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RTINS

ABSTRACT

Recent results of a continuing program to develop an analytical
and empirical model of plenum fillinag in a 1/15-scale model of a
pressurized water reactor are presented. The topical section of this
report updates a previous assessment of methods to scale ECC bypass
phenomena. It has been possible to unify virtually all existing data
for countercurrent flow in reactor vessel models and to develop the
prescription that complete bypass of saturated water occurs at
ch = 0.4 in small scale facilities. Methods to extrapolate to full
sCale remain equivocal, however. This report also describes the past
quarter's ef”orts, which included continued analysis development for
ramped transient steam supply tests with superheated walls, various
tests with an unheated lower plenum in order to bound the effect of
lower plenum heat transfer, further analysis of lower plenum entrain-
ment, and scoping tests attempting to guantitatively assess wall-
generated steam in superheated wall tests by measuring the separator
vessel steam outflow.
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NOMENC LATURE

c dimensionless constant in Foguation (1)

cp specific heat capacity at constant pressure

D, core inner diameter

f ratio of the steam condensed in the lower plenum and downcomer

to the amount of steam that could be condensed to h:at the
liquid phase to saturation at eocuilibrium

g acceleration due to gravitv

h water level depression

hfq latent heat of vaporization

J;d dimensionless liguid flow delivered to lower plenum
J;in dimensionless licguid flow injected

Jac dimensionless steam flow rate out of core (to the lower plenum)
Prp lower plenum pressure

Piss steam flow orifice pressure

psep separator vessel pressure

QT total injected liguid mass flow rate

Tw wall temperature
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1 INTRODUCTION

This is a Quarterly Progress Report on the Creare Downcomer Effects
Program. The general context of this work is a postulated Loss-of-
Coclant Accident (LOCA) in a Pressurized Water Reactor (PWR), althouagh
many of the basic processes being studied may also apply to Boiling
Water Reactors (BWRs). The program is a continuing effort tn develop
analytical and empirical tools which will contribute to besi-estimate
and licensing predictions of lower plenum filling during postulated
LOCAs in PWRs and to assist in the design and specification of larger
scale plenum filling tests and the predictions of those test results.

1.1 Preview of This Report

This report is organized in three sections. The remainder of
this section previews the report and gives an overview of the program.
Section 2 describes the activities of the past quarter in the context
of previous and planned work. Section 3 is a brief technical status
report on the scaling of flooding in countercurrent flow.

Activities During the First Quarter of FY78

centered on upgrading both the ramped transient and condensation-induced
transient analyses described in previous Quarterly reports. Alternative
analyses for lower plenum voiding were also assessed. Experimental
efforts included superheated wall tests with an unheated lower plenum

to provide a bounding condition for testing analyses. The initial
series of lower plenum voiding experiments in a six inch tube were
completed. Various geometries, fluid/thermal conditions and test
procedures were stidied in order to make a general assessment of the
voiding behavior. Finally, countercurrent flow tests with ECC of

very low subcooling (order 10°F) were performed to provide critical

data with a minimum of condensation effects.

[ Ir the period October-December 1977 primary analytical efforts
I

Progress on Flooding Scaling

Various methods to extrapolat countercurrent flow data from
facilities which are a small fract on of PWR scale have been suggested
previously. During the past two years key data have been obtained and
new approaches to data analysis developed which provide neccded insight,
Our ability to characterize the existing subscale data has improved
significantly and this has brought the scaling questions into sharper
focus. Despite these gains, it is plain that the existing facilities
are simply toco small to resolve the scalinag questions satisfactorily.
Section 3 of this report summarizes the new information, points out
weaknesses in earlier thinking, assesses the status of research in
this area, and identifiec needed work, some of which is already planned.

1016 3317
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1.2 Program QOverview

The Creare Downcomer Uffects Program is a separate-effects model
study of the two-pnase flow behavior in the downcomer and adjacent
regions of a PWR during the later stag s of blowdown and during re-
fill of the lower plenum in the event ..f a LOCA. Recognizing the com-
plexity of the underlying phenomena and the limitations imposed by
the state of the art of two-phase flow analysis, a balanced program of
research experiments and semi-empirical analysis is being pursued.
Efforts are divided into 11 interrelated topics:

A. Model Synthesis

B. Ramped Transients

C. Condensation-Induced Transients

D. Countercurrent Flow

E. Extended Superheated Walls

F. Lower Plenum Voiding

G. Boundary Conditions and Internal Idealizations

H. Refill Modeling in RELAP

I. System Effects

J. Technical Assistance and Review Group Participation

K. Downcomer Flow Topography Instrumentation

Primary effort (Task A) is focused on synthesis of a semi-empirical
analysis whose main purposes are to gauge our understanding of the physics
of downcomer effects at 1/15 scale, to suggest scaling relationships, and
to help display data trends. The model synthesis activities control
analytical and experimental efforts on the remaining tasks.

Tasks B and C are key activities leading to the development of
models of lower plenum filling during ramped transients (of the steam
supply and lower plenum pressure) and during condensation-induced tran-
sients. These tasks made major inputs to the model synthesis at the end

of FY77 (preliminary models) and are expected to do so again at the end
of FY78 (upgraded models) .

Tasks D, E, F, and G are support activities, pursued at a somewhat
lower level of effort individually than Tasks B or C, which address
specific separate effects or boundary conditions required to improve the
synthesized model incorporating separate effrcts. Information from these
tasks is fed to the model synthesis at staggered intervals.

2°
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A supplementary activity (Task H) seeks to test the model against
integral tests performed in LOFT and Semiscale through the use of
RELAP. This activity will also guide the development of the cor-
relations by testing the compatibility of the correlations with a
sys.ams code such as RELAP. In addition, preliminary analysis of
system effects (Task I) and Special Technical Assistance and Review
Groups (Task J) activities continue.

Downcomer flow topography instrumentation has as its broad ob-
jective the development of a system to monitor and track the steam/
water flow regimes in a downcomer. By mid-FY78 it is planned that
the feasibility of the system will be demonstrated and that some
sample data usino this technique will be obtained and displayed.

Overall, the program strives tb achieve a balance between
attempting to develop a full understanding of the underlying phe-
nomena and providing timely information in a form suitable for direct
use by other research programs and by licensing. It is recognized
that despite over a decade of research by various groups, the under-
lying mechanisms of even the most studied phenomena (e.g., flooding
in countercurrent flow, or condensation during steam-water mixing)
remain intransigent. Some of the topics (e.qg., lower plenum voiding
or condensation-induced trancsients) have received only limited study
heretofore. Adequate understandina of some of the component phenomena
may prove elusive. Therefore, the program continues to be highly
flexible in its planning and implementation and the need for continued
development and refinement of component models in future years 1s
anticipated.

1346 339



2 STATUS SUMMARY

2.1 Previous Vork

Work was begun on this program in FY74. The key report surmarizinag
the experimental efforts of FY74 is Reference 1 presentincg superheated
wall tests in a planar geonetry with top flood and single-loop injection.
FY75 experimental work is summarized in Reference 2 and includes
separate effects tests of countercurrent flow, superheated walls, and
cold leg steam and also examines combinations of these effects in a
planar, multi-loop injection configuration at near-ambient nressure.
Reference 3 reports the experimental work performed during FY76 and
FY76TQ, including lower plenum voiding, ramped transient, and counled
effects tests at elevated vressure (up to 7% mpsia) in a cvlindrical
multi-loop injection geometry.

The major analytical topical report is Reference 4 which is based
on the FY74 and FY75 data with superheated walls and countercurrent
steam flow. That report presents a time-dependent flooding/heat
transfer model for ECC penetration with superheated walls and a steadyv
reverse core steam flow. A subseguent Quarterly Report [5] describes
a preliminary analysis treating ramped transients in reverse core
steam supply and vessel pressure, with superheated walls. Another
Topical Report [6] discusses the scaling of countercurrent flow separate
effects, a subject which is updated in the Topical Section of this
Quarterly Report.

The previous Quarterly Report dealt with the topic of condensation-
induced transient (CIT) tests performed with a "soft" steam supply which
is closely coupled to the vessel by a large pipe. This situation is
believed to be more typical of PWR behavior than earlier tests. (Pre-
vious countercurrent tests have been conducted with the steam passing
through a choked orifice thereby ensuring steady flow.) Results of CIT
tests showed that experimental steam flows established themselves at
new, nuch larcer values when the ECC was injected. However, the ECC
penetration rate was the same as in previous countercurrent flow tests
at the same steam flow. Slug deliverv observed in the choked s*team flow
tests did not occur with the soft steam supply. A separated-flow model
for the broken cold leqg pressure drop was developed and compared success-
fully with available data.

2.2 Work During the Quarter

Primary efforts during the auartel October 1-December 31, 1977
centered on further ramped transient analvsis and lower plenun voiding
{LPV) experiments and analysis. 1In addit.on, special experiments with
superheated walls and countercurrent flow were performed to test kev
features of our superheated wall analysis.

4 34



Ramped Transient Analysis

During the third cuarter of FY77 Reference 5 discussed a pre-
liminary analysis which built upon the work of the analvsis in
Reference 4 but extended it to treat the additional effects of lower
plenum heat transfer and ramped transient steam supplies. A few
initial comparisons with baseline data were also presented. During
this quarter, comparison of the preliminary ramped transient analvsis
with a broadly representative sample of existing data [3] was comnleted.
These comparisons investigated trends across the parameter ranges studied
in the experiments.

In subsequent analytical efforts, alternative models for various
components of the analysis have been proposed and efforts begun to
assess the sensitivity of the analysis to the various assumptions.

The sensitivity of the analysis to the choices of values for empirical
coefficients is also being examined. These analvtical studies are beina
supported by appropriate data comparisons and additional experiments .
We have not attempted to aescribe the analvtical results in this report,
due to their highly prelininary status, but we present some of the ad-
ditional experimental data below. A Topical Report on this subject is
scheduled for the fourth cuarter of FY78.

Additional Tests With Superheated Walls

Previous data have indicated that lower plenum heat transfer has
a significant effect on plenum filling behavior. Examples of the delav
times observed under baseline hydraulic and thermal test conditions
with a deep plenum and a scaled plenun (both heated), and an insulated
(unheated) plenum were shown in Figqure 1 of Reference 7. The pre-
liminary analysis [5] was shown to be a lower bound for the observed
delays in the data with the heated and unheated plenum under these
baseline conditions.

The unheated plenum data form a lower bound to the effects of
plenum heat transfer in superheated wall tests since they include only
the effects of annulus wall heat transfer. For that reason, these data
are important in testing the sensitivity of the analvsis. During the
guarter, we have extended the superheated wall testing to include the
important parameter variations of water flow rate and injected ECC
temperature with an unheated lower plenum.

Unheated plenum tests are run in the deep lower plenum geometry
but the plenum walls are prevented from becoming sumerheated as follows:
On the outside of the vessel, heating air is diverted to flow only above
the plenum while on the inside of the vessel, the lower plenum is kept
filled with subcooled water--a steady trickle of cold water is circulated
into the plenum--until just prior to the test when the plenum is drained.
With the unheated plenum then, the effect of lower plenum hot walls is
removed.

3Y/
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Figure ' shows sample plenum filling traces comparing heated and
unheated plenum results at several ECC flow rates. The effect of the
fully heated lower plenum surface area is to give a larger water de-
livery delay time, and hence increase the time it take the plenum to
fill. Frames (a) and (b) show that the delivery delay is approximately
2.5 times greater with the heated lower plenum for both 60 and 30
gpm injection, adding about 25 seconds to the plenum filling time.
Frame (c) shows that the delay time is increased by a factor of about
7 times with 10 gpm. Thus, the effect of the lower plenum is strongest
with a very small injection rate.

Figure 2 compares heated and unheated lower plenum filling data
with two ECC temperatures. Again, plenum filling is seen to be delayed
significantly with the heated plenum. (Both tests are without reverse
core steam flow.) With Tpee = 80°F, the delay time is about doubled,
adding four seconds to the plenum filling time. With Tgee = 212°F,
while it is difficult to assign a delay time to both cases, the plenum
filling time is much longer--about 30 seconds longer--with the heated
lower plenum.

Lower Plenum Voiding

During the refill stage of a PWR LOCA the reverse core steam flow
may impact, rntrain and ultimately bypass fluid stored in the lower
plenum. Tias process, termed lower plenum voiding (LPV), is distin-
guished from potential entrainment, level swell and fluid bypass due
to flashing. Although these processes are assumed to occur simulta-
neously during a hypothetical LOCA, they are first being isolated for
individual study in the Creare program.

Figure 3 shows the highly idealized lower plenum voiding situation
under study at Creare in vessels of 6, 12, and 18 inch diameters. Over
the years, lower plenum voiding has been studied intermittently by
several groups. The problem was first treated by Wallis and Block in
1975 [8] and led to a simple jet-impact model. Block (9] later proposed
an alternative data correlation based on a critical Weber number concept.
In subsequent years a considerable body of data was accunulated in
various geometries, mainly by Creare [3,10,11], Dartmoutn [12,13], and
Battelle Columbus Laboratories [14,15]. Curiously, different data sets from
different groups, and occasionally even from the same group, appeared
inconsistent. The data spread was appreciable, spanning an order of
magnitude in equilibrium water level and best displaved on logarithmic
scales. Plainly no simple theory could predict all of the data,
though conversely every theory seemed to agree with some of the data.
Recent efforts at Creare and parallel studies at Dartmouth have clarified
the situation somewhat. Of necessity, the discussion in this ovrocress
report is limited to a very cursory description of our findings and
current efforts. We plan to describe the data base in detail in the
Topical Section of our next Quarterly Report and we will report on de-
velopment of basic analvtical models and comparisons with data in a
future report.
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Why were early data apparently inconsistent? First, it must be
appreciated that there are a large number of geometric parameters.
Vessel diameter, annulus gap, annulus length, annulus obstructions,
core open area, core hole pattern, lower plenum hardware, and lower
plenum depth have all peen varied. Secondly, there are many fluid/
thermal parameters. Tests have been conducted with air or steam,
with various liquids, with lower plenum injection or cold leg injection,
at various lower plenum pressures, water temperatures, water injection
rates and steam supply rates. Lastly, but most importantly, the phe-
nomena are much more complex tf n was hoped for initially and are
sensitive to the test procedure¢ .. Depending on the geometry and flow
situation the liquid may be entrained as a film or in slugs. The steam
water interface may be quiescent, uniformly rough, churning or wavv.

At high steam velocities a steam jet impales the liguid surface. At
moderate steam velocities, large licuid waves form, become unstable, and
are voided. At high voiding rates the liquid in the vessel undergoes
bulk sloshing, which reinforces the voiding. Major flow regime trans-
itions and hysteresis have been identified. Recent test data suggest
that early tests differed in significant parameters and in test pro-
cedures and that these differences were directly responsible for the
apparent data inconsistencies.

During the Quarter, testing of lower plenum voiding in simple,
transparent vessels proceeded along the lines described in the previous
Quarterly Progress Report [7]. 1In addition to exploratory parameter
variation and flow visualization a considerable body of equilibrium-
level data has been amassed. These data have been found to be not cnly
self-consistent, but also are consistent with virtually all existing
data. It has therefore been possible to view earlier data from a
broader perspective and establish consistent data trends. We are now
just completing extensive data comparisons which will be reported in
detail in our next Quarterly Report.

In parallel with fundamental tests we have been developing
analytical models of the behavior. Several of these have been suggested
by the flow visualization. 1In addition to the earlier models based on
jet-impact and critical Weber number, analyses have been carried out for
the growth of a surface wave subject to a constrained gas flow (Bernoulli
effect) and for liquid entrainment based on the Kutateladze criterion
for wave instability. Also, the correlation derived by Steen for en-
trainment in co-current vertical flow has been adapted to the lower vlenum
voiding situation. 1Initial comparisons with the tests show that the more
recent analyses are consistent with the flow observations and data in
specific parameter ranges. We are in the process of refining the
analytical models and making extensive comparisons with data in order to
assess the alternative models.

Boundary Conditions and Internal Idealizations

In ar attempt to experimentally cuantify the amount of steam
generated during a test with superheated walls, and in order to gain a
better understanding of the process of steam generation in superheated
wall tests, the steam flow out of the separator vessel exhaust piping was
measured for a limited number of tests.
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Under test conditions with no reverse core steam flow and 212°F
ECC, steam generated from the superheated walls is the only source of
steam. This steam cannot condense in the broken leg or separator

vessel because the ECC is saturated. Similar tests with highlv subcooled
ECC are of marginal use in guantifying wall-generated steam because of
the possibility of condensation in the broken cocld leg and the separator
vessel.

Figure 4 illustrates the results of a test with Tpoe = 210°F, no
reverse core steam flow, and a heated annulus (but unheated plenum
walls). The geometry in this test also included an enlarged broken
cold leg, three inches in diameter. The filling trace in frame (a)
of the figure shows that there is an initial delay in filling lasting
about seven seconds, followed bv a five second neriod of filling at just
slightly less than the injected rate, and then (at 12 seconds) a de-
crease in the filling rate to approximately 25% of the injected rate.
The filling rate gradually increases as the plenum fills. Also shown
in frame (a) is the broken leg pressure drop (between the inlet
annulus and the separator vessel). (The sevarator pressure remained
less than 0.5 psi above atmospheric over the course of the test.)

In the first couple seconds of this test, the pressure drop first in-
creases to 2-3 psi, gradually decreases to zero at approximatelv the
time the plenum begins to fill, increases again to 1 psi bv 12 seconds,
then gradually decreases over the remainder of the test.

The measured gas outflow from the separator vessel is presented in
frame (b) of this figure., It is assumed that the outflow is entirely
steam, although some fraction of the flow could be air which was initially
part of the gas mixture in the separator vessel. The test procedure in-
volved purging the vessel and separator with steam prior to the test;
however, since the separator was open to the atmosphere, the separatcr
may have contained a small amount of air. The outflow from the separator
was measured using an orifice plate in the 4 inch (ID) pipe connecting
the separator to the atmosphere. The indicated flow shows an initial
surge in the first three seconds to a steam flow value JX. 0.075,
which is in the steam flow range able to bypass most of %he ECC under
these conditions (c.f. Ficure 1l1(a)). Between seven and 12 seconds the
indicated flow increases from near zero to J%, - 0.05, gradually de-
creasing for a long time thereafter as the plenum fills. The pen-
etration of ECC is very sensitive to the steam upflow in the range
J4e © 0.05. A 30% uncertainty in the steam flow in this range can
méan the difference between 20% and 100% water delivery since the
penetration curve is very flat in this range (Figure 1ll1l(a)). The
fluctuations in the indicated flow in Figure 4(b) are of this order
of magnitude, therefore the observed filling rate may or may not be
consistent with CCF penetration data (with unheated walls) since the
uncertainty makes it difficult to tell.

Qualitatively, the superheated wall analysis [4] would predict that
the steam flux would remain at a value high enough to bvrass the injected
water during the delay period and then decrease thereafter. Conpared
with the measured steam flow, the experimental and predicted analvtical
behavior are reasonably consistent cqualitatively, excent between three
and seven seconds. Neither a vessel pressure increase of 1-2 psia nor
a separator vessel pressure increase of less than 0.5 psia (given the
volume of each vessel, the average steam flow measured and hence the
compliance) accounts for this drop in measured steam flow.
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For comparison, a test was performed under the same conditions as
the test in Figure 4 but with a heated lower plenum. The results are
shown in Figure 5. Frame (a) shows that the plenum filling rate was

very small initially, but increased gradually over the course of the test.

The measured separator outflow in frame (b) was 0.075 < J&. < 0.10 for

most of the first 10 seconds of tie test, though it did drop almost to

zero between three and five seconds, similar to the behavior in Figure

4(b). After 30 seconds, the indicated flow gradually decreases to zero
out to 80 seconds.

In comparison with Figure 4(b), the indicated steam flow behaves
the same in the first five seconds of the test. This is probablv the
effect of the annulus heat transfer. The effect of the lower plenum
heat transfer is seen in the higher measured steam flows with a heated
plenum over the remainder of the test.

Clearly, measurement of the steam outflcow in a few tests vields
useful information--if only gualitatively--to guide analytical efforts.
Continued efforts along these lines are planned.

2.3 Future Work

Future work on the topic of condensation-induced transients will
include further development of the preliminary analvsis presented in
Reference 7. Ramped transient analytical efforts involving model
sensitivity studies and data comparisons will continue with a Topical
Report on this subject expected during the fourth cuarter of FY78.

Lower plenum voiding studies will also continue. Data from a
simplified 1/10 scale vessel will be obtained and compared with the
analyses, and the effect of experimental methods used in LPV tests will
be explored. The topical section of the next Nuarterly Report will
feature LPV.

The effects of pressure control technicues and boundary c nditions

in countercurrent flow tests will be also explored during the upcoming
quarter.
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3 PROGRESS ON ECC BYPASS SCALING

3.1 Introduction

As described in the Introduction to this report, a number of
effects have been identified as being important to the deliverv of the
ECC to the lower plenum of a PVR in the event of a LOCA. Among these
are countercurrent flow floodina, condensation, boiling (due to super-
heated walls), lower plenum voiding and flashing. This tonical section
of the report is limited mainly to countercurrent flow flooding although
several remarks on condcnsation and sunerheated wall effects are also
made. Since ECC bypass testing has been performed onlv in subscale
facilities, the concept of "scaling" arises in methods to predict full-
scale, PWR behavior. Explicit analyses based on first principles have
not as yet led to adecuate prediciions of the complex downcomer be-
havior in countercurrent flow although recent results of advanced code
efforts are promising. Countercurrent flow test results have generally
been expressed therefore as data correlations written in terms of
dimensionless parameters. This report re-addresses the cuestion of
which parameters are appropriate.

An earlier Topical Report [6] addressed this same auestion and
summarized the information available during 1976. The main conclusion
of that report was that data are needed from facilities which are
significantl,; larger than 1/15 scale. That remains our main conclusion.
However, recently acquired evidence has provided valuable physical and
scaling insight which leads us to modify some of the tentative conclusior :
in Reference [6]. In addition, the earlier report spoke only to the
scaling of the flooding phenomenon with saturated water. Here w2 begin
to address the scaling of condensation effects with subcooled water and
superheated wall effects as well.

3.2 Background on Flooding in Tubes

"Plooding" is a term used in the chemical and nuclear engineering
literature to describe a phenomenon which limits the rates of counter-
current flow, under gravity, of two phases with differing densities.

It can be the result of either flow instability or the reaching of an
envelope of the normal steady flow characteristics. For a given flow
regime the flow rates at a flooding point are related and can be plotted
as functions of each other to give a "flooding line" outside which
operation is impossible.

The typical characteristics of a simple system limited by flooding
are shown in Figure 6. Gas is supplied to a vertical tube at a con-
trolled flux j, (the volumetric flow rate divided by the cross-se~tional
area of the tuge). Liguid is supplied at the top of the tube at a flux
j¢in. The liguid flux leaving the bottom of the tube is jggq. For a given
value of jgin, the behavior as jq is varied is as follows. Up to a
critical value of j, called the "the complete penetration limit"”, all
of the liquid flows down the tube and jg3=jfin. Above the complete
penetration limit, jgq decreases with further increase in j, often
following along or cfose to the "flooding line" which is the locus of

25
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"igure 6. TYPICAL COUNTERCURRENT FLOW CHARACTERISTICS FOR
A VERTICAL TUBE

the limit of allowable combinations of countercurrent flow rate. The
difference (jgin~Jjfq) overflows at the top cf the tube. At sufficiently
high jq the water is held up completely and the "complete bypass limit"
has been reached. Such experiments can be performed in various ways and
significant hysteresis zones have been reported.

Flooding in tubes has been studied by numerous authors without
clear agreement having yet been reached about how to correlate the
data. Wallis [16] studied flooding in vertical tubes for a limited
range of diameters D (1/2 inch to 2 inches) using air and water at
atmospheric pressure. He correlated his results with the eguation

gty =c (1)
in which

J3 = 3g0g (D (0g=ng) 17" (2)

33 = 3g0g D (0gmp )17 (3)

The coefficient C varied depending on the end conditions, being 0.725
for sharp-edged flanges and 0.875 for smooth flanges, with some scatter

in between. ’j}gl
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There is little theoretical basis for Equation (1). The dimen-
sionless groups represent "balances between inertial forces and
bucyancy" assuming that D is the appropriate characteristic length.
The symmetrical square root correlation is merely something which has
been "found to work" for similar systems such as packed towers and
wetted wall columns [17].

Hewitt and Wallis [18] studied flooding in a 1.25-inch diameter
tube using porous sintered tubular sections for introducing and re-
moving the ligquid. Equation (1) with C=] fits the data. Further
support for Equation (1) is given by Wallis [19]. A detailed study by
Hewitt ct al [20] of the effect on flooding of changing the tube length
between porous sintered sections, at which liguid was added and removed,
revealed that the situation was ot so simple. Results depended on
1/D ratio and did not seem to teund to any limit as L/D was increased
beyond 100. Grolmes et al (21] studied flooding using nitrogen and
water in tubes rancing from 4 mm to 25 mm in diameter and found
no effect of either L/D or tube diameter. The critical gas velocity
appeared to depend on liquid film thickness.

Pushkirni and Sorokin [22] performed flroding experiments using
var ious methods of introducing the liquid #nd correlated all of their
data, independent of liquid flow rate, wit's the equation

K* = jqog"(ga(uf-nqn"‘ = 3.2 (4)

K* has been called the "Kutateladze Number" and can be obtained from
Equation (2) by rubstituting the characteristic dimension

2 N L= -
D, =0 (q((f wq)l

Qetermined from a balance between surface ten.ion and buoyancy, for D
in Equation (2). Defining a dimensionless d.ameter D* = D/Ds, the
Kutadeladze number and the Wallis flux parameter can be related by

K* = j*p*4%, 1In these experiments D* ranged from 2 to 120 (0.25 to 12
inch tubes).

Wallis and Makkenchery [(23,24] studied the gas velocity necessary
to support a liquid film hanging above a dry tube wall. They found
that j* = constant correlated the data over a limited range of dimension-
less tube diameters (3 <D*< 20) while the criterion K* = 3,2 was more
appropriate for large tubes (D* > 30). This finding has since beun
supported by Richter and Lovell [25] who extended the data base up ‘o
D* = 100 (10 inch tubes).

One explanation for the observed failure of D as the characteristic
dimension in large tubes is that the characteristic dimension is scaled
by surface tension through its influence on the size of the "discrete
protuberances” on a liauid film. The typical size of these protuberances
is about 5 mm. It seems that small waves might dominate the idealized
research situation with water injection by auiescent top-flooding.
However, it is hard to imagine such a small dimension being important
under realistic ECC injection conditions in which large masses of water
with dimensions of the order of several feet are involved and are subject
to intense condensation, boiling, and flashing.

2b 2
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This review of simpl. tudies in tubes has served to reveul both
uncertainties and incon: ancies in what appear at first sight to be
simple phenomena. While _ae use of some dimensionless groups for cor-
relation purposes has been suggested, it can by no means be claimed that
the phenomena, even in a simple tubular geometry and situation, are
sufficiently well understood for routine analysis. Additional effects
such as steam condensation on subcooled water remain to be studied in
tubes. Direct application of these results to the PWR situation is
highly questionable.

3.3 Saturated Water Flooding in Reactor Vessel Models

Conventional formulations for calculating delivery rate to the
lower plenum in reactor vessel experimental models rely on a modified
version of the Wallis correlation. Once such formulation, proposed
by Creare in 1976 (4], is:

h N _
J; +mJ"f'd = C (5)

where J* is simply j* with the annulus circumference used as the charac-
teristic dimension. (It has been shown repeatedly [2,3] that annulus

gap or hydraulic diameter are unsatisfactory as characteristic dimensions
to correlate existing data.) 1In Ecuation (5), J* is taken to be the
difference between the experimentally supplied rdverse core steanm flow
J§c and an "effective" amount of stean condensed J&,con £J%,ea, whnere
JE e is the amount of steam that would be condenseg at’thermogynamic
eaﬁxiibrium, raising the entire flux of injected water J§;, from in-
jection temperature Tgcc to saturation

. gk Ep(Tsat-TECC) /:g
fin hfg v e

J;,eq (6)

The factor f represents both departure from thermodynamic eauilibrium in
setting the amount of condensation and the incomplete fluid-dynamic
efif{ectiveness of the condensation that occurs as a means to suppress
flooding. The coefficients proposed in Reference (4] are:

C = 0.32 (7)
- = 0.6
m = expl S'GJEin ] (8)
5
£ = TI§%37—_ (p in atmospheres) (9)
fin

This _eport identifies several general findings which will enable
us to upgrade the correlation at a later tir-. However, our emphasis
here is on scaling. Information on methods to better correlate the
available subscale data is treated only incidentally as is necessary.
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Reference [6] summarized contemporary experimental results for

saturated water on a single scaling plot.

Since that time

several

new experiments have been performed which provide new scaling insight.
Figure 7 is a new scaling plot intended to supercede that in Reference

[61.

In the remainder of this section we point out two specific weak~-
We next review the data underlying
Figure 7 to illustrate methods of data analysis and to summarize the

nesses of earlier data analysis.

current state of knowledge.
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The Difficulty of Extrapolation to Complete Bypass

Many early data sets lack data at and near complete bypass and in
some cases most of the partial penetration rance is missina as well.
Specific examples will be shown in the data review which follows. (The
reasons for this lack of data vary from the neec to scope other phe-
nomena in a limited time pericd to concern about overpressuring fraagile
glass vessels.) Figure 8 shows a recent set of saturated water data in
the usual J* coordinates and in the J*“ coordinates that are useful for
visual comparison with the Wallis correlation. About half of the data
near complete bypass are presented with open rather than solid symbols
to support our point here.

1f only the solid symbols were available, graphical extrapolation
in J*% coordinates (Figure 8(b)) or numerical fittina of the data to the
Wallis correlation gives about C =~ 0.32. Neither of these methods can
hope to reveal the inherent uncertainty of the extrapolation, which is
made obvious in this example where the complete data set can be viewed.
Plainly, the actual value of € should be about 0.40. Although only 25%,
tnis sort of uncertainty is very important because it is of the order
of the change expected getween different small-scale experiments.

Since present licensing calculations are based solely on the "end
of bypass", why do we care about the location of the complete bypass
point? Our reasons are both scientific and practical. Firstly, we are
striving to make best estimate calculations which are perhaps more
critically dependent on the complete bypass point than on the complete
delivery peint. In particular, the superheated wall delay is sensitive
mainly to the complete bypass point and in a realistic steam flow tran-
sient, the integrated delivery to tne lower plenum during refill is much
more sensitive to the partial penetration range of the floodinag curve
than to the literal "end of byvpass" point. Secondly, due to data ir-
regularities freaguently seen near the complete delivery point, it is
more useful to charccterize the entire flooding curve than to choose a
conservative end-cf-bypass point.

The Difficulty of Extrapolation of Subcooled Vlater Data

Figure 9 shows a modern set of data from a currently operating
facility. The open symbols were reported in our last Topical Report
[3] and the filled symbols are reported here for the first time. The
numbers by each data point show the actual subcooling. The filled
symbols were obtained recently using an oversized (three inch diameter)
broken leg which gave low pressure drop, kept the vessel near atmospheric
pressure, and kept the subcooling low (less than 20°F) even at complete
bypass. The subcooling was less than 10°F for most of these data. Only
data similar to the open symbols were available at the time Rererence
[6] was written and these were obtained with a scaled (1.875 inch
diameter) broken leg. Since the break area is fixed, the pressure and
hence the subcooling increases significantly (50°F or more) as the amount
of liquid bypassed (and hence the break pressure drop) is increased with
212°F ECC. 1t is therefore very difficult to achieve anything remotely
approaching saturated water (say within 10°F) at comple’ bypass in tests
with 212°F water and a scaled broken leg.*

*By closing down a valve in the broken leg, it is possible to raise
the subcooling of the data near complete delivery and thereby maintain a
constant, though high subcooling (say 50 to 60°F). Although this pro-
cedure is useful to data analysis, it does not provide saturated water
data. The valve was wide open to the full pipe diameter for all the data

of Figure 9. )
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Since saturated water data have been lacking, it has been customary
to extrapolate data at different, but high subcoolings down to satura-
tion. This exercise has been performed by various groups both approxi-
mately and with rigorous application of numerical statistical analysis.
(In the latter case the "extrapolation" occurs when the coefficient C
in the Wallis correlation is determined.) Below we show how this ap=
proach can fail.

Crudely, the complete bypass points on Figure 9 are about
J&c = 0.28 for 85°F water (139°F subcooling) and J&%c = 0.18 for 150°F
water (77°F subcooling) based on the simple straightline extrapolations
on Figure 9. (The minimum uncertainty of this extrapolation, apart
from the raw data uncertainty, is indicated.) Linear extrapolation
of the complete bypass points to zero subcooling suggests that complete
bypass of saturated water would be at

J* = 0,18—(0.28—0.18) =i’ 0.08

gc 150-77
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Inspection shows that the open symbols for 212°F water {(which is also
highly subcooled due to the break pressure drop pressure) are roughly
consistent with this extrapolation. Yet the filled symbols, which very
nearly represent saturated water, are blatantly discrepant with the ex-
trapolation of the subcooled water data since they give complete byvnass

at J. = 0.17, not J§. = 0.08.

To be sure., different data sets can be invoked (and have been in
References 3,4,6,10, and 26) to represent different water injection
rates, vessel pressures, or data from different facilities, Additional
data have been obtained to more closely characterize the complete bypass
points, the uncertainty of which propagates dramatically into the extra-
polated value for C. More sophisticated methcis of data analysis have
also been employed. Sometimes a reasonable result is obtained. However,
having carried out these exercises and having reviewed similar efforts
by others, we are led inevitably to the conclusion that saturated water
behavior is far better represented by data for very nearly saturated
water than by extrapolation of data for highly subcooled water.

Since subcooled ECC is injected in a PWR following & postulated
LOCA, why do we care about saturated water behavior? There are again
two reasons, one scientific and the other practical. First, there is
a need in ECC bypass testing to isolate the several processes such as
flooding, condensation and boiling for independent study in order to
better assess tre phenomena and to develop scaling criteria. In par-
ticular, as we show later in this report, condensation can be bounded
in some respects by lines representing the limits of "no condensation"
and "thermodynamic egquilibrium". In contrast, criteria to bound flooding
on comparable physical grounds have not yet been established. Secondlv,
since the ECC is heated by steam condensation in the cold leas and by
heat transfer from superheated walls, perhaps to saturation in some cir-
cumstances, there is good reason to understand saturated water behavior.
(Thermocouple data from some tests in Semiscale and LOFT show ECC tem-
peratures close to saturation during refill.) On the other hand, the
effects of condensation also reauire study and here we stress the impor-
tance of saturated water testing mainly to ensure that it is not over-

looked. Later in this reprrt we comment on the scaling of other phe-
nomena such as condensation.

In pointing out the difficulties of extrapolation to complete
bypass and to saturated water behavior, the stage has been set for the
review of available data below. We first review the data which we feel
are most useful and we then comment on the remaining data. Table I
lists all the data in groups as used in this report to assess saturated
water flooding separately from the effects of subcooling.

pata for Steam and Nearly Saturated Water

The only full test series to date with steam and nearly saturated
water (achieved by an oversized broken leg) have been performed bv
Creare. Such tests at 1/30 scale were first performed in 1976 [27] for
a program sponsored by EPRI. Additional data at 1/15-scale are re-
ported here for the first time.

Figure 10 shows the 1/30-scale data in the usual J* and J'” co-
ordinates. Although the time-average vessel pressures are essentially
atmospheric, the suocooling is about 7°F because the water injection
temperature is 205°F. The data extend to complete bypass.

0O i
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SUMMARY OF

TABLE I

DATA FCR ASSESSIN .

SATURATED VATER COUNTFRCURRENT

FLOW

Contractor Scale Gas Subcool ina M ference
Data on Saturated Water Behavior
Creare 1/30 Steam T1°F [27)
Creare 1/15 Steam 0-20°F here
Dartmouth 1/30 Air — (28]
INEL 1/25 Air _— [29]
Battelle 1/15 Air —_— [30]}
Subcooled Countercurrent Flow Data
Dartmouth 1/30 Steam 15-170°F i12)
Creare 1/30 Steam 7-150°F [27)
Creare 1/30 Steam 0-135°F [6]
Creare 1/15 Steam 0-135°F [3]
Battelle 1/15 Steam 10-170°F [14]
Battelle 2/15 Steam 110-235°F [26]
CE 1/5 Steam 95-<170°F [31)

Expected Data on Saturated Water Behavior

Battelle
Dartmouth
Battelle
Battelle

1/15
1/10
2/15
2/15

Air
Air
Steam

Air

Unpublished
Planned
Planned

Under
Consideration
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“wo features of this data set should be notedw:

1) For data near saturation, the effect (if anv) of water
injection rate is small and of the order of the data scatter.

2) Transition to complete delivery occurs abruptly at J&. - 0.05.
Specifically, the data with J?in = 0.2 are nearly horizontal
(at J§c = 0.05) over the range 0.05 < J§, < 0.16.

Thus, the coefficient m is relatively insensitive to water lajection rate.
On the cther hand, the data near complete deliverv, particularly for the
highest water injection rate, are poorly represented by the Wallis cor-
relation as shown in Figure 10(b). Although representing m as a function
of J%¥in would probably improve a least-scuares fit to all of the data,
this type of m factor is inconsistent with the cc .« ‘'sions reached by
this detailed examination of the data. A graphical 1.t to the data
(Figure 10(b)) gives C = 0.40 + 0.02 and m = 0.75 + 0.1. In making

this fit, data on the complete bvpass line or near complete delivery

are ignored because they are not well characterized by the Wallis cor-
relation. (The latter data are, however, well represented by y J& B
for de : A negligible correction to ¢ of only 0.005 to D. 01

is ca culateé u31nq the values of f derived in Reference 4 and a sub-
cooling of 7°F.

Figure 11 shows the Creare 1/15-scale data obtained recently with
an oversized broken leg. These data are similar to the 1/30-scale
data. Agaian the data near complete bypass are relatively insensitive
to J§in and the transition to full delivery is abrupt at J&. = 0.05.
The data with J¥jn = 0.15 do lie a very small amount abovg the other
data on Figure 11, perhaps due to minor differences in subcooling or
normal data scatter.

A graphical fit .0 these 1/15-scale data gives C = 0.42+0.02
and m = 0.75+ 0.15 as shown on Figure 11. These numbers are the same
as those obtained for the 1/30-scale data within the uncertainty of
fitting the data. F.gure 12 directly compares the 1/30 and 1/15-scale
data to confirm the high degree of agreement between the two data sets.

In summary, independent sets of data for ste:m and sc:urated water
at 1/30 and 1/15 scale have displayed qualitative similarity and have
given complete bypass at C ~ 0.40+ 0.02 and a single slope coefficiert
m = 0.75+ 0.2 independent of water injection rate. The uncertainty in
determining the complete bypass point is of the order of the data
scatter. We have restrained in this presentation from fitting the
data numerica'ly , preferring to display the data fit graphically
for direct assessment by the reader. Although some refinement may be
achieved in future work by statistical data fits, the main need is
for additional data at larger scale. Similar tests at 2/15 scale are
plannid by Battelle Columbus Laboratories (BCL).

Air/Water Data

Testing with air and water eliminates questions about the effects
of condensation, but introduces the new question of whether air and
steam behave in a similar fashion. ™o cite but one example, if K*
scaling of flooding applies, then the different surface tensions of
air/water and steam/water should cause a shift in the flooding point.
Nonetheless, air/water tests provide information that complements the
steam/water data and warrants presentation.
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wallic et al present air/water data from a 1/30-scale facility at
Dartmouth [28]. These data are shown in Figure 13 and are compared in
Figure 14 with the Creare 1/30-scale steam/water data. Near complete
bypass the two data sets agree well and a fit to the Dartmouth data
gives C = 0.43+0.02 and m = 1.0+ 0.2. Additional air/water tests
at Dartmouth are plannea at 1/10 PWR scale.

Air water tests have also been performed in the Semiscale vessel
which, though quite tall, has a diameter only 1/25 of PWR scale.
Reference [29]) reports a total of 11 baseline test series according to
the parameter categories cited in Table I of that report.

All but four of the test series were for geometries with a down-
comer filler piece whichdistorts the physical situation. The remaininj
data sets (without a filler piece) all are similar to the sample data
set shown in Figure 15 where it is compared with the correlation derived
by INEL [29]. The INEL correlation gives C = 0.40 and m = 0.70, in good
agreement with the data of Figure 15 and the remaining data except for
one anomalous set of data with 0.35 inch gap (shown in Figure 19 of
Reference 6) which are slightly lower than the correlation line.

The Semiscale air/water data are compared in Figure 16 with the
Creare 1/30-scale steam/water data. In general, the two data sets
agree closely. A minor discrepancy is that the Semiscale air/water
data do not display the abrupt transition to complete delivery seen
in the Creare steam/water data. It is unclear whether this difference
is due to different behavior of air and steam or simply different ex-
perimental conditions or geometries. No other data speak to this issue.
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Battelle Columbvs Laboratories performed air/water tests in their
1/15-scale vessel and obtained the data compared in Figure 17 with the
Creare 1/15-scale steam/water data. Battelle's correlation (30] gives
C =0.34 and m = 0.77 which represents the data well as seen in Figure
18. The Battelle data are appreciably below all of the foiegoing data.
An explanation for this discrepancy is lacking. Battelle has recently
repeated these tests and the data may clarify the situation when
they are published.

Table II and Figure 7 summarize the air/water and steam/water data
cited above. The values of C on Table II are also presented graphically
in Figure 7, presented previously. Apart from the Battelle air/water
data, the saturated water data indicate a nearly constant value of C at
small scale. Even the fact that the Creare 1/15-scale steam/water data
are slightly higher than the rest can perhaps be explained by the slight
subcooling in these tests. Thus, it has been possible to provide a
unified description of virtually all available data, which could not be
achieved previously. Below we comment on the subcooled water data we
chose not to include in this scaling figure.
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Other Countercurrent Flow Data

Several groups have amassed a large guantity of data on the
countercurrent flow behavior of steam and highly subcooled water in
reactor-model geometries. Briefly, these include tesis at Dartmouth
at 1/30-scale [12), Creare at 1/30 scale (27] and 1/15 scale [2,3]
and Battelle at 1/15 scale [14] and 2/15 scale [26]. It is our view
that such data are necessary to determine the effects of condensation
¢n ECC bypass and have considerable value once saturated water data
have provided a baseline for comparison. Taken alone, data for highly
subcooled water are less useful for assessing either flooding of
saturated water or the effects of condensation.

Battelle plans to do saturated -ater or low subcoolina tests at 2/15
scale soon and they have assessed the existing 2/15-scale data which has
subcooling ranging from 110°F to 235°F [26]. They find that a least-
squares fit to the data yields C = 0.43 in excellent agreement with the
conclusion reached in the previous section on saturated water behavior.
This number is, however, based only on an initial data survey which
rather incompletely fills the matrix of pressure, ECC injection rate,
and temperature, as shown in Table III. Since many of these tests were
performed at vessel pressures near the BCL supply capability, the steam
flow was often unchoked and therefore unsteady. Figure 19 shows a
typical set of 2/15-scale data. The Battelle corr:lation is also shown
on this plot to illustrate the degree of extrapolation to saturated con-
ditions, which in this case is relatively severe. It should be possible
to improve our understanding considerably as additional data are obtained.
However, it is not unreasonable to expect that a value of the coefficient
C of order 0.4 will result as predicted by Battelle.

Combustion Engineering has obtained countercurrent steam/water
data in the largest vessel tested to date, 1/5 of PWR scale [31]. Un-
fortunately, these very early data are too scanty to be of appreciable
value here. Figure 20 shows all of the CE data, excluding only nine
uninformative test repetitions. Since these data have been reviewed
thoroughly in Reference ([32], we simple cite the main points in that
report:

e There are only 13 data points (exclusive of test repetitions).

e The limited data can only be viewed as a survey. Most of the
data are either on or very near the complete bypass line or the
complete penetration line; they provide only minimal information.
The test parameters of flow, pressure and subcooling var ' er-
ratically, making it very difficult to identify sets of data
at common conditions.

e Data at subcoolings below about 100°F are lacking. Therefore,
the correlating coefficient C cannot be determined reliably.
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More importantly, all of present thinking relies on observations
in extremely small facilities. While such experiments provide very
useful modeling insight, they offer no hope of addressing the scaling
question satisfactorily. It has been argued by some that at large:x
ccale the flow regime will probably be vertically stratified with a
r. . ver running down one side of the vessel and a gas flow streaming up
the other side. Such an argument is certainly plausible and suggests
that all present thinking may be overly conservative. On the other hund,
if the annulus does run full at larger scale, the assumption that K*
scaling is conservative cannot be justified on fundamental grounds.

The simple answer is that we do not know how to extrapolate to larger
scale, nor can we bound it short of J%. = 0 for delivery. Thus, we can
only speculate on scaling at the presént time.

For these reasons, our earlier conclusion [6] remains unchangeA
today:; experinents are still needed at a scale significantly larger
thkan 1/15 of p¥ le. Although tests at 2/15 scale have value, it is
our opinion that .,15 scale is also not large enough to address scaling
questions satisfactorily. (To appreciate our concern, the reader
should add a 2/15 scale data point with reasonable uncertainty at an
arbitrary location in Figure 7 and subjectively assess the degree his
confidence is increased.)

Sumnary Comments on Saturated Water Flooding

The available data have been assessed and separated into data on
saturated water flooding and data whicl' had appreciable subcooling.
Difficulties in previous data interpretation have been identified and
a new assessment of saturated water flooding behavior at small scale has
been achieved. Alternative methods to extrapolate to larger scale hLave
been brought more sharply into focus by Dartmouth data from experiments
in large tubes. However, our main conclusion remains that tests at a
scale significantly larger than 1/15 are needed.

It must be emphasized that the foregoing review addresses only
the flooding of saturated water. Additional effects such as conden-
sation, boiling due to superheated walls or lower plenum voiding may
have equal importance. Although the available space and the status
of the work precludes a comparable treatment of these topics in the
present report, the following section provides brief comments to
establish an overall perspective.

3.4 Comments on Refill Phenomena Impacting Flooding

Certain phenomena such as lower plenum voiding or flashing or
steam-water mixing in the cold leg can be studied as effects isolated
from countercurrent flow behavior in the downcomer, although during
a LOCA these effects might occur simultaneously and interact. How-
ever, condensation and the effects of superheated downcomer walls
are intimately coupled with flooding in the downcomer. Here we
comment on the latter two phenomena and their scaling relative to
the scaling of flooding.
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Scaling of Condensation Effects

During a controlled countercurrent flow experiment, where steam
is supplied independently to the vessel at a fixed rate, the amount
of condensation and its effect on water delivery can be bounded. (Al-
though a PWR LOCA is certainly not a contrclled experiment, such tests
are the usual way that countercurrent flow effects have been studied.)
The minimum amount of condensation that can occur is none. The maximum
amount of condensation is that which w.ll raise all of the injected
water from injection temperature Tgec to saturation, given previously
by:

- ge  Sp'Tsat™TEcc) P¢
fin hfq Jog

g*
9.9

However, we are interested here more in the effect of condensation

on countercurrent flow behavior, for which there is considerable data,
than on the actual amount of condensation itself, for which few data
exist. The steam flow rate necessary for complete bypass is given by:

) = C2 + £3*

(I3c’cB a,eq

*
ch

where f can be no more than unity (f=1 ccrresponds to achievement

of complete thermodynamic equilibrium without any contribution to
flooding). Typical countercurrent flow data give values of f ranging
from 0.1 to 0.5.

Best estimate and bounding calculations can now be made o>r full
scale (as long as we recall that this is a controlled experimont, not a
PWR). One limiting assumption is f=0. Depending on the scaling
assumptior made for flooding, complete bypass might occur at J%. = 0.16
(J* scaling), J§c = 0.04 (K* = 3.2) or some lower or higher number if
neither of these scaling ideas are correct. This scaling uncertainty
due to flooding may be compared with that introduced by different
assumptions for f£. With J§ jn = 0.1, typical of calculated ECC in-
jection rates, J&,eq is 0.38 at 15 psi and 0.31 at 600 psia. Taking
the larger number, a reasonable best estimate might be fJ§,eq = 0.1
(f = 0.25) and an upper bound is fJa'e = 0.38. The valué of these
calculations is to show that at full scale, the uncertainty introduced
by condensation has a comparable order-of-magnitude effect on the steam
flow needed for complete bypass as the (assumed but unbounded) uricertainty
in the scaling of flooding.

In the event of a LOCA in a PWR, other effects of condensation may
be more important than the adjustment to the complete bypass point
described above. Condensation can contribute to the steam flows through-
out the system, for example by altering the break pressure drop or by
inducing an annulus upflow, as repocrted in Reference 7. Condensation
may impact the steam flow split between the core and the cold legs.
Condensation also can trigger flow oscillations throughout the system.
Thus, although separate effects studies provide valuable information
on condensation behavior, its effects and their scaling must also be
assessed in system experiments and analyses.
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Scaling of Superheated Wall Effects

A closed form expression for hot-wall delay time under certain
restrictions can be derived by combining equations (13) and (22} of
Reference 4:

-

[ 2 2 g
Y o R T Howingragh 3 L_.Zz__ (10)
" L h (o glog=r. )] - aw
fg'"'g” '"f g

where the first large bracket on the right-hand side contains physical
constants and propertics and the second bracket contains dimensions.

It has been argued by some using a similar formulation or on qualitative
grounds that hot wall effects (i.e., delay time) decrease as scale is
increased because Eguation (10) indicates that delay time is inversely
proportional to scale. However, alternative conclusions can be de-
rived by recognizing that the analysis of Reference 4 and specifically
Equation {(0) above assumes J* scaling of flooding. If instead K*
scaling of flooding is assumed, calculated delay time is insensitive

to scale. Thus, additional information on the scaling of flooding (and
condensation) is needed to assess the geometric scaling of the effects
of superheated downcomer walls.

3.5 Conclusions

The main conclusion of this report is that flooding and countercurrent
flow experiments are needed in facilities considerablv larger than those in
use today, which range from 1/30 to 2/15 of PWR scale, in order to answer
scaling questions satisfactorily.

A second important conclusion is that it has been possible to unify
all existing flooding data, except for one early set of air/water experi-
ments that are being repeated, by the assertion that J* scaling applies
at small scales (where Kutateladze number is less than 2.2). Data from
both simple tubes and model PWR vessels fit this prescription.

A best estimate of how flooding data should be extrapolated to
scales larger than about 1/15 is highly equivocal. Existing data for
6 and 10 inch tubes suggest that the criterion K* = 3.2 is reasonable,
although additional data in somewhat larger tubes would be desirable
to strengthen this conclusion. 1Initial data correlations from the
Battelle 2/15-scale tests suggest that J* scaling may apply to down-
comer models up to 2/15 of PWR scale. Additional data should soon
clarify the latter claim. None of these data, however, are at a
sufficiently large scale to address fundamental issues such as the
potential for flow regime transition.

The reader is reminded that these conclusions apply only to the
scaling of flooding without the additional effects of condensation
or superheated walls. We plan to report on these topics in the near
future.
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APPENDIX A
CREARE 1/15-SCALE DATA WITH SATURATED WATER

The tabulated data for the Creare 1/15-scale saturated water
countercurrent flow tests are presented below. The test ceometry in-
cluded an enlarged broken cold leg. The data tabulation includes the
following:

TEST ID - ideatification number

wgc - rererse core steam mass flow (lbm/sec)
QpEL - water flow rate delivered to plenum (gpm)
Q¢in - water flow rate injected (gpm)

Teee - injected water temperature (°F)

SUB - injecced water subcooling (°F)

Prp - lower plenum pressure (psia)

P - separator vessel pressure (psia)

J%in - dimensionless water flow injected

J;c - dimensionless reverse core steam flow
J;d dimensionless water flow delivered to plenum

GEOMETRIC PARAMETERS:

Annulus Gap Size = 0.5 in.
Annulus Circumference = 34.56 in.
Broken Cold Leg Diameter = 3.0 in.

Deep Plenum
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CREARE INC.
Hanover, New Hampshire 03755

Tel. 803/6843-3800

Creare Incorporated is an advanced engireer-
ing consulting firm organized specifically to
exploit the talents of the highly creative
technical man. Since 1961, Creare has en-
gaged in proprietary product development
and contract research for industry and gov-
aernment. The Company's office, shops, and
laboratories are located in Hanover, N.H.



