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STEAM-WATER MIXING AND SYSTEM HYDRODYNAMICS PROGRAM

by

Robert P. Collier, Joseph A. Dworak,
Lawrence J. Flanigan, Jim S. Liu,
and Aryeh Segev

ABSTRACT

During this quarter we analyzed results from high bypass air-
water tests and from low subcooling steam-water tests in the 2/15-scale
model, continued development of a mechanistic model for ECC penetration,
and analyzed results from steam-water tests in the simple tube facility.

The experimental efforts during this quarter were directed to
completion of the installation of the annulus void measurement system and

the instrumented spool piece for the break leg, and subsequent check out
and acquisition of initial data.
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During this quarter, results of a countercurrent flow conden-
sation study were incorporated into the mechanistic model for ECC pene-
tration which is currently under development. Results of calculations
made with the revised mechanistic model were compared with data from
neutral wall experj.ents. Relatively good agreement was shown.

Results of countercurrent flow flooding tests in 2-6 inch I.D.
tubes were reviewed. Both steam-water and air-water tests were performed.

A hysteresis effect is clearly indicated for steam-water flooding data.

Testing and Data Reduction

The experimental efforts during the quarter were directed
toward completion of the installation of the anpulus void distribution
(VDM) system and completion of the instrumented spool piece for the
broken leg. Initial shakedown tests utilizing the advanced instrumen-

tation were completed.

RIL Support and Technical Assistance

BCL staff assisted in review of final material for the RIL

summarizing small scale ECC bypass research results.

Acquisition and Application of Advanced Instrumentation

The three beam gamma densitometer for the break leg spool piece
was received and ipstalled. The annulus VDM system was completed and

installed during the quarter.
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INTRODUCTION

The U.S. Nuclear Regulatory Commission is responsible for asses-
sing and assuring the safety of nuclear reactors under abnormal conditions
such as a postulated lose-of-coolant accident (LOCA), as we!l as under normal
operating conditions. Prediction of the thermal-hydraulic behavior of the
reactor system following such a LOCA is of particular interest, and NRC
supports a very large research effort aimed at increasing that predictive
capability. In the Steam-Water Mixing and System Hydrodynamics Program
currently in progress at Battelle-Columbus Laboratories (BCL) both analytical
and experimental work are directed toward a more thorough understanding and
description of steam-water interaction and its influence on the effectiveness
of emergency core cooling systems under LOCA conditions. The phenomena of
ECC penetration and bypass are of primary interest.

Fiscal Year 1979 activities include identification and establish-
ment of the physical basis for scaling ECC bypass phenomena, development of
and understanding of condensation and vaporization processes in the downcomer,
determination of the validity of using steady-state results to predict trans-
ient behavior, and preparation of a summary technical report for the planned
Research Information Letter (RIL).

The scope of technical werk on the program has been subdivided
into four tasks: (1) Analysis, (2) Testing and Data Reduction, (3) RIL
Support and Technical Assistance and (4) Acquisition and Application of
Advanced Instrumentation.

The quarterly Progress Reports consist of two parts, the first
is a description of activities and progress during the quarter in the
technical tasks. This part is more informational in nature as results are
presented as early as possible to expedite the dissemination of data and
analyses. The second part is a discussion of a specific topic or topics
important to meeting the overall program objectives. In this sense, the
second part is a "mini-topical" which may include results of work completed

during several quarters. This part is more interpretatiunal in nature.

xii



This report summarizes progress made on the program during the
quarter ending September 30, 1979, for the individual technical tasks.
Although progress is reported by task, it should be recognized that there

is significant interaction between the tasks in both the scope and conduct

of the research. A section discussing countercurrent flow air-water and

steam-water tests in tubes is also included.
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PART 1

Progress for the Quarter

July 1, 1979 - September 30, 1979




TASK 1.0 ANALYSIS

Objectives

The objectives of this task are to:

(1) Develop an improved theoretical understanding
of steam-water interaction phenomena,

(2) Analyze and correlate the experimental data obtained
from the studies conducted under Task 2.0,

(3) Evaluate and interpret experimental data from
offsite steam-water mixing experimental efforts, and

(4) Use this knowledge to verify and improve current

LCCA/ECC analysis methods.

Work During Quarter

During this quarter we analyzed results from high bypass air-water
tests and from low subcooling steam-water tests in the 2/15-scale model,
continued development of a mechanistic model for ECC penetration, and analyzed

results from steam-water tests in the simple tube facility.

Analysis of High Bypass Air-Water Tests in the 2/15-Scale Model

Nominal operating conditions for 2/15-scale high bypass air-water
tests are listed in Table 1. The operating conditions were selected to
study penetration dependence on ECC water injection rate and temperature.
The tests were conducted in the plenum fill mode with the oversized break
leg and with VDM probes in the annulus. The penetration data are plotted in
Figures 1 through 6 and are listed in Table A-1l.

Temperature and Flow Rate Effects. Examination of Figures 1

through 3 reveals that for low-to-medium reverse core air flows the pene-

tration to the lower plenum is dependent upon ECC water temperature. The



TABLE 1 . AIR-WATER PLENUM FILL TEST MATRIX--NOMINAL CONDITIONS *

———— ———_ —
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Test Pressure Temp., Flow Rate, JLi J
No. kPa c gpm " g
%
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o._-g = - e
=]
3 58 210 250 0.064 &3
% w &%
4 LR 70 380 0.098 g2
o
P 5 nt
5 g = 135 380 0.098 e
(=% g-w
" A2 210 380 0.098 "8
5 S
7 °u 70 480 0.120 ® 3
: ¥
- E € 135 480 0.120 & &
¥ Y
9 = v 210 480 0.120 -
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9

effect is observed for the three different injection rates tested.
Specifically, increased ECC water temperature results in a decrease

in penetration to the lower plenum. This behavior has been observed
in 1/15-scale studies reported earlier (for example, see NUREG/CR-0565,
BMI-2013, Appendix A). The decrease in penetration at higher water
temperatures may be due to evaporated water vapor which increases the
equivalent mass flow rate of the air. A more detailed discussion is
presented below.

The data are replotted in each of Figures 4 through 6 for a
constant water temperature and three injection flow rates. For these
air-water flow rates the penetration rate is independent of the injected
water flow rate. This 2/15-scale behavior is also consistent with the
1/15-scale data referenced above.

The data in Table A-l were analyzed with the NLINMLE program
using the Wallis correlation. The data and correlations are compared

o J*I/Z

meters are given in Table 2. Examination of the parameters reveals

coordinates in Figures 7 through 9. The calculated fit para-

that an increase in ECC water temperature results in an increase in

the m and C values for the correlation.

Possible Effects of Evaporation on Air-Water Penetratior Data. Both

1/15- and 2/15-scale data show that increased ECC water temperature decreases
penetration to the lower plenum. This temperature effect is evident whether
the data are plotted on J* or K* coordinates. The J* parameter accounts for
density changes with temperature while the K* parameter contains both a density
and surface tension term. Comparisons of the data using J* and K* parameters(l)
show that the temperature effect is decreased when the K* parameter is used,
but the same trend of decreased penetration with increased water temperature
can still be observed. These results indicate that surface tension and
density variations with temperature are not the only water properties affecting |
penetration.

It has been suggested .ently that the addition of evaporated water
vapor to the reverse core air flow might explain the air-water temperature-

dependent penetration. In the present 2/15-scale facility the cemperature of

the reverse core air entering the vessel is normally maintained within a
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TABLE 2. WALLIS CORRELATION PARAMETERS CALCULATED FROM 2/15- SCALE.
AIR-WATER PLENUM FILL TESTS--J* PARAMETERS

. Pv,  Tiin,
JLin, kPa C m C
0.064 - 0.120 170 25 0.7256 + 0.0540 0.2970 + 0.0079
0.064 - 0.120 190 57 0.9099 + 0.0572 0.3124 + 0.0064
0.064 - 0.120 204 93 0.9812 + 0.0572 0.3154 + 0.0059

€1
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narrow range (typically 25 C # 10 C). If the injected ECC water temperature
is higher than th- inlet air temperature, the air temperature in the vessel
can be expected to increase due to air-water heat transfer. The saturation
humidity ratio of the air increases with air temperature. Humidity ratio is
defined in this case in 1bm of water vapor per lbm of dry air. Saturation
implies the maximum amount of water vapor the air can hold at the ambient
temperature and total pressure. The mass flow rate of the gas phase increases
as the water evaporates. This additional mass is not taken into account in
the present method of calculating the dimensionless air flow rate, J;.
Therefore, the additional bypass observed in heated water-air tests could be
caused by the effects of ECC water evaporation.

During the series of tests presented in this report an attempt was
made to determine if evaporation could cause the temperature dependent effect
reported previously. Tests were carried out with air only to calibrate the
pressure drop in the exhaust line of the pressure suppression tank as a func-
tion of known gas flow rate. The flow coefficient defined by this calibration
procedure was used along with the measured pressure drop in the exhaust line
during air-water tests to determine air-water vapor mass flow rates out of
the suppression tank.

Results from sample calculations are illustrated in Table 3, for
tests at three different injected water temperatures. This table includes
the injected liquid and air temperatures, TLin and Tgin respectively, the
measured air flow rate into the model, wgin’ the suppression tank pressure,
Pc’ and the measured pressure drop in the exhaust line, AP . The calcu-

meas
lated pressure drop for the measured flow rate of dry air at T and T

is shown as Apdry' Similarly, the calculated pressure drop fotlzaturatgén

air at the two temperatures is listed as Apsat'
Comparison of the measured and calculated pressure drops indicates

that for low liquid temperatures (Test 25256) the measured pressure drop lies

in the range calculated for dry air, or in the range of partly saturated air

at the liquid temperature. For the intermediate liquid temperature (Test 25270)

it is clear that the air must be at least partly saturated at the liquid

temperature or possibly fully saturated at some temperature between the air

and water injection temperatures. The high liquid injection temperature case

shows similar results.




TABLE 3. EFFECTS OF EVAPORATION FOR THREE
INJECTED WATER TEMPERATURES

————— —— ——— 3
TLin' wgin’ Pc Apmeas . APdry i APsat d Tcalc * Meale? Hgoat - . >
-] o
Test ID Tgin’ F lbn/sec psia psid psid psid F % lb-/sec Jsm Jgout
25256 73 2.29 23.81 9.39 8.98 9.44 90 20 2.30 0.090 0.089
110 9,55 11.08
25270 137 2.28 25.83 11.41 9.73 13.55 130 50 2.55 0.087 0.101
110 9.28 10.77
25356 197 2.34 32.44 18.02 8.75 92.10 175 44 2.88 0.082 0.112
110 739 8.81
M — ]

ST
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The calculated gas temperature, Tcalc’ and the calculated relative
humidity, u , are consistent with the measured values of W and AP

calc gin meas
for the measured exhaust line flow coefficient. The calculated mass flow rate

of moist air leaving the suppression tank is shown as W The dimensionless

gout”
gas flow rates which correspond to W and W J and J8 , are also

* gin gout’ “gin out

tabulated. Comparison of the J values for the three tests illustrates the
effect of evaporation of water into the countercurrent flowing air. Comparing
the J* values determined in the usual way we note that J; decreases slightly
(due to pressure effects) as the liquid injection temperature is increased.
The reverse is true when the effective J; values, which account for moistu:e
addition to the air, are compared. For the hot water test the effective J8
is increased fiom 0.082 to 0.112. Such an increase is entirely sufficient to
compensate the apparent downward shift of penetration curves for air-hot water
tests.

It seems quite clear that the dependence of penetration on temperature
in air-water tests could be accounted for by using a dimensionless gas flow
rate which includes the moisture evaporated from the penetrating liquid. This

would be similar to the way in which condensation is treated in analyses of

steam-cold water experiments.

Comparison With Earlier Air-Water Data. The overall trends

obtained from the 2/15-scale tests are virtually identical to those ob-
tained from 1/15-scale studies. However, Figure 10 shows that the penetration
data from the two different . cale models do not overlay when they are plotted
on J* coordinates. The 2/15-scale data lie below and to the left of the
1/15-scale data. The 1/15-scale data are from two different test series and
appear to be on a single curve. Both these 1/15-scale series were conducted
in the plenum fill mode and in identical geometries. In contrast, the 2/15-
scale data from two different series form two different curves. The earlier
2/15-scale data (reported in NUREG/CR-0526, BMI-2011, Table A-3) were con-
ducted i~ the quasi-steady-state mode and without VDM probes inserted in the
annulus. These data lie above and to the right of the recent 2/15-scale data

which were run in the plenum fill mode with VDM probes in place. The earlier

data indicate a higher penetration rate for a given reverse core air flow rate.
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when the 2/15-scale data from the two test series were first
compared, several possible explanations for the d: fferences in the data
sets were investigated:
1) Instrument errcr or miscalibration, particularly of a
key instrument such as the gas flow meter, could cause

an apparent shift in the penetration curve.

L]
N

An error in the data reduction program which converts

voltages from the instruments into data in engineering

units, and carries out time averages of the data could
cause a similar result.

3) To obtain complete bypass data for the recent series of
2/15-scale tests an additlonal air compressor was brought
in from an outside source. If the air from this compressor
included an excessive amount of oil the surface tension
would be changed and could cause the apparent shift in
the pen¢ ration curve.

4) A difference in the lower plenum penetration behavior
between the quasi-steady-state and plenum fill test
modes might explain the difference.

5) A difference in the penetration due to the presence of

the VDM probes might also cause the observed behavior.

Review of these possible causes began with recalibration of the
key instruments against independent measurements. All were found to be
accurate within their previously stated tolerances, with the exception of
two of the ECC water turbine flow meters which read approximately 67 low.
Since penetration has been shown to be insensitive to injected water flow
rete (see Figures 4 through 6) the lower than nominal water injection rate
cannot explain the shift in penetration curves.

To investigate the next three possibilities additional tests were
conducted using the BCL house air supply only. For these tests, voltages
from flow, pressure, and temperature measuring instruments were recorded on
strip chart recorders as well as with tr data acquisition system. Plenum
fill and quasi-steady-state tests were conducted for each air flow. The
results of these tests are listed in Table A-1l, Tests 25702 to 25729. Voltages

converted to engineering units by hand calculation from the strip charts were
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identical with the computer results listed in Table A-1. Figure 11 is a plot
of these penetration data and <nows that the quasi-steady-state and plenum
fi1l test results agree closely. The curves of Figure 11 also overlay well
with those of Figure 4, an indication that the data are reproducible and,
consequently, the properties such as surface tension were not varied between
the tests. Note that the data in Figure 1l do not extend across the whole
range of penetration because of the limitations of the BCL house air supply.

To investigate the fifth possibility, the VDM probes were removed
from the annulus and replaced with plugs. The results of the air-water tests
conducted with the VDM probes removed are plotted in Figures 12 and 13 and
the data are listed in Table A-1, Tests 25902 to 26014. 1In these figures,
the data obtained with the VDM probes remcved are compared to data from the
recent air-water tests which had the VDM probes in the annulus and the
earlier 2/15-scale data which were obtained with a smooth annulus. The data
taken with the probes removed lie substantially above the data taken with
the probes in, indicating that the presence of the VDM probes in the annulus
was an important cause of the discrepancy between earlier and current datra.
We also note that the data taken with the probes removed lie somewhat below
the earlier data, indicating that the probes themselves do not account for
all the disturbance. In fact, when the probes were removed the 5/8" diam-
eter mounting holes in the vessel were plugged with simple pipe plugs
which were not flush with the inner surface of the vessel wall, thus the
vessel wall was not smooth even when the probes were removed.

Visual studies of air-water flows at 1/15-scale have shown that
the water tends to flow down the annulus walls in films with an air core
in the center of the annulus. Bypass occurs when the interfacial momentum
exchange is large enough to shear off droplets which are then entrained or
when it is high enough to carry a portion of the bulk liquid to the break,
+ ssibly through wave interaction. Disturbance of the film surface by
probes or mounting holes will cause droplet formation and wave generation
at lower gas flow rates than would be seen with a smooth annulus.

The data of Figures 12 and 13 support this view of the physics.
When both probes and mounting holes were present, the disturbance of the

film was the largest and the penetration at a given gas flow rate was the
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least. When the probes were removed and the mounting holes remained the
disturbance was less and the penetration at the given gas flow rate increased.
Finally, for the earlier data taken with a smooth annulus the disturbance was
minimized ard the penetration maximized.

The displacement of the pe..~tration curves with VDM probes in place
complicates the direct application of the high bypass air-water data, for
example, to the determination of the complete bypass point in the absence of
condensation. However, a useful application can be made after correcting the
data for VDM probe effects. Figures 14 and 15 illustrate this correction.

The high bypass data (with VDM probes) and smoot. snnulus data of Figure 13
are replotted on J“h/2 coordinates in Figure 14. The NLINMLE program has
been used to evaluate m and C for both data sets

The slopes of the straight lines fit to the two data sets are virtually
identical (either lies within the confidence interval of the other). The
intercept value C for the high bypass data is lower than that of the
smooth annulus data.

We can account for the downward shift of the data taken with
the probes in place by adding a fixed amount, equal to the difference in
the C values for probes in place and smooth annulus cases, to thke J*I/2
value for each point in the high bypass data set. That causes the two data
sets to overlay in their common region. This correction thus shifts the data

*x1/2

taken at high bypass with VDM probes in place straight up on J coordinates.

Figure 15 illustrates the result cf such a correction.
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Results of Low Subcooling Steam-Water Tests ‘a the 2/15-Scale Model

Nominal operating conditions for low subcooling steam-water
penetration studies in the 2/15-scale model with the standard core barrel
are given in Table 4. The objective of these tests was to gather plenum
fill data at low subcooling conditions. The penetration data are plotted
in Figures 16 through 18 and listed in Table A-2.

Pressure, Flow Rate, and Test Mode Effects. Figure 16 presents

data obtained with the ECC injection flow rate and water temperature con-
stant and the model pressure as a variable. This figure shows that, at

a constant reverse core steam flow rate, the penetration increases with

model pressure. The pressure increase causes more steam to condense,

thereby decreasing the amount of steam available to cause bypass. Since
condensation decreases the effective steam flow, a greater amount of core
steam is needed to bypass a given amount of ECC water as pressure is increased.

Figure 17 shows data obtained for three aifferent injection flow
rates at constant model pressure and temperature. This figure shows that
the amount of steam condensation is directly proportional to the amount of
ECC water injected. Therefore, penetration increases as the injection flow
rate is increased.

Figure 18 presents a comparison between plenum fill and quasi-steady
state penetration data for a constant injection flow rate, model pressure,
and water :emperature. The two data sets agree quite closely, supporting
the argument that there is little difference between quasi-steady state and
rlenum fill steam-water tests.

The data from the steam-water tests have been analyzed with the
NLINMLE program, using a correlation proposed by Beckner, et al(‘). The
correlation parameters are presented in Table 5, and Figures 19 and 20
cowpare actual data with calculated penetration curves based on the correla-

tion.

VDM Probe Effects. The steam-water data presented up to this point

were obtained with VDM probes in the annulus. For steam-water flows, the




TABLE 4. STEAM-WATER PLENUM FILL TEST MATRIX--NOMINAL _"NDITIONS

ECC Water
Model ECC Water Injection * *
Test Pressure Temp., Flow Rate, JLin J
g
No. kPa C gpm
%
1 136 99 250 0.064 g §
"%
2 306 99 250 0.064 g8
o, &
TR
3 510 99 250 0.064 a & -
Mﬂ.&
4 306 99 380 0.098 g A
0 3~
e
5 306 99 480 0.120 e 5\2
* - 5o
6 306 99 250 0.064 ]

— =

* Tests conducted in quasi-steady state mode
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TABLE 5. CORRELATION PARAMETERS CALCULATED FROM 2/15-SCALE
STEAM-WATER PLENUM FILL TESTS *

JLin PV’ TLin’ " ¢ v z
kPa -
0.064 - 0.120 136 - 510 99 0.4292 + 0.1453 0.3033+0.0513 0.8034 +0.2180 5.8262+7.8709

1€

* Assuming correlation form sugrested by Beckner, et al(z)

*1/2 1/2 * x1/2 *1/2

*
Jg - F(X JLin) + [M - ZAJLin exp(-5.5 JLin )] JL =C
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VDM data revealed very chaotic flow conditions in the annulus, unlike the
film flows in air-water tests. It was theorized that for steam and water
the effect of VDM probes on penetration would be minimal since a stable
flow pattern does not exist in the annulus. To verify this, a number of
steam-water tests were performed with the VDM probes removed from the
annulus. In Figure 21, the results of some of these tests are compared

to data obtained with the VDM probes in the annulus. No obvious difference
can be observed between the two penetration curves. This suggests that for
steam-water flows, the VDM probes do not influence penetration to the

extent evident in air-water tests.

Comparison With Earlier Steam-Water Data. In Figures 22, 23, and

24 the data presented in this report are compared to data from the 2/15-scale
Model Development Tests (see NUREG/CR-0526, BMI-2011, Table A-1). Those
tests were conducted in the quasi-steady state mode, with an oversized break
leg. Figure 22 shows penetration data obtained at one injected liquid

flow rate and temperature for different model pressures (and, consequently,
subcoolings). They are compared to earlier data with similar, but not
exactly equivalent, pressures and subcoolings. When new data at 20 psia

are compared to older data the effect of subcooling is consistent. Also,
comparison of data with similar subcoolings but different pressures show the
pressure effect to be similar to that seen previously. Figure 23 is similar
to Figure 22, comparing the current tests with higher subcooling tests from
the odel Development series. Figure 24 compares data for a variety of
pressuras and subcoolings at a water injection flow rate of 0.097. Again

the tvends are consistent.
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Continuing Development of a Mechanistic Model
for ECC Penetration

During th/s quarter, we incorporated the results cof the
countercurrent condensation ltudy(a) into the mechanistic uodel(‘).
It was shown in Reference (3) that the condensation coefficient can

be described by the dimensionless temperature:

(L) - T,

Ts o Ti

f =

where T(L) and Ti are the liquid temperatures at the end of the core
barrel and at the film inlet, respectively. This dimensionless liquid
temperature was evaluated during the condensation studies, resulting
in the following correlation:

f =1~ exp [-1.34 X 10-4 Reg'3o Re;o'27 %]

where Re8 and Ref are the vapor and liquid Reynolds numbers and t is

the film thickness at z = L. This correlation was developed for the
partial bypass region in an inclined re:tangular test section. When

it is applied to flows in scaled models, a suitable expression is needed
for t. This is because the flcw geometry in the downcomer is different
from that in the inclined rectangular channel. Three dimensional effects,
unstable wa e grow. 1, and entrance effects are also involved. The best
agreement with experiments was given when t was assumed to be linearly

dependent on the core barrel length:
t=3.5x10"1

resulting in film thickness of the same order as predicted by the Nusselt
equation.

Using the Wallis correlation as a flooding relationship, the
following equation is obtained:



40

R 1/2
J'-(t-f)J*-f J* +Q' +m” =C
gec - 3 1 in i

Calculations using this equation were compared with neutral
wall experiments. The steam flux necessary to bypass a given amount

of liquid was calculated and compared to experimentally measured values

obtained in the 1/15- and 2/15-scale models (Figure 25 and 26). Comparisons

to results ob.ained in the 2/15-scale model with an extended or a short
core barrel are shown in Figures 27 and 28 respectively. The relatively
good agreement shown indicatee that for the range of liquid temperatures
and vessel pressures tested the amount of steam condensation in the sys-
tem is well modeled by the analysis.

It should be noted that the coefficients m and ¢ in the Wallis
correlation were evaluated for eas _eometry from air-water experiments.
The different values obtained chese coefficients suggest that the
Wallis correlation should nct pe applied for scaling purposes unless the

dependence of m and ¢ on geometry and scale is evaluated.
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Battelle 2/15 Scale Geometry — Extended Core Barrel
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TASK 2.0 EXPERIMENTAL TESTING AND DATA “EDUCTION

Objectives

The objectives of this task are to:

(1) Provide experimental data on ECC penetration and
lower plenum entrainment using scale models geo-
metrically similar to a four-loop pressurized water
reactor. These data should provide a base for
establishing a better understanding of the bypass
phenomenon in large-scale systems.

(2) Provide experimental data from small test facilities
in support of analytical development programs.

(3) Provide lead-in information on steam-water inuter-
action phenomena and operational information
obtained in smaller scale models for future larger

scale experiments.

Work During Quarter

The :xperimental efforts during this quarter were directed to
completion of the installation of the annulus void measurement system and
the instrumented spool piece for the break leg, and subsequent check out
and acquisition of initial data.

During the first month, the three beam gamma densitometer
portion of the instrumented spocl piece was received and installed. With
this addition the spool piece was complete. It includes a full flow drag
disk, a five sensor temperature rake, and a five point Pitot tube rake, in
addition to the three beam gamma densitometer. Static pressure and wall
temperature are also measured. During the same time period the annulus
void distribution measurement (VDM) system was also made operational. This
system consists of sensors located throughout the annulus between the pressure

vessel and the core bairel and a high speed data acquisition and analysis
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system. The annulus senso. ...r2y consists of eight rings of proles nearly
evenly spaced vertically witn e~ch ring containing 12 nearly evenly space”
probes. Each probe contains three sensors spaced across the annulus gap.
There are 288 sensor .. measuring locations in . he array. The data acquisi-
tion system is programmed to make one scan of the 288 sensors every 10 milli-
seconds at normal speed or to make one scan every one millisecond. The
capacity of the data storage memory is about 4500 scans or frames, which
provides for up to 45 seconds of recording during normal operation.

In the second two months of the quarter a series of experimental
runs were carried out which had as their objectives check out of the systems,
understanding of the various individual and collective data outputs, devzlop~-
ment of data reduction software, and gathering of the additional and more
detailed data that will add to the understanding of the phenomena and behavi- -
of the countercurrent flow of steam and water that would exist in the down-

comer and broken leg of a PWR under LOCA conditions.

Plans For Future Work

In the next quarter the studies of r=:lus and break leg flow
with neutral and equilibrium walls that were started in this quarter will
be finished, ramped core steam neutral wall tests will be carried out,

and steady and ramped core steam hot wall tests will be started.
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TASK 3.0 RIL SUPPORT AMD TECHNICAL ASSISTANCE

Objectives

The objectives of this task are to:

(1)

(2)

(3)

Prepare a summary technical report, concertrating

on scaling, 1. < “~ort of the Research Information
Letter on ECC Bypass Research to be issued in FY '79,
Participate in ECC Bypass Review Group activities as
necessary during the program year, and

Carry cut additional technical support as necessary

during the program year.

Work During Quarter

During this quarter BCL staff reviewed final material for

Research Information Letter #57, "Small Scale ECC Bypass Research Results".

"

This RIL was issued during the quarter.

Plans for Future Work

We will participate in ECC Bypass Review Group activities and

carry out additional technical support as required.
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TASK 4.0 ACQUISITION AND APPLICATION OF
ADVANCED INSTRUMENTATION

Objectives

The objectives of this task are to:

(1) Modify the 2/15-scale test facility and install
an instrumented spool piece to measure instantan-
eous two-phase flow conditions in the broken leg, and

(2) Modify the 2/15-scale test facility and install a
system to measure void distribution in the annulus

as a function of time.

Work During Quarter

The three beam gamma densitometer for the break leg spool
piece was received from INEL and installed in the 2/15-scale facility.
The densitometer has been checked out and is in order.

The annulus void distribution measurement (VDM) system was
completed and installed during the quarter. Shakedown runs to verify

performance of the two systems were carried out.

Plans for Future Work

Acquisition of the advanced instrumentation is now complete.
Application of the irstrumentation to a wider variety of tests will be

carried out next quarter.
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COUNTERCURRENT FLOODING FLOW IN TUBES

by

Js 8. Ko Lina

Abstract

The phenomenon of countercurrent flooding has been inves*igated
in * 4, and 6 inch I1.D. tubes. The experiments were carried out in a
tyr «al flooding tube facility in which water is introduced through a
porous vall into the test tube. Both steam-water and air-water tests have
heen performed. A hysteresis effect is clearly indicated in the steam-
water flooding data. These experimental data demonstrate that neither
the Wallis parameter (J*) nor the Kutateladze number (K) are comrletely

sacisfactory for correlating all the countercurrent flooding data.

Introduction

Countercurrent flow of steam and water may occur in a pressurized
water reactor in the event of a loss-of-coolant accident (LOCA). If a cold
leg break occurred, steam would flow up the downcomer annulus against the
downward flow of emergency core cooling (ECC) water being injected into the
reactor vessel. Flooding of the countercurrent steam and wat~r flow might
delay the delivery of ECC water to the core, leading to possible overheating
of the fuel,

Many experiments have been performed in reduced scale facilities(s' i
to investigate the flooding of countercurrent steam-water flow. Thus, scaling
laws are required to project the flcoding behavior to full reactor scale.
However, completely satisfactory scaling laws have not been established
at this time and the lack of consistent experimental data at larger scales
makes the scaling issue difficult. At least two dimensionless parameters

have beea developed to scale the available flooding data. These are K, the
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*
Kutateladze number,and J , the dimensionless volumetric flow rate, which

7
appears in the Wallis flooding correlltion( ),

J;1/2 + ™2

L C

These two parameters were mainly developed from flooding data
obtained in tube geometries. For small diameter tubes erd narrow annuli the
Wallis correlation generally represents the exverimental flooding data reasonably
well., Flooding in large diameter tubes is not well correlated by the Wallis
equation, however. It appears that K may be a more appropriate parameter for
correlating large tube data. In an extensive study of available air-water
flooding data of tube geometries(a) it was conciuded that there is a
transition from J* scaling, which implies that the flooding velocity is size
dependent; to K scaling, which indicates that the flooding velocity is
independent of size. This transition is a gradual one, and a transitic.
regime for tube diameter of 2 to 6 inches was suggested.

Detailed comparison of experimerntal data obtained in Battelle
Columbus Laboratories' (BCL) 1/15- and 2/15-scale simulated reactor vessels
showed that neither J* nor K is an entirely satisfactory scaling parameter.

A slightly more general dimensionless group, I*. was suggested as a scaling
pare-eter(g). This I* parameter m~y be thought of as a combination of the
J* and K approaches.

The general agreement between tubes and annuli for air-water tests
at comparable small scales indicated that a similar agreemert at larger
scales may be possible. The transition in scaling parameters for air-water
scaling in simple tube geometries has important implications for scaling of
flooding with more complicated flows in more comp.icated geometries. The
systematic investigation of flooding behavior in tubes would serve to
indicate trends in flooding behavior in more complicated reiactor-like
geometries.

The purposes of this study are: to provide a series of systematic
and consistent experimental data over a wide ranmge of scale for both air-water
and steam-water flooding flows in tubes to evaluate the etfect of physical
tube size on flooding, both in steam-water and air-water flows; to investigate
differences in beliavior between steam-water and air-water in tube geometries,
and hopefully, to provide a basis for understanding the differences in steam-

water and air-water experiments in reactor-like geometries.
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Recent Work on Countercurrent Flooding in Tubes

Countercurrent gau~liquid flow has received extensive experimental

(10)1nvest1gated flooding in the counter-

investigation in recent years. Hewitt
current flow of air-liquid mixtures in vertical and inclined tubes. He found
that the effect of tube length was small. The liquid viscosity appeared to
have only a small effect on the flooding velocity withia the range tested but
flooding velocity appeared to decrease significantly with decreasing surface
tension. The inclination angle of the tube had a dramatic effect on flooding
velocity. Richter and Lovell(ll)carried out air-water flooding tests in
tubes with diameters of 6 and 10 inches. The Wallis correlation in its
present form did not fit their experimental data very well, particularly
under conditions of high-gas and low-liquid flow. Their work generally con-
firmed the experimental results of Pushkina and Sorokin(122

Wallis, Richter and Bharathan(13)also studied the air-water
countercurrent flow characteristics in 1- and 2-inch-diameter vertical
tubes. Liquid fraction measurements indicated that their countercurrert
flow could be divided into three regions based on the relative magnitudes
of the interfacial and wall shear stresses. A simple theory was proposed
to model countercurrent flow within a tube. Dukler and Smith(lé) studied
air-water flooding in a 2-inch-diameter tube. They found that the onset
of flooding was associated with the onset of entrainment. Their data was
also well correlated by the Wallis correlation.

In comparison to air-water results, steam-water flooding data
are rather meager. Fair and Schrock(ls) investigated the flooding of
steam-water in a 1.99-cm-diameter tube qualitatively. The flow patterns
were generally characterized as oscillatory or transient. However, no
quantitative data was reported. De Sieyes(16) performed a study of steam-
water countercurrent flow in a 2-inch-diameter tube. When he plotted the
dimensionless gas flow rate against the dimensionless liquid flow rate he
found hysteresis which generally can be explained by condensation and inter-
phase heat transfer.

Tien and Liu(17) recently published a survey on countercurrent
flooding covering a total of 56 references. A number of these dealt with
flooding in small tubes.



Test Apparatus, Instrumentation, and Test Procedure

There has been a clear need for consistent experimental data
obtained with steam-water as well as air-water in larger diameter tubes.
Steam, air and water supplies, as well as the necessaiy control systems,
instrumentation, and data acquisition system (DAS) were available in con-
junction with the BCL 1/15-scale model experimental facility. A test stand

which can accommodate tubes of several different diameters was constructed.

Test Apparatus

A schematic diagram of the experimental equipment is shown in
Figure 29.

The apparatus includes tae tubular test section, liquid and
gas injectors, and two tanks to collect the penetrated and bypassed water.
The test section is a tube approximately 96 inches long w.ih a porous wall
1iquid injection section located approximately 69 inches above the bottom
of the tube. The lower end of the test section extends about 6 inches
into the lower tank. It is bell-mouthed to carry the penetrating liquid
film smoothly away from the injected gas stream. The upper end of the tube
is cut squarely -nd smoothly, and extends about 12 inches into the upper
tank. All components of the farility were designed to accommodate tubes
ranging from 2 to 10 inches in diameter.

To date we have carried out experiments in 2- and 4-inch diameter
tubes made of Lexan polycarbonate, and in a 6-inch-diameter brass tube.
This tube was well insulated during all tests. If desired, the test section
could be modified easily for top flooding liquid injection or simulation
of other specific geometries, such as the Semiscale external downcomer.

water is injected through a 6-inch-long porous walled section
surrounded by an annular "can". The porous section was made by overlapping
fine mesh screen to 1/2-inch thickness and soldering the resulting cylinder
to flanges which were carefully machined to assure a smooth tramsition from
the injector to the test section. The injector was designed to accommodate
high flow rates and to create a smooth liquid film in the test section.
(Smooth films were observed for flow rates as high as 100 gpm in the 6-inch

tube.) Since the pressure drop in the porous section is small the annular
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can is not always filled and a free surface may exist in the injector.
Possible side effect: of this will be discussed in more detail in later
sections of the report.

Steam or air is introduced through a chamber in the bottom of the
lower tank. The gas passes through a perforated plate into an injection
tube with the same inside diame:er as the test section. The injection tube
minimizes contact between the injected gas and the penetrated liquid in
the lower tank.

Both the upper and iower tanks are rolled steel, with an inside
diameter of 32 inches and a height of 24 inches. A simple separator in the
upper tank prevents water from entering the gas exhaust line. This line
is connected to the 1/15-scale containment vessel, where cold water sprays

can be used to condense the exhaust steam as necessary.

Instrumentation

Wall static pressure and liquid film temperature in the test section
are measured at four stations below, and one above, th: water injector. The
gas inlet temperature is measured at the exit of the injection tube.

The pressure and water temperature in both the upper and lower tanks
are also measured. Liquid level in the tanks is visually monitored with sight
glasses. The level in the upper tank is measured continuously with a conduct=-
ivity probe.

The flow rates of the injected gas, injected water, lower tank water
drain, upper tank water drain and upper tank gas exhaust are all measured with
turbine flow meters. The injected gas pressure and temperature, injected water
temperature and exhaust gas pressure are measured at the flow meters to facilitate
conversion of volumetric flow rates to mass flow rates.

All temperatures are measured with stainless steel sheathed chromel/al-
umel thermocouples. Pressures are measured with diaphragm type pressure trans-
ducers.

Output from all instruments is passed through signal conditioners to
the minicomputer-based data acquisition system, which has a scan rate of approxi-
mately 10 kHz and a scan repeat rate of 50 Hz. Data are recorded on magnetic tape

and subsequently processed on the BCL computer system.
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Test Procedure

Tests are most frequently run in a gquasi-steady mode, with fixed
gas and liquid supply fl:w rates. However, a few slow transient tests have
been carried out. In the quasi~steady mode water is injected at a fixed
flow rate after it is preheated to the desired temperature in the supply
tank. Gas flow is then initiated at the preselected value. Choked flow is
maintained at the gas supply control valve to minimize the effect of test
section fluctuations or the gas {low rate.

After flow adjustment transients die out, the DAS is started
and the instrument readings are recorded. Typical runs range from 30 secords
to 4 minutes.

In the tests reported here the liquid level in the lower tank was
all. wed to vary during a run, but the level was returned to its initial pos-
ition before stopping the DAS. This was done by throttling the lower tank
drain valve.

Experimental Results

Visual Observations

Visual observations were made for air-water flows to confirm that
the behavior of the present facility is similar to that seen by previous
investigators; and tor steam-water flows to help understand the flooding
phenomenon in condensing two-phase systems. In general, the steam-water
results were similar to those seen for air-water flows, although the steam-
water response was much more violent and chaotic. The overall trends in
system behavior were similar to those described by Bharathan, et 31(18), or
Tien, et al(lg).

The tests were begun by establishing a smooth liquid film flow
(at the specified flow rate) without gas flow. Tue gas flow rate was then
increased in steps and observations made. For both air-water and steam-water
flows the film surface became rippled, and was increasingly disturbed as

the gas flow was increased.



Continued increase in the gas flow rate caused small droplets to
form which then drifted in the upflowing gas stream. For low water flow
rates the droplets floated in the injector section; at high water flow rates
the droplets drifted in the lower part of the tube. The countercurrent flow
at this point was quite unstable and small disturbances (such as adjusting a
drain valve) could cause flooding to occur.

For slightly higher gas flow rates, rol! waves developed in the
lower portion of the tube and propagated rapidly up toward the injector,
causing flooding. After flooding occurred the liquid flowed down in a thin
film, at a reduced rate. The flow above the injector was in the churn-
turpulent regime.

Further increase in the gas flow rate increased the roll wave fre-
quency and caused reflection of those waves downward from the injector.
Additional increase in the gas flow dried out the tube. The flow rate at
which dryout occurred was significantly higher than that which initiated

flooding.
The major difference between steam-water and air-water flooding

flow would be due to interphase heat transfer in steam-water flow. For
steam-water flow, flashing and sudden condensation of steam was observed

at high steam flow rates. Snapping sounds, characteristic of rapid conden-
sation, were clearly heard. Intermittent water penetration (slug delivery)
occurred in the 6-inch I.D. tube at higher water flow rates.

The system pressure behavior for steam-water flows was distinct
from that seen for air-water flows, as shown in Figure 30. For low gas flow
rates the pressure was steady and near atmospheric (Figure 30, top). As the
gas flow rate was increased beyond the value which caused flooding for air-water
flows the average pressure increased (Figure 30, middle), but fluctuations in
the pressure remained small. For steam-water flows under similar conditions
(Figure 30, bottom) rather large pressur oscillations were observed. With a

fundamental frequency of roughly 1.0 Hz.

Flooding Test Results

Experimental results are listed in Appendix 3 (Table B-1l, air-water,
and B-2, steam-water). It is convenient to review the data by plotting it in
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terms of the common dimensionless groups J; and J:. The mode of operation
indicates that the data were obtained while increasing or decreasing the gas
flow. Figure 31 and Figure 32 illustrate countercurrent air-water flow flooding
in the 2-inch di.meter tube for 70°F and 140°F inlet water, respectively.
Similar flooding data .or 4- and 6-inch diameter tubes are shown in Figures 33~
36, Cross plots of data at the same nominal inlet flow rates and temperatures
for different take sizes are shown in Figures 37-40. Figures 41-44 show the
same data, plotted in terus of the Kutateladze number, K.

Similar results for steam-water tests are shown in Figures 45-58, in

order similar to that of the air-water results.

Comparison with Previous Data

It is of interest to compare the present results with the available
data. Figure 59 illustrates the comparison of present data to that of Richter
and Lovell(ll) for a 2-inch diameter tube. The present data lie somewhat
below that of Richter and Lovell, and thus may not be correlated with the
same parameters in the Wallis correlation. This may be attributed to the
present inlet water injector design. The 6-inch tube data generally agree
with that of Richter and Lovell, as shown in Figure 60.

Figures 37 and 39 indicate that air-water flooding velocities
for low injected water flow rates can be correlated re~asonably well by J*
(although the functiona®’ relationship may or may not be in the form of the

Wallis correlation). unowever, J* does not scale the flooding velocities

for larger inlet water flow rates, as shown in Figures 38 and 40. We sus-
pected that the deviation was due to larger convective mass transfer at
higher flow rates, however, the temperatures mezsured along the test section
did not support this hypothesis. The Kutateladze number, K, can represent
the data reasonably well for these larger flow rates, as shown in Figures 42
and 44,

For steam-water flows, the same trend can be seen in Figures 51-54.
For 2-inch and 4-inch diameter tubes, the flooding flows can generally be
characterized by delivery-non-delivery (on-off) behavior. Partial penetration

is observed only for the 6-inch diameter tube under certain operating conditionms,



05

im Tw D  Mode Type

o 00502 859 20 4 AW
o 00522 864 20 ¢ AW
A 01204 852 20 4 AW
T 01203 845 20 ¢ AW

04

* w0 03,
s A
o
A
o +
02 -
o +
0
0.1 - -
+ +
0.00 0.02 0.04 0.06 2.08 0.10 012 014
*
JL
FIGURE 31. FLOODING VELOCITIES FOR AIR-WATER FLOWS IN 2-INCH

DIAMETER TUBE WITH 1

09



6l

HONI-Z NI SMOTd ¥ILVM-MIV ¥0d4 SAILI2OTIA ONIAOOTA

d,0%1 = 3% HLIM 3401l 4313WVId
"TE JENOIA

Tp

&
¥10 FAYM) 010 80 900 Y00 200 000
| | | | | | AYAV
o +
+ .
& - 10
. o
+
v i 20
v ’ b
v +
o - -
o % €0 m *
e 4
Q
.  ¥0
'\ " 62 Z9¥ =zocro +
AV ' 0z oot g0 ¥
" . 02 6¥%¥ L0S00 ©
"\ + 02 SE¥l %000 O
°dfy, epon a My "Ir q
- G0



04 .
JNin Tw D Mode Type
o 00508 800 40 4 AW
o 00507 801 40 L AW
a 0890 765 40 B AW
+ 008868 768 40 L AW
@ x 01305 756 40 K AW
03 L o 01202 758 40 L AW
. .S v 01608 750 40 4 AW
- ®m 01605 751 40 ] AW
»x 00509 793 40 L AW
e 00510 794 40 . AW
‘ + -
Q+ o -
02 ¥ y
o = ()
x -0 %
i - A B
°om 4 A X g
1& 2 * X v
o)
0.1 1 o .
+
=0 + ©
® + °
0.0 T T T ! T T 1
000 002 004 0.06 0.08 010 012 014 0.16 018
*
I
FIGURE 33. FLOODING VELOCTTIES FOR AIR-WATER FLOWS IN 4-INCH
75°F

DIAMETER TUBE WITH T,, =
w



035 - —
Jin Tw D  Mode Type
o 00510 1450 40 ' AW
o o 00510 1451 40 ' AW
0.30 - a 00909 1429 40 B AW
o + 00909 1426 40 ' AW
o x 01309 1409 40 ) AW
o 01314 1407 40 . AW
o v 01620 3402 40 ' AW
025 1 4a m 01636 1395 40 ¢ AW
v
0, o
A
no
» 0204 o a ®
®+ o
% a
0.15 - om ’ X ¥
o + © X v
" v
(11‘) -4 ‘i + o X v
s © "
N0.05 -
. o 7 *
%
000 I 1 I | I 1 | 1
000 002 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
.
IL

FIGURE 34. FLOODING VELOCITIES FOR AIR-WATER FLOWS IN 4-INCH

DIAMETER TUBE WITH 1w = 140°F

£9



64

M
4,6 = "1 HLIM 3901 ¥AL3IWVIA

HONI=9 N1 SMOTd d3LVM-MIV d04 SIILIDOTIA ONIAOOTA *Cf FUNO1A
Tp
N
¥10 210 o1C 800 900 00 200 000
1 i ! 1 | | 80
<
0.
" —~ GO0
+ °
“+
- 010
+ <
X v o -
v + € L gro
o (®) +m
- b4
® v
T - 020
"\ ' 09 1E8L #IE10 © % %
AV t 09 TEL EIE10 X -
"\ ’ 09 92. 91800 + n ¥ G20
"\ ' 09 L2L %0800 V
" ’ 09 LEL %2500 © o.
" ' 09 6%L 20800 O 4
odf), epom a My 5._%
0E0




025 -
0 Jin Tw D  Mode Type
o 00505 1403 60 ’ AW
~ o 00515 1409 60 . AW
® a 00905 1393 60 ) AW
A@ + 00906 1387 60 ' AW
0.20 »x 01320 1385 60 ) AW
t 8 o 01320 1378 60 ¢ AW
&% D
A 0
X+ A
* a0 (015
- 1 i o
o “ A X
o + o A X
0.10 -
+ 0O
° + 0
0.05 - o +
° .
o
C | I | 1 | i 1
0.00 0.02 0.04 0.06 0.08 0.10 012 0.14
*
I
FIGURE 36. FLOODING VELOCITIES FOR AIR-WATER FLOWS IN 6-INCH

DIAMETER TUBE WITH Pv = 140°F
v

€9



05

04 o

*hw 0.3 4

99

02 -
o ox % . a
o o 4+t X
L o x
Jin Tw D Mode Type o + + "
g €502 859 20 . AW o
014 o Ovsz2 864 20 ' AW - * .
a 00508 800 40 . AW °
a 00509 793 40 ' AW
+ 00507 801 40 ' AW
+ 00510 794 40 ' AW
x 00502 739 60 ' AW
o 00524 737 60 ' AW
0.0 | T | I 1
0.00 0.01 0.02 0.03 0.04 0.05
*

FIGURE 37. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER FOR AIR-WATER

*
~ = O L = ). L~
FLOWS WITH TW 8C°F AND JLIN 0.05




0.30 - o
k3
& = Jin T™w D Mode Type
o 01294 852 20 . AW
o 01293 845 20 ' AW
0.25 a 01305 756 40 ) AW
) 0 + 01202 758 40 ' AW
o x 01313 731 60 ' AW C
ka4 > 01314 731 60 ¢ AW
0.20
i > o
A
2 s}
Pl
015 » "
X
Lo + A
o]
0O 0O
010 " +
o X
o O
(o4 + +
(l(ﬂ5 5 o) +
Lo
0
0.00 . - - , : o
0.00 0.02 004 0.06 " 0.08 0.10 012 014
JL
FIGURE 38. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER FOR AIR-WATER

*
~ " = o ] = ( -
FLOWS WITH lw 80®"F AND lLIN ).125

L9



lia Tw D Mode Type
o 00504 1435 20 . AW
o 00507 1449 20 ¥ AW
a 00510 145C 40 4 AW
+ 00510 1451 40 ' AW
x 00505 1403 60 4 AW
(s] o 00515 1409 60 U AW
o
0
A
0
s o
+
- +
a
024, % s & )
X X
° + X
o
(o} o + X
o o
+
o
2 >
I 1 1 I |
0.00 0.01 0.02 0.03 0.04 0.05 0.06
*
IL

FIGURE 39. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER FOR AIR-WATER

*
FLOWS WITH Tw = 140°F AND JLIN = 0.05

89




69

NIT

M

CZ1I°0 = *ﬁ (NV 4,0%T = L HLIM SMO14
HALVM-¥1V ¥04 HALAWVIA d9NL 40 NOIIONNA V SV SAILIDOTAA HNIAOOTd 40 NOILVIMVA 0% A¥NO14
1p
"
10 210 010 800 900 v00 200 000
| | | | | . | OO
Lo
° -
(o]
o * °
O + ° i
v 3 & - .HO
X Lo
v o &
v +
+< X
2
o ° w.. 20
o (o)
O
0
(o)
AV ¢ 09 981 020 © ® €0
AY v 09 SBEl 02E10 X
" ’ 0¥ Lo¥i ¥icio +
"\ t oy 60¥l 6010 V $
"\ [} 02 Z9¥1 20€10 ©
" ] 0z o041 @10 O
odiy, epon a M "Ir
¥0



2.0 i o
g
o X
# a % o
a X
1.5 't * o o a
A
oX a
b ' .
+ ] X
o ¥ 2 s
10 - o ++ ° "
o) * +
o E o
o +
054 ©
" K T D Mode Type
Ky T D Mode Type lin w
o ozlr‘?r ago 20 * AW + 03122 794 40 t AW
o 02265 864 20 ' AW x 03757 739 60 ¢ AW
a 03114 800 40 » AW o 03820 737 60 ' AW
a 0317 T3 40 ' AW + 03108 801 40 4 L]
0.0 T T T T T T T
0.00 0.05 0.10 015 020 025 0.30 0.35 040

FIGURE 41. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER FOR AIR-WATER
FLOWS WITH T, = 80°F

0L



7))

20
Kimn Tw D Mode Type
0o 05608 852 20 . AW
o 05603 845 20 ] AW
k2 s 07980 756 40 4 AW
+ 07352 758 40 ' AW
x 09827 731 60 % AW
o 09838 731 60 4 AW
15 4«
A +
o
Iﬂln
A; A
o o
104 °4, e s X
©
S Py
° X
o +
0.5 - ® oo
+ +°
o)
o o
o
00 T T T T r— T T T

00 01 02 03 04 05 06 0.7 08 09 10

FIGURE 42. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER FOR AIR-WATER

FLOWS WITH Tw = 80°F

1L



25
Kiim Tw D  Mode Type
o 02218 1435 20 N AW
o 02234 1449 20 B AW
a 03181 1450 40 i AW
+ 0377 1451 40 ' AW
20 -* . x 03849 1403 60 ‘ AW
o 03929 1409 60 i AW
X
. +
¢ s ’
o]
15 1 a . % -
% o 2 X
. o 0 X
° A
10 + o "
0O + o
Lo}
o +
05 - o "
0O
OO | 1 | | | T |
0.00 0.05 0.10 0.15 0.20 025 0.30 0.35 0.40

FIGURE 43. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF TUBE DIAMETER
FOR AIR-WATER FLOWS WITH T ,6 = 140°F
w

Zl



Qo

20

15

1.0

0.5

0.0

o
oot oboﬁo &

o+

OoX+p>OD

Tw

1470
1462
1409
1407

1378

Mode

-—> >

iiiiiii

FIGURE 44.

I

03

1

0.4

FOR AIR-WATER FLOWS WITH T,

05
K,

VARIATION OF FLOODING VELOCITIES AS
= 140°F

W

I

06

A FUNCTION

0.7

OF TUBE DIAMETER

€L



in Tw D  Mode Type
o 00532 852 20 N Sw
o 00530 854 20 ' SW
A 01314 838 20 ’ SW
+ 01302 834 20 ' SW
A
* a
0
*A
(9] A
0 *r
D 0 *.A
0
O o
| 1 1 " § 1 1 1
0.02 na r 76 0.08 0.10 012 014 0.16
*
Ji

FIGURE 45. FLOODING VELOCITIES FOR STEAM-WATER FLOWS IN 2-INCH DIAMETER
TUBE WITH Tw = 85°F

"l



1.0
in Tw D  Mode Type
¢ o 00509 1219 2 ' SW
o 00514 1341 20 ¢ SW
A 01306 1456 20 4 SW
¥ + 01300 1450 20 ' SW
0.8 -
06
o
G
A+
04§+ - E
+ o a
+
o + A
0.2 - A
o +
0.0 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
*
I

FIGURE 46, FLOODING VELOCITIES FOR STEAM-WATER FLOWS IN 2-INCH

DIAMETER TUBE WITH Tw = 140°F

0.14

6L



06

1
05 ¢
x o
. .3
1y A
o
04 -A + v
+
[a)
03 {° -
(8]
s (s
)
o o .
o Jin Tw D  Mode Type
02 4 o o 00508 804 40 ‘ Sw
o o 00501 807 40 ¢ SW
a 01620 764 40 ’ SW
o + 00898 783 40 ’ SW
x 00908 784 40 ' SW
o 01301 773 40 ' SW
vy 01203 774 40 ' SW
01 I I 1 1 1 | 1 I
000 002 0.04 0.06 0.08 0.10 0.12 0.14 0.16
*
IL
FIGURE 47. FLOODING VELOCITIES FOR STEAM-WATER FLOWS IN 4-INCH

DIAMETER TUBE WITH T, =

w

80°%

9L



0.40

:St *
Jlin Tw D Mode Type
"y O 00492 1439 40 4 SW
o 00484 1449 40 . SW
% A 00917 1425 40 ‘ SW
035 - + 00916 1423 40 . SW
- x 01316 1408 40 ’ SW
v o 01313 1406 40 ) SW
+ - v 01629 1385 40 4  SW
®m 01621 1384 40 B SW
0.30 5 v
oX
OA + o
* a0(.25 - 00 X
) = .
v ~J
+
o o
0.20 - 2 1
s = a
0.15 -
0
010 ] | 1 1 I ' 3 | 1
000 002 004 0.06 0.08 0.10 012 014 0.16 0.18
*
I
FIGURE 48. FLOODING VELOCITIES FOR STEAM-WATER FLOWS IN 4-INCH
140°F

DIAMETER TUBE WITH T 6 =
w



78

M
4.6, = 1L HLIM 3401 ¥313INWVIC

HONI-9 N1 SM?d HAILVM~-WVILS 04 SAILIDOTIA ONIAOO1d 6% JANOI14
Tp
*
¥10 AN o10 800 900 ¥00 c00 000
1 | | 1 g oo
- 10
A
X A
- 20
< Dd
X 2 ¢ m— (o]
1 (m ]
2 - ; Cy
%q X - D & b mo 8 *
x Yy
O
" g v + . +D
X 70
MAS B 09 GL. 60800 ®
MS N 09 9% 18800 &
MS 1 09 6% O00€10 © °
AS ] 09 6% 8210 X
MS . 09 2ZeL ©6800 * Ll oYy
MAS v 09 €tL 00600 V
MS ’ 09 %% €0S00 ©
MAS - 09 L% €0s00 O
odfy epoy aq My i
. .
~ 90




79

M
1,0%T = "L HLIM 3901 ¥41dWvVIa
HONI-9 NT SMOTd ¥YIALVM-WVHLS ¥04 SHATLIDOTAA ONICAOOTd 06 TANO14

Ip
¥
¥10 ALY 010 800 900 $00 200

)| 1 l 1 L L

09 €I EIETO
09 S6El 22610

09 O0LET 00600
09 €6€1 ¥%IS00
09 00%1 80500

crares>
[}
@©
f
o
004+ Xo




1.0

Jin Tw D  Mode Type
o 00532 852 20 4  SW
o 00530 854 20 ¢  SW
A 00506 804 40 4  S¥W
T 00501 B07 40 ¢  SW
08 ¥ % 00503 M7 60 4  SW
o 00503 M4 60 ¢+  SW
¢
06 8§
O
¢
0.4
5 & o
e A X 5 o o
» . od A
+ 2 IS &(’5
02 - B o
£
o o
OO I k] | § 1 I 1 |
0.00 0.01 0.02 0.03 0.0~ 0.05 0.06 0.07 0.08
*
JL
FIGURE 51. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF DIAMETER FOR STEAM-WATER

k3
FLOWS WITH T,, = 80°F AND J __ =
W LIN

0.05

08



81

N1 I .
- [ ANV 4,6, = 3% HLIM SMO14

€E1°0 =
¥
AALVM-WVALS ¥04 HALAWVIA 40 NOIIONNA V SV SHILIDO dA HNIAOOTd 40 NOILVIMVA °Z¢6¢ JdNOId
Ip
*
910 10 AN 010 800 900 Y00 200 000
| | | N | 1 OO
X
X
X
x .
v%n - 20
o® P
o ™"
- X
¥t oo v +F 70
- %
o0 o x@
Af
0
$ 90
¢
O
MAS . 09 6% o00€10 °
AS ¢+ 09 6 8210 X ¢ 80
AS ‘ 0y v es21o *
AS ' oy e 1weo ¥
MAS ' 02 ¥%e8 20€10 ©
MAS B 02 @gc8 #¥ig1o O
odil epox a My "ir q
- 01



1.0

Jin Tw D  Mode Type
¢ o 00509 1219 20 4  SW ¢
o 00514 1341 20 +  SW
u sEREmE ! B
0.8 - % 00508 1400 60 4  SW
5 00514 1393 60 ¢+  SW
06
=)
0
0.4 - "
§ %0 "
r ol X
0.2 - * v X © 2 % Ao
' o
X
00 || I | 1 | T i §
0.00 0.01 0.02 0.03 0.04 0.05 0.06 007 0.08

FIGURE 53.

VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF DIAMETER
*

"LOWS T = O°F AND J

FL( WITH !w 140°F AND LIN

*

JL

FOR S5TEAM-W:.TER
= 0.05

8



Jin Tw D  Mode Type
o 01308 1458 20 ' sw
3 o 01300 1450 20 ' SW
06 -ﬁ a 01316 1408 40 ‘ SW
+ 01313 1406 40 ' SW
x 01322 1395 60 . Sw
o 01313 1413 60 . sw
&
-~ O
04 +A &
o° & 0
DX
o
xb b O - +4A
o s *
o X
o &~
0o X
X
| 1 || 1 1 1
0.00 002 004 0.06 0.08 0.10 012 014

-

JL

FIGURE 54. VARIATION OF FLOODING VELOCITIES AS A FUNCTION OF DIAMETER FOR STEAM-WATER

*
WS TH T,, = 140°F AND . = (.
FLC WIT Iw 1 F ANI ILIN 13

£8



35

Kin Tw D Mode Type
~ 02308 852 20 SW
o 02208 854 20 B sw
A 03101 804 40 ’ SW
30 % + 03071 807 40 ' SW
x 03768 M7 60 ’ Sw
x o 03767 M4 60 ) Sw
$
2.5 -
x
X
2.0 - X
+A Lo 8 X
A o
A
* + A - oX
15 »
+ o " A
(8] 0 A
A
10 4 A
O
al
05 ! T T -8 T T T
000 005 C10 0.15 0.20 025 0.30 0.35 040 045
FIGURE 55. VARIATION OF FLOOD I N( LOCITI A A FUNCTION OF DIAMETER FOR STEAM~-WATER

FLOWE WITH T,, = 80°]
w

"8



85

M
L HLIM SMO'LA

{00
AALVM-WYELS ¥04 HALAWVIA 40 NOLIONNA V SV SHILIDONAA ONTAOO'Td A0 NOTLVI¥VA *9C HUNOTA
01 60 80 L0 90 G0 ¥0 £0 20 TO 00
| | | H | | | | | OO
x
X
X - 01
x .uO
O
KX a
X % .
. - 0'¢
X o O ﬁ
+ x
v a X &
X
+
v ° x 0€
o]
X
NS ‘ 09 6% 6880 °
MS ' 09 6% 880 X ()4
AS ‘ oy ¥ 8.0 *
I'TS ' 0oy cu. 8s6L0 V
MAS 4 0z ¥e8 2veco ©
MS v 02 9t8 ¥69¢0 O
odf], epom a M Uiy

0G



40 4

Kim Tw D Mode Type
i ] o 02228 1219 20 ‘- sw
o 02257 1341 20 ' Sw
s 03065 1439 40 ’ Sw
+ 0307 1449 40 ' SW
x 03873 4.0 60 4 Sw
3.0 ‘t o 03922 1393 60 ' Sw
X
[/
D
20 4
D n
o
A o
10 - . o
o x
O
0.0 T T T
0.00 025 0.30 0.35 040

FIGURE 57. VARIATION OF FLOODING

FOR STEAM-WATER FLOWS WITH L

VELOCITTES AS
140°F

A FUNCTION OF DIAMETER

98



Kim Tw

:

C5758 14568 20
05730 1450 20

1408 40

08172 1406 40
10079 1385 60

oX+b0OD
(=]
&
8

10019 1413 60

44
(a}
(8] A o
.4
© p
oD
o
| T T T
02 04 06 08

FIGURC 58. VARIATION OF FLOODL1w” VELOCITIES AS A FUNCTION OF
DIAMETER FOR STEAM-WATER FLOWS WITH Tw = 140°F

535333;

L8




05

Nin Tw D Mode Type
o 00502 859 20 B AW
o 00522 B64 20 “ AW
a 01204 852 20 4 AW
+ 01293 845 2. ® AW
04 o X Richter and Lovell (1)
i .
03 * x
E I
o
a %
o
0.2 - =
+
o X
o *
o+
0
01 - ++°
++
OO | 1 I 1 4
0.00 005 0.10 015 020 025
*
I
FIGURE 59. COMPA® SON OF THE EXPERIMENTAL DATA FOR 2-INCH

DIAMETER TUBE

0.30

88



0.35

Jin Tw D Mode Type
o 00502 739 60 . AW
.J o 00524 737 60 ] AW
0.30 a 00904 727 60 ‘ AW
+ 00916 726 60 L AW
‘ x 01313 731 60 4 AW
o 0 %l,sm 731 e.o“ ]v] AW
1 v Richter and Love
0.25 = ?n @ Richter and Lovell fllg
e
v
0.20 AQ’
@
-g+ 3
) e o
0.15 iy > 4 + o A
oR@® B B® o a X
0.10 mes 2m’ ®
4 ® = ® v
Lo + v
0.05 - ° = ® ®
+o
o
0.00 T | T | T |
0.00 0.02 004 0.06 0.08 010 012
n
JL
FIGURE 60. COMPARISON OF THE EXPERIMENTAL DATA FOR 6- AND 10-INCH DIAMETER TUBE

014

68



90

as shown in Figures 49 and 50, This partial penetration is the result of slug
delivery, observed only for the 6-inch diameter tube.

The present results are somewhat different from previously published
data. However, they show that neither the J* nor the K parameter is entirely

satisfactory for scaling the full range of countercurrent flooding data.
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APPENDIX A

2/15-Scale High Bypass Air-Water and Low
Subcooling Steam-Water Test Data




TABLE A-1. 2/15-SCALE AIR-WATER PLENUM FILL

ID -
WG -

WLIN -

JGS -

JLS -

JSLIN -

-
TLIN -
DTLIN -

DSTAR -

PENETRATION DATA LISTING

Explanation of Column Titles

ldentification number

Reverse core gas flow rate, lbm/sec

ECC water penetration flow rate, lbm/sec
ECC water injection flow rate, lbm/sec
Dimensionless reverse core gas flow rate,
[ogvi/sc.(pL - o')ll‘/2

Dimensionless ECC water penetration flow rate,
1/2

["vaz."c.("x. - )]

Dimensionless ECC water injection flow rate,

1/2
')1

Lower plinum gas space pressure, psia

2
(o V11n/8C, Py = #

ECC water temperature, F
ECC water subcooling, F
Condensation potential,

1/2
(CP(T-a: - TL)/hfg](oL/og)
Dimensionless characteristic length,

1/2
c.['(°L - o‘)/o]

Geometric data

Vessel scale 2/15
Vessel inner diameter, in 24.35
Annulue gap width, in 1.23
Annulus length, in 24.87
Annulus circumference, in 72.63
Cold leg diameter, in 4.02

Break leg diameter, in 7.63



25212
25213
25215
25217
25218
25219
25221
25223
25226
2522%
25226
25227
25228
25229
25230
25231

25235
25236
25237
25238
25239
25240
25261
25262
25243
25244
25245
25246

25267
25249
25250
25251
25252
25253
25254
25255
25256
25257

25258
25259
25260
25261
25262
25263

i

LeM/seEC

a78
«918
298
31
«588
«692
«892
1.327
1.648
2.002
2.229
2.555
2.773
2.864
2.942
2.878

«217
«405
«562
«668
«T7s
«972
1.122
1.281
1.377
1.691
1.952
2.105

«226
«636
«835
«906
le061
1367
1.635
1.943
2.287
2518

«336
W73
«6b6
«592
« 779
«888

LS
LBM/SEC

26.530
7459
32.206
23.628
19.792
16.019
S.768
2+690
1.862
«915
«616
«506
«187
« 249
Y
<087

46.013
28,882
23.207
18.283
9. 642
S.409
3.809
2.583
1.638
«355
«016
«014

45.978
21.256
16.282
5.160
3.790
241467
1.158
«h73
<014
«014

28.107
25.109
22.003
15295
10.257

7,033

WLIN
LBM/SER

35.00
35.23
35.02
Sh.87
36,78
E S |
36,76
36.67
3879
36,69
36,58
36.51
36,60
Je.n0
36.38
3%.40

52.72
52.16
52«30
51484
53.09
$3.02
$2.73
52.57
$3.09
5286
52.69
52.65

65.84
64,87
63.84
66,14
6598
65.98
65.61
65.12
64,73
64.23

65.80
6,77
62.73
65.67
65.42
65,32

JGS

«0212
0827
«3155%
«0209
<0270
« 0306
« 0397
« 0576
0764
«0860
«0929
«1021
<1073
«1089
«1106
«1083

-00%0
« 01546
«0210
« 02463
« 0364
« 0425
0672
« 0521
« 0615
«0727
<0817
«0865%

«0100
<0282
«030s%
«0413
067w
<0600
«0703
«0796
«0899
« 0951

«0154
« 0192
«0226
<0266
« 0339
<0377

JLS

« 0693
«0138
«0598
« 04635
<0387
«0297
<0181
«0050
«0035
<0017
<0011
«0009
<0003
<0005
<0001
<0002

« 6855
«0517
«0631
«0340
<0179
<0100
«0071
«0048
«oa27
«ocar
<0000
«-0ote

« 0854
« 0335
-0303
«0095
«0070
«00s0
<0022
«0009
<0000
«0000

0530
«0473
«0615
<0288
«0193
«0132

JLSIN

« 0650
« 0656
« 0650
« 0647
« 05466
« 0644
« 0645
« D644
+» 0646
«066s
« 0642
« 06461
« 0640
« 0639
« 0639
« 0639

<0979
« 0969
<0972
«0963
« 0986
« 0385
«097%
<0977
« 0986
« 0582
«0979
<0978

«1223
«1205
«1187
1229
«1228
«1226
«1219
«1210
<1203
v1196

« 1260
1221
«1182
«1237
«1232
«1230

Py
PSIA

21.82
19.62
16.15
18,49
20,62
22.13
21.49
23.23
2149
23.84
25.50
27936
29.88
31.01
31.85
31.87

26.63
29.7%
28,464
32.36
21.80
22.56
26.51
26.26
2191
23.80
25.43
26,63

21.52
2T.62
33.19
21.08
22.18
2233
26.13
26.78
29.13
31.67

20.54
26.80
38.60
21.78
23.29
26,37

TLIN
F

75. %
Thebld
75.96
75.92
75.9%
75.98
75.98
76.09
Te.18
76.26
76.33
T6.45
76.57
T6.72
T6.88
T6.87

T7T.16
77.25
T7.38
TTebn
77.61
T7.71
T7.84
T7.92
78.08
78.21
78.36
78.63

78.90
79.09
79.16
79.31
T79.45
79.61
79.71
79.83
79.97
80.13

181,70
161460
140.90
160.50
140.10
13%.90

OTLIN
F

8.00
e.00
2.00
0.00
0. 00
0.0
g.00
0.00
.00
g.00
6.00
0.00
8.00
.00
0.0°
g.00

0.00
0.00
g.00
0.08
§.03
0.00

LANBOA

g.000
8. 000
0.020
o.000
8. 000
g.000
0.000
0.000
¢.000
0.000
g.%00
0.c00
g.000
e.000
g.008
g.000

o.000
0.000
0.000
g.000
8. 000
0.%400

OSTAR

678.81
678,91
679.20
679.13
679.08
679.04
679.06
679.05
679.16
679.10
679.08
679.02
678.99
679.01
679.05
679.0%

67" .39
679.20
679.30
679.21
679.63
679.65
679.65
679.61
679.81
679.01
679.82
679.87

630.11¢
679.98
679.81
680.28
680.31
680,36
680.35
680,30
680.25
680.22

703.93
703.65
Te3.16
TR3.62
7T03.22
7T03.11
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25266
25265
25266
25267
25268
25269
25270
2521
252712
25273
2527

25275
25276
25217
25278
25279
25280
25281
25282
25283
25284

25302
25304
25305
25306
25307
25308
25309
25310
25311
25312
25313
25314

25315
25316
25317
25318
25319
25320
25321
25322
25323
25324
25325
25326
25327

G

LBM/SEC

1.106
1.242
1.408
1.577
1.768
24064
2.281
2.578
2.553
2.686
2723

«186

«635

«931
1129
1.511
1.716
2.094
2.3
2.500
2.671

<112

«610

«876
1.015
1.211
1.352
1.429
1.75%
1.943
2173
2.316
2.589

247
12
«564
« 768
«862
1.113
1239
$.212
1.645
1.878
2. 045
2.236
2.016

WL
LBN/SEC

8792
3.537
2.289
2.185%
1e671
«683
«582
«216
w043
«376
«lat

32.124
17.4651
6,102
2.363
1.631
«938
«296
« 253
«016
«016

30.116
14,642
9.082
5.054
3.1986
2.785
1.374
«267
«376
«216
«014
<016

26,086
18.267
15.852
8.315
5.836
3.320
2.551
1.957
1.216
«882
«310
177
«030

WLIN
LBM/SEC

65.21
64,56
65.40
65.28
65.01
64.58
6. 14
63.79
63.51
63.33
63.01

53.52
52.85
52.96
53.30
53.11
53.08
52.55
52.2%
52.01
51.99

3611
36,53
Jeon0
Jha62
34.52
Jh.bb
34t
34.36
36,28
34.28
36,17
3607

33.82
33.80
33.68
33.88
33.78
33.84
33.73
33.66
33.55
33.46
33.31
33.22
33.24

JGS

« 0466
<0507
«0606
« 0666
<0728
<0810
<0870
« 0952
«0925
«0968
«(975

<0085
«0260
«0398
« 0517
« 0662
«0726
« 0841
«0918
«0939
« 0987

« 0045
«0271
«0370
« 0630
« 0530
« 0575
«06b7
« 0764
«0822
« 089S
« 0924
«1001

«0113
« 0181
«0235
« 0340
«0370
« 0695
« 0538
«0514
«0673
« 0743
<0784
«0836
<0888

JLS

«0050
<6067
« 0063
«0041
<0028
«0013
<0011
«000s
<0001
<0007
«0000

«060%
-0328
«0115
«004&s
<0031
«0018
«d006
«0005
<0000
«0000

«0567
«0275%
0171
« 4095
«0060
<0052
<0028
«0011
<0007
<0004
<0000
«0000

«0503
«0352
«0306
«0160
«0112
<0066
« 0049
-0038
«0023
<0017
<0006
<0003
<0001

JLSIN

«1228
«1223
«1232
«1229
«1226
«1216
«1208
«1201
«1196
«1192
«1186

<1007
«099%
« 0996
«1003
«0999
«0998
« 0988
« 0983
«0978
«097s

« 0642
« 0649
«0BA7
« 0647
« 0649
« 0648
« 0648
« 0646
« 0645
« 0644
« 0642
+ 0641

« 0652
«0652
« 0650
« 0653
« 0650
«0651
« 0650
« 0648
«064b
« 0646
« 0641
<0640
«0639

PV
PSIA

25.15
26.83
26.26
25.31
26.81
2911
3102
33.80
315.21
35.60
36.17

22.00
27.19
24,65
21.79
23.93
25.84
78.65
30.93
32.88
33.99

28.72
22.97
25,45
25.27
23.67
26.81
2i.92
23.82
25.29
26.7%
28.55
30.461

22.66
23.70
26.07
23.30
26.99
23.22
24.57
25. 64
27.68
29. 7%
31.80
33.58
34.90

TLIN
F

133.50
139.30
139.10
138.90
138.50
138,20
137.80
137.50
137.20
136.90
136.90

135.90
135.90
135.90
135.60
135.50
135.20
135.20
135.10
134.70
134.00

135.70
135.50
13%.10
134.50
134,10
133.90
133.80
133.70
133.60
133.50
133.30
133.10

207.50
207.30
206.60
203.60
201.50
201.90
202.50
202.40
202.10
201.90
201.60
201.40
199.50

DTLIN
F

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.-00

8.00
0.00
g.00
.00
0.00
0.00
0.00
0.00
.00
0.00
0.00
0.00

LAMaDA

DSTAR

702.93
702.81
T02.80
702.69
T02.49
702.32
702.09
T01.92
Tot.76
T01.65
701.62

701.58
TO1.43
701.49
TO1.65
701.36
701.19
701.12
701.03
T00.82
700.51

701.32
To1.38
701.18
700.92
T00.080
T00.68
T00.72
700.63
700.56
T00.468
700.35
700.23

733.78
733.62
733.20
T31.78
T30.70
730.96
731.20
731.13
730.92
730.77
730.57
730442
729.46



I0

25328

25329
25330
2533
25332
25333
25334
25335
25336
73337
25338
25339
25340
253461
25342
253463
25346

25345
25346
25347
25348
25349
25350
25351
25352
25353
25354
25355
25356
25357
25358
25359
25360
25361
25362

w6

LBM/SEC

z.’xg

« 3146
Sl
«608
«802
«898
1.084
1.226
1336
1.621
1.880
2.132
2.383
2.570
2.761
2844
2.817

o261

b

«582

« 732

« 884
1.025
1.03%
1422
1.651
1.937
2.067
2.335
2.638
2.771
2.809
2.705
2.790
2.822

LS
LBM/SEC

014

22.060
17.304
13.246
7.406
5.039
6. 037
3.180
2.485
1.880
1216
« 729

« 492
«377
«122
«134
«-006

26.393
19.962
16.322
9.537
6. 793
5.219
3.977
3.119
2.387
1.619
1.153
« T84
»821
«651
«512
«518
«281
«073

WL IN
LBN/SEC

33.11

52.01
51.60
51.88
52.26
S1.62
51.19
51.26
51.21
51.02
S50.78
50.63
50«67
50.32
50.78
51.36
51.16

63.97
63.63
63.35
63.52
63443
63.465
83,36
653.28
63.02
62.68
62.37
65193
61.59
61.32
61.90
63.49
63.586
63.59

JGS

« 0967

« 0142
02146
0264
«0361
« 039
« 0464
<0513
« 0545
«+0639
«0711
<0784
« 0852
+8500
« 0952
« 0966
« 3948

«0107
«3192
«0247
«0326
«0384
« 0436
« 0426
« 0568
«0636
«a722
« 0748
<0817
« 0896
« 0924
« 0950
<0888
« 0917
«093¢C

JLS

« 0626
«0336
« 0255
«0143
<0097
<0078
« 0061
<0068
«0036
<0023
<0016
«0009
<0007
«0002
-0003
«0000

«0510
<0385
«0315
«013%
«0131
«0101
<0077
+0060
« 0066
<0031
<0022
«0015
<0016
«0013
<0010
<0010
«000%
<0001

JLSIN

«06357

«1603
«0599
<1000
<1007
« 0935
« 0986
« 0986
« 0985
«0982
<0977
«097s
<0970
« 0587
« 0975
«0386
«0982

«1235
<1228
«1223
«1226
<1222
«1222
«1219
«1218
«1212
«1206
«1199
«1190
«1183
«1177
<1188
«1217
«1218
<1218

Py
PSIA

37.46

22.79
26.92
26,70
22.92
24.28
25.60
26.62
27.9
30.00
32.62
36.57
36.75
38.56
L0.06
61.32
41.96

23.71
25.26
26. 00
23.80
26.90
26.01
27.78
29.45
31.67
33.92
36.06
38.55
“0.77
42.28
L2.88
“3.57
L3.62
43.41

TLIN
F

198.80

208.10
207.70
205.70
204.80
206,460
206440
202.10
200.90
200.10
199.80
198.9¢C
197.70
196.30
196,40
194,60
196.40

209.10
208.90
208.60
208.20
204.70
203.10
201.70
200.60
199.90
199.50
198.60
197.30
195.90
194.20
191.90
190.80
189.2¢0
188,30

DTLIN
F

0.00
0.00
0.00
0.00
0.00
0.C"
0.0¢
8.00
0.00
0.00
0.00
0.00
0.00
g.02
0.00
0.00
0.00
0.00

LAMBOa

0.000
0.000
0-000
o.000
0.000
0.000
d. 000
0.000
0. 000
0.000
0. 000
| L
0.000
e. 000
0.000
¢.000

OSTar

729.0%

734.07
733.82
732.81
732.40
732.17
732.13
730.96
730.33
729.88
729.66
729.16
128,52
T27.79
726.8%
726.90
726.79

T34.56
T3hab2
73628
73618
732.33%
T31.68
730.73
730.15
T29.7%
729.53
728.98
r28.29
T27.53
726.67
725.55%
725.01
T26.25
723.83
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25702
25703
25706
25705
25706
25707
25708
25709
25710
25711
25712
25713
25716
25715
25716
25717

25718
25719
25720
25721
25722
25723
25724
257258
25726
25727
25728
25729

wi

LBM/SEC

«070
«116
«379
«300
«528
«591
o712
«728
«859
«813
«976
«9%0
1.176
1.185
1.3644
1376

1.311
1.375
1.156
1.171
«916
«998
<895
« 84k
«662
«679
«382
b33

WL
LBN/SEC

37.070
36.3086
29.295
30.565
20.957
19.416
16.909
18.153
15.09%
16.201
10,624
11. 321

9.338

8.315
6.313

T.204

B8.758

B.244
11.254
12.295
15.242
14.583
16,722
17.706
22.368
20.965
28,274
30.895

WLIN
LBM/SEC

35.53
35.55%
35.02
35.16
35.17
35.15
J%.96
35.06
36.07
34,82
LR
34,81
34.69
3672
34,57
34.56

53.21
53.19
53.63
53.72
S.17
54.12
54.52
54.60
55.16
55.01
55.61
55.66

JGS

<0033
« 0054
«0163
« 0135
<0232
« 0256
«0299
«0311
« 0350
«0329
«0372
«+ 0379
« 04346
« 0435
0673
« 04086

« 0425
« 0445
«0391
«0399
«0327
«0353
<0328
«0313
« 0264
«0267
«0163
<0188

JLS

«N689
«0675
« 0546
«0568
«0389
«0361
«0316
<0337
<0281
« 02646
«019%
«0210
«0176
« 0155
«0117
«0136

«0163
«0153
«0209
«0229
«0283
0271
<0511
«0329
«0616
«0309
«0526
<057

JLSIN

« 0660
«0660
« 0651
« 0653
« 0654
« 0653
«0£S50
« 0651
« 06468
« 0647
« 0646
«064T7
« 0645
« 0646
<0643
« 0643

« 0990
«0990
«0998
« 0999
«1008
«1007
<1016
« 1015
«1026
«1023
« 1036
«10%5

PV
PSIA

19.78
19.94
22.87
20. 84
21.64
22.27
23.79
23.26
25.63
2617
29.62
29.26
31.58
31.35
364,78
34.53

“1.27
b1.38
37.79
37.20
33.89
Jhobb
32.17
31.32
2r.22
28.12
23.39
22.39

TLIN
F

81.16€
81.30
81.67
81.52
81.63
Bl.74
81.47
81.99
82.02
82.13
82.25%
82.27
82.35
82443
82.49
82.56

82.59
82.71
82.7%
82.84
82.84
82.9%
82.96
82.98
83.09
83.10
83.15
83.21

OTLIN
F

0.00
0.00
0.00
g.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
g.00
0.00
0.00
g.00
0.00

0.00
g.00
0.00
g.00
0.00
0.00
0.00
0.060
0.00
g.00
g.00
0.00

LAMBDA

DSTAR

680.96
681.01
680.96
681.04
681.06
681.08
681.09
681.15
681.09
681.11
681.01
681.03
680.99
681,01
680.96
680.99

680.73
680.78
680.91
680.98
681.11
681.13
681.20
681.23
681.42
681.39
681 .56
681.60

S-v
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25802
25803
25805

25902
25903
25906
25905
25906
25907
25908
25909
25910
25911
25912

26002
26003
26006
26005
26006
26007
26008
26009
26010
26011
26012
26013
2E016

"G

LBM/SEC

«250
88
«863

«196
« 377
«630
«503
« 786
1.021
1.335
1.562
1.700
179
1.780

«257
«439
«579
«780
1.026
1.283
1.520
1.684
«315
«599
«6065
«526
«516

“:
LBM/SEC

33.023
21.721
11.039

WT7.400
35,162
23.594
30.292
21.195
15.636
10,545
Tobb8
6.903
6.228
5.808

32.712
30.500
24,354
16.975
11.57%

T.462

5.860

S5«346
13.663
18,352
21.667
29.569
29.295

MLIN
LBM/SEC

35.06
34,86
Jho 78

53.16
53.21
53.01
53.19
52.93
52.460
51.78
51.36
52.89
52.70
52.76

Je. 80
34,98
34.82
36.886
IhaT8
36.60
Jaub7
J6.38
35.05
35.29
35.11
35.01
35.27

4GS

«0105
«0198
« 0334

<0081
« 0158
«0253
«0204
«03086
«0368
o0
« 0694
« 0521
« 0543
« 0561

«0106
<0187
« 0236
« 0315
« 0402
0467
« 0527
« 0567
« 0372
«0313
«0271
« 0205
«0218

JLS

«0615
<0605
.0208

«0883
« 0655
<0639
«056%
«0395
<0287
<0196
«0139
«0129
<0116
«0108

+0608
«0566
« 0652
<0315
<0215
«0139
«0109
. 0099
<0254
«0361
<0402
« 0549
<0546

JLSIN

« 0652
«0650
« 0649

« 0990
« 0991
«0987
<0990
« 0985
«0976
« 0965
« 0957
« 0986
.0982
<0983

« 1646
« 0650
« 0647
« 0648
« 0646
« 0643
« 0641
« 0639
« 0651
« 0655
« 0652
« 0650
« 0655

v
PSIA

23.73
25.35
28.20

26436
26.15
25.98
25.28
27.60
32.20
37.70
L1.81
e 73
46.19
45.91

26.39
22.57
25.25
25.26
26.87
.21
34.89
36.99
25.18
21.06
26.99
27 .26
23.23

TLIN
F

92.86

102.00
106.10

92.03
91.81
91.67
91.59
91.52
91.65
91.71
9176
91.77
91.81
91.89

T6.45
76.53
76.65
76464
76.65
76.67
T6.75
76.75
76.60
76.59
76.55
T6.55
Theb7

DTLIN
F

0.00
0.00
g.00

0.00
0.00
.00
8.00
.00
0.00
0.00
0.00
0.00
"~ 00
g.00
0.00
.00

LANBDA

0.000
0. 000
0.000
0.000
0.000
c.000
0.000
0.000
0.000
0.000
0.000
0.000
0. 000

DSTAR

685.04
688.35
689.81

684,76
684.66
684,55
684.54
684 .46
684,38
684,18
686 .04
684,01
684.00
684 .06

679.11
679.20
679.15
679.15
679.08
678.92
678.86
67877
679.15
679.28
679.13
679.04
679.16



TABLE A-z .

2/15-SCALE STEAM-WATER PLENUM FILL
PENETRATION DATA LISTING

Explanation of Column Titles

858

WLIN -
JGS ~

JSLIN -

PV -
TLIN -
DTLIN -~
LAMBDA -

DSTAR -

Identification number

Reverse core gas flow rate, lbm/sec

ECC water penetration flow rate, lbm/sec
ECC water injection flow rate, lbm/sec
Dimensionless reverse core gas flow rate,
[°;vi/'c.(°L - pg)ll/2

Dimensionless ECC water penetration flow rate,

1/2
[oLVi/tC.(oL-- o‘)l

Dimensionless ECC water injection flow rate,

IDLViin/SC.(pL - 98)31/2

Lower plenum gas space pressure, psia
ECC water temperature, F

ECC water subcooling, F

Condensation potential,

(Cp(Tgqe = TL)/hg 100y /o))

Dimensionless characteristic length,
1/2

1/2

c.te(oL - D‘)/a]

Geometric data

Vessel scale 2/15
Vessel inner diameter, im 24.35
Annulus gap width, in 1.23
Annulus length, in 24.87
Annulus circumference, in 72.63
Cold leg diameter, in 4.02

Break leg diameter, in 4.02
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25602
25403
25604
25405
25406
25407
25408
25409
256410
25611
25412
25613

25616
256415
25416
25617
25618
25419
25421
25422
25624
25425
25426

25627
25428
25629
25630
25432
25433
256346
25435
25636
25637
25438
25639
25440
254461
25442

254463
2544k
25445
25446
25447
25648
256449
25450

e

LBN/SEC

1.203
«989
«929
«930
«817
«691

1.273

2.02¢

2.197

2.787

3.1t

3.550

«588

«623

« 949
1.313
1.379
1.585%
2.075
2.404
3.115
3485
3.69

«686
1063
1.321
1.728
1.910
1.968
2.072
2.312
2.615
2.982
J.688
bo296
4.615
6.620
5.634

1.656
2.0063
2.206
2557
2.71%
3.159
Jabsl
J.655

WL
LBM/SEC

16,082
17.060
17.217
16,692
21.768
23.254
15.032
12« 441
9.088
7.280
5.632
3.761

32.363
I4.584
34,640
35.176
32.828
31.035
18,796
16,542
3.959
«120
3.050

33.335
Jho 767
33.345
33.584
32143
33.463
33.906
31.912
30.13%
26.070
14,326
6.110
1.408
3.758
1.649

“3.221
“0.,104
36.190
26,501
23.389
13.628
17.698

8.130

WLIN
LBM/SEC

32.98
33.06
313.08
33.06
33.26
33.36
33.00
32.70
32.65
32.08
Ji.60
30.67

32.99
32.95
32.93
32.93
32.56
32.53
32.17
32.3%2
32.9%
32.786
32460

33.03
J2.92
32.83
32.9%
33.21
33.25
33.07
33.12
33,16
313.06
3s5.21
32.91
32.55
32.68
32.40

50.52
50.51
50.27
50.26
S0.67
50.21
50.07
50.06

JGS

<0779
« 0661
« 0635
« 0634
«0591
« 0515
<0797
«1135
<1179
«1354
«1513
«1550

<0271
«0287
«0638
<0507
« 0647
«0763
«0963
«1138
«1391
«1535
«1576

- 0269
«0377
« 0678
«0627
« 0697
«0719
«0752
<0840
« 0952
«1079
«1350
«1550
«1666
«1678
«2023

«0773
« 0919
«1011
1176
« 1254
114
«1504
«1599

<0272
.0329
«0332
<0322
<0620
«0bbst
0290
«0260
«0175%
<0161
«0109
«00.2

« 0626
« 0669
<0670
<0680
<0635
<0600
«0363
<0281
«0077
«0002
«0059

<0664
«0671
« 06446
«0648
«0621
« 0646
« 0655
«0616
«0582
«0503
<0277
<0118
<0027
«0073
«0032

.0835
«arrs
« 0699
3512
«0651
«0263
«0338
«0157

JLSIN

« 0637
«0638
«0638
«0638
« 06461
« 06463
<0637
«0631
«0626
«0619
«0610
« 0591

«0638
«0637
«0637
« 0636
. 0629
« 0629
«0621
« 0626
+ 0636
«0633
<0627

«0638
« 0636
« 0634
« 0635
« 0641
« 0642
« 0639
« 0640
« 0640
« 0639
« 0641
<0635
« 0628
« 0631
« 0625

« 0976
« 0976
« 0872
<0970
« 0974
« 0969
« 0966
« 0966

Py
PSIA

23.15
2169
20.60
20.77
18.57
17.60
26465
30.11
33.78
“0.51
49,01
50.66

L& .97
k.95
bh,.91
h.80
“h.82
Lb57
“5.88
“&.02
“8.00
49.53
53.02

76.08
T2
T4 .8R
The 61
T3.61
73.21
T6.23
LTS B )
Th.h0
Teo73
7285
75.17
75.16
76.15
75.9

L5.43
L45.58
“6.97
L6, 69
“5. 1“
50«06
49,86

TLIN
F

210.50
210.10
209.80
209.50
207.00
208.30
208.90
209.70
209.80
209.90
21040
205.%0

212.60
212.90
212.30
212.50
212.70
212.70
211.00
211.80
212.20
212.00
212.50

210.50
210.20
209.80
208.10
209.20
209.50
209.50
209.50
209.40
209.30
209.20
208.80
208.50
207.60
206.50

212.40
212.10
211.90
209.60
208.20
208,50
208.50
208.20

OTLIN
F

25.09
21.95
19.61
20.32
16.69
1249
30.32
“0.86
a7.31
58.05
69.26
76.37

61.49
61.17
61.71
61.36
61.19
60.84
64,35
60.99
56.07
68.37
72.05

96.15
97.12
97.56
99.03
96. 84
96.35
97.28
97.19
97.56
96.33
98,84
99.13
99.11
101.84

62.33
62.83
64,95
66.86
67.23
70.58
72.59
72.63

LANBDA

«872
« 78S
« 715
«739
« 661
«492
1.022
1.260
1. 392
1.574%
i« 736
1.888

1.600
1.591
1.606
1.599
1.602
1.595
1.669
1.609
1.670
1.703
1.768

2.032
2.06%6
2.053
2.088
2.054
2.066
2.054
2.054
2.060
2.063
2.069
2.077
2.083
2.09%
2.132

1.623
1.625
1.666
1.720
1761
1779
1.799
1.803

DSTAR

735.64
735.46
735.32
735.16
733.92
T34.59
736,080
735414
735.15
735.10
735.25
732.69

T36.62
736.58
736.27
736.38
736.50
736.50
735.62
736.05
730.18
736.06
736.28

7364.99
736.83
734.63
¥33.77
738434
T3h b9
T34 .68
T3e.68
T3k, bb
736.37
736,34
73651
733.96
733.51
732.9%

736.34
736.16
736.06
736.89
736.18
736.29
T36.26
736,11

8-v



Io

25651
256452
25453

25502
25503
25506
25507

25510
25511
25516
25515
25516
25517
25518
25521
25522
25523
25526

wG
LBM/SEC

J.722
3.980
b.332

1.216
2.027
bo.108
h.812

3.343

«910
2.275
2.582
2.868
3.329
3.621
J.021
2.945
2.700
24673

WL
LBN/SEC

8.460
4.319
3.521

63.411
$0.220
3.986
9.181

24646
36.633
268,251
13.801

5.803

5.849

6. 684

2.410
12417
12.269
13.154

WLIN
LBu/SEC

49.73
49.16
“8.29

62.73
62.50
60.18
58.62

31.65
33,22
33.18
33.23
33.27
33.13
32.88
33.18
33.25
33.15
32.87

JGS

«1607
«1678
«1757

« 0564
«0930
«1681
«1866

«1537
« 0425
«1063
1214
«1323
wilTh
«1536
«1389
«1396
1272
1176

S

«0163
<0083
«0068

«1224
«0969
20077
<0177

«0051
<0708
«0566
«0267
«0112
«0113
«0129
«00&7
«0260
«0237
« 0256

JLSIN

« 9960
« 0943
«0932

«1211
«1206
<1162
«1129

«0612
« 06462
« 0641
« 0642
« 0643
« 0640
« 0635
« 0641
« 0662
« 0640
« 0635

PV
FSIA

51.66
54.59
59.02

45,63
46,69
S7.88
65.00

«6.39
45.16
45.33
79
45.33
48.71
53.55
46.11
43.50
b 20
“3.82

TLIN
F

208.10
208.40
209.30

209.5¢
208.00
210.56
210.70

212.00
211.20
210.10
210.70
211.2¢0
211.60
211.50
211.00
211.10
211.20
211.30

DYLIN
F

Th 86
77.99
82.26

65.50
68.46
79.73
87.12

6, 05
63.16
64,49
63.15
63.39
67.64
73.67
64,66
60.97
61.83
61.21

LAM30A

1.835%
1.872
1.908

1.701
Le761
1.866
1« 964

1.650
1648
1.681
1,655
1.650
1.698
1.780
1.676
1613
1.627
1.618

DSTAR

736,06
736.16
736,57

734,85
36,07
735.19
735.21

736.11
735.72
735.17
T35.48
T3S.72
735.86
735.75%
735.862
735.69
735.73
735.79

6=V



APPENDIX B

Flooding Data for Countercurrent Air-Water and
Steam-Water Flows in Tubes




TABLE B-1.

ID
WG

WLIN
TLIN
PLT
DIA
JLSIN

JGS

JLS

KLSIN

KGS

KLS

B-1

FLOODING DATA FOR COUNTERCURRENT
AIR-WATER FLOWS IN TUBES

Identification number

Air flow rate, 1bm/sec

Water penetration rate, lbm/sec
Inlet water flow rate, lbm/sec
Temperature of inlet water, °F
Lower tank pressure, psia

Tube diameter, inch

Dimensionless inlet water flow rate,

1/2
(P Vv Li /gD (P 8)]

Dimensionless air flow rate,

2 1/2
[pgvslgn(oL 98)]

Dimensionless water penetration rate,

[pLVi/sD(pL - 98)11/2

Dimensionless inlet water flow rate,

i )]1/2 1/2

2
(o VL 1/ (8900
Dimensionless air flow rate,
{p Vz/[zo(pL p )]1/2 3/2

Dimensionless water penet ation rate,

{vaL/(3°‘9L gt yign



iv

218 36
21835
218 %
21837
21030
21819
21840
21641
21862
21843
21844
21045
21846
21847
21848
21849
21850
21851
21852
21853
21854
21855
21856
21857
21058
21859
21860

21992
21903
21904
21305
21906
21907
21908
21909
21910
21911
21912
21913
21914
21915
21916
21917
21918
21919
21920
21921
21922
21323
21924

wh
wEM/5FC

« 1016
« 0796
« 05932
« 0509
«N39%
«+ 07234
0771
«10%0
1177
1214
«1227
«1%%6
« 1350
«1192
<1012
« 0806
+« 0602
« 0400
<0270
« 1549
« 1639
« 1565
« 1335
«1190
«1013
« 0009
« 0609

1162
« 1363
«1519
«1755
«2002
«1513
« 1618
. "0?’
«1212
« 0979
0542
+ 0608
« D430
« 1000
+ 1209
« 1240
« 1355
1547
« 1395
«129%
« 1162
« 0964
« 0787

LIS
LEM/LEC

de??
«3196
5732
7345
1.0840
2.1460
2.8607
2.8706
2.0635
2.8578
~212%
<1707
«1503
«2313
2984
40U
233
«B370
1.27561
3632
U718
«0631
10714
2280
r1s
7124
«9100

8612
8032
«0615
<1507
«1155
1624
1211
0954
«1732
«2973
Skt
« 7766
«8985
1.5310
1.3140
1.4630
0794
«1084
1546
«1287
467
«2915
« %056

WLIN
LEM/3ES

2.1353
?.1%91
2+1%31
2.1331
2.1377
2. 1460
2.9607
2.5706
2.EK35
2.3579
2.%524
2.0607
20440
2.0436
2.8551
2.6579
2.3593
2+86593
2.8573
«907s
«90.8
«9032
9047
«+9051
« 3066
«93089
«3100

«8304
«9135
« 3386
«8836
3844
« 8865
«0d37
o844
«8329
«9021
«900%
«8336
« 8955
L5944
1.533%1
1.5331
1.530%
1.5905
1.5305
1.5904
1.590%
1.5919
1.59%1%

75.8
75.4
75.8
75.8
7548
75.8
75.0
75.1
75.1
5.1
75.9
5.0
75.1
75.1
75.1
75.1
5.1
75.1
5.1
79.2
79.3
79.4
’3.“
79.4
T9.4
T3.4
79.5

146,7
144.9
145.0
165.1
145.0
‘“5. x
165.1
1645.1
1645.1
165,.1
145.0
1645.0
16,9
13,0
162.9
142.9
16:.8
162.7
162.7
162.7
162

12.6

15.01
14.92
14.85
14,31
1h.47
164.61
16.75%
14.46
14.9%
15.47
15.23
15.2%
15.16
15.04
16.9%
16.538
14,35
14.36
15.22
15.48
15.35
15.20
15.06
16.93
164.78
16.57

16,92
15.15
15.49
15.684
16.23
15.93
i5.69
15.47
15.2%
15.03
14,90
164,73
14.52
1h.96
15.05
15.09
15.64
15.60
15.51
15.40
15.27
15.09
14,96

4.0

~.°
L0
4.0
4.0
4.0
L0

h.0
“..
“.o
4.0
b0
4.0
“Iu
4.0
L0
“..
4.0
4.0
“.u
4.0
k.0
4.0
L.0
4.0
4.0
h.”
L.0
h..
“.o

JSIN

«1201
»1203
<1203
«1203
<1202
1207
« 1609
1614
« 1616
1607
« 1604
« 1609
«159%
« 1602
« 1605
« 1607
« 1608
«1608
« 1607
«0510
- 0508
« 0508
« 0509
«0508
.0510
«0511
«0512

0503
«0522
«0513
«0508
» 0505
« 0507
« 0505
« 0505
« 0504
« 0515
<0514
«'S51%
«0513
<010
«0910
«09.0
« 0500
«0308
« 0908
«0908
«0908
«0909
«0910

1G>

« 1607
«1270
«0953
«0662
«06LS5
« 0665
#1254
«1664&
« 1899
1357
«1939
«2131
«2136
«1876
«1601
«1203
« 0965
«0646
« 0436
« 2661
« 2556
247
«2175
«1879
«1610
«1297
«098%

<1871
2264
2611
2766
«3117
+ 2859
«257%
2287
«1953
«1581
«1311
.1008
«0719
«1670
«2023
<2081
21846
« 2634
«2239
«2087
« 1860
«1558
«1276

ns

<0106
«+0180
«0322
«0&13
«2587
<1207
«1610
1614
«1609
«159%9
«0117
0057
~008s
«017%0
«016s
«0225
«0233
«0392
0719
« 0486
«00&0
«0036
- 0060
<0129
« 0266
«0601
«0512

« 0452
«0453
«0035
<0036
0068
<0093
«0069
«0055%
<0099
«0170
0258
LY
«0513
«0a7s
«0750
«0r 35
« 0045
<0062
«0CE8
0073
~008%
«01EE
«0220

KLSIN

«T367
« 7356
« 7356
« 7356
« 7352
«7330
«9835%
«9869
« 3845
«98286
<9807
«3835
«9778
«9797
«9816
«5826
«3831
«94830
«9826
«3125
«3109
«3111
«3116
«3117
«3123
«313%0
« 3134

«31 %%
« 3253
<3200
« 3167
«3i49
<3157
« 3147
« 3149
3148
«3212
«3208
« 3204
«319%
5671
«5666
«5666
«5656
5656
«5656
+5656
+565%
~5660
«566%

KGS

«9826
« 7769
«5826
«&I70
« 3945
«2866
« 7669
1.0172
1.1E12
1.1964
1.18586
1.333%
1.3057
1.1669
9790
«TBAS
«5903
« 3947
«266%
1.5064
1.5648
1.64976
1.3316
1.1503
«3854
« 790
«605%

1.1659
1.3989
1.502%
1.7118
1.9628
1.7821
1.6044
1.64256
1.2172

«9852

8172

«62580

LTS )
1.0403
1.2602
1.296%
1.3601
1.5160
13942
1.3000
1.1567

<3703

« 7968

« 0606
«1099
«1971
« 2526
«3590
«7350
«9800
« 9900
<9800
«9800
<0700
<0600
«0517
«07395%
«1026
«1375
« 1455
« 2396
«%39%
« 2973
<0287
0217
« 0369
<0788
« 1625
« 2853
« 3136

« 3066
«2860
«0219
«0537
« 0628
<0578
«0631
« 0340
«0617
«1061
«1795
« 2765
« 3199
« 5445
«N6T73
«5203
«0282
« 03486
« 0550
« 0858
«9522
«1037
«13712



44

21625
21926
21927
21428
21929
21930
21931
21932
21933
219 38
21935
21936
219137
21938
21934
21940

22002
22003
27005
22008
22009
22010
22011
22012
22013
22014
22015
22016
22017
22018

22102
22103
22104
2210%
22106
22107
22108
22109
22110
22111
22112
22113
22114
22115
22116
22117
22118
22113
22120
22121

wil
LemM/5el

« 0507
« 060
<0273
« 020%
«N543
«0763
« 0901
« 1019
<1142
« 1103
« 1006
« 0904
«N787%
« 0575
« 0390
«0220

« 0566
« 0695
« 0765
« 0918
«1009
« 15086
« 1047
« 0307
«0723
« 0542
« 0367
« 0240
«0130
«0113

« 2753
« 2627
« 2968
«327%
« 3582
+« 4103
« 726
« 5107
« 5363
«5874
«509%
W57
«40S7
3574
« 3046
« 2344
« 1532
«2363
2731
« 3364

LI
LuM/LEC

331
doa24
«9740
1.3927
2.3409
2.2331
ST776
1654
«1018
«096 3
1802
.0’71
2033
«3630
5132
7751

2.0260
2.8205
2.5017
2.0118
PR
«1515
«1239
1692
«1550
«3329
w092
824
«3562
«5516

2.2135
2.3124
2.233%
1.5676
Se1
3123
2760
«295%0
«1653
<1753
1760
«3030
«S692
71y
«8552?
1.3581
2.3u61
L.2867
T.9998
«2355

WoIN
«3M/3EC

1.5»%3
1.5333
1.5933
1.35320
2.%003
22901
2.7926
2.2935
2.2572
2.2961
2,3023
2. 3037
2+.3052
2.306%
2. 3066
2.305%

2.8260
2.8205
2.%166
?.8802
2.6632
2.c233
2.0533
2.0633
2+4694
2.3722
2.07‘5
2.8722
2.870%
2.8634

2.49346
2ebbW3
244138
2.4645
2.4552
2.5060
2.4352
2.4355
2.44561%
2.4203
2.5920
2.5962
2.5823
2.6332
2.525%
2.5685
2.4616
Le&576
b, bo7?
G b 340

12.6
142.6
142.5
182,46
140.3
1640.9
10.9
10.9
140.9
140.56
140.8
140,48
140.7
160.7
10.6
160. 6

1640.5%
140.8
1640.6
139.7
139.8
139.7
133.7
139.6
139.6
139.5
139.5
135.5
139.5
139.5

Teot
73.9
73.9
73.9
73.9
73.9
73.8
7T3.%
73.9
73.9
73.9
73.8
73.7
73.7
73.7
73.7
73.7
,z.'
T2.7
r2.7

LT
PLIA

14.56
t“. d.
14,75
14,46
14.59
14.70
15.03
15.18
15.29
15.33
15.17
15.10
15.01
16.90
16,04
14.83

14.569
16.77
14,81
16.35
15.2%
16.01
15.35
15.21
15.10
15.01
sk 36
16.935
16.94
14.36

16,13
16.71
17.30
17.93
18.55
19.80
21.03
21.38
22,45
23.71
21.01
20.50
13.51
1£.55
17.61
16,643
15.461
16. %0
1b.38
18.24

a.‘
INCH

4.0
b..

JLSIN

0310
«0910
«0910
« 0909
«1313
<1311
«1308
«13086
«1305
« 1309
«1316
«13164
«1315
«1316
«1316
«1315

«1612
« 1609
«1607
«164%
«1637
«16113
«1630
«1634
<1637
«1639
«1639
«1638
«1637
1637

.« 0509
«0503
« 0497
<0504
« 0897
«0511
« 0497
<0507
« 0439
« 0896
«0529
«0530
<0527
« 0533
«0515
« 0524
«0502
«0%09
« 0849
« 0905

JGsS

« 0969
«0652
«N353
«1297
<1504
«1569
«1854
<1871
«161%
<1654
«1267
« 09467
« 0658
«L379

<0964
«1192
<1307
« 1564
«1642
«2360
«1731
«1453
<1176
« 0888
«0615
0416
«0306
0193

<1257
1463
«1604%
«1738
«1860
«2095%
« 2297
«2632
«2520
« 2687
“2426
« 2240
« 2041
«1345
«1621
«129%
«0912
«1316
«1453
«1754

LS

<0247
L
« 0556
«0795
«1313
«1313
«0330
«0083
«0053
.0055
«+ 0103
<0055
«0116
«0196
«0293
«Dh&2

«1612
<1607
1627
«1376
«00482
00856
.oa7
« V097
«u106
«0190
<0233
«0275
«020%
0315

<0872
« 0456
«0320
<0106
0065
« 00586
«0052
«0034
«32%
«0038
+ 0062
0071
«N096
«0174
0273
<0470
0816
«00&n

KL SIN

<5665
«566%
+5665
«5660
«8173
«81K3
«B144
«812%
«812%
«B8149
«8178
<8182
«8187
«8192
«8191
«8186

1.0037
1.0018
1.0003
1.0223
1.018%
1.0039
1.0146
1.0165
1.0185
1.019%
1.0199
1.019%
1.0189
1.018%

«3809
«3764
3717
3770
3720
«3828
<3720
«3758
<3737
<3708
« 3959
« 3965
« 3948
L0031
«3857
«3923
« 3759
«6805
6729
«6769

KGE

«6037
245
« 2915
2201
«6131
«8076
<9360
1.0389
1.1545
1.1648
1.0046
«9051%
<7886
<5896
«4096
« 2361

6000
«Te21
«8137
«97TT1
1.022¢
1.4686
1.0769
«5042
737
«5528
« 3828
« 2598
«1907
«1203

«9%09
1.0808
1.2009
1.3011
1.3923%
1.5679
1.7196
1.82n3
1.886%
2.010%
1.8161
1.676%
1.527%
1.3812
1.2137

«9696

«6823%

«9835
1.1172
1.3129

KLS

« 1540
2782
«3%63
« 4951
«8200
«5200
« 2052
«93517
«8361
«0342
« 0660
« 0385
«0r22
«1218
<1822
«2752

1.8002
1.0000
882"
«8561
<0512
«9538
«0MND
«0601
<0657
«1182
« 1852
«1712
« 1264
« 1958

« I6NTS
« 3532
« 5811
« 2334
«0736
«0686
«0822
«03%0
« 0252
« 0268
- 0269
« 04563
«0533
<0721
«1306
« 2064
«3522
« 6544
«6108%6
« 0359

£-q



10

22122
22123
2212%
2125
22126
22127
22128
22129
22130
22131
27132
22133
22136
22135
22136
22137
22138
22139
22140
221461
22142
22143
221464
22145
22166
22147
22148
22149
22150
22151
22152
22153
22154

22202
22203
22204
22205
22206
22207
22208
22209
22210
cceal
22212
22213
22216
22215
22216
22217
22218

w6
LEM/SEC

3723
«4lbs
UL
« 5351
« 5356
« 6586
. 3942
« 3506
« 3210
« 2769
« 2379
«2019
«1583
«1168
«0720
«0632
«1532
« 2350
« 2661
« 3176
« 3378
4527
« 4575
« 35395
« 3166
« 2743
« 2336
«1990
« 1585
+1108
« 0806
« 0593
« 0659

« 2439
« 3099
«3350
« 3711
<4086
« 4769
5077
h327
.60:!
. 3827
« 3464
«3002
« 2630
. 2302
«1333
«1507

LIS
Len/SEC

«1363
«0335
D652
46819
.0800
«0uuo
«1158
«2510
«3260
ST
«0357
9408
1.1119
1.5372
L2671
LRTYE Y
61378
65.0984%

3072

«1048

«0550
0.0000
0.0000
0.0000

«1813

3377

H249

760

7204

3132
2.6349
44979
be.b363

2.4842
2.1099
2.0690
«3555
«3334
«2662
2147
14066
« 2554
«2295
«3273%
«3389
5508
BLE T
1.0327
1.5000
2.0500

wLIN
LEM/SEL

bab239
boeb361
Labk?230
43646
Lo bib3de
LkobhT02
L 4355
4.5063
L.5465
s.5007
Lobbbb
L.4613
&.8356
&.5202
w5428
h.5507
6. 4635
6.bble
6.4168
6.4571
6.4307
b.u016
6. 4405
6.6599
6.4863
b.4940
6.6113
6. 4169
b. 4266
b.G377
be k343
6.4322
6.4363

24768
2«4436
2.3740
23938
2.4222
2.4573
2.6319
2.4959
24743
2.5003
2.5291
2.4354
2.6737
2.“’;2
2.4756
2.5074
2.4536

TLLN

72.6
72.8
72.%
'2.'
72.6
72.6
72.86
12.6
72.6
72.6
72.6
72.6
T2.6
72.6
72.6
72.6
73.2
73.2
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1
73.1

161.6
161.3
135.9
133.6
161.3
161.2
161.2
141.2
141.1
161.1
141.0
140.9
1640.8
140.8
140.9
140.8
140.0

lo+98
19.33
20.91
23.56
22.39
20.638
13.33
19.49
17.37
17.19
16,57
16.07
15.55%
15.1%
14.%0
16,62
15.25
16.30
17.03
17436
19.26
20.%9
20.70
19,35
17.91
17.18
16.56
16.09
15.61
15.26
15.03
14.93
14.68

17.08
17.5%
17.36
13.98
13.90
20.74
21.38
23.08
21.15
20.61
20.00
15.19
18.27
17.76
17.00
16.24%
15.68

6.0

6.0

« 0904
<0905
«0502
« 0891
«0S08
«0912
« 0905
« 0919
« 0928
« 0939
« 0907
« 0910
«0917
<0922
0927
<0528
«1370
«15.8
«1309
«1317
1312
«1306
«+1314
«1318
«1323
« 1325
«1308
«1309
«1311
«1313
«1313
1312
«1313

«0513
<0507
o0t
« 04637
«0502
« 0509
« 0504
+0510
« 0513
«0518
« 1524
« 0515
« 0513
«0518
«051%
« 0519
« 0509

GS

«109%
«2083
2273
2721
« 2529
2284
«2001
<1808
«1680
«1hdbh
<1302
«1126
0898
«0673
0457
«0373
«0a878
<1311
s 1644
«1669
«1963
« 2249
« 2246
<1980
«1664
<1470
«1275
«1103
«D89%
L LA
«04b8
« 0348
<0270

«13%98
<1634
<1721
<1770
« 1904
«2050
« 2149
« 2609
2162
«20590
1947
«1801
«1605
« 1460
1232
<1122
« 0900

ns

«0040
<0020
«0009
.0009
f.0000
0.0000
«0026
«0651
0067
<0117
<0130
<0192
<0227
«0326
«0666
«0898
«1266
1204
«0063
.0038
+ 0011
0.0000
0.0000
0.0000
« 0037
«0069
«0087
N ead
0147
«0186
«1537
«0918
«1313

« 0506
« D456
«0428
«007s
0069
0055
<006
«0030
« 0053
«0048
<0068
«0070
«011%
<013
«0216
«0312
«0625

KLSIN

6763
«6770
«6753
«H664
6793
« 6825
HTT72
«6080
«H961
<7023
«6788
«6811
6864
«6300
+6934
<6947
«9878
<9836
«9798
«98860
«9820
«9775
«9835
<9864
«9904
«39186
«9759
«9798
-9812
«98c7
«9825
«9821
<5827

«3912
«3868
3737
« 783
«382%
<3882
38061
«3946
« 3907
« 1948
«3994
«3326
«3913
« 31946
«3313
«335¢
«3383

KGS

1.4214
1.5584
1.70086
2.0357
1.8928
1.6794
L.k972
1.3532
1.2570
1.1103
<9763
+BL26
6720
5060
« 3621
441
«6572
- 9803
1.0811
1.2694
1.4692
1.6829
1.6609
1.6820
1.2455
1.1000
« 9564
«8253
<6821
.5100
«3583
« 2589
«2023

1.0661
1.2662
1.3103%
1.3889
1.4515
1.5639
1.6387
1.6368
1.6329
1.5628
1.4846
1.3732
1.223%
1.1128

98467

«8552

<6864

LIS

«0300
« 0152
« 0069
« 0064
0. 0000
0. 0000
«0121
«8383
« 0858
<0872
«0370
« 1436
«1697
«2838
«56483
«6718
« 9453
9512
« 0669
«0282
<0085
0.0800
s.0000
g. 0000
<0278
- 0516
« 0643
0727
<1100
« 1398
«%023
«6867
<9827

« 3360
« 3858
« 3257
<0567
<0527
«0%20
«033%
<0232
<0803
«0362
<0517
« 0535
<0870
«1002
«1630
«2381
« 3237

-4



22219
22220
22221
22222
22223
22224
22225
22226
22227
22220
22223
22230
2223
222132
22233
22236
22235
22236
22237
22238
22239
22240
22241
22242
22243
222468
22245
22246
22247
22248
c2249
22250
22251
€2252
22254
22255

LIS
LBM/SEC

« 1123
+10%6
« 2183
« 2006
« 148
« 337
« 3709
«h124
« 4439
«h4B8
3775
« Sh68
« 3007
« 2671
«2268
« 1520
« 1514
«1160
« 0758
« 0531
« 1867
2217
« 2502
« 2646
« 3022
« 3724
« 3767
« 3617
« 2637
« 2323
« 1916
« 1548
«1130
« 0749
0607
« 0447

W
LeM/SEC

2.5668
L.2425
b7
4.0761
2032
14932
1296
«0351
0722
0493
1275
elabkh
«3502
3374
«b505
1.0300
1.2060
1.6721
3.0096
“.1200
6.0b6461
5.9971
«0669
N1
<0600
0.0000
0.0000
0.0000
<1074
1227
2881
67195
«3kbo
2.2004
J.0279
55921

WoiN
L3IMrszC

2.4705
L 576
e 3741
bobi1&
Ly 3425
beb132
L. 3468
“. 3573
4. 5565
4. 1300
4. 3760
LTS R |
be 3633
b, 3873
La 4024
b, 3929
L. 3340
he3hil
Le %819
L. 3914
b.6011
6. 3342
be 3835
6.3732
6.3659
Be Thb?2
b, 3616
6.3527
b. 3707
6b.3750
be 3832
6.3822
h.3933
be3948
f. 1938
6. 3342

TLAN

140.0
133.4
139.4
133.4
139.3
133.4
133.3
133.3
139.2
139.0
1%8.9
134.9
130.8
138.6
138.6
138.5
135.6
138.6
138.6
138.6
135.6
138.6
153.5
138.4
138.46
138.3
138.2
133.1
135.0
137.9
137.9
137.7
137.6
137.5
137.3
137.2

PLT
PSia

15.78
16.08
16.45
17.76
12.73
13.13
195.9%
21.05
21.35
21.67
20,03
19,33
1%, %
17.75%
17.12
16.54%
15. 47
15.57
15.23
14,96
16.10
16,0
17.459
17.77
15.5¢
20.11
2n. 11
19.31
17.%1
17.25
16.59
16.06
15,60
15. 30
15.22
15.12

OI&
INCH

- - - -l - - - B - i R -
- - -

oo
- -
o

Lol - o
..
oo

6.0
6.0
6.0
6.0
6.0
6.0
6.0
5.0
6.0
6.0
6.0
6.0
6.°

«0512
« 0302
« 0906
« 0911
«0300
« 0915
«0900
« 0904
«0502
« 0907
« 09086
<0914
«0899
«0908
« 0911
« 0909
0897
«0903
« 0307
« 0909
1325
«1323
«1321
«1320
<1317
«1313
«1312
«1315
«1318
«1319
«1321
«1320
«1323
«132%
«1323
1322

0623
« 1091
«1250
<1571
1672
«1757
«1808
« 2056
«2138
«2199
<1830
«1787
«1593
PR R
«1261
«109%
«0882
0634
«Osbs
«0360
«1091
«1276
«1381
«16433
«1600
«1903
«1928
«170%
1636
«1269
<1072
«0808
<0671
« 0655
<0372
«0276

«Dusb
«0876
. 0863
«0844
0056
.0031
<gp27
.0020
«0015
«0010
«0026
<0040
<0072
<0070
«0136
<0213
02540
0346
«0623
«0865
«1255
«1239
«001s
.0016
<0012
0.0000
0.0000
0.0000
<0022
«0025
«0060
«0161
<0175
« 0455
<0709
<1157

KLSIN

«3300
«6876
«6906
«6943
0861
«6371
«6857
«65889
«6872
«6508
«6301
«6962
6845
«6918
«63461
«+6926
«6833
«65880
«6908
«6923
1.0092
1.0082
1.0064
1.005%%
1.0036
1.0002
«9997
1.001%
1.00461
1.0048
1.0060
1.0057
1.007%
1.0076
1.0073
1.0073

KGS

5206
«8315
«9588
1.1976
1.27%0
1.3391
1.4389
Z.56686
1.6751
1.6753
L.6707
1.3613
1.2135
1.0979
<9606
«8339
6723
5287
«3532
« 2785
«8312
«9720
1.0523
1.0914
1.2108
1.4498
1.4690
1.3599
1.0923%
+ 9665
<8168
«6763
5109
«3h6%
« 2834
<2103

L8

«3705%
«6676
«6573
«6430
« 0425
«0235
<0204
«0150
<0118
«oore
«0201
<0307
« 0552
« 0532
<1038
« 1626
«1901
«2636
« &TAS
«6590
«9561
« 9840
« 0105
<0123
«0095
8.0000
8.0000
0.000u
« 0169
«0193
« 0458
<1071
« 1334
« 3867
« 54800
<8849

o
!
w



10

22603
2260%
22005
22606
22607
22648
22609
22610
226.i1
22612
22613
22616
22615
22616
22617
22618
22619
22620
22621
2622
22623
22624
22625
22626
22627
22628
22629
22630
22631
22632
22633

22702
22703
227 0%
22705
22706
z2z2rar
22708
22709
22710
22r11
22712
22713
22718
22715
22716
22717
22718
227119
22720

w0
LBM/SEC

<0372
« 0631
«0W7s
« 0503
« 0492
«0629
«0373
« 0349
<0309
«0273
« 0235
0139
« 0176
« 0153
«0131
« 0103
0.0000
« 0253
« 0265
«0303
« 0317
o022
« 0261
«0209
« 0184
« 0157
<0116
«0116
« 0086
<0082

«0297
<0320
« 0360
«0372
0412
« 0431
« NL98
« 0429
« 03082
« 0328
« 0291
« 0256
«02%2
0207
« 0148
«0110
0082
<0210
0242

LeM/ueC

«1614
«N853
g.u080
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
«0093
«0u75
D154
0650
0787
«1078
AhTN
036
4068
<1063
0470
Qo072
«0336
0298
0543
W7k
0762
«0353
o1 347
«1533
1923
1722

«1567
632
1541
1537
0229
0..000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
J.uo0ov
«00 358
«0529
065693
1542
hi1kb
4036

LEM/S:C

« 1606
«1553%
«1503
+1638
slos?
«1663
«1637
«1627
«1600
«1593
«1575
«1554
« 1630
«1637
«1578
« 1674
4038
L0568
L0063
«&070
W72
L0346
«%030
U LE)
L0786
4062
+L053
«bONT7
«LD33
«WD23
W22

«1557
<1492
15061
«151%7
«152%
«1673
«1573
«1438
«1528
«1523
+1508
«1639
« 16562
«1596
« 1529
1562
1542
+H146
« 036

TLaN

85:5
67.8
£o.0
86.2
86.3
66.3
836.3
6.6
36.4
86.3
86.1%
e6.3
864
Bb. &
86. 4
86.5
86.7
85.3
85.0
°~I'
B4.5
84.5
LETLY
6.4
bk
84.5
Bh.5
B&.5
k.6
84.5
dh. b

142.¢
163.1
‘~30~
163.5
163.7
1646.0
164,53
1hb, b
1646.5
164.5
144, 6
14h.t
145.1
165.3
145,.2
1645.1
145.0
147.7
147.4

PLT
PSIL

167
16.53
14,563
14.64
16.62
14.61
14.61
164,61
14.61
14.61
14.62
16462
14.62
14.55
16.48
1440
16,64
14.64
164.656
14.66
14.66
14.66
14.66
16.67
14.58
14.68
14.68
16.68

14. 39
14,60
14,42
1“. “’
14.56
14.58
14.60
1“. s’
14.56
11 .5%
14.55
14,55
1L.55
14.55
16.56
14.56
16.43
1438
‘“. ’9

oIa
INCH

2..
2.0
2.0
2.0
2.0
z..
2.0
2.0
2.0
2.0
2.0
2.0
2.9
2..
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0
2.0
2.0
ie0
2.0
2.0
2.0
2.0
2.0
2.0
z..
2.0
2.0
2.0
2.0

JLSIN

« 0511
« 0455
PLLLE
<0522
« 0537
« 0530
<0522
«0518
«0512
« 05067
«0502
« 0495
« 0538
«0537
<0515
« 0534
1285
«1296
« 1294
«1296
«1297
« 1305
«130%
«1306
« 1298
« 1294
«1291
«1289
«1285
«1201
«12581

<0506
«04b2
-0698
LT
« 0494
«PS41
« 0508
«Ohok
0654
« 0692
« 0507
« 0549
«N537
« 0516
« 0458
«04&358
1361
« 1305

« 3634
« 3949
h365
«4605
«450 )
«4000
« 3452
« 3254
2084
« 2568
« 2167
<1827
«1615
<1403
<1202
«0948
« 0002
« 2337
22626
2782
« 2916
« 3024
«2380
2211
1907
«1681
16346
+ 10686
«106S
«0791
w0747

« 2793
«3012
«3398
«3510
3832
<007
4628
« 3939
« 3503
«3076
« 2754
20624
« 2133
«1937
«1385
<1108
«0766
«19564%
« 2245

JLS

0518
«0261
0.0000
o.0000
o.0000
0.0000
0.0000
0.0000
0.0000
.0038
«0026
«00%1
01T
0264
«0331
«0532
«1286
«1296
«03%
«+0165
«0025
«0128
«0100
<0197
«0166
« 0250
«0297
JO8&
«0483
«0613
<0564

«050%
« 0631
0697
+0LSs
«0062
0.3000
0.0000
(0000
0.0000
0.0000
0.0000
0.c000
0.2%000
<0012
« 0167
0216
<0658
« 1361
«1305

KoaiIN

«2215
« 2145
«2086
«226%
2331
2298
2262
2248
2222
«2201
2176
«2147
«2335
233
«2319
«2314
«5575
5618
«5610
«5619
«5621
+5656
5646
«5636
«5627
5608
«5596
<5587
«5568
5554
«5552

«2229
«2123
«2193
2187
«217%
2382
« 2280
«2133
«2176
« 2168
«2232
«2619
« 2367
2278
<2178
«219%6
«2196
5915
<5757

1.6008
1.7129
1.8839
1.9969
1.9855
1.7371
1.5098
16112
1.2507
1.1089
«9393
7928
.T002
«60ES
5210
PLESRY
+0008
1.0133
3.051%
1.2059
1.2638
1.310%
1.0313
« 9581
«8265
«T287
«621%
«4619
AL
« 3826
« 3260

Lel2301
L« 3266
1.4560
1.5465
1.6881
1.7654%
2.0350
1.7576
1.5789
1.3556
1.2.35
1.0681
« 9664
+8540
«67 0%
L8882
3317
«8750
1.0120

«2229
<1100
g.o00n0
0.0000
g.0000
0. 0000
0. 0000
0. 0000
0. 0000
<0200
«0100
«8200
<0600
«1100
<0140
«2300
+5600
<5600
«1600
«0700
<0100
«0600
<0800
«03900
«0700
«1100
«1.00
<1900
«2100
2700
« 2600

«2200
<2100
s2200
«2200
<0300
0.0000
0. 0000
0.3000
0. 0000
0. 0000
0. 0000
8.00C2
0. 0000
<0100
<0700
« 0953
«2270
«5500
<5800



1u

2272
22rzz2
22723
227124
22725
22726
22r27
227128
22729
22730
221
22732

21308
21309
21310
21311
21312
21313
21314
21315
21316
21317

21806
21805
21806
21807
21808
21809
21810
21811
21812
21013
21814
21815
21816
21817
21d1e
21819
21820
21621
21822
21823
21826
21827
21828
21823
21830
21831
21832
218 33

"o
L3N/ SEC

02717
« 01323
N2
<0325
« 02933
« 0261
« 0235
« 0206
«0173
0147
« 0098
«aars

«1102
« 16419
« 1675
« 1768
«1531
« 1219
«1120
« 0360
«0329
« 0555

<0002
« 0398
<1163
«1326
« 16506
«1582
«1310
« 2081
« 2072
« 156145
« 1540
« 15640
1321
« 1162
« 1956
« 0831
« 0650
« 0500
UELY
« 0299
« 0764
<4972
«1160
1194
« 1676
AT 74
« 1602
«1209

L
LomM/LEC

«Ua?71
0261
e.0000
«0258
0261
04 32
0329
0307
05246
«0823
«1025
«1106

«TE99
«bbo
0767
«0800
U620
«12114
«2200
6262
«7999

1.5892
1.6322
1.4606
1.5393
1.6631
«04938
1116
«1166
0995
+16415
«1211
«11286
«1505
«2154
«3217
«3046
«S0u1
«6350
«9529
1.4606
2.1317
2.2011
2.0929
«0581
Aarz7
0715
«1533%
«1676

WiIN
LdM/SE

sbu?t
T LY
«L0B7
«+054
s L0461
032
«&029
sh007?
«h024
«+h023
«4025
« 4008

« 9031
« 9059
«9021
« 8982
«8933
«9016
«9017
«3028
«9029
«3035

1.5979
1.5910
1.58568
1.5854
1.5826
1.5771
1.5701
1.567%
1.5k4b
1.5687
1.5763
1.5757
1.5770
1.575%%
1.573%
1.570%
1.5730
1.5734
1.573¢6
1.5748
2.3375
2.3320
2.1236
2.3167
2.5004
2. 3056
?.1308
2.1349

{u7.0
14o.7
146.5
146.4
166.3
146.2
146.2
146.2
166.1
146.1
164641
16b.1

50.0
860.0
80.0
Z0.1
d0.1
80.1
00.2
80.2
80.2
ao.z

7h. 4
76.5
76.5
76.5
76.5
T6.5
'6‘6
76.6
76.6
76.7
'6.°
76.8
76.8
76.2
Thb.o
76.8
7.0
76.8
76.8
76.8
75.6
75.6
75.6
7.6
75.6
5.6
75.6
75.9%

16.58
14,00
16.62
14.60
14.60
14.60
14.60
14.60
16.60
14.560
14,02
14.62

16.42
15.19
15. 34
15.07
15.36
15.13
14,35
14.76
14.67
16.52

161
14,77
14.30
15.03
15.14%
15.48
15.86
16,07
16,10
15.37
15.51
15,36
15.26
15.12
15.03
15.04
14.90
14,31
14.76
1,47
14,66
14.91
15.00
15.29
15 .‘,
15.51
15.27
15.12

L.
4.0
4.0

4.0
L.0

4.0

JLSIN

«1316
«13513
«1315
<1312
<1307
«130%
«1303
«1296
«+1301
«1300
«1301
« 1295

«0511
<0510
«0508
« 0505
« 05086
«0507
<0507
<0508
«0508
«0508

« 0899
« 0895
«0892
« 0882
« 0890
«0BE7
«0683
«08R2
« 0850
<0882
« D885
«0ob6
« 0887
<068
«0848
«0888
<0889
«0808
« 0858
« 0809
« 1314
«1311%
<1307
<1303
«1298
«1297
« 1158
«1201

« 2517
«3002
« 3501
« 3051
2779
2672
<2230
«1944
«1614
«1373
« 0919
0708

<1791
«2270
« 2351
2773
« 24566
«1963
«1806
«1558
«1351
«107¢

.0003
«1609
«1869
«2126
«2323
« 24485
«2959
«3190
«3155
« 2943
« 2631
«2261
«2072
<1820
« 1359
«1319
«1038
« 0805
« 3617
LT AN
123
«1568
«1876
«1884
2269
2773
«2230
«1908

«02863
0000
<0077
«00E8
«0139
0100
<0110
«0154
0278
«0328
«0358

«0433
«0376
«0043
« 0045
«0035
«0069
«0128
«0256
«0352
<0450

«N89%
« 0918
0826
0866
«0823
<0028
0063
« 0066
«00586
<0086
<0068
<0063
«0085
«0121
<0181
«0171
<0281
«0391
«0536
<0826
«1199
«1:'38
<1177
«003)3
«0041
« 0040
«0086
«0034

KLSIN

«580%
5791
5798
ST
5761
STAT
«5783
«5T12
5735
«5733
«ST3?
5710

«3132
«3121
«3108
« 109
«3100
«3106
«3106
«3110
«3111
«3113

«5437
S673
5459
45
«5425
«5402
«5392
«5383
«5397
«5416
«5621
5626
«5630
«5430
5630
«5635
«5430
<5430
«5435
«8038
%019
«7990
« 7967
« 7938
«7929
«7328
«T342

1.1366
1.3237
1.5437
1.3450
1.2252
1.08938
<9831
«8569
«T118
«6055
4052
«3122

1.0367
13945
1.4396
1.6976
1.509%
1.2018
1.1055
« 9540

8273
«657%

«0020
« 9841
1.1430
1.3002
1.6207
1.5198
1.809%
1.9513%
1.9480
1.8002
1.5239
1.383%
1.2677
1.113%
8315
«6068
«6383
L9922
377N
«2962
« 7531
« 959
1.1671
1.1523%
1,3754
1.6960
1.3637
1.1670

«1300
« 0400
g.0000
«0300
«0%00
« 0600
<0800
«8500
<0700
<1200
<1800
«1600

«2652
«2303
« 0268
«0276
«9213
«8%20
«0756
«1567
« 2157
« 2756

« 5867
«5615
«5052
«5295
«5033
«0171
<0384
«0801
« 0342
«051%
« 0615
«03a7
« 0518
«0761
<1107
« 1048
<1720
«2391
<3278
«5053
«7330
« 1569
«7197
<0200
«0250
« 0245
0527
«0576

(-9



TABLE B-2. FLOODING UATA FOR COUNTERCURRENT
STEAM-WATER FLOWS IN TUBES

ID - Identification number

WG - Steam flow rate, lbm/sec

WL - Water penetration rate, lbm/sec
WLIN - Inlet water flow rate, lbm/sec
TLIN - Temperature of inlet water, °F

PLT - Lower tank pressure, psia

DIA - Tube diameter, inch
THRMR -~ Thermodynamic ratio,

1/2.% , *
[Cp(Tgap = Tpgnd/hegl (Pr/o) ™ "3y 4 /3

Dimensionless inlet water flow rate,

1/2

JLSIN

[oLVim/gD(oL - og)]
JCS - Dimensionless steam flow rate,
2 1/2
v r
[08 8/8D(oL pg))
JLS - Dimensionless water penetration rate,
2 1/2
[pLVL/sD(pL - pg)l
KLSIN - Dimensionless inlet water flow rate,

(b, V7 4o/ 180Gy = 0 )1/ 2117

KGS - Dimensionlens air flow cate,
I 1/2.1/2
bgVa/leotey - o 0112

KLS - Dimensionless water penetration rate,

{vai/[3°(”L 5 °s)]1/2}1/2



Ic

22802
22803
228106
22805
22805
2807
22808
22009
22810
22811
22812
22813
22814
22815
22816
22017
22818
22819
22820
22821
22822
22823
22824
22825
22826
22827
22828
22029
22070
22831
22832
22833

22902
22903
22904
22305
2?2906
22907
22908
22909
22910
22911
22912
22913
22914
22915
22916
22917
22918
22919

Wi,
“EM/SEC

«N102
<0220
« 0250
0271
« 0304
« 0608
« 460
« 0534
«0628
« 0472
« N385
« 0301
« 0232
<0257
«0220
<0152
« 0094
« 0215
«027
« 0310
«0%82
« Dbkl
« 0556
« 0625
<0731
« 0529
~0673
« 0393
« 0330
« 0308
« 0250
« 0202

« 0261
<0312
«0378
« 0613
« 04356
« 0510
« 0621
« 0683
« 0510
« D479
« 0631
« 039y
« 0365
« 0347
<0312
«0250
« 0202
« 0030

3005
0007
«0133
1127
2207

TLIN

85.0
65.1
85.1
85.2
85.2
85.2
85.2
85.3
85.1%
565.3
85.3
85.3
85.3
85.4
85.4
85.5
85.4
84.3
84,1
83.9
‘J.’
83.6
£3.5%
83.5
3.4
83.4
6%.3
83.3
5.4
83.4
83.4
83.3

112.3
116.2
119.2
121.2
124.2
12644
127.3
128.6
130.6
131.9
132.2
132.5
133.3
13444
135.0
135.5
136.9
138.5

PLT
PS1a

16.69
16.69
164.68
1~.69
15.01
14,30
15.02
14.37
16.37
16,91
14.49
15.51
15.52
15.53
14,69
14.69
14.69
14.69
16,69
14.569
14.69
16.71
15.23
15.01
14.36
15.13
15.53
15.5»
14.61
14.61
16,62
14.63

13.386
13.47
164,04
14.19
14.08
16.02
14.06
14.07
16,04
164,06
164,08
14,05
14,07
14.09
16,11
14.18
16417
13.92

THEM=

2.1019
« 3651
«BLt5
ALY
«6602
«Se31
4755
127
« 36b5
4529
«5519
7872
8012
«8554%
«9818

1.6202

2.2731

2.5177

2.0155

1.7160

1.4279

1.2622
«9927
«8814
« 7540

1.0607

1.1639

1.3958

1.3907

1.7572

2.1640

2.6761

«5760
«h840
«d721
<3644
«3339
266l
« 2160
«1906
2762
« 2675
«2807
« 3156
«3386
« 3659
« 39463
4755
«5823
1.3373

2.0

2.0
2.0
z..
2.0
2.0

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0
2.0

JLEIN

<0522
«0517
<0517
«0551
« 0548
«0542
.0531
«+051%5
0528
«0518
0514
« 0566
« 0538
0524
0527
«0527
«052%
«1310
1316
+1%18
«1316
«1318
«1307
«1311
«1315
<1307
«1292
«1290
«130%
«1306
«1304
<1304

«0486
«0509
«0&ob
« 0520
0540
«0508
« 0510
<0503
«055%%
<0517
« 0650
«0510
«0508
«0500
«0515
«0502
+0503
+ 0537

365

«1331
«2871
« 3264
« 3534
UL
SH276
5918
«+6919
«8135
«51086
«LS566
«3832
«3583
<3267
« 2667
«193}%
«1232
« 2806
« 3527
« 4151
« 6991
5752
«T116
«85040
« 3635
«6796
«+6013
L5996
«5117
041
«3273
«+ 2658

« 3543
231
«5652
«£528
« 5866
«6894
<8376
«9210
«6863
«bhbl
«5818
«5367
« 4930
hb677
«h198
« 1357
2712
«1226

IS

0522
0500
«0517
«£620
«0N735
<0087
0.0000
o.0000
g.0800
g.0000
g.0000
g.0000
0.0008
g.0000
«069%
«0T6N
0605
<1320
«1313
<1258
«1407
«1459
<0024
g.0000
«0001
0.0300
g.0000
g.0000
«1333
«1236
«1273
«128%

«O0742
<0706
0957
«0159
<0001
<0001
0.0000
0001
+0002
«0002
0802
«0002
«0002
-0002
<0002
«0043
<0363
<0712

KLSIN

«226%
2282
2262
«2309
2317
«2351
«2%301
«2319
«2290
2267
«2228
2652
« 2334
2272
« 2206
«2286
«2278
«5679
<5704
«5713
«5703%
«5713
«5663
«5680
<5637
« 5665
«5600
«5592
5676
«5661
«5649
«565%

«2123%
2226
<2127
22
«2366
2228
« 2238
« 2206
« 2436
« 2268
«2152
« 2242
«2231
«2196
« 2265
«2205
«2213%
«2364

KGS

ST
L2847
10151
1.532%
1.9210
2.28865
2.5660
2.99%8
3.52713
2.6676
2.1523
16614
1.5537
18165
1.2631%

« 8539

«5361
1.2165
1.5286
1.7993
2.1633
2.4529
3.0838
S.5%843
s 0887
2. 90850
2.6057
216481
2.2176
1.7512
1.8135
1«1653

15678
1.86899
2.22580
2.8202
2.5703
3.0225%
3.6732
4.0406
3.0213
2.8372
2.5550
2.3570
2.1656
2.0553
1. 8850
16757
1«1318
«5393%

s

« 2263
2168
w2282
« 2688
« 3108
« 0202
<0001
<oom
<0082
o. 0080
o.000¢
o.0000
0.00800
g. 0088
« 3015
« 3316
« 2621
5720
<5691
« 5456
«6097
«6321¢
« 5106
s.008C
0003
0.00800
0. 00800
0.0000
57T
«53%5
«5518
« 5586

« 3281
« 3089
<9268
«0258
- 0005
.C006
0.0300
008N
<0009
~000a8
~0009




€2920
22521
229¢2
22923
22924
22925
22926
22927
22928
22929
22930
22931
22932
22933
22934
22335
22936

21319
21320
21321
21322
21323
21326
21325
21326
21327
21328
21329
213%
21331
21332
21333
21334
21337
21338
21339
21340

214611
21612
21413
21416
21615
21416
21617
21410
21419
21421
21622
21623
21424

WhaN
LoM/sS:z3

«6061
LRS!
«&009
« 3390
« 3926
UL
« 4125
111
o072
« 4063
<4058
«4033
Hu21
«3953
« 3957
« 3394
« 3987

«9104
«3083
« %069
«9032
«9011
«89313
«0976
«%962
«8943
«8929
«8911
«8963
«8926
«8915
«883%
+ 0096
T«8866
2.8855
2.0736
2a8T41

1.6017
1.5947
1.95961
1.547%
1.61461
1.6155
1.6161
1. 6155
?.3203
2.31467
2. 3035
2. 3023
2.797

TuiN

146.1
186.0
145,80
145.6
145.5
145.3
15,2
165.1
145.1
145.0
145.0
145.0
145.0
145.0
146,
166,80
166,68

80.2
50.3
80.3
0.4
80.4
50.%
860.5
80.6
80.6
80.6
80.6
80.7
80.7
30.6
60.0
00.8
76.3
T6.4&
TH.4
'6'6

78.%
78.3
73.3
74.3
".“
".b
Td.u
7.4
17.2
T7.6
T7.4
T7.4
T7.6

1.755%%
1.3072
1.0117
« 3196
1537
« 73458
«6828
«6169
«6019
« 7376
«5005
« 9049
1.0289
i«1535
1.2771
1.8251
2.5218

1.7826
1.5754
1.3836
1.2614
1.1785
1.0547
1.0266
<9847
«3529
«8907
« 7469
« 93258
1.0179
1.024%9
1.0617
1.1579
2.1812
2.0666
2.0322
1.4297

1.61%9
1.3132
1.1961
1. 0888
1. '963
1.0806
1.3773
1.6815
1.8071
1.6514
1.3576
1.64537

..0

.
Soooceoooa

rFrrrfrrerrvr e e
-

J.SIN

«1312
«1303
«1296
«1259
«1319%
«1333
«1328
«1315
«1315
<1311
«1303
«1239
«1287
«1291
«1250
<1288

«0512
« 0511
«0510
«050¢
<0507
« 05086
« 0505
« 0504
«0503
0502
<0501
«0503
«0502
<0502
« 0500
0500
1623
«1623
«1619
«1616

« 0501
<0897
«0398
«0898
«09508
«0909%
«0508
« 0909
« 1305
<1302
«1295%
« 1235
«1231

1G5

<2027
« 3456
« 3840
. 8445
L9583
« 5425
«5966
«+6076
«L5R9
«4569
4035
« 3540
«3133
«2r00
«1557
1617

« 1608
«1013
« 2061
«2285
«?23%3
« 2575
« 2735
« 2887
«2937
« 3151
« 3752
«3038
« 2754
« 2731
« 2665
« 2397
«h289
4524
«45a7
<5082

«3601
« 3356
236
~WbE1L
«&T720
« 3736
3677
«4129
o hE29
«5041
« 5446
«5012

IS

1346
«127%
«1238
1264
<0027
<0002
<0002
0001
0002
0002
«2038
.00286
«0031
«0057
«1153
«1282
1275

0897
<0501
20512
« 0459
«0517
«052%
«0107
« 6152
«0072
«002&
o.00n0
0017
<0026
«0030
<0068
«0186
«1653
«1667
«1679
g.0000

«0302
«0435
g.n0000
c.0000
<0018
0026
«095%0
«0945
«1336
«1350
0.0000
g.0000
g.0000

LSIN

«ST87
5T64
512
«5685
.55593
5813
« 5875
«5855
<5799
5795
5779
STes
5727
5672
«5691
5687
<5678

« 3136
« 3129
« 3126
« 3111
«310%
« 3098
« 3092

3088
«3083%
«307e
«3070
«3081
« 3075
3071
<3064
« 3064
«9928
«992%
«9904
« 98¢5

«5513
+5489
«549e
<5499
«5556
«5561
«.5655
«5561