an allowance

of 5% was given for structure in the pipe annulus. Given the large pipe annulus volume, a 5%
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Figure 5-21 Comparison of the minimum water levels for a 1.5 inch break into the reactor cavity assuming

(a) the failure of a single CEQ fan, (b) the failure of a complete train of ECCS and containment
safeguards and (c) no failure of either ECCS/containment safeguard train.
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value for the internal equipment represents about 16,000 gals. Approximately half of this blocked

volume could become submerged. The blocked volume in the submergible portion of the lower

compartment is given as'507.6 ft'3800 gals). The combined submerged blocked volume is

appioximately 11,800 gals or a sump level increase of about 2.2 inches. This influence is not

included in the evaluations documented in Section 5 and therefore is a conservatism in these

analyses.

These assessments assumed the maximum cooldown rate of 100'F/hr. Slower cooldown

rates, such as 30'F/hr or 50'F/hr would increase the energy discharged into the containment and

therefore increase the ice melt inventory. Therefore, using the maximum cooldown rate in this

assessment is a conservatism in the analysis.

Other parts of the analysis are conservatisms but cannot be directly quantified. The

influence of these assumptions are discussed in the following paragraphs.

These split flow breaks postulated very small ruptures in the reactor coolant piping inside

the biological shield. Such small breaks which are smaller than the piping thickness are highly

unlikely. In particular, a postulate of cracks in the RCS piping would be demonstrated as leaks

but not ruptures of this size and those ruptures which are postulated as a result of other events,

such as seismically induced movement of the piping would result in larger break sizes ifsuch a

rupture would occur. Consequently, postulating very small ruptures of the RCS piping inside the

biological shield is a substantial conservatism in these analyses.

For the assessments provided in this section, the most limiting conditions with respect to

containment conditions, ECCS/containment safeguard configurations, postulated break sizes, break

location, etc. have been considered. As discussed for each of these issues, the most limiting case

is that which results in the earliest actuation of containment sprays combined with the smallest

steam discharge rate to the lower compartment atmosphere. Hence, each of these parameters that

has been examined through the FMEA calculations or specific MAAP4 analyses tends to provide

for minimal ice melting which therefore translates to a minimal ice melting inventory to the
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containment sump. Therefore, these are all individually conservatisms in the analysis since it is

skewed towards the most conservative boundary of each parameter.

The mass and energy releases to the containment, regardless of the break size, are provided

by MAAP4 using the assumption that the steam and water discharged from the break are in
E

thermodynamic equilibrium. This results in the maximum water enthalpy and therefore the

minimum steam mass produced as. the mixture flashes into the containment. Therefore, the use

of the MAAP4 mass and energy releases produces the minimal ice melt for a given postulated

break size.

Another conservatism is the invariance of the licensing base limit for vortexing with the

flow rates demanded by the ECCS and containrrient spray systems. The information in the

literature with respect to changes in flow rate indicate that the water depth necessary to protect

against substantial air ingression varies as the square of the velocity and therefore as the square

of the flow rate (Weigand et al.,'1982). For the most limiting cases examined, the ECCS

injection flow is only a few hundred gpm and the containment spray flow is 3700 gpm per train.

This is well below the 9500 gpm through a single section pipe that was considered in the Alden

scaled test for. the D.C. Cook sump. The value of 9500 gpm was considered as the runout

condition for one ECCS train given complete failure of the other train. Another case considered

was 7700 gpm flow for each suction pipe with both trains operating which is more representative

of the conditions used in this analysis. This 7700 gpm flow rate simulated the runout condition

of ECCS pumps with both trains operating. As mentioned earlier, the Alden Laboratory scaled

experiments observed that a level of 602'10" was sufficient to protect both of these cases.

Moreover, the parametric sump studies performed by Sandia National Laboratories and Alden

Laboratories for the Nuclear Regulatory Commission (Weigand et al., 1982) show that a reduced

injection rate could have sufficient protection for air ingression by a much lower water level. The

guidance from the parametric study suggest that a Froude number of 0.55 can be used to describe

the submergence sufficient to protect against air ingression up to 2.5% void fraction. This extent

of ingested void would not result in damage to large pumping systems during long term operation.

The Froude number in this context is defined as
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where U is the water velocity in the pipe inlet, g is the acceleration of gravity and s is the

submergence depth of the pipe inlet.

In the D.C. Cook specific scaled experiments the observation of no air ingression for a

suction flow of 9500 gpm and a sump level of 602'10" can be used to'formulate a Froude number

function for such protectionist lower suction flow rates. In the D.C. Cook sump, the vortex must

be pulled below the bottom of the crane wall 593'9-3/4" (Figure 5-22) before air could be

ingested into the suction piping. Combining this submergence (9'1/4") and flow rate with an 18

inch suction pipe diameter results in a Froude number of 0.7. Water levels necessary to prevent

air ingression can be assessed using this characterization.

P

An additional observation was made by Padmanabhan (1978) for the D.C. Cook sump

tests, i.e., "Preliminary tests indicated that the minimum water level in the sump should not be

less than EL 602 ft, 3 inches so that the necessary head over the curb to effect the needed inflow

balancing the outflow from the sump was available." This is, the only reference to this elevation

and there is insufficient data reported to check this against standard weir flow models.

Furthermore, there is no such limitation noted for the same suction flow with the water level at

a scaled height of 602'10" and a 50% blockage of the entry to the sump. Nevertheless, this

observation provides a means of determining a bounding condition for characterizing the water

supply flow to the sump. From standard weir flow theory (Vennard, 1954), the volumetric flow

rate (Q„) is proportional to the water height differential (H) as given by

Q g H3/2

The appropriate height in this calculation is the distance above the curb which has an elevation of

599'4-3/8" (Figure 5-22). Solving for the constant of proportionality for a differential height of

2.89 ft. with a total fiow rate of 15,400 gpm provides the functional behavior shown in Figure

5-23: Note that this is displayed on a per train basis and has a value very close to 602'10" for

FAIi99-77; Rev. 1
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Figure 5-22 Details of original sump taken from Padmanabhan (1978).





MODE I: Neccaaary Sump Water Level for Reduced Suction Flow Ratca
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Figure 5-23 A summary of the minimum sump water levels versus sump total suction flow
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a flow rate of 9500 gpm. Thus, this curve can be used to bound the behavior for air ingression

as well as supply flow to the sump.

I'o

illustrate the conservatisms in this representation, Figure 5-23 includes the air

ingression boundary (N„, = 0.7) as well as classical weir flow results for one and two trains of

ECCS and containment safeguards operating including conditions for no blockage and 50%

blockage of the sump inlet periphery. There is substantial margin between the bounding

representation and these more mechanistic analyses.

Figure 5-23 also shows the results of the split flow Mode 1 analyses, which are the most

limiting cases. These minimum levels are all above the 602'10" design basis limit for vortexing.

Moreover, these postulated accident conditions also have the smallest suction demand. Hence,

there is additional margin for these smaller break sizes than represented by the submergence above

602'10". This is an added conservatism for the Mode 1 analyses'.

Lastly, the most limiting containment configuration is evaluated with respect to the

ECCS/containment safeguards available in the accident response. In particular, the configuration

selected, the failure of a single CEQ fan, results in the lowest gas flow through the ice condenser

and therefore the minimal ice melt during the transient evaluated. No credit is taken for

termination of a single train of sprays for these very small LOCAs or for shutting down one of

the injection trains to the RCS. Each of these would slow the time to recirculation and would also

increase the ice melt without creating any challenge to containment integrity. Neglecting such

operator actions in very long transients is a conservatism in the assessments.
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The assessment for the minimum sump inventory considered accident sequences other than

the spectrum of possible ruptures in the RCS under Mode 1 conditions, One such set of conditions .

considered were the integral RCS and containment behavior following a postulated break in the

reactor coolant system when the RCS had been cooled to a temperature of 350'F. gn these cases

the break is initiated at 3 hours which is the interval required to cool down the RCS.) Several

cases were examined, with the bounding cases being a 6 inch equivalent diameter break

discharging to the lower compartment and a 2 inch diameter break in the cold leg near the reactor

vessel nozzle which discharges water into both the lower compartment and the reactor cavity. The

results for the first case are illustrated in Figure 6-1 and show that the accident is initiated after

the RCS is cooled down to the temperature of interest. Note that this lower bound of the Mode

3 temperature range was used since this results in the minimum steam production due to flashing

and therefore the minimum ice melt contribution to the sump. A LOCA of this size is sufficient

to actuate the CEQ fans and the containment sprays with the water level in the sump being greater

than the licensing base limit for vortexing at all times after recirculation which occurs at about 4

hrs. The results for the second case are illustrated in Figure 6-2. Such a small LOCA would not

initiate containment sprays for the conditions defined. Consequently the location of a break of this

size, or smaller, has no influence on the sump level since the sprays would not actuate.

w c ment and theOther effective break sizes were considered for locations m the lo er ompart

split flow cases since these are the limiting set of conditions. Break sizes larger than 2 inches

release sufficient steam to increase the containment pressure to the 2.3 psig spray setpoint

considered for these evaluations. Consequently, with the reduced energy inventory in the RCS,

the net steam produced by these breaks. results in a reduced water level in the active sump

compared to the Mode 1 analyses. Figures 6-3 arid 6-4 respectively illustrate the Mode 3 results

assuming 4 inch and 3 inch effective diameter breaks into the lower compartment. As shown by

these two figures, the water level at the initiation of recirculation, which occurs at approximately

FAD99-77', Rev. 1
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.Figure 6-1 Summary of the results for a 6 inch LOCA into the lower compartment under Mode 3 conditions.
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4 hours into the evaluation, is approximately 2-1/2 feet above the 4 foot level which corresponds

to an elevation of 602'10". With the long term flow through the NIS holes and the potential for

containment spray to fall through the entry to the instrument tunnel, this slowly decreases to a

minimum value which is above the 5 foot level, i.e., an elevation of 604 feet.

'I

The resporise of postulated split flow breaks in the cold leg piping as analyzed for the

Mode 1 analyses is illustrated in Figures 6-5, 6-6 and 6-7 for respective effective break diameters

of 6 inches, 4 inches and 3 inches. These cases experience a substantial fiow rate to the reactor

cavity early in the accident sequence and as a result less water accumulated in the sump. With

the reduced contribution of ice melt for the initial RCS temperature condition, there is insufficient

inventory in the sump at the time of recirculation to remain above the 602'10" condition.

However, this is for a very short time and the level recovers to a value above the 602'10"

condition which corresponds to 4.05 feet in these figures, The Mode 3 sump level results are

summarized in Table 6-1.

With these smaller break sizes, the water demand from the containment sump is

substantially reduced since the ECCS flow rates are well below those associated with the DECL

design basis condition. Consequently, the information produced from these integral analyses can

be integrated with that reported in the Alden Laboratory studies (Padmanabahn, 1978) as well as

those integrated through the MPR evaluation of meaningful requirements for the recirculation

sump based on the Alden Laboratory data. Similar to the analyses performed for the Mode 1

cases and shown in Figure 5-23, Figure 6-8 compares the minimum required sump level for these

reduced suction fiow rates on a per train basis with that resulting from the Mode 3 assessments.

As illustrated, with the reduced sump demand flow, the minimum sump level is above the

bounding limitcharacterizing both vortexing and the critical depth to support flow into the sump.

Hence, while the level may be below 602'10" for postulated break sizes in the reactor coolant

system piping inside the biological shield, the reduced recirculation flow has a correspondingly

reduced demand with respect to vortexing (air ingression) and the fiow rate into the sump (weir

flow) to assure that the inflow equals the outflow. Consequently, there is also sufficient inventory
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Table 6-1

Break
Size

(inch)
Break

Location"'ime~'econds/hr Sump Level
ft

Switch to Recirculation

Time"'econds/hr
Sump Level

ft

Minimum Sump Level

Start Time+
seconds/hr

Shut-Off
Time~'econds/hr

Containment Spray Operation

LC

LC

LC

LC

RX

21037/5.84

12048/3.35

11724/3.26

11639/3.23

21033/5.84

12045/3.35

11709/3.25

11627/3.23

6.4

5.5

5.5

5.5

4.3

4.6

4.0

4.3

21037/5.84

12048/3.35

11724/3.26

61200/17.0

21033/5.84

13860/3.85

12600/3.5

12200/3.4

6.4

5.5

5.5

5.2

4.3

4.25

3.55

3.55

Not Initiated

10440/2.9

10409/2.9

10387/2.9

Not Initiated

'0430/2.9

10404/2.9

10386/2.9

N/A

24109/6.7

20228/5.6

20297/5.6

N/A

26470/7.35 ~

20741/5.8

20874/5.8

"'ower compartment designated LC and reactor cavity designated RX.

~'ll times referenced to start of cooldown from normal operating conditions which is time of 0 seconds. The Mode 3 LOCA is

initiated when the rima water tern rature reaches 350 F which occurs at 10,375 seconds 2.9 hours;-
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in the active sump during recirculation for th6 lowest RCS temperature in Mode 3. Other Mode

3 conditions (RCS temperatures between hot standby and the 350'F value used in these analyses)

are bounded by the Mode 1 and Mode 3 results given here for the minimum sump level.
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As with the cases addressed for a break in the reactor coolant system, the spectrum of

conditions also considers the potential break in the secondary side, i.e., a main steam line break.

This type of accident is different from those with a break in the RCS since there is no continuing

need to inject to the RCS. The containment sprays can be actuated by the steam generator

blowdown into the lower compartment and the RWST would be drained.to the recirc condition
i II

but little injection is needed to the RCS. Also, there would be a substantial ice melt associated

with the steam generator blowdown and this inventory would drain to the sump. Figures 7-1 and

7-2 illustrate the integral response for postulated break diameters of 1.4 ft'nd 4.6

ft'espectively.There is essentially no difference in the global accident behavior. In both cases the

failed steam generator is isolated 600 seconds after the postulated main steam line bieak. As

illustrated in these figures, there is a substantial amount of ice mass melted early in the transient

(approximately 400,000 lbs) and the water level in the sump increases to about 5.7 ft (an elevation

of 604'6") due to the activation of containment sprays and the ice mass melted. There is flow'nto

the reactor cavity through the nuclear instrumentation ports in the biological shield and by the
W

spray flow into the entrance to the instrument tunnel which slowly increases the level in the

reactor cavity and decreases the level in the sump. In this calculation the containment sprays were

secured after about 8 hours when the containment pressure reached the reset condition. At this

time the RCS is full and undergoing cooldown with very little ice melting. Hence, there is

virtually no demand on the containment sump. During the time at which there was a suction

demand from the sump, the level was well above the licensing base limitfor vortexing of 602'10",

which is approximately 4 ft. of level in the active sump. Consequently, neither of these steam line

break initiating events resulted in any challenge to recirculation flows.

FAI>99-77; Rev. 1
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Figure 7-1 Summary of the minimum sump inventory for a steam line break of 1.4 ft into the lower compartment.
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The conclusions from these analyses are as follows.

1. With the changes in the containment design to assure adequate communication

between the pipe annulus and'the sump, as well as the change in the CEQ fan

setpoint, there is sufficient sump level for the, complete spectrum of RCS and

secondary side breaks to protect against vortexing and air ingression. Hence, there

is no need for additional plant modifications or changes to the EOPs.

The assessment of the minimum sump inventory requires an integral analysis which

includes representations of the RCS and containment as well as the system
t

performance of the ECCS and containment safeguards.

3. The containment building model needs to provide sufficient nodalization to

represent water inventories in the sump gower compartment), the pipe annulus and

the reactor cavity as well as to model the flow connections between these different

compartments. Furthermore, the assessment must provide a mechanistic

description of the ice melt behavior such that the complete spectrum of LOCA

conditions can be evaluated.

4,

II

The MAAP4 models for the ice condenser, ice condenser containments and the

inlet door characterization are in good agreement with the available experimental

results from large scale experiments and plant obser'vations, i.e., the forces

required to open the ice condenser lower inlet doors.

5. The most limiting case for the minimum sump level during recirculation are those

conditions in which the containment sprays are initiated but there is minimal ice

melting when the sprays are operating. These are situations in which the steam

FAD99-77; Rev. l
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partial pressure in the lower compartment is minimized (small-small LOCA) and

the potential for condensation is maximized (the coldest spray temperature). These

conditions were developed through an independent FMEA assessment and applied

in this analysis.

For the spectrum of LOCA conditions evaluated into the lower compartment, a

LOCA with an effective diameter of 1" represents the minimum condition where

sprays would be initiated and the steam partial. pressure in the lower compartment

the lowest. This represents the most limiting case for a break into the lower

'ompartmentand the minimum level in the sump for this most limiting transient

is 9 inches above the licensing base limit for vortexing of 602'10".

7. For postulated breaks in the cold leg inside the biological shield, the water

discharge from the break is represented as having a 50/SO split between the reactor

cavity and the lower compartment based on jet impingement analyses of the two-

phase discharge. For these types of breaks, the most limiting case of a 1 inch

effective break diameter results in a minimum level in the sump of 603'l-l/2"

which is 3-1/2 inches above the licensing base limit for vortexing of 602'10".

8. Possible break locations were also considered for the RPV lower and upper heads.

The maximum break size in the lower head is a rupture (severing) of an in-core

instrument penetration tube which provides a break diameter of 0.61 inches with

a discharge coefficient of less than 0.6. This is not sufficient to actuate the

containment sprays. Thus, the sump water level is well above the 602'10" at the

time of recirculation which is in excess of 36 hours. A review of possible upper

head breaks concludes that two size ruptures should be considered, a failure of a

CRDM and the severing of the 0.6 inch diameter reactor head vent. The former

initiates the containment sprays and has a minimum level of 603.2'nd the latter,

like the instrument line break, does not result in the sprays being actuated.

FAI(99-77; Rev. 0
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Therefore, the Mo'de 1 LOCAs into the reactor cavity result in water levels during

recirculation which are greater than the design basis limit for vortexing.

9 Several Mode 3 cases were examined, the largest was a 6 inch break and the

smallest has an effective diameter of 2 inches. The 6 inch break into the lower

compartment results in a water level above the licensing base limit for vortexing
'nd

a 2 inch break does not actuate the sprays. This break size spectrum was

examined for breaks into the lower compartment as well as for the split flow

conditions. While some of these resulted in minimum levels below 602'10",

considering the reduced sump demand flows for these LOCAs which are smaller

than the design basis DECL, there is a sufficient water level to prevent vortexing

based on the D.C. Cook specific sump tests.

10. The assessment of main steam line breaks into the containment for two different

size breaks result in a water level in the sump that is above the licensing base limit

for vortexing. Furthermore, since there is no break in the RCS there is no long

term need for the containment sprays and the injection to the RCS is only that

needed to maintain the pressurizer level as the RCS cools down, i.e.,

approximately 20,000 gals. Hence, the level in these sequences is always above

the licensing basis limit for vortexing.
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Containment o umevs. Hcig t orFi -up-
Gross Lower Contaiiuncnt Volume up to
elevation 612'i.e., recirculation sump plus
active sump filled to 612'lus reactor cavity
filled to 612') (cu. Ft.)
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See Attachment 4

See Attac ent 5

1,005

22,657

40,740

507.6

2 51.1

5,488

65,582

Source ~
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identifies combinations ofLOCA / MSLB
break size, location, and plant mode that
address Chapter 14 cases or result in
minimum sump water level at recirc switch-
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ofsingle failure criterion.
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Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Usc

Approved
for Use

Approved
for Use

Approved
for Usc

Approved
for Use

3h Containment Volume vs. Hcig t for Fill-up-
Volume Blocked by Equipment and Piping
Inside Crane Wall up to elevation 612'- 0" (cu.
Ft.)

3079.8 DIT-B40033-00 Approved
for Use
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Containment Volume vs. Height for Fi -up-
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elevation 612'nd weir overflow (i.c.,
recirculation sump plus active sump filled to
612'lus reactor cavity filled to 612'lus
inactive sump filled to 612') (cu. Ft.)
Containment Volume vs. Height for Fill-up-
Gross Lower Containment Volume up to 612'-
5.5 (i.e., recirculation sump plus active sump
filled to 612'-5.5" plus reactor cavity filled to
612'-5.5" plus inactive sump filled to 612'-
5.5") (cu. Ft.)
RWST- Deiive Vo ume at En of
Recirculation (gal)
RWST - De iv Vo urne at Start of
Recirculation (gal)
Minimum Containment Spray Flow ratc-
Upper Header (gpm)
Minimum Contamment Spray Flow rate-
Lower Header Inside Crane Wall (gpm)
MinimumContainment Spray Flow rate-
Lower Header Outside Cane Wall (gpm)
Maximum Lower Compartment Containmcnt

Spray Flow rate with I Train - Upper Header

(gpm)
Maximum Lower Companment Containment
Spray Flow rate with I Train - Lower Header
Inside Crane Wall (gpm)
Maximum Lower Companmcnt ontamment

Spray Flow rate with I Train - Lower Outside
Crane Wall (gpm)
Maximum Contamment Spray F ow rate wit 2
Trains - Upper Header (gpm)
Maximum Containmcnt Spray F ow rate wi 2
Trains - Lower Header Inside Crane Wall
(gpm)
Maximum Containment Spray Flow rate with 2
Trains - Lower Header Outside Crane Wall
(gpm)
Containment Spray - Fall Hei t throu
Upper Companment (Ft.)
Containment Spray - Fall Height throu
active sump (Ft.)
Containment Spray Termination Criteria-
Nominal Containment Pressure to Terminate
CTS (psig)
Contamment Spray Termination Criteria-
Lower Companment Indicated Pressure Total
Loop Unccnainty (psig)

Value Provided

110,361

114,127

314,000

280,000

1960

259

248

892

5002

17

638

80.167

50.0

1.5

0.73

Source

DIT-B400334Q

DIT-B400334Q

esign Requirement track by CR-99-
21216.
Design Requirement tracked y CR-99-
21216.
AEP Calculation TH-9849, Revision 2

AEP C culation TH-9849, Revision 2

AEP Calcu ation TH-9849, Revision 2

AEP C culation TH-9849, Revision 2

AEP Ca cu ation TH-9849, Revision 2

AEP Calculation TH-9849, Revision 2

AEP Ca culation TH-9849, Revision 2

AEP cu ation TH-9849, Revision 2

AEP Calculation TH-9849, Revision 2

DIT-B4001440

DIT-B4001440

Design Requirement tracked by CR-99-
21182

Design Requirement tracked by CR-99-
21194

Status

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Usc

Approved
for Usc

Approved
for

Use'pproved

for Usc
Approved

for Usc .

Approv
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Usc

Approved
for Use

FA1399-77; Rev. 2



A-8

AEP DESIGN INFORMATIONTRANSMITTALS(DIT)

DIT Form, Part 2

AEP
Design Information Transmittal

DIT No.
D IT-B-0001144

Page 5 of 13

Item

17a

17b

18

19

20

2la

Description

RHR Spray Initiation Criteria

RHR Spray Termination Criteria

Minimum Containment Humidity (%)

Minimum Containment Ice Bed Mass (Mlbm)

Minimum Containment Ice Bed Temperature
('F)
Openings in Crane Wal Between Active Sump
and Piping annulus - Number ofOpenings

Value Provided

50 min. atter Sl
signal ifless than 2

CTS pumps are

operating
Terminate when
CTS pumps are

secllfed
15

2.2

IO

Source

Design Requirement implemented by EOP
Project acceptance ofCRA-9 for CR-98-
0913

Design Requirement trac ed by CR-99-
22783.

Engineering Judgment supported by write-
up included in this DIT
Westinghouse Safety Evaluation SECL 99-
076, Revision 2, "Containment
Modifications Evaluation"
Engineering Judgment supported by write-
up included in this DIT
DIT-B4001

Status

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Usc

"
21d

22

23

24

25a

25b

25d

26

27a

Openings in Cree Wall Between Active Sump
and Piping annulus - Height vs. Width
Openings in Crane Wa Between Active Sump
and Piping annulus - Length
Openings in Crane Wal Between Active Sump
and Piping annulus - Centerline elevation
Containment AirRecircu ation- Latest Fan
Start Time (sec)
Containment AirRecircu ation - CEQ Fan

Capacity. Curve
Containment Spray - Normally otdcd Piping
Volume for Both Trains (gal.)
RHR Spray - I E No y Voi Piping
Volume (cu. Ft.)
RHR Spray - I W No y Voi Pipeg
Volume (cu. Ft.)
RHR Spray - 2E Normally Voided Piping
Volume (cu. Ft.)
RHR Spray-2W No y Voi Piping
Volume (cu. Ft.)
Maximum ECCS Pump Two-Train Flow Rate

as a function ofRCS pressure (gpm)

Maxiinum Containment Spray Heat Exchanger

UA (MBTU/hr-'F)

7.5" x 7.5" min. DIT-B4001640

19.25" max. DIT-B~1640

599'-9.375" 2 3" DIT-B4001640

150 after Hi -I
signal

Design Requirement trac «d by CR-99-
16842.

Various DIT-B4012840
(See Attachment I)

7789 DIT-B40023%1

217.11

223.14

DIT-B4000541

DIT-B4000541

DIT-B4000M)I

231.26 DIT-B400051

Vanous
(See Attachment 2)

2.5

WCAP-1428, Donal C. Coo uclear
Plant Unit I, Steam Generator Tube
Plugging Program Engineering report,
Volume 2, Tables 4.4-15 and 4.4-19
AEP Calculation MD-I2-CTS408-N, Rev.

0; [Engineering Judgment for case selected

is included in this DIT.]

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use .

Approved
for Use

Approved
for Usc

Approved
for Use

Approved
for Use

Approved
for Use

Approv
for Use

Approv
for Use

Approved
for Use

27b

27c

Containment Spray Heat Exchanger
Configuration for UA Calculation

ESW Flow to Containment Spray Heat
Exchanger for Maximum UA Case (gpm)

U-tube,
Counterflow

3300

Yuba Heat Trans er Division, Exchanger
Specification Sheet, Donald C. Cook
Containment Spray Cooler, 9-18-70
Engineering Ju gment supported y write-

up included in this DIT. Value is consistent
with AEP 'calc. MD-I2-CTS408-N, Rev. 0.

Approved
for Use

Approved
for Use

FAI't99-77; Rev. 2
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Page 6 of 13

27d

28a

28b

28c

Minimum ESW Cooling Water Temperature to
Containment Spray Heat Exchanger ('F)
Maximum RHR Heat Exchanger UA
(MBTU/hr-OF)

RHR Spray Heat Exchanger Configuration for
UA Calculation

CCW Flow to RHR Heat Exchanger for
Maximum UA Case (gpm)

33

. 3.1

U-tu e,
Counterflow

5500

Engineering Judgment supported by write-
up included in this DIT
AEP Calcu ation MD-12CTS408-N, Rev.
0; [Engineering Judgment for case selected
is included in this DIT.]
Engineers 8c Fabricators, Inc., Exc anger
Specification Sheet, Westinghouse Electric
Corp., Atomic Power division, Residual
Heat Exchanger, 6-2349
Engineering Judgment supported by write-
up included in this DIT. Value is consistent
with AEP calc. MD-12-CTS408-N, Rev. 0.

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Usc

28d

29a

29b

29c

29d

29c

29f

Mmimum CCW Cooling Water Temperature to
RHR Heat Exchanger ('F)
Openings in Biological Shield Wall Between
Active Sump and Reactor Cavity - Orientation
Openings in Bio ogical S iel Wall Between
Active Sump and Reactor Cavity - Number of
Openings at Elevation 599'-9 3/8"
Openings in Biologi Shiel Wall Between
Active Sump and Reactor Cavity - Number of
Openings at Elevation 605'-9 3/8"
Openings in Biologi Shield Wal Between
Active Sump and Reactor Cavity - Largest
Outer Diameter ofPenetration Liner (in.) /
Liner Thickness (in.)
Openings in Biological Shie d Wall Between,
Active Sump and Reactor Cavity - Largest
Shaft Outer. Diameter within Penetration (in.)
Openings in Biologic Shie d W Between
Active Sump and Reactor Cavity - Shortest
Flow Length Through Smallest Annular Area
(in.)

Horizontal AEP Drawings: 1-5343-13; 2-5344-7

AEP Drawings: 1-5343-13; 2-5344-7

AEP Drawings: 1-5343-13; 2-5344-7

2.50/ 0.187 AEP Drawings: I-5343-I3; 2-5344-7

Wesnnghouse Drawmg 618F235

13.8 AEP Drawings: 1-5343-13; 2-5344-7;
Westinghouse Drawings 618F235, 113E421

60 OHP 4021.016.003, Umt I - Rev. 14; Unit 2
- Rev. 9

Approved
for Use

Approved
for Use

Approved
for Use

Approved
for Use

Approv
for Usc

Approved
for Usc

Approved
for Use

30a EOP Va ve Mampulation Sequence Inmate and
Complete Recirculation Switchover

See Attachment 3 7/12/99 Memo to Gary Brassart and Vance
VanderBurg from Jim Abshire, EOP Prog.
Mgr, re: ES-1.3; 6/17/98 Memo to J. G.
Feinstein from P. Cooper and G. Tollas

Approved
for Use

30b

31

Duration o RHR/CTS F ow Interruption
During Recirculation Switchover (min)

~ ECCS Leakage ollowing recircu ation
switchover (gpm)

5 7/12/99 Memo to Gary Brassait and Vance
(Scc Attachment 3) VanderBurg from Jim Abshire, EOP

Program Manager, re: ES-I.3
Design Requirement tracked by CR-99-
21213

Approved
for Use

Approved
for Use

32a Initia Reactor Coolant System Pressure (psia) 2250 Engineering Ju gment. This va ue is
consistent with the previous analysis of
record (i.e., WCAP-14286).

Approved
for Use

32b Initial Reactor Coolant System Temperature
('F)

556 Engineering Judgment. This value is
consistent with the range ofvalues in the
previous analysis of record (i.e., WCAP-
14286)

Approved
for Use

FAI>99-77; Rev. 2
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Item
¹

32c

33a

33

33c

34

Description

initial Reactor Power (MWt) - Mode l Hot Full
Power (HFP) / Mode 3

Minimum Accumulator Water Temperature
('F)
Minimum Accumulator Pressure (psia)

Minimum Water Mass per Accumulator (ibm)

Maximum Divider Barrier Bypass Area (sq. ft.)

Value Provided

.3250/0

60

574 3

Source

Engineering Judgment. This value is
consistent with the previous analysis of
record (i.e., WCAP:14286) and a lower
power level is conservative.,

. Engineering Judgment supported by wnte-
up included in this DlT
Engineering Judgment supported by write-
up included in thiM)lT
Engineertng Judgment supported y write-
up included in this DlT
Historical value estab ish in original
FSAR. LERs 9840441 (Unit 2) and 98-
037-01 (Unit 1) reported that this design
basis value was exceeded and committed to
restoring and maintaining this value for
divider barrier leakage area. Procedure 12
EHP 6040.PEL 1 54, "Containment Divider
Barrier Survey" was implemented to "...
determine the operability of the containment
divider barrier by demonstrating that the
actual bypass area is less than the design
bypass area of5 ft ."

Status

Approved
for Use

Approved
for Use

Approved
for Use

Approv
for Use

Approved
for Use

FAD99-77; Rev. 2
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Old Value:

New value:

References:

15% (Reference 1)

Engineering Judgment based on a consensus ofattendees at a Steam Generator Tube Plugging
program meeting on 4/27/94 to discuss design inputs.

Reason: Since containment relative humidity is not a monitored parameter, a typical value is not readily available.
This lack ofdata precludes identifying a physically-based estimate for the lower-bound containment relative
humidity. Although a relative humidity value ofzero is an obvious analytical lower bound for relative
humidity, this value is not a reasonable lower bound given that: '

The RCS and containment are normally open during refueling outages, which leads to a high relative
humidity in containment at these times; and

There is always some water present in the recirculation sump during'normal operation due to the
requirement to maintain the recirculation suction piping water-filled.

Following RCS and containment closure, however, it is possible that containment relative humidity will
decrease due to operation of the containment purge system, condensation of steam vapor ifcontainment
temperature decreases, etc. However, it is unlikely that the containment relative humidity outside of the ice

'ondensercould actually decrease to zero. Based on recent conversations with a system engineer and a
licensed operator, there is always a shallow pool ofwater in the recirculation sump to maintain the
recirculation suction piping water-filled. Consequently, the low value of 15% relative humidity is considered
a reasonable estimate for a lower-bound on containme'nt relative humidity.

Old Value: 10'F (Reference 1)

New value:

References:

looF

1. 10/7/98 Letter from V. VanderBurg documenting Engineering Judgment based on a consensus of
attendees at a Steam Generator Tube Plugging program meeting on 4/27/94 to discuss design inputs.

NRM Archive Boxes //8037 and 9076, Chart Recorder Records for Unit 1 (Dates: 3/30/96 - 5/23/96
and 7/16/96 - 9/2/96 contained in Box 0 9076) and Unit 2 (Dates: 1/28/96 - 2/12/96 and 3/27/96-
4/10/96 contained in Box /tt 8037; 5/7/96 - 6/30/96 contained in Box // 9076)

Reason: Although the ice bed temperature is a monitored parameter and there is a High/Low temperature alarm, there
are no operator actions required by the occurrence ofa low temperature alarm. informal discussions suggest

that the lowland temperature is maintained above 10'F. This lower-bound temperature is based on

FA699-77; Rev. 2
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operational. considerations related to the glycol cooling system, specifically that the cooling system operation
becomes more difficultas glycol properties change with decreasing temperature.

To establish whether the 10'F temperature is in fact a reasonable lower-bound ice bed temperature, chart
recorder data were reviewed as documented in Reference 2. The data arc sununarized as follows:

Unit 1 3/30/96 to 5/23/96

Unit 1 7/16/96 to 9/2/96

Allice bed temperature channel readings fell between 8'F and 20'F
Values below 10'F occurred for only two channels and persisted only
during three days. During that time Irame, the rest of the channels were

'bove 10'F.
Allice bed tempcraturc channel readings fell between 12'F and 20'F

Unit 2 1/28/96 to 2/12/96 Allice bed temperature channel readings fell between 12'F and 16'F
Unit 2 3/27/96 to 4/10/96 Allice bed temperature channel readings fell between 13'F and 32'F
Unit 2 5/7/96 to 6/30/96 Allice bed temperature channel readings fell between 10'F and 20'F

While thc above data are not comprehensive, they do show that over relatively long historical periods of time
the ice bcd temperature has been maintained above 10'F. On this basis, a minimum ice bed temperature of
10'F willbe adopted for analysis purposes.

W w

Old Value:

Ncw value:

None (New parameter)

3300 gpm

References: 1 / 2 EHP 4030.STP.241 "ESW Flow Balance"

Yuba Industries, Yuba Heat Transfer Division, Exchanger Specification Sheet for American Electric
Power Containment Spray Cooler

Excerpts Rom survcillances documented by completing 1/2 EHP 4030.STP.241; surveillances
performed on 9/21/95 (Ul), 4/26/96 (U2), and 4/2/97 (Ul)

Reason: Reference 1 contains acceptance criteria for minimum ESW flow to each Containment Spray (CTS)
heat exchanger of2 2472 gpm (2476 gpm for the pre-1997 versions ofReference 1). However, thc
procedure docs not contain acceptance criteria for maximum allowable ESW flow to the CTS heat
exchangers. Since UA values typically increase with increasing shell-side flow, determining an

appropriate, upper-bound shell-side flow is necessary.

The design shell-side fiow identified on Reference 2 for a CTS heat exchanger is 3300 gpm. Since

this design shell-side fiowvalue is significantl larger than the acceptable value for ESW flow to the

CTS heat exchanger contained in Reference 1, it was expected to represent a conservative upper-
bound for ESW flow through the,CfS heat exchanger. Consequently, information was obtained as

identified in Reference 3 to determine whether the design shell-side flowcould in fact be established

FAI>99-77; Rev. 2
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as a conservative flow for use in determining the maximum CTS heat exchanger UA. The
Reference 3 va!ues for measured ESW flows to the CTS heat exchangers are as follows.

East CTS Heat Exchanger. 2940.7 gpm (as-found) 2768.8 gpm (as-left)
2691.5 gpm (as-found) 2705.8 gpm {as-left)
2773.9 gpm (as-found) as-left not reported

WestCI'SHeatExchanger. 2640.5gpm(as-found) 2552.7gpm(as-left)
2487.2 gpm {as-found) 2571.4 gpm (as-left)
2536.7 gpm (as-found) as-left not reported

The above data substantiate that the heat exchanger specification data sheet design value for shell-
side flowof3300 gpm provides a conservative upper-bound value for this

parameter.'ld

Value:

New value:

References:

None (New parameter)

33'F

None

Reason: The coldest possible temperature for lake water that can brought into the plant via the ESW system is 32'F.
'hiswater would absorb heat Rom the ESW pumps and the piping walls as it passes through the plant on its

way to the containment spray heat exchangers. As a result, some pre-heating of the ESW cooling water is

expected to occur prior to its entry into the shell-side of the containment spray heat exchanger. Since such a

low ESW minimum water temperature yields very large temperature differences a'cross the containment 'spray

heat exchangers, a precise quantification ofESW cooling water pre-heating was not made. Instead, the ESW

pre-heating was judged to be at least 1'F, and this value was added to the theoretical minimum water
temperature that could exist in the ESW system.

W w

Old Value: None (New parameter)

New value: 5500 gpm

References: l.
2.

I / 2 EHP 4030.STP.248 "ESW Flow Balance"
Engineers &Fabricators Inc., Exchanger Specification Sheet for Westinghouse Electric Corp.,
Atomic Power Div., Residual Heat Exchanger
Excerpts from surveillance documented by completing 12 EHP 4030.STP.248; surveillance
performed on 4/4/97 (Ul)

FAI>99-77 Rev. 2
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Reason: Reference 1 contains acceptance criteria for minimum CCW flow to each Residual Heat Removal (RHR)
heat exchanger of2 5000 gpm for recirculation alignment.. However, the procedure does not contain
acceptance criteria for maximum allowable CCW flow to the RHR heat exchangers. Since UA values
typically increase with incr'easing shell-side flow, determining an appropriate, upper-bound shell-side fiow is
necessary.

The design shell-side flow identified on Reference 2 foian RHR heat exchanger is 4950 gpm. Since this
design shell-s'ide fiowvalue is less than the minimum acceptable value for CCW flow to the RHR heat
exchanger contained in Reference 1, it cannot be used to provide any insight into the magnitude ofa
reasonable upper-bound for CCW flow through the RHR heat exchanger. Consequently, information was
obtained as identified in Reference 3 to determine a conservative CCW flow for use in determining the
maximum RHR CTS heat exchanger UA. The Refereace 3 values for measured CCW flows to the RHR heat
exchangers are as follows.

East RHR Heat Exchanger. 5353.4 gpm (as-found)
5310.8 gpm (as-found)

West RHR Heat Exchanger. 5467.1 gpm (as-found)
5279.9 gpm (as-found)

The above data suggest that a value for RHR shell-side fiowof5500 gpm provides a conservative upper-
bound for this parameter.

Parameter.

Value: 60'F

Reference: 1. D. C. Cook Nuclear Plant Unit 1 Technical Speciflicatioas, through Amendment 225

2. D. C. Cook Nuclear Plant Unit 2 Technical Specifications, through Amendment 210

Comments: This is thc minimum accumulator temperature based on the minimum lower containment air temperature per
Technical Specificatioa 3.6.1.5 (Ref. I and 2). The minimum value is used to minimize the break fiow
energy and ice melt addition to the coatainmcnt sump.

Parameter:

'Value:

Reference:

Comments:

600 psia

Technical Specification 3,5.1.

This is the minimum value per Technical Specifiication 3.5.1. The minimum pressure provides the least force
to injecting water into thc RCS. This minimizes the accumulator water injected into the RCS, which can spill
to the containment sump.

FAD,99-77; Rev. 2
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Parameter. w a

Value:

Reference:

57,563 Ibm

1. D. C. Cook Nltclear Plant Unit 1 Technical Specifications, through Amendment 225

2. D. C. Cook Nuclear Plant Unit 2 Technical Specifications, through Amendment 210

3. ASME Steam Tables, Sixth Edition, ASME Press, reprinted 1997

Comments: This value is based on the minimum water volume of921 cu, ft per accumulator in Technical Specification
3.5.1 (Ref. 1 and 2). The minimum volume minimizes the accumulator water injected into the RCS, which
can spill to the containment sump. The specific volume for the temperature and pressure given above is
0.01600 ft'flbm(Ref. 3). Then,

m,
921ft'

57,563 Ibm
0.01600 ft' Ibm

0 ofTubes Plugged:. 16

Tube-side Fouling Factor:

Shell-side Fouling Factor.

Design

Design

Sump water temperature ('F) 160

Reference: AEF Calculation MD-12-CTS-OOS-N, "CTS 8r. RHR Heat Exchanger UA Determination for Containment

Sump Analysis," Rev. 0.

2. FAI/99-77, "Containment Sump Level Evaluations for the D. C. Cook Plant," Rev. 0, Figure 5-20d.

Per Reference 1, the number ofplugged tubes is chosen as the mean of the number ofplugged tubes in the existing
Unit 1 East CIS heat exchanger (33 tubes) and a new Unit 1 West CTS heat exchanger (0 tubes). Based on
information provided in Reference 1, the average number ofplugged tubes in the Unit 2 CTS heat exchangers is 25

(East 23; West 27). For this analysis, the conservative direction is that which ttunimizes ice melt. Thus, a larger UA
value is conservative. Since both trains ofCTS are assumed to operate for these analyses, use ofa value slightly less

than the average number of tubes plugged is conservative.

Per Reference 1, the use ofdesign fouling factors is reasonable for these heat exchangets. For the recirc sump
inventory analysis, more heat transfer through the CTS heat exchangers willmitmnize ice melt. More heat transfer is

FAD99-77 Rev. 2
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obtained Rom the CTS heat exchangers ifa higher UA is used. A higher UA is determined<smaller fouling factors
'are assumed. For this case, according to Reference 1, the design fouling factors represent a realistic v'alue for tube
fouling. Specifically, the design fouling factors specified on the heat exchanger spec sheet are consistent with the
relatively clean raw water on the shell side {i.c., Lake Michigan) aad the relatively clean tube-side condition observed
during recent inspections.

Per Reference 2, the recirculation sump water temperature may be seen to reach about 100 'F prior to the switchover
to recirculation. Since Reference 1 shows that CTS heat exchanger UA increases with increasing sump temperature, a

conservatively high value of 160 'F was chosen to represent the recirculation sump temperature for the sump water
level analysis.

0 ofTubes Plugged: 0

Tube-side Fouling Factor. 0 (i.e., clean)

Shell-side Fouling Factor: 0 (i.e., clean)

Sump water temperature {'F) 160

Reference: l. AEP Calculation MD-12-CTS-OOS-N, "CI'S &RHR Heat Exchanger UA Determinarion for Containment

Sump Analysis," Rev. 0.

2. FAI/99-77, "Contaiament Sump Level Evaluations for the D. C. Cook Plant," Rev. 0, Figure 5-20d.

Per Reference 1, there are no plugged tubes ia the existiag RHR heat exchangers at Cook Plaat. For the recirc sump
inventory analysis, more heat transfer through the RHR heat exchangers willminimize icc melt, which is the

'appropriate conservative direction. More heat transfer is obtained Rom the RHR heat exchangers ifa higher UA is
usecL A higher UA is determined iffewer plugged tubes are assumed. As a result, the realistic value ofplugged tubes

is appropriate for this analysis.
'

Per Reference 1, thc use ofclean conditions is reasonable for these heat exchangers due to thc high purity water that
flows through both the shell and tubes. For thc recirc sump inventory analysis, more heat transfer through the RHR
heat exchangers willminimize ice melt. More heat transfer is obtained from the RHR heat exchaagers ifa higher UA
is used. A higher UA is determined ifsmaller fouling factors are assumed. As a result, the fouling factor values
chosen are appropriately conservative for this analysis.

Per Reference 2, the recirculation sump water temperature may be seen to reach about 100 'F prior to the switchover
to recirculation. Since Reference 1'shows that RHR heat exchanger UA increases with increasing sump temperature, a

conservatively high value of 160 'F was chosen to represent the recirculation sump temperature for the sump water
level aaalysis.

FAI$99-77; Rev. 2
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Attachment 1 to DIT-B-00011-04:

Excerpts from DIT-B-00128-00, Subject: Design information for Proto-Power
Corporation calculation, 99-064, Rev. 0 for D. C. Cook Unit-1 Containment Air
Recirculation / Hydrogen Skimmer System Proto-HVAC TM model development,
Approv..d on 8/18/99. The excerpts provided herein are comprised of the following
pages: Page 2 of2 (1 page), Attachment B (3 pages) and Attachment C (1 page), for a

total of6 pages including cover sheet.

FAI$99-77; Rev. 2
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Description of Char'gc (contiauatlon):

1. Latm revision no. for How diagram and fsom«tric drawings arc as noted ln the Attachment A (Rcf. 2).
2. Latest revision for American Wartning and Ventilating, Qic. dr'awing no. DAA-D9823 is "6" (Rcf. 3).
3. Flow vs. Prcssure curve for fan I-HVCEQ-I and I-HVZEQ-'2 i~ provided ia Attnchtnent "8". This curve is

with inlet box and inlet vancs closed at 20 . Also, noted ht this Attachment is the fan outlet area which is
13.91 ft (Ref. I).

4. Flow vs. Pressure curve for fan I-HV-CEQ-I and I-HVZFQ 2 is provided ln Attachment "C". These curves
arc based on Wesdnghouse fan model 3049 SWSI 49". diameter'at various inlet posidons. Fan model no. is

the same as thc model no. used for thc fan perfonnance test curve with inlet box and vane closed at 20's
noted in item 3. AIso, based on flow comparison at vanes closed at 20", thc curves compare fairlywell.
Therefore. based on engine«ring judgement, the Aow/presstuc fan curve at different vane position is correct.

5. Model no. for thc butu:rtly valve used is Fischcr Control butteriiy vatve series 9100(Rcf 4). Cv values used
should be consistent with this. Proto-Power Inc'. to obtain these values.

6. Sce attachment "D"for thc physical data for thc fans (I-HV&Q-Ih, I-HV-C}Q-2)intake grills. 'fhis is
based on walkdown,

Attachm«nts;

A -Lntcss revision no. for flowdiagram and isometric drawings, Pages *Ithru A10
8 - Flow vs. Pressure curve for fans I-HV4EQ-I and I-HVCEQ-2 with inlet box and inlet vanes at 20; Pages

BI ttuu B3
C - Flow vs. Pressure curve t'or fans I-HVZEQ-Iand I.HY-CEQ-2 without inlet box, Page Cl thru Cl
D- Fans (I-IIV.CEQ- I and I-HV-CEQ-2) intake grills physical data, D I thru D2

Source of1nformation (coatiauatloa)t

1. Westinghouse submittal dated July'1, 1974 for fan perfmmance test with inl«t box and vanes control at
20'or

fan model 3049 SWSl silent vane.
2. NDIS controlled document Query search results, dated August I I, 1999.
3. Antcrican Warming And Ventilating inc. Vendor Technical Manual, VTM-AMVI4001,Rev. I
4. Fischcr Controls Vendor Technical Manual, VTM-FISCA001, Rcv.3

FAI<99-77; Rev. 2
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Attachment 2 to DIT-B-00011-04:

Excerpts from WCAP-14286, "American Electric Power Service Corporation Donald C.
Cook Nuclear Plant Unitl Steam Generator Tube Plugging Program Analysis Input
Assumption.;," Revision 7, 12/29/95. The excerpts consist'of the following pages:
Report Cover Sheet; Table 4.4-15 "D. C. Cook Maximum Safeguards 2 HHSI and 2 RHR
AllLines Injecting," and Table 4.4-19 "D.,C. Cook Maximum Safeguards 2 Charging/SI
Pumps AllLines Injecting," for a total of4 pages including cover sheet.
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AMERICANELECTRIC POWER SERVICE CORPORATION
DONALD C. COOK NUCLEAR PLANT UhKI'

STEAM GENERATOR TUBE PLUGGING PROGRAM

ANALYSIS INPUT ASSUMPTIONS

REVISION 7

DECEMBER 29, 1995

This document is the property of and contains Proprietary Information owned by Westinghouse

Electric Corporation and/or its subcontractors and suppliers. It is transmitfed to you in
co&dence and trust, and you agree to treat this document in strict accordance with the terms and

conditions of the agreement u'nder which it was provided to you.

WESTINGHOUSE ELECTRIC CORPORATION
Nuclear Technology Division

P.O. Pox 355
Pittsburgh, PA 15230 ~

Copyright 1995, Westinghouse Electric Corporation, all rights reserved.
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WESTINGHOUSE PROPRIETARY CLASS 2C

TABLE 4.4-15 0 t T- b-oooi t-of
D.C. COOK MAXIMUMSAFEGUARDS $W~ " 'Z

2 HHSI AND 2 RHR
L LINES INJE IN

.

RCS Pressure

{prig)

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600
1700

Flo~
~m

7565
- 5580

1409
851
817

. 783
747

'08
666
623
585
527
468
402
326
214
68
0

97
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TABLE 4.4-19
gonad.. >

D.C. COOK MAXIMUMSAFEGUARDS
2 CHARGING/SI PUMPS PJ't Ot

V'LL

LINES INJE IN

Pressure
dmIPZ

Total Fl w Into re

Qb ~/ec

0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

2400
2500
2600

127.50
125.22
122.91
120.56
118.18
115.75
113.28
110.77
10&.20
105.58
102. &9

100.14
97.32
94.42
91.43
88.34
85.15
81.82
78.35
74.71
70.87
66.80
62.42
57.67
52.60
46.40
39. 19

I

1

922.99
906.51
889.78
872,79
855.53
837.97
820.09
801.87
783.29
764.29
744.87
724.97

704.54'83.d4

661.90
639.54
616.38
592.31
587.19
540.85
513.08
483.56
451.89
417.47
379.35
335.90
283.73

. TASLKSJVH4011 94

~ 101
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Attachment 3 to DIT-B-00011-04:

Two memos from Operations Department to ENSA. The first memo is 4 pages, dated
7/12/99 from Jim Abshire, EOP Project Manager to Gary Brassart, ENSA and Vance
Vanderburg, ENSA, re: ES-1.3. The second memo is one page, dated 9/17/98 from Paul
Cooper, EOP Coordinator to James Feinstein, subject: ECCS Switchover Times. The're

are 6 pages including the cover sheet in this attachment.

FAI$99-77; Rev. 2
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Tie 'ary Brassart, ENSA,

Vance VandtMburg, ENSA

From Jim Abshlre, EOP Project Manager

' Roger T. Rickman, EOP Program Manager

, Dates 07/12/99

ES-1.3

Analysis of the proposed final disposition of the steps contained in emergency procedure ES-1.3.

item ¹1- The 5 minute maximum hterruption of RHR fiowto the RCS h acceptable to the EOP group as
formerly agreed to and previously validated In 1998.

Item ¹ 2-The swapover sequence for realignment of the RHR pumps and CTS pumps suctions from the
RWST to the containment sump willremain the same as was prevhusly validated on the simulator (This is Step
8 in the current draft of ES-1.3),

Item ¹ 3- Possible changes to the cumet draft ofprocedure ES-1.3.are as follows:

Step 1C1 This caution willremain as h to remind the operator that fiowto the RCS is to be
maintained at all times. ~

Stye 1+9 ~... Thi catNe e8 remah as.h h. alit the opeator that auto restart of the Injection
pumps may not occur under the listed conditkns potentially causing intenuption of
fiowto the'CS.

Step 1C3

Step1

Step 2

This cauthn wi remah the same to alert the operator to possible changing
radiological conditions h the AuxiliaryBuilding, allowing him to alert any personnel
that may be sent out into the building to accomplish heal tasks.

This step vnl remain as Is In accordance with the ERG
n

This step willbe changed to provide a quick check that CCW flowhas been
established to the RHR heat exchanges, and actions to establish this fiowprovided in

the RNO, specifi fiowpath (splCng af trains) verificathn vNI be moved to after the
ECCS pumps have been aligned to the sump, to be consistent with the ERG.

~ Page 1
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Step 3 This Step willremain as is to provide the operator with a check that the equipment
necessary to support the swapover to recimulation mode is available and operable, .

and to provide transition to the correct procedure in the event that the equipment is
not available.

Step 4

Step 5

This step willbe changed/or deleted to reflect the automatic operation of the CCP
minIowvalves ifand when the Seal Water heat exchanger is upgraded to a pressure
great enough to prevent relief of contaminated water from the containment to the
AuxiliaryBldg„via its relief to the VCTand the VCT relief to the HUT's. Once this is

accomplished, the CCP miniflowvalves can be allowed to operate fn automatic mode.
The portion of the step that uses the Pressurizer PORV for a miniflowvalve for the
CCPs will.be eliminated due to its nature as an unresolved safety question. These
ieakoff valves, should be dosed during the recirculation phase, and the analysis
concerning the deadheading of a CCP during a small break LOCAshould be revisited
to venfy ifthis condition couki occur (any L'OCA large enough to empty the RWST will
drop pressure enough to provide ample flowfor pump protecthn, any leak small
enough to hold'prissure up far enough to deadhead ~p willallow Sl termination
criteria and reestablish normal charging and letdown).

This step may be deleted ifthe entry condition for the pr6cedure can be changed to
the maxinum RWST level that willpermit swa~ver of the RHR pumps to the
containment sump. Entry at this maximum level wl ensure that sufficient water has
been injected to the RCS make the swapover to recirculation mode necessary, while
allowing sufficient time for the operator to accomplish the swapover prior to reaching
minimum NPSH level fn the RWST, and allow the operator to perform the procedure
without any delays because the acthn level has been reached when the operator
arrives here. (Operatkes would like to restore this number'o 32% to allow more time
to complete acthns).

Step 6

Step 7

Step 8C1--.

This step willremain as ls to be consistent with the ERG and provide the const order
of prkxityfor the emergency procedures. (under these conditions this instruction takes
priorityover the performance of the FRG's)

This step weal remain as is to povide the proper indication to the operator that NPSH
exists for the operation of the RHR pumps from the containment sump, to prevent
vortexfng at the pump sMon, and provide transition to the proper instniction ifthe

„., SHR pumps cannot be used.

This cauthn willremain as is to alert the operator of time constraint associated with
the fisted steps.

This step and all substeps willremain as ls, and have been validated as performable
ln the prescnbed time frame successfully on the simulator. The associated RNO's .

provide the proper contingency actions and transMon points to account for equipment
failures.

Step 9 This step w9l remain as is to provide a check that the CTS portion of the swapover to
recirculation has occurred and alignment of the cooling medium for the Heat
exchanges is correct, in order to remove the maximum possible heat from the
containment sump (this is plant specific).

~ Page 2
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Step 10

Step 11

D / T-6 - db 0 j j g.f
A-30

This step vn1I remain as is as part of the verNcation that the n nk f
ECCS heat removal required to remove the heat generated in the RCS is available
when entering the recirculation mode.

This step may be deleted (pending licensing direction) or wiltbe rewarded to check
both RHR pumps running with CCW flowcn their respective heat exchanger, and
RNO to disable any non~peraUng pump or pump with no CCW Ifow to its heat
exchanger, as well as the isolation of the injection line of the nmeperaUng RHR
pump to prevent injecUon Ilaw from the operating train via the Sl/CCP suction cross Ue
header.

Step 12 'his step vnH remain as is to provide verNcation that the maximum amount ofwater
that is availabte has been injected to the RCS prior to swapover af the remaining
injecUon pumps to the recircutaUon mode. Anumber for the minimum NPSH for
operation of the high head fnjecthn pumps Is needed here.

Step 13 . This step willamain as is (pending Ikenstng directfan) In order to provide train
separaUon on the Sl pumps and prevent runout condithns on one pump ifthe other
should trip.

Step 14C1

Step 14

Step 15

Step16 .

Step 1l

Step 18

This caution vn1I remain as ts to alert the operator of potenUat damage to the Sl and
CCP's when avalabte NPSH fram the RWST ts minimal, and to be consistent with the
ERG. A setpoint for the minimum NPSH for high head pumps shoufd be obtained
from engineering and inserted here.

This step willremain as fs to prevent transfer of any of the water from the containment
sump to the RWST via the St pump recirc fine, and verify that RCS pressure is below
shutoff head of the Sl pumps fn accordance with the ERG (smatl break LOCA or
Secondary tine break that allows pressure to remain above shutoff head). RNO vnll
be changed to stop the pump hstead of fntUaUng a cooldown ifRCS pressure is
above shutoff head of the pumps.

This step wiH be deleted as redundant to step14.

This step vnH be defeted as redundant to step 14.

This step wiH remain as h with the omission of substep
"a" ifthe seal water heat

..exchanger h upgraded and the CCP mtnmows are allowed to operate in the...
automaUc mode, aH other substeps remain h oider to provide the proper lnstructfons
to complete the'swapovei to rectrcufatkn mode of the Sl and CCPs.

This step wiH remain as Is to indicate to the operator that monitoring of the Critical
Parameter Status Tmes and the FRPs are in affect.

Step 19 Nots

Step 19

This note and.the associated step should be deteted (pending licensing direction)
since the RHR pumps are each tndtviduaHy capable of supplying sucthn to all four
highhead InjecUon pumps, (both St and both Cps) and there ls no need to stop the
operating pumps as lang as one of the sucUon cmss Ue vatves are open (estabiished
in step 1l).

This step willbe deleted (pending licensing dtrecUon) stnce one RHR pump is capable
af providing the ffaw required by atl four high head tnjecUon pumps when the Sl/CCP
suction cross Ue valves are open which ts verNed In step 1l or the proper pumps are
stopped tf the suctfons cannot be cross tied.

~ Page 3
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Step 20

Step 21

Step 22

Step 23C)

A-31 6 ~Ca
48M'. 3

pg 5g/'g
This step vn1l remain as is and is provided to restart ECCS pumps that may have been
shutdown during the swapover process and that are now available.

This step willremain as is to complete the swapover to the recirculation mode by
dosing offtne RWST as a suction source for any ECCS pumps.

This step may be deleted ifthe seal water heat-exchanger can be upgraded, or will
remain as is to detect and isolate any backleakage through the VCT to CCP. suction
check valve, that would be a core bypass path.

This caution may change to contah a specNc value (ifanalysis allows) to alert the
operator to the con'tainment pressure that vnll require placing RHR containment spray
h sevice..

Step 23C2

Step 23

This caution wordhg may change to alert the operator that a containment pressure
spike wm occur at some time after the event due to depletion of the ice bed.

This step may change'to use cnmt pressure hstead of time (ifanalysis allows), and
directs the operator h placing one train of RHR spray h service whenever cnmt
pressure reaches a preset value the event.

Step 24 . This step wiH remain as is and provides the proper transition to the procedure h effect
at the completkl of this procedure.

Preparer.

7 2 7 Ed kg~.
SRO Review:

~ Page
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Attaci:~ent to yo.nderBurg to Peck Letter, 9/18/98
, A-32

Oato:

Subject:

September 17, 4998

ECCS SNlitcnovcr Times

c(( li T(~ 8zwlcp
A/ilfER/CAN
a.eCrR/C

A avs~ull lq d~s& PDN
/

34 $ $
liiTS'-~i(il o-f

From: EOP Coordinator ~ 'P /1'/5'

James Feinsten

y. (l opo

The infomtation below for the no failure case was obtained from actual time'validation data.
The time provided is bounding for the data sets reviewed. The other time data was obtained
by estimation except for valve stroke times which are ISI program maximum limits.

ES-1.3 Valve Manipulation Sequence:
Assumptions: 2 trains operating, no failures
Time sec vc

0 RWST level drops to Initiation setpoint (20%)
SO RHR and CTS pumps in 1st train are stopped

120 RHR and GTS pumps in 2nd train are stopped
300 'HR and GTS pumps ln 1st train are started with suction on recirc sump
360 RHR and CTS pumps In 2nd train are started with suction on recirc sump

Same switchover event dvt new n.fRrence point far time:
0 " 'WST level drops to high-head switchover setpoint (11%)

300 CCP/HHSI get suction from recirc sump (i.e. IMO-340 and IMO-360 are
open)

Assumptions: 2 trains operating, most limiting single failure [DC control power)
fLoss of dc control power to 1st train is most limiting failure vs. operator response)

lme sec Event
0 RWST level drops to lnitiatjon setpoint (20%)

75 Pumps in 1st train fail to stop but suction valves begin to close
136 RHR and CTS pumps In 2nd train are stopped
205 Suction valves for 1st train pumps are fullydosed
230 - Recirc sump suction valve for 1st train starts to open.
276 Recirc sump suction valve for 1st train Is full open375, RHR and CTS pump in 2nd train are started with suction on recirc sump

Same switchover event hvt nav reference point fort/me:
0 RV/ST level drops to high+cad switchover setpoint (11%)

300 CCP/HHSI get suction from reclrc sump

These times have been approved by Operations Oepartment management;

05ta

K((INQCeaPOA 5~5(45 I~OOC

(
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Attachment 4 to DIT-B-00011-04:

"Break Size/Location Matrix for the Resolution of the Containment Sump Issues
Program"
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Break Size/Location Matrix for the Afftccldvt'lg f- 'f

Resolution of the Containment Sump Issues Program

BREAKSIZE
{Dia. or Area)
0.61"

2.75"

DECL

6>t

4%1

3tt

5tt

0 5tt

4tl

3>t

21%

5% ~

LOCATION
Cavity

Cavity

Sump/Cavity

Sump

Sump

Sump

Sump

Sump

Sump

Sump

Sump

Sump/Cavity

Sump/Cavity

Sump/Cavity

Sump/Cavity

Sump/Cavity

MODE I
{HFP)

X

X,
X

X
X
X

X
X
X

X

X
X
X

MODE 3

{350'F)
X

NIA

'N/A

X

X

X

X

X

,X

X

X

X
X

MODE 4(~

{235')

X

N/A

N/A

X

X

X

X

X

X

X

X

X

MSLB 4.6 ft S'nnp X NIA N/A

MSLB 1.4 il'ump X N/A N/A

(1)

(2)

(3)

(4)

(5)

(6)

The break occurs at the bottom of the reactor vessel.

The break occurs on the top ofthe reactor vessel and is a steam space break.

The break occurs on the cold leg and 72% of the break Qow Qows to the sump.

This break represents a Double-Ended Rupture on the Cold Leg.

The break occurs on the cold leg and the analysis should direct appropriate
fractions of the break flow to the sump and cavity.

Run cases by reducing size until containment spray does not actuate; smaller
cases not required to be run

Cases for Mode 4 not required to be run for FAI/99-77.

, HFP Hot Full Power (100% Full Power)
HZP .Hot Zero Power "

FA1$99-77; Rev. 2
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Attachment 5 to DIT-B-00011-04:

"Single Failure Configuration for DC Cook Containment. Sump Analyses"
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SINGLE FAILURECONFIGURATION FOR p~. g v j'-
DC COOK CONTAINMENTSUiHP ANALYSES

The configuration of the Cook safeguards trains is such that each of the two emergency diesel
generators provides power to:

l High-Head Centrifugal Charging Pump
l Intermediate-Head Safety Injection Pump
l Residual Heat Removal Pump
l Containment Spray Pump
l Containment AirRecirculation (CEQ) Fan

Under normal Loss ofOffsite.Power conditions, both generators willstart and load their assigned
pumps and

fans.'f

there are no failures, two ofeach component listed above willfunction.

Ifa single failure ofone diesel generator is assumed, an entire train is lost.

Ifoffsite power is maintained, the equivalent failure would be the. loss ofone of the two vital
busses.

Ifthe limitingsingle failure ofa specific component is assumed, either the entire train must be
lost or only that single component is assumed lost.

Thus, ifthe configuration of2 operating containment spray pumps and only 1 containment
recirculation (CEQ) fan yields the most limitingsingle failure, both diesels and all their assigned
pumps must be operating.

Assuming additional equipment lost besides the limitingconfiguration above would require more
than one failure and is not required.

Ifboth trains ofRHR are operating, they provide suction to the SI and CCP pumps and inject
directly into the RCS. When RHR sprays are actuated, one RHR would be re-aligned &om RCS
injection to RHR spray. The supply to the SI and CCP pumps is unchanged. The other RHR
pump is unchanged.

Ifonly one RHR pump is operating, it would (could) provide suction flow to all four SVCCP and
simultaneously inject into the RCS. When the RHR sprays are actuated, one set ofSVCCP
pumps would be secured and the RHR pump's injection flowwould be re-aligned to RHR spray.
Supply to one set ofSVCCP pumps would not be changed.

This implies that one RHR pump cannot provide flow to all four SVCCP pumps AND the RHR
spray system.

FA1399-77; Rev. 2
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The entire set of "Approved for Use" design inputs provided in DIT-B-00011-04 have been

reviewed relative to the design inputs used in FAI/99-77, Rev. 1 and correspondence between

these documents has been found for all the design inputs with four exceptions. These four

exceptions used in FAI/99-77, Rev. 1 have all been found to be representative of. the "Approved

for Use" design input values as discussed below. The four alternate input values used in FAI/99-

77, Rev. 1 either have no impact on the minimum calculated recirculation sump water levels or

provide additional conservatism in the reported results.

The total containment spray flow rate used in FAI/99-77, Rev. 1 was 7429 gpm and the

"Approved for Use" value was 7400 gpm. The split fractions for spray flow delivered to the upper

header and the lower headers inside and outside the crane wall are unchanged by the small (29

gpm) deviation in total spray flow. The impact of the deviation in the total flow is negligible and

unobservable on the minimum sump level. Ifany change in sump level could be detected the

deviation in the total spray flow rate would lead to slightly smaller melted ice masses. Less ice

melt is conservative as it would reduce the minimum sump level,

The initial ice bed mass used in FAI/99-77, Rev. 1 was 2.11 Mlbm and the "Approved for

Use" value was 2,2 Mlbm. The inventory of melted ice credited in demonstrating compliance of

the minimum sump levels with the Cook vortexing limit was significantly less than the initial ice

mass for all cases. Since the credited melted ice'ass was always less than the initial ice mass,

an increase in the initial ice mass willhave no impact on the minimum calculated sump levels.

FAI399-77; Rev. 2
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The total air recirculation (CEQ) flow rate used in FAI/99-77, Rev. 1 was 37,000 cfm and

the,"Approved for Use" value was 40,000 cfm. The recirculation flow rate equals the flow rate

of gas delivered from the lower containment compartment to the upper compartment. This

dictates the rate that steam in the lower compartment is delivered to the ice condenser where it

condenses and melts ice. A lower.air recirculation flow rate will result in a lower ice melt rate

and less melted ice mass for maintaining the active sump level. The assessments provided in

FAI/99-77, Rev. 1 based on an air recirculation flow rate of 37,000 cfm are conservative

regarding the minimum sump water levels since smaller ice melt rates than would be produced by

a 40,000 cfm air recirculation flow rate have been credited.

The cooling water (CCW) flow rate to the RHR heat exchanger used in FAI/99-77, Rev.

1 was 4950 gpm and the "Approved for Use'alue was 5500 gpm. RHR sprays were not actuated

for any of the cases assessed in FAI/99-77, Rev, 1 since two trains of containment spray were

always available, Cooling provided by the RHR heat exchanger only affected the temperature of
'I

the RCS injection flow during recirculation cooling, A lower RHR cooling water flow rate would

produce a higher temperature injection flow rate at the RHR heat exchanger outlet. This could

be expected to lead to higher temperature fluid leaving the core after decay heat addition and a

corresponding higher steam release rate from the cold leg LOCA break. A higher steam release

rate could lead to higher ice melt rates and higher minimum sump water levels. However, the

conservative LOCA break mass and energy release rates used in FAI/99-77, Rev. 1 mixes the

steam and water break flows which greatly reduces the steam in containment available to melt ice.

The conservatism in the model for the LOCA break flow used in FAI/99-77, Rev. 1 greatly

exceeds the impact of non-conservatively higher RHR heat exchanger outlet temperatures. No

discernable impact on the minimum sump water level willresult Rom using an RHR cooling water

flow rate of 4950 gpm rather than 5500 gpm.
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Analyses for p'otential rupture locations must also consider those regions of the RCS

pressure boundary near the RPV. Figure B-1 is a representation of a cold leg at the RPV nozzle

and illustrates the relatively tight clearance between the cold leg and the biological shield as well

as the fact that a break discharge into this region could result in flow being split into that which

is directed toward the reactor cavity and that directed i'nto the lower compartment. In this region,

the postulated LOCA is considered to occur at the weld between the reactor vessel nozzle and the
1

cold leg or within the cold leg itself. These small LOCAs are not considered in the vessel nozzles

since these are a part of the qualified reactor vessel and the wall is substantially thicker than the

cold leg as illustrated in Figure B-1. Also, since the effective break sizes are small compared to

the vessel wall thickness and are undergoing a large radial expansion (discussed below) hence,

these are not considered to be "directed" except radially outward. Consequently, the subsequent

response to the flashing water jet will be almost uniform in the tw'o directions available for

expansion, i.e. into the region next to the RPV and through the biological shield into the lower

compartment.

Given any postulated LOCA in this region with a break area of A„ the two-phase critical

flow rate can be estimated from the Henry-Fauske model (Henry and Fauske, 1971) as
A

W, = C, A, (2 p, P, (1 — q)}" (B-1)

where C, is the break discharge coefficient, p, is the density of saturated water, P, is the RCS

system pressure and q is the critical pressure ratio calculated by the model for subcooled and

" saturated conditions. For saturated conditions the critical pressure ratio is approximately 0.8 and

for high subcooled conditions the pressure ratio can be approximated as the saturation pressure

FAI<99-77; Rev. 0
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divided by the vessel pressure (PJP,). The. Henry.-Fauske model uses the minimum of these two

conditions. For these small LOCA evaluations, the effective break area is the parameter modeled

since a spectrum. of effective break sizes are considered. The effective break area is that

calculated using a discharge coefficient of unity to represent the product of the actual discharge

coefficient and an assessment of a realistic break area. In this regard, the effective break area is

a convenient and simplified means of addressing the important issue of potential sensitivities to

the break area.

Given the break, flow rate, the steam-water mixture discharge from the break willexpand

rapidly as the mixture depressurizes from the pressure at the break location to the containment

ambient pressure. Considering the jet depressurization considered in the ANS standard for jet

impingement (ANS, 1988) this depressurization is represented as being conical and having a half

angle of45 . This depressurization results in a further acceleration of the two-phase mixture as

given by

where U, is the mixture velocity at the discharge plane with P, and P, being the respective exit

plane and ambient pressures. Using the continuity equation to define the exit plane velocity results

in an expression for the two-mixture velocity after expanding to the ambient conditions as given

by

P, — P, G,

G, pr
(B-3)

i

where G, is the mass flux for the break, Using typical values such as saturated water at 1015 psia

(7 MPa) the two-phase mixture velocity at atmospheric pressure would be about 560 ft/sec (171
I

m/sec) with the two-phase quality of about 0.3. Assuming a homogeneous mixture, the two-phase

specific volume is expressed by

v,> = (1-x) v + xv
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with the two-phase density being given by

1

P 2$
V2P

(B-5)

In the above expressions, x is the two-phase quality, v, is the specific volume of saturated water

and v, is the specific volume of saturated steam. Given this depressurization and flashing, the

two-phase density would be about 0.35 ibm/ft'5.6 kg/m'), Since this discharge flow is moving

radially outward, it willimpinge on the wall of the insulation and/or the biological shield creating

a'point of stagnation with the flow directed uniformly away from the stagnation point. This

pressurization for the expansion of critical flow jets with impingement on a wall in the near

vicinityof the break location has been investigated experimentally by Nguyen and Forrest (1980)

as well as Kastner et al. (1978) and analytically by Ep'stein et al. (1983) and these observations

have been captured in the ANSI standard. As this fluid flows radially outward and stagnates, the

stagnation pressure can be estimated from the incompressible relationship

2

P = +PPq~ U,
5 g

~

Using the two-phase mixture density and the expansion velocity, the local pressure increase above

ambient is calculated to be 12 psi (82 KPa) which forces the flow equally in all directions. It

should also be noted that the information in the ANS standard suggest that the depressurization

to the ambient pressure for these rapidly expanding jets requires up to 3 effective rate diameters.

Consequently, in this tight configuration it is possible that the local stagnation pressure is greater

than that estimated through this approach. With an increased stagnation pressure the flow would

have an increased tendency to be uniformly distributed.

The effective flow resistance for this discharge flow through the annular gap between the

insulation and the biological shield wall is one means of assessing the capabilities for the flow to

escape into the lower compartment. The pressure difference required for this flow can be

expressed by

FAI<99-77; Rev. 0
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bP=f—L
D

Wi
2

2 p~~ Aas

where f is the turbulent friction factor (0.02), L is the effective length of the flow path to the

lower 'compartment, D, is the effective hydraulic diameter for this flow path, W, is half of the

discharge fiow and A~ is the flow area through the biological shield. For an effective break

diameter of 1 inch (2.5 cm) the critical flow rate is 54 lbm/sec (24.5 kg/sec) such that W, is 27

Ibm/sec (12.3 kg/sec). Further assuming that the hole through the biological shield is 3 ft in

diameter with a 1 inch clearance gives a flow area of 0.78 ft (0.073 m') and if the length of the

flow path is 4 ft, the effective pressure difference required for the flow to move from the

stagnation point to the lower compartment is about 0.3 psi (2000 Pa). This approximate

evaluation shows that the flow resistance for discharge into the lower compartment is small

compared to that pressure developed by the jet stagnation.

Two aspects of this jet stagnation flow are important in analyzing these results. The first

is that once the jet is stagnated, the flow split is not generally determined by the respective loss

coefficients for flow paths through the biological shield to the lower compartment and the

competing flow path to the reactor cavity. This would only be the case when one or both of these

flow paths could not transmit the flow given the jet stagnation pressure. Certainly the above

'nalysesindicate that the flow path through the biological shield can easily transmit the flow.

Evaluating the flow paths toward the RPV is more difficultdue to the support blocks under two

of the cold legs and two of the hot legs. These larger structures carry the weight of the vessel and

also block much of the flow path toward the reactor cavity. Assuming that the break occurs in

one of the cold legs without a support structure results in a conclusion that this path also could

transmit one-half of the discharge flow given the jet stagnation pressure. Hence, once the flow

is stagnated, there is no mechanism to cause the flow to deviate from a 50/50 split of the discharge

flow.

A second feature to consider is that the discharge flow is generally a two-phase jet. With

the steam evolved due to flashing of high pressure water, the steam velocity is sufficient to "flood"

any local water accumulation. For example, consider the 1 inch diameter break considered above,

FAI>99-77; Rev. 0
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the two-phase discharge of 27 ibm/sec results in a homogeneous velocity of about 80 ft/sec (25

m/sec) which is weO above any separation velocity for the two phases. Moreover, assuming that

the phases doe separate, the steam velocity approximately 300 ft/sec (100 m/sec) which is far

greater than the entrainment velocity expressed by Kutateladze (1972) as

Umi = 37
8~ IPr Pr)

2
Pg

1 1
go — — v

vr v 8

where g is the acceleration of gravity and o is the steam-water surface tension. For pressure near

one atmosphere, the entrainment velocity is about 58 ft/sec (18 m/sec). This shows that water

could not separate out of "pool" in cross-sectional area changes, Thus, the two-phase flow pattern

would be a homogeneous mixture of steam and water in thermodynamic equilibrium.

These analyses also consider substantial changes in the RCS pressure and temperature. As

such, the temperatures could decrease to conditions in which the 'water temperature in the RCS

would approach the normal boiling point, i.e., there would be little potential for flashing.

Furthermore, the RCS pressure could also be substantially reduced. As an example of such

conditions, let us consider that the RCS pressure is reduced to'approximately 150 psig with cold

water. Under these conditions, the discharge velocity for the water would be about 150 ft/sec (45

m/sec) which roughly corresponds to the conditions generated by a high pressure fire hose.

Therefore, even under these depressurized and cold conditions the jet impingement behavior would

be expected to produce an equal flow split between the water discharged to the reactor cavity and

that directed to the lower compartment. With these additional features considered for the single-

phase and two-phase behavior after jet stagnation, equal fractions of the discharge flow would be

directed toward the lower compartment and the reactor cavity.

Given the best estimate behavior described above, the assessments for the minimum sump

inventory have been addressed for the most limiting cases. To achieve the most limiting case,

conservatisms in this assessed flow split may be used by decreasing that contribution directed

towards the lower compartment. For postulated breaks in the new vicinity of the reactor vessel,

the larger the value of the fiow directed to the lower compartment the greater the level in the

FAI599-77; Rev. 0
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containment sump. As discussed above, basic analyses concludes that this flow split would be

50/50. Furthermore, no mechanistic process was identified that would significantly alter this

equal flow split.
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ICE CONDENSER DOOR OPENING

1.0 INTRODUCTION

For ice condenser containments, the flow of steam and noncondensible gases into the ice
condenser control the containment pressurization under postulated accident conditions.

In'ddition,this also controls the rate of ice melting which is an integral part of the containment
response. To assess this behavior, which includes uni-directional and counter-current flows, the
containment description models the extent of opening for the spring loaded ice condenser doors
which separate the containment lower compartment from the ice condenser. This subroutine
describes this door model in terms of three different characteristic curves which are typically
considered to assess the influence of uncertainties in the door response.

2.0 STRUCTURE AND INTERFACE

Subroutine ICDOOR is called by AUXEVT, which is part of the MAAP4 Generalized
Containment Model (GCM). In particular, this is called to determine the extent of the junction
area that would be held open as a result of the imposed uni-directional flow. This is then
considered in assessing the flows to the other containment compartments as determined by the
GCM.

3.0 PHYSICAL BASIS OF THE MODEL
4

The force required to open ice condenser doors is quite small with a typical value being
less than 1 lbf/ft'. Figure 1 shows the typical characteristic's for the fractional door flow area as

a function of the differential pressure across the doors. This figure shows the nominal door
characteristic behavior plus the variation limits for the typical characteristics that can be expected
due to variations in the door hinges, static friction, etc. These variations are considered in the

MAAP4 model to determine the potential influence, or lack thereof, of the different characteristic
curves shown in Figure 1, which are taken from AEP [1999].

The MAAP4 model represents both once-through and counter-current flows through
individual junctions, but the once-through flow is that which would determine the extent of the

door open area. The extent of the door opening can be represented in terms of the pressure
differential across the individual doors or this can be represented as the area that would be opened

by a specified once-through flow. Since the once-through flow is more stable than the pressure
differential across the door when considering differential pressures of the order of 10 Pa, and since

the recirculating fans essentially deliver a specified fiow rate, it is recommended that the model

be characterized in terms of the imposed once-through flow rate. Such an approach is outlined
below.

VOLUMEII

FAG99-77; Rev. 0

DATE: 6/15/99
REVISION: 0.0



MAAP4
C-3

ICDOOR

Eigure I: Flow.Area - Pressure Differential

l.0

0.8 HOMINAL CllARSCTEil I $ 7 IC

0
I%I

Q,Q

CNARsCTKlllSTlC
Vla STION LiNITS

'.2

60

PERcghT FV{.{. F{.OM AREA

'F'ull flow area 1s def1ned as door port area at nextmue
door opining

VOLUMEII PA~99 7~, pe 0 -2-
DATE: 6/15/99

REVISION: 0.0



MAAP4
C-4

ICDOOR

Consider that characteristic curves shown in Figure 1 can be represented by a cubic
expression

A, = K (~~' FR ~ A,or

where A, is the door open area, AToT is the total door area, FR is the fractional opening
characteristic shown in Figure 1, b,P is the total pressure differential accelerating the flow through
the doors, and K is the constant of proportionality that is different for the three different curves
shown in Figure 1. Considering that'the flow through the, open doors is represented by the
Bernoulli equation with a discharge coefficient (C~) to treat the non-idealities of the flow, the
pressure differential can be related to the once-through flow rate

b,P- 1

2Po Co FR ~ A.or
(2)

where W is the once-through mass flow rate, and ps~ is the gas density of the donor compartment,
which is the lower compartment in this expression. Casting this in the form of the volumetric
flow rate (Q„) results in the following expression

ap = —"
2 'o FR AToT

(3)

Solving equation (1) for the pressure differential and substituting into equation (3) results in

I/3
FR ~ Qo> 'so Qv

K 2 Co ~ FR ~ AroT
(4)

or solving for the open area

~ 2

D
'I

Since the area opened by the once-through flow is the desired result from the function, this is

solved, in terms of the area available as given by

3n ~ 6n

FR ~ A =K In
ps'T

2 C0

or for the fractional area opened by the imposed flow
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34 . $17

FR =—
AoT . C„

(7)

The doors in the plant are tested at each outage in terms of the force required to prevent
the doors from closing at a 40'pen angle as well as other tests. A typical value for this is a
torque of 145 in/lb with variations between about 110 and 180 in/lb. For a door that is partially
opened and is acting as a nozzle ducting flow from the lower compartment through the door
opening, the average differential pressure acting to open the doors is the average value of the
lower compartment pressure and the ice condenser inlet plenum, minus the inlet plenum pressure
as illustrated in Figure 2. Consequently, the average pressure differential then acts with a lever
arm of one-half the door width, i.e. 21 in. {0.53 m). ~ he force pressure difference corresponding
to 145 in/lb is 6.9 lbf, or considering the door width to be 42 in and a height of 92.5 in (a cross-
sectional area of 3885 in'/27.0 ft'/2.5 m') the pressure difference required to hold the door open
at a 40'pening angle is 1,78 x 10'si or 0.26 psf. (This corresponds to 12.2 Pa in the SI
system of units.) Using the information provided by AEP, which includes Westinghouse questions
and answers on the basis for the tech spec surveillance on acceptance criteria for the ice condenser
doors, a 40'oor opening is equivalent to a fractional area of approximately 35%, which is taken
to be 350 ft'or this analysis. {The full open area is assumed to be 1000 ft'92 m').)
Considering that the average pressure difference is one-half of the total pressure difference, the
required total pressure differential is 0.52 psf. Figure 3 compares this value with the characteristic
curves of Figure 1 and also shows the boundaries represented by the high and low values of the
measured torque to maintain the door open at a 40'ngle [Henry, 1999}. As shown, a 35% full
open area at a door differential pressure of 0.52 psf results in a value which is between the lower
characteristic limits and that shown as the nominal characteristic. Hence, the plant measurements
are consistent with the characteristic curves. To analytically represent the characteristic limits let
us consider a cubic functional form which uses the following single points to evaluate the constants
of proportionality for the three characteristic curves.

Lower Limit Characteristic: 35% full flow area achieved at a total door differential
pressure of 0,35 psf.

Nominal Characteristic: 35% full flow area achieved at a total door differential pressure
of 0.60 psf.

Upper LimitCharacteristic: 35% full flow area achieved at 0.85 psf.

For all the characteristic curves 35% full open area is taken as 350 fP or 32.6 m'. For the lower
limit total pressure difference of 0.35 psf corresponds to 16.8 Pa which results in a value for the

constant proportionality of 6.88 x 10'or the open flow area such that the lower limit
characteristic is given by

A,„= 6.SS x 1O'aP)'8)
VOLUMEII
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Figure 2: Schematic Illustration of the Average Pressure
A'cting to Open the Ice'Condenser Inlet Doors
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Qi Figure 3: Comparison of the iVleasured Plant Behavior for a 40'oor
Opening and the Cubic Functions Used to Model the Door

Response With the D.C. Cook FSAR Door Characterization
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and the fractional opening is

~

e

L

~

~~

~

~

~

~

~~

5

~

3
, FRL = 7.4 x 10'EP) (9)

Note that the constant proportionality is dimensional and the above values are for the international
system units'since the MAAP internal calculations are in this system, Following the same

approach tor the nominal characteristic line, the proportionality constant results in the expression

„A,„= 1.38 x 10'aP)'10)
with the fractional opening expression being

FR„= 1.5 x
10'b,P)'sing

the same methodology to determine the upper characteristic limits for the open flow area

results in the expression

A u =,4.84 x l0 ~ (b,P)3

and the fractional opening is given by

FRv = 5.2 x 10 (6P)

(12)

(13)

e'hethree expressions for the fractional opening are shown in Figure 3. Using cubic
expressions for the three different door area characteristic curves provides an adequate

representation of the uncertainties associated with the door response which are also consistent with
the measurements in the D.C. Cook units. Moreover, this representation is consistent with the

vendor characterization for the uncertainties and door behavior. Furthermore, it provides a means

of evaluating of the influence of such uncertainties on the containment response for a realistic

range in model parameters characterizing the door uncertainty behavior. As illustrated in this

figure, the differences between the cubic behavior,and the vendor information are small compared

to the uncertainties between the nominal, lower limit and upper limitbehavior.

The model also considers that once the doors are open there is a minimum opening area

since the doors never return to a completely closed condition. This minimum opening area is

specified in the MAAP parameter file and is used in the following manner.

open
= pX

( o.nein'opeej (14)

In this expression A ~, is the calculated opening area from the model-parameter selected from
the three expressions given above. In this way, the influence of a minimally open area for the

door behavior is included in the generalized containment evaluation.
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4.0 VALIDATION

The relationship of this model to the three door curves discussed in the D.C. Cook FSAR
and the plant experience was discussed in Section 3.

5.0 NOMENCLATURE

The nomenclature is defined in,the text.

6.0 REFERENCES

AEP, 1999, D.C. Cook Units 1 and 2 Updated Final Safety Analysis Report (UFSAR).

Henry, R. E., 1999, Personal Communication,
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REPRESENTATION OF THE ICE CONDENSER OUTLET TEMPERATURE

1.0 PlTRODUCTION

The MAAP Generalized Containment Model (GCM) includes a representation of the ice
condenser behavior used in this type o~ PWR containment. This is one of the containment-
compartments which in addition typically includes the reactor cavity, the lower compartment
deadend volumes, and the upper compartment. Assessments related to uni-directional flows and
counter-current flows are the same for'all of the containment types given the differences in
controlling features, such as the ice condenser inlet doors. One of the principle features
controlling the extent of energy removal in the ice condenser is the temperature of gases leaving
the ice condenser upper region and flowing into the containment upper compartment, This
subroutine evaluates this gas temperature as a function of the dynamic conditions entering the ice
condenser and the available ice mass to condense the steam.

2.0 STRUCTURE AND INTERFACE

Subroutine ICEOUT is called by subroutine HTICE to assess the temperature of gases
leaving the top of the ice condenser. An energy balance combines the incoming steam and
noncondensible gas energy fluxes with the output of this subroutine to assess the energy removed
in the ice condenser by the composite process of condensing steam and melted ice.

3.0 PHYSICAL BASIS OF THE MODEL

A review of the available experimental results, such as the proprietary Westinghouse Waltz
Millexperiments tSalvatori, 1974] and those from the PNL ice condenser tests [Ligotke, et al.,
1991], show that for the different conditions there can be substantially different gas outlet
temperatures. For example, Figures 1 and 2 are taken from Ligotke and show the measured gas
temperatures near the exit of the ice condenser for tests with high and low incoming steam partial
pressures, respectively. These experiments were representative of small break Loss-Of-Coolant
Accident (LOCA) conditions and it is clear that the outlet temperature is low early in the transient
and increases as ice melting occurs. In the Westinghouse experiments, large LOCA conditions
were simulated and high exit temperatures are observed early in the blowdown and then decreases

with decreasing blowdown flow. Since this exit temperature behavior differs from a constant, it
is more realistic for the MAAP4 model to represent'he differences in these temperatures than to
model the outlet temperature as a user-specified constant value. The following is an approach to
represent this information in a more mechanistic manner.

Figure 3 illustrates the ice baskets in the general configuration of an ice condenser

containment and Figure 4 is a cutaway view showing the ice basket arrangement, as well as the

steam/noncondensible entry point at the Lower Inlet Doors (LIDs), the turning vanes, the
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Figure 1:

Ice Basket Section Thermal Profiles Near the Exit for Test 11

tLigotke, et al., 1991].

Teat $ 1~ 1 T~araagy ~gyg

00

a
k

70

10

-10
-$ 0 fO , 30

Lea~
aeaoao~

VOLUME II
FAD99-77; Rev. 0 -2-

DATE: 6/18/99
REVISION: 0.0



MAAP4
D-4

Figure 2:
Ice-Baske't $e'ction Thermal Profiles Near the Exit for Test 13

[Ligotke, et al., 1991].
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Figure 3: Containment Cross-Section.
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intermediate deck doors, and the upper deck doors. Consider the gas/steam flow in the ice
condenser as flow through a series of vertical cylinders with the energy transfer limited on the gas
side by convection between the gas stream and the ice surface. Assume that this flow can be
represented as parallel (inline) fiow through the densely packed group of ice columns (the pressure
suppression heat sink), as illustrated in Figure 5. Combining this with an additional assumption
that the flow is turbulent, the energy transfer rate from the flowing steam and noncondensible
gases can be expressed as

dTs
W cp —= -(h, +h,zz)Ph, (T~ —T;~js s dz

(1)

where W, is the increasing gas/steam flow rate, c> is the specific heat at constant pressure for the
steam and noncondensible gas mixture, T, is the gas temperature, h, is the turbulent convective
heat transfer coefficient, ~ is the effective heat transfer coefficient due to other processes'such
as natural convection and thermal radiation, Ph, is the heat transfer perimeter for energy transfer
(the number of ice baskets (N) times the perimeter of a single basket), and T is the ice melting
temperature. Representing the turbulent flow convective heat transfer coefficient using Reynolds

, analogy gives

f
hc = ps cps Us

2
(2)

and substituting this into equation {1), along with the onedimensional continuity equation for the

gas flow rate, results in the following expression for the axial temperature gradient

dT f h,dg AP Phi rT-T+ Tim )
dz 2 Ws cps A~

Separating the variables and integrating yields an expression for dimensionless gas exit
temperature (e) in terms of the turbulent friction factor (f), the effective heat transfer coefficient
for additional heat transfer processes, the incoming flow, and the ice column geometry;

Ts,exit Tim
e = '

exp
Tspa Tim

f h~d Ap P"'+ i
2 Ws cps A

{4)

where A„ is the cross-sectional flow area, with T,, and T, being the gas/steam exit and inlet
temperatures, respectively. Note that the length of the ice column (Li) is in the exponential term
for this quasi-steady approach. As the ice mass melts, this length decreases causing the exit gas

temperature to increase (assuming all other parameters remain the same).
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Figure 4: Ice Condenser Cutaway,
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Figure 5: Steam and Noncondensible Flow Through the Ice Condenser.
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~ .II V~ALIDATI N

The validation for this routine is through the dynamic benchmarks with the Waltz Mill
Westinghouse and PNL ice condenser experiments. These are presented in Volume III of the
MAAP User's Manual "Benchmarking". This section should be consulted with respect to the
validation exercise.

5.0 NOMENCLATURE

The applicable nomenclature is defined in the text.

6.0 REFERENCES

Ligotke, M. W., et al., 1991, "Ice-Condenser Aerosol Test," NUREG/CR-5768, PNL-7765.

Salvatorr, R., 1974, "Final Report: Ice Condenser Full-Scale Section Test at the Waltz Mill
Facility," WGAP-8282.
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MAAP4 EQfEGRAL EXPEKIMENT„. BENCHMARKS,
(WALTZ MILL)

BENCHMARKING OF THE MAAP4 ICE. CONDENSER MODEL
WITH WALTZ MILL EXPERIMENTS

1.0 INTRODUCTION

Large scale experiments [Salvatori, 1974] were performed to investigate the response of
the ice condenser compartment to a spectrum of LOCA conditions, Figure 1 is an isometric
view of the experiment which includes:

~ a boiler vessel to simulate the reactor coolant system,

~
'

receiver vessel which simulates the containment,

a separation of the simulated containment into lower and upper
compartments by a divider deck,

an ice condenser compartment to condense steam entering the

upper compartment, and

eight full-size (diameter) ice baskets with a height which is 3/4 of
that used in the D.C. Cook plant.

This integral experiment contains all of the necessary elements of the containment response to
investigate the containment capabilities with respect to various LOCA events. Table 1

summarizes the major parameters for the experiment and compares these to a typical ice
condenser plant configuration. For this benchmarking effort, various sizes of the LOCA are
considered such that the performance of the MAAP4 ice condenser model can be evaluated for
a spectrum of initiating events.

Note, due to the proprietary status of this experiment, numeric values have been removed
from some of the following comparison plots. Organizations wishing to receive full disclosure
of this information must first receive authorization from Westinghouse Electric

Corporation.'.0

BOUNDARY CONDITIONS

For these evaluations, it is important to test a variety of break sizes. In this regard, four
experiments have been chosen:

~ Test A - typical of a design basis large LOCA,

~ Test C - a blowdown rate similar to a medium size LOCA,
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Figure 1 Isometric View of Boiler and Receiver Vessels at the Waltz MillTest Facility.
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Table 1: . Summary of Test Scale Factors Comparison
%'ith Typical Ice Condenser Plant Design

Ice Condenser

Parameter Plant Test
Plant/Test

Scale Factor

Basket Height

Basket Diameter

Basket Surface Area

Basket Internal Volume

Flow Area

Hydraulic Diameter

Inlet Door Area

Ice Weight

(ft)

(in)

(ft )

(ft )

(ft )

(ft)

(ft2)

(lbs)

48

12.1

295,400

74,500

1,354

0.88

1,064

2.75 x 10~

36

12.1

912

230

5.61

0.88

4.5

8490

1.33

1.0

324

324

243

1.0

236

324

DECL Blowdown Mass Rate (lbs/sec)

DECL Blowdown Energy Rate (BTU/sec)

(average over first 1.5 seconds)

85,000

47.5 x 10~

350

1,956 x 10

243

243

Total Energy Release (Btu) 320 x 10 9.88 x 10 324

Volumes

Lower Compartment,. (ft )

Ice Bed (net with ice) (ft )

Upper Compartment (ft )

Total Active Volume (ft )

Compression Ratio

307,000

127,000

746,000

1,180,000

1.42

912

315

2,412

3,639

1.39

'36
403

309

325

1.02
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I

~ Test F - a blowdown rate similar to a small LOCA, and

~ Test K - a large LOCA followed by post blowdown energy release
typical of decay heat.

r

Through this spectrum of accident conditions, the MAAP4 model can be benchmarked to assess

the capabilities for representing the'ice condenser response under a spectrum of LOCA .

conditions. Table 2 summarizes the pertinent initial and boundary conditions for these four
experiments.

Table 2: Tabulation of Pertinent Initial.and Boundary Conditions
For the Ful14cale Section Tests

Date of Test

Test A Test C Test F

12/31/73 1/lo/74, 1/30/74

Test K

3/11/74

Initial Boiler Pressure (psig) 1302 1290 1308 1285

Subcooling

Orifice Diameter

('F)

(in)

26

2.57

43

0.76

45

0.295

63

2,57

Percent Plant Blowdown Mass Rate
Percent Plant Blowdown Energy Rate

Percent Plant Blowdown Energy

Initial Upper Compartment Temp. ('F)

Initial Lower Compartment Temp. ('F)

Boiler Energy Discharge (Btu's x 10 )

101

101

137

99

78

1.55

11

10

132

77

1.53

1.65
1.6

114

75

1.53

130
117

Note (1)

3.6

Net Energy Discharge (Btu's x 106) 1.35 1.30 1.13

(1), Blowdown + post blowdown energy release.:

The necessary information for each of these experiments is contained in MAAP4
subroutine BCHICE, which is called from subroutine BENCH. This new subroutine

- characterizes the information necessary to perform each benchmark and this is performed in the
following manner.

The following quantities are input to the code, either through the input deck or directly
in BCHICE.

~ vessel volume,
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Ir

discharge pipe volume,

initial boiler vessel pressure,

initial water subcooling in the discharge pipe,

total energy available,

measured blowdown pressure', vs. time for the given
experiment, and

h

post blowdown steam flow rate vs. time for Test K.
R

'

With the information for each experiment the following calculations are performed:

Mass of ~ater in the discharge pipe equals the pipe volume divided
by the specific volume of the subcooled water.

The energy in the boiler vessel is equal to the total energy minus
the energy in the subcooled water in the pipe.

The combination of the vessel volume and energy are solved
simultaneously to determine the mass of saturated steam and water
in the boiler vessel.

Once the mass of subcooled and saturated water is determined, the MAAP4 subroutine WFLOW
is called based on the measured pressure at a given time and the orifice break area. Subcooled
blowdown calculations are performed until the mass lost equals the mass of subcooled water,
at which point the remaining blowdown is assumed to be a saturated two-phase mixture. Once
the blowdown transitions to steam alone, the specific volume of the steam is determined by the
total volume divided by the calculated remaining mass and the steam enthalpy is assumed to be
the saturated value based upon the measured pressure.

The MAAP4 containment model is set up with five nodes:

~ the lower compartment bottom node,

~ the lower compartment upper node,

the ice condenser,

compartment directly above intermediate deck doors, and

the annular section of the upper compartment which surrounds the
ice condenser.

I

The experimental report provides little information on the heat sinks for the test

apparatus, other than to say that the surfaces were insulated. For the longer running tests, such
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as the small LOCA case Test F, and the decay heat experiment Test K, small contributions of
heat sinks are important. From these benchmarks, we assume steel mass of 3600 ibm for the
ice baskets and their supports and a heat sink surface area of 200 fthm is assumed for the annular
compartment attached to the upper compartment. These are minimal values for the heat sinks
that would be available, but as is discussed later, are sufficient for these benchmarks.

There is a limited description available for the steam injection into the lower plenum for-
the different experiments, particularly, that for the small break representation Test F and the long
term decay heat injection for Test K. Since the principle means of pressurizing the test facility
is displacement of noncondensible gases from.the lower compartment and the ice condenser to
the upper compartment, this displacement process is an important aspect of the numerical model.
Since there is limited information available, the MAAPmodel divides the lower plenum into two
nodes (the top node and the bottom node) and splits the incoming flow rate into contributions
to the two different nodes. For Tests A and C, which represent large and medium size breaks,
the incoming steam flow was divided into equal portions for the top and bottom node, Also, for
Test K, since the recirculation fan was running during the long term steam release, the incoming
flow rates were again divided into equal portions for the top and bottom node. For Test F, the
small break LOCA, which was performed without any recirculation fan flow, the incoming
steam flow is divided with 80% going to the upper node and 20% to the bottom node to
represent the potential stratification of the low flowing steam discharge into the lower
compartment resulting from this small break simulation. If additional information becomes
available regarding the details of the lower compartment injection, in particular for the small
break representation in Test F, this modeling aspect can be further refined.

Major parameters controlling the behavior in the ice condenser evaluations are FTWICE
and FCONDP. The best estimate values for these are 0 and 2, respectively, with the former
representing the condition in which the ice condenser drain temperature is the average of the
steam inlet and the ice melt temperatures; and the latter configures the energy transfer between
the lower compartment steam space and water masses in terms of an agitated pool with an
agitated gas space. In particular, there is no significant condensation ifa colder gas layer could
be developed above a water pool which does not circulate. This is not to be expected since there
is a large water drainage rate as the ice melts and this tends to induce a well-mixed circulation
pattern between the two nodes in the lower compartment, as well as individually within the gas
and water volumes. The other values for these two parameters that are considered include
FTWICE = 1, which is a condition where the drain temperature is the average of the steam inlet
temperature and the steam exit temperature. This is always used for conditions in which the
noncondensablc gas flow rate through the ice condenser is sufficient to "flood" the water
drainage. However, this value can also be used in sensitivity analysis to show the influence of
such an assumed behavior on the ice melt rate. Values of FCONDP = 0 and 1 are also possible
with the former indicating no condensation on the water pool and a value of unity indicating that
as condensation'occurs a stable cold gas thermal layer develops next to- the water pool which
dramatically reduces the condensation rate. The results of these various model parameters are
compared to the Waltz Millexperiments below.
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3.0 DISCUSSION OF RESULTS

In the. best-estimate evaluations, the MAAP4 ice condenser model uses values of
FTWICE = 0 and FCONDP(l) = 2, with the temperature of the air and steam leaving the top
of the ice condenser being determined by the mechanistic model, Figure 2 compares the
measured containment response and that calculated by the MAAP4 model for Test A. As
illustrated, the MAAP4 model provides a good characterization of the containment .

pressurization, including the peak pressure achieved during the blowdown history, and the
subsequent depressurization as the mass discharge rate decreases during later stages of the
blowdown. It is not surprising that MAAP provides a reasonable characterization of the upper
compartment pressure history since this is generally due to the displacement air from the lower
compartment to the upper compartment, with a minor contribution due to the increased steam
partial pressure in the upper compartment. Figure 2 shows that MAAP4 somewhat under-
estimates the upper and lower compartment pressures. This is likely due to the simplified view
that the integral code has of the loss coefficients through the ice condenser inlet doors and
through the ice mass itself, and also the result of not modeling small leakages past the divider
plate for the upper compartment responses. i

Figure 3 shows the remaining ice mass for the large break representation. MAAP4
provides an excellent characterization of the total ice mass'elted in this experiment.
Comparisons of this nature help determine the uncertainty bands to be considered in the integral
containment model for parameters. This willbe discussed further for the other tests considered
at the end of this section.

Of particular interest for small break evaluations are those experiments with smaller
effective break areas. Figure 4 illustrates the measured pressure history for Test C, which is
representative of a medium size LOCA. As shown, there is good agreement between the
pressurization of the simulated containment as well as good agreement between the pressure
differential between the upper and lower compartment for this experiment, Furthermore, as

illustrated in Figure 5, the MAAP calculation underestimates the melted ice mass. It is
important to note in these calculations that the representation for pressure vs. time given in Test
C still has a considerable pressure after 130 seconds, which is the value reported in the
experimental test report. Hence, there was an additional blowdown of steam through the test
facility and additional ice melting that would be typical of the value determined when the

apparatus was disassembled at the end of the test. To examine the influence of additional
blowdown energy, the MAAP4 benchmark was continued until the system was essentially
depressurized, i.e., about 180 secs. At this time, the calculated ice mass available is 5000 ibm
compared to the reported value of 4625 ibm. Thus, the MAAP model is in agreement with thefhp'd lych

I'f

particular interest for break evaluations are the results of Test F and Test K since
these represent a blowdown of a typical small break (Test F) and the ice melt associated with
long term decay heat steam generation added to the containment (Test K). The results for the

measured upper and lower compartment pressures as a function of time are shown in Figure 6
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For Test F. There is agreement with the'rate of pressure increase developed in the test apparatus
and the overall pressure transient, However, the peak pressure is somewhat underestimated,
which is a function of the split imposed for the incoming steam- flows into the lower
compartment nodes. The remaining ice mass is illustrated in Figure 7 for Test F and it is shown
that the MAAP4 model provides a reasonable representation of the ice mass melted during the.
test.

Test K had a different characterization from the previous experiments with the initial
blowdown being that typical of a large break LOCA, similar to Test A. Subsequently, the
steaming rate was decreased to that typical of.decay heat to examine the longer term ice melt
conditions. The steam was provided by an external boiler; with the steam being added to the
lower plenum of the simulated containment. Since the steam rate was low, the details of the
heat sinks in the apparatus become important, and as discussed above, these are only described
in general in the test report, However, there is sufficient information to test the overall
performance of the MAAP4 model. Since Test K is a large blowdown characterization, the
initial phase was modeled in the same way as Test A, and at the end of the blowdown, a
remaining ice mass of 5,776 ibm was input to the calculation to be consistent with the values
described in the test report. Figure 8 illustrates the measured and calculated pressure histories
for the long term behavior. As illustrated by Figure 9, the MAAP4 calculation melts the ice at
about 4500 seconds which is preceded by some pressurization of the test vessel. The
pressurization rate illustrated in the calculation compared to that from the experiment illustrates
that the heat sinks in the experiments are more influential than those considered in the

. benchmark. However, further detailed representation in the heat sink model willonly improve
the comparisons illustrated for the other experiments, and in particular, will improve the
agreement for Test A. For Test K, the recirculation fans are included such that the steam
delivered to the apparatus in the benchmark flows into the lower compartment and thus to the
ice condenser. If there are significant heat losses in the lower compartment, this decreases the
net energy fiow to the ice condenser and lengthens the experiment, which is the anticipated
behavior given the comparison sho~n in Figure S. However, the available benchmark is
sufficient to show that the MAAP4 model can be used to characterize the ice condenser
performance for a spectrum of plant conditions.

Figure 10 illustrates the incoming temperature to the ice condenser (TWSTI) throughout
the Test K transient and the calculated exit temperature from the mechanistic model (TEX01).
As is noted, the calculated exit temperature increases as the ice inventory is consumed and
eventually approaches the incoming air-steam temperature when the ice melt is almost complete.
Figure 11 compares the measured and calculated results for the melted ice drainage temperature
in the bottom of the ice condenser. There is good agreement between the two with the

long'erm

MAAP calculation being somewhat higher than the measured data. A similar comparison
for the water temperatures in the lower compartment is shown in Figure 12 which illustrates
,excellent agreement between the MAAP calculation and the measured behavior.'ith these

good comparisons of the calculated ice melt rate and the water temperatures, the MAAP model
is demonstrated to give a good representation of the energy transfer processes in this large scale

ice condenser experiment.
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4.0 SENSITIVITY"STUDIES

The most sensitive parameter in the evaluation with the Waltz Millexperiments is the
potential'or condensing steam on the water surface in the lower compartment. If such
condensation does not occur, the steam mass fiow rate into the ice condenser is significantly
increased and the ice melting rate is accelerated, Furthermore, the measurement of the water
temperatuies in the lower compartment is also affected. This change has little influence on the
large brea);, sequences such as that represented by Test A, but for the small break in long term
steaming behavior as depicted in Tests F and K, respectively, the influence of steam
condensation in the lower compartment is important. Figures 13 and 14 compare the calculated
pressure and ice mass remaining for Test F if the condensation in the lower compartment is
evaluated as if a stable thermal layer develops next to the water surface. As illustrated, this
results in an increased ice melting rate compared to that shown in Figures 6 and 7.
Furthermore, the calculated performance of Test K (see Figures 15, 16, 17, and 18) compare
the calculated performance for Test K with this model parameter variation with the measured
data. As illustrated in Figure 16, the ice is melted out approximately 1,000 sec, earlier and the
comparison with the measured temperature in the lower compartment (Figure 18) does not have
the same level of agreement, as is shown in Figure 12. Hence, while this is a variation in the
modeling behavior, comparisons with the experimental results indicate that the gas space in the

'owercompartment is well agitated, as is the water pool, as a result of the drainage from the ice
condenser. Hence, the recommended values for condensation on such water pools is with the
parameter FCONDP(1) =2 is the preferred model configuration.

Another sensitivity examined is the influence of the imposed fiow split for the incoming
steam flow in Test F. Figures 19 and 20 illustrate the influence of using a 50-50 split for this
test. It is observed that the rate of pressure increase is much faster than the experimentally
measured pressure, but the peak pressure is close to the measured value. Comparing the
calculated ice mass melted with that shown in Figure 7 shows that an equal split of the imposed
fiow melts slightly less ice than observed in the experiment.

5.0 CONCLUSIONS
V

Comparing the MAAP4 ice condenser containment model with a spectrum of LOCA
experiments shows that the MAAP4 characterization provides good agreement with the behavior
for the various size LOCA conditions investigated, including long term decay heat added to the
containment atmosphere. Furthermore, it shows that the'MAAP4 mechanistic ice melt model
provides a good characterization of the ice melt for a wide spectrum of accident conditions,
including long term decay heat steam release. The model also provides a good representation
of the ice melt drain temperature and lower compartment water temperature.
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BENCHMARKING OF THE MAAP ICE CONDENSER MODEL
WITH THE PNL ICE CONDENSER EXPERIMENTS

1.0 INTRODUCTION

Large scale experiments were performed at the Pacific Northwest Laboratory (PNL) to

assess the ice condenser response to aerosol particle c'apture in ice condenser compartments

[Ligotke, et al., 1991], As part of these experiments, thermal hydraulic test were performed to

investigate the extent of condensation in the ice beds for different inlet conditions representative

of long term steam generation resulting from the reactor core decay power. Figure 1 is a

schematic of the test apparatus, taken from Ligotke, et al. [1991], and shows the vertically

oriented ice basket test section being supplied with heated air and superheated steam. Figure 2

is an elevation view of this test apparatus showing that the hot air and steam are ducted downward

to a diffuser section in which the aerosol particulates are added for the aerosol test. The ice basket

configuration is shown in Figure 3 with four major coolant channels being defined by one full size

diameter ice basket, 4 half diameter baskets and 4 quarter cross-sectional area baskets. The gas

temperatures are measured in the different quadrants and provide assessments for the temperature

increase of the air-steam mixture as it moves axially through the test section.

This integral representation of the ice condenser behavior provides important insights with

respect to the temperature of gases leaving the ice condenser as a function of the mass of ice

remaining for different inlet flow conditions.

A simulation of the ice condenser Lower Inlet Doors (LIDs) was not included in this

experimental apparatus. As a result, there were a number of'experiments which encountered

substantial natural circulation between the cold ice condenser and the warm air steam mixture

temperatures in the inlet diffuser. These particular tests are not of relevance to the MAAP4 ice

condenser model since the Lower Inlet Doors (LIDs) do not permit substantial natural circulation

unless there is a means for one or more doors to be held open. Therefore, the tests of interest in

this dynamic benchmark are those performed with higher gas flows through the test section to

minimize, or prevent (by "gas flooding") this counter-current natural circulation flow capability.

2.0 BOUNDARY CONDITIONS

The important boundary conditions for these experiments are listed in Table 1 in terms of
the tests examined, the volumetric steam flow entering the test section, the accompanying

volumetric air flow, and the temperature at the entrance to the test apparatus. Considering that

the ice basket simulation represents four baskets and that the plant has approximately 2000

baskets, the volumetric air flow shown in Table 1 (0.04 m'/sec) scales to an air flow rate in an

ice condenser containment of approximately 40,000 scfm (standard cubic feet per minute) which

is a typical value for one train of air recirculation fans in operation. Such a flow rate is the value
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-Figure 1:

Schematic of Ice-Condenser Test Facility as taken from Ligotke, et al., 11991].

pion> AN Alr Heeler

Aerosol
Qencl elor

Toil Seclion

5cr uhber

Mlwlng Cheeber far>eusl
5<eenr
5uperlleeler

84llot
Outer
Baser

lco.
aesl ers

lce

Alr Corhgleesor

~ por4 Incl
SaeWO Sls~
lypess

Access Ooors

Condensele/Menwerer
Sump

VOLUME III-C
C

FAD99-77; Rev. 0

-2- DATE: 6/21/99
REVISION: 0.0





MAAP4 ltd'LGtcAL EXPERIMENT BENCHMARKS
(PNL ICE CONDENSER TEST)

Figuie 2:
Elevation View of the West Face of the Test Section with Identification of Penetration

Locations as taken from Ligotke, et al., [1991].
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Figure 3: Test Section Cross-Section as taken from Ligotke, et al., [1991].
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Test

8

9

. 1.0.
11

12

13

14

Steam
m'/s
0.10
0.35
0.40
0.34
0.017
0;02
0.02

" 0.08

Table 1

Air
m'/s
0. 12

0.04
0.04
0.04
0.057
0.05
0.09
0.04

Total
m'/s
0.22
0.39
0.44
0.38
0.07
0.07

„0.11
0.12

T630
oC

126

112

121

105

92
111

115

121

that is usually assumed for containment evaluations with a single failure being the failure of the
second train of recirculation fans.

This benchmark is performed by inputting the measured ice condenser inlet temperatures
(see Figures 4, 5, and 6 for the Level 5 temperature (inlet) for Tests 9, 11, and 13, respectively).
Furthermore, the flow rates listed in Table 1 are input to the MAAP model which then calculates
the ice condenser exit temperature and the corresponding ice melt rate associated with the available
ice inventory. For this comparison, the results associated with Tests 9, 11, and 13 are explored
since these provide the necessary insights associated with those conditions with a high steam
partial pressure and those with a very low steam partial pressure. Using this spectrum of
conditions provides the necessary assessment for the response of the representation of the gas exit
temperature for the spectrum of inlet conditions. In formulating the inlet conditions for the three
different experiments investigated, Test 11 experienced a boiler transient early in the test
sequence. This causes the inlet temperatures to be lower than the desired value for approximately
10 minutes. This was represented in the benchmark by using the measured inlet temperatures at
the level 5 location over the first 10 minutes to develop a representative inlet air-steam mixture
temperature during this period. This then constitutes the boundary condition being supplied to the
MAAP routines representing the extent of melting given the remaining ice inventory and the inlet
conditions.

3.0 DISCUSSION OF THE RESULTS

Measured temperatures near the exit to the ice condenser are the most important aspect of
the experimental investigation. Specifically, these provide a detailed representation of the gas exit
temperatures as a function of experimental time. Given that the experimental time can be
translated into the ice mass remaining, this provides an important test of the model representation
for the extent of energy transfer ongoing in the ice condenser given the remaining ice mass. This
is the important variable since it determines the energy balance within the ice condenser;
specifically the ice melting rate.
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Figur'e 4: .

Ice-Basket Section Thermal Profiles, Test 9 as taken from Ligotke, et al., [1991].
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'igure 5:
Ice-Basket Section Thermal Profiles,, Test 11 as taken from Ligotke, et al., [1991].
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Figure 6:
Ice-Basket Section Thermal Profiles, Test 13 as taken from Ligotke, et al., [1991).
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(PNL ICE CONDENSER TEST)

3.1 Test 9
E

With the input given for Test 9, the resulting comparison of the gas exit temperatures with
the measured behavior is illustrated in Figure 7 and shows that there is good agreement between
the measured exit temperature and that represented by the MAAP model for gas temper'ture
exiting the ice condenser. The major reason for the increase of the temperature is the melt out
of the ice bed. As illustiated in this representation, the MAAP uncertainty parameters varied in

"

the representation is the heat transfer coefficient representing the additional energy transfer
processes of natural convection and radiation (HTADDI)which is varied between a value of 0.5
and 2. The representation in Figure 7 shows that this variation adequately characterizes the
increase in the exit temperature from the ice bed and also generally represents the variations
between the two different thermocouples at the same axial location which are shown in the figures
as THIGH and TLOW, i.e., the highest and lowest measured temperatures at location 1 which is

near the top of the ice bed (see Figure 2). Hence, this parameter variation captures the increasing
exit temperature as a function of time (representative of the progressive melt out of the ice bed)
as well the variations in the temperatures at the same location.

3.2 Test 11

A similar comparison for the data of Test ll is given in Figure 8 and again shows the
measured temperature increasing as the ice melts out over approximately l hour. Again, there
is good agreement between the measured behavior in the PNL test and the calculated behavior for
the MAAP model. Given this agreement, the time for complete ice melting should also be in
agreement. This illustration shows that ice melt is complete in the experiment after approximately
70 minutes whereas the MAAP model calculates this after about 60 minutes. Again this is a good
characterization of the behavior in the test apparatus, particularly since the additional heat losses

associated with the energy transfer to the ice box and the structural heat sinks associated with the
test apparatus walls, etc. are not represented currently in the dynamic benchmark. The uncertainty
variations treated for the variable HTADDI again encompasses the differences between the
thermocouple measurements at level l for this experiment early in the transient. Hence, these

variations clearly show the influenc of uncertainties in the additional energy transfer early in the

process when there is substantial ice remaining in the test apparatus.

3.3 Test 13

In this experiment there is very little steam flow associated with the measured air flow
rate. Consequently, the melting rate is substantially less and the gas exit temperatures are

essentially the ice temperature over the duration of the test (see Figure 9). This is also represented

by the MAAP ice condenser gas exit temperature model and the comparison of the two shows

good agreement between the measured and calculated behavior. This is important since it provides
confidence that the MAAP model can adequately represent the various conditions that might be

experienced in the spectrum of accident sequences for the ice condenser containment behavior.
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Figure 7:
Comparison of the Calculated and Measured Temperatures

for the Ice Condenser Exit in the PNL Test 9.
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Figure 8:
Comparison of the Calculated and Measured Temperatures

for the Ice Condenser Exit in the PNL Test 11.
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Figure 9:
Comparison of the Calculated and Measured Temperatures

for the ice Condenser Exit in the PNL Test 13.

oo
o
Gl

Q o
CO

.cL o
c

4J
I— o

PNL TEST 13 LEVEL t TEHPERRTURE PROFILE

MAAP6: HTADDl=1
NARPR: HTFIDDf=0.5 —e—
VAAIoS: HTADDi=2.0
DATA: THlGH
DATA: TLQN

l- o
X
4J

C)
4J o
(Q <v

hl oV
..A. ~ rvgi > . pr ~< ~ g ~ ~ ~ ~ g ~ Q ~a

I 0 5 1 1.5

TIME HOURS

VOLUME III-C
FAB99-77; Rev. 0

- 12- DATE: 6/21/99
REVISION: 0.0



MAAP4
F-14

INTEGRAL EXPERIMENT BENCHMARKS
{PNL ICE CONDENSER TEST)

The variations in the uncertainty parameter HTADDIshows that there is only a minor influence
associated with the uncertainties in this low steam flow case. This illustrates that the uncertainties
provide a reasonable characterization of the differences that can be expected between lean steam
flow conditions and those in which the steam flow rate is the major component of the flow through

~ the ice condenser.

4.0 SENSITIVITY STUDIES

Sensitivity/uncertainty studies are discussed in Section 3.0.

5.0 CONCLUSIONS

Comparison the MAAP ice condenser containment model with a spectrum of inlet
conditions to the ice condenser shows good agreement for the thermal hydraulic response of the
test performed. This is true for those experiments utilizing high steam partial pressures as well
as those with a low steam partial pressure. Furthermore, the imposed gas flow rate is equivalent
to the velocity through the ice bed that would be promoted by a,single train of ice condenser
recirculation air fans. Therefore, the behavior observed in these experiments, and the good
agreement observed between the experimental measurements and the MAAP model develop a level
of conMence that the MAAPcalculation is a good representation of the containment response for
a spectrum of accident s'equences.

6.0, REFERFACE

Ligotke, M. W., et al., 1991, "Ice-Condenser Aerosol Tests," NUREG/CR-5768, PNL-7765,
R1.
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BENCHMAMCING'F'HE»Cs'EF'~=;-::. "::-:".:.7;"".".".';

1.0 INTRODUCTION

This dynamic benchmark is controlled by subroutine which calls CSTFPF to develop a
CSTF parameter file. These values are developed from the dynamic benchmarking file
CSTF.DYB which documents information given in the experimental report P31oom, et al., 1983j,-.
This routine also performs any unit conversions necessary to be consistent with the MAAP internal
computations. As a portion of the EPRI-sponsored research programs addressing hydrogen
control in containments following a postulated severe accident at a nuclear plant, the Hanford
Engineering Developing Laboratory Containment Systems Test Facility (CSTF) was used to
investigate hydrogen concentration and mixing for ice condenser containment configurations.
Specifically, these experiments investigated the degree of mixing and the potential for either
"pocketing" of hydrogen or stratification of hydrogen-rich mixtures. Hydrogen-steam and
helium-steam mixtures were investigated on a scaled basis for the releases from a small pipe break
in the Reactor Coolant System (RCS) or from the pressurizer relief tank through a failed rupture
disk. For all but one of these experiments, helium was used as a simulant for hydrogen. In the
other test, hydrogen was used with a nitrogen atmosphere in the CSTF vessel.

The CSTF is a coded vessel 20.4 meters high, 7.6 meters in diameter with a total volume
of 850 m'nd has a rated pressure of 0.52 MPa at 160'C. Sub-compartments characterizing the
cont'ainment lower compartment and the upper compartment were fabricated inside of the CSTF
vessel along with representations of partially opened ice condenser doors and the air recirculation,
fans. Experiments were performed with and without forced circulation flow to investigate the
potential for hydrogen accumulation for different accident scenarios.

2.0 BOUNDARY CONDITIONS

2.1 nt inmn m rtmn

2,1.1

The final report for this study [Bloom, et al., 1983] contains the following description of
the test compartment fabricated inside of the CSTF vessel. 1

The test compartment, which simulated a simplified lower compartment area of an ice
condenser plant, was fabricated in the lower area of the CSTF vessel. The test

compartment conformed to the modeling criteria; but did not contain any geometrical
objects, such as pipes, tanks, or stiuctural elements. The linear scale factor between test

compartment and reference plant design was 0.3. The test vessel outer wall simulated the

plant crane wall, and the height to diameter ratio of the test compartment was equal to that

for the reference plant design.. Figures 1 and 2 are schematics of the annular test
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Figure 1: Test Compartment Geometry, (taken from [Bloom, et al., 1983]).
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Figure 2: Test Compartment AirRecirculation Details
(taken from [Bloom, et al., 1983].
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compartment who'se outer diameter was 7.6 m (25 ft), The inside annulus was 3 m (10 ft)
in diameter by 4,7 m (15.5 ft) high and was fabricated of corrugated steel sheet. A deck

was provided inside the test vessel to act as the floor of the annular compartment, and on

top of the annular compartment to represent the floor of the upper containment area. The

test compartment occupied 300'f the annulus, leaving a 60'ector to represent the

refueling area of the referenced plant.

The horizontal jet nozzle was located 25'rom one radial wall of the annulus, and was at

a height equal to one-third of the compartment height. The nozzle simulated a postulated

break of a 5-cm (2-in) pipe and was directed 60'o the radius, as shown schematically in

Figure 2.

The vertical jet nozzle simulating the release from the 25 cm (10 in) rupture disk on a

pressurizer relief tank was directed vertically up into the test compartment. The nozzle

location was 120'rom the radial wall and 12 cm (47 in) from the lower deck. The radial

distance from the nozzle to the vessel wall was 150 cm (59 in). A blower was used to

simulate air recirculation from the upper to the lower compartment atmospheres. The size

and location of the air inlet ducts were scaled, as far as possible, from the reference plant

design, except the air register was internal to the vessel walls. The inlet ducts were

arranged, as shown in Figure 1, at 25', 90', 2 10', and 270', to represent the openings in

the crane wall which forms the outer cylindrical wall of the room. In the reference plant

air flow is from the fan rooms to the lower compartment. The air flow rate, determined

by the modeling criteria to be 104 m'/min (3730 ft'/min), was distributed through four

openings each 0.73 m (2.4 ft) in height by 1.41 m (4.63 ft) wide at a velocity of 0.43

m/sec (140 ft/sec).

The outlet air flow passages, which represented the partially opened ice compartment

doors, were 24 vertical slots 0.64 m (2.1 ft) high by 4.3 cm (1.7 in) wide. The slots were

made in the wall of circular duct segments suspended from the ceiling of the compartment.

The slots were equally spaced along'he periphery of the compartment, over the
300'egment.

2.1.2

The MAAP4 parameter file for CSTF defines a 4-node containment model, as shown in

Figure 3. Node 3 is devoted to the entire upper volume. Since this volume is not comprised of
sub-compartments, a presumption of homogeneity is made unless justified otherwise by the

experiment.

The lower volume outside of the shield wall and refueling cavity mock-up is divided into

Nodes 1 and 2 residing side-by-side and separated by a vertically-oriented (horizontal flow)

junction. The balance of the lower volume resides inside the shield wall and refueling cavity
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'Figure 3: MAAP4 Nodalization for the CSTF Ice Condenser Experiments.
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mock-up. Since leakage paths existing between these regions and Nodes 1 and 2, the mock-ups
are consolidated into a single dead-end, Node 4.

2.2 ~unctio~

2.2.2 ~D
As discussed above, the principal junctions of interest for these experiments are the 24

vertically oriented slots in the floor junctions representing the partially open doors of the ice
condensers. These are modeled in the MAAP4 code with the appropriate opening area and the
representative loss coefficient for this slot configuration. Other junctions are relatively large
areas, as illustrated in Figures 1 and 2. Furthermore, the dominant facet of these experiments is
one of the air recirculation operating to establish a forced mixing behavior. These are also
explicitly modeled in the MAAP4 representation.

The partially open Lower Inlet Doors (LIDs) for the ice condenser, is the expected
configuration in response to a small RCS break'ith decay heat steaming into containment.
However, the fixed size of these junctions only partially represents the door response, since the
plant doors are designed to vary in position depending upon the imposed pressure differential.
Furthermore, the volumes simulating the lower doors do not have a significant volume. Hence,
in this simulation the ice condenser volume is part of the upper volume, therefore, no dedicated
ice condenser compartment, nor any ice mass, is modeled in this facility.

In addition to the lower door junctions, the main recirculation fans are modeled to take
suction from the upper volume inventory and deliver the flow to the lower volume, as shown by
the four vents in the lower volume in Figure 2. As will be discussed, usage of these fans is test-

specific.

2.2.2

An open vertically oriented junction, Junction 2, resides between Nodes 1 and 2. The
junction is not imposed by a physical constriction. Rather, the junction is located to evenly divide
the lower volume among the two'nodes.

The ice condenser lower door mock-ups are modeled as two distinct open junctions with
the doors between Nodes 1 and 3,comprising Junction 3 and doors between Nodes 2 and 3

comprising Junction 1. These junctions are intended to facilitate the potential for global
circulation between Nodes 1, 2, and 3 in response to the preferential source flow location in
Node 2. By consolidating several doors into only two distinct single junctions, it is presumed that

the flow through the doors comprising a single junction is identical. This is sufficient unless the

benchmark results justify a refinement to the number ofjunctions between the upper and lower
volumes.
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Junctions 4 and 7 define the leakage paths between Node 4 and Nodes 2 and 1,

respectively. The size of the leakage paths are not known. However, an order of magnitude
approximation for leakage size is probably sufficient to represent the minimal influence of Node 4.

Junctions 5 arid 6 define the active recirculation fans between Node 3 and Nodes 1 and 2,
respectively. In MAAP4, fan flow can be defined for any of the junction types (open,

failure,'heck

valve, or loop seal), but an open junction is conventionally used., Parameter PFAN(j)
specifies the desired volumetric flow rate for Junction j.

Manual control of open/closed statu's for a junction containing a fan flow, and in general

any junction, is accomplished by setting parameter JFRB(j) = 1/0 for "on" and "off",
respectively. Recirculation fans are enabled at the appropriate sequence time, as dictated by the

specific CSTF test. Furthermore, open Junctions 1 and 3 are also, manually controlled. They are

initiallyclosed during the initial segment of the test to prevent natural convection, since the lower
volume is pre-heated. They are then opened immediately prior to the gas injection phase.

It is noteworthy that a desired fan fiow may not be achieved identically. Rather, the actual
flow may be different since volumetric flow specified by PFAN(j) imposes a prescribed pressure
differential across the junction necessary to achieve the desired fiow rate. However, as

containment-wide balance of pressure and flow is approached, the actual pressure differential may

change, altering the intended fan flow rate. In the case of CSTF, it is presumed that the reported
fan flow rates are actual measured quantities. To replicate the flow rates, the prescribed PFAN(j)
values are adjusted so that the reported flow rates are achieved.

2.3

2.3.1 ~TP D

Since steam is injected into the CSTF vessel for these tests, the potential for steam

condensation is also represented since part of the simulated containment configuration is steel and

part is fabricated from plywood. The operating deck and refueling cavity mock-ups are wood>

and the shield wall mock-up is corrugated steel. The condensation potential for the various heat

sinks are represented in terms of their thickness, the heat transfer area, and the material of the

individual structures.

As stated in the experimental report, the vessel she11 is rated for a design pressure of 0.52

MPa at 160'C. Assuming a design hoop stress of 124 MPa, based upon one-half of a typical yield
stress, the approximate thickness of the vessel wall is 1.6 cm (0.63 in.). Furthermore, the report
mentions that the wall is insulated on the outside; this is also represented in the CSTF parameter

file as documented in the benchmark specific subroutine CSTFPF.
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2.3.2 ~*P
The heat sinks for the various compartments represented in the MAAP4 CSTF

representatioti are:

~ . a 12.7 m (0,5 in) thick steel wall,

a 2.4 mm (3/32 or 0.094 in) thick 'corrugated steel wall, and
4

~ .„a 25.4 m (1 in) thick plywood sheet.

These heat sinks are distributed through the various regions and are the only considerable heat
sinks acting during the experiment.,

24 ~lil 2 Pll
n

2.4.1 D
cri'he

final report for this set of experiments [Bloom, et al., (1983)] contains the following
information.

Gas mixing and distribution characteristics of an ice condenser lower containment region
were determined from three general types of tests. The test parameters are listed in the
Test Matrix of Table 1. The types of tests performed were "preliminary", high velocity
horizontal jet release, and high velocity vertical jet release, The preliminary tests involved
air only, while a helium-steam release into air or a hydrogen-steam release into nitrogen
were incorporated with the jet release tests. Hydrogen or helium concentrations, gas
velocities, and temperature profiles were measuring during simulations of two hydrogen
release scenarios. Mixing and distribution were determined from the concentration,
velocity, and temperature profiles. The test objective was to determine the maximum
release gas concentration difference between spatial locations in the compartment during
two'simulated hydrogen releases.

The objective of the four preliminary tests (HMP-1 through HMPA) was to determine the
separate and combined effects of natural and forced air recirculation on gas mixing in the
test compartment. Tests HMP-1 and HMP-2 had relatively lower natural convection
effects due to the smaller temperature difference between the bulk air and the vessel wall.
Tests HMP-3 and HMP-4 were conducted with the bulk air temperature elevated which
increased the temperature difference across the air boundary layer next to the wall and
increased natural convection buoyancy effects on gas mixing. Tests HMP-2 and HMPA
were provided with forced air recirculation scaled to simulate the air recirculation provided
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Test
No.

Cont.
Gas

Recirculation Flow
Rate

m /min. ft. /min.

Source
Gas

He or Hz Flow Rate Steam Flow Rate

kg/min. lb./min. kg/min. lb./min.

Table 1: Hydrogen MixingTest Matrix.

Initial Lower
Yol. Gas
YcHl

oC oF

I

I

HM-Pl
HM-P2
HM-P3
HM-P4

Air
Air
.Air
Air

0
104

0
104

0
3700

0
3700

High Velocity Horiznntal Jet Tests

29
29
66'66'5

85
150

150

HM-1
HM-2
HM-3
HM-4
HM-5

Air
Air
Air
Air

0
0

104

104

104

0
0

3700
3700
3700

He-Steam
He-Steam
He-Steam
He-Steam

H>-Steam

0.41
0.82
0.41
0.82
0.41

0.9
1.8

0.9
1.8
0.9

12.3
24.5
12.3
24.5
24.5

27
54
27
54
54

150

150

150

150

150

Ngh'elocity Vertical Jet Tests::

ga
9 0

~ ~

4

cC

HM-6
HM-7

Air
Air

104

104

3700
3700

He-Steam
He-Steam

0.41
0.82

0.9
1.8

12.3
24.5

27
54

66
66

150

150
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to the ice condenser plant lower containment region: Test parameters measured were local
air velocity magnitude, air temperature, wall temperature, and air recirculation fiow rate.

I

The objective of the jet r'elease tests was to determine the maximum hydrogen
concentration difference in the ice condenser lower containment compartment. A
secondary objective was to cl)aracterize the relative importance of the high momentum jet,
forced air recirculation, aiid natural convection mi 'ing processes. Helium was a simulant
for hydrogen in six of seven tests. One of the six'helium tests and the one hydrogen test
used identical conditions to determine ifhelium was a valid simulant for hydrogen.

Mixing tests HM-2 through HM-5 were all simula'.ions of a steam-hydrogen release from
a 5 cm (2-inch) pipe b'reak. Tests HM-1 and HM-2 were cases without air recirculation
normally provided during an accident scenario for an ice condenser lower containment
region. Tests HM-3 and HM-4 were conducted'with modeled air recirculation flows.
Tests HM-1 and HM-3 were conducted with helium-steam release rates arbitrarily set at
one-half the reference release rate to determine the effect of reduced jet momentum on
mixing in the test compartment volume. Mixing test HM-5 was modeled to be "similar"
to HM-4 with the difference that hydrogen was used as the source gas and nitrogen was
used as the containment gas. This test was conducted to determine whether helium was
a valid simulant for hydrogen in these tests.

The final tests HM-6 and HM-7 simulated a vertical hydrogen-steam jet release directed
upward from a location geometrically similar to that of a pressure relief tank rupture disk
vent. The helium-steam source rates were identical to those of tests HM-3 and HM-4,
respectively. These flow rates were also representative of the releases from a 5 cm (2-
inch) pipe break as well as a rupture of the pressure relief tank rupture disk.

2.4.2

The initial pressure and temperature of each node is specified in the parameter file or as

a local parameter change in the input deck. The initial gas constituents (air or nitrogen) are also
specified in the parameter file or input deck.

2.5

At a test-specific time prior, to source flow initiation, covers on the lower door junctions
are removed. Due to the relatively hot gas in the lower volume, buoyancy~ven countercurrent
flow is initiated through the door junctions, manifested by a drop in the lower volume temperature

as cold upper volume gas begins to exchange with hot lower volume gas.
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Ifrecirculation fans are part of a specific test, they are actuated at some point between the
opening of the lower doo< junctions and the initiation of the break source flow. Generally, the
fans are initiated at the same time as the removal of the covers from the lower door junctions. It
should also be noted that this is representative of the plant behavior since one train of the
recirculation fans is sufficient to open'the LIDs. Moreover, this assumption is justified by the
lower volume temperature history. The noted decrease in temperature at the time of door junction
opening is much more pronounced for those tests with fan recirculation, indicating that fan fiow

'ustexist to account for the enhanced mixing of the cold upper volume gas with the hot lower
volume.gas.

The break mass flow rate temperature histories for steam and hydrogen simulant are
documented in Bloom, et al., [1983] for each test. A sample history is shown for Test HM-1 in
Figure 4. The nominal values of recirculation fan volumetric fiow rate and steam and hydrogen
simulant mass flow rate as shown in the test matrix, Table 1. These injection histories are input
by reading the CSTF.DYB file.

After termination of steam and hydrogen simulant injection, test data acquisition was
continued until the system stabilized. This always coincided with full dissipation of concentration
and temperature gradients, demonstrating that substantial mixing of the upper and lower volumes
yielded a homogenized state. No hydrogen stratification nor pocketing occurred.

2.5,2

Lower door junction covers, Junctions 1 and 3, are modeled by setting JFRB(1) = 0 and

JFRB(3) = 0, respectively, to close these junctions at, initiation of the code run. Removal of these

covers at the time indicated in the test is accomplished by setting JFRB(1) and JFRB(3) equal to
1 to open these junctions. If recirculation fans are activated for a test, Junctions 5 and 6 are
initiallyclosed and then opened at the indicated time using the appropriate values for JFRB(5) and

JFRB(6).

Time history for mass and energy flow rates of steam and hydrogen simulant into Node
2 is implemented by digitizing the mass flow rate and temper'ature from the test, a sample of
which is provided in Figure 4. This is read into the calculation through the dynamic benchmark
file CSTF.DYB. The data is added to corresponding look-up tables in the input deck. This allows
the code to interpolate values from the tables during the transient. After being processed through
the input deck, the data is ultimately transmitted to the MAAP4 containment regional routines,
AUXREG, via the CSTF-specific benchmark routine, BCSTF.
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Figure 4: Test: HM-1A Nozzle Gas Flowrates and Temperature
(taken from [Bloom, et al., 1983]).
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2. 6 2 Illsl

2.6.2 ~DD
6

The lower volume of the facility is instrumented to determine if local hydrogen
accumulation is possible. Such an investigation is particularly relevant for ice condenser
containments since the seg;egation between the upper and lower volumes could result in hydrogen
accumulation below the operating deck. Instrumentation arrays are loc"ted in the axial direction,
to determine the extent of stratification, and in the azimuthal direction, to investigate concentration
gradients in this direction due to the preferential location of source jets A and B in Figure 2.

Specifically, Table 2 defines the designations of "top", "mid-plane", and "bottom" in
terms of the respective axial locations for the instrument arrays. Table 3 then provides a summary
of the instrument arrays, including the axial and.azimuthal location of each sensor and the
instruments at each location. These included gas velocity probes {anemometers), gas sample
probes, and thermocouples. Figure 2 shows these locations at the star {') symbol,

Table 2: Instrument Location Definitions.

Desi nation
Top

Mid-Plane

Bottom

Location
0.2 m (9 in.) below the upper deck

2.36 m (7.75 ft.) up from the lour deck

0.3 m (1 ft.) up from the lower deck

Elevation
{relative to ade elevation {0 m))

-3.97 m (- 13 ft.)
-6.1 m (-20 ft.)

-8.2 m (-26.8 ft.)

Table 3: Instrumentation in Lower Volume.

Sensor Location Point No. Gas Velocity Probe Gas Sample Thermocou pie
5', Top

65', Top
125', Top
185, Top
245, Top

5', Mid-Plane
65', Mid-Plane

125', Mid-Plane
185', Mid-Plane
245', Mid-Plane

S', Bottom
6S', Bottom

125', Bottom
, 18S', Bottom
245 o Bo

1

2
3
4.
5

15

16

8
17

18

6
14

7
9
10

Yes
Yes
Yes
Yes
Yes

No
No
Yes
No
No

Yes
No
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

, No
No
Yes
No
No

Yes
No
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

",es

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
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Using these instruments and additional instrumentation, the following data types were
collected:

~ Helium, or hydrogen, concentrations,

~ Gas temperatures,

~ Gas velocities,

~ Oxygen concentration (Hz test'only),

~ Test vessel wall temperatures,

~ Atmospheric pressure,

~ Steam flow rate,

Helium or hydrogen flow rate, and

Air recirculation fan fiow rate

The upper volume had substantially less instrumentation since. the focus was lower volume
concentrations. As shown by Figure 2, it may have been limited to one sensor location in the
middle due to the presumption of homogeneity in the upper volume.

2.6.2

The noted CSTF instrumentation is not influential to specification of input boundary
conditions for MAAP4. However, an output consideration is noteworthy. CSTF gas sample
probe measurements were reported in terms of "dry" simulant content. That is, the sampled steam
was condensed prior to determining the simulant mole fraction. Of course, the balance of the non-
condensable was either normal air constituents (with helium as simulant) or pure nitrogen (with
hydrogen as simulant).

r

In contrast, steam is included in the MAAP4 calculation ofgas constituents, which inhibits
a comparison of conventional code output with experiment data. This difficulty is easily resolved
through the use of the user-defined function feature within the MAAP4 input deck, The mole
fraction of "dry" simulant in each compartment can be calculated at each time step with the

following function:

Xj
MW;

1 +
m>

MWj
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where j index for the simulant,

index for all other non-condensable constituents,

mass,

MW = " molecular weight, and

x = mole fraction.

x can then be included in a plot file. In addition, the time scale for the digitized experiment data
J

is expressed in minutes. Therefore, a user definition function of time in minutes is included in
this plot file for easy comparison with the data.

h

3.0 DISCUSSION OF RESULTS

3.1 T~~~
Test HM-1 was executed with the parameters shown in Table 1. No recirculation, fans

were utilized. Therefore, the contributors to mixing were forced flow, imposed by the helium-
steam source flow, and natural convection, imposed by the lighter gas in the lower compartment
due to the'elevated initial temperature. It was necessary to perform some tests in the series
without recirculation fans since these are actuated only after containment pressure exceeds the
setpoint defined in the plant technical specifications. Therefore, it, is conceivable that a

sufficiently small break in the RCS would liberate steam and hydrogen to containment without
actuating the fans.

Figure 5 shows a comparison of lower volume gas temperature thermocouples with the
predicted temperature for Nodes 1 and 2. Both MAAP and the data show a shallow temperature
decrease, ostensibly due to the influences of heat sinks. At roughly 14 minutes, there was a

substantial drop in temperature. This was presumed to be the opening of the junctions
representing the ice condenser lower doors, followed by the onset of natural convection between
relatively hot lower'volume and the relatively cold upper volume (~ 30'C). Therefore, Junctions
1 and 3 were opened at this time. Indeed, MAAP also predicted a similar temperature decrease.

Upon initiation of the source flow, both the data and MAAP ascend in a similar manner
until termination of the source flow. At this point, the data and MAAP decrease in an asymptotic
manner as natural convection promotes continued mixing, approaching a homogenized system.

In the first ten minutes after source flow termination, MAAP shows a somewhat
more rapid decrease. In contrast, the data shows a more gradual, smooth decrea.e. Furthermore,
the top temperature separates from the corresponding mid-plane and bottom values, Such

behavior is shown in the data at other azimuthal locations. This signifies a small but sustained

stratification. Most likely, counter-current flow at Junctions.1 and 3 feeds cold gas as a plume
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Figure 5:
Comparison of MAAP4 Calculated Lower Volume Temperature

and the CSTF Data for Test HM-I.
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into the middle and lower regions of the lower volume. The top region remains hotter due to the
stratificatio, It feeds the relatively hot gas participating in the counter-current flow at Junctions
1 and 3.

The current MAAP nodalization of the lower volume does not accurately predict these
details since Nodes 1 and 2 are horizontally oriented, not vertically. If further resolution is
needed, additional vertical nodes would provide a better representation of these details. However, "

this difference in rates is secondary to the overall agreement in temperature at the end of the test.

Figure 6 shows the comparison between hydrogen simulant concentration for the. data and
MAAP. As shown, there is good agreement between the measured and calculated responses.

3.2 Jgg H~
This experiment also had no recirculation fans with a high velocity horizontal jet of a

helium-steam mixture being injected into the lower compartment. Here again the major
contributors to mixing were the forced fiow imposed by the injection source and

natural'onvection

due to the lighter density of.the incoming gaseous source flow. Figure 7 illustrates the
measured and calculated gas temperatures in the lower volume with Figure 8 presenting the
measured and calculated values for the helium concentration in this region. As shown by the
comparisons, the MAAP models for natural circulation between compartments provides a good
representation of the system transient response in terms of both temperature and light gas
concentrations.

3.3 TeeTJ~

As listed in Table 1, this was the first experiment with a recirculation flow rate combined
with an injection fiow of a steam-helium mixture. Figure 9 compares the MAAPcalculation with
the recorded measurements in the lower volume for the'gas temperature, while Figure 10 shows
a similar comparison for the helium concentrations in the lower volume. Since there is a forced
recirculation fiow in this experiment, it is expected that there would be agreement between the
measured and calculated values and the figures show that this is the case.

3 4 XaC3BLR

This experiment used'a recirculation flow rate equal to that used in Test HM-3, but had

a higher helium injection rate. Figure 11 compares the measured results with the MAAP
calculation for the gas temperature in the lower volume, with Figure 12 illustrating the comparison
of a measured and calculated helium concentrations in this lower volume. Here again the MAAP
calculation provides a good, representation for the measured values.
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Figure 6:
Comparison of MAAP4 Calculated Lower Volume Helium Concentration

and the CSTF Data for Test HM-1.
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. Figure
Comparison of the Catculated and Measured Gas Temperatures in the Lower Volume

for CSTF Test HM-2.
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Figure 8:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-Z.
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Figure 9:
Comparison of the Calculated and Measured Gas Temperatures in the Lower Volume

for CSTF Test HM-3.
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Figure 10:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-3.
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~
Figure 11:

Comparison of the Calculated and Measured Gas Temperatures in the Lower Volume
for CSTF Test HM-4.
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Figure 12:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-4.
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p,5 ~Tt HM-S

Hydrogen was used as the light gas injection for this experiment and the CSTF vessel was
filled with nitrogen instead of air prior to initiating the experiment. This provides a test of the
calculational capabilities for the light gas of interest in reactor safety analyses. Figure 13

compares the calculated and measured gas temperatures in the lower volume for this set of
conditions and Figure 14 illustrates the comparison for the measured and calculated

helium'oncentrations.As was the case with the pervious comparisons, the MAAP response is in good
agreement with the measured behavior for both of these parameters.

3.6 ~Tg H~
A high velocity vertical jet was used in this experiment with the injection gas being a

mixture of helium and steam and the CSTF atmosphere being air, as listed in Table l. Figure 15

compares the measured and calculated gas temperatures for the lower volume with Figure 16

illustrating the comparison of measured and calculated temperature in the upper volume. A
comparison of the measured and calculated helium concentrations in the lower volume is given
in Figure 17. The comparisons provided in these three figures show that the MAAP
representations for combined free and forced convection provide a good characterization of the
measured CSTF b'ehavior.

3.7 ~T~ -7

For this test, a helium-steam mixture was injected into an air atmosphere with the helium
injection rate being t~ice that used in Test HM-6. Figure 18 compares the measured and
calculated gas temperatures in the lower volume with Figure 19 illustrating a similar comparison
for the upper volume. Figure 20 co'mpares the measured and calculated helium concentrations in
the lower volume. As demonstrated by these comparisons, the MAAP containment model
provides a good characterization of the light gas behavior in the containment, as well as the gas
temperatures in the-containment volumes.

4.0 SENSITIVITY STUDIES

The principal difference between the various experiments is whether or not forced
circulation flow is imposed between the upper and lower compartments in the simulated ice
condenser containment. In this regard, the major difference in the flow behavior is whether
countercurrent natural circulation flows are modeled between the compartments and whether these

flows can be "flooded" by the imposed recirculation flow. To illustrate the importance of these

counter-current natural circulation flows in two of the experiments, test HM-1 was calculated with
the counter-current natural circulation flow removed from the model. Figure 21 shows t ethe

calculated and measured gas temperatures for the lower volume with Figure 22 comparing the
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Figure 13:

Comparison of the Calculated and Measured Gas Temperatures in the Lo~er Volume
for CSTF Test HM-5.
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Figure 14:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-5.
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Figure 15:
Comparison of the Calculated and Measured Gas Temperatures in the Lo~er Volume

for CSTF Test HM-6.
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Figure 16:
Comparison of the Calculated and Measured Heating Concentrations

~ in the Upper Volume for CSTF Test HM-6.
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Figure 17:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-6.
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Figure 18:

Comparison of the Calculated and Measured Gas Temperatures in the Lower Volume
for CSTF Test HM-7.
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Figure 19:
Comparison of the Calculated and Measured Heating Concentrations

in the Upper Volume for CSTF Test HM-7.
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Figure 20:
Comparison of the Calculated and Measured Heating Concentrations

in the Lower Volume for CSTF Test HM-7.
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Figure Zl:
Comparison of the Calculated and Measured Gas Temperatures for the Lower Volume

in CSTF Test HM-1 Kith Counter-Current Natural Circulation Flows Ruled Out,
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'Figure 22:

Comparison of the Calculated and Measu'red Helium Concentration in the Lower Volume

for CSTF Test HM-I With Counter-Current'Natural Circulation Flows Ruled Out.
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calculated and measured helium concentration in this lower volume. Contrasting these results with
those show in Figures 5 and 6 demonstrate that the representation of counter-current natural
circulation flows is essential to the good agreement illustrated by the comparisons in Section 3.
In particular, when there is no forced flow by the recirculation fans, which is the case for CSTF

'est HM-1, the major mechanism for distributing light gases and energy between the upper and
lower volumes is through counter-current natural circulation flow. This is further enforced by the
comparisons of the MAAP model without counter-current natural circulation flows for test HM-7,
shown in Figures 23, 24, and 25. In this test, there is forced flow imposed by the recirculation
fans and it is sufficient such that the counter-current natural circulation flows are calculated to be
"flooded" in the representation of the partially opened lower inlet doors of the. ice condenser. As
shown by these comparisons, the counter-.current natural circulation flow plays no role in
distributing the energy (gas temperature) and light gas concentration between. the lower and upper
volumes..

This sensitivity illustration clearly demonstrates the importance of including a

representation for countercurrent natural circulation flows in containments, especially during the
portion of the accident when the air recirculation fans are not active, Without this representation,
the containment evaluation under-estimates the potential for distributing light gases through
connected volumes.

5.D CONCLUSIONS

These comparisons of the MAAP Generalized Containment Model with the spectrum of
test conditions considered for the simulated ice condenser containment in the CSTF vessel show
that, the MAAP model provides an effective representation of the containment response under both
natural circulation and forced flow conditions. Good agreement between the calculated and
measured behaviors are obtained for all of the test conditions examined in the CSTF test program
and therefore the user has the confidence that the MAAP model can follow the influences of light
gas, such as hydrogen, being released to the containment as a consequence of postulated accident
sequences. Furthermore, the sensitivity studies performed illustrate the importance of including
representations for both forced and natural circulation flows between the containment
compartments, including natural circulation counter-current flows through the partially opened
doors in the CSTF simulation. Since the expected ice condenser response to small break LOCA
,conditions is to have lower inlet doors only partially opened, this potential for examining both the

forced fiow and natural circulation fiow is important. Furthermore, it is particularly important
to assess the potential for experiencing "flooding" of the gas flow in the partially opened doors
as a result of the imposed recirculation flow by the air return fans.
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Figure 23:
Comparison of the Calculated and Measured Gas Temperatures for the Lower Volume

in CSTF Test HM-7 With Counter-Current Natural Circulation Flows Ruled Out.
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Figure 24:

Comparison of the Calculated and Measured Gas Temperatures for the Upper Volume
in CSTF Test HM-7 V/ith Counter-Current Natural Circulation Flows Ruled Out.
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.Figure 25:
Comparison of the Calculated and Measured Helium Concentration in the Lower Volume

for CSTF Test HM-'7 With Counter-Current Naturai Circulation Flows Ruled Out.
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The terminal velocity for a water drop falling through gas can be determined by equating

the mass of the droplet with the drag. This is given by

4 p V2

(p -pJ —rg=c (H-1)

where the terms are defined as

p„ is the water density,

p, is the gas density,

r is the droplet radius,

g is the acceleration of gravity,

C~ is the drag coefficient, and

V is the droplet terminal velocity.

Solving for the terminal velocity results in

V = Pw Pg r g

Ps Co
(H-2)

Note that this equation must be used with a consistent set of units. The drag coefficient is a

function of the terminal velocity as indicated by the curve shown in Figure H-.l which is taken

from Vennard (1959). Since the drag coefficient is a function of the velocity (Reynolds number

N„= Vd p j'p„) this has to be solved in an intricate manner (the term p, is the gas dynamic

viscosity). For the 700 micron spray droplet size given in the D.C. Cook FSAR, it is found that

the terminal velocity is approximately 10 ft/sec and the drag coefficient is unity. This corresponds

to a terminal velocity of 600 ft/min, which is a convenient value since the typical volumetric water

fiow rates are specified in gpm. Hence, the airborne water mass from a given containment spray

FAI<99-77; Rev. 0
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is dependent upon the fall height for the spray and can be estimated from the equation
J

Q (g<) = Q. (gpm) ~ ~, (H-3)

where the terms have the following definitions

h is the droplet fall height for the compartment,

Q is the airborne water volume in gallons,

Q„ is the spray flow rate in that compartment in gpm, and

V, is the droplet terminal velocity in ft/min.

This is the approach used to assess the airborne water volumes due to the spray fiow actuation for

the three different compartments of interest.

Vennard, J. K., 1959,

New York.

, Third Edition, John Wiley & Sons, Inc.,
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As part of the evaluation for water holdup in,containment, this analysis considers that some

of the spray flow rate in each compartment would impinge up'on structure walls and undergo

holdup due to film drainage on these walls. This is addressed through a Nusselt laminar film

calculation for >Pe drainage, which is conservative (overstates the water mass) since this dynamic

interaction would tend to promote turbulent film drainage.

The maximum laminar flow drainage film thickness is given by

3 m~p
2

Pw 8

as represented by Kreith (1960). The variables in this equation are:

g is the acceleration of gravity,

m„ is the drainage flow rate per unit length (perimeter) of wall,

p„ is the water density, and

p„ is the water dynamic viscosity.

As indicated by this expression, the film thickness on the wall is weakly dependent upon the water

flow rate. Hence, this is not particularly sensitive to the evaluation of how much of the spray

flow rate contacts the available walls in a compartment. This expression represents the maximum

film thickness at the botto'm of the compartment. The average film thickness is approximated as

two-thirds of the maximum value. For the parameters of interest here, a typical film thickness

for laminar drainage would be about 200 pm (0.008 in). This average film thickness is then

applied to the wall area in each of the three compartments to determine the holdup that should be

~ considered in each compartment. These are then summed to determine the water mass that is

assumed to remain in the EST in the MAAP4 analyses.
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