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ABSTRACT

The overall goal of this research is to study the phenomena associated with jet-
plume condensation of steam-noncondensable mixtures in a large subcooled pool of
water. For this purpose a model suppression pool, scaled down 4.5 by height and 400 by
volume, was designed and built to simulate a prototype reactor pool geometry. The
design and test conditions were based on the hierarchical scaling principle that preserves
the transfer of mass, momentum, energy and condensation phenomena. Distributed
thermocouples within the pool provided a means to quantify the pool 3-D thermal
response. 2-D temperature maps from interpolated thermocouple data measured at
discrete points in the vertical plane were developed to describe the regions of the pool

that were thermally stratified or mixed in the vertical plane.

The first series of experiments consisted of scoping and feasibility tests to
quantify the pool capability and to test the range of conditions prescribed by the control
volume and boundary flow scaling. Data reported include tests with horizontal venting of
pure steam and steam-air mixtures through the top vent and venting of pure steam
through the top two vents. A total of 8 tests were performed and 3 of them are discussed
in detail and compared. The size of the vent pipe used for these tests was 2 inches in
diameter. Two cases, named 1 and 2, are compared for similar steam injection fluxes of
37.2 and 34.6 g/s respectively. In case 1, a single horizontal vent is considered and in
case 2 the vent-to-vent communication phenomenon is observed when top and middle
vents are simultaneously opened. The pool initial temperatures were 20.4 and 24.3 °C
respectively for cases 1 and 2. A third test, reported herein as case 6, shows the pool
response when a steam and air mixture is discharged to the pool. In the remaining cases
(3, 4, 5, 7, and 8) the pool was mixed and mild stratification was observed. Thermal
stratification was observed in case | whereas it was not observed in cases 2 and 6. High
frame-rate images of condensation acquired for 20 g/s and 50 g/s steam flow rate cases
are compared where the behavior of an inertia-dominated jet-plume was observed for the

50 g/s case, whereas with less inertia (in the 20 g/s case) the buoyancy force was
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predominant. These first series of tests captured the major phenomena associated with

direct contact condensation in a subcooled pool with non-condensable gas.

In the second series of tests performed, a data base of pool thermal response for
defined injection boundary conditions using steam and steam-air mixtures was acquired,
assessed, and discussed for two injection vent sizes of 2-inch and 3-inch diameters. Using
this database, regime maps that depict the transition from mixed to thermally stratified
conditions were drawn in terms of the steam injection flux and the pool subcooling for
the pure steam injection cases. This revealed a well defined boundary region where a
thermally mixed pool is changed to a stratified pool. In the case of steam-air mixture
injection, transitional behavior was also quantified in terms of the air mass fraction. The
mixing to stratification boundary was distinguishable when plotted in terms of the steam
flux versus air mass flow rate and pool temperature versus air mass flow rate. Flow
visualization from high speed images were obtained and a pure steam mass flow rate case
of 17.8 g/s was compared to a steam-air case with the same steam mass flow rate but with
0.5 % air mass fraction. The presence of air showed a definite change in the structure of
the discharged effluent and its trajectory inside the pool. With air mass flow rates below

0.1 g/s and pool temperatures above 40 °C, the pool attained thermal stratification.

A toroidal cell around the effluent was observed in both the steam and steam-air
mixture cases. However, in the pure steam case the toroidal cell consisted of vapor in the
upper half with condensed and entrained liquid in the lower half. In the steam-air mixture
case, the toroidal cell was more symmetric consisting of vapor with a liquid inner core. In
the latter case the jet-plume path was projected upwards due to more buoyancy provided
by air. The database accumulated here was used to assess the prediction capabilities of
TRACE code which indicated that the code could not identify the thermal stratification
criterion. A simplified model was then developed to predict the trajectory and spread of a
two-phase jet-plume which was benchmarked against experimental results and CFD
simulations using the drift-flux and two-fluid formulations with appropriate turbulence
models. The simple model proved to be quite reasonable in predicting the jet-plume path

and spread.
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1. INTRODUCTION

Specific to ALWR (Advanced Light Water Reactor) safety systems, there can be
various modes of condensation depending on the configuration of the participating fluids
and their thermal-hydraulic conditions. Classical condensation heat transfer problems
involve either film-wise or drop-wise condensation with an intervening wall separating
the vapor from the coolant. In reactor safety-related systems, the primary mode of heat
transfer within the containment is DCC (Direct Contact Condensatién) where the
participating fluids share a common interface in the absence of an intervening wall and
the condensation phase change process occurs at the fluid interface. The direct contact

mode of condensation encountered during postulated accident scenarios include (Delhaye

etal, 1981):

1. Condensation of vapor bubbles in liquid (steam-water mixing during
emergency core cooling (ECC))

2. Condensation of vapor jets in liquid (steam-water mixing in the containment)

3. Condensation of vapor on subcooled droplets (ECC top-spray)

4. Condensation between two streams (more or less parallel, in the downcomer)

The range of thermal-hydraulic conditions in such scenarios can vary, with pressures
ranging from 0.1 to 7 MPa, coolant temperatures from 40°C to saturated, and vapor

temperatures from saturated to superheated.

The direct contact mode of heat transfer, in which there is a common evolving
interface between the subcooled water and vapor, offers a greater surface area for phase
change and heat transfer with the possibility of higher heat removal rates. The
phenomena related to DCC in pressure suppression systems and the associated pool
thermal stratification can be difficult to model since complex flow phenomena including
steam jet penetration, disintegration to bubbling regimes, turbulent mixing, natural

circulation and unsteady behavior are involved. It is therefore desirable to have detailed
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experimental data and mechanistic models that can resolve the spatial interactions of two-
phase mixtures and the individual physical processes involved. However, when this is not
possible due to modeling difficulty and computational problems, thermal-hydraulic
computer codes that rely on the predictive capability of such models are instead equipped
with correlations that are used to obtain the best estimate of the expected behavior of

nuclear power plants within acceptable uncertainty.

Safety features that are implemented in the design of a BWR include a pressure
suppression system designed to maintain containment pressure within certain bounds of
acceptability in the event of an accident (Pitts, 1980). The primary design criteria for a
BWR containment building is for it to act as the final barrier against any accidental
release of radioactive decay products out into the atmosphere. During the design basis
accidents, a large amount of steam is discharged into the containment. This steam is then
blown into the suppression pool through the vertical vent pipes and horizontal vent
openings. The stability of the steam jet plume, its mixing and condensing characteristics
and water entrainment into the plﬁme determine the degree of thermal stratification

within the pool (Gamble et al, 2001).

Thermal stratification in a suppression pool has been identified as a determining
factor for the pool surface temperature and, as a result, the steam partial pressure inside
the suppression pool cover gas of the SBWR (Simplified Boiling Water Reactor). In
addition to the 4 points stated earlier regarding DCC in reactor safety, and specific to the
recent passively safe boiling water reactor design by General Electric (GE), called
ESBWR, the PCCS (Passive Containment Cooling System) venting of non-condensables
to the suppression pool at low submergence as well as drywell to suppression pool
venting constitute not only a scenario for the DCC mode but also provide a situation in

which the pool surface temperature is heavily influenced by these venting processes.

The passive safety system of the SBWR and ESBWR designs for decay heat
removal utilizes the large heat sink of the suppression pool (SP) wetwell by the direct

contact condensation of steam inside the pool volume. The steam flow into the SP
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venting system is driven by the over-pressure of the drywell in relation to the SP cover
gas pressure and hydrostatic head above the SP horizontal vents. This total vapor flux and .
the SP water temperature affect the behavior of the condensing steam from the beginning
to the end of the blowdown and the long term heat removal performance of the PCCS
through the containment pressure. A shallow submergence of the steam-gas injection,
such as horizontal steam injection to the suppression pool wetwell, can cause a situation
where the steam energy is deposited in the upper regions of the SP pool volume above the
injected point due to the large buoyancy force of the steam and non-condensable gas
mixture. This then gives rise to a thermally stratified case that results in the lower volume

of the pool below the source remaining thermally inactive.

The study by Gamble et al. (2001) on the long-term post-accident containment
pressure in a passive boiling water reactor identified the surface temperature of the
suppression pool as an important factor in determining the overall long-term containment
pressure. The suppression pool (SP) condensation and thermal stratification are important
phenomena during the short range as well as in the long transient phase of ESBWR
accident. The SP gas space pressure is controlled by the temperature of the top layer of
the water in the SP and that in turn governs the SBWR containment pressure. The pool
surface temperature (7;) determines the partial pressure of steam (Py,) in the SP cover
gas. The SP total cover gas pressure is given by P = Pyc + Psa, where Pyc is the
partial pressure of non-condensable gas. The drywell pressure is higher than the SP cover
gas pressure by an amount equal to the hydrostatic head due to top vent submergence
depth in the SP water (refer to Figure 1.1). The partial pressure of the uncondensed steam
in the suppression pool gas space increases as the pool surface temperature increases,
where the former parameter is dictated by the latter. Therefore the steam partial pressure
is a key parameter in determining the containment pressure. The pool thermal response
affects the pool surface temperature, which is dictated by the dominant flow regime of
the condensing steam inside the pool interior. Therefore the SP water surface temperature
in addition to the non-condensable gas determines the containment pressure. The
containment pressure is one of the most important quantities from the safety point of

view since containment integrity depends on it.
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The condensation and stratification processes in the SP water depend on the existence
and motion of non-condensable gas mixed with the steam that is vented into the SP water.
In the case of pure steam, the steam bubble or jet plume collapses instantaneously after it
is vented and the water around the vent area is heated and rises to the surface. This may
induce flow circulation in the suppression pool water. However, if the steam is mixed
with non-condensable gas, the condensation of steam is inhibited in some way by the
non-condensable gas allowing some of the steam to escape into the SP gas space. The
non-condensable gas is then also free to rise to the water surface. This may induce a
relatively large circulation in the suppression pool. The flow is three-dimensional and a
1-D model is not sufficient to model the suppression pool stratification degradation and

mixing in such cases.

Best estimate thermal-hydraulic codes such as TRACE (TRAC/RELAP Advanced
Computational Engine) are used to calculate the expected behavior of nuclear power
plants for a broad range of normal operating conditions and accidental scenarios. These
;xisting system codes such as RELAPS and TRACE cannot predict the degree of
stratification with 1-D modeling. This may impede the accurate prediction of the DW
pressure, therefore there can be large uncertainties associated with the prediction of the
containment pressure. The codes rely on numerous models and correlations to predict a
wide range of reactor physical phenomena. Many of these models are not based on first
principles and are either empirical or semi-empirical correlations developed from basic or
separate-effects tests data. Some of the code models do not represent the physical
situation and hence the model predictions for local phenomena are very poor. Recently,
Kelly (1996) and Grandt (1997) have discussed in detail the thermal-hydraulic modeling
needs for passive reactors and various problems encountered by using the current codes.
Kelly ( 1997) and Ishii (1996) have presented important views on the future of thermal-
hydraulic modeling. Separate-effects and integral-effects tests have been recommended

for the developmental assessment of thermal-hydraulic models and constitutive relations.
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Developmental assessment of reactor safety thermal-hydraulic codes such as
RELAPS and TRACE is carried out primarily by two methods. One approach is by
separate-effects testing, where the models incorporated in the code are assessed by
benchmarking them with experimental data for well defined geometries and boundary
conditions. The other way is by integral-effects testing, where the code’s simulation
capability is assessed to ensure that a broad range of normal operating conditions and
complicated accident scenarios can be replicated in scaled integral test facilities (Ishii et
al 1996) to predict a wide range of reactor physical phenomena with reasonable certainty.
Kelly (1997) has proposed that constitutive relations be component specific since
geometries and thermal and hydrodynamic flow regimes in reactor systems can be
complex. Therefore, empirical and semi-empirical correlations and interaction terms,
based on traditional flow regime maps which were developed from separate-effects data

would be improved to include source/sink terms that represent interfacial interactions.

There are 3 main flow configurations of DCC in transient or accident conditions
as described earlier. These are: (1) vapor injection into liquid, (2) liquid injection into
vapor, and (3) co-current flow of condensing vapor on stratified liquid flow. The current
focus is on the first case, which is applicable to drywell to suppression pool venting in the
reactor containment. The system codes mentioned such as TRACE and RELAPS
incorporate flow regime maps and correlations based on data obtained from adiabatic
experiments, and so uncertainties have to be dealt with when applying the code to DCC
where there exists a complex system of heat transfer processes. Hence for certain
physical situations like those of DCC in pool geometries, the code’s predictions can be
very poor, which is quite an undesirable thing where reactor safety is concerned. For this
reason, DCC and pool thermal stratification are identified as highly ranked phenomena
for determining the suitability of models to address these phenomena. Various PIRT
(Phenomena Identification and Ranking Table) analyses such as BWR-5 ATWS PIRT
(Wulff, et al.,, 1994), B&W SBLOCA PIRT (Ortiz & Ghan 1992), AP600 SBLOCA
PIRT (Wilson, et al. 1997), and SBWR LB-LOCA PIRT (Rohatgi, et al., 1995) have

identified pool thermal stratification and direct contact condensation as highly ranked
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phenomena. There are no adequate models in the thermal-hydraulic codes to address

direct contact condensation and thermal stratification.

In recent years the major thermal-hydraulic issues have been focused mainly on the
passive safety features of the ALWRs. The reason for this is that, at low pressure and
low flow conditions, typical of accident conditions for ALWRs, (e.g. ESBWR) the
prediction of two-phase flow transients is much more difficult than at relatively higher
pressure or at higher flow. Use of TRACE for NRC design certification efforts presents a

challenge because:

o NRC design certification has never Been done before with TRACE code.

e TRACE has not yet been assessed and verified to its full extent for any reactor
design.

¢ TRACE requires extensive code testing and model development.

o TRACE requires more careful evaluation, which takes longer and extensive effort

for the first application to advanced reactors such as AP1000 and ESBWR.
The remainder of this report is divided into the following sections:

¢ Objectives, milestones and technical approach are provided.

e Literature survey: The key phenomena involved and the need for the data base are
discussed. Problems in modeling pool mixing and stratification phenomena to be
used with codes are also discussed.

o The scaling philosophy for designing an experimental facility and loop based on
the ESBWR suppression pool prototype are discussed.

o Experimental approach and instrumentation: The choice of experimental
_conditions, measurement variables and justification for the range of parameters
are discussed.

e Facility characterization and preliminary results from scoping and feasibility tests.

e Test results and boundary maps.
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CFD Simulations of shallow submerged air and steam jet-plumes injected
horizontally into a trapezoidal water pool.

A simplified model and analysis of a two-phase jet-plume injected horizontally
into an initially quiescent liquid ambient with benchmarking against CFD results.

Summary, closure and suggestions for future work.
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Figure 1.1 Schematic showing RPV and SP components and piping in ESBWR
containment
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2. OBJECTIVES AND TECHNICAL APPROACH

2.1 Objectives and Milestones

The main objectives of these separate-effects jet condensation research are to:

1. Perform a detailed literature survey on the steam/noncondensable mixture jet

condensation in a subcooled pool and its relevance to advanced reactor safety.

2. Obtain data on jet condensation, pool mixing and thermal stratification for
different nozzle sizes, injection fluxes and pool initial conditions (namely pool

subcooling) in a scaled down LWR suppression pool design.
3. Evaluate TRACE code model capabilities using the experimental data.

4. Develop boundary maps and stand-alone models on condensation, jet dynamics,

pool mixing and thermal stratification that can be used in best estimate system

codes such as TRACE.

Most of the milestones in the above objectives are addressed in this part of the
final report. Scoping and feasibility tests as well as tests that are based on prototypic
accident conditions have been performed and compiled into a comprehensive database.
In the experimental program, a scaled model pool representing 1/10™ of the ESBWR
suppression pool was utilized to conduct separate-effects experiments. Key measurement
instruments such as thermocouples were mounted within an instrumentation frame that
was inserted inside the test section for measuring quasi-steady pool thermal response. A
data acquisition system was used for recording data which was plotted as surface maps,
and pool thermal response based on certain boundary conditions were recast in the form
of boundary maps to provide some insight into the phenomena of interest. Measurements
taken in the experiments include the following:

— Temperature (thermocouples)

— Recirculation rates (high speed photography)
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— Flow rates (vortex- and mass- flow meters)

— Visualization (high speed camera for jet-plume trajectory)

Test procedures and a justification for testing conditions are discussed for this
scaled down, reduced pressure test facility. The ultimate objective is to utilize the
information gathered from these scaled subcooled pool experiments and develop models
for use in codes. The major objective is then to gather experimental data on pool mixing,

thermal stratification and local condensation rates in support of model development.

The overall objectives of this research are to obtain data on the aforementioned
phenomena in a separate effects test facility, develop models for pool dynamics and
thermal stratification, and assess code models using the data. The following phenomena

are the main focus of the present research efforts:

e Direct contact condensation with and without non-condensable gas,

e Mixing in the suppression pool by thermal plume and rising bubbles and
entrainment of ambient liquid in an initially quiescent pool and

e Identifying when the global phenomenon of thermal stratification dominated the

pool thermal characteristics.

2.2 Technical Approach

The direct contact condensation tests simulate the condensation of
steam/noncondensable mixture ensuing from horizontal vents into the SP. A separate
effects test facility has been designed such that it has horizontal discharge lines and a
large pool of subcooled water that represents a scaled sector of a prototypic suppression
pool and incorporates instrumentation specific to key measurement quantities such as
temperature and pressure. The steam is supplied from the reactor pressure vessel (RPV)
of the PUMA (Purdue University Multi-dimensional integral test Assembly) facility

(Ishii, et al, 1998). The pool is operated at atmospheric pressure conditions and has visual
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ports for flow visualization and photography. The test parameters include the nozzle size,
noncondensable concentration, steam flow rate, SP pool water temperature, and
horizontal vent elevation. Specific instrumentation for these tests include the high speed
video camera (500-1000 frames per second) to capture the direct contact condensation
phenomena and recirculation behavior. A distributed thermocouple system is used to
study the developing temperature profile and stratification, and water recirculation.
Detailed 2-D temperature profiles are obtained for the pool. Thermocouples are also
located in the gas space above the pool. The pool circulation flow rates are quantified

with sequential photographic images.

Data are obtained on the rate of steam condensation, vertical temperature
gradients in the pool, temperature distribution, recirculation rates, gas space temperature,
non-condensable gas concentration, and flow visualization. The qualitative data from
flow visualization with high speed video camera is used to understand the gas-liquid
interface phenomena, bubble formation and collapse and liquid circulation. The data base
is used to assess the models of the rapid condensation process, thermal stratification and
mixing, accumulation of hot liquid in a buffer layer due to condensation or convection,
thermal front in stratified systems, and entrainment of subcooled water into a rising
plume. The focus would be on the simplest effective modeling approach that can be
sufficient to describe the jet extent, jet breakup, jet-plume mixing, penetration of jet-
plume, condensation, thermal gradients in pool, and bulk recirculation. The initial NC
concentration considered ranges from 0% to 20%. The SP initial water temperature range
considered is 20°C to 60°C. Details of the test strategy, instrument implementation, and

test matrix are discussed in Chapters 4 and 5.
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3. LITERATURE SURVEY

3.1 Introduction

Thermal stratification, vapor and jet plume behavior, condensation, circulation
and mixing within large enclosed volumes are regarded as important phenomena which
affect the thermal response of not only nuclear reactors but various industrial systems.
For instance, energy storage tanks that manage heated water from a solar collector
maintain inflow of cold water at the bottom of the tank and outflow of warm water at the
top, with thermoclines that characterize the temperature distribution within the pool being
initially separated and interacting by gravitational effects (Al-Najem & El-Refaee, 1997).
In solar-fueled power plants, direct contact condensation of steam bubbles in a
pressurized water tank has been studied as a means of storing thermal energy (Brucker &

Sparrow, 1977).

The redistribution of temperature strata due to localized heat sources in an
enclosed building is also of considerable interest to implementing building ventilation
and heating procedures (Hunt et al., 2001). Stratified temperature layers that arise in such
a case may degrade as a consequence of mixing factors such as natural convection
between the isotherms (Brown, 1962). Recirculating flow caused by conduction due to
the containment walls in the case of solar heaters (Cruz et al., 2002), or pool mixing
caused by injection of two-phase vapor mixtures into a suppression pool (SP) during the
blowdown phase of a boiling water reactor (BWR) accident influence the thermal

response of the containment.

A detailed literature review is presented in this chapter in which the phenomena
of pool thermal stratification and mixing due to submerged sources are discussed. Plume
characterization and modeling efforts are also discussed along with flow regime maps

and associated condensation heat transfer relations developed in various pool systems.
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3.2 Pool Stratification and Mixing

The buoyant jetting regime is one characteristic type of discharge that can occur
in the case of steam injection to the SP depending on the thermal-hydraulic conditions in
the drywell and wetwell (Gamble et al, 2001). The general terms ‘buoyant jet’, ‘jet
plume’ or ‘forced plume’ refer to either a pure buoyant plume or a pure momentum jet, or
may refer to a combination of these two limiting cases. The term ‘forced plume’ refers to
a source that is characterized by an internal balance of momentufn, buoyancy, and
turbulent friction. A ‘pure plume’ is therefore a source of buoyancy with ideally zero
momentum, where buoyancy gives rise to the normal force at the interface, in which the
gas-liquid interface can develop Rayleigh-Taylor instabilities due to the heavier liquid
being above the lighter injected vapor. On the other extreme, the term ‘jet’ refers to a
source that is characterized by a balance of momentum and turbulent friction. A ‘pure jet’
is therefore a source of momentum with ideally zero buoyancy, where the injection
velocity gives rise to the tangential shear force at the vapor-liquid interface where
Kelvin-Helmbholtz instabilities can develop due to perturbations in the shear force across
the interface. The Kelvin-Helmholtz instability is usually the result of the appearance and
growth of vortices that result in a turbulent mixing layer. Motion due to instabilities, can

act as a mechanism to increase the surface area available for heat transfer processes.

A condensing ‘forced plume’, which is expected to be the scenario in the SP,
therefore refers to any transition between these two aforementioned extremes. In such a
case there is a competing effect between buoyancy which acts to stratify the pool interior,
and momentum which tends to mix the pool. So by altering the relative magnitudes of the
buoyancy and momentum fluxes, as dictated by the drywell and wetwell conditions, it is
possible to transit from the stratified case to the mixed case within the SP. Strong thermal

stratification limits the pool heat removal performance.



3.2.1 Approaches to Evaluating Stratification Characteristics in Systems

Buoyancy forces can be simulated not only from density differences due to an
inversion of temperature strata but also due to variations in solute concentration if the
density of a stratified layer of a single-component fluid increases upwards and an
unstable configuration is achieved, as is the case when fresh water is injected below a
solution of salt-water. Gebhart et al (1988) studied a saline problem in which low-
momentum pure-water lower-density jets were injected into a solute-stratified volume of
higher-density salt-water. The resulting viscous shearing of the axisymmetric buoyant

pure-water jets was found to induce a toroidal flow around the jet.

Consider first a volume of pure water (whose density decreases with increasing
temperature) with a steam bubble released at a submerged location within the volume.
The steam, which ‘is initially displaced upwards, is initially warmer than the ambient
liquid and upon condensing, its temperature rapidly declines to that of the surrounding
fluid but remains less dense than the ambient fluid and remains in the upper region of the
volume. Therefore buoyancy displaces the fluid from the lower regions to another more

stable upper location.

Consider next a saline solution in which density decreases upward. If a particle of
fresh water 1s injected from below, it increases in salt concentration; however, in this case
the buoyancy force acts to restore that particle to its original position at the pool base as
its density increases. A displaced particle of fluid loses any excess heat more rapidly than
it would gain solute, the reason being that the diffusivity of heat is usually much greater

than the diffusivity of a solute (Nield, 1967).

Peterson et al (1991) reported experiments where stable stratification with well
defined sharp interfaces occurred when dyed water was injected at different
submergences into salt water. Convective mixing was observed near the center but was
damped as the fluid flowed away from the plume with the sharp interface being observed

further from the center. The onset of convection induced by thermal and solute
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concentration gradients in a horizontal layer of a viscous fluid occurs when the thermal
Rayleigh and solute Rayleigh numbers respectively reach some critical value. Using the
Boussinesq approximation for a quasi-incompressible fluid, one can write the governing

equations for a thermo-saline problem:

V-i=0 (3.4)
a—”+(ﬁ.v)a :—ﬁglé—ivmuvza (3.5)
ot Po Po

The one-dimensional convective transport equation of temperature and concentration are

O 5.NT =T (3.6)

ot
E+a-VC=;<'v2c (3.7)

ot
p:pol:l”'a(T_To)_a'(C_Co):l (3.8)

The temperature and concentration at the lower and upper boundary separated by vertical
distance d have relatively uniform quantities given by Ty, Cy and T, C; respectively,
where

'_(CO—CI) 3.9
s P

where the thermal Rayleigh number is given by

4
Ra, =P84 i pr=? (3.10)
K

T
KU

and solute Rayleigh number is given by
Ra =% L8 ity 5o =2 G.11)
K'U K
The following are also defined as:
k = thermal diffusivity
k' = solute diffusivity
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o = thermal coefficient of expansion

a’ = analogous solvent coefficient

Due to the slower rate of stratification in a saline environment, a solute experiment would
be ideal to track the movement of the density strata. Hunt et al (2001) and Chen &
Cardoso (2000) show behavior of plumes and jets and their impact on two-layer density

stratified systems.

3.2.2 Gas Injection and Absorption in Liquid

In order to have a jet exiting a vent, a critical velocity, u o, » ceds to be exceeded

in order for the vent to provide more volumetric flow than that which can be transferred
away by buoyancy (Kolev, 2002). For the case of gas injection into a quiescent pool, the

volumetric gas flow is given by equation 3.12

V= A()ugo (3.12)
where the vent cross-section is given by
D}
4, = 40 (3.13)

If the pool surface cross-sectional area is A, the gas volume fraction immediately

downstream of the vent is &, , and the bubble velocity is u, , then for an approximately

constant pressure:

a,Au,,, = Au,, 3.14)

For the case of the largest bubble diameter D, in static equilibrium issuing from the

vent, the buoyancy force = surface force and is given by:
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zD?

6g°° g(pf _pg)zﬂ-DgOO-

(3.15)
/3

D - 6oD,, !

“ \ gAp (3.16)

It was observed experimentally by Kutateladze and Styrikovich (1958) (in Kolev, 2002)

that the largest bubble diameter is:

1/3
D 40D,
o\ ghe (3.17)
whereas the Rayleigh-Taylor instability wavelength is given by
1/2 -
o
Aoy =| ——
e [ gApJ (3.18)

Soif D, is of the order of D, then for the simple momentum balance (buoyancy force
= surface force) to be valid the following must hold: D, <A, .. For the simple
momentum balance, the effect of the gas momentum is not taken into account and this is
not sufficient to describe the actual bubble size after jet fragmentation. A steady state

momentum balance would be in the form: buoyancy + momentum = drag force + virtual

mass force + surface force.

For a bubble released at a submerged depth, the buoyancy flux is of the order of
the bubble rise velocity. The velocity with which a bubble will rise as a result of

convection is given by Stoke’s velocity:

, = LrigaAT (3.19)
3 v

where v is the kinematic viscosity and a is the coefficient of thermal expansion.

Nukiama and Tanasava (1938) (in Kolev, 2002) found that bubble size

distribution during condensation of bubbles follow the law:
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P(DI):A'(%J exp(—2Dl/D]') (3.20)

Here P(D,)is the probability a bubble has size between D; and D, +5D,, D'is the most

probable particle size or the size where the probability function is a maximum. The
bubble surface heat flux can be determined once the time interval in which the
distribution remains unchanged can be determined. In such a case, during this time
interval, high frequency eddies contact the bubble surface so that heat transport from the

bubble surface to the eddy is only possible via molecular diffusion.

In high flow steam injection at submerged depths, condensation can occur over a
short distance (Jirka & Harleman, 1979) if the pool is sufficiently subcooled. This can
lead to a variable balance between buoyancy and inertia along the jet-plume trajectory
where it can be defined by variable transition properties consisting of a buoyant
condensing vapor upstream followed by a hot liquid turbulent jet downstream. The
presence of noncondensable gas mixed with steam has the effect of inhibiting
condensation and can affect the condensation flow regimes (Chun et al, 1996). A
summary of condensation regimes and related experimental conditions performed in
various studies are shown in Table 3.1. In the case where high to pure noncondensable
gas concentrations occur, a bubbly plume consisting of a buoyant inner core and outer
plume entraining ambient liquid have been observed to drive the mixing in the
surrounding fluid (Chen & Cardoso, 2000). In such a case, the driving mechanism for

mixing is the result of turbulent shear stresses.
33 Plume Characterization and Modeling
3.3.1 Vapor Plume and Jet Plume Characterization
For a gas of density p, (py — 4dp) relative to ambient density py that is forced

through a vent of cross-sectional area 4; with volumetric flow rate Q), a momentum flux

and buoyancy flux can be defined respectively (Hunt et al, 2001) as follows:
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M, =Q; 4 (3.21)
and
' B, = 2,0, (3.22)
where g, = gAp/ p, 1s the reduced gravity of the input, and py, the initial density of the

interior. The entrained water plume coupled to the buoyancy flux of the gas bubbles,
gives a reduced buoyancy flux of:
Py~ Py
B, = g("’p—‘/](QO _ij) (3.23)
/ )

with Oy being the flow rate of the entrained water.

Christensen & Peterson (2001) modeled a Morton plume, which is an
axisymmetric vertically injected buoyant jet generated by thermal expansion, in a 1-D
stratified environment. A buoyancy flux was determined and the volumetric flow rate
carried by the axisymmetric buoyant jet was assumed from the analysis of Peterson et al
(1998), which carried the Taylor entrainment constant. The buoyancy flux was given by

Christensen & Peterson (2001) as:

pje/(r)_pamb

B= [-w(rg 27rdr (3.24)

amb
where the radial spread of the jet at an axial z location is given by:b = goa(equation

3.38), where a is the entrainment coefficient, with w being the entrainment velocity. The

buoyant jet volumetric flow rate was derived by the authors as:

0, = 6_”a4/3(_1_§j]/381/325/3 (3.25)
’ 5 Sz

In addition, the added buoyancy flux due to a heat source is given by:

B, =-£%E (3.26)

pgcp,g
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with £ being the energy of the heat source and a being the coefficient of thermal
expansion, and the time it takes for the plume to increase the ambient fluid by 1 °C is:

fo= VPyCps (3.27)
1°C E

with ¥ being the volume of the enclosure. As the ambient fluid is heated up by a steam
plume, the supply buoyancy flux due to the heat source decreases with time (Hunt, 2001),
this is given by:

L, -T,(1) (3.28)
B()=08 (—f] =
7;(0)
where Q) is the source volumetric flow rate. The rate of accumulation of buoyancy is
then given by:
dg' _ B(1) (3.29)
dt V

where g’ ()= g(pf (1)-p, (0))/pf (0), this gives the following:

ar, (%-0,),. (3.30)
dt - vV (Tg T/(t))

Integrating with initial condition 7(0) = Ty at ¢ = 0 gives:

T,(t)=T,~(T, T, )exp(-i/t,) (3.31)
Here a time constant is defined as:

t.=v/(0,-9,) (3.32)

This changes the initial reduced gravity term of the source:

g'(¢)=gi (1-exp(-1/1,)) (3.33)
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This also changes the buoyancy flux term which is reduced over a finite time and the jet
length therefore increases with time, indicating that momentum effects can dominate

buoyancy effects over some time for a certain initial momentum and buoyancy flux.

[f H is the submerged height of the exit of a vertical oriented jet-plume, in which
the momentum and buoyancy fluxes act in the same direction, then the jet length Li/H,

which gives a measure of the stratifying properties of a forced plume, is given by:

L, M (3.34)

For a pure jet, L ; /H —> oo, and the interior remains unstratified. However, stratification
occurs when L / H — 0. The ratio L, / H gives a measure of the distance over which the
initial volume flux is significant compared with that entrained by the plume, and is given
by:

L, 0, (3.35)

H HM?

The properties of a forced plume at the source locatton are determined by the Archimedes

number, given by:

A4r(0) = [L_q J (3.36)

Baines & Turner (1969) described the conditions for overturning motion to take place. A

measure towards the tendency of overturning was given by the inertia to buoyancy ratio:

£=9_“(£j2 (3.37)
B 10\ R
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where large values of this ratio imply instability. o is an entrainment constant given by
Morton (1969) with b being the radius at which the mean axial velocity falls

exponentially as 1/e given by:

b :6?“2 (3.38)

In the case where the momentum and buoyancy fluxes act 90-degrees initially
with the momentum flux being oriented horizontally, the resultant flux can be simulated
as an effluent with initial density p, projected at angle 6, to the horizontal (Bosanquet et
al, 1961). Horizontal momentum conserved at any point along any jet trajectory is given
by

M cos@=M,cos6, (3.39)

Therefore, the rate of change of vertical momentum with horizontal displacement =
d (M sin 0)/dx , where

ps = density of surrounding fluid,

p = density of jet fluid, and

VAZTAA
%

The gravity force acting an incremental volume of jet fluid contained by planes
perpendicular to the jet axis: F = —g( pP—P, ) Vdx
Vertical force balance:

d(Msin6)/dx=-g(p-p,)Vex (3.40)

[t may not be possible to derive a relation for y in terms of x. A relation of x to tan 6 is
given by the ratio of vertical to horizontal components of momentum flux:
_ Msind  Msind

Mcos@ M,cosé,

tan ¢ (3.41)
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d’(tnf) 1 d'(Msind) -g(p,—p,)dv, (3.42)

d* M, cosb, dx? M,cosf, dx

3.3.2 Integral Plumes and Lumped-Parameter Models

An integral plume model can be useful once a coefficient of entrainment can be
determined for a steady bubble plume. The basic equations for mass and momentum of a

steady bubble plume in a non-stratified ambient (Bombarbelli et al, 2001) are:

9B e (nm)" (3.43)

avt (p.-p,) ., p (3.44)

where the following quantities are defined:
1 = rb*w = volume flux of plume water
M = zb’w’ = momentum flux of plume water
b = plume radius, of which a fraction A is assumed to contain bubbles (bubbly
core) |
w = liquid velocity of the plume
o = entrainment coefficient
pw = water density

pp = plume bubble-water mixture density, p, = (1 -V, ) P, +V,p,

Ve = volume fraction of gas in the mixture

pe = gas density

z = vertical coordinate

N = number of (spherical) bubbles crossing a section of plume per unit time
r = bubble radius

So a height-dependent volumetric flow is given by

0,(2)= %zrﬁN ' (3.45)
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Dividing by the cross-sectional area of the bubbly plume core and by the bubble velocity
gives V.

_ 9, (3.46)
Vg - [(w+ wb)mlzbz]

ws, = bubble slip velocity (bubble velocity relative to liquid) and p, < p,

Further manipulation gives the following change in volume flux and momentum flux

with height: |
d 2
(7b*w) _ — (3.47)
dz
d(z'w') 9,8 (3.48)
dz (w+w,)
Influx variables: f(z)= &) _ [@} | (3.49)
Q,(0) L0
9L _a(xm)" (3.50)
dz
dM _ 2, (0)gf(2) (3.51)
dz (M )
—+w,
7

Assume (), (z) is known and w,,a are constant, with initial conditions: x(0)=7zb;w,,

M (0) = b’ w} and w, being the velocity scale, the scaling of integral plume equations

can be given by the following (Bombarbelli et al, 2001):
0,(0)g

4ra’w,

/7:03 0 0)D .
z=Dz, u=2c —M,&, M=&M.A5suming f(z)=1, then
W, W,

8h (a2 OM 1 N -
= M s = — ,S O = 0 0, MO = O
55 =) =gy S0 A0) =73, M= A0

which implies the non-dimensional variables:

Then length scale is D =
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Initial Densimeteric Froude Number

. w b (1+w)w

12 -
[w;g M} 202 (3.52)
Py

Jirka & Harleman (1979) defined a buoyancy flux for vertical upward buoyant jet

injection as:

B(z)=1,w, fg8.b (3.53)
and
dB _ 0 (3.54)
dz
where w, and @, are the centerline velocity and temperature difference (T(x,y) — T,)

respectively, Sgf. is a buoyant acceleration, b is the lateral spread of the jet, and /; is a

profile-dependent coefficient given by:

L= [fg dn (3.55)

N

where 5 = x/b, and f and g represent appropriate functions that approximate the observed

bell-shaped profiles.
3.3.3 Dimensionless Characterization of Buoyant Jets for Scaling

Peterson et al, (1991) used a densimetric Froude number to characterize the force

balance within the buoyant jet defined by:

Fr. — U _ momentum flux (3.56)
= = .
—-p. buoyancy force
. pap Piy yancy
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where U = injection velocity, p; = density of injected fluid, o, = density of ambient fluid,
and H = pool height. Therefore, for an ideal jet, Frq = c. A jet plume can then be defined
by a constant densimetric Froude number given by Frg,. The buoyant jet entrains liquid
from the ambient pool and buoyancy acceleration which is associated with strong shear
effects may result in strong turbulence. The variability of jet coefficients such as the
entrainment coefficient as the jet transitions to a plume needs to be assessed by
experimental information since this is a variable function and is dependent upon the
densimetric Froude number (Jirka & Harleman, 1979). This variability is further
complicated by the presence of non-condensable gases discharged with steam into the
pool, which acts to inhibit condensation and enhance buoyancy forces. A local
Richardson number defines the stratification stability along the length of the jet. This is

given by:

ri - 80p/oz) _gllp,—p)/D:) _ gllp. = p)/p.)D, _ buoyancyforce (5 57

~ plov, joz) p.(U/D,) u? shear force

The buoyancy force spanning the length of the jet may not be constant; however, the
local Richardson number gives the local gradient at one point. The Richardson number

can also be utilized as a system parameter for the pool volume. This is given by:

Ri. gllo, —p)H) _glle, —p)/p H 1 (3.58)

p.(U/HY U’ Fy

Gamble et al (2001) refer to this as the pool Richardson number that defines the case

when the inertia of the jet causes stratification to degrade in the SP; this is defined as:

Ri

pool — 2
U

_ello. -0, ). )0, (Hsf j (3.59)

Theofanous et al. (1976) examined the problem of predicting mass transfer

coefficients for gas absorption by turbulent liquids. Forced submerged vertical turbulent
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jet flows were considered as the primary mixing mechanism. Two approaches adopted
were based on idealized eddy structures of turbulence and the concept of surface-tension-
damped laminar sublayer to assess its implications for mass transfer at a free surface. The

jet Reynolds number determines whether the jet will be turbulent. This is given by:

Re,, = p;UD, _ 1r'1ert1a force , (3.60)
Y7, viscous force

In the case of the SP, a high energy turbulent jet can impinge upon the far vertical
wall causing it to expand radially in all directions with some degree of interaction with
the pool free surface (Gamble et al, 2001) or be limited by the interactions of adjacent

jets. In this instance the free-surface Froude number is given by:

Fr =Y (3.61)

surface (gH )1 /2

Where H is the distance of the jet exit to the far wall. Gamble et al (2001) also defines a
Froude number that governs the impingement interaction of the jet at the far wall in terms
of the jet thickness d,(z) at the vertical location from the impingement stagnation point,

this is given by:

2
Fr =Y (3.62)

The non-condensable injection period is brief, where a period of a few seconds is
needed to completely purge the non-condensable gas from the DW to the SP, and which
imparts negligible energy to the pool (Gamble et al, 2001). The longer steam injection
period increases the energy content of the pool, however, the non-condensable gas is free
to rise to the pool surface and cause surface deformation or ‘pool swelling’. The dynamic
thrust of an eddy at the pool surface has been evaluated by Theofanous et al, (1976) by
considering both the large eddy model and the small eddy model. The relevant turbulent
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properties for the large eddies are based on the turbulence intensity V and macroscale L

that defines the turbulence Reynolds number given by:
Re, = — (3.63)

Small scale turbulent motions are more effective in transferring mass across a free
surface than the large ones. The small scale dissipative motions are more controlling, and
the Kolmogorov velocity and length scales v, and /, and the ratio of the characteristic

times (Theofanous et al, 1976) of the large-scale and small-scale motions is given by:

Re'? = (3.64)

lk/vk

Following the scaling laws of Peterson et al (1998), for a stratified volume, the residence
time of the buoyant jet within a volume, as well as the characteristic frequency of the jet,
determines the characteristic time ratio for which mass, momentum and energy are
transported during the jet plume residence time in the volume (see section S5).
Specifically, the residence time of a buoyant jet is defined as the ratio of the volume
occupied by the jet to its volume flow rate. The characteristic frequency is defined as the
ratio of the rate of transport of mass, momentum, energy or species into the volume to the

capacity of the volume to store these quantities.

A two-phase jet Richardson is given by Peterson et al (1998) to be:

_gr’d, (3.65)
16x20?

Ly

where the specific buoyancy flux added by the noncondensable gas is given by:

B=gx,Q, (3.66)
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where Q,, is the volumetric flow rate of the steam-gas mixture, x, is the mole fraction of
the non-condensable gas, and d); is the buoyant jet diameter. Peterson et al (1998) also
gave a scaling parameter for stratified systems that preserve the jet Richardson numbers
between scaled and prototypical systems for fluids of the same densities. The ratio of the

scaled volume flow rate to the prototypical one was given as:

0, = [ 1ty o3 (3.67)

P

3.3.4 Mechanistic Approaches to Plume Modeling

In lumped-parameter models such as those of McDougall (1978) and Milgram
(1983), the conservation equations for mass and momentum of the mixture are solved in
integral form. The rise velocity of the plume and void radial distribution are assumed to
have either Gaussian or top-hat profiles. Dynamic coupling between the plume-proper
boundary and the pool ambient is achieved by assuming a constant coefficient of
entrainment determined empirically from relevant data. [n recent times, CFD has offered
a way to calculate actual velocity distributions from the conservation equations of the
two-phase dispersed flow using suitable models for the interaction of the phases. Another
approach is to employ the two-fluid model which treats the liquid and vapor bubbles as
interpenetrating continua (Ishii, 2004) to solve two separate sets of conservation
equations for each phase with closure being possible from constitutive equations

representing the phasic interactions.

As opposed to lumped-parameter models which rely heavily on experimental
data, Smith (1998) used the two-fluid model for a submerged vertically-oriented plume
with no mass or heat transfer. This approach accounts for the actual mechanisms that are
involved in the transfer of momentum. In this case, the liquid and gas volume fractions
are needed for a certain gas superficial velocity. The liquid superficial velocity was held

as zero and the momentum transfer due to interfacial drag was solved numerically. This
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problem was considered a dispersed flow situation, and turbulent mass diffusion, which
was used alternately with turbulent dispersion force, was included for the inter diffusion
of mass. The scale of the turbulent fluctuations was considered as an intermediate one,
being larger than the control volumes used for computation and smaller than the scale of
variation of the mean flow. In such case, the Reynolds averaging of the two-fluid
equations was used on the condition that the void fraction could be decomposed in-to a
mean and fluctuating part. The phase diffusion was taken as the ratio of liquid eddy
viscosity and the turbulent Prandtl number for mass diffusion. Closure was also required
for the virtual mass force, drag and lift forces. An unconventional method for defining the
buoyancy force as extra momentum source terms for both the liquid phase (negative
buoyancy) and the gas space (positive buoyancy) above the pool surface was used to
avoid the use of a reference density for the calculation of the pressure drop for each phase
which would lead to numerical inaccuracies. This approach provides more accurate
bubble terminal velocities and the relative slip velocity between the phases. The addition
of turbulent dispersion forces and lift gave the characteristic Gaussian shape of the plume
spread and void distribution. The inclusion of energy-dispersion transport equations
produced a broader Gaussian profile of the velocity field due to turbulent interactions
between phases. Furthermore, the addition of turbulent viscosity due to the bubble-
induced contribution coupled the plume to the ambient by, in effect, redistributing the

liquid velocity field within the plume.

Modeling of stratification and mixing in large enclosed volumes, for
computational purposes, considers two parts that naturally arise, these are the fluid
contained within the buoyant jet and the fluid in the ambient volume (Christensen &
Peterson, 2001). The Lagrangian approach by Christensen & Peterson (2001) was
adopted to eliminate ‘numerical diffusion’ in computational applications. These ‘false
diffusions’ are encountered in discretized equations on computationally coarse grids, and
the Lagrangian formulation approach gives physically acceptable solutions at low
computational cost. The 1-D Lagrangian formulation utilizes the 1-D Eulerian
conservation equations for the incompressible multi-component ambient fluid using the

Boussinesq approximation for an ambient fluid that is stratified by density. In such a
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case, the conservation equations for the buoyant jet can be coupled to the ambient
conservation equations due to fluid exchange between the two. In this 1-D formulation,
the buoyant jet is assumed to occupy a small fraction of the total volume and is treated as

quasi-steady with instantaneous inter-transport.

3.4  Condensation Heat Transfer and Regime Maps
3.4.1 Steam Bubble Condensation with Non-Condensables in Subcooled Water

Meier et al (1998) studied the steam-air injection problem in a downcomer. The liquid

continuity and momentum equations were written as:

_0 (3.68)

Di,

Py —D—t_ =-Vp,+ ,uszﬁf +p,8 (3.69)

where 4, is also a variable dependent on temperature.
The conservation of energy is formulated from the thermal-energy equation neglecting

dissipation and’ incorporating the caloric equation of state Ak, =c, AT, and Fourier’s

; S0 a convection-conduction

law of heat conduction with an assumed conductivity 4, ;

equation is written:
DT,
/o 2 3.70
Prlv.s "y =4, VT, (3.70)

Dissipation for the liquid can be neglected, so the pressure term is left out of the energy

equation. For the gas phase, the continuity equation is written

0

%W_pgﬁgzo (3.71)
!

Accounting for the steam and air components, the mass conservation can be written in the

form of species conservation by incorporating Fick’s law of diffusion which is a typical

approach to characterizing diffusive transport relating the bulk diffusion flux to an
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apparent bulk diffusion coefficient for a species with a certain mass fraction. Using the

steam mass fraction: o, = p, / p, where p, =p +p, and the mass averaged velocity is

il, = wi, +(1-w,)il, . So for a binary gas mixture of steam and air and invoking Fick’s

sa

law: p, (ﬁs —L‘:g) =—p,D,, (Vw,), the steam continuity equation is written in the form:

o0p, g,

Py p, (0, -D Va,)=0 (3.72)

The vapor momentum equation looks same as for the liquid:

Dii o
£=—Vp, +u,Vi, +p,g (3.73)

Pe Dt

Using the caloric equation of state for an ideal mixture of perfect gases:

Ak, ={c, o, +c,, (1-o,)} AT, (3.74)

To determine how best to deal with the effect of the non-condensable gas on
inhibiting steam condensation, it may be necessary to evaluate the importance of

conduction compared with binary gas diffusion and the diffusion layer interface
thickness.

A simplified energy balance energy balance for pure steam injection into water of
the steam supply rate to the condensation rate can define a criterion for chugging (Liang
et al, 1994) given by:

mAAT,, 2 pv,Ah, (3.75)
where the interfacial heat transfer coefficient and the interfacial area are the most difficult
quantities to determine. Condensation at the interface near the vent results in interfacial
shear which determines the intensity of the interfacial eddies that are higher than that due
to bulk liquid motion. A vertically-oriented vent can lead to a well defined bubble which
is defined by a well rounded interface that collapses and swells during chugging. A
transient conduction model can be used by assuming a warm layer of water forms
periodically at the interface in which the water thermal layer thickness and water

conductivity are needed to determine the conductance through the interface. If binary
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diffusion transports heat from the gas mixture (for steam and air) to the interface, the

latent heat the liquid receives by diffusion:

P ,iDsa 376
Q/m _h m h/g : l_a)syi ( )

The sensible heat by conduction is:
0. =k ‘V |~ i) (3.70)

In the presence of non-condensables, the bubble surface temperature is not equal to the
saturation temperature at the system pressure. It is possible for a steam-air bubble to have
a stable equilibrium volume if during the process of condensation the partial pressure of
the non-condensable increases simultaneously with the decreasing steam partial pressure
until the gas mixture reaches the temperature of the bubble surface when the
condensation ceases. According to Dalton’s law of partial pressures, a steam - non-
condensable mixture would occupy a bubble volume from the beginning of condensation
to the termination and the ratio of final to initial volumes would be inversely proportional

to the densities of the of both components

3.4.2 Flow Regime Classification with Condensation

Under various thermal-hydraulic conditions, the two-phase condensing buoyant
jet (consisting of a mixture of steam and non-condensable gas) in a thermal suppression
system exhibits a range of behavior as described by Kim & Song (2003). Physically
based models and correlations are on-going pursuits to evaluate behavior related to heat
transfer modes within suppression systems. Liang & Griffith (1994) and Pitts (1980)
investigated flow regimes and flow regime transition criteria with the aim of developing
models that predict external chugging. The external chugging regime (figure 3.1) occurs
when the condensation capability of the subcooled pool far exceeds the steam injection
flux, thereby resulting in a negative pressure on the gas-liquid interface, due to the

surrounding pressure field, being formed on the steam plume intruding into the pool and
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causing acceleration of water towards the steam plume. Depending on the periodicity of
the steam injection flux and pool temperature, an oscillatory steam jet may occur at the
steam vent exit characterizing the chugging regime. If the acceleration of the water load
on the vent is very large, violent condensation shocks (Class et al, 1987) associated with
bubble collapse may occur at the vent exits at very high pool subcooling and low steam

mass flow rates.

Table 3.1 shows typical condensing regimes obtained under various experimental
conditions by various authors, and Table 3.2 shows some phenomena of interest pursued
by some authors and experimental conditions. Flow regime maps describing transitional
behavior of the various condensing and jetting regimes, and flow rates, which are also
mentioned in this table, have been dealt with in the studies of such authors as Chan & Lee
(1982), Aya & Nariai (1991) and Liang & Griffith (1994). The regimes identified in
Table 1 include: (1) chugging, and (2) transition from chugging (TC) to condensation
oscillation (G<200 kg/ m’-sec). These oscillations identified were classified as:
condensation oscillation (CO), stable condensation (SC), interfacial condensation
oscillation (ICO) and bubbling condensation oscillation (BCO) for a nozzle inner
diameter of d = 4.45-10.85 mm and a nozzle length of L = 0.12 m. TC was found to occur
when the frequency of the pressure oscillation was 20-80 Hz and subcooled water did not
enter the nozzle but a cloud of tiny bubbles were formed near the nozzle exit, which is a
precursor for a stable steam plume and which characterizes an atomizing regime where
tip streaming becomes a feature. CO occurred with increase in G where the frequency
- was greater than 100Hz. BCO occurred at the same G as CO but at lower subcooling. For

large G, SC was the case, and when subcooling was further reduced ICO occurred.

Lee & No (1998) identified criteria for boundaries and transitions between the
regimes of chugging, subsonic jetting and steam cavity in gravity-driven injection
experiments in a passive high-pressure system. These regimes were characterized in
terms of Froud (£r) and Jacob (Ja) numbers, where the Ja number gives a measure of the
pool subcooling and the Fr number gives a measure of the force balance within the jet.

They determined that this method of flow regime categorization fits data better with
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different geometries than other dimensionless parameters. Their experiments involved
conducting gravity-driven injection experiments of a passive high-pressure system in a

small scale facility.

In the analysis of Liang and Griffith (1994), a transient conduction-diffusion
model was developed to quantify how much non-condensable gas is required or pipe size
alteration is needed to eliminate chugging. An integral condensation distribution function
for calculating interfacial area and heat transfer coefficient was suggested for direct
contact condensation (DCC) especially in the oscillatory jetting regime. This function
was determined from measurements of the length of the condensing plume and the
temperature of the water at several axial locations along the plume. For instance, in a
subsonic jetting regime the product of the localized interfacial area and heat transfer
coefficient can be related to the system operating specifications (like pool water
temperature, stream injection flow rate and geometry) by an integral condensation
distribution function. Their transient conduction model assumed a layer of warm water

will form periodically at the interface as it collapses and swells.

The opposite extreme to the chugging regime is a fully developed turbulent jetting
regime in which the condensing steam transfers sufficient momentum to the liquid
ambient by way of the resulting fully condensed heated liquid jet. The resulting shallow
submerged jet hits the far wall of the containment and in the process creates violent
circulation patterns that eventually impinge on the free surface of the pool without
necessarily being re-entrained into the jet. This fully developed jetting regime received
some attention in the study of Gamble et al. (2001) for the cases of a single jet and three
horizontally stacked jets. However, the multiventing of two-phase mixtures through
vertically stacked rows of horizontal vents have not been completely addressed in the
literature. Gamble et al. (2001), although making mention of the jetting velocity profiles
of three simultaneous vertically stacked horizontally oriented vents, focused on the jet
velocity profile case of three single-phase heated liquid jets. It was assumed in their study
that condensation occurs over a short distance of 0.4 to 1.5 vent diameters from the vent

exits, with the jets consisting of single-phase heated liquid beyond that range. This was
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assumed for pure steam injection velocity of 150 m/s. The discharged steam jet was
assumed to have a perfectly conical shape. However, a more reliable account of the
typical shapes and penetration lengths of steam jets discharged from horizontal nozzles
into subcooled water are well documented in the experiments of Song et al. (1998) and

Chun et al. (1996).

Kukita & Namatame (1985) evaluated containment structural response due to
hydrodynamic loads on the vent-to-vent desynchronization effects of LOCA (Loss of
Coolant Accident) and steam condensation loads in the BWR pressure suppression pool.
The direct-contact condensation of steam at the vent pipe outlets and the resulting
oscillatory pressure loads on the pool boundary structure was their main focus. For an
operating pressure of 7 MPa and postulated thermal-hydraulic conditions during a LOCA
. with initial vent pipe submergence in scaled tests representing the plant prototypical
geometries, air was first blown down during the vent clearing period; this was followed
by steam-air mixtures being discharged into the horizontal vents of their suppression
pool. Prior to jet plume discharge into the subcooled pool, Kukita & Namatame (1985)
identified that the most significant pool boundary loads was due to chugging which
occurs when vent-flow steam mass flux is relatively low and is characterized by a
minimum degree of penetration of gas-liquid interface into the vent pipe outlet.
Depressurization in the vent pipe due to sudden increase in steam discharge can lead to
high condensing rates and high frequency condensation oscillations prior to long term
injection. Flow regimes within the SP can become complicated during simultaneous vent-
to-vent discharge when the first row of submerged vents are cleared, steam-air mixtures
are discharged into the suppression pool characterizing a well defined jet plume, followed

by the middle and lower vents being cleared.

Various flow regimes of condensing steam injected into a subcooled pool of water
have been categorized based on the criteria of the steam injection potential and the pool
condensation potential or subcooling (Chan and Lee, 1982). The rationale for this basis is
that the steam condensation behavior in the SP is dictated primarily by both the pool

condensation potential and the steam injection flux (Chun et al., 1996). For the purpose
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of mathematically modeling the vapor jet-plume and disintegration inside pools,
quantitative information on the discharge at the vent exit over the accident transient is
needed along with experimental assessment as a boundary condition for modeling the
thermal-hydraulic response within the volume of interest. Figure 3.1 shows a summary of
the condensation regimes reported by Chan and Lee (1982) classified according to
injection flux and pool subcooling. In the case where high to pure noncondensable gas
concentrations and high mass flux inputs occur, a bubbly plume consisting of a buoyant
inner core and outer plume have been observed to drive the mixing in the surrounding
fluid (Chen and Cardoso, 2000). In such a case, the driving mechanism may be the result

of turbulent shear stresses.

As ‘mentioned before, the other extreme case of gas injection into a subcooled
pool is that of pure non-condensable gas injection which has the effect of enhancing
circulation and mixing. Chen and Cardoso (2000) assessed the mechanism by which
buoyant bubble plumes drive mixing in a surrounding liquid environment. In such a case,
the bubble plume can be regarded as consisting of a buoyant inner core and an outer
plume that imparts momentum to the surrounding liquid by turbulent shear stresses. In
their experiments, bubbles generated by electrolysis rose into a density-stratified
environment. The effectiveness of bubble-driven mixing was assessed by the efficiency
of converting the input bubble energy into potential energy of the stratification. The
mixing in the two-layer system consisted of tﬁrbulent entrainment of liquid in the upper
layer by the plume liquid detrained at the interface, and the recirculation of
environmental liquid in the lower layer through the plume. The modeling aspect of this
study considered a rising plume in the lower layer of a step stratification of fresh water
above a layer of salty water, of constant cross-section. The behavior of the plume of
bubbles was considered as quasi-steady and neglected any variability in the entrainment
coefficient. Using the Boussinesq approximation and a constant coefficient of
entrainment, conservation equations of volume, momentum and buoyancy for the plume
were formulated. The governing initial and boundary conditions that specify the volume
flow rates, momentum and buoyancy were determined from the two uniform stratified

layers and the plume source. A continuity condition for the rate of entrainment for the
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upper layer at the interface was derived from assuming that kinetic energy of the plume at
the interface is converted into potential energy of the lower layer. The model predicted
mixing and efficiency of energy conversion in terms of the Richardson number where

evolution of the density profile showed good agreement with experiments.

3.4.3 Heat Transfer Correlations Developed for High Steam Mass Fluxes

The efficiency of heat transfer in an enclosure also depends on the plume shape.
Chun et al. (1996) defined three general idealized shapes of the pure steam jet plume in a
subcooled pool of water. These idealized shapes; conical, ellipsoidal and divergent, are
quantitatively inaccurate and were proposed based on experimental observation in an
attempt to explain the local heat transfer mechanisms. The justification for defining these
idealized shapes were based on experimental evidence, where the plume shape and length
were found to depend on the injection diameter, injection orientation and pool
subcooling, with combinations of these three well defined shapes occurring within
specified ranges of steam mass flux. A correlation for pure steam injection is available
(Chun et al, 1996) which predicts the length to diameter ratio of the plume as a function

of the condensation driving potential and steam mass flux. This is given by:

L - 0.59238_0'66 (_(_;_&)0.3444 (38)
d G,
where the driving potential for condensation is given by:
. e\l -7,) (3.9)
h

J&

G represents the steam mass flux (see table 3.3). The justification for this correlation is
based on the fact that the steam mass flux provides a measure of the driving force exerted

on the liquid while the pool subcooling provides a measure of the condensation potential.
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Chun et al. (1996) identified injection nozzle direction and nozzle submergence
depth as being factofs that characterize the shape of the jet plume, and obtained
corr;lations of an average steam-water DCC heat transfer coefficient along with
dimensionless steam plume lengths as described earlier. The average heat transfer
coefficient of DCC for high steam mass velocities was found to be in the range 1.0~3.5
MW/m?-°C, which shows some agreement with the maximum value of 2.4 MWmZK™
obtained by Jeje et al. (1990). Their correlation (Chun et al., 1996) does not, however,
include the mean vapor transport modulus as this quantity cannot be directly measured in
experiment. An Ry number, described by Kim and Song (2003), is similar to the Jacob
number that describes pool subcooling and relates the energy potential of injected steam

to condensing potential of the ambient subcooled water as:

R, = el =7,)5, (3.9)
h/gGg

For pure steam injection, the water mass flux Gy depends on the steam mass flux G, and

by momentum conservation, the Rr non-dimensional number becomes:

(T, ~1,) [4, P/ (3.10)

e A, p,

R
r h

However, this analysis assumes a constant mixing region diameter in order to apply
momentum conservation to obtain the liquid jet velocity exiting from the condensing
steam jet region and would be applicable to a stable mode of condensation. Although
specific to stable steam injection, this same assumption was adopted in the study of

Gamble et al. (2001) to obtain the average liquid jet velocity exiting the condensing

s

[EION: Uy o = Ugieam /—’D"ﬂ Such an assumption regards the steam penetration
lig. jet

condensing region as perfectly conserving momentum and energy to the immediate

condensed water. In actuality, this assumption may not necessarily be valid when the
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non-condensable gas concentration increases and takes momentum with it, and the stable

condensing regime is departed from.

Chun et al. (1996) also defined a heat transfer correlation which was independent
of the plume length. The prediction by this correlation identifies the steam mass flow rate
as the major controlling parameter in the direct contact condensation energy transport
from the steam to the bulk liquid region by turbulent motion which originates at the

vapor-liquid interface. This is given by:

h — 0‘8012chmeO.6247 (5)4.0079 (%)0.7185 (31 1)

m

However, Chan and Lee (1982) identified the transport transfer processes in the vapor
and liquid regions near the interface as the cause governing the complex behavior of the

gas-liquid interface.

A model for the critical flow of the steam condensing region through a submerged
sparger was the focus of Kang et al. (2003). In their experiment, saturated steam at high
pressure (100 bar) was initially discharged through 4 levels of 16 circumferentially
distributed horizontally sparger holes of diameter D = 1 ¢m and a single bottom hole of
2.5 cm diameter into subcooled water at 20 C at atmospheric pressure in a quench tank.
The steam penetration length was reported as 5.3D at submergence depths within the
range of approximately 260D to 230D in the horizontal holes. A penetration length of 13
cm was reported for the vertical downward oriented hole. The width of the jet at the end
of the penetration length was 1.2D for the horizontal holes. Note the difference in the
steam penetration length of 0.5D to 1.4D assumed by Gamble et al. (2001) for a single

submerged jet.

For pure steam injection into a pool of water, the mass flow rate of condensed
water as well as entrained water at the condensation boundary is determined from the

conservation of mass, momentum and energy equations, being respectively:
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{me + menlmin = mcond } (3 12)
{(1)(3 - Pw )Ae + (pe I/e2 Ae ) = 13(:011(/ Acand + (pcoml Vconu'2 Acond )} . (3 ’ 13)

and
{(me he ) + (m entrain henrrain ) = (m cond hcond )} (3 : 14)

Kung et al. (2003) defined the steam penetration length as:

X _ 0057 (i)o.m (P_w)—o.m o8l (3.15)
rO Gs N ’
 with
B:(hf—hw) (3.16)
h,—h,

and m being the critical mass flow rate

This correlation (equation 3.15) is comparable to that of Chun et al. (1996) and Song at
al. (1998). Table 3.3 shows a comparison of some models and correlations developed by

researchers as well as their agreement with experimental data.

3.5 Summary

Current nuclear reactor safety computer codes like RELAPS5 do not consider
condensation phenomena due to a submerged jet within the pool and at the surface, but
incorporate a McAdams natural convection correlation model, when flow is stratified, to
model heat transfer between bulk liquid and a saturated interface (Schumway, 1997).
The correlation relates the Nusselt number and Rayleigh number as: Nu = 0.27Ra**. In
the SP, the actual heat transfer is expected to be higher than natural convection
phenomena because there is mixing and condensation phenomena introduced by high
energy, high momentum and high buoyancy steam jet-plumes. Various experiments that

address the condensation phenomena due to turbulent mixing at a free-surface and natural
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convection are available (Brown et al., 1990, Sonin et al., 1986, & Thomas, 1979) but
“cannot be applied to accurately predict the thermal response of direct contact
condensation of discharged jet-plumes to an initially quiescent volume of water. It is an
ongoing effort to derive correlations that encompass the physical processes that are
component specific which could be used in reactor safety codes. Only an overview of the
various models and mechanistic approaches to jet-plume modeling that are available in
the literature have been discussed here, and it can be seen that the requirements for
modeling the physical processes related to direct contact condensation are still lacking as

this can be very complex and challenging.



3-32

Table 3.1: Condensation regimes of steam-air injection into subcooled water.

|

Authors Injection .  Exit Inlet air Steam/air mass  Water Regimes identified
(year) diameter orientation mass flux or flow subcooling
(mm) fraction rates °C)

Lee, No 15 Downward 0-0.5 20-40 30-55 Chugging

(1998) gravity driven 20-80 60-80 Steam cavity
High system 40-80 30-60 Subsonic jetting
pressure 4 bar (kg m2s™h) Transition regimes

Chun, Kim, 4.45-10.85  Horizontal 0 300-550 17-82 *SC-10C

Park 10.85 Vertical, 200-300 16-81 CO-BCO

(1996) nozzle (kg m%s)

L=0.12m

Liang, 19 Upward 0-0.6 0.01~0.02 Ma 50-100 Chugging, bubbling,

Griffith rectangular 0.6-1.0 0.03~0.05 Ma subsonic jet, sonic jet,

(1994) channel Transition regimes

Aya, Nariai  9-38 Downward 0 40 kg m?s™! 0-100 Chugging, CO, bubbling

(1991) vent pipe

Jeje, 5 Upward 0 <16 gs' 16.5 Discrete bubbling

Asante, 1.6-1.9gs Transition to unstable jet

Ross 1.9-6.1 g s Nearly axisymmetric jet

(1990)

Chan, Lee 51 Downward 0 1-175 40-90 Chugging Oscillatory

(1982) vent pipe in (kg m3s" bubble, Ellipsoidal
hexagonal oscillatory bubble,
pool Ellipsoidal jet, Oscillatory

jet cone

Class, Raft, 600 Vertically 0 20 kg mZs! 25 Violent condensation

Meyder downwards at shocks,

(1987) different (with steam reservoir
elevation in pressure of 117 kPa)
30° sector Steam pocket with bottle
PSS** neck

Kukita, 74-240 Multivent Rupture disk 19-54 Chugging

Namatame vertically (steam pressure desynchronization, High

(1985) downwardin < 0.01 of 7 MPa used) frequency oscillation,
20° sector (<25kgm?s™) Bubble collapse,

Brucker, 1.6 Vertical 0 15-22 cmm/s 15-100 Bubbling, Bubble

Sparrow upward bubble rise oscillation, Bubble

(1977) injection velocity. collapse, at elevated

pressures (10.3-62.1 bar)

*SC = stable condensation, CO = condensation oscillation, IOC = interfacial oscillation condensation, BCO = bubbling
condensation oscillation.
**PSS = pressure-suppression system
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Table 3.2: Experimental parameters and phenomena considered by various researchers.

Authors Nondimensional Submergence Pool aspect  Enclosure Fluids Phenomena
(year) jet submergence aspect ratio ratio aspect ratio
A P E
Kang et al 260 to 230 1.15t0 1.3 ~0.875 0.75 Steam-water Thermal mixing
(2003) quench tank
condensation
Christensen  10.5 0.6 0.475 <0.475 Immersed Thermal mixing
& Peterson heater in under stably
(2001) water pool stratified conditions
Petersonet 50 to 67 18to 10.8 32t02.8 2.5 Salt/water Transient thermal
al (1991) mixture stratification
Baines & 40 to 80 115 to 85 2.8to1 I, 1.5,2 Fresh/salt Criteria for
Turner water overturning,
(1969) Turbulent buoyant
convection
B Jet depth _ pool width B pool width _ pool width
initial plume width Jet depth initial water height enclosure height



3-34

Table 3.3: Comparison of models and empirical correlations proposed by various

researchers.

Author Flow regime Empirical Correlation equations or model Agreement of
analyzed correlation correlation with
method with data
experiment
Chun, Kim, Steam plume Balance of Dimensionless plume length: within £ 20%
Park mass flow rate, G
transport ; = 0.59238—0466 (G_o)0.3444
modulus and
condensation
potential.
Least square Average heat transfer coefficient: within+ 15 %
method for —0.6247
average heat h=0.8012c,G,B (
transfer
coefficient
Liang, Chugging Transient -0.06Re® Pr*™ Ja'<1.0 Within 65 %
Griffith criterion conduction £
For steam-air mixture:
model v &
I 0
0.06 l+_l Re:O,S PrOAS Ja-l < 1.0 Within 30 %
ki o
Jetting Two-layer 4
criterion turbulent eddy Py sl o 1/2 W 07 Within 15 %
transfer model 0.035[;— Re;” Pr’" NBo™Ja™ =1.
Lee, No Steam cavity Correlations Fr+17Ja—-2367=0 Absolute error:
transition for regime |0.05 Fr| +0.17 Ja|
boundaries
Chugging to Fr=212 Absolute error:
subsonic jet 0.05 Fr
transition
Pitts Chugging Control Axial velocity & displacement found by time  Predicted
volume model, integration of: fundamental
modified periods within 5 -
integral form F,+gp AL=p AL Py 16 % of
of momentum e experimental data.
. when infinitesimal gas layer, £ > 0
equation

L
(P, —P)A —(/15+ K(,)

F.=

L
(P —PL)A—[/IB+K,]

Radial accelerations are integrated to obtain
radial bubble boundary velocities and position

Low frequency
chugging
predicted with
quasi-steady state
analysis, large
computational
time steps used
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Figure 3.1 Steam condensation regime map for vertical orientation and atmospheric
pressure conditions [ref. Chan and Lee (1982)]
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4. EXPERIMENTAL FACILITY DESIGN AND TEST CONDITIONS

4.1 Scaling Philosophy

Justifiable scaling methods must be adhered to in model systems when simulating
reactor accident scenarios primarily to preserve the thermal-hydraulic behavior or
phenomenon of the individual reactor components of the prototype for the specific
accidental scenario under consideration. Performing experiments in an actual prototypic
reactor can become impractical because of cost limitations and safety reasons, in which
case we rely on scaled down model separate-effects test facilities. In such an instance, a
scaling philosophy is needed to relate phenomena observed in the model to that expected
in the actual prototype. The design of the separate effects suppression pool discussed in
this chapter first scales the power to volume ratio of the ESBWR suppression pool to
simulate the mass and energy inventories over a broad range of prototypic conditions.
One limitation of this facility is that the system pressure is approximately constant at pool
atmospheric pressure. As a consequence of this limitation, pressure scaling and two-
phase similarity criteria are adopted since the system pressure in the model facility cannot
be altered to match that in the prototype. A comprehensive scaling analysis addresses the
conservation principles and constitutive relations in both the top-down and bottom-up
approach (Ishii et al, 1996). For a single component of the reactor under consideration,
the integral response function scaling or first level scaling is not necessary. However, the
control volume and boundary flow scaling which comprise the second level, as well as
the local phenomena scaling which comprise the third level scaling are important and are
considered for this application. An idealized pool geometry is preferred since complex
test sections are difficult to fabricate, which means that scaling distortions are
encountered and are considered when relating the actual engineering design with the ideal

scientific design.

Reduced system pressure model tests introduce large uncertainties due to

difficulties in matching all the dimensionless groups in the prototype under changing
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system pressure conditions (Kocamustafaogullari and Ishii, 1987). For condensation
phenomena scaling in the suppression pool, the parameters of primary importance are the

pool condensation potential and the vapor latent heat energy given respectively by

0. =ah,, (Tsm - Tpau/) 4.1

E, =p,0.hy 4.2)

For proper scaling of pool condensation phenomena, the following ratio of prototype to

9 _, (43)
Eg .

The most difficult parameters to measure are the total interfacial area concentration a; and

model must be satisfied:

the local condensation heat transfer coefficient /cong. If Toar, Tpoot, pg and hy, are also

O] _ i (4.4)
Eg R QgR

where Q. =(a,u,), =\l since from two-phase similarity requirements

mom

scaled then it is required that

(u,),=(L,)"" (Ishii et al, 1996), which therefore requires ay =a,fl, . For the

R

prototype system, the interfacial area is a, ~(nzD,l,), and for the model pool it is

14
a,, =(nzD,l,),, . This requires:

[gc—] ZﬂzDJR l =1 (45)
E ). On O

g

Besides inside the actual pool volume, condensation in the SP also occurs in the
intermediate gas flow rates in the vertical channel of the SP where a vertical gas jet forms

before being expelled to the pool via the horizontal venting system. For this case the
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relative condensation rate is scaled similarly as in equation 4.5, which is given by
equation 4.6.

(_Q_C_J :ﬁ:erDjk (4.6)
E ) 0u O

g

Here Ir is the depth of water and D; is the jet diameter and the subscript R denotes the
ratio of model to prototype. Disintegration to smaller bubbles is expected to occur when

condensation rate is insufficiently high or due to the presence of noncondensable gas.

4.2 Design Basis

The design basis for the separate-effects test section in relation to the geometry of
the ESBWR suppression pool and scaling strategy are discussed in this section. Here the
power to volume ratio of the ESBWR suppression pool is considered for simulating the

mass and energy inventories over a range of prototypic conditions.

4.2.1 Prototype Containment

The ESBWR containment, consisting of a wetwell and drywell, is a cylindrical
steel-lined reinforced concrete structure integrated within the reactor building. Its design
pressure and temperature are respectively 414 kPa and 171 °C. Figure 1.1 shows the
cross-section of the ESBWR containment envelope, and the heat removal systems with
associated piping. The suppression pool wetwell is a large volume of water that functions
as a major but finite heat sink, and since its elevation is higher than the top of the RPV
core, it also acts as reactor make up inventory via the equalization lines (total of four) in
severe accidents where the reactor core may lose coolant become uncovered. The gas
space in the WW can communicate with the gas volume in the GDCS (gravity driven
cooling system) in this ESBWR design. The WW gas space serves as a non-condensable
gas reservoir for receiving the DW non-condensable gas volume during a LOCA

blowdown.
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The top view of the RPV in relation to the SP is shown in Figure 4.1 along with a
scaled idealized trapezoidal cross-section of a sector of the pool. The prototype venting
system consists of 10 circumferentially arranged vertical vents at azimuth angles of 36°
relative to each other. Each vertical vent branches into 3 horizontal vents stacked
vertically as shown in Figure 4.2 for a total of 30 horizontal vents, each with 10 vents
being diametrically positioned from the center of the RPV and stacked at 3 different
elevations from the bottom of the pool (Figure 4.3). Over-pressurization of the WW
relative to the DW is prevented via vacuum breaker check valves which open whenever

the WW cover gas pressure exceeds that of the DW by 3.45 kPa.
4.2.2 Scientific Design of a Scaled Suppression Pool for the ESBWR

The top view of the RPV relative to the SP is shown in Figure 4.1. The height,
volume and area are scaled as indicated by equations 4.7 to 4.9. The volume scale was
first chosen in regard to the pbwer capacity of the PUMA RPV heater so as to attain a
broad range of test conditions. A reduced height facility causes the time for certain
phenomena to be accelerated, where the time is given by the square root of the length

scale. In this way, for instance, the time taken for vertical stratification degradation to
occur in the model would be 1/ V4.5 of the time it would take in the prototype. This

reduces the time by approximately 2.12 for conducting a separate-effects experiment.

I, = L 4.7
4.5
V, =ayl, =—— (4.8)
400 .
! 4.9
a,=—— (4.9)
88.9
This gives a power scale of
1
= | = (4.10)
dn = sl = g

1/10" of the SP pool section (36° sector) is being considered and since the

prototype volume is already scaled 400 by volume (equation 4.8), this means that 1/4000
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of the actual prototype volume is being used and therefore the power to volume ratio is
high with the maximum output of the PUMA RPV being 400 kW. This gives the extra

flexibility of studying high flow rate cases at a reduced pressure condition.

Table 4.1 Scaled suppression pool dimensions

SCALING of ESBWR SP 1/10 " of
Model SP
Initial Water Volume (m3) 0.9025
Initial Gas Space (m3) 1.1260
Height (m) 2.7222
Pool Surface Area (m2) 0.7451
Top Vent Elevation (m) 0.7778
Middle Vent Elevation (m) 0.4733

Bottom Vent Elevation (m) 0.1689

Water Level (m) 1.2111

The dimensions of the scaled pool geometry based on the ESBWR are given in
Table 4.1. Since 1/10"™ of the pool is considered, an idealized trapezoidal cross-section is
being used as depicted in Figure 4.3 which is easier to fabricate. The arrangement of the
RPYV radial spacing with respect to suppression pool, the SP vertical and horizontal vent
distribution and wall thicknesses within the prototype were taken into account in this
design. The elevations of the 3 horizontal vents and the initial pool water level were
scaled from the vent submergence in the prototype using the height ratio 1/4.5 (equation

4.7). However, a 4™ vent is included based on the length scale which is determined from
the area ratio of l/ V/88.9. The 4™ vent is placed at a submerged depth of 1/9.4 of the top-

most (prototypic) vent from the initial water level to enable the study of the venting effect
when preserving the same scale in height and radius representing a 1:1 scaled

arrangement.
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4.3 Hardware Design
4.3.1 Pool Engineering Design

Since 1/10™ of the pool is considered, an idealized trapezoidal cross-section was
designed for. Figures 4.3 to 4.6 show the details of the pool design which was fabricated
from Y4 inch thick stainless steel plates. Viewing windows, made from clear ' inch thick
polycarbonate sheets, were designed and fitted to the pool for the purpose of illumination,
flow visualization, and LDA implementation. Flanges for the view holes (see Appendix
B) were custom made and were sliced from 6-inch diameter schedule 160 pipes. The
windows were mounted with bolts and gaskets made from ultra-strength neoprene rubber
prevented leakage during tests. These view ports are placed on the sides of the pool at
alternating levels so that each injection vent can be illuminated from one of the off
parallel sides at the same elevation to the vent and at. distances away from the vent as
shown in Figure B.2 (Appendix B) to track the horizontal path of the effluent. Viewing
ports are also placed on the far wall facing the vents to view the behavior of the effluent
as it exits from the vents. Additional illumination ports are placed to coincide with the
initial water line elevation to visualize any pool swelling due to the submerged flux and
also to act as a sight glass to measure water level increases in condensation experiments.
Penetrations (Y inch diameter) also provide a means to add additional transparent tubing
to measure the water level changes in experiments where the water level may increase
beyond the view of the top-most windows. These penetrations (which can be seen in the
photographs of Figures 4.3 and 4.5) can also be utilized for inserting additional
instrumentation such as thermocouples .if needed. Half-couplings (% inch) are welded
over the penetrations for screwing plugs to make the walls water tight when the

penetrations are not being used.

Fill and drain lines are also placed as shown in the layout plan (Figure 4.5). The
fill and drain lines are shut on or off via l-inch stainless steel valves and aithough they
are not placed directly to the base of the pool, but slightly higher, any excess water

remaining in the pool after draining can be removed by a siphon since the pool is resting
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on an elevated base. The support base is designed so that the test-section can be fastened
to the base with high-tension stainless steel cables and can be anchored securely to the
ground. In addition the wheels of the base can be locked during tests, and unlocked
whenever the test-section needs to be repositioned. Figures 4.3 and 4.5 are photographs
taken of the model pool resting on the custom-made support base. The test section,
showing the vent and window arrangement of the model pool resting on the support base,

is also shown.

4.3.2 Piping for Routing Steam from PUMA RPV

The steam supply to the model suppression pool is routed from the PUMA RPV.
The steam is tapped from the SRV-A (safety relief valve A) line and flanged valves are
used to shut-off steam supply to the PUMA SP via the SRV line (V-SRV-05) and route
the steam to the model pool (V-SRV-06) as shown in Figures 4.4, 4.5 and 4.6. Figures 4.4
and 4.5 show the details of this tee-ing of the SRV-A line, and Figure 4.6 shows the
isometrics of the pipeline arrangement from the PUMA facility to outside of the facility.
See also Figures B.3 to B.6 in Appendix B. The SRV-A line is a 2 inch stainless steel
pipe. The RPV has a height of 6126.3 mm, an inner diameter of 600 mm, an area of
0.2827 m’, and a total volume of 1.7 m’. It is composed of lower plenum, core plate,
core, shroud, chimney, downcomer, and separator and dryer assemblies. The core has 38
electrical heater rods. There are 6, 12 and 20 heater rods in inner, middle and outer rings,
respectively. Their maximum rod powers are 11.0, 13.5, and 9.0 kW respectively, and
their operating powers are 5.5, 6.6 and 4.4 kW, respectively. The details of the piping
arrangement to the model pool are shown in Figures B.3 to B.6 (in Appendix B). These
show the detailed drawings of the supply lines indicated in Figure 4.6. The injection
arrangement to the new model suppression pool is shown in Figure B.6 for the 2-inch and

3-inch venting cases respectively.
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The air is supplied from an air supply tank through 2-inch schedule 40 pipe on
which the mass flow controller is installed. Figure B.1 shows a schematic of the piping

arrangement and Figure 4.6 shows the isometric of the piping.

The k-loss is calculated from the point where the pressure tap measures the steam
pressure before it gets mixed with air at the tee (see Appendix B). The frictional pressure

drop along the piping can then be estimated for the steam-air mixture from:

AP =k, p: @10

The k-losses for gradual reducers and enlargements were obtained from the Crane

handbook. This is given by equation 4.12, and k-losses are summarized in Table 4.2

T 2.6(sin§j(l—ﬂ2 )2 (4.12)
i k —
| 2 A

| Table 4.2 K-loss in steam-air piping system from mixing tee to vent exit

Pipe size Type k
2" Tee branch 1.14
2" elbow 0.29
2" ball valve 0.04
2" Tee through 0.38
2" elbow 0.29
2" elbow 0.29
2" flexible coupling  0.00
2" elbow 0.29
2" ball valve 0.04
2" elbow 0.29
2" Tee branch 1.14

2" to 3" gradual enlargement 1.16
Total ko 5.32

All pipe lines were well insulated. The test section was also insulated. Proper insulation
was necessary in order to inhibit any significant condensation within the piping. Heat

losses were taken into account by checking the energy balance.



4.4  Defining a Test Matrix

The following is a discussion on defining a test matrix for the top vent opening in
the model SP separate-effects test using the PUMA SP separate-effects test as a
complementary counterpart (Woo, 2005). This discussion addresses not only local
phenomena scaling but also global scaling and scaling in terms of non-dimensional mass,

momentum and energy.

4.4.1 Preserving Pool Condensation Potential in Scaled Facility

In pool condensation it is widely accepted that the steam condensation potential is
driven by the pool subcooling (Chan and Lee, 1982, and Lee and No, 1998 for example)
where the subcooling is defined as the pool bulk temperature relative to the saturation
temperature, 7;.(p), of the incoming vapor mixture at the system pressure in the region of
the vent exit. However, if the incoming vapor is not at saturation condition and is
superheated, then the driving force for condensation is the temperature difference
between the injected vapor (7)) and the pool bulk temperature. If the vapor is
superheated, the amount of heat transfer may be different compared with that of a
saturated vapor. If, for example, the vapor is pure steam and is superheated by an amount
25 °C, then the gas enthalpy is 2726.54 kJ/kg at atmospheric pressure (101.325 kPa)
compared with that of the saturated steam of 2675.53 kJ/kg at the same atmospheric
pressure and 100 °C. The latent heat of saturated steam is 2256.47 kJ/kg, and the

additional sensible heat due to superheated steam is given by equation 4.13
CpeATap = 1.511 kl/(kg °C) x 25°C=37.78 kl/kg (4.13)
This is only 1.67 % of the saturated steam latent heat, and the latent heat of saturated

steam at atmospheric pressure is itself already large. Therefore the amount of heat that is

transferred from the steam vapor to the liquid by the superheated steam is not very



4-10

significant compared with the saturated steam. Furthermore, when air is mixed with the
superheated steam, this brings the value of c,, even lower and this decreases the
additional sensible heat. In addition, any impurities that may be present in the water that

is heated to supply the steam can act to reduce the boiling point.

One can therefore distinguish the pool subcooling, given by equation 4.14a from
the temperature difference of the injected vapor mixture and the pool bulk temperature,

given by equation 4.14b which is the actual driving potential for condensation: -

AT, =T, (p)-T (4.14a)

sat w
AT =T, -T, (4.14b)
If one is instead interested in the effective driving potential for condensation, and the
effect of the gas superheat is negligible as demonstrated in the previous calculation, the
temperature difference given by equation 4.15 is considered a measure of this driving

potential for condensation instead of AT in equation 5.3b (Meier et al, 1998).

Condensation driving potential = T, ( p, )T, (4.15)

It can, as a result, be justified that a preferred measure of the condensation driving
potential is the partial pressure difference between the injected vapor and the saturation
pressure of the liquid at the pool temperature (from discussions with J. M. Kelly of the
U.S. NRC) given by equation 4.16.

ApS:p:_psal(T:v) (416)

These pressure quantities are measurable and can be determined from pitot-static probe

measurements by traversing the probe along the vapor jet protruding into the water pool.

Kim and Song (2003) discussed the characteristics of a steam jet plume in
subcooled water, citing the work by Fukuda and Saitoh (1982), and explained that the

thermodynamic process of the vapor flow from the injection nozzle to the liquid pool can
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be assumed as an isotropic process. If the water vapor injected from a nozzle, even
though it may be a little superheated, can be assumed to be saturated, and so the steam
pressure varies little through the isentropic process, which is higher than the saturation
pressure at the same temperature. In the superheated condition of the steam, a portion of
the steam condenses and the steam quality decreases which can result in fog forming
inside the steam bubble which provides another mechanism for condensation. The
injection configuration, whether a divergent nozzle or a vent, also can have the effect of
altering the steam quality and is worth investigating as an experimental parameter. In the

chugging regime the vapor pressure in the vapor plume varies a lot.

4.4.2 Steam-Air Mixture Injection

The steam partial pressure at the vent exit is obtained from the following analysis.

The non-condensable mass concentration is given by equation 4.17.

m(l
X=—F—"""
m,+m, 4.17)
where
mu = pav(lA (4.183)
and
m,=p v.A (4.18b)

So the non-condensable mass fraction is given by

x: pll V
Then
v ( x (4.20)
pu :ps_ PO
Al=-x
Now from, 1r__r - 4 (@21a)
- 21a
Py M, +m, 1+i(—x—ﬂpsV
L V. \I-x
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The following result is obtained:

Pm = Py 1+V—S(L)
v,\l-x (4.21b)
But
v (1-x (4.22a)
p, = L ( )
v, x
Therefore,
_ 4.22b
Rf = psRsI‘m = pav” (1 x)RSTm ( )
v, x
Where
P, (4.23)
PRI,

Assuming the steam and air are well mixed and are in thermal equilibrium, 7,, = 7, = T,

From Dalton’s law of partial pressures:

This gives
—x\R 4.25a
P =0 )[R 2
vS x R(l
And so
v, P —P R (l—x) (4.25b)
v, B R x
Finally
| P_PR (4.26)
— + m b 5
IDIn pS Ps Ra
Steam volume fraction is also given by
i,/ p, P

(m,/p,)+(m,/p,) P, (4.27)
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. -P
Substituting p, = L _5-f and T, _Bv [ x ) BT from the ideal gas law
RaTm R(IT”I Rspuva x_l RS pS

This gives

2P, + \/<2P,,,)2 -4p; KE—][—"—) - 1}
b R N\ l-x
s 2[[&](_)6_)_1:1 (4.28)
R N\ 1-x

Taking the first root gives the steam partial pressure required at the vent inlet to the

model SP:
szp{ Ra( x j“} (4.29)
R \1-x

Where R, = 286.9 J/kgK, and R, =455 J/kgK

The presence of non-condensable gas inhibits the steam condensation process by
two ways. The first kind of condensation resistance occurs on the water side of the
injected steam-air mixture jet-plume. Locally, the water becomes heated and its cooling
capability diminishes, this acts to retard the water conduction. The second kind of
condensation resistance occurs inside the jet-plume in which gas diffusion resistance of
steam through a medium of air takes place and also thermal conduction resistance in the
gas takes place. Liang and Griffith (1994) proposed a transient conduction-diffusion

model given by equations 4.30.

0.5
k D s
+¢£& _ian Re;0 Pr’ Ja™ <1 Chugging

v

0'06[1 (4.30a)

k((; 2 p(l a‘

0.5
, k,Jap, |D $05 os o . :

0.06| 1+ —w—Ls5 [Tsay Re’, " Pr-Ja >1 Bubbling and Jettin
( k2 p,\ @, J ! 8 & (430b)
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The terms in equations 4.30 are given in Table 4.3

Table 4.3: Terms defined in equations 4.30a and 4.30b

Pa Air density (kg/m’)
pr Liquid density (kg/m®)
kw Water conductivity (W/(m.K))
k; Diffusion-equilibrium thermal conductivity of air (W/(m.K))
O Water conduction k,/p,c, (m*/s)
*Dia Mass diffusion coefficient of steam through a medium of air (m%/s)
Re; Steam-liquid Reynolds number, vD; /vy (inertial / viscous)
Pr Prandtl number of the liquid, uc, /x (kinematic viscosity / thermal
‘ diffusivity)
Ja Jacob number, pyc,4T/pshy,
Dy Vapor density (kg/m’)

*A correlation for binary mass diffusion coefficient of steam through air is found in MELCOR Material
1.9

Properties Package Reference Manual asp = 4,793« 10-5|iT_} for T in units of °K and P in units of Pa
sd P

The equations 4.30a and 4.30b are transition criteria for the onset of external chugging

from the bubbling or jetting regime. Dy, is the binary mass diffusion coefficient of steam

1.9

: . L s T
through air. A correlation for this is given by D, =4.7931x10 5{ e

} (found in

MELCOR Material Properties Package Reference Manual).

Liquid conduction is given by «,=k,/p,c, and gas conduction by
a,=k,/p,c,,, where heat is transferred from the gas to the interface by both

conduction and binary diffusion transport. So for atmospheric pressure with a small
hydrostatic head and for a saturation temperature (i.e. 105.5 kPa and 100 °C), the

following are obtained as shown in Table 4.4.
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Table 4.4: Water conduction, liquid conduction and binary diffusion at atmospheric

conditions
a, (m’/s) .10 a, (m’/s) .10 D, (m’/s) .10°
0.197 19.493 35.347

This shows that the gas conduction and the binary diffusion transport are of the same

order of magnitude. This is indicated by the Lewis number Le =a,/D,,=0.55. We could

therefore assume that both gas conduction and binary diffusion transport from the gas to
the liquid are important. However, in cases of complete steam condensation the gas
conduction is diminished and the Lewis number increases. So, by this assumption latent
heat transfer by binary diffusion would be much larger than sensible heat transfer from

conduction in the gas.

Since the PUMA facility has prototypic pressure, the density ratio p, =1 is

satisfied. However, the drywell/wetwell venting depends on a pressure difference

between the drywell and suppression pool where this pressure difference is related to the

height scale: (P,, — Py, ), =1, = % . Furthermore, for a reduced pressure facility like the

model SP, the model SP cover gas pressure cannot be varied (P = 105.5 kPa) since the
pool is open to atmosphere. Similarity criteria (Kocamustafaogullari & Ishii, 1987)
require that certain conditions such as the subcooling and phase change numbers, as

described by equations 4.31 and 4.32, be satisfied.

ch — . -
p Py, A, pg/l"g (4.31)
Ap Ahm ApC 'A];ub Ap cpf T;“' IE" - Tf}.,
sub b = o = ‘ ( ) (432)

P Ahfg ) pm'Ahfg Py |;7” Ahfg'

P

Physically, the phase change number is the scale for the amount of heating and vapor

flow generated by phase change which relates the inlet mass flux to the condensation
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mass flux. The subcooling number ratio is the scale for the cooling in a condensation
section relative to the saturation condition or the ratio of the pool subcooling to the inlet
latent heat. The steam density is a function of pressure and the similarity criteria (Ny,.p)r
=1 and (N,.5)r =1 needs be satisfied from prototype to model since the system pressure is
different. In addition, from a phenomenological point of view, local phenomena scaling
would require that the Jacob number (equation 4.33) be preserved. This has a similar
form to the subcooling number.

_ Py (1,-T.)

 phy (4.33)

Ja

An Ry number, described by Kim & Song (2003), is similar to the Jacob number that

describes pool subcooling and relates the energy potential of injected steam to

= CP(Tg _Tf)Gf . For pure

condensing potential of the ambient subcooled water as: R,

hngg
steam injection, the water mass flux G, depends on the steam mass flux G, and by
momentum conservation, the Rr  non-dimensional number  becomes:
_erlt=7)) (4,

- . However, this analysis assumes a constant mixing region
h A, p
/4 g

diameter in order to apply momentum conservation to obtain the liquid jet velocity
exiting from the condensing steam jet region and would be applicable to a stable mode of
condensation. In addition Gyis dependent on G, which is not a controllable parameter but
depends on the former. Although specific to stable steam injection, the same assumption

was adopted in the study of Gamble et al. (2001) to obtain the average liquid jet velocity
exiting the condensing region: u, . = U /'Ds‘ﬂ Such an assumption regards the
lig. jet

steam penetration condensing region as perfectly conserving momentum and energy to
the immediate condensed water. In actuality, this assumption may not necessarily be
valid when the non-condensable gas concentration takes momentum with it and
introduces a buoyancy flux, and a stable condensing regime is departed from. For a

steam-air mixture injected into a subcooled pool of water, the condensation potential or
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driving force for condensation is the temperature difference between the seam-air
injected mixture and the bulk pool temperature. Since the system pressure is scaled we
therefore should preserve the subcooling number or Jacob number which contains steam

properties that are pressure dependent.

4.4.3 Preserving Injection Fluxes in Scaled Facility

There are correlations (for example Chun et al., 1996) that identify the steam
mass flow rate as the major controlling pararﬁeter in the direct contact condensation
energy transport from the steam to the bulk liquid region by turbulent motion which
originates at the vapor-liquid interface. The pool mixing is also dependent on the amount
of momentum and buoyancy carried by the jet-plume, and for the purpose of local scaling
it is desirable to preserve the Froude number, given by equation 4.34, which preserves the
momentum and buoyancy balance of the jet-plume.

.v2
F}" — p/ m
(o, - o, JeD (4.34)

This Froude number is a measure of the amount of inertia carried by the jet-plume, and in
preserving this inertia from the PUMA SP separate-effects cases it is desirable to
preserve the mass flux, which also preserves the enthalpy flux. Similarly, the Richardson
number characterizes the transition from inertial to buoyant behavior and is the inverse of
the densimetric Froude number, as indicated by equation 4.35.

_(p=p.)eD,
Ri= oV j (4.35)

Also, since the condensation reduces the amount of vapor injected, it is desirable to

preserve the total volumetric flux.
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All the above quantities are property-dependent, only the steam-liquid Reynolds
number contains velocity and length parameters that can be easily adjusted in the

experiment. This is given by equation 4.36 (Ishii et al, 1998).

5 \05 5 1 03
LAY =(2_0j (4.36)

However, since the steam-fluid Reynolds number is given by (Resf )(;5 =v,D, / v, ,fora

reduced system pressure facility, equation 4.36 needs to be adjusted to include the fluid

viscosity which is pressure dependent. Equation 4.36 assumes the system pressure of

prototype and model is preserved. Since (K)R a (Re_"f )R, the injected steam volumetric

flow rate is a fluid-dynamic parameter that can be used to compare the volume reduction
in a prototype to that of an experimental model of the injected jet-plume after
condensation takes place inside the pool. In the proposed model SP tests, the steam is
directly supplied from the RPV and is routed via the SRV-A line to the model SP. The
pool volume and exit flow area are already scaled from the ESBWR prototype and is
given by Vz = 1/400 and (a;,)r = 1/88.9 respectively for a height ratio of (/;,)r = 1/(4.5)
(see equations 4.7 to 4.9). Since 1/10 " of the pool is considered for one stack of 3
horizontal vents only 1/10 ™ of the volume is considered. Scaling the mass flux also
scales the enthalpy in the prototype. Table 4.5 and Figure 4.7 indicate prototypic
conditions determined from RELAPS simulation of a BDLB (bottom drain line break)
scenario. Tables 4.6 and 4.7 show respectively the scaled mass and volumetric flow rates
from Table 4.5. They are scaled from conditions obtained from RELAPS simulations of a
BDLB (bottom line drain break) accident (see Table 4.5 and Figure 4.7). Tables 4.8 and
4.9 show respectively the comparison in preserving AT and the subcooling number for
the saturated steam and the pool initial temperature for the pressure conditions in the

PUMA and model cases.
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4.4.4 Preserving Time Scales of Phenomena

In inertia-dominated jets in which buoyancy is much smaller than inertia, four

time constants are identified (Ishii et al., 1998 & Peterson et al., 1998). These are

(1) The jet transport time given by equation 4.37. This is also known as the jet residence

time.

r,=—3 (4.37)

(2) The jet entrainment time constant given by equation 4.38, where a is Taylor’s jet

entrainment constant. The inverse of this is the characteristic frequency for energy

transport.
n, %D3
T, = i (4.38)
a2y

(3) The transport time of the surrounding fluid given by equation 4.39, and

v (4.39)

(4) The entrainment time of the surrounding fluid given by equation 4.40.

— V _ TSITJe

L 4.40
ad2 v (4.40)

J

T

se

Two independent dimensionless groups (equations 4.41 and 4.42) are formed by the first
three equations (4.37, 4.38 and 4.39). Equation 4.41 is the change in mass, momentum,

energy or species during the fluid’s residence time in the volume.



4-20

I, = LA 4\/_2_a£
The D, (4.41)

Also equation 4.42 is the time ratio that controls mixing behavior in a stratified fluid,

where H is the vent submergence.

m=fe_-"4 "~ _, 52 (4.42)

The ratio IT s cxperiment I1 5 prototype = 1, implies that n, D% = Di = 4, which is already

. . , : : D .
satisfied by the area ratio scaling. Preservation of IT ; 1mposes(#j =1. To satisfy the
R

time scale for mixing in stratified volumes, this ratio needs to be satisfied. For the PUMA
SP separate-effects test, and equivalent diameter is given by D, = 0.121268 m, and for the
model SP D; = 0.0779 m (3.068 inches). Another vent diameter that will be used in the
model is given by D; = 0.0508 m (2 inches). For the mixing time scales to be the same in
the PUMA SP tests and the model SP tests it requires that the top-most vent in the new
model SP be utilized. The height is scaled linearly according to the area ratio. For PUMA
SP horizontal vent submergence of H = 0.446 m requires H to be 0.28 m in thé model SP.
In this case, the top-most vent (based on a linear scale) in the model SP at an elevation of

1.004 m from the bottom of the SP is utilized and the water level is set to 1.284 m.

4.4.5 Separate-Effects Test Conditions

These separate-effects pool tests are intended to be a counterpart to the PUMA
suppression pool separate-effects experiments. In the PUMA SP experimental program,
the suppression pool is distorted to a cylindrical volume and integrated within the other
reactor components for the purpose of performing integral tests under prototypic high
pressure conditions whereas ;che prototype SBWR suppression pool geometry is annular
in shape. In the PUMA SP, the eight vertical vent modules connecting the drywell to the
suppression pool (as is the case in the SBWR prototype), a single vent line scaled by the
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total prototype vent flow area and boundary flow scaling criteria are used. Each vent
cross-section in the PUMA SP is a rectangular slit since the height and area scales are not
in the 1:1 linear ratio. The single vertical vent line is centered in the suppression pool
with eight of the slit vent openings on the perimeter of that submerged line simulating the
| eight SBWR prototype vent openings into the SP. In the current model SP, the vent cross-
section is maintained as circular which is the same in the ESBWR prototype; however, itA
is scaled by flow area. 1/10™ of the ESBWR prototype volume is considered and then
scaled by volume to a trapezoidal cross-section which is idealized from a sector of an
annulus. In the initial blowdown, PUMA integral tests start at around 1 MPa, however, in
the present model suppression pool, since the power to volume ratio in the model SP is
much higher, we have the flexibility to set the boundary conditions to those of the actual
prototype when conditions inside the prototype suppression pool are at atmospheric and

prior to 1 MPa conditions in the prototype.

In counterpart PUMA SP test conditions (Woo, 2005), three vents at the top
elevation are open. The test matrices and conditions were obtained from RELAPS5
simulation of a BDLB accident as shown in Figure 4.7. For the model pool, the actual

scaling ratios are as follows: H, :L, Ve =—1——, A =$, Ideally, the height and

4.5 400" *
volume ratios are the same as equations 4.7 and 4.8. However the actual area ratio for the

vent for the 3-inch vent case is 4, =80L7 because of the use of commercial piping. See

Tables 4.5 to 4.9 and Figure 4.7 for the test conditions.
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Table 4.5 Prototypic conditions determined from RELAPS simulation of SBWR-600

steam
Dw A" mass total mass airmass steam air density
Pressure NC flow rate flowrate flowrate density
(kPa) (kg/s) (kg/s) (kg/s) (kg/m3) (kg/ma)
261.9 0.007 18.6 18.73 0.13 1.453 2.269
2447 0.013 9.92 10.05 0.13 1.364 2.132
247 1 0.012 5.25 5.314 0.064 1.376 2.152
247.9 0.02 8.88 9.06 0.18 1.380 2.158
237.3 0.179 14.67 17.87 3.2 1.325 2.073
230.3 0.279 21.41 29.7 8.29 1.288 2.017
Table 4.6 Mass flow rate scaled conditions
steam
model VvV mass total mass air mass steam air density
Pressure NC flow rate flowrate flowrate density
(kPa) - (kgls)  (kgls)  (kg/s)  (kg/m®)  (kg/m°)
105 0.0069 0.0123 0.0124 0.00009 0.6179 0.9778
105 0.0129 0.0066 0.0067 0.00009 0.6179 0.9778
105 0.0120 0.0035 0.0035 0.00004 06179 0.9778
105 0.0199 0.0059 0.0060 0.00012 0.6179 0.9778
105 0.1791 0.0097 0.0118 0.00212 0.6179 0.9778
105 0.2791 0.0142 0.0197 0.00550 0.6179 0.9778
Table 4.7 Volumetric flow rate scaled conditions
steam
model VV mass total mass air mass steam air density
Pressure NC flow rate flowrate flowrate density
(kPa) (kg/s) (kg/s) (kg/s) (kg/m*)  (kg/m®)
105 0.0070 0.0052 0.0053 0.00004 0.6179 0.9778
105 0.0131 0.0030 0.0030 0.00004 0.6179 0.9778
105 0.0122 0.0016 0.0016 0.00002 0.6179 0.9778
105 0.0201 0.0026  0.0027 0.00005 0.6179 0.9778
105 0.1808 0.0045 0.0055 0.00100 0.6179 0.9778
105 0.4419 0.0068 0.0122 0.00539 0.6179 0.9778
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Table 4.8 Calculation of model pool temperature based on temperature difference

230 kPa 105 kPa
PUMA PUMA model model
Pool T steam sat AT steam sat Pool T
(deg-C) (deg-C) | (deg-C) | (deg-C) (deg-C)
40 128.95 88.95 101 12.05
50 128.95 78.95 101 22.05
60 128.95 68.95 101 32.05

Table 4.9 Calculation of model pool temperature based on subcooling number

230 kPa 105 kPa
PUMA PUMA model model
Pool T steamsat| N-sub {steamsat Pool T
(deg-C) (deg-C) (deg-C) (deg-C)
40 128.95 | 110.85 101 62
50 128.95 96.96 101 67
60 128.95 83.1 101 72

A number of tests have been performed to obtain temperature profiles in the pool

for related thermal-hydraulic parameters using 2- and 3-inch vent pipes. Sixteen tests

were performed with 2-inch diameter vent pipes and 53 tests with 3-inch diameter vent

pipes. The experimental test matrix and experimental conditions for 2-inch and 3-inch

vent pipe injection cases are summarized in Table 4.10 and 4.11 respectively.
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Table 4.10: Test matrix and experimental conditions for 2-inch vent pipe injection

TestID Steam flow Air flow rate  Initial pool Pool Status
rate (g/s) (g/s) temperature (°C) (Stratified or Mixed)
T2-09 17.0 1.207 37.6 Mixed
T2-10 23.6 0.302 18.7 Mixed
T2-11 . 24.2 0.302 35.8 Mixed
T2-12 23.6 7.499 24.3 Mixed
T2-13 23.4 7.499 39.1 Mixed
T2-14 24.4 7.499 55.7 Mixed
T2-15 23.4 0.302 52.4 Mixed
T2-16 42.9 0.504 21.5 Mixed
T2-17 43.3 0.526 55.9 Mixed
T2-18 13.8 0.202 20.8 Mixed
T2-19 13.4 5.000 25.2 Mixed
T2-20 12.9 5.000 33.0 Mixed
T2-21 13.9 0.202 32.7 Mixed
T2-22 13.8 0.202 0.7 Mixed
T2-23 42.8 5.549 29.1 Mixed
T2-24 42.5 5.549 59.8 Mixed
T2-25 14.8 5.000 39.5 Mixed
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Table 4.11: Test matrix and experimental conditions for 3-inch vent pipe injection

Test ID  Steam flow Air flow rate  Initial pool Pool Status
rate (g/s) (g/s) temperature (°C) (Stratified or Mixed)
T3-01 12.1 0.000 22.7 M
T3-02 12.4 0.089 26.8 S
T3-03 12.2 0.089 40.4 S
T3-04 12.1 0.456 47.3 M
T3-05 12.2 0.456 57.6 M
T3-06 12.8 0.180 35.9 M
T3-07 13.3 0.135 29.8 M
T3-08 10.9 0.108 29.3 M
T3-09 12.3 0.000 44.6 M
T3-10 12.2 0.000 48.9 M
T3-11 12.0 0.089 48.3 M
T3-12 13.5 0.089 57.7 M
*T3-13 13.6 0.065 21.1 MST
T3-14 19.1 0.086 22.5 M
T3-15 9.2 0.125 34.8 M
T3-16 13.1 0.948 36.0 M
T3-17 10.8 0.970 48.6 M
T3-18 22.4 0.086 24.8 S
T3-19 21.6 0.086 43 .4 S
*T3-20 24.4 0.151 343 MST
T3-21 25.4 0.000 22.7 M
*T3-22 254 0.000 42.6 MST
T3-23 17.8 0.000 31.1 M
*T3-24 16.4 0.000 46.4 MST
*T3-25 20.6 0.129 27.9 MST
T3-26 20.7 0.069 50.9 S
T3-27 19.5 0.000 55.9 SD
*T3-28 25.7 0.181 27.4 MST
*T3-29 13.5 0.000 55.8 MST
T3-30 17.6 0.517 26.6 M
T3-31 12.1 0.000 437 M
T3-32 11.1 0.056 41.7 S
T3-33 12.4 0.000 40.3 M
*T3-34 15.8 0.000 53.2 MST
*T3-35 12.5 0.000 43.4 MST
T3-36 12.2 0.196 32.8 M
T3-37 12.6 0.052 42.9 S
T3-38 11.6 0.056 52.9 SD
*T3-39 11.2 0.101 30.3 MST
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T3-40 12.1 0.151 40.9 M
T3-41 12.2 0.116 50.4 M
13-42 13.0 0.000 63.1 S
T3-43 32.1 0.000 49.1 SD
T3-44 15.1 0.101 41.1 S
T3-45 10.1 0.050 50.3 S
T3-46 9.3 0.026 55.3 S
*T3-47 27.2 0.000 42.2 MST, SD
13-48 12.4 0.082 473 SD
*T3-49 27.0 0.000 253 MST
*T3-50 29.3 0.000 61.5 MST, SD
*T3-51 12.3 0.123 26.9 MST
T3-52 28.6 0.123 43.3 SD
*+T3-53 12.8 0.000 25.7 PS
**T3-54 12.1 0.123 34.4 M
**T3-55 12.5 0.123 52.9 M

Key: M: Mixed, S: Stratification, SD: Stratification Degradation, MST: Mixed-to-Stratification Transition,
PS: Partial Stratification

The test ID’s with the asterisks (*) in the preceding table indicate the cases where
problems were encountered with chugging in the injection line, therefore the phenomena
observed may not be prototypic due to mixing by chugging in the horizontal injection
.section. Therefore, these tests will be rerun with an improved injection design geometry
which is intended to eliminate the chugging instability. The test ID’s in Table 4.11
preceded by a double asterisk (**) indicate that the orifices were inserted in the

horizontal vent lines, as shown in Figure 4.8.
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(b) Scaled idealized trapezoidal cross-section

Figure 4.1 ESBWR geometry of RPV and SP showing 1/10 ™ “pie’ shape
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Vertical flow channels
(Total 10 vents)

Initial water level

Horizontal vents
(Total 30)

Figure 4.2 Horizontal vent module between the DW and the WW
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Figure 4.3 Front, sides and back layouts of model pool with window numbering and respective photographs. Units in meters.
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S. INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

Changes in mass and energy inventories from the steam supply vessel (in this case
the PUMA RPV) to the model suppression pool are important in quantifying phenomena
such as thermal stratification associated with certain mass fluxes. Numerous
thermocouples are employed to obtain detailed measurement of pool energy content and
distribution via temperature measurements. Appendix A details the list of thermocouple
instrumentation mounted inside the pool and Appendix B figures show the layouts of
thermocouple distribution. Additional instrumentation that measure steam and air flow
rates that are needed to assess injection fluxes and non-condensable mass concentrations
are discussed in this chapter. The PUMA reactor pressure vessel contains instrumentation
such as DP (differential pressure) cells for measuring the changes in water level and P
(pressure) cells for determining the thermodynamic state of the steam. In this way the
steam mass output can be matched against the mass condensed steam inside the pool and
energy balance calculations can be performed. The following sections discuss details of

instrumentation and the experimental approach.

5.1 Instrumentation

Thermocouple junctions were made from duplex-insulated ANSI K-type wires.
The wires are Teflon-coated solid wires with a nominal size of 0.024 in. x 0.040 in. (gage
30). Using these K-type thermocouple wires, 64 thermocouple junctions using these gage
30 K-type thermocouple (TC) wires were made by twisting the wire pairs together and
spot welding them at the junction. These were made in 32 feet lengths so that at one end
the junctions would be immersed inside the pool and the free end could connect to a DAS
(data acquisition system) some distance away from the measurement point. Each
thermocouple was tested at room temperature using an ‘ultramite’ high resolution
thermocouple tester from Thermo Electric Instruments. This thermocouple size provides
for higher stability of temperature measurements in these tests with the drawback of

having less accuracy. The response to temperature changes, however, is better for
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recording temperature fluctuations during condensation oscillations. The appendix shows

the coordinates and tag names of the thermocouples.

Tables 5.1 and 5.2 outline the specifications and ranges of the vortex flow meter
and mass flow meters that are used in this experiment. The vortex flow meter is used to
measure the steam flow rate that is set with the RPV heater power. The maximum range
of the VP715TS model vortex flow meter for steam at atmospheric conditions is 0.029
kg/s, which is within the maximum range of steam flow rate desired for the experimental

conditions. Air mass flow controllers are used to set the air mass flow rate.

Table 5.1: Range of vortex flow meter

FLOWMETER FLOW RANGE (kg/s) IN STEAM
PIPE| ACFM 273.7 446.1 618.5 790.8 1135.6
MODEL | SIZE (kPa) (kPa) (kPa) (kPa) (kPa)
(inch) IMIN[MAX!{ MIN | MAX | MIN | MAX| MIN [ MAX| MIN | MAX| MIN [ MAX
VP715TS | 1.5 | 3 {100 !/0.0018]0.071/0.003]0.113]|0.004]0.154]|0.005[0.194|0.007[0.274
TEMPERATURE (DEG-C) 131 147 160 170 186
Table 5.2: Air mass flow controllers
Type Vol. flow rate (I/min) Mass flow rate (g/sec) | Error range
1 0-100 0-1.96 1.5 % (+ 0.0296 g/sec)
2 0-500 0-9.80 1.5 % (£ 0.1470 g/sec)

The range of the mass flow controllers (Ishii et al, 2004) enables one to perform
experiments with 25% non-condensable gas mass fraction using the maximum
measurable steam flow rate. A pressure regulator is used to control the upstream air
pressure and an air pre-heater attached to the air line is used to heat the air to a desired
temperature before it is mixed with the steam. The positions of these as well as the
positions of the flow controllers are shown in Figure B.l. In addition to these
instrumentation, Table 5.3 summarizes the other instrumentation and Table 5.4 indicates

the related phenomena of interest sought by the utilization of the specific instrumentation.
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Data obtained provide information on the phenomena of interest as indicated in Table

5.4.

Table 5.3: Instrumentation

Instrument Measurement
*K-type Thermocouples (62) Temperature in pool
*Surface Thermocouples (2 k-type) Floating on pool surface
1P Cell, PT-STM-01 Pressure
tVortex flow meter, FT-STM-01 Low steam flow rate

tMass flowmeter (2), MA-AL-01, MA-AL-02 High and low air flow rates
Laser Doppler Velocimeter Local liquid velocity

Camera (high speed) Flow visualization

* Details are given in Appendix B
+ Refer to Figure 4.4

Table 5.4: Parameters measured and phenomena of interest

Measurement Phenomena

Temperature Thermal Stratification
Visualization Jet — plume extent

Laser Doppler Velocimeter Pool mixing and circulation
Visualization

Laser Doppler Velocimeter Local liquid velocity and circulation

High speed camera

A skeleton frame for holding the thermocouple wires is shown in Figure 5.1. The
frame itself is a regular parallelepiped fitted with sliding bars. It has a trapezoidal cross-

section that is designed to fit and stand inside the model suppression pool without
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additional fastening. The frame stands about 54.5 inches high which is higher than the
initial water level inside the pool. It is designed to hold instrumentation such as
thermocouples not only in the water volume but also in the gas space above the water
level. The sliding bars are attached to the frame with clamps to position and anchor wires
at desired coordinates within the volume. The wires, which are thin soft-temper stainless
steel wires (0.032 gage), are placed in tension along the sliding bars and then clamped in
to position. These wires would serve for holding instrumentation. As an initial guess, the
wires are placed according to a developing and fully developed region; this is depicted in
Figure 5.1. Schlichting (1960) (in Gamble et al. 2001) suggested that a fully developed
jet extends linearly with axial location given by equation 5.1. For a forced turbulent jet

the developing and fully developed regions can be given by equation 5.1

rl/z_(x) = (1 + 0.013£] for X <875 Developing region

Fo o 0
hi (x) X X . 5.1
—==2=0.0848| 4.39+— | for —>8.75 Fully developed region

o o Fo

The radius r;/; along the axial extent x of the jet can be determined once the initial jet
radius ¢ is known. Thermocouples locations are not restricted to the injection region and
effluent horizontal path but are placed within (see Appendix B) strategic grid locations to
simultaneously measure temperature at various locations with as minimum as possible
interference. The thin soft-temper stainless steel wires and thermocouple wires are

selected to offer minimum resistance to the injected vapor and flow field.

5.2 Data Acquisition System

A Keithley 2700 model digital multi-meter (DMM) data acquisition system
(DAS) is being used. This model can be configured for various thermocouple types
including K-type thermocouples. This DAS has a high resolution of 6 'z digits (22-bits)

which, when configured for a given thermocouple type, has a maximum scanning rate of
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around 40/50 samples per second. This Keithley 2700 model is modularly configurable
and has 2 slots. Two 7708 cards allow 40 thermocouples to be scanned per card for a
maximum channel count of 80. Each card has multiple (usually 8 or 9) cold junction
compensation (CJC) spread out and uses a sophisticated mathematical algorithm to weigh
the value of each CJC value while taking into account of how physically close it is to the
thermocouple junction. The result is a very accurate CJC value for thermocouple
conversion, all done internally and automatically. All thermocouple conversions are
done on board once the thermocouple type is specified and CJC (internal or simulated) is
fixed. The DMM is controlled from a PC via a PCI GPBI card and PCI bus. Data are sent
to the GPIB (PCI) so that it is stored in PC memory. The communication between GPIB
card and the instrument is through ASCII strings (which can also be formatted as binary).
An ExceLINX-1A Microsoft Excel add-on software allows data to be input and

controlled in Excel spreadsheets.

The data acquisition card was installed to a Compaq computer. The appropriate
driver (cec488) was installed and connections were made including the GPIB-PCI IEEE
communication bus. The equivalent ‘expansion board’ was installed to the Integra system
prior to connecting the thermocouples. As previously mentioned, this state-of-the-art
DAS has cold junction compensation and can measure thermocouple readings
simultaneously and accurately within the limitations of the response time of the
thermocouple (TC). Minimum programming was required after installation of the
software; however, configuring the software was mandatory to match the type of DAS.
After tests were done to determine whether the system was communicating, a trial run
was performed to take data for a short duration of time. Some programming was required
for the DAS software to output a data file containing the thermocouple measurements.

All data files were stored and backed-up for all tests.
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Test Procedures

The following discussion briefly outlines the experimental method of operation adopted

for these tests.

)

(ii)

(iii)

(iv)

™)

(vi)

Water used for experiments was demineralized using a water filter prior to all

tests.

Prior to using the RPV, it was preheated to achieve pressures between 25 and 10
psig depending on the steam flow rate desired and any air in the vessel was
purged outside until the vent gas temperature was equal to the steam saturation

temperature at the exit.

The pre-test procedures consisted of assuring power availability, DP (differential
pressure) cell sense line purging on the PUMA RPV for accurately monitoring the
RPV water level. The water level was set to approximately 4.2 m in height. The

DAS system was checked and all manual valves were lined up for the tests.

The pool initial water level was also set to a pre-determined value using the fill
and drain lines (see Figure 4.6). The RPV was preheated and steam was
discharged to the pool to set its initial temperature for high initial temperature
cases. A circulation pump fitted to the pool was used to circulate the pool water so
that the bulk initial temperature was homogenized. The pump was also used to

reduce the bulk temperature if the pool had to have higher subcooling.

Using the PUMA steam supply, the steam mass flow rate was controlled by the

heater power, where m_= 0/ hg, andQ is the RPV heater power. The steam flow

rate was monitored by the vortex flow meter until it was stabilized. The range of

the vortex flow meter is shown in Table 5.1

The steam mass flow rate was set by the RPV power and it maintains a constant
value by maintaining a constant upstream stagnation pressure in the PUMA RPV

by choking the steam flow using V-SRV-06 (refer to Figure 4.7).
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Air mass flow controllers were used to set the air volumetric flow rate and the
arrangement is shown in Figure B.1 in Appendix B. The specifications of the flow
meters are shown in Table 5.2. The air was preheated using a preheater to the

steam saturation temperature before it was mixed with the steam

The steam temperature and pressure were measured just downstream of the vortex

flow meter prior to the two gas streams being joined at a tee.

The inlet vapor temperature 7,, was monitored although there was some difficulty
in controlling 7,, due to the large thermal inertia of the piping system. However,
assuming the steam was saturated and in thermal contact with air the mixed
streams were allowed to run for a while before taking data until the desired flow

rates and temperatures are achieved.

Data were taken for 1800 seconds usually and in some cases for over 5000
seconds. Temperatures at discrete locations inside the pool as well as the voltage
signals from the vortex flow meter and P cell were monitored during the course of
every test so that proper action could be taken if any irregularities in the system

conditions occurred or injection fluxes strayed from a quasi-steady condition.

In summary, 3 parameters were adjusted independently; these are steam and air mass

flow rates and pool bulk temperature. Since the system pressure near the vent exit was

approximately constant (around atmospheric pressure), the gas compressibility had an

influence on the bubble size and frequency. Furthermore, the steam quality would have

an influence on the condensation mode at the vent exit. The vent configuration would

also have an influence on the steam quality; for instance a divergent nozzle near the vent

exit will act to reduce the steam quality. This would also have the effect of reducing the

gas momentum at the exit. Therefore two injection sizes have been considered, these are:

(a) a 2-inch vent and (b) a 2-inch to 3-inch diverging nozzle.
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Figure 5.1 Thermocouple cage frame showing a few wires suspended on the sliding bars
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6. FACILITY CHARACTERIZATION AND PRELIMINARY DATA

6.1 Pool Structural Heat Losses

A conservative calculation is performed to determine the heat loss in the pool
with 1.5-inch thick insulation blanket insulating the sides, front and back of the pool
structure. The calculation assumes a static case in which the temperature of the pool bulk
water volume is 353 K and the temperature of the pool inner walls are uniform. As
indicated in equations 6.1 and 6.2, the pool walls are taken to be in thermal contact with
the hot water, and the outer walls are insulated from the ambient air. The following

information in Table 6.1 was used to calculate heat losses.

Table 6.1 Parameters used for calculating pool heat loss

Parameter Value
Insulation thickness, ¢, 0.0381 m
Pool wall thickness, ¢, 0.00635 m
Water layer thickness near wall, ¢; 0.0l m
Area of back plate, 4 1.401 m2
Area of side plate, 4 1.049 m2
Area of front plate, 4 0.718 m2
AT=(T,,,— T,) (383-303) K=80K
Air, heat transfer Coefficient, 4, 7.949 W/m2-K
Insulation thermal Conductivity, £, 0.039 W/m-K
Stainless steel thermal conductivity, &, 14.41 W/m-K
Carbon steel thermal conductivity, & 50.2 W/m-K
Water thermal Conductivity, &; 2.1247 W/m-K

The heat loss is taken to be

€ _ya(ar), with U =+
t R

6.1)
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RO

Insulation + stainless steel + water + air

Heat losses through sides, back, and front are 0.25 kW, 0.17 kW, and 0.09 kW
respectively. The estimated total loss is about 0.51 kW. The evaporation heat transfer
from the pool surface which is very important in determining the steam partial pressure in
the SP cover gas of the prototype is not considered here since we are primarily interested

in the losses due to the pool structure. This loss represents 1.3% of an input power of 40

kW.

The mass and energy balance in the model wetwell are calculated using the

following equations:

Qin = Qcoml, pool + Qevap + Qlos.v (63)
; = 6.4
ms h/gt - |:M/inal ’ c[),_/' (Twww,ﬁnu[ ) ’ T/inul :} - |:Minilial ’ cp,f (Tlvw,initia[ ) ' T;nitial jl + Qevup + Q[oss ( )

Where Qevup = hevap (Tww,g - va,f ) Aevapt

hevap = evaporation heat transfer coefficient

Aevap = area available for evaporation heat transfer form pool surface to gas space

Q..,, determines the steam contribution to the pressure in the SP gas space in the actual

prototype.

6.2 Scoping and Feasibility Tests

Preliminary results of scoping tests for 2-inch pipe diameter vent injection are
discussed here. The pool section vent arrangement is also equipped to study venting from
a 3-inch diameter cross-section (see details in Figure B.6). The purpose of these scoping
tests is to evaluate the maximum range of the facility in terms of the power to volume
ratio and the energy and mass transfer rates that are associated with a prototypic

accidental scenario. Energy balance calculations, using equations 6.3 and 6.4, were
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performed for all test cases. The energy supplied by the PUMA RPV was matched to the
energy increase in the pool using equation 6.4. The structural heat losses are also taken
into account. Table 6.2 summarizes the pure steam and steam-air mixture scoping tests. A
total of 8 tests performed are reported here; 4 tests for pure steam and another 4 tests for
steam-air mixture injection cases. The typical cases of pure steam and steam-air injection
are depicted in detail in the sections that follow. Cases 1 and 2 are for pure steam single-
and double-venting respectively, and case 6 is a steam-air single vent case. Detailed plots
are given for cases 1, 2, and 6 and are shown in Figures 6.1 through 6.15 for comparison.
Figures 6.16 through 6.20 show timed photographic sequences of bubble motions inside
the suppression pool as captured through the viewing ports (Figure 4.4).

Table 6.2 Summary of pure steam and steam-air mixture scoping tests

CASE Poolinit Pool final Air mass Steam mass Vent

# Temp water level flow rate flow rate opening
O (m) (g/s) (g/s)
1 204 1.273 0.00 37.2 Level 3
2 243 1.334 0.00 34.6 Level 2 &3
3 23.5 1.303 0.00 30.2 Level 3
4 23.5 1.300 0.00 25.4 Level 3
5 41.2 1.257 0.56 16.3 Level 3
6 58.8 1.251 0.56 18.9 Level 3
7 42.0 1.295 1.05 22.8 Level 3
8 22.3 1.264 1.03 16.0 Level 3

Data were taken over a period of time so as to track both the vertical and
horizontal development of the temperature distribution inside the pool volume. Every
thermocouple data were plotted with the variation of time and the ones that are not
presented in this chapter can be referred to in Norman et al., 2005. Also a 2-D linear
interpolation function in the matlab software was used to interpolate the thermocouple
data in the vertical center plane within the measurement domain to produce 2-D
temperature maps spanning the time of the experiment. Another matlab program plotted

the 2-D surface temperature using the discrete thermocouple values at level 5 (see Figure
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B.11) which measures the temperature distribution at the initial water level. Two floating
thermocouples also provided a means of tracking the temperature of the pool surface both

near the vent side and at pool side as the mass inventory increases during each test.

The elevations (y) for levels 1 through 6 are defined in Figure 4.3, 4.4, 5.2 and
Appendix B, where y = 0 indicates the bottom of the pool. In the trapezoid cross-section,
the locations of thermocouples are defined by co-ordinates (x, w), with (x, w) = (0, 0)
defining a point on the axis of symmetry of the trapezoidal cross-section. The placement
of the coordinate system can be seen from Figures 6.4 and 6.5. The mixture injection
fluxes used in these tests are much lower than the range used by Chan and Lee (1982) as
shown in Figure 3.1 where the injection fluxes are generally less than 25 kg/m®s and the
initial pool temperatures used are greater than 20 °C. Their injection orientation is
downward and similar phenomena such as oscillation condensation are observed in our
tests. However, in a vertical orientation of a smaller diameter exit and with a controlled
release of the steam effluent, a single detached bubble can be achieved at high fluxes and
high subcooling with less break-up at the exit. The results of the tests reported in this
chapter show oscillations and breakup that lead to a two-phase condensing jet plume. The
following sections provide discussions of the results of steam and steam-air injection and
phenomena observed from temperature data along with a qualitative assessment of high

frame-rate images. The major conclusions drawn from some cases are also summarized.

6.2.1 Pure Steam Injection Cases

Case 1 shows a steam flow rate of 49.56 g/s and an initial pool temperature of
20.4 °C, and its temperature data in the suppression pool are shown in Figures 6.1
through 6.5. The initial pressure of the PUMA reactor pressure vessel was maintained at
around 9 psig and the steam was generated using the internal electrical heater rods. Steam

was injected to the pool at level 3 (y = 77.7 cm).
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Figure 6.2 shows the time variation of water temperature in the suppression pool
at levels 1 to 5 on the vent side of the pool. As the steam is injected through the vent pipe,
temperatures increase gradually in the suppression pool. After the steam supply is shut
off around 1150 seconds, it can be observed from the temperature data that the thermal
stratification persists to 1700 seconds when the data acquisition system is stopped,
defining an equilibrium state. The temperature strata are sharply defined after the steam
supply is shut off; this is due to the effects of gravity causing less dense fluid to arrange
itself as horizontal thermoclines above the more dense fluid. Figures 6.2 and 6.3 show the
real time temperature data at the centerline near the vent side and far wall respectively.
Both temperature profiles are similar to the case of level 1 as its location is below the

venting elevation.

Figures 6.4 and 6.5 show the real time temperature profiles at the centerline and
pool surface (y = 121.1 cm) respectively. The temperatures exhibited a fluctuating
characteristic as the steam exited through the venting pipe. The intensity of these
fluctuations was much higher near the vent exit than away from the vents where it
gradually dampened (Figures 6.2 and 6.3). As shown in Figure 6.2, the temperature
variation of T 222 shows the oscillations due to condensation at the vent exit. However,
this temperature data is not a clear indication of the actual periodicity of the oscillations
since it was observed that these occurred with much higher frequency than the response
time of the thermocouple. In this case, high frame rate photographic images from a high
speed camera proved to be a better way to track the movement and frequency of the
effluent exiting and retracting between the vent exit and the pool. At level 4 (y = 100.4
cm) the temperature profiles showed little fluctuation due to the rising bubbles or hot
plumes from the vent exit. Figure 6.2 shows that the temperature, although fluctuating at
the vent exit (T_222), had less fluctuation above the vent exit due to the thermal mixing
and damping of these fluctuations. Partial thermal stratification was observed below the
vent exit. The path of the jet-plume can be indirectly inferred from the temperature
response of the pool. The trend shows that the pool water volume began to be thermally
stratified from the start of the test. This phenomenon can be observed in Figures 6.2 and

6.3 for both the vent side and pool side vertical thermocouples and in Figures 6.4 and 6.5
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for two-dimensional temperature distributions of vertical center plane and pool surface
for certain times. The actual movement of the stratification is also interesting. From 1000
seconds, the warmer liquid occupies mostly the volume of water above the vent,
however, that horizontal boundary slowly moves downward (at 1600 seconds on Figure
6.4) with time as the upper liquid starts to become saturated. The surface of the liquid
maintains some degree of homogeneity of temperature; however, it can be observed in
Figure 6.5 that closer to the near wall the temperature is slightly higher than at the far

wall.

The temperature profiles at level 5 (y = 121.1 cm) show the similar trends as level
4. However, the temperature profiles at level 6 are different because level 6 (y = 128.43
cm) is above the initial water level. The random perturbations of temperatures above the
initial pool level are due to the back and forth motions of the water surface which
contributes pool swelling (Figure C.9 in Norman et al., 2005 for example). The two-
phase water level increased as the mass was added to the suppression pool due to the
condensation of supplied steam, and the water density decreased due to the increased
pool temperature. The two-phase water level increased to immerse the thermocouples at
level 6 around 500 seconds and their temperatures are near surface temperatures similar
to those of level 5. As the steam supply was terminated, the collapsed water level went
below level 6 and the temperature measured is the gas space temperature near the pool
surface. Figure 6.1 shows the real time temperature data at the water surface measured
from the floating thermocouples. These thermocouples, T 109 and T 117, were mounted
on small pieces of Styrofoam floats and were used to track the water surface temperatures
throughout the test run. T 109 and T 117 are located near the front and back walls of the

pool, respectively.

Case 2 shows a steam flow rate of 34.59 g/s with initial pool temperature of 24.3
°C, and its temperature data in the suppression pool are shown in Figures 6.6 through
6.10. The initial pressure of the reactor pressure vessel was maintained at around 15.8
psig. In this case, steam was allowed to vent at both the middle (Ievel 2) and top (level 3)

vents simultaneously. This case is considered to be a transient scoping test since the
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lower vent was shut off around 900 seconds and then turned back on around 1550
seconds. During the test the complete mixing phenomena was observed while the injected
mass flux was held constant. The steam mass flux was redistributed across both vents by
mantpulating the middle vent at level 2. Venting communication and desynchronization

were observed and shown in Figure 6.9.

A two-phase jet plume was observed at level 3, while at level 2 the effluent was a
hot liquid jet plume with a smaller but more horizontal penetration into the pool. Cases 1
and 2 can be easily compared from the pool surface temperature and the temperature
distribution along the vertical center plane. Figures 6.6 through 6.10 for case 2 are

compared with Figures 6.1 through 6.5 for case 1.

6.2.2 Steam-Air Mixture Injection Cases

Case 6 has a steam flow rate of 18.92 g/s, an initial pool temperature of 58.8 °C
and an air flow rate of 0.56 g/s (3% non-condensable mass concentration). The
corresponding temperature data in the suppression pool are shown in Figures 6.11
through 6.15. During the test no stratification was observed and the pool volume was
entirely mixed. The non-condensable gas had a tendency to carry more steam from the
pool vent side and to mix the pool interior while decreasing the condensation rate and
providing additional buoyancy. This effect can be seen from Figures 6.14 and 6.15. At
the initial stages the water surface temperature near the vent side is about 4 degrees
higher than the pool side, but this difference was reduced as the experiment progressed

and the mixing behavior became more pronounced.

6.2.3 Flow Visualization

Figures 6.16 through 6.19 show timed photographic sequences of the horizontal

venting under different steam mass flow rates, frame rates and view ports. The images in
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Figures 6.16 and 6.17 were taken at the frame rate of 125 fps or with 0.008-second
intervals. Their initial pool temperature is 20 °C with an injection steam superficial
velocity of approximately 40 m/s, or a steam flow rate of about 50 g/s. The vent exit
cannot be seen in the photograph since the camera focus is zoomed out. The vent exit
location is at the right of the frames. The flow is from the right to the left with gravity
pointing downwards. These images show the movement of the injected jet-plume front
very well as it exits the vent. Figure 6.17 shows a continuation of the sequence of Figure
6.16. However, for this case there is suction of liquid into the vent followed by residual
recirculation patterns, as shown, following which an isolated eruption occurs causing
steam to suddenly burst into the pool. The frame numbers are located below each
photograph in order to determine the time lapse between frames for a 125-frame-per-

second framing rate.

Figures 6.18 and 6.19 show the photographic sequences for pure steam injection
with flow rates of 20 and 50 g/s respectively. These images were taken at view port 8
with a framing rate of 60 fps or at 0.017 second intervals. It can be seen in Figure 6.18
how the buoyancy force of the jet-plume results in a vortex pair that propagates to the top
of the pool. This is in analogy with the vortex pair that is produced when a vertically
injected jet plume is subjected to cross flow as shown in Figure 6.20. The analogy of the
‘bent-over’ cross flow of a jet-plume, as depicted in Figure 6.20, is compared to the
visualization results in Figure 6.18, where the buoyancy flux provides the velocity for the
cross flow causing a vortex-pair to result and propagate to the top of the pool. Figure 6.19
shows the case, as viewed from view port number 8 (see Figure 4.6), of a higher injection
moment flux when the vortex pair disappear and a single toroidal cell forms around the
effluent, with the upper part having more buoyancy. At the top part of the toroid, bubbles
are detached before the jet-plume propagates towards the far wall; these detached steam
bubbles rise to the surface with characteristic spherical and cap shapes, most of which
completely condenses before hitting the pool surface. More horizontal penetration was
observed at higher injection flow rates, whereas a tendency towards plume behavior was
observed at steam injection flow rates of lower than 20 g/s for this 2-inch diameter vent

case.
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Figure 6.1 Real-time temperature data at the water surface for Case 1
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Figure 6.2 Vertical temperature distributions along the vent side centerlines for Case 1
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