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ABSTRACT

A series of experiments have been performed investigating the phenomena of liquid
entrainment and vapor pull-through at a tee junction between a horizontal pipe and a
small branchline. These experiments were performed under conditions of stratified
steam-water flow at 3.4, 4.4, and 6.2 MPa in the 28.4 ¢cm diameter mainline, and
critical flow through a no:zle installed in the branchline. Two orientations of the
branchline were investigated: horizontal and vertical downflow. This report docu-
ments the experimental program, presents the data obtained, and discusses correla-
tions for predicting the levels at which the onset of vapor pull-through and liguid
entrainment occur and correlations for predicting the flow quality into the
branchline.

FIN No. 6320— Thermal Hydraulics Laboratory



SUMMARY

The tee/critical flow experiments® were per-
formed in the Two-Phase Flow Loop (TPFL) at the
Idaho National Engineering Laboratory (INEL)
during the summer of 1984 to investigate the liquid
entrainment/vapor pull-through phenomena of a
tee with a large mainline-to-branchline diameter
ratio, and how these phenomena affect the flow
rate in the branchline, Vapor pull-through is a phe-
nomena that occurs when the liquid level is located
above the entrance to the branchline and vapor is
pulled through from the vapor space above the
interface. The pull-through may be accomplished
via vortex or vortex-free flow. The liquid entrain-
ment phenomena can occur when the liquid inter-
face level is below the branchline entrance. If the
level is high enough, a liquid film in the vicinity of
the branchline may flow up to the entrance or, if the
vapor velocity in the mainline is large enough, lig-
uid may be entrained from roll waves and carried
into the branchline,

The importance of the liquid enirainment 'vapor
pull-through phenomena, and its effect upon the
critical flow rate in the branchline, originates in the
concerns of a postulated small break loss of cool-
ant accident (SBLOCA) in a pressurized water reac -
tor (PWR). This type of accident could originate
from the rupture of an instrument line or a safety
injection line, Although the system conditions are
scenario dependent, an « .pected condition is two-
phase natural circulat.on with resulting low flow
rates and a stratified flow of steam and water in
horizontal main loop piping. If this stratified con
dition exists in the vicinity of the broken line, then
the existence of the liquid ¢ trainment/ vapor pull-
through phenomena complet=ly changes the break
flow rate in comparison to a single phase flow, thus
changing the characteristics of the system transient
response thereafter.

The critical flow rate at a break is a function of the
two-phas i w juality at the break. This flow qual-
ity is, in teer 1 function of the liquid entrainment/
vapor pull-through 1.es from the mainline ‘nto the
branchline. Since the depressurization rate of a
PWR system during a SBLOCA, in addition to the
total system inventory, is dependent upon the critical
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o This report dovuments the results of an experimental pro-
gram mutually funded by the U 3. Nuclear Regulatory Commis-
sion (Fin. No. A6320) and the Flectric Power Research Institute
(Contract No. RP2299-2),
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break flow rate, the ability to accurately predict
entrainment/puil-through rates and timing are
important in order for nuclear safety codes to pre-
dict system response with acceptable accuracy.

The primary objective of the expenimental pro-
gram was to obtain the flow quality of the steam-
water mixture out the branchline of a tee containing
high-pressure steam-water stratified flow in the
mainling, as a function of the height of the stratified
liquid interface level in the mainline. Measurement
of the (low quality and total branch flow rate enables
evaluation of the rates of liquid entrainment/vapor
pull-through. A secondary objective was measure-
ment of the critical flow rate as a function of flow
quality in the branchline. These experiments were
performed with the branchline in horizontal and ver-
tical downflow orientations (with a 28.4 cm diame-
ter mainline and a 3.4 cm diameter branchline)
under conditions of stratified steam-water mixtures
at 3.4, 4.4, and 6.2 MPa in the mammline. A nozzle
was installed in the branchline to provide a known
choking point, thus the emphasis on critical flow.
The primary variable was the stratified hiquid height
in the mainline and its effect upon the flow quality
and mass flow rate in the branchline.

Data was acquired for each branchline orienta-
tion at each of the three test pressures. /« total of 91
test points were obtained, covering a broad range of
liguid levels in the mainline. Most of the horizontal
test configuration points were transient points in
which the level slowly varied from some maximum
level to the equilibrium stratified level (determined
by the ir tividual flow rates). Many of these points
spanned the level range of the onset of vapor pull-
through.

Most of the vertical downflow data points are
steady-state runs. The mainline liquid level was
obtained by adjusting the mainline liquid flow rate
while maintaining a constant steam flow rate of
3 kg/s, with the separator level below the mainline.
Two to six transient test runs were performed at
each pressure for determination of the maximum
level at which continuous vapor pull-through
ocurs.,

Results from these experiments confirm the
forms of previously proposed correlations for pre-
dicting the mainline liquid levels at which vapor
pull-through and liquid entrainment occur. How-
ever, different values for the constants used in the



correlations are recommended. The data show that
the liquid level range over which vapor pull-
through and liquid entrainment occur is greater
than previously reported.

For the horizontal branchline, it was observed
that the mass flow rate into the branchline was a
linear function of the mainline liquid level (at a
constant mainline pressure); however, the slope of
this function changed at a level corresponding to
the top of the branchline, possibly indicating that
the vapor pull-through phenomena results in dif-
ferent fluid properties in the branchline than does
the liquid entrainmenrt phenomena. Another inter-
pretation of this slope change involves the fact that
the higher levels were obtained by reducing the
mainline stzam flow rate. The different steam flow
rates may have resulted in different wave patterns in
the mainline, thus resulting in different amounts of
time-averaged vapor pull-through. Comparison of
the branchline veid fraction, as a function of the
mainline liquid level, for the three test pressures
shows equal void fractions for a level correspond-
ing to the top of the mainline. This indicates that
the best origin of a coordinate system for predicting
the branchline void fraction may be the top of the
branchline rather than the pipe bottom or
centerline.

Flow quality data presented for the horizontal
branchline indicate that the branchline flow quality
is an exponential function of the mainline liquid
level. A correlation for the flow quality is presented
and compared to the data and the only other previ-
ously reported correlation for the branchline flow
quality. Results from this new correlation are used
to predict che branchline void fraction, which com-
pares well to the data.

The data obtained for the horizontal branchline,
in which the mainline liquid continually changed
during a test run (a transient run), compares quite
well to the steady-state data obtained for constant
level portions of test runs (comparison is within the
tolerance limits of the transient data). This indi-
cates that steady-state data may be used for predict -
ing branchline properties for transient cases in
which the level is slowly falling.

For the case of the vertical dewnflow branchline,
the branchline mass flow rate at levels below the
onset of vapor pull-through appears to be a linear
function of the mainline liquid level. The level at
which continuous vapor pull-through begins was
observed to occur a° about a 50% higher level than
that predicted by the correlation developed from
previous experiments. This fact is reflected in the

recommended new constants for the correlation
used to predict the onset level of vapor pull-through
in the vertical downflow branchline orientation.
An anomaly observed for this configuration was
that al! steam flow out the branchline occurred
when a small nonzero level existed in the mainline
upstream of the branchline. This phenomena may
have been due to an error in the level measurement
or may be due to an effect of vorticity for the steam
flow into the branchline, forcing the liquid away
from the branchline entrance resulting in the liquid
being carried down the mainiine. This type of phe-
nomena has been reported® for the case of liquid
entrainment in a vertical upflow orientation using
air/water flows,

The branchline flow quality for the vertical
downflow orientation was observed to follow the
same type of exponential relationship as was
observed for the horizontal orientation. A correla-
tion for predicting the branchline flow gquality is
proposed and compares favorably to the data. This
correlation was used to predict the branchline void
fraction which, when compared to the data, vom-
pares quite well except at low void fractions (less
than 25%).

Further experimental work which could be per-
formed to expand the data base on this subject
investigates the effect of having the critical flow ori-
fice located at the pipe wall as opposed to down-
stream in the branchline. This will help ‘o
determine possible evaporation ¢“~cts at the
branchline entrance. Another area that needs to be
addressed is the possible vorticity effects for small
ligrid levels in the mainline with the vertical down-
flow branchline. Whether this is a real phenomena
or an artifact of the measurement system also needs
to be resolved.

This report documents the experimental program
and the data obtained from the program. The
report details the experimental and measurements
systems, describes the test conduct and data reduc-
tion methods, and presents a detailed uncertainty
analysis of the measured and computed parame-
ters. Flow qualities, mass flow rates, void fractions,
and pressure drops in the branchline are presented
as functions of the mainline stratified liquid level.
The data is presented in both graphical and tabular
forms. Correlations for predicting the liquid levels
for the onset of vapor pull-through and liquid
entrainment and the resulting branchline flow qual-
ity for all liquid levels between onset of vapor pull-
through and the onset of liquid entrainment are
also presented.
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Background
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Vapor pull-through

Figure 1.  Pictorial view of the vapor pull-through and

liquid entrainment phenomena.

entrainment/pull-through rates and timing are
important for the nuclear safety codes to predict
system response with an acceptable accuracy.

An example of the predictive problems associ-
ated with this type of phenomena is provided by a
comparison of integral systems experiment code
predictions with the Loss-of-Fluid Test facility
(LOFT) L3-5 experimental results.! This was an
experiment which simulated a 10.2 cm diameter
break in the cold leg of a P% R. During the period
of interest, coolant in the cold leg at the broken line
branch was in stratified flow with the liquid level
slowly dropping. Figure 2 shows the measured
break mass flow rate and system pressure in com-
parison to predictions of both RELAPS and
TRAC.2 Both codes significantly overpredicted the
critical flow and depressurization rates. The over-
prediction of the broken line mass flow rate is due
to the assumption in the codes that only single-
phase flow exists at the break when the mamnline
liquid level is above (all liquid flow) or below (all
steam flow) the branchline entrance. If the level is
above the broken line and vdpor pull-through

occurs, then the actual critical mass flow rate out
the break would be greatly reduced.

The TPFL was originally designed and built as a
calibration facihly3 for LOFT instrumentation. As
such, it was constructed of LOFT size piping
(14 in. Schedule 160) to handle steam-water flows
at pressures as high as 6.9 MPa (1000 psia). It was
decided that for the tee/critical flow experiments a
mockup of the LOFT L3-5 tee geometry would be
used, including the same size of break nozzle. The
reascns for this were two-fold. First, the equipment
for this experiment already existed irom a previous
experimental pmgram.“ Secondly, data trom the
tee/critical flow experiments could be used in a
direct comparison to the LOFT L.3-5 dota and an
evaluation of the improvement in code predictions
resulting from use of the correlations developed as
part of this program could be performed.

Experimental Objectives

The objective of this effort was to develop a reli-
abl~ and accurate experimental data base for criti-
cal flow through small breaks in a pipe in which
stratified two-phase tiow is prevalent. Recent
experiments with air-water mixture in small pipes
have indicated that liquid entrainment and vapor
pull-through significantly influence discharge
rates, and that these phenomena are functions of
stratified level and break azimuthal location. The
objectives of this experimental project were to
obtain accurate data on critical discharge rates
(steam and water) as functions of break orientation
and stratified level. The specific objectives were:

e Establish an experimental data base on
critical flow through small breaks for two
different break orientations, namely, bot-
tom and side locations.

¢ [Establish a data base relating discharge
rates to stratified level and thermal-
hydraulic conditions in the mainline.

e Establish an experimentally measured data
base relating the discharge rate and level in
the mainline to the conditions in the
branchline.
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TECHNICAL ASPECTS

In the following sections the technical aspects of
the liquid entrainment/vapor pull-through phe-
nomena will be discussed. The discussion includes
a summary of previous research on the phenomena,
and correlations which have been developed for
prediction of the liquid levels at which onset of (he
entrainment/pull-through phenomena occurs.

Previous Research

The entrainment/pull-through phenomena and
its impact on SBLOCA was discussed by Zuber,
along with a review and summary of existing exper-
imental work and correlations. At that time no
directly applicable experimental work had been
performed on the entrainment/pull-through phe-
nomena in horizontal pipes. However, Zuber modi-
fied the existing correlations (which had been
developed from data obtained from experiments in
tanks) for use in the piping configurations of inter-
est in SBLOCA analysis. These correlations pre-
dicted the stratified liquid levels between which
entrainment or pull-through would occur. No cor-
relations existed for the amount of pull-through or
entrainment. Subsequently, entrainment and vapor
pull-through were studied by Crowley and Rothe®
for low pressure air-water stratified flows. They
obtained branchline flow rate data for the horizon-
tal, vertical upflow, and vertical downflow configu-
rations in a 7.6 cm mainline pipe along with the
effect of a short nozzle as opposed to an orifice at
the pipe wall. The Crowley and Rothe data for the
iiquid levels at which liquid entrainment and vapor
pull-through first occur compare favorably (within
10-25%) with predictions from the correlations
proposed by Zuber. No data was prescated for the
branchline void fraction or flow quality as func-
tions of the mainline liq.id level.

The vapor pull-through phenomena was also
studied by Reimann and Khan” for the case of a
downflow orientation with stratified air-water flow
in a 20.6 cm (8.1 in.) mainline and three different
branchline diameters of 0.6, 1.2, and 2.0 cm.
These same pipe sizes were used by Reimann and
Smoglies to study liquid entrainment from a verti-
cal upflow branch orientation, with a stratified
flow in the mainline. Smoglie23 aiso studied the
entrainment/pull-through phenomena for the hori-
zontal branchline configuration and performed an
extensive comparison and analysis of the data from

the three branchline orientations. Smoglie con-
cluded that the forms of the correlations proposed
by Zuber were correct, but obtained different val-
ues for the constants in the correlations, In addi-
tion, no effect of branchline diameter on the
correlations was determined. Smoglie also pre-
sented new correlations for the branchline flow
quality as a function of the mainline liquid level.

Saba and Lahey9 studied the phase separation phe-
nomena of a tee with a horizontal branchline. They
were not predominately interested in entrainment/
pull-through and reported no observations of the
onset of these phenomena; instead, they developed a
set of five two-phase conservation equations to
describe the flow rates and pressure drops in the tee.
These experiments were performed in small diameter
pipe with air-water flow.

In all previous research performed on the entrain-
ment/pull-through phenomena, neither the working
fluids nor the test section scale has been representa-
tive of the expected conditions during a SBLOCA in
a PWR. The current experimental program was
undertaken to extend the experimental data base to
representative fluids (steam/water at pressures antic
ipated to occur during a SBLOCA) at a significantly
larger scale than previous expefiments.

Liquid Entrainment

The data of Crowley and Rothe confirmed the
correlation for onset of entrainment, derived by
Craya, for two incompressible fluids of different
densities (Reference 10), and previously verified
exnerimentally by Gariel for liquid withdrawal
from a large reservoir (Reference 11). The Craya
correlation modified by Zuber for a horizontal pip-
ing orientation with a side entry branch is given by,

2
[ vzﬁ ]l/ =3.zs(m2-h°)2 (m

ls(pf-as)(D/z-hc)J d
where
Vs = the gas velocity out the branch
(m/s)
Py = the phase der. ities (kg/m?)



g = gravitational acceleration (equal
10 9.8 m/s2)

L = the mainline inner diameter (m)

d = the branchline inner diameter (m)

he = the liquid interface height mea-

sured from the pipe bottom at
which liquid entrainment begins
(m).

Equation (1) can be solved for the interface level

he/D, and the dependency on branch diameter
eliminated by using the gas flow rate, mg, resulting

n
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For the steam/water test conditions at 6.2 MPa,
Equation (2) results in an entrainment criteria of
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For the case of a vertical upflow branch orienta-
tion, Zuber recommended a modification of a cor-
relation developed by Rouse!2 for liquid
entrainment from a tank through a vertical pipe.
The correlation is given by

AL

[z(pf-pg)(n-hve)

1/2 it 12
- $.7 (—E—“") )

where hy, is the liquid level above which entrain-
ment begins, and all other variables are as defined
for Equation (1). Equation (3) can be solved for
the onset of liquid entrainment interface level,

giving

1/4
hve 1 hi
= §. b T PR R Z 4)
D D|20¢ "g("f“’g)

For the test conditions at 6.2 MPa, Equation (4)
results in an interface leve! foi onset of entrainment
in a vertical upflow orientaiion of

_— (.77 .
) 0

Vapor Pull-Through

For the case of vapor pull-through, Zuber recom-
mended use of a modification of the correlation
developed by Lubin and Hurwitz!? for draining
from the bottom of a tank in vortex free flow. For a
vertical downflow branchline, this modified corre-
lation can be written as

/2

VZD h /2
o] & 3,25 (—‘25 )

where hy/d > 1. Solving Equation (5) for hv‘p/ D
(and using the liquid mass flow rate, mg, to elimi-
nate the branchline diameter dependency) results in

0.2
- 1 L S

. ﬁls.szgpr(pf-pd

Equation (6) can be modified for the case of a hori-
zontal branchline by adding the height of the
branch (hyp/D = 0.5), giving,

0.2
3
by if |

1 i . ™

For the test conditions at 6.2 MPa, Equation (6)
results in a value of hy,/D = 0.21 for onset of
pull-through in the vertical downflow orientation.
For the horizontal orientation, Equation (7) results
in hp/D = 0.71.



SYSTEM CONFIGURATION AND INSTRUMENTATION

This section preseats the system hardware and
measurements used during the tee/critical flow
experiments.

Experimental Hardware

The tee/critical flow experiments were per-
formed in the two-phas: flow loop (TPFL) at the
Thermal Hydraulics Laboratory at the INEL. The
facility was configured as shown in Figure 3.
Appendix A contains all significant engineering
drawings of the facility and test sections. The
lengths, areas, and volumes of various system com-
ponents are provided in Table I as an aid in model-
ing the experimental system.

Inlet steam and water flow rates were measured
and controlled using the 5 and 7 cm (2 and 3 in.)
reference measurements sections. The reference
flow m~asurements were made using calibrated ori-
fices. Flow control valves were located downstream
of the metering sections immediately upstream of
the mixing tee. A stratifier-insert for the mixing tee
was installed to help proriote a stable stratified
flow in the mainline. The mainline was a 28.4 ¢cm
(14 in.), schedule 160, 2-piece piping section
between the mixing tee and the steam separator.
The critical flow section (branchline) teed off the
28.4 ¢m (14 in.) mainline at the 12 cm (5 in.) pene-
tration, The critical flow measurements section is
shown in Figures 4 and 5§ for each of two configu-
rations. Details of the break nozzle are shown in
Figure 6.

The branchline terminated at the break flow catch
tank, which was used to determine the total break
mass flow rate. The catch tank measurement system,
shown in Figures 7 and 8, consisted of a sparger
injection system and a 5.6 m3 (1500 gal) cylindrical
tank suspended by two load cells. The sparger sys-
tem was connected to the rigidly supported branch-
line and suspended at the centerline of the catch
tank. A flexible nonload sharing coupling connected
the catch tank to the branchline.

The sparger assembly consisted of a 6.6 m (20 ft)
section of 10.2 em (4-in) schedule 40 pipe con-
nected at its center to the branchline. Fifty jet-type
nozzles were attached to either side of the 10.2 cm
(4-in.) pipe. The nozzles produced violent mixing
in the catch tank under flow conditions. Prior to

performing data points, the catch tank was filled
with cold (296 K. 55°F) industrial water to a level
above the sparger assembly. The hot two-phase
mixture flowing through the branchline/sparger
assembly, during a data point, was condensed by
the cold liquid initially in the catch tank. The load
cells were used to determine the total mass of liquid
in the tank that was differentiated to determine the
total break mass flow rate. The steam separator
connected te ‘he mainline provided a method of
separating the two-phase flow mixture into single
phase components. The liquid component was
pumped back into the liquid metering section and
the steam component was vented to the atmosphere
through an exhaust flow orifice meter and a pres-
sure control valve used to control system pressure.

Measurements

A list of all measurements recorded during the
tee/critical flow experiments is shown in Table 2.
This list consists of measurements of temperature,
pressure, differential pressure, density, and mass
used to calculate mass flow rates, liquid levels, void
fractions, and flow qualities. The measurements
list summarizes the measurements in groups made
at similar locations in the system. System reference
measurements included pressures and temperatures
upstream of reference orifices, differential pres-
sures across the orifices, and a differential pressure
for loop liguid level. Mainline test section measure-
ments include fluid temperatures, pressures, differ-
ential pressures from inlet to outlet, densities, and a
differential pressure from top to bottom of the
mainline which was used to calculate a liquid level.
Branchline measurements include fluid tempera-
tures, pressures, differential pressures across the
break orifice and branchline tee, densities, and
mass of fluid collected in the catch tank. Test sup-
port measurements included liquid levels, metal
temperatures, and heat fluxes. The types of mea-
surements made throughout the system are shown
in a piping and instrument diagram (P&ID) (see
Figure 9). The reported measurement locations and
identifiers are shown on P&IDs for the reference
measurements in Figure 10 and for the test section
measurements in Figure 11.

Video probes were installed in the mainline,
upstream of the branchline entrance, and in the
branchline, upstream of the critical flow nozz'e, for
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Table 1. Compenent lengths, areas, and volumes

Measurements Uncertainties
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Table 2. Measurements list for two phase flow loop tee/critical flow experiments

Measurement Measurement
ID ! Description ~ Range

REFERENCE MEASUREMENTS

TE-468 Fluid temperature upstream of 30 ¢m reference steam orifice (side 300-585 K
mounted)

TE-S8S Fluid temperature upstream of 7 ¢m reference steam orifice (side 300-585 K
mounted)

TE-202 Fluid temperature at steam inlet to mixing tee 300-585 K

TE-106 Fluid temperature upstream of liquid orifice (5 ¢m reference 300-585 K

metering se~tion)

TE-201 Fluid temperature at liquid inlet to mixing tee 300-585 K

TE-FE-63 Fluid temperature at exit of steam separator (upstream of discharge 300-585 K
orifice)

TE-MU Fluid temperature at makeup inlet to steam separator 300-585 K

PT-58 Pre sure upstream of 7 ¢m reference steam orifice 0-10.5 MPa

PE-100 Pressure at sieam inlet to mixing tee 0-10.5 MPa

PT-106 Pressure upstream of § ¢m refereace liquid orifice 1-6.89 MPa

PE-101 Pressure at 'iquid inlet to mixing tee 0-6.89 MPa

PE-505 Pressure at exit of steam separator (upstream of discharge orifice) 0-6.89 MPa

FT-58A Differentiil pressure across 7 ¢m reference steam orifice (low 0-12.5 kPa
range)

FT-58B Differential pressure across 7 cm reference steam orifice (high 0-172 kPa
range)

FT-106A Differential pressure across S cm reference liquid orifice (low 0-12.5 kPa
range)

FT-106B Differential pressure across 5 cm reference liquid orifice (high 0-172 kPa
range)

PDE-100 Differential pressure across steam side of mixing tee (from inlet to 0-345 kPa
mainline)

PDE-101 Differential pressure across liquid side of mixing tee (from inlet (o 0-245 kPa
mainline)
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Table 2. (continued)

Measurement Measurement
1D Ll Description ~ Range

REFERENCE MEASUREMENTS (continued)

PDE-500 Differential pressure across discharge reference orifice in steam 0-24 8 kPa
separator exit line (low range)

PDE-510 Infferential pressure across discharge reference orifice in steam 0-125 kPa
separator exit line (high range)

LT-62 Liquid level in upper section of steam separator tank (mainline 0-366 cm
centerline at LT-62 = 33 c¢m)

FI-MUP Flow turbine in loop make-up line 0.3-3L/S

MAINLINE TEST SECTION MEASUREMENTS

TE-300 Fluid temperature at outlet of mixing tee (3 ¢m from top) 300-585 K

TE-301 Fluid temperature at entrance to branchline (3 ¢m from top of 300-585 K
mainlii e)

TE-305 Fluid tzmperature 0.7 m downstream of branchline in 300-585 K
mainline—3 ¢m from bottom

PE-301 Pressure at outlet of mixing tee in mainline 0-7.0 MPa

PE-302 Pressure at the branchline entrance in the mainline 0-7.0 MPa

PE-305 Pressure in mainline I m downstream of branchline 0-17.2 MPa

PDE-310 Differential pressure in mainline from mixer outlet to 2.5 m 0-25 kPa

upstream of branchline

PDE-311 Differential pressure in mainline from PDE-310to0 1 m upstreamof  0-25 kPa
branchline
PDE-312 Differential pressure in mainline from 1 m upstream of branchline 0-25 kPa

to branchline entrance

PDE-330 Liquid level in mainline 0.5 m upstream of branchline 0-77 ¢cm

DE-BL-1A 3-beam densitometer at outlet of mixing tee (mainiine)—top beam 0-1000 kg/m3

DE-BL-1B 3-beam densitometer at outlet of mixing tee (mainline)—middle 0-1000 kg/m3
beam

DE-BL-1C ;;cl:m densitometer at outlet of mixing iee (mainline)—bottom 0-1000 kg/m3

13



Table 2. (continued)

Measurement
1D . Description
MAINLINE TEST SECTION MEASUREMENTS (continued)

DE-1A 6-beam densitometer 0.4 m upstream of branchline entrance—top
beam of lower quadrant

DE-1B 6-beam densitometer 0.4 m upstream of branchline
entrance—middle beam of lower quadrant

DE-I1C 6-beam densitometer 0.4 m upstream of branchline
entrance—bottom beam of lower quadrant

DE-2A 6-beam densitometer 0.4 m upstream of branchline
entrance—bottom beam of upper quadrant

DE-2B 6-beam densitometer 0.4 m upstream of branchline
entrance—middle beam of upper quadrant

DE-2C 6-beam densitometer 0.4 m upstream of branchline entrance—top
beam of upper quadrant

BRANCHLINE TEST SECTION MEASUREMENT

TE-401 Fluid temperature at inlet of branchline (on centerlin:)

TE-402 Fluid temperature horizontal piping upstream of critical flow
orifice

TE-CTE-1 Fluid temperatures in east end of catch tank—located 45 ¢m below
tank centerline

TE-CTE-2 Fluid temperatures in east end of catch tank—located 22 ¢m below
tank centerline

TE-CTE-3 Fluid temperatures in east end « f catch tank—located on tank
centerline

TE-CTE4 Fluid temperatures in east end of catch tank —located 22 ¢m above
tank centerline

TE-CTE-§ Fluid temperatures in east end of catch tank—located 45 ¢m above
tank centerline

TE-CTW-I Fluid temperature in west end of catch tank—located 22 ¢m below
tank centerline

PE-401 Pressure at inlet of branchline horizontal piping section

PE-402 Pressure 20 ¢m upstream of critical flow orifice

14

Measurement
_ Ramge

0-1000 kgwm3
0-1000 kg/m—"
0-1000 kgz‘m3
0-1000 kg/m?
0-1000 kg/m3

0-1000 kg/m?

300-585 K

300-585 K
300-585 K
300-585 K
300-585 K
300-585 K
300-585 K
300-585 K

0-6.89 MPa

0-6.89 MPa



Table 2. (continued)

Measurement Measurement
1D Description Range

BRANCHLINE TEST SECTION MEASUREMENTS (continued)

PE-CT-1 Pressure in catch tank 0-1 MPa

PDE-341 Differential pressure from mainline at the branchline entrance to 0-200 kPa
upstream side of critical flow orifice

PDE-450 Differential pressure across critical flow orifice 0-6.89 MPa

DE-3A Two beam densitometer at inlet to branchline horizontal 0-1000 kg/m3
piping—bottom beam

DE-3B Two beam densitometer at inlet to branchline horizontal 0-1000 kg/m3
piping—top beam

DE-1-1 Single beam densitometer 30 ¢m upstream of critical flow orifice 0-1000 kg/m3
(vertical diametrical beam)

LD-LC-1 Catch tank weight (load cell—east end) 0-5000 kg
LD-LC-2 Catch tank weight (load celi—west end) 0-5000 kg

TEST SUPPORT MEASUREMENTS

LT-10 Liquid level—Steam Tank No. 1 (process transmitter) 12.5 kPa
LT-18 Liquid level—Steam Tank No. 2 (process transmit er) 12.5 kPa
LT-26 Liquid level—Steam Tank No. 3 (process transmitter) 12.5 kPa
LT-34 Liquid level—Steam Tank No. 4 (process transmitter) 18.7 kPa
LT-30 Experimental liquid level Steam Tank No. 3 —
LT-60 Liquic 'evel—lower section of loop steam separator (process 0-742 cm
transmitter)
PE-1 Pressure—Stearn Tank No. | 0-17.24 MPa
PE-2 Pressure—Steam Tank No. 2 0-17.24 MPa
PE-3 Pressure—Steam Tank No. 3 0-17.24 MPa
PE-4 Pressure—Steam Tank No. 4 0-17.24 MPa
TE-14 Temperature—Steam Tank No. | 300-585 K
TE-22 Temperature—Steam Tank No. 2 300-585 K
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Table 2. (continued)

Measurement Measurement
1D Description P LN __Range

TEST SUPPORT MEASUREMENTS (continued)

TE-33 Temperature—Steam Tank No. 3 300-585 K

TE-37 Temperature—Steam Tank No. 4 300-585 K

TE-Beam Tube temperature—densitometer Beam DE-2B 300-585 K

TE-NTC Temperature north test cell platform 300-585 K

TE-Air Ambient temperature at differential pressure measurement 300-585 K

PDE-330

TE-MT-1 Metal temperature—steam separator inlet 300-585 K

HF-INS Heat flux—outside of insulation on top 0-10,000 W /M2

HF-SS Heat flux—on insulation on steam separator wall, 1 ft above inlet 0-10,000 W /M2

TE-SS Surface temperature at HF-SS measurement 300-585 K

NOTE: One optical probe with two light sources was installed upstream of the branchline entrance in the
mainline. A second optical probe with two light sources was installed in the branchline upstream of the breal.

orifice.

system. A sunucry of the basic une=ctainties is
provided in Table 3. The measurement uncertainty
in the fluid temperatures (using type K thermocou-
ples) is considered to be +2.2 K.!

Uncertainties in the pressure and differential
pressure measurements are quom:l22 interms ot a
percentage of full scale. For the absolute pressure
transducer, this value is 0.29% of full scale. For the
DP measurements, the value is 0.57% of full scale
and does not include the possible effects of a parti-
ally voided sense line (which is assumed was cor-
rected for prior to the test point or posi‘est using
the no-flow data avcra!es). For the load cell mea-
surements, the quoted 3 uncertainty is 0.24% of
full scale.

Calculated parameters are those parameters
which have their basis in one or more basic mea-
surements. Examples are thermodynamic proper-

16

ties (phase densities and enthalpies) and mass flow
rates calculated from the measurements at an ori-
fice. The method used in the root-sum-square
niethod is given by

-
1/2
AR = —— AVi 2) (8)
where
R = the calculated result
\5 = it independent variable
AR, AVi = absolute uncertainty in the

result and the independent ith
variable, respectively.
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This method was applied to each of the calcu-
lated parameters in Appendix J. A summary of the
uncertainties in the calculated parameters is pro-
vided in Table 4.

Test Point Setup

Both the horizontal and vertical downflow con-
figuration test points were performed in the same
manner.® Once the system had reached a stationary
temperature at the desired pressure and separator
tank level, test point setup was initiated. [Prior to
this point, the catch tank was filled to the desired
initial level with cold (296 K or $5°F) water.] Prior
to starting the actual test, a pretest no-flow data
average over 60 s was obtained with zero flow in the
mainline and branchline. The desired steam and
liquid flow rates in the mainline were then estab-
lished and allowed to reach steady-state (one crite-
ria for steady-state was that the inlet and exhaust
steam flow rates were within 0.08 kg/s, the mea-
surement uncertainty, of each other).

a. The controlling document for the test program operation
was the Experimental Operating Specification (Reference 14)

Oince steady-state was reached, the Data Acquisi-
ti 1 System (DAS) was started. Data was acquired
fi ¢ @ minimum of 60 s before opening the branch-
line valve. The test point was continued until the
catch tank filled or reached its maximum allowable
temperature (365 Kj, or until the test engineer
decided sufficient data had been acquired for that
point. At that time, the valve was closed and initial
conditions were allowed to reestablish. Sixty sec-
onds after steady-state conditions were again estab-
lished, the DAS was stopped. Flows were reduced
to the minimum required to maintain :00p tenper-
ature and pressure. The data was then spooled to
magnetic tape for permanent storage and DAS was
set up for the posttest no-flow data point. All flows
in the loop were stopped and the exhaust valve was
closed. Sixty seconds of no-flow data were then
acquired and a hard copy was made of the data
averages for each channel. The pre- and posttest
n»-flow data averages allowed for correction of dif-

erential pressures (DPs) due to drift or change of
Juid levels in the sensor lines.

Test Point Flow Rates. The desired condition in
the mainline was a stable stratified level with inlet
steam and water flows greater than the anticipated
individual phasic flow rates out the branch. At the
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planned .est pressure of 6.2 MPa, the anticipated
maximum branchline flow rates (single-phase criti-
cal flow) were 1.8 kg/s and 5 kg/s for steam and
water, respectively. Since some steam flow out the
separator discharge was requirzd for maintaining
pressure control, the principle mainline flow rates
were chosen as 3 kg/s of steam and 6 kg/s of lig-
uid. The Taitel-Dukler?? flow regime map .-
dicted wavy-stratified flow for these conditions and
observations through the mainline opt.cal probe
verified this condition. These flow rates resulted in
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Test section piping sketch, showing measurement locations and 1D’s.

a mainline liquid level of 19 cm when the separator
level was above the mainline and 9 ¢cm when the
level was below the mainline (corresponding to the
stratified equilibrium level). Since levels outside
this range were desired (predominately higher levels
for the horizontal configuration and lower levels
for the vertical downflow configuration), the flow
rates for some test points were adjusted to obtain
different initial or final levels. This change in flow
was then indicated in the test title as described in
the next section.



Measurement Type

Table 3. Summary of uncertainties in basic measurements

Fluid temperatures
Absolute pressures
Differential pressures
Differential pressures
Differcntial pressures
Differential pressures
Differential pressures
Differential pressures
Load cells

Liquid levels

300-585 K
0-6.9 MPa
0-12.5 kPa
0-24.8 kPa
0-124.4 kPa
0-172.4 kPa
0-199 kPa
0-6.89 MPa
0-5000 kg

0-77 ¢m
0-743 cm

___Range

Uncertainty

(a1 95% Confidence Level)

2.2K

0.02 MPa
0.07 kPa
0.14 kPa
0.71 kPa
0.98 kPa
1.1 kPa
0.039 MPa
11 kg

Icm
15¢m

Table 4. Summary of uncertainties for calculated parameters

Nominal
Identification Description Uncertainty

MDOT-LIQ, INLET Inlet liquid flow rate 0.07 kg/s
MDOT-STM, INLET Inlet steam flow rate 0.047 kg/s
MDOT-LIQ-T/S Mainline liquid flow rate 0.07 kg/s
MDOT-STM-T/S Mainline steam flow rate 0.05 kg/s
MDOT-STM-BRANCH Branchline steam flow rate 0.08 kg/s
MDOT-TOT-BRANCH Branchline total flow rate from mass balance 0.33 kg/s
MDOT-CT Branchline total flow rate from catch tank 0.36 kg/s
MDOT-STM, DISCH Exhaust steam flow rate 0.06 kg/s
STRAT LIQ HT-T/S Mainline stratified liquid height 1.2 ¢cm
VOID-BRANCH Branchline void fraction-entrance 0.26



Table 4. (continued)
Nominal
Identification Description - Uncertainty

VOID-BREAK Branchline void fraction-upstream of break orifice 0.26
BRANCH FLOW QUAL boanchline flow quality at entrance-from system mass 0.10

balance
BREAK FLOW QUAL Flow quality upstream of critical flow nozzle from catch 0.10

tank flow rate and steam flow rates
CT-FLOW QUAL B anchline flow quality from thermodynamic balance of 0.33

the catch tank.

For tests performed at lower preisures, it was
desired to maintain the same superficial velocities
in the mainline as for the 6.2 MPu tests. Since the
liquid density changed little, the liquid mass flow
rate was maintained at 6 kg/s and the steam flow
rate adjusted to 2.1 kg/sat 4.4 MPa? and 1.6 kg’s
at 3.45 MPa.

It was originally intended to use the steam sepa-
rator level to adjust the mainline level. However,
system liquid inventory loss out the branchline
resulted in a decreasing separator level. This drop in
level was to be compensated for through the use of
a make-up system. However, there were two prob-
lems with this technique: first, the capacity of the
available make-up pumps was insufficient to main-
tain a constant level, and second, the make-up sys-
tem injects cold (283 K, S50°F) water into the
system. The cold water injection cooled down the
liquid inventory in the separator, resulting in con-
densation of steam in the separator that could not
be accurately determined as a function of time.
Since the branchline steam flow is calculated by the
difference between the steam supply rate and that
vented from the steam separator, significant con-
densation in the separator would result in a sigaifi-
cant overestimation of the branchline steam flow

a. A mistake was made in the calculation of superficial veloci-
ties for 4.4 MPa horiiontal configuration data and therefore a
steam flow rate of 2.4 kg/s used.
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rate. Thus make-up was used on only four of the
test points. As a result, the mainline liqud level
dropped as a function of time for all data runs in
which the initial separator tank level was above the
bottom of the mainline.

Test Point Identifications. The identification of
the test parameters for individual test points, such
as presented later in this report, is provided by a
unique set of alphanumeric characters. The first set
of characters are “TEE”, indicating that the data is
part of the tee/critical flow experiments. The sec-
ond set of characters is either “H" or “VD"
indicating the configuration as horizontal er verti-
cal downflow. The third set of characters indicates
whether the make-up system was used or not used,
“MU” or “NMU", respectively. The fourth set of
characters are an indication of level in ¢m, for
either the steam separator or mainline. The next
one or two sets of characters indicate the steam or
liquid mass flow rate (in kg/s) in the mainline (if
different from the proposed flow rates); for exam-
ple, MG = 1.0 for a steam flow rate of | kg/s inlet
to the mainline. Finally the pressure was indicated
if different from 6.2 MPa.

An example of the nomenclature is: TEE-H-
NMU-65 (MG = 2.0) (P = 4.4); for a horizontal
test point without make-up with a desired separator
level of 65 cm (LT-62), a steam mass flow rate of
2.0 kg/s, and a mainline pressure of 4.4 MPa.



DATA PRESENTATION

This section presents a compendium of the data
obtained during the tee/critical flow experiments.
It would be impractical to attempt to present data
for all 80 measurements recorded (plus calculated
parameters) for each of the 93 data points per-
formed. Instead, plots of the pertinent portion of
data (during branchline flow) for selected measure-
ments and calculated parameters for each of
91 reported data points? are presented in Appendi-
ces B, C, D, E, F, and G (contained on microfiche
and located on the inside back cover of this report).
These data are arranged as follows:

Appendix B Horizontal Configuration—6.2 MPa
Data

Appendix C Horizontal Configuration—4.4 MPa
Data

Appendix D Horizontal Configuration—>.45 MPa
Data

Appendix E Vertical Downflow Configuration—
6.2 MPa Data

Appendix F Vertical Downflow Configuration—
4.4 MPa Data

Appendix G Vertical Downflow Configuration—
3.45 MPa Data

Within each Appendix, the figure labels are coded;
for example, B.3.12, where the B refers to the
Appendix, the .3 refers to the data point (see the list
of appendices figures) and the .12 refers to the 12th
figure of that data point. A list of the 18 figures for
each data point is provided in Table 5.P

In addition to the figures in the appendices, plots
of specific parameters for selected data points are
presen:»d in this section. Data averages for por-
tions of tes. noints in which the mainline stratified

a. The data from two  the test points was inadvertently
destroved during testing.

b. It should be noted rhat pressure drops along the mainline are
not reported. The reason for this is that the data values of the
DPs were much smaller than the measurement uncertainties and
the signal to noise ratios were much less than 1. This is a result of
very low veloaity flows which, in rura, result in small frictional
pressure drops.

liquid level was constant are tabulated in
Appendix H, and selected parameters plotted. The
horizontal configuration data is presented in the
Horizontal-Configuration Data section, with verti-
cal downflow data in the Vertical Downflow Con-
figuration Data section.

During a test point, data was acquired beginning
60 s before opening the branchline valve and con-
tinuing until 60 s after closing the branchline valve
and reestablishing the initial conditions. Only the
data acquired while the valve was open is useful for
the investigation of the entrainment/pull-through
phenomena and is reported in the appendices.
However, these initial and final steady-state condi-
tions are tabulated in Tables H-1 to H-6 for use in
evaluating system mass balances. Selected plots of
an entire data acquisition period will be presented
next, as an example of the data acquired, including
the effect of opening and c¢losing the break valve to
sstablish flow in the branchline on the various sys-
tem parameters.

An overlay of the steam mass flow rates in the test
section and outlet of the steam separator for test point
TEE-H-NMU-35 (MG = 1.5)is shown in Figure 12.
The initial level in the separator tank was at 55 cm on
LT-62, which was 8 cm above the top of the 28.4 ¢cm
diameter mainline. The difference between these two
measured parameters is the steam mass flow rate into
the branchline. Notice that the flow rates match
within the combined measurement uncertainties for
the final, but not for the mitial, corditions. The initial
difference of 0.12 kg/s (from 0-60 s) is due to con-
densation effects caused by mixing slightly subcooled
liquid with saturated steam in the separator tank. This
effect is more pronounced during the initial portion
of the test run (prior to opening the break valve) due
to the decreased steam flow rate during the pretest
point setup. This lower steam flow rate resulted in an
nitially slightly cooler system (particularly in the sep-
arator tank) than the final system condition. How-
ever, it was not possible to quantify this effect with
any certainty because the major condensation effects
were downstream from the reference measurements,
The mainline and branchline pressures for the same
data point are presented in Figure 13. There is a
0.04 MPa offset hetween these two measurements.
This offset, however, is marginally within the comi-
bined .neasurement uncertainties of twice 0.02 MPa.
The perturbation in mainline pressure due te opening



Table 5. List of appendix figures for each test point

13.

14

15.

16.

17.

18.

Mainline pressure (PE-302)

Comparison of mainline top temperature (TE-301), bottom temperature (TE-205), and saturation
temperature (TSAT-T/S)

Comparison of mainline steam mass flow rate (MDOT-STM-T/S) and steam separator discharge
mass flow rate (MDOT-STM, DISCH)

Mainline liquid mass flow rate (MDOT-L1Q-T/S)

Mainline stratified 'iquid height (STRAT LIQ HT-T/S)

*4ainline average density (AVE DEN-T/S)

Steam separator liquid level (LT-60-COR)

Branchline pressurc (PE-402)

Comparison of branchline temperature (TE-402) and saturation temperature (TSAI-BREAK)

Differential pressure from mainline to the branchline upstream of the break orifice (PDE-341),
unfiltered data

Differential pressure across the branchline simulated break orifice (PDE-450)

Steam mass flow rate in the branchline calculated from a system mass balance
(MDOT-STM-BRANCH).

Comparison of mass flow rate due to a change in steam separator liquid level (MDOT-LIQ-LEVEL)
and total mass flow in the branchline (MDOT-TOT-BRANCH)

Comparison of void fraction in the branchline entrance (VOID-BRANCH) and immediately
upstream of the break orifice (VOID-BREAK)

Comparison of flow quality in the branchline calculated from a system mass balance (BRANCH
FLOW QUAL), and calculated using the catch tank flow rate (BREAK FLOW QUAL)

Comparison of east (LD-LC-2-LO) and west (LD-LC-1-LO) end load cell response
Total mass in the catch tank (LD-CT-TOTAL)

Comparison of the calculated catch tank mass flow rate (MDOT-CT) and branchline mass flow rate
(MDOT-TOT-BRANCH) calculated from a system mass balance
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the branchline valve is noticeable but not overly sig-
nificant. The differential pressure between these pres
sure measurements (PDE-341) is the pressure drop
from the mainline te branchline and is shown in Fig-
ure 14.2 This data s minimally filtered. Notice the
large increase in noise level at about 120 s. This is due
to two-phase tlow and is an indication of the onset of
vapor pull-through. The incicase in roise level was
used as the primary indication for determination of
the onset of vapor pull-through for applicable test
points and levels determined from this criteria were
tabulated. This data, filtered the same as all other
channels, is shown in Figure 15. Notice the point of
minimum pressure drop corresponding to a level of
about 19 cm. The pressure drop is proportional to the
ratio of branchline mass flow rate squared to mixture
density. The minimum pressure drop is a result of
interaction between decreasing two-phase density and

a. A different test point was used for this example. The test
point cited in the other figures of this section [TEE-H-NMU-§§
(MG 1.5)) did not exhibit this onset of pull-through behaviot

since the initial level was below the onset of puli-through level

decreasing branchline critical mass flow rate; both are
a result of increased vapor flow into the branchline as
the mainline liquid level decreases. Once the mini
mum 1s reached, continued drop in level causes den
sity to decrcase faster than the mass flow rate squared

resulting in an increase in the cifferential pressure

I'he mainline stratified liquid level for test point
TEE-H-NMU-55 (MG 1.5) is
The liquid level has a small initial
increase following the opening of the branchline
After this, the level remains constant

shown 1n

Figure 16

valve at 60 s
until the steam separator level drops to the mainline
level. As liquid continues to be lost from the system
out the branchline, mainiine level continues to drop
until the stratified equilibrium level,P correspond-
ing to the mainline superficial phase velocities, is
reached or until the branchline valve is closed.

b. The stratified equilibrium level is the liquid level in the main
line when the level in the separator tank is below the bottom of

This

steam and water and 18 usually written as a

the mainline level is determined by the flow rates of the
funcnion of the super

ficial velocities of the two phases
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Figure 14,
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Jifferential pressure from mainline to branchline (PDE-341), unfiltered, for te.. point
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The total branchline mass flow rate obtained
from the system mass balance (using liquid level
measurements in the separator tank and mainline)
is compared to the branchline mass flow rate mea-
sured using the catch tank in Figure 17. For the
most part, the comparison is quite good. These two
ways of calculating the branchline flow rate provide
an independent check en the measurements.

An example of a test point in which make-up was
used is TEE-H-MU-14. Figure 18 is an overlay of
the mainline and separator steam flow rates for this
test point. A comparison of these flows for the
final conditions (after the branchline valve closed)
indicates that the steam condensation in the separa-
tor tank was approximately 13% of the mainline
flow rate. The condensation effect is not correct-
able since condensation o sownstream of the
instrumented est section. A turther indication of
the magnitude of the problem when using cold lig-
uid make-up is given in Figure 19: branchline flow
quality is piotted for two similar test points: with
and without make-up. The calculated flow quality,

at a given mainline liquid level, for the point with
make-up is considerably higher than the point with-
out make-up. This is a result of steam condensation
which is not accounted for in the steam mass bal-
ance used to obtain the branchline steam flow rate.

Video probes weie installed in the mainline
upstream of the branchline entrance and in the
branchline upstream of the critical flow nozzle.
Videotape of the probe data was recorded for many
of the data points. The view for all the data points
was basically the same. The flow in the mainline
was observed to be stratified at all times (with some
nonbridging surges in level). The flow in the
branchline was observed to be high velocity homo-
geneous or annular flows, depending on the void
fraction.

In the following sections data will be presented
and discussed for the horizontal and vertical down-
flow configurations at pressures of 6.2, 4.4, and
3.45 MPa.
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Figure 17.

Comparison of the calculated catch tank mass flow rate (MDOT-C i) and bianchline mass flow rate (MDOT-

TOT-BRANCH) calculated from a system mass balance for test point TEE-H-NM1J-55 (MG = 1.5).
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Figure 18. Comparison of mainline steam mass flow rate (MDOT-STM-T/S) and steam separator discharge mass flow
rate (MDOT-STM, DISCH) for test point using make-up (TEE-H-M!J-14)
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Figure 20. Branchline mass flow rate as a function of mainline stratified liquid level for steam flow rates between 0.2
and 2.5 kg/s of horizontal configuration 6.2 MPa data.
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Figure 21. Mean of transient branchline mass flow rate data with steam flow rates between 0.2 and 2.5 kg/s of hori
zontal configuration 6.2 MPa data.
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Figure 22. Transient branchline mass flow rate for steam flow rate of 3 kg/s of horizontal configuration 6.2 MPa data.

flow rates. This smaller variance in datz indicates
that different steam flow rates effect the branchline
flow rate, particularly when the mainline level is at
the level of the branchline. This effect is probably
due to different wave patterns in the mainline as a
function of the steam velocity and is perhaps more
clearly demonstrated in Figure 24. The mean and
tolerance limits of all of the 6.2 MPa horizontal
configuration data is compared to the mean of the
two data subsets (0.2 < m¢; < 2.5 kg/s and
mg = 3.0 kg/s), along with the averaged data in
Figure 24. The variance in (he data at the constant
steam flow rate is much smaller than for the data
with different steam flow rates.

The branchline flow quality, as a function of
mainline liquid level for the transient data in which
the steam flow rate was between 0.2 and 2.5 kg/s,
is presented in Figure 25. Although there is some
varince in the data, it is mostly due to a single data
run. The mean of this data and the upper tolerance
limit (the lower limit is not meaningful on a log
piot) is shown in Figure 26. This figure shows an
exponential relationship of flow quality on the lig-
uid level, varying between a minimum flow quality
of approximately 0.01 at the onset of vapor pull-
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through, to a value of I at the onset of liquid
entrainment. The tolerance limits seem to vary in
the same manner. The flow quality at a steam flow
rate of 3 kg/s is prescnted in Figure 27. The vari-
ance in this data is again much smalle- than for the
previous data subset, The mean and upper toler-
ance limit, along with average data, for ( 1is data set
is shown in Figure 28. The mean and upper toler-
ance limit and the averaged data for the entire data
set is presented in Figure 29. The data ir this figure
clearly show an exponential relationship between
the branchline flow quality and cthe mainline liquid
level. The steady-state data follow the mean of the
transient data and lie within the tolerance limits of
the transient data. The upper tolerance limit in Fig-
ure 29is clearly affected by the mainline steam flow
rate. Extrapolation of these data to a flow quality
of 1 results in an onset of liquid entrainment level
of about 7.7 ¢m.

The branchline void fraction (from the two beam
densitometer) for the reduced steam flow rate data
subset is given in Figure 30. These data show a
much smaller variance than was demonstrated for
the mass flow rate and the flow quality and also
shows a double tailed exponential relationship on
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Figure 23. Mean of transient branchline mass flow rate data with steam flow rate of 3 kg/s of horizontal configuration
6.2 MPa data.
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Figure 24. Mean of transient branchline mass flow rate 6.2 MPa data of horizontal configuration.
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Figure 25.

Figure 26.
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Figure 27.  Transient branchline flow quality for steam flow rate of 3 kg/s, of horizontal configuration 6.2 MPa data.
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Figure 28. Mean of transient branchline flow quality for steam flow rate of 3 kg/s, of horizontal configuration
6.2 MPa data.
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Figure 29. Mean of transient branchline flow quality for all steam flow rates, of horizontal configuration 6.2 MPa

data.
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Figure 30. Transient branchline void fraction for steam flow rates of 0.2 1o 2.5 kg/s, of horizontal configuration
6.2 MPa data.
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liquid level. The mean and tolerance limits, and
averaged data, for this data subset is shown in Fig-
ure 31. The averaged data fall mostly within the
tolerance limits which show an increase at the onset
level of vapor pull-through (at about 22 ¢m). The
branchline void fraction for the 3 kg/s data subset
is presented in Figure 32, with the mean and toler-
ance limits and the averaged data for the same data
set presented in Figure 33. The mean, tolerance
limits, and averaged data for the entire data set and
both subsets are presented in Figure 34. The aver-
aged data points lie within the tolerance limits of
the transient data. The tolerance limits for the void
fraction are greater for the 3 kg/s steam flow points
than for the reduced steam flow points—opposite
previously observed behavior. No explanatior for
this fact is offered.

The differential pressure from the mainline to the
branchline (PDE-341) for the reduced steam flow
rate data subset is presented in Figure 35. This data
has a small variance and exhibits the property of
decreasing pressure drop with decreasing level, to a
minimum at about 19 ¢cm, and then increasing as
the level continues to decrease to the level at which
liquid entrainment stops. This effect is due to the

fact that the two-phase pressure drop is propor-
tional to the ratio of branchline mass flow rate
squared to two-phase density. The mean and toler-
ance limits for these data are shown in Figure 36.
The tolerance limits show an increase in the level
region at which vapor pull-through occurs (about
22 ¢cm). The transient data for the 3 kg/s steam
flow data subset is presented in Figure 37, with the
mean and tolerance limits shown in Figure 38. The
means for the two subsets and the mean and toler-
ance limits for the entire 6. 2 MPa data set are pre-
sented in Figure 39. The toierance limits increase in
the region where the two data subsets overlap
(which may be due to the different steam flow
rates), however, the mean seems to transition
between the two subsets in a continuous manner.

Horizontal —-4.4 MPa Data. Data averages for the
constant level, steady-state portions of the 4.4 MPa
test points are provided in Table H-8. Selected mea-
surements and parameters are presented in Appen-
dix C. The branchline mass flow rate, flow quality,
void fraction, and pressure drop as functions of the
mainline liquid level are presented for the 10 tran-
sient level test points performed at 4.4 MPa.
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Figure 31. Mean of transient branchline void fraction for steam flow rates of 0.2 to 2.5 kg/s, of horizontal configura-

tion 6.2 MPa data.
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Figure 32. Transient branchline void fraction for steam flow rate of 3 kg/s, of horizontal configuration 6.2 MPa data
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Figure 33. Mean »f transient branchline void fraction for steam flow rate of 3 kg/s, of horizontal configuration
6.2 MPa data
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Figure 34. Mean of transient branchline void fraction for all steam flow rates, of horizontal configuration 6.2 MPa

data.
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Figure 35. Transient branchline to mainline pressure drop for steam flow rates of 0.2 to 2.5 kg/s, of horizontal config-
uration 6.2 MPa data
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Horizontal branchiine (P=6.2 MPa) 0.2-MG-25 kg/s
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Figure 36. Mean of transient branchline to mainline pressure drop for steam flow rates of 0.2 to 2.5 kg/s, of horizontal
configuration 6.2 MPa data.
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Figure 37.  Transient branchline to manline pressure drop for steam flow rate of 3 kg/s, of horizontal configuration
6.2 MPa data
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Horizontol bronchiine (P=6.2 MPa) MG=3 kg/s
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Figure 38. Mern of transient branchline to mainline pressure drop for steam flow rate of 3 kg/s, of horizontal configu-
ration 6.2 MPa daca.
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Figure 39. Mean of transient mainline to branchline pressure drop for all steam flow rates, of horizontal configuration
6.2 MPa data
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The branchline mass flow rate as a function of
the mainline stratified liquid level for the 10 tran-
sient test points is presented in Figure 40, with the
inean of the data, the data tolerance limits, and the
averaged data presented in Figure 41. The steady-
state data follows the mean of the transient data
quite closely. The tolerance limits increase for levels
above about 15 ¢m and are probably an effect of
the reduced steam flow rates used to obtain these
higher levels.

The branchline flow quality as a function of the
mainline liquid level for the 10 transient data runs
at 4.4 MPa is shown in Figure 42, with the mean,
upper tolerance limit, and the steady-state data pre-
sented in Figure 43. The tolerance limit for this
data is significantly smaller than for the 6.2 MPa
data set, and is well within the flow quality mea-
surement uncertainty of 0 1. The sharp increase in
flow quality occurs as a result of the beginning of
vapor pull-through at a mainline liquid level of
approximately 22 cm, as was observed for the
6.2 MPa data set. Extrapolation of the flow quality
data to a value of 1 predicts a level of 8 cm for the
onset of liquid entrainment. The steady-state data
follow the transient mean, and lie within the toler-
ance limits,

The branchline void fraction as a function of the
mainline liquid level is presented in Figure 44, with
the mean, tolerance limits, and steady-state data
presented in Figure 45. Most of the steady-state
data follow the mean and fall within the tolerance
limits of the transient data. The tolerance limits
tend to increase when the mainline liquid level is
within branchline entrance level (between 12.5 and
15.9 ¢cm).

The differential pressure from the mainling to the
branchline is presented in Figure 46 as a function
of the mainline liquid level for the 10 transient test
runs with the mean, tolerance limits, and steady-
state data presented in Figure 47, These data show
the same relationship to liquid level (a minimum at
about 19 ¢m) as for the 6.2 MPa data set.

Horizontal —3.45 MPa Data. Data averages for the
constant level steady-siate portions of the
3,45 MPa data runs are provided in Table H-9.
Plots of selected measurements and computed
parameters are provided in Appendix D. The
branchline mass tlow rate, flow quality, void frac-
tion, and pressure drop for the nine transient data
runs periormed at 3.45 MPa are presented and dis-
cussed next.
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Figure 40,  Transient biinchline m- .. flow rates, of horizontal configuration 4.4 MPa data.
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Figure 41.  Mean of transient branchline mass flow rates, of horizontal configuration 4.4 MPa data
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Figure 42, Transient branchline flow quality, of horizomtal configuration 4.4 MPa data
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Figure 43.  Mean of transient branchline flow quality, of horizontal configuration 4.4 MPa data
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Figure 44. Transient branchline void fraction, of horizontal configuration 4.4 MPa data
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Figure 45, Mean of transient branchline void fraction, of horizontal configuration 4.4 MPa data
Horizontal branchiine (P=4.4 MPg)
100 T T -
] Uncertainty 4
DP = 21! wPo
E Level = %12 ¢m -
2 8
s wl Ik ‘
7
3 H
~ ~
Q E bw o
s °
§ 60+ o §
~ -
® . B
a o
40 L 6
5 0 M 20 25
Liguid leve! (cm)
Figure 46, Transient mainline to branchline pressure drop, of horizontal configuration 4.4 MPa data
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Figure 47. Mean of transient mainline to branchline pressure drop, of horizontal configuration 4.4 MPa data.

The branchline mass flow rate as a function of
the mainline stratified liquid level is presented in
Figure 48 for the nine transient data points, with
the mean, tolerance limits, and averaged data
shown in Figure 49. All of the averaged data lie
within the tolerance limits, with the maximum tol-
erance limit +0.3 kg/s on the branchline
centerline.

The branchline flow quality as a function of the
mainline liquid level is shown in Figure 50. The
mean and upper tolerance limit for these data,
along with the averaged data for the steady-state
portions of all the data points, is presented in Fig-
ure 51. The steady-state data lie within the toler-
ance limits, with the largest tolerance limit in the
vicinity of the vapor pull-through level of approxi-
mately 22 ¢cm. Extrapolation of this data to a flow
quality of 1 results in an onset of liquid entrain-
ment level of about 7.5 ¢m.

The branchline void fraction for the nine tran-
sient points is shown in Figure 52, The mean and
tolerance limits for this data, along with the aver-
aged data, is shown in Figure 53.

The mainline to branchline differential pressure
is shown in Figure 54, with the mean, tolerance
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limits, and averaged data presented in Figure 55.
The tolerance limits are largest for levels above the
minimum in the pressure drop curve.

Comparison of 6.2, 4.4, and 3.46 MPa Horizontal
Data. A comparison of the mean branchline flow
rate versus mainline liquid level for the three differ-
ent pressures is shown in Figure 56. To aid in com-
parison to other data sets, a second x-axis of
nondimensional liquid level (h/D) is provided. As
would be expected, there is a direct dependency of
the branchline flow rate on pressure. The slope of
the data (as a function of liquid level) is essentially
the same for all three pressures, with an apparent
change in slope for the 6.2 and 3.4 MPa data at a
level corresponding to the top of the branchline
(15.9 ¢m). In addition to the mean data for the
three pressures, data averages for steady-state por-
tions of all the horizontal data points are included
on Figure 56. The trends in the steady-state data
match those of the transient means of the data

points.

The mean branchline flow quality for the three
pressures, as a function of liquid level, is compared
in Figure 57. In this case, there appears to be a
dependency on pressure for levels above the branch-
line centerline in which increasing pressure results
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Figure 48. Transient branchline mass flow rates, of horizontal configuration 3.45 MPa data
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