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Testing and Data Reduction

Testing in the heated wall rectangular chanrnel during the
quarter included studies of heat partitioning between the steam and
liquid phases when rapidly cooling a heated wall and completion of
the countercurrent flow condensation tests began during the last quarter.
Testing in the 2/15-scale model included air-water and steam-water experi-
ments with both standard and distorted annulus lengths. Emphasis was
placed on obtaining high bypass data.

RIL Support and Technical Assistance

BCL staff participated in an ECC Bypass Review Croup meeting
and reviewed draft material for the RIL.

Acquisition ar4 Application of Advanced Instrumentation

The instrumented break leg spool piece was received from INEL,

installed and checked out. VDM assembly and check out continued.
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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 cenditions
such as a pustulated loss-of-coolant accident (LOCA), as we'l as under normal
operating conditions. Prediction of the thermal~hycraulic behavior of the
reactor systea iollowing such a LULA is of particular interest, and NRC
supports a very large research effort aimed at increasing that predictive
capability. Ir 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 rhenomena 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 resuits to predict traus-
ient behavior, and preparation of a summary technical report for the planned
Research Information Let:er (RIL).

The scope of technical work on the program has teen subdivided
into four tasks: (1) Analysis, (2) Testing and Data Reduc:ion, (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 interprotational in nature.

xvii



This reporr summarizes progress made on the program during the
quarter ending June 30, 1979, for the individual technical tasks. Although
progress is reported by task, it should be recognized that there is signif-
icant interaction between the tasks in both the scope and conduct of the
research, A section discussing steam condensation on a subcooled film in

countercurrent flow is also included.
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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
LOCA/ECC analysis methods.

Work During Quarter

During this quarter we carried out additional analytical development
for the I* scaling parameter, analyzed results frca air-water tests in distorted
geometries, and analyzed results from countercurrent condensation tests in the
rectangular test section. An informal review of results from heat partitioning

tests in the rectangular test section was also carried out.

*
Further 1 Development for Tubes

A theoretical model for countercurrent flow flooding in tubes based
on the Helmholtz instability concept has been developed previously.(l) The
model is piven by

*1/2 1/4

/6 *1/2 _ Tk . 1 (kR)

L [g(pL SR LG 1

1
J + (og/oL)
where T is the surface tension, k is the wave number, D is a characteristic
dimension, and R is the tube radius. 11 and I0 are modified Bessel functions

of the first and zero order respectively.



The objective of this work is to approximate the lessel function

ratio as a function of the characteristic dimension sc that

a
D = Il(kR)/Io(kR) (2)

If Equation (2) is substituted into Equation (1), it is obvious that for
* w
a = 0 we have K scaling and for a = 1,J scaling is obtained.

Defining a new variable, z, as

2 8 E? » (3)
thus
D" = 1,(2)/1 (2) . (%)
Differentiation of Equation (4) yields
an™! - (a, - 1,/2a1 - Ilzllloz}k/Z . (5

Substitution of Equation (2) into Equation (5) gives

a0t = 1 - 0%z - 0¥ki2 (6)
or finally
a = z(D-] - Du) -1 - (7)
We define the function, f, as
f=z(0 -0")-1-a , (8)

and find the roots of f to determine values of a vhich satisfy Equation (7).
In Figure l, f is plotted as a function of a. Since the function is nearly
linear around zero, a simple iterative technique using 'inear interpolation
was used to find the roots which are summarized in Tab'e 1. This approach
provides a simple method for determining a for given values of k and D for

tubes.
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TABLE 1. ROOTS OF THE FUNCTION f FOR A RANGE OF
CHARACTERISTIC DIMENSICNS AND WAVE NUMBERS

D k a D k a
Lin 25 ft ) 0.2247 | 4 in 25 £e71  0.1222
50 0.1056 50 0.0577
75 0.0685 75 0.0378
100 0.0506 100 0.0281
150 0.0332 150 0.0185
200 0.0247 200 0.0138
2 in 25 0.1525 | 5 in 25 0.1229
50 0.0716 50 0.0580
75 0.0467 75 0.0379
100 0.0346 100 0.0282
150 0.0228 150 0.0186
200 0.0170 200 0.0139
3in 25 0.1297 | 6 in 25 0.1303
50 0.0612 50 0.0612
75 0.0400 75 0.0400
100 0.0297 100 0.0297
150 0.0196 150 0.0196
200 0.0146 200 0.0146




‘nalysis of Air-Water Tests in Distorted Geometries

Air-water plenum fill tests were conducted in the 2/15-scale
model with short and long core barrels. Details of the geometries are
given in Reference (2). Nominal operating conditions are given in Tables
2 and 3. Results of the tests are tabulated in Tables A-l and A-2 in
Appendix A.

Short Core Barrel Results. Figures 2 and 3 show the short core

barrel penetration data listed in Table A-1. Figure 2 shows the effect

of different ECC injection rates on penetration for & fixed water tempera-
ture. For the short cere barrel higher injection rates increase penetration
for a fixed reverse core air flow. This effect was not seen in our previous
air-water tests in the standard geometry. Figure 2 also indicates the
reproducibility cf the short core barrel air-water data. The circles and
squares represent data taken on two different days at approximately the

same operating conditions. The data from the different runs agree very
closely. Figure 3 shows the effect of varying water temperature on pene-
tration for a fixed injection rate. Water temperature does not seem to

affect the penetration rate for the short core barrel geometry.

Long Core Barrel Results. The results of tests conducted with

the long core barrel are shown in Figures 4 through 10. These figures show
the effect of varying the ECC injection rate for a fixed sater temperature
and varying the water temperature for a fixed ECC injection rate. In Figures
4 through 6 we can see that, excluding the lowest injection rate, there is

no clear dependence on the penetration curve on injection flow rate for the
long core barrel. For the lowest flow rate the water flow pattern at zero
gas flow is diffzrent than at higher flow rates. Thus the shifted penetra-
tion curve for the iow injection rate may be due to different injected water

flow patterns.
While there i; no effect of injection flow rate on penetration for

the leng core barrel, there is a well defined effect of injected water




TABLE 2. AIR-WATER PLENUM FILL TEST MATRIX
FOR SHORT CORE BARREL TESTS

ECC Water
Model ECC Water Injection * *
Test Pressure, Temp., Flow Rate, JLin J
No. psia F gpm g
: g
1 L8 70 250 0.063 2w
T T
e gwgm s
2 °3 70 380 0.098 oo 5
= & @ o
@ C g g 5 -
3 3 %o 170 380 0.098 ~—~ & Gt
O o0 “ 3
o |- . o
4 w o o 70 475 0.121 - A3 0
@ o Qo W N
TABLE 3. AIR-WATER PLENUM FILL TEST MATRIX
FOR EXTENDED CORE BARREL TESTS
ECC Water
Model ECC Water Injection * 2
Test Pressure, Temp. , Flow Rate, JLi J
No. psia F gpm " g
1 70 125 0.032
1]
" " @
2 170 e é
3 210 " "n ‘: 'n
—
&3
4 70 250 0.063 g
= -8
5 n: 170 " " g 3
- &3
6 Y o 210 " " o
a o O ®©
° w “ e
7 - 70 380 0.098 g v
s T 3
8 O w4 170 " - b
- -
& -3
9 E 210 " " P
10 70 475 0.121
11 170 " ”

12 210 T "
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O TLjn = 21 C (70 F)
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Jzin = 0.064 and PV = 149 kPa (22 psia) for

Extended Core Barrel Tests
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temperature. Figures 7 through 10 present penetration curves for fixed

ECC injection rates and varying ECC temperatures. In each figure the
penetration curve is shifted down and to the left as temperature increases.
For a fixed reverse core air flow rate the penetration decreases as the
temperature increases. This is in the direction that we would expect changes
in surface tension to affect the penetration. The magnitude of the shift
cannot be explianed by surface tension effects, however, as shown in Figure 11,
where the data of Figure 9 are replotted on K* coordinates. The individual
penetration curves do not collapse to a single line, iadicating that surface
tension, as accounted for by K*, is not the primary cause of the difference
in penetration curves.

One explanation may be that the effective gas phase is a mixture
of air and water vapor, with.the maximum amount of vapor defined by satura-
tion of the air. As temperature increases, the amount of water vapor which
the air can carry also increases. This would be rather like a hot wall
effect, in that fluid evaporated from the liquid would add to the reverse
core gas flow and decrease penetration. In this case the fluid would merely
evaporate rather than boil. Calculations in which the air is assumed to be
saturated with water at the injected liquid temperature indicate that the
additional gas momentum could easily be large enough to explain the deviation
of the penetration curves with temperature.

This explanation is consistent with results from both short and
long core barrels. That is, the effect is pronounced when the contact time
between the air and water is long, but within the experimental scatter when
the contact time is brief.

Comparison of Results from Di“ferent Geometries. DI rect comparison

of data from tests with short, standard, and long core barrels are shown in
Figures 12 and 13. In these figures it is quite clear that the short core
barrel data lie well above data from the standard and extended core barrel
tests. Stardard and extended core barrel data lie close together, however
there is a consistent trend for the extended core barrel data to lie below

the standard core barrel data.
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It seems clear that there is a definite effect of annulus length
on flooding in the absence of condensation in the 2/15-scale model It is
also clear that the effect becomes smaller as length increases. This is

(3,4) and small annuli(s). Results

consistent with previous work in tubes
of previous tests with steam-water in distorted 2/15-scale geometries in-
dicate that th: length effect is, if anything, more pronounced when condensa-

tion is present.

Correlation of Results. Test results were analyzed with the NLINMLE

statistical program assuming a Wallis correlation form,

* *
Sz, my2

8 L C v

Results of some of the analyses are shown in Figures 14-20, in which data

1/2

are plotted on J: coordinates. These figures show that, at least over
the range tested, the data are well represented by straight lines on square
root coordinates. In Figure 19 for example, for liquid penetration rates
ranging from less than 2% to more than 95% of the injected water flow rate
the data are scattered uniformly about the best fit straight line. Similar
results are seen in Figure 18 where penetration ranges from about 2% to about
90% of the injected liquid flow rate. No upward trend of the data is observed
at the low penetration end of the curves.

Figures 14 through 17 present short core barrel data for three
diffecent injection flow rates. Slightly different values of the parameters
m and C are obtained for these three figures since the short core barrel
data show a dependence on injected liquid flow rate as illustrated in Figure 2.
Extended core barrel data are shown in Figures 17 through 19 for three injected
liquid temperatures. Again, slight variation in slope and intercept (m and C)
are seen due to the dependence of long core barrel results on injected liquid
temperature at higher penetration rates. Figure 20 presents standard -ore
barrel data for comparison. Complete results of the statistical analysis are
given in Table 4.
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TABLE 4. WALLIS CORRELATION OF AIR-WATER PENETRATION DATA FROM
2/15~ SCALE DISTORTED GEOMETRY TESTS

*

Geometry TLin‘ *°< JLin m
SCB 21 0.06 1.448 + 0,056 0.462 + 0.009
- 21 -1 0.098 1.574 4 0,090 0.509 + 0.017
. 21 0.12 1.494 + 0.189 0.521 + 0.037
ECB 21 0.06 - 0.12 0.813 + 0.039 0.322 + 0.006
" 74 0.06 - 0.12 0.800 + 0.038 0.303 + 0.006
» 96 0.06 - 0,12 0.837 = 0.04v  0.303 + 0.006
STD 21 0.06 - 0.16 0.72i + 0.045 0.326 + 0.009

SCB - Shortened Core Barrel
ECB - Extended Core Barrel
STD - Standard Core Barrel
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Summary. Air-water flooding tests have been conducted in the
2/15-scale model with shortened and extended core barrels for a range of
injected vater flow rates and temperatures. Short core barrel results show
a dependence on injection rate but not on water temperature. Long core
barrel results show the reverse, i.e., dependence on temperaturc but not on
injection rate. Addition of water vapor to the air is suggested as a poten-
tially important factor in the temperature dependence. For a given liquid
injection flow rate and temperature there is a well defined effect of annulus
length on penetration. Penetration decreases with increasing annulus length,
for a fixed air flow rate. In general the data can be reasonably well
correlated in the Wallis form, but the slope and intercept parameters,

m and C, are not constant. Correlations for m and C are presented in Table 4.

Analysis of Countercurrent Flow Condensation Tests

Countercurrent flow condensation tests have been carried out in a
rectangular test section. Data from those tests has been analyzed and is

discussed more fully in Part Il of this report.

Plans for Future Work

During the next quarter analysis effort will be concentrated on
extension of the condensation/vaporization model to provide a mechanistic

model for ECC penetration, and review of the data from the simple tube model.
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TASK 2.0 EXPERIMENTAL TESTING AND DATA REDUCTION

The
(1)

(2)

(3)

Object ives

objectives of this task are to:
Provide experimental data on ECC penetration and
lower plenum entrainmert using scale models geo-
metrically similar to a four-loop pressurized water
reactor. These data shouid provide a base for
establishing a better understanding of the bypass
phenomeron in large-scale systems.
Provide experimental data from small test facilities
in support of analytical development programs.
Provide lead-in information on steam-water inter-
action phenomena and operational information
obtained in smaller scile models for future larger

scale experiments.

Work During Quarter

The experimental testing carried out during this quarter consisted

of studies in the heated flat plate model and in the 2/15-scale model with

other than standard annulus lengths. Work was continued on the instrumented

spool piece for the broken leg ana on the instrumentation for determining

liquid and vapor flow patterns in the annulus of the 2/15-scale model.

Heated Flat Plate Model

The experimental studies started last quarter were continued this

quarter with tests run to determine the partitioning of heat initially stored

in the model wall and to determine the effect of model inclination angle on

steam condensation and liquid bypass.
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In the heat partitioning studies the hot wall section of the
model was heated to a uniform temperature significantly above the satura-
tion temperature and the water flow was started. From the time of
initiation of water flow until the surface of the plate cooled to below
saturation, temperature, pressure and flow rate data were recorded using
the high speed data acquisition system.

In the steam condensation studies the data obtained at a model
inclination angle of 0.5 degrees was supplemented with data taken at
inclination angles of 17 and 45 degrees from horizontal. A complete

description of the experimental studies and the results are containca
in Part II of this report.

2/15~5cale Model

In direct support of ongoing analytical development efforts at
BCL, a series of air-water and steam-water studies were carried out in
the 2/15-scale model with annulus lengths that were both shorter and
longer than standard. The short annulus was 402 shorter than standard
while the extended annulus was 60% longer. .. tests were run with
equilibrium walls and with data taken during plenum filling. The model
was titted with an oversized (8-inch diameter) simulated break leg. Table
5 shows the nominal operating conditions with the two annulus lengths.

All tests were run using a range of air or steam flow rates to define the
penetration curves as fully as possible.

Analyses of air-water data obtained with a standard length core
barrel in the period July - September, 1978, showed a need for penetration
data at air flow rates and consequently bypass rates above those obtainable
with the BCL in-house air supply system. Additional air was obtained by
supplementing the in-house system with a large portable air compressor
leased from a local equipment rental company. With this system, essentially
total bypass could be obtained at all ECC injection rates.



TABLE 5. NOMINAL OPERATING CONDITIONS FOR 2/15-SCALE MODEL

DISTORTED ANNULUS LENGTH STUDIES

Water Water *

Test Pressure, Temperature, Flow, J Test Annulus
No. psia °F gpm Lin Type Length
1 15 70 250 0.064 Air-Water Short

2 380 0.098

3 475 0.122

4 175 380 0.098

5 £V 130 380 0.098  Steam-Water 4
6 15 70 250 0.064 Air-Water Long
7 380 0.098

8 475 0.122

9 170 380 0.098
10 70 125 0.032
11 % 250 0.064 ;
12 i 380 0.098 |
13 f 475 0.122 ;
14 \ 170 125 0.032
15 | 250 0.064
16 | 380 0.098
17 ' 475 0.122 |

18 210 125 0.032
19 ‘ 250 0.064 &
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TABLE 5. CONTINUED
Test Pressure, Tengg:::ure, §;;:f Jlin :;:: tzzgt:s
No. psia F gpm
—;ﬁ 15 210 125 0.032 Air-Water Long
2] % 475 0.122
22 ?0 80 250 0.064 Steam-Water
23 380 0.098
24 ' 475 0.122
25 180 250 0.064
26 380 0.098
27 # ‘ 475 0.122 * +
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Table 6 shows the nominal operating conditions for the various
air-water tests run vith a standard annulus length and an oversized break

leg

Other Work

Work on the void distribution measurement (VDM) system continued
with fabrication of the high temperature probes that mount in the model
annulus and initial checkout of the data acquisition system. For the instru-
mented spool f.ece, mounting adapters were fabricated and the additional
channels in the data acquisition system that were installed earlier were

activated and checked out.

Plans For Future Work

In the next quarter the instrumented spool piece and the annulus
void distribution measurement system will become fully operational and model
tests will be run. The purpose of these tests will be to ob*tain the additional
fluid behavior data that these two instrument systems will provide.



T A N

TABLE 6. NOMINAL OPERATINC CONDITIONS FOR 2/15-SCALE MODEL

HIGH BYPASS AIR-WATER STUDIES

Water Water *
Test Pressure, Temperature Flow Rate, JLin
No. psia °F gpm
¥ 15 75 250 0.064
. 380 0.098
3 ‘ 475 0.122
. 135 250 0.064
g 380 0.098
: \ 475 0.122
5 210 250 0.064
" 380 0.098
’ * ‘ 475 0.122
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TASK 3.0 RIL SUPPORT AND TECUNICAL ASSISTANCE

Objectives

The objectives of this task are to:

(1) Prepare a summary technical report, concentrating
on scaling, in support of the Research Information
Letter on ECC Bypass Research to be issued in FY '79,

(2) Participate in ECC Bypass Review Croup activities as
necessary during the program year, and

(3) Carry out additional technical support as necessary

during the program year.

Work During Quarter

During this quarter BCL staff participated in an ECC Bypass

Review Group meeting and reviewed draft material prepared for the Research
Information Letter,

Plans for Future Work

We will participate in ECC Bypass Review Greup meetings and carry
out additional technical support as required.



37

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 break leg spool piece was received from INEL and has been
installed in the 2/15-scale facility. The spool piece instruments have
been checked out and are in order. Assembly and shakedown of the VDM

system continued.

Plans for Future Work

We now expect the VDM system to be completed the fourth quarter
of this fiscal year. The break ‘eg gamma densitometer is scheduled for
completion and installation early in the fourth quarter. On completion
of installation suitable tests will be carried out to measure break leg

flows and annulus void distribution.



PART 11

Steam Condensation on a Subcooled Film

in Countercurrent Flow
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STEAM CONDENSATION ON A SUBCOOLED
FILM IN COUNTERCURRENT FLOW

by

Aryeh Segev

Abstract

To further the understanding of condensation effects on ECC
penetration, an experimental study was conducted in a small test apparatus
having a rectangular cross section. The main objective was to evaluate
condensation heat transfer of saturated steam in direct contact with
subcooled water films in countercurrent flow.

Tests were carried out for a range of steam and liquid injection

flow rates and liquid temperatures for three different tube inclinations:
0.5° (nearly horizontal), 17°, and 45°.

Local condensation heat transfer coefficients were determined
from liquid temperature measurements along the channel. Their dependence
on local steam and water flow rates, liquid subcooling, and test section
inclination angle was evaluated. .he results were correlated in terms of
local hydrodynamic and thermal conditions for the different wave structure
regions observed experimentally.

In the inclined tube positions (17° and 45°), the local Nusselt
Number (Nu) depends signifi-.atly on the local steam and liquid Reynolds
Numbers (Reg. Rel) and oa the local liquid Prandtl Number (Pr) when no
bypass occurs. In the bypass region, the Nusselt Number is almost independent
of the steam flow rate and it drops sharply due to the strong effects of the
reduced liquid flow rate as bypass increases. In the horizontal tube position
it was found that up to a specific stear mass flow rate, the dependence of

Nu on Reg is very small, whereas for higher steam flow rates Nu is very
sensitive to Res.
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Tests with different inlet liquid temperatures have indicated
a pronounced difference in the bypass mechanism. For highly subcooled
inlet water, the bypass is controlled by waves which are initiated near
the liquid outlet. For low inlet water subcooling, bypass is controlled
by liquid sweepout which takes place near the liquid injector.

A correlation for the dimensionless surface temperature was also
developed from which the condensation efficiency can be determined. This
correlation will be incorporated into a one-dimensional analysis describing

the downcomer behavior in scaled PWR models.
Introduction

Studies of the thermal-hydraulic behavior in the annulus of scals
models of a pressurized water reactor (PWR) during a postulated loss-of-
coolant accident (LOCA) have shown that steam condensation on the subcooled
emergency core coolinp (ECC) water has a significant effect cn the rate at
which the ECC water penetrates into the lower plenum of the pressure vesse1(6'7)

Not a great deal is known about condensation of steam on subcooled
water in countercurrent flows. The majority of work in this area has involved
flows in small scale PWR models where the overall condensation efficiency, f,
can onlv bLe estimated because of the complex hydrodynamic effects, such as
surface wave development, instabilities leading to "bridging" and plug flow,
entrainment and mixing. The condensation efficiency in these tests is defined
so that f = 1 when the two countercurrent flows mix perfectly and achieve
thermal equilibrium. The value fos f is determined by a "best fit" approach
to data from small scale models. In an effort to reduce the number of free
parameters in the "best fit" correlations, Segev and Collier (8) have
developed a one-dimensional model from which they showed that f is essentially
a dimensionless temperature at the end of the core barrel which may be evalu-
ated for adiabatic walls if the condensation heat transfer coefficient in
countercurrent flow is known. Due to the lack of experimental data for
condensation in countercurrent flow, they used the heat transfer correlation

developed by Lee et 31(9) for cocurrent flow in a rectangular horizontal
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channel. The theoretical predictions of the one-dimensional model agreed
fairly well with experimental ECC penetration data taken in small scale
reactor models.

To further the understanding of condensation effects on ECC
penetration, an experimental study has been conducted in a small test
apparatus having a rectangular cross section. The main objective of the
study was to evaluate the condensation heat transfer of saturated steam
in direct contact with the subcooled water in countercurrent flow. The
dependence on stean and water flow rates, the degree of subcooling, and

test section inclination angle were all studied.

Experiment

A schematic diagram of the experimental test section is shown i:
Figure 21. Saturated steam and subcooled liquid flow countercurrently through
a rectangular cross section, 106.6 cm (42 inches) long and 15.2 cm (6 inches)
wide. The channel height may be adjusted by moving the top plate, allowing
operation at any desired gap height up to "5.2 cm (6 inches). Preliminary
experiments with 2.5 cm (1.0 inch) gap height resulted in severe liquid
oscillations due to liquid bridging over the gap. “"he present experiments
have been conducted with a 5.1 cm (2.0 incd L -, which eliminated any
bridging and consequent oscillations.

The test section is constructed of alu inum except for the sides
which are formed from polished Pyrex glass. This makes possible visual
observation and photography of flow behavior. The bottom plate is 1.3 cm
(0.5 inch) thick with a 45.7 cm (18 inches) long, 7.6 cm (3 inches) thick
section, which may be used for heat storage in non-adiabatic studies. To
¢ te, all condensation experiments have been conducted with adiabatic walls.
Heat losses were minimized by 3.8 cm (1.5 inches) thick fiber glass insulation.

To provide a uniform flow into the test section, steam is
supplied through an inlet plenum chamber and a perforated plate as shown in
Figure 21. A second plenur chamber is fitted to the test section at the steam
outlet region to minimize additional steam condensation on the bypass water.
Inlet and outlet volumetric steam flow rates were measured w~ith turbine flow

meters.
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Liquid flow is introduced to the test section through an adjust-
able inlet port which spans the test section width. The height of the port
above the plate is adjustable to provide a smooth liquid film at the
entrance region. The inlet liquid volumetric flow rate is measured with a
turbine flow meter. Liquid exits the test section through a similar
adjustable outlet port into a tank. The weight of the tank is monitored
by a load cell, from which the outlet liquid mass flow rate is determined.

The reight of the outlet port is adjusted to minimize interference with
the inlet steam flow.

The test section is mounted such that it can be positioned at any
inclination from horizontal to vertical. In the present study, the various
inclinations were: 0.5° (nearly horizontal), 17°, and 45°.

Twelve thermocoupies are used to monitor the liquid and solid
temperatures inside the test section. A schematic sketch of their location
along the centerline is shcwn in Figure 22. Six thermocouples are imbedded
in the solid surface at various axial locations, 1.6 mm (1/16 inch) from
the solid-liquid interface. Liquid temperatures are measured along the test
section by six therm -ouples, four of which are mounted in the top plate
and two in the bottom p, te. In most cases the temperatures measured by
thermocouples situated in the liquid film are quite similar to the surface
temperatures. However, when large waves are generated at the interface or
when significant reduction in film thickness occurs, the liquid thermocouples
are occasionally situated inthe steam, resulting in higher temperature readings.
Measurements also have shown that the local temperature gradient in the
direction normal to the flow is almost zero, except very near the steam-water
interface, where temperatures drop from saturated to the average film tempera-
ture over a thin layer.

Liquid film thickness ‘., | »asured 7 micrometer-mounted conductivity
ceitact provce located imme. ‘2 ely « ‘ream .nd downstream of the thick section.
T’ ese measurements were conducted whe onls +iquid was flowing in the test
s.ction. The average thickness alor t fi1lm was correlated as a function

of liquid flow rate.
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All measurements, other than film thickness, are recorded on
magnetic tape every 20 msec by a minicomputer-based data acquisition
system. The data are further processed on the in-house CDC computer.

Each test was conducted as follows: a predetermined liquid
t1ow was introduced into the test section. Adjustments of the inlet and
catlet ports were conducted to produce a smooth liquid film. Film thick-
nesses were measured and recorded. Steam flow was then introduced into
the test section and was increased in small steps. For each steam flow
rate the liquid drain valve, which is situated between the outlet port
and the weigh tank, was adjusted to minimize the escape of steam through
the liquid drain line. When liquid and adjacent wall thermocouples
indicated a steady-state situation, measurements were recorded for 30 seconds.
It should be noted that measurements were not taken for conditions in which
the entire steam flow was completely condensed on the film. This was done

to avoid uncertainties related to temperature profile evaluation.

Results

Visual observations of the flow pattern in the test section re-
vealed that the interface between the steam and the countercurreant liquid film
is characterized by the presence of wavelike disturbances. Depending mainly
on the tube inclination and steam flow rate the following interfacial condi-
tions could be observed:

1) Smooth Interface - at very low steam flow rates and with an
inclined test section (17° and 45°) the interface remained practically
smooth. This condition corresponds to complete condensation of steam on the
lower portion of the liquid film. No measurements were taken at these low
flow rates.

2) Two-Dimensional Waves - in the horizontal and inclined positions
an increase of steam flow resulted in the appearance of waves which extended
over the entire channel width.

3) Three-Dimensional Waves - as the steam flow was increased,
three-dimensional waves were generated, giving the surface a pebbled appear-

ance.
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4) Roll Waves - at relatively high steam flow rates larger
amplitude waves were generated, travelling upstream on the liquid film
surface. The distance of travel depends on the steam flow rate. When
the waves reach the liquid inlet injector, partial bypass occurs. At even
higher steam flow rates the amplitide of a wave is increased as it travels
upstream, causing complete bypass, which results in drying of the lower
part of the channel and liquid circulation from the liquid injector toward
the stea.. cutlet region.

.ased on the observed wave modes and the consequent heat transfer
characteristics, we can define three regions which depend on the inlet steam
flow rate. The range of steam flow rates which resulted in two-dimensional
waves is defined as Region A. Region B includes those steam flow rates
which resulted in three-dimensional waves or roll waves with complete liquid
penetration. Region C cevers steam flow rates which caused partial or
complete bypass. Temperature measurements, and as shown below, the heat
transfer coefficients are well correlated with the different regions. Figures
23-25 show typical surface temperaturss as functions of inlet steam flow
rate for different test section positions. The inlet liquid flow rate in
those figures is 0.32 kg/s and the inlet liquid temperature is 23°C. Figure 26
describes the penetration curves for the different test section inclinations,
in which the dimensionless fractional penetration rate, w; , is defined as
the ratio between the penetrating liquid flow rate, wl(L), and the injected
liquid flow rate, wlin'

In general, the local temperatures depend on the steam and liquid
flow rates, the degree of subcooling and the test section inclination. As
shown in Figure 23, the temperature profile in the horizontal position is
rather uniform along the plate at low inlet steam flow rates (up to w (L) =
0.029 kg/s) and the temperature level is relatively low (Region A). In
Region B, there is a temperature increase along the plate, This region
cerresponds to a uniform pebbled interface with complete penetration. At
UB(L) = 0.045 kg/s large amplitude roll waves are generated with a consequent
partial bypass (Region C). This results in a reduction of liquid penetration

flow rate and subsequent increase of liquid temperatures. At this point, only
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a slight additional increase in steam flow results in complete bypass and
a sharp increase in film temperature. This last region is very sensitive
to test parameters and requires a relatively longer time to reach a steady
state.

! when the tube inclination is increased to 17° or 45°, and the
injected liquid mass flow rate remains constant, the liquid velocity
increases, with an equivalent decrease in film thickness. Thus, substantially
higher steam flows are required to generate flow patterns similar to those
of the horizontal position. Two-dimensional waves were observed for steam
flow rates up to Hg(L) = 0.037 kg/s, resulting in relatively low liquid
temperatures, which are almost independent of steam flow. As Ug(L) exceeds
about 0,037 kg/s a pebbled interface appears with small consequent increase
in film temperatures. However, a sharp increase in temperature is noticed
when wg(L) = 0,077 kg/s, which is the result of liguid bypass.

Evaluation of Heat Transfer Coefficient

For a turbulent liquid film we assume that the major heat transfer
occurs through a thin layer at the liquid-vapor interface so the temperature
profile across the body of the film is uniform and the bulk liquid temperature
changes only in the flow direction. The resultant mass and energy equations
for a time independent flow are:

dwl - dwc (9)

d d
de i) = N (10)

where ul and Hc are the liquid and condensation mass flow, and hQ and h

are the liquid and vapor enthalpies, respectively, given by:

h, =c (T~-T
p

) iin’ (11)

= + -
h h cp('r8 T1

g g in’ (12)
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where Ttin and T. are the inlet liquid and saturation temperatures, respectively,
and cp is the liquid specific heat. A<3juming that hfs >> cp(T8 - T) we get:
dWw, ¢
1l _&_p dT
W, dz " h, dz (13)
3 fg

which relates the local liquid flow rate to the local temperature. Assuming
the steam-water interface to be smooth, the condensation heat transfer rate

per unit area across the interface is

by
Al - i N
9 b dz s

where b is the channel width. Since the major resistance to heat flow is on

the water side of the interface we define a condensing heat transfer coefficient
which is driven by the difference between the saturated liquid temperature,

and the temperature of the bulk liquid:

h = —,I':-s‘_—f— (15)
s
thus;
c W dT
WP S (16)

"B(T -T) dz
s

The local heat t-ounsfer coefficient can be evaluated by measuring the

local surface temperature and its gradient. Local temperature gradients were
determined for each test by fitting a cuive through the surface temperatures
along the plate and differentiating the resultant profile. Runs in which the
temperature difference between the lower and the upper thermocouples was less
than 5°C were deleted.

17° Inclination

The dependence of the local heat transfer coefficient, h, on local
steam flow rate, Hg(z). is shown in Figure 27 for a given inlet liauid flow
rate ("lin = 0.32 kg/s). As shown, the local heat transfer coefficient
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increases in Region B (compare with Figure 24 for region definition) with

an increase in locz! steam flow rate. However, in Region C, where the

steam flow rate is high enough to cause partial bypass, h decreases

sharply, mainly due to local liquid flow rate reduction and a decrease

in the temperature gradient. The dependence of h on the local value of

steam flow rate rather than the inlet value suggests that a better descrip-

tion of the time averaged turbulent intensity, and in turn of h, is given

by the local conditions rather than the averaged values. Thus, the correlations
which will be developed later are based on the local Reynolds and Prardtl
Numbers.

As the inlet liquid flow rate, W , and consequently tne local

liquid flow rate, Hl(z). increase, the sur?iZe temperatures for a given
steam flow rate decrease, with a relatively smaller decrease in temperature
gradient (see Figure 28). The local heat trasnfer coefficient remains almost
constant except at the very high steam flow rates where the increase in inlet
liquid flow rate results in higher values for h (see Figure 29). The same
trends are shown when comparing temperatures and local heat transfer coeffi-

cients for W = 0.32 kg/s (see Figures 24 & 27) and for lower inlet liquid

Lin
fiow rates, wlin = 0.21 kg/s and ulin = 0.10 kg/s (see Figures 30 - 33). As
shown in Figures 30 and 31, a decrease in W results in an overall increase

Rin
of the temperature level and temperature gradient. The values for h do not

change with the change of W at the low range of steam flow rates. However,

£in
for the higher values of ws(z) in the Region B, h is larger for higher W

(see Figures 32 and 33).

tin

45° Inclination

Temperature and heat transfer coefficient behavior for the 45°
inclination is similar to that exhibited at 17° inclination (see Figures 25
and 34 - 38). However, it may be noticed that an increase in inclination
results in an increase of h for the same local steam and liquid flow rates.
This . iggests that the liquid velocityor, alternatively, the liquid film
thickness is an important scaling parameter, and, as will be shown later,
the use of film thickness as a characteristic length dimension in the dimen-

sionless parameters Re and Nu leads to good corre'ation of the data.
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0.5° Inclination

Results from the horizontal position are rather unique in com-
parison with those of 17° and 45°. Fiim thicknesses are relatively large
and bypass occurs immediately after roll waves are generated. However,
the general dependence of h on Hg(z) and wiin is similar to that seen for
the inclined positions (Figures 23 and 39-41): h increases with wg(z).
but decreases sharply as bypass occurs. An increase in wzin results in
an increase in h, especially at the higher values of wg(z). The values
of h are lower in the horizontal position than the respective values in
the inclined position since the liquid velocity is lower. The main differ-
ence in the h dependence on W (z) is seen in Region A where an almost constant

value of h is calculated, a value which depends on the inlet liquid flow rate.

The Effect of Inlet Liquid Temperature

The effect of inlet liquid temperature was studied for one test
section inclination and two inlet liquid flow rates. Temperature measure-
ments for these runs are shown in Figures 42 - 44, For these low subcooling
tests the wave characteristics were much less distinct than they were with
cold liquid. The most pronounced difference was in the bypass mechanism.
For highly subcooled inlet water the bypass is controlled by waves which
are initiated near the liquid outlet. For low inlet water subcooling bypass
is controlled by liquid sweepout which takes place near the liquid injector.

As shown in “igures 27, 45, and 46, the heat transfer coefficient
decreases with increas»d liquid inlet temperature. Similarly, the dependence
of h on wg(z) is reduced as inlet liquid temperature increases. Figure 45

Lin
with a slight reduction of h at the higher steam flow rate. However, this

hows that for T = 57°C the dependence of h on wg(z) is still noticeable,

dependence is diminished when the inlet liquid temperature is increased to

77°C, as shown in Figures 46 and 47 for two different liquid flow rates.
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Correlation of the Nu Number Data

A complete description of the interaction between a vapor flow
and a countercurrent subcooled liquid fiim flow must account for a combina-
tion of very complex phenomena. One way to circumvent considering the
interfacial disturbances in detail is to identify the significant parameters
which directly govern the interfacial heat transfer phenomena and use these
as a basis to correlate the experimental data. For turbulent forced con-
vection on the liquid side of the interface, it is not unreasonable to
expect the usual correlation form in which the Nusselt Number is related
to the liquid Reynolds and Prandtl Numbers. In addition, the steam Reynolds
Number should also be included since it relates to the available heat transfer
area. Thus, the following interfacial heat transfer correlation will be
sought:

e | " 3
Nu(z) = C Reg(z) Reg(z) Pr(z) (17,

where the local steam and liquid Reynilds Numbers are defined respectively

as

W (z)
Reg(z) Eﬁ-‘_ (18)

g
WR(Z)
bul(z) (19)

"

L1

Reg(Z)

and the local Nusselt Number is defined by

Nu(z) = (20)

o I

Iiquid and steam flow rates across any section normal to the wall

are continuously changing along the wall because of continuous cendensation
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at the interface. To determine the local liquid and steam flow we make
use of the respective measured flow rates at the bottom of the test

section:
C
W (z) =W (Lyexp{IT - T(L)] &) (@D
L g heo

Ug(z) - WS(L) - W) - W (z)] (22)

The correlation form, given by Equation 17 was applied separately
to the data in the inclined positions (17° and 45°) and to the horizontal
position. Each set of data was separated according to the respective
wave structure regions observed experimentally. In the inclined positions,
due to the very small number of data points in Region A, we have correlated

only the data of Regions B and C which were divided according to the criterion:

»
HP > 1.0 corresponds to Region B (no bypass), and

*
wp < 1.0 corresponds to Region C (bypass).

For a given inlet liquid temperature (Tiin = 23°C) a least-square fit of the
data in thes~ regions yields (see Figure 48):

(Region B:)

Nu = 1.16 x 107> Rez'zs Re2'87 pro-03 (23)
(Region C:)

Nu = 5.79 x 10 Rez'016 Rel-08 p;2:0 (24)

Examination of the data points in Figure 48 reveals no systematic
variation between the 17° and 45° runs but rather an apparent random scattering
of the data near the correlation line. Comparing the correlations for the
two regions reveals the relative effects of the different parameters. In
Region B the steam and liquid Reynolds Numbers have a significant effect on
Nu,whereas the local Pr is insignificant, evidently because of the relatively
low liquid temperatures. In Region C where bypass occurs, the effect of Re
diminishes and Nu drops sharply due to the strong effects of the reduced lizuid
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flow rate and, subsequently, the high liquid temperatures which are
described by Rel and Pr, respectively. This is in full accordance with

the experimental observaticns.
The effects of varying inlet liquid subcooling on Nu are shown

when the Region B data for both 17° and 45° are correlated together (see
Figure 49)

Re Pr

£

e o & agsS Re2.25 0.85 0.5 (25)

As expected, the only significant change is in the dependence on Pr.
Data in the horizontal position have been correlated in Regions
A and B and the two data points in Region C were deleted. The criterion

used to divide the data between the regions was:

HS(L) < 0.029 kg/s corresponds to Region A, and

wg(L) > 0.029 kg/s corresponds to Region B.

The resultant correlations are (see Figures 50):

(Region A:)

Nu = 5.06x10-5 Re80'012 Re)zl'!‘5 prO.SS (26)
(Region B:)

Nu = 6.11x10"° Rego'58 Rell'ZI pro+! (27

As shown experimentally, the Nu dependence on Reg in Region A is very small,

whereas Nu in Region B is quite sensitive to the local steam flow rate.

Correlation of Condensatjon Efficiency

As shown by Segev and Collier(a), the condensation efficiency is

represented by the non-dimensional temperature (06) at the end of the core

barrel:
f = O(L) (28)

where 0(z) is defined as

T+ X
DA} & e i iR (29)
Te = Tein
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The region relevant to the ECC delivery process, which

was observed experimentally in the present apparatus, is Region C where

partial bypass occurs. Thus, the surface temperatures in Region C for the
inclined tube positions were correlated in terms of local parameters, which

resulted in (see Figure 51):

0.30 ~0.27

0(2) = l-exp [-1.34.10" Re, " "(2) Re "' (2)

riN

] (30)

from which f can be easily evaluated.

Summary

An experimental study of steam condensation on subcooled liquid
films in countercurrent flow has been conducted in a small test apparatus
having a rectangular cross section. <Condensation heat transfer coefficients
were determined and the dependence on steam and water flow rates, the degree
of subcooling and test section inclination angle were all studied. The re-
sults were correlated in terms of local conditions for the different wave
structure regions observed experimentally.

In the inclined tube positions, the local Nusselt number depends
significantly on the local steam and liquid Revnolds numbers and on the
local liquid Prandtl number when no bypass occurs. 1In the bypass region,
the Nusselt number is almost independent of the steam flow rate, and it
drops sharply due to the strong effects of the reduced liquid flow rate as
bypass increases.

In the horizontal position, up to a specific steam mass flow rate,
the dependence of Nu on Reg is very small, whereas for higher steam flow
rates Nu is very sensitive to Reg.

A correlation for the dimensionless surface temperature was
developed from which the condensation efficiency can be determined. This
correlation is now being incorporated into a one-dimensional model(a) to

better describe the downcomer behavior.
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Nomenclature

channel width

specific heat of liquid

constant

condensation efficiency

local condensation heat transfer coefficient
heat of vaporization

enthalpy of vapor

enthalpy of liquid

thermal conductivity

length

Nusselt number

Prandt]l number of liquid
condeasation heat transfer rate per unit area
Reynolds number

temperature

film thickness

saturation temperature

mass flow rate

dimensionless fractional penetration
coordinate

de 'ree of inclination

d! 'msionless temperature

viscosity

Subscripts

condensation
vapor

inlet

liquid



(1)

(2)

(3)

(4)

(3)

(6)

(7)

(8)

(9)
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2/15-SCALE ATR-WATER PLENUM FILL PENETRATION
DATA LISTING POR SHORT CORE BARREL TESTS

Explanation of Column Titles

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,
2 1/2
VvV /gC -

los 8/s ACH 98)]

Dimensionless ECC water penetration flow rate,
F 1/2

lo Vi /8C, (oy pg)l

Dimensionless ECC water injection flow rate,

(PLViin/sCa(pL - pg)]l/2
Lower plenum gas space pressure, psia
ECC water temperature, F
ECC water subcooling, F

Condensation potential,
/2

[C (T
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1
» - TL)/hfg](°L/°g)

Dimensionless characteristic length,

1/2
Calg(oL - os)/o]

Geometric data

Vessel scale 2/15
Vessel inner diameter, in 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 7.63
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23243 1.471 11.836 35,33 0659 .0220 ~0656 20.65 75.74 0.00 0 000 678,98
8 1.381 . 1Y 113 . . ZU.EX S 80 0.0 UL 0UT STSL.UU
23245  1.335 12.770 35,33 L0613 L0237  L0E57 19.63 75.94 0.00 0.000 679.08
23246 1.164 16.164 35,45 L0561 L0263 L0658  16.5%5  76.02  0.00 0.000 673.16
23247 .998 15.708 35.51 0686  .0292 <0659 17.63 76.13 0.00 0.000 679.20
23248 . 721 18,192 35.59 L0362 +033% L0661 T 16.42 T T7E.22 T ULOD O ULO000  B7R.ZY
<495 24,056 35. 65 « 0255 c0hb? <0662  15.56 76.36 0.00 0.000 679.34

23249

«0975

23251 .192 35, 725 51,32 0101 .0679 15.15
—P3ZSZ L Z9l T 33.B2F T S1.32 T LUISU L0663 L0975 T 15.62 168,40 0.00 0.300 715.42
23253 058 25.948 S1.30 0236 L0493  L097& 16,43 166.10 0.00 0.000 Ti4.38
b4 +4-17 557 g 4 . M 4 g TORIE T L USEY 7.5 137U T UL UL ey TISSYT
23255  JT24 20.600 50. 81 0365  .0391 .0964 18,59 162.40 0.00 0.000 712,70
23256 2930 18,925 51,35 L0i33  ,0359 L097% 19.67 161.20 0.00 0.000  712.45
23257 1.062 17.870 51.27 o0 .73 L0339 <0972 20.68 160,40 0.00 0.000 711.78
23258 1.161 164879 51.21 L0515  .0320 L0971  21.53  159.80 8.00 0.000 711.50
23259  1.21% 16. 632 51,18 L0533 «0311 «0870 22.03 155%.00 0.00 0.000 711.1%
23260 1.070 16.916 51.26 0676 . 0320 L0571 21.63  158.50 Te.00T D.000T Y10.9C
23261 827 18,79 51439 0381 «0356 L,0973 20.00 157.50 0.00 0.000 710.68
23262  .906  19.536 S1.47 L0425 .0370 0675  19.34 157.20 0.00 0.0080 T10. 44
23263 «736 20.162 51.55 L0352  .0382 L0876 18,61 156.80 0.00 0.000 710.29
B3 3 T 22.120 51.65 L0321 L0419 0978  17.60 156.20 0.00 0.000 T10.0%

169.900

Ti5.70



10

23265
4 Pl 2
2%26?
23269
252 ng
23220
2327112
23272
23273
2327«
23275
23276
23217
232178
23279

wi

LOM73EC

el
« 342
oTH1
1217
1.275
1.323
1ebbsn
1.518
1.673%
1.77s
1.319
1.8%2
1.307
1723
1.643

wi
LAN/SEC

25. 661
32.570
204870
1he730
15975
15,526
15. 351
146482
13.254
124976
124645
12.197
12,227
12.3382
12.323

LIS TN
LBM/SEC

51«75
S51eb4
51.60
51. 33
51.25
5125
51.15
51.05
50493
50+ 66
50.79
$0.79
50.83
50+ 05
50.567

JGs

0224
0172
<0377
« 0543
«0558
«0574
«0620
+0b32
«05678
«0710
0716
«0732
«0698
«0663
«0652

JLS

« 0485
«0ble
«0 195
0317
0302
« 0294
« 029
<0277
« 0251
« 0265
0235
0230
<0231
0233
«0233

JLSIN

«0579
«05812
.0v76
<0571
«0370
«0969
« 0967
« 09865
«0961¢
«0951
0960
<0980
<0682
«09%0
«0360

Py
PSIA

15.55
15.71
‘..’“
2l
22426
22.68
23.2%8
24.55
25.32
26.71
27.61
28.02
27.9%
27.78
2774

TLIN
F

155.50
155.50
155.00
156,40
154,00
163.50
153.00
152.50
151.90
151.30
150.60
145.680
168.70
147.58
147.10

OTLIN
F

0.00
0.00
d.00
0.00
0.00
0.00
g0.00
0.00
.00
g.00
0.00
.'.”
0.00
0.00
0.00

LAMBODA

g.000
G.000
0.000
g.000
0.000
e.000
g.000
0.003
9.000
0.000
0.000
G.000
0.000
0.000
0..00

OSTAR

7039.92
709.82
709.53
703.18
708.99
708.77
708.56
708.29
708.00
T07.73
707461
707.05
706.59
706,25
705.92

15 4



TABLE A-2.

JLS

JSLIN

™
TLIN
DTLIN
LAMBDA

DSTAR

2/15-SCALE AIR-WATER PLENUM FILL PENETRATION
DATA LISTING FOR EXTENDED CORE BARREL TESTS

Explanation of Column Titles

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,
2 1/2
V©/gC -
(og g8 aPL os)l
Dimensionless ECC water penetration flow rate,

2 1/2
(o, Vy/8C, (o) °a)]
Dimensionless ECC water injection flow rate,

2 1/2
loLV“n/gca(pL - og)]

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

Condensation potential,

1/2
lcl,(r“t - TL)/hfg](oL/og)

Dimensionless characteristic length,

c.[s(oL - Ds)/°]1I2

Geometric data

Vessel scale 2/15
Vessel inner diameter, in 24,35
Annulue gap width, in 1.23
Annulus length, in 66.00
Annulus circumference in 72.63
Cold leg diameter, 4,02
Break leg diamete  in 7.63



IC

23703
23706
25705
2370
25707
23708
23709
23710
23711
23712
23713
23714
2371S
23716
23717

23718
23718
23720
23721
23722
23723
23724
23725
23726
23727
23728
2372%

23730
237314
23732
23733
237 3%
23735
237 36
23737
237 38
23739
23740
23741
237462
23743
23744
23745
23746
23767
23748
23749
23754

»o

LaM/s3eC

«3%6
1.305
1.27%
1.277
1.363
1. 375
1.29%
1.201
1602
1.781
1584
1.289
1.259
1.15%

. 866

«730
« 996
1.312
1.592
1.739
1.776
1.343
1.281
1.050
1.072
<321
«499

h37
«560
«b33
« 763
<891
1.055
1.182
1.206
1342
1.506
1.523
1.5493
1.610
1.6351
14543
1675
1.51%4
1.544
1.576
1.275
1.010

wl
LANZSEL

15.972
6.822
4, 343
‘. lsz
3.52%
2.776
3.053
,. r"
2.825
1.579
2.433
3.265
“.581
7.853

13.571

21.607
13.0848
b.939
3.257
24030
2.070
T.826
3.161
9. 6"
10.130
154 344
24630

29.387
23.240
21.37%
17650
17. 020
13.813
104634
EMLLE
6.29¢
5. 393
J.649
La181
3.7943
3. 466
3.5%0
L.580
L.260b
Le229
L 759
7.381
11.862

iy
LBM/SEC

3¢ 35
36,20
3%er7
L D B
Jha1sS
36,12
o146
36,10
36.13
36,02
35.10
36415
34.23
36,27
36.00

52.84
52.93
52.93
52.85
52.66
52.52
52.51
52.82
52.88
52.97
52.79
53.02

65.53
65.77
65.81
65. 60
65,610
65. 36
65.29
65.23
65.07
bue 90
bh. 78
bh. 72
b4 71
Bh. Th
b4 80
64. 79
6k, 85
6‘. 90
65,07
65,28

JGs

«041s
«0609
«0582
<0582
«Cols
<0615
«0582
<0546
an2
<0760
<0697
«057%
<0584
« 0555
<0375

0321
R
<0691
«0729
«0732
0581
« 0553
0677
«033¢
<0226

«0186
« 0265
«0329
«.0382
<0638
«0483
«0491
«0539
«0597
<0597
«0623
<0626
«06%7
«0602
«0579
«0%99
«2603
«0516
«0619

JLS

«0296
<0127
<0082
0058
<0065
<0052
<0057
<0070
<0052
« 0029
« 0065
<0061
0085
<0146
<0252

« 0397
«0243
.0130
« 0060
0038
~0038
«0170
<0179
<0189
<0285
<0453

« 0545
« 0631
« 0397
-0 324
«0316
+ 0256
« 019
.0180
<0117
«0100
«0068
«0078
0071
<0064
« 0066
«0085
0079
~0078
«0088
<0137
«0220

JLSIN

<0637
«0835
«0EY
«0E3e
«0E36
+0E33
«OE
«0633
«0633
<0631
<0633
«DE3
«0E3S
<0636
<0631

«0cm
«0582
«0582
<0581
«0s77
« 0975
«0%80
«0c80
<0581
.0683
<0580
<098

«1216
«1220
<1221
<1217
«1213
<1212
<1211
«1208
«1205
«1203
<1201
«1202
«1222
«1203
«1203
« 1204
«1205
«1204
<1211

Py
°sIa

16.25
l .oﬁ‘
19.50
19.61
20.04
20.67
70436
19.92
0.78
22.61
21.21%
20.10
19.05
17.8%
21.92

21.26
20.32
20,70
21.79
23.42
24407
22.52
22.13%
21.70
21.01
22.26
20.17

22.72
21.71
21.26
22.61
22.31
23.0%8
24461
Z+.88
25.99
26.746
27.39
27.83
27.92
27.75
27.82
2745
27.78
27.33
27.03%
25.81
26.61

TLIN
F

72.19
T2.36
T2.40
72453
72.60
72.69
72.78
r2.87
.72
Ti.48
71.51
71.33
71.57
Ti.71
Ti.88

Ti.bl
71.19
To.86
T1.39
70.93
Ti.40
70.95%
T1.26
71.03
T1.26
Ti1e63

70.53
T0.77
70.96
71.08
T1.26
70.80
T1.13
71.20
71.10
T0.98
T1.21
70.40
70.95%
Ti.16
71.33
Ti.65
T0.83
T1.27
T0.70
70.9%
T1.22

OTLIN
F

8.00
0.00
0.00
g.00
0.080
0.00
.00
0.0
000
0.00
0.00
0.00
.."

0.00
0.00

LANANA

0.09%0
g.000
0.000
0.0600
g.200
g.000
0.000
g.000
0.000
L«000
6.000

0.008
0.003
g.000
0.000
g.00n
C.000
0.000
0.000
0.000
0.000
o.000
0.0060
0.000
0.9%00
0.290
0.004
6.000

DSTAR

677,84
677.83
677.83
677.87
677.88
677.90
677.9
677.99
677.55
677.40
6T77.46
677,46
677.55
677.63
677.57

677.43
677.38
6T7.48
677.21
677.34
677.15
577.39
6r7.25
677.37
677.31
677.34
677.48

677.06
677.19
err, 27
err. 2?7
677.33%
677.11
677.20
877.22
677.15
677.09
677,14
6576.84
677.03
677.11
677.17
677,23
677.00
677,17
676,98
s77311
677.26

L=y
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23751
28752
23753

23754
23755
23756
23757
23758
23759
237¢€0
23761
23762
23763
23764
23765
23766
23767
23768
23769
23770

23802
23803
23804
23805
23806
238407
238038
23809
23310
23811
23812
23613
23814
231815
23816
23817
23818
23819
23820
23821
23822
23823
23824
23825
23826

wh

LoM/5EC

«BFfn
«592
«613

«393

892

«521

.9°~
1.047
1.122
1.260
1.651
1.61%
1.698
1.730
1.865
1.903
1.6““
1.471
1.186

«593

«235
« 376
«513
«728
«891
1.025
1.170
1.290
1.363
‘l“s’
1.564
1.6480
1.7580
1.6833
1.479
1.940
17495
1.565
1.502
1.256
1.097
-831
.7?6
.h?‘
37

wi
LBN/SEC

15, 77¢
23.788
2EL6060

29.23%9
27eb70
25.113
18.591
13.540
12.381
7.513
betld?
2. 714
2554
1.686
1266
1e476
1730
3.701
5.537
23.070

23.226
20.2838
20.225
16.516
12.182
10.290
5.539
5«164
3.8867
2734
2.061
1.806
1.393
1136
1. 014
1«116
1604
2.114
24816
b b9
5.211
9. 925
16.513
18.990
21.456

WL in
LBM/SEC

65,62
65,77
65.0%

34,15
J6.19
Jeo 21
34.21
36,32
Jhuts
34, 36
3. 27
Je.bs
3638
36.56
3652
3hae8
3656
36,69
3. 62
Jhab?2

51.29
51. 74
51.61
51. 30
51.55%
51.43
51.74
S1.68
51.55
51.50
51.45
5142
51.38
51+ 36
51. 35
51. 36
51.51
51.69
51.79
52.01
52.15
52.27
S51.48
52.18
52. 55

JGs

«0379
<0257
-0160

D16
«0185
«0197
<0360
JO0s07
<0897
« 0553
«0665
«0687
«0735
«0790
<0738
<0713
<0632
«05&3
0252

0102
<0176
«0230
«0301
«0380
<0518
«0562
0582
«0610
«0bkb
0686
a7
<0732
<0765
«0761
«0723
<0650
0638
« 0555
«0697
<0387
<0317
.0288
«0211

JLS

«0233
«0528

00“]
«0510
«0345
« 0251
« 0230
«0139
.0113
.0050
« 0067
0051
«0023
+ 0027
«0033
«0069
«0106
0428

« 0385
« 0384
<0321
«.0230
. 0195
0105
«0098
0073
« 0052
«0039
« 0034
0028
<0021
.0019
«.0021
<0027
« 0040
0053
<0089
.0099
«0188
<0271
« 0359
+0&08

PV
PSIA

22.88
22.12
2630

30.92
29.59
28.87
zg.l.
27426
30.13
26.40
28.76
26.82
25.84
22.63
23.59
2612
22.56
23.02
20.20
23.52

26.11
21.29
22.38
25.60
23.61
25.06
22.25
22.98
2410
24495
25.71
26425
27283
27.54
27.9%
28.456
27.05%
25.42
24.33
22445
21.38
20.18
23.00
20.81
18.48

TLIN
F

Ti.40
70.31
70.82

714469
71.13
Ti.6?
T1.72
1.3
Ti.52
71.76
70.73
7T1.03
71,43
Ti.61
Ti.40
Tie7%
Ti.61
71.68
Ti.66
T1.7%

166.80
166.20
165.50
165.350
164,40
163.40
163.10
162.60
162.10
161.70
161.10
160.40
159.60
158.10
157.20
156.40
155.60
156.80
156,30
153.60
153.10
152.60
152.30
152.00
152.00

OTLIN
F

0.00
0.00
8.00

0.00
.00
0.00
0.00
o.00
0.00
0.00
3.00
0.00
0.00
0.00
g.o00
0.00
G.00
0.00
0.00
0.00

g0.00
.00
c.00
g.00
0.00
0.00
0.00
.00
0.00
0.00
0.00
.00
0.00
.00
0.00
0.90
0.00
0.00
0.00
g.02
0.00
0.00
0.00
0.00
0.00

LAMNBO A

0.000
0.0060
g.000

0.000
S.000
6.000
g.000
0.000
g.000
f.000
g.000
g.000
0.000
0.00.
0.000
g.000
g.030
g.c000
0.1%00
0.029

6.000
0.000
0.000
C.000
g.300
g.000
0.5098
o.c00
0.000
g.0080
0.000
0.0n9%0
0.000
g.000
g.000
g0.000
G.000
0.000
0.000
0. 000
0.000
g.000
0.000
g.000
c.000

OSTAR

677,38
err.02
677,06

677.11
677,02
677.17
67726
677.17
677.13
6T7.36
576,92
677.18
6rr.28
6T7.46
677.36
677.46
6T7.67
6T7.48
6r7.50
677.48

Ti4.51
716.35
713.98
T13.65
T13.463
713.13
T12.92
712.68
7T12.43
T12.2
711 o
7L .64
Ti1.27
T10.61
710.21
T09.¢5
709.56
709.26
709.08
708,84
708.6%
T08.48
708.27
708.21
708.26



I0 wG WL WLIN J6¢ JLS JLSIN PV TLIN DTLIN  LAMBODA 0STAR
LBM/SEC  LBM/SEC  LBM/SES PSTA F F =
24703 «003 16,935 16.82 .0002 Q277 «0312 16. 38 73.23 0.00 g.000 678,22
24705 003 14,189 16.83 0002 L0263 .0312 16.{8  72.13 0.00 0.000 &77.8%
24708 « 382 13.258 16.94 +0180 «0246 «031% 18,68 69.30 0.00 g.000 676,78
24709 «537 12.219 16.52 <0247 L0227 LUFIN 19.57 69.1F  D.0C0 0.000 676,59
24710 T2 10.018 16.94 «d336 «0186 « 0316 20.26 59.91 0.00 g.G00 676494
Ze711 Lk} 98F 1509 . . . . 13 B IULEER DL UL 1A T A
24712 « 962 £.923 16,93 <063 0128 <0316 19.87 78.15 0.0¢ g.00¢ 677.06
26713 1.103 T 3.776 16,88 " T,3LA5 L0070 LOTIT 2M.8% 0 79.36 0 0.00  0D.000  B7T.EE
24716 1.0835 5.07% 16.89 <0461 FLETY «+ 0313 20.82 70.61 s.0¢C g.008 6r7.'7
24715 1198 3.3%7 16.86 L0510 2OU62  L.OT1T  22.87 7E.91  0.00 U.L.000 €772
24716 1.16€2 2.832 16.86 « 0498 «0053 «0313 22.73 71.18 g.0¢ 0.000 677,30
8717 L1285 4144 1b.5b . . . . . . SO0 STTINY
24718 1.222 1.800 16.70 «3596 +0033 <0310 17.80 Ti.77 e.0¢ ¢.000 KTT.67
24718 1.327 1.200 16.69 .U638 L0022  .U10 18,29 TZ2.I8 T 0.00 @9.000 6T, 79
24720 1.358 1.263 16.70 « 0654 0023 +0310 18,48 12-5. .... g.000 6".96

ZRTZY T ISE T 2UL.ITY O 3S.U0  JUI7T L USRE L UBRY IR B9 EY .UV UL UUUTSTSL 9

26728 hty 22.334 35.03 <0222 0614 + 0650 15.62 69.49 p.0¢ 0.000 676.92
24729 ML Z21.0487 35.06 L0288 +0399 L0650 15.93 S8 T.0C0  0.000 sTE.88
24730 «518 21.4688 34.97 «0260 «0399 « 0648 16,47 68,84 g.00 0.000 676.67
24731 «556 21.982 36,99 L0275 LOUNDT O L0BAT  16.89 68.96 .00 9.000 ETE.T®
24735 «112 35.006 53.09 <0054 «0649 « 0985 17.81 69.65 0.00 g.000 676.92
24737 <175 32.571 52,71 .0077 <0606 L0978 21.75 B9 TE T 0.0T 0.000 &7e.8%
24739 «375 29.322 53.16 «0180 0564 « 0985 17.89 69.89 g.00 0.000 &77.00
26740 AR5 T2B.T62Z 52.96 L0211 L0496 0983 19.03 T 70.08 0.0 C0  0.000 STY,O8
247461 «527 21.33A 52.85 «0238 «0396 « 0981 20.35 70.13 .00 o.000 677.602
. 7 215638 5Z.07 . . . . . - . 0
24746 « 088 Lbak19 66.62 «0rer «0861 «1236 18,79 71.62 0.00 0.000 677.70
26747 «15% 33,104 BB G L LUTE L U725 L1237 1589 7187 .00 T 0.008  STT.TS
26TuUR «233 Lh.815 66,28 «0117 « 0831 «1230 16.56 71.87 g.00 0.000 677,73
TTTRRTSY S BB ZSL.GTT T 6S.%F - TLUISY TUSTY sIZ2? 1999 TZ 1?7 L 23 4 BN TR AL S LA LS4 S
24752 %98 22.820 65.9% «0233 <0423 «1226 18.81 Tie 36 g.0¢ 0.000 677.48
24753 «576 21,3673 BF.IT L0277 L0396 L1226 1W.%T TL: 03 g.0C 0.000  677.38
28754 «+626 20.977 obe 30 <0302 <0383 «1230 17.73 70.81% 0.0¢0 g.000 677,33
T 24755 « 087 I 4L 1Y L T U L 24 L L4 L EL L R AL S R LA L B T A S 0L L B 4 004 S
24756 171 12.917 16.10 «0087 « 0266 «0305 17.08 173.50 0.0¢ g.000 TLT7.68
24757 «239 12.464 16.10 «0113 «0237 « 0306 17.77 173. 40 g.0C 0.060 T17.61
24758 « 326 13.086 16,09 «0170 «0249 <0306 16,48 173.40 0.0¢C 0.000 T17.66
24759 b1 12.070 16.09 <0211 «0230 <0308 17.10 173.40 %.00 0.000 Ti7.6%
24760 « 380 11.90% 16.05 <3187 <0227 «0306 17.97 173. 30 J3.00 0.000 TL7.55
24761 «531 10.80% 16. T3 <0255 U206 U305  19. 01 1T O00 T 0. 0T T 0. 900 I Y
267862 « 549 16.7008 16.07 «0283 <0204 « 0308 16. 34 17310 g.00 g.000 T17.51
26762 +612 10.0%6 16. 06 «0316 «0192 «0305 185,97 173.3¢0 g.0¢C 0.000 TiT.46
24764 «695 8.517 16.03 «0563 «0162 +0305 18.37 172.80 g.0¢ g.040 T17.33
267565 <819 Babb? 16.10 «0395 <0122 « 0308 19.21 168,70 0.00 c.000 T19.48

6~V



oT-v

10 wi Wi Wi iy JGs JLS JLSIN ] TLIN DTLIN LAMBDA DSTAR
L3n/5EC LBN/SEC LBN/SEC PSIA F F
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