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ABSTRACT

This paper focuses on the assessment of pressure suppression pool hydrodynamics in the advanced boil-
ing water reactor (ABWR) containment under design-basis, loss-of-coolant accident (LOCA) conditions.
The paper presents a mechanistic model for predicting various suppression pool hydrodynamics param-
eters. A phenomena identification and ranking table (PIRT) applicable to the ABWR containment pool
hydrodynamics analysis is used as a basis for the development of the model. The highly ranked phe-
nomena are represented by analytic equations or empirical correlations. The best estimate and several
sensitivity calculations are performed for the ABWR containment using this model. Results of the sen-
sitivity calculations are also presented that demonstrate the influence of key model parameters and
assumptions on the pool hydrodynamics parameters. A comparison of model predictions to the results
of the licensing analyses shows reasonable agreement. Comparison of the results of the proposed model
to experimental data shows that the model predicted top vent clearance time, the pool swell height, and
the bubble breakthrough elevation are within 10% of the data. The predicted pool surface velocity and
the liquid slug thickness are within 30% of the measurements, which is considered adequate given the
large uncertainties in the experimental measurements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Following a postulated design-basis LOCA inside the ABWR con-
tainment (see Fig. 1), the increase in drywell pressure results in
suppression pool vent clearing and the rapid flow of drywell gases
(primarily nitrogen) through the suppression pool into the wetwell
gas space. The flow of drywell gases through the drywell to wetwell
vents creates large, expanding bubbles at the horizontal vent exits.
These bubbles expand against the suppression pool hydrostatic and
the gas space pressure, as the air/steam mixture flow continues
from the pressurized drywell. As a result, the water ligaments (or
liquid slugs) on top of the expanding bubbles accelerate upward,
which give rise to the pool swell phenomena that typically last
2-3s. During this phase, the containment wetwell region is sub-
jected to pressure loads on the suppression pool boundary, drag
loads on structures initially submerged in the pool (due to the
pressurized and expanding bubbles), and pressure loads on the
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ranking table; PSTF, Pressure Suppression Test Facility; RPV, reactor pressure vessel;
STP, South Texas Project; SRV, safety relief valve.

* Corresponding author. Tel.: +1 301 881 0866; fax: +1 301 881 0867.

E-mail address: mkri@eri-world.com (M. Khatib-Rahbar).

0029-5493/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nucengdes.2011.07.002

wetwell gas space (due to the rising pool surface that compresses
the wetwell gas space). And finally, the rising pool surface can
impact and impose drag loads on structures that are located above
the pool level inside the wetwell airspace.

Key wetwell airspace internal structures that will be subjected
to the pool swell loads (impact and/or drag loads) are the safety
relief valve (SRV) discharge piping, catwalk structure, wetwell-to-
drywell vacuum breaker, and access tunnel (ABWR DCD, 1997).
To predict the pool swell hydrodynamic loads on these wetwell
internal structures, it is essential to determine various pool swell
parameters such as the maximum pool surface elevation, peak pool
surface velocity, peak wetwell gas space pressure, and peak bubble
pressure (before the bubble breakthrough)following a design-basis
accident (DBA) LOCA. The swollen level (or the maximum pool
swell) determines the drag and hydrodynamic impact loads on
wetwell structures that are initially above the pool surface. The pool
surface velocity determines the severity of the loads, and the gas
bubble and wetwell gas space pressures before the bubble break-
through determine the pressure loading on the wetwell gas space
and the suppression pool structural boundaries.

Historically, ABWR vendors have used their proprietary models
and computer codes for analysis of pool swell phenomena and asso-
ciated hydrodynamic loads. The pool swell analysis presented in
the ABWR design control document (DCD) (ABWR DCD, 1997) was
performed using the General Electric (GE) proprietary computer
code PICSM. This code was validated against the Mark Il Pressure
Suppression Test Facility (PSTF) data. PICSM is a newer version of
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Nomenclature

Ap cross-sectional area of the bubble (m?)

Apg total horizontal vent area available for the liquid
flow (m?)

Angi area of the top horizontal vent available for the gas
flow (m?)

Ang area of the middle horizontal vent available for the
gas flow (m?)

Asp suppression pool surface area (m?)

Ay area of the vertical vent pipe (m?)

Cp drag coefficient

D diameter of flow channel (m)

Dpool;  suppression pool annulus inner diameter (m)

Dpool, suppression pool annulus outer diameter (m)

Dy length of the longer side of a rectangle (m)

Ds length of the shorter side of a rectangle (m)

Dsp hydraulic diameter of the suppression pool (m)

dhgi hydraulic diameter of the top horizontal vent (for
gas flow) (m)

dug hydraulic diameter of the middle horizontal vent
(for gas flow) (m)

dyg hydraulic diameter of the vertical vent pipe (for the
gas flow) (m)

f wall friction factor

g gravitational acceleration (m/s?)

Hso total suppression pool depth above the bottom of
the bottom horizontal vent (m)

Hps suppression pool swell height (m)

Hs top vent centerline submergence at the time of top
vent clearance (m)

Hsp thickness of the liquid slug on top of the bubble (m)

ka effective gas phase vent form loss coefficient for the
top horizontal vent

kg drywell connecting vent entrance loss coefficient

ke horizontal vent exit loss coefficient

ke effective liquid phase vent loss coefficient

kqe effective gas phase vent loss coefficient

ksp suppression pool loss coefficient

ke 90° elbow turning loss coefficient

ke standard tee loss (flow through branch)

ke standard tee loss (flow through run)

Ly length of horizontal vent (m)

Ly total length of vertical and horizontal vents (m)

Mgy bubble mass (kg)

N number of vertical vents (10 for the ABWR contain-
ment)

P pressure (Pa)

Py internal bubble pressure (Pa)

Pg initial pressure inside the bubble (Pa)

Pp drywell pressure (Pa)

P pressure outside the bubble (Pa)

Pyw wetwell gas space pressure (Pa)

POWW initial wetwell gas space pressure (Pa)

R time-dependent radius of the spherical bubble (m)

Reap radius of the cap bubble (m)

Re Reynolds number

Rey, bubble Reynolds number

t time (s)

Tp drywell temperature (°C)

Tsp suppression pool temperature (°C)

up bubble rise velocity (m/s)

Ugs sonic velocity of gas phase (m/s)

gy area averaged gas phase velocity in vertical vent
(m/s)

iy area averaged velocity of water inside horizontal
vent (m/s)

isp area averaged suppression pool surface velocity
(mfs)

Ugp bubble terminal velocity (m/s)

umcap  Spherical cap bubble terminal velocity (m/s)

umsiyc  slug bubble terminal velocity (m/s)

i area averaged velocity (m/s)

iy area averaged velocity of water inside vertical vent
(mfs)

Vy volume of spherical bubble (m?)

A volumetric growth rate of spherical bubble (m?3/s)

ngw initial wetwell gas space volume (m?)

Vww wetwell gas space volume (m?)
W gas phase critical mass flow rate (kg/s)
W rate of change of the bubble mass (kg/s)

Woy mass flow rate of the drywell gas through the verti-
cal vent pipe (kg/s)

X water level inside the vertical vent pipe (m)

Zpubble  €levationof the bubble above the top vent centerline
(m)

Zyool elevation of pool surface above the bottom of the

suppression pool (m)

Greek symbols

B1 ratio of diameters for the top horizontal vent
(ngl / dVg)

B2 ratio of diameters for the middle horizontal vent
(duga/dvg)

p density of fluid (kg/m?)

Ps density of water inside the suppression pool (kg/m?)

Pg average gas phase density (kg/m?)

PgB gas phase density calculated at the internal pressure
of the bubble (kg/m?)

pr gas density inside the initial bubble (kg/m?)
PeD drywell gas phase density (kg/m?)

Tw wall shear stress (kg/ms?)

y polytropic constant

the GE proprietary code PSAM which was developed for the Mark
Il containment design (NUREG-1503, 1994). Kukita et al. (1984)
reported that PSAM models the pool swell as a one-dimensional
phenomenon. In this model, the air bubbles are assumed to occupy
entire area of the pressure suppression pool forming a sheet of
uniform thickness. The pool of water above the air bubble is repre-
sented by a one-dimensional water slug with a constant thickness
equal to the initial submergence height of the vent. Therefore, the
PSAM model does not account for the rise of bubbles through pres-
sure suppression pool water as observed in the PSTF experiments.
Additional details about this model are not available in the open
literature.

The pool swell analysis presented in the Final Safety Anal-
ysis Report (FSAR) (South Texas Project [STP] Units 3 and 4
FSAR, 2007) submitted to the United States Nuclear Regulatory
Commission (NRC) in support of the combined license (COL)
application utilized a methodology that is based on the Genera-
tion of Thermal-Hydraulic Information for Containments (GOTHIC)
computer code. The GOTHIC-based methodology has also been
benchmarked against the Mark III PSTF data (STP Units 3 and 4
FSAR, 2007). Unfortunately, due to its proprietary nature, the addi-
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Fig. 1. Schematic of the ABWR containment (ABWR DCD, 1997).

tional details about this methodology are also not available in the
open literature.

Yan and Bolger (2010) developed a three-dimensional CFD
model to simulate the pool swell process in the PSTF test facility.
They reported satisfactory prediction of the vent clearance time
and pool surface velocity. Sufficient details about the CFD problem
formulation and setup have not been provided by Yan and Bolger
(2010), thus making it is difficult to reproduce the CFD results.

In the past, several experimental and theoretical investigations
have been performed to study the pool swell and associated hydro-
dynamic loads in the Mark | and Mark Il containments. Chen and
Dhir (1982) studied the hydrodynamics of a bubble formed at the
exit of a vertical pipe submerged in a pool of water. They per-
formed these experiments by injecting air through the pipe and
measured the bubble growth rate and the pressure histories inside
the pipe. They also studied the effect of presence of an orifice
inside the pipe on the growth of bubbles. Fernandez (1976), Lai and
McCauley (1978), Huber et al.(1979), Kiang and Jeuck (1980, 1981),
and Kiang and Grossi (1981) performed pool swell experiments
in scaled down test facilities simulating the Mark I containment.
Similar scaled down experiments applicable to the Mark II con-
tainment pressure suppression pool were performed by Kiang and
Jeuck (1980) and Kukita et al. (1984). More recently, Gupta et al.
(2011) obtained measurements of local dynamic pressure (at the
pool bottom, the pool walls, and the gas space) and high speed flow
visualization which can be used for the development and validation
of the CFD codes. The analytic models have been also developed for

the modeling of pool swell in the Mark [ and Mark II containment
(Glenn and McMaster, 1978; Chan and Vander Vorst, 1978; Huber
et al., 1979; Chambre and Nitao, 1981; Widener, 1986). However,
these Mark | and Mark II related studies have limited applicability
for the ABWR pool swell analysis. Particularly the design of vent
system and the pressure suppression pool in the ABWR contain-
ment is quite different when compared to the Mark I and Mark Il
containments.

The objective of this paper is to present analytic models based
on fundamental physical principles that are used for the confirma-
tory prediction of suppression pool hydrodynamics and associated
figures-of-merit (i.e., vent clearance, pool surface elevation, pool
surface velocity, wetwell gas space and the bubble pressure) under
DBA LOCA conditions. A comparison of model predictions against
the GOTHIC pool swell analysis results (STP Units 3 and 4 FSAR,
2007) is intended to show the fidelity of the proposed model com-
pared to other available studies. This paper also examines the
sensitivity of key figures-of-merit to major model assumptions and
governing model parameters. Finally, the paper presents the results
of comparison of the proposed model to the BWR Mark III PSTF
experimental data.

2. Dominant phenomena

The highly ranked phenomena identified in the PIRT in Table 1
are applicable to the ABWR containment suppression pool swell
dynamic response. This PIRT identifies the dominant phenomena
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Table 1
PIRT for ABWR containment suppression pool swell dynamic response.

Phenomenon/process

Importance ranking

Mass and energy release from RPV and piping side
Stored energy in vessel and core assemblies and heat transfer to coolant
Decay heat to coolant (short- and long-term)
Scram and core power during blowdown

RPV two-phase level swell (core and downcomer) and two-phase and single-phase blowdown intervals

Two-phase and single phase critical flow

Break flow flashing (generation of droplets and vapors)

Initial pipe inventory and double ended blowdown interval
Drywell atmosphere mass and energy transfer

Mixing and transport of non-condensable gases and water vapor

Droplet transport (break-up, coalescence, evaporation, and droplet suspension or fallout)
Heat transfer to drywell heat structures (steam condensation on surfaces) and wall heat transfer

Flow in drywell connecting vents
Two-phase flow regime through drywell connecting vents
Flow losses in drywell connecting vents
Lower drywell non-condensable gas transport

Mixing and transport of non-condensable gases from lower drywell to wetwell gas space

Flow in horizontal vents
Vent clearance and fluid inertia
Flow through vent (perfect gas, steam, gas-droplet mixture, and choked flow)
Flow losses (bends, turns, geometric losses)
Effect of back pressure and clearing time, sequential
Mass, energy and momentum transfer in suppression pool

Direct contact condensation of vapors in suppression pool in presence of non-condensable gases

Suppression pool mixing and thermal stratification (pool heating)
Gas bubble discharge
Pool swell and height
Bubble penetration
Mass, energy, and momentum transfer in wet-well gas space
Gas sparging through the suppression pool
Wetwell pressurization
Pool surface rise and compression of gas
Wetwell gas/vapor mixing and stratification
Heat transfer to wetwell heat structures
Long term pool heating of gas
Suppression pool bypass leakage
Flow of vapor mixture directly from drywell to wetwell gas space

2 giaer e e
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that are modeled to analyze suppression pool hydrodynamics in
the ABWR containment, as described in Section 3 of this paper. The
importance rankings assigned in the PIRT were delineated based on
the expected impact of the phenomenon on pool swell parameters
(i.e., maximum pool surface elevation, peak pool surface veloc-
ity, peak wetwell gas space pressure, and peak bubble pressure).
The highly ranked phenomena can be broadly classified into four
categories based on what the phenomena affect:

(a) drywell pressurization rate;

(b) vent clearance time and flow rate;

(c) formation and growth rate of the bubble; and
(d) the rise and breakthrough of the bubble.

The drywell pressurization rate is a function of the rate of mass
and energy release into the drywell from the reactor pressure ves-
sel (RPV) and the piping sides of the break. The break flow from
the piping side of the break primarily consists of stored inven-
tory of coolant inside the piping. The break flow from the RPV
side is determined by the RPV thermodynamic conditions. Several
phenomena are identified in the PIRT that affect the RPV thermo-
dynamic conditions and hence, the break flow rate. However, for
the present model, the transient drywell pressure and temperature
are specified as boundary conditions. Consequently, the phenom-
ena affecting the drywell pressurization rate are not formulated as
part of this paper.

The vent clearance time is the time required for the transfer
of water from the drywell-to-wetwell vent system to the sup-
pression pool after a LOCA. Predicting the vent clearance time is
essential for modeling the pool swell phenomena because it deter-

mines the time required for the initiation of a pool swell following
a LOCA. Furthermore, the flow of the drywell gas mixture through
the vents following the vent clearance determines the growth rate
of the bubble and the magnitude of the pool swell parameters. The
parameters/phenomena affecting the vent clearance time include
the inertia of water inside the vent system and the suppression
pool, the hydrostatic head of water inside the suppression pool,
the friction and form losses in the vent system (including the effect
of flow regimes), and the back pressure at the exit of the horizontal
vents (due to the expanding bubble and the inertia of the liquid
slug following the clearance of the top vents).

The flow rate of the drywell gas mixture through the vents fol-
lowing the vent clearance is mainly affected by various pressure
losses through the vent system, including the losses due to fluid
inertia, spatial acceleration, gravity, friction, and form losses (due
to wall friction, flow area contraction/expansion, and bends/turns).
Higher pressure losses through the vent system result in a lower
vent flow rate and a relatively less severe pool swell response.
Therefore, for the pool swell analysis, the assumption of a mini-
mum pressure loss is bounding. Furthermore, the flow of drywell
gases through the vent system could reach sonic conditions, thus
limiting the discharge of the drywell gas mixture through the vents
to the critical mass flow rate.

Predicting the growth rate of the bubble is important because it
determines the magnitude of various pool swell parameters. This
growth rate is governed by the difference in the pressures inside
and outside the bubble. In the present model, the growth rate of the
bubble is calculated using the Raleigh equation (Carey, 2007). The
phenomena/parameters affecting the inside pressure of the bub-
ble include the vent mass flow rate and the interfacial heat and
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mass transfer at the bubble and suppression pool water interface.
The interfacial heat and mass transfer at the interface of the bubble
is due to the steam (which is part of the drywell gas mixture) at
this interface and the cooling of the non-condensable gases in the
bubble resulting from the transfer of heat to the suppression pool
water. If either the drywell gas mixture or the vent gas flow dis-
charge includes some percentage of steam, the growth rate of the
bubble will be lower. The higher growth rate is obtained by assum-
ing that 100% of the atmosphere in the drywell is only occupied by
nitrogen. Furthermore, the interfacial heat transfer between the gas
bubble and the suppression pool affects both the gas temperature
and the growth rate of the bubble. During a LOCA, the drywell air
temperature is usually higher than the suppression pool tempera-
ture. The reduction in the temperature of the gas in the bubble due
to the interfacial heat transfer to the suppression pool water will
effectively reduce the growth rate of the bubble. An assumption of
100% nitrogen in the drywell and the absence of the interfacial heat
and mass transfer wouldresultin a higher growth rate of the bubble
and more bounding predictions for various pool swell parameters.

The outside pressure of the bubble is affected by the hydro-
static head and inertia of the liquid slug on top of the bubble.
Additionally, the compression of the wetwell gas space due to a
rising suppression pool surface also influences this outside pres-
sure. Pressurization of the wetwell gas space reduces the growth
rate of the bubble. [sothermal compression would result in a lower
wetwell gas space pressure and a higher bubble growth rate (hence,
a higher pool swell height and pool surface velocity). On the other
hand, adiabatic compression would result in a higher wetwell gas
space pressure and a lower bubble growth rate.

The bubble rise velocity and bubble breakthrough time deter-
mine the termination of the pool swell transient. The bubble
rises through the suppression pool due to the combined effects of
buoyancy and drag forces acting on the bubble. These forces are
functions of the size and shape of the bubble. Therefore, the bub-
ble rise velocity depends on the size and shape of the bubble—as
the size increases, the buoyancy force on the bubble increases.
However, the shape of the bubble also changes with its size. The
bubbles formed in the suppression pool during the pool swell tran-
sient are relatively large in size (due to the large horizontal vent
diameter of 70cm). They do not exactly match any of the well-
known bubble types for which bubble rise velocity measurements
are available (see Figs. 11 and 12 of Lahey and Moody, 1993). Judg-
ment is needed to predict the rise velocity of growing bubbles that
are being charged from the horizontal vents. Furthermore, the rise
velocity of a slug bubble is affected by the presence (or absence) of
wetwell gas space pressurization.

3. Mathematical models

Based on the discussion of the dominant phenomena, this sec-
tion presents the various mathematical models that are used to
simulate suppression pool hydrodynamics in the ABWR contain-
ment. Note that with the exception of specific geometrical aspects,
the proposed models are generally applicable to predictions of
hydrodynamic loads in BWRs with different containment config-
urations (e.g., Mark | and Mark II, etc.).

3.1. Vent clearance

Fig. 2 shows a modeling approach used to simulate the vent
clearance phenomenon. In this figure, x indicates the water level
inside the vertical vent pipe. Ay, Ay, and Asp are the total horizontal
ventarea available for the liquid flow, the cross-sectional area of the
vertical vent pipe, and the suppression pool surface area, respec-
tively. kg indicates the total effective vent form loss coefficient for

liquid flow (see Appendix A). Fig. 2 shows that the three horizontal
vents (top, middle, and bottom vents) in the ABWR design (shown
on the left side) are represented by a single horizontal vent by the
present model (shown on the right side). This assumption elimi-
nates the need of separate momentum equation for each horizontal
vent leading to the simplification of the model.

The one-dimensional momentum equation is obtained by aver-
aging the area of the three-dimensional momentum equation,
namely:

dpi | dpi _ 9P _ a4t
at 0z "5 jar D
Furthermore, it is assumed that:

+ 08 (1)

(a) The velocity of water inside the horizontal vent (#y) and the
suppression pool surface velocity (iigp) are related to the veloc-
ity of water inside the vertical vent pipe iy through the mass
continuity equation:

s Ay _
Uy = A‘;Uv (2)
¥ Ay -
Usp = st?uv (3)

(b) The suppression pool surface area (Asp) is very large compared
to the areas of the vertical vent pipe and the horizontal vent.
Therefore, the pool surface velocity is negligibly small (usp ~
0.0).

(c) The rise in pool surface due to the transfer of vent system water
into the suppression pool is accounted for by increasing the
suppression pool height (Hgp).

(d) The wetwell gas space pressure (Pyw ) isassumed to be constant
at the initial condition.

(e) Pressure drops due to inertia, special acceleration, gravity, and
form and friction losses in the vent system are considered. Pres-
sure drops due to inertia, special acceleration, and friction in
the suppression pool are neglected due to the negligibly small
suppression pool surface velocity.

(f) Pressure at the water surface inside the vertical vent is assumed
to be equal to the drywell pressure (i.e., before the vent clear-
ance, the gas flow from the drywell to the vertical vent pipe is
very small).

Therefore, integrating Eq. (1) from the surface water inside the
vertical vent pipe (point M in Fig. 2) to the suppression pool sur-
face (point N in Fig. 2) results in the following ordinary differential
equation representing the water velocity inside the vent:

A\ dii , i
</—>fx+ PfM;i;) E‘L — prity = (Pp — Pyw) - Pfkﬂ_?‘zx

+ prg(x — Hso) (4)

Subsequently, the water level inside the vertical vent pipe is

related to the water velocity by:
dx ..

&y (5)
Eqgs. (4) and (5) are solved numerically with the time-dependent
drywell pressure used as a boundary condition to calculate the
water level inside the vertical vent pipe. Furthermore, the total
area of the horizontal vents available for the liquid flow (Ayy) and
the effective liquid phase loss coefficient (kg) are estimated from
the water level inside the vertical vent. Appendix A presents the
approach for calculating effective vent form loss coefficients for
the liquid and gas flow phases.
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Fig. 2. Modeling approach for simulating the vent clearance phenomenon.

Immediately after the clearance of the top horizontal vent, the
drywell air begins to flow into the suppression pool and creates
an expanding air bubble at various vent exits. This expanding bub-
ble accelerates the pool surface and exerts a higher pressure on
the middle and the bottom vent exits, thus delaying their clear-
ance (i.e., the backpressure effect). Therefore, the assumptions of
the negligible pool surface velocity, the constant wetwell gas space
pressure, and negligible pressure losses in the suppression pool
(e.g., poolinertia) are challenged as the water level drops below the
top horizontal vent. Consequently, these assumptions are expected
to result in a faster prediction of the clearance of the middle and
bottom horizontal vents and in a more bounding estimate of the
pool swell parameters.

3.2. Pool swell

The simulation of suppression pool swell behavior consists of
solving equations representing the vent system pressure drop (for
the gas flow) and the growth rate, rise velocity and location, outside
pressure of the bubble; the pool surface velocity and elevation, the
wetwell gas space pressure, and thickness of the liquid slug on top
of the bubble. The pool swell calculations are initiated as soon as the
water level inside the vertical vent pipe drops below the top eleva-
tion of the top horizontal vent. The models described below take the
input from the vent clearance model (Section 3.1) (effective vent
form loss coefficient and total horizontal vent area available for the
gas flow/flow of gas), while the drywell pressure and temperature
are supplied as boundary conditions.

3.2.1. Vent pressure drop

The vent pressure drop equation is derived from the calcula-
tion of gas flow through the vent system following the clearance
of the top horizontal vent. Similar to the vent clearance model,
all horizontal vents (top, middle, and bottom) are assumed to be
represented by a single horizontal vent. However, unlike the vent
clearance model above, the elevation of the horizontal vent is fixed
at the top horizontal vent elevation (see Fig. 3). This assumption
minimizes the thickness of the accelerating liquid slug thereby
resulting in more bounding estimates of the pool swell height and
surface velocity.

The integration of the one-dimensional area averaged momen-
tum equation [Eq. (1)] from the entrance of the drywell connecting
vents to the exit of the horizontal vents by assuming:

(a) All horizontal vents are located at the elevation of the top hor-
izontal vents.

(b) The total area of horizontal vents available for the gas flow (Axyg)
and the effective gas phase form loss coefficient (kgg) for vents
are obtained from the solution of the vent clearance model

Fig. 3. Estimate of pressure drop through vents.

presented in Section 3.1. A sensitivity analysis is considered
in Section 4 to study the effect of gas phase vent form loss
coefficient (kg).

(c) Only inertial and frictional pressure losses are accounted for
(inertial pressure drop and wall friction losses in the horizontal
vents are neglected). The pressure drops due to spatial acceler-
ation and gravity are neglected. Since this assumption results in
a lower pressure drop and hence, a higher gas phase mass flow
rate through the vent system, it is considered bounding for the
calculation of pool swell parameters.

(d) The average gas phase density (pg) is obtained by averaging
the drywell and bubble gas densities. The drywell gas density is
obtained from the drywell pressure and temperature boundary
conditions. The bubble gas density can be calculated by assum-
ing that either isothermal or adiabatic compression of an ideal
gas.

Therefore, the following equation represents the pressure drop
through the vents:

- digy [ fly By _

This is further simplified by neglecting the inertial pressure drop
(due to a relatively small gas phase density) that leads to the fol-
lowing equation:

2
<ﬂ +kg£) _g—vpg =Pp—Pg (6b)
¢4
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3.2.2. Growth rate of the bubble

The submerged gas bubble that is formed at the exit of the
horizontal vents (following the vent clearance) is assumed to be
spherical with a time-dependent radius R, internal pressure Pg,
expanding against an outside pressure of P, surrounded by sup-
pression pool water with a density of py.

Assuming that:

(a) The pressure inside the bubble is uniform and equal to the
pressure at the exit of the horizontal vent (Pg).

(b) Heat and mass transfers at the bubble interface are neglected.

(c) The pressure outside the bubble is uniform around the bub-
ble and accounts for the liquid slug (which exists on top of the
bubble) inertia and the hydrostatic head [see Eq.(31)].

(d) The surface tension effects are negligible.

Therefore, the growth of an idealized spherical bubble is gov-
erned by the Rayleigh equation (Carey, 2007) of the form:

d>R 3 /dR\? 1 20
T+ 5(E) ZE,'(P“_P‘”_T)

Even at the initial formation of the bubble, when the radius is
minimum (i.e., equivalent to the radius of the horizontal vents), the
surface tension contribution is negligibly small (26/R<0.4) when
compared to the pressure difference (Pg —P,). The contribution
from surface tension continuously decreases as the bubble grows
inside the pool. Therefore, the surface tension term can be neglected
to arrive at:

R 3 <dR

2
1
R +3(@) = 5P

(7a)

(7b)

Furthermore, the volumetric growth rate (V;,) and the rate of
change of the submerged bubble mass (W) are governed by:

. dR
bod LT o B 2.5
G = Vo =47k (8)
and
dmgb dvb
M ©

The conservation of mass requires that the rate of change in the
mass of the bubble (W) is the same as the mass flow rate of the
drywell gas through the vertical vent pipes (Wgy):

dmgb =B _d__v_b
gt - s
Furthermore, the average gas phase velocity through the vertical
vent pipes is given by:

’ W,
b
Ay pg

Wy = (10)

(11)

3.2.3. Bubble rise velocity and bubble breakthrough time

The bubble rise velocity through a stagnant pool of water is
obtained by accounting for the forces acting on the bubble due to
inertia, buoyancy, and drag (Joseph, 2003; Wallis, 1969). That is:

du 1
PeVo—r = P&V — Pe8Vs — 5 CoprApy (12)

2
duy (Pr—pg) 1. PrAy
T P o

The drag coefficient (Cp) depends on the relative velocity, size,
and shape of the bubble and the fluid properties. The gas bubble
formed at the exit of the horizontal vent is assumed to rise at its
terminal velocity (i.e., assuming that the bubble’s acceleration is
negligible) through the suppression pool. Appendix B shows that

P. Sawant, M. Khatib-Rahbar / Nuclear Engineering and Design 241 (2011) 3824-3838

the bubble accelerates very rapidly and approaches the terminal
velocity in a negligibly small duration of time compared to the time
required for a bubble breakthrough (i.e., the breakthrough time is
several orders of magnitude longer compared to the characteristic
time for the bubble to reach its terminal velocity). Consequently,
the assumption that the bubble rises at its terminal velocity is justi-
fied and appropriate. The terminal velocity of the bubble is obtained
from Eq. (13) by setting the inertia term to zero (i.e., du,/dt=0.0).
Therefore:

FRIA \/2Vb(pf - P \/2ng
s CopAy  \ CoAs
The gas bubble that is formed at the exit of the horizontal vents
appears to rise as a spherical cap bubble due to its relatively large
size. Therefore, a cap bubble drag coefficient (8/3) can be used. This
is derived based on the theoretical analysis of a spherical cap bub-
ble having an included angle of about 100 degrees and a relatively
flat tail (Clift et al., 1978; Wallis, 1969) and is applicable to the bub-
ble Reynolds number greater than 150 (i.e., Rey = 2R pgusp/ 117> 150)
of the bubble. Therefore, the terminal velocity of a spherical cap
bubble (uc4p) of an equivalent spherical radius R is governed by:

dz
Uy = Ucap = o7 = V/ Rg

The above equation can be used directly to obtain the rise veloc-
ity of a bubble that is formed at the exit of the horizontal vents.
However, the size of the bubble increases (due to the continuous
flow of drywell gas and the bubble’s expansion) as it rises through
the suppression pool. If the bubble grows and reaches the sup-
pression pool structural boundaries, its shape will change from an
initial spherical cap to a slug bubble. The transition from the shape
of a spherical cap to a slug bubble and the terminal velocity of a
slug bubble are governed by the geometry of the suppression pool.
Similar to the terminal velocity relationship of the spherical cap
bubble [Eq. (15)], empirical correlations are available in the litera-
ture for estimating the terminal velocity of the slug bubble (Wallis,
1969). These correlations are dependent on the geometry of the
flow channel. Wallis (1969) provides correlations for rectangular
and circular geometries. Fig. 4 shows that each 10-degree sector
of the ABWR suppression pool (corresponding to one vertical vent
and associated top, middle, and bottom horizontal vents) is shaped
as an approximately similar trapezoid.

A correlation for the terminal velocity of slug bubbles (uys16)
for a trapezoidal shape is not available in the literature. Therefore,

(14)

(15)

Dpooi,

Fig. 4. Cross section of the ABWR suppression pool.
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the present model uses the following correlation based on tests in |
rectangular geometry (Wallis, 1969):

Dy ps — pg)g

Uy = Ugyszue = K (16a)
P¥
and
Ds
k:0‘23+0‘13—5~ (16b) |
I

Before the transition from a spherical cap to a slug bubble, the ‘
following equations are used to calculate the lengths of the shorter |
(Ds) and the longer (D;) sides of the rectangle in Eq. (16):

D = 7t(Dpool; + Dpooly)
e 2xN

_ (Dpool, — Dpool;)
G 2

After the transition from a spherical cap to a slug bubble takes ‘
place, the slug bubbles from the neighboring sectors are assumed
to coalesce and form a large slug bubble that spans the entire cross |
section of the suppression pool. Fig. 5 shows that the entire sup-
pression pool cross section can be approximated by a trapezoid. |

Therefore, the following equations can be used to calculate Ds and ‘
\

Dy

D;inEq.(16):

(Dpool, — Dpool;)
e
8 n(Dpooli;- Dpool,) (20)
The bubble rise velocity is calculated using the slug bubble ter- 1
minal velocity correlation [Eq. (16)] as soon as the transition from |
a spherical cap to a slug bubble is predicted to occur. However, an
established criterion for predicting this transition in a rectangular
test section is not available. For the present pool swell evaluation
model, the transition is assumed to take place as soon as the diam-
eter of the cap bubble exceeds the average of the above estimated
lengths of the longer and shorter sides of the rectangle:

Ds + Dy
2

B (19) |

Dy

2Rcap = (21)

The cap bubble radius (Reqp) can be estimated from the equiv-
alent spherical bubble radius R. For a spherical cap bubble with
an included angle of about 100 degrees and a flat tail, the following
relation can be obtained that correlates the radius of the cap bubble
with the radius of the spherical bubble (Wallis, 1969):

Reap =2.26 x R

(22)

The terminal velocity of the slug bubble is governed by Eq. (16)
if the bubble is rising through a stagnant pool of liquid. However,
if the channel top is open to the atmosphere (e.g., the PSTF test
facility; Yan and Bolger, 2010), the liquid ahead of the rising slug
bubble is not expected to remain stagnant (Wallis, 1969). Under
this condition, the rise velocity of the slug bubble is augmented
by the velocity of the liquid ahead of the expanding and moving
bubble. Consequently, the effective slug bubble rise velocity will
be equal to the sum of the terminal velocity of the slug bubble and
the pool surface velocity:

(23)

After estimating the bubble rise velocity, the elevation of the
bubble is obtained using:

"t dz i
Zbubble:/ —df=/ ug, dt
o dt Jo

where Zp,ppje is the bubble elevation above the top vent centerline.

Upp = Upsiuc + Usp

(24)
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The bubble breakthrough time is defined as the time at which
the bubble’s top surface penetrates the suppression pool surface.
At the time of the bubble breakthrough, the thickness of the liquid
slug on top of the rising bubble approaches zero. The liquid slug
thickness is obtained by subtracting the elevation of the top surface
of the bubble from the elevation of the pool surface (see Fig. 3 and

Eq. (28)):

Hgp = (Hs + Hps) — (Zpuppie +R) (25)

The bubble breakthrough is assumed to occur as soon as Hg;
reaches zero. The top vent centerline submergence height (Hs)
accounts for the rise in pool surface elevation due to the transfer of
water from the vent system to the pressure suppression pool. The
suppression pool swell height (Hps) is estimated using Eq. (27).

3.2.4. Pressure suppression pool surface velocity and elevation

As noted earlier, the pressure suppression pool surface velocity
and elevation are the most important pool swell parameters from
a containment and structural design standpoint. The rising pool
surface will sweep out a volume that corresponds to the growth
in volume of the submerged bubbles. For a total suppression pool
surface area of Asp, a total number of N vents feeding N submerged
bubbles with a volume growth rate of Eq. (8) will result in a pool
surface rise in velocity of:

dHp N .

Top = e il
P T Ag P

(26)

Eq. (26) is integrated to obtain the pressure suppression pool
swell height (i.e., the pool surface rise above the initial pool surface
elevation):

nt
Hps = / sl (27)
0

dt
The elevation of the pressure suppression pool surface above
the bottom of the pool is obtained from the following equation:

Zpool = Hs + Hps (28)
3.2.5. Wetwell gas space pressurization and the outside pressure
of the bubble

The pressurization of the wetwell gas space volume due to pres-
sure suppression pool surface rise is calculated by assuming the
polytropic compression of an ideal gas:

PWW=P°WW<YOM)V (29)
Vww

Wetwell gas space volume is obtained by:
Vvw = Vo — (Zgoo, —Zyool) % Asp (30)

The assumption of an adiabatic compression (y=1.4) will result
in a relatively higher wetwell gas space pressure and a lower pool
swell height and pool surface velocity. The assumption of isother-
mal compression () =1.0) will result in a relatively lower wetwell
gas space pressure and a higher pool swell height and pool surface
velocity.

The equation to estimate the outside pressure of the bubble, P,
is obtained by integrating the averaged area momentum equation
[Eq. (1)] over the thickness of the liquid slug that is residing on top
of the rising bubble:

dii H. a2
HSLPf—di—P = (Poo — Pww) — (Hsy + R)psg — <£D-S~L i ksr) %Pf

sp
(31)
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Fig. 5. Cross section of the ABWR suppression pool after t

Therefore, the pressure that is exerting on the bubble from the
outside is governed by:

dit 2
Peo = Py + HSL/)f—di—P + (Hsp +R)prg + (@ + ksP) -sgpf

Dsp
(32)

Even though this equation accounts for the frictional losses,
these losses are nonetheless negligible. Furthermore, since the area
of the pressure suppression pool remains constant, the pressure
loss due to spatial acceleration is zero. Note that the gravitational
pressure drop is calculated from the center of the expanding bubble.

3.2.6. Closure relations

3.2.6.1. Critical flow. The gas phase can approach the sonic velocity
inside the vertical vent pipe. The sonic velocity of the gas phase at
the drywell pressure is estimated using (McCabe et al., 1993):

. _( 2 )w/z(y—n B
B \y+1 o

The critical mass flow rate for the flow of gas through the vertical
vent pipes at the drywell pressure P is calculated by:

(33)

(34)

If the gas flow rate through the vents calculated by Eq. (10)
becomes greater than the critical mass flow rate (Wjcz), the growth
rate of the bubble is limited to the critical mass flow rate and is
calculated using the following equation (instead of [Eq. (7)]):

dR Wiy
dt = 47R?pg

Wecr = Av Pgpligs

(35)

3.2.6.2. Wall friction factor. The wall friction factor [in Egs. (6) and
(32)] is calculated using the following relations:

o % forRe < 2100 (36)
f =0.312(Re) %?* for2100 < Re < 2 x 10* (37)
f =0.184(Re)"*? forRe > 2 x 10* (38)

3.2.6.3. Equation of state. The drywell gas density is obtained from
the pressure and temperature of the drywell:

(39)

The gasdensity corresponds to the inside pressure of the bubble,
which is obtained by assuming a polytropic compression of an ideal
gas:

1
s { Ps /¥
PgB = Pgp | oo
B

Pep = Pep(Pp, Tp)

(40)
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nDpool,

#ADpoo;

ansitioning from a spherical cap to a slug bubble shape.

The average gas density used in the vent pressure drop equation
[Eq. (6b)] is obtained from:
2 1
Pg = ‘j(PgD"'/’gB) (41)

Furthermore, the pressure suppression pool density is calcu-
lated as a function of the water temperature:

pr = pe(Tsp) (42)

4. Application to the ABWR

The proposed model equations are solved numerically to ana-
lyze the pressure suppression pool hydrodynamics in the ABWR
containment, as discussed in this section. These analyses include
best estimate and sensitivity calculations (see Sections 4.2.1 and
4.2.2). The sensitivity calculations are performed to study the
impact of key model assumptions on the pool swell parameters.
Furthermore, the model predictions are also compared with com-
parable results based on GOTHIC calculations, as documented in
the STP Units 3 and 4 FSAR (2007).

4.1. Initial and boundary conditions

Table 2 lists the initial conditions and key geometrical param-
eters of the ABWR containment. Initially, the entire containment
atmosphere is assumed to be filled with nitrogen, which is also
assumed to represent the composition of the gas that flows from
the drywell into the suppression pool. During a LOCA, in addition
to nitrogen, some steam and suspended water droplets that enter
the drywell through the reactor coolant system break can also flow
along with the nitrogen into the pressure suppression pool. How-
ever, the steam and water droplet content is expected to be very
small during the time period of interest (i.e., 2-3 s). Furthermore,

Table 2

ABWR containment initial conditions and key geometric parameters.
Geometric parameters/initial conditions Value
Initial drywell pressure, kPa 106.0
Initial drywell temperature, K 330.0
Drywell atmosphere composition (nitrogen), % 100
Suppression pool water temperature, K 308.0
Wetwell atmosphere composition (nitrogen), % 100
Initial wetwell gas space temperature, K 308.0
Initial wetwell gas space pressure, kPa 106.5
Top vent centerline submergence, m 3.5
Middle vent centerline submergence, m 4.85
Bottom vent centerline submergence, m 6.2
Initial wetwell gas free volume, m? 5958.0
Total suppression pool surface area, m? 507.0
Vent area of one vertical vent, m? 1.13
Diameter of horizontal vent, m 0.7
Total number vertical vents 10
Total number of horizontal vents 30
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Fig. 6. Drywell pressure and temperature boundary conditions.

the assumption of all nitrogen in the containment atmosphere is
expected to result in more bounding estimates of the pool hydro-
dynamic response behavior.

Due to the short period of the pool swell dynamic, the impact
of heat transfer from the suppression pool and wetwell gas space
to the wetwell structures is considered to be negligible in the cur-
rent analysis. As noted earlier in Section 3, the drywell pressure
and temperature transients are supplied as boundary conditions
to the model. Fig. 6 shows the drywell pressure and temperature
boundary conditions used in the current analyses. These bound-
ary conditions are derived from the STP Units 3 and 4 FSAR (2007),
which provides pressure and temperature transientdata in the dry-
well and wetwell for the design-basis feedwater and main steam
line break accidents. The pressure and temperature curves shown
inFig. 6 are considered to represent the upper bounds of the drywell
pressure and temperature conditions.

4.2. Results

4.2.1. Vent clearance time sensitivity calculations

The vent clearance equations presented in Section 3.1 account
for the pressure losses due to fluid inertia, spatial acceleration, fric-
tion, and hydrostatic head. To assess the sensitivity of the vent
clearance time to the contribution from various pressure loss terms,
a series of sensitivity calculations was performed using the differ-
ent forms of the vent clearance equation [Eq.(4)]. Table 3 shows the
summary of these calculations. The first column tabulates the form
of vent clearance equation that was used, and the second column
shows the corresponding vent clearance time predicted for the top
vents.

InTable 3, the results show that the vent clearance time is mainly
influenced by the pressure losses due to fluid inertia and hydro-
static head. The top vents clear very quickly if only the contribution
from the hydrostatic head is considered. These results indicate
that the drywell pressure increases to the pressure equivalent to

the hydrostatic head of water inside the suppression pool within |

approximately 0.36 s following a large-break LOCA. Accounting for

Table 3
Summary of vent clearance time calculations for the ABWR containment.
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the inertia of the water column inside the vertical vent pipesand the
horizontal vents (the inertia of water inside the suppression pool
is negligible due to the relatively large area) results in an increase
in vent clearance time from 0.36 to 1.13s. This increase shows the
importance of fluid inertia for an accurate prediction of the vent
clearance time. As shown in Table 3, the pressure losses due to fric-
tion and spatial acceleration have a negligible contribution to the
predicted vent clearance time.

4.2.2. Pool swell sensitivity calculations

Best estimate (base case) and sensitivity calculations were per-
formed for the ABWR containment to assess the impact of various
model inputs on the calculations of various pool swell parame-
ters. The model input parameters/assumptions that were selected
for the sensitivity calculations include (a) the pressure suppres-
sion pool surface area, (b) the polytropic constant for wetwell gas
compression, and (c) the effective vent form loss coefficient.

The best estimate values of these parameters were used for the
base case calculations. Fig. 1 shows that the horizontal vents in the
ABWR containment are located on the inner wall of the annular
pressure suppression pool. Due to this configuration of the vents,
the air bubbles that formed inside the suppression pool following
the discharge of the drywell gas mixture through the horizontal
vents do not extend uniformly across the entire pool, which leads
to the radially non-uniform swelling of the pool. Consequently, the
pool swell has a higher rise near the inside radius of the suppression
pool. As a result, the thickness of the liquid slug on top of the bub-
ble is also not uniform across the suppression pool cross section.
The GE PICSM code (used for the ABWR DCD pool swell analysis) as
stated in ABWR DCD (1997), does not account for the non-uniform
pool swell due to its one-dimensional nature. Therefore, GE pro-
posed the assumption of an 80% pool surface area for ABWR DCD
(1997) pool swell analysis based on the results of a comparison
with/against experiment data. The STP Units 3 and 4 FSAR (2007)
GOTHIC pool swell analysis methodology is also based on a one-
dimensional nodalization of the suppression pool. Therefore, these
analyses also incorporate the 80% pool surface area assumption.
For the current model, the best estimate (or base case) simulations
that are presented in this section use the 100% value of the pool
surface area. However, similar to ABWR DCD (1997) and the STP
Units 3 and 4 FSAR (2007) pool swell analyses, in order to account
for the effect of the non-uniform pool swell within the present
one-dimensional modeling framework, the results of a sensitivity
calculation that also assumes an 80% value for the pool surface area
are presented.

The polytropic gas constant used in Eq. (29) affects the wetwell
gas space compression. As noted earlier, y=14 is equivalent to
assuming an adiabatic compression (for nitrogen gas) and y=1.0
is equivalent to assuming an isothermal compression. The adia-
batic compression assumption (y = 1.4)results in a relatively higher
wetwell gas space pressure and a lower pool swell and pool sur-
face velocity (due to a higher wetwell gas space pressure). The
assumption of isothermal compression (y=1.0) results in a rela-
tively higher suppression pool swell and pool surface velocity and

Case Vent clearance equation assumption Vent clearance time, s
1 Only hydrostatic pressure drop considered 0.0 =(Pp — Pw) * psg:(x — Hso) 0.36
2 Hydrostatic + inertial pressure drop considered (p,x + ;:,4;5) %L' =(Pp — Pw) + prg:(x — Hso) 1413
3 Hydrostatic + inertial + frictional pressure drop considered\ 1.18
e )
(Pfx +prLgr ) G = (Po— Pw) = prke+ + pr&:(x — Hao)
4 Hydrostatic +inertial + spatial acceleration + frictional pregsure drop considered 112

- 2
(p,x + /-,,LQ"{—') %‘ﬁ — prutf, = (Pp — Pw) —-pfk,E:} + pr82 (%

— Hso)
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Table 4
Results of best estimate and sensitivity case calculations.
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Parameters Base cas Sensitivity cases
1 2 3
Pressure suppression pool surface area, % 100 80.0 100 100
Polytropic constant for wetwell gas compression 1.4 14 1.0 14
Effective vent form loss coefficient
Top vent open 14.9 149 149 0.1
Top and middle vents open 59 59 59 0.1
All vents open 4.3 4.3 43 0.1
Calculated breakthrough time, s 157 1.8 17 1.8
Calculated maximum pool swell, m 1.5 2.3 15 3.1
Calculated maximum pool surface velocity, m/fs 4.3 54 45 6.8
Calculated maximum bubble pressure, kPa 153 158 148 184
Calculated maximum wetwell gas space pressure, kPa 129 134 122 163
a lower wetwell gas space pressure. The time duration of the pool Table 5 : _
swell phenomena is about 2-3 s. Consequently, the transfer of heat | Comparison with STP Units 3 and 4 FSAR (2007) results.
between the wetwell gas space and the wetwell heat structures are Pool swell model parameter STP units 3 and 4 Present model
not significant. Therefore, for the best estimate (base case) analysis, FSAR (2007)
the adiabatic compression (y =1.4) is assumed. Maximum pool swell height, m 8.8 8.7
The calculated effective form loss coefficients for the gas and Maximum pool surface velocity, m/s 109 95
liquid flows through the vent system use the modeling approach Maximum wetwell gas pressure, kPaG 146 161
Maximum bubble pressure, kPaG 195 179

presented in Appendix A. The vent clearance analysis presented
in Section 4.2.1 shows that the vent clearance phenomenon is not
sensitive to the frictional and form losses inside the vent system.
Therefore, a sensitivity analysis using the liquid flow effective vent
form loss coefficient is not required. A sensitivity calculation uses
different values for the effective gas phase vent form loss coef-
ficient. The best estimate values of the effective gas flow vent
form loss coefficient are calculated using the approach presented
in Appendix A. The calculated effective vent form loss coefficient
varies from 4.3 to 14.9 depending on the number of horizontal vents
that are open. These values are used for the base case calculation.
For the sensitivity case calculation, a negligibly small (around 0.1)
form loss is assumed under all vent flow configurations.

Table 4 shows the results of the best estimate (base case) and
sensitivity case pool swell calculations and the values of the sen-
sitivity parameters used in each calculation. For each calculation,
the table also shows the predicted bubble breakthrough time, max-
imum pool swell height, maximum pool surface velocity, maximum
bubble pressure, and maximum wetwell gas space pressure.

The sensitivity case calculation with an 80% pool surface area
shows a substantial increase in the maximum pool surface veloc-
ity and pool swell height. The maximum pool surface velocity
is increased by 25% and the maximum pool swell rise height is
increased by 53% compared to the predictions for the base case.
Furthermore, the maximum bubble inside pressure and the maxi-
mum wetwell gas space pressure remain relatively unaffected (an
increase of about 3%) by the reduction in the effective pool surface
area. It should be noted that for the sensitivity calculation, even
though the suppression pool surface area was reduced by 80%, the
wetwell free gas volume was the same as in the base case calcu-
lation. In summary, the uneven pool swell (as simulated by the
80% pool surface area sensitivity calculation) results in a higher
local pool surface rise and pool surface velocity, but the effects on
the pressure of the wetwell gas space and the inside pressure of
the bubble are negligible. Since this assumption would result in
more bounding value of the estimated pool swell parameters, it is
relevant for the design basis pool swell analysis.

The results of sensitivity case calculation with the isothermal
compression of the wetwell gas space (i.e., polytropic constant,
y=1.0) show a small increase in the maximum pool surface velocity
(4.5%). Furthermore, the maximum wetwell gas space and bubble
pressuresare reduced (-3 to —5%) when compared to the base case
results. Therefore, for the design-basis analysis, the assumption of
isothermal wetwell gas space compression is more bounding in

terms of maximum pool surface velocity, and the assumption of
adiabatic wetwell gas space compression (same as the base case) is
more bounding in terms of maximum wetwell gas space pressure.
However, the overall impact of this assumption is considered to be
negligible.

The most significant effect on the all pool swell parameters is
observed in a sensitivity case with an effective vent form loss coef-
ficient value of 0.1. Table 4 shows that the maximum pool swell
is increased/increases by 106% in this sensitivity calculation. Sim-
ilarly, the maximum pool surface velocity increases by 58%; and
the maximum wetwell gas space and bubble pressures increase
by more than 20%. The bubble breakthrough time for this sen-
sitivity calculation also increases. The gas flow rate through the
vertical vent pipes reaches critical condition due to the very small
vent system pressure drop assumed for this calculation. Therefore,
the assumption of a smaller effective vent form loss coefficient is
more bounding for the prediction pool swell dynamics under DBA
conditions.

4.2.3. Comparison to licensing analyses

The STP Units 3 and 4 FSAR (2007) pool swell licensing analysis
for the ABWR containment was performed using the GOTHIC code.
Table 5 shows the comparison of peak values estimated for the
pool swell height, pool surface velocity, wetwell gas space pres-
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Fig. 7. Comparison with STP Units 3 and 4 FSAR (2007) results: bubble pressure.
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Comparison with PSTF experiment data.
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Calculated model parameter

Percentageof experimental data points predicted by model thatare within:

<+10% +10%<and < +30%
Top vent 100 0
Time of vent clearance Middle vent 80 20
Bottom vent 0 100
Liquid slug thickness Liquid slug thickness 44 51
Breakthrough elevation Breakthrough elevation 100 0
Pool surface elevation Pool surface elevation 100 0
Pool surface velocity Pool surface velocity 0 100

sure, and bubble pressure in the STP Units 3 and 4 FSAR (2007)
GOTHIC analysis and those based on the present model. Generally,
good agreement in the results is noted. In Fig. 7, time-dependant
bubble pressure predicted by the present model is compared to
the STP Units 3 and 4 results. This comparison shows a reasonable
agreement.

4.2.4. Comparison to experimental data

The present model is also compared to the BWR Mark III con-
tainment PSTF experimental data. Fig. 8 shows a schematic of the
one-third scale PSTF test section (Yan and Bolger, 2010). The facil-
ity was designed and operated by GE and was used to generate the
experimental data in support of the Mark III pressure suppression
containment design. The facility consisted of an integrated sys-
tem of the boiler or pressurizer, drywell, vent system, and wetwell
(suppression pool and wetwell gas space). The pool and vent sys-
tems both represented one-third scale mockups of an 8-degree
sector of the Mark Il containment. The transient responses of the
pressurizer, drywell, vent system, suppression pool, and wetwell
airspace were measured using instruments that included pressure
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Fig. 8. Schematic of the one-third scale PSTF test facility (Yan and Bolger, 2010).

and differential pressure transducers, thermocouples, and conduc-
tivity probes. The conductivity probes were used to monitor the
liquid interface movement based on the difference in conductance
between gas (air andfor steam) and liquid (water). These mea-
surements were further analyzed to obtain data on pool swell
parameters (i.e., pool surface elevation, pool surface velocity, and
liquid slug thickness).

Three PSTF experiments were selected for the comparison. The
selected experiments used air as the blowdown fluid. Table 6 shows
summary of the comparison results (detailed comparison could not
be presented here due to the proprietary nature of the experimen-
tal data). As shown in Table 6, the vent clearance time for the top
vent, pool swell height, and the bubble breakthrough elevation are
within 10% of the experimental data. The liquid slug thickness and
the pool surface velocity are predicted within 30% of the experi-
mental data.

Large deviation in prediction of the pool surface velocity can
be due to relatively large uncertainties involved in the measure-
ment of this parameter. The pool surface velocity was not directly
measured, instead it was calculated using the measured time for
the pool level or interface to travel from one conductance probe to
another conductance probe (located downstream) and the distance
between the two probes. Therefore, the measurement of pool sur-
face velocity involves uncertainties due to measurements of two
conductance probes and a distance between the two probes, which
are typically large.

The vent clearance times predicted for the top and middle vents
are close to those in the experimental data. However, the model
predicted a very early clearance of the bottom horizontal vent com-
pared to the experimental data. For the model, the vent clearance
is assumed to occur as soon as the water level inside the vertical
vent pipe drops below the top elevations of the horizontal vents
(shown by the dotted lines in the figure). The discrepancy between
the prediction and measurement of the vent clearance times can be
due to several simplifying vent clearance model assumptions (see
Section 3.1). These assumptions start to breakdown following the
opening of the top horizontal vent. Immediately after the clearance
of the top vent, the drywell air begins to flow into the suppression
pool and creates an expanding air bubble at the exit of the vent. This
expanding bubble accelerates the pool surface and exerts a higher
pressure on the middle and bottom vent exits, which delays their
clearance. Therefore, the assumptions of a negligible pool surface
velocity and an inertial pressure drop inside the suppression pool
may not be fully applicable following the clearance of the top hori-
zontal vent. Consequently, the model predicts an early clearance of
the middle and bottom horizontal vents. Furthermore, as noted ear-
lier, the model assumes the clearance of the horizontal vent as soon
as the water level inside the vertical vent drops below the top ele-
vation of the horizontal vent. However, the experimental data show
that after the water level drops below the top elevation of the hori-
zontal vent, the air-water interface enters into the horizontal vent
and moves toward the exit with the increasing drywell pressure.
Therefore, the air-water interface requires a finite time to travel
from the entrance to the exit of the horizontal vent. The movement
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of the interface through the vent is not included in the model. This
effect is more pronounced in the PSTF experiments because of the
larger length-to-diameter ratio of the horizontal vents in the PSTF
experiments as compared to the ABWR containment design.

In summary, the model prediction of the clearance for the top
and the middle horizontal vents is reasonable. The earlier pre-
diction of the clearance for the bottom horizontal vent is due to
modeling assumptions and limitations. Furthermore, this model
characteristic of the pool swell analysis is bounding because the
earlier clearance of the bottom horizontal vents would result in
the transfer of a larger amount of drywell atmosphere into the
suppression pool, thus resulting in larger hydrodynamic loads.

5. Conclusion

A PIRT applicable to the ABWR containment pool swell analy-
sis was used as a basis for the development of an analytic model
to predict important pool swell parameters. The highly ranked
phenomena were represented mechanistically. The present model
enables the calculation of the vent clearance time and various pres-
sure suppression pool swell parameters including the pressure
suppression pool surface velocity, the surface elevation, the gas
bubble pressure, and the wetwell gas space pressure. The model
was applied to conditions of a large-break LOCA in the ABWR con-
tainment. Sensitivity calculations were performed to assess the
impact of key model assumptions on various pool swell parameters.
The vent clearance time sensitivity analysis showed that the vent
clearance phenomenon is significantly influenced by the hydro-
static head and the inertia of water residing inside the vent system.
Furthermore, the pool swell analysis sensitivity calculations show
that the assumption of a smaller pool surface area (to account for
the uneven pool swell) and reduced vent loss coefficients are the
most bounding in terms of their impact on the calculation of sup-
pression pool swell parameters. Finally, the model was applied to
conditions corresponding to a LOCA inside the ABWR containment.
Comparisons of the calculated results to those of other studies and
to the PSTF experimental data showed reasonable agreement. The
model predicted vent clearance time for the top vents, the pool
swell height, and the bubble breakthrough elevation are within
10% of the experimental data. The predicted pool surface velocity
and the liquid slug thickness are within 30% of the experimental
measurements.
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Appendix A. Effective vent form loss coefficient

The effective vent form loss coefficients for the flow of gas and
liquid phases through the vent system are estimated by accounting
for the geometry of the vent system and the water level inside the
vertical vent pipes. This section describes the methodology used to
estimate the gas phase effective vent form loss coefficient (kg ). A
similar approach is used to estimate the liquid phase effective vent
form loss coefficient (kg).

Fig. A1 illustrates the scenario in which only the top horizontal
vents are partially open. The effective vent form loss coefficient for
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Fig. Al. Estimate of the effective vent form loss coefficient: top vent open.

the gas flow (kgg) under this configuration is derived by summing
up the drywell connecting vent entrance loss (kg), the vertical vent
pipes to the horizontal vent turning loss (k;), and the horizontal
vent exit loss (k). As shown below, the effects of the flow area
change for the horizontal vents (due to a decreasing water level
inside the vertical vent pipe as the drywell pressure increases, and
due to differences in diameters) on the turning loss (k;) and the
exit loss for the horizontal vents (k. ) are also accounted for in the
derivation (Crane, 1980):

k kg ke+((1 - p2)/28% k
;g;':_g & (( f])/ AB1)+ 2e (A])
Ay Ay Ay AHgl

Fig. A2 illustrate the scenario in which the top two horizon-
tal vents are open (the middle vents are partially open). With the
multiple vents open, the losses through the horizontal vents are

Pp@), Tp®)

Fig. A2. Estimate of the effective vent form loss coefficient: top two vents are open.
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assumed to be parallel. The loss coefficient for the top horizontal
vents is defined by:
ko ka +((1- /28D ke

AL BT gt (A2)
2
A} Ay Al

As shown in Eq. (A2), the effects of the flow area change for the
horizontal vents (due to a difference in the diameter of the horizon-
tal and vertical vent pipes) on the turning loss (ks ) is accounted for
in the derivation (Crane, 1980).

The loss coefficient for the middle horizontal vents is defined

by:

kg ko ke+((1-p2)/2p3
_tzz _ %2 + t (( 2/32)/ ﬂz) + IZQ (A3)
AV AV AV AHgZ

The effective horizontal vent form loss coefficient (kc) is
obtained by:

Ay A . A (A4)

Ve Ve Ve

The total effective vent form loss coefficient for the gas flow
(kge) when the top two vents are open is obtained by summing
the drywell connecting vent entrance loss (k;) and the effective
horizontal vent loss (k¢):

kgE = k(‘ + kd (AS)

A similar approach is used to derive the effective vent form loss
coefficient for the gas flow (kgg) when all three vents are open.

Appendix B. Bubble rise velocity

As presented in Section 3.2.3, for the present model, the gas
bubble formed at the exit of the horizontal vents is assumed to rise
at its terminal velocity (i.e., bubble acceleration zero) through the
suppression pool. This Appendix presents the analysis to support
the above modeling assumption.

The solution to Eq. (12) is:

elﬂbt =1
u,=a (m (B])
where:
[2(p5 — Pg)Vs
i g B2
CoprAp &
and
- 1 Ab pf
b= ECDv_bp_g (B3)

The drag coefficient (Cp) depends on the relative velocity, size,
and shape of the bubble and the fluid properties.

As noted in Section 3.2.3, the gas bubble that forms at the exit
of the horizontal vents appears to rise as a spherical cap bubble
due to its relatively large size. Therefore, for the current calcula-
tions, the cap bubble drag coefficient (8/3) is used. It is derived
based on the theoretical analysis that a spherical cap bubble has an
included angle of about 100 degrees and a relatively flat tail (Clift
etal., 1978; Wallis, 1969) and is applicable to the bubble Reynolds
number greater than 150 (i.e., Rep =2R psup [14¢> 150). Fig. B1 shows
the rise velocity of a spherical cap bubble calculated using Eq. (B1).
The figure shows that the time required for a bubble toreach the ter-
minal velocity increases with an increase in the size of the bubble.
The bubble accelerates very rapidly and approaches the terminal
velocity. The maximum calculated characteristic time required for
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Fig. B1. Rise velocity of the bubble through a stagnant pool of water.

the bubble to reach terminal velocity is less than 2 ms. This charac-
teristic time is negligibly small compared to the time required for a
bubble breakthrough (i.e., the breakthrough time is several orders
of magnitude longer compared to the characteristic time for the
bubble to reach its terminal velocity). Consequently, the assump-
tion that the bubble rises at its terminal velocity is justified and
appropriate.
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