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Abstract

For many experiments which investigate the Loss-of-Coolant Accident
(LOCA) in nuclear reactors, proper measurement of the two-phase mass
flow rate is of great importance. This report presents the data analyses
of experiments designed to understand the behavior of a free field drag
disc turbine transducer (OTT) and a three beam gamma densitometer in
steady-state horizontal steam-water and air-water flow ..The pressure was
varied between 2 and 75 bars, the experiments were made at a mass flow
rate and void fraction range where various quite separated flow regimes
occurred. Two different test sections with 103 mm 10 (5" pipe) and 66 mm
10 (3" pipe) were used.
Information on flow regime and phase distribution in the cross section
was obtained with local impedance probes, measurements of the axial
distribution of phase velocities in the test section piping were made
with the radiotracer technique. These techniques were of great help for
the physical interpretation of the single instrument readings. The de­
pendence of the instrument readings on flow regime and void fraction is
shown.
The best overall accuracy of mass flow rate determined by combining two
of the three available instruments is obtained by the combination of gamma
densitometer and drag disco Evaluation of the mass flow rates from the
three instrument readings, using different turbine models, does not
improve the overall accuracy.
From the experiments, single calibration factors are determined which
depend only on the gamma densitometer reading. This procedure considerably
improves the accuracy of the mass flow rate evaluation for the combination
of gamma densitometer and drag disc, and gives much better results, com­
pared to the other models, for the slip and phase velocities when three
signals are used.
A time averaged separated two-phase model for the OTT is postulated which
shows that the OTT measures the local parameters. To obtain the pipe
averaged mass flux,a density correction is proposed.

For some experiments the radiotracer technique combined with the gamma
densitometer for measuring the mass flow rate was tested. This
combination has the highest accuracy, independent of flow regime.



Zusammenfassung
,

Test der EG &G-Zwei phasenmassenstrom- Instrument ierung im Kernforschungs-
zentrum Karlsruhe

Analysebericht Nr. 1: Ergebnisse der Tests des LOFT-DTT-und eines' LOFT­
Gamma-Densitometers

In vielen Experimenten zum Kühlmittelverlustunfall von Kernreaktoren

ist die genaue'Messung des zweiphasigen Massenstromes von großer Be­
deutung. Dieser Bericht enthält die Datenanalyse von Experimenten zur
Untersuchung des Verhaltens eines lokal messenden Drag Disc-Turbine­
Transducers (DTT) und eines Dreistrahl-Gamma-Densitometers in stationärer,
horizontaler Dampf-Wasser sowie Luft-Wasser-Strömung. Der Druck wurde
variiert zwischen 2 und 75 bar, die Experimente wurden in einem Massen­
strom- und Dampfvolumenanteils-Bereich durchgeführt, bei denen verschiedene,
recht stark separierte Strömungsformen vorhanden waren. Zwei verschiedene
Teststrecken mit Innendurchmessern von 103 mm (5" Teststrecke) sowie
66 mm (3" Teststrecke) wurden verwendet.
Lokale Impedanz-Sonden dienten zur Bestimmung der Strömungsform sowie zur
Messung der Phasenverteilung im Strömungsquerschnitt, die Verteilung der
Phasengeschwindigkeiten längs der Rohrachse wurde mit Radiotracer-Verfahren
gemessen. Diese Meßtechniken waren sehr hilfreich fUr die physikalische
Interpretation der einzelnen Meßsignale. Die Abhängigkeit dieser Signale
von Strömungsform und Dampfvolumenanteil wird diskutiert.
Wird der Massenstrom durch zwei der drei Instrumente ermittelt, so ergibt
sich im Mittel die höchste Genauigkeit durch die Kombination Gamma-Densito­
meter - Drag Disc. Die Verwendung verschiedener Turbinenmodelle zur Be­
stimmung des Massenstroms aus allen drei Signalen ergibt insgesamt keine
Verbesserung der Genauigkeit.
Aus den Experimenten werden Kalibrierungsfaktoren gewonnen, die nur vom
Gamma Densitometer Signal abhängen. Diese Vorgehensweise verbessert be­
trächtlich die Genauigkeit der Massenstrombestimmung für die Kombination
Gamma-Densitometer - Drag Disc und ergibt sehr viel bessere Ergebnisse,
verglichen mit den anderen Modellen, für den Schlupf und die Phasenge­
schwindigkeiten, wenn alle drei Signale verwendet werden.
Es wird ein zeitlich gemitteltes Strömungsmodell für den DTT aufgestellt,
das zeigt, daß der DTT lokale Parameter mißt. Um den übe" dem Rohrquerschnitt



gemittelten Massenstrom zu erhalten, wird eine Dichtekorrektur vorge­
schlagen.

In einem Teil der Versuche wurde ebenfalls das Radiotracer-Verfahren, kom­

biniert mit dem Gamma Densitomete~für die Messung des Massenstromes ge­
testet. Diese Kombination ergibt die höchste Genauigkeit, unabhängig von
der Strömungsform.
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1. Introduction

This report presents the data analyses of experiments designed to under-
stand the behavior of a LOFT OTT and gamma densitometer in horizontal
air-water and steam-water flow. In some of the experiments, the KfK­
radiotracer technique was also tested in addition to the LOFT instrumentation.

These data are also analysed. The experiments were carried out in the
Karlsruhe Two-Phase Test Facility ~uri~g aperiod from October to November of

1977. A detailed d~scription of the test facility, the instrumentation,
and the data acquisition is given in the data report /1/. This report
also contains the calibration of the instruments in single phase flow,
the readings of the single instruments in two-phase flow converted in
metric engineering units, and the computed variables such as mass flow
rates, various velocities and void fractions.

With additional information on the phase velocity distribution in the
test section, the primary data are examined with the goal to physically
interpret the data ..As a result, empirical correlations and models
for the mass flow rate (and slip and phase velocities) are derived and
compared with existing models.

2. Shott Desctiptiön of Test Section, Instrumentation~ and Test Matrix

The LOFT mass flux instrumentation test program consisted of two-phase
calibrations in two different test sections, one a five-inch diameter
pipe, and the other a three~inch pipe (Fig. 2.1). The instruments
intended for calibration were the LOFT production Orag Oisc Turbine
Transducer (OTT) and a three beam gamma densitometer. 80th test sections
provide free field calibrations. That is, the OTT is smaller than the
inside diameter of both test sections. The gamma densitometer is a three
beam unit representative of the configuration used in LOFT, but modified
to fit on a smaller pipe.

The reference mass flow rates were measured with orifices in single
phase flow before mixing. The quality in the test section and the super­
ficial velocities were computed using an enthalpy balance between the
conditions (pressure, temperature) at the single phase flow
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measuring stations and the position of the instrumentation in the test
section taking into account the heat losses between these positions. A
detailed description of the facility is given in /2/.

Oownstream of the mixing chamber outlet a pipe was positioned
(length 1.36 m) which contained the junction to the bypass. In the tests
reported in this volume this pipe had a diameter of 50 mm 10. To diverge
from the 50 mm pipe to the 511 (103.2 mm ID) or 311 (66.6 mm 10) pipe
test section,eccentrical adapters were used so that the bottom of the
pipes were at the same elevation to prevent damming. The test sections
had lengths of 5.2 m (5 11 pipe), and 5.93 m (3 11 pipe), respectively.
Table 2.1 shows the positions of the gamma densitometer and the OTT
in the test section in terms of the length to diameter ratio (L/d)
and some other geometrical ratios which are important for the further
discussions.

Test LOFT Scanning OTT Turbine Orag
Section Oensit. Oensit. Oisc
Inlet

dOO/dATS/A50 L/d L/d L/d dT/d

511 Test Section 4.24 32 33 0.36 0.01

311 Test Section 1.77 50 57 72 0.57 0.015

Table 2.1 Test Section Geometry and Measurement Locations

The drag disc diameter to pipe diameter ratio (dOO/d) was very small
for both test sections which means that the drag disc was measuring quite
locally both in the 511 and 311 test section. The turbine diameter to pipe
diameter ratio dT/d was not so far belO\'J 1, especially for the 311 pipe,
indicating that the turbine in the 511 pipe can be regarded as a IIfree
field ll instrument but in the 311 pipe rather between IIfree field ll and

IIfull flow ll
• The area changes at the test section inlets ATS/ASO which

were different for the two configuration influenced the phase and
velocity distributions at the test section inlets. To understand the flow
at the locations of the single instruments it is essential to determine if
the phase and velocity distributions at the measuring positions are still 'in-
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fluenced by this special geometry or if a so called well developed two­
phase flow exists:

Figure 2.1 also contains the additional instrumentation:
- the KfK radionuclide injection valves and the corresponding detectors

formeasuring the axial distribution of the phase velocities.
- the EG&G traversing reference gamma densitometer (scanning densitometer)

for the measurement of a very accurate cross section averaged value of
the density (void fraction, respectively).

- the KfK impedance probes: a vertically traversing probe in the 511 pipe
for detection of flow regime and measurements of a vertical void frac­
tion profile, two fixed built in probes in the 311 pipe for detecting
fl ow regime.

Besides the difference in geometry, the 511 and 311 pipe tests were
different concerning the test matrix:
- the 511 pipe test~ matrix included the following nominal test points:

superficial gas velocity Vsg = 1; 5; 10 m/s
superficial liquid velocity Vil = 0.05; 0.1; 0.25; 0.5 m/s
pressure p=2 bar (air-water), 4; 40; 75 bar (steam-water)
Maximum mass flux (mass flow rate per unit area): Gmax ~ 600 kg/m2s.

- The 311 pi pe tes ts were made at 1 ~ V 9 ~ 10 m/s wi th 0.5:S Vs1 ::: 1. 7 m/s
" s· 2

at pressures of 40 and 75 bar. The maximum mass fl ux was!:;· 1500 kg/m s.
Most of the experiments were made at:::: 1000 kgfm2s.

Table 2.2 shows the two-phase test matrix in a map with the super-

ficial velocities as coordinates. Some symbols are labeled with a vertical
slash indicating that the radionuclide technique was also tested.There
were performed 55 two-phase test points with 'the 511 pipe test section
and 59 points with the 311 pipe test section. Additionally 23 single phase
calibration points were made with the 511 pipe (12 points with cold water,
11 points with steam at 40 and 75 bar) and 7 points with the 311 pipe
(steam, 40 bar).

As discussed later in detail, the flow pattern which occured in the
two-phase flow experiments were characterized in general by a distinct
stratificatiori of the phases in the test section which complicates the
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analyses of signals from instruments measuring more or less locally
in the cross section. These flow pattern are mostly different for
the two test sections due to the different test matrix.

With these differences in test geometry and test matrix it is
often convenient to discuss the S" pipe and 3" pipe tests seperately.
Of course, if possible, conclusions are drawn which can be generalized.

3. Results

The appendix contains a summary of the primary data for all test
series. With these data the mass fluxes were evaluated using the following
equations

(3.1)
(3.2)

(3.3)
(3.4)

wi th

~Y-T =

Gy- OO =
GT- OO =
GRad- y =

VT =
2

(pV )00=

Py' ay =

Py VT
(p (PV2) )O,S

Y2 00
(pV )OO/VT

ay PgVRg+ (l-ay) PI VRl

turbine meter velocity
drag disc momentum flux (kg/ms2)
3 beam densitometer density, void fraction, using a
length weighting procedure
radiotracer phase velocities; measured between the detector
positions 05-07 in the S" pipe tests (Fig. 2.1) and inter­
polated from 03-05 and OS-08 on the densitometer position
for the 3" pipe tests, respectively.

The Figures 3.1-3.4 show these mass fluxes as a function of the
reference mass flux. Those test points having obviously incorrect
instrument readings due to out of range measurements or other problems
were excluded. A symbol with a vertical slash again indicates the
test points where the radiotracer. technique was included. There
are the following tendencies:
- the mass fluxes evaluated with the combination of gamma densitometer and

turbine meter G
Y

_T are mostly higher than the reference values some-
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times by a factor of 2. The scattering is quite large.
- the mass fluxes evaluated with the combination ofgamma densitometer and

drag di sc G
Y

"
OD

have, for the 5" pipe a much hi gher accuracy associ ated wi th

a smaller scattering. The 3" pipe tests results' fall into two groups:
one group with values slightly above the reference values, the other
with values considerably below.

- the mass fluxes evaluated with the combination of tOrbirle meter and

drag disc GT- ÖD genera'l1Y too low for the 5" pipe t'ests andfor
apart of the 3" pipe tests. Again there are some values which are
too high~;The scattering of these results is large.

- the mass fluxes evaluated with the combination of ~adiotracer velocities and
gamma densitometer GRad ..'Y have a high accuracy. -There is-a small scattering

around the correct value in the 5" pipe tests and a sma11 scattering
around a slightly too high value in the 3" pipe tests.

Regarding the pressuredependency, one observes that the scattering
of data is much higher for the low pressure tests (air-water flow at ~2 bar
and steam-water flow at:::4 bar) than·that for the high p.r.essure tests (steam­
ltJater flow ät.~40 bar and ~75 bar).

-Table 3.1 contains a summary of these results: x is the mean value,
cr the standard deviation, N is the number of experiments without the
obviously incorrect values, Ntotal is the total number of experiments
with the corresponding instrumentation in operation. The line a) includes
all experiments, the line b) the experiments where the radiotracer
technique was also tested. Again the tendencies discussed are seen. The
mass fluxes with the radiotracer and densitometer data were evaluated
for all test poi nts except ühe 7 poi hts wnere the gamma.'densitcimeter
obyiously did not work satisfactorily. With this exception all data
have about the same accuracy, including those data which belong to test

points where both the turbine and drag disc were out of measuring range.
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Assuming that the reference values are correct, the deviations of the
results are caused by:

i: a physically wrong reading of the single instruments
(instruments out of range, shift of transducers etc). The
points where this obviously occu~ were already omitted.

ii: the fact that the instruments are measuring more or less
locally in the test sectfon and that the instruments are
located at different positions in the test section

1it: the equations used (3.1)- (3.3), because the equations
are only correct for slip S =1

These items are discussed in the following sections.
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4. Analysis of the Twö-Phase Flöwin theTestSection

4.1 FloWRegi~es and Phase Distribütiönin the 511 Pipe

For the interpretation of the signals of the single instruments
the knowledge of the local two-phase flow parameters such as phase
distribution in the cross section and slip is of great importance.

With the traversable impedance probe both the determination of flow
regime and the measurement of a vertical void fraction profile are obtained
(details of this technique in /3/, /4/). Additionally, the signals of
the single beams of the gamma densitometer supplied information on the
flow regime, and, with some assumptions, on the phase distribution. In
this investigation, flow regime determination was based on impedance
probe data due to the local measurements at many positions and the capa­
bility to detect small droplets (low density range) which is important in
characterizing flow regimes. The gamma beam signals served as an
additional check.

The Figures 4.1-4.4 show for some te?t points the time dependency
of the impedance probe signals at different positions and the signals of
the single gamma beams. The upper level of an impedance probe signal is
indicating the gas phase, the lower level the liquid phase. An increasing
gamma beam signal corresponds to an increasing water level. The impedance
probe signal with the vertical position underlined is taken simultaneously
with the gamma beam signals;

At low values of the superficial velocities Vsg~ 1 m/s, Vsl~ 0.125
m/s) the phases were strongly separated. There were low frequency waves
(typical frequency ~. 0.2 Hz) with small amplitudes and.a small bubble en­
trainment near the interface. Figure 4.1 shows an example of this flow
pattern characterized as sttatified-wave flow.

With increasing Vsg and Vsl the low frequencywaves disappear. At
steam-water flow at p~ 40 and ~ 75 bar (high gas density) the interface be­
came wavy (high frequency waves with small amplitudes); the bubble entrain­
ment increased, some droplet entrainment occurred in the vicinity above
the interface.(Figure 4.2). This flow pattern is called wave flow. At low
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pressure (air~water flow at p ~ 2 bar and steam water flow at p ~ 4 bar)
distinct waves existed with frequencies of ~ 1Hz and higher amplitudes
(Figure 4.3) which caused a higher entrainment in both phases.

The flow pattern at 5<V <10 m/s is characterized as wave~dröplet

flow due to the increas~a num~er of droplets. At high pressure this entrainment

is still restricted to a limited region above the interface. At low
pressure the interface seemed to be rougher which causes a higher
droplet product;on. At Vsg f:l 10 m/s sometimes droplets were detected
eyen near the top of the pipe. The deposition of these droplets causes
a thin eccentrical liquid film, and the transition to theannular
dropletflow region ;s reached. Figure 4.4 shows an example of a test
point at a high superficial gas velocity.

Figure 4.5 contains a comparison of the flow chart based on the
experiments at 40 and 75 bar with the flow chart of Govier and Aziz /5/.
There are differences in the range of high values of Vsl where from /5/
slug flow is predicted. The fact that in these experiments no slug flow
occurred may have several reasons:

(i) Most of the flow charts are based mainly on air-water data from
pipes with small diameters (d< 50 mm). Therefore it is not predic­
ted correctly that (a) the slug flow region in steam-water flow
becomes smaller with increasing pressure (as observed e.g. by /4/),
(b) the flow boundaries depend on the pipe diameter: an increasina
pipediarneter favors phase separati on which shtfts- the boundary to
slug flow to higher values of Vsl (described theoretically by
Taitel and Dukler /6/).

(ii) There may be a considerable influence from the eccentrical expansion

pieces which cause a phase separation at the te?t section
inlet.

As shown with the impedance probe signals the waves were more
strongly developed at low pressure than at high pressure. This tendency
is also described by the model of Taitel and Dukler /6/ and this is the
reason why the slug flow region is reached earlier at low pressures.
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Because the signal analysis is concentrated on the high pressure data,
these effects have not been investigated further.

Table 4.1 shows a summary of the 5" pipe tests whereimpedance
probe data were available. The impedance probe signals from the air­
water experiments were only used for the detection of flow regime, for
the other experiments also the vertical void profile was measured. The
column with the label (y/d)~=O designates the height below which
no gas was detected; (y/ d) öt::-t the hei ght above whi ch droplets no

longer were detected; (y/d)IF the heigth of the interface level
evaluated by the following way:

(y/d)IF = 1)OCd(Y/d)
o

This interface level corresponds to the height of the water level if
both phases are totally separated. In the columns IF I and IF dmp.pr y- ens
the interface levels, using the definition given in chapter 5.1, from
the impedance probe and gamma densitometer are compared. The agreement of
the last two columns is very good at· low values of Vsg . With increasing
Vsg the droplet entrainment increases. The deposition of droplets at
the pipe wall is only measured by the gamma beams, and results in a lower
void fraction than indicated by impedance probe data. Figure 4.6 shows
the vertical void fraction profiles. At the same values of Vsg and Vsl
the profiles at p ~ 40 and 75 bar agree very well; at p ~ ~ bar the

profiles deviate due to the stronger wave formation.

4.2 .Flöw· Regimes· in the· 3" .Pipe

In these experiments two fixed impedance probes were used with a
distance of ~ 5 mm above the bottom and below the top of the pipe,
respectively. Because two measuring positions do not give the same
amount of information as a traversable probe, the time dependent
signals of the gamma densitometer and the DTT were also used.

Table 4.2 shows the results. The values in the columns labeled with f show low
frequency events; which occureo at the upper probe location typical for slug
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flow. In these experiments someexamples ofelongated bubble flow
also occurred, in form of long, well defined bubbles in the upper
portion of the pipe.

Figu~e 4.7 shows the boundaries of the flow regimes. A distinction
between wave and wave droplet flow ls not made. In the parameter range
where experiments were carried out with both test sections, the flow
regime boundaries of the two test sections agree qutte well. Therefore
one single flow chart is proposed for all experiments. In the velocity
range of Vs1 >1 mfs and 0.7~Vsg~6 mfs the flow pattern is dependent on
pressure (similar tendencies as in 14/1: at 40 bar slug flow is often
detected, at 75 bar a wavy droplet flow (except test Nr. 6060) instead.

4.3A~ialOisttibutionof thePhaseVelötities.

As mentioned before, the eccentric expansion pieces caused a
separation of the two-phase mixture at the test section inlet depending
on the superficial velocities in the inlet pipe. At high superficial
liquid velocities and low superficial gas velocities itis assumed
that the phases were flowing quite separated through the inlet pipe.
Passing the expansion section, the liquid phase was not much disturbed
and came into the test section with a velocity not much smaller than
that in the 50 mm pipe. Thegaseous phase was decelerate~ much more
by the cross section increase, and caused a slip S < 1 at the be~

ginning of the test section. In the test section, the liquid phase was
gradually decelerated (e.g. by wall friction) and the slip increased.

At high void fractions, an annular'droplet flow is supposed to
occur in the inlet pipe. In this case the liquid is decelerated much
'faster in the test section inlet and the slip reaches an almost constant
value after a shorter flow length.

Figure 4.8 shows some examples of the axial phase velocity distri~

butions measured with the radiotracer technique. Atthe.low superficial
velocities of·the 3 11 pipe tests theslip at position DI-03 is still less
than 1 and becomes greater than 1 at position 03-05. The phase
velocities are extrapolated up to the position of the OTT. In most
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cases the phase velocities and with this the density.(void fraction)
are slightly different between the position of the densitometer and'the
OTT which gives rise to an error if the signals are combined. In addition,

the figure contains the phase velocities evaluated with the gamma
densitometer void fraction and the reference velocities and the velocity

measured by the turbine.

4.4 Slip at the Position cf the GammaOensitometer

A very important quantity for further discussion is the slip S.
Figure 4.9 shows slip values, drawn in the flow chart, calculated with
the densitometer void fraction and the reference superficial velocities
by

The values below Vsl ::: 0.5 m/s belong to the 511 pipe tests (except the
points indicated with a subscript); all values above Vsl > 0.5 m/s belong
to the 311 pipe tests. The following tendencies are observed:
slug flow regime slip is about 1.8, ln wave droplet regime slip increases
with decreasing Vsl ; the highest slip values are are reached in the
transition zone from wave to annular droplet flow. In this region slip
is considerably dependent on pressure and density ratio, respectively:
slip decreases with increasing pressure.

At Vsg ~ 1 m/s and high values of Vsl ' the 511 pipe test points show
values of S < 1. In this low range of Vsg the measuring accuracy of
Vsg could be low. The fact that here the air-water and steam-water
data at all pressures agree quite well is acheck for the good measuring
accuracy of the reference data also in this range. The 311 pipe test points

at Vsl ~ 0.5 m/s show higher slip values than these in the 511 pipe tests
due to the smaller area change at the test section inlet and the higher
L/O ratio.

In the test of the LOFT Modular OTT /11/ an 80 mm diameter inlet was used
in connection with the 311 pipe test section. This caused quite opposite in­
flow effects c:ompared with the 50 mm inlet pipe. Nevertheless a
comparison of slip at the densitometer position in a map with superficial
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velocities as coordinates (similar to Figure 4.9) did not show a

significant dependence on the inflow conditions. From this it may

be concluded that the two-phase flow at the densitometer position

i5 already quite well developed.

Figure 4.10 shows the slip as a function of the interface level

(y/d)IF and the void fraction, respectively. The 5" pipe tests show
a much higher scattering than the 3" pipe tests due to the larger

variation of pressure and flow regime.

Omitting the 5" pipe tests at V :5 1 m/s (DTT below its measurings9 _
range, see Chapter 5), these discussions on the flow conditions in the
test section may be summed up as follows:

The 5" pipe tests are characterized by:
. 2

- low mass fluxes (G ~ 600 kg/m s)

- high void fractions (atYPical ~ 0.9)

" strongly stratified flow .patterns associated with considerable

slip (S ~ 6 for steam-water flow at p = 40 and 75 bar)

The 3" pipe tests are characterized by:

- medium mass fluxes (G $ 1500 kg/m2s)

- medium void fractions (atypical ~ 0.65)
- less stratified flow patterns associated with smaller slip

vulues (SP).
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Fig.12 10 (y/d) Im .Pr. IF (%)

Fig. Symbol Test Nr. p(bar) VSL(m/s) VSG(m/s) Cl = 0 IF Cl = 1 Imp.Pr y-Oens. Flow-Pattern

a -e- 5046 39,8 0,505 0,50 0,23 0,27 0,33 -12,5 -9,0 W
';216 2,0 0,620 0,52 W

~ 5045 40,7 0,503 0,90 0,13 0,24 0,28 -20 -19,4 W
4215 2,0 0,515 1,12 W
4214 2,0 0,515 3,90 WO

0 5044 40,5 0,498 4,80 0,04 0,18 >0,48 -37 -37,3 W- WO
0 5031 4,4 0,478 5,84 <0,04 0,13 >0,9 -50 -43,4 W- WO

4213 2,0 0,500 0,29 WO- AO

b
~

5033 5,6 0,227 0,83 >0,13 0,24 <0,33 -21 -23,74 SW
5062 40,8 0,232 1,08 >0,13 0,21 0,28 -29 -29,33 SW- W

~ 5069 75,5 0,241 1,20 >0,13 0,20 0,28 -31 -29,3 W
l::i 5051 4,4 0,249 3,77 0,04 0,15 0,38 -45 -46,2 W
'V 5066 75,5 0,229 4,80 0,09 0,15 0,28 -45 -43,4 W- WO
0 5055 40,1 0,228 4,80 0,09 0,15 0,28 -45 -46,3 W- WO
0 5002 41,9 0,232 4,91 0,09 0,16 0,28 -42 -40,4 W- WO

4212 6,0 0,230 6,25 WO
0 5001 42,1 0,229 9,81 0,04 0,10 0,51 -58 -52,2 WO• 5054 40,6 0,222 9,62 <0,04 0,10 0,51 -58 -60,0 WO
X 5032 5,6 0,238 0,4 <0,04 0,05 >0,51 -72 -63,4 WO- AO

c l::i 5052 4,9 0,110 0,60 0,36 0,39 0,53 +20 +19,6 SW
~ 5041 40,8 0,135 0,72 >0,10 0,10 <0,3 -35 -34,7 SW
-9 5068 75,9 0,129 1,05 >0,15 0,21 <0,28 -31 -32,5 SW - W
-e- 5060 40,0 0,127 1,08 >0,13 0,21 <0,28 -31 -37,7 SW - W
'V 5035 4,4 0,090 4,50 <0,08 0,12 <0,28 -53 -49,1 W
0 5037 40,0 0,125 4,77 >0,04 0,10 <0,23 -58 -55,7 WO
0 5067 76,0 0,124 4,76 <0,08 0,10 0,23 -58 -55,7 WO
0 5016 75,3 0,135 5,12 <0,08 0,10 <0,23 -58 -59,8 WO
l::i 5050 4,9 0,120 8,84 <0,03 0,08 <0,38 -64 -55,7 WO
X 5059 40,0 0,116 9,44 <0,03 0,07 0,38 -66 -59,8 WO

4209 2,1 0,125 9,73 WO• 5004 41,3 0,110 9,83 <0,03 0,05 <0,52 -66 -59,8 WO

d e- 5061 40,0 0,057 0,91 >0,18 0,25- <0,33 -18 -19,1 SW

~
5070 76,0 0,055 1,20 >0,13 0,18 0,20 -37 -40,4 W
5038 40,7 0,057 4,83 <0,03 0,06 0,13 -69 -63,6 WO

0 5057 40,8 0,054 4,78 <0,03 0,06 >0,13 -69 -59,8 WO
<> 5015 75,0 0,063 5,12 <0,03 0,06 0,17 -69 -67,2 WO
ob 5071 76,1 0,055 5,36 <0,03 0,06 >0,13 -69 -59,8 WO• 5058 40,2 0,063 9,54 <0,03 0,04 0,13 -75 -63,6 ~JD

e 0 5039 40,0 0,031 5,07 <0,02 0,03 ",0,12 -77 -77 ,2 WO
X 5014 75,0 0,033 5,76 <0,02 0,03 <0,18 -77 -77 ,2 WO

"SW" = Stratified Wave Flow; "w" = Wave Flow, "WO" = Wave Oroplet Flow; "AO" = Annular Oroplet Flow

TABLE 4.1 IMPEDANCE PROBE DATA FROM THE 5" PIPE
TESTS
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Upper Impedance Probe Lower Impedance Probe Flow Regime
p c c CX f Conanents cx f Comments

Test-Nr. s w
(HPa) (m/s) (m/s) (% ) (Hz) (% ) (Hz)

6001 4,0 8,8 1,2 -100 droplets -99 bs (I) An
2 4,0 4,2 1,2 "'110 same few droplets 9 bubbles, homogeneous An
3 4,0 4,7 1,2 ",100 some few droplets 11 bubbles, homogeneous AD ,

4 4,0 9,3 1,2 99,3 droplets ? bs An
5 4,0 9,0 1,3 98,S droplets, splashs ? bs AD
6 4,0 6,0 1,6 98,S drope1ts, splashs 40 bubbles, homogeneous S
7 4,0 0,3 1,8 ",100 elongated bubbles, slugs 0 single phase water EB-S
8 4,0 3,0 1,8 99,S 0,36 bubble swarms, slugs 10 0,36 bubble swarms, bs S
9 3,9 0,3 1,9 85 0,88 elongated bubbles, slugs "'0 some few bubbles S

13 4,0 10,2 1,0 99 some few droplets 70 bubbles, homogeneous AD
14 4,1 4,2 1,0 -100 O,2? droplet swarms 9 0,3 bubble swarms S
15 4,0 0,7 1,0 100 single phase steam 0 single phase water W
16 4,0 0,8 0,5 100 single phase steam 0 single phase water W
17 4,0 5,2 0,5 ",100 some few droplets "'0 some bubbles An
18 4,0 9,6 0,5 "'100 some drop lets 73 bubbles, homogeneous AD
19 4,0 1,1 1,3 :::100 very few droplet -0 very few bubbles WO-S
20 4,0 1,3 1,2 100 single phase steam 0 single phase water WO
21 4,0 5,7 1,3 99,6 0,8 slugs? 32 0,8 bubble swarms S
22 4,0 . 2,7 1,2 :::100 some few droplets 2,4 0,2 bubble swarms WO-S
23 4,0 4,6 1,2 99,6 0,72 drop let swarms 18 0,72 bubble swarms S
24 4,0 7,0 1,2 99,6 O,8? droplet swarms 45 bubbles, homogeneous S
25 4,0 8,7 1,2 98,7 0,86 droplet swarms 55 bubbles, homogeneous S
26 4,0 6,0 1,3 99,S 0,8 droplet swarms 38 bubbles, homogeneous S
27 4,0 2,8 1,3 :::100 some few droplets 6 0,26 bubble swarms WO-S
35 7,8 0,2 1,8 ",0 few bubbles 0 single phase water EB
36 7,8 0,9 1,6 "'100 some droplets (slug?) 0 single phase water S
37 7,8 1,6 1,6 100 single phase steam 0 single phase water WO
48 3,9 4,9 1,6 100 single phase steam 25 bubble swarms WO
49 3,9 0,1 1,5 -2 elongated bubbles F single phase water EB
51 7,5 5,5 1,0 -100 some few droplets 29 bubbles, homogeneous AD
52 7,5 7,7 1,2 "'100 some few droplets 43 bubbles, homogeneous An
53 7,6 1,6 1,3 100 single phase steam 0 single phase water WO
54 7,5 0,9 0,5 100 single phase steam 0 single phase water WO
55 7,5 1,0 1,3 100 single phase steam 0 single phase water WO
56 7,5 5,3 0,5 100 single phase steam 28 bubbles, homogeneous WO
57 7,6 3,2 1,2 100 single phase steam 1,6 bubbles, homogeneous WO
58 7,5 4,7 1,2 "'100 some few droplets 14 bubbles, homogeneous AD
59 7,5 6,2 1,2 .. 100 some few droplets 36 bubbles, homogeneous An
60 7,6 3,4 1,5 :::100 droplets, splashs 7 0,32 bubble swarms S
61 7,6 1,5 1,5 100 single phase steam 0 few bubbles, homogeneous WO
62 7,5 5,7 1,6 97 droplets 29 bubbles, homogeneous An
63 7,6 10,6 1,4 98 droplets 70 bubbles, homogeneous An
64 4,0 10,5 0,1 100 single phase steam :::100 some droplets WO
65 4,0 5,6 0,1 100 single phase steam :::100 some droplets WO
66 4,0 1,0 0,1 100 single phase steam 0 single phase water WO
67 4,0 1,0 0,25 100 single phase steam 0 single phase water WO
68 4,0 5,0 0,25 100 single phase steam 31 bubbles, homogeneous, bs WO
69 4,0 10,4 0,25 100 single phase steam 95 bubbles, homogeneous, WO
70 4,0 5,4 0,26 100 single phase steam 46 bubbles, homogeneous WO
71/72 4,0 5,0 0,1 100 single phase steam 91 drop lets WO
73/74 7,5 5,0. 0,1 100 singie phase steam 96 droplets WO
75 7,5 10,0 0,1 :::100 very few droplets :::99 droplets WO-An
76 7,5 9,8 0,2 "'100 very few droplets 90 droplets AD
77 7,5 5,0 0,2 100 single phase steam 60 bubbles, homogeneous WO
78 7,5 0,9 0,2 100 single phase steam 0 single phase water sw
79 7,6 0,9 0,1 100 single phase steam 0 single phase water sw-w
80 7,5 9,5 0,5 "'100 very few droplets 70 bubbles-droplets An
97 1,1 10,0 1,0 "'100 droplets 43 bubbles, homogeneous An
98 1,1 5,0 1,0 100 single phsse steam 0,6 0,2 bubbles, homogeneous WO-An
99 1,0 1,4 1,0 100 single phase steam 0 single phase water WO

6100 1,2 10,0 0,5 "'100 very few droplets 69 0,6 bubble swarms An
101 1,1 5,0 0,5 100 single phase steam 7 0,25 bubble swarms WO
102 1,0 5,6 0,3 100 single phase steam 24 0,9 bubble swarms WO
103 1,1 9,7 0,2 "'100 very few drop lets 87 bubbles, nearly homogen. AD

Flow Regimes: "EB" Elongated Bubble; "sw" Stratified Wave; "S" Slug; IIW" Wave; "wn" Wave Droplet ; "ADIt Annular Droplet

TABLE 4.2 IMPEDANCE PROBE DATA FROM THE 3H PIPE
TESTS
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5. Signal "A~aly~i~öftheSi~gl~I~~ttu~~~ts

5.1 3 Beam GarnmaD~~sitö~eter

The gamma densitometer is used for measuring the cross-sectional aver­
age of the mixture density (or void fraction, respectively). If the
single beams measure correctly the chordal density, the mean density
still may be affectedby an error due to the inhomogeneous phase
distribution.

In this report the averaged density (void fraction) was evaluated by
weighting the single beam signals with the correponding chordal lengths,
which is correct for a homogeneous distribution. The specific arrangement
of the gamma beams (Figure 2.1) in the 5" pipe overemphasizes the upper
portion of the tube, in the 311 pipe the lower portion is generally more
strongly weighted. If the phases are totally stratified, errors occur
which are shown in Table 5.1. In the 511 pipe tests wlth mostly very high
void fractions (a" > 0.90) even an ideally stratified flow should causey-
negltgible errors. In the 3" pipe with lower void fractions (ay .::. 0.65)

the differences are expected to be more significant. Therefore those
corrections were computed and are shown as function of the length
weighted void fraction in Figure 5.1.

Table 5.1 also includes the values for the vertical weighting procedure
(using the vertical compone~t of the chordal le~gth) which gives somewhat
better results than the length weighting method.

In the following, the results are often presented as function of the
interface level (y/d)IF' This interface level, assuming a totally separated
flow, is computed from the length weighted void fraction by

" e
(y/ d) IF = O. 5(1-co s"Z)

with e from
1ay = 1- ~(e-sine)

Sometimes the interface level IF is used, which means the percent of DTT
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height covered by the liquid calculated by

IF311 = 6~66' (Y/d)lF-L427 . 100
3.81

for the 3 11 pipe and by

for the 511 pipe.

To check the accuracy of the 3-beam gamma densitometer measurements
the densitometer void fraction is compared with the scanning densitometer
void fraction asc and indirectly measured void fractions calculated from
the radiotracer velocities and reference superficial velocities
by

'V -1
(l+S

R
sl )
~

For this comparison the3 11 pipe tests are more suitable because
(i) only here some scanning densitometer data exist, and (1i) the radiotracer
velocities were interpolated to the position of the gamma densitometer.

Tables 5.2 and 5.3 and Figure 5.2 show that the radiotracer void fraction
values are consistent with each other which indicates a high measuring
accuracy of both the radiotracer velocities and the reference values.
Table 5.3 contains the mean relative errors, assuming that aRl is the
correct value. There is excellent agreement between the scanning densito­
meter void fraction asc and aRl (deviations about 0.2%); the mean deviation
of the 3beam densitometer is -6%, and -8% for the test point where the
scanning densitometer also measured. The column labeled a c containsy,
the 3 beam densitometer void fraction corrected with the values from
Figure 5.1. Mainly at 40 bars there are some points where the correc-
tion did not improve the agreement but the mean values show clearly the
overall improvement from applying this correction. (An even better overall
agreement between corrected 3 beam and scanning densitometer values existed
in the tests of the Modular DTT 111/. A similar or even better improvement in
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aeeuraey should be reaehed by using the more sophistieated evaluation model

developed by Lassahn /71.

Figure 5.2 and Table 5.3 eontain also the results for the 511 pipe tests.
The mean values show good agreement although there is an inereased seattering
espeeially for the aRg values. The agreement is surprisingly good, although
the radiotracer values were taken at the position D5-D7 (Figure 2.1) and
were not extrapolated to the densitometer position.

In the tests earried out on 11.18.77 (Test Nr. 6069-6080) the 3 beam
densitometer did not give satisfaetory results at least for tests 6069,
6071-76, 6080 where the C-beam oDviously showed a too small density. This
test series is not ineluded in the further diseussion.

It may be eoneluded that the LOFT 3 beam gal1ll1a densitometer, in eombina­
tion with a flow model weighting proeedure, is giving very preeise measure­
ments of the cross seetion averaged void fraetion, or the apparent density.

5.2 Turbine Meter

5.2.1 Turbine Meter Models

There are different models for interpreting the signals of a full
flow turbine meter:

a) Volumetrie model

b) Rouhani Model /8/

The turbine measures

by the eross-seetion

e) Aya model /9/

the volumetrie velocity (total volumetrie flow divided
area) .

. Pl 15 2+ _ -a
Pg CL

V~ Vl (5.2)
S + Pl 1-a---

Pg a

s+ (El l-a )0.5
Pg a

VT= V
l

1+( Ei l-a)0.5 (5.3)
Pg a
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P 1­1+ 1· . CI.
-. -
Pg CI.

-----Vl
1/S~(Fa)

Pg a

(5.4)

The Rouhani, Aya and Estrada model assume a constant phase distribution

over the cross section; an assumption which is, as shown in general not

valid for horizontal flow.

5.2.2 Turbine Meter in the 511 Pipe

The left part of Figure 5.3 shows the ratio of turbine velocity to
the homogeneous velocities (= volumetric flux) for the high pressure ex­

periments. The data with interface levels IF > -50% were tested under low

values of Vs·g(V < 1 m/s) in the stratified-wave flow regime (Figure 4.1),sg -
the turbine was completely surrounded by steam. For these test points
the turbine is obviously below its measurement range. This fact indicates

that the lower limit for the turbine shown in the single phase water

calibrations (VT, min= 0.46 m/s) canDot be reached if operated in gas.

The lower interface levels occurred at higher gas velocities

(VSg ~ 5 m/s). Here a wave-droplet flow existed (Figure 4.3) with no or
minimal droplet entrainment in the cross-section area covered by the

turbine. Under these conditions the turbine measured accurately the

steam phase velocity which was only slightly higher than the homogeneous

velocities (Table 5.4) in these experiments.

The right part of Figure 5.3 shows the results for the low pressure

experiments. Again there are some points where the turbine operates
below its measurement range. However, the turbine reading for higher

values of Vsg is also lower than the homogeneous velocity. This could
be caused by a higher bearing friction at lower temperatures or the

lower momentum flux due to the lower density. These effects could be
determined by performing low pressure gas calibration tests. The

differences in flow pattern (higher wave amplitudes at low pressure)
could contribute to this effect as well: even if the (time averaged)
interface level i5 below the bottom of the turbine, high waves could
reach the turbine and decelerate it.
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Table 5.4 shows a comparison of the measured turbine velocity with
the turbine velocity using the Estrada, Rouhani and Aya model. All
velocities are normalized with the liquid phase velocity calculated
from densitometer void fraction and superficial velocities:

The Rouhani model describes the experiments the best but the agreement
is still not satisfying.

5.2.3 Turbine Meter irithe 311 Pipe

Because of the larger dT/d ratio and the lower void fractions, the
interface level was mostly above the bottom of the turbine (Figure 5.4).
At low interface levels there are some test points with VSg ~ 5 m/s and
10 m/s and Vsl ~ 0.5 m/s where the measured velocities are higher than
the homogeneous velocities, and agree well with the 511 pipe test results.
There is one test point where the li~uid level was above the top of the
turbine (elongated bubble flow). The da ta shows that the turbine again
measured approximately the volumetric flux. In the rest of the ex­
periments the turbine indicated a value of about 77% of the volumetric
flux with a relatively small scatter. If the ratios VT/V g and VT/V l
are plotted as function of the interface level, the ratios are de­
creasing with increasing interface level with a rather large data
scatter. Surprisingly the ratio VT/Vl reaches values below 1. If one
assumes that the correct void fraction at the position of the DTT is
slightly higher than the densitometer void fraction,this assumption
should result in an even lower value of VT/V l . Therefore, the fact that
VT/V l reaches values below 1 must be caused by other effects, e.g. by­
passing of the DTT, influence of velocity profile on the turbine (with
non-twisted blades), etc.

Table 5.4 again contains the comparisons of the measured turbine velocity
with velocities calculated from the different models. The Estrada model
gives turbine.velocities very close to the liquid phase velocity. Therefore,

the ratio VT/Vl in Figure 5.4 is a good approximation to VT/VT-Estrada.
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Compared to the Estrada model, the Aya model predicts somewhat better
the turbine velocity, most of the values are within ci .:t 15% error
band. The Rouhaoi model gives values which are between the values
from the Estrada and Aya-model.

5.2.4 Turbine Meter Reading as'Function of Flöw Regime

Figure 5.5 shows both the 511 and 311 results drawn in the flow chart.
In thehigh void wave and annular droplet regime the turbine measures
approximately the steam phase velocity (which is close to the volumetric
velocity). In the slug and wave droplet flow regime with a lower void
fraetion the turbine measures about 80% of the homogeneous velocity.
In Figure 5.5 the line is drawn where the interface level is equal to
the bottom of the turbine (3 11 pipe geometry, S = 2). It can be seen
that this line separates fairly well the two regions where the turbine
measures about 1.1 and 0.8, times of the volumetrie flux.

5.3 Drag Disc

5.3.1 Drag Disc in the 5" Pi.pe

A drag deviee should measure the total two-phase momentum flux i.e.

(pv 2 )tp =aPgV~ + (1-a)P1Vf. A drag dise measures local momentum flux
(dDO/d ~ 0.01). Therefore the measurement is in general not eharacteristic
for the cross seetion average.

In the high pressure tests, the drag disc has always been in the steam
phase with no or minimal droplet entrainment. Therefore the drag disc
is expected to measure approximately the steam momentum flux PgV~.

The velocity (VOO-Pg), caleulated from the drag disc reading and the
steam density should agree with the turbine velocity. The ratio of
(V OO- Pg ) to VT in Table 5.5 shows that this is true as long as the
drag disc is in its measuring range(~ 370 kg!m S2). Because of the
local measurement of the drag dise, the measured momentum flux may
be below the measurement range even if the cross seetion averaged value
is above.
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Figure 5.6 shows the drag disc signals as a function of the interface
level (only those test points where the drag disc is in the measuring
range). The drag disc reading normalized with the steam momentum flux
PgV~ is quite independent of the interface level. The drag disc velocity
Voo-Pg normalized with the homogeneous velocity has a value of ~ ~.1

with an even smaller scattering.

In the low pressure experiments the drag disc should be always below
its measuring range if it measured only the steam phase. Table 5.5 shows
that in the steam-water experiments only for 3 test points the reading ;s
higher but those points donot show similar tendencies as the 40 and 75 bar
points shown in Figure 5.7. A behavior even more different from the high
pressure tests, the air-water tests show: The drag disc reading is much higher
than the gas momentum flux, sometimes considerably higher than the two-
phase momentum flux. These results cannot be explained by the differences
in flow regime but are thought to be caused by the greater amount of
friction at low temperatures as already observed during calibration
in single phase cold water. In the air-water tests the disc was some-
times stuck so severely that it had to be released by knocking.

5.3.2 Otag OiSc in th~ 3" Pipe

Table 5.6 and Figure 5.7 show the results of the 3" pipe tests.

The ratio of drag disc read~ng to total two-phase momentum flux (pV 2 )tp
was considerably below 1 when the interface level was below the bottom
of the drag disc, and aboutl.2 for an interface level above the top
of the drag disc.' The points shown in parentheses in Figure 5.7 do not
indicate this characteristic behavior. These test points (starting with
Test Nr. 6069) belong to a test series where a new DTT' was installed.
The amplifier had a considerable zero shift at the end of the test day.
These data are thought to be incorrect and are not taken into account
in further discussions.

The drag disc velocity (Voo-Pg) shows a similar behavior: for (y/d)IF
< 0.5 the value is below the homogen~ous velocity (Voo-Pg ~ 0.57(V Sg+V sl ) ,
for(y/d)IF > 0.5 the drag disc measured about the homogeneous velocity.
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5.3.3 DtagDiStReadihgasFunctiOnofFlö~R~9ime.

Figure 5.8 shows the drag disc reading drawn in theflow chart. In
the ~ave flow and annular droplet flow regime at low valuesof Vsl the
two-phase momentum (pV 2 )tp is appro~imately equal to the steam momentum
flux (pV 2 )g which is measured by the drag disco With increasing Vsl the
drag disc measures increasingly tao low; and reduces to about a factor
0.5 in the slug flow regime. In and near the elongated bubble flow
regime the interface level is above the drag disc, and the drag disc
is mostly in,water. Thus, the reading is higher than the cross section
average. The curve (y/d)IF =0.5 (with S = 2 assumed) clearly separates
these two regions.

5.4The Deviaticns cf DTTMeaSurementS frömtheHömögeheöuSFlow
Parameters

The ratio of turbine reading to homogeneaus velocity, the drag disc
reading and phase slip were plotted vs superficial liquid velocity
at constant superficial gas velocity'of 5 and 10 m/s in Figure 5.9
and 5.10, respectively. In these figures, the 511 pipe and 311 pipe
data fall on the same Gurve. The turbine reading is higher than the
homogeneaus velocity at low values of the superficial liquid velocities
and quickly reduces below the homogeneaus veloci'ty as the superficial
liquid velocity increases t<:> a point where the interface level reaches
the bottom of the turbine.

The drag disc readings are relatively constant with respect to the
liquid velocity in the 511 pipe tests and increas'e with the steam density
(ar pressure) indicating that the drag disc was measuring primarily the
steam flow momentum. The drag disc readings increase as the water level
reaches the bottom of the DTT shroud due to the increased liquid moment um
acting on the drag disco

The slip is higher at VSg ~ 10 m/s and decreases with increasing Vsl '
However the slip remains relatively constant (from 1 to 3) for the
data where the water level reached the turbine. Therefore, the effect
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of slip on OTT outputs is not apparent for these tests.

In summary, the OTT readings are dependent on the proximity of water
level with respect to the turbine and can be quite different from the
readtngs in homogeneous flow conditions.

5.5 ·Radiöttat~~V~lOtities

Acheck of the accuracy of the radiotracer velocities was already
made in Chapter 5.1, evaluating in independent ways the void fraction.
As shown, the values were in general very close together which means
that the accuracy of the radiotracer velocity measurements is very
good (assuming that the reference values are measured correctly).

Because two-phase flow often has an oscillatory behavior, the number
of tracer injections must be large enough to give a satisfactory mean
value. Table 5.7 shows the mean velocity values and the standard
deviations for the various measuri~g positions together with the number
cf the Mn and Ar injections per point. The table shows that often the
number of injections is very small. This could explain the statistical
scattering of the data which is more obvious for the 5" pipe data
(mean numbers of injections: NMn = 4.4, NAr = 5.3) than for the
3"pipe data (NMn = 8.3; NAr = 7.3).
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511 Pipe 311 Pipe

Void Fraction ~
a

y
_ a
~

a
y

_ a

a ( a )lw ( a )vw ( a )lw (a )vw

0,50 +0,17 +0,13 -0,14 -0,13

0,64 +0,09 +0,06 -0,10 -0,08

0,76 +0,05 +0,03 -0,07 -0,06

0,82 +:0,03 1-0,02 -0,04 -0,04

0,91 +0,03 +0,02 +0,01 -0,01

0,96 <0,01 <0,01 <0,04 <0,04

TABLE 5.1 MEASURING ERROR OF THE LENGTH WEIGHTED
3 BEAM DENSITOMETER VOID FRACTION FOR
TOTALLY SEPARATED FLOW

aRl aRg","aRl 'aRS'" aRl .a3b "'<lRl .asc.,.aRl a -a
Rl3bc

- aRl aRl aRl aRl aRl
III

I--!'!S-.
..... ltl
1Il.o
Ql

..... LO Mean a 0,65 +0,01 +0,01 -0,06 +0,03,.....
Ql value
0..-0 b 0,62 +0,03 +0,02 -0,08 <+0,01'.... s::

I-- o..ltl ....
_ 0 Number a 27 27
- <::t of tests '"(V) ....... b 10

F=1Il-..... 1Il
1IlS-. MeanQlltl a 0,91 -0,003 0,006 0,005..... .0 value

f-- Ql LO
0..,..... Number of a .....' .... 140..-0 tests -.... ,

s::

=
ltl

,--LO 0

line a all radiotracer test points
line b test points with radiotracers and scanning densitometer

TABLE 5.3 COMPARISON Of THE MEAN VALUES OF THE DIFFERENT
Vo In FRACTI ONS
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Test P Vsg Vsl athermo a a ase aRg aR1 aRS
Nr. (bar) Y Ye(m/s) (m/s)

6003 4.7 1.2 0.80 0.61 0.67
6004 9.2 1.2 0.88 0.77 0.81
6005 9.0 1.3 0.88 0.80 0.84
6013 10.2 1.0 0.91 0.87 0.89 0.85 0.80 0.89 0.88
6014 4.1 1.0 0.80 0.68 0.74 0.68 0.68 0.68 0.68
6015 0.8 1.0 0.44 0.35 0.42 0.43 0.39 0.41
6016 0.8 0.5 0.62 0.46 0.53 0.55 0.48 0.50 0.48
6017 5.2 0.5 0.91 0.76 0.81 0.78 0.77 0.77 0.77
6018 9.6 0.5 0.95 0.90 0,92 0.89
6019 1.2 1.3 0.47 0.34 0.41 0.41 0.53 0.40 0.47
6020 40 1.3 1.3 0.51 0.38 0.45 0.43 0.53 0.43 0.49
6021 5.7 1.3 0.82 0.72 0.77 0.68 0.73 0.72
6022 2.7 1.2 0.69 0.55 0.61 0.59 0.60 0.60
6023 4.7 1.2 0.79 0.68 0.73 0.70 0.68 0.69
6024 7.0 1.2 0.85 0.78 0.82 0.80 0.79 0.79
6025 8.8 1.2 0.88 0.84 0.87 0.80 0.80 0.84 0.83
6026 6.1 1.3 0.82 0.73 0.78 0.77 0.75 0.75
6027 2.8 1.3 0.68 0.56 0.62 0.56 0.61 0.59
6048 5.1 1.6 0.76 0.60 0.66
6066 0.9 0.1 0.90 0.74 0.79
6067 4.9 0.3 0.78 0.55 0.61

6035 0.2 1.8 0.11 0.03 0.09
6036 0.9 1.6 0.35 0.22 0.25 0.28
6037 1.5 1.6 0.48 '0.33 0.40 0.44
6051 5.3 1.0 0.84 0.73 0.78 0.80
6052 7.4 1.2 0.86 0.77 0.81 0.79 0.81 0.80
6053 1.6 1.2 0.57 0.44 0.51 0.54 0.52 0.55 0.53
6054 0.9 0.5 0.64 0.49 0.55 0.52 0.51 0.51
6055 1.0 1.1 0.48 0.40 0.47 0.43 0.44 0.46 0.45
6056 5.1 0.5 0.91 0.78 0.82 0.80 0.82 0.82
6057 3.1 1.2 0.72 0.56 0.62 0.63 0.62 0.62
6058 4.5 1.2 ,0.79 0.64 0.70 0.68 0.70 0.69 0.69
6059 75 6.0 1.2 0.83 0.75 0.80 0.75 0.76 0.76
6060 3.3 1.5 0.69 0.54 0.60 0.61 0.60 0.61
6061 1.5 1.5 0.49 0.36 0.43 0,44 0.45 0.44
6062 5.5 1.6 0.77 0.68 0.72 0.74 0.70 0.71
6063 10.1 1,3 0.88 0.88 0.90 0.82 0,87 0.86
6074 5.0 0.1 0.97 0.96 0.9.?
6075 10.0 0.1 0.99 1.02
6076 9.8 0.3 0.9.7 1.00
6077 5.0 0.3 0.95 0.9.0 0.92 0.90
6078 0.8 0.2 0.77 0.65 0.71 0.72
6079 0.9 0.2 0.85 0.72 0.77 0.71
6080 9.4 0.5 0.95 0.94 0.95

TABLE 5.2 COMPARISON OF VARIOUS VOID FRACTIONS
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5" Pipe~ 40 bar

RUN TURB. V LIQ. V GAS V TURB V TURB V TU RB
~ l~~~

V TURBA V TURBRID VEL VSL+VSG G DENS G DENS
TSN (M/S) (M/S) (M/S) (M/S) VSL+VSG V LIQ V GAS V LIQ V LIQ

5001 11.13 10.04 3.14 10.58 1.11 3.53 1.05 1.212 1.863 2.25
5002 5.28 5.13 2.14 5.50 1.03 2.46 0.96 . 1.11 1.48 1.53
5004 10.68 9.93 2.06 10.38 1.07 5.18 1.03 1.34 2.64 3.85
5005 10.83 9.80 1. 75 10.06 1.10 6.17 1.08 1.58 3.12 4.89
5037 5.18 4.89 2.04 5.08 .1.06 2.53 1.02 1.30 1. 57 1. 73
5038 5.05 4.88 1. 52 5.01 1.03 3.27 1.00 1. 35 2.00 2.52
5039 5.20 5.10 2.34 5.14 1.02 2.37 1.01 1.63 1.72 2.00

tf 5040 0.37 1.04 0.33 1.18 0.35 1.10 0.31 1.08 1.64 1. 75
* 5041 0.36 0.85 1.03 0.82 0.42 0.35 0.44 0.965 0.94 0.98
~ 5042 0.22 1.24 1.62 1.18 0.18 0.14 0;19 0.955 0.926 0.97

5043 10.59 9.67 1.61 9.96 1.10 6.55 1.06 1.45 3.25 5.06
5044 5.74 . 5.31 4.07 5.49 1.08 1.41 1.04 1.04 1.10 1.07

if 5045 0.36 1.39 2.63 1.10 0.26 1.138 0.33 0.88 0.86 0.98
~ 5046 0.15 0.97 2.18 0.61 0.15 0.069 0.24 0.83 0.84 0.98

5054 10.26 9.69 4.17 9.99 1.06 2.4 1.02 1.22 1.54 1.71
5055 4.92 5.02 2.60 5.26 0.98 1.89 0.94 1,11 1.34 1.34
5056 4.70 4.69 1. 78 4.90 1.00 2.63 0.96 1.19 1.64 1.83
5057 4.48 4.83 1.05 5.03 0.93 4.22 0.89 1.34 1. 70 3.61
5058 10.30 9.60 1.61 9.92 1.07 6.37 1.04 1.45 3.24 5.01
5059 10.20 9.55 2.36 9.92 1.05 4.31 1.03 1.32 2.30 3.13

* 5060 0.18 1.20 1.01 1. 23 0.15 0.185 0.15 1.03 1.06 1.04
'* 5061 0.17 0.96 0.29 1.12 0.18 0.597 0.15 1.08 1.69 1.82
~ 5062 . 0.24 1.31 1. 55 1. 27 0.18 0.157 0.16 0.97 0.95 0.98

"R" = Rouhani Model; "A" = Aya Model; "E:'= Estrada Model
7\" Turbine Meter Below Measurement Range

, 3" Pi p-e ,'40 ba r
RUN TURB. V LIQ. V GAS V TU RB V TURB V TURB V TURBE TU~BA V TURBRID VEL VSL+VSG G DENS G DENS
TSN (M/S) (M/S) (tVS) (M/S) VSL+VSG V LIQ V GAS V LIQ LI V LIQ

6003 3.67 5.93 3.06 7.80 0.62 1.17 0.46 1.02 1.25 1.14
6004 6.54 10.36 5.34 11.83 0.63 1.22 0.55 1.04 1.27 1.19
6005 7.72 10.24 6.28 11.25 0.76 1.228 0.68 1.04 1.19 1.12
6013 9.60 11.17 8.04 11. 62 0.86 1.2 0.83 1.05 1.10 1.09
6014 4.17 5.16 3.23 6.08 0.80 1. 29 0.68 1.04 1.16 1.08
6015 1.40 1. 79 1. 55 2.24 0.78 0.9 0.63 1.00 1.04 1.01
6016 0.93 1.33 0.94 1.80 0.70 0.99 0.54 1.01 1.11 1.04
6017 6.33 5.74 2.13 6.89 1.10 2.97 0.91. 1.05 1. 52 1.46
6018 11. 55 10.08 5.42 10.58 1.14 2.12 1.09 1.10 1.30 1. 29
6019 1. 75 2.48 1.98 3.46 0.70 0.88 0.50 1.01 1.02 1.02
6020 1.83 2.57 2.01 3.47 0.71 0.91 0.52 1.00 1.08 1.02
6021 5.35 6.96 4.47 7.94 0.77 1.19 0.68 1.03 1.15 1.08
6022 2.82 3.95 2.74 4.93 0.71 1.02 0.57 1.01 1.12 1.04
6023 4.55 5.92 3.81 6.91 0.77 1.19 0.66 1.02 1.15 1.07
6024 6.38 8.18 5.50 8.94 0.78 1.16 0.71 1.03 1.14 1.08
6025 8.02 10.02 7.61 10.48 0.80 1.05 0.76 1.02 1.10 1.06
6026 5.40 7.38 4.93 8.28 0.73 1.09 0.65 1.03 1.14 1.07
6027 3.09 4.15 3.01 5.06 0.74 1.03 0.61 1.01 1.10 1.03
6048 4.78 6.73 4.08 8.53 0.71 1.17 0.56 1.02 1.17 1.08

TABLE 5.4 TURBINE METER VELOCITY COMPARISONS FOR
THE 5H AND 3H PIPE TESTS
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RUN (pV')OO (pV')tp (pV')g (pV')OO (pV')o (pV')OO VOO-Pg VOO-Pi' VT VOO- q Yoo- Q VOD-Py
ID
TSN ~ ~ ~ (pV' )tp (pV' )tp (PV')g m m m VT Vs1+V sg Vs1 +V sg

ms' ms' ms' s s s

p - 40 bar

5001 2533 2771 2196 0,91 0,79 1,15 11,25 5,73 11,13' 1,01 1,12 0,57
5002 607 963 572 0,63 0,59 1,06 5,5 2,41 5,28 1,04 1,07 0,47
5004 2348 2301 2114 1,02 0,92 1,11 10,8 6,15 10,68 1,01 1,09 0,62
5005 2384 2124 2046 1,12 0,96 1,16 10,9 7,30 10,83 1,00 1,12 0,75
5037 577 691 487 0,83 0,70 1,19 5,4 2,92 5,18 1,04 1,10 0,60
5038 571 565 498 1,01 0,88 1,14 5,3 3,40 5,05 1,05 1,08 0,69
5039 514 584 524 0,88 0,90 0,98 5,1 4,10 5,20 0,98 1,00 0,80* 5040 126 38 23 3,24 0,60 5,32 2,5 0,91 0,37 6,76 2,39 0,88

*.' 5041 178 122 12 1,46 0,10 14,50 3,0 1,21 0,36 8,33 3,51 1,41* 5042 181 337 24 0,54 0,07 7,50 3,0 1,15 0,22 13,63 2,40 0,92
5043 2065 2009 1944 1,03 0,97 1,06 10,2 6,58 10,59 0,96 1,05 0,68
5044 690 2149 539 0,32 0,25 1,28 5,9 2,45 5,74 1,03 1,11 0,46

*" 5045 217 1067 20 0,20 0,02 10,80 3,3 1,13 0,36 9,16 2,35 0,81
*" 5046 183 880 6 0,21 0,01 31,70 3,0 0,95 0,15 20,00 3,07 0,97

5054 2121 2694 1933 0,79 0,72 1,09 10,2 5,90 10,26 0,99 1,05 0,61
5055 537 982 511 0,55 0,52 1,05 5,2 2,46 4,92 1,05 1,03 0,49
5056 516 632 461 0,82 0,73 1,12 5,1 2,65 4,70 1,08 1,09 0,56
5057 519 539 493 0,96 0,91 1,05 5,1 2,95 4,48 1,14 1,05 0,61
5058 2169 1998 1920 1,09 0,96 1,13 10,4 6,56 10,30 1,01 1,08 0,68
5059 2106 2100 1886 1,00 0,90 1,11 10,2 6,02 10,20 1,00 1,07 0,63* 5060 107 128 27 0,83 0,21 3,96 2,3 0,95 0,18 12,77 1,90 0,79* 5061 92 33 20 2,72 0,60 4,60 2,1 0,73 0,17 12,35 2,17 0,75

* 5062 85 312 28 0,27 0,09 3,00 2,0 0,78 0,24 8,33 1,52 0,59

p~75bar

5014 1334 1423 1315 0,94 0,93 1,01 5,84 5,48 6,19 0,94 1,01 0,95
5015 1104 1165 1065 0,95 0,91 1,03 5,32 4,30 5,61 0,95 1,03 0,83
5016 1183 1372 1090 0,86 0,79 1,08 5,5 4,04 5,83 0,94 1 105 0,77

* 5017 61 137 43 0,44 0,31 1,42 1,25 0,69 0,67 1,86 1,13 0,62
"* 5019 99 325 32 0,30 0,01 3,09 1,59 0,83 0,51 3,12 1,49 0,77

,,021 2777 3332 2369 0,83 0,71 1,17 8,43 6,38 8,73 0,97 1,08 0,81
5022 2689 2800 2417 0,96 0,86 1,11 8,30 6,67 8,58 0,97 1,06 0,85
5023 2523 2522 2351 1,00 0,93 1,07 8,04 7,25 8,35 0,96 1,04 0,93
5024 2475 2505 2336 0,99 0,93 1,06 7,97 7,58 8,20 0,97 1,03 0,98
5025 1155 1537 1000 0,75 0,65 1,15 5,44 3,48 5,59 0,97 1,07 0,69

* 5047 350 1049 213 0,33 0,20 1,64 3,00 1,35 1,87 1,60 1,16 0,52* 5048 192 892 39 0,21 0,44 4,92 2,21 1,01 0,46 4,82 1,60 0,73
* 5049 152 768 11 0,20 0,01 '13,82 1,97 0,86 0,25 7,90 2,05 0,89

5066 1106 1414 1010 0,78 0,71 1,09 5,32 3,23 5,34 1,00 1,06 0,64
5067 1102 1152 967 0,96 0,84 1,13 5,31 3,66 5,22 1,02 1,09 0,75

* 5068 86 141 51 0,61 0,36 1,68 1,48 0,80 0,52 2,85 1,26 0,68
* 5069 110 358 65 0,30 0,18 1,69 1,68 0,88 0,30 5,59 1,18 0,62* 5070 147 84 65 1,75 0,77 2,26 1,94 '1,12 0,71 2,73 1,55 0,90

5071 1291 1256 1207 1,02 0,96 1,07 5,75 4,24 5,59 1,03 1,06 0,78

p • 4 bar

5031 494 2236 89 0,22 0,04 5,55 14,60 2,31 1,13 2,04 2,31 0,36
5032 603 1681 332 0,36 0,20 1,82 14,30 3,98 3,74 1,06 1,34 0,37

*" 5033 69 280 2 0,25 0,01 34,50 4,84 0,66 0,16 4,12 4,60 0,64
5034 283 0,44*" 5035 133 146 52 0,91 . 0,35 2,56 7,56 1,33 0,15 8,86 1,65 0,29
5050 784 464 254 1,69 0,55 3,09 17,90 3,62 4,65 0,77 1,75 0,36

*" 5051 206 657 52 0,31 0,07 3,96 9,50 1,53 0,29 5,27 1,99 0,32
"* 5052 288 32 2 0,07 144,00 10,50 0,92 0,14 6,57 12,08 1,06

Air-Water Flow; p ~ 2 bar (TSN 4208, 4212 : p,. 6 bar)

0 4208 582 260 14 2,24 0,05 41,00 3,75 1,75, 0,39 9,63 2,37 1,11
0 4209 827 387 207 2,15 0,54 4,00 18,56 3,18 6,75 2,96 1,89 0,32
0 4210 595 266 233 2,24 0,88 2,55 15,74 2,88 7,10 2,21 1,50 0,27
0 4211 1315 1060 235 1,24 0,22 5,60 23,40 4,30 6,86 3,41 2,20 0,40
0 4212 587 903 ,253 0,65 0,28 2,32 9,02 2,76 5,10 1,77 1,40 0,47
0 4213 2209 4693 222 0,47 0,05 9,95 30,33 6,45 7,54 4,02 2,80 0,60
0 4214 874 3565 2 0,25 <0,01 406,00 19,08 3,51 2,65 7,20 4,34 0,80
0 4215 1016 1067 3 0,95 <0,01 311,00 20,50 2,23 0,77 26,72 12,57 1,35
0 4216 1218 1138 1 1,07 <0,01 1268,00 22,53 2,36 0,89 25,31 19,93 2,10

",*" Orag Oi se bel ow Measuri ng Range "0" Orag Oise stieked

VOO- = ((pV') /p )0.5
Pg 00 9

TABLE 5,5. COMPARISON USING THE DRAG DISC READING
(5" PIPE TESTS)
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2 2
a 2

(Pi)h
(pv )00 (pv )00 v v

RUN (pv )00 (pv )tp v DD-Py 00- py
10 (PV2)tp

2 DD-P y v +V
TSN (kg/ms2) (kg/ms2) (kg/ms2)

(pv ) h
(m/s) sg s1

vT

3 INCH 40 BAR
6003 2125 3693 6268 0.58 0.34 2.55 0.43 0.69
6004 3484 7347 11890 0.47 0.29 4.22 0.41 0.64
6005 3716 8408 12221 0.44 0.30 4.58 0.45 0.59
6013 3755 8879 11308 0.42 0.33 5.64 0.51 0.59
6014 1713 3201 4721 0.53 0.36 2.51 0.49 0.60
6015 1459 1276 1463 1. 14 1.00 1.67 0.93 1. 19
6016 565 409 560 1.38 1.01 1.13 0.85 1.21
6017 1189 1604 2959 0.74 0.40 2.39 0.42 0.38
6018 3281 4319 6170 0.76 0.53 5.86 0.58 0.51
6019 2524 2163 2658 1. 16 0.95 2.17 0.88 1.24
6020 2697 2097 2623 1.28 1.03 2.32 0.90 1.26
6021 2618 5390 7774 0.48 0.34 3.31 0.48 0.62
6022 2257 2964 4088 0.76 0.55 2.47 0.63 0.88
6023 2250 4375 6332 0.51 0.35 2.89 0.49 0.64
6024 3209 6608 9091 0.48 0.35 4.09 0.50 0.65
6025 3721 9314 11596 0.39 0.32 5.05 0.50 0.63
6026 2874 6229 8702 0.46 0.33 3.54 0.48 0.65
6027 2360 3451 4603 0.68 0.51 2.56 0.61 0.83
6048 2966 6214 9517 0.48 0.31 2.98 0.44 0.63
6066 377 56 104 6.73 3.62 1. 31 1. 27
6067 463 145 257 3.19 1.80 1. 12 0.97

2) 6068 901 1526 0.59
1) 2) 6069 4749 4388 1.08
1) 6070 1744 1108 1785 1.57 0.98 3.86 0.69
1) 2) 6071 1401 1034 1.35

3 INCH 7S· BAR
6035 2943 2442 2600 1.20 1.13 2.03 1.02 1.09
6036 3150 2621 3051 1.20 1.03 2.33 0.94 1.21
6037 3402 3014 3745 1.13 0.91 2.59 0.85 1.10
6051 2866 . 4259 5917 0.67 0.48 3.57 0.57 0.56
6052 3851 7254 9957 0.53 0.39 4.37 0.51 0.62
6053 2507 2174 2710 1.15 0.93 2.41 0.85 1.13
6054· 538 436 578 1. 23 0.93 1.16 0.82 1.17
6055 1649 1468 1660 1.12 0.99 1.89 0.93 1.19
6056 2070 2198 3241 0.94 0.64 3.27 0.58 0.50
6057 2222 3114 4350 0.71 0.51 2.53 0.59 0.77
6058 2626 4292 6133 0.61 0.43 3.01 0.52 0.65
6059 3762 6186 8072 0.61 0.47 4.. 19 0.59 0.65
6060 2995 4329 5876 0.69 0.51 2.87 0.60 0.80
6061 3434 2781 3385 1. 23 1.01 2.65 0.91 1.18
6062 3863 7702 10004 0.50 0.38 3.82 0.54 0.67
6063 4162 15398 15779 0.27 0.26 5.80 0.51 0.54

1) 6074 2772 1370 1520 2.02 1.82 6.42 1. 25
1) 6075 5360 3181 5047 1.68 1.06 14.60 1.43
1) 6076 5456 20709 5798 0.26 0.94 11.47 1.09
1) 6077 2544 1582 2034 1.60 1. 25 4.80 0.78
1) 6078 585 152 203 3.84 2.88 1.44 1.44
1) 6079 559 103 149 5.42 3.75 1. 53 1.52
1) 6080 5465 7024 7647 0.78 0.71 8.03 0.80

1) Drag Di sc Sh i fted 2) Densitometer Reading not Correct

TABLE 5.6 COMPARrSON USfNG THE DRAG Drsc READING
(3" PI PE TESTS)



TSN Vg v, S NMn
N .

°v aVe Vg V, S NMn NAr °v °v Vg v S NMn N °v °v,Ar 9
(m/~)

,
m}s) Ar (m/~)(m/s) (in/s) (1) (m/s) (m/s) (m/s) (m/s) (1) (m/s) (m/s) (1) (m/s)

5" Pipe Tests: 01-03 03-05 05-07

5054 10.40 3.50 2.97 6 5 0.88 0.21 11.00 3.56 3.09 6 5 1.10 0,48 11.00 2.98 3.69 ·6 5 1.10 0.44
5056 5.0 1.3 3.85 6 5 0.00 0.10 4.70 1.29 3.64 2 5 0.30 0.06 4.45 1.33 3.35 6 5 0.47 0.06
5057 5.00 1.36 3.68 3 2 0.00 0;09 5.00 1.36 3.68 3 2 0.00 0.04 5.45 7.27 4.29 3 2 0.00 0.06
5058 10.67 2.83 3.77 4 3 1,15 0.20 10.00 2.49 4.02 4 3 0.00 0.32 10.00 2.32 4.31 4 3 0.00 0.19
5059 11.00 3.16 3.48 3 2 1.41 0.17 10.00 2.86 3.50 3 2 0.00 0.14 10.00 2.52 3.97 3 2 0.00 0.27
5060 1:21 1.21 1.00 5 4 0.08 0.09 1.23 1.06 1.16 5 4 0.09 0.10 1.35 1.00 1.35 5 4 0.14 0.07
5061 1.08 0.59 1.83 4 3 0.10 0.05 1.20 0.30 4.00 4 3 0.02 0.02 1.15 0.31 3.71 4 3 0.04 0.02
5062 1.35 2.08 0.65 6 4 0.10 0.07 1.39 1.94 0.72 6 4 0.09 0.17 1.36 1.83 0.74 6 4 0.08 0.22
5066 5.43 2.95 1.84 11 10 0.41 0.44 5.27 2.59 2.03 7 10 0.23 0.58 5.27 2.27 2.32 3 10 0.23 0.67
5067 5.21 3.36 1.55 8 9 0.31 1.21 5.11 2.96 1.73 7 9 0.28 0.83 5.25 2.51 2.09 5 9 0.24 0.41
5068 1.00 1.30 0.77 3 1 0.00 0.06 1.02 1.16 0.88 3 1 0.00 0.05 1.03 0.96 1.07 3 1 0.00 0.05
5069 1.17 1.91 0.61 7 5 0.06 0.07 1.18 1.80 0.66 .. 7 5 0.07 0.23 1.20 1.57 0.76 7 5 0.09 0.12
5070 1.21 0.76 1.59 4 3 0.01 0.10 1.30 0.62 2.10 4 3 0.20 0.03 1.22 0.50 2.44 4 3 0.05 0.05
5071 5.55 2.86 1.94 5 18 0.32 0.84 5.64 2.4 2.35 4 18 0.31 1.30 5.65 1.87 3.02 3 18 0.42 0.31

3" Pipe Tests: 01-03 03-05 05-08 V* V*
9 ,

(m/s) (mjs)

6013 1.24 11.61 1.07 7 6 0.44 1.20 12.61 9.77 1.29 7 6 0.24 2.78 12.93 9.12 1.42 7 6 0.30 3.29 12.77 9.456014 5.56 4.59 1.21 7 6 0.57 0.90 6.09 3.70 1.65 7 6 0.84 0.51 6.26 2.99 2.08 7 6 0.86 0.41 6.18 3.35
6015 1. 56 2.19 0.71 6 5 0.20 0.09 1.70 1.87 0.91 6 5 0.19 0.12 2.12 1.50 1.41 6 5 0.85 0.11 1. 91 1.69
6016 1.47 1.45 1.01 3 3 0.00 0.10 1.61 1.08 1.49 3 1 0.00 0.06 1.83 0.89 2.06 3 1 0.00 0.11 1.72 0.99
6017 6.67 2.81 2.66 3 1 0.00 0.12 7.14 2,34 3.05 3 1 0.00 0.25 6.51 2.20 2.96 3 1 0.00 0.06 6.83 2.27
6018 10.56 6.20 1. 70 3 2 0,78 1.85 10.56 5.45 1.93 3 2 0.78 10.72 4.04 2.65 3 2 0.33 10.64 4.75
6019 1.96 2.83 0.69 3 2 0.06 0.05 2.11 2.27 0.93 3 2 0.16 0.06 2.37 2.03 1.17 3 2 0.13 0.08 2.24 2.15
6020 1.94 2.75 0.71 4 2 0.21 0.18 2.21 2.33 0.95 4 2 0.18 0.12 2.71 2.03 1.33 4 2 o.or 0.11 2.46 2.52
6021 7.62 7.18 1,06 5 4 0;80 1.37 8.15 5,44 1.50 5 4 0.94 0.69 8.61 4.00 2.15 5 4 0.62 0.34 8.38 4.72
6022 3.79 4.11 0.92 5 3 0.71 0.64 4.13 3.35 1.23 5 3 0.73 0.5 4.76 2.77 1.72 5 3 1.10 0.52 4.45 3.06
6023 6.13 5.69 1.08 8 7 0.52 0.82 6.78 4.08 1.66 8 7 0.92 0.23 6.86 3.63 1.89 8 7 0.79 0.42 6.82 3.86
6024 9.02 8.16 1.10 12 11 0.79 0.59 8.98 6.40 1.40 12 11 0.87 0.71 8.94 5.01 1.78 12 11 0.43 0.60 8.96 5.71
6025 11.02 10.01 1.10 10 9 0.71 1.00 11.04 9.06 1.22 10 9 0.45 1.38 10.96 6.50 1.69 10 9 0.42 1.0 11.00 7.78
6026 8.05 7.13 1.13 9 7 0.90 0.58 7.89 5.66 1.39 9 7 0.94 0.65 7.85 4.82 1.63 9 7 1.05 0.34 7.87 5,246027 /!.66 4./!·6 1.04· 20 19 0.77 ".52 4.92 3.63 1.36 20 19 0.75 0.43 5.20 3.09 1.69 7 19 0.94 0.37 5.06 3.36

I
U1
0"1
I

* = Phase Velocities interpolated on LOFT densitometer pos;tio~v* = VUJ;DO ~ Vu;=ug

TABLE 5.7 MEAN VALUES AND STANDARD DEVIATIONS OF THE RADIOTRACER VELOCITY MEASUREMENTS .
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6. Discussion of Mass Flow Rates (Pipe Averaged Mass Fluxes)
Using Two Parameter ~~uations

6.1 Discussion of the Two Parameter Equatiöns

In the existing mass flux measurement model mass fluxes are calculated
combining two instrument readings in the following manner:

G = p Vy-T y T

G = ( (V2) )0.5y-DD Py P DD

(6.1)

(6.2)

(6.3)

In the following, the equations using two instrument readings are
called "two parameter equations". These equations are only correct

for slip S = 1 (compare e.g. Reimann /11/).

An equation which is correct for arbitriary values of slip is

(6.4)

This equation, using three measurements (a, Vg and Vl , the densities
are assumed to be known) is called a "three parameter equation".

In the following, characteristic errors are computed using a two
parameter equation instead of eq. (6.4):
If the following assumptions are made:

i: the gamma densitometer measures the cross section averaged apparent
density:

(6.5)

ii: the turbine meter measures the total volume flow rate per unit area
(total volume flux):

(6.6)

iii: the drag disc measures the cross section average of the two-phase
momentum flux:

(pV2) = (pV 2) = ap V2 + (l-a)p V2
DD tp 9 9 1 1 (6.7)

then the following ratios may be formed by inserting (6.5) - (6.7) in
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(6.1) ~. (6.3) a.nd deviding by (6.4):
·Pg .. .G T (~-... t· ha)(aS+ .1,:,a)

( y~) = Pl . . .
Ir"" th . Pg

a·- S + 1-a
Pl .

(6.8)

G
(--.r:QQ.) =
~ th

~ .Pg 2 0.5((0. ... + 1 ~a)(a-. . 5. + l,:,a)) ..
Pl Pl

Pg0. - 5 + 1-0.
Pl

(6.9)

(GT- DD ) =a~ .. -5
2 + 1"70. .

G th· ap
(0.5 + l~a)(---g -S +l-a)

P
1

(6.10)

These ratios are labled with a "th" (= theoretical) to differ from the
measured ratios which are discussed later.

The Figures 6.1 and 6.2 show these ratios for typical values of 0.
as function of slip for steam-water flow at 40 and ~ 75 bars. Equation
(6.8) gives considerably high values even at low slip. Equation (6.9)
calculates higher calues for slip 5>1 but the deviations from the
correct value are small compared with equation (6.8). Equation (6.10)
using the turbine meter and drag disc reading gives too small values.
With increasing pressure the deviations in using the equations (6.8) to
(6.10) become smaller.

In the following the measured mass fluxes (using the instrument readings
and equations (6.1) - (6.3) and the measured reference mass fluxes are
compared. If these mass fluxes are not equal the difference is caused by
i) the equations (6.1) - 6.3)
ii) the single instrument readings, not giving the cross section averaged

values

These two error sources will be discussed in detail.
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6.2 Ojscussionöf th~ 5" Pip~ Tests

6.2.1 MassFlöw Rate ftöm:Gamma Oensitometer andTurbineMeter

As shown previously the low pressure experiments with the 511 pipe did not
give satisfactory results because the OTT reading was not satisfactory.
Therefore'" in thefollowing only the experiments at ;:; 40 and :::: 75 bars are
discussed and only test points where the OTT was in the measuring range.
Unlike Figure 3.1 where the results were presented as function of mass flux,
Figure 6.3 shows the results as function of the interface level. Table 6.1
contains a comparison of the various ratios: the measured ratios using
eq. (6.1) - (6.3) are presented in the columns (1) - (3) and the calculated
ratios from (6.8) - (6.10) are shown in the columns (4), (6) and (8). As
shown, in section 5the OTT was measuring mostly steam flow in the 51: pipe
experiments. Therefore the assumptions (6.6) and (6.7) are not quite correct.

At these experiments. better assumptions are:

i) the turbine was measuring the phase velocity of steam

(6.11)

ii) the drag disc was measuring the momentum flux of the steam phase,

(6.12)

(6.13)

If (6.11) and (6.12) are used in the equations (6.1) - (6.3). the
following ratios may be formed:

PgG
y

_T ' ' ,-,, ,+ 1-0.
( (] )th= 0. ~l

0.-.-9.+ (1-0.)/5P,

G
( y-OO)

. th
G

= (6.14)

The corresponding values
5, T and 9.

.
(GT-OO)th =

G

1

, 1-0. P,
a. + -' --L

5 Pg

from these

(6.15)

equations are contained in the columnS
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Column 1 shows that the ratio Gy-T/GRef is m.ostly eonsiderably above 1.

aften by a faetar 2. The valuesare even higher than the values in eolumn
4 beeause the turbine veloeity was about 10% higher than the volumentrie
flux. The agreement between eolumn 1 and 5 is very good.

It ean be summarized that in high void fraetion tests where the turbine
measured approximately the volumetrie flux, very high deviation are
eaused by the use of the two parameter equation (6.1).

6.2.2 MassFlöw RateftömGammaDensitömeterand Drag Dise

The results are shown in the Figures 3.2 and 6.3. Column 2 of Table 6.1

shows that the values of the ratio Gy-DD/GRef are in general mueh eloser
to 1 than the values in eolumn .1. This is mainly eaused by the faet that
equation (6.9) (eolumn 6 and Figs. 6.1 and 6.2) is only weakly dependent
on slip. The values of the eolumn 2 are in general lower than the eorres­
ponding values in eolumn 6 beeause the measured steam moment um flux was
smallerthan the total two-phase momentum flux. The agreement between
eolurnns 2 and 7 is very good also at. test points, where the values are
eonsiderably below 1 (e.g. Test Nr. 6044 and 5047).

To sum up, it ean be stated that the eombination of densitometer and drag
dise gave mueh better results than the eombination of densitometer and
turbine meter. The reason for this is that equation (6.2) gives values whieh
are only slightly too high ~ven at high slip values. There errors are sorne­
times eompensated somewhat by the drag dise reading whieh was in general
too low. Large errors oeeurred when the measured steam moment um flux was
eonsiderably lower than the total momentum flux (pV 2 )tp'

6.2.3 Mass FlöwRate fromTurbine Metet and Drag Dise

The Figures 3.3 and 6.3 eontain the results. The measured ratio GT-DD/GRef
(eolumn 3) is always too low due to the faet that
i) equation (6.10) 9ives too low values
ii) the measured momentum flux is lower than the total momentum flux and

the turbine meter veloeity is higher than the volumetrie flux.

The eomparison of the eolumn 3 to the eolumns 8 and 9 show these effeets ..
For most of the test points the errors are mainly eaused by i) and not by ii).
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6.3Di~tu~siö~·öfth~3"Pip~T~sts

Table 6.2 again shows the measured and calculated ratios for the various
combinations. For the computed values eq. (6.8) ~ (6.10) were taken using
the assumptions (6.5) - (6.7). It was shown in Chapter 5 that these
assumptions are not as fulfilled as for the 511 pipe tests. Therefore the
deviations between the corresponding columns are larger.

The T~bles 6~2 and 3.1 and the Figures 3.1 - 3.3 and 6.2 show that the
results for the combination gamma densitometer-turbine meter have a much
higher accuracy in the 311 pipe tests than in the 511 pipe tests.

The reason for this is
i) the slip is lower and because of this ratio (Gy-T/G)th is not as high

as in the 511 tests.
ii) the turbine in general did not read higher than the volumetrie velocity

but only about 0.8.(Vsl +V sg ) (Figure 5.6). This tends to compensate
the error of i).

However there are some test runs (6017, 18, 56) with Vsl ~ 0.5 m/s and
Vsg ~ 5. m/s which are similar to the 511 pipe tests. These test points
were situated in the wave droplet flow regime with relatively low droplet
entrainment. Therefore the turbine measured about the phase velocity of

steam, the ratio (Gy-T/GRef) is much higher than 1 and even higher

then (Gy_T/G)th'

If these points are not taken into account themean values and standard
deviation are as follows

p(bar) (Gy_T/GRef) a

40 1.05 0.1
75 1.07 0.17

40 + 75 1.06 0.11

Fig. 6.4 shows (Gy-T/GRef) as function ofthe interface level, The ratio
increases with decreasing interface level. This tendency is caused by the
fact that with decreasing interface level the slip increases and thus
the rati 0 (Gy_T/G)th increases.
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To sum up, it can be stated that the measurements using turbine and
gamma densitometer had a good accuracy if the interface level was in the
turbine. Large errors occurred at low values of Vs1 (Vsl ~ 0.5 m/s) and
high void fraction (interface level near the bottom of the turbine or below).

6.3.2 MassFlöwRate'frömGammaDensitömeterandDragDisc

The equation (6.2) introduces only small errors for the slip range which

exists in the 311 pipe tests as the column (Gy-DD/G)th in Table 6.2 shows.
Therefore, the mass flux ratios in Figure 6.4 show the same tendency as the
momentum flux ratios in Figure 5.7. Because the mass flux is evaluated with
the square root of the drag disc reading, the deviations in Figure 6.4 are
about half of the deviations in Figure 5.7.

To sum up, it can be stated that the deviations in mass flux are caused
by the local measurement of the drag disc which in general is not
characteristic for the cross section averaged value.

6.3.3. MassFlöwRate from Turbine Meter and DragDisc

The deviations are caused by the following effects:

i) the accuracy of the equation (6.3) is quite sensitive to slip and
gives in general too low values

ii) the drag disc reading which is too low for (y/d)IF < 0.5 and too

high for (y/d)IF > 0.5

iii) the turbine meter reading which is about 0.8. (Vsg+Vsl ) for an inter­
face level in the turbine and about (Vsg+V sl ) for an interface level
below or near the bottom of the turbine.

These effects are superimposed and cause the large scattering of data.

6.4 Influente of the Axial Distance betWeen Gamma Densitometer and DTT Position

Up to now the length weighted densitometer density (void fraction) was
used for evaluating the mass fluxes although it was shown in 5.1 that
a correction for stratification improved the agreement between the 3 beam
densitometer and the radiotracer void fractions. The length weighted void
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fraction was smaller thanthe corrected value andgaye a higher value

for the s:lip. On the otherhand the axial distribution of radiotracer
velocities (Figure 4.8) showed that even at the instrument position an
axial change of phase velocities could still exist with the tendency
that slip increased with increasing pipe length. Therefore the too high
slip evaluated from the upstream densitometer was compensated somewhat
by the fact that at the OTT position slip has increased due to the
velocity rearrangement between the two positions.

To examine this effect, the axial radiotracer void fraction distributions

evaluated from aRl = 1 - Vsl/VRl were extrapolated to the OTT position
(Figure 6.5) and the corresponding densities were used for the equations
(6.1) and (6.2). Table 6.3 shows that the mean values are nearly the
same which justifies the assumptions that the two different effects
compensate each other.

6.5 MaSsFluxesasFunttiön of FlowRegime

As it was done for the reading of th.e single instruments, in the
Figures6~6 - 6.8 the mass fluxes are drawn in the flow regime map.
The mass flux G

Y
_T has the least error in the slug flow regime and

large errors in the wave flow regime and the transition to annular
droplet flow. The accuracy of the mass flux G

y
_OO is quite good in the

wpve and transition to annular droplet flow regime and in the transition
from slug to elongated bubb~e flow. However in the slug regime the
results are to low. The values of GT- OO are mostly too low except those
in the transition from slug to elongated bubble flow.
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,
Measurements Calculated Values

Test G Gy-OO GT- OO G G·.,.OO
(GT- OO )Nr. y-T -.1.:.I y )

GRef GRef GRef
(G )th G. th· . ..G th

1 2 3 4* .. 5**. * 7** * 9**6 . .8

P :::: 40 bar

5001 2,21 1,13 0,59 2,02 2,12 1,18 1,09 0,70 0,56
5002 1,92 0,87 0,40 1,89 2,03 1,10 0,88 0,64 0,38
5004 2,27 1,30 0,75 2,11 2,21 1,29 1,28 0,79 0,74
5005 1,97 1,32 0,89 1,80 1,85 1,26 1,25 0,87 0,85
5037 1,79 1,01 0,57 1,69 1,76 1,10 0,96 0,72 0,52
5038 1,72 1,16 0,78 1,72 1,78 1,16 1,11 0,79 0,69
5039 1,24 0,98 0,77 1,18 1,19 1,04 1,00 0,92 0,85
5043 2,10 1,30 0,81 2,04 2,11 1,32 1,31 0,85 0,82
50'44 1,34 0,57 0,24 1,23 1,27 1,01 0,53 0,82 0,22
5054 1,69 0,97 0,56 1,59 1,64 1,09 0,95 0,75 0,55
5055 1,56 0,78 0,39 1,60 1,68 1,06 0,78 0,70 0,37
505p 1,82 1,02 0,57 1,83 1,92 1,13 0,99 0,70 0,51
5057 1,91 1,25 0,82 2,08 2,16 1,28 1,25 0,79 0,73
5058 2,13 1,35 0,86 2,04 2,11 1,31 1,31 0,85 0,82

·5059 2.11 1.24 0.73 1.24 1.20 °77 0.70
x 1,85 1,08 0,65 1,78 1,84 1,17 1,06 0,77 0,62
(J 0,30 0,22 0,19 0,30 0,32 0,10 0,22 0,08 0,20

P :::: 75 bar

5014 1,10 0,97 0,86 1,033 1,0311,00 0,95 0,97 0,89
5015 1,35 1,03 0,79 1,252 1,27 1,06 1,03 0,90 0,83
5016 1,41 0,97 0,67 1,27 1,30 1,05 0,95 0,86 ' 0,69
5021 1,26 0,93 0,68 1,13 1,14 1,01 0,87 0,91 0,67
5022 1,31 1,02 0,79 1,20 1,21 1,04 0,98 0,90 0,79
5023 1,17 1,02 0,88 1,07 1,08 1,02 0,99 0,96 0,91
5024. 1,08 0,99 0,92 1,02 1,02 1,00 0,94 0,98 0,87
50?S 1.45 0,90 0.56 1,30 1.36 1.04 0,87 0.82 0,56
5066 1,58 0,95 0,57 1,50 1,58 1,08 0,95 0,78 6,57
5067 1,52 1,07 0,75 1,43 1,48 1,09 1,03 0,83 0,72
5071 1.57 1,19 0,90 1,97 1.64 1.19 1.19 0.90 0.87
x 1,30 0,97 0,73 1,27

6:~I
1,05 0,95 0,89 0,72

(J 0,23 0,14 0,16 Q,27 0,05 0,14 0,06 0,20
I

P ~ 40 i: 75 bar
- 1,60 1,03 0,69 1,55 1,58 1,12 1,01 0,82 0,66x
(J 0,39 0,20 0,18 0,38 0,40 0,10 0,20 0,09 0,20

222
VT = Vs9+Vs1 ; (pV )00= aPgVg +(1-a)P1V1

2 2
VT = Vg ; (pV )00 = PgVg

TABLE 6.1 COMPARISON OF MEASURED MASS FLUX RATlOS
TO CALCULATED RATlOS (5" PIPE TESTS)



-73-

Measured Values Calculated Values

Test G Gy-OO GT- OO G G G
Nr. y-T ( J:.I.) ( y-OO ) ( T-OO)

GRef GRef GRef G th G th G th

P :::: 40 bar

6003 1,13 0,79 0,55 1,85 1,04 0,59
6004 1,12 0,72 0,46 1,77 1,04 0,61
6005 1,15 0,70 0,40 1,52 1,02 0,69
6013 1,12 0,66 0,39 1,30 1,01 0,78
6014 1,23 0,74 0,45 1,53 1,02 0,67
6015 0,90 1,07 1,27 1,14 1,00 0,87
6016 0,97 1,19 1,45 1,39 1,01 0,73
6017 2,54 0,96 0,36 2,30 1,12 0,54
6018 1,80 0,91 0,46 1,58 1,05 0,69
6019 0,89 1,08 1,34 1,24 1,00 0,81
6020 0,90 1,14 1,44 1,26 1,00 0,80
6021 1,14 0,71 0,44 1,48 1,02 0,69
6022 1,00 0,88 0,77 1,40 1,01 0,73
6023 1,14 0,73 0,46 1,49 1,01 0,69
6024 1,10 0,71 0,45 1,41 1,01 0,73
6025 1,01 0,64 0,40 1,26 1,01 0,81
6026 1,05 0,69 0,45 1,43 1,01 0,71
6027 1,01 0,83 0,69 1,35 1,01 0,75
6048 1,13 0,70 0,44 1.,59 1,02 0,65
x 1,111 U,öJ 0,67 1,4~ 1,UZ U,/1
0 0,39 0,18 0,39 0,26 0;03 . ·0,08

P ::: 75 bar

6035 1,00 1,10 1,21 1,08 1,00 0,94
6036 0,91 1,10 1,33 1,18 1,01 0,86
6037 0,97 1,07 1,18 1,27 1,01 0,80
6051 1,51 0,85 0,48 1,50 1,04 0,62
6052 1,22 0,76 0,86 1,48 1,04 0,72
6053 0,95 1,08 1,23 1,27 1,01 0,80
6054 0,96 0,96 1,32 1,37 1,02 0,75
6055 0,89 1,06 1,27 1,14 1,00 0,88
6056 2,18 1,09 0,54 1,88 1,25 0,67
6057 1,13 0,87 0,67 1,47 1,03 0,71
6058 1,23 0,81 0,33 1,54 1,04 0,70
6059 1,22 0,80 0,52 1,36 1,02 0,76
6060 1,07 0,82 0,67 1,41 1,02 0,74
6061 .0,94 1,12 1,33 1,23 1,00 0,82
6062 1,08 0,72 0,48 1,34 1,01 0,77
6063 0,97 0,52 0,28 1,02 1,00 ·0,98
x 1,14 0,92 0,87
0 0,32 0,18 0,38

P ;:: 40 + 75 bar
x 1,16 0,87 0,76
0 0.35 0.18 0.40

TABLE 6,2 COMPARISON OF MEASURED MASS FLUX RATlOS
TO CALCULATED RATlOS (3" PIPE TESTS)
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length weighted radionuclide
densitometer density at
density OTT position

Test G Gy-OO G Gy-OO::Nr. y-T .~GRef GRef GRefRef

p <:1 40 bar

6013 1,12 0,66 1,00 0,62
6014 1,23 0,74 1,43 0,80
6015 0,90 1,07 1,00 1,13
6016 0,97 1,19 1,08 1,25
6017 2,54 0,96 2,50 0,95
6018 1,80 0,91 2,37 1,05
6019 0,87 1,08 0,87 1,09
6020 0,90 1,14 0,97 1,19
6021 1,14 0,71 1,41 0,79
6022 1,00 0,88 1,07 0,91
6023 1,14 0,73 1,25 0,76
6024 1,10 0,71 1,23 0,75
6025 1,01 0,64 1,25 0,71
6026 1,05 0,69 1,13 0,71
6027 1,01 0,83 1,02 0,84
- 1,19 0,86 1,31 0,90x
a 0,44 0,19 0,49 0,20

P ~ 75 bar
6052 1,22 0,76 1,26 0,77
6053 0,95 1,08 0,95 1,08
6054 0,96 0,96 1,04 1,18
6055 0,89 1,06 0,92 1,08
6056 2,18 1,09 1,99 1,04
6057 1,13 0,87 1,07 0,84
6058 1,23 0,81 1,19 0,80
6059 1,22 0,80 1,34 0,83
6060 1,07 0,82 0,98 0,81
6061 0,94 1,12 0,93 1,11
6062 1,08 0,72 1,07 0,72
6063. .0,97 .0,52 1,02 . 0,53 ..

- 1,16 0,87 1,13 0,90x
a .0,36 0,18 0,31 .0,20 ..

P ~ 40 + 75 bar
- 1,17 0,87 1,23 0,90x
a 0,40 0,18 .0,41. 0,19.

TABLE 6.3' MASS FLUXES EVALUATED WITH DIFFERENT DENSITIES
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7. MassFlöw Rat~$ üSi~g VariousTütbi~~Mödals

(Tnt~e~paramet~rEgü~tiöns)

The equation (6.4) for mass flow rate shows that there are 3 independent
variables: a, V and S if the densities are assumed to be known. On the
other hand, there are 3 independent measurements Py' VT and (PV 2)DD
which can be used to calculate these variables. For doing this, it is
assumed that

i) the gamma densitometer measures the apparent density p (eq. 6.5)
with this equation the void fraction a can be directly computed

P,- P
a=---

Pl- Pg

In the following the length weighted 3 beam densitometer void fraction
is used.

ii) the drag disc measures the two-phases momentum flux (eq. 6.7))
assuming that the single phase drag coefficients are equal 1. From
this equation it follows for slip

(7.1)

i;i)for the turbine reading the expression from the void fraction,
Rouhani, Aya or Estrada model is used (eq(5.1)-(5.4).

Transforming these equations, the liquid velocity Vl is expressed by

(7.2)

0.5
a(pV2)DD/Pg~VT

+ ----"'---
P

Void Fraction MOdel
(l-a) 2VT

2
Vl = (i-pa) VT + (--2-­

,p

with P = (1-a)2 +a(l-a)Pl/Pg
Estrada Model

aY(1+y)2pgVi - 2ay2(lfY)P9VTV; + (aPgVr +ay3pgVT2

- (1-y)2(pV 2)D,D)V; + 2y(1+y)VT(PV2)DOVl - y2(pV2)DDVr = 0

(7.3)
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. 1-a Pl
with y =a

Pg

eq. (7.3) has to be solved iteratively.

AyaMödel

(7.4)

P
_ 1+yO.5

with - yO.5

By inserting Vl in eq (7.1) S is computed and then Gfrom

G= (aPgS + (l-a)Pl)Vl (7.5)

With the"Röuhani ·Mödel first slip S is computed iteratively by

(1- (pV2)od(V.yaPg))S1++2yS3 + (y2+y - 2y(pV 2)OO/(V.yap g))S2

+ 2y2S + (y3_ y2(pV 2)OO/(V.yaPg)) = ° (7.6)

1-a Plwith y--
a Pg

and then inserted in eq (5.2) to obtain Vl

Table 7.1 shows the results for the 511 pipe tests: The void fraction
model does not give a realyalue for Vl for most of the test points
although in the 511 pipe experiments the assumption of this model for
the turbine reading is quite well fulfilled. The reason for the
negative radical in equation 7.2 is the too small drag disc
reading. The points where a real solution for Vl exists belong to test
points with a low liquid input where the steam momentum flux (pV 2)gg is
about the total momentum flux (pV 2)tp' The liquid velocity is predicted
too low, the slip to high.

The other models fail totally because the measured turbine reading S is
essentially higher than the predicted value. This gives rise to either a
a complex solution for Vl(Aya model) or a negative slip (Estrada and
Rouhani model).
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For the3" pipe tests (Table 7.2) the void fractionmodel .gives areal
solution for all test points except one. The acc~racy of the mass flow
evaluation is worse than using the twoparameter·equation (2) combining
the densitometer and" drag disc reading. Slip is described qUite well.
The Aya'and Estrada model give only for apart of the experiments a
meaningful solution. The Rouhani model again gives always values 5<0.

Summarizing the5" and 3" pipe tests if can be stated that no model was
applicable for all test points. If a solution existed the mean accuracy
of the computed mass fluxes was not improved compared to the drag disc­
densitometer mass fluxes. Therefore there is no advantage in applying these
models in a strongly stratified horizontal two-phase flow because the
assumptions of constant void and velocity distribution in the cross section
are not fulfilled.
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y-Densitometer Void Fraction Model
+ Ref.-Values

Test p Vl S Vl S GVF/GRef
Nr. bar (m/s) (1) (m/s) (1) (1)

5001 3.14 3.35 R<O
5002 2.14 2.56 "
5004 2.06 5.03 "
5005 I. 75 5.73 "
5037 2.04 2.48 0.45 12. I 0.64
5038 40 I. 52 3.29 1.25 4.16 0.97
5039 2.34 2. 19 R<O
5043 I. 61 6.15 "
5044 4.07 1.34 "
5054 4.27 2.34 "
5055 2.60 2.02 0.43 12.46 0.46
5056 I. 78 2.74 0.99 5.03 0.78
5057 1.05 4.76 1.67 2.76 1. 10
5058 I. 61 6.14 R<O
5059 2.36 4.19 "

5014 4.56 I. 27 R<O
5015 2.18 2.41 "
5016 2.85 1.88 "5021 5.62 1.40 "5022 75 4.16' I. 91 "
5023 4.33 I. 79 "
5024 6.72 1. 14 , "5025 3.02 I. 73, "5066 2.40 2.20 "
5067 2.04 2.48 "5071 1.21 4.62 0.88 6.65 0~97

Mean Values Void Fraction Model

p (bar) 40 75 40 + 75

Vl Model/Vl 0.67 0.73 0.68

a 0.58 - 0.52

SModel/S 2.95 1.44 2.69

a 2.44 - 2.27

GModel/GRef 0.79 0.97 0.82

a 0.25 - 0.24

N/Ntotal 5/15 I/lI 6/26

Table 7.1 Results from Void Fraction Model (5" Pipe Tests)
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y-Densitom. Void Fraction Model Aya Model Esl:rada Model
+Ref .-ValuES

Test p VI S VI S
G'(f;GRef VI S GA/GRef VI S GR/GRef

Nr. (bar) (m/s) (I) (m/s) (I) (m/s) (I) (m/s) (I)

6003 3.07 2.54 2.46 1.81 0.78
- .

6004 5.34 2.21 3.79 1.94 0.71
6005 6.29 I. 79 3,97 2.18 0.65
6013 8.04 I. 44 4,24 2.46 0,61
6014 3.23 I. 88 2.31 2.19 0.72
6015 I. 55 1.44 1.67 0.54 1.07 1.67 0.56 1.07 1.38 5.87 0.95
6016 0.94 I. 91 I. 14 0.60 I. 19 I. 14 0.45 1. 19 0.91 5.14 1.04
6017 40 2.13 3.23 1.07 7.50 0.63
6018 5.43 I. 95 2.33 5.39 0.68
6019 I. 99 I. 74 2.18 0.42 1.08 I? • 17 0.92 1.08 I. 73 6.79 0.93

6020 2.02 1.72 2.33 0.44 1. 14 2.32 0.91 1,14 1. 81 6.59 0.97

6021 4.47 1.77 3.03 2.07 0.69
6022 2.75 I. 79 2.44 1. 28 0.88 2.28 2.59 0.85
11023 3.81 I. 81 2.69 2.02 0.71
6024 5.51 I. 62 3.70 1.93 0.69
6025 7.61 1.37 4.37 2.0 0.61
6026 4.94 I. 67 3.27 1. 89 0.68
6027 3.01 I. 68 2.51 1. 42 0.83 I. 95 4.88 0.72
6048 4.08 2.09 2.80 2.18 0.69

6035 I. 83 3.83 2.03 I. 78 I. 11 2.03 I. 17 I. 11 I. 86 11.05 I. 83

6036 2.10 I. 89 2.35 0.19 1.10 ~.34 0.61 1.10 1. 91 5.89 0.97

6037 2.36 1.92 2.61 0.70 1.07 2.63 0.26 1.07 2.32 3.33 1.02

6051 3.75 1.92 2.37 3.31 0.74
6052 5.10 I. 88 3.32 2.46 0.69
6053 2.16 I. 70 2.45 0.70 1.08 2.47 0.17 1.07 2.06 3.25 1.00

6054 75 0.99 1.88 ' 1. 18 0.67 I. 12 I. 20 0.06 1. 10 0.96 3.34 1.03

6055 1·.76 I. 38 1. 93 0.56 \,05 I. 94 0.13 1.04 1.55 4.00 0.95

6056 2.31 2.82
GOS7 2.74 2.02 2.41 I. 66 0.86
6058 3.39 2.06 2.62 2.18 0.78
6059 4.84 I. 64 3.42 2.18 0.75
6060 3.22 I. 95 2.78 I. 56 0.84
606i 2.33 I. 73 2.69 0.53 1. 12 2.70 0.16 I. 11 2.19 4.21 1.01

6062 5.00 I. 63 3.34 2.06 0.69

Mean Values Void Fraction Model Aya Model Estrada Model

p(bar) 40 75 40 + 75 40 75 40 + 75 40 75 40 + 75

V '
IMode/VI 0.77 0.93 0.84 1,0 I. 14 1.07 0.91 0.95 0.93

a 0.23 0.22 0.23 0,22 0,04 ·0,16 0.04 0.05 0.05

SModel/S 1.09 0.77 0.95 1.01 0.15 0.55 3.63' 2.39 3.04

a 0.66 0.50 0.61 \'02 0.11 0,80 0.63 0.59 0.60

GModel/GRef 0.79 0.93 0.85 1,01 1.09 1,05 0.97 1.0 0.98

a
0.19 0.18 0.19 0,18 0.03 0.13 0.05 0.03 0.04

N/N 19/19 14/15 33/34 6/]9 7/15 35/34total 13/.34 19/19 16/15

~able 7.2 Results from Void Fraction, Aya and Estrada Model (3" Pipe Tests)
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8. calibtatiönof theLOFTMassFlöw Rate Instrumentation

8.1 Pössibilities:ofcalibration

As it was shown, the accuracy of the combination of DTT and gamma
densitometer is quite dependent on the phase and velocity distribution in
the cross section. Using calibration coefficients, obtained from these steady­
state tests, should improve the accuracy in other (transient) experiments
if

i) mass flux,quality and pressure ranges are the same
ii) the geometry is the same (diameters, arrangement of the single

instruments, pipe geometry upstream the instrumentation etc).
iii) the transient does not affect the phase distribution

Compared with the measurement condition in the LOFT experiments these
conditions are only partly fullfilled. These experiments were made at
quite moderate mass fluxes compared to mass fluxes occuring at the be­
ginning of a full area break blowdown, the use of calibration co­
efficients therefore should be limit~d to the mass fluxes investigated.
At these relatively low mass fluxes, more typical for the end of a large
area break blowdown or a small area break blowdown, the transient effects
should be of minor influence. Different geometries e.g. elbows not far
away upstream of the instrument position are influencing very much the phase
and velocity distribution. Thus an extrapolation of calibration results is
quite doubtful.

Because the tested instrumentation is sensitive to phase and velocities
distribution, a calibration procedure should be based on these distributions.
The 3 beam gamma densitometer can give the information on phase distribution
and flow regime. Using calibration factors for each instrument, different
for each flow regime, the mass flux can be evaluated with three parameter
equations. Using a two parameter equation, the mass flux as a function
of flow regime should be looked at and the corresponding calibration
factors should be determined directly from such a map. However, such a
calibration is advantageous only if exactly these flow regimes (with the
same slip values etc.) exist in other experiments. In general this is not
ensured. Because of this a simple calibration procedure is presented which
is believed to be more generally applicable. This procedure uses the height
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of the interface level evaluated from the densitometer void fraction to
set up different calibration factors as function of this height.

8.2 Pipe Averaged MassFlux ftömCalibratedGamma Densitömetetand
DtagDisc'(Twö~Parametet'Eguatiön)

If a two-parameter equation is used, the equation combining the momentum
flux and density is the most applicable because this combination is least
sensitive to slip.

As it was shown in Figure 5.9 in the 3" pipe tests the ratio of drag
disc reading to total two-phase momentum flux was clearly different
if the interface level was below or above the drag disc:

3" pipe tests

for (y/d)IF >0.5

for (y/d)IF <0.5

(PV 2 )DD =1.2(pV 2 )tp

(PV 2 )DD =0.57(pV 2 )tp

If the two-phase momentum flux mainl~ consisted of the gas momentum
flux which is connected with low interface levels (5" pipe tests,
Figure 5.8), the drag disc was measuring about the total momentum flux:

5" pipe tests:

for (y/d)IF < 0.2

The density (void fraction) from the 3 beam gamma densitometer should
be evaluated with a flow model (Lassahn 17/). If the length weighted method
is used a correction for stratification should be appl.ied as shown in
5.2.1 depending on the beam orientations. In the following analyses
this correction is not applied because the density error from the
length weighting procedure was nearly compensated by the change of flow
distribution between the positions of the densitometer and the DTT.
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Therefore the following procedure is proposed

with
C = 0.91 for (y/d)IF > 0.5

C = 1. 32 for 0.5>(y/d)IF> 0.2

C = 1.0 for 0.2>(y/d)IF

Table 8.1 shows a comparison of results with and without calibration factors
for the 311 pipe tests. An improvement is clearly seen. The factor C is
equal to 1 for the 511 pipe tests; that means the original two parameter
equation is used, the results (shown again in Table 7.2) were very
satisfying.

Similar calibration procedures for the other instrument combination are
useful only for small ranges of parameters because of the large slip
sensitivity of the corresponding equations.

Looking at the turbine-gamma densitometer combination in the 311 pipe .
tests the positive error in the mean value of the data calculated from
the two parameter equation was fairly well compensated by the too low
turbine reading (Table 6.2) as long as the interface level was not below
or near the bottom of the turbine. Of course this compensation worked
only well for small values bf slip. In the 511 pipe tests the higher
slip caused higher errors by the equation itself. Here, obtaining a
calibration factor is not possible.

Regarding the turbine-drag disc combination, a similar procedure
proposed for the drag disc could be made for the turbine. This should
improve the mass flow rates for the small sl ip values in the 311 pipe tests
for 0<IFS100 but would not work for the 511 pipe tests. The reliability
of such a procedure is very restricted and is not discussed in
deta il .

The disadvantage of two-parameter equations is that phase velocities
and slip cannot be evaluated. This can only be done by using three-parameter
equations. Such a model using calibration factors is discussed in the
foll owi ng.



-83-

8.3 Mass FlowRata u~ingThree-ParametarEqüatiöhS'withCalibration

Factörs

The correct equation for mass flow rate contains three parameters
u, Vl and Vg or a,S and Vl which can be computed from three independent
measurements. The model used in chapter 7 were not very successful because
for horizontal two-phase flow the drag disc and turbine reading were not
modeled satisfactorily for both the 511 and 311 pipe tests.

In the model presented the readings of the single instruments are
corrected by calibration factors which are a function of the interface
level.

It is assumed that

i) the gamma densitometer measures the mean density p and
void fraction u, respectively. The density (void fraction)
is evaluated according to the method by Lassahn (/7/) or if
a length weighted method is used with a correction similar as
it was presented in 5.1

ii) Using a single phase calibration curve (thus assuming that the
drag coefficients in single phase and in two-phase flow are
equal) the drag disc measures

(8.1)

iii) Using a single phase calibration curve the turbine measures

VT = B{uS+{l-u))Vl

From (8.1) and (8.2) it follows

(8.2)



where

and
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= 1-~ VT ((1,;.~)2 VT2 + ~{PV2)DD/p9~VT/B2

Vl P B +p2 .8 2 P

p = ~(1-~) AP1/Pg + (l-~)

VT /B- (l-a)V1

s =------
aV l

(8.3)

(8.4)

A and Bare taken from the experiments.

A = 1.2 for IF > 50 %.

A = 0.5 for IF < 50 %

B = 0.8 for IF > (y/d)bottom of turbine

B = 1.1 for IF < (y/d)bottom of turbine.

The pipe averaged mass flux is evaluated from

(8.5)

Table 8.1 and 8.2 also contain the results obtained with this method.
For the 5" pipe tests the accuracy for mass flux is slightly reduced
compared with that from the two-parameter equation but slip and phase
velocities are described better than from any other three parameter
models. In the 3" pipe tests the accuracy of this method is considerably
higher compared to the other three parameter models both in mass flow
rate, slip and phase velocity, If the information on slip and phase
velocity is not of great importance the combination of gamma densitometer
and drag disc should be used together with the calibration factors which
gives the best accuracy for the mass flow rate.
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TPE* t-Densitometer Three Parameter Equations

.Gf - DD
+ Ref.-Values with Calibration Factors

Test p Vl S Vl S .
Nr. GRef

G
(bar) (m/s) (1) (m/s) (]) ·3P__c

GRef

5001 1. ]3 3. ]4 3.35 3.80 2.78 1.06
5002 0.87 2. ]4 2.56 1. 6] 3.24 0.82
5004 1.30 2.06 5.03 4.55 2.19 1.28
5005 1.32 1. 75 5.73 5.85 1. 70 1.36
5037 I. 0] 2.04 2.48 2.22 2.20 1.01
5038 40 1. 16 1.52 3.29 2.96 1.57 1. 28
5039 0.98 2.34 2. ]9 3.94 1. 20 0.99
5043 I. 30 1. 6] 6.15 3.2] 3.08 1. 23
5044 0.57 4.07 1. 34 1.46 3.94 0.49
5054 0.97 4.27 2.34 4.07 2.36 0.93
5055 0.78 2.60 2.02 1.80 2.63 0.78
5056 1.02 1. 78 2.74 2.22 2.00 1.09
5057 I. 25 1.05 4.76 2.98 1. 39 1. 41
5058 I. 35 1. 61 6. ]4 4.85 1. 97 1.39
5059 1.24 2.36 4. ]9 4.13 2.31 1. 23

5014 0.97 4.56 1. 27 5.20 1.08 1.02
5015 1.03 2.18 2.41 2.75 1.88 1.03
5016 0.97 2.85 1.88 I. 86 2.94 0.90
5021 0.93 5.62 1.40 4.55 1. 78 0.93
5022 75 1.02 4.16 I. 91 5.41 1.45 1.05
5023 1.02 4.33 1.79 8.60 0.88 1.04
5024 0.99 6.72 1. 14 9.09 0.82 1.08
5025 0.90 3.02 1.73 1.99 2.69 0.84
5066 0.95 2.40 2.20 2.02 2.57 0.92
5067 1.07 2.04 2.48 3.13 1.55 1. ]2
5071 1. 19 1. 21 4.62 3.93 1. 31 I. 31

Mean Values 11 Two-Parameter Equation Three Parameter Equations
with Calibration Factors

p (bar) 40 75 40 + 75 40 75 40 + 75.

Vl Model/Vl 1.67 1.34 1.53

a 0.89 0.75 . 0.84

SModel/S 0.83 0.94 0.87

a 0.67 0.40 0.56

G /G 1.08 1.00 1.05 1.09 1.03 1.06Model . Ref

a 0.23 0.08 O. ]8 0.26 O. ]3 0.2]

N/Ntotal ]5/]5 ]1/1] 26/26 ]5/]5 ] I / I I 26/26

TABLE 8. I Mass Flow Rate Evaluation with Calibration Factors (5" Pipe Tests)
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TABLE 8.2 Mass Flow Rate Evaluation with Calibration Factors (3" Pipe Tests)

TPE* TPE*-lf y-Densitometer Three Par. Equationsc '
+Ref.-Values with Cal Factors.

Test p G (Gy-DD)C V, Vi S G3Py-'-DD SNr. . . c
(bar) GRef GRef (m/s) (1) (m/s) (I) ---

~ef

6003 0.79 0.05 3.07 2.54 3.20 1.71 1.01
6004 0.72 0.95 5.34 2.21 4.63 2.00 0.87
6005 0.70 0.93 6.29 I. 79 4.53 2.41 0.76
6013 0.66 0.87 8.04 1.44 6.36 1.43 0.81
6014 0.74 0.99 3.23 I. 88 2.88 2.20 0.90
6015 1.07 0.97 I. 55 1.44 1.51 I. 45 0.98
6016 I. 19 1.08 0.94 I. 91 1.03 I. 28 1.09
6017 40 0.96 I. 27 2.13 3.23 2.09 3.30 0.99
6018 0.91 1.20 5.43 I. 95 4.89 2.27 0.97
6019 1.08 0.98 I. 99 I. 74 1. 98 1. 31 0.99
6020 I. 14 1.04 2.02 1.72 2.11 I. 22 1.05
6021 0.71 0.94 4.47 1.77 3.75 2.09 0.85
6022 0.88 I. 17 2.75 I. 79 3.26 I. 15 I. 17
6023 0.73 0.97 3.81 I. 81 3.75 I. 20 0.95
6024 0.71 0.94 5.51 I. 62 4.50 I. 99 0.84
6025 0.64 0.90 7.61 I. 37 4.87 2.25 0.70
6026 0.69 0.91 4.94 1.67 4.11 1.88 0.85
6027 0.83 I. 10 3.01 1. 68 3.33 I. 29 1.10
6048 0.70 0.93 4.08 2.09 3.60 2. 11 0.88

6035 1.10 1.00 I. 83 3.83 1. 57 1. 70 0.88
6036 I. 10 1.00 2.JO I. 89 2.10 1. 66 1.01
6037 1.07 0.97 2.36 I. 92 2.32 1. 83 0.98
6051 0.85 I. 12 3.75 1. 92 3.91 1. 66 1.02
6052 0.76 1.01 5.10 I. 88 5.16 I. 31 0.92
6053 1.08 I. 98 2.16 I. 70 2.17 1.50 0.99
6054 75 0.96 0.87 0.99 1.88 1.05 1.36 1.03
6055 1.06 0.96 I. 76 1.38 1.72 I. 39 0.97
6056 1.09 1.44 2.31 2.82 2.66 2.59 1. 11
6057 0.87 I. 15 2.74 2.02 3.08 I. 60 1.09
6058 0.81 1.07 3.39 2.06 2.98 2.45 0.91
6059 0.80 1.06 4.84 I. 64 3.19 3.03 0.77
6060 0.82 1.09 3.22 I. 95 3.59 1.48 1.08
6061 I. 12 I. 01 2.33 1. 73 2.41 1.46 1.02
6062 0.72 0.95 5.00 I. 63 3.75 2.34 0.79

Mean Values ',* Two-Par. Equation '",#Two-Par. Equation Three-Par. Equations
with Cal. Factor with Cal. Factors

p (bar) 40 75 40 +75 40 75 40 + 75 40 75 40 + 75

Vi /Vi 1.02 0.98 1.00
Model

cr 0.40 0.14 0.31

SModel!S 0.99 1. 12 0.99

cr 0.27 0.34 0.27

GModel/GRef 0.83 0.92 0.87 1.01 1.02 1.02 0.93 0.97 0.95

cr 0.18 0.18 0.18 0.11 0.15 0.13 0.12 0.10 0.11

N/N 19/19 15/15 34/34 19/19 15/1534/34 19/19 15/15 34/34total
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9. Oiscussion of the Lotal Behavior of the OTT

9.1 Model for the·Lotal Measurement

In the previous chapters it was.discussed how turoine and drag disc
readings differed from the pipe average values. Now it will be shown that
the OTT readings are consistent for the pipe section covered by the OTT.

In the following a model is used which is demonstrated in Figure 9.1:

- The phase velocities upstream of the OTT entrance (plane 0) are assumed
to be identical with the pipe average values. The void fraction integrated
over the OTT area is different from the pipe a~erage void fraction.

- The entrance grid of the OTT causes a certain homogenization of the
phases but only negligibly effects the phase velocities.

- The flow impinges on the drag disc and a wake behind the drag disc is
formed. The two-phase flow is further homogenized by the impingement and
wake interaction such that the flow at turbine location is homogeneous.

These assumptions imply that the phase velocities at the planes 0 and 1
are about the same. The density or void fraction is different in all planes.
The only way to calculate a local density is

(9.1)

and with this the corresponding void fraction

(9.2)

The way to calculate this density is only exactly valid for S ~ 1. It is
assumed that this density approximately represents the density at all planes.

9.2 OensityComparison

To compare the local density (void fraction) w;th the pipe average
value, the interface level is used. Similar to Chapter 5.1
a OTT is conve~ted to a.liquid level in the OTT with the equations
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aOTT = 1 in (0 - si n0 )

h 1 e
dOTT -="2 (l-cos"2)

(9,3)

(9.4)

(y/d)IF OTT ;s obtained by adding the distance between the OTT and the
pipe bottom to hand deviding this sum by the pipe diameter, From the

gamma densitometer read;ngs the interface level is, in contrast to

sect;on 5.1 evaluated by calculating the interface level of the single

beams, convert;ng this to a void fraction and then calculating (y/d)y,c'
The same value is obtained by us;ng the length average value and the

correction for totally stratified flow from Figure 5.1. Both interface
levels are compared in Figure 9.2. For the tests where the water level
indicated by the gamma densitometer was above the lower edge of the drag
disco the OTT indicated a htgher interface level than the gamma densitometer.
For an interface level between the lower edge of the turbine and drag disc
both interface levels were very close. If the gamma densitometer indicates
a liquid level below the OTT. the OTT liquid level is indicated at the
bottom of the OTT which. of course, is consistent. Therefore these results

show that there is consistency betwe~n the two density measurements and.
therefore. good ,agreement when the results are interpreted correctly.

9.3Velöcity Compar;son

From conservation of mass between the planes 0 and 2 it follows that

aPgVg + (l-a)Pl Vli = pV I
o 2

(9.5)

where V is the mass average yelocity of the mixture at. the turbine location.

Fig. 9.3 shows the ratio of turbine velocity to mass average velocity for

the 311 pipe tests (with a=aOTT'p=POTT)' This ratio is rouch closer to
one than the ratio of turbine velocity to pipe section averaged homogeneous

velocity (F;gure 5.6).

An improvement is also reached for the 511 pipe tests:
Because the OTT was mostly surrounded by steam (POTT=P9), the velocity at
the turbine l0cation was Vg. Figure 5.3showed that the turbine actually

measured Vg'
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9.4 Momentum Comparison

For the momentum flux at the drag disc position it was assumed that

(9.6)

Figure 9.4 shows the ratio of drag disc momentum flux to the calculated
moment um flux. Again this ratio is much closer to one than the ratio of
drag disc reading to cross section averaged momentum flux shown in Figure 5.9.
For the 5" pipe tests the moment um flux at drag disc position was "'PgV~.

Figure 5.8 showed that the drag disc reading was very close to this value.

In summary, it was shown that the OTT readings are consistent; the
measured values correspond to the local values characteristic for the
OTT location.

9.5CaltulatiönofPipeAvetaged MassFlux

The drag disc measures the momentum flux of the fluid in the OTT.
However, both the mass average velocjty and the density exposed to the drag
disc differ from the pipe average values. Although no information is
available from the gamma densitometer OTT combination to correct the velocity,
the gamma densitometer and POTT can be used to correct th.e density contri­
bution to the drag disco

The pipe average density cary be estimated from POTT by calculating the
water level in the OTT, adding the distance between the OTT and pipe bot­
tom, and then calculating a pipe POTT,c from the water level. This cor­
rection should be made if the drag disc signal is used.

The densitometer density in the pipe calculated as the length average
value Py is also in error for the separated flow observed in these experiments.
For the corrected value thesame void fraction was taken as for the inter­
face level (y/d) c and converted to the density P c. Th.is density Py cy, y"
should be taken if th.e gamma densitometer reading is used.

The corrected mass fluxes are then given by
.p ...

G
Y

_T ,c '= . ~,c G
Y

_T = Py • VTy c
(9.~)
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0.5 0.5

Gy-DD,C = (~~c~~~~,C) ~y-DD ~ (py,c PDTT,c) VT

These equations differ from (3.1) .. (3.3) in the values of the
corrected densities.

(9.8)

(9,9)

Figure 9. shows the results for all test points where the DTT measured
an interface level between the upper and lower edges of the turbine, An
improvement compared to Fig. 6.4 is clearly seen, especially for the
combination of turbine and drag disco Of the three mass flux cal~ulations

the combination of drag disc and gamma densitometer showed the least da ta
scatter.
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FIGURE 9.3 TURBINE VELOCITY COMPARISON (3" PIPE TESTS).
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FIGURE 9,4 DRAG DISC MOMENTUM COMPARISON (3" PIPE TESTS)
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10. Mass Flow Rate frDm Radiotracer Velocitiesand Gari1rna Densitometer

For the 5" pipe tests the mass fluxes were evaluated with the radio­
tracer velocities taken at the position 05-07 (Figure 2.1) and the
length weighted 3 beam densitometer void fraction (in the 5" pipe tests

the corrections for stratification were neglectable, compare 5.1). Be­
cause of the upstream position 05-07 the phase velocity of water Vl is
measured in general slightly too high. This explains the positiv mean
error of about 4% in Table 3.1. The scattering of the data shown in
Figure 3.4 can be explained by the relativ small number of injections

per test point (Table 5.7).

For the 3" pipe tests the velocities were interpolated to the
densitometer position by taking the arithmetic mean value between
the measurements at 03-05 and 05-D8 (Table 5.7). The mass fluxes in
Figure 3.4 and Table 2.1 were evaluated with the phase velocities and

the length weighted gamma densitometer void fraction. The mean error

of the ratio GRad-/GRef was +7% which could mainO]y be caused by the
length weighted void fraction (if a . is toD low, ~R d becomes tooy a -y
high because the term (1-a

y
)V 1Pl in eq (3.4) is dominant).

Table 10.1 shows the mass fluxes GRad-
y

with the void fraction
corrected for stratification. The mean error is slightly smaller but
negative now, indicating that not for all test points the use of the
void fraction correction isojustified (compare Chapter 5.1).

Figure 8.1 shows the ratios GRad-y/GRef as.function of the flow
regime for both the 5" and 3" pipe tests (GRad-

y
evaluated with the

length weighted a). The results do not show any clear dependency of flow
regime and void fraction and s"lip, respectively. The measurement
accuracy in the low velocity range where the OTT was below its measuring
range is the same as that in the high velocity range.

In summary, it can be stated that this technique has a very high
accuracy. Further improvement could be reached mainly by improving
the evaluation of the cross section averaged void fraction.
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P :::: 40 bar p .,. 75 bar

Nr. GRad-Ylw
GRef

GRad-ye.
GRef

Test Nr. GRad-Y1W
GRef

GRad-Ye
GRef

6013 1,19 1,05 6052 1,10 0,99
6014 1,01 0,86 6053 1,15 1,07
6015 1,07 0,98 6054 1,06 0,93
6016 1,06 0,93 6055 1,04 0,99
6017 1,05 0,89 6056 1,13 1,01
6018 0,93 0,82 6057 1,11 1,00
6019 1,10 0,97 6058 1,10 0,98
6020 1,10 1,11 6059 1,01 0,88
6021 1,06 0,90 6060 1,11 1,00 I

U)

6022 1,13 0,98 6061 1,10 1,03 co
I

6023 1,01 0,87 6062 1,00 0,93
6024 1,03 0,87 6063 0,93 0,86
6025 1,02 0,87
6026 1,06 0,89
6027 1,12 0,98

x 1,07 0,93 1,07 0,97
(J 0,05 0,08 0,06 0,06

p .,. 40 + 75 bar

x 1,07 0,95
(J 0,06 0,07

TABLE 10.1 RADIOTRACER MASS FLUXES WITH CORRECTED AND UNCORRECTED 3 BEAM GAMMA
DENSITOMETER VOID FRACTIONS
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Conclusiöns

The behavior of a LOFT DTT mounted in freefield configuration anda LOFT
type gaT1l1la densitometer installed in a5" pipe and a3" pip~ test
section in horizontal two-phase flow were investigated. The5" pipe tests
were carried out in wave, wave droplet and transition to annular droplet
flow regimes associated with slip values up to 6 in the high-pressure
experiments (steam-water flow atz40 and ~75 bars) and up to 17 in
the low pressure experiments (air-water flow at r;;2 bars, steam-water
flows at ~4bars). The maximum mass flux was ~ ~600 kg/m2s, a typical
value of void fraction was::: 0.9. The 3" pipe tests were made
at higher mass fluxes (G z1500 kg/m2s) and lower void fractions. max
(atypical ~0.65). The test points were mostly inwave droplet, slug
or transitionto annular droplet flow regimes, associated with slip
values of <3 (steam-water flow at ~40 and ~75 bars). Although these
test series included two different test geometries the conclusions
can be generalized.

The deviations of the single instrum~nt readings fram the cross-section .
averaged values are different for different flow regimes. However,
a closer examinat;on shows that these deviations are for all flow
regimes adefinite function of the height of the water level (interface
level) which is calculated from the gamma densitometerreading.

The error of the mass flow rate evaluated by using two of the
three instruments is also dependent on flow regime and interface level.
This is caused by the deviations of the single instruments and slip
sensitivity of the equations used. The mass flow rate evaluated from
the drag disc and densitometer readings showed the best overall
accuracy.

The accuracy of the instrumentation is considerably higher in
the high pressure tests than in the low pressure tests.
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If the three instrument readings are used to calculated the mass
flow rate with various turbine models the overallaccuracy is not
improved because the model assumptions are only poorly fulfilled in
horizontal, nonhomogenized flow.

An OTT model was developed which showed that tlie local parameters were
measured accurately. Of course, the OTT and the densitometer da not
provide sufficient information for evaluating phase slip, thus, cannot
be modeled to calculate the pipe averaged mass flux in a high slip
condition such as in the 5-inch pipe tests. However, when the water
phase is sufficiently in contact with the OTT, the approximate model
provided reasonably good pipe averaged mass flux for this experiment.
Using calibration factors as a function of the interface level, a simple
calibration procedure is established, and provides a better fit of the
data with respect to mass flow rate, slip, and phase velocities for
these experiments. This procedure, which is restricted to a free field
OTT. has to be checked with additional data.

The mass flow rates evaluated with t~e phase velocities measured by
the radiotracer technique and the gamma densitometer void fraction
have the highest accuracy and widest range. There is no distinct
dependence on flow regime or water level, this technique shows the
same accuracy in the stratified wave flow regime where the OTT was
below its measurement range.

This report presents the analyses of test series made in Oct.-Nov. 1977.
Analysis of tests performed in Feb.-March 1978 with the same type of
instrumentation but a test matrix in the higher mass flow rate and
lower void fraction range is under way; as well as the tests with the
Semiscale instrumentation mounted in full flow configuration
Nov.-Oez. 1977. The comparison of these tests should give an interesting
insight on the behavior of the turbine meter at different dT/dpipe
ratios (LOFT free field turbine in the 511 and 311 pipe, Semiscale
full flow turbine in the 311 pipe).
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Primary Data

PIPE SIZE= 5 INCH DOUBLE EXTRA STRONG
INSIDE DIAMETER= 0.18320 M
TURB. DIA.= 0.a381 M
PIPE AREA= 0.0083647 Mt2

FLOW RATES DRAG
GAMMA DENSITOMETER

RUN A BEAM B BEAM C BEAMSTEAM 14ATER TURB. 'D'1 SK LOl4ER NI DDLE UPPER'ID PRESS. TEMP. SUP-VEL MASS SUP-VEL MASS VEL (KG/ (KG ..... (KG ..... (KG ..... COIIII1ents
TSN (BARS) (DEG C) nl/S) (·KG ..... S) (M/S) (KG/S) (M ..... S) M*St2) 1'lt3) Mt3) l'lt3)

Fluid: Air-Water

4206 2.0 20.1 4.55 0.076 0.050 0.415 3.21 - 260 45 33
4207 1.9 21.3 0.59 0.010 0.050 0.415 0.31 - 474 232 32 T below range
4208 6.2 20.8 1.32 0.069 0.225 1.868 0.39 582 361 134 45 T below range
4209 2.0 22.1 9.73 0.163 0.125 1.038 6.50 720 165 33 38
4210 2.0 22.6 10.39 0.174 0.050 0.415 7.10 596 143 30 41
4211 2.0 21.5 10.39 0.174 0.250 2.075 6.86 1315 134 39 39
4212 6.0 21.7 6.25 0.312 0.230 1.909 5.10 587 143 45 40
4213 2.0 20.9 10.29 0.172 0.500 4.151 7.54 2209 83 42 32
4214 2.0 21.3 3.90 0.065 0.515 4.275 2.65 874 108 61 39
4215 2.0 22.3 1.12 0.019 0.515 4.275 0.77 1016 352 179 30
4216 2.0 23.3 0.62 0.010 0.515 4.275 0.89 1218 377 198 38

FLUID: STEAM - WATER
5031 4.4 121.8 5.84 0.115 0.478 3.681 1. 13 494 172 56 42
5032 5.6 121.9 10.42 0.257 0.238 1.8"22 3.74 603 . 59 19 39
5033 5.6 155.7 0.83 0.020 0.227 1.736 0.16 69 285 132 25 T, DD below range
5034 4.2 142.9 0.82 0.1315 0.484 3.734 0.45 283 T, DD below range
5035 4.4 146.0 4.49 0.089 0.090 0.693 0.15 1:3:3 150 32 38 T, DD belo~ range
5050 4.6 144.7 9.90 0.202 0.119 0.915 4.65 784 104 30 47
5051 4.3 145.8 4.53 0.088 O.:N6 1.899 0.29 206 175 43 39 T, DD below rdnge
5052 4.9 154.2 0.76 0.017 0.109 0.837 0.14 288 527 351 54 T, DD below range

Table I: PRIMARY ENGINEERING UNIT DATA : 5" Pipe Low Pressure Tests



FLUlII: STEfU'l - I~ATER INSIDE DIAMETER= 0.10320 M
PIPE SIZE= 5 INCH DOUBLE EXTRA STRONG TURB. DIA.= 0.0381 M

PIPE AREA= O.B083647 M~2

GAMMA DENSITOMETER F.:AD I OTRACER
FLOW RATES DRAG A BEAM B BEAM C BEAM '·... ELOC I TI ESRUII STEAl1 WATER TURB. DISK LO~IER 111 DDLE UPPER STER~l WATER ConrnentsID PRESS. TE~lP. SUP-VEL MASS SUP- ..... EL 11ASS VEL (KG/ (KG/ (KG/ (KG/ (~l/S) (I'1/S)TSH (BARS) CDEG C) (101/5) (KG/S;' (H/S) (KG/S;' (M/S) ~tS~2;' M~3) Ml3) 11"'3) (AT GAl'lI'jA DaIS)

5001 42.1 244.5 9.81 1,742 0.229 1.509 11. 13 25:33 146 46 33 T above range5002 41. Si 247.4 4.91 0.868 0.232 1.531 5.2'3 607 197 65 40 Preliminary5004 41. 3 244.9 9.8:? 1.709 0.110 0.730 10.68 2348 96 45 42 Radiotracer Data T above range5005 41. 4 246.0 9.75 1.703 0.054 0.359 10.:34 2384 54 ".., 44 T abo'Je range-:..(
Evaluation5037 40.13 247.7 4.77 13.803 0.125 0.833 5.1";- 577 152 3:3 v

'J51338 40.7 248.8 4.83 0.828 0.057 0.377 5.05 571 11.:17 25 113 (all 5" and 3"5039 40.1 247.13 5.07 0.856 0.031 0.208 5.21 514 ..,,,
12 '~r .;, '"-

Pipe Tests)5040 39.9 247.7 0.99 13.166 0.057 0.377 0. :~:7 126 ?-,.-;, 134 113 T. 00 below range_r_
5041 40.8 248.8 0.72 0.124 0.135 0.892 13.:36 178 226 95 21 T. 00 below range51342 40.3 248.8 1.130 13.1713 0.244 1.61'3 0.23 181 238 114 ~,..,

~
T, 00 below range..:. ..

5043 40.1 247.4 9.61 1.625 0.057 0.381 10.60 2065 7·7) 31 41 T above range'"-
51344 413.5 248.5 4.82 13.823 0.498 3.304' 5.74 690 225 92 25045 413.7 2513.6 13.89 0.153 0.503 3.331 13.36 217 293 153 24 T. 00 below range51346 39.8 248.8 0.47 13.079 0.505 3.358 0.15 183 :350 182 25 T. 00 below range I......5054 40.6 247.0 9.48 1.621 0.223 1.481 10.27 2121 124 :36 15 10.27 3.27 T above range 05055 40.1 248.1 4.80 0.811 0.228 1. 516 4.92 ~.")'7 179 4.... 28 N

__I·JI ,;>
I5056 413.8 250.3 4.57 13.785 0.122 1.3.809 4.7Ü 516 163 :35 13 4.83 1. 405057 40.8 251.7 4.78 0.821 0.054 O. :356 4.48 519 122 31 20 5.13 1.355058 40.2 248.1 9.54 1. 616 0.(163 0.417 1tl.31 2169 '31 82 24 10.0(1 2.3Ü T above range5(159 40.0 246.7 9.44 1.588 0.116 0.769 113.20 2Hl6 112 ::::2 27 10.(11) 2.5:;: T"above range5060 40.0 247.0 1".1);:l 0.182 0.127 I). :::42 1).19 107 247 79 :3 1 ':'..,. 1. 15 T, 00 below range._1

5061 40.13 248.5 13. 'Oll 0.153 0.(157 0.377 0.18 '~2 29:3 153 24 1.05 €I. 5:3 T. 00 below range5062 4.8.8 248.5 1.08 1).186 0.232 1. 5:~;6 0.24 85 242 106 40 1. :~:3 2.01) T, 00 below range

5014 74.8 288.3 5.76 1.895 0.033 0.201 6.19 1334 76 27 295015 75.0 288.0 5.12 1.689 13.1363 0.389 5.61 1104 H)9 32 ':0'7.... ,5016 75.3 287.6 5.12 1.696 13.135 1.3.828 5.83 1183 136 41 375017 75.2 288.7 0.97 0.323 0.127 0.781.3 0.68 61 223 1131 37 T, 00 below range5019 75.7 288.3 0.83 0.277 0.243 1.4913 0.52 99 247 118 39 T, 00 below range51321 74.8 287.6 7.60 2.499 0.233 1.435 8.73 2777 113 48 39 Rerun of 50205022 74.8 286.2 7.72 2.539 0.126 0.773 8.58 2689 90 44 465023 74.6 288.0 7.69 2.524 0.054 0.332 B.36 2Sl3 6~ 39 395024 75.0 288.0 7.67 2.533 0.035 0.212 8.21 2475 50 37 445025 75.3 288.0 4.82 1.596 0.243 1.490 5.59 1155 165 66 485047 74.2 288.7 2.07 0.675 9.497 3.060 1. 87 350 3139 183 43 OD below range5048 74.9 289.4 0.89 0.292 0.496 3.049 0.47 1Ci,:· 310 173 43,,"-

T, 00 below range5049 74.4 289.0 13.47 0.154 0.492 3.025 0.26 152 328 196 44 T, 00 below range5066 75.5 288.7 4~79· 1.594 0.229 1.407 5.35 1tt16 181 76 51 5.2251367 76.13 289.4 4.76 1.595 13.124 0.762 5.23 1102 147 51 4'~ 5.27.;,5068 75.9 290.1 1.05 0.351 0.129 0.79:3 lJ.53 86 232 105 47 0.98 1 -::-"7) T, 00 below range._v5069 75.5 288.3 1. 18 0.393 0.241 1. 47'3 0. :31 110 244 116 40 1.10 1.90 T, 00 below range5070 76.1 290.1 1. 21~1 13.402 13.1.:155 0.":::::34 €I. 72 147 206 90 :3::: 1.2(1 0.67 T, 00 below range5071 76.1 " 288.0 C' ')~ 1.797 0.055 0.340 5.59 1291 1Cl';:' 51 C'C'..... o."to
J ..J

TABLE II: PRIMARY ENGINEERING UNIT DATA . HIGH PRESSURE TESTS (5/1 PIPE).



FLUID: STEAt! - WATER INSIDE DIAMETER= 0.06665 t!
PIPE SIZE= 3 INCH SCHEDULE 169 TURB. DIA.= 0.9331 M

PIPE AREA= 0.0034839 M~2

GAMMA DEHSITOMETER RADIOTRACER
FLOW RATES DRAG A BE AM B BEAM C BEAM SCml VElQCITIES

RUH STEAM WATER TURB. DISK . UPPER MI DDlE LOWER DEHS STEAI'! WATER COIIIßents
ID PRESS. TEI1P. SUP-VEL HASS SUP-VEL 11ASS VEl (KG/ (KG/ (KG/ (KG/ (KG/ <l1/S) (~v·S)

TSH (~ARS) (DEG C) (~I/S) (KG/S) (M/S) (KG/S) (H/S) M*S~2) M~3) M~3) t'!~3) M~3) (AT GAMMA DEHS)

6903 40.5 247.7 4.73 0.336 1.210 3.348 3.67,.2·125 208 310 499
6004 40.7 247.0 9.15 0.654 1.212 3.350 6-.5~ ~484 123 188 390
6005 40.5 246.7 8.97 8.639 1.274 3.523 "7.723716 122 166 265
6013 40.2 248.5 10.15 0.717 1.017 2.815 9.61 3755 46 126 198 137 12.4il 10'.50 T above range
6014 41.9 248.8 4.11 0.296 1.048 2.8'016 4.18 1713 143 267 439 265 6.20 3.10
6015 48.0 24;'.4 0.79 0.055 1.008 2.792 . 1. 40 1459 369 507 746 1. 80 1. 69
6016 40.2 248.5 0.-83 0.058 0.508 1.407 0.93 565 295 421 648 370 1. 65 13.95
6017 40.4 243.5 5.23 0.371 0.516 1.427 6.33 11:::9 '019 229 315 1:38 6.713 2.313
6018 40.2 247.4 9.56 0.675 0.527 1.460 11. 55 3281 18 117 163 11.1313 4.14 T above t'ange
61319 40.6 248.8 1.16 0.983 1. 321 3.653 1.75 2524 386 515 752 476 2.10 2.113
6020 40.0 248.1 1. 32 9.093 !.251 3.465 1.83 2697 340 486 727 .4';;3 2.35 2.15
6921 40.1 248.5 5.71 0.402 1.261 3.491 5.36 2618 91 257 400 8.50 4.613'
6022 40.2 248.5 2.72 0.192 1.235 3.419 2.82 2257 200 368 584 4.60 3.10 I
6923 40.0 246.7 4.69 9.329 1.228 3.403 4.55 22513 119 279 448 6.913 3.713 .....

06024 40.4 248.5 6.96 9.494 1.223 3.383 6.38 3209 54 209 344 9.70 5. (10 W
61325 39.9 246.7 8.79 0.615 1.235 3.422 8.03 3721 34 165 261 1.,-:0 11.40 7.20 I

• oJ

6026 40.1 247.7 6.05 9.426 1. :331 3.687 5.40 2874 89 241 391 7.913 4.70
6027 40.5 '248.5 2.84 0.202 1.323 3.660 3.10 2360 201 356 571
6048 39.2 246.3 5.09 9.350 1.649 4.579 4.79 2966 212 368 527
6066 40.1 249.9 0.93 0.966 9.103 0.2:::5 - 377

8

137 223 :;:16 T failed; 00 below range
6067 39.9 249.5 9.91 0.964 i:t .,...- 0.708 - 463 272 350 522 T failed;_.~"'b
6068 40.7 250.6 4.91 9.351 0.247 0.682 - 901 91 177 - T failed; Densit., shifted6069 40.1 24'3.5 10.29 0.725 0.262 0.726 - 4749 - 62 :34 69 10. :::0 4.9€l T failed; Densit., 00 shifted6070 49.1 249.5 5. :::1 0.375 0.268 fl. ;·'41 - 1744 :35 145 1E:0 113 6.21) 1. 90 T failed; 00 shifted6071 40.1 249.5 4.95 0.348 0.131 0. :363 - 1401 - 11"" 91 6. 3~3 2.00 T failed; Densit., 00 shifted
6035 78.1 291.2 0.21 0.930 1.779 4.539 1. 86, a943 651 723 765 665
6036 78.7 291.5 0.86 9.126 1.630 4.144 1.93°3150 485 550 749 537
6937 78.4 292.3 1.48 9.215 1.589 4.942 2.36 3492 389 469 704 428
6051 75.7 288.7 5.29 0.737 9.995 2.546 6.37 2866 139 223 334 178
6052 75.5 289.0 7.36 1.021 1.188 3.942 7.94 3851 139 192 296 9.15 5.59
6053 76.2 290.1· 1.61 0.226 1. 219 3.117 2.12 2597 318 4137' 608 357 3.90 2.50
6054 75.6 287.6 0.91 0~126 0.507 1.299 0.99 536 290 379 556 1. 75 ·1. €I:;'
6055 75.4 290.1 0.96 0.134 1.064 2.723 1.59 1649 358 428 634 437 2.10 1.90
6056 75.8 290.5 5.19 9.711 9.519 1.305 6.55 2079 1138 292 289 6.35 2.75
6957 76.1 290.5 3.11 0.435 1.295 3.O82 3.3121 2222 236 329 598 4.99 3.15
6058 75.8 290.1 4.51 9.628 1.216 3.111 4.69 2626 189 280 428 262 6.45 3.65
61359 75.3 289.0 5.95 0.822 1.214 3.109 6.44 3762 146 295 315 7.85 4.90-
6060 75.7 289.4 3.31 9.460 1. 491 3.815 3.62 2995 251 34O 536 5.40 3.50
6061 75.8 289.8 1.45 0.292 1.491 3. 81~5 2.24 3434 362 455 682 3.29 2.50
6062 75.3 288.3 5.52 9.763 1.613 4.1:32 5.74 3863 181 246 396 7.60 5.10
6063 75.9 288.7 10.11 1.410 1.331 3.404 19.79 4162 89 125 167 7.30 5.79 T above range
6074 75.6 290.1 4.96 13.689 0.137' 0.:351 - 2772 28 Hl4 63 5.30 1. 'OIe T failed; Dens., 00 shifted
6075 74.8 289.0 10.93· 1.376 0.139 0.:356 - 5360 3 60 2 9.80 4.20 T failed; Dens., 00 shifted
6076 74.9 289.0 9.89 1.347 0.259 9.665 - 5456 9 79 41 9.88 5.80 T failed; Dens., DD shifted
6077 74.9 289.4 4.96 0.682 tt.264 0.676 - 2544 39 1:43 153 111 5.20 2.20 T failed; 00 shifted6078 74.6' 288.7 0.71 0.105 0.235 9.604 - 585 191 287 390 2:35 T failed; 00 shifted6079 75.8 290.1 0.85 9.119 0.156 0.3'38 - 559 145 252 333 242 T failed; 00 shifted60S9 75.3 289.0 9.43 1. :393 9.537 1.375 - 5465 41 1137 1138 T failed; 00 shifted

TABLE 11 I: PRIMARY ENGINEERING UNIT DATA . HIGH PRESSURE TESTS (3" PIPE).
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