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1. Infroduction

This report is a sumwary of the master thesis Two phase flow instrumentation for the
simulation of the IRIS miclear reactor. 1t is focused on the choice of the best combination
of two-phase flow instruments to provide the measurement of the mass flow rate in some
locations in the SPES3 experimental facility. The SPES3 facility is a scaled model (on a
1/100 volume scale) of the IRIS {International Reactor Innovative and Sectire) reactor.
The SPES3 facility has to prove that the thermodynamical coupling between the Reactor
Vessel (RV) and the Confaimment can effectively stop the leak and guarantee a safe
course in case of accident. The fluid flowing from the Reacior Vessel to the Containment
and viceversa is mainly a two-phase mixiure of steam and liquid. That is why the
measurement of the two-phase flow rates in the SPES3 pipe lines is crucial 1o assess the
effective efficiency of the IRIS integral structure.

- The analysis is focused on the Lower Break LOCA. ie. the break of the DVI (Direct
Vessel Injection) lines. Those lines connect the Reactor Vessel to the tanks containing
the water needed to guarantee a proper cooling of the core in case of accident.

In the SPES3 facility two DVI break lines are foreseen in order to simulate both the
SPLIT break and the DOUBLE ENDED GUILLOTINE (DEG) break. Both the break
lines need to be equipped with two phase flow instrumentation to provide the
measurement of the two-phase mass flow rate. The mass flow rate aud the void fraction
expected during the DEG break of the DVI lines has been calculated through a simmlation
of the accident with the RELAP software. In the SPLIT break line (RV side of the break)
a maximom void fraction around 0.56 is expected, while in the DEG break line the trend
of the void fraction is highly oscillating between 0 and 1.

The void fraction variation in a wide range of values worsen the mass flow rate
measurement process. For a proper calculation of the mass flow rate both the flow
velocity and the density should be detected. Some fypes of densitometers (demsity
measurement) can detect the void fraction with a reasonable uncertainty in these
conditions, too, but the main problem is the interpretation of the signal from the flow

meter (velocity measurement). The output of the mefer needs to be related both fo the




velocity of the gaseous phase and to the velocity of the liquid phase, basing on the

different flow patterns.

In the next two sectious a description of the most Important flow meters and
densitometers will be presented. I the last section the performances of each instrument
will be judged according to the installation requirements in the SPES3 facility. The

following figure shows the two phase flow instrumentation as it will be located on the

DVI break lines.

Figure 1: Two phase flow Instrumentation poesition on the P'VI break lines.




2. Flow meters

The second section is focused on the description of the flow meter devices

capable of measuring the two-phase flow velocity. Firstly some criteria

that each meter needs to safisfy are listed, then the performances of each

device, related to each criteria, are described.

Flow meter selection criteria

The most important criferia that the flow-meter has to satisfy are listed

below, with a brief explanation:

1. Two phase flow handling capability and easy modeling-Criteria 1

2. High Span (minimal number of paralie! lines)-Criteria 2

3. Good Repeatability and Accuracy-Critena 3

4. Minimal Installation Constraints (straight pipe length between the
meter and the disturbance source)-Criteria 4

5. Smpplicity of Calibration; effects of calibzation =and operation
temperature differences {different fuid properties, flow-meter material
expansion}-Criteria 5

6. Capability of Handling Different Flow Regimes (temperature range,
pressure range)-Criteria 6

7. Transient Operation Capability (time response)-Criteria 7

8. Bi-directional Operation Capability-Criteria 8

9. Mimimal Regulatory Requirements-Criteria 9

10. Suitable Physical Dimension-Criteria 10

11. Minima! Distirbance to the Flow-Criteria 11

12. Simplicity of Data Acquisttion-Criteria 12

13. Capability of Operating @ Different Assembling Orientation

(horizontel, vertical, inclined)-Criteria 13




2.1. Differential-pressure meters
The basic model for the calculation of the mass flow rate 1s the following:

i Two-phase mass flow rate [kgs’
1
= CJM Ap,, Two-phase pressure drop [Pa]
prp Two-phase mixture density
[kgm™]
Pr Liguid density [kgm™]
Prp=ap, + {1-a)p, Pg Vapor density [kgm™>]
& Two-phase mixture void fraction

The proportionality constant C can be extrapolated from single-phase flow
literature (provided the meter is single-phase standard design} and tailored
on the basis of preliminary in-situ testinng. The calculation of the two-phase
mixture density pzp requires, in principle, the side measurement of the void
fraction a {typically performed in academic research).

Some authors suggested two-phase flow correlation to cotrect the reading
of a differenfial pressure flow-meter, usually applied just to the
measwrement of single-phase flow, in order to obtain the correspondent
mass flow rate in two phase flow. Miller {1996} suggests the Murdock
equation for two-phase flow both in an orifice meter and mm a Ventun
meter (Miller {1996), Murdock (1961)*).

Hewitt (1978) lists many other references for the study of the pressure
drop across Venturi meters and ortfice in two-phase flow {page 96,97).

211. Orifice plates
1. Two phase flow handling capability and easy meodeling-Criteria 1-

Simplicity and predictability 1s guaranteed (in single phase flow) only if
the neter 1s used in the same condition m which the original data was
obtained. The standards connected with this type of metfer are ISO 5167-
1(BN EN ISO 5167-1).
To use an orifice plate with two phase flow, there are three approaches
(Baker (2000)):

v’ adjusting the value of density to reflect the presence of a second

component.




v adjusting the discharge coefficient to mtroduce the presence of the
second component
v relating two phase pressure drop to that which would have occurred
if all the flow were passing either as a gas or as a liquid (suggested
by (Miller, 1996}). |
Most of the available correlafions for two-phase flow are valid only for
Tow (x<0.1) or very high (x>0.95) steamn quality. For other references see
paragraph 5.8, page 113, Baker (2000).
The wet-gas flow is defined {(in Steven (2006)) as a two phase flow that
has a Lockart-Martinelh parameter value (X) less or equal to 0.3, where X

(&2,

where (@) , k=g,1 represents the pressure gradients for smgle-phase gas
k

is defined as:

and liquid flow as fractions of the fotal two-phase mass flow rate,
respectively (Whalley (1987)).
Murdock derived a correlation to predict the behavior of an orifice plate i
two-phase flow, horizontal mounting (Steven {2006a), Murdock (1962Y%}.
The experimental data were nof restricted {o wet gas flow only. They
ranged in the following intervals:

v 31.8 mm < pipe diameter < 101.6 mm

o bar < pressure < 63 bar
¥ 0.025 bar < pressure drop < 1.25 bar
v 0.11 <x<0.98

d
v 02602 f=— <05

v 13000 < Re, < 1270000

The correlation is expressed as:

. m g.Apparant

m, = 3
€ 141.26X,

where 7t 1s the uncorrected value of the gas mass flow rate as

& Apparent

detected by the orifice and 7y, is the corrected value. The constant (1.26)




Is an empirical value. X, is the modified Lockart-Martinelli parameter,

x, = [P R
n}g JOJ' kf

whete %, and %, are the gas and liquid flow coefficient, respectively. Each

defined as:

of them is the product of the wvelocity of approach, the discharge

coefficient and the expansibility factor. The correlation 1s dependent only

on X,

n?

while the influence of the flow pattern is not considered.

The pressure drop n single phase gas flow 1s lower than the pressure drop
in two-phase, wet steam flow, so the value detected by the orifice meter,
without correction, tends fo overestimate the gas mass flow rate.

A possible correlation to obtain the ratio between the préssm‘e drop across
an ortfice in two-phase flow and i smgle phase flow was studied by
Chisholin (Hewift (1978), Chisholm (1972)%).

Chisholm further developed the two-phase orifice plate meter theory
between 1967 and 1977 (Chisholm (1967)¥, {(1977)*). He concluded that
the orifice meter response to wet steamn, two phase flow in horizontal
mounting does not only depend on the modified Lockart-Martinelli
paramneter (Xm), but also on the gas-liquid density ratio (i.e. on the
pressure). His model results in the following formula:

1 ?E,Appmf

: V4 g y4 ’
i+ (&J +| £ X +X
_)0! _pg

=

. . i ,
where m, , M, 4o, and X, have the same meaning as in the Murdock’s

equation and p., k =g,/ are the gas/liquid density.

The modem preference is to ignore the orifice meter as an instrument to
measure the two-phase flow, since it acts as 2 dam for the liquid flow rate.
I’s advisable to nse instead a Venturi flow meter instead as it is less likely
to cause blockage to the liguid phase (Steven {2006z)).

. High Span {minimal number of parallel lines)-Criteria 2-The typical
span of this type of meter is 5:1 (table 3.1, page 48, Baker, 2000), so that

an array of differential meters is required to fully cover SPES3 needs,




driven by an active control system fo place in iine the proper meter during
the test and valve off all the others.

Good Repeatability and Accuracy-Criteria 3-The accuracy of the orifice
plate for single phase flow is in the range 2%-4% full scale
{(http;/vrww.eneineeringtoolbox.conVorifice-nozzle-venturi-d  590.html,

March 10, 2008).
Minimal Installation Constraints (straight pipe length between the

meter and the disturbance source)-Criteria 4-A mnimum straight pipe
length is requested upstream and dowastream of an orifice plate; ISO 5167
standard gives the complete information {one phase flow) of which an
abstract 1s contained 1n table 5.1, page 103, Baker (2000). See Chapter 1,
paragraph 4. In the fable £ is defined as the rafio &/D of orifice diameter

to pipe nternal diameter. The presence of bends and elbows in the pipe
can influence the meter measurement: decrease in bends angle does not
necessarily reduce the distwbing influence. Putting flow conditioners
between the bend and the meter could not be always the nght solution
because it may infroduce additional errors. Conditioner-flow-meter
combinations should be calibrated as one unit, see figure 5.5, page 104,
Baker (2000).

Simplicity of Calibration; effects of calibration and operation
temperature differences {different fluid properties, flow-meter
material expansion)-Criteria 5-The standards (ISO 5167-1(BN EN ISO
5167-1)) define precisely bow to construct, install and use the orifice meter
(for single phase flow}.

Capability of Handling Different Flow Regimes (femperature range,
pressure range)-Criteria 6-Not Available data (NA}.

Transient Operation Capability (fime response)-Criteria 7-Orifice
plates and Venturi meters are typically designed for steady state
applications. Fast transient response requires special care m the design and
may require the correction of the signal on the basis of the modeling of the
meter, which is doable but not straightforward.

f the flow is not steady, but pulsating, the measurement error will increase

because of different reasons (Baker, 2000):
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10.

11,

12.

13.

v square root error

v’ resonance

v lunifations in the pressure measurement device.
The first one is connected to the capability of a fast response of the
pressure meter, the second to the possibilify of a correspondence between
the pulsating frequency and the resonance frequency of some components.
Commnercially available differential pressure transmitters are generally
unsuitable for dynamic measurement {Baker (2000), Clatk (1992))*. The
response is highly influenced by the length of transmission pipe lines and
the medium vsed {gas or liquid).
Bi-directional Operation Capability-Criteria $-Differential meters are
typically one-directional. Bi-directional capability can be obtained either
with a modified design or with in-situ testing of a one-directional meter in
reverse flow conditions.
Minimal Regulatory Reguirements-Criteria 9-There are not particular
regulatory requirements to install this type of flow-meter.
Suitable Physical Dimension-Criteria 10-The physical dunension of the
flow-meter doesn’t represent an issuie because the plate 1s contained mto
the pipe.
Minimal Disturbance te the Flow-Criteria 11-The ISO sfandards
provide an expression for pressure loss across an onfice plate (eq. 5.8,
page 99, Baker (2000)). A typical value for the pressure loss is about
0.73Ap, where Ap represents the differential pressure across the meter.
Simplicity ef Data Acquisition-Criteria 12-The pressute transducers are
capable of following the fast {ransients expected 1 the SPES3 facility.
Capability of Operating in Different Assembling Orientation
{horizontal, vertical, inclined)-Criteria 13-The comelation available for
the correction of the orifice meter reading in wet stean flow has been
based on a experiment with a horizontal mounting orifice meter. It is
advisable to use the correlation i conditions as closer as possible to the

original experument.

11




21.2. Venturi meters and standard nozzles

. Twe phase flow handling capability and easy modeling-Criteria 1-

Sotne of the most important effects of the two-phase flow to the response
of a Venturi meter are described by Steven (2006a):

The meter reading increases as the liquid load increases (i.e. the Lockart-
Martinelli parameter increases. The effect is higher if the gas/liquid
density ratio 1s lower {see Figure 13, Steven (2006a)).

The gas Froude number is defined as the square root of the ratio befween
the gas inertia (if the gas flows alone) and the gravity force on the liquid
phase:

Jeps

2

where Jg is the supetficial velocity of the gas phase, p,, £ =g,/ are the

gas and liguid phase densities and D 1s the pipe diameter. If the gas Froude
number increases, for fixed gas to liquid density ratio, the ;{}ver reading
increases. If the Hquid density ratio and the Lockart-Martinelli parameters
are fixed, the gas Froude number is higher if the superficial gas velocify is
higher. With an increase in the gas superficial mass velocity the
differential pressure across the mefer is mcreasing, too. See Figure 16,
Steven {2006z).

Stewart presented the response of a Venturt meter to wet-gas flow for two
fluids (nitrogen and kerosene) (Steven (2006r), Stewart {2003)*). The gas
to liquid density ratio (i. e. the pressure) and the gas Froude number were
fixed. Different sets of data were collected for different £ ratio. The
Venturi meter over reading decreases if / increases (see Figwe 17,
Steven {20062)).

The response of the Venturi meter mm two-phase flow is likely to be
mfluenced by the liquid properties. Reader-Harris tested a 4 Ventusi
meter with two different values of gas to liquid density ratio (0.024 and
0.046). At low gas flow rates (i.e. at low gas Froude number) there was not
significant liquid property effect, but at higher gas Froude number it was

found that the water wet gas flow would have a lower increase i the

12




readmg m comparison with kerosene wet gas flow under the same flow
conditions (Steven (2006a), Reader-Hariis et al (2005)F). Other
expertiments by Steven (2006b)* supported the results obtamed by Reader-
Harris. Steven also postulated that the different results obtained with
different Liquid property are a direct consequence of the flow pattern that
can be different for similar flow parameters, but different liquid properties.
Steven (2006a) indicated also a posstble ditameter effect on Venturi meter
wet gas over reading. He presented the comparison of two data sets for two
different Venturi diameters. The gas to liquid density ratio and the gas
Froude number in the two experiments were very close to each other. The
device with the bigger diameter registers the higher over reading. Steven
concluded that the difference m the over reading is due fo the different
flow regimes established inside the pipes. The larger meter has more
entrainment (is more m the anuular mist region) than the smaller meter.
These observations need to be confirmed by a more defailed testing of the
Ventun meter with various diameters.

The application of Venfuri mefers and nozzies in two-phase flow was
studied by Baker (1991). A correlation proposed by Baker (2000), de
Leeuw (1997, cf 1994)* is valid only for gas with a small amount of
liquid (the Lockharf-Martinelli parameter has te be less than 0.3).

The correlation is based on the data from a 4 diameter, Sch. 80,
B =0.401 Ventun meter with nitrogen and diesel cil. The de Leeuw study
is based on the previous Clusholm’s orifice plate work. The following

equations show the correlation:

g Apparent

n—0606(1 -‘”“m if Frxl5
n=041 if 0.55F1<1.5

Hy goparene 16 the uncorrected value of the gas mass flow rate as detected by

the meter, m, is the comected value and Fr is the gas Froude number.

The difference between the de Leeuw formulation and the Chisholm




formmiation for orifice plates is the values of the n exponent. This depends
on the gas Froude mumber.

De Leeuw stated that the value of 1 1s dependent on the flow regime. For
stratified flow (L.e. for Fr<1.5) n is constant and equal to 0.41. As the
flow pattern changes from stratified to annular mist and on towards muist
flow, the over reading for a set value of fhe qualify will increase. He
claimed that for that meter geometry, for a known value of the liquid flow
rate and within the test matrix parameters of the data set used, this
 correlation is capable of predicting the gas mass flow rate with 2%
uncertainty.

Fincke (1999} shows that a Venturi meter used to measure two-phase flow,
by the single-phase formulation, over predicts the effective flow rate. This
1s due to an increase in the pressure drop in two-phase condition, because
of the interaction between the gas and the liquud phase.

The author also proves that the Murdock comrelation (Fincke (1999),
Murdock (1961)*) is not sufficient to adjust the apparenf reading to the
reference flow rate value, the gas flow rate evaluated with the correlation
is affected by an error that can reach 20% of the reading,.

It could be concluded that the application of the Murdock cosrelation fo a
data set detected by 2 Venturt meter is somewhat questionable, since
Murdock’s correlation has been firstly studied to be applied to orifice plate
data set. The first correlation for the correction of a2 Venturi meter response
to wet gas flow has been published i1 1997 by de Leeuw.

Fincke (1999} obtained the following performaunce using an extended
throat nozzle fo measure the two-phase flow rate of low pressure (15 psi-1
bar) air-water mixfures and of high pressure (400 psi-27.6 bar, 500 psi-
34.5 bar) natural gas-Isopar M mixtures:

v" Accuracy of +2%of reading for % <10%.
£

v Accuracy of £4% of reading for 10% < % <30%.

€
The studied inferval corresponds to 0.95 < & <1.0. During measurement

the ratio between the hquid flow rate and the gas flow rate was kuown,

14




Based on the Ventur: meter measurements and derived set of equations,
the gas flow rate was calculated.

. High Span (minimal number of paraliel lines)-Criteria 2-Typical spans
of Venturi meters is 5:1 (see table 3.1, page 48, Baker (2000)), so that an
array of differential meters is required to fully cover SPES3 needs, driven
by an active control system to place in line the proper meter during the test
and valve off all the others.

. Good Repeatability and Accuracy-Criteria 3-The accuracy of the
Venturi meter is usunally around 1% of full range in one phase flow
(hitm/fwww.engineertngtooibox.com/orifice-nezzle-venturi-d 590 html,

March 10, 2008).

Steven {2002) compared the resuits of seven correlations for the correction

of the Venturi meter response to wet gas flow:

v" Homogeneous model (see Steven (2002} for details)

v Murdock correlation: it has been previously described in the section
dedicated to the orifice plates.

v' Chisholm correlation: it has been previously descrnibed m the section
dedicated to the orifice plates.

v Lin correlation (Steven (2002), Lin (1982)*): it was originally
developed for orifice meter, it considers the influence of the pressure
and of the liquid mass content on the meter over reading.

v Smith & Leang correlation (Steven (2002}, Smith and Leang (1975)%):
it was developed for orifice plates and Venturi meters, it introduces a
blockage factor that accounts for the partial blockage of the pipe area
by the liquid. The blockage factor 1s a function of the quality only.

v" the modified Murdock correlation: it was developed by Phillips
Petroleum. The Murdock constant M has been 1eplaced by a new value
(1.5 mstead of 1.26), to adapt the formula to Ventur: meter over
reading.

Some of themn (Murdock, Chisholm, Lin and Smith & Leang correlations)

were actually studied for the orifice plate response i two-phase flow, but

they were extensively used in the natural gas industry for Venturi meter
applications. The modified Murdock and the de Leeuw correlations were

mstead studied for the Venturl mefer reading correction,

15




The meter studied was an ISA Confrols standard North Sea specification
6, f=0.55 Venturi and 1t was tested with a nitrogen and kerosene
mixture. The experiment was conducted for three pressure values (20 bar,
40 bar and 60 bar) and four values of the volumefric gas flow rates (400
nl’ [k, 600 m*/h, 800 m*/h and 1000 n?’/h).

The difference between the actual mass gas flow rate and the mass gas
flow rate evaluated with the seven comelations was expressed as the roof

mean square fractional deviation:

n —
d= lz Mg comectedi ~ Mg cxperimentati

7 mg,ex.pcﬁmmml,i

The data are hsted in the following table (Table 1). The d value was

calculated for the whole data set and then for each pressure wvalue

separately.

All prassuras d 4Q bar d

de Leamy 40211 de Leeuw 0.0153
Homogeneous 0.0237 Homogenzons 0.6220
L §.0462 Murd, M=1.5 0.0410°
Mund, M=1.5 6.0482 Lin 0.0443
Murd, M=126 {.0650 Minrd, M=12¢ 0.0589
hisholm 0.0710 Clhishaln 0.0658
Smifh & Leang 0.1260 Smith & Leang 01159
20 bar a 50 bar d

de Lasuw 0.027% de Lesuw 8.0140
Homoganeois 3.0285 Homogeneous 0.6202
Lin Q0440 Murd, M=1.3 (G.0287
Murd, M=1.3 0.0677 Lin 0.6479
Chisholm 2.0783 Murd, AF=1.16 0.0504
Murd, Af=1.26 0.0823 Chisholn 0.0675
Smith & Leang G.115%9 Soith & Leang £.1401

Table 1: Root mean squarve fractional deviation for the whole data set (all pressures)
and for each individual pressure, Steven {2002}, Table 2.

The most important observations are:

v de Leeaw correlation lias the best performance and is the best
choice for comrecting the Ventur: meter over reading in wet steam.
it takes into account the influence of the presswre (gas to hiquid
density ratio), of the gas volunetric flow rate and of the flow
patierns.

v The homogeneous model predicts the exact mass flow rate with a

surprising litfle error in comparison to the other models. The

16




4.

author deduced that the good agreement between this model and
the actual mass flow rate should have Dbeen dictated by the
similarity of the flow conditions 1 the experiment and the
assuraption of the model. The model performances are in fact
increasing with the pressure and it is generally assumed that the
greater the pressure, the larger is the amount of water in
suspension m the gas flow (with a more homogenized flow
pattesn).

v The modified Murdock cotrelation, despite studied on purpose for
the correction of the Venturi meter over reading, gives the worst
agreement with the actual gas mass flow rate. This formula has
been developed by Phullips Petrolenun and the conditions in which
it was validated are unknown.

Minimal Installation Constraints {straight pipe lenscth between the
meter and the disturbance source)-Criteria 4-The necessary values of
straight tube between a bend {or more bends) and the meter are the samne
for Ventwri and nozzles and are shown in table 6.2, page 136, Baker
(2000). The data proposed by ISO standards have been reviewed by Baker
(2000), NEL (National Engineering Laboratory) (1997a)*, that suggests
longer straight pipe lengths (for single phase flow only).

Simplicity of Calibratien; effects of calibration and operation
temperature differences {different fluid properties, flow-meter
material expansion)-Criteria 5-The mefer is one of the oldest method of
measuring flow and the design 1s extensively described m the standard ISO
5167-1 (for single phase flow). Hewitt (1978), Haris (1967)* shows that
the calibration of & Venturi meter, for steamn water mixtures, is affected by
the geometry of the upstream pipework: the calibration equation that relate
Ap and the flow rate is different depending on the different pipe

configuration.

Capability of Handling Different Flow Regimes (temperature range,
pressure range)-Criteria 6-Fincke (1999) tested a Venturi flow meter in
annular and mist annular flow with a good accuracy, but for other flow

patterns the applicability of a Venfini meter depends on the
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homogenization of the mixture. If the flow is well homogenized, then it

can be freated as a single phase flow with an average density of the gas
and liquid (E:apg +(1-a) ,of). Fincke (1999) does not presenf fest

results for this latfer situation.

Since the only available correlation (de Leeuw’s correlation) to comect the
reading of a Venturi meter in two phase flow is affected by the flow
pattern, the meter is actually mftuenced by the distnbution of the phases.
The formula is valid only for wet steam and is used mainly in the natural
gas production mdustry.

7. Transient Operation Capability (time response)-Criteria 7-Since the
meter is based on the same physical principle of the orifice plate, the major
issue 1s represented by the dynamic response of the pressure meter, that 1s
mfluenced by the length of transmission and the medinm used (gas or
liquid). According to Ferri (Ferri (2008)), the dynamic response of the
pressure fransducers and fransmitters is fast enough to measwe the
expected transients in SPES3.

8. Bi-directional Operstion Capability-Criteria 8-Differential nieters are
typicaily one-directional. Bi-directional capability can be obtained either
with a modified design {(which could reduce the extrapolability of literature
material) or with m-situ testing of a one-direchional meter m reverse flow
conditions.

9. Minimal Regulatory Requirements-Criteria 9-There are not particular
regulatory requirements to install this type of flow-meter.

10. Suitable Physical Dimension-Criteria 10-The inlet diameter of the mefer
1s the same as of the pipe, so no isshes are expected about dimensions and
weight.

11. Minimal Disturbance to the Flow-Criteria 11-The value of pressure loss

across the Venturi meter is about 0.05-0.2 Ap, where Ap represents the

differential pressure between the entrance and the throat, so it is much

lower than the one for the orifice plates (based on the single phase flow

only).
12. Simplicity of Data Acquisition-Criteria 12-The pressure transducers are

capable of following the fast transients expected in the SPES3 facility.
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13. Capability of Operating in Different Assembling Orientation
(horizontal, vertical, inclined)-Criteria 13-The correlation available for
the correction of the Venturi meter reading in wet steam flow has been
based on 2 experiment run in a horizontal mounting Venturi meter. It is

advisable to use the correlation in conditions as closer as possible to the

origmal experiment.
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2.2, Turbine meters
Two phase flow handling capability and easy modelling-Criteria 1-

Turbine meters have been used for two-phase flow applications and
turbine meter designs for wet gas metering are currently available. The

basic model is the following;:
i Two-phase mass flow rate [kes”

]
i =C pp® @ Rotational frequency [Hz]
prp  Two-phase omxture density
[kgm™]
P Liquid density [kgm™]
P = ap, + (1 - af)pf Pe Vapor density [kgm'a]
o Two-phase mixfire void fraction

The proportionality constant C can be extrapolated from single-phase flow
literature (provided the meter 1s single-phase sfandard design) and tailored
on the basis of preliminary in-situ testing. The calculation of the two-phase
mixture density pze requires, in priciple, the side measurement of the void
fraction & (typically performed i academic research). Baker (2000), Baker
(1991) lists some references relating fo the use of the meter in multiphase
flow. Baker (2000), Ohlmer and Schulze (1985) used turbine meter in
experiments to model accident conditions in a nuclear plant. The
instruments were just calibrated in a water-only or am-only loop with
velocities up to 12 m/s and 100 nv/s, respectively. The turbine meters
presented a very good linearity down to 1% of the nonunal range. The
relation between the turbine meters reading and the mass flow rate was
simply:
ir=A-p- Vrs

where /7 1s the mass flow rate, v, is the mixture veloctty detected by the

turbine, A is the cross sectional area of the pipe and —,5 is the average
mixfure density detected by a two-beam gamma densitometer. The values

obtained were compared to the mass flow rates measured by a reference
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TMFEM (Tre Mass Flow Meter, in fact a Coriolis flow-meter, see page
398-400, Baker (2000)) and showed a remarkably good agreement.

Two different types of tests were implemented: LB (large break) and SL
(small leak) tests. During the first ones very high flow velocities (up to 100
m/s at the break location) occurred and the fhermohydraulic transients
were very sfrong; the second omes were characterized by lower flow
velocities and much fonger transients {one hour and more). However, the
failure rate for the instrument used in the SL was higher, because the of the
longer operation time at temperatures above 120°C (this value has been
chiosen as the discriminating parametes),

Baker and Deacon {1983) tested a turbine flow-mefer 1n & vertical upward
air-water flow up to & = 0.06 . They obtained in almost all cases a positive
etror (the flow rate measured by the turbine was bigger than the acfual
flow rate) with respect to the reference flow rate (previously measured
with single phase flow mstruments). The masiminn error rises up to 20%.
The flow patterns were mosfly bubble and plug flow. A surprising
hysteresis effect was noticed in the tirbine output for & = 0.05. According

to Baker (2000): “The safe rule is to avoid using the meter in nitiphase
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flow”.

Chen and Felde (1982), reported some interesting result of the
measurement of two phase mass flow at the ORNL THTF (Oak Ridge
National Laboratory, Thermal-Hydraulic Test Facility) using two different
spool pieces design:

v" Thermocouple, absolute pressure tap, turbine meter for volumetric
flow or velocity, single beam gamma densitometer for the average
density, drag disk for the momenfurs flux.

v Thermocouple, absolute pressure tap, turbine meter for volumetric
flow or velocity, three beams gamina densitometer for the average
density, drag disk for the momentum flux.

They evaluated the ervor in vsing the homogeneous fhrx model and the
Kamath and Lahey model (Chen and Felde, (1982), Kamath and Lahey
(1977)%) to measure the mass flux i steady state, two phase flow regime
and obtained wuncertainty bands of less than £50% of readmig (95%

confidence level) for both the models.
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Hardy {1982) desciibed the performance of a string probe and a turbine
flow meter to measure steady two-phase flow (steam and entrained water)
at the vent valve location of the Cylidrical Core Test Facility (CCTF) in
Japan; 80% of all the measurements fali within £30% of the known flow

. m )
rate for velocities >2— , for lower flow rates the error rises to £70%,
5

because of the low sensifivity of the homogeneous model at low flow
Tates.

Hardy (1982) demonstrated that the turbine flow-meter response is
sensitive to the vanation in the flow pattern (see Figure 2). The dotted
hnes in the figure delimits the regions of the graph characterized by

different flow patterns.
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Figure 2: Turbine meter velocities as 2 function of the air flow rate in two-phase
verfical upflow, Figure 16, Hardy (1982)

For the lowest values of liquid flow rate the turbine response is dommnated
by the water velocity: the mtroduction of liquid tends to slow down the
flow-meter. For increasing values of the an flow rate, the turbine velocity
approaches the awr only lme (empty symbols) and finally, in the case of

annular-mist flow regime, the furbine respouse is dominated by the air
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flow. At low air flows and hagh water rates the hquid phase 15 continuous
and the turbine response is dictated by the water flow (black symbols}.
Later on Hardy and Hylton {1983) confirmed that the response of a turbine
flow-meter is likely to be more sensitive fo the gas phase at high-void
condition, while at Jow-void flows fhey tend fo react more to the liquid
phase. In intermediate void fraction condition, i.e. slug flow regine, their
behavior is not well understood.
Hsu in Hetsroni (1982) lists some models developed to interpret the
response of a turbine flow meter and relate it to the frue mass flow rate:

v Volumetric model (Sitverman and Goodrich, (1977)%)

v Aya model (Aya, (1975)%)

v" Rohuani model (Rohuani, (1964)%)
According to Hsu (Hetsrom (1982)), some experiments at the Oak Ridge
National Labozatory showed that the first model 1s working betfter for
down flow with slip ratio<l, while Aya and Rohuani model predict the
turbine velocity more accurately for horrzontal flow or for down flow with
slip ratro>1.
. High Span (minimal number of parallel lines)-Criteria 2-Typical spans
of turbine meters are 20:1-30:1, extendible in single-phase flow
applicafions up to 100:1. In case more than one meter is required, they
cannot share the same pipe, in order fo protect the lower span turbine from
rotor overspeed. The turndown ratio (span) is 10:1, but may be up to 30:1,
for flow rates of 0.03-7000 m"3/k (Baker (2000)). All these values refer to

singie phase meter ouly.

Chen and Felde (1982) used a turbine flow meter iuserted in a spool piece

k
for mass flux 1m the range 195-830 -—%—
s

Hardy (1982) reported the results from a turbme flow meter coupled with a

string probe in the range of mass flow rates 0. 1-16’%—3.
<

Ohlmer and Schnlze (1985) tested some furbine flow-meters in two
different types of tests, Large Break and Small Leak tests. In the first one

the fluid velocities in the intact loop remained below 102 and decreased
s
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uader 1ﬁ at the end of the tests, while in the location closer to the break
s

posttion they reached values around 1002 . In the Small Leak test the
s

. .. 77
intact loop velocities were around 0.5—.
S

. Good Repeatability and Accuracy-Criteria 3-Without taking into

account fhe bias error, the repeatability usually assumes the following
values (Baker (2000)), for one phase applications:

v' +0.05% for meters of less or equal to 50mm

v £0.02% for meters of greater than or equal to 75 mnm
Tests of a turbine flow meter and a sitring probe spool piece (Hardy
(1982)) and comparison. between the values caleulated nsing the

calibration egnation and the actual mass flow rate obtained mass flux

values to within +30% at high rates M > 2ﬁ and to within +70% for
5

flows < Zk—g.
s

Ohlmer and Schulze (1985) tested a furbine flow-meter (CENG) in water,
after it has been used for 7 Small Leak tests and verified that the linear
calibration curve remsned unvaried for measwements above 10% of
nominal flow rate, while in the lower region a mean deviation up to 25%
of the reading was observed (the standard deviation was about 1% of the
reading). The error increase was due to the bearing alterations.

. Minimal Imstallation Constraints (straight pipe length between the
meter and the disturbance source)-Criteria 4-Calibration of the flow-
meter together with surrounding pipework and straighteners 1is
recommended to eliminate the effect of upstream flow effect. ANSI/API
suggested an upstream length of 20D and a downstream length of 5D.
Table 10.2, page 230, Baker (2000} shows an example of suggested
upstream spacing from manufacturer. See table 10.3, page 231, Baker
(2000} for elbow and bends effects on mstallation. All these values refer to

single phase meter only.
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5. Simplicity of Calibration; effects of ecalibratien and operation

temperature differences (different fluid properties, flow-meter
material expansion)-Criteria S-Temperature differences between
calibration and operation cause dimensional changes, viscosity changes,
density changes and velocity paftern shuff. Manufacturers may provide
correction factors {Baker (2000), Gadsshiev et al. (1988)*). It’s necessary
to calibrate the instrument in the same direction in which it will be used in
operafion.
Hardy {1982) calibrated a twbme flow-meter/string probe spool piece 1 a
wide range of flow regimes, and he cbtamed two different fitting curves to
approximate the response of the spool piece {o the two-phase flow. The
scatter of the data was remarkable (as previously discussed, in section 1}.

6. Capability of Handling Different Flow Regimes (temperature range,
pressure range)-Criteria 6-Temperatwre differences between calibration
and operation cause dimensional changes, viscosity changes, density
changes and velocity pattem.shiﬁ. Manufacturers may provide correction
factors (Baker (2000), Gadsshiev et al. (1988)*). The maximum applied

pressure is 240-400 bar for threaded design, the maximum temperature is

310°C (Baker (2000)).

Chen and Felde (1982) expernments were conducted in a pressure range of
5.5-13.8 MPa, very close to the pressure mferval of mterest for the SPES3
tests. They demonstrated (comparing the Kamath and Lahey model fo the
homogeneous model) that the variation of the correlation coefficients may
fead to great changes in the mass flux evalvation, especially for fast
transients. Chen and Felde, (1982), Kamath and Lahey (1977)*.

Those coefficients depend on the flow regimes and are adjustment to
homogeneous model mput for non homogeneous flow sffects.

Also the variation of the slip ratio could cause great changing ir the mass
flux evaluation (the higher the slip ratio, the smaller the magnitude and the
earhier is the peak in the mass flix).

A pood knowledge of the expected flow regunes is therefore necessary to

calculate the mass flux with the lower uncestainty.
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The quality range they observed during their experiments was 0.8-1.4

quality for steam and water. The steam quality is defined as:

where 7 is the enthalpy related to the liquid phase (I) or to the gas phase
{g); a quality value greater than I is conmnected to the presemce of
superheated steam.

The auibors advised that the applicability of fheir results to other flow
regumnes 1s questionable.

Ohlmer and Schulze {1985) used a2 model of tirbine flow-meter studied at
the CENG (Centre D’Etudes Nucleaires of Grenoble) to measure the two-
phase flow in the LOCE (Loss of Coolant Experiments) test. The test
facility reproduced the operation condition of a PWR reactor and the
turbines had to face conditions of hugh pressure and temperature: pressure
of 158 bar and coolant temperature up to 327°C.

Hardy (1982) tested a tiubine flow meter coupled with a string probe for

all the flow patterns from bubble to anmnular (0 <« <1j. The mass flow

rate was obtained correlating the two-phase density from the string probe

to the velocity sensed by the turbine with the following formula:
H = PyVrs
where o, is the density from the sting probe and V7 is the velocity from

the turbine. The data, represented in a graph that related the mass flow rate

kg

(M) to the product oV, shown a high scatter especially for M < 2-—;-

The curve was fitted using two different exponential functions, cne for

.k .
M <55 and one for M > SE.
s s
Hewitt (1978) stated that the terpretation of the performance of a turbine
flow meter in two phase flow is difficult for flow regimes other than those
close to homogeneous. For exammple, the response i annular flow, for a
certain mass flux and void fraction, is likely to be different from that for

homogenized flow with the samne characteristics (mass flow rate and void

fraction).

26




7.

10.

Transient Operation Capability (time response)-Criteria 7-Turbme
meters can effectively handle fast transients. The response time constant
(with single phase fluad, water) is 0.005 to 0.05 sec for a flow rate step
change of 50%, till 0.17 s for a step change of 63%.
Chen and Felde (1982) obtained a good time response of at least 50 ms in
their experiments, comparing the results from the homogenecus model
with those from the Xamath and Lahey model (Clien and Felde, (1982),
Kamath and Lahey (1977)*). Kamath and Lahey model introduce in the
calculation the influence of some parameter that are exclnded from the
homogeneous model: non wiformity of the wvelocity, void profiles,
imperfect gnidance by the rotor blades, rotor ineriia, ship ratio, bearing
friction, windage losses. The rotor inertia influenced fhe response time,
particularly in the faster transients: the Kamath-Lahely model precedes the
homogeneous model by 50 ms in some portion of the transient, resulting in
a significant mass flux difference.
Hewitt (1978) suggests being very careful in evaloating the trausient
response of a turbine flow-meter, because of the imertia of the turbine
rotor. Hewitt {1978), Figure 5.9, page 99, (based on Kamath and Lahey
(1977)* calculations) shows the influence of the rotor mertia on the
evaluation of the flow rate. The turbine fends fo over predict the flow rate
in the first part of the transient and to under predict it in the second part
because of the increasing and decreasing of the aungular momentum. The
effect is more evident as the inertia increases.
Bi-directional Operation Capability-Criteria 8-Both one-directional and
bi-directional designs are cwrrently available, but a calibration for each
flow direction is necessary.
Minimal Regulatory Requirements-Criteria 9-There are not parficular
regulatory requirements to install this type of flow-meter.
Suitable Physical Dimension-Criteria 10-
Meter size:

v threaded: 6-50 mm

v flanged: 6-500 mum

The meter has to fit the pipe dimensions.
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11,

12,

13,

Minimal Disturbance to the Flow-Criteria 11-The meter 1s designed to
pass throngh the fluid without distrbing the flow. For these reason the
most popular type of blade is twisted helically, thus obtaining the less
disturbance to the flow. The support vanes are commonly used as flow
straightepers to reduce swirl. The pressure losses (water as flowing
medium} are 0.2 bar in 12 mm size to 0.25 bar in 200 mm size.
Simplicity of Data Acquisifion-Criteria 12-There are different methods
to obtain rotor speed {Baker 20060):
v' Inductive
v Variable reluctance (the magnetic reluctance can be thought of as
having an analogous funetion to resistance in an elecirical circuit;
15 the resistance opposed by a cerfain material to the passage of the
magnetic flux).
v Radiofrequency.
v Photoelectric.
v’ Magnetic reed switch.
The signal needs to be amplified and screened from external magnetic and
voltage sources. There could be an influence due to a magnetic pickup
device (referred presumably to type 1), 2} and 3)) on the velocity of the
rotor due to the drag force; at 1/6 FDS (full-scale deflection) it provokes
an error of 4% (Baker (2000), Ball (1977)*).
Obliner and Schulze {1985) verified the slowing down effect of two fypes
of pick off devices (magnetic pick-off and eddy cumrent pick-off); they
stated that the influence of the brake effect of the pick off system is
evident just for velocities below 1% of the maximum velocity, when the
turbine is given a certain rotational speed, and thien 1s allowed to run freely
m the sfagnant air.
Capability of Operating in Different Assembling Orientation

{horizontal, vertical, inclined)-Criteria 13-NA
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2.3. Vortex shedding meters

. Two phase flow handling capability and easy modeling-Criteria 1-
Vortex shedding meters have been used for two-phase flow applications.

The basic model is the following:

b Two-phase mass flow rafe

[egs™]
. £ Vortex shedding frequency
ir=Cppf (]
z
prp  Two-phase mixture density
[egnn™]

Ot Liquid density [kem™]
P =, + (1-a)p, Pe Vapor density [klg_m'g] |
o Two-phase mixture void
fraction

The proportionality constant C' can be extrapolated from single-phase flow
literature (provided the mefer 15 smgle-phase standard design) and tatlored
on the basis of prelimirary m-situ testing. There is an optimum for the
length/width ratic of the shedding body that guarantees coherence and
stability m the vortex production: the width has to be of a quarter fo a third
of the pipe diameter. The widfh is measured in the direction of the flow
(this is frue for single phase flow). An important parameter in the
evaluation of the meter is the Strouhal munber (see eq. 11.2, page253,
Baker (2000}) that has {0 be constant i1 a certain range of variation of Re

to guarantee the proper use of the meter. It is defined as:

S’:f'w,
v

where f is the vortex shedding frequency, w is the width of the bhuff

body and v is the flow velocity. Some flows which seem fo be perfectly
steady actually have an oscillatory pattern that depends on the Reynolds
number. Figure 3 represents the variation of the Strouhal mmuber as a

function of the Reynolds number for a wide ramge of wvalues

(10<Re<107). The Strouhal number is almost constant for a certain

range of Re.
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Figure 3: Variation of the Sfroubal number as a function of the Reynolds number
{White (1994), Figure 5.2 (b), page 270}

The calculation of the two-phase mixture density pgp requires, in principle,
the side measurement of the void fraction « (typically performed in
academic research).

Application on two phase flow: Baker (2000), Hussein and Owen {(1991)*
found a correction factor for vortex meter for wet steam with a high steam
quality, but the insertion of an upstrean separator 18 highly recommended,
indicating applicability for elinost single phase flow.

There are some unportant problems connected with the use of a vorfex-
meter for two phase flow measureinent.

One first important phenomenon is that the gas and the liquid phases could
be separated by the vortex motion (Baker (2000), Hulin et al {1982),
(1983)%). The authors studied the vortex emission in a vertical air-wafer
upward two-phase flow.

The experiments demonstrated that:

v' For «il 0.1 the amplitude of the pressure osciliations induced by
the vortex emission remains stable with time and it shows a very
sharp peak for a particular fequency (the lhiquid volume flow rate
is kept constant). For « > 0.1 the oscillation amplitude decrease

and it displays much broader peaks (the liquid volume flow rate is
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fixed). Figure 4. The power spectrum amphitude describes how the
power of a signal is distributed with frequency. In this particular

case, it describes how evolves the amplitude of the pressure

osciflations with frequency.
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Figure 4: Power specira of vortex induced pressure oscillations (the vertical scale is
multiplied by 20 for the dotted curve o5 =18.5% ), Hulin of ai, (1982), Figure 3

v The authors measured the variation in the Strouhal number with the
Hquid volume flow rate and with « . They verified that it depends
only slightly on the liquid volumne flow rate and that is mainly
influenced by the variation of the void fraction. See Figure 4, Hulin
et al. {1982).

v' The vortex emmssion becomes incoherent and displays erratic
pressure fluctuations for @ > 0.1, especially for the higher values

of liquid volune flow rates O, (see Figure 6, Hulin et al. (1982)).

v The pressure oscillations amplitude decreases with the merease of

(O, and of the void fraction (with leveling off after & =0.1).

All these phenomena can be explamed by the bubble trapping inside the

vortex core region. As the Bernoulli pressure gradient across the core
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region and the external region of the vortex is increasing, more and more
gas bubbles are pushed towards the cenfral region.

The lower density due fo the presence of the frapped gas canses a decrease
i the measwred pressure oscillations.

For increasing vahies of « , the difference m concentrations of bubbles
mside and outside of the vortex core is decreasing. The increase of the
density of bubbles between the vanous vortices is the cause of the vortex
emission perturbation.

It could be concluded: the signal is stable only for void fractions up fo 0.1
and sufficiently hight flow rates. The transition between two regimes
{az<0.land a>0.1) occurs when the vortex cores get saturated with
bubbles and the void fraction between the various vortices start fo increase,
causing a major pertirbation in the vorfex emission.

A second 1ssue connected with the measurement of two-phase flow with
vortex shedding flow-meters is that bubbles may trigger certain sensors
causing an error  the detection of the vortex shedding frequency {Baker

{2000), Baker and Deacon {1983)):
v Very small diffused bubbles: it seems likely that calibration will be

retained.
v Larger bubbles: these can occasionally frigger the electronics,
introducing errors.

v" Large quantities of ait: they will eventually break the vortices build

up mechanism and stop the shedding.

. High Span (minimal number ef paraliel lines}-Criteria 2-Typical span
of Vortex shedding meters is 20:1, but is possible to reach 200:1 (Doebelin
(2003)).

Coherence and stability of the shedding range {for simgle phase flow) has
been achieved down to about Re=10000 (Baker (2000)). The constant of
the K factor for a Re range of 1000:1 for ar and water was demonstrated
(Baker (2000), Zanker and Cousin (1975)*). Very good results were
reported by Baker (2000}, White et al. {1974)* that obfained a calibration
curve for a 75 mum meter in sir over a 360:1 tarndown (span) with a scatter
of £1% over the range. A major problem related with these measnrements

is sensing the signal, because if velocity changes by 1:100, then the head
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pressure will change by 10000:1, a very wide span for a pressure sensing
device.

Good Repeatability and Accuracy-Criteria 3-Baker (2000) stated that
typical current performances of that fype of meter for one phase flow are:
repeatability, about £0.2% rate; linearity, betfer than +1% for a turndown
ratio {span) of up fo 40:1 for liquids and 30:1 for gases. The accuracy of
most vortex meters 18 0.5%-1% of rate for Reynolds munbers over 30000.
As the Reynolds number drops, metering error mcreases. At Reynolds
hmnbers less than 10000, error can reach 10% of actual flow
(hitp/fwww.omega.conyliterature/transactions/volmne4/T9904-09-

ELEC html#elec_3. March 10, 2008).

Minimai Installation Constraints {(straight pipe length between the

meter and the disturbance source)-Criteria 4-Table 11.2, page 2653,
Baker (2000) shows data for the change in uncertainty of the meters due to
different straight pipe length between the meter and some typical fittings.
Table 11.3, page 265, Baker (2000) compares the instaliation length for
orifice plate and for vortex meters.

Table 11.4, page 266, Baker (2000} compares installation requirements in
manufacturers’ hiferature and for orifice plates.

Baker (2000), Cousins (1977)* states the effect of swirl in changing the
meter performance. Pressure taps downstream should be 2D fo 7D and
temperatire taps should be 1D to 2D downstream of the pressure one
(Baker (2000)).

Simplicity of Calibration; effects of calibration and operation
temperature differences (different fluid properties, flow-meter
material expansion)-Criferia S-Temperature vartation could affect meter
accuracy and compensation may be necessary.

Capability of Handling Different Flow Regimes (temperature range,
pressure range)-Criteria 6-Temperature variation could affect meter
accuracy and compeusation may be necessary. Vortex may be affected by
pulsatile flow particularly when the pulsatile frequency and its harmonics
are ciose to the shedding frequency.

Transient Operation Capability (time response)-Criteria 7-Vortex

shedding meters can effectively handle fast transients. With the proper
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choice of the bluff body (small triangular shedder) is possible to obtain
higher shedding frequencies for a given velocity and the jitter tune (the
fime between the generation of two vortex) 1s reduced. With standard biaff
bodies the vortex frequency at the maximum flow rate is in the range 200-
500 Hz, while, with a body shape studied in order to have a short fime
response, the higher frequency 1s around 6000 Hz. The velocity
measurernent can then be updated after each pulse (one reading every
0.001 s for a 1000 Hz frequency, for example), Doebelin (2003).

8. Bi-directional Operation Capability-Criteria 8-Bi-directional capability
might be obtamable with a proper selection of the cross sectional shape of
the vortex generating element and the positioning of the sensors .

9. Minimal Regulatory Requirements-Criteria 9-There aren’t particular
regulatory requirements to mstall this type of flow-mefer.

10. Suitable Physical Dimension-Criteria 18-The instrument is contained i
the pipe and the physical dimensions and weight should not be an issue.

11. Minimal Disturbance fo the Flow-Criteria 11-Since the only disturbance
to the flow is the vortex shedding elemment spanning the pipe cross section,
very low pressure drops and very lmited flow disturbance can be
expected.

12. Simplicity of Data Acquisition-Criteria 12-Many different types of
methods has been used to sense the shedding frequency (Baker (2000}):

v" Ports in the side of a bluff body, leading to a transverse duct, which
allows movement of {luid to be sensed by an internal ot wire or a
therzmstor.

v Thermstor positioned on the upstreams face of the bluff body to
sense temperature changes.

v’ Pressure sense by lateral diaphragm on the bluff body.

v Flexure of the bluff body sensed by strain gages.

v A shutile ball in an iternal cavity of the bluff body, with
movement sensed by magnetic induction.

v A beam of ultrasound modulated by the vortex shedding.

13. Capability of Operating in Different Assembling Orientation

(horizontal, vertical, inclined)-Criteria 13-NA
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12.

2.4. Coriolis meter
Two phase flow handling capability and easy meodeling-Criteria 1-

Coriolis meters are in principle suitable for two-phase flow applications,
but the literature on the subject is very limited. First approximated meter
modeling is a problem, due to the highly sophisticated physics Coriolis
mefers rely on.

The flow-meter is suitable for homogeneous two phase flow and for
heterogeneous provided the phases are of similar density so that when
vibrated the fwo phases behave as if ngidly connected {Baker {2000)).
Baker (2000), Hemp and Sultan {1989)* published a theorefical paper
about this topic. Baker (2000), Grumski and Bajura (1984} reported tests
for air-liquid flows. They tested both a single tube and a dual tube Micro
Motion Coriolis flow meters. The damping effect of the second phase (gas
phase)} on the tube vibrations causes a linit in the maximun void fraction
that the meter can measure. The authors stated that as the void fraction is
mcreasmg, more and more energy is needed to make the fube vibrating.
When the energy needed overcomes the maximum available energy from
the magnetic drive coil, the meter stops working properly. They suggest to
increase the number of tubes {and decrease the dianeter of the tubes)
within the meter body in order fo decrease the amount of gas in each tube
and reduce the damping effect.

High Span (minimal number of parallel lines}-Criteria 2-Grumski and
Bajura (1984} tested the meters just for three values of water flow rate
(22.7, 56.7 and 90.7 kg/min) and observed a high sensitivity for both the
meter types at the lower flow rate.

The single tube meter was not capable of giving results with less than 10%
error on reading.

The dual tube meter errors were from 10% to 40% for mjected void
fraction up to 0.35.

All the following mfonmation 15 related to the one phase flow experience.

The mefers area available for flow ranges from 0-3 kg/h up to 0-680000
kg/h. Turndown ratio (span) is fypically i between 20:1 and 100:1. Single
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tube meters are available up to 75 mm diameter for flow rates from 15-
1200 kg/h up to 1500-180000 kg/h.
. Good Repeatability and Accuracy-Criteris 3-Baker (2000) stated that,
for a commercial instrument of 20:1 trndown ratio (span), the typical
performance is:

v Uncertainty: £0.25% rate+zero stability

v Zero stability: £0.05% FSD (full-scale deflection)

v’ Repeatability: £0.1% ratetzero stability/2
For 100:1 turndown {span) the uncertainty is likely to be £0.5-1%.
Grumski and Bajura (1984) tested 2 single tube Micro Motion flow-meter
and a dual-tube Micro Motion flow-meter. In the single tube design the
reading change was about 2% for the maxunum void fraction of 1.5%. In
the dual tube design 2% accuracy was achievable for the maximum void
fraction of 7.5%. Both values have been averaged and based on the results
obtamed in different operation conditions.
. Minimal InstaHation Constraints (straight pipe length between the
meter and the distarbance source}-Criteria 4-
Instailation constraints:

v" Orientation: vertical downward flow may result in partially empty
tube. Pipework arrangements that might lead fo trapped air or gas
should be avoided {Baker (2000)).

v Possible interference between the chosen frequency and an
mterference frequency (Baker (2000) Kiehl, {1991)*).

v With a presence of a second phase the instrument could caunse
problems connected to the splitting of the flow and to the bubble
coalescence (Baker (2000}).

v" No constrains connected with upstream flow effects are expected.

. Simplicity of Calibration; effects of calibration and operation
temperature differences (different fluid properties, flow-meter
material expansion)-Criferia 5-Lack of symmetry on the tube and the
sensors, changes due to density and viscosity (it is likely to be greater at

tow flow rates), wnequal split of fluid may cause zezo drift.
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Capability of Handling Differentf Flow Regimes {femperature range,
pressure range)-Criteria 6-Typical temperature range is -240°C to 200°C
and certain high pressure versions are available up to 393 bar. For single
tube mefers temperature range is typicaily -25°C to 130°C. Special
versions operational at PWR conditions are available (as special orders, M.
Dzodz0,2007).

Grumski and Bajura (1984) demonstrated that the range of aperation of a
Coriolis meter in two-phase flow 1s himited by the failure condition of the
meter. They tested two different types of Micro Motion Coriolis flow
meters (the single tube and the dual fube type) and concluded that the
range of void fraction of possible operation 1s 0-0.025 and 0-0.160
respectively (these are averaged values). The right values of these two
intervals represent the break point for the mefer. The break point has been
defined by the authors as the “’void fraction reading when the slope of the
curve {error-versus-void fraction) became large and the meter approaches
the failure point™. See Figure 10, Grumski and Bajura (1984).

A better perforinance from the dual tube flow meter could be obtained by
changing the inlet piping configuration in order to disperse the flow (by
obtaining a more homogeneous flow pattern). Figure 15-3, Miller (19596)
presents the influence of the void fraction variation on the meter percent
error. For the void fraction up to 2.12% the maximum absolufe error 1s 4%.
Transient Operation Capability {time response)-Criteria 7-The
smoothing effect, due to the long time constants (caused by the
length/volmne of the U fubes), may cause errors fo be introduced,
paragraph 17.2.8 page. 410 (Baker {2000)).

Bi-directional Operation Capability-Criteria 8-Grumski and Bajura
(1984) effectively tested two different Coriolis flow-meters (single and
dual tube) with a reverse flow and demonstrated that there are not
significant differences between the use in both directions.

Minimal Regulatory Requirements-Criteria 8-There are not particular

regulatory requirements to instali this type of flow-meter

19. Suitable Physical Dimension-Criteria 10-The weight range 1s: 8 kg-635

kg, the size range: 6 nun-200 mm. There could be problems conmected to
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the operation of this mstrimnent type in narrow spaces because of the
presence of bend pipes.

11. Minimal Disturbance to the Flow-Criteria 11-All the followmng
information is related to the one phase flow experience. The pressure loss
highly changes according to the different possible designs: figure 17.9,
page 409, Baker (2000) shows the pressure drop for a straight tube design.
The maximum value rises to 0.8 bar. Figure 17.10, page 411, Baker {2000}
represents the pressure loss vs. mass flow rate for different designs of the
meter.

12. Simplicity of Data Acquisition-Criteria 12-Sensor types {Baker (2000)):

v" a coil on one tube and a magnet on the other to generate an
inductive voltage due to the relative velocity
v optical method

13. Capability of Operating in Different Assembling Orientation
(horizontal, vertical, inclined)-Criteria 13-Prefarred orientation: vertical
downward flow may result in parfially empty tube. Pipework arrangements
that might lead to trapped air or gas should be avoided (Baker (2000)).
Grumski and Bajura {1984) did not notice a remarkable influence of the

meter orientation on the meter performances.
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2.5. Electromagnetic flow=-meter

. Two phase flow handling capability and easy modeling-Criteria 1-The
principle of operation of this type of flow-meter is the electromagnetic
inductior. The simple law that 1 an 1deal case regulates the phenomenon
18

Ag, =B DY, ,

where Ad, [V] is the voltage between the electrodes, B[T] is the magnetic
field, D[m] is the diameter of the pipe and v, [m/s] is the mean velocity of
the fiuid in the pipe.

Usually the munimum conductivity necessary for the proper operation of

. S
the meter falis in the range 5—20#— (www.omega.com {December 11,
cm

2007)), but at least one manufacturer offers a meter capable of operation

down to 00525 (Baker (2000).
Civ

The theory requests that:

V' The magnetic field is uniform

v’ The velocity profile is axisymmetric
You can fake into account the effects of distorted flow profiles using a
weight function (Baker (2000), Shercliff (1962)¥) and the effects of non
uniformity of field defining the flow-neter sensitivity {eq. 12.3, page 2835,
Baker (2000)).
The flow-meter 1s composed by two elements:

v Sensor or prianary element {metering fube with insulafion,

electrodes, coils to produce the magnetic field)

v" Transmitter or secondary element
The primary device output resistance has to be of two or more orders of
magnitude less than the mput resistance of the secondary device (usually
20x1076 chms), so it’s difficulf to find an instrunents that can work with
pure water.
Baker (2000), Baker and Deacon (1983), experimented an electromagnetic

fiow-meter in air-water flow with errors of less than -1% for void fraction
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up to 8%. They stated that an electromagnetic flow-meter i two phase
flow could be affected by thyee types of error:

v shift from wmiform velocity profile to a parabolic profile can
produce 5% error, Baker and Deacon {1983}, Baker (1973)*

v" non uniform conductivity in the region of the ﬁeldé and the
electrodes {when the concentration of bubbles is higher on the pipe
wall the authors calenlated a signal change on the measurement of

=0).

+0.7% with &, =0.3 and «

wirll avis

v If the liquid does not form a continuous conductive path, the outpat
signal depends on how the secondary circwit of the meter reacts to
the open circuit condition. This condition is realized wlhen the vord
fraction is suffictently high.

Baker (2000), Bemier and Brenuen (1983), analyzed flow-meter
performances for bubbly and chwn flow: their data fall within £2% of the
prediction up to void fractions of 18%. The authors demonstrated
analyticaily that the performances of a magnetic flow meter are almost
independent of the fluid electrical conductivity, the velocity profile shape
(provided that it 15 axisynumefric) and the flow paftern. They analyzed
theoretically three different flow regimes (1. dispersed flow without
relative phase motion, 2. annular flow with relative phase motion and 3.
cylindrical voids parallel to the flow direction and with relative phase
motion)

For ali the three cases analyzed the collected data were laying on the same
cun?e; without differences due to changiug in the flow regimes.

It is important fo remember thaf the resulfs presented above ate referred to
the evaluation of the mean wvelocify of the conductive component (the
fiquid phase), but the meter cannot provide mformation about the mean
velocity of the non conductive component, 1e. it is necessary to set a
proper model to describe the slip ratic between the two phases.

Non uniformity of conductivity can change the flow-meter signal because
there’s a change in the shorting current. This could be a problem in two

phase flow applications,

40




2. High Span (minimal number of parallel lines)-Criteria 2-100:1
turndown ratio (span) is the typical value for most of the meters available
for single phase flow.

More information about the operation range of different types of magnetic
flow meters can be found in the following mnanufacturers’ sites:

v" Omega (hitp://www.omeea. com/prodinfo/imagmeter.itml)

v Sparling (www.spatlinginstruements.cons)

v Dynasonics hitp:/f'www.dynasonics.com/products/magnetic. php)

v Foxboro (www.foxboro.com)

3. Good Repeatability and Accuracy-Criteria 3-The foﬂowing values

refers to single phase only. Repestability is likely to be of order #0.2%
rate. Manufacturers’ claims for uncertainty are shown m the following

table (Paragraph 12.11, page 301, Baker (2000)).
Uncertainty Fiow range as % of full scale deflection

+1.5% of measured rate | 5-2.5%

+1.0% of measured rate | 15-5%

+{.5% of measured rate | 50-15%

+0.3% of measured rate | 100-50%

The percentage error of a magnetic flow-meter in two phase flow for two
different volumetric Hquid flow rates has been calculated by Baker and
Deacon {1983). The air flow rate was gradually increased. The volumetric
quality i3 defined as:
p-—2_,
Qg +G

where @ and @, are the volumetric flow rates for liquid and gas,

respectively. In both cases the error was increasing with the void fraction

ticrease,
In the first case the awr was injected through a multitholed plate, the

maximum error is around -3% for a volumetric quality 5 equal to 12.3%.

In the second case the air was mjected tlwough a 6 holed plate and the

maximum error 15 arcund -1% for a volumetric guality £ equalto 10.7%.
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4. Minimal Installation Constrainis (straight pipe length between the
meter and the disturbance source)-Criteria 4-All the following data
refer to single phase only. Instailation constraints:

v’ Effecis on sensitivity of field and liner length (table 12.3, page 296,
Baker (2000)).

v Upstream flow distortion: table 12.4, page 297, Baker (2000)
shows the effects of flow distortion generated by an eccentric
orifice, the distarbapce is minimum if its plane of symmetry is
perpendicular to the electrode plane (Baker (2000), Al-Khazraji
(1978)*). Table 12.5, page 298, Baker (2000) presents sigpal
changes due to upstream disturbance.

v Straight pipe necessary fo decrease uncertainty: table 12.6, page
298 and 12.7, page 299 Baker (2000) hLists straight pipe needed
upstream:  of the flow-meter for the presence of a gate valve, a
reducer, one or two bends.

5. Simplicity of Calibration; effects of calibration and operation
temperature differences (different flaid properties, flow-meter
material expansion)-Criteria S-The response of the meter should not be
affected by variation in liquid condnctivity, provided that the conductivity
is untform over the region of the flow-meter (Baker {2000)). Temperature
chianges could affect the error comnected with the measurements due fo
windings expansion. Baker (2000), Baker (1985)* obfained a maximum
error of about -0.3%/100°C.

6. Capability of Handling Different Flow Regimes (femperature range,
pressure range)-Criteria 6-Bemier and Bremnen (1983) demonstrated
theoretically that the meter response 1s independent of the flow regime (up
to o=90.18). They tested a Foxboro electromagnetic flow-meter in a
vertical upflow two-phase flow. The maxionun water superficial velocity
was 1.14 nvs, while the air mjection rate was varied (with a maxinmmn air
superficial velocity of 1.138 m/s) to obtain different flow patferns (from

bubbly flow to churn-tubulent flow). The authors monitored the variation

of the ratio Al for different air injection rates and superficial
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water velocities with a void fraction up to 18%. Ay, is the differential
voltage measured by the meter in two-phase flow; Ag,, is the differential

voltage detected by an electromagnetic flow meter in single phase, water
flow, placed upstream of the air injector. The authors verified that the ratio
is almost independent of the atr myjection rate and of the water superficial
velocity (i.e. it is independent of the flow paftern) and almost equal one.
The experimental resulfs fall within an error band of £2% around the unity
line (see Figure 3, Bernier and Brenmen {1983)).
All the commercial flow-ineters reviewed cannot tolerate the high pressure
and temperature conditions of the SPES 3 facility.

7. Transient Gperation Capability (fime response)-Criteria 7-The tune
response of the fransmutter 1s of order 0.1 s.

8. Bi-directional Operation Capability-Criteria 8-Some models of the
magnetic flow-meter can effectively handle bidirectional flows, as it’s

stated by some mamatacturer (Omicon, see hitp://www.onicon.conypdfs/F-

3100.pdf, 4 February, 2008 and AMS, see
htip://wrww ferret com aw/c/AMS-Instrumentation-

Calibration/Bidirectional-magnetic-flowmeters-n726934, 4  February,
2008).

9. Minimal Regalatory Requirements-Criteria 9-No issnes.

10. Sunitable Physical Dimension-Criteria 10-No issues connected with
physical dimensions.
Minimal Disturbance to the Flow-Criteria 11-No disturbance to the
flow is expected.

i2. Simplicity of Data Acquisition-Criteria 12-Paragraph 12.4.2, page 289,
Baker (2000) describes the most important characteristics of the
transmitter (for single phase flow). |

13. Capability of Operating in Different Assembling Orientation
(horizontal, vertical, inclined)-Criteria 13-Sowme manufacturers prefer
verfical installation with upward flow not to affect electrode contact

because of entrained gases.
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2.6. Ultrasonic flow-mefers
There are three main types of ultrasonic flow-meter:

v Transit time flow-meter
v" Doppler flow-meter
v Cross correlation flow-meter
The first type of ulfrasonic flow meter have not been tested yet for two

phase flow applications.

2.6,1. Doppler flow-meter
Two phase flow handling capability and easy modeling-Criteria 1-The

Doppler flow meter depends on the Doppler velocity shift that occuss
when sound bomnces on 2 moving object. The sound wave is reflected by a
particle or a disturbance moving with the flow.

One of the major uncertainties 1n this measurement method 1s the ratio
between the velocity of the reflecting object and the axial mean velocity.
This method is thus sensing an average velocity in the volume defined by
the intersection of the transmitted and the reflected beams. This puunctual
velocity could be calibrated fo reconstiuct the fotal volume flow rate,
however the flow profile must be reproducible. The formula that gives the

frequency shift in an ideal uniform profile veloaty V is:

&f=ﬂ_ﬁ:Mv

3

where f, and f, are the transmitted and received frequency respectively,

g is the angle between the beam and the pipe axis and ¢ 1s the sound
velocity. This method is particularly applicable to two phase flow because
it is based on measuring frequency shift m reflections from scatterers
moving wifli the fluid.

High Span (minimal number of parallel lines)-Criteria 2-NA

Good Repeatability and Accuracy-Criteria 3-For Doppler meters
uncertainty claims may be +2% of the full scale, provided a good
knowledge of the meter response in different flow condition (Baker
(2000)).

Minimal Installation Consiraints (straight pipe length between the

meter and the disturbance source)-Criteria 4-For Doppler' flow meters
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5.

6.

7.

s.
9.

one manufacturer (Baker (2000)) suggests 6D of straight pipe upstream
and 4D of straight pipe downstream for single phase flow.

Simplicity of Calibration; effects of calibration and operation
temperature differences (different fluid propertes, flow-meter
material expansion)-Criteria 5-The clamp on transducers are influenced
by the changing in temperature that could lead to changes in the refraction
angle {Baker (2000)) and to variation in the physical dimension (Doebelin
(2003)).

Capability of Handling Different Flow Regimes (temperature range,
pressure range)-Criteria 6-The temperature range for Doppler flow
meters in smgle phase flow is -20 °C fo 80 °C.

Transient Operation Capability (time response)-Criteria 7-NA
Bi-directional Operation Capability-Criteria 8-The Doppler flow meter
physical basics allow for the ineasurements of bidirectional flows. Some
models of the Doppler flow wmeter can effectively handle bi-directional
flows (www.rshvdro.co.uk/doppler.shtimi, Aprii 1, 2008, Paul, (2008)).

Minimal Regulatory Requirements-Criteria 9-No issues.

Suitable Physical Dimension-Criteria 16-No issues.

10. Minimal Disturbance to the Flow-Criteria 11-Since the Doppler flow

meter usually operates with clamp on transducers, it is causing no

inftuence on the flow.

11. Simplicity of Data Acquisition-Criteria 12-The Doppler meter usually

operates with clarup on transducers.

12, Capability of Operating in Different Assembiing Orientation

1.

(korizontal, vertical, inclined)-Criteria 13-NA

2.6.2. Cross correlation flow-meter
Two phase flow handling capability and easy modeling-Criteria 1-

Cross correlation flow meters take advantage of the modulation of the
sound beams due to disturbances m the flow. If two beams cross the flow
at a known distance apart L and the recetved signals are compared to find a

similar pattern, the pattern for channel B will be displaced a time 7, from

that of channel A. It is easy to deduce that the flow has takep time ¢, to
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] L .
move a distance L. or vy=-=-. This arrancement would measure a

Tm

representative lignid phase velocity assuming that the voids travel at the

same velocity as the liguid (this applicable ouly for homogeneous two
phase flow). Baker {2000}, King (1988)*, King et al (1988)* mentioned
the development of an ultrasonic cross correlation flow meter for
multiphase flow at Netional Engineering Laboratory, Scotland.
Olszowski et al. (1976) applied a cross correlation flow-meter to measure
the velocity of an air-water flow. They used a sharp edged orifice plate of
area ratio 0.5 to homogenized the flow upstream of the ultrasonic meter
and obtain a measurement of the velocity, supposmg that the flow was
homogeneous. The orifice was mounted 15 D upstream of the ultrasonic
meter. The two flow-mefers were sitnated axially one pipe diameter apart.
Xu et al., (1986) studied a pulsed ultrasound cross correlation system in
the volumetric flow rate of 0-960 mi/s for the liquid (water) phase and
0.08-50 ml/s for the gas {air) phase. The flow regime was classified as
bubble flow with a uniform distbution of air bubbles in the sensing
volume. The measurement section was made of a Perspex tube wath an
air/water mixture flowing vertical upwards. The authors were using fhe
cross correlation measuring technique.
The two peaks found in the comelogram, that might correspond to two
different sensed velocities, are interpreted as two different paths (i.e. two
different flow noise sources) for the pulsed ultrasound.
The first ;ﬁeak 15 clearly correlated to the average air velocity, while the
origin of the second peak seems fo be connected to the variation in the
bubble density and dimension and to the variation in ihe water velocity.
Figure 5 shows the relafion between the first peak velocity and the gas
velocity. The gas velocity has been calculated as:

v, =§_;,

3
ar | . . —. . .
where (O, [—} s the air volumetric flow rate, ¢ is the mean void fraction
1 s

measwred Dy a differential n-tube manometer and A is the pipe cross-
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section area. The void fraction range shown in the previous graph is from 0

to 0.15.
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Figure 5: Relation betﬁeen the air phase velocity and the velocity related to thie first
peak in the correlogram, Xu et al. (1986), Figure 9

Is important to underiine that the signal obtained with the cross correlation

method is strictly related to the distribution and the characteristics (density

of bubbles, size of bubbles) of the gas phase, while no information is given

about the velocity of the hquid phase.

2. High Span {(minimal number of parallel lines)-Criteria 2-NA

Good Repeatability and Accuracy-Criteria 3-NA

Minimal Installation Constrainfs (straight pipe length befween the
meter and the disturbance source)-Criteria 4-Baker (2000), Paik et al
{1994)* used clamp on transducers i some fests of installation effects in
single phase flow. A complete data set of their result is shown i table
13.9, page 348, Baker (2000).

Simplicity of Calibration; effects of calibration and operation
temperature differences (different fluid properties, flow-meter
material expansion)-Criteria 5.NA

Capability of Handling Different Flow Regimes {(temperature range,
pressure range)-Criteria 6-Olszowski et al (1976) measured the velocity

of the flow (air-water, homogeneous flow patfern supposed) i a void
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fraction range {a) 0.6% to 43.6%, while the quality range (X) was

0.13x107* t0 12.3x107*. The mixture velocity range was 1.6 to 4.1 m/s.
The pressure varied between 1.1 to 2.1 bar. The experiment was performed
using a fransiucent pipe and fwo clamp on transducers. When the cross
correlation flow meter is applied at low volume ratic values (S <10%),
the velocity detected by the cross correlation flow-meter is very close to
the value obtained by the application of the homogeneous model to the
single phase flow measurement.

When the volume ratio increased, the velocities indicated by the ultrasonic
meter progressively exceeded the homogeneous velocity by a maximum of
about 4% for volume ratio values up to 40%. This error is probably due to
the increasing of the slip ratio.

It can be concluded that the instrument can positively measure the mixhire
flow rate (if the flow 1s supposed to be homogeneous) only if

v' The mixture velocify is high enough to guarantee a proper mixing
action by the orifice mounted upsiream of the meter.

v" The volume ratio is low enough to permit a proper mixing of the
two phases. When the shug flow region has been reached, the
mixing action of the orifice is suppressed.

7. Tramsient Operation Capability (time response)-Criteria 7-NA

8. Bi-directional Operation Capability-Criteria 8-The cross correlation
technique can detect bi-directional flows.

8. Minimal Regulatory Requirements-Criteria 8-No issues.

10. Suitable Physical Dimension-Criteria 10-No issues

11. Minimal Disturbance to the Flow-Criteria 1}-Theorefically the
mfluence of the ultrasonic flow neter itself 1s almost unimportant, but if a
homogenizing device like an orifice plate is needed, then it’s necessary to
take i account the induced pressure drop and the changes caused mn the
fiow pattem.

12. Simplicity of Data Acquisition-Criteria 12-NA

13. Capability of Operating in Different Assembiing Orientation
{(horizontal, vertical, inclined)-Criteria 13-NA

48



2.7. Wire mesh sensor (for velocity measurements)
. Two phase flow handling capability and easy modeling-Criteria 1-The

wire mesh sensor has been studied fo provide the measurement of the void
fraction of the two-phase mixiure. However if is possible to use a
combination of two sensors and the cross correlation technique to obtain
 the gas and the liquid velocities.

Prasser et al. (2002) tested a couple of 24 x 24 probes to sense the gas
phase velocity distribution in a 50 mm diameter pipe. The two sensors
were positioned with an axial distance of 37 mnm. The visualization of the
distribution of the air velocity inside the pipe was obtaimed.

The measurement of the liquid phase velocity could be feasible, but it has
not been tested yet. It can be measured with the eross correlation technique
if there are conductivity fluctuations in the hquid phase conductivity
(Prasser {2008a)). These fluctuations could be caused by chauges in fhe
liquid temperature. Prasser stated that the liquid velocity measurement can
be much more unreliable than the gas velocity measwrement, but it can
- help iacreasing the information about the flow (Prasser (2006)). Schleicher
suggested adding a liquid tracer (i.e. salt water bolun) to cause a
detectable modification i the hiquid conductivity (Schletcher (2008}).

. High span-Criteria 2-The experiment (Prasser et al. (2002)) with the
measurement of the gas phase velocity was performed in the supeificial

gas phase velocity (J,, ) range from 0.037 w/s to 0.835 /s, while the
liquid phase velocity (/. ) was kept constant at 1.02 w/s. The probe has
been used for the measurement of the void fraction distribution in the J_
rénge from 0 to 12 mi/s and in the /. range fiom 0 to 4 m/s (Prasser ef

al. (2002)).

. Good repeatability and Accuracy-Criferia 3-NA

Minimal installation constrainis-Criteria 4-No installation constraints
are required. The mefer canses a fragmentation of the bubbles, but this
effect is not sensed by the sensor, since it measwres the mndisturbed

upstream flow structure (Prasser {2006)).
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5. Simplicity of calibration; effect of calibration and operation
temperature differences (different fluid properties, flow meter
material expansion)-Criteria S-The linear dependence between the void
fraction and the conductivity of the muxture needs for the knowledge of
two limit values: the conductivity as measured with the pipe filled with
Hguid only and the conductivity measured with the pipe filled with gas
only. The liquid conductivity is dependent on the temperatre and the
temperature is varying during the fransient experiment in the SPES3
facility. It is therefore necessary to calibrate the msfrument in order to take
into account the changes in this limit value. Prasser (Prasser (2008Db))
suggests fwo ways to proceed:

v It is possible to perform a calibration of the sensor readmg for a
completely filled pipe as a function of the water temperatnre. A fast
thermocouple mounted close to the sensor is then necessary io
provide the correction of the limit value.

v If there is a two-phase flow permanently present at each crossing
point of the sensor, short-term PDFs (probability density functions)
of the measured raw data can reveal the signal levels for lignid and
gas without an explicit calibration. The position of the maxima in
the PDF can be used as calibration values.

6. Capability of handling different flow regimes (temperature range,
pressure range)-Criteria 6-The velocity of the gas phase has been sensed

in the flow patten range from bubble fo slug flow
(Ve =1.02mfs; 0.037m/s < J,, <0.835 m/s), Prasser et al. (2002). The

meter has been used for the detection of the nuxture void fraction in the
flow pattern range from bubble to annular flow (Prasser et al. (2002)). The
meter is capable of detecting the presence of bubbles whose dimensions
are bigger than the wire pitch. The wire mesh probes previously tested had
a wire pitch that ranged from 2 mm to 3 mm; the diameter of the pipe
ranged from a mimimum of 42 mm to a maximum of 195 mm (Prasser et
al. (1998), Prasser et al. (2000), Prasser et al. (2002), Prasser et al. (2005),
Pietruske and Prasser (2007)).

50



10.

11.

The probe is not influenced by the flow pattern because it simply registers
the conductivity of the mixture, which is independent on the flow pattern.
The maximum operation presswe for the probe 1 7 MPa, while the
maxitpin temperature is 286°C (Pietruske and Prasser (2007)).
Transient Operation Capability (time response)-Criteria 7-The
maximum detection frequency is 10000 Hz for the 16 x 16 wire mesh
design and 2500 Hz for the 64 x 64 wire mesh design.
Bi-directional eperation capability-Criteria 8-The cross correlation
technique allows for the detection of the reverse flow condifion for the
measurement both of the gas and the liqmd velocity (Prasser (2008a)).
Schleicher underlines that the detection of bi-directional flow is not a
common use of the cross correlation techmque (Schleicher (2008)).
Mipimal regulaiory requirements-Criteria 9-No issues.
Suitable physical dimensions-Criteria 10-The probe is inserted in the
pipe cross section and the outer extension should not represent an issue.
Minimal disturbance to the flow-Criteria 11-The probe was presented
with two different designs by Prasser et al. (19698):

v Wire mesh sensor with 16 x 16 ineasuring points; 0.12 mm

diameter wires.
v" Lentil shaped rods sensor with 8 x 8 measuring points or 16 x 16

measuring poinis.
The first design is characterized by 96% of free cross section for one grid;

the pressure drop coefficient {X ) 15 about 0.04 (single grid). The second
design has a 73% of free cross section for one grid and the pressure drop
coefficient (K ) is around 0.2 (single grid). The pressure drop (single
phase flow) is then calculated as:

Ap=Kpv’,

where p is the density and v is the velocity. In water flow with v=1m/s

the pressure drop would be 40 Pa for the wire mesh design and 200 Pa for
the lentil shaped rods design (Prasser ef al. {1998)).

The sensor is likely to slightly influence the flow pattern, stice it causes a

fragmentation of the bubbles.
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13.

Simplicity of data acquisition-Criteria 12-It is possible to store the data
in the internal memory of the probe and then transfer them to a hard disk
later on. Each measuring point value needs 12 bit of memory. For the 16 x
16 sensor this results in 384 bytes per frame. With the maximum
frequency of 10 kHz, the total amount of memory necessary to store 1 s of
measured data is 3750 kbytes. Since the intemal memory of the probe s
4Gbytes, it Is possible to measure about 18 minutes. Then is necessary to
download the data to a hard drive. For the lowest available frequency (100
Hz), is then possible to store vp to 30 hows of measwred data m the
internal memory {Schieicher (2008)).

Capability of operafing in different assembling orientation-Criteria
13-The meter was tested both in horizontal (only one experiment, Prassser
et al. (1998)) and vertical direction (Prasser et al. {1998}, Prasser et al.
(2000), Prasser et al. (2002), Prasser et al. (2005), Pietruske and Prasser
(2007)). Almost all the available data are related to the vertical orientation.
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3. Densitometers

The third section is dedicated to the description of the main devices
capable to detect directly or indirectly the two-phase density. Furstly some
criferia that each meter needs to satisfy are .listed, then the performances of
each device, related to each criteria, are described. The criteria chosen for
the analysis of the densitoners performances are:

1. Results: accuracy and characteristies of the response-Criteria 1

2. Installation constraints-Criteria 2

3. Dependence of the results en the phaﬁe distribution (flow regimes

analyzed in the experiment)-Criteria 3

=

Temperature range and pressure range-Criteria 4 and Criteria 3

o

Time responrse-Criteria 6

6. Regulatory requirements-Criteria 7
- 7. Disturbance to the flow-Criteria 8

8. Shape of the probe and configuration of the experimental circuit
When two devices (one flow mefer and one densitorneter) are used
together to monitor the mass flow rate, some important points need fo be
discussed (Hewitt (1978)):
The response of a meter in two-phase flow tends to be high sensitive to the
flow pattern and to the upstream configuration and flow bisfory.
The best practice is to calibrate the instrumnents with known phase flow
rates and with an exact simulation of the upstream pipework.
The flow patternt is likely fo be also time dependant i transient tests. _
Though the ideal is to use in situ calibration, the more usual method 1s to
interpret the measurement from an instrument in terms of a theory whose
validity is tested by conducting separate experiments. Very often these
experiments are conducted for very different flow condifions and fluids:
instruments used for steam/water flows are frequently calibrated using

atr/water flows.

The response of a flowmeter may be different iu transient situation and it -

is betfer to find a way to correct for this.
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3.1. Gamma densitometer
All the following information is derived from Hetsroni (1982) and Bergles

et al. (1981).

When a beam of monochromatic and colimmated photons iransverses a
substance of thickness z, it has an emerging intensify given by the

following attenuation law:

)
I=1I,exp |:—(-’LJ p:j| ,
P
photons

where [ ]: 5 ] is the beam intensity as it emerges from the material,

m-g

3
I, is the initial intensify and E[E—] ts the specific absorption coefficient

plLig
for the material.
The void fraction calculation is influenced by the distribution of the void
fraction inside the channel. When liquid and steam exist in layers parallel

to the beam, the chordal void fiaction A, is then obtained using the

following formula:
-1
Ry=7"%,
fs— ‘TL

where 7, represents the attenuated intensify with the chamnel full of gas
and I, the attenuated intensity with the chapnel full of liquid (Hewntt
(1978), Petrick and Swanson (1958)*). In the opposite case, when liquid

and steam exist in layers perpendicular to the beam, R, is obtained from:

R, = w{z/1,)
T n(Z, /L)

The choice of the radiation could be dictated by different aims. Two main

sources have been used: V"7 , which has an energy of 84 keV, a half life

of 127 days, and a linear absorption coefficient in water (z) of 0.18 cm™

at room temperature, and ’Cs , with an energy of 662 keV, a half life of

30 years and a linear absorption coefficient in water 0 0.086 em™ atroom
temperature. The first one is the most strongly absorbed in water and the

change in signal between a channel filled with water and one filled with
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gas is greater with this sowrce. The mass absorption coefficient for water
decrease as a function of the incident beam energy (see Figure 15.1, page
457, Bergles et al. (1981)). With Ceshum there 1s less attenuation, but the
absorption law can be linearized avoiding the problems connected with the
averaging. Furthermore, if the source strength is large enough, more
photons will be counted ir the same time Interval and the stafistical error
due to photon emission fluctuation can be reduced.

Consfraints due to the contrast {different absorption of the beam i the
water and in the gas) and to the photon emission statistic nature have

opposite effect on the choice of photor energy and beam infensity. In this

respect X-rays have beam intensity 10° to 10* higher than gamma rays.
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3.1.1. Thermal-Hydraulic test facility instrumented spool pieces-
gamma densitometers (Chen and Felde (1982}}
. Results: accuracy and characteristics of the response-Criteria 1-The authors

applied the homogeneous model to the analysis of the steady state data obtained from
the spool pieces. They combined the signals from the furbme flow meter and from the
drag disk to the one from the ganuna densttometers (1 beam and 3 beams) to calculate
the mass flow rate in four different ways

v turbine flowmeter-1 beam gamma densttometer (TBM-GAM)

v' turbine flowmeter-3 beams gamma densitometer (TBM-GAMS3)

v drag disk-1 beam ganuna densitometer (DD-GAM)

v’ drag disk-3 beams gamma densitometer (DD-GAM3)
The values obtained were compared fo the reference mass flow rate measured at the
inlet of the facility in single phase flow. Uncertainty bands mcrease from £50% for
the TBM-GAM?3 model to £80% for the TBM-GAM. Similar results are observed for
the DD-GAM model, but the uncertainty bands are 1.1 10% higher than for the DD-
GAMS3 model. These results confirm that the use of a single beam gamma
densitometer in the model results in significantly higher uncertainties.
. Imstallation constraints-Criferia 2-The use of a radiation sowrce require the presence
of a radiation screen. The dimension of the gamma densitometer could represent a
mounting issue.
. Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria_3-There are different models to calculate the average cross
section densify using a three beam ganuma densitometer. In this experiment the
authors used a three region annular model (Chen and Felde {1982), Turnage and
Jallouk {1978)*). The pipe density is obtained from an area-weighted average of the
three region densities.
The most frequent flow pattern expected for this type of experiments at high quality
(0.8-1.4) is dispersed flow. _
The authors did not refer directly to the influence of the variation of the flow regime
on the gamma densitometer response, but they observed that a change m the liqud
phase distribution coefficient counld result in a major change in the mass flow rate
measwrement. The lHquid phase distribution coefficient takes into account the effects

of the distribution of both the void fraction and the velocity profile inside the pipe.

64




Lh

Also the variation of the slip ratio could lead to a major change in the mass flow rate

measurement..

Temperature range and pressure range-Criteria 4 and Criterig S-The inifial
ternperature and the pressure at the fest section outlet are 15 MPa and 593 K.

Time response-Criteria 6-The gamma densitometer has been nsed m fast
depressurization frausients, its response time, although not directly defined by the
authors, is at least 50 ms, because this is the time delay characteristic of a particular
effect of the turbine meter and it could be defected by the gamma densitometer.
Regulatary requiremenis-Criteria 7-The handling of radiation sources is stuictly
regilated and the procedure to obtain the authorization to install the densitometer

could be troublesome.
Disturbance to the flow-Criteria 8-No disturbance to the flow is caused by the

gamma densitometer.

Shape of the probe and configuration of the experimental circuit-the Thermal
Hydraulic test facility (THTF) has been built with the specific aim of testing the
thermal hydraulic conditions after a hypothetical accident in a PWR. It has been
equipped with two different types of spool pieces: |
Spool pieces constituted by a twbine flow-meter, a drag disk and a simgle beam

gamma densitometer positioned between the tmrbine flow-meter and the drag disk.

The densitometer has an uncertainty of £104 Eﬁ; with 95% counfidence bands.

m
Spool pieces constitiuted by a three beams gamma densitometer, a furbine flow meter
and a drag disk. The gamma densitometer i1s positioned upstream with respect to the

other devices in order fo reduce their influence on the densify measurements.
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5.

31.2. In-bundle gamma densitometer for subchannel void
fraction measurement {Felde (1982))
Results: accuracy and characteristics of the response-Criteria 1-

Some tests were implemented on the ion chambers in order to characterize current
leakage effects with temperatre. The leakage current approaches the order of
magnitnde of the ionization-generated current starfing from L) 589K; remarkable
effacts of hysteresis where also detected during heat up and cooldown experiments.
The measured data obtained during the Upflow Film-Boiling Tests were compared fo
the signal obtained from a gamma densitometer installed at the outlet of the test
section. The data show a good agreement until the 589K temperature is reached. Since
that time the values from fthe in-bundle ganima densitometer show apparently non
physical behavior and seem to follow the temperature measurements in the bundle.
The apparently strange behavior of the probe car be explamed infroducing
piezoelectric effects due to the thermal expansion of the connection cables. Another
explanation could be the slight modification of the probe geometry dwung fhe
experiments, resulting in a significant change in the received signal.

Useful data from the opetation of the in-bundle gamma densitorneter were not
obtained, but the design of the probe seems fo be promising to measure the void
fraction inside a rod bundle. Improvements in the insulation of the device have to be
studied in order to overcome the temperatire influence on the signal.

Installation constraints-Criteria 2-The use of a radiation sowrce usually requires the
presence of a radiation screen, but in this special case it was not necessary, since the
gamma densitometer was positioned inside the fuel bundle and the outer portion of
the instailation already provided adequate shielding. The dimension of the ganuna
densitometer could represent a mowting issue.

Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria 3-NA

Temperature range and pressure range-Criferia 4 and Criteria 5- the initial

temperature and the pressure at the test section outlet are 15 MPa and 593 K (the
operation condition for the primary side in the SPES3 facility are 626 K and 17.5

MPa).

Time response-Criteria 6-NA
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6. Regulatory requirements-Criteria 7-The handling of radiation sources s strictly

regulated and the procedure to obtain the authorization fo install the densifometer

could be troublesoine.
7. Disturbance to the flow-Criteria 8-No disturbance to the flow is caused by the

gamina densitometer.

8. Shape of the probe and configuration of the experimental circuit-The Thermal
Hydraulic test facility (THTF) has been built with the specific aim of testing the
thermal hydraulic conditions after a hypothetical accident 1 a PWR. A heated rod

bundle simulates the reactor core. Two gadolinium oxide (G, 0, ) sources are placed
in two instrument rod position, each source is annular shaped. Two correspondent 1on
chambers detect the signal and reconstruct the m-bundle fwo-phase density. The
3Gd emits 100 keV gammas.

The calibration of the densitometer assumes an exponential attenuation of the gamma
sources, thaf is verified just in ideal condifions: monoenergetic, collimafed beam.
Practically the calibration equation is:

v

2

p—p, =K,
=P, -

whete p is the average density of the mixture, p, is the density relative to an empty
bundle, ¥ is the densitometer ontput voltage in fhe measuring condition and 7, 1s the

densitometer oufput voltage for an empty bundle. The output voltage is proportional

to the beam intensity revealed by the ion chamnbers. The data related fo subcooled

flow provide the other endpoint necessary to evaluate K.
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3.2. Tomography

Tomography is an imaging teclmique that reproduces sections of the scanned object.
It’s based on a tomographic reconstruction aigorithm to elaborate the images from the
intensity of the radiation beams that reach the detectors.

The physical phenomenon on which the technique is based is the absorption of a
radiation beam, as it passes through a material. The main difference with respect to
the gamma densitometer is that the fomography can reproduce a cross section iniage
of the whole pipe and the phase distribution inside it, while the gamma densitometer
provides only an average value of the void fraction along the projection line. In the
tomographic reconstruction the radiation source is made rotating around the object or
many sources with different emission directions are employed at the same time. In
this way the radiation beam is oriented in different directions and it is possible to
obtain information from all the points on the monitored section.

When a radiation beam cross a material, its mtensity is attenuated according to the

absorption law. The absorption coefficient {4} is space dependent. The differential
intensity reduction on the y = 3, directior can be wiitten as:
df =—Iu{x, p }dx,

where I is the mitial intensity.
The projection function for the line ¥ =y, is then defined as:
I
p{y)=-In — 1= f p{x, % )dx.
S0 =%
If the projection line is not parallel both to the x and to the y axis, it can be expressed
as a function of x and y (see Macovsky (1983)) and the resulfing general equation to
calculate the projection function 1s:
+0
Po(t)= I a{x,y}ds = J. u{tcos@—ssing,tsinf+scosf)ds,
line{8.1) —x
where t is the distance between the projection line and the axis origi, s 15 the
coordinate along the proj ection: line and & is the inclination of the projection line {see

Macovsky (1983)). The previous integral is the line integral of the fumetion u{x,¥)

along the line s and is called Radon transform of the z{x, v} function.
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The projection function is the value that is effectively sensed by the beams detectors

and that need to be elaborated to obtain the image. The aim of the image
reconstruction algorithms is to construct w(x,y) from p, (7).
The Back Projection algorithm is just one of the available reconstrucfion algorithms.

The main characteristic of this procedure are described in Macovsky (1983).
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3.21. FastX-ray CT (computed tomography) for transient two
phase flow measurement {(Misawa et al. (1998))
. Results: accuracy and characteristics of the response-Criferia 1-

The spatial resolution of the tomograph was investigated analyzing the reconstructed
mnage of phantoms A and B. All the 1 mum voids were not detected and all the 2 ;m
voids were not clearly visible in the image, therefore the authors concluded that the
spatial resolution of the tomograph lied between I and 2 mm.

In order to calculate the void fraction based on a gray scale image, i1t was necessary to
define a threshold level. The choice of the thresheld was very important since the
resulting void fraction value was highly sensitive on its variations. Two methods were
proposed:

v The threshold level is placed at the point where the maximum attenuation
gradient is found. This method tends to underestimate the void fraction, and
this effect is as greater as the voids diameter 1s mereasmg.

v The threshold level is chosen manually in order to match the actual voids
diameter. The threshold levels found with this method were used fo calculate a
calibration curve that relates the diameter value to the best threshold value.

Even if the second method was more accuate, if is applicable ouly for flows with
stmilar sizes of void expected.

The axial resolution of the tomograph was izlvestigafed analyzing the reconstructed
images of phantoms C and D. They were moved in the scanning zone at constant
velocities ranging from 0.2 to 1.5 w/s.

When the phantoms were moving at the maximum velocity, two problems arose:

¥ The tomograph cannot defect a sudden contraction or expansion m the cross
section of the Sc&nnedlobject.

v" The tomograph canmot detect objects that are crossing the scanning zone in a
time interval shorter than the one necessary to the tomograpl fo capture the
signals from all the sources. |

Two different air volumetric flow rates were mtroduced in the pipe. Bubbly flow
pattern was observed with the smaller one and slug flow pattern with the bigger one.
The bubbles weze traveling at a velocity of 0.9 m/s and their average thickness was

around 3 mm. Within 3.6 ms they moved 3.2 mun in the axial direction. Since the
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beam thickness is 3 mm, the whele external surface of the bubbles could not be
detected. Higher scanning rates would be necessary to obtain a complete imaging.
The area averaged void fraction was monitored for a2 2 s trme nterval both for bubbly

and shug flow (see Figure 6).
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Figure 6: Void fraction changes for bubbly and siug flow as 2 function of fime (Misawsa et al.
(1998), Figure 14}

The void fraction fluctuations well reflect the number of bubbles or slngs passed
through the scanning region, as can be assessed by the comparison with a video tape.

. Installation constraints-Criteria 2-The radiation sources need to be screened. The
tomography device usually has big dimensions.

. Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria 3-The flow regimes analyzed in the experiment were bubbly
and slug flow.

Temperature range and pressure range-Criteria 4 and Criteria 3-NA

Time responrse-Criteria 6-The bias prids were employed to activate the X-ray
sources sequentially. A tine interval of 200 us was necessary to switch the grid
disarming, then the total time to complete a sequence of 18 X-ray generations was 3.6
ms.Finally the total time necessary to complete a scan was 4 ins, translating fo a

maximum scan rate of 250 scan/s.
. Regulatory requirements-Criteria 7-The handling of radiation sources is strictly

regulated and the procedure to obtain the authorization fo install the densitometer

could be troublesome.
. Distarbance to the flow-Criteria 8-No distwrbance to the flow is caused by the

tomograpliy.
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Shape of the probe and configuration of the experimental circuit-the X-ray CT
was constituted basically by 18 X-ray sources and 122 detectors. The soutces were
mounted in a semicircular assembly facing the detectors (see Figure 7). The scanned
object was positioned in the centre of the assembly. The sources were sequentially

activated. The radiation coming from each beam was sensed by 32 of the 122 total

detectors.
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Figure 7: Schematic diagram of the sources and detector positions and diagram of slectron beam
switching X-ray CT system, Misawa ef al. {1998), Figure 1

Two différent types of scarmed object were employed in the experiments:

v 4 types of acrylic resin phantoms; two of them (phanfoms A and B) were used
fo examine the spatial resolution and the other two (phantoms C and D) to
examine the axial resolution. The data collected from the phantoms
experiments were employed for the calibration of the fomograph.

v’ An-water two-phase mixture flowing info a 42 mm mner diameter pipe. The

water velocity was 0.46 m/s. The air was introduced from a 8 mm diameter

nozzle at a small (3.3 cma/s} and medium (50 cm’/s) flow rate.
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3.3. Drag plates

The drag plate is a very simple device capable of measuring the force exerted by the

fluid flow on a portion of the pipe cross section. A body immersed in a2 flowing flud
1s subjected to a drag force given by:

F, =%’

where C, is the drag coefficient and A 1s the cross section area of the pipe.

The drag coefficient is almost constant in a wide range of Re; Hunter and Green

(1575)* demonstrated that the variation in C, over a Re number range of 2000-

250000 is from about 0.97 to 1.93.
The force sensed by thie meter is proportional to the square of the velocity for

Re>4000; in fhe laminar regime the results are not so predictable (Baker (2000),
Ginesi (1991)%).

The force exerted on the plate is usuaily measured pneumaticaily or with electrical
sfrain gauges.

One manufactiwer (Target Flowmeter, Venture measwrement Co. LLC, Spartanburg,
SC, www.aaliant.coin, 5 May 2008) offers devices for pipe sizes from 0.5 inches to
60 inches diameter {1.27 cm fo 1524 cm). The diag body size for the 0.5 inches
diameter pipe is 0.4 inches diameter (1.016 cin) and the drag coefficient is around 4.5.
It produces about 2 Ib (8.9 N} of drag force at maximum flow. Drag bodies for larger
pipe sizes take up a smaller fraction of the pipe cross section and have a drag
coefficient of about 1.5; the maximun drag force is about 10 Ib (44.5 N).

Uncertainty is between 0.5% and 2% of full scale. (Giness {1991)*). A commercial

device is claimed to measure water flow rates in the range 0.4-1350 #°/s and air
flow rates in the range 12-40500 n*/s with an uncertainty of 3% FSD. The turndown

ratio is approximately 15:1 (www.engineeringtoolbox.com/target-flow-meters-

d_497 htinl, 22 February 2008).
If the drag body is made symnmetrical, bidirectional flow can be measured.
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3.3.1. Measurement of two phase flow momentum using force
fransducers (drag plates), (Hardy and Smith (1990}))

Results: accuracy and characteristics of the response-Criteria 1-
The Drag body was installed i order to monitor the morsentum passing m both

directions throngh the tie plate. The resulfs were compared fo the Ap measured across

the plate, which is likewise proportional fo flow momentum. Almost all the data feil
i the uncertainty band £20%. The scatter was due to the low sensitivity of the
differential pressure device for values of Ap around 20 mm of wafer

A second comparison was performed with the momentum flux evaluated from the

known input flow 1ates:
F 2
— TPt (1-a)pv; .

The data showed a good agreement (see Figure 8).
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Figure 8: Comparison of momentum flux measared by the drag body with momentun flax
calculated from measured data, Hardy and Smith (2990}, Figure &

In order fo calculate the two-phase mass flow rate, the momentum measured with the

drag plate was conibined with the velocity detected by a tmbine flow-meter:

2
(,OV ).DP 7] oV,
Vr

=

74




where DP indicates the Drag plate data and T the turbine flow-meter data. The results

are showed in Figwe 9. The data provide a good estimate of the mass flow rate;

almost all the data fell in an error band +20%.

S L b1 g1

£

o STEAMGURVE
w":l . gl’ng%gg 18 .
kS i AP PR
- #
wo S PWATER O 7
':S ol e
z N 7
0 L -
# &
= .
7 |- BRINRGond SRBAYRNTE by -
o iy MR
b OPUROLATERGSE L T PRSE RATES 50 2 PR AT R
EIL I R . L} eiopymERE o -
” Y o: T o]
© » 20 PR e i
i P o
b, H i vy i
z & 15 2 5 1w

Foy  DRAS BOLY FORGE
T iREVEeTY

. TURDHRE VREEDOTY

( i J
Apmash

Figure 9: Comparison of mass flow rate from measured inputs with a mass flow model
combining drag body and turbine meter measurement, Hardy and Smith (1590}, Figure 10

Installation constraints-Criteria 2-No issues connected with the mstallation

constraints.

Dependence of the results on the phase distribution (flow regimes analyzed in the

experiment}—Criteria' 3-No mformation are given by the authors about the flow

pattern expected during the test, but, since the drag meter can span a cerfain fraction

of the flow cross section area, it can be assumed that it is sensing an average

momentum value. The velocity can be related to the average velocity of the two-phase

flow.

Temperature range and pressure range-Criterin 4 and Criteria 5-the

environmental conditions of the test facilities were: pressure vp to 2.1 MPa and

tetnperature up to 300°C. Thermal transients up to 40°C/s where expected.

Time response-Criteria 6-both the drag plates and the breakihrough detectors have a

high resonant frequency in order to provide a fast dynamic response during the
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transients. They have an average resopant frequency of U 70 Hz and 48 Hz,

respectively.

. Regulatory requirements-Criteria 7.No issues related to the regulatory

requureinents.

. Distarbance to the flow-Criteria 8-The pressure drop caused by a drag plate has

been calculated for the maximum mass flow rates expected in the DVI SPLIT and the
DVI DEG break line, using the following formula (Miller (1983), Table 6.3, page 6-
32):

2

A
(1-—‘8)2?3 ?

where p is the density, v is the average velocity and @ is the ratio between the

Ap=7.79%107

diameter of the drag plate and the pipe diameter. The flow rate is supposed single
phase liquid and the associated value of the density is the liquid densify. The value of
7 has been fixed at 0.5 to easily compare the pressure loss obtained for the drag plate
to the pressure loss caused by an orifice (whose common B ratio is 0.5). The pressure
drop related to the maxinmun mass flow rate in the DVI SPLIT break line is 0.14 kPz;
the pressure drop related to the maximum mass flow rate in the DVI DEG bresak line

is 0.028 kPa.

. Shape of the probe and coufiguration of the experimental circuit-The drag body

had to measure the bidirectional flow passing through a holed plate (tie plate of the
end box). The force range was 0.9 to 220 N with a resotution of 0.1% of full scale
(FS). The sllowable uncertainty was 5% FS, included thermal and transient condition
effects.

The force was picked up by a full bridge configuration of four active strain gauges.
These mounting allowed for temperature effects compensation.

The Drag body was tested under load cyeles from 25% to 100% of the rated load and
to thermal shock from 220 °C to 25 °C with no significant shift in zero.

The apparent strain due fo thermal effects was measured at various temperatures
under 1o load condition. The average thermal output was £0.02 N°C. This correspond
to an uncertainty for thermal effects of £0.1% FS.

The combined effect of nonlinearity, hiysteresis and repeatability was less than

+0.02% FS.
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The Drag body was calibrated in air, steam and water single phase flow condifion.

The signal is effectively proportional to the square of the velocity with a scatter of the

data equal to U 1G%.
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3.3.2. Thermal-Hydraulic test facility instrumented spool pieces-
drag disk measurements (Chen and Felde (1982))

. Results: accuracy and characteristics of the response-Criteria 1-

The mass flux was evaluated combinmg fhe measurements from the drag disk, the
turbine flow-meter and the gamma densitometer (single beam or three beam)
assembled in each spool piece.

The drag disk was combined both with the furbine flow-meter (TBM-DD) and with
the three beam gamma densitometer (DD-GAMS3). The resulting mass fluxes, at the
outlet of the test section in a horizontal pipe (spool piece BO1), are compared fo the
known inlet mass fluxes in Figure 10 (the equilibrinm quality is varying), in Figure 7,
Chen and Felde (1982) (the pressure is varying) and Figure 10, Chen and Felde
(1982) (the reference inlet mass flux is varying). The TBM-DD and the DD-GAM3

values are included within £30% of the reference mass flux.
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Figure 10: Conparisen of mass flux models vs equilibriumn quality at BOZ spool piece, Chen and
Felde (1982), Figure 8

Figure 11 shows the compariscn between the mass fhxxes evaluated with DD-GAM
and TBM-DD and the known mass fluxes in a vertical spool piece at the test section

outlet {(spool piece SV0). The uncertainty for DD-GAM is [ +70% and for TBM-DD
is (1 +140%.
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Figure 12 compares the DD-GAM and TBM-DD results in the horizontal spool piece

positioned at the outlet of the test section (spool piece SHO). The uncertatity is

[1 —20% for DD-GAM and 1 —35% for TBM-DD.
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The aunthors stated that the higher uncertainties in the vertical spoel piece have not to
be necessarily ascribed fo regime or orientation effects; based on their previous
experience, they affirmed that the drag disk is the least reltable instrument i the spool
piece in term of repeatability and consistency of the response to the fluid conditions.
Installation constraints-Criteria 2-No issues connected with the installation
constramts.

Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria 3-The equilibrium quality was in the range 0.8-14, (¢ >1 is
supposed to indicate superheated steam), while the mass flux was m the range 195-
830 kg / m"s . The flow pattern expected was dispersed flow.

Temperature range and pressure range-Criteria 4 and Criteria S-the drag disk
was used in steady state, two-phase flow experiment in a pressure range of 5.5-13.8
MPa. The initial temperature in the fest section was 593 K.

Time response-Criteria 6-The data were collected with a time inferval of 0.05 s.
Regulatery requirements-Criteria 7-No issues related io the regulatory
requirements.

Disturbance to the flow-Criteria 8-The pressure drop caused by a drag plate for the
maximum flow rates in the DVI SPLIT break line and in the DVI DEG break line

have been calculated in pavagraph 3.3.
Shape of the probe and configuration of the experimental circuit:
The drag disk is a Ramapo Mark V model with a three bladed target (see Figure 13).
The uncertainty for subcooled water flow condition 1s:
v 156% of reading for <10% full scale
v +19% of reading for 10%-100% full scale
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3.4. Impedance gauges
Ancther way of measuring the density of a two phase flow imixture is by monitoring

its impedance and deriving from this vaiue the related depsify, using models for
different types of the liquid and gas flow distribution.

All the following information is derived from Hetsron1 (1982).

In a two-phase flow the impedance depends on the distribution and concentration of

the phases. Depending on the particular cornfiguration, the impedance can be

dominated by capacitance ('), conductance (G =-;1€J, or both. It’s better to operate

at high frequencies to obtain capacitance domination, because the lignid conductivity
can change by orders of maguitude with the temperature and the ion concentration,
whereas the dielectsic constant vartes less. The relation between the conductivity 5‘
and the conductance G for a conductor of length 7 and cross sectional area 4 1s:

G:o‘ﬁ.
I

The formula that relates the dielectric constant (or relative penmnittivity) & and the
capacitance C for a parallel plate capacitor with a smface area 4 and the distance

between the plates equal to 4 1s:

Cx= g? s
provided that A1 4”.
Unfortanately one of the main problems related to the use of the uupedance probe 1s
the sensitivity fo flow paftern. The relation between the admittance of the mixture and
the void fraction is not bijective and for a single aduuttance value there could be
different void fraction values, based on different flow patterns.
Five different models can be applied to the situation of two phase flow (Javorek
(2004), Bruggeman (1935)*). These models caleulate the equivalent permittivity of

the mixture:
1) plate voids placed perpendiculaly to the electrodes, which can be redaced to

two capacitances connected in parallel.

2} plate voids placed parallel to the electrodes, which can be reduced to two

capacitance connected in seres.

3) a continuous medium (water) with cylindrical voids placed parallel fo the

electrodes, which could be & model for annular flow
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4) a continuous medinm medivm with spherical voids, that could be a model for
bubble flow:
5) for un-ordered plate voids Bruggeman (1935)*, Jaworek (2004) suggests a
formula for the permittivity as a geometric mean of 2) and 3)
In Figure 14 is represented the effective relative permittivity of the precedent models
as a function of the void fraction. The models 1}, 3) and 4) gives similar results up to

about o = 20%, while 2) and 5) the change in permittivity at low vaid fraction is very

Iugh.
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Figure 14: Effective relative permiftivity as a function of the void fraction {Jawarek (2004),
Figuare 2 (a}}

Many different types of electrodes configuration where studied; one of the most
interesting to overtake the problem of non homogeneous configuration of the flow

pattern was studied by Hetsroni (1982). Merilo et al. (1977)* (see Figure 10.2.6, page
10-32, Hetsont (1982)
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3.4.1. Mass flow measurement under PWR reflood conditions in
a downcomer and at a core barrel vent valve location, based on the
combination of a string probe with a drag disk or a turbine flow-

meter (Hardy (1982)).

. Results: accuracy and characteristics of the response-Criteria 1-

The drag disk-string probe combination was calibrated for both air only flow or water
only flow, in a velocity range of, respectively, 2.6-31.0 m/s and 0.095-0.85 m/s,
respectively. |

The same combination was then calibrafed for two phase flow measurements. Two
correlations were required to fit the data obtained from the calibration facilities. The
most important parameter to choose one correlation over the other 1s the flow pattern:
the transition from droplet mist to froth flow seems to dictate different responses fiom
the drag disk-string probe device. Other effects are also probable, such as the flow
distarbances and variation in the ship ratio (see Figure 15).
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Figure 15: Drag disk aud string probe data vs actoal the mass flow rates for both single phase
and two-phase flow (Hardy (1982}, Figure 10)

The correlations evaluate the actual mass flux to within +40% and -30% for 85% of
the data. The selection of the right correlation depends on the location of the sensor In

the downcomer and on the flow regime (see Figure 11, Hardy and Smith (1982)).
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The comparison between the values from the string probe and those from the gamma

densitometer show a good agreement for 0.4 < £ <0.85 (0.15< < 0.6). For liguid
fraction S<0.4 (o >06) the string probe underestimates the results from the

gamma densitometer; then the two values seem fo converge again, and finally diverge
for B <0.01 (@ >0.99) (see Figure 16). For condition of £ > 0.4 (& <0.6) the flow
is shug or bubble: in both cases the bubbles distribution is almost homogeneous, and

the valnes from the gamma densitometer and the string probe correspond fairly well.

For liquid fraction # < 0.4 and 8> 0.1-0.2 the flow regimes are froth or annular and

both tend to collect a film of water close to the pipe wall. The three beam ganuna
densitometer averages the entire cross section, where the string probe is more

mfluenced by the  high  wvoid  fraction  central  region.  For

£10.01-0.02 (1 0.98—0.99) the annular-mist flow regime oceurs and the film on

the wall 1s no more continuous, resulting in a more uniform distribution of voids.

Finally the limit of the sensitivity of the three beamn gamma densitometer 1s reached

near 211 0.01 {¢110.99) and below that value a scatter in the data is evident.
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Tn order to obtain a value for the mass flow, the homogeneous model was adopted:

| M =p, ¥y,
where p,, is the density detected by the string probe (based in the measured .void
fraction @ and an assumption of homogeneous flow) and 7; is the velocify obtained

from the furbinte flow-meter. Two curves were fitted to the data (see Figure 17), above
and below a break point equivalent to 5.0 kg/s for the mass flow rate:
¥ For the mass flow points >3 kg/s nearly all the data fell within +30% of the
calculated curve.
v For the mass flow points <5 kg/s the scatfer was remarkable and only two

thirds of the data fell within £30% of the calculated curve.
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Figure 17: Actual mass flow rate compared with the mass flow rate caleuleted with the
homogeneous model (Hardy (1982), Figure 20)

These two calibration equations were used to convert all the measurements obtained
from the turbine flow-meter/string probe contbination ito the mass flow rate (see
Figure 21, Hardy (1982)). For mass flows > 2 kg/s, 80% of the data fell within £30%
of actual mass flow rate. Below 2 kg/s, considerable scatter appear: the data feil
within £70% of the actual flow rate.

_ 1Installation constraints-Criteria 2-No issues connected wrth the instailation

CORSITAINLS.
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3.

Dependence of the results on the phase distribution (flow regimes analyzed in the

experiment)-Criteria 3-

v" The drag disk-string probe combination was calibrated in three different types of
air-water facilities. The first calibration was performed for the void fraction range
a > 0.9 (mist flow) and well homogenized conditions. The next calibration fest
was performed in the range 0.6 < & <1. Finally the drag disk only was inserted in
a rig simulating the liquid osciliations in the downcomer, in order to monitor the

response of the disk. The calibration was implemented in order fo obtain the

calibration constant C:
- oy (08
M= c( Pl oV )m) ,
where M is the mass flow rate, £, 1s the two phase density obtained by the string
probe and ( Pt )DD is the flow momentum from the drag disk measurements.

v" The liquid fraction (complement of the void fraction) determined by the stiing
probe, was compared with that from a three beam gamma densitometer located 86

cm downstream of the string probe. The experient span was O<a <1.

Temperature range and pressure range-Criteria 4 and Criteria S-not available

Time response-Criteria 6-NA

Regulatory requirements-Criteria_7-No issues related to the regulatory

requirements.

Disturbance to the flow-Criteria 8-No data related to the disturbance to the flow are

provided by the authors, but, since the design of the string probe is very similar to the

design of the wire mesh sensor {described in 3.4.3), it 1s assumed that {he pressure
drop is of the same order of magaitude.

Shape of the probe and configuration of the experimental circuit-Two different

types of experiments were conducted in the Slab Core Test Facility (SCTF) and in the

Cylindrical Core Test Facility (CCTF):

v" Installation of a drag disk-string probe combination in different locations of the
STCF in order to monitor the void fraction trend during the last phases of the
blowdown and the refill and reflood phases of a LOCA.

The string probe consisted of a stainless steel frame with two stainless steel wires

‘strung to forn eight pairs of electrodes acioss the frame. The wires were isolated

from the frame by cermet.
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Figure 18: String probe (all dimensions in cm), Hardy (1982), Figure 4

The electrical impedance across the electrodes was measwred and its signal
converied in an output voltage. Using water-only and air-only calibration pomts
and the maguitude and phase of the impedance signal, the capacitative portion of
the impedance can be determined. One of the available models to reconstruct the
void fraction of the mixture is to connect lnearly the variation in the capacitance
with the variation in the void fraction. The same type of string probe was used by
Hardy and Hyltor (1983).

A string probe of the same type described in the previous paragraph, and a turbine
flow-meter were installed at a vent valve location i the CCTF in order to momnitor
the mass flow rate passing through the valve. The combinatton of the two

instruments measured oply the 7% of the total volumetric flow (covering only the

7% of the cross section area), 5o to calculate the total mass flow rate the measured

flow has fo be mulfiplied by a sutable factor; assuming that the flow is well

homogenized.
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3.4.2. Double-layer impedance string probe for two-phase void
and velocity measurements {Hardy and Hylton (1983)).

. Results: accuracy and characteristics of the response-Criteria 1-

Void fraction measurements:

The values obtained from the string probe positioned in the first experimental facility
were compared with the measurements of a three beam gamma densitometer (that had
an accuracy of £5% of reading). The data from both the upper and the lower level of
the probe agreed quite well with the densitometer measurement. The string probe void
fraction slightly overpredicted the densitometer in the range from ¢ =0.5 to @=0.95
(upto 0.1 at &, 4, =0.58, up t0 0.3 at &, ., =0.86).

The probe was also tested in the second experimental facility and the obtained data
were compared with the values from a gamma densifometer. There was a good
agreement for & between 0.70 and 0.98. The string probe consistently measured a
higher void fraction with respect to the gamma densitometer becanse of its position in
tiie facility. The probe inspected the central part of the upper plenum (where the void
fraction was higher), while the densitometer gave an average of the void fraction from
the vessel centerline to the wall, assuring a value more coherent with the real situation
(water tended to collect on the side surfaces).

Veloeity measurements:

The values obtained from the probe placed in the first expenmental facilily were

compared to the ones measured by a turbine meter. The twbines are more sensitive fo
the gas phase velocity at high void fractions and to the liquid velocity at low void
fractions, at infermediate void fractions some theories have been studied, but none of
them is widely accepted.

The string probe measures a gas phase velocity in low void fiaction and a liquid phase
velocity in high void fraction. The comﬁarison between the values sensed by the
string probe and the turbine flow-meter is therefore difficult. As the velocity incieases
(dispersed flow), the agreement becomes quite good because the string sensor is
monitoring the droplets velocity and the turbine is sensing mainly the gas velocity, but
the flow 1s almost homogenized and so the slip ratio approaches 1,

Other observations based on the analysis of the string probe velocity measurements
confirm the theory that the string is approaching the turbine flow meter values at hugh

and low velocities because the slip ratio in both cases is almost 1 (see Figure 19)
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Figure 19: Velocity comparison of the string probe and turbine meter (Hardy and Hylion (1983},
Figure 13}

The ptobe is able to measure a large range of flow velocities (1-17 m/s) and void
fraction (0.25-0.99), with a good repeatability.

Installation constraints-Criteria 2-No issues connmected with the installation
constraints.

Dependence of the results on the phase distribution (flow regimes analyzed in the

experiment)-Criteria 3-The formula to evaluate the void fraction is based on model

1) of the total permuttivity {plate voids perpendicular to the electrodes):

where &, is the permittivify of the gaseous phase, & the permittivity of the liquid
phase and ¢, is the permittivity measured befween the electrodes. This linear relation
is not always valid because if is affected by the presence of different flow regimes.
The effect of the conductance on the impedance phase angle was used to estimate the
distribution of the liquid phase {and therefore the flow pattern) and hence its mfluence
on the capacitance-void fraction relationship. A correction is applied to the valne of

the relative capacitance according to the flow regime present. For a more detailed
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description of this method see Hardy et al {1983), Hylton and Muller (1980)*, Hylton
and McGill (1981)*.

The probes were also used to detect the velocity of the two phase mixture, using a
technique of analysis of random signal from two spatially separated impedance
probes. The flow disturbances can be sensed at the two locations with a time delay 7.
In pure bubble flow the method will measure an average bubble velocity (so the
velocity of the gas phase), in droplet flow an average droplet velocity will be detected,
but in shug or froth flow the gas-liguid inferface veloeity are not necessarity the phase
velocities, In annular-mist flow both the velocities of droplets and waves will be
detected. A good knowledge of the existing flow pattern is therefore necessary fo
interpret correctly the results obtained with the velocity measurements.

Temperature range and pressure range-Criteria 4 and Criteria S-three different

experimental loops were tested:

v’ A test rig that operated at pressure up fo 10 bar and temperature up to 170°C with
a wide range of steam and water flow rates.

v' A full scale vertical section of an upper plenum io measure void fraction in air-
water mixtures (temperature and presswe range is not available).

v A steam-water circuit that operated in the pressure range 2-7 bar (the temperature
range is nof available).

The probe was designed and fabnicated fo operate under severe thermohydraulic

conditions: temperature up to 350°C and thermal transient of 300°C/s.

5. Time response-Criteria 6-NA

Regulatory requirements-Criteria 7-No issues related to the regulatory
requirements.

Disturbance to the.flow-Criteria 8-No data related to the disturbance to the flow are
provided by the authors, but, since the design of the string probe is very similar to the
design of the wire mesh sensor (described in 3.4.3), 1f 15 assumed that the pressure
drop is of the same order of magnifude.

Shape of the probe and configuratien of the experimental circuit-The probe
consist in a pair of steel wires (electrodes) strung back and forth across a rectangular
stainless steel frame. There are two electrodes layers to allow the immeasurement of the
velocity. They are characterized by an axial spacing of 1.90 cm and an electrode to

electrode spacing of 0.25 cm (see Figure 1, Hardy and Hylton (1983)). Two wires are
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strung per layer, creating a pair of electrodes. The wires were electrically insulated

from the frame by a cermet (ceramic-metal material).
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3.4.3. Wire mesh sensor for gas-liquid flow visualization with up
fo 10000 frames per second {Prasser et al. (1998}, Prasser et al.
{2002), Prasser et al. (2000)) (void fraction, average local gas
velocity, transition from bubble to annular flow)

. Results: accuracy and characteristics of the response-Criferia 1-Prasser et al.

(1998) firstly compared the response from the two different types of umpedance
sensors to the signal obtamned from a single beam gamma densitometer. The
volumetric gas fraction was averaged over tine and diameter. The agreement between
the heavy sensor with rods and the gamma densifomefer is very good, while there 1s a
systematic ermror of up to 8% for the wire mesh sensor compared to the gamma
densitometer {see Fignre 6, Prasser ef al. (1998)).

In their first experiment with the 24x24 wire mesh sensors, Prasser ef al. (2002)
studied the transition from bubble to plug flow with a time resolution of 0.4 ms (2.5
kHz). They fixed the supetficial water velocity and varied the superficial air velocity.
They recounstruct the air velocity profile in the pipe for different values of the
superficial air velocity. The profiles follow qualitatively the classical furbulent Triquid
velocity profile with an offset due to the bubble rise velocity. The central maximun:
of the velocity increases as the void fraction maximum shifts from the periphery fo the

center of the pipe (Figure 20 and Figure 11, Prasser et al. (2002)).
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Figure 20: Radial gas fraction for superficial air velocity eqaal to 1.02 m/s and varied superficial
£as velocities, Prasser ef al. (2002), Figure 10
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In the second experiment with the 16x16 wire inesh sensor, the anthors visualized the
transition from bubble to annular flow. The high frequency of the data detection
(10000 Hz) permitted to identify precisely the plug-like periodic structures in the
transition region between bubble and annular flow (see Figare 22).

In both experiments (Prasser et al. (2002)) the resulis presented the flow structure in
the vertical cross sections. The images were assembled from the consecutive results in
the horizontal cross sections. They are obtfained by calculating the void fraction
distribufion along the pipe diameter for each time step and by stacking the different

frames as colored bars in a vertical sequence. (Figure 21).

=
o

Figure 21: Sequences of local instantaneous gas fractions obtained in a vertical slug flow, Prasser
et al. (2002), Figure §
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Figure 22: Virtual sectional views with superficial water velocity equal to 4 m/s, recorder with
the wire mesh sensor at 10000 Hz; chura-turbnlent flow, Prasser et al. {2002}, Figure 14

In case of steady flow condition, the vertical time axis can be converted in a virtual z

(height) axis by scaling it with the average phase velocify of the gaseous phase. If this
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W

(v, ) cannot be measured, it can be approximated using the superficial air velocity

(J,) and the averaged void fractiona :

=y »FE-’T—'-.{-.“-’E-.
o

aiy

Installation constraints-Criteria 2-No 1ssues connected with the installation

constraings.
Dependence of the results on the phase distribution (flow regimes analyzed in the

experiment)-Criteria 3-in the 1998 experiments the superficial velocify of water was

m : . . . L
kept constant at | —, while the superficial velocity of air was varied 1n the range
s

0.14-12 2 The flow regime evolved from bubble flow [Jm.r = O.MEJ to annular
s s

J [ﬂ] represents the superficial velocity.

flow (Jm =12 m)
s

Tl
In the experiment with the two 24x24 wire mesh sensors deseribed by Prasser et al.

(2002)

jwrer

was kept constant (z-ozﬁ} J, varied m the range 0.037 7 0835
s s

2 The flow regimes observed in this range started from bubble flow and evolved to
5

phug flow.

In the second experiment with only one 16x16 wire mesh sensor {Prasser et al. (2002),

.. m . . m
the mininnug value for J,,, was 1—, while the maximum value was 4—. J, was
s s

increased fiom 1~ to 1022 . The flow regime in fhis case changed from bubble to

b &

annular.
Temperature range and pressure range-Criteria 4 and Criteria 5-the maximom

fluid pressure and temperature for the sensor with lentil-shaped rods are respectively 7
MPsa and 80°C, but a sensor for higher pressure and temperature (16 MPa and 350°C)
was under development at that time (Prasser et al. {1998}).

Time response-Criteria §-the time resclution for the probes in the 1998 experiments
was 1024 frames per second.

The second experiment described by Prasser et al. (2002) applied a new design of the
data acquisition digital circuit with a time resolution of 10000 frames per second for).
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The authors also presented the result of another experiment with a time resolution of
2500 frames per second.

Regulatory requirements-Criteria 7-No 1issnes related fo the regulatory
requirements.

Distarbance to the flow-Criteria 8-Tn the 1998 expermments two different probe

desigps were tested:

v The wire mesh sensor for lab application is characterized by a percentage of free

cross-section area of 96% (for one grid) and a pressure drop coefficient (k)

equal to 0.04 for a single grid (based on equation Ap=kpov’).

v' The sensor with enforced rods for high mechanical loads 1s characterized by a
percentage of free cross section area (for one grid) of 73% and a pressure drop
coefficient of 0.2 (for a single grid)

The authors assumed that the presswe drop coefficients for the two grids can be
added.

Shape of the probe and configuration of the experimental circuit-

In 1998 two new different types of probes were introduced by the anthor:

v Wire mesh sensor for lab application: if consists of two planes of 0.12 mm
diameter wire grids with 16 wires each. This type of probe showed a hmited
mechanical stability. The distance between. the two planes is 1.5 mm. The sensor

is characterized by 16x16=256 cross points {Ineasuring points). See Figure 23.
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Figure 23: Wire mesh sensor for lab applications (16316 sensitive peints), Prasser ef al. (1998},
Figure 3.
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v Sensor with enforced electrode rods for high mechanical loads. This type of
sensor was manufactured in two different versions:
o 8 elechodes in each plane (64 measuring points) for a 50 mm diameter
pipe.
s 16 electrodes i each plane (256 measuring points) for a 100 nun drameter
pipe.
The rods are lentil-shaped in order to reduce the pressure drop across the sensor.
In the design by Piasser et al. (1998), two planes of wires formed an angle of 90° and
the impedance is measured between a wire of the first plane (transmitter) and a wire
of the second plane (receiver). The related void fraction is the value referred to the
volume near the crossing point between the two wires. During the measuring cycle the
transmitter electrodes are activated by a circuit in a successive order. A two
dimensional matrix of values of current measwred befween the transmitfers and the
receivers is stored. It is related to the conductivities between all the crossimg poists.
To convert the conductivity values into void fraction values, a calibration with the
pipe filled with hquid and filled with gas was performed. A linear dependence
between gas fraction and conductivity 1s assumed:

C—6&; |

o=

3
Ug—O}

o is the measured conductivity, o, is the conductivity with the channel full of Iiquid
and o, is the conductivity with the channel full of gas.

A part of the driving current could flow from the activated fransmitter to the
neighboring transmitfers and from these to the receivers, causing a blurting (loss of
spatial resolution) of the acquired images. In order fo avoid this cross-talk
phenomenon, both the outputs of the transmitters and the inputs of the receiver were
designied with impedance significantly lower than the impedance of the fluid. In this
way the potential of all the wires, except that one of the activated transmitter, cannot

depart from zero.
The experiments (Prasser et al (1998)) were realized in a 51.2 mm vertical pipe with

air-wafer flow.
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The main structure of the sensor described by Prasser et al. (2002} is analogue fo the
first one presented (the new wire mesh probe for lab application introduced in 1997),
but it has a different number of wires.

The 24x24 wire mesh sensors were employed to visualize the transition from bubble
to stug flow in a 51.2 mm diameter pipe with vertical air-water flow. Thus, the
electrode pitch is 2 mm. The two layers (fransmitfers layer and 1eceivers layers) are
placed at an axial distance of 1.5 mm. The two sensors were positioned with a small

axial distance {37 mm or 52.5 mm) in order {o sense the average local gas velocity by

means of the cross correlation technigue.
An additional test (Prasser et al {2002)) was performed with only one 16x16 wire

mesh sensor to study the_transition from bubble to smmlar flow i a 51.2 mm

diameter pipe with air-wafer flow. The elecfrode piich 1s 3 mm. The two layers

(transmitters layer and receivers layers) are placed at an axzal distance of 1.5 mm.
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3.4.4. Comparison between wire-mesh sensor and ultra-fast X-ray
tomograph for air-water flow in a vertical pipe {Prasser et al. (2005)).

1. Results: accuracy and characteristics of the response-Criteria 1-fhe first type of
compatison involved both cross section images and virtual section 1mages reconstiucted

plotting time sequences of void distributions over the diameter (see Figure 24 and Figure

25).
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Figure 24: Time series of selecred void fraction distributions during the passage of a gas plug with
superficial water velocity equal fo 0.24 m/s and supetficial alr veloci€y equal to 6.3 m/s; left X-ray
scanper, right wireanesh sensor, Prasser et al. (2005), Figure ¢
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Figure 28: Virtual sectional view of the void fraction distributions measured by X-ray tomography
and wire mesh sensor for superficial air velocity equal (o 9.3 m/s, M inzdicates distorfed mushkrooin-
like bubbles atf sfagnant liquid), Prasser et al. {20853), Figure 7

The agreement between the measuring methods is very good. However two problems
wele emerging:
v At low liguid velocities the wire-mesh sensor tends to modify the typical shape of

Taylor bubbles (www.elossary.oiliield.sib.com, 5 May 2008} into a mushroom-like

shape {big bubbles as ia slug flow).
¥ The image reconstruction from the X-ray system was unsatisfying in the case of a
bubbly flow, because the tomograph operates at a frequency that is too low to catch
the movements of a small bubble in all the 18 recorded positions. Consequently the
algorithm that reconstructs the real fmage. based on the recorded data, fails in
monitoring the rapid bubble movements.
All the available data were used to calculate average values of the void fraction over the

entire cross section and measuring period. The absclute deviation between the two
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methods is of the order of magnitnde of 10% for both fhe gas injections devices (see
Figure 11, Prasset et al. (2005)).

In order to avoid the second type of error described above {(due to the reconstruction
algorithm), a simple exponential model for the absorption of the X-rays in the water was
implemented; it containg some improvements {o overcome errors due to the:

v’ Sensitivity of the X-ray detectors decreases with time, and

v’ Intensity of the X-ray sowrce is not constant.

The averaged cross sectional void fraction fiom the X-ray device, using the exponential
model, was then compared with the correspondent valie obtained from the wire mesh
sensor. The most important conclusions are:

v' The agreement between wire-mesh and X-ray tomography is good for the bubbly
flow at the beginning of measurement. Despite using a correction for the changes
in the X-ray detectors sensitivity, after 1-2 s a growing deviation was found
{Lower portion of Figure 14, Prasser ef al. (2005)).

v In the case of large Taylor bubble, the gualitative agreement is generally quite
good (Figure 15, Prasser et al. (2005)). The passage of the bubbles is recorded.
Eowever, the void fraction during the passage of latge Taylor bubbles is
underestimated by the wire-mesh sensor, because of a film of water entrained in
the wake of the first plane of wires (npper portion of Figure 14, Prasser et al.
(2005) and Figure 15, Prasser et al. (2005)).

The comparison of the void fraction averaged over fhe cross section and for the first
second of 1neasurements gave the following results:

v’ A very good correspondence is verified between wire-mesh sensor void fraction
and X-ray scanner void fraction for bubbly fiow (the greatest deviation from the
line of ideal correspondence reaches about 1%)

v" For the plug flow the agreement is less good because of the underestimation of the
local void fraction mside the large Taylor bubbles. The discrepancy rises up to
4%.

2. Installation constraimts-Criteria 2-No issues connected with the mstallation constraints.
3. Dependence of the resulfs on the phase distribution (flow regimes analyzed in the

experiment)-Criteria 3-The test was performed in an air-water 1zixture. for superficial
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gas velocity in the range 0.02-0.4 m/s, while the liquid velocity varied from 0 to 0.69 m/s.
Both bubbly and slug flow were reproduced using two different types of injectors.
Temperature range and pressure range-Criteria 4 and Criteria 5-The tests were
performed with a mixture of air and water at ambient temperature and pressure.

Time response-Criteria 6-The wire-mesh sensor used in this experiment operates at a
1053 Hz frequency, while the X-ray tomography reaches a frequency of 263 Hz.
Regulatory requirements-Criteria 7-No issues related to the regulatory requirements.
Disturbance to the flow-Criteria 8-The pressure drop caused by the wire mesh sensor is
of the same order of magnitude of the one described in paragraph 3.4.3.

Shape of the probe and configuration of the experimental circuit-The tests were
carried out in & vertical acrylic glass pipe of 42 1mn inner diameter supplied with air-
water nixture.

The anthors suggest low attenuation wall materials such as beryllium or carbon
composites for the measurement region in high pressure and temperature conditions.

The X-ray computer tomography (CT) machine has a framing time of 3.8 ms. 18 X-ray
sources ate placed along a circle of diameter 120.5 mum. Each source is activated in a
successive order by an eleétronic conirol. The radiation penefrating the object is
measured by a ring of 256 CdTe detectors. The radiation of each source reaches a sector
of 60 pixels {detectors) located opposite to the given X-ray focus. A complete set of
projeciions is captured in 3.8 ms, so a scauning rate of 263 Hz can be attained.

The wire-mesh sensor used in this experiment is of the same type of the one described in
3.4.5. It's equipped with 16 receiver and 16 transmitter wires of 120 #m diameter. The
measuring matrix has consequently the dimension 16x16. The sensor operates at a
frequency of 1053 Hz. Its iumer diameter is equal fo the diameter of the test pipe (42
mn), the lateral pitch of the wires is 2.6 mm (42/16=2.6 mm), the distance between the
two grids (the two wire layers) 1s 1.7 mm.

The two instruments were positioned 15 cm apart in the same pipe, the wire mesh sensor
was downstream of the X-ray device in order not to influence the flow. The data were
recorded for 4 5. The sampling frequencies for the wire-mesh sensor and the fast X-ray

CT were set at 1053 Hz and 263 Hz respeciively.
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3.4.5. Wire-mesh sensors for two phase flow studies {(Pietruske
and Prasser (2007))
Resulfs: accuracy and characteristics of the response-Criteria 1-

Two identical 50 mm sensors were placed af a distance of 63 mm in the test section in
order to obtain a velocity profile for the gaseous phase using a cross correlation method.
The superficial gas velocity at the sensor location was calculated by an integration of the
void fraction distribution and the gas velocity profile over the cross section. The resuits
obtained are shown in Figure 14, Pietruske and Prasser (2007).

The superficial velocity of the gaseous phase for the 195 mm probe was calculated
directly from the injected steam flow rate. becguse a secoid sensor to realize a cross

correlation was not available. The results relafed to the bigger probe are shown in Figure

26.

bl X aa
virlial sido projections secliapal side views

Figure 26: Vizualisation of wire-mesh seusor data obtained for the 195.3 mm diameter pipe,
superficial air velocify = (.84 m/s, superficial water velocity = 1 m/s, L/D = 39.7, Pietruske and
Prasser (2007), Figure 15
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The superficial velocity of the lignid phase was 1 my/s in both experiments, while the gas
superficial velocity is almost always constant and change around 1 m/s (from 0.76 to 1.34
m/s).

Installation constraints-Criferia 2-No issues connected with the mstallation constraints.
Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria 3-The experiments were realized for both the sensors frying to
maintain the same superficial velocities for both the gaseous phase and the liquid phase
and changing the pressure. The flow patterns visualized are characterized by a sluggish
flow at the minimum value of pressure (0.1 MPa); the slugs dissolve and the flow pattern
moves towards churn turbulent structure with increasing pressure.

Temperature range and pressure range-Criteria 4 and Criteria S-the tests were

performed at 1, 2, 4 and 6.5 MPa (the maximum pressure aliowed is 7 MPa) and at 180,
212, 250 and 280°C correspondingly {the maximum temperature allowed is 286°C).

Time response-Criferia 6-up to 10 kHz.

Regulatery requirements-Criteria 7-No issues related to the regulatory reguirements.
Disturbance fo the flow-Criteria 8-The pressure drop caused by the wire mesh sensor is
of the same order of magnitude of the one desciibed in paragraph 3.4.3.

Shape of the probe and configuration of the experimental circuit-the iype of probe
tested is the same described in 3.4.3 A complete two dimensional conductivity
distribution is obtained (Figure 1, Pietruske and Prasser (2007)).

Two prabes were tested:
v" The bigger one has an inner diameter of 195 mm with a matrix of 64x64

measuring wites of 120 um diameter. The electronic is able fo register
2500 samples per second.

v' The smaller one has an inner diameter of 50 mm with a 16x16 matrix of
measuring wires. The electronic is able to register samples up to a
frequency of 10 kHz.

The production process of both the sensors is very complicated because they have to
compensate temperature dilatation of the wires and to provide a simple mechanism for
the substitution of broken wires. The construction has also to withstand rapid temperature

transients.
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3.4.6. Conductance probe to measure the liguid fraction in two-
phase flow (Fossa (1998))

Results: accuracy and characteristics of the response-Criferia 1-The tests were
conducted with a two-phase air-water mixture, measuring the resistive component of the
flow.

The void fraction measurements were compared with the theoretical formulas from Fossa
{1998), Coney (1973)*, Tsochatzidis et al (1292)* for the prediction of the conductance
of a two phase flow characterized by the presence of a liquid film. Fossa (1998), Maxwell
{1882)* and Brenggeman (1935)*, studied the analytical formulas to connect the void
fraction and the conductivity in a uaiformly dispersed two phase flow {used for bubbly
flow).

A preliminary set of experiments was cattied out to find some reference values for the
conductance {e.g. the conductance of the pipes filled with water).

The conductance was measured for different flow patierns and probe geometry and then
normelized with respect to the conductance of the pipes fuail of lignid. The data collected
were plotted against the mean liquid fraction and compared to the theorefical formuias.
The mean Hquid fraction was obtained using a method based on differential pressure
Imeasurements. _

For the section A under statified conditions the scatter between the theoretical data
{Fossa (1998), Coney {1973)*) and the measured value is within 8%. The agreement

increased with a bigger spacing between the electrodes {24 mm instead of 14 mm). See

Figure 27.
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The same analysis was conducted on the data obtained from section A, under bubbly flow
regime, for void fraction from 0.74 to 1. Fossa (1998). Maxwell (1882)* equation

corresponds almost perfectly with the data obtained from the two electrodes positicned

24 mm apart, while the data from the 14 mm spaced electrodes shown a woise

agreement. See Figure 28.
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The response under annular flow conditions was evaluated using both section A and B.
Section A presents results that follows the predicted trends (Fossa (1998), Tsochatzidis et
al (1992Y%) with a maximum error of 10%. The theory can take in account differences i
the electrodes spacing. Section B (ring electrodes) is analyzed under the samme condition
and shows a scatter of the meastired data of 15% with respect fo the theoretical values

(Fossa (1998), Coney {1973)*, Tsochatzidis et al (1992)).
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This validates the procedure of infroducing the adequate ratio (higher) between De (1ing
electrode spacing) and D (pipe diameter) to describe properly the influence of the
distance between the plates in the theoretical analysis.

No analytic formulas are available for the imvestigation of the behavior of plate
electrodes, so fust a comparison with the response from ring elecirodes was performed;
the piate electrodes show a great sensitivity to the changes in liquid fraction and are
frequently affected by the presence of surface pollutants (e.g. air bubbles), so calibration
is strictly recommended before a set of measurements.

Tnstallation constrainfs-Criteria 2 No issues connected with the installation constraints.

Dependence of the results on the phase distribufion (flow regimes analyzed in the

experiment)-Criteria 3-three different flow patterns were analyzed: bubble, stratified

and annular,

Temperature range and pressure range-Criteria 4 and Criteria 5-Not availabie

Time respense-Criteria 6-The signal sampling rate is 300 Hz.
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6. Reguiatory requirements-Criferia 7-No issues related to the regulatory requirements.

7. Disfurbance to the flow—Criteria 8 No data related to the disturbance to the flow are
provided by the authors. The probes tested were built in two different designs: ring
electrodes and plate eiectrodes. In both cases their shape was very thin and they were

positioned on the inner side of the pipe. adherent to the surface. It can be supposed that

the influence on the flow is very liitle.
8. Shape of the probe and configuration of the experimental chrcnii-two different

configurations for the tfest section were used. The first one (A) is a pipe made of
Plexiglas, 70 mm internal diameter, 480 mm long, equipped with three flush ring

electrodes located 14 mm and 24 mm apart.
The second one (B) is a cylinder made of PVC, 14 nun internal diameter, 70 mum long,

used only for annular flow. I’s equipped with two ring electrodes {(width 1 mm, located 9

mm apart) and two plate electrodes (3 mm diameter, located 9 mm apart in the pipe axis

direction.
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3.4.7. Capacitance sensor for void fraction measurement in
water/steam flows (Jaworek et al {2004)).
Results: accuracy and characteristics of fhe vesponse-Criteria 1 during the

measurements the void fraction distribution along the mixing chamber was evaluated
with an ervor estimated to be of the order of magnitude of 10%. The reference frequency

&, with the steam mjector full of water was measured just after all the measurements fo

guarantee the same femperature conditions. This is because water conduetivity and
penmittivity depend on temperature variations. The authors claim that the sensors tested
are a “simple. low cost and non invasive method, which allows determining void fraction
and avoiding flow distortions”.

Installation constrainfs-Criferia 2-No issues connected with the installation constraints.
Dependence of the results on the phase distribution (flow regimes analyzed in the
experiment)-Criteria 3-Duting the calibration the void fraction was determined from an
increase in the water level (due to the bubbles flowing upward) in the cylinder on which
the electrodes were mounted. The anthors calculated theoretically the relative frequency
deviation of the oscillator based on the all five models of calculation of the relative
perittivity of a mixture as a function of the void fraction (Figure 2(D), Jaworek et al.
{20043).

Then they compared their results to the experimental values of frequency deviation

shown in Figure 30.
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The anthors concluded that the only model that can predict the real behavior of the void

fraction is the parallel capacitance model. A calibration curve was obtained, fitting the

experimental data, for both bubble flow (up to @ =15%) and annular flowup to e =1.

Temperature range and pressure range-Criteria 4 apd Criferia S-the test was
performed in a steam injector, assembled of a steam nozzle, a mixing chamber and a
diffuser {see Figure 4, Jaworek et al. (2004)). The steam femperature in the test circuit
was 142°C. The three set of data were obtained with a throat pressure of 13.9, 64.1 and
130.3 kPa, respectively.

. Time response-Criferia 6-NA

Regulatory requirements-Criteria 7-No issues related to the regulatory requirements.

. Disturbance fo the flow-Criteria 8-The probe does not cause any influence on the flow,
since the electrode are mounted on the external surface of the pipe.

. Shape of the probe and configuration of the experimental circuif-the evaluation of the
capacitance of a two-phase steam-water mixture was realized using a high frequency (80
MHz) voltage to supply energy to the electrodes. This high frequency was chosen in
order to cut off the influence of the resistive component of the impedance.

The sensors were connected as a capacitance in 2 LC-resonant circuit (radio frequency

oscillator). The oscillator is very sensitive to capacitance variations of the steam water
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mixture causing frequency deviation. The compatison between the frequency of the
oscillator and the reference value of an external oscillator lead to the capacitance
measurement. The structure of the sensor and of the equivalent circuit is shown in Fignre
1, Jaworek {2004).

The capacitance sensors were made in the form of two strips of 10 mm width, mounted
outside of a pipe made by polycatbonate. They were monitoring the void fraction i a

steam injector. Four paits of electrodes were mounted across the mixing chamber and

other four across the diffuser.
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4. Conclusions

An avalysis of instraments capable of measuring the two-phase mass flow rate inside the
pipe lines of the SPES3 facility has been performed.

The most important accidental scenatio is represented by the Direct Vessel Injection line
break (DVI Lower Break). The main parameter that needs to be monitored during the
simulation of the transient is the mass flow rate coming out of the Reactor Vessel info the
containment. Since the density of each phase is not known, it is necessary fo measure
both the velocity of the two-phase flow (with a flow-meter) and the density of each phase
(with a densitometer). '

The measurement of the two-phase flow velocity is influenced by the velocity profile and
by the phase distribution inside the pipe (i.e. by the flow paftern).

The next step will be to find the proper combination of instrtuments and the choice of the
instruments will be based on the geometry of the DVI lines and DVI break lines and on

the mass flow rates and void fractions expected in those lines, 100.
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