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ABSTRACT

Recent results of a continuing I rogram to develop semi-empirical models of
lower plenum filling af ter a hypothetical pWR lt)CA are presented. The idealized
situation of countercurrent flow in a 1/15-scale PWR model is specifically addressed
here. Fot saturated water behavior in small-scale f acilities, it is shown that the
dimensionless Ja parameters properly scale the effects of vessel size, injection rate,
and (for the first time with steam and water) vessel pressure. Building on previous
work, new correlation concepts are proposed to ' account for' the effects of condensation
on ECC' bypass. Comparison with new data over an increased range of pressures and sub-
coolings shows that for a given injection rate, the effects of con %nsation can be
accounted solely in terms of thirmodynamic ratio rather than pressuta or subcooling
independently. The data indicate that subcooling has .s weaker effect on ECC bypass
than was previously believed. The data also reveal a transition in behavior at a
thermodynamic ratio near unity at values below this transition the behavior is close
to that of saturated water at all pressures tested. These findings suggest a need
for caution when taking credit for the benefits of subcooling on ECC bypass in cal-
culated LOCA transients.
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NOMENCLATURE

C correlation factor for saturated water complete bypass (Equation 3)
c specific heat at constant pressurep

.

D tube diameter

D hydraulic diameter of flow passageh

f correlation factor for effect of condensation on complete bypass (Equation 4)
g acceleration of gravity

. h enthalpy change of vaporizationgg

|j superficial fluid velocity

j* dimensionless fluid flux (Equation AS)
1

J dimensionless liquid flux delivered to lower plenum (Equation 2)fd

Jjg dimensionless lig ] flux injected I
j

J' effective dimensionless steam flux for bypass (Equation 4)9

Jg dimensionless core steam flux at complete bypass

J'e dimensionless steam flux out of core to lower plenum (Equation 1) !

,

g

Jg dimensionless core steam flux J* at complete delivery

correlation factor for partial delivery (Equation 3)m

p, atmospheric pressure

p lower plenum pressure |g

g thermodynamicratioAJgg/J

thermodynamicratioatcompletebypassAJy/JgR
3

s annulus gap spacing I

T E:CC injection temperatureECC
a

T liquid temperature in break
fb

T, saturation temperature

ATg ECC subcooling T,-TECC
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i NOMENCLATURE (continued)

,

Greek Symbols

p fluid density

F

r) condensation efficiency (Equation 9)

A property term in thermodynamic ratio (Equation 5)

O surf ace tennion
P

Subscripts

q gas

| f liquid '
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PREFACE

This is a Quarterly Progress Report on the Creare Downeomer Effects Program.
The general context of this work is a postulated Loss-of-coolant Accident (LOCA)

{in a Pressurized Water Reactor (PWR), although many of the basic processes being
studied may also apply to Boiling Water Reactors (BWRs) . The program is a con-
tinuing ef fort to develop analytical and empirical tools which will contribute to
best-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.

The Creare Downcomer Effects Program is a separate-effects model study of the
! two-phase flow behavior in the downoomer and adjacent regions of a PWP during the

latter stages of blowdown and during refill of the lower plenum in the event of a
LOCA. Recognizing the complexity 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 leing pursued. Efforts are l

divided into 11 interrelated topics: ;
e

A. Model Syntnesis
~

D. Ramped Transients .

'

C. Condennation-Induced Transients
D. Countercurrent Flow
E. Extended Superheated Walls
F. Lower Plenum voiding
G. Boundary Conditions and Internal Idealizations

,

!! . Fefill Modeling in RELAP
I. System Effects
J. Technical Assistance and Review Group Participation
K. Downcomer Flow Topography Instrumentation

This is a Progress Report on the topic of countercurrent flow. |

!

.
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1 INTRODUCTION

1.1 General Background

During the later stages of blowdown of a Pressurized Water Reactor (PWR) following
a hypothesized Loss of Coolant Accident (LOCA), steam generated by heat transfer and
flashing flows up the annular downcomer between the core barrel and the pressure
vessel on its way to the break (Figure 1) . At the same time, Emergency Core Coolant Iwhich is being injected into the cold legs attempts, under gravity, to flow through j
the downcomer to the lower plenum region. The purpose is to refill the lower plenum '

with water, initiate reflooding of the core, and ultimately cool the core and maintain iit in a coolable geometry. |

During the refill period, from the start of ECC injection to the beginning of
core reflood, a number of processes may interact to impede refill of the lower plenum. f
Block [1] provides an overview of this behavior. Briefly, flow of steam up the annulus
and out the break exerts a drag force on the ECC and may drive it out the break, a
process termed ECC bypass.

There are several sources of steam flow in the downcomer. Steam flows directly
to the plenum from the core (produced by flashing and heat transfer throughout the |system) and is particularly produced by flashing of fluid accumulated in the lower

1
plenum. In addition, steam everywhere in the system may flow through the cold legs and |Into the downcomer; this stea:a may assist ECC bypass directly by exerting a force on
the water or indirectly by heating it. A key source of steam is boiling of the ECC
itself by heat transfer from the superheated metal walls of the lower plenum and annulus.

Since the ECC is highly subcooled, condensation can also occur. Condensation re-
moves steam locally, causing a flow of steam to regions where cold liquid is introduced.
This af fects the blowdown both by decreasing the flow rate of steam out the break and
by altering the split of steam among the various flow paths. Condensation in the lower
plenum and annulus tends to suppresa ECC bypass by reducing the local steam velocities )
and hence the steam flow out the break. Condensation can also drive flow and pressure
oscillations throughout the system and cause local pressure spikes when steam cavities

i*

collapse or slugs of liquid impact structures. 1

l

Finally, fluid delivered to the lower plenum may be volded by flashing and heat
transfer there and by steam flow into the lower plenum from the core. This voiding tends
to delay refill and may also affect the flow behavior in the annulus.

1.2 Countercurrent Flow studies

A number of experimental studies of the refill period have treated idealized
situations where individual processes and sources of steam could be isolated for in-
dependent study. Figure 2 shows the situation considered in this report, which is
referred to as a countercurrent flow experiment. Steam is supplied by a boiler at a
fixed mass flow rate to the core of a scale-model reactor vessel. The vessel walls are
initially at saturation temperature. At time zero, ECC is suddenly supplied at a
fixed rate and temperature to the model cold legs. There is no steam flow in the cold
legs. The pressure in a simulated " containment" at the exit of the model broken leg
is maintained at a nearly gonstant value during each test. Test parameters include the
containment pressure, steam flow rate, ECC flow rate, ECC temperature and the vessel
geometry. The timing and volume of ECC delivered to the lower plenum is reborded as a.

function of time. (A number of other pressure, temperature and local flow topography
variables may also be recorded in some facilities.) A large quantity of such data has
been obtained in the past five years. The particular facility used at Creare is
doncribed in Reference [30].

|
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Since it has not yet been possible to derive a reliable analysis of countercurrent
flow behavior from first principles, work to date has been largely empirical. Con-
siderable ef fort has been invested in developing correlations of the data. Such cor-
relations serve two goals. First, Sey are a shorthand representation of the data.
Armed with some equations and some knowledge of the range of parameters tested, one
is able to quickly generate a reasonable approximation of the data base. Statistical
data analysis on a computer is well suited to meeting this goal. A second goal is
to unify and distill the data to extract some understanding of the countercurrent flow
behavior. Such understanding may allow us to extrapolate the data base to predict the
behavior at physical scales, flow rates, and pressures beyond those tested. (Although
future tests may prove such predictions unreliable, they at least provide a basis for
the design of a relatively few critical verification tests.) This second goal is more
elusive. It requires subjective methods of data analysis and lacks a clear success
criterion. We address both goals in this report.

1.3 Gummary of This Report

This report presents our correlations of countercurrent flow data and discusses the
status and applications of such correlations. Relevant literature is reviewed and
comparisons are made with data and correlations developed by other groups.

3
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We focus on the ef fects of pressure and subcooling and we report our new findings:

j 1) Data obtained for the first time with nearly saturated water at pressures
; in the range 15 to 65 psia overlay when plotted on J* coordinates (or any
i

other dimensionless coordinates based similarly on rteam momentum flux).
!

| 2) New data are presented with pressure and subcooling varied independently
|

over muth larger ranges than have been studied heretofore.
:

| 3) It is possible to fit saturated water data with a single functional relation
4 in J* coordinates that is insensitive to vessel pressure or ECC injection
; rate,

;

| 4) It is possible to fit the entire data matrix for subcooled water by a cor-
relating concept that relies on thermodynamic ratio RT rather than vessel

' pressure or ECC subcooling independently.

Based on the above findings a relatively simp e data correlation concept is proposed.

Previous analysis of earlier data has suggested that ECC subcooling might help to
suppress ECC bypass significantly. Howe'er, we now project that at pressures typical
of calculated reactor conditiens during hypothetical LOCA transients there may be little
dif ference between the countercurrent flow behavior of saturated water and the behavior
of subcooled water (assuming that the steam flow rate is given) . Moreover, reliable
methods of scaling condensation rates or the ef fects of conden9ation on ECC bypass have
not yet been devised. Therefore, in bounding calculations of refill following a postu-
lated loCA, it would be prudent to take no credit for the possible benefits of ECC sub-
cooling with respect to ECC bypass, However, the ef fects of ECC subcooling should be
included in the calculation of annulus steam flow rates with appropriate allowa"ces
to ' ount for uncertainties ln modeling condensation.

This report is organized as follows. After a brief review of the literature, our
recent data are presented in the context of our new correlation concepts. Subsequently,
we examine the scaling of countercurrent flow. Finally, we list conclusions and identify
needs for f uther work. Data tables are provided in Appendices to this report.

;

4
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2 CONTEXT Of PREVIOUS RESEARCH *

An extended literature review is provided as Appendix A of this report and is
subdividad into two parts reviewing studies of geometric parameters and thermal /
hydraulic parameters respectively. Each part is summarized in turn below.

Correlation of Geometric Parameters

Driefly, we find that although a large number of geometric parameters have been
studied extensively, few of these tests have had an impact on data cor relations.
We have found that annulus gap is not an appropriate dimension to use as a charac-
teristic length scale in dimensionless ECC bypass parameters. Instead, Creare proposedthe use of Ja parameters based on annulus circumference w unless and until additional
data suggesting a different dimension become available. We also find that although J*
scaling represents availab1p data from small scale models, reliable methods to
extrapolate to PWR scale have not yet been devised.

We have learned that the filling behavior is relatively insensitive to lower plenum
depth and broken leg dia-Ster if all other parameters (e.g., vessel pressure) are fixed.
However, a deep lower plenum is helpful to get accurate plenum filling data and a large
broken leg enhances vessel pressure control. Certain geometric details such as intact
cold leg diameter, annulus length, hot leg plugs, and cold leg arrangements have little
or no effect on plenum filling. However, some other geometric details such as annulus
baffles or distributed obstructions such as pins have had appreciable effects on the
rate of plenum filling.

Correlations in use reflect the geometry mainly through the choice of a single
dimension for insertion in dimensionless parameters such as J*. Factors have not yet
been developed to account for other known geometric effects.

,

Correlation of Thermal / Hydraulic Parameters,

Thermal / hydraulic parameters that have been systematically varied have included steam
supply rate, ECC injection rate, vessel pressure, and ECC subcooling.

Figure 3 shows idea'lized data forming a penetration curve on a map of dimensionless
core steam flow J* and dimensionless delivery rate J where

fd
*

i hP j
o g

2 J* = (1)' 9# (gw(p -p ))g g

SE Nf f
Jp = (gw(p -p )]g (2)

g

In this formulation the j's are defined as superficial velocities of each phase cal-
culated as if that phase were flowing alone and uniformly filled the annulus cross-
section. (Note that in the mapping of Figure 3 the ordinate is the independent test
variable following the usual convention for countercurrent flow studies.)
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Figure 3. IDEALIZED ECC BYPASS DATA

We define two critical steam fluxes, the complete bypass point Jdb and the com-
plete delivery point Jfd so that the data include three idealized ranges of behavior:

1) all the ECC is bypassed in the range J* >J*b,ge g

2) there is partial ECC delivery in the range J*d<J* <J*b,'g gc g

3) all the ECC is delivered in the range 0<J* <J
fd

It should be pointed out that actual data may deviate slightly from this idealization.
Even at high steam flux Jge>Jhb a tiny occasional splash of water may be delivered.
Also the delivery rate at complete delivery can be several percent higher than the
ECC injection rate when condensats is included.

Efforts have focused on correlation of the partial delivery range and thereby on
its limits of the complete bype.ss point (designated CD on Figure 3) and the complete
delivery point (also known as the end of bypass point and designated EOB on rigure 3) .

Attempts have been made to represent the effects of the three key parameters,
namely, ECC injection rate, ECC subcooling, and vessel pressure on the penetration curve.
However, repeated iteration between testing and analysis has been required because
the parameters have coupled ef fects and because it is dif ficult to control the parn-
meters entirely independently. (For example, increased injection rate tends to in-
crease the broken leg pressure drop. This is turn increases vessel pressure at
fixed containment pressure and thereby increases ECC subcooling at fixed ECC tem-
perature.)

6



-- . - . -

,

)

-

Early reports prepared by Dartmouth, Battelle, and Creare [2,3,4,5) describe
various approaches to correlating data. Three prime concepts emerge:

1) countercurrent flow behavior in small scale models with saturated water can
be represented by dimensionless J* parameters,

12) the additional ef fects of condensation can be accounted by reducing the
Jsupplied core steam flow by an " effective" condensed flow, and
j

i

3) the ef fective condensed steam flow is related to the amount that could be |condensed ideally in raising the injected ECC to saturation temperature at
thermodynamic equilibrium.

The history of efforts to correlate countercurrent flow data is outlin.d in
Appendix A. Briefly, Battelle has proposed eight specific correlation forms over the
past four years and has gradually refined the choices of correlation coef ficients
( 3,6,7,8,9,10,,11,12 ) . Creare proposed a countercurrent flow correlation in 1976 (13)
and demonstrated its application to the " hot-walls" analysis derived originally in
1974 [14). In this report we describe several new correlating concepts that take
advantage of recent experimental findings on the ef fects of pressure and subcooling.
These concepts are implemented by modifying coef ficients in our 1976 correlation. It
is gratifying that these refinements simplify the correlation and permit us to reduce
or eliminate deviations from the prime concepts listed above.
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3 CORRE1ATION Of PRESSURE AND SUBCOOLING EFFICTS

.Here we report' recent gains in understanding and correlating saturated water
behavior and the additional interrelate $ effects of pressure and subcooling.

We then present our correlation and compare it with available data. New data
covering an expanded range of pressure aad subcooling are presented and form the
basis for upgrading the correlation cocf ficients.

3.1 The Countercurrent Flow Correlation

The basic equations of our correlation are unchanged from those proposed in 3

1976 [13). In present nomenclature, the equations describing the partial delivery
range are:

J* + m3*fd
=C (3)

g

J* = J* -fAJ*in (4)
9 ge f

where C, m, and f are coefficients to be determined empirically, ands

c 6-'
A . _E(T -TECC)_{ _ gg)s

h p
fg g

In fitting the data and in using the correlation we follow a systematic approach
motivated by our view of the physics:

1) thecoefficientCisgivenby'Jhb gb is the complete bypass pointwhere J
for saturated water,

2) the condensation coefficient f is determined from the complete bypass points
for water with various subcoolings, and

|
3) the slope coefficient m in determined from the entire data base with C and

f fixed.

This approach reflects our view that the complete bypass points are relatively stable
operating points that can be repeated by different investigators. It is our observation
(15,16] that the partial delivery range is dynamically unstable, of ten producing slug
flow with subcooled water. Although an adequate analysis of the slug delivery in-
stability has not yet been developed, it has been shown experimentally that such factors
as compliance of the steam supply, lower plenum vapor volume, and containment compliance
or air content can strongly affect the flow stability (i.e. , the presence or absence of
slug delivery. In this situation, the partial delivery range is unlikely to represent
the countercurrent flow physics generally, although the data are likely to have

,

systematic trends for any given fa,cility. For this reason we are employing a cor- |
relation approach which focuses on the complete bypass points while representing the
remaining data more approximately.

Recognizing that there is independent interest in the end-of-bypass point, we
also identify an appropriate minimum value of steam flow below which complete delivery
always occurs.

|
|

|
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In impicmenting our correlational approach, we have been careful to obtain data
that extend into the complete bypass range. By this means we are able to inter-
polate data near complete bypass and are thus able to avoid unreliable extrapolation
from the partial penetration range.

Table 1 compares the functional relations in the previous and present cor- |

relation concepts, Relative to Reference [13), the present correlation includes:

1) an improved value for C,

2) elimination of the pressure effect in' f,

3) recognition that the slope m

a) is a constant (i.e. , m is not a function of injection rate) for
saturated water and steam as well as for air and water, and

b) is adequately represented by a function of thermodynamic ratio
for subcooled water.

Item 1 is the result of earlier Creare work [17] and is also consistent with statistical
analysis performed by Battelle [12) . Item 2 has also been identified by Battelle [10]
as an outcome of their statistical studies in a different correlation context. Item
3 is suggested here for the first time.

In this report we focus our attention on a single ECC injection rate, Jfin=0.116
in order to emphasize the ef fects of pressure and subcooling. For this injection
rate, f=0.16 The coef ficient m is shown graphically in Figure 4.

TABLE 1

Coefficient Previous Correlation (13) Present Correlation

C 0.32 0.40

f f(PLp,Jtin) 0.16
(atJy=0.116)

m m (J " bb'fin

|lo c i i 60, i, , i(a)
_ (b)

_

o8 PRESE NT CORRELATION - 08 -

m=f(Ry) _ PREVIOUS CORRELATION (13]

06 - -- 06 -- * * f (Ji n) -

m - m
_

04 - - 04 - -

|
-

02 - 02 - -

_ _

IO I I ' O f i '
O 10 20 30 40 0 0 05 0 lo 0 15 0.20

T HE R MO DY N A M.C R ATIO, R DIMENSIONLESS WATER FLOW INJECTED.J,in3 f

Figure 4. BEllAVIOR OF FACTOR m REPRESENTING PARTI AL DELIVERY
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In addition to modifying the coef ficients, our present correlation has two ad-
'

ditional aspects. First, we calculate complete delivery for all Jge<0.04. Although

a better description of this deviaticn f rom the Wallis correlation is desirable,
this simple criterion reasonably represents available data (15,17,10). Secondly,

for the purpose of calculating delivery rates we are using the thermodynamic ratio at
the complete bypass point for the particular values of ptp, TECC, and Jfin'

c (T,4ECC f NinN

b" fin b h E J'b
~

fg g g

Thus, to calculate a delivery curve for a given injection rate, pressure, and sub-
cooling, the complete bypass point is first determined from the explicit equation:

(7)
+ f AJ *inJ*b =C fg

Then m is evaluated from Figure 4 and with (f=0.16) Equations (4) and (3) are solved
in order for each value of Jgg along the curve. From Equatiom (6) and (7) we find that
the complete bypass point can also be stated implicitly in terms of the therinodynamic
ration

C2 (0)J*b l-ER
=

g yy

The motivation for these changes in our correlation will be discussed further as we
compare the correlation with data in the following sections of this report.

3.2 Creare Saturated water Data

Figure 5 compares our correlation (Equations 1 to 6) with data for ECC temperatures
very near to saturation [17]. It can be seen in both the data and the calculated curves

*

that the very low subcoolings in these tests (numbers near some of the data points)
have a very weak effect on delivery rate. Injection rate also has little effect in
these tests with low subcooling,

rigure 6 compares our ' correlation for saturated water with data for nearly
saturated water at pressures in the range 15 to 65 psia. These data, shown here for
the first time, provide an important verification of the basic assumption in all pre-
vious correlations that saturated water behavior is insensitive to pressure. Tha t i s ,
count.e rcurr ent flow data for various pressures collapse to the same curve when plotted
in conventional J* parameters. Dy the same measure, J* parameters properly account
for the ef fects of pressure, at least for saturated water. 1

The proposed transition to complete delive n at J =0.04 is shown in Iigures 5 and )gc
6 to provide a reasonable lower limit for the data.

In summary, when the injected ECC is at or very near saturation temperature, we
have found that neither the injection rate nor the vessel pressure significantly affects

[lN
The lack of an injection ratedelivery as a function of dimensionless utcam flux J*
Furt.her confirmation of theseef feet has been shown at both 1/30 and 1/15 scale

findings wit.h air and water or at other scales and pressures would be desirable.
,

|
|
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3.3 Creare Data for Ef fects of Condensation .

Figure 7 compares our correlation with data at various subcoolings (ECC tem-
perat ur es) . Vessel pressure is near ambient pressure. The delivery curves shif t - |

'

upward as subcooling is: increased as has been observed repeatedly in previous work
by Dartmouth, Battelle and Creare. The correlation is a reasonable fit to the data.

Figure 8 also compares our correlation with data for various subcoolings, but
at a fixed vessel pressure of 65 psia. Again the delivery curves shif t upward as -
the subcooling is increased. However, comparison of Figures 7 and 8 reveals that at
higher pressures a larger subcooling is required to produce a specified upward
shift. Inspection of Equation (6) for RTb reveals that gas density appears in the
denominator and tends to weaken the ef fect of subcooling as preesure is increased.
The correlation is a reasonable fit to these data shown here for the first time and
extending over a 220*F range of subcooling.

Figure 9 compares our correlation with new data at various pressures for a fixed
ECC subcooling of 135'F. Although saturated water data are insensitive to pressure,
subcooled water data are strongly affected by pressure. As pressure is increased at
fixed subcooling, the delivery curves shif t downward on J* coordinates. Even at
moderate pressures, the subcooled water curves approach the saturated water curve.
The correlation is shown for several additional pressures beyond the data base to
emphasize this point. Said dif ferently, subcooling is not very important to ECC
delivery except at pressures near atmospheric pressure.

Figure 10 compares the previous Figures 6, 8, and 9 to show that these data
The very rapid downward shif t of theare well represented as a function only of RTb.

idata in the range 1< RTh<2 is notable.

All of these data are for a single injection rate. We anticipate that the same
correlation concepts will be extended to treat other injection rates.

pigures 7 to 10 demonstrate that the correlation acceptably fits data over a broad
range of pressures and subcoolings. Varying either parameter gives a fan of curves '
with similar appearances as the curves shift up, their slopes tend to zero. Our

'correlation has been designed to reflect this trend by having both the complete bypass
point and the slope be a function of thermodynamic ratio.

It is satisfying to be able to correlate this broad range of data, and the ad- ,

ditional data presented in the following sections, with a constant factor "f", and a

simple dependence of both the complete bypass point and the slope on a single
Discussion of the physical motivation for this approachdimensionless paramotor RTb.

and our numerical methods is deferred to Section 3.5 so that we may present com-

parisons with the remaining data.
,

3.4 Comparisons Witn Additional Cteare Data

Figure 11 compares the correlation with a set of data for 212'r ECC with a
" scaled" (1.075 inch diameter) broken leg. These data may be compared with those of
Figure 5 which are also for 212*F ECC but with an oversize (3.0 inch diameter) broken
leg. The oversized broken leg keeps the pressure close to ambient pressure and thus
the subcooling close to zero. In Figure 11 it can be seen that the subcoolings (numbers
near data points) increase as complete bypass is approached. (As more water is bypassed
the broken leg pressure dif ference and hence the vessel pressure increase.) The cor-
relation correctly reflects this ef fect.* Thus, the break size affects ECC bypass through

it s effect on pressure or subcooling and this ef fect is accounted by the present correlation.

*In order to draw these correlation lines we have fit the curves using the noasured

pressures corresponding with the data.

12
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The data of Figure 11 also display an apparent ef fect of ECC injection rate. |

lloweve r, comparison with Figure 5 shows that this too is an effect of condensation
due to subcooling. In addition to Figure 5, Pigures 25 and 26 of Reference [161
reveal that a factor of 250 change in ECC momentum (ef fected by varying the intact cold
leg diameter) had a negligible effect on delivery. In earlier work, the trend with
injection rate in Figure 11 was erroneously believed to be a real effect of ECC

momentum with saturated water and was reflected in our 1976 correlation by the
function m(Jfin) shown in Figure 4. (This same function was later adopted by Battelle
and they are currently using a similar function [12).) We are now able to remove this

incorrect dependence on Jfin'

Belleving that there is more to be learned about the proper scaling of the effects
of injection rate on condensation (with subcooled water), we are not yet presenting
a correlation of this parameter. It is possible, though we will try to avoid it, that
either f or m will have to be refined for it to include J independently. In a laterfinreport we will present a refined correlation approach and compare it with additional data
at various injection rates.

The test matrix for the new data presented in this report, all at Jfin=0.116, is
shown in Table 2. Comparisons of our correlations with these data are shown in Figures
12 to 15 (together with the earlier Figures 6 to 9) . As might be expected, the cor-
relation is successful at intermediate pressures and subcoolings as it was at the
limiting values shown in Figures 6 to 9. These data are tabulated in Appendix B.
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TABLE 2

MATRIX OF RECEttr CPE.ARE TESTS *

Subcooling (*F)

Pressure (psia) "O 65 90 135 170 195 220

Ambient X 0 X

30 X 0 0

45 0 0 0

65 X 0 0 0 0

*All tests are for Jf in= 0.116. Some tests were performed
with an oversized broken leg (X), and others with a scaled
broken leg (0).
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Table 3 displays the test matrix for previously reported countercurrent flow tests
in this. facility (16,17]. (These tests were generally performed near ambient pressure

i

i and typical data.are displayed in Figures 7 and 11.) In addition, some very early

| (1975) tests were performed in a crude temporary vessel mainly to assist f acility
design (18,30). Although these latter tests provided the first data for pressures

| significantly above ambient, they have been superseded.

7
TABLE 3 _

j CREARE DATA REPORTED PREVIOUSLY*

ECC Subcooling (*F)

Jy 0 60 110 135 170 210 X - Small Gap,

Scaled Dreak [16]
0.02 'X

0 - Large Gap,

Scaled Break [16]0.03 O O
A - Small Cap,

0.06 ~ X06 -XO X X06 Oversized Preak [17)

0.12 X06 X0 -X XOa

0.18 XOA X0 X X0

0.23 X A X X ~X A

*All tests performed with vessel near ambient
pressure.

i
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3.5 ' Correlation Methods -

In deriving our correlation, our primary tool has been numerical data fitting
to minimize deviation in the least squares sense. We have strived to restrict the
parameter, dependence of our functions where we could and specifically have assessed
the data using a " building bicck" approach. That is, we have sequentially determined
the coef ficients C, f, and m by examination of the saturated water complete bypass
poi nt , the subcooled water complete bypass points, and the partial penetration range
of the data respectively. An alternative approach is to simply use all of the data
to determine "best fit" values of C, f, and m. We have done this too, and find that
both methods give similar numbers. Since the objective of this progress report is
primarily to illustrate the data trends for a subset of the data, we simply chose
the coefficients given by the first approach.

The proof of any correlation lies in its ability to represent the data. As part
of this proof, we systematically compared the correlation with our data in preceding
se tions of this report. In the remainder of this section we discuss our rationale
for the correlating functions and we display the sensitivity to the correlating
parameters.

We should comment that the correlation process is not one that can yet be carried
out with scientific rigor. The problem is twofold. First, although the computer will
produce coefficients on demand, it is slave to the correlating functions supplied by
the user. S e condly , in this field the data are more of a broad survey than they are
a statistically significant, properly weighted sample for each parameter effect.
Furthermore, a larger fraction of the data (near complete bypass and complete delivery)
contain valuable information but are dif ficult to use in a purely numerical approach
because they are near a physical discontinuity. Therefore, we are skeptical of all data
analysis .in this field and we. lack confidence in the results of a purely numerical
data analysis. Standard methods of statistical data analysis can place the situation
in proper perspective, however, if they weight the data and account for experimental
uncer tainties.

Correlation Concepts and Physical Rationale

As stated, our correlation has been built by sequentially examining data for
i

!

1) the saturated water complete bypass point, I

2) the subcooled water complete bypass points, and

3) the partial del!very range of data.

We have shown that the coefficient C is a constant [17], about 0.4, independent of
pressure, injection rate, or scale in the ranges tested. This coef ficient C represents
incipient countercurrent flow of saturated water. It should be possible to compare this
coefficient with values from similar data for air-water and steam-water behavior in a
variety of geometries, including tubes, as long as physical effects such as injection
nethod have been properly podeled and methods for accounting significant geometric dif-
ferences are devised.

The coef ficient f has been defined to represent the ef fects of condensation on the

complete bypass point. If condensation proceeded to equilibrium, gpd if the condensed
steam did not contribute to bypass, then f would be unity. In fact, for a scaled in-

jection rate of Jfin=0.116, we have found that f=0.16, a number well below unity.
Therefore, either condensation does not proceed to equilibrf um (the water is not heated
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I

to saturation) or some of the steam which is condensed contributes to bypass. 1
'

Probably, both are true. Typical data for broken-leg water tempereute rfb are
shown in Figure 16. (The values of Tfb were determined f rom thenneouples and these
were checked against water samples drawn from the break.) The data are shown as-
temperature Tfb and also in terms of condensation ef'icicacy defined as

. .

fb ECC
"g * Yf " b l

T -T is ECC
. .

where y is the supply-based thermodynamic ratio given by:
(10)=AJy/JP7

At a subcooling of 130'F, n is unity; virtually all the steam is condensed in theg
vessel. Yet there is alsa complete bypass. Therefore, some of the condensed steam
contributes to bypass. On the other hand, c,ondensation does not always proceed to I

equilibrium since even n is well below unity at subcoolings lower than 130*F and ng i
gis well-below unity for all tests. Said differently, it is certainly unnecessary to ,

raise the water to saturation temperature in order to bypass the water.
,

Thus, the coefficient f can be seen as a simple factor which reflects both the
efficiency of' condensation and the effectiveness of the condensed steam in contributing
to bypass. These two ef fects cannot be isolated by study of bypass data alone. How-

ever, both of fects are related to condensation and tend to zero as condensation is
suppressed. It is encouraging that the formulation for complete bypass point (Equation

so that8) accounts reasonably for the effects of both pressure and subcooling, via RTb,
the factor f need only be a constant (at least at the one injection rate studied) . Al-

though this "f . factor" modeling approach .is simple, it is consistent with the state-of-
. the-art as described for example by Jones and Saha (19] end Wallis et. al. [29],
|

The coefficient m represents the slope of the delivery curve. Figures 8 and 9
show that the slope tends to zero as ECC subcooling is increased or as vessel pressure

j is decreased. However, Figure 6 shows that the slope is insensitive to pressure for
saturated water (zero subcooling). These data are all combined on Figure 10 where

is the sole parameter. This figure indicates that the slopethermodynamic ratio RTb
,

is also reasonably expressed as a function only of RTb-!

Why does the slope vary in this manner? We can only speculate. Physically, cold
water is being delivered to the lower plenum in the partial delivery range of the data.
Therefore, there may be condensation in the lower plenum. Any core steam condensed
in the lower plenum in these tests makes no contribution to annulus bypass. In contrast,
we demonstrated above that steam condensed in the annulus does contribute to bypass.

Qualitatively, then, ;ower plenum condensation tends to be more ef fective than snnulus
condensation in suppressing bypass. Since there is more lower plenum condensation with
delivery than without delivery, the complete delivery point should shif t up more than
the complete bypass point as RTb is increased. Thus, the slope of the delivery curve
tends to zero as R is increased. We hasten to emphasize that this is a purely sub-

Tbjective description of the physics and lacks direct evidence. However, it is a reasonable
rationale for expressing the slope coef fic'ent as a function of gb'
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The particular function m(RTb) shown in Piqure 4 was chosen simply as a
reasonable fit to the data. Future data may reveal needed refinements. This function
derives some basitt from earlier work [2,20] where a limiting thermodynamic ratio of
unity or the range 1 to 2 has had special importance.

Sensitivity Analysis ot' correlation

Figures 17 to 19 compare key data with the 1976 correlation which has coefficients :

C = 0.32

- -y- -

E
1LP'"

[a ~ 1+ 30 J 'f in
.

m = exp [-L.6J gg ') (11)

2Figure 17 shcus that the complete bypass limit C is somewhat too low for saturated
water and also that the variable slope m(Jfin) is inappropriate.
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ror subcooled water, Figure 18 shows that the previous correlation 1131 represents
data at various pressures poorly. (Although it is an adequate fit to the effects of
ECC subcooling at ambient ptassure, Figure 19, it is unsatisf actory at all other pres-
sures.) The term containing pressure to the quarter power in the factor f in earlier
Creare and Battelle correlations 18,13] is simply incorrect. The variation of slope
seen in Figures 18 .nd 19 is also not well represented by the constant value m=0.21
f or J jin=0.116. Thus, the superiority of the present correlation han been demonstrated
by comparison with earlier ideas.

The sensitivity of the correlation to the coef ficients C, m, and f has alsa been
examined. The values of C=0.4 and m=0.8 (for RTb<1) in our correlation were chosen
based upon the countercurrent flow data with saturated water. Figure 20 illustrates
that when C is 0.35, the best fit slope to these data is m=0.4, and the complete bypass
in te rcept is clearly underpredicted. The figure also shown that when C=0.45, the
bes t- fi t slope in m=1.0 and data near the complete bypass point are slightly over-
predicted. In the latter case, data near complete delivery are underpredicted, though
the ovt.rall fit is qualitatively similar to C=0.4 and m=0.8 (see Figure 6). Thus, the
data are more obviously sensitive to lower rather than higher values for C and m,
given the same perturbation of C in either direction. Higher values of C than 0.45
would become unreasonable, however.

b i i l i

2
<t SY M BOL pop ( psio) Trec( F)wo 30 -

'r -

O I5 80 i*
O 30 11 5

$0.25 g O 45 i40 -

w Om O O A 65 163

$ O.20 ATsus = 135* F -.

u &x OO O'= 60 gpm
w

- Q^ ~SCALED BREAKt; 0.15
W s = 0. S in.m

g a gou O. \ 0 - o' -

CORRE L ATIONm
m
3 0.05 -

-

=
0
Di O i i n i iz ~
to 0 0. 05 0.10 0.15 0.20 0.252
;.; DIMENSIONLESS WATER FLOW DELIVERED, J*g

rigure 18. COMPARISON OF PPEVIOUS COPICLATION 113] WITH CrmARE 1/15-SCALE
DATA TOR 4 35'F ECC SURCOOLING AT VARIOUS VESSCL pRESSUPIS

23



|

$8,
b, l
'

$
0
d O 35

. _ _ _ _

i i i i

h SYMBOL Ttcc( F) ATsue 'O
~

l

i? 7 i462W O.30 - o ~5~B0
m D 15 0 72-113

'
$ 025 @

-

w O O UNCONTROLLED PRES $URE

0 2O k
l P = 15 - 19 0 =60gpm2 7

tp
u SCALED PRESSURE

'b' M ~

D pf0 15 g
$
0010 - A P P' O

-

CORRELATION
$
"j 0 05 - A -

E
G O i i m I i

d O O 05 0 10 0.15 0.20 0 25
~

$ DIMENSIONLESS WATER FLOW DELIVERED,7

t'igur e 19. COMPARISON OF PREVIOUS CORRELATION (13] WITit CREARE 1/15-SCALE
DATA TOR SUDCOOLED WATER AT VESSEL PRESSURES NEAR AMBIENT

*#"
n-
S

O 35 i i i i

6
y 0 30 SY M BOL p ,(psia) Ttcc( II

-

$ 0'25 -

o 65 295
O -'

g

$ ATu u O - 15' F ~

0 020 Oy=60gpm-

W ENLARGED BREAK
? O.15f $ = 0. b in. -

$
" '

C = 0 4 5, m = 1.0
~

hO.10 - - - - - -- C = 0. 35, m = 0 4o

N >g -O05 - 6
'a bw 0 i i i i

? O O 05 0 10 0.15 020 0 25
DIME NSIONLESS WATER FLOW DE LIVERED, J,*d

Figure 20. COMPARISON OF CORRELATIONS WTTH_ CREARE 1/15-SCALE DATA SHOWING
SENSITIVITY TO FACTORS C and in

24



The effect of condensation in the correlation through the condensation efficiency
f is illustrated below. The recommended value of f is 0.16 for Jfin=0.116. Figure 21
compares data near ambient pressure with the correlation for values of f=0.1 and 0.2.
Figures 22 and 23 are similar comparisons for data at a constant pressure of 65 psia
(various subcoolings) and. a constant subefooling of 135'F (various pressures) respectively.
Most of the data are bounded by the correlation using these two values of the parameter
f. The value of f=0.16 determined f rom statistical analysis of these data is therefore
e good compromise over the range of these data. For certain values of the thermodynamic
rutio ( Rrb~ 1- 1. 5 ) neither value of f appears quite adequate and some refinement of m
(rather than f) might be deairable if greater accuracy were needed.

The various graphical comparisons in the preceding sections of this report supply
considerable insight into the data trends. New correlation concepts have been proposed.
These correlation coacepts need to be extended to include the ef fects of ECC injection rate
and the coefficients then need to be compared with the full data base and refined. Such
comparisors should be both graphical and statistical.
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4 PROGPISS ON SCALING OF COUNTERCURRENT FLOW

In this section we address several interrelated scaling issues. Based on
saturated-water data we assess appropriate dimensionless parameters for scaling
flooding. Subcooled-water data are then used to tentatively assess the scaling of
the ef fects of condensation on ECC bypass. The implications of our findings are
discussed.

4.1 Scaling of Saturated-Water Behavior

Experiments have been conducted with vessels ranging from 1/30 to 2/15 of PWR
diameter. Rothe et. al. [17] reported the status of scaling assessments based on
tes ts with water near saturation temperature (or air-water tests) . We simply update
that detailed review here.

Figure 24 summarizes present knowledge of scaling of the complete bypass point
for saturated water. Comparison with the earlier report (Figure 7 of Reference (17))
shows the loss of one data point and the addition of two others.

The point representing the Sattelle 1/15-scale air-water data [3], which was l'n-
consistent with all other data, has been discredited by test repetition at Battelle
on three separate occasions. Unfortunately, data inconsistencies remain in the Battelle
data sets and are ctill under study. Therefore, this point has been removed but cannot
yet be replaced.

Collier (21] reports air-water and steam-water data at 2/15 scale. Figure 25 shows
the steam-water data for nearly saturated water. (Numbers by the data points are the
ECC subcooling. ) Because this data set exhibits significant scatter and does not extend
to complete bypass, additional saturated water data at this scale are desirable. Further
tests are planned by Battelle. These data are reasonably represented by Equation (3)
with Cao.410.06 and m=0.810.2. However, the uncertainty in the coef ficient C is of the
order of the difference between Ja and K*=3.2 scaling. This uncertainty is a result of
the large data scatter and the need to extrapolate to complete bypass. Figure 26 com-
pares our correlation with these data and indicates that subcooling and injection rate
are calculated to have little ef fect. Thus, the scatter reflects test repeatability.

Battelle is in the process of obtaining additional data to complete and confirm the
set of initial 2/15-scale air-water data reported in Reference [21). In discussions
with Collier of Battella we agreed that inclusion of the preliminary air-water data
(21] on our scaling map would be premature.

Richter et. al. [22} rrport air-water data from a 1/10-scale annulus studied with
top flood. Although ECC injection was not a feature of these experiments it is useful
to compare them with other data (Figure 24). The data of Richter et. al. are shown in
Figure 27 and are well fit by Equation (3) in the range near complete bypass. Values of
C=0.39+0.01 re s ul t. The data of Richter et. al. are also compared in Figure 28 with the
Creare 1/15-scale saturated water data [17]. It may be seen that the two data sets are
quite sindlar in appearance although the data of Richter are slightly lower. This small
difference may be due to the slight subcooling in the steam-water experiments, a weak
ef fect of asymmetrical injection or may very weakly suggest the beginning of a possible
trend to K* scaling.

An end-of-bypass transition of J e=0.04 is appropriate to all small-scale saturatedg
water data obtained to date. However, it is uncertain how to extrapolate to PWR scale.

!
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Referring to Figure 24 we find that the conclusions of Reference (17] are
unchanged by these additional data:

1) Flooding and countercurrerbt flow experiments are needed in f acilities
considerably larger than those in use today, which range from 1/30 to 2/15
of PWR scale, in order to answer scaling questions satisfactorily.

2) It is possible to unify existing saturated-water flooding data by the
assertion that J* scaling applies at small scales (where Kutateladze
number is less than 3.2).

| 3) It is uncertain how flooding data should be extrapolated to scales larger
| than 1/15
|
|

4.2 Prelim.inary Scaling Assessment of Subcooled Water Data

In this subsection we make a preliminary assessment of the data base available
for scaling the ef fects of condensation. Figure 29 displays the factor "f" determined
f rom s ubcooled wat er data at various scales.
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Table 4 lists the available countercurrent flow data. However, certain facilities j

have not been represented on Figure 29 for various reasons. Dartmouth 1/30-scale data
[25) do not extend to the desired range of injection rates. The Semiscale data [2 7)
are <lif ficult u> compare with other, data because the geometry is unusual, particularly j

'

t.here are two concentric gaps. CE 1/5-ncale- data have been excluded because suf ficient
l

data to determine f reliably are not availabic.

i

TABLE 4

SUMMARY OF COUNTERCURRENT FIDW DATA ;

Contractor Scale Gas Subcooling Reference

Data on Saturated Water Behavior

Creare 1/30 Steam $7'F (15]

Creare 1/15 Steam 0-20*F [17)

Dartmouth 1/30 Air -- (23)

INEL 1/25 Air -- (24]
Dartmouth 1/10 Steam -- (22)
Battelle 1/15 Air -- (3)
Battelle 2/15 Steam 120'F [21)

Subcooled Countercurrent Flow Data

Da r tmout h 1/30 Steam 15-170*F (25)
Crea re 1/30 Steam 7-150'F [15)
Creare 1/30 Steam 0-135'F [26]
INEL 1/25 Steam 2 0- 9 0* F (27]
Creare 1/15 Steam 10-135'F [161

Dattelle 1/15 Steam 10-170*F [6,8]

Dattelle 2/15 Steam 110-235'F (11,21]

CE 1/5 Steam 95-170*F [28).

Additional Saturated Water Data Expected

UnpublishedBattelle 1/15 Air --

Battelle 2/15 Steam 130*F Planned

Battelle 2/15 Air -- (21]
(Under Study)

Each point in Figure 29 represents the complete bypass point for one delivery
curve, i.e., for nne f acility, ECC stibcooling, injection rate, and vessel pressure.
The values of f have been calculated with the assumption that C=0.40 at all scales.
All pressures and ECC subcoolings are represented in Figure 29 but we have restricted
the injection rates to t he range 0,10<Jjgg<0.13 The interval shown for a few of the
data points represents only the additional uncertainty introduced iri determining the
complete bypass point; the uncertainty of the delivery data themselves has not been
included.
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rigure 29 reveals that the f actor f lies in the range 0.1<f<0.3 in f acilities
f rom 1/30 to 2/15 of PWR secle. Within that range, the scatter in f obscures any
likely dependence on scale. Based only on Figure 29, the factor f may be constant,
a function of J}in, or it may also depend on other dimensionless parameters or scale
in some yet undetermined way.

Figure 29 is helpful because it summarizes a large body of data, but it is also
misleading because it represents a number of geometries and test procedures. Some
selected data comparisons follow.

I
Figure 30 compares Creare data at two scales for highly subcooled water. The

|dif ference between the two data sets is small. Data repetition m.ight be desirable to
confirm the accuracy of the 1/30-scale data which represent very early tests before
definitive test procedures had been established.
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Figure 31 compares Battelle data at 1/15 and 2/15 scalen. The solid symbols
represent " steady-state" tests where the lower plenum liquid is pumped out and the
operator attempts to manually hold the lower plenum liquid at a constant level by
adjusting a valve. Since this procedure is known to introduce operator error and
also alters the system dynamics (15), we have also compared these data with a set of
Battelle " plenum filling" tests where the lower plenum drain is closed and the vessel
simply fills up. Figure 31 shows that the data f rcn the two scales overlay when the

,|same (steady state) test procedure is followed. However, there is a marked difference
between data obtained with the two test procedures. (There were no Battelle 1/15-scale |

data taken .in the plenum filling mode under equivalent injection conditions.)

Figure 32 compares Creare 1/15-scale data with Battelle 2/15-scale data, flere
again data at dif ferent scales overlay well as long as the tests were performed with
the same test procedure. In this case only plenum filling data can be compared.
(Delieving that the steady-state mode is unreliable, Creare runs tests only in the
plenum filling mode. ) Figure 33 compares Patte11e and Creare 1/15-scale data taken
in the s teady sta te and plenum filling modes respectively. As at 2/15 scale, the steady
state data lie well above the plenum filling data. Battelle 1/15-scale plenum filling

limited to a single point and have therefore not beendata at thin injection rate are
included in thin comparison. However, plenum f1111ng data obtained by Battelle (33)
at various injection rates are consistent with Creare plenum filling data, but are not
compared directly here because corresponding data at the same injection rates are lacking.
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l In the interests of brevity we have included only the prime rance of ECC iniection
! ra+ es in thin assessment of data. The data at other injection rates are similar in

content and trends

The main purpose of this preliminary assessment of subcooled water has been to
identi fy gaps in the data base for scaling the ef fects of condensation on counter-
current flow, We conclude that:

1) the factor f is much smaller than the value unity given by simple " equilibrium"
models; a value of 0.16 is appropriate for the data presented in thin report,

2) the data base is large and displays considerable scatter in the factor f which
obscures clear trends in f,

3) for small 1/30 to 2/lS-scale f acili ties , the correlation factor f may well
be a constwit, or at most a function of Jpf but additional data will be
needed to demonstrate this trend convincingk3,y,

4) selected L'ta comparisons suggest that the effects of condensation at different
physical scales are indeed adequately accounted by representing the data on J*
coordinates, but here too additional data will be needed to make a convincinq
scaling demonstration,

5) data taken in the steady state mode differ significantly from plenum fillino
data, at all scales tested,

6) data obtained by different investigators using the same test model overlay well,

7) additional da.ta at significantly larger scale are desirable.

36

. _ . . . . . . . . . . _ . . . . . . . _ _



_ _ _ _ _ _ _ _ _ _ ___-__- -

S S UMM?.R Y OF SPECIFIC FINDINGS ON COUNTERCURRENT FLOW

Countercurrent flow data have been obtained and analyzed to study the separate
processes of flooding (with saturated water) and condensation. A number of new data
correlation concepts have been introduced in this report. These concepts have been
shown to be useful by comparison with a selected body of data, taken over a very wide
range of pressures and subcoolings, that we obtained specifier.11y for this purpose.
Further development and extension of these concepts and comparisons with all available
data are needed.

Pelative to flooding of saturated water we find that:

1) water delivery is insensitive to injection rate in the range 0.05<J * '
fin

2) water delivety is insensitive to vessel pressure in the range 15<p <65 psia,g

3) an abrupt t ransition to full delivery at a steam or air flux of about JIje=0.04
has been observed in three independent facilities, at three different scales,

4) in the range from 1/30 to 1/15-scale, both the complete bypass points and
the comple te delivery limits are well represented by J* scaling,

5) available 1/10-scale annulus date and 2/15-scale vessel data are consistent
wi th J * scaling, but the former data do not include ECC injection and the
latter data are too limited and have excessive scatter to verify J* scaling
at 2/15 scale.

Pelative to the additional effects of condensation on delivery, we find that:

6) a concept where the supplied steam flux J|ye is reduced due to condensation to
an "ef fective" steam flux J,* continues to be an appropriate .way to correlate',data,

7) this steam flux " reduction", which has in the past been expressed as a function
of thermodynamic ratio, pressure and injection rate, can be simplified to
exclude pressure,

0) this concept has been demonstrated to the extent that data for various pressures
and subcoolings can be represented by thermodynamic ratio rather than pressure
or subcooling independently,

| 9) a particular correlation approach which involves sequential treatment of the
complete bypass points and the partial delivery range has been useful in
analyzing the data,

10) this approach leads to factors f representing the complete bypass points and m
representing the slopes of the delivery curves which for a particular injection
rate are respectively a constant and a function only of thermodynamic ratio.

11) however, available data for different water injection rates indicate possible
additional ef fects of that parameter when there is condensation; these effects
need to be incorporated in the correlation concepts as they have been in past
correlations,

12) statistical studies by Battelle also suggest that the pressure could be excluded
frm the f actor f,
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13) the Dattelle correlation may be improved by refining m,

14) if the data base is viewed in its entirety, there is far too mu-" scatter
to identify t.he proper scaling of the condensation f actor f,

15) however, relected comparisons of data obtained with similar test procedures

suggest the possibility that f may depend only on J|in and thus may be
otherwise independent of scale; additional data and data analysis are needed
to verify this idea.

Itelative to the availability of data necessary for analysis we find that:

16) extensive dat.a are available at 1/30, 1/15 and 2/15 scales and that two in-

vestigators have independent sets of data at 1/15 scale,

17) there are important dif ferences in testing modes which need to be considered
in comparing data, particularly when assessing scaling,

18) additior.a1 data taken only in tha plenum-filling mode are needed and should
bn compared independently from " steady-state" data,

19) independent comparisons of data taken only in the steady-state mode may also
be useful if the data base is carefully restricted to recent tests where
greater attention has been paid to level control,

20) some data have been obtained at vessel pressures near the boiler pressure
where the steam supply is unchoked and hence unsteady; these data need to
be isolated in data comparisons because it is not certain that they are
equivalent to tests with steady steam flow,

21) the primary basis for data comparisons should be tests in the "tontrolled
pressure" mode although tests with " uncontrolled pressure" are also important
since they do not involve break variation or active pressure control and
therefore help to validate the methods of controlling pressure,

22) very early data taken by all investigators (before proper test procedures
were established) are suspect,

23) standard values of the main parameters have not been established, leading to
slightly dif ferent conditions being tested at dif ferent scales,

24) recent data obtained by different investigators agreed closely as long as the
tests were performed in the same mode and with the same values of the para-
meters,

25) additional 2/15-scale data for saturated water would be desirable,

26) recent 2/15-scale data with a scaled lower plenum are a good example of the
ranges of subcoolings needed and available plenum filling data with a deep
lower plenum should be extended to include this range,

27) extended rangen of injection rate at various pressures need to be tested at
seve ral f acilities ,

28) some additional data are needed at 2/15-scale to extend existing data sets to
and beyond complete bypass.
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F.i nal ly, we want to emphasize two key points. First, whJle an understanding of
tJie physics may be generated more quickly and cheaply in small-scale facilities,
there is a need for a few critical verification tests at significantly larger scale.
Much of the value of the tests at small scale may be their contribution to the design
of necessary larger facilities and test programs as well as the predictive tools theyprovide. Secondly, the data analyals in this report has revealed that subcooling
may have much weaker effects on ECC bypass than suspected previously. The recommendedvalue f*0.16 indicates a very weak effect of subpooling on complete bypass and the" slope factor" m representing the partial delivery range has been found to vary
abruptly as a f unction or t hermodynamic ratio. At reasonable values of pressure and
subcooling, saturated-water dat a and subcooled water' data are similar.,
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6 CONCLUDING REMARKS ON IttPLICATIONS OF FINDINGS

preceding sections of this report have shown that the effects of ECC subcooling
and vessel pressure need not be viewed independently, but can be treated more generally
as effects of condensation. The degree of condensation and its effects on ECC bypass
are well represented quantitatively by a correlating concept that relies on thermo-
dynamic ratio.

At complete bypass the ef fect of condensation on ECC bypass is very weak. Data
in this report indicate that suppression of ECC bypass by condensation may be r(presented
by a value f=0.16 at 1/15 scale implying only 16% of the effect that would be calculated
if thermodynamic equilibrium were achieved ideally. The ECC bypass data are also
evidence of an abrupt transition in the countercurrent flow behavior near a thermo-
dynamic ratio of 1 or 2. For thermodynamic ratios below the transitional value, the
behavior is very near to that of saturated water. Insuf ficient data exist to confirm
a definite value of the transitional thermodynamic ratio in available small scale ex-
pe r imen ts . Based on the limited available data, the transition appears to occur,
for ex'mple, at an ECC subcooling of about 120*F for a vessel pressure of about 65 psia.a

ECC supply temperatures in reactor accumulators are usually designed to be in the
range 90 to 120*F. At even a moderate pressure of 65 psia this implies an ECC subcooling
entering the cold leg of about 200*F. However, the ECC is calculated to be heated
significantly when it enters the cold legs due mainly to condensation of the steam
flowing through the cold legs but also due to heat transfer f rom piping. ECC temperatures
entering the annulus may even approach saturation temperatures, as has been observed
reicatedly in the Semiscale facility (tests 5-06-1 to S-06-6 for example). Even if the
ECC temperature is somewhat subcooled, we now know that it must be significantly sub-
cooled, in excess of the transitional thermodynamic ratio, for there to be significant
suppression of ECC bypass by the condensation.

Methods to confidently scale condensation rates or their ef fects have not yet
been developed [19,29). Moreover, Section 4.2 shows that the proper scaling of con-
densation effects on ECC bypass has not yet been established even for the 1/30 to 2/15-
scale range where small scale data exist. plainly this latter situation needs to be
improved, but the more fundamental issue of extrapolating to larger scale from the small
scale tests will not be satisf actorily addressed until at least a few critical
verification data have been obtained at larger scale.

Taken together, the above factors lead us to suggest that in bounding calculations
of re fill following a postulated 1DCA, it would be prudent to take no credit for the
possible benefits of ECC subcooling with respect to ECC bypass. Howeve r, the ef fects
of ECC subcooling should be inclJded in the calculation of annulus steam flow with
appropriate allowances to account for uncertainties in modeling condensation. In the
development of best-estimate boca analyses, attention should be given to incorporating
the small-scale behavior described here.
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APPENDIX A

I
l DETAILED LITERATURE REVIEW
!

Rothe et. al. [17] reviewed the principal countercurrent flow data available
up to March 1978. Therefore, this review focuses on ef forts to correlate the data .

and updates the earlier review.
1

A.1 Correlations for Air / Water in Tubes

Wallia [A-1] first correlated countercurrent flow data in 1961. Ile 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
equation

ja + mj* =C (A1)
y f

in which ~

(A2)j* =jp [(gD(p -p )]
9 99 f g

jj =jpf g [gD(p -p )] (A3)
g

The coef ficient m was unity and the coef ficient C varied depending on the end conditions,
being 0.725 for sharp-edged flanges and 0.875 for smooth flanges, with some scatter in
be tween. In this fonnular ion j and jg are the superficial velocities of the gas andg
liquid respectively. Present correlations have maintained this general form.

Over the fears there have been ef forts to justify Equation (A1) or the use of j*
parameters in similar formulations [A-2]. Ilowever, the main justification has been

that it works; it fits data well.

Later studies by Pushkina and Sorokin [A-3], Wallis and Makkenchery [A-4], and
Richter and Lovell [A-5) showed that Equation (A1) does not always work, particularly
to correlate several sets of data from tubes with diameters in the range 2 to it inches.

(The j* parameters work well for tube diameters less than 2 inches.) Pushkina and
Sorokin [A-3] proposed the correlation K'=3.2 where K* is the Kutateladze number given
by:

K* = j p [90(p -p )] (A4)
gg f g

Wallis and Kuo (A-6] give some additional theoretical justification for the use of
K* as a scaling parameter. Figure Al shows the data comparison presented by Wallis and
Makkenchery Wuere D*=D[g(p -p )/0]h is a dimensionless diameter, the square root of theg g
Bond number.
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Recently Dukler IA-7) and Richter et. al. [22,A-5] have developed analyses of
the countercurrent flow situation for air and water. These analyses support the use
of K* parameters to scale comple e bypass. (Reference [A-5) also provides a method
for predicting the penetration s .cVes.) However, these analyses are dependent on
assumptions of flow regime. Specifically, droplet and film flow regimes have been
used based on observations in tubes with very low water flow rates [A-5,A-7). However,
these flow regimes have not generally been observed in tests in reactor vessel models
with annular geometries, ECC injection and intense condensation (6,15,A-8]. Therefore,
some additional analysis is needed to predict the flow regimes under various conditions
and to predict countercurrent flow behavior for all relevant flow regimes.

"

This brief history serves to point out the difficulty in deriving reliable cor-
relations. Almost two decades have been spent studying the " simple" situation of
coun te rcur rent flow in a vertical tube. The Lasic dimensionless parameters and
methods of analysis are emerging very slowly due to the multiplicity of possible flow
regimes as scale is varied. Real advances have been driven mainly by the acquisition
of new data taken over a broader range of geometries. We should expect a similar
situation in our efforts to correlate data from model reactor vessel geometries at
elevated pressure and with injection of subcooled ECC (key factors underlined).

A.2 Correlation of Model Reactor vessel Geometries

Distortion of the physics is inherent in most subscale model testing. In ane f fo rt to compensate for this and to build understanding of the physics, tests have
been conducted in various distorted geometries. The reference geometry is linearly
scaled--all dimensions are reduced by a common factor. Apart from vessel scale,
geometric parameters have included:

1) annulus gap size,

2) annular or unwrappd (planar) downcomer,
3) broken leg diameter,

4) lower plenum depth (or volume),
5) intact cold leg diameter,
6) lower annulus depth,
7) upper annulus height,
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8) cold leg arrangement, and

9) annulus obstructions.

Correlation of geometry has centered on the proper choice of dimensionless parameter
rather than development of equations to account for each parameter. Knowledge of the
ef fect of each parameter is reviewed' briefly below.

Effect of Annulus Gap

Early work at Dartmouth College [2), Battelle [3] and Creare [4] reported data
in terTnn of a parameter similar to that used for tubes:

P* j *
(AS)j** =

h(O 'E )1l9D f g

where the nubscript x can designate either the gas phase g or the liquid phase f. Dh

is the hydraulic diameter of the annulus, D =2s.h

However, experiments by Block and Crowley [5] in early 1975 demonstrated con-
clusively that jj parameters were ng the appropriate dimensionless parameters to use
to correlate countercurrent flow data. They chose instead to use the vessel circumference
w as the characteristic dimension and they proposed the parameter s

h

J** (A6)
(9w(D -P )]q

f g

Figures 6 and 11 of Reference (A-9] illustrate the data in jj and Jj coordinate
and demonstrate the superiority of the Jj coordinates.

These experiments were performed in a planar unwrapped annulus (parallel flat
plates) at atmospheric pressure. The gap was varied from 0.25 to 2.0 inches. It
should be noted that the gap plays a role in both the jj and Jj parameters since it
is used to calculate the superficial gas velocity j from the measured gas mass flowg
W according totg

j = W /p s W (A7)
g g g

It should also be pointed out that the choice of w in Jj was arbitrary; other dimensions
such as vessel diameter D or even annulus length L could have been chosen with equal

y

validity.

Hanson [27] also found that the jj parameters did not correlate data in the Semi-
scale facility. He chose to simply remove the gap from the jj parameters by reporting

y
data in terms of the product jjD*b.

In 1976 Block and Crowley (A-9] and Block et. al. [13] showed she Jj parameters
also successfully correlated data from a 1/15-scale cylindrical vessel (at elevated
pressures) with gaps of 0.5 and 1.0 inch.
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Cudnik et. al. (A-10] later supported this conclusion by sindlar tests in a 1/15-
-

scale cylindrical vessel with gaps of 0.59 and 1.0 inch. Tneir correlation of these
data [7] also artifically removed dependence on the gap, but was cast in terms of j *
pa rame te rs . *

Richter et. al. [22] recently reported air-water tests in a transparent annulus
fed water from a pool a(its top. The annulus was about 1/10 of PWR diameter and
gaps of 1.0 inch and 2.0 inch were tested. With respect to the effect of the gap,
these data are unacceptably correlated by the jj parameters. The two sets of data
at dif ferent gaps overlay well on Jj coordinates.

All availabic data refute the use of j{ parameters as coordinates to collapse
data f rom otherwise identical vessels differing only in annulus gap. The available
data support the use of various parameters or correlations which remcVe the e f fect of 1

gap in a manner equivalent ' to the Jj parameters.

Downcomer Configuration

Extensive tests have been performed in both annular and planar (unwrapped
annulus) geometries at 1/30 and 1/15 scale. The planar vessel data [2,33] display
tho same qualitative trends with all parameters as those exhibited by the annular
vessel data [9,12,16]. liowever, the planar geometry tends to enhance delivery relative I
to comparable tests with an annular geometry and all other parameters the same LA-12). I

I
Decause the body of annular vessel data now' exceeds that of the planar tests and

the annular configuration more closely approximates reactor geometries, we are using
the annular-vessel data as the primary data set for development of correlations.
In particular, the annular vessel data inclu?e largarranges of vessel scale, pressure,
and subcooling than do the planar vessel data. The planar vessel data are useful as a
check un parameter trends and also include certain key data such as those showing the
ef fect of gap. The planar geometry is also simpler in'some respects and therefore has
advantages for ecmparison with analyses and numerical models such as K-TIF.

Ef fect of Droken Leg Diameter

Broken leg geometry has been varied at several facilities [12,16,17,21] using
various methods to both increase and decrease break size. As expected, reduced break
size increases the time-average pressure dif ference between the vessel and containment.
Belleving that it is the vessel pressure that governs processes in the vessel, parallel
tests performed with dif ferent breaks have been controlled to the same vessel pressure.
(The containmant pressure has been adjusted as required.) Under those conditions,
break size has had little or no ef fect on countercurrent flow penetration curves as seen
for example in Figures 22-24 of Reference 16 and Figure A2.

,

*Battelle data and correlationn were presented in jj coordinates until 1978 [8]
w he. they switched to Jj coordinates. Their early conclusions supporting the use of $)
parameters, e.g., Re fe re nce [A-ll], should be interpreted in the context of the cor-
relation in use at that time. Specifically, the dependence on gap was removed so that
it was functionally equivalent to the use of Jj parameters with respect to dependence
on gap.

*
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Fiqure A2. COMPARISON OF CCF DATA FOR Two BREAK SIZES AT 1/15-SCALL:

Ef fect of Lower plenum twpth

Reference 1161 compares tes ts wit _h scaled (2 gal.) and deep (15 gal.) lower plenums.
There is little or no ef fect of the lower plenum depth in t. hose tests where delivery is
steady. (Specifically, steady delivery occurs in tests with 212*F ECC or regardless
of ECC temperature in tests with either complete bypass or nearly complete penetration.)
However, larger plenum size enhances delltery slightly when slug delivery occurs--i.e. ,
in testa in the partial penetration range with highly subcooled ECC.

tospite this slight difference, the lower plenums are interchangeable to first
order. The deep lower plenum of fers the iniportant advantage of a longer test duration
which leads to more reliable tests and reduces data uncertainty. Thus, we tend
to favor these data in deriving correlations to assess the ef fects of other parameters.

Additional Geometric parameters

Reference (1(il reports tests over a factor of 4 range of cold leg diameter (a
f actor of 250 range of injected momentum) . Figures 25 and 26 of Reference (161 show
typical data which have little or no ef fect of cold leg diameter.

Annulur length was va'ried by Crowley (2] in a 1/30-scale planar facility. He
found little or no effect on r.CC delivery. Annulus length was also a parameter in
early tests with superheated walls in the creare planar facilf y (A-13]. Additional
tests of annulus length ef fects are underway in the 2/15-scale f acility at Bat telle.
Hanson [27) also found that upper annulus length had no effect on delivery in the
Semiscale geometry.

48



. _ _

1

|
.

1

Alternate cold leg arrangements have been studied by Crowley [21, Cudnik et. al.,
[8] and Cudnik and Wooton [3] with mixed results. In some tests [2,3] a weak effect
has been indicated, but more recent data (Figure 13 from Reference [8] for example)
show no effect; if there is an effect, it lies well within data scatter (rigure 14.
f rom Reference [ 8] )',

Annulus obstructions have included hot leg plugs (8], a matrix of pins [8),
baf fles of various geometry (16,33] and lower plenum hardware [8,A-14]. The pins
enhance bypass by reducing the downcomer cross-section and the baffles tend to
suppress bypass by directing the liquid downward. The hot leg plugs and lower plenum
hardware have little or no effect.

The above " additional" geometric parameters have in common their dependence on
liquid momentum. Since cold leg diameter (which strongly and directly affects ECC
injection momentum) has little effect, it is not surprising that parameters such as,

! annulus length, hot leg plugs, or cold leg arrangement also have weak or no ef fects.
|

Those parameters such as pins and baffles which have significant ef fects do so by <

altering the gas flow, l

l
,

1
Summary of Geometric Ef fects

IAlthough a large number of geometric parameters have been studied extensively, -

most have had little impact on efforts to correlate the data. We have learned that a
deep lower plenum is helpful to get reliable data and that a large break is useful to
help control vessel pressure. We have found that the annulus gap is not an appropriate
dimension to use as a length scale to characterize ECC bypass. Finally, we have found
that we lack a reliable method to extrapolate to PWR neale using present data from
vessels in the range 1/30 to 2/15 of PWR scale.

A.3 Ef fects of Thermal and Hydraulic Parameters

Since the countercurrent flow data are reviewed in the body of the report, this l

section of the Appendix concentrates on the history of correlation development. By |identifying correlation dif ficulties faced in early work we hope to place present
modeling approaches in a broader perspective. '

!
In the earliest work [2,3,4], thece were few data and the main effort was to

explain the basic behavior. A 1974 Ba'.telle report [3] suggested direct use of the J
Wallis correlations

j*b + mj*b 1=C (AS).g L |

with C=0.8 to 1.0 and me0.77. j corresponds to jpd. The factor f was also proponed
in nearly its present form and v{alues of 0.2 to 0.6 were found to be appropriate.
Ef fects of geometry on the f actors C and f were identified.

Af ter extensive statistical study of the data, Battelle [6] concluded that different
relations were needed for low flow, low subcooling and high flow, high subcooling
rangen of the data. In the first range the modified Wallis correlation was used with

m = 0.213-0.226 In(j{}IN (A9}

C = 0. 006 [ (j {} IN/0,03]I~ * (A10)
* *

,

where ja crrespondstojjin'N

.
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In the latter range it was ceneluded that the modified Wailis correlation was un- i

satis f actory. The following relations were proposed: |

j[=)[IN~b)g ~A I IA11I
gerit

(A12)j =0.19A ' - 0.672A[0.42-j*IN)gerit

( A13)F = 1. 32 A + 20.08-(7. 35 A-0.94) j{TN ,

|

IE rly in 1976, Creare proposed the present correlation form in J* parameters, '

Equations (3) to (5). The particular values of the coefficients were

C = 0.32 (A14)

m = e xp [- 5. 6J ] (A-15)*

4
f= ( ) [7 , ) (A16),

fin

where b was 16 for planar geometries and 30 for cylindrical geometries.

Later in 1976, Battelle [7] adopted a similar form but cast in j* coordinates and
based on K* scaling.

[K/(D*) J (A17)[j*;-fAj{ygl +mij{/j{IN) =

The values of K=3.2, m=0.6932 and f=0.4198 were proposed based on a linear regression
analysis.

Shortly thereafter, Battelle [8] included additional data in the correlation and
de termined new values K= 3. 2, wo.5607, and f=0. 3202. Af ter evaluating over 20 cor-
relation forms , Battelle [8] also modified their correlation to

+ m m [j{/j *1N 18)lj*-f f Aj{yg =

f g.f

where my and ff were the coef ficients proposed by Creare. Deviation constants m=2.1252
and f=0.90 were proposed. Equation- ( A18) was shown to be a better correlation of the
data than those derived previously because subcooling and jf,7g effects were better
represented.

A further refinement was examined by Batte11e [9] in which they compared Equation
(A18) with the same equation replacing the r2ght hand side by a constant C to achieve
a form similar to the 1976 Creare correlation:

f Ij*-ffAj{IN * "f Nb!b1N# ~
g

i Each equation was fit to available 1/15 and 2/15-scale Battelle data both independently
and toget.her. The rms deviations of the two correlation equations from the data were
virtually identical. (This finding implied that the data analysis could not discriminate
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between Ja and K* scaling.) Battelle proposed that Equation (A18) continue to be '

used with coeff,'Oients K=3.2, m=2.547, and f=1.231. |
,

Late in 1977 Battelle [10) proposed the the parameter trend coef ficient should
be modified to

g = exp(-3.17(j{yg) b (A20)m

t' * 1 + 8. 9j[,1N

The change to ff was significant because it amounted to dropping the previous
dependence on pressure. They found that these changes reduced the rms deviation of
the data correlation slightly. They also found that although the rms deviation of

;Equation (A19) was lower, Equation (A18) was superior in a statistical test of the i

correlation as representative of both 1/15 and 2/15 scale data. A need for a scale
dependence different than j* was identified.

Liu of Battelle [11) recently suggested the use of Equation (A19) but with thq
j* parameters recast in terms of a new parameter I* where:

I* = j*D* ! (A22)9 9

This amounts to a compromise between j* and K* scaling.

Rothe et. al. [17] showed that saturated water data scales according to J* in the
range tested. They also pointed out that a constant value of m would be more ap-
propriate for saturated water than the functional form m(JIin) used previously. They
identified large uncertainties associated with extrapolation of data to the complete

!bypass point and also with the use of subcooled water data to deduce saturated I
water behavior. These uncertainties are most obvious when the data are analyzed
graphically, but also exist unseen when statistical analysis of the data is carried>

out numerically.

Recently, Battelle (12) recommended use of the J* parameters in a new correlations
,

(J* - f f 1J{IN +**f I[b1Ng

where: mg = exp [-6. 79Jb1N

*
f 1 + 47.78J

C = 0.426 (A26)

m = 6.49 (A27)

f = 1.84 (A28)

They continue to identify ar. undesirable scale dependence in comparing this correlation
with separate data sets from 1/15-scale and 2/15-scale vessels.
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In the present report we support the Battelle decision to drop the pressure term
f rom the f actor f and we propose significant f urther modifications based on new data
for saturated water and for subcooled water over a broad range of pressures and
subcoolings.

This history serves to show the very gradual progress being made on this topic. J

There has been a slow convergence of the Battelle and Creare correlations. Improve-
aants to the correlations and the modeling of the physics have been mainly a result
of new insights gained by acquisition and study of additional data taken under mnre
controlled conditions or over a broader parameter range than earlier data.

f
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APPENDIX D

COUNTERCURRENT FlDW DATA TABULATION

Countercurrent flow data reported here for the first time are listed in the
following tables. This consists primarily of data at elevated pressure . The in-
formation provided in each table is

TEST ID - identification numbers for each test
a

W - countercurrent steam flow rate, lbm/sec
ye

Q - volumetric water flow rate delivered to lower plenum, gpm
fd

O - v lumetric water flow rate injected into cold legs, gpm
fin

T - injected water temperature, 'F
ECC

6T - in ected water subcooling, 'r
SUD

f

p - lower plenum pressure, psiagp

p - discharge vessel pressure, psia

Jhin
- dimensi nless water flow rate injected

J* - dimensionless countercurrent steam flow

J - dimensionless water flow rate delivered to lower plenum
fd

Additional information which applies to these tables is

vessel scale - 1/16

Gap size - 0.5 in.

,

Average annulus circumference - 34.6 in.
|

2
! Downcomer flow area - 0.12 ft
i

Plenum volume - 15.3 gal.

Droken leg diameter - 1.875 in, for Tables B1, B2, and B3

Droken leg diameter - 3.0 in. for Tables D4 and D5
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TABLE B1

CCF DATA AT 30 PSTA

I # E 88'd 2 D I N U E tE'i' E (psial Jy J* JTest ID gc f fin ECC SCB LP e

2.0965 0.2022 65.5 60 82.5 163 75 6 14.5 0.1157 0.0838 0.1263
2 0966 0.3057 57.9 60 82.5 162 27.8 14.5 0 1157 0.1285 0.1117
2.0967 0.4046 48 3 60 79.5 163 26.8 14 5 0.1157 0.173 0.0931
2.0968 0.5074 46.5999 60 79.5 175 33.1 14.5 0 1157 0.1964 0.0899
2 0969 0.6046 6.1 60 80 177 34.8 14.5 0.1157 0.2286 0.0117
2.0970 0.5448 27.9 60 81 172 32.2 14.5 0.1157 0.2137 0.0538
2.0971 0.7089 0 60 82 169 31.2 14 5 0.1157 0.2822 0
2.0972 0.5712 29.5 60 82.5 171 32.4 14.5 0 1157 0.2234 0.0569
2.1 't 0.5042 38.3 60 79 5 168 29.3 14.5 0.1157 0.2067 0.0738
2.112- 0.6082 31.9 60 79.5 168 29.7 14.5 0.1157 0.2477 0.0615
2.1135 0.7115 0 60 79.5 170 30.7 14.5 0.1157 0.2853 0
2.1136 0.658 6.3999 60 81 169 30.5 14.5 0.1157 0.2647 0.0123
-2 1137 0.658 2.5999 60 79.5 170 30.7 14.5 0. 157 0.2639 0.005
2.1138 0.6253 2.5999 60 78.5 173 31 5 14 5 0.1157 0.2477 0.005
2.1139 0.6082 14.2 60 78.5 173 31.7 14.5 0.1157 0.2403 0.0273
2.1140 0 5042 30.3 60 78.5 168 29 1 14.5 0.1157 0.2073 0.0738
2 1141 0.412 56 9 60 78 166 27.9 14.5 0.1157 0.1728 0.1097
2.1142 0.4605 59 60 78 168 28.9 14.5 0.1157 0.1899 0 1138
2.1143 0.554 24 60 80 168 29.7 28.5 0.1157 0.2256 0.0463
2 11441 0.5817 37.0999 60 79.5 169 30 29 0.1157 0.2358 0.0715-
2.11442 0.5817 44.9 60 79.5 169 30 29 0.1157 0.2358 0.0866
2.1145 0.5247 45.3 60 79 5 166 28.5 28.5 0.1157 0.2179 0.0874
2 1152 0.6052 4.3999 60 115 137 31.7 29.9 0.1157 0.2411 0.0084
2.11531 0.5042 24.5999 60 116.5 134 31 29.3 0.1157 0.202 0.0474
2.11532 0.5042 29 60 116.5 134 31 29.3 0.1157 0.202 0.0559
2.11541 0.554 50.0909 60 115.5 134 30.5 29.2 0.1157 0.2236 0.0966
2.11542 0.554 14.7 60 115.5 134 30.5 29.2 0.1157 0.2236 0.0283
2.1155 0 554 6.6 60 114 137 31.3 29 2 0.1157 0.2209 0.0127
2 1156 0.412 57.9 60 113 132 28 27.5 0.1157 0.1731 0.1117
2.1157 0.658 0 60 115.5 137 32.1 29.3 0.1157 0.2593 0
2.1158 0.6253 15 60 113.5 138 31.5 29 5 0.1157 0.2486 0.0008
2.11591 0.4605 51.0999 60 116.5 132 29.9 29.3 0.1157 0.1876 0.0985
2 11592 0.4605 12.7999 60 116.5 132 29.9 29.3 0.1157 0.1876 0.0246
2.1160 0.5247 16.5 60 116.5 134 31.2 29.3 0.1157 0.2096 0.0318
2.11611 0 4369 47.4 60 112.5 132 28.1 28.3 0.1157 0.1832 0.0914
2.11612 0.4369 30.7 60 112.5 132 28.1 28.3 0.1157 0.1832 0 0592
2 11621 0.4883 9.1 60 116.5 133 30.7 29.4 0.1157 0.1965 0.0175
2.11622 0.4883 17.2 60 116.5 133 30.7 29.4 0.1157 0.1965 0.0331
2 11631 0.4883 32 1999 60 114 136 30.7 35.3 0.1157 0.1965 0.0621
2.11632 0.4883 11.6 60 114 136 30.7 35.3 0.1157 0.1965 0.0223
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I TABLE B2

CCF DATA AT 45 PSIA

w t R* /w c! Og (7p-) O tpl T (*F) iTg (* F) p (psial p (psial Qg

2.1310 .5/ W 4.0999 60 80 191 43.63 41.76 0.1157 0 2296 0.0079

2 1311 0.o879 4.0999 60 80 195 45.89 43.73 0.1158 0.2286 0.0079

2.1312 0.389? 76.6999 60 80 190 42.29 42.5 0.1157 0 1346 0 148

2 1313 0.4789 71.2999 60 80 191 43.09 43.96 0.1157 0 1639 0.1376

2.1314 0.5469 50.6999 60 SO 191 43.3 41.3 0.1157 0 1867 0.0978

2 1315 0.5759 33.7999 60 80 192 44.04 45 12 0 1157 0 1951 0.0652

2.1316 0.6829 11.7999 60 80 192 43.9 43.27 0.1157 0 2317 0.0227

2 1317 0.6899 2.7999 60 80 191 43.55 42 52 0.1157 0 2349 0.0054

2 1318 0.618 32.-2999 60 80 190 42.4 40.78 0.1157 0.213 0.0623

2.1319 0 652? 19.5 60 80 187 40.64 41.11 0.1157 0.2296 0.0376 |

2 1320 0.8 09 0.1999 60 80 193 44.92 43.01 0.1158 0.2822 0 0003
'

'

2.1321 0.9169 0 60 80 192 44.3 40.68 0.1158 0.3097 0

2 1322 0.8129 0.0999 60 80 191 43.42 39.31 0.1157 0 2772 0.0001

2 1323 0.7749 0.1999 60 80 191 43.48 41.54 0.1157 0.2641 0 0003

2.0973 0.6127 18.5 60 138 134 43.8 14.5 0.1158 0 2094 0.0357

2.0974 0 4046 50.1999 60 138.5 126 38.9 14.5 0.1157 0 1462 0 0968

2 0975 0.5074 20.7999 60 140 132 44.2 14.5 0.1158 0.1727 0 0401

2 0976 0.3057 56.9 60 139 135 45.6 14.5 0.1158 0.1025 0 1098

2.0977 0.2821 61.0999 60 139.5 134 45.2 14.5 0 1158 0 095 0.1179

2 0978 0.7555 0.6 60 140.5 139 49 14 5 0.1158 0.2451 0 0011

2.0979 0.8578 0 60 141 139 49.5 14 5 0 1158 0 277 0

2.11791 0.5042 30.9 60 139.5 134 44.7 44 1 0 1158 0.1707 0.0596

2 11792 0.5042 26 5 60 139.5 134 44.7 44 1 0.1158 0.1707 0.0511

2.1100 0.6082 1.9 60 139.5 134 45.3 44 1 0.1158 0 2047 0.0036

2.1181 0.554 5.8 60 139.5 135 45.9 44.5 0.1158 0 1852 0.0111

2.1182 0.5247 6.6999 60 139 136 46.3 44 7 0.1150 0.1747 0.0129 t

2.11831 0.412 51 60 139 133 44.3 44 7 0.1158 0 1401 0 0984

2.11832 0.412 29.4 60 139 133 44.3 44.7 0.1158 0.1401 0 0567

2.11841 0.4605 31.5999 60 139 135 45.3 44.9 0.1150 0.1549 'O.0609

2.11842 0.4605 15.1 60 139 135 45.3 44.9 0.1158 0.1549 0.0291

2.1185 0.4239 45.5 60 139.5 133 44.5 45 1 0.1158 0.1482 0.0878

2.1186 -0.357 53 9 60 139.5 134 44.9 45 3 0.1158 0.1206 0 104

2.1187 0.3093 48.1999 60 139.5 134 44.9 45 5 0.1158 0 1045 0.093

2 1188 0 2527 54.8 60 139.5 134 44.9 45.5 0.1158 0.0854 0 1057

2.1189 0.2065 54 8 60 139.5 134 44.9 45 7 0.1158 0.0697 0.1057
'

2.1190 0.5145 9.3999 60 139.5 136 46.1 45.1 0.2158 0.1717 0.0181

2.1191 0.7115 1 60 138.5 141 49.1 45 5 0.1150 0.2305 0.0019

2.1192 0.8141 2.4 60 138.5 135 45.1 41.1 0.1150 0.2744 0.0046

2.11941 0.5042 9.3999 60 140.5 133 45.1 44 5 0.1158 0.17 0.0181

2.11942 0 5042 13.2 60 140.5 133 45.1 44 5 0.1158 0.17 0.0254

- - _ _ _ _ _ _ - _ _ _ - _ _ _ - _ _ - _ - _ _ _ _ _ _ _ - _ - - _ _ _ _ _ . _ _ - - - _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ _
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TABLE B2 (continued)

CCF DATA AT 45 PSIA

E E'

Test 1D fd fin ECC SUB LP c in c

2.0943 0.5074 9.7 60 150.5 126 47.2 14.5 0.1158 0.1677 0.0187
2.0944 0.4046 40.3 60 151.5 115 40 14.5 0 1157 0.1445 0.0777
2.0945 0.3057 55 60 150.5 127 48.2 14.5 0.115e 0.1001 0.1061
2.0946 0.4453 10.0999 60 151 126 47.7 14.5 0.1158 0.1465 0.0349
2.0947 0.6589 0.6 60 151.5 129 50.4 14.5 0.1158 0.2113 0.0011
2.0948 0 264 55 60 152 126 48.1 14.5 0 1158 0.0865 0.1061
2.11951 0.5042 12.8999 60 149 121 42.7 41.7 0.1157 0.1746 0.0248
2 11952 0.5042 11.1 60 149 121 42.7 41.7 0.1157 0.1746 0.0q14 ,2.1196 0.7115 1.5999 60 148 126 45.3 42.1 0.1150 0 2397 0.003
2.1197 0.3093 51.9 60 149 121 42 9 43.5 0.1157 0 1069 0.1001.
2.11981 0.412 36.4 60 149.5 122 43 5 43.3 0.1158 0.1415 0.0702
2.11982 0.412 18.5 60 149.5 122 43.5 43.3 0.1150 0.1415 0.0357
2 11991 0.4605 7.0699 60 149.5 123 44.5 43.5 0.1158 0.1564 0.0136
2 11992 0.4605 13.2 60 149.5 123 44.5 43.5 0 1158 0.*564 0.0254
2.1200 0.2065 61.099 60 149.5 122 43.9 43.7 0 1158 0.0706 0.1179
2 1201 0.2527 57.9 60 148.5 122 43.1 43.7 0.1157 0.0871 0.1117
2.12021 0.4369 17.7999 60 148.5 122 43.1 43.1 0.1157 0.1507 0.0343
2.12022 0.4369 15.7 60 148.5 122 43.1 43.1 0.1157 0.1507 0.0303
2.1203 0.6082 1.5 60 149.5 124 45 1 43.3 0 1158 0.2054 0.0028
2.1204 0.357 37.0999 60 150.5 120 43 1 43.3 0.1157 0.1231 0 0716
2 1205 0 8141 0.3999 60 151 125 47.1 44 1 0.1158 0.2694 0.0007
2.0949 0.2057 45.8 60 208.5 71 49 2 14.5 0.1158 0.1002 0.0884
2.0950 0.269 39.0999 60 211 64 46 3 14.5 0.1158 0 089 0.0754
2.0951 0.2022 56.9 60 210.5 64 46 14.5 0.1158 0.0684 0.1098
2 0952 0 .1 ',8 56.9 60 210 65 46.4 14.5 0.1158 0.0532 0.1098
2.0953 0.4046 5.5 60 209.5 73 51.3 14.5 0.1158 0.1301 0.0106
2 0954 0.3453 6.6 60 209.5 67 47.3 14.5 C.1158 0 1153 0.0127
2 0955 0.3153 12.2 60 209.5 67 47.3 14 5 0.1158 0.1052 0.0235
2.0956 0.6589 0.3 60 208.5 78 55.1 14.5 0.1150 0.2048 0.0005
2.1095 0.4115 4.6 60 213 65 48.2 14.5 0.1158 0 1363 0.0088
2.1096 0.5091 1.7 60 213.5 66 49.2 14.5 0.1158 0.167 0.0032
2 1097 0.6093 0 60 214 65 49.2 14.5 0.1150 0.1999 0
2.1098 0.5514 0 60 214 62 46 6 14.5 0.1158 0.1855 0
2.1099 0.4568 1.5999 60 214.5 57 43.9 14.5 0.1158 0.1581 0 003

_ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ - - - _ _
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TABLr 91t

CCP DATA AT 55 PSIA

NM # 9 9 8 I irtf fin ECC St@ LP cTest ID

2 1204 0.7487 36 60 79.5 222 68.5 66.7 0.1158 0 2065 0.0695

2.1285 0.8185 33.9 60 80.5 220 67.1 64.7 0.1158 0 2279 0.0654

2.1286 0.9211 1.2999 60 80.5 221 68.5 64.5 0.1158 0.254 0 0025

2 1287 0 9639 0.5 60 80 219 65.5 61.7 0.1158 0.2714 0.0009

2 1269 1 0048 0.5 60 dO 218 64.5 61.3 0.1150 0.2849 0.0009

2 1290 1 0439 0.5 60 80 217 63.9 59.9 0.1158 0 2973 0.0009

2 1291 1 1877 0.3 60 80.5 219 66.5 61.9 0.1158 0.3321 0 0005

2 1292 0.6837 39.6999 60 80 220 66.9 65.5 0.1158 0 1906 0.0766

2.1293 0 6082 55 60 78.5 220 65.3 64.5 0.1158 0.1715 0.106)
2 1294 0.621 53.0999 60 79 222 67.5 66.3 0 1158 0.1724 0.1025

2 1295 0.676 55 60 79.5 218 64.1 63.5 0.1158 0 1923 0 1061

2 1296 0.838 26.5 60 79.5 220 66.3 62.5 0.1150 0 2346 0 0511

2 1297 0.8442 3.8 60 81 218 65.9 62.1 0.1158 0.237 0.0073

2 11641 0.6082 47.4 60 130.5 169 65.9 66.3 0.1158 0 1717 0.0915

2 11642 0 6082 22.4 60 130.5 169 65.9 66.3 0.1158 0.1717 0.0432

2.11651 0.5042 55.9 60 130 167 64.3 65 3 0.1158 0 1439 0.1079

2 11652 0.5042 27.9 60 130 167 68.3 65 3 0.1158 0.1439 0.0538

2 1166 044605 48.3 60 129.5 168 64.3 65.7 0.1158 0.1314 0.0932

2 1167 0 412 50.0999 60 128.5 169 64.3 65.7 0.1158 0.1176 0.0967

2 11681 0 7115 19.9 60 129.5 170 66.1 65.9 0.1158 0.2005 0.0384

2 11682 0 7115 0.8999 60 129.5 170 66.1 65.9 0.1158 0 2005 0.0171

2 11691 0 658 10.2999 60 130 169 65.7 65 7 0.1158 0 186 0.0198 ,

2 11692 0 658 17.9 60 130 169 65.7 65.7 0.1158 0.186 0 0345 j

2.1170 0 658 3.9 60 130 169 65.7 65 3 0.1158 0 186 0.0075 |

2.11711 0.7115 1.7999 60 132 168 66.9 65.9 0.1150 0 1995 0.0034

2 11712 0.7115 4.8999 60 132 168 66.9 65.9 0.1158 0 1995 0.0094

2.1172 0.6253 8.3999 60 130.5 168 65.3 65.3 0.1158 0 1772 0.0162

2 11731 0.6082 37 60 129.5 168 64.5 65.3 0.1158 0 1734 0.0714

2.11732 0.6082 26.5 60 129.5 168 64.5 65.3 0.1158 0.1734 0.0511

2 11741 0 6253 36.1999 60 130.5 167 64.7 65.1 0.1158 0.178 0.0698

2 11742 0 6253 26.0999 60 130.5 167 64.7' 65.1 0.1158 0 178 0.0503

2 11751 0.8141 6.3 60 130.5 167 64.3 64.1 0.1158 0 2324 0.0121

2.11752 0 8141 4.8 60 130.5 167 64.3 64.1 0.1158 0.2324 0.0092

2.1176 0.8576 3.8 60 130.5 167 64.3 64.3 0.1158 0.2449 0.0073

2.1177 0.9548 0.6 60 130.5 168 65.5 63.9 0.1158 0 2703 0.0011

2 1178 1 0124 0.8999 60 129.5 170 66.3 63 7 0.1158 0.2849 0.0017

_ _ _ _ _ . _ . ._ - - _ - . _ - _ - _ _ - - _ . _ - _ _ _ - _ ._ - - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ . - _ . . . _ _ _ - - _ - _- . ___
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TABLE B3 (continued)

CCF DATA AT 65 PSIA

* 9 9 E PTet ID ge f fin ECC SUB LP c in

2.0982 0.5074 11.0999 60 162.5 133 62.5 14.5 0.1158 0.1475 0.0229
2.0984 0.4341 42.1999 60 165.5 132 64.7 14.5 0.1158 0.1242 0.0814
2.0985 0 4563 18.7 60 165 5 130 62.3 14 5 0.1158 0.1329 0.0361
2.0986 0.6046 56 60 165.5 131 63.8 14.5 0.1158 0.1742 0.0108
2.0987 0.7555 1.2 60 166.5 134 67.5 14.5 0.1158 0 212 0.0023
2.0988 0.4046 47.4 60 166.5 132 65.1 14.5 0.1158 0.1155 0.0915
2.3989 0.3453 61.0999 60 167.5 129 63.5 14.5 0.1150 0.0997 0.1179
2.12061 0.6253 13 8999 60 162.5 134 63.3 62.3 0.1158 0.1807 0.0268
2.12062 0 6253 6.8999 60 162.5 134 63.3 62.3 0 1158 0.1807 0.0133
2 12071 0.412 42.5 60 161.5 133 61.7 63.1 0.1158 0.1203 0.082
2.12072 0.412 25.7999 60 161.5 133 61.7 63.1 0.1158 0.1205 0.0498
2 1208 6.3093 42.5 60 161.5 136 63.9 65.5 0.1158 0.089 0.082
2.1209 0.2527 54 40 162 135 63.9 65.1 0 1158 0.0727 0.1042
2 1210 0.357 47.5999 60 162 135 63.9 65.1 0.1158 0.1027 0.0919
2.12111 0.5042 16 60 162 135 63.9 64.5 0.1158 0.145 0.0308
2 12112 0.5042 13.6 60 162 135 63.9 64.5 0.1158 0.145 0.0262
2.1212 0.7115 03 60 160.5 140 66.9 65.9 0.1158 0.2003 0.0005
2.12131 0.4605 26.5 60 162.5 135 64.5 65.7 0.1158 0.1319 0.051t
2.12132 0.4605 19.2999 60 162.5 135 64.5 65.7 0.1158 0.1319 0.037.1
2.1214 0.658 1.5999 60 164 136 66.9 65.9 0.1158 0.1853 0.003
2.1084 0.3602 52 60 214 82 63.2 14.5 0.1158 0.1075 0.1003
2 1085 0.2815 53.9 60 212 5 85 64 14 5 0 1158 0.0817 0.104
2.2006 0.238 52 60 213 84 63.9 14 5 0.1158 0.0691 0.2003
2.1087 0 2021 53.9 60 213 84 63.8 14.5 0.1158 0.0587 0.104
2.1088 0.1685 54.9 60 213.5 83 63.6 14.5 0.1158 0.049 0.1059
2.1089 0 5091 13.5 60 214 85 65.7 14.5 0.1158 0.146 0.026
2.1090 0.4568 9.1 60 211 87 65.2 14.5 0.1158 - 0.1314 0.0175
2 1091 0.4115 25.0999 60 211.5 86 64.5 14.5 0 1158 0.119 0.0484
2.1092 0.6621 1.0999 60 212 91 69.3 14 5 0.1158 0.1852 0.0021
2 1093 0.6093 4.5 60 212.5 85 64 14.5 0.1150 0.1768 0.0086
2.1094 0.7100 0 60 213 90 69.3 14.5 0.1158 0 1988 0

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ ___ __. ___ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE B4

SATURATED ECC CCF DATA AT ELEVATED PRESSURE (ENLARGED BREAP:)

W (16/sec) O E E" "' E "' hg fd fin ECC 5"B LP c fin

2.1354 041021 54.8 60 243.5 3 29.1 28.9 0.1157 0.0431 0.1057
2.1355 0.1123 52 9 60 243.5 4 29.7 29.3 0.1157 0.047 0.102
2.1356 0.1771 12 60 -245 6 ~31.5 30.3 0.1157 0.0721 0.0231
2.1357 _0.1516 19.2999 60 245 6 31 30.3 0.1157 0.0622 0.0372
2.1358 0.2516 5.5 60 246.5 8 33.1 31 1 0.1157 0.1001 0.0106
2.1359 0.5599 0.6 60 245 16 36.7 30.9 0.1157 0.2121 0.0011
2.1360 0.0862 57.9 60 243.5 6 30.3 29.8 0.1157 0.0357 0 1117
2.1361 0.1371 39 60 243.5 8 31 7 31 0.1157 0.0556 0.0752
2.1362 0.3853 1.9 60 243.5 14 35 30.3 0 1157 0.1492 0.0036
2.1363 0.453 1.2999 60 246.5 13 36.1 30.5 0.1157 0.173 0.0025
2.1347 0.1407 52.9 60 290.5 to 67.1 66.7 0.1158 0.0407 0.1021
2.1348 0.2827 18.0999 60 295 7 68.1 66.9 0.1158 0.0813 0.0349
2.1349 0.2188 25.5 60 293.5 8 67.9 67 1 0.1158 0.063 0.0492
2 1350 0.3774 5.1 60 290.5 11 67.9 65.9 0.1158 0.1086 0.0098
2.1351 0.5482 1.9 60 290 12 68.9 65.7 0.1158 0.1567 0.0036
2 1352 0.6899 1.2999 60 296 9 72 67.5 0.1158 0.1935 0.0025
2.1353 0.4716 3.1999 60 295.5 8 70.3 68.5 0 1158 0.1337 0.0061

5
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TABLE B5

SUBCOOLFD CCF DATA AT LOh' PRESSURE (FNLARGFD EFEAK)

,n.Il M/FeCl Og { gm) O g g;e) g ('F) '? g 'F) p fpial p (psia) J J* JW Ty, g g

2.0894 0 3057 27 3s 77 135 15.1 14.5 0.0570 0.1713 0.052
2.0895 0.3453 4.1 30 77 135 1%2 14.5 0.0578 0.1929 0.0079
2.0896 0 3231 10.5 30 77.5 135 15.3 14.5 9.0578 0.1799 0.0202
2.0897 0.3153 25.0999 30 78.5 133 15 14.5 0.0578 0.1773 0.0484
2.0898 0.2908 32.1999 30 78.5 133 14.9 14 5 0 0578 0.1641 0.0621
2.0899 0 2992 29.5 30 79.5 132 15 14.5 0.0578 0.1683 0.0549
2 0900 0.4046 28 30 80 133 15.5 14.5 0.0578 0 224 0.0054
2 0901 0.4563 0 30 81 133 16 14.5 0.0578 0.2488 0
2.0778 0.4567 0 60 80 139 17.4 14.5 0.1157 0.2391 0
2.0779 0.3057 55.4 60 82 132 15.8 14.5 0.1157 0 1678 0 1060
2.0780 0.4046 39.0999 60 81.5 132 15.6 14.5 0.1157 0.2234 0.0754
2.0781 0.4284 16.2999 60 82.5 132 15 9 14 5 0.1157 0.2343 0.0314
2.0782 0.4453 1.2999 60 82 132 16 14.5 0 1157 0.2429 0.0025
2.1783 0.3453 40.5999 60 81 131 15.4 14.5 0.1157 0.1918 0.0783
2.0?84 0.2732 60 60 82 130 14.9 14.5 0.1157 0.1542 0.1157
2.07b*i 0.3453 46.4 60 80 133 15.6 14.5 0.1157 0.1906 0.0895
2.0786 0.4341 0 60 81.5 133 15.9 14.5 0.1157 0.2375 0
2.0787 0.4284 3.5999 60 81.5 132 15.6 14.5 0.1157 0.2365 0.0069
2.0708 0.4167 6.3999 60 81 133 15.9 14.5 0.1157 0.2279 0 0123
2.0789 0.4226 5.5 60 82.5 133 16.3 14.5 0.1157 0.2285 0.0106
2.0790 0.4046 17.0999 60 82.5 134 16.8 14.5 0.1157 0.2157 0.0329
2 0902 0.3453 56.4 60 77 135 14.8 14.5 0.1157 0.1955 0.1087
2.0903 0.4046 27.5 60 78 135 15 5 14.5 0.1157 0.224 0.053
2.0904 0.456:: 3 60 78.5 135 15.7 14.5 0.1157 0.251 0 0057
2 0905 0.4226 32.1999 60 80 132 15.1 14.5 0.1157 0.2369 0.0621
2.0906 0.3057 5'3 60 82 130 14.9 14.5 0.1157 0.1726 0.1022
2 0907 0.2908 57.9 60 82 5 129 14.8 14.5 0 1157 0.1647 0.1116
2.0908 0.5074 0 60 83.5 131 16 ' 14.5 0.1157 0.2768 0
2 0909 0.4226 12.7 60 84 130 15.8 14.5 0.1157 0.2319 0.0244

6
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