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Nomenclature and Abbreviations

Nomenclature

Surface area [mZ]

Cross-sectional area [m®)

Specific heat at constant pressure [J/kg K]
Specific heat at constant volume [J/kg K]
Diameter [m]

Internal energy [J]

Specific internal energy [J/kg]

Friction factor

See Equation 2.27

See Equation 2.26

Height [m]

Specific enthalpy [J/kg]

Latent heat of vaporization [J/kg)

mTM=e Mmoot e »

:"5’:_

"
b ]

Acceleration of gravity [9.8] m/sz}
Volumetric flow rate [m3/sj
Ratio of specific heats, CP’C\
Length [m]

Sum of lengths [m]

Mass [kg]

Flow rate [kg/s]

Pressure [Pa)

Heat addition rate [W]
Universal gas constant [J/kg K]
System scale

Temperature [K]

Time [s]

Velocity [m/s]

Volume [m3]

Specific volume [kg/m'q]

Mass fraction

Axial coordinate [m]

N v & <="'—iﬁ7UO~'3 g,zr—l'\p‘-hm

=g

Kronecker delta
u Viscosity
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o I Non-dimensional number
p Density [kg/m3]
o Surface tension
T Time constant [s]
® W Characteristic frequency (s
Subscripts
G Gas
® L Liquid
LG Change liquid to gas
R Scaling factor between prototype and model
Additional subscripts are defined in the text
e Supersciipts
+ Non-dimensional variable
0 Reference scale or variable
#
Abbreviations
° ADS Automatic Depressurization System
BAF Bottom of Active Fuel
DBA Design-Basis Accident
BDLB Bottom Drain Line Break
DPV Depressurization Valve
" DW Drywell
h.t.c. Heat Transfer Coefficient
GDCS Gravity Driven Cooling System
GDLB GDCS Line Break
H2TS Hierarchical Two-Tier Scaling
° IC Isolation Condenser
ICS Isolation Condenser System
LOCA Loss—of-Coolant Accident
MIT Massachusetts Institute of Technology
MSL Main Steam Line
° MSLB Main Steam Line Break
NB No-Break
NPP Nuclear Power Plant
PCC Passive Containment Cooler
[ ]
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ABSTRACT

This report presents a scaling study applicable to the SBWR-related tests. The scope
of the study includes:

(a) a descripion of the scaling philosophy used for the GIST, GIRAFFE, PANDA,
PANTHERS, and single-tube condensation-heat-transfer tests which have been,
or will be, conducted in support of the SBWR program;

(b) the description of a set of scaling laws which are applicable to the SBWR-
related test facilities; and

(c) an evaluation of the test facilities with respect to the proper scaling of the
important phenomena and processes identified in the SBWR Phenomena
Identification and Ranking Table (PIRT).

The study is fundamentally motivated by the need to demonstrate that the
experimental observations from the test programs are representative of SBWR
behavior. This includes an identification of any distortions in the representation of
the phenomena and the manner in which these distortions can be considered when
the experimental data are used for computer code qualification or the development
of computer code models.

The Hierarchical Two-Tier Scaling (H2TS) methodology developed by the US NRC
1s applied to the extent practical throughout the study. Several scaling considerations
addressed by H2TS are automatically satisfied in the SBWR-related experiments
where, in all cases, the fluids and their thermodynamic states are prototypical. The
various scaling issues are addressed, as appropriate, by either the top-down or
bottom-up methodologies embodied in H2TS. The top-down scaling technigue, as
applied to generic containment-related processes, leads to a familiar set of scaling
laws with a system scale for power, volume, horizontal area in volumes, and mass
flow rate, and 1:1 scaling for pressure differences, elevations, and vent
submergences.

The scaling of SBWR system components in relation to specific highly-ranked
phenomena and processes is conducted according to the bottom-up H2TS
methodology. This includes consideration of thermal plumes, mixing and
stratification; heat and mass transfers at liquid-gas interfaces; the heat capacity of
structures and heat losses; scaling of the vents; and heat and mass transfer in the
condensers used for decay heat removal in the SBWR design. Finally, the scaling
approach followed in designing the various SBWR-related facilities is reviewed in
relation to the main purpose of the tests. The data collected from these facilities are
used in the qualification of the system code TRACG.

Scaling of the SBWR Related Tests 0-10
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1. Introduction NEDC-32288

(1) summarize e philosophy used in defining the SBWR-related experimental
program:

(2) describe the rationale used in scaling the various SBWR subsystems in the
experimental facilities;

(3) verify the scaling criteria and laws used for the various facilities; and

(4) provide assurance that the phenomena of importance in relation to GDCS
performance and long-term decay heat removal from the containment were
properly addressed or represented in the tests.

1.2 General Approach for Code Qualification, Testing and
Scaling

The approach adopted is similar to the one used for most LWR safety-related large-
scale integral tests. It is clear that system tests (such as the GIST, GIRAFFE and
PANDA tests) do not have to provide exact system simulations of the prototype. In
fact, it is neither practical nor desirable to attempt to provide such exact
simulations. However, system tests do provide data covering all essential phenomena
and system behavior under a variety of conditions, which are used toc qualify a
system code (in the particular case, the TRACG Code used for safety analysis by
GE).

To obtain data in the proper range of system conditions, the relative importance of
the phenomena and processes present in the tests should not differ significantly from
what is expected to take place in the SBWR. Similarly, the overall behavior of the
test facility should not diverge significantly from that of the SBWR; in particular,
one should not observe bifurcations in system behavior leading to quite different
intermediate or end states. Finally, the tests should provide sufficiently detailed
information, obtained under well-controlled conditions, to provide an adequate and
sufficient database for qualifying the system code, TRACG.

Following current practice (INEL, 1989), a Phenomena Identification and Ranking
Table (PIRT) was prepared for the SBWR post-LOCA containment phenomena. A
PIRT identifies the phenomena and processes that are of particular importance during
the various phases of a postulated accident or class of accidents. These phenomena
receive, then, particular attention during code qualification. The SBWR PIRT was
used to identify the phenomena of importance in relation to scaling of the
experimental facilities. These phenomena are listed in Section 3 of this report (Table
3-1), where the scaling of specific phenomena is addressed.

Scaling of the SBWR Related Tests 1-4
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1.3 Scope and Objectives of the Scaling Study

The scope of the scaling study reported here was to:

Describe the scaling philosophy and strategy used in designing the various tests.
Provide the applicable scaling laws.

Show that the test faciiities properly “scale” the important phenomena and
processes idenuficd in the SBWR PIRT and'or provide assurance that the
experimental observations from the test programs are representative of SBWR
behavior.

Identify any distortions in phenomenology and/or scaling and discuss their
importance; in particular, identify the ways by which such omissions and/or
scaling distortions can be considered when the experimental data are used for
code qualification.

Verify the applicability of the condensation heat transfer data obtained in the
single-tube university tests for the SBWR safety analysis.

Provide the basis for showing that the experimental data are sufficient for
qualifying TRACG.

1.3.1 Accidents and Accident Phases Considered

The range of accidents considered inciudes the main steam line break, as well as
other breaks of the primary system, such as the GDCS line break and the bottom
drain line break.

The scenario of these accidents can be rougly subdivided into three phases:

~ The blowdown phase extending from the initiation of rapid depressurization by

blowdown up to the time of refill of the LOCA vents. The blowdown phase can
be further subdivided into an early phase extending until the time the pressure
reaches a level of about 0.8 MPa, and a lare blowdown phase thereafter,

An intermediate GDCS phase during which the GDCS is delivering its stored
water inventory to the primary system’.

A long-term cooling phase beginning when the GDCS inventory starts becoming
replenished by the condensate flowing down from the ICS and PCCS (ie., when
the GDCS hydrostatic head necessary to drive flow into the core is made up by
the ICS and PCCS condensate). At about the same time, the ICS and PCCS
condensers become the dominant decay heat removal mechanism, replacing the
heat sink provided by the water inventory initially stored in the GDCS pools.

Scaling of the SBWR Related Tests 1-5
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1.4 The H2TS Scaling Methodology

The NRC, in relation to Severe Accident Research, has developed a “structured"
scaling methodology, which “provides the confidence that scaled experiments
faithfully reproduce the phenomena which will occur in a NPP" (NRC, 1991). This
methodology, referred to as Hierarchical, Two-Tiered Scaling (H2TS), addresses the
scaling 1ssues in two tiers: a top-down (inductive) system approach, followed by a
bottom-ur  (deductive) process-and-phenomena approach. @ The method wuses
charactenistic time ratios and a hierarchical characterizaion of the processes
according to their temporal and spatial scales. To establish a hierarchical
architecture for the system considered, one proceeds with a physical decomposition
according to interacting subsystems, modules, constituents (materials), phases, and
their geometrical configuration.

The H2TS methodology is applied to the extent necessary and practical in this work.
Indeed, several scaling considerations that are addressed by H2TS are automatically
satisfied 1n the SBWR-related experiments, in which the fluids and their
thermodynamic states are prototypical (water and noncondensable gases under the
pressures, temperatures, and concentrations expected in the SBWR). Moreover, the
experiments are conducted at scales at which “microscopic” level interactions
between phases (e.g., local mixing of gases) are not expected to be affected by tne
scale of the experiments. Thus, several hierarchical levels, related to constituents and
phases, need not to be addressed.

1.5 Scaling Issues for the SBWR Related Tests

The experimental program supporting SBWR safety analysis includes the tests listed
in Table 1-1, together with their volume scales in relation to the actual SBWR.

All these tests were (or will be) conducted under the following conditions:

~ Actual fluids (water and steam, noncondensables, with the exception of
substitution of air for nitrogen in most tests and of helium for hydrogen in all
tests where hydrogen presence was simulated).

~ Prototypical initial thermodynamic state of the fluids or mixtures (pressure,
temperature, component concentrations).

- Full height.

~ Test facilities are large enough (ie., pipe and vessel dimensions have a
sufficiently large characteristic length scale) so that “microscopic” level

Scaling of the SBWR Related Tests 1-7
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Table 1-1
The SBWR Related Tests

Test Purpose Volume Scale

GIST Integral GDCS system test 1/508

GIRAFFE Integral long—term containment heat 1/400

PANDA removal tests 1725

PANTHERS Structural and heat transfer tests of the Full-scale prototypes
ICS and PCCS condensers

UCB Condensation in the presence of Single-tube

MIT noncondensables (near full-scaie)

interactions between the phases (e.g., local mixing of two different gases) are not
expected to be scale dependent.

The geometrical “macroscopic” level configuration of the phases needs to be
considered, however, and leads to the requirement of preservation of the large-scale
mixing behavior of fluids in single-phase situations, and of flow regimes in two-
phase flow situations. The large-scale mixing issues are addressed in subsequent
sections of this report. Scaling requirements to preserve flow regimes are discussed
by Schwartzbeck and Kocamustafaogullari (1988). For the SBWR-related tests
considered here, the geometrical scale of the models was sufficiently large so that
important flow regime distortions are not expected; in addition, most containment
flows are single—phase.

These considerations and design requirements remove any hierarchical concerns
regarding constituents and phases, as mentioned above. Moreover, the full-height
design of the experimental facilities leads to proper simulation of the natural gravity
heads that are essential for the natural circulation systems and loops considered here.
The remaining geomeirical scaling issues are addressed in this report.

Additional scaling issues examined in this report include: (1) scaling of phenomena
and processes; (2) multidimeusionality, and (3) multi-unit, multi-element operation.

Scaling of the SBWR Related Tests 1-8
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Table 1-2
SBWR Subsystems and Components Considered

Reactor Pressure Vessel, RPV
Main Steam Lines (MSL) and Depressurization Valves (DPV)

Drywell, DW
Upper DW volume
DW annular volume surrounding RPV
Lower DW volume below RPV skirt

Suppression Chamber, SC
Gas space
Liquid volume in suppression pool (SP)

Main (LOCA) vents connecting DW to SP (8)
Vacuum breakers between DW and SC (3)
Leakage path between DW and SC

Gravity-Driven Cooling System (GDCS) pools (3)
Gas space
Liquid space
Equalization line with check valve connecting SP to RPV (3)

Isolation Conderser System (ICS) condensers (3)

Passive Containment Cooling System (PCCS) condensers (3)
Noncondensable PCCS vent lines from condensers to SP (3)
Isolation Condenser Pool with interconnected subcompartments

Other lines connecting the various subsystems listed above.

Scaling of the SBWR Related Tests 1-10
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1.6.2 Fluids and Other Materials

The differences between prototypical fluids and other materials that enter into
consideration are:

— Air is used instead of nitrogen in the PANTHEF S, GIST, and PANDA system
tests and in the UCB and MIT singie-tube tests.

~ Helium is used to simulate hydrogen in all related tests.

~ The wall materials used in the SBWR and in the various integral facilines are
different. This issue is discussed in Section 3.4, which deals with the heat
capacity and conduction in containment structures.

Scaling of the SBWR Related Tests 1-11
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dM o L :
LM =0 (2.1)

where M; are the mass flow rates entering the volume and carrying with them tota!
enthalpy h . The total enthalpy (subscript c) includes the kinetic and potential
energy of the various streams. The energy conservation equation is:

€= p¥.Q+IMp, (22)

where Q is the heat added to the system (e.g., by conduction through the wall).
Phase changes taking place at interfaces bounding the control volume are considered,
since these bring mass flow rates and enthalpies included in the E Mi and ZM’.hm
terms.

The purpose here is to derive the equation relating the rate of change of the volume

pressure dp/dt to the mass, enthalpy and heat additions (see, e.g., Section 2.14 of
Moody, 1990). The specific internal energy of the system,

1s a funcuon of two thermodynamic variables, chosen here to be the pressure and
the specific volume v = V/M, and of the mass fractions Y, of the various
constituents:

e = elp, v, yj)
with

2)’1=1

The differentiai of e can be calculated as:

= ¢ de ge
de = v, dp + avlp-y, dv + Z ByJ o dy, (2.3)

where the subscript y; means that all y, are kept constant, while the subscript y
denotes that all y, except the one appearing in the partial derivative are kept fixed.
We note also that

E=Me and V = Mv

and therefore

Scaling of the SBWR Related Tests 2-4
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dE _ 4 _ ayde . dM |
& gMe) = e v €8 (2.4)
dv _ mdv , M (2.5)

dar dt dt

Combining Equations 2.1 through 2.5:

= dy.
GE _pde| 9P, 2| dv Y B/ B S
a . dpfvy; dt o, av|py, dt . Zay, pvy dt +el M
= - pM%% - pvz Mi -+ Q + Z.Mlho‘i (2.6)

Solving this equation for dp/dt and using again Equations 2.5 and 2.1:

dy.
: 0 , g¢ y _[p+ 2 |4V _V§y|oe i
92 : 2:[!\'l!(hovI e + v 3v p‘y,)] +Q [P + Sv p?] dat v [ayj by d(]
T V de
v p V.yJ

(2.7)

We note that this equation yields the rate of change of the pressure in terms of the
heat addition, of the mass and enthalpy fluxes into the volume, and the changes of
volume composition. The rate of change of the volume dV/dt (e.g., due phase
change) is also considered. The partial derivatives of e with respect to v, p and the
mass fractions Y, as well as their combinations with other thermodynamic variables,
are thermodynamic properties of the particular mixture contained in the volume.
Thus, the following short-hand notations for certain guantities appearing in Equation
2.7,

» de

e =e -~ v BVIN,
de

P2P*o Py,

f = 1 -ail (units of energy per unit volume)
1 - a)’, Py

Scaling of the SBWR Related Tests 2-5
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f. = % (non dimensional) (2.8)

-
-

QJ‘QJ
o

vy,

denote thermodynamic properties of the mixture, which are functions of p, v, and the
Y When prototypical fluids under prototypical thermodynamic conditions are used,

these thermodynamic properties are identical for prototype and model.

The mass flow rates can be expressed as products of the volumetric flow rates J
times the corresponding densities:

Ml T jl pl
Thus, Equation 2.7 takes the simpler form:
dy.
& N « dV J
dp 2[1,0,\!‘03 - ¢ )] Q-p o \Y Z[f‘d 3?]

== VT, : (2.9)

The following reference quantities (denoted by the superscript ©) are used:
- For volume: V°

For volumetric flow rates: J°

For heat addition: Q"

0

For densities: p

For pressure, a reference pressure difference:  Ap°
For enthalpies and internal energies, a reference enthalpy difference:  Ah°

A reference time is obtained by combining the volume and volumetric flow rate
scales:

O
© =X (2.10)

This reference time 1° is the volume fill time (or residence time) for mass flowing
into the volume V° at the volumetric flow rate 1° (Zuber, 1991).

Equation 2.9 will be non-dimensionalized by dividing the dimensional variables z by
the reference values z° above; this produces the non-dimensional variables z':

2t =

;‘}, (2.11)

In particular, note that

Scaling of the SBWR Related Tests 2-6
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f, = F,J Ah® n? (2.12)
The mass fractions Y, and f,, being non-dimensional, require no scaling:

¥ = Y and f, = f

By non-dimensionalization, Equation 2.9 takes the form:

+ : dy;
o 1 [ n, Spsros, - o) o m @ -~ 9% - n, Be, 2] ]

" GV dr* 1 ar*
(2.13)
Two non-dimensional groups appear in the equation above:
Q’ 1
1 - Ano vO (214)
and
Ah’
My = 2p%7p0 (2.15)
1, can be called the enthalpy—pressure number and links the enthalpy and pressure

hp
scales. It appears in front of the terms describing the effects of enthalpy additions

and changes of composition in the volume and “converts” these effects into pressure
changes.

I, can be divided by l'Ihp to yield a form of the familiar enthalpy or phase-change
number (Yadigaroglu and Bergles, 1972; Saha et al. 1976)

n Q’ Q°
n_. .= L = = - (2.16)
b TLo J°°AR°  M°AR°

where M® = J°p° is a reference mass flow rate. We will see later that the latent
heat is a naturai scale for the reference enthalpy difference. Thus, the phase change

Scaling of the SBWR Related Tests 2-7
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number "converts” the heat additions into enthalpy differences.

The enthalpies h appearing in the energy conservation equations (Equations 2.2 or
2.9) are rotal enthalpies (i.e., the sum of the intrinsic enthalpy of the fluid plus its
kinetic and potential energies). Consequently, the exact scaling of these would have
required separate consideration of enthalpy, velocity, and elevation scales. Since
changes in kinetic and potential energy are very small or totally negligible, this
complication can be avoided.

2.1.1 Case of a Perfect Gas

To gain some physical understanding regarding f,, ¢ and p°, consider the case of a
perfect gas. The thermodynamic property f, scales the relative non-dimensional
volume changes with pressure. For a perfect gas, pv=RT and chp—cv, where ¢
and ¢ are the specifi. heats at constant pressure and volume, respectively, k their
ratio, ¢ /e and R the perfect gas constant for the particular gas considered.

From the definition of ¢

ICE PR | el WU ..
e=c¢cT=c R T -3, PV = g (2.17)
Thus
i fllobus galed piny

is in this case a constant. The property e’ becomes

. ode

e':cw\é-;pzc—vk‘jl=c—c=0

We realize that e is not expected to attain very large values in real gas mixtures
and h , should dominate the (h , - e’) term. Thus, one sees that the first term on
the right side of Equation 2.13 is not negligible and, to account properly for the
effects of both enthalpy and heat additions to the system, both non-dimensional
numbers appearing in Equation 2.13 (ie., ﬂhp and T1)) or, alternatively, the more
familiar set ﬂhp and T1 pepe TSt be preserved.

Finally, for an ideal gas again, using Equation 2.17,

Scaling of the SBWR Related Tests 2-8
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e de| _ AP
PER v " P TECTITR-TF

From Equation 2.13 one notes that the effect of relative changes in volume is
"amplified" by this ratio p* to produce relative changes in pressure.

2.1.2 Specific Frequencies of the Process

Another way of viewing the processes taking place is by considering their specific
frequencies and time constants (Zuber, 1991).

Specific frequencies are given as ratios of a transfer intensity to capacity (amount)
of the receiving volume (Zuber, 1991). In the particular case considered here, two
specific frequencies involved are the ratio of heat addition Q° and enthalpy addition
MYAh° to the heat capacity of the receiving volume V°p“Ah®:

A0
B o e
Q vopOAhO

and

. M°Ab°
Ah v(\pOAhO

A residence or fill time 1" has already been defined,

o ¥ (2.10)

jO
The product of W and 1° results in the phase change number,
o
O.)Q T o= ﬂpch
as expected, while mAh-‘r": 1; no new non-dimensional number is derived.

A third specific frequency is the ratio between the intensity of enthalpy addition
M°Ah® and the "capacity of the volume to absorb work" V°Ap”:

‘20
_ M°an°

(DAP vDApo

The product of @, with 1% produces, as expected, the enthalpy-pressure number

p

Scaling of the SBWR Related Tests 2-9
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In summary, the preceding analysis revealed the presence of two non dimensional
numbers, ﬂhp and ﬂpch and a time scale for the system, t° (Equations 2.15, 2.16,
and 2.10, respectively). Identical values for the non-dimensional numbers will have
to be maintained in the prototype and the model.

2.2 Phase Changes at Interfaces

The phase changes at interfaces involve the latent heat of vaporization and the
interfacial mass flow rates and mass fluxes. These are considered in this section.

2.2.1 Latent Heat of Vaporization

An arbitrary enthalpy reference scale Ah° was used in the previous section. It is
obvious that this arbitrary value could be chosen to coincide with the latent heat of
the ligquid used. Indeed, in systems with phase change, this seems to be the obvious
choice. A simple confirmation of this fact will be provided here by considering mass
continuity in a volume where phase change and mass transfers are taking place.

Figure 2-2 shov's such a system consisting of the gas space with a mass M:

M=V Xp,

where p, are the partial densities of the constituents. For simplicity, consider a

saturated mass of liquid vaporized by a heater providing power at the rate Q A
mass flow rate M_ leaves the vapor space of the system. Mass continuity for the
vapor space results in:

dM _ .
_(Tl- - MLG - Mcx (2.18)

where M, .. is the mass transfer rate by boiling given by

M

_Q
w6 =B (2.19)
®
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N ks
—="
. ex

Figure 2-2 A volume containing a pool of boiling water.

where hf‘ is the latent heat of vaporization. Combining Equations 2.18 and 2.19 and
non-dimensionalizing using Q°, V°, I°, p° and h‘f’. as scales, one obtains:

d * L ’ Q* & -
BFW ) p)) = T, ix? - M, (2.20)
.

We note that an alternative phase change number

Q’
n' B i (221)
h
o ® Foony

has appeared naturally. Comparing the two-phase change numbers Tl ok and l'l;wh
(Equations 2.16 and 2.21, respectively), and considering their ratio, it becomes
evident that we should have identical ratios of h‘f’./Ah" in the prototype and the

model. The scale of enthalpies Ah° has not been specified so far; there is in
principle no restriction for its choice. When prototypical fluids under prototypical
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thermodvnamic conditions are used in the model, it becomes evident that a natural
way of satisfying the identical h;.’“/Ah0 ratio reguirement® is to take:

AR = by (2.22)

In other words the latent heat of the fluid provides a natural scale of enthalpies.
Thus we also define

ho
e B (2.23)
hp Apo/pu 0 4

This form of the enthalpy-pressure number will be used instead of I, . (Equation
2.15) in the following sections.

2.2.2 Rates of Phase Change

In the SBWR containment volumes, phase changes typically take place at the free
surface of pools and on the walls. Condensation on structures and walls is limited
by conduction within the structure and, therefore. depends suongly on the conduction
characteristics of the walls. As already noted, couduction in the SBWR structures
cannot easily be simulated by the experimental facilities (see Section 3.5 for details).
It is left as an experimental parameter that must be addressed by measurement and
detailed numerical calculations during data reduction.

In contrast, it is relatively straightforward to scale phase changes at the free pool
surfaces. The flow rates due to phase change at the surface of a pool are given by
the product of the pool surface area A, . times the mass flux due to phase change
m, ;. The latter, in general, may depend on the fluid conditions on both sides of the
interface (p, T, partial densities of constituents Py and on hydrodynamic parameters
controlling mass transfer (i.e., the Reynolds and Prandtl numbers of the fluids). The
hydrodynamic dependence is considered in the bottom-up analysis of Section 3. Here
we derive the scaling of the surface areas. Since the phase change effects were
included in the convective enthalpy terms of Equation 2.7, (by now separating these
and showing them explicitly), we get, instead of the first term on the right side of
Equation 2.13, two terms (the second term could also be a sum of terms involving
phase change at several surfaces):

* It 1s not necessary to deal here with the more complex cases involving use of a different fluid or
of the same fluid but at a different pressure level for the model, since neither of these alternatives
was retained for any of the SBWR related tests. The choice of an alternative modeling fluid or of a
non-prototypical pressure level leads to much more complex and restrictive scaling laws than the
ones derived here.
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. 6]
dp’ - J ¢ T . TU L(JmLGh . & + .
b AN E;/—: [ m, [jlp'(ho‘l - e )] + Ay o myghy — ™) |+ ...

We note a new non-dimensional number

h()

M. = 1 A GmLG
2 APO Ve

Dividing T1, by TI}

hp (Equation 2.23), we find a second, interfacial phase change
number:

2 0
M, Agihg

n  =-—-—= :
ipch nhp Jﬂp(

(2.24)

This number 1s the ratio of evaporative to convective mass addition. It can be used
to scale the pool interfacial areas.

2.2.3 Specific Frequency for Phase Change

Again, we can define a specific frequency for phase change as the intensity of
phase change (rate of vaporization) divided by the amount (capacity) in the

receiving gas volume:
s O
_Agiig
W, 8 ———

vap V()p()

Multiplying by the fill time of the process

0
© =V (2.10)

JO
we obtain the interfacial phase change number:

o _
w‘_up T = Tllp‘_h

In summary, the analysis of this section has motivated the choice of a reference
latent heat h:’g as the enthalpy scale to be used in the enthalpy-pressure and phase
change numbers ﬂ;p and ﬂ;ch (Equations 2.23 and 2.21) and yielded a new
interfacial phase change number Hipch (Equation 2.24).
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2.3 Transfers of Mass Betweer Volumes Driven by Pressure
Differences

Mass transfers between containment volumes are driven by pressure differences; these
could be due to differentiai pressure buildup in two different volumes or may also
have hydrostatic causes. In this section, we derive the similarity laws governing such
pressure-difference-driven mass flow rates in channels (pipes, ducts, etc) connecting
various containment volumes.

The isolation condenser tubes constitute part of such piping in the SBWR. In all the
SBWR-related tests, the isolation condenser tubes have prototypical dimensions and
operate under prototypical flow and pressure drop conditions. Since pressure
differences are generally also preserved in all tests, there are no scaling
considerations for the pressure drop in the condenser tubes. Consequently, only the
case of adiabatic channels is considered here. This, together with the assumption of
incompressible flow made below, allows integration of the momentum equation
assuming constant density and thus simplifies the analysis. Any heat exchanges
between the fluid in channels connecting two volumes and the fluid within the
volumes traversed are clearly small and are considered on an ad-hoc basis in both
system calculitions and for the experimental data reduction.

The general case (Figure 2-3) of a pipe connecting two volumes at pressures p, and
p, is considered. In the receiving volume, the pipe may be immersed in a pool of
liquid; in this case, we call it a venr. We consider here the case of an "open" vent
with flow discharging from the vent

The case of single-phase jivw between the two volumes is treated here since this is
the case in most pipes connecting SBWR volumes. The flow is treated as
incompressible since, at the flow rates and pressure differences considered here, the
vapor can be treated as such. (This question is analyzed ir .nore detail in Section
2.4.2.) The analysis leads to the definition of the characteristics of the piping in the
model.

For pipes that may carry two-phase fiow, the analysis would be similar but would
involve, in addition, a two-phase frictional multiplier, which is a function essentially
of the fluid properties and of flow quality, and, to a much lesser extent, of the pipe
diameter, flow rate and other secondary variables. Since the tests will be conducted
with prototypical fluid conditions, the condition of the fluid entering the pipes will
also be prototypical. For the adiabatic (or nearly adiabatic, except for heat losses)
cases considered here, the two-phase multiplier will thus depend only on identical or
very similar inlet conditions. The effects of the other variables mentioned above are
expected to be of second-order importance. Thus, the analysis presented below
applies also to piping carrying a two-phase mixture.
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tov
| ©,
el
z _.L - Hsub
PL

Figure 2-3 Pipe connecting two volumes and submerged in volume 2.

The one-dimensional momentum equation for time—-dependent flow is:

J 3,2 _ _9op 4 L v e pu’
5;(pu)+-a—z-(pu)- az+pgcost‘) [D+kn8(z z“)]2

The local losses at z are considered by the terms ki8(z -~ z,), where 3 is the
Kronecker delta. This equation is integrated between points 1 and 2 for the piping
system of Figure 2-3, consisting of a number of segments (identified by the
subscript n) having flow areas a_and lengths I The density p is taken as constant,
as discussed above. The integration results in

a, i\&
(P, - P) =~ pllz i@ P
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pu’ a2
- 2 pgl,, - -2—' ZFn [a—;] - pgH (2.29)
where
af |
. -5"—'3 + k_ (2.26)

The k  denote the local loss coefficients; the projections of the lengths of the
various segments (having an angle of inclination ¥) oisr the vertical axis are denoted
by /. H_, is the submergence depth of the vent, and a is a reference cross
section used to eliminate the u in favor of the reference velocity u. Indeed (for the
case of constant-density flow considered here), from continuity:

The reference cross section a_is related to the reference volumetric flow rate by

19 . 0D,
V= ula

The second term of Equation 2.25 has the same form as the F term and c2a be
combined with it:

FEZFni+23§-f§ (2.27)
a; a;  a

The following parameters are also defined to simplify the notation:
The sum of the vertical projections of the various segments, Lg.

L, = 21, (2.28)
and the equivalent inertia length of the piping, L,

L, = 2:—:’,, (2.29)
With these notations, Equation 2.25 takes the form

Py = Hy - ol-.%‘-’f « paL, - Fo3t - pysH,, 50
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Equation 2.30 is non-dimensionalized using as reference variables t:’p. L, v p°

© . . . . . ) g r'
Ap”, and HY ., for times, velocities, densities, pressure differences, and submergence,
sub

respectively. Its non-dimensional form is:

- 0 y 02 + 42
6 = g - - Pt ] 8 1P gLs] ' [FP“'? Lo PLEHZ'ub] H*
2 * ap® T | dt’ Ap® ap® | 2 Ap°® b

(2.31)

Four non-dimensional numbers have appeared: they are all cast as ratios of the
various pressures to the reference pressure drop. These are

The inertial pressure drop number
pUL u\)/t()
[, & et (2.32)
i Ap

a hydrostatic pressure number,

pnng |
r'hyd o Ap° (2.33)
a pressure loss number,
Fpou()Z
”loss B Apo' (2.34)
and the submergence pressure drop number,
HO
m . = PLE s (2.35)
sub Apo

The reference pipe-transit time scale t:’p can be chosen to be the pipe inertial
characteristic time

=

° = — (2.36)
N u

|

>

Then Hm becomes
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pouo2
w = hpd (2.37)
Dividing T, , by T1_,. we get
M _ 0% Ly (2.38)
nsub pL ngh

Since for prototypical fluids the density ratio p"/pL appearing in the equation above
is preserved, we conclude that, instead of considering conservation of Il .. it is
sufficient to preserve the length ratio

L
¥

H?

sub

Finally, since
. =J1 F

loss in

instead of IT_ . it is sufficient to preserve I, and F or their product.

2.3.1 Transit Times in the Piping
We consider now the specific frequency of the transfers of mass in the piping.

Again, considering the ratio of an intensity of transfer (the volumetric flow rate) to
the (volumetric) capacity of the piping, we obtain

A
W = = (2.39)
o 2 lnan LVar

where the equivalent volume-length of the piping L, is

a
L, = 23"31,, (2.40)

The pipe transit time is the inverse of @ :

Ly
= :% (2.41)

L
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The product of @  times the inertial characteristic time 1| (Equation 2.36) produces
a non-dimensional number relating inertial and transit times:

0 -
to L _m o Jt) E_
trin T" LVar u®
Since
Qo =X 0
; = au
we find that
o
° = Sin _ _lil
trin ‘C” g

(2.42)

This produces ancther geometrical ratio that should be preserved.

In summary, the analysis of this section shows that we are left with Lg/H:ub, v

(Equation 2.27) or the product T1 F), the ratio L /L, (Equation 2.42), and only Il
and I1_ . (Equations 2.37 and 2.35, respectively), as the non-dimensional quantities
to match between prototype and experiment. Two additional time scales 10 and T,
Equations 2.36 and 2.41, were also identified.

2.4 General Scaling Criteria

The criteria derived in Sections 2.1, 2.2, and 2.3 will! be combined now to arrive at
general scaling laws for the models of the SBWR,

Recall that the test facilities are designed to operate with prototypical fluids under
prototypical thermodynamic conditicias. In addition, the following non-dimensional
numbers must be matched:

Enthalpy—Pressure Number
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0
hfg

M, = — (2.23)
hp Apulp(
Phase~Change Number
20 N0
’ ' = L() e Q (2 21)
pch 194030 g0y 0 )
p h,!z M hfg
Interfacial Phase Change Number
s s 0 QO
ALGm‘L(j ) ALGmLthg |
nupch - %50 - npch Q() (2.24)
0
Inertial Pressure Drop Number
poun:
1 = - (2.37)
in ‘Sp
Submergence Number
- H\)
I, = -—-‘—Hf A8 (2.35)
Sp
In addition, we have defined three time scales that must be matched, namely <,
1, and T :
mn ir
= X (2.10)
J
: L,
T = poaet (2.36)
mn u
r
_ foix
o= =L (2.41)
r
and three geometric parameters,
L
g
14
Hsub
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with Lg. the sum of the vertical projections of the piping segments defined by
Equation 2.28; the ratio of the equivalent inertia and volume lenghts of the piping,

P
L “~ G 'n
g = (2.42)
n
v Z'a—rr
and the total flow resistance of the piping,
P i
F=2F |5 +2-%--% (2.27)
4 o T
where
a1 ” A
Fn - D - kn (2.26)

As noted in Section 2.3, instead of preserving both F and I1 _, it is sufficient to

preserve their product, TI,  (Equation 2.34).

2.4.1 Comparison of the Time Scales

The three time scales produced by the analysis of the previous sections (1°, t:’n‘ and

t,) scale the rates of volume fill, of inertial effects, and of pipe transfers,
respectively. Clearly, the systems considered here are made of large volumes
connected by piping of much lesser volumetric capacity. The pressure drops between
these volumes are not expected to be dominated by inertial effects. Thus the inertia
and transit times, which are of the same order of magnitude, are much smaller than
the volume fill times:

18]

0 Bt
T > Tm i t”

We conclude that the time scale that "must” be preserved is 1° and we write

1, = | (2.43)

where the subscript R denotes the ratio between the corresponding scales of
prototype and model for the variable z:
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z
prot
2, =
R zmud

The other two time scales (controlled by the geometric characteristics L, and L, of
the piping) are clearly of lesser importance.

In other words, we expect the time behavior of the system to be controlled by the
volume fill rates (or t°). The pipe transit times and the inertial time scale of the
piping (‘1:3r and 7)) are much shorter; the overall dynamics of the system are not
controlled by such effects. Thus, in relation to the time constants of the system, the
lengths of piping connecting containment volumes and the velocities in these pipes
do not have to be scaled exactly.

2.4.2 Compressibility of the Gas Flowing in Pipes

The gases flowing in pipes connecting containment volumes were treated as
incompressible; this assumption is justified in this section.

We start from the continuity equation, written for the pipe segment of Figure 2-4,

%4. =M, - M, (2.44)

where M, and M, are the mass flow rates at Sections | and 2, respectively; in
general

M= Appu

M 15 the mass contained in the pipe of volume Vp:Apr and average density p.
We non-dimensionalize Equation 2.44 by defining

Ml
pt = &
Py

and a pipe transit time

L
o p
Ww® o
Ny
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Equation 2.44 takes the non-dimensional form

T:’r p* = \4? - Vl; (2.45)

Sle

It is evident that if t) and the rate of change of the average density are both
small. the mass flow rates at the inlet and the exit of the pipe will be
approximately equal, M} = M3, or M, =M,. Clearly, the pipe transit time T) must be
compared to the other time constants of the system; namely, the ones determining
the variation of the conditions in the containment volumes (ie., t°). The same
volume fill constant 1° determines the rate of variation of the inlet density p, and.
consequently, of the average density P in the pipe.

2.4.3 Length Scales of the System

The three geometric parameters that have appeared (ie., Lg/Hi’ub. L/L, and F) are
considered now.

In facilities preserving vertical heights, the ratio Lg/Hfub is clearly conserved. The
ratio L /L, scaling inertial to transit times in the piping should not be ver)
important, according to the discussion of Section 24.1. It can, however,
approximately at least, be conserved. Thus, we require:

Figure 2-4 A pipe segment connecting two volumes.

L]
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(L

H

L

R

= | (2.46)

)

sub Vv
The factor F, (Equation 2.27) determining the total flow resistance of the piping is
important. This factor does not have to be scaled alone, however, but rather as the
product Il F, as shown in Section 2.3. The scaling of the pressure losses in the
piping is considered in Section 2.4.5 below. Since the F values of the models can in
general be larger than those of the prototypes (because of the smaller diameters in
the ratio fI/D), the velocities in the model may end up being smaller than those of
the prototype. This is not important as long as the transit times between volumes
are small compared to the volume fill times t°, as discussed in Section 2.4.1.

2.4.4 Other Reference Scales in the System

We have already dealt with the time and geometric scales in the preceding two
paragraphs. We can consider now the remaining five non-dimensional numbers listed
at the beginning of Section 2.4 and repeated here for convenience:

h?
Enthalpy-Pressure Number n, = 3—%’% (2.23)
ip Ap”)
QC)
Phase-Change Number n . = — (2.21)
pch Jﬂpoho
fg
A m/
Interfacial Phase Change Number ﬂ,prh = ’}G LO (2.24)
i p°
; puu;)z
Inertial Pressure Drop Number n, = poe (2.37)
p
p, gH,
Submergence Number n, = —%—-Bﬂ'-l: (2.35)
' p
and the time scale 1°,
o
= ¥ (2.10)

j-O

To achieve proper scaling, the five non-dimensional numbers listed above must have
the same values for each pair of svstem and model components (the values that a
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non-dimensional number takes wiil of course vary between pairs of components).
This leads to the definition of the proper scaling ratios between prototype and
model. For example, conservation of the enthalpy-pressure number everywhere in the
system leads to the scaling requirement:

0
h fg

R
for all system components®.

The minimum set of independent reference scales appearing in the non-dimensional
numbers listed above is:

sub’

A 0 10 .
h;g. ap% p°% QL 1, Ay My, oy, HO L, and VO

The reference scales can be chosen uniquely for the entire system or, alternatively,
for each system component. This does not make any difference, since it is only
ratios of scales that must be compared between protoiype and model; these ratios
are the ones denoted by the subscript R, as shown below.

When prototypical fluids are used, h:.’g, p°, py, and rh;iG need not to be considered.
(Some reservations were already made regarding the conservation of the phase
change flux mEG in Section 2.2.2; these are discussed in Section 3.) Thus, we are
left with only

ap®, Q% 1% A . w’, H®,, and V°

LG sub’

We are left with seven independent scales and only five non-dimensional numbers,
plus an arbitrary “system scale" to be determined. However, no choice for a Ap®
scale has been made up to this point. The submergence hydrostatic head pl_gH‘s’ub 15
an important parameter, since it largely controls the flows of mass and energy
between the SBWR containment volumes. Thus it appears to be the natural choice
for the (so far, arbitrary) value of Ap”. By dictating the use of the submergence
hydrostatic head as the reference pressure drop, the submergence number IT_,

(Equation 2.35) takes the value:

® The subscript R, already defined in Section 2.4.1, denotes the ratio between corresponding quantities
in the prototype and the model.
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in both prototype and model, and

Ap” = p gHl, (2.47)
Thus, all pressure drops will scale with pLgH;’uhA and the submergence number I1_
needs no longer to be considered. Inseition of Equation 2.47 in the enthalpy-pressure
number, Equation 2.23, yields:

o Ko

. P fg
't T . 2.48
W pl‘ gH(s)uh ( )

)

Since the fluid is prototypical, (p"h:g/pL)R:l. and Equation 2.48 shows that the
submergence depths must be conserved at a scale of 1:1,

(H g =1 (2.49)
Otherwise, the rates of pressure change due to thermodynamic evolutions (considered
in Section 2.1) will not match the pressure differences driving the mass and energy
transfers between volumes (considered in Section 2.3).

We are left now with five scales:

Q" I° A u° and V°

and three non-dimensional numbers:

npch‘ ntpch‘ and nm

Conservation of the phase change number Il;w dictates the need to preserve the

h
ratio Q/J°. Similarly, conservation of the interfacial phase change number, |
requires preservation of the ratio ALG/?‘ Clearly, this can only be achieved by

Q= Jp (= M) = (A e =R (2.50)

LG'R
where R is the "system scale”. Thus, heat addition, flow rates, and horizontal areas
must scale with the system scale R. Since the volume scale V° appears only in the
time constant t°, one could in principle conduct tests at a different time scale (not
1:1) by modifying the volume scale V.. This is possible as long as t° is the
controlling time scale, as already discussed in Section 2.4.1. Acceleraied tests can,
for instance, be conducted by decreasing V, or increasing equally the other scales,

Qp = My = Jp = (A ;) Conservation of the time scale 1° also implies (in any
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case) preservation of the ratio V%/J°.

2.4.5 Scaling of the Piping

Scaling of the pressure drops between compartments requires consideration of the
product FI1 . as shown in Section 2.3. Since Ap, = (p gH_)g = 1, this amounts
to

[07F), = 1
Since
.
o _ J
U =37
r
we obtain
7) i3
[ar R = (F) ]R
or
1
2y = (524 -
(dr)R = (F J)R aSl)

This equation determines the reference flow area scale (a). The factor F,
Equations 2.26 and 2.27, depends on both the frictional losses in the pipes, ie. on
the groups 4f [ /D , and on the form losses k. The latter are generally insensitive
to scale. Since the model diameters D are smaller, however, the F factors of the
models tend to be larger. Thus Equation 2.51 leads to an increase of the model pipe
diameters; this reduces the flow valocities.

In practice, pipe scaling is performed according to the following procedure: the pipe
cross-sectional areas in the scaled facilities are oversized for convenience; this leads
to somewhat lower flow velocities in the pipes. Thus, considering only the form
losses (for which the loss coefficients are only weakly dependent on flow velocity or
Revnolds number), the total Ap’s in the models would be lower than prototypical.
On the contrary, wall friction in the scaled facilities is larger (due to larger values
of the fl/D values produced by the smaller pipe diameters), as it cannot be
compensated in general by the decrease in velocity. Usually (and fortunately), the
total pressure drops in the piping are dominated by form losses, so that the total
Ap’s in the scaled facilities end up being somewhat smaller. They can therefore be
matched by introducing additional form losses by local orificing.
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The pipe flow areas determined in this fashion result in velocities that do not lead
to matching pipe transit times, as expected. Indeed, using Equation 2.51, the
velocity scaling ratios are given as:

Wl = 3], = F (2.52)
As already noted, since the F values of the models are in general larger than those
of the prototypes, the velocities in the model are generally smaller than in the
prototype. This is not important as long as the transit times between volumes, t:’r
(Equation 2.41) are small compared to the volume fill times 1°, as discussed in
Section 2.4.1, and as long as extremely low velocities do not introduce new
phenomena in the models.

The matching of the pressure drops in the various facilities is again discussed in
Section 4: in summary, matching of the total pressure drops is accomplished by
using orifices in conjunction with convenient choices for pipe diameters.

2.5 Summary

The analysis presented in this section has shown that, when prototypical fluids under
prototypical thermodynamic conditions are used:

- The elevations in the prototype and in the model must be identical, especially
the submergence depths of the vents.

~ The volumetric flow rates, heat inputs and horizontal pool areas must be scaled
according to the system scale R,

QR = jR (= MR) = (A gl = R (2.50)

-~ If, 1n addition, the volumes are also scaled with R,

VR=R

the time scale between model and prototype is l:1. In this case, we can speak
of a vertical slice or vertical section model of the prototype.

- The pipe flow areas must be geometrically similar and the reference cross-
sectional areas a_ must scale like
1

(a)p = (F* D) (2.51)
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where the factor F, determining the total pipe losses. can be adjusted by
introducing local losses in the model to match the pressure drops, if necessary.

~ The pipe flow areas determined in this fashion result in velocities that do not

match the pipe transit times; usually, the velocities in the model may be smaller
than those of the prototype. This is, however, not important as long as the
transit times between volumes are small compared to the volume fill times 1"
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3. Scaling of Specific Phenomena - Bottom-Up Approach

The scaling of particular SBWR system components in relation to specific
phenomena and processes considered important is conducted in a bottom-up fashion
in this section. The discussion is limited to the spatiai-scaie-dependent phenomena
ranked as important in the SBWR PIRT and not considered generically in Section 2.

3.1 Important Phenomena

The SBWR PIRT was used to identify the phenomena of safety importance for post-
LOCA behavior of the SBWR. The important phenomena for each subsystem or
component and for each phase of the class of accidents considered were identified.
Table 3-1 lists all phenomena that received importance grades of 7, 8 or 9 on a
scale of 0 to 9. The phenomena (in each of the three main phases of the class of
accidents considered) are listed, together with the subsystems where they are
expected to be of importance.

The last column of Table 3-1 shows how the scaling issue for each phenomenon
was addressed. In several cases (e.g., "friction"), the scaling concern was addressed
genericaily in the top-down scaling analysis of Section 2. Such phenomena are
marked “top-down.” In the case of condensation phenomena within the condenser
tubes, scaling is addressed by the use of full-size tubes in system test facilities,
supported by the single-tube tests at MIT and UCB. The University tests are
summarized in Section 3.6.2. Detailed "bottom-up” scaling is provided in the
following sections for the remaining phenomena identified in Table 3-1. In these
cases the number of the particular section where the scaling is addressed is shown
in the last column of the table.

3.2 Thermal Plumes, Mixing, and Stratification

Thermal plumes, mixing and thermal stratification phenomena can be encountered:

- In the DW and in the gas space of the SC, for steam and noncondensable gases
(nitrogen or hydrogen).

~ In the suppression pool.

Combinations of single-phase/two-phase, axisymmetric/plane, and free/wall plumes
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3. Scaling of Specific Phenomena - Bottom-Up Aproach NEDC-32288
Table 3-1
Important Phenomena Identified in PIRT
PHENOMENA/PROCESSES LOCATION IN SYSTEM SCALING

Late Blowdown Phase (of importance for GIST tests)

Critical flow break, main vents, SRV guenchers,

DPV . ... top-down®
Friction break, main \ems SRV quenchers

DPV, IC/PCC lines . . . . LT b top~down
Void fracton/interfacial shear main venls, SRV quemhers DPV top-down
Phase separation/interfacial shear DW, SC(SP) top-down/Sec. 3.2
Liguid entrainment break, main vents, SRV guenchers,

g gL el Sy - top-down
Entrainment in jets SC (SP: gas/hquld) Sec. 35
Component separation/mixing DW (gases) Sec. 3.23
Flashing/evaporation DW top~down
Inmerfacial heat transfer/condensation DW, SCimain + PCC vents, SRV

quencher) . . . . A top-down/Sec. 3.5.2
Degradation of condensation SCigas space), SC(main + PCC vents) top—down/Sec. 3.5.2
Condensation in tubes i, PCO Univ, tests/Sec. 3.6.1
Degradation of condensation in tubes PCC Univ, tests/Sec. 3.6.1
Shear-enhanced condensation IC tubes, PCC tubes Univ. tests/Sec. 3.6.1

GDCS Phase (of importance for GIST, GIRAFFE, and PANDA tests)
Friction GDCS injection line top-down
Condensation 1 tubes IC, PCC Umiv. tests/Sec. 3.6.1
Degradation of condensation in tubes PCC Univ. tests/Sec. 3.6.1
Shear-enhanced condensation IC tubes, PCC tubes Univ. tests/Sec. 3.6.1
Long-Term Cooling Phase (of importance for GIRAFFE and PANDA tests)

friction PCC lines top-down
Phase separation/interfacial shear SCigas space) top-down, Section 322
Component separation/mixing DW, SC(gas space) Sec. 323
Mixing/entrainment into jets DW (gases), SC(SP: gas/liquid) Sec. 3.2, 35
Buoyancy/natural circulation DW, SC(SP), IC pools Sec. 3.2, 362
Forced flow PCC fan top-down
Interfacial heat transfer/condensation SC, PCC wvents, pool surfaces,

containment spray . % Sec. 33, 3352
Degradation of condensation (n/c’s) SC, PCC vents, pool surfm.es

containment spray . . . . . . . . . Sec. 3.3. 352
Condensation in tubes PCC Univ.tests/Sec. 3.6.1
Degradation condensation in tubes POC Univ.tests/Sec. 3.6.1
Shear enhanced condensation PCC tubes Univ wests/Sec. 3.6.1
Lateral entrainment in 2-phase flow condensers in IC pool Sec. 3.6.2
Componem separation PCC tubes Univ. tests
Conduction in walls/int'nal structures DW, SC Not scaled/Sec. 3.4
Steam bypass/leakage DW-SC Top-down
* reduced to correct definition of the choked area
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3. Scaling of Specific Phenomena - Bottom-Up Aproach NEDC-32288

for fluids emerging from venis or originating on hot or cold wall surfaces can be
encountered. The various stratification, plume, and jet situations are sketched in

Figure 3-1.

The situations involving mixing induced by plumes are discussed in this section,
while the condensation phenomena from either jets or two-phase plumes are

considered in Section 3.5.2.

i
: c) PCC vent into SP, 1- or 2-
a) PCC vent into SP 1-phase b) PCC vent into SP, 2-phase phase
" TR - I\ I
= ) \l\ ‘l/
_____/////_
| 7 \ )
\‘-?31 ?7) — W P——"
O ; sC
d) PCC vent with quencher e) Steam injection into DW f) Vacuum breaker (circular
ring linear source)

{"linear source")

Figure 3-1 Thermal plumes aad jets, and associated mixing and
stratification phenomena in the SBWR.
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3.2.1 Stratification and Mixing of the Suppression Pool

Possible stratification of the suppression pool is an important issue, since the
temperature of the top layer of pool water determines the saturation pressure of the
vapor in the gas space of the SC which, together with the partial pressure of the
noncondensable gas, determines the containment pressure level.

The PCC vents inject noncondensable gases and steam into the SP at temperatures
somewhat in excess of the SP water. Ideally, the steam condenses near the injection
point. (Other possible situations, such as partial channeling of steam to the SP gas
volume, are discussed in Section 3.52.) The SP may become stratified during the
long term containment cooling phase, since the hot gases and the hot condensate
will create plumes that will rise to the surface of the pool and spread horizontally.

3.2.1.1 Horizontal Spreading

The horizontal spreading of the hot plume on the pool surface takes place at a
velocity having as order of magnitude the velocity of a gravity wave (e.g., Moody,
1990) given by

JgH

where H is the height of the "film" of hot water spreading on the colder pool
suzface. For a hot water layer of only | mm thickness, we obtain a horizontal
spreading velocity of the order of 0.1 m/s. Thus, within a few tens of seconds at
most, the hot water spreads on top of the poel up to the walls. This time is short
compared to the time scale of containment response and the horizontal spreading of
the plume can be considered as being instantaneous®.

Consequently, at any instant, the surface of the pool will have a temperature equal
to the average plume temperature reaching the surface of the pool. That temperature
will depend on the dilution of the initial mass injected by the rate of entrainment of
liguid into the plume from the colder pool (i.e. on plume behavior only).

3.2.1.2 Vertical Stratification

The layers of hot < ..er spread on the surface of the pool will be displaced
downwards by subsequent, hotter layers spreading on the surface (Smith et al.,

® This statement can be verified in the PANDA test facility where the hot plume rising from a vent
in one of the SC vessels can spread towards the nearest vessel wall and also cross the large pipe
connecting the two SC vessels and propagate in the second vessel, traversing a much larger distance,
comparable to the curcumferential distance between vents in the SBWR SC.

Scaling of the SBWR Related Tests 3-4
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[992). This process will produce a degree of pool stratification, dependent, of course,
on the amount of entrainment into the plume from the surrounding pool. With
sufficiently large entrainment, the liquid reaching the surface of the pool will be
only slightly above the pool average temperature, and the pool will be well mixed
above the injection point.

If the entrainment into the plume is scaled properly (i.e., if the plume reaching the
surface of the pool has the correct temperature history), it is evident that the correct
scaling of the stratification (i.e., identity of the temperature gradients in a vertically
1:1 scaled facility or, alternatively, identical downward displacement velocity of the
stratified fluid front) requires pool surface area to volumetric flow rate scaling:

(Alglk =dg = Q =R

This condition already resulted from the top-down scaling considerations of Section
2. Thus, we will concentrate now on scaling of plume behavior.

3.2.2 Scaling of Plumes in Suppression Pool

Free plumes can be classified as laminar or turbulent. Geometrically, one
distinguishes between axisymmetric round plumes and plane plumes. Thus, four
different combinations exist (Gebhart et al., 1988). The scaling of plumes was
recently discussed in relation to the SBWR by Peterson et al. (1993). Wall plumes
{i.e., plumes rising around pipes or other vertical walls) provide lesser entrainment
than free plumes (ibid) and should be avoided, if good mixing is desired®. Simple
vertical pipe vents located near the vessel wall were, however, used in the
GIRAFFE facility. Such vents will create wall plumes; this question is further
discussed in Section 4.2.

The scaling of fully-developed plumes (ie., plumes having self-similar radial
distributions at various elevations), is relatively straightforward. The discussion of
this section applies to such plumes. It is also assumed that the plumes do not
interact with vessel walls and with neighboring plumes. This will be the case in
sufficiently large-scale experiments.

In the following discussion, we consider first a free, round, turbulent, buoyancy
driven plume. According to List (1982), at a given height z, the plume volume flow
rate J(z) is given in this case by

© The PCC vents will be terminated by either horizontal quenchers distributing the gases essentially
as a plane plume, or by a numi =t of nozzles providing multiple free round plumes.

Scaling of the SBWR Related Tests 3-5



3. Scaling of Specific Phenomena - Bottom-Up Aproach NEDC-32288

s
3

] = k“ B z (3.1)

s |—

where B 1s the specific buoyancy flux

pﬂ 1 pn

B=g- 5 J (3.2)

Q
O

kp a coefficient, and 30 the volumetric injection rate of mass at a density p |
different from the ambient pool density p_. In the case of steam condensing at the
exit of the vent, jo would be the resulting volumetric flow rate of condensate at
temperature T_ injected into the pool at temperature T . The energy brought into the
pool by the temperature increment T ~T,  will remain in the plume. The average

temperature of the plume at an elevation z, T(z) can be obtained from an energy
balance between the injection point and z:

FT, - T) = l@)(T@ - T, (3.3)
Combining Equations 3.1 through 2.3, one obtains®
T2) -T, . s
= = = :
TU - Ta Hz) Kk gpa - p()]”3 25/3
H P,

For prototypical fluids and identical temperatures between prototype and model, one
concludes that

jz/.\
Tiz) - T, = |== (3.5)
( R = | 73R
Thus, one finds out that when the vertical elevations are preserved,
(T@) ~ T,) = 45 = R (3.6)

and that, in general, the temperature of the plume reaching the surface of the pool
will not scale properly, since [(T(z) ~ T ), in the model will be smaller by a factor

R** than in the prototype instead of being equal. Physically, this is mainly due to
the fact that we are dealing with the behavior of a point source that is much
weaker in the model. The buoyancy flux injected at a point fully determines plume

" The same dependence on J and z can be obtained following the scaling laws provided by Chen
and Rodi (1980), Chapter 4.
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3. Scaling of Specific Phenomena ~ Bottom-Up Aproach NEDC-32288

behavior and cannot be scaled (at least when submergence is maintained): the lower
buoyancy and entrainment provided by a weaker point source are only partially
compensated by the corresponding reduction in the heat input.

However, it is most likely that the vent design of the prototype will spread the
gases into the pool via a number of small vents or a quencher, producing essentially
a plane plume from a line source by a linear arrangement of multiple nozzles.
According to Equation 3.4, distribution of the gases in N nozzles, each having a
volumetric flow rate J/N, will reduce T(z)-T, by a factor N?? and essentially
promote mixing.

In this case. perfect scaling of stratification of the pool can be achieved by
choosing

N-_—QR=j=R (3.7)

In essence, this produces a scaled number of identical plumes in the prototype and
the model.

In the case of a linear quencher, perfect scaling can be achieved by including in
the model a scaled fraction of the total length of the quencher in the prototype.
This produces in the model an identical segment of the prototype plume. In this
case, the length of the quencher in the model should be scaled down by the system
scale R.

If a design havin, a few large vents only is retained for the SBWR, there will be
some unavoidable scaling distortion regarding pool stratification, according to
Equation 3.4, unless one attempts to modify the plume height in order to have

jas
(Tiz) =T ) = |==| =1 (3.8)
alR _25/3 R
or
(H_ ) = (137 (3.9)

It is unlikely. however, that good simulation will result since, for short plumes, the
similarity conditions upon which the theories used above rely break down. The
behavior of relatively short plumes is strongly affected by their initial developing
region in a way which is difficult to analyze and scale. We have already seen in
Section 2 that modifying the submergence depths distorts the thermodynamic behavior
of the system. If the unlikely case that a few large vents are retained for the
SBWR, this scaling difficulty could be resolved by conducting two series of
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experiments covering submergence depths meeting both requirements. In one series of
such experiments, the emphasis will be on pool stratification and in the second, on
containment thermodynamics. Thus, a system code could be qualified regarding both
aspects of the problem. This may not be required, however, if there is no significant
stratification in the system due to efficient mixing by the vent plumes, as discussed
below.

A variety of situations can be encountered. depending on the rate of injection of
steam and noncondensables from the PCC vents. When the steam injection rates are
high, one would expect stratification, in spite of better mixing of the pool by ihe
higher entrainment rate, because of the larger source term, as shown by Equation
3.4. However, any amount of noncondensables present in the steam will strongly
promote mixing by creating two-phase plumes. Two-phase bubbly plumes can be
shown to be much more effective in mixing the pool than single-phase plumes
(Coddington, 1993a). Information on entrainment in bubbly plumes is provided by
several authors: Fannelop and Sjoen (1980) and Milgram (1983) also review previous
work. Relevant information on the behavior of two-phase plumes related to aerosol
pool scrubbing experiments was reported at a specialized meeting (Huebner, 1985).
The directly related question of condensation of steam containing noncondensables
injected from the PCCS vents is discussed in Section 3.5.2. In any case, the use of
a scaled length of the prototype quencher in the test facility will lead to correct
scaling of the mixing process.

3.2.3 Stratification and Mixing of Gases in the Drywell

A situation similar to the one presented in the previous section for plumes in the SP
arises regarding hot or cold and/or steam or noncondensable-gas plumes in the DW.
The geometry of the DW is relatively complex anrd the plumes can interact with
structures, walls, etc. Releases from breaks in the primary system will create hot
plumes or jets of steam; vacuum breaker openings will introduce plumes or jets of
gases from the SC into the DW. Differences in the emperatures of vertical surfaces
in the DW can produce rising hot and descending cold wall plumes; free plumes can
be created by evaporation from the surface of pools of water. In relatively simple
geometries, the correct scaling of such phenomenz will be possible as long as the
situation can be characterized by identical plumes or segments of linear plumes
formed from nozzles or jets, both in the prototype and the modeis; this is the case
of plumes created by a relatively large number of injection points or by linear
sources.

For free round plumes, there is also the possibility of modifying the height of the
fluud above the injection point and/or the volumetric flow rate per injection point 10
provide for correct scaling, according to Equation 3.5. The same dependence of

Scaling of the SBWR Related Tests 3-8



3. Scaling of Specific Phenomena ~ Bottom-Up Aproach NEDC-32288

plume behavior on height and volumetric flow rate was obtained by Peterson et al.
(1993), who also consider both buoyant jets and plumes, as well as the transition
points between laminar and turbulent situations; consideration of the latter is also
required for correct simulation of the plumes.

The elevations of the injection points could not be modified in the case of plumes
in the SP considered in the previous section, since submergence of the vents had to
be preserved. The absence of submergence preservation constraints in the DW opens
the interesting possibility of modifying the elevation of the injection points in the
models to better meet the scaling criteria using scaling criteria similar to the ones
presented by Peterson et al. (1993); such scaling must be performed on a case-by-
case basis.

The primary system steam injection situations that can be encountered in the DW of
the SBWR are necesserily very diverse. The scaled experiments can also provide
information about limiting envelope situations that can be used for code asessment.

The vacuum breakers can be visualized as horizontal disks, having a diameter of
the order of 0.5 m, lifting under the pressure difference between the SC and the
DW. Plumes from the vacuum breakers will likely inject gases at an angle close to
the horizontal from the circular rim of these disks. Thus, to a good approximation,
the jets/plumes from the vacuum breakers can be considered as linear sources having
as length the perimeter of the vacuum breaker (Figure 2-1f). Correct scaling can be
achieved by having in the models the scaled fraction of this perimeter.

3.3 Heat and Mass Transfers at Liguid-Gas Interfaces

Heat and mass transfers at liquid-gas interfaces (such as the surface of pools and of
liguid films draining along the walls) depend on the interfacial surface area and on
the variables driving the exchanges, namely, the state of the fluids at the interface
and the hydrodynamic condition (i.e., the fluid velocities) near the interface.

The scaling of the horizontal interfacial surface areas was considered in Sections
222 and 2.4.3. The horizontal interfacial areas (e.g., pool surfaces) can be made to
correctly scale with the system scale: (A ), = R. The fluids used in the experiments
and their thermodynamic states are prototypical. Thus, regarding mass transfers at
horizontal interfacial areas, the only remaining scaling issue is the effect of the
hydrodynamic conditions, i.e. essentially of the fluid velocities near the interfaces.
This question is examined in Section 3.3.1 below.

The situation is different for vertical interfacial areas such as liguid films on the
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walls. Phenomena taking place at vertical surface areas cannot be scaled accurately,
since these areas cannot be scaled down exactly. More important, the heat transfers
into the walls, which are often driving the interfacial mass transfers (e.g.,
condensation on liquid films along the walls), cannot be scaled eiiher, due to the
widely differing conduction heat transfer characteristics of the structures. However,
they can be accurately - *imated (see Section 3.4). Thus, we should only make sure
that the vertical-interface phenomena taking place in the SBWR and its models are
of similar orders of magnitude in relation to the heat and mass transfer phenomena
which dominate overall system behavior. The data obtained from the scaled
experiments can then be used to gualify the system code.

3.3.1 Interfacial Transfers at Horizontal Surfaces

The state of the fluids in the models being essentially prototypical, the temperature
and concentration differences driving the interfaciai exchanges should be very similar
in the prototype and the models. The remaining question raised here is the effect of
the flow conditions in the proximity of the interface on the heat and mass exchange
coefficients.

The rates of condensation or evaporation on horizontal pool surfaces will be limited
by diffusion of noncondensables or sensible heat transfer on the gas side and by
heat transfer on the liguid side. No rapid circulation of either the water or the gases
near the pool surface is expected (except in the presence of strong plumes reaching
the surface, as discussed below). In most situations we may encounter rather
stagnant flow conditions. If there is flow (on either side) parallel to the interface,
the heat and mass exchange coefficients will depend on some fractional power of
the Reynolds number (ie., of the velocity of the fluids). It is not possible to make
general scaling statements regarding such flows and their influence on the interfacial
exchanges. No strong effects should be expected, however, unless some particularity
of the design creates locally high velocities. Such questions should be examined
case-by—case for all the facilities involved.

Strong single-phase or two-phase plumes reaching the surface of pools will spread
horizontally and produce significant movement of the surface water. In this case the
exchanges between the gas and the liquid spaces will be enhanced. Such phenomena
will be properly scaled if the plumes themselves are scaled adequately (see Sections
3.2 and 3.5).
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3.4 Heat Capacity of Containment Structures and Heat Losses

The walls and structures of the SBWR containment are complex composite structures
with very large heat capacity. The massive reactor pressure vessel (RPV) is an
additional source of stored heat. These cunnot be easily simulated in scaled
experimental facilities typically made of relatively thin-wall vessels, and no such
attempt was made, One should remark, however, that the importance of both heat
release from the RPV and of heat "soaking” into the containment structures
decreases with time (as the structures come into temperature equilibrium with their
surroundings and exchange less heat). Thus, for the long-term behavior of the
experimental facilities considered here, heat exchanges with the RPV and the
containment structures do not constitute the dominant heat sink.

More specifially, for the DW, in the long term, heat exchanges with structures are
not important except to the extent that they may produce temperature gradients from
one place to another, which may influence mixing. The amount of heat transferred
to DW structures would be totally negligible compared to removal via the PCCS. In
the SC, the situation is different; the outer containment wall can become a
significant heat sink for energy that comes by heat conduction and bypass leakage
from the DW,

Fitch (1993) used the TRACG Code to estimate the heat release from the SBWR
RPV and its contents to both the primary coolant and to the air space in the DW.
The calculations show that the heat release is essentially complete one hour after
the beginning of depressurization. The overwhelming fraction of the heat (some 40
full-power seconds) is released to the primary coolant, while a sma!l fraction
(roughly 0.7 full-power seconds) goes directly from the RPV outer wall to the DW.

In the case of GIST, the water inventory in the RPV was increased to compensate
for RPV metal heat release and arrive at an adequate simulation of level swell in
the vessel (Billig, 1989). Heat release from RPV structures was not explicitly
modeled in GIRAFFE. However, in view of the fact that the GIRAFFE tests are
related to system behavior at least one hour after LOCA, this can be considered to
be a minor effect. The same could be said for PANDA, but the decision was made
to include it, since the necessary calculations are available and it is easy to
accommodate the metal heat release through a small adjustment in the programming
of the RPV electric heaters.

The heat losses from the systems considered are a directly related issue. Because of
its much smaller volume-to-surface ratio and larger heat capacity, heat losses from
the SBWR are relatively much smaller than from the experimental facilities. It is
important to measure accurately the heat losses in the experimental facilities for
application of the test data to computer code qualification.
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Heat losses in GIST were not measured but, on the basis of engineering judgment,
supported by computer calculations, are believed to be of second-order compared to
the dominant energy transfers which govern the behavior of the facility. In the early
GIRAFFE tests, heat losses were significant but were carefully measured and were
compensated by an increase in the electric heater power. In the second series of
GIRAFFE tests, efforts were made to minimize the heat losses by instaling guard
heaters below the insulation on certain system components (Vierow, 1993). The heat
losses during the PANDA experiments are expected to be relatively low and will be
defined on the basis of extensive measurements. Additional discussion regarding the
heat losses for the various experiments can be found in Section 4.

The concerns regarding any influence (on the overall behavior of the system) of hcat
storage and release from the RPV and containment structures and/or of heat losses
from the experimental facilities are of significance only if such influences distort
system behavior and lead to states of the system in the experiments which differ
significantly from the expected behavior of the prototype.

It is important to note that the heat capacity of both the SBWR containment and of
the corresponding parts of the experimental facilities, and the effects of transient
heat conduction in the various structures and/or losses from the system, can be
considered in computer calculations with a system code. Since conduction
calculations are very well understood and can be performed with the necessary
degree of spatial detail, and the thermal resistance i1s dominated by insulation with
known properties, no significant uncertainty is expected in such calculations.

The conduction calculations need the fluid-to—wall heat transfer coefficient (h.t.c.) as
input. The value of this hitc. is important and may be limiting the soaking rate
during the initial period of transient heat transfer to wall and structures, during
which the heat flux can be high. Afterwards, the heat flux into the walls and
structures is usually limited by conduction, rather than convective heat iransfer to the
surface. Thus, although there may be some uncertainty regarding the condensation
h.t.c. in the containment volumes, this uncertainty will not affect the calculated heat
soaking rate.

In conclusion, the structure heat storage and heat loss issues for the experimental
facilities can be addressed adequately via data reduction and by the system codes
for both the SBWR and the experimental facilities.
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3.5 Scaling of the Vents

The main (LOCA) vents will operate during the blowdown phase of the accidents
considered; this phase is investigated in the GIST tests. The dynamics of main vent
clearing is not an issue for GIST since vent flow i1s well established by the time
the RPV pressure falls below the initial pressure of these tests. The main vents are
not normally expected to open during the long-term containment cooling phase.

The PCCS vents will inject mixtures of steam and noncondensables into the SP
starting with the blowdown phase and continuing thereafter.

The important phenomena that must be considered to understand the operation and
consequently to properly scale the vents are:

(a) Fiow regime and formation of bubbles at the vent.

(b) Creation of single- or two-phase plumes from the vents.

(¢c) Entrainment and mixing of fluid from the pool into the rising plume.
(d) Residence time of the two-phase plumes in the pool.

{¢) Condensation rate of bubbles or jets containing noncondensables.

{f) Average temperature of the fluid in the plume as it reaches the surface of the
pool.

Items ¢ and f were already considered in Section 3.2. The remaining points related
to the creation and behavior of two-phase plumes from vents are discussed in
Section 3.5.2

3.5.1 Number of Vents, Flow Area and Vent Hydraulic Diameter

The scaling of the number of vents and vent dimensions (up to the location of
submergence in the SC pool) is covered by the general scaling criteria for the piping
(Section 2.4.3). The geometrical configuration of the vents and their dimensions af
the submergence point can clearly play an important role. Two limiting cases can be
considered:

If the vent acts essentially like a point source of mass and energy in the pool, the
analysis presented in Section 3.2.1 and in the following sections shows that it is
practically not possible to design a scaled vent reproducing the behavior of the
SBWR. On the contrary, if the actual vents are designed with muitiple orifices or as
"linear” sources of injected mass and heat, then their scaling is straigthforward: a
fraction of the vent corresponding to the system scale R should be included in the
experimental facilities (Section 3.5.2).
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3.5.2 Condensation of Steam and Noncondensable Mixtures Injected from
Vents into the Suppression Pool

The effects of vent design and scaling on pool stratification were discussed in
Section 3.2.1. Moody (1986) provides information useful for the scaling of discharges
from vents.

The start of GDCS injection essentially cuts off main (LOCA) vent flow. Regarding
possible injection of steam and noncondensables from the main (LOCA) vents into
the SP during the post-LLOCA transient, submergence is the most important
parameter and is conserved in all the tests.

Coaaingion (i993b) has reviewed the PCCS venting phenomena. This section
summarizes the findings.

3.5.2.1 Creation of Bubbles at the Vents

The Laplace constant

[gipLG— pa]l,2

determines the relative effects of buoyancy and surface tension o in relation to
bubble formation at an orifice. The experimental evidence (e.g. Wallis, 1969, pp.
244-247) shows that, for orifice diameters larger than the Laplace constant, the
diameter of the orifice does not control the size of the bubbles produced. For
saturated water at 0.2-0.5 MPa, the Laplace constant is of the order of 24 to
2.3 mm. In practice, vent orifice diameters are going to be larger than these values.
For larger orifices®, the bubble volume is given by

16/5
Jb -

. G
Vv, = 1138 2

where jc, is the velumetric flow rate of the gas through the orifice (Davidson and
Harrison, 1963). The bubbles created at the orifice will likely be large enough to
breakup into a swarm of smaller bubbles. Condensation of the steam should help
break up the bubbles exiting from the orifices. Paul et al. (1985), in relation to pool
scrubbing experiments, state that large bubbles will break up within 10 "globule"

® The diameter has to be smaller, however, than the minimum diameter for the so-called "total
backflooding” or "weeping” regime (Bugg and Rowe, 1992). This limit is given by D<1g5/(4g)”5.
When backflooding occurs, the bubbles are created inside the pipe. This limit will not be relevant
when multiple~hole arrangements are used.
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diameters to smaller bubbles with a log-normal distribution and a mean diameter of
approximately) 5.8 mm. Coddington (1993b) estimates that the break up length can
be of the order of magnitude of the SBWR PCCS vent submergence (nominally
0.75 m). The distribution of the bubbles created by breakup will depend on the
Morton number of the fluid (e.g., Clift et al., 1978)

3
a’'p,

Mo
gH;

il

where p, is the viscosity of the liquid. Clearly, for prototypical fluids, the Morton
numbers, and consequently the bubble size distribution, will be preserved in the test
facility.

3.5.2.2 Scaling of Two-Phase Plumes in the Pool

The residence time in the SP of bubbfes created at the PCCS vents and containing
a mixture of steam and noncondensables deizrmines their degree of condensation.
This residence time depends not only on the rise velocity of bubbles in stagnant
liquid (of the order of 0.25 m/s for the bubble sizes — after breakup — considered
here), but also on the influence of the void fraction in the two-phase plume and on
the plume rise velocity, which, in turn depends on the rate of entrainment of liquid
in the plume.

Preserving bubble size and plume characteristic dimensions (i.e., the plume source
strength), as well as plume height, will also result in prototypical entrainment rates
into the plumes; the plumes will be perfectly similar.

3.5.2.3 Condensation Rate of Bubbles or Jets Containing Noncondensables

Coddington (1993b) reviewed the literature on the condensation rate of steam bubbles
containing noncondensables. He finds that the complete condensation time for pure-
steam bubbles varies from 10 ms for small bubbles at high pool subcoolings up to
1 s for large bubbles in a low-subcooling pool. The addition of noncondensables
increases the condensation time by up to a factor of 2. For small bubbles (2-mm
diameter), the complete condensation time is much shorter than their residence time
in the pool. For large bubbles, however (20 mm diameter), the bubble collapse time
is comparable to its residence time. The residence time will, of course, be similar
for essentially identical plumes.

Scaling of the SBWR Related Tests 3-15



o BT R e T RN e =N

3. Scaling of Specific Phenomena - Bottom-Up Aproach NEDC-32288

3.5.2.4 Geometry of the Vents

We conclude that the behavior of the mixturc of steam and noncondensables injected
into the SP from the PCCS vents depends very much on the manner in which the
total volumetric flow is distributed at the end of the vents. Within the range of
volumetric flow rates of interest for the SBWR vents, the phenomena depend
uniquely on the volumetric flow rate per vent orifice. In view of the dependence of
individual bubble and two-phase plume behavior on bubble diameter, proper scaling
of the vents is only possibi. when bubble dimensions are identical. Thus, it is
possible to correctly scale the bubble generation and breakup phenomena at the
vents, as well as the subsequent chain of phenomena, including condensation of the
bubbles in the pool, only when the vent orifice diameters are prototypical. This is
possible, for example, when a "linear” "line source” like vent arrangement is used.
In this case, the plume in the model will simply be a segment of the plume in the
prototype.

3.5.3 Vent Clearing, Chugging and Oscillations in the PCCS Vents

The dynamics of main (LOCA) vent clearing affect the peak containment pressure
only during the early phases of blowdown. The main vents are not expected to open
during the post-LOCA period, as already noted in Section 3.5. During the long-term
decay heat removal period, any uncovery of the main vents will be driven by
relatively slow increases in DW pressure and will be properly scaled by the correct
submergence depths of the main vents.

The condensation of steam and noncondensable mixtures injected from the PCCS
vents into the SP may lead to cyclic condensation phenomena. The scaling of vent
geometry and dimensions and their effects on such phenomena were examined in
Section 3.5.2. Proper scaling should be guaranteed if the vents in the experiments
are a segment of the actual ("line source” vents) used in the SBWR.

A cyclic discharge of noncondensables from the PCCS vent was observed in
GIRAFFE. Noncondensables apparently accumulate in the vent and the condenser
tubes, the performance of the condenser degrades, the pressure rises and depresses
the vent water level, the vent clears and discharges the noncondensables to the SP.
The volume of the vent lines is likely tc influence the period of this phenomenon
(which is of the order of 100 s). Although the volume of the vent lines cannot be
exactly scaled, as discussed in Sections 2.4.1 and 2.4.5, the scaling of the PANDA
PCCS vent lines approaches the system scale (1:14 as compared to 1:25).
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3.6 Heat and Mass Transfer in the ICS and PCCS Condensers
3.6.1 Condensation Inside the Tubes

The detailed database for low-pressure condensation heat transfer in the presence of
noncondensables inside the PCC (or the IC) tubes is provided by the MIT and UCB
single-tube data. These data were used to develop the condensation heat transfer
model used in TRACG (Vierow and Schrock, 1991). The GIRAFFE, PANTHERS,
and PANDA data provide mostly integral vernfication of the adequacy of this
database. The GIRAFFE data were used to qualify the TRACG model (Andersen et
al., 1993b). A limited number of local tube heat flux measurements are also
foreseen for the PANTHERS tests.

Table 3-2 summarizes the ranges of the variables covered in the University tests
and the corresponding expected ranges in the SBWR. It is evident that the single-
tube data, obtained in tubes having prototypical dimensions, cover the range of
interest.

Table 3-2

Parameter Range Cemparison
Between the Single-Tube Tests and the SBWR Conditions*

SBWR  UCB-1' UCB-2 UCB-3 MIT

Number of runs

Pure steam 0 6 30 0

Steam/Air 30 30 50 52

Steam/Helium 0 18 20 22
Inlet pressure [psia) 40-70 4-65 13-44 16-75 16-70
Inlet temperature [°C] 120-150  72-146 95-134 95-150 100-140
Inlet steam flow rate [kg/hr] 6-40 6-25 16-73 30-60 10-33
Inlet air mass fraction 0-0.4 0-0.14 0-0.4 0-0.4 0.10-0.35
Tube dimensions

Length {m] 1.8 2.1 244 2.44 2.54

Outside ad.ameter [mm)] 50.8 25.4 50.8 50.8 50.8

Tube thickiess [mm] 1.65 1.70 0.71 0.71 2.40

¢ from Schrock (1992, 1993)
" basis for TRAC-G correlation
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3.6.2 Heat Transfer on the Secondary Side

Heat transfer on the outside of the PCC (and IC) tubes (i.e., at the secondary side)
is affected by the fluid and flow conditions in the pool. The single-tube UCB and
MIT data were obtained with well-defined single-phase conditions on the secondary
side.

In both the experimental facilities and the SBWR a (varying) number of tubes are
used and the fluid and flow conditions in the IC pools need to be considered. In
particular, the following should be considered:

- Effect of boiling on the secondary side.
- Effects of natural circulation in the pool.
- Effects of entrainment of fluid from the pool into the tube bundle.

- Flow patterns and void fraction distribution within the tube bundle.

Natural circulation within the IC pool is tesied at full scale in the PANTHERS
facility, which has a prototypical pool size. In the smaller-scale facilities (GIRAFFE
and PANDA), natural circulation in the pool can only be approximated. Comparisons
of single-tube (UCB and MIT), GIRAFFE, PANDA, and PANTHERS data wiil
provide information regarding the importance of the natural circulation and bundle
flow pattern effects.

Parametric calculations were also performed with a dctailed analytical model of a
condenser tube to clarify certain issues. This model treats a single tube as a
counter~current flow heat exchanger with subcooled or boiling water flowing upwards
on the outside and a mixture of steam and noncondensable gas flowing downwards
inside (Meier, 1992, 1993) The model was used to assess the importance of the
conditions on the secondary (pool) side on the overall heat transfer rate. The
parametric studies (Meier, 1993) show that the overall performance of the condenser
tube is not affected at all by the secondary-side mass flow rate (i.e., by natural
circulation in the pool) when the pool water is saturated. This is the condition that
will be encountered most during the tests. The secondary mass flow rate affects the
overall heat transfer rate only as the subcooling in the pool (considered as the
“inlet" temperature in the calculations) increases; the influence remains modest, as
shown in Figure 3-2. Thus, no great influence of the effects of natural circulation in
the pool is expected and scaling of this phenomenon is not a major issue for the
test facilities.
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Figure 3-2 Effect of the Secondary Mass Flow Rate and Secondary
Coolant "Inlet" Temperature on Condenser Tube Performance.
[Calculations performed for the following typical conditions:
pressure = 0.3 MPa; primary steam flow rate = 0017 kgfs;
nitrogen to steam ratio = 0.2; pool at 0.12 MPa.]
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4. Scaling Approach for Specific Tests

The scaling approach followed in designing the various SBWR related facilities is
briefly reviewed in this section, in relation to the main purpose of the tests. The use
made of the data collected from these facilities to qualify the system code TRACG
is discussed by Andersen et al. (1993a,b) and Kim et al. (1993).

4.1 GIST Tests

The purpose of the GDCS Integrated Systems Test (GIST) was to demonstrate the
technical feasibility of the GDCS concept with scaled integral tests. The GDCS
concept 15 based on the depressurization of the RPV to sufficiently low pressures to
enable reflood of the core by gravity feed from an elevated pool. In particular, the
tests were performed to show that the core remained covered under the most limiting
design basis accident (DBA) conditions. The tests focused on system performance
and on the coupled RPV-containment response for the low pressure (below (.79
MPa) range of the LOCA blowdown phase.

More specifically, the GIST test objectives were to:

{1) Show the technical feasibility of the GDCS concept by performing a section-
scaled integrated systems test of the SBWR design.

(2) Provide an additional database to qualify the TRACG code” for use in SBWR
accident analyses.

(3) Provide data for refinement of the models available in the computer code
TRACG to realistically predict the SBWR response to postulated LOCAs using
GDCS injection for reactor makeup water,

When the GDCS operates, the gravity drain flow rate to the RPV depends on the
piping geometry, the state of the fluid, and the pressure conditions in both the
GDCS pool and the RPV. Flow entering the vessel during the later stages of
blowdown during a postulated LOCA must be sufficient to keep the core flooded.
The GDCS flow and core flooding phenomena could be studied in separate-effects
tests if they were relatively decoupled. However, the degree of coupling could be
better quantified with an integral test which included both flow from the GDCS pool

* The TRACG models that are reievant to GIST had already been qualified by other tests such as
TLTA, FIST, etc (Andersen 1993a.b).
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° 4.1.1 General Scaling Approach
The design of the experimental facility is in agreement with the general top—down
scaling criteria derived in Section 2. The bottom-up scaling of certain phenomena
identified by the SBWR PIRT (Table 3.1) is discussed in Section 4.1.2 below.
® The feasibility of the GDCS system would be demonstrated if 1t delivered sufficient
core flooding flow during various LOCAs. The overall "global® system effects of
pressure and RPV watei inventory history during ths LOCA had clearly to be
L e
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modeled in a top-down fashion to include representative coupling effects of the
GDCS flow with the RPV inventory. The GIST tests provided reoresentative data
that were used to qualify the TRACG code (Andersen et al., 199%). The particular
phenomena not scaled in detail are not expected to produce bifircations in system
behavior invalidating the representativeness of the tests, or bringing the experimental
apparatus outside the range of conditions expected in the SBWR; the differences are,
furthermore, captured adequately in code calculations (Billig, 198

Billig (1989) discusses the limitations and scaling of the GIST tests; the Appendix
of the report describes all the differences between the design tested and the final
SBWR design, their impact on system performance, and justifies the validity of the
GIST tests for SBWR applications.

As noted earlier, LOCA blowdown pressure history was simulated from a RPV
pressure of 0.79 MPa, since the GDCS begins to function at lower pressure. The
pressure-time characteristics were controlled by adjusting the flow area in the
blowdown pipe for the various accident scenarios sinwlated.

4.1.2 Particular Scaling Issues for the GIST Tests
4.1.2.1 Exact Scaling of the SBWR Geometry

There are a number of geometrical distortions in the GIST facility. These are due to
the fact that the SBWR simulated design was not the final one; to the one-
dimensional character of the facility and the relatively small horizontal-area scale of
the system; and to the particular design choices of certain facility components. The
experimental GIST results were used to qualify TRACG for SBWR analysis
(Alamgir et al. 1990, Andersen et al., 1993b). Given the approach and limitations
mentioned above, the GIST results should be viewed as having provided, in addition
to a demonstration of the GDCS concept, additional data for code qualification.
Most of the test limitations and particularities, as well as the code qualification
work, were discussed already in detail by Billig (1989); this discussion is not
repeated here. Only certain issues, such as the determination of the initial test
conditions, are discussed below. Certain geometrical differences between the GIST
facility and the final SBWR design are also discussed. Their impact was addressed
by Billig (1989).

The major difference between the 1987 and final SBWR designs is that, in the
earlier version, a single pool was used to provide both containment pressure
suppression and the source of the GDCS water, Fig. 4-3. In the final SBWR design,
the water inventories for GDCS and pressure suppression are separated. The
suppression pool is in the SC and the GDCS inventory is equally divided among
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three pools located on the diaphragm floor within the DW. A second difference is
the addition of six DPVs discharging directly to the DW, to supplement the ADS
function performed by the SRVs discharging to the SP.

An important parameter determining reflooding of the vessel is the upward force
acting on the gravity head of the coolant in the downcomer. This depends on the
pressures in the RPV steam dome and at the GDCS flow injection point. The
differences in the older design tend to inhibit GDCS injection in GIST, relative to
what would be expected in the present SBWR. This can be understood by
recogaizing that the DW and SC pressures in the SBWR are not independent
variables, Fig. 4-3. During the entire blowdown, the DW pressure exceeds the SC
pressure by, at least, the hydrostatic head required to open the top LOCA vent
{about 15 kPa). This means that the GDCS pool overpressure in GIST was actually
lower, relative to the RPV pressure, than it would be in the plant. (Alternatively
speaking, the pressure in the RPV steam dome was higher). Blowdown through the
DPVs in the SBWR tends to sustain LOCA vent flow and ensures that DW pressure
remains above SC pressure up to the ume GDCS flow initiates. The top of the
GDCS pool, which is directly connected to the DW will, therefore, be at a relatuvely
higher pressure in the current SBWR.

The presence of the PCCS condensers in the SBWR will have a small effect on the
absolute pressure in the DW, but will not change much the pressure difference
acting to reflood the vessel. Similarly, the ICS condenser loop, absorbing some
steam from the RPV dome, will tend to reduce the absolute pressure in the RPV but
not the pressure difference causing reflood.

In summary, the combined effects of PCCS and ICS operation and of having
separate GDCS pools in the SBWR DW may alter the absolute pressure in the RPV,
but are expected to have minimal influence on the pressure difference driving the
flow reflooding the vessel. The absolute pressure changes are small and are not
expected to create atypical thermodynamic conditions. Finally, in judging the effect
of differences between GIST and the final SBWR design, it is important to note that
the key GIST parameters (i.e., RPV and GDCS water levels and containment
pressure) were either representative or conservative relative to the final SBWR
design. The key parameters were also varied over a sufficiently broad range to
allow detailed qualification of the TRACG code.

The GDCS drain line flow area modeling was conducted according to the general
top—down criteria of Section 2.4.5. The SBWR drain line flow areas were increased
after the GIST facility was built. Since the drain flow rate depends on both the line
area and flow resistance, it was possible to employ the original model pipes with
orificing loss coefficients reduced (orifices removed). This resulted in a representative
drain flow into the RPV, in line with the scaling described in Section 2.4.5: the
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transit time of the fluid in the GDCS lines is short compared to the RPV filling
time; as long as the flow rate remains representative, flow line modeling distortions
related to transit time are acceptable.

Heat losses from the GIST facility were controlled by surface insulation. The losses
were not measured, but, with the insulation used in the facility, they are estimated
to be of secondary importance in relation to the major top-down-scaled energy
transfers in GIST. For well insulated vessels, the estimation of the heat losses is
relatively insensitive to uncertainties in the ambient convection heat transfer
coefficient. The uncertainty in the heat loss estimation must be considered in code
simulations of these tests.

4.1.2.2 Establishment of Representative Initial Conditions

The initial test conditions for the GIST tests were determined from TRACG
simulations of the early blowdown behavior of the SBWR from 7 MPa to 1.07
MPa. For the tests, the system was first depressurized to the atmosphere from this
initial pressure of 1.07 MPa to 0.79 MPa. Thus, this period of the tests was used to
create the representative initial conditions in the RPV as it entered the later stages
of the depressurization transient, as shown in Figure 4-2. The pressure dropped from
1.07 to 0.79 MPa in 30 to 50 seconds (Billig, 1989); this provided sufficient time
for representative conditions in the RPV to develop.

The vessels representing the containment were pressurized and preheated to the
TRACG calculated pressures and temperatures. The DW was purged of air with
steam to simulate the effect of air carryover into the SC.

Initial pool water temperatures in the GIST tests were controlled by heating pnor to
system blowdown. The initial temperatures ranged from 42 to 69 C, which embraces
possible initial conditions in the SBEWR.

The GDCS check valves, which open only when RPV  pressure reaches a
predetermined level, were not requircd to provide exnct opening time characteristics,
because the actual opening time is rapid relative to the vessel filling time.

The heat release from the RPV metal could not be simulated in the GIST tests; the
heat stored initially in the RPV wall and its rate of release could not be scaled
properly. Thus voids could not be maintained in the lower plenum and the water
level in the core dropped; this was compensated by increasing the initial RPV water
level in the tests. This distortion can be considered in TRACG calculations which
can simulate the situation in the tests and in the SBWR.
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| 4.2 GIRAFFE Tests

E

'; The GIRAFFE test facility (JAPC et al., 1990; Nagasaka et al, 1991; Yokobori et
; al., 1991; Vierow, 1993) is a full-height, reduced volume, integral system test
£ facility, built by Toshiba at its Kawasaki City, Japan site, 10 investigate various

thermal-hydraulic aspects of the SBWR passive heat removal systems, to demonstrate
that the PCCS satisfies its design criteria in support of design certification, and to
provide data for TRACG code qualification.

The facility consists of five major components representing the SBWR primary
containment and 1C pools, the PCCS condenser, and the connecting piping. Separate
vessels represent the RPV, the DW, SC, GDCS pools, and ICS pools, which house
the PCCS condensers. A schematic of the facility is shown in Figure 4-4 and details
. of its isolation condenser are shown in Figure 4-5. The facility scales the SBWR at
W a volumetric scale of 1:400. The heights and vent submergences are scaled 1:1.
' Pressure and temperature levels and pressure drops are preserved.

The objective of the GIRAFFE test program was to provide separate effects and
integral data for qualification of TRACG. The separate effects tests address the
Y issues of steam condensation heat transfer rates from a steam-nitrogen mixture under
steady-state conditions, and of venting of noncondensable gases via the passive
containment heat exchangers (PCCS system) to the SP. The integral tests
demonstrate the concept of the PCCS for decay heat removal and provide data for a
variety of LOCA simulations, against which computer codes for post-LOCA |
) containment analysis may be qualified. Details of the scaling of the GIRAFFE :
facility and of the instrumentation are provided in the references cited above.

Data from separate effects condensation tests were obtained at a pressure of 0.3
MPa, for steam flow rates of 0.01 to 0.04 kg/s and nitrogen partial pressures of 0.0

'™ to 0.03 MPa. The initial conditions for the noncondensable venting and long-term
integral tests corresponded to those at one hour from the initiation of a LOCA. For
the venting study, the nitrogen vent line of the PCC unit was submerged at depths
of 0.4, 0.65, and 0.90 m, thus covering the range of interest for the SBWR.

'3 The main steam line break, GDCS line break, and bottom drain line break LOCAs
were simulated during the long-term system sesponse tests.
4.2.1 Scaling of the GIRAFFE Facility
The detailed description of the facility can be found in the report by Vierow (1993),

which is the basis for the following discussion. To comply with top-down scaling
criteria, the GIRAFFE facility has been constructed on a 1:1 height scale to the
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Figure 4-4 Schematic of the GIRAFFE Test Facility (Phase-2
Configuration)

SBWR design, and all essential elevation differences between the various vessels and
between corresponding SBWR components have been preserved (Yokobori et al.,
1991). The system scale for volumes, power, horizontal areas, and mass flow rates
is 1:400. The RPV heater produced power according to a decay heat curve plus a
constant amount, added to compensate the heat losses from the system (Vierow,
1993).

The RPV is simulated in full height from the bottom of the core up to the MSL
exit, with the RPV-t0-PCC and RPV-t0-GDCS pool elevation differences conserved.
The volumes above this full-height-simulation region have been shortened, but their
volumes have been included in the volume of the RPV, which is scaled according to
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the system scale of 1:400. The electrical heat input to the simulated core is also
scaled 1:400.

The DW is also nearly full-height, with only the upper- and lower-most regions
shortened. The volumes and areas are scaled down 1:400, and the cross-sectional
area variation with height is preserved, so that the DW water level transient is
similar to that expected in the SBWR under LOCA conditions. Although the annular
shape of the SBWR DW could not be accommodated in GIRAFFE, the facility
includes compartments that can be associated with the various regions of the SBWR
drywell (Figure 4-4;. The lower larger drywell volume, which represents on a 1:400
system scale the corresponding SBWR volume, can retain noncondensable gases
and/or water. There is also a connection to a steam injection line, which is used to
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sirtulate evaporation from accumulated water. The narrowest region, representing the
annular DW space around the RPV in the SBWR, has a correctly-scaled cross-
sectional area; thus, water level changes in the DW occur at prototypical rates. A
vacuum breaker line connects the annular DW to the SC gas space. Connections to
the main steam line, the main LOCA vent line, the GDCS air space, the DPV line,
and PCC steam supply line correspond to those in the prototype SBWR.

The full height of the SC has been preserved, while the gas and water volumes
have been again scaled down 1:400. The LOCA vent line is at its actual SBWR
elevation. The wvertical section of the main LOCA wvent is a close-ended pipe
extending from the upper DW almost to the SC floor; each of the three holes in the
pipe wall representing the main vents has the proper size and elevation. Three
alternative PCC vents, each with a different submergence depth, were installed in the
SP to allow the study of submergence effects. These vents are vertical pipes with
open ends, installed near the vessel wall.

The GIRAFFE vacuum breaker connects the annular region of the DW to the gas
space of the SC, as shown in Figure 4-4. This particular connection must be
considered in code simulations of the system.

The GDCS pool has exactly scaled height and volume.

The GIRAFFE isolation condenser is a scaled representation of the three SBWR
PCCS condensers; the GIRAFFE condenser has three tubes (Figure 4-5). This unit is
somiewhat different from the most recent PCCS condenser design, with a longer
condenser tube length (2.4 vs 1.8 m) and vertical, cylinder-shaped inlet steam and
condensate collector boxes. The tube wall thickness is 25 mm, compared to the
1.65 mm wall thickness of the SBWR PCC units. The total surface area of the
condenser tubes in GIRAFFE is scaled by 1:372 or 1:386, based on the outside or
mside tube diameters, respectively. This is sufficiently close to the system scale of
1:400, considering the fact that 1.8 m is the minimum length of the SBWR PCCS
tubes. The three GIRAFFE condenser tubes are spaced as to maintain correct
secondary-side cross—sectional flow area.

Maiching the condenser tube surface area with tubes of different length does not
provide a priori proper scaling. For moderate differences in length, however, the
shorter length is compensated by the redistribution of the total available flow to the
tube array. This was confirmed by calculations with the detailed analytical model
(Meier, 1992, 1993) of a condenser tube mentioned in Section 3.6.2. The calculations
showed that three 2.4 m tubes perform in a practically identical fashion as four
1.8 m tubes having the same total heat transfer area; deviations in the total heat
transfer rate remained within 2 % over a wide range of operating conditions.
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and by heat transfer to the colder vent wall; these details were not simulated in
GIRAFFE. Water spilling from the DPVs tends to mix the DW gases and creates a
saturated pool, which prom~tss upwards motion of the nitrogen. This effect was
observed in GIRAFFE test..g (Vierow, 1993)

A number of tests were run at the GIRAFFE facility to investigate the distribution
and mixing of nitrogen in the DW and collect data for qualifying the TRACG Code
(Vierow, 1993). These tests include a case with steam supply to the lower DW
simulating the evaporation of water accumulated there. Special procedures were
followed to charge the DW with various spatial distributions of noncondensable gas.
Some DW mixing occurred prior to the start of the tests; to capture such pre-test
mixing, the injection process must alsc be modeled in the computer simulations
{Vierow, 1993).

4.2.2.3 Scaling of the PCCS vents

As noted earlier, the GIRAFFE PCCS vents are round open pipes located near the
vessel wall. They are likely to create wall plumes. As discussed in Section 3.5, this
does not provide accurate scaling (in relation to a straight-pipe prototypical full-
scale vent) for the single- or two-phase plumes emerging from the vents and for
mixing in the pool. The comparison should be made with the final design of the
SBWRK vents.

4.3 PANDA Tests

The PANDA test facility, which 1s nearing completion, will be used to conduct
integral system tests, as part of the ALPHA program at the Paul Scherrer Institute
(PSI) in Switzerland (Coddington et al, 1992). It will demonstrate PCCS
performance on a larger scale than GIRAFFE. The facility has a full 1:1 wvertical
scale, and 1:25 “system" scale (volume, power, etc). It is primarily intended to
examine system response during the long-term containment cooling period. The
overall objectives of the PANDA tests are to demonstrate that:

(1) the containment long term cooling performance is similar in a larger scale
system to that previously demonstrated with the GIRAFFE tests,

(2) any non-uniform spatial distributions in the DW or SC do not create significant
adverse effects on the performance of the PCCS, and

(3) there are no adverse effects associated with multi-unit PCCS and ICS
operation.
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The GDCS compartment volume is smaller (1:64) than the system scale (1:25), since
this volume does not play an important role in the dyvamics of the system. In the
transients considered, it simply provides a return pathi for the condensate to the
RPV. The GDCS volume is about sufficiently large for containing the water
inventory one hour after the LOCA. The horizontal surface area of the GDCS pool
is also smaller (1:64) than the system scale. Thus while any tendency of the steam
to condense on the surface of the GDCS pool water will be reduced, this will also
lead to a slower heatup of the GDCS water. In terms of overall energy removal, the
net effect should not be very significant.

Finally, the volume of the ICS pools is smaller than in the SBWR; these are scaled
for 24 hrs of decay heat capacity, rather than 3 days as in the SBWR. However,
water can be added at a requued flow rate and temperature by the facility
conditioning system to compensate for the lesser initial inventory.

4.13.2.2 Scaled Models of the PCC and IC Condensers

A critical factor that led to the choice of 1:25 for the PANDA system scale was
the requirement that the condenser unit secondary side behavior be representative of
the prototype condensers. The PANDA condensers are "sliced” from the prototypes
{Figure 4-9). Thus the circulation of the secondary coolant in a plane perpendicular
to the axis of the cylindrical headers can be made very similar to that in the actual
SBWR ICS pools. The units are provided with baffles, preventing entry of the flow
into the bundle in the direction of the header axis. A sufficient aumber of tubes was
provided to have at least a couple of tubes completely surrounded by other tubes.
This led to five rows of tubes, twenty tubes in total, and to the 1:25 system scale.
In PANDA, condenser tubes are in all respects (height, pitch, diameter, and wall
thickness) prototypical (GE, 1992).

4.3.2.3 Design of the Piping and Other Connections

All piping is scaled according to the criteria developed in Sections 2.3 and 2.4. The
pipe diameters were calculated to match the frictional and form losses of the
SBWR; the resulting pipe diameters were rounded to the next larger normalized
diameter. The actual pressure drops are usuvally dominated by form losses which
depend weakly on flow velocity (or Reynolds number) and can thus be matched very
well (Huggenberger, 1992, 1993b). All lines are provided with interchangeable orifice
plates that can be used to further adjust the pressure losses in the system.

The flow area of the PANDA main steam lines is the sum of the SBWR MSL’'s
and the DPVs. Control valves are installed in each line (one to each DW) to
simulate the different break geometries.
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to stratification in the DW was discussed in Section 3.2.3.

Finally, the vents are designed according to the criteria developed in Section 3.5. In
PANDA, the vertical-pipe sections of the main vents have a cross-sectional area
smaller than the one dictated by the system scale. However, they are not expected
to open during the experiments. The gas velocities in the main vents are in both the
prototype and the model low enough to eliminate worries about dynamic effects
modifying system behavior, if the vents were to open.

4.3.2.4 Heat Capacity and Heat Losses

The simulation of the heat capacity of the wvarious SBWR structures was
contemplated during the design phase of the PANDA facility. The PANDA vessels
have thin walls and therefore very limited heat capacity. One could have inserted
"heat capacity slabs” in the vessels to match the heat capacity of the SBWR
structures, Use of appropriate layers of different materials could have provided the
necessary time response. The idea was not implemented, however, since heat soaking
in the SBWR structures during the long-term containment cooling period of interest
is estimated to be of the same order of magnitude as the heat losses from the
experiment. The heat capacity and heat loss aspects of the facility will be addressed
by computation and use of calibration results during data reduction and analysis.

The PANDA vessels are very well insulated and the heat losses were conservatively
estimated (for a 0.3 MPa saturated system) to be less than 4 % of the decay heat
level one hour after shutdown and less than 9 % of the 24-hr-after-shutdown level
(GE-PSI, 1991). More recent and more accurate estimates show that the actual
losses will be significantly lower (Aubert, 1993).

The wvessel internal and external wall temperatures are measured at 42 points
(Dreier, 1993). This allows to determine accurately both the heat stored in the vessel
walls and the heat losses. Heat loss calibration tests will be performed during
commissioning of the facility. The information from these tests will be used to
construct a heat-loss model of the facility. The data from the wall thermocouples
will be used as irputs to the model to calculate the heat stored in the vessel walls
and the heat losses during the tests; both are relatively small and both will be
known with good accuracy. The heat-loss model of the facility will also be used for
the code assessment analyses using the experimental data.

4.3.3 Establishment of the Proper Initial Conditions for the Tests

The PANDA facility will be equipped with auxiliary air and water supply systems
for preconditioning the contents of the various system components; these are also
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shown in Figure 4-7. In particular, all vessels are provided with both top and
bottom filling ports and drains or vents. Thus, the possibility of establishing
stratified initial conditions in the water space of the vessels at the beginning of the
tests is assured.

There is also the possibility of varying the submergence depth of the vents and of
the initial water level in the SP. In particular, this water level can be positioned
below, at, or above the location of the large pipe connecting the two SP in the SC
vessels.

In summary, all the top-down and bottom-up scaling criteria derived in Sections 2
and 3 were applied properly in designing the PANDA facility. Any deviations from
these (e.g., elimination of non-active fluid inventories) were discussed in this section.
The PANDA model is essentially a 1:25 “vertical slice” of the SBWR. The heat
capacity and heat losses of the experimental facility cannot be made to match those
of the SBWR. This issue can be addressed, however, during data reduction by an
accurate system heat balance based on measurements and heat loss calibrations.

4.4 PANTHERS Tests

PANTHERS is a full scale test under prototypical flow, pressure, temperature, and
non-condensable-fraction conditions of a prototypical single module of an IC
condenser (half unit) and of a full PCC condenser. The PANTHERS test facility and
the planned tests are described by Masoni et al. (1993).

The purpose of the tests is to qualify the proposed condenser designs regarding
structural integrity and steady-state thermal-hydraulic performance. Figure 4-10
shows the schematic of the PANTHERS test facility, as it will be configured for
both types of tests.

The operation of the PCCS as part of the SBWR can be described as a slow
transient. Under certain conditions, its operation may become cyclical, but the period
of the cycles will be long in comparison to the response time of the PCCS. The
characteristic response time of the PCC condenser unit is mainly determined by the
transit time of the fluid in the tubes (which is of the order of seconds), and to
some extent by the time constant of the tube wall; since these walls are thin, this
time constant is also of the order of a few seconds. Thus the response of the PCC
condenser units to changes in inlet conditions is much faster than the response of
the large SBWR containment volumes. In terms of the discussion of Section 2.4.1
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