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SUMMARY

This document presents the scaling analysis for the AP600 passive containment cooling system (PCS).
The double-ended cold leg guillotine (DECLG) pipe break, which wee, identified in the SSAR' as the
long term transient with the peak pressure, was selected for evaluation. The integrated structure for
technical issue resolution (ISTIR), presented in NUREG/CR-5809, was referred to and used in the
nreparation of this document. A first iteration scaling analysis was performed and documented
previously. Comments received from the NRC and ACRS review have been resolved and

incorporated.
The major results and conclusions of this scaling analysis are:

All phenomena have been identified and ranked in a phenomena identification and ranking
table (PIRT).

Control volume equations and closure relationships were developed for the significant
phenomena and integrated into a scaling model that coupled the inside of containment to the

external PCS.

Comparison of the scaling model predictions to large-scale test (LST) results validated the
completeness of the PIRT and the scaling model equations.

The seiected phenomenological models are dimensionless, scalable, and valid for application to
both the LSTs and AP600.

The LSTs with the steam source in the simulated steam generator compartment are
representative of a DECLG; tests with the 3-in. diameter steam source do not represent the

post-wetting phase of a DECLG.

The LSTs had only two significant nonprototypical characteristics: restricted below-deck
circulation into the steam generator compartment and an overcooled exterior. Both
nonprototypicalities can be accommodated in the analytical scaling model.

PIRT Development

The PCS was separated into subsystems within containment and outside containment. The
containment was spatially separated into a gas volume occupied by air and water vapor, liquid films
and pools, and solid structures. In order to facilitate modeling and analyzing the system performance
within these subsystems, phenomena were studied within discrete time intervals. Phenomena ranged
from very high mass and energy releases into containment during the 30-second blowdown phase to
orders-of-magnitude lower mass and energy release rates into containment during a post-blowdown

phase.

u 462w wpf : 1b- 102494



A PIRT was developed, which identifies the important phenomena that must be modeled to predict the
PCS performance during design basis accidents (DBAs).

Scaling Model

Control volume and constitutive relationships were Jeveloped and nondimensionalized to examine the

[
I** An independent scaling model of

the PCS was developed from the | I equations, including all phenomena identified
as important in the PIRT. Results from the scaling model predict a transient pressure history nearly
identical to that of recent WGOTHIC calculations* and steady-state results nearly identical to
measurements from the large-scale test. Validation of the scaling model by comparison to the LST
results confirms that the PIRT is complete.

Internal Phenomena

The containment operates as a system with a nearly adiabatic exterior until 11 minutes into the
transient, consistent with the conservative assumption that the external cooling water does not exist
until 11 minutes. The exception to an adiabatic containment prior to the application of external water
is a relatively small amount of convective and radiative heat rejection from the shell. Although the
exterior is nearly adiabatic, extensive heat and mass transfer occurs between the containment
atmosphere and internal heat sinks.

The liquid film was determined to have a thermal resistance that is negligible compared to the thermal
resistance of the gas boundary layer, and the heat capacity of the thickest liquid films are negligible
compared to that of the structures they form upon. The heat and mass transfer interaction between the
IRWST surface and the containment atmosphere is insignificant. The pool of break fluid in the
bottom of the reactor cavity and steam generator compartments has such a small surface area that its
interaction with the containment atmosphere only becomes significant after approximately one hour,
when the containment temperature is dropping. After one hour, the break pool contributes slightly
more than 10 percent of the source steam.

The solid structures were determined to have a major interaction with the gas volume, acting as
significant heat sinks from the end of blowdown until well after the external cooling water stars up.
The heat sinks include steel and concrete, the steel existing in many different thicknesses (and hence,
time constants), nearly all of which have Biot numbers small enough 1o model as lumped masses. The
concrete has a high Biot number and requires a carefully nodalized thermal mode! to predict its
transient response. The steel heat sinks limit the peak pressures at the end of blowdown and up to
approximaiely 1500 seconds when the steel is saturated. The concrete heat sinks remain active until
much later and have a major impact on heat removal well beyond the initiation of external water.

u\ 1462w wpf: 1b- 102454 2



External Phenomena

The scaling analysis shows that the PCS modeling requires three distinct external surface areas. The
containment surface must distinguish between wet and dry areas because the surface temperatures and
heat fluxes are different. The wet area must further be separated into subcooled liquid film apd
evaporating film areas. External evaporation from the shell accounts for approx‘i.uzately [ Jpérccnt of
the posl-wcni‘niheat removal from conu;ingxcnt. convective heat transfer for[ }Jérocnt, subcooled
liquid for[ _})c'rccm. and radiation for[ Jpércent. The flow rate of external cooling water is the
primary factor limiting external heat removal, with the air flow rate through the PCS a major factor in

how much of the cooling water evaporates,

The heat transfer to the downcomer is less than 30 percent of the sensible heat transfer to the riser.
The buoyancy in the downcomer accounts for less than 10 percent of the total buoyant pressure in the
PCS air flow path. Because the energy input to the downcomer is small and the momentum is
insignificant, modeling the downcomer in the AP600 model does not warrant more attention than the
same careful application of form and friction losses and mixed convection and radiation heat transfer
models as used for the remainder of the PCS model. Because the presence of the downcomer has
little effect on AP600, and is easily modeled analytically, the absence of a downcomer in the LST is
not significant.

LST Scaling

Application of scaling ratios to the LST and AP600 show that the LSTs provide a good simulation of
the post-wetting AP600 condensation and evaporation mass transfer. [ :

u\1462w. wpt: 1b-102494 3
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1.0 INTRODUCTION

This report presents the scaling analysis and methodology for the AP600 passive containment cooling
svstem (PCS). The scaling analysis was performed to identfy the yhenomena necessary 101 accurale
£ .

predictions of pressure within the AP600 containment during a design basis accident (DBA) and 1o

permit a scaled comparison of the large-scale tests to the AP600

A first iteration on the scaling analysis was previously provided” to the NRC to suppor the preparation

of the Draft Safety Evaluation Report, and comments were received and incorporated in this report.

This report extends scaling [to the outside of containment]* and scales the large-scale test (LST)

This report is part of an overall schedule of meetings and reports being supplied to the NRC in

support of the containment portion of AP600 design certification

This document foilows the integrated structure and technical issue resolution (ISTIR) and scaling

methodology for severe accident technical issue resolution consistent with NUREG/CR-5809." The

subiect is the AP600 PCS during a double-ended cold leg guillotine (DECLG) rupture




2.0 SAFETY ISSUE ACCIDENT SPECIFICATION AND PHENOMENA EVALUATION

2.1 Issue and Success Criteria

Domestic U.S. nuclear reactor designs include containment to limit the release of radionuclides to the
environment during a postulated breach in either the primary reactor coolant system, or the portions of
the secondary cooling system inside containment. The containment is a pressure vessel designed to
ASME Boiler and Pressure Vessel Code requirements for a specific design pressure. Vessel
penetrations for entryways, piping, and instrumentation are sealed to limit leakage of the vessel
atmosphere to the environment, even with the vessel pressure at its design amit.

A group of cesign basis accidents (DBAs), known as high-energy line breaks, has the potential to
release significant quantities of high-temperature, high-pressure steam/water inside containment, and
may increase the internal pressure to vaiues that challenge the design pressure. Both the primary and
secondary coolant systems have large values of stored energy as a consequence of the large volume,
high temperature, and high pressure of their steam/water coolant and the heat capacity and high
temperature of the cooling system boundaries that include the reactor vessel, steam generators,

turbines, pumps, and piping.

A number of accident sequences are postulated to occur that lead to pressurization of containment. An
event, such as a high-energy pipe break, will eventually lead to an increase in the containment pressurc
and temperature. If the break releases enough energy to containment, the containment pressure will

r.se and could challenge the design pressure.

The AP600 PCS has been designed to maintain containment pressure below the design pressure during
a DBA without operating active containment heat removal systems and without operator action. The
PCS design will be judged to be successful if, for any DBA, the PCS can:

Maintain the peak difference between the containment pressure and the ambient pressure below
45 psig

Reduce the pressure difference at 24 hours to less than half of the design value

2.2 Event Scenario

A DBA, such as a high-energy line break, can be postulated 10 occur at any time, with or without any
other failures. Containments are designed with sufficient volume and strength that the initial
blowdown. which releases the stored energy of the primary or secoudary system, can be contained,
even without significant heat rejection from the containment. Because the capacity of active or
passive heat removal systems is small relative 10 the energy release rate during a large-break
blowdown, their operation is not significant during the blowdown phase. The continued release of
both core decay heat and heat from structures with long thermal time constants, such as the reactor

w1 462w wpt: 1b- 102494 2-1



vessel, cause the containment pressure to continue o increase following the blowdown, although at a
slower rate. In current operating plants, active systems, such as containment sprays and fan coolers, or
passive systems, such as ice condensers and external containment cooling systems, are designed to
reject heat at a rate sufficient to prevent the post-blowdown energy source from exceeding the vessel
design pressure. This function is performed in the AP600 by the PCS.

The AP600 blowdown containment response is similar to that of existing two-loop plants. The
blowdown phase of a large break lasts on the order of 30 seconds, after which the energy release rate
remains below approximately 1 percent of the peak blowdown energy release rate. Following the
blowdown, the containment pressure typically drops as the containment shell and other internai
structures absorb some of the energy released during the blowdown. As the internal heat sinks
saturate, the continued lower release rate during the post-blowdown phase may increase the
containment pressure to a second peak until the source energy releasc rate reduces to values below the
capacity of the active or passive heat removal systems. A time-pressure history* for AP600 is shown
in Figure 2-1. For a given plant at full power, the total mass and energy released both during and
subsequent to blowdown are approximately” fixed. The release rates are determined by the size of the
pipe break. Generally, the larger the pipe, the more rapid the blowdown.

2.3 Nuciear Power Plant

The AP600 is the first Westinghouse design using a passive containment cooling system (PCS) to
enter the licensing process. The PCS was designed to passively reject heat from containment to the
ambient at a rate that will maintain the containment pressure below the design limit during the post-
blowdown phase of a DBA.

The major PCS hardware includes the containment shell, the shield building, an air baffle intermediate
between the shell and shield building, a 400,000 gallon  water storage tank located above
containment, piping from the tank to the outside center of the containment dome, and a system of
weirs. The PCS system arrangement is shown in Figure 2-2.

The PCS is activuted by a high containment pressure signal of 5 psi (including instrument uncertainty).
The pressure signal initiates water flow from the storage tank and delivers it via piping t0 a bucket at
the center of the dome. The bucket has weir slots that produce circumferentially uniform water
application to the dome center. The water forms a thick film over the relatively flat dome with
complete coverage to a radius of approximately 6 ft., where dry patches begin to appear. The water
continues flowing radially outward w a radius of 22 ft. where it is collected by a weir that uniformly
reapplies the water to the dome. After the weir, the film coverage is complete for some distance, then
again dry streaks appear. The water continues to flow down the dome to a second weir at a radius of
50 fi. that again collects and reapplies the water uniformly around the circumference. The initially

* For small breaks, more energy may remain in the reactor cooling system, initiating the operation of other heat
removal mechanisms, such as a steam dump 1o the condenser or PORV, and active reactor heat removal cooling.
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complete coverage after the weir continues for some distance, then again dry streaks begin to

appear The water cools the containment by evaporation, and to a small extent by its subcooled
heat capacity. The actual external film coverage is less than 100 percent due to limits on film
stability and the fact that the maximum water flow rate can be completely evaporated by
approximately half the external surface area early in the transient Evaporating 100 percent of the
external film removes a fixed quantity of energy from containment regardless of the surface area. The

shenomenological mode! for film coverage is discussed in separate documents "
F i £

Outside air is drawn into the shield building air inlets by buoyancy and density-induced free
convection. The air flows through the downcomer annulus, formed by the shield buiiding on one side
and the baffle on the other. The shield building is a 2- to 3-fu. thick concrete structure, and the baffle
is formed from | I** sheet, supported by stand-offs attached to the containment shell. At
the bottom of the downcomer, the air flow turns 180 degrees and flows upward through the annular
riser formed by the baffle on one side and the vessel on the other. The riser air and evaporated water

vapor flow over the top of the vessel and exit through a short circular chimney
2.4 Accident Path

With the reactor core at rated power, a high snergy line is postulated to break, releasing saturated
steam and water to containmeat. It is assumed that none of the active containment heat removal
systems operate. The break is a double-ended cold leg guillotine (DECLG) rupture of the reactor
cooling system piping in a steam generator compartment that vents 1o the containment through the top
of the steam generater compariment. The 22-in. inside diameter cold leg pipe is the second largest
diameter pipe in the primary system, but produces a higher second pressure peak than a hot ieg (31-in
inside diameter) break. The reason is the flow resistance from the reactor to the break is less for the
hot leg, so less of the reflood coolant goes through the steam generator Consequently, the steam
generator stored energy is released much more slowly over a period of many hours by convective heat
transfer to the containment atmosphere. For a coid leg break, more of the steam generator stored
energy is released earlier by means of blowdown and accumulator water

1% DECLG blowdown releases approximately 6,000 ft.” of water to containment Following

blo vdown. the accumulators force their inventory of 3,400 ft.” of water through the core, followed by
the core makeup tank inventory of 4,000 ft'. The in-containment refueling water storage tank

IRWST) then provides a gravity flow of water into the core from its inital 70,850 ft.” inventory
Approximately 40,000 fr." from these water sources fills the reactor caviry and lower portions of the
steam generator compartments and covers the reactor 1o the hot and cold leg piping elevatons
effectively flooding the core through the break. Continued steam generauon by the reactor condenses
on the externally cooled containment shell, and the condensate flows back into the IRWST. The

operating deck is sloped to return ail above deck condensate to the IRWST, which drains into the core




2.5 Phenomena ldentification and Ranking

The PCS can be partitioned spatially and temporally to facilitate identification of important
phenomena. The PCS is partitioned into two subsystems, representing the volume within containment
and the volume outside containment (the cooling air system).  nese two subsystems interact through
the containment shell. The volume within containment can be further subdivided into as many
modules as required to represent the above deck, open, dead-ended, and active (break) volumes and
compartments. The air cooling subsystem comprises two modules, representing the downcomer and
the riser. The modules may interact with each other and with the environment by both thermal

* conduction through solid boundaries and convective transport through openings. For example, the
downcomer and riser are physically connected at the bottom and, in addition, interact with one-another
through the baffle and with the environment through the air inlets and chimney. The compartments
within containment can interact by conduction and convection and with the air cooling system by
conduction.

All modules, both inside and outside containment, have common characteristics in that they encompass
volumes of differing size and shape with constituents that inciude air, water, steel, and concrete. The
steel exists as internal heat sinks and as boundary heat sinks. Internal heat sinks only interact with the
air and water of a single module. Boundary heat sinks interact with the environment or with other
heat sinks. The concrete is 50 thick that on a time scale of less than cne day, any interactions through
the concrete with the environment or with other modules is insignificant.  Concrete can be considered
as only an internal heat sink with an initial temperature. It is possible to define the "basic module”
presented in Figure 2-3. Additional characteristics of the basic moduie are:

» The configuration of the air and water vapor are determined by the bounding solid structures
and hquid interfaces

» Liguid water exists as pools and as a film on surfaces
e Steel and concrete structures are modeled as plates with one-dimensional transient heat transfer
« The fields of the gas phases are characterized by mass, energy, and momentum conservation
e The liquid film and pools are characterized by mass and energy conservation
e The solid structures are characterized by energy conservation
This phenomena identification and ranking is based on a three-module configuration, with one module

encompassing the internal containment volume and the other two modules representing the downcomer
and riser.
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Events that occur in the containment volume are separated into two temporal phases, representing

¢ ¢
blowdown from O to approximately 27 seconds and post-blowdown for all subsequent time. Events
that occur in the cooling air system can be separated into two temporal phases: the dry phase prior 10

the establishment of steady-state external cooling water flow at approximately 11 minutes and all
§ I

subsequent time. It is assumed that it takes 11 minutes after the break until the external containment

surface is covered by the liquid film

The PCS makes AP600 distinctly different than conventiona! pressurized water reactors with steel
lined reinforced concrete containments, but the differences are not significant until the post-wetung

phase. That is when the external cooling processes begin to influence the inside of containment

Consequently, the focus of this scaling analysis is on the post-wetting phenomena. The phenomena
identification and ranking table (PIRT) is presented in Table 2-1 for the post-wetting phenomena. The

rationale for the ranking is presented is Section 2.5.1

2.5.1 Rationale for Phenomena Ranking

The scaling model of AP600 includes the phenomena listed as high or medium importance, with the

exception of the * items in Table 2-1. A key assumption in the scaling model is that of a "well-mixed

containment” that eliminates the need to include some of the phenomena effecting the module volume

Modeling details of the expected vanations within containment due to jets, plumes, buoyancy, mixing,

and entrainment requires a modei with a level of calculational detail within the control volume (0i
module volume) beyond the scope of a scaling analysis. Furthermore, the expected condition in
AP600 is well-mixed, due to the high entrainment rates of the buoyant plume in the break
compartment. Consequently, the scaling model developed and employed for this scaling analysis does

not attempt to resolve internal velocity and concentration fields. The limits of applicability of the

|

well-mixed scaling model are discussed in Section 6.3. The scaled comparisons to the large-scale tests

in Section 8.0 quantify the consequences of the well mixed assumption

I'wo Component Compressible Gas

e containment atmosphere is steam and air and is compressible throughout the transient. The steam

and air fractions are very itaportant to the mass transfer relationships and must be known at the wet

surface and in the buin fluid to predict mass transfer rates. Outside containment post-wetting

nt, but evaporation into the riser makes the steam and air fracuons

compressibility 1s not importa

important at the wet surface and in the bulk fluid. The downcomer is only exposed to ambient air

with convective heat transfer and can be considered as a single-species gas

Jets

Forced jets vigorously mix and entrain the AP600 containment atmosphere during blowdown. By
ntrainine large volum f air from the break room, forced jets induce a large volumetric 2ir flow




through all the interconnected rooms, thereby including the beiow deck regions in the well-mixed
containment. Post-blowdown jets are buoyant, rather than forced.

Buoyant Plumes

Buoyant plumes mix and entrain the AP600 containment atmosphere after blowdown. The plume
source in the steam generator compartment entrains below deck atmosphere, which induces flow
through the interconnected compartments, promoting overall containment circulation and maintaining
the well-mixed containment. Post-blowdown is the primary phenomena responsible for the well-mixed
containment assumed in the scaling model. Buoyant plumes do not occur outside containment.

Buoyancy

Buoyancy due to temperature and molecular weight differences is respensible for the post-blowdown
free convective air flow rate in the downcomer and riser, and induces riser air velocities high enough
for forced convection heat and mass transfer. Temperature- and molecular-weight-induced buoyant
phenomena also induce the negatively buoyant boundary layers that give rise to free convection on the
inside of containment.

Jet-Plume Mixing/Entrainment

The effect of jet- and plume-induced mixing and entrainment is to produce a well-mixed containment
throughout the transient. No other effects have been included in the scaling model.

Steam Source Superheating

Superheating is not important because the energy transfer models separately consider convective heat
transfer (based on temperature difference) and mass transfer (based on steam partial pressure
difference). The modera ly greater source temperature in the tsts (up to 330°F) compared to the
AP600 source at satw ation temperature produces only a few percent increase in the source energy.

Flow Field Stability
There are no indications of either internal or external flow field instabilities that could effect
containment temperature or pressure. The scaling analysis in Section 7.0 shows that heat transfer and

momentum in the downcomer, relative to the riser, is so small that the possibility of downcomer
instabilities is insignificant.

Liguid Film Heat Transfer

An important aspect of heat transfer to the liguid film is the liquid enthalpy that is carried away by the
liquid films on both the inside and outside of containment as they drain off. This is not the same as
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heat transfer to the subcooled film, discussed under "Liquid Film Stability.” The maximum internal
- W
Lr J\Al”x corresponding heat transfer coefficients

- a L
of approximately|. JH I'U/r-ft.’-°F. Although considered of low importance, this heat transicr

and external film thicknesses are approximately

coefficient was included as a constant in the scaling model. Liquid thickness and heat transier in

AP600 and the large-scale test (LST) were compared and are documented separately
Liguid Film Stability

Liquid film stability is an important consideration that has been extensively analyzed and
documented®®. References § and 6 document the expectation that all of the supplied external water is
evaporated for the period of time covered by this scaling analysis which greatly simplifies the scaling

analysis
Liquid Film Subcooling

The externally supplied liquid film has heat capacity by virtue of being supplied at a temperature

lower than the temperature at which the film evaporates. This subcooled liquid heat capacity i shown

in Section 7.0 to account tnf\dmmrxlmuwl){ j;‘:é;wm of the post-wetting heat removal from AP600

and thus, is] | The higher scaled external flow rates in the LST make this somewhat more
13

of a concern for the test and an aspect of the test that must be carefully examined. Thus, the

phenomena cannot be neglected and is elevated to moderately important
Free-Convection Heat Transfer

Velocity fields inside containment are forced-convection dominated during the early porton o1
blowdown, and free-convection dominated thereafter. Although free-convectuon heat transier i not
significant in comparison to mass transfer, the free-convecton mass transfer coefficient is calculated
from the heat transfer coefficient, so free-convection heat transfer is modeled. During blowdown, the
free- convection heat transfer correlation gives a conservatively low estimate of total heat transfer
Outside containment post-blowdown, convective heat transfer to the riser and downcomer air 1§ the
dominant source of sensible heating to drive the buoyant air flow. Although the air flow 1s natural
convection, the resulting downcomer and riser air flows are channel flows with both free- and forced
convection characteristics. In the riser, forced-convection heat transfer always dominates, so free
convection is not important . In the downcomer, heat transfer is mixed free and forced convecton, s¢

free- convection heat transfer is important there
Forced-Convection Heat Transfer

Velocity fields inside containment are forced-convection dominated dunirg the early portion of
blowdown. and free-convection dominated thereafter. Furthermore, with mass transier present during

r

blowdown, convective heat transier 18 Consequently, inside containment forced-convection

d-convecuon heat transier 1S always HITEX rant in

b >y % ¢ 3 orel 4 1
heat transfer can be considered unimj




the riser and downcomer as the major sovrce of sensible heat transfer and thus, i1s the ma)or inducer of

the buoyant air flow
Radiation Heat Transfer

Temperature differences within containment are small enough tha radiation heat transfer rates are 10w

In comparison {0 the condensation mass transfer that is always present within containment, radiation 18

negligible. Outside containment radiation is @ major source ol encrgy transfer 1o the baffle and shield

and. therefore, is important in the nser and downcomer’ for both wet and dry surfaces during post

blowdown
Free-Convection Mass T ransfer

Inside containment, mass transfer 1s the only important mechanism for encrgy transport from the
containment atmosphere to the internal heat sinks and containment surface Except for blowdown
internal velocities are low enough that free convecuon dominates forced convection. Durning
blowdown, free convection mass transfer provides a conserv atively low estimate of the mass transfer
rate. Outside cofitainment, mass transfer occurs between the wetted shell and the riser air flow. Al
the times of interest to external heat transies the air velocities in the riser are always high enough to
produce forced convection heat transfer, so by analogy, free-convecuon mass transfer does not exist

outside comainment
Forced-Convection Mass i ransfer

Forced-convection mass transfer is important interally during blowdown, but 1 replaced by free
convection thereafter. Outside containment, forced-convection mass transfer is imporiant in the niser

post-wetting due to the forced-cunvection dominated air flow
One-Dimensional Transient Conduction Heat Transfer

The majority of heat sinks and the containment shell are large, flat-surfaced solids that may be
modeled with one-dimensional heat transfer. Because the heat sinks and shell heat flux are SO
important, onc dimensional transient conduction heat transfer is important. One dimensional

conduction to the sinks and through the shell is important from blowdown 10 the end of the transient

Two- or Three-Dimensional Conduction
Calculations have shown that circumferential conduction in the shell at the edge of the wet dry regions
causes a small local increase in the heat transfer through the shell relative to one-dimensional

conduction. This effect was neglected as an ac eptably small underprediction of heat transier




Inter-Module Convection

As the containment sheil and baffie heat up after blowdown, significant convecuve air flows develof

between the riser and downcomer, making this etiect important

Inter-Module Conduction

Inter-module conduction is important after wetting between the containment shell and riser and
between the riser and baffle. Prior to wetting, it is moderately important through the shell to supply
the radiant and convective heat loss from the shell, and through the baffie to supply the radiation 10

the shield and convection to the downcomer. Inter-module conduction is not important during

blowdown
Form and Friction Losses

he form and friction losses are the major flow resistances in the riser and downcomer air flow path
and are important for air flow rate predictions. Form and friction losses are not required in the single

volume containment portion of the scaling model




Component

TABLE 2-1

PCS POST-WETTING PHENOMENA IDENTIFICATION

AND RANKING TABLE

Phenomena

Ranking

| Module
| Volume

' Module
Surface

| Module
| Solids

| Inter-Module

Two component compressible gas
Jets

Buoyant plumes

Buoyancy

Jet-plume mixing/entramment
Steam source superheating

Fiow field stability

Liquid film heat transfer

Liquid film stability

Ligquid film subcooling

Free convection heat transfer
Forced ~onvection heat transfer
Rarsation heat transfer

Freze convection mass transfer
Forced convection mass transfer

One-dimensional transient conduction hea.

transfer
Two or Three-dimensional conduction

Convection
Conduction
Form and friction losses
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3.0 SCALINUC METHODOLOGY

bed in NUREG/CR-5809 was followed for scaling AP600. The

13

e Develop control volume, interface and closure equations based on the phenomena identified 1n the

PIRT to model the AP6(X) containment and PCS

e Apply the scaling model to AP600 to determine the important phenomena

e Validate the scaling model by comparison to test results and computer models, and iterate with the

PIRT and the scaling model development to obtain closure
e Scale the large-scale tests to AP6OX M
e Identify limits to the validity of the scaling model

3.1 General Characteristic:

A schematic of the inside of containment is shown In F igure 3 1. and the outside of containment 1§

shown in Figure 3 Prior to developing the control volume equations necessary io characterize the

)

PCS, some important characteristics are noted to better understand the modeling approach

Break Mass and Energy Source

Mere is a single mass and encrgy source (the break) and no mass transfer out of containment All the
enerev added to containment from the break will be stored in internal heat sinks and/or transferred dy

conduction through the containment shell and rejected to the atmosphere

Ih imetric, mass, and energy flow rates of steam and water are shown respectively i Figures 3
The total mass and energy release rates are those presented in the SSAR for the
| tainment pressure calculated by WGOTHIC for the Dl G was used to determine
A { ak w thal was 1 i S aS Saturat steam and saturat waler The figures eact
h he blowdown that is terminated at 27 seconds, followed by approximately 3 seconds with n
break flow wl the accumula refill the react Following refill, the high accumulat njectior
w rate cuickly produces a significant primary system overcooling by saturated iiquid Thi
aura LIQui wil ) apor) @ a I { volume an m I ¢ COO0IS the rea
VA Wout or i | aim n
I wing ti Tif { he pressur accu at 150 s nd ) re makeup tank flow
b { ) [ he break with v i am qguall [ HUr 1IN an increase ir nlainmen
;V" | l'-'; MaxKcul M1 i W i v a e N 'l( t Lhe !} W\ \T i VWA v\f. !




back to the IRWST and the break pooi level, which

continues indefinitely due to COr jensate drainage

by u[‘(‘f“XHImZ{‘}\ R0).000 seconds covers Uic break

External Surface

The external containment suriace 1 assumed to be dry until 11 minutes i the transient, aithough
external water flow is initiated within a few seconds of the event Prior to 11 minutes, heat rejecuon

from the exter;or of containment 15 CONSEr atively assumed 1o be only by convecton 1O the buoyant air
baffle. The peak containment €Xienor surface temperature occurs just

cooling water cools the

in the riser and radiation to the
prior 10 the initiation of external cooling water. The applicaton of external
containment outer surface by its subco jled heat capacity and by evaporation At the initial maximum
water flow rate, the water film ¢ ympletely covers the dome at the weirs, but as discussed in the
wetting stability report, ¢ the film may separate into alternate wet regions with narrow dry stipes
between. The dry regions do noi widen significantly until 18,000 sec nds into the transient when the
external water supply rate is reduce Both wet and dry surface regions coexist 101 the duration of the

transient

The model of the containment suriace musi distinguish between wet and dry areas because the surface

temperatures and heat fluxes are different. The wet area must further be separated into subcooled and
evaporating areas becausc the heat flux from the inside of containment i the subcooled and

evaporaung areas are quiie different in magnitude. An exampie will help illustrate the magnituds

The heat sink for heat transferred from inside containment can be either the subcooled liquid on the
outside, or evaporation to the nser au Typical heat transfer coefficients between the inside and
wuts«le of containment are 100, 1000, 200, 1000 and S0 BTU/hr-ft*-°F, respectively, for the

nde “sation, internal liquid film, shell, external film, and evaporation. Given these values, the

a L “ L
juivalen: heat transfer coefficient [ }h\r heat transfer to the external film zm«!l ]In: evaporation {

the riser air. For the same lemperature difference, the subcooled heat flux will be approximately twice

¢

the evaporating heat flux, so 101 appropriate to model subcooled and evaporating regions of

yntainment separaiely
ih heooled model empioye i in thus scaling analvsis assumed thal the subcooled film 1S heait fron
1 temperature 1o the temperaturt f the evaporaung Iuimn The subcooled area 1$ the quanut)
01 surtac required heat the ¢ >vEE.’} water 1o the temperature { the evaporaung fiim without
aporauot nvection, or surface radiator e subcooled film is assumed be at the average 0Ol
wee and evaporating temperaiues for calculating the conductor heat transfer from the shell
O raist it aporating temperature the waler n longer has subcooled heal capacity and all heat
eleased from the film at its suriace temperature by evaporaton, COnveCUUl and radiation. A more
jeta J i th Ju n nresented in Section 4.0, and examj are pr [ I




Scaling of External Phenomena

The time of interest for the external scaling analysis is beyond 2,000 seconds. By this time, the
cooling air system has gone through its initial heatup and, because of the low heat capacity of the

riser, baffle, and downcomer, these external components can be modeled as quasi-steady. Assumptions
discussed in Section 4.3.3 allow the shield building to also be modeled with simplified steady-state
equations, even with its lrge heat capacity. Thus, although the conservation equations are derived for
transient conditions, the steady-state form of the equations may be used for external scaling, allowing a
simplified form of the control volume equations to be used. The control volume equation

development and steady-state equations are presented in Appendix A.
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4.0 PCS CONTROL VOLUME EQUATIONS

The control volume equations for the inside of containment and the equations that couple the iuside of

containment with the riser, baffle, downcomer, and shield are presented in this secuon, along with the
resulting nondimensional ratios. Additional information on the development of the control volume
equations and the derivation of the pi groups by nondimensionalizing the control volume equatons 1§
presented in Appendix A. Interface equations that are required to couple the control volume equalions

are also presented
4.1 Containment Gas Control Volume

The time constant for containment atmosphere (volume/volumetric flow rate) during blowdown 1s a
few seconds. This high flow rate and high velocity jet have the efiect of thoroughly mixing the entre
above-deck atmosphere. The hydraulic network model (from WGOTHIC) predicts that duning
blowdown the break compartment pressurizes and forces very high flow rates through all of the
interconnected compartments leading to the main steam volume above deck. The air/vapor voiume
and volume fractions of the containment compartments are presented in Tabie 4-1. This forced steam
flow produces a steam-rich atmosphere throughout the below-deck compartments dunng blowdown
Following blowdown, the low-density steam source rises from the steam generator compartment as a

buoyant plume, creating a low-static pressure in the break compartment that entrains the atmosphere

L=

i

from surrounding compartments and continues to induce significant convecuon through all of the
interconnected compartments. The result is that most of the lower compartments do not develop the
low-steam/high-air concentrations that would develop from stratification, due to the continual
circu’ation of the above-deck atmosphere through the lower compartments to the low-pressure
entraining flow in the break compartment. Consequently, the entire containment including lower
compartments, is well mixed both during blowdown and over the long term when the PCS is

operating

The containment atmosphere interacts with liquid films and pools, and 1s dnven by a singie steam

IrCe Although boundary layers exist on each structural component, iarge and small, the structures
. - . 1r » A . 1 g . ) 7 o)
were grouped into six categonies, as explained in Section 4.3.1 ol thus report, « reduce the large
b f structures to a manageable number. The water source 1§ 1nput to the po
| I I in i ma L I 10N equat 1S can { W !

q o . i d
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TABLE 4-1
{ PCS CONTAINMENT AIR/VAPOR VOLUMES AND VOLUME FRACTIONS
|
| . »
| Region volume (ft") Vol Frac
| Kegion sSomume (i) RAUR dx 10
! a,c
\ p— - )
i Above Dech 5
|
|
Reactor Cavity ‘
'i
» !
| Accumulator ;
l Accumulator |
1 i
i f; i
steam Generator
Steam Generator
| |
} CMT and CVCS i
| |
| |
5 Refueling Cavity |
| ;
| : \
| IRWST .
| |
i |
‘ 9
' ' I
i Total | .
- - — — ot ]
and the energy equaton
7/? (mug (mhg).. . hg .«;;.}: m, * M m, o T :
d - {
A & i 5 - : . r -
Y h, A A A AL LT T) ~ A . E..
\ppendix B presents a pro by which Equation and | an be put in the following form with
the ui rat han pr ure as the depeadent variabie
Y - a,t
1
|
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An equation of state for the gas is also required, in addition to Equetions (1) and (3), t0 solve for

pressure. The gas volume, V,, is not a constant; it reduces due to displacement by the addition of

liquid water from the break and leads to pressurization of containment according to Equation (3)

However, the total water added to the control volume (not just moved around within the control

volume) is only 13,400 ft’ out of 1,786,300 ft’ (0.7 percent) and is neglected in the scaling model

Equation (3) was made dimensionless by dividing by reference values of flow rate, density, volume,
area, pressure, temperature, heat transfer coefficient, and mass transfer coefficient (see Appendix A for
examples). Each term of each equation was then divided by the steam source term mc, T, to produce
the normalized equations that define the time constants and pi groups. The resulting ime constants

and pi groups are defined in Table 4-2
4.2 Liquid Control Volumes

The water sources inside containment consist of the primary system, the IRWST, the two core makeup
tanks, and the two accumulators. The primary system water (6,000 ft.”) is lost during blowdown at

27 seconds, followed by the accumulator water (3,400 ft.") from 27 to 150 seconds, the core makeup
tank water (4,000 ft.”) from 150 to 1,404 seconds, and the IRWST (70,800 ft.") after 1,404 seconds

At 100,000 seconds the total flow from the break is approximate.y 40,000 ft.” of total water with
1,700 ft." as vapor. As the transient progresses, the blowdown water fills the reactor cavity, flooding
the bottom of the steam generator compartments at approximately 100 seconds. The water level in the
reactor cavity and steam generator compartments continues to rise without flooding other areas until
after 100,000 seconds (28 hours). The surface area of the pool is shown in Figure 4-1, assuming that
from the total break flow, 100,000 1bm of steam pressurizes containment and the remainder floods the
reactor cavity. For comparison, the surface area of the IRWST is 2,760 ft ‘ and the containment shell

sbove deck is 54,116 ft.* All three liquid surfaces interact with the containment gas

Water also exists as a thin liquid film that develops on the surface of any structure that is cooler than
the saturation temperature of the local atmosphere. The liquid films develop 10 a maximum thickness
005 in. at the condensing heat fluxes expected, with shorter length structures
With a total surface area inside containment (including the shell) of
the total liguid film volume can be estimated to be 108 ft.” of water
The presence of the liquid film primarily represents an additional
t transfer throughout the transient. The characteristics of liquid films in

wve been documented” and the heat transier coefficient of the film was

.

XX) B/hr-ft f

ntainment is the external cooling The tank has a capacity of
internal drain pipes of difierent Si1ze ieights to control the flow rate t

» tank drainage 1§ presented in




TABLE 4-2
TIME CONSTANTS AND TRANSPORT RATIOS FOR INSIDE CONTAINMENT

The IRWST is relatively isolated from convective gas flow because it has small openrings located at
the same elevation. The IRWST, with its initial 4,000,000 Ibm of water, will heat up slowly and is
expected to stratify at the surface as the hotter condensate from the wall drains in. The IRWST, shell,
and internal heat sinks will initially be at a lower temperature than the transient gas temperature due to
their low initial temperatures. However, due to its small surface area, high thermal stratification, and
lack of convective interaction with the containment atmosphere, it is expected to have negligible
thermal and mass transfer interaction with the containment atmosphere.

The pool of break water is exposed to a relatively high forced convective flow due o its proximity to
the break. The pool is supplied by break liquid at the saturation temperature at the total pressure of
the containment, which is generally hotter than the ambient temperature, so the pool will evaporate to
the containment atmosphere throughout the transient. (There are two brief periods when the
containment atmosphere is heating rapidly and the pool is & heat sink rather than a heat source.

The liguid is separated into internal surface films, external surface films, pools, and the IRWST. The
mass and energy control volume equations for each liquid type are presented in Table 4-3. An internal
liquid film equation can be written for each of the six structures and, on the shell, can be further
broken down into three distinct equations corresponding to the dry external region, the subcooled

u\1462w wpf: 1b-102494 4.4



external region, and the wet external region. The external liquid film covers the subcooled region and
the wet region. The temperature of the subcooled region is low enough that radiation, convective heat
transfer, and convective mass transfer are neglected. The area of the subcooled film is the area
required to heat the subcooled film from its inlet temperature to the temperature of the evaporating
film. The subcooled region film outflow is the inflow to the evaporating region. Other characteristics
of the external film were discussed in Section 3.1. The pi groups for the internal liquid are included
among those for the containment gas (Table 4-2). The pi groups of interest for the external film

include radiation to the baffle, evaporation mass transfer, convective heat transfer, and subcooled heat:

Radiation “~om liquid film to baffle Evaporation from external film

a,C a,t
12) [ ] (13)

Heat transfer to subcooled external film

Convection from liquid film to riser
a,e

a,e

(14) (15)

4.3 Structure Control Volumes
4.3.1 Internal Structures and Containment Shell

The structural materials consist of steel and concrete. The steel thickness ranges from 0.007 w0

1.25 ft., so the structure time constants vary from approximately 10 to 5,000 seconds. The steel was
separated into five groups based upon thickness: 0 to 0.0155 ft, 0.0156 to 0.051 ft., 0.052 to

0.255 ft., the shell at 0.1345 ft., and over 0.255 ft. The steel with thicknesses less than 0.255 ft. has

Biot numbers less than 1, so it may be accurately modeled as lumped masses. Although the steel with
thicknesses greater than 0.255 ft is not accurately modeled as a lumped mass, the total volume of such

steel is small, so the error induced by this approximation will have minor consequences. The

distribution of the steel is presented in Table 4-4. The shell steel was treated as distinct because it has

a cooling water source on the outside after 11 minutes.
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Mass Consvrvation Equations
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Ligwd film (If) for each structure, i
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TABLE 4.3
ID CONSERVATION EQUATIONS
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4

An energy conservation equation can be wrtien for € ach of the five steel structures

d pon dT ¥ (25)
il VDL | b * Q. where Q. . K, "\‘ p—
d’ : ax urf

The time constant is given by

(VP €)oo (T, =Ty

(£

Dividing the heat flow rate into the structure by the steam source energy rate pr xduces a pi group for

each structure

The concrete is much thicker, with lower thermal conductivity, so it cannot be modeled by a simpie
lumped parameter model. All concrete is 2 ft. or thicker; 2-ft.-thick concrete has a time constant of
approximately 124 hours, so on a tme scale of 1 day, the concrete temperature at a depth greater than
] ft. remains at its initial temperature. In addition, all but a negligible fraction of the concrete is lined
with 1/2-in. thick carbon steel plate. It is notable that there is relatively little concrete above deck;
04 percent of the concrete surface is below deck. The distribution of the concrete 1s also presented in

lable 44

The si¢ lined concrete was modeled with a finite element model in which the element thicknesses
increased I very thin gt © face to much thicker several inches in the structure. The energy
nservation equation was written for each element
4
1 . & 13"
- vi i ‘. LY. &

H
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surface heat flux into the structure was coupled to the liquid film by the equation

k! ! g <” ( :rk‘ \
e B L.
dt dt
su sur

and the volume-to-volume connections defined by

d1 - { (30)

dt - d

sur fourt

The pi group for concrete is defined by Equation (27) with the surface heat flux defined by Equation

L6
(S —
| .
? TABLE 4-4
{ DISTRIBUTION OF STEEL AND CONCRETE INSIDE CONTAINMENT
]
| Concrete/Liner  Steel Steel Steel Shell Sieel
t [ o,l
|
|
1
|
:
{ r— —
4
4.3.2 BafMe Control Volume
- - O, &
ihe baffie 1s made of | \thick carbon steel plate an® has a time constant on the order of a few
nd I'he baffle heat fluxes are low and the maximu J temperature drop across the baffle 1s less
than 0.10°F. Thus, the baffie can be approximated as an isothermal structure with no resistance to
heai flow. The baffle does not have liquid films. The baffle receives radiation from the dry portions
f the containmeni shell and from the external film. The baffle radiates to the shield building and
niera through convective heat transier with the downcomer and iser The steady-state energy
quati for the ball an de wrtier
. — o,c
|
[ Baffle (31
v at)w wipt 1 4-X




Dividing each term by the steam source energy produces five pi groups, one of which was presented

for the external liquid film. The four new pi groups are

Radiat'on heat transfer from dry shell to baffle Radiation from baffle to shield
e -1 at
.
4
|
i
‘;‘
|
t
|
{ !
|
o
4.3.3 Shield Building Control Volume
The time constant of the 3-ft. thick shield is over two hundred hours, so on the time scale of interest,
up 1o 24 hours, events inside and outside the shield building cannot influence each other through the
shield thickness. The temperature of the shield is difficult to approximate with less than a detailed
transient model of conduction from the surface to the interior. However, the solution can be
| p g
simplified 1f 1t 1§ a\\unmlL
aC
This
assumption keeps the shield u".n;'x'r:s!un‘L
—h,
| With that assumption, the energy
equaton for the shield can be written -
- 2
- x
, |
| |
|
| |
L -~
I'he shield energy equation gives two pi groups, one of which was previously developed from the
baffle equation. The unique shield pi group represents convective heat transfer from the shield to the
down nel
-4
. |
| i
!
, }
| |
l ond
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4.4 Air Flow Path Control Volumes

The riser and downcomer make up the PCS air flow path Ambient air is drawn into the downcomer

at the air inlets, flows approximately 107 ft. to the botiom of the downcomer, turns 180 degrees and

flows up the riser due to buoyancy induced by heating and evaporation within the riser The top of

containment is 121 ft. above the bottom of the downcomer and the chimney extends upward an

additiona! 51 ft. A schematic is shown in Figure 3-2

The riser and downcomer have similar mass, energy and momentum equations, except that the nser

i

l equations include terms for evaporation from the shell. Tue control volume mass conservaion
I equations for the riser and downcomer are
am
» p
B3 h - +m Riser (38)
" r W evay
dt
dm
. o -t Downcomer (39)
at .

The control volume energy equations for the riser and downcomer are

J t ' } i 5
| 1 ks | 1 y - ‘. ) + " ’
r mu), mhg) . - (mhg) N8t Riser (40)
(¥ 1
+h, A T -T ) + h A (1 «] o B A AT . ~10)
i Ll wet i surf wet r shosurt &y sh.&r shsur? ary ! X ol bf
Down
d omer
" ] h mhs + h ’n ("1 | ! A (1 I )
3 4 & i b 84 i s 31
d
The 1 nd downcom ner quations produce no unique pi group all have already been denved
for the { f iry shell, battl and sho




Because the air flow develops on a short time scale compared to the vessel time constant, the steady
state form of the momentum equation derived in Appendix A is used for the riser and downcomer
The momentum equation is most useful when applied to a closed path through the downcomer, the

riser, the chimney, and the ambient air. The resulting equation is

- A4

(42)

! _ g

Equation (42) can be solved with the equations of state, continuity, and the following reasonable

distribution assumptions

« The heat input to the downcomer and riser causes the temperature of each to increase linearly

from the inlet to outlet

» The evaporation to the riser causes the mass flow rate and molecular weight to increase

linearly from the inlet to outlet
* Temperature and composition are constant over the chimney

With an initial guess of the mass flow rate of air, the evaporated mass of steam, and the temperatures
at the downcomer outlet and chimney, Equation (42) can be solved for the air flow rate and the
evaporation rate and temperatures calculated. By iteration between the mass, momentum, and energy
equations, a solution can be achieved. This process is described in Appendix C, with examples

Alternatively, the equations can be set up and solved by matrix inversion

The terms in Equation (42) can be made nondimensional by dividing by the sum of the terms on the

left
{ Ty
'»:i (The \‘x}l,f'L J" somewhat higher than the combined form and friction losses

side of the equal sign v\“'f{; is the total system form, friction, and acceleration loss with a value
§ 19! 3

o8

u N 462w widf: 1b- 102494




T ~

measured on a model of the PCS air flow path.) The terms on the right side of the equal sign give the

following three pi groups

Downcomer buoyancy Riser buoyancy Chimney buoyancy a ¢

@, b & f (45)

(44) L . -

NS

4.5 Internal Liguid-Structure Centrol Volumes

Heat and mass transfer calculations to the internal structures can be simplified by neglecting the heat

capacity and thermal resistance of the liquid film The justification for this simplification follows

An equation linking the structure to the gas atmosphere through the liquid film can be developed by

adding the film Equation (21) and structure Equation (25) for each structure, i, {0 give

d - . .
—l(mec.T) +(mc.T), ] = (mhf + (h_ _hg) - (mhf), +hA _(T.-T,) (46)
5 1 v i SO - 1ou st~ [s i

at

g iR

The structure volumes and surface areas in Table 4-4 and the approximation that the maximum film
thickness is 0.005 in. or less permits calculating the ratio of film to structure tme constants The
result is a ratio of 0.04 for the steel group with a thickness less than 0.015 ft., 0.015 for the steel with
a thickness from 0.015 to 0.051 ft., and less for the others. Consequently, the film time constant 1s
negligible reiative to the structure. Reference 7 presented the case that the liquid film heat transfer

coefficient is large, so for a scaling analysis it is sufficiently accurate 10 approximate T.=T, Thus
. & 7 L3

Equation (46) can be approximated by

Considering that the film ume constant 1s negligible and the filo inflow is zero (condensation 18 the

only source), the liquid film outflow can be set equal to the condensation rate. Using this substitution
f«!\«" nis reduce i
i - A
-liDt. 3 i h hi 5 e | P | (4%
," . xq & L3 5 [
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Equation (48) shows that while a quantity of heat represented by hg - hf is deposited in the structure,
the quantity hg is removed from the atmosphere. The difference, hf, is added to the containment
liquid inventory by a negligible volume of liquid.

4.6 Interface Equations

Interface equations are needed to couple adjacent control volumes (in some cases). The interfaces
requiring additional equations are containment-liquid film, liquid film-shell, shell-external film, and
external film-riser/baffle. The following equations define those interfaces:

ar l
B o Bn * Pt T Tt = KA ct-1f (49)
wurf

dT dT, If-sh (50
kuAud.-dTu‘l i mAv-nE.ll 50)
surf wurf
dT 4
e d;' ShA d:;’ sh-xf (51)
wsurf surf

For the wet portion of the containment outer surface:

" l L
e 08, Ay Lt TD * Ml BT + B OO
wurf

and for the dry portion of the containment outer surface:

k, A .08, A, Tanier-T0 * 0uAs it T dry shell (53)

Mass continuity relationships for the subcooled-to-evaporating film, and the downcomer-to-riser

interfaces are:
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(54)

The relationship between the inlet, outlet, and average temperatures ol the internal film, external film
(5

riser, and downcomer are

necessary to compiete the scaling model. The riser and dw(wnwmc!

temperaturcs are d‘.RUHI(‘d{

is assumed
\ |
on AP600 is supplied from a cool source at T, , and is a\sumch

s
“ﬂu- subcooled surface area is

relationships expressing these assumpuons are

r-

'Dv; internal film
he external film
&.C

’

Jdqhc

determined from Equation (22). The temperature

(ac)

-

(55)
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Liquid Surface Areas During a DECLG
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Figure 4-1 Liguid Surface Areas during a DECLG Break
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5.0 CLOSURE RELATIONSHIPS

Time constants and dimensionless groups for the equations presented in Section 4.0 can be developed
and evaluated with appropriate closure relationships and assumptions. The relationships and

assumptions are presented in the following sections.

51 Density and Pressure Relationships Inside Containment

Calculation of the heat transfer and mass transfer to the individual liquid film inside containment
requires information on the steam and air density and partial pressure in the bulk containment gas and
on each of the individual structure liquid film surfaces. To that end, the following assumptions permit
the calculation of the partial density and pressure of steam and air where required.

The entire inside of the AP600 containment is well mixed, with the exception of jets and
boundary layers, by virtue of strong entrainment and ventilation of all below-deck
compartments and, therefore, may be represented by a single volume.

* Air and steam are ideal gasses.

The density of air in containment is equal to the initial density. The partial pressure of air in
containment is given by the initial air density and the transient containment temperature
history, T, from Figure 2-1. The initial containment air composition is assumed to be
saturated at 120°F. The partial pressure of steam in containment is the total pressure from
Figure 2-1 minus the air partial pressure. The density of steam in containment is calculated
from the steam partial pressure, and the density of air in containment is calculated from the air
partial pressure. The bulk containment density is the sum of the initial air density plus the

steam density.
RT
P = 0.06058 bm/ft® P, = Pas” o
M (36)
Pliﬂ
[l"'M » P(“l-Pw pa“ RT .’ﬂ i pm‘pm

Tre break supplies steam and water at a saturation pressure equal to the pressure of

containment from Figure 2-1.
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These properties permit the evaluation of all mass and energy fluxes required to calculate the

The steam partial pressure and density at the liquid film surface are assumed to be saturated

Thus, the partial pressures and densities at the liquid film surface are calculated

P M
p a P e I st sl
I sux I aa Py $10 dar 4 g
RT
}) - ] P PH F T ar e *
I 1ot L sum ‘ {ar T p u p 1 0 st
R i

The boundary layer density and temperature are assumed to be the average of the containment

and liquid film surface values. The dynamic viscosity and thermal conductivity are the

average of the bulk and surface mixture values. The bulk and surface mixture values are the

respective mole fraction-weighted averages in the bulk and at the surface

pi L'l( aps

5.2 Heat and Mass Transfer Relationships

The heat and mass transfer relationships used for the scaling analysis are the same correlations

developed for use on AP600 in the WGOTHIC code, with the exception that in the scaling model,

oniy free convection is used inside containment
effects tests has been documented and presented”’

relationships used in the scaling analysis follows

The inside of containment operates under free convection, except for the first few seconds of the

blowdown
and mass transfer during blowdown, and is expected to be accurate thereafter

Validation of these relationships using separate
A summary of the heat and mass transfer

Thus. the use of free-convection correlations on the inside is expected to underpredict heat
The free convection

mass transfer coefficient is given by the McAdams correlation for vertical surfaces and was extended

to inclined surfaces by the work of Vliet

Nu 0.13Gry, Pr

(58)

The riser operates with forced-convection heat transier for all times of interest in the scaling analysis

{

olburn forced-convection heat transfer equation for channels 1s used for the nser

Nu,__, = 0.023Rep Pr

462w wpi 1b 102554 p.




where the Nusselt number and Reynolds numbers are based on the channel hydravlic diameter.

The downcomer operates with mixed, free, and forced convection. For mixed convection,
Equations (58) and (59), with Nusselt, Reynolds and Grashof numbers based on channel diameter, are
combined as recommended by Churchill."’ For opposed free and forced convection, as occurs in the

downcomes, the mixed convection correlation is:
Nu,_,, = (Nug, + Nuged"” (60)

The heat and mass transfer analogy is used to get a mass transfer coefficient from either the free-,
forced-, or mixed-convection heat transfer coefficient:

n
Sh = Nu(ff] (61)
Br

The dimensionless Sherwood number, defined in Section 12.0, provides the necessary correction to the
mass transfer coefficient for high mass transfer rates. The corresponding correction to the heat wransfer
coefficient for high mass transfer rates is neglected since heat transfer is always negligible whenever

there is mass transfer.

The resulting expressions for the heat and mass transfer coefficients are:

n
n |2 -
h, = (013 XP [ 2Pan 7P (62)
(V)| Pert*Pa
N 0.023_6".;?:"’[_"_v‘f‘;]A (63)
hD.P (sc Y’
K, = .___(_S.S} (64)
RTp, k(P

When the structure temperatures begin to reduce due to containment cool down, the structures become
heat sources. However, their heat transfer coefficients no longer include mass transfer because the

surface is hotter than the ambient. With only convective heat transfer, the total heat transfer rate from
internal structures decreases by 1 to 2 orders of magnitude, greatly reducing their importance as a heat

source.
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6.0 ANALYTICAL SCALING MODEL FOR AP600
The primary goals of this scaling analysis are

e Calculate the pi groups for AP600, thereby demonstrating the dominant phenomena responsible

for pressurizing the AP600 containment during a DECLG

e Relate the large-scale tests (LST) to AP600 to determine their validity as an experimental basis

to support AP600

The preceding sections presented the development of a large number of equations necessary to scale
AP600). The equations embody the important phenomena identified in the PIRT. Those equations
were solved to produce a pressure history for AP600, and the scaling model was validated by
comparing predictions with measurements from the LST. The validation of the scaling model supports
the completeness of the PIRT. [A transient scaling model and a steady-state scaling model were
developed. The transient scaling model predicts behavior out to approximately 10,000 seconds, and
the steudy-state scaling model was used to predict the steady-state interacuons with the air flow path at

660, 2000, 4000, and 8000 seconds

6.1 Transient Model

The transient scaling model was run for the first 10,000 seconds of the transient. The model made use
of the knowledge that the containment pressure is only weakly coupled to the air annulus until after
the external filra flow is established (assumed to be at 11 minutes). After 11 minuies, It was assumed
that the external flow rate was 30 Ibm/sec and that all of the water evaporated®® for the

10.000 seconds modele¢. Thus, although the external conditions are not explicitly caiculated in the
transient scaling model, the major effect of coupling to the outside 15 known. The LSTs consistently
showed that the water evaporation rate is approximately the same as the the steam flow rate minus the
subcooled heat. Regardiess of the shell temperature, the containment can reject little more heat than
results from evaporaung the entire inventory of external water. The calculations showed that the shell
temperature predicted by this scaling mode] was sufficient to evaporate all the water over less than
half the surface area, and the stability model®® showed that the film wonld cover sufficient area 1o

fully evaporate. Figure 6-1 shows a companson 0f the transient scaling model pressure companson

that of WU THIC for the DECLG
6.2 Steady-State scaling Model

A steady-state scaling model of AP600 was constructed using the steady-state form of the control
volume equations presented 1n Appendix A The scaling mode: coupled the outside of containment to
the insioc and was constructed for the purpose of examining pi groups outside containment. This
scaling model was used t predict the heat and mass flows and fluxes in both AP600 and in a LST at

similar internal temperatures and pressures The use of this scaling model on AP600 required




specification of the containment pressure and temperature. values were taken from Figure 2-1,
although values predicted by the scaling model wouid have produced nearly identical results.

Application of the scaling model to the LST permitted the validity of the steady-state scaling model to
be assessed. The steady-state scaling model calculated total vessel heat removal within 5 percent of
the measurements from the LSTs used to benchmark the steady-state calculations at 2000, 4000, and
8000 seconds. This level of agreement in#~es that the imporiant phenomena identified in the PIRT
for AP600 are sufficient to accurately | “formance. Therefore, a model that includes those
phenomena and phenomenological models se appiied o AP600.

6.3 Limits of Analytical Scaling Model

The concentration distribution of noncondensables (air) ¢ * ~ontainment atmosphere was determined
to have a significant effect on the steady-state pressure. Jtainment atmosphere stratifies with
the air concentration lowest in the dome and increasing at Jower elevations. The effect is to enhance
mass transfer rates in the upper containment due to the strong dependence of the mass transfer rate on
noncondensables and steam partial pressure. The lower part of containment, where air concentrations
are higher, is below deck and not exposed to the wetted shell; so the o~

L P
It was determined from the scaling calculations discu 1 Sectionz 7 and R that by specifying the
internal distribution of noncondensables, the scaling mo..ci produced pressure and total heat rejection
nearly identical to the values measured in the LST. This comparison demonstrates that the mass

transfer model is a pood model. The scaling analysis in Section 7 shows that mass transfer is the
primary mode of heat rejection from containment to the atmosphere.

An internal phenomena that has not been included in the scaling model is detailed treatment of the jet.
The Froude number evaluations and comparisons presented in Sections 7 and 8 show that the quasi-
steady, post-wetting phase of the DECLG transient in AP600 is characterized by a steam source with
negligibie kinetic energy. All of the LST performed with the diffuser and with the diffuser under the
steam generator arc good simulations of AP60. The LST with the 3-in. steam souroe[ T
s C

The conclusions that can »e drawn from the comparisons are: j ok
£
pror
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7.0 CALCULATED RESULTS FOR AP600

The DECLG transient is driven by a mass and energy source, the magnitude of which changes by
several orders of magnitude from early to late in the transient. Consequently, transport phenomena
that are not very important during blowdown become dominant late in the transient. As a result,
nondimensionalizing transport processes based on initial conditions obscure the relationships between
transport processes later in the transient. Thus, the time history of the pi groups was calculated by

dividing flux values by the instantaneous source flux.

7.1 Containment Scaling Relationships

The time constants and pi groups for the AP600 containment were calculated using the transient
scaling model out to 10,000 seconds and are presented in Table 7-1. The internal heat sinks, the pool,
and the containment shell are represented. Heat and mass transfer from the containment atmosphere to
the IRWST is even less than for the pool and was not included. All internal heat sinks (steel and
concrete) were combined and are represented by one pi group. The shell heat removal was divided
into subcooled, wetted, and dry fractions with a pi group for each. The convection heat transfer for all

structures and the pool was combined in one pi group.

The scaling groups show that heat transfer is insignificant in comparison to mass transfer, and that the
internal heat sinks have a major effect until several thousand seconds into the transient. The values of
the pool condensation group, [1,.,, suggest that late in the transient, the pool evaporation becomes an

additional source of steam that should not be neglected.

The Froude number for the steam source in containment can be examined to provide insight into
internal mixing processes. The Froude number used here is the ratio of the steam source kinetic
energy, p,.v', 10 the potential energy of the jet in containment, (Puss~Pi)8H. The Froude number
peaks at 1200 at the start of blowdown and has a peak value of 0.28 during post-blowdown. At
2000 seconds, the Froude number is 0.003, and decreases thereafter. Clearly, the post-blowdown
kinetic energy of the jet is much too low to produce significant velocities inside containment. The
values of the Froude aumber support the claim that the containment is well-mixed during blowdown
because of the relatively high kinetic energy jet (Fr = 1200). During post-blowdown, the Froude
numbers indicate the jet kinetic energy is too low to mix (Fr < 0.3), although the buoyant plume sull
does induce good mixing. These Froude numbers also provide a basis for comparison to the LST in
Section 8.0. The jet source is considered to be the flow area out of the stcam generator compartment

into e above-deck volume.
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TABLE 7-1
AP600 INTERNAL CONTAINMENT TIME CONSTANTS
AND PI GROUPS FROM TRANSIENT SOLUTION

Time into Transient (seconds)

100

500 1000 2000 4000

8,000

10.000] | “*

R | R A R R TN R A

7.2 Air Flow Path Heat Transfer Scaling Relationships

Transient processes outside containment are not important to containment pressure a few hundred
seconds after the initial external film wetting. After that, any temperature or flow changes outside
containment are slow enough to be considered quasi-steady. Consequently, a system of steady- state
equations can be solved to determine the magnitude of transport processes and to evaluate the

pi groups. The system of steady-state equations solved for AP600 is presented in Appendix A. The
values of the pi groups are presented in Table 7-2. The scaling groups were developed in Section 4.0,
and all are ratios of energy flux terms divided by the steam source term.

One additional dimensionless group can be defined for the riser to represent the sensibie heat input
from the evaporated water. The vapor is assumed to leave the liquid film at the film surface
temperature and exits the riser at the riser outlet temperature. This group is needed to permit

comparisons between the riser and downcomer total sensible heat inputs. The group is:

a,c

(65)
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TABLE 7-2
AP600 EXTERNAL PI GROUPS

The shell pi groups in Table 7-2 account for all of the shell heat losses, but do not add up to 1.000
because the internal heat sinks and atmosphere are either absorbing or releasing significant quantities
of energy relative to the source. At 660 seconds, nearly all of the source is being stored internally.

At 2000 seconds, the steam source is greater than the shell evaporation, but 20 percent of the source
energy is being stored in internal heat sinks (primarily the concrete), which accounts for the decreasing
containment temperature and pressure. At 4000 seconds, the shell evaporation rate exceeds the source
energy rate, but the internal storage still is absorbing 19 percent of the source. At 8000 seconds,
energy storage in internal “~at si7ks (again, the concrete) has reduced to 6 percent. The atmosphere,
which at the peak pressure contains approximately 200,000 Ibm of steam, represents an enormous
source of stored energy and is responsible for the net excess of outflow over inflow.

The ex-containment scaling groups show that for the wet containment, evaporation is the major heat
removal mechanism, and that heat transfer to the subcooled external liquid film and convective heat
transfer are both second order. Radiation heat transfer from containment is approximately half that of

convection or subcooling.

The ratio of downcomer to riser sensible heats shows that the downcomer receives only 27 to
37percent of the sensible heat input to the riser. The potential effect of fog’ in the riser is to reduce
the radiation heat transfer to the baffle and further reduce both the heat input to the downcomer and
the ratio of downcomer-to-riser heat input. These ratios suggest that any potential effect associated
with heat input to the downcomer is significantly smaller than in the riser. Further information on the
minor role of the downcomer is provided by the momentum comparisons in Section 7.3.
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7.3 Air Flow Path Momentum Scaling

The momentum scaling groups for the air flow path were derived in Section 4.4 and are presented in
Table 7-3 for a dry exterior just prior to the initial application of water at 660 seconds, and for wet
exterior conditions at 2000, 4000, and 8000 seconds. The values in Table 7-3 represent the fraction of
the total buoyancy induced pressure drop around the air flow path; the three values sum 10 1.000. The
negative values for the riser indicate buoyant pressure acting counter to the direction of flow.

TABLE 7-3
AP600 AIR FLOW PATH MOMENTUM SCALING TERMS

The scaled buoyancy terms show that the effect of heat transfer to the downcomer, as it affects
momentum, is a small negative part of the total buoyancy-induced driving pressure. The calculations
of the buoyant pressure in the riser and chimney at 2000 seconds showed the buoyancy is 35 percent
due to molecular weight and 65 percent due to temperature rise. The downcomer clearly has a minor
effect on the air flow in the dov.~Lomer-riser-chimney flow path.
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8.0 SCALING OF LST

The important scaling groups for AP600 were determined to be those for condensation inside
containment, and evaporation and subcooled heat transfer outside containment. Because heat transfer
through the shell is one-dimensional, the steady-state heat and mass transfer on the inside of
containment must match the distribution on the outside. Consequently, it is sufficient to consider only
the two external scaling groups for subcooled heat transfer and for evaporation. The scaling group
values were determined from measurements for three large-scale tests (218.1B, 217.1A, and 222.1) and
are presented in Table 8-1. The tests selected had internal temperatures and pressures similar to those
expected for AP600 at the selected comparison times. The ratio of the large-scale test (LST) to
AP600 pi groups, TT* = [Tapso/T]Lcr meae ar¢ presented in Table 8-1. The AP600 values were taken
from Table 7-2, and were renormalized to the fraction of the source energy that escapes through the
shell (subcooling, evaporation, radiation, and convection). In the LST, all of the source escapes
through the shell, while in AP600 a portion is either deposited in or reieased from the internal heat
sinks and atmosphere. The ratios show that the LSTs selected for comparisons had approximately
four times the scaled subcooled heat removal of AP600, while the evaporative mass transfer energy is

90 percent of that in AP600.

TABLE 8-1
LARGE-SCALE TEST PI GROUPS SCALED TO AP600
Large-Scale Test AP600 Simulation Time
Pl Group | 218.1B 217.1A 222.1 Pl Group | 2000sec | 4000 sec | 8000 sec
n"- F -ﬂl} n.‘ all
| I— | —
Scaled Ratio: LST/AP600
PI Ratio 218.1B 217.1A 222.1
2000 sec 4000 sec 8000 sec
M. || i
| PP

The comparisons in Table 8-1 show that the evaporative heat transfer in the LST is very close o
AP600 while the subcooled comparison is less satisfactory. The extra subcooling in the LST is due to

two factors in the tests: the scaled external water flow rate is approximately two times too high, and
the source temperature is much less than the 120°F assumed for safety reasons for AP600. In reality,
the AP600 source temperature will always be less than 120°F, resulting in real subcooled values

approximately twice those presented in Sections 7.0 and 8.0.
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The LST were conducted with three different steam source configurations: a 3-in. diameter pipe, an
18-in. diameter diffuser, and the diffuser located in a simulated steam generator compartment. Froude
numbers calculated for the tests revealed that values greater than 200 produced a well-mixed
containment. Such high Froude numbers are similar to the AP600 blowdown values and support the
expectation of well-mixed containment during blowdown. The LST conducted with the simulated
steam generator produced steady-state Froude numbers that ranged from 0.0002 to 0.02. From these
values. it is concluded that the LST with the steam generator are the appropriate tests to compare o
the post-blowdown AP600 (Fr = 0.003at 2000 seconds). This guidance was followed in the selection
of the LST tests compared to AP600 in this section. The range of steady-state numbers achieved in
the LST 0.0002<Fr<0.02 spans the Froude number range in AP600 0.0008Fr<0.003from 2000 to 8000
sec.

Heat and mass transfer predictions were made with the scaling model for the three representative large
scale tests noted previously. The calculation is described in Appendix C. The scaling model predicted
81, 70, and 97 percent of the measured test heat removal. When the measured noncondensable
distributions were input directly into the model, rather than using the well-mixed assumption built into
the model, the predicted heat removals were 96, 98 and 97 percent of the measured values. These
comparisons demonstrate that the accuracy of the weli-mixed model depends upon how closely the
measured noncondensable distributions compare to the well-mixed values.

Given the measured concentrations, the scaling model shows that it can consistently achieve a high
level of agreement with the measurements. This is because condensation and evaporation are the
dominant energy transport mechanisms, and the selected correlations are appropriate. Because this
clearly emphasizes the importance of the phenomenological relationships for mass transfer, work is
underway to perform a more complete comparison between the mass transfer correlations and all
relevant large scale tests.
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9.0 NONPROTOTYPICAL TEST CHARACTERISTICS

The scaled relationships show that there are only two significant nonprototypic characteristics in the
large-scale test (LST) that caused the results to deviate from the expected AP600 behavior. Both of
these nonprototypicalities are understood and can be accommodated analytically in the scaling
modeling.

P
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10.0 CONCLUSIONS

The major results and conclusions of this scaling analysis are:

All phenomena have been identified and ranked in a phenomena identification and ranking
table (PIRT).

Control volume equations and closure relationships were deveioped for the significant
phenomena and integrated into a scaling model that coupled the inside of containment to the

external PCS.

Comparison of the scaling model predictions to large-scale test results validated the
completeness of the PIRT and the scaling model equations.

The selected phenomenological models are dimensionless, scalable, and valid for application to
both the large-scale tests and AP600.
Tlac
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12.0 NOMENCLATURE

Symbol Quantity
Letters

Area
Constant pressure specific heat
Constant volume specific heat
Hydraulic diameter

Gas phase diffusion coefficient
Gravitational acceleration
Convective heat transfer coefficient
Gas phase enthalpy

Liquid phase enthalpy
Liquid-to-gas enthalpy

Height

Thermal conductivity

Gas phase mass transfer coefficient
Length

Mass

Mass flow rate

Precsure or partial pressure

Log mean pressure difference = (P,-P,)/In(P/P,)

-
BET'.”"‘:'%EEBNFQ;&@)

Pln
q Heat flow rate
Q Volumetric flow rate
R Universai gas constant
 § Temperature
uf Liquid phase internal energy
ug Gas phase internal energy
ufg Liquid-to-gas internal energy
v Volume
Subscripts
air Air
bf Baffle
cC Concrete
ch Chimney
cond Condensate
ct Containment gas
dc Downcomer
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Gr
Nu

Sc
Sh

Evaporation

Heat transfer

Inlet value

Mass transfer

Liquid film

Outlet value

Pool

Riser

IRWST water

Subcooled external liquid film

Shield building

Containment shell

Saturated

Structure

Steam

Water

Value at the interface between xx and yy
Initial or boundary value for nondimensionalizing

Superscripts

Nondimensional value
Ratio of LST to AP600 Pi groups

Greek Letters

Structure or liquid film thickness
Density

Kinematic viscosity

Time constant

Dimensionless Groups

Grashof number = g(p,-p )L/p,V*
Nusselt number = hL/k

Prandtl number = pc/k

Schmidt number = wpD,
Sherwood number = kK,RTP, L/D P
Dimensionless Scaling Group

u\1462w wpf:1b-102494 12-2



APPENDIX A
CONTROL VOLUME EQUATIONS AND DERIVATION OF SCALE GROUPS
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CONTROL VOLUME EQUATIONS AND DERIVATION OF SCALF GROUPS

ny ”\Ifr\{'hh'(l)[f\ flud

o
in mal

The control volume equations for mass, momentuim and energy are derived
Shames', Shapiro’, Hughes and Brighton®, and Bird Stewart, and Lightfoot.”
Additional informauon 1§

dvnamics textbooks
present the development with helpful informaton on control volumes
provided in NUREG/CR 5800°. The following example will illustrate how the control volume

equations are developed and made nondimensional for a control volume around the containment gas

Conservation of Mass

Conservation of mass for a control volume can be stated as: “the net afflux rate of mass through the

control surface equals the rate of decrease of mass inside the control volume.” The mass consery auon

equation applies to the liquid and gas control columes. These are the containment gas the internal

containment liquid film, the external containment liquid film, the nser and downcomer. The

.

following equation is used for conservauon of mass in a control volume

_f:_ {pdV = tpfml;\ (1)
qat J o

with the sign conven :on that fluxes 1nto the control volume are positive. 1f density and velocity can

be represented by average values the equation for conservation Ol mass in a contro! volume can be

writien

- T p = dm ()
Y (@,vA) = (V) orin terms of mass Yy = ‘
et dt - | di

Containment Gas Volume Example

ent the steam break source wnd pool evaporauon into containment and the

] t0 reprt

mass condensed on the solid surfaces and [RWST. Using the nomenclature of the scaling report




»®

Equation 3 can be made nondimensional with the following substitutions

4 m, m’

h = m, m’

The resulting dimensionless equation for steam conservation is

(Rl sy ‘ y ¢ ! p " (4)
R B s ~ DB Oy R, -0,
dt -
Dividing the dimensionless eqgJation by the source term gives
, dm’ i . . . . . (5)
b s * S ): [, my + Hr s T .
‘ dt -
where the tme constant 1
-
g B (6)
m
slnw
i
and the pt groups are
4,
(7)

Conservation of Energy

The energy conservation equation is required for the [containment gas, internal liquid film
containment shell, external liguid film, riser, baffle, downcomer, and shield.]** Conservation of energy

in & control volume is given by

d “ < - l" \‘\\
— '(‘;’a‘.\ . { € ‘\'\ dA) + .._H p—— (%)
dt . v di di
% u
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The term dg/dt represents the heat transfer across the control surface and can include condgucton
convection. and radiation heat transfer. The term dW/dt represents all the work interactions across the

control surface. There is no shaft work, so the only work interaction is the flow work

Flow Work: !;’ VdA ()

surf

Even though there may be shear stresses at the interfaces between control volumes, there is no shear
work unless the velocity at the control surface is non-zero. For example, in pipe flow there is net flow
work on the control volume due to the pressure drop along the length of the pipe, but because the

velocity is zero at the pipe surface, there is no work term. The shear stress and form losses do appear

i
in the momentum equation and do affect the magnitude of the pressure drop, and thus are indirectly
included in the energy equation
Containment Gas Energy Equation Example
The control volume equations and scaling groups can be developed for conservaton of energy applied
to the containment gas control volume simiiar to the development for the mass equation. The encrg)
equation will include additional terms for convective heat transfer and for pressure. The energy
equation for the containment gas Is

10)

Equation 10 can be made nondimensional with the following substitutions A

5\ A, A
} h h
n m, m
I P T
| W
\ \ \




Substituting these terms into Equation 1

steam source lerm gives

|

where the time constant is

the pi groups are

and the dimensionless temperature 1s

neglecting the volume change term, and dividing by the

(11)

1
i

. (12)
m
sun.an,

(13)

(14)

{ l‘ )
-l
\ 1 I 2 ) 3
0 ..._.......—ﬂ._....:__ (10)
T .
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Conservation of Moicentum

The momentum equation can be written 101 the gas and liquid phases However, the Nusselt equation
as modified by Chun and Seban for wavy laminar films is used for the liquid film momentum
Although this is a steady-state equaton, U liquid film heat capacity was determined to be negligible

The downcomer and riser require a momentum equation (o Solve for the air flow rate induced by the

buovant force of the heated air and evaporated steam A useful form of the momentum equation can

be derived ML
e

{

development proceeds as follow S|

L

——[ at

ted areund the closed path through the downcomer, riser, ¢ himney and ambient air 10

and when ntegralte

the downcomer 1niet i

3

B =

\
!




By adding the integral of the density of the ambient air around the same closed path, which is equal «

zero l;qu;q(\un 19 becomes

-

Steady-State Equations

The following system of equation was solved to determine the heat and mass transfer from the inside

of the AP600 containment to the external PCS. At steady state the conservation of mass equatons cas

be written
Liquid film (21)
External film (22)

+ m m Riser (23)
s ov

o

ih = Downcomer (24)

o sum, v

The steady-state mass-energy equations, with the known mass flow rates substituted for the unknown

flow rates, aad the shield assumed to be at a known temperature, are

Liguid film (1f) for each structure, 1

Shell (26)

Subcooled
film (27)




m '\‘\‘l‘.Il‘ r 'Il' B : ”]r\r}!”;‘"\ . ‘*k\un ’T\‘A"-'l| ! [ 1
xf. x i o \“ " ‘\"«i“‘l;hln}'
TN WL T) - OeA e £) * e k"-'l ~T_) film (28)
xfon  ule xf surf r “uf xlpurt bf 'T—“ shxf " xf
(i, ai A0 P +m, mz,uL;ﬂ;!"(Iv -—]' wt/ x ‘.“"A.'\(K'H[ "l'luf‘ 7 ut Riser (29)
o R A 1Y <T)-h A [T -T) =0
af - xf-r i sur f n-b n-Y ' b
4 A.X.q ey ) ‘/—I»d 1 Z
OFf x{ <bf F f,( xisurt” l_,.v' - Of b ‘\,A " 1,.' of = A g surt/ I;djfl‘\' ( 3!“!
o oA AT T = By eAuaTuTe) =0
"n;')« ar .V\,:.' +m fe SUm.N" PAL ).‘"[’L i o m'; {)il\r\’ﬂ(“”)(’! ( 11)
» h) A -t!]r‘ lrt' g “vﬂ.‘:\u‘ "-|L~ lL' "w

The riser, downcomer and film temperature distributions are

Films (36)
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APPENDIX B
DEVELOPMENT OF CONTAINMENT PRESSURIZATION EQUATION
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DEVELOPMENT OF CONTAINMENT PRESSURIZATION EQUATION

and energy equations include time derivatives of internal energy thal

The containment transient mass
However, the mass and energy

nfuse the relationship between the other terms in the equaton
equations for the containment gas can be manipulated to produce a single equation tha
or expressing the containment pressunzation in terms of well defined terms. The single
cessary to evaluate the individual mass transport

{ 1S more

convenient {

expression does not eliminate variables, so it is still ne

ctive energy transport terms. A form of the combined mass and energy equations

terms and the conve
ature. followed by the development of a form in (EMms of pressure

is first developed in terms of temper
and volumetric fiow rates for the mass transport erms and temperatures for the convectve heat

transfer terms
forced by the break steam source and interacts with the six structure

The containment gas volume 1S
air mass conservation equations can be

groups, the pool, and the IRWST The containment steam and

writlen

dm
LA i . - e
g ® W, }_ . 0.~
dt -
(1)
dm_
and . B
and the energy equation
d P A b
(muye = (Mmng) - 192 1 - ) - y
—(mug), = (hhg),,, - he, Wy oM +hg oty - hg T,
4 - "
Y h A (T~ T, ) « h_A__ (T ') -h A (T, -1 )
— e P ¥ sy w 1w W

An equation of state for the gas is also required, in addition to Equations 1 and 2, to solve for
containment pressure. The equation of state for an ideal gas is assumed and used In the following

forms




The right side of the energy equation includes steam mass fluxes and convective heat transfer terms
that eventually will require knowledge of the air/steam ratio to evaluate. The left side of the energy
equation is a time derivative of the total internal energy. The total internal energy 1s the sum of the

air and steam internal energies
(4)

(mug), = (mug)

+ (mug)
s as

gEgRissan
-

¥ "

Substituting the mass equation into Equation 6, replacing the left side of Equation 2 with the result,

and combining terms gives a combined mass and energy equation

g

o SC—

The definition of enthalpy for a perfect gas, L2 = ug + RT, can be used to wnte

T " 2.3
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Substituting Eguation 8 into Equation 7 produces & combined mass-energy equation in terms 01

temperature

r
|
i
f
i

.

With appropriate substitutions, Equation 9 can be expressed in terms of pressure. Taking the

derivative of the equation of state, T = PV/mR gives

Note that ¢, T is not equal to ug, and that temperatures are absolute With the substitutions R =

and y = ¢/c, Equation 10 can be expressed as

|

i
=

Writing Equation 11 for air and for steam, and addire the two equations gives

R el

|
!
|
e

1

WithP =P, + : Jdt =0 and differentiating PV, Equation 12 can be writien

S




N o e T

Equaticr 15 -an be combined with Equations | and 9 to give:

§ e

(14)

With the substitution pC, T = WP/(y-1) Equation 14 can be written in terms of pressure and volumetric
flow rate as:
r 745

(15)
The expression for dV/dt will normally be zero, unless it is desired to calculate the small value of l
containment pressurizau.  due to displacement of containment volume by water. |
Equations 9, 14, and 15 are different foums of the same equation that combine the energy

conservation, mass conservation and state equations into single expressions for pressure inside
containment.
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PARAMETRIC CALCULATION OF STEADY-STATE HEAT AND MASS TRANSFER FROM
CONTAINMENT TO EXTERNAL ENVIRONMENT

The equations governing heat and mass transfer from the inside of containment to the external film can
be solved directly, given known internal conditions of temperature and pressure, for an assumed
external film temperature. Similarly, the equations governing heat and mass transfer from the external
film temperature can be solved if the other exteraal conditions are known. These other external
conditions can be assumed, the temperature and fluxes calculated and used to validate the assumed
coaditions. With some insight from tests and other calculations, this process has been found to be
very efficient, using the external film temperature as a parameter. The process is applicable to both
the AP600 and the large-scale tests. Figure C-1 shows the parametric solution for a large-scale test for
internal conditions of approximately 230°F and 33 psia. Application of the parametric solution to
AP600 is similar. The solutions for condensation, evaporation, and external conditions are developed
in the following sections, with examples.

Condensation

The condensation rate is given as a function of the containment pressure and temperature:
h” = K.M(Pm ’P-',) (1)

where P,  is partial pressure of stcam in containment

P, is partial pressure of steam at the film surface
M is the molecular weight of steam
and K, is the mass transfer coefficient given by:
K, = 2.751-:-4(Tm)°-"r%ﬁ. leg) @
where k is the steam thermal conductivity
T,, is the average temperature between the containment and the surface in
degrees R
P is the log-mean pressure difference between the air partial pressure in
containment and the air partial pressure at the surface
and h is the free convection heat transfer coefficient given by:

/ 1
h = 0.13k| Pr Lot Pee | (3)
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where Pr is the Prandtl Number

is the total density (steam+air) at the film surface
is the total density (steam+air) in containment

Y is the kinematic viscosity

Purt

P com

and P, is the average density between the film surface and containment

The total heat transferred into the shell under steady state conditions is a combination of free
convection, condensation, and film flow downward along the interior wall.

Qe = h(T_, -T,)+m”h -t "h, @

where h, is the enthalpy of saturated steam at the partial pressure of steam at the film

surface
h, is the saturated liquid enthalpy at the film surface temperature

T, is the containment temperature
and T, is the film surface temperature

Finally, the temperature drop through the internal film, coated steel vessel wall, and the external film
is calculated by:

ql/
Vot ® Tpuu™ — . )
a8, # " h N ..
kmn k-l ku‘.

where the first term in the denominator represents the thermal resistance of the two liguid
films. the second term represents the thermal resistance of the steel shell, and the third term

represents the thermal resistance of the inside and outside coatings.

Equation 5 relates the external film surface tetaperature to the internal conditions. A similar
relationship can be developed using the equations that govern evaporation off the external film to

relate the external film surface temperature to the external conditions.

Evaporation

The equations governing evaporation from the external film are substantially the same as those

governing condensation on the internal film.

The evaporation rate is given as a function of the external annulus pressure and temperature:
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' - K'M(P.,, - (6)

where P,  is partial pressure of steam in the annulus
P, is partial pressure of steam at the film surface
M is the molecuiar weight of the steam

and K is the mass transfer coefficient given by:

K. = 275x104T" D ™
’ *XPM

where k is the steam thermal conductivity
T., is the average temperature between the annulus and the film surface
P is the log-mear pressure difference between air partial pressure in the annulus
and the air partial pressure at the film surface

and h is the forced convection heat transfer coefficient given by:
2]
h = 0023 X prn [12} ®)
d v
where is the Prandtl Number

is the air velocity in the annulus

Pr
d is the hydraulic diameter of the annulus
v
Y is the kinematic viscosity

and

The total heat transferred from the shell into the annulus air under steady state conditions is a
combination of forced convection, evaporation, and enthalpy transported downward by the film flow.
The air velocity in Equation 8 is an important parameter. However, air velocities are known, or
specified for the large scale tests. For AP600, the air velocity is estimated, treated as a known value,
and subsequently validated and adjusted if necessary with the calculated results.

Qo = N(T,,-T,)+m" h -m"h, ®)

where h, is the enthalpy of saturated steam at the partial pressure of steam at the film
surface
h, is the saturated liquid enthalpy at the film surface temperature
T,. is the annulus temperature
and T, is the film surface temperature
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Equation 9 relates the external film surface temperature o the heat transfer form th* shell to the
external film using the evaporation equations. For steady-state, the shell heat flux as calculated using

the condensation equations (Egs. 1-5), must match the shell heat flux as calculated using the
evaporation equations (Egs. 6-9). The solution can be matched to the measured LST test results to

determine the validity of the method.

Large-Scale Test Comparison

For the purpose of validating this method of determining the external heat transfer, a steady-state test
was chosen, which is similar to expected internal containment conditions for AP600 2000 seconds into

a design basis LOCA. The key parameters of this test are summarized in Table C-1.
Four separate heat transfer regions exist on the exterior of the test vessel:
1. A dry region, where very little heat transfer occurs

2. A subcooled wet region where the temperature of the liquid film is increased from the
temperature at application to the saturated temperature. Over this region, little evaporation
occurs. It is also likely that the internal steam-to-air ratio is slightly steam-rich, due to the

tendency of the steam plume to rise to the top of the vessel.

3. A saturated wet region where the lemperature remains constant and the majority of the
evaporation occurs.

4 The lower head which loses heat to the environment t'zough free convection and radiation.
The dry area is given as a function of the water coverage and the surface heat transfer area:

A,, = (1-frac)A,,

For 92 percent coverage, Ay, = 62.4 ft’

To determine the area covered by subcooled water, the external film temperature must be determined
where the external evaporative heat transfer is equal 1o the internal condensation heat transfer. This is
accomplished by solving Equations 1 through 9 and plotting the condensation and evaporation heat
transfer as a function of external film temperature. The external film temperature is the value where
the two curves cross, as shown in Figure C-1. The temperature defined by this point is the saturation
temperature where bulk evaporation occurs. For temperatures lower than this temperature, the heat
transferred through the shell is assumed not to evaporate fluid, but rather to raise the sensible heat of
the film from the application temperature to the saturation temperature. This region is defined as the

subcooled region.
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For this case:

T, = 158F and

Btu

v = 1.267
oF

shell saturated

The total heat transferred to the film to raise its temperature to 158°F is given by:
Qulmohd » mucp(T- -Tllw)
For this case,

Qenoses = 180.64 BTU/sec

The average external film surface temperature in the subcooled region is given by:

The heai flux in the subcooled region can be caiculated with the condensation model (Egs. 1-5) and
this external film temperature. To correctly calculate the condensation heat transfer, it is important 10
specify the internal steam and air partial pressures correctly. Using the condensation model with the
correct steam and air pressure gives a heat flux in the subcooled region of 1.916 Buwsec-ft’,

Thus the shell surface area covered by the subcooled film is:

A = Qoo = 9428 fi*

subcooied "
q shell

and the area covered by the saturated film is:

= 622.9ft°

Aot ™ NNy " Nnsin
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The heat transferred by the dry area is given by:

Qo = Ay [N(T g~ Topna) *06 (T T )]

For this case,

& * 4.93 BTU/sec

And the heat transferred through the bottom head is given by:
Qoonommens = Awlh(Tm’Tnm)’GE(TM"T.-M‘)]

For this case,

Qoonomneas = 1-26 Btu/sec

A heat balance on the shell can be used to check the model against the measured test results.

QII » QM * q" MI‘AIM OQ" ’un » 629 Bw/s-‘c

The total heat lost from the steam is given by:

qwl a mmhlm -zmmhlw = 629 BTU/sec

Although perfect agreement between measured and predicted energy balances are fortuitous, the heat
transfer from the inside of the containment shell to the environment is accurately predicted by the

condensation and evaporation models described above. The results of this analysis can be used to
define Pi-groups to compare with the AP600 containment, and determine the applicability of the test

results to the prototype.

Pi-Groups

Pi-groups representing components of external heat transfer were developed to determine the
applicability of the large-scale test results to the AP6(X). These Pi-groups are ratios of the individual
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heat transfer components to the heat input to the vessel from the steam flow. The Pi-groups for
Test 222.1 are summarized in Table C-2.

Conclusions

Based on these calculations, the equations governing condensation and evaporation accurately predict
the large-scale test results.
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TABLE C-1
LARGE-SCALE TEST NO. 222.1, KEY PARAMETERS
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TABLE C-2
LST 222.1 HEAT FLUXES AND PI-GROUPS

a,c
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Figure C-1 Evaporation and Condensation vs. External Film Surface Temperature
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