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NOMENCLATURE

A
a(i.j)
C
Co
Cy

D

db
Dwire

V(i.j.k)
V*

N < X g

Subscripts
1

2

acq

o o

est

area (M)

WMS geometrical weight matrix
Capacitance (F)

Drag coefficient

VFM discharge coefficient
diameter (m)

bubble diameter (m)

WMS wires diameter (m)
equilibrium entrainment
frequency (Hz), friction factor
VFM thermal expansion correction factor
mass flux (kg/rfs)

interface position

superficial velocity (m/s)
instrument calibration coefficient
length (m)

chordal void fraction time evolution index
pressure (bar)

WMS wires pitch (m)

volumetric flow rate (ris)

Slip Ratio, Signal

time (s)

temperature (°C)

total observation time (s)
velocity (m/s)

Volts (V), Volume (),

WMS output matrix

WMS normalized signal

mass flow rate (kg/s)

flow quality

VFM compressibility coefficient
vertical coordinate (m)

VFM inlet section subscript
VFM constricted area subscript
acquisition

bubble

core

drag disk (DD)

droplets, discharge

estimated




ex excitation

exp experimental

f film (liquid)

g gas

h liquid level height (m)

i i-th vertical WMS index
int internal

irr irreversible

j j-th horizontal WMS index
k WMS time index

I liquid

max maximum

min minimum

P pipe

s slug

t target (DD)

T Turbine

tot total

TP Two-Phase

Special characters
void fraction

a

B D,/D; VFM diameter ratio, volumetric flow rate ratio, e TFM pitch angle
€ electrical permittivity (F/m)

M dynamic viscosity (Pa-s)

P) density (kg/m)

o surface tension (N/m), standard deviation

T moving average time, characteristic time (s)

0 film thickness (mm)

0 swirl angle (TFM), divergent/convergent angle (VEMigle between electrodes (ECP)
1) TFM rotational speed (rad/s)

Ap differential pressure (bar)

Apirr VFM irreversible pressure losses (bar)

ApV=pl-p2 VFM inlet (1) - throat (2) section pressure drops

12 Lockart-Martinelli parameter (eq. 4.21)

x2mod modified Lockart-Martinelli parameter

» Two-phase flow multiplier (eq. 4.20)

Adimensional numbers

Eu:Aip2 Euler number Fr = U Froude number M = U Mach number
,liJ ﬂgD Usound
Re:@ Reynolds number  gt= f ID Strouhal number We:LZD Weber number
U J g




Abbreviations

ADS Automatic Depressurization System
ANSI American National Standards Institute
API American Petroleum Institute

ASME American Society of Mechanical Engineers
DAQ Data AcQuisition

DBA Design Basis Accident

DD Drag Disk

DEG break line

DTT Drag Disk - Turbine Transducer

DVI Direct Vessel Injection

DW Dry Well

EBTs Emergency Boration Tanks (),

ECP Electrical Capacitance Probe
EHRS Emergency Heat Removal System
f.s.v full scale value

FFT Fast Fourier Transform

ITF Integral Test Facility

LGMS Long Term Gravity Make-up System
LOCA Loss of Coolant Accident

LOFT Loss-of-Fluid Test Facility

NPP Nuclear Power Plant

ORNL Oak Ridge National Laboratory
PCC Passive Containment Cooling

PDF Probability Density Function

PSD Power Spectral Density

PSS Pressure Suppression Systems
PWR Pressurized Water Reactor

QCcv Quick Closing Valve

QT Quench Tank

r.v read value

RC Reactor Cavity

RMS Root Mean Square

SBLOCAs Small Break LOCA

SMR Small Modular Reactor

SP Spool Piece

SPES3 Simulator for PWR Safety Experiments
SPLIT break line

TFM Turbine Flow Meter

TTFMS Two Turbine Flow Meter System
VFM Venturi Flow Meter

WMS Wire Mesh Sensor
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1. INTRODUCTION

The design of engineering systems, involving twasgeh flow, such as nuclear water
reactors, requires the ability to model and pretliet detailed behavior of those flows and
the phenomena that they manifest, with a requieggtek of accuracy. There are three ways
in which such models are explored: experimentallyjough laboratory-sized models
equipped with appropriate instrumentation, theoadlyy, using mathematical equations and
models for the flow, and computationally, using muital model, implemented in complex
codes, to address the complexity of the flow.

More than 50 years have been spent on developirigugasolutions for measuring two-
phase flow with the aim to obtain local or integiaflormation, build very sensitive (but
usually also fragile) instruments, try to improve tprecision of the existing sensors, and
develop techniques that are simple to use andeaqpiret.

In spite of these efforts, there is no and perhlrapger will be an optimum instrumentation.
Measuring two-phase flow will always require expaded researchers using special
solutions for each required purpose.

Successful application of a measuring system inwa-phase test setup does not
automatically guarantee its applicability in evéiogw or loop conditions. In addition, two-
phase measuring techniques in many cases do nsumedirectly the two-phase properties
(such as velocities of the single phases, densithgomixture, etc.) so that an interpretative
model must be used and verified and the compandaralculated and measured data is
needed.

The design of nuclear reactors requires to cartyimiegral and separate effect tests on
simulation facilities, as well as to perform safetystems verification and safety code
validation. The analysis of thermal-hydraulic preses that might occur in a nuclear water
reactor containment building under severe accidmmditions is very complex. This
complexity arises from the large number of depehdanables which must be considered
for the analysis. The variety of physical phenomegaurring during the evolution of a
transient introduce additional levels of complexaythis analysis.

The thermal hydraulics research facilities mustpo® flow and thermal data for studies on
the thermal processes that are sufficiently detaite provide the industry and academic
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researchers with insights into the flow and therpracesses which occur within the nuclear
engineering systems.

The "separate effect tests" focus on single pamnsietn many of these cases two-phase
flow phenomena can be simulated in tests underdetihed boundary conditions. In these
separate effect experiments many kinds of two-phasgsurement devices have been used
with good success, because the instrumentation deubptimized to only a few parameters.
Two-phase flow instrumentation is also necessarytiie interpretation of "integral effect
tests", for example simulating the thermo-hydraut€a PWR in a scaled-down test facility.
Under these conditions, instrumentation consistsnethanical parts installed in the flow
path and they can influence the system behavielf.itSo an optimum balance between the
amount of measuring information needed and the fsturbance must be found.

Concerning the computational analysis, differergdpmtive simulations can be performed
using different approaches: RELAP and TRAC are liswsed in 1-D simulations, while
CFD software, such as CFX, STAR-CCM+ or RELAP 34 ased to perform detailed
analysis of the thermal-hydraulics in limited raggoor single components, due to the high
computational costs. In every case the simulatiogssilts are compared with the available
experimental data.

Reliable two-phase instrumentation is thereforemtss for the connection between analysis
and experiment especially in the nuclear safetgaieh where accident scenarios have to be
simulated in experimental facilities and predidbydcomplex computer code systems.

In the past a significant amount of effort has baddressed to the development of intrusive
and nonintrusive measurement techniques of twoegpflaw's, with special application to the
determination of mass flow rates. Many extensivpegixnents are being performed to
investigate in detail loss of coolant accidents QX). During these experiments the coolant
is released as a two-phase mixture through a sietllbreak of a coolant pipe, and the
measurement of the mass flow rate of the two phasessrequired to analyze the accident
evolution and consequences. In this context, mlmst imeters have been designed to
measure the single-phase flow of a Newtonian flaitj then used to measure quantities in
more complex fluids. The key to fundamental und@erding of two-phase flow is still the
careful development of specialized instrumentationparticular for special and complex
geometrical applications.

Moreover new experimental campaigns are now reduice the licensing of the new,
advanced reactors, so that the development of nguiments or instruments models for the
measurement of the fundamental parameters of tve, tinder many possible two-phase
conditions, is required.

Within the framework of an Italian R&D program orudear Fission, supported by the
Ministry of Economic Development, the SPES3 experital facility [1.1], able to simulate
the innovative small and medium size PWR nucleactors, is being built and will be
operated at SIET Company laboratories. In sucHifiagome design and beyond design
basis accidents, like LOCAs, with and without tineeegency heat removal systems, will be
simulated. In most accident simulations, a two-phié@w mixture will occur in the lines,
during the transient evolution, due to the simulatong depressurization of the system.

An accurate accident analysis requires the measunteaf the mixture mass flow rate and
for this reason, instruments and methodologies valuate different two-phase flow
parameters need to be developed. Typically a seistfuments (Spool Piece - SP) must be
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installed in order to evaluate the mass flow rdtehe phases in a large range of flow

patterns, pressures and temperatures. An idea &Rantrol volume constituted by different

measurement instruments, fed with a two-phase flowgingle-phase flow, each instrument

is able to measure a well defined flow parametileathe instrument signal interpretation,

in two-phase flow, is not easy due to the differidmtv patterns and the to the large number
of parameters that influence the flow, so that al@hof the SP, depending on the geometry
and on the SP orientation, is required. Moreolier gelection of the instruments strongly
depends on the experimental conditions: pressemgdrature and phases velocities.

The need of mass flow rate measuremtent is notddrip nuclear safety applications.
Practical applications of a gas-liquid flow, ofiagde substance or two different components,
are commonly encountered also in the power gewoergsteam generators), space (where
two-phase flow is present in the power and thermainagement systems, fluid and
propellant management systems, and environmentairatoand life support systems),
petroleum (oil, extraction, gas extraction, flow @f and gas or water and gas in long
pipelines), chemical (fluidised beds, pumping afirgés, pumping of flashing liquids,
raining bed driers, etc..), refrigeration (moisty #iow), geothermal industries (flow in
wellbore of the weels), but also paper manufacgriitod manufacturing and medical
applications.

The two phases may be of different components anidéoe could be a phase change due to
evaporation and condensation of a single fluid; inuevery case, from given operating
conditions, the correct prediction of both massvflates and void fraction (or liquid hold-
up, if refered to the liquid fraction) is fundamainfor a proper design of the all equipment:
for gathering, pumping, transporting and storing.

The thesis work consists in the development of igpeinstrumentation and in the
development of models, based on the analysis afrerpntal data, that are able to interpret
the measurement signals for many possible two-pt@sditions.

The two different measurement fields, internal fletsucture investigation and instrument
modeling for phases mass flow rate reconstructiopgses, have been analyzed.

In the first field the instrumentation must be atdecharacterize momentum, mass, energy
balance with a resolution sufficient to investigdteal phenomena and characteristic
structure (interface evolution, void profiles, liqufilm level, characteristic frequencies,
etc..).

The investigation of an horizontal two-phase floastbeen performed by means of a Wire
Mesh Sensor, as described in chapter 5. Localdahaross-section void fraction values are
derived from the sensor data in a wide range oS@hauperficial velocities, and a new
signal methodology, able to characterize the flowtdrms of phases distribution (flow
patterns) and time evolution, has been developemteter the methodology allows the
extraction of important flow information, such deetlocal and time average void fraction,
the interface evolution, and characteristic freaigs

The evolution of the void fraction profiles has beelated to the superficial velocity of the
two-phases J; and J) and the flow evolution in time and space has baealyzed and
discussed, showing that such methodology is usefidentify and characterize in detail the
two-phase flow.
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Concerning the second measurement field, in chaptand more in details in [1.4] the

analysis of the instruments used for two-phase floeasurement applications has been
described. This bibliographic research allowed dké&nition of the candidate instruments

suitable to be installed in a nuclear safety expental facility, and their measurement
characteristics.

The selection of the candidate instruments has begle defining some fundamental criteria
that should be satisfied: range of measuremengrdigiresponse, installation requirements,
materials/electrical compatibility with pressuredatemperature conditions, flow velocity

compatibility.

The selected meters are:
e Turbine [1.5]
» Drag disk[1.5]
* Venturi [1.6]
» Impedance Probes:
0 Concave sensors
[0 Wire mesh sensor [1.7]
[0 Electrical Capacitance Probe (EQPB]-> designed by SIET

Also considering limits and drawbacks of theserursents, these are the only analyzed
devices that could operate in the whole range nélitimns expected in the break lines:

» Void fractions (from 0 to 1),

* Pressure (up tol55 bar),

» Temperature (span: 200°C and in some lines 400°C)

» Velocity (gas velocity up to 200 m/s)

The instruments described in chapter 4 have bepariexentally studied in different pipe
configurations, and different models have been ldgesl for each one. Different instrument
combinations have been tested, and the performaineach one has been analyzed in terms
of estimation of the mass flow rate of the two @sas

The performed research allows the identificationtrid advantage and drawbacks of the
different instrument combinations, and the ideadifion of the phases mass flow rate
measurement accuracy achievable for each SP coatiigu.

In chapter 6 has been analyzed the SP consistiagwbine flow meter (volumetric device)
and a drag disk (momentum measurement device) r @ameilar and stratified annular air-
water two-phase flow. The analysis showed that,tha tested operating range, the
knowledge of the flow pattern, and then of the vio&ttion, is indispensable to evaluate the
two-phase flow parameters, so that the SP has bwegrated with a void fraction
measurement device (impedance concave sensor).

The experimental data have been used to construciparating map of the SP, able to
evaluate the mass flow rates of the phases in tkeuma, with the relative errors, and to
predict the flow pattern.
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Compared with the first experimental campaign tbes mlata cover a wide range of flow
superficial velocities, corresponding to differéntv patterns from bubbly to annular flow.
The measurement of the void fraction allows the ofeghe Aya's model in all the
experimented range, obtaining the mass flow ratin@fphases with an accuracy of 15% in
the 75% of the cases.

In chapter 7 the analysis of the signals and theldped model of the SP, consisting of a
VFM and WMS is reported. The developed methodolalyws the estimation of the mass
flow rate of the phases in air-water horizontalowith a good accuracy in a large range of
the flow conditions J; = 0.14 - 32 m/s and = 0.019 - 2.62 m/s), with observed flow
patterns ranging from stratified flow to intermittdlow (slug and plug) and annular flow.
The VFM response has been modeled by definingwbephase flow discharge coefficient,
Cqre, and its Re dependency. A modified Lockart-Maltineorrelation for x-a, able to
represent the WMS experimental data, has beenafmelind included in the SP model.

By means of the developed signal analysis the riasasrate has been estimated with an
error lower than 10% in the 73.3% of the cases.ddeer the estimation error has been
found considerably lower for the flow characteriZeg high values of quality and void
fraction. In this range, with reference to facilByES3 test conditions, the error in the mass
flow rate estimation is always lower than 10% af@éoXor water and air respectively.

In chapter 8, the analysis and the characterizadibrthe impedance sensor (Electrical
Capacitance Sensor — ECP, developed by the SIEpawy), consisting of 10 measurement
electrodes (9 external and 1 internal), in vertazalular and annular-mist flow, is described.
The response of the sensor has been charactenizedrs of single-phase flow sensitivity
and signal variation dependence. Geometry and-flynamic influences on the signal have
been investigated experimentally and numericaymeans of a FEM software. Although
the sensitivity in single-phase flow is low, twogde flow void fraction variations lower
than 1% have been detected. The central electigdalshas been related to the average
cross-section void fraction, difficult to measurighaexternal electrodes, due to the presence
of the wall liquid film, that acts as a screen. Naiation of the signal measured in the
external electrodes has been related to the avdiqugje film thickness that has been
evaluated by means of the Ishii model. The testge hghown the potentiality of this
technology for the measurement of two-phase flovampaters at very high void fraction
conditions (higher than 95%).

In the last chapter the modeling of a VFM, spealfic designed for two-phase flow
investigation purpose, is described. The instruntexgt been analyzed in vertical upward
annular two-phase flow. The dependency of the presdrops, evaluated between the VFM
inlet and throat and between the inlet and outietians (irreversible pressure loss), on the
characteristic flow parameters (flow velocitiesality and void fraction) have been analyzed
and discussed.

The analysis highlights that, from the measuremétihe VFM irreversible pressure losses,
important information can be derived concerningeffect of the liquid dispersed phase on
the total pressure drops. A correlation for the VpMssure drops and a correlation for the
irreversible pressure losses have been develomeddth correlations, the prediction error
is lower than 5%.
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Two different approaches for the mass flow rate snement of the phases have been
analyzed.

In the first one, the model of the discharge caogdfit of the VFM coupled with the void
fraction measurement, performed by means of thekQDiosing Valves (QCVs) technique,
permitted to estimated the mass flow rate of thesph with an accuracy of 2% for air and
30% for water.

The second approach has been developed in oréstitoate the mass flow rate of the two
phases, avoiding the direct measurement of the fvaadion. This approach can be used, in
very limited range of flow parameters and onlyhé tflow pattern is not changing. In that
conditions, the developed correlations describhey relation between velocities and VFM
pressure drops and irreversible pressure lossesbean used to estimate the mass flow rate
of the phases.

The developed model allows the evaluation of tbe fuality of the mixture with an error
of 1% and the estimation of the mass flow rateio&ad water with an error of 2% and 10%
respectively, showing that in particular conditioassingle instruments can be used to
estimate the mass flow rate also in two-phase flow.
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2. SPES-3 FACILITY AND FLOW
PARAMETERS RANGE

A considerable amount of resources has been dewatttke international level during the
past three decades for establishing and conduetipgrimental programs in scaled-down
integral test facilities (ITFs). These were aimeédsalving open issues for current nuclear
power plant (NPP), demonstrating the technical ibdég of innovative designs, and
generating reference databases to support code®gdawent and assessment.

The experimental data from such facilities are iapble to full-scale nuclear plant
conditions; if the test facilities and the initiahd boundary conditions of experiments are
properly scaled, for example, the scaling will affect the evolution of physical processes
important for the postulated accident scenarios Hvialuation determines whether the data
may be used in nuclear plant safety analyses obtulated accident.

Tens of ITFs have been built and operated so faval the world. Few of them, related to
existing water reactor technology, are currenthoperation or under refurbishment, while
some others, constructed or under design, are ddcos innovative water reactor concepts
[2.1].

Despite the past trend to construct large sizetoegcjustified by the economy of scale,
starting from the mid-1980 a new set of requirermerds motivated the development of
Small Modular Reactor (SMR) in some countries ainfed the markets that cannot
accommodate NPP with high power reactors. At ptesbare are advanced SMRs already
available for deployment and reactors under deveéoy.

With reference to the pressurized water reactdrs, ihtegral design PWR differ from
conventional PWR, as they have no external premssriand steam generators. The steam
space under the reactor vessel dome acts as aesswhile the steam generators are
located inside the reactor vessel. This in-vessehtlon configuration eliminates or
minimizes by design the consequences of Loss danbaccidents (LOCA).

The gross electric output varies between 15 and\BB0 SMR can be divided in two design
families:

- Integral design PWR;

- Compact modular PWR
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The advanced SMR projects, belonging to the firsug, are IRIS (USA), B&W mPower
(USA), NuScale (USA), CAREM-25 (Argentina), SMARRépublic of Korea) and NHR-
200 (China). The compact modular SMRs are: KLT-488V, and VBER-300.

An Integral Testing Facility (ITF) has been desidrend erected or its construction is in
progress for some of the SMR under development.[2.1

The SPES-3 facility is an integral simulator of tRéS reactor [2.3], suitable to test the plant
response to postulated design basis accidents capdovide experimental data for code
validation and IRIS plant safety analyses [2.4]e Titegrated IRIS reactor layout is shown
in Fig.2.1, and the schematic of the safety sysierdstailed in Fig.2.2.

Fig.2.1: IRIS integral layout
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Fig.2.2: IRIS safety systems

The SPES-3 facility is shown in Fig.2.3. The congmr between the IRIS reactor
characteristics and the scaled-down facility chiréstics are described in Tab.2.1.

RWST

Fig.2.3: SPES-3 facility view
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System/Component IRIS SPES-3

Primary side integral RPV yes Yes apart the pump
Pumps Number 8 1
Core power (MW) 1000 6.5
EBT Number 2 2
Steam generators 8 3
Secondary loops Number 4 3

SG tubes Number 700 14,14, 18
SG height (m) 9.2 8.2

SG tube average lenght (m) 32 32
Containment system Yes Yes
EHRS Number 4 3
RWST Number 2 2

Dry Well Number 1 1

PSS Number 2 2
LGMS Number 2 2

Quench Tank Number 1 1
ADS trains Number 3 2
Tab.2.1: Comparison between IRIS and SPES-3 charaatistics

In the SPES-3, the IRIS integral configuration isimained for all components of the
primary system, except for the pumps, which areqaeoutside of SPES-3 reactor pressure
vessel. The IRIS containment compartments are atedlin SPES-3 by separate tanks,
properly connected, representing the Dry- Well, fressure Suppression Systems (PSS),
two Long Term Gravity Make-up System (LGMS), theaBi®r Cavity (RC) and the Quench
Tank (QT) for Automatic Depressurization Systema@and dimensions are fixed in order
to reproduce the trend of IRIS compartment volumessus height. The Passive
Containment Cooling (PCC) and a portion of the &liréessel Injection (DVI) lines are
included in the containment as well. The safetytesys include the Emergency Boration
Tanks (EBTs), the Emergency Heat Removal SystemR&Hand the Automatic
Depressurization System (ADS). Three EHRS loopsessmt the four IRIS systems. The
design pressure of the primary and secondary sgstamto the main isolation valves is
172.5 bar, with its corresponding saturation termpee of 353.5 °C. The primary and
secondary side operating pressure is 155 bar andaB8respectively. The containment
design pressure is 15 bar with its corresponditgraton temperature of 198.2 °C, while its
operating pressure is 1.013 bar.

All primary, secondary and containment systemssanellated in SPES3 with 1:100 volume
and power scaling, 1:1 elevation scaling, whilefthigl is at IRIS pressure and temperature
nominal conditions [2.3]. The pipe diameters rabgeveen 1/2” and 8”.

Even if the SPES-3 facility reproduces the IRISrtte-hydraulics, the capability of the
facility to simulate the transients behavior ofenegric advanced SMR has been tested and
verified in [2.2].

A reference test matrix, shown in Tab.2.2, esthbhsthe simulation of a series of
SBLOCAs and secondary breaks, whose data will hddmental for the NRC certification
process of the SMRs.

The data obtained for the SPES-3 facility simulatad Design Basis Accident transients
[2.5], by means of the RELAPS5 thermal-hydraulic €dé.6], have provided the reference
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conditions to define the main thermal-hydraulicgmaeter ranges and the set of instruments

suitable to measure them and to derive the requjuedhtities. Document [2.7] describes the

lines involved in the two-phase mass flow measurgsnand the range of the main thermal-
hydraulic variables.

For each base case the most important locationthéomeasurement of the two-phase mass

flow rate have been chosen. For each location &dtororg volume has been defined for the

extraction of the variables necessary to the getfrthe instrumental range.

The monitoring volumes in the break lines are ledatownstream of the orifice that

simulates the break, while the monitoring volumethe ordinary lines have been defined in

order to minimize the possible pipe works influemsethe flow profile itself. In RELAP
code the mass flow rate value is coupled to aqaati structure called junction. Each line
has been associated to a junction number in oodgettthe value of the mass flow rate in the
line itself.

The tests that will be performed are:

* Low elevation SBLOCA (small break LOCA): this acerd is caused by the rupture of a
DVI line. Both the double-ended guillotine and #pdit break tests will be simulated.

» High elevation SBLOCA (small break LOCA): the higlevation break is located in the
EBT connection to the RV. One of the two EBT tank$SPES3 is equipped with two
break lines (double- ended guillotine break lind aplit break line).

* ADS break: the ADS break is located on one of e ADS lines in SPES3. This line is
equipped with two break lines that connect the AD8e Drywell.

* Feed water line break: one of the three feed lINe€SPES3 is equipped with two break
lines (double-ended guillotine line and split bréiak) that are connected to the Cavity.

» Steam line break: one of the three feed line in &PE equipped with two break lines
(double-ended guillotine line and split break litlegdt are connected to the Drywell.

In all the cases the double ended guillotine bi&kG) has been simulated. The five base
cases that will be analyzed are summarized in Tab.2

RELAP base case Number Case name  Description

SPES 89 DVI break Double ended guillotine breakhef
Direct Vessel Injection Line B
SPES 90 EBT break Double ended guillotine breathef

top  connection  between the
Emergency Boration Tank and the
Reactor Vessel B

SPES 91 ADS break Double ended guillotine breathef
Automatic Depressurization System
B, on the Single Train line

SPES 92 SL break Double ended guillotine breakef t
Steam line B

SPES 93 FL break Double ended guillotine brealkhef t
Feed line B

Tab.2.2: Base cases for the SPES3 break transients

In the SPES3 facility the break is reproduced v two lines: the DEG break line and
the SPLIT break line. In order to define the regdirinstrumentation range, the main
variables to be taken into consideration are:
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The void fraction and the flow quality
The mass flow

The gas and liquid velocity

The pressure

The gas and liquid temperature
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3. TWO-PHASE FLOW DEFINITION
AND MAIN IMPORTANT
PARAMETERS

Multiphase flow is a complex phenomenon which iffidilt to understand, predict and
model. Common single-phase classifications accgrdinthe structure of flow (laminar,
transitional and turbulent) or other charactersstitich as velocity profile and boundary
layer, are not sufficient to describe the natursumh flows.

In two-phase flows, due to the existence of mudtipleformable and moving interfaces,
there are in principle an infinite number of wagswhich the interfaces can be distributed
within the flow. These distributions can be classif into a number of interfacial
distributions and the types of interfacial disttibns are the flow patterns (or flow regimes).
For most two-phase flow problems, the local insfaninulation based on the single-phase
flow formulation with explicit moving interfaces eounters mathematical and numerical
difficulties, and therefore it is not a realisticpractical approach. This leads to the need of a
macroscopic formulation based on proper averagirtgclw gives a two-phase flow
continuum formulation by effectively eliminatingetlinterfacial discontinuities.

3.1 Two-phase flow models and classification

The methods used to analyze a two-phase flow demsons of those already developed for

single-phase flows: the basic equations goverriiegcbnservation of mass, momentum, and

energy, coupled with various simplifying assumpsiofhree main types of assumption are

usually made [3.1]:

* The homogeneous flow modeklis, the simplest approach to the problem,tinephase
flow is assumed to be a single-phase flow havirepge-properties obtained by suitably
weighting the properties of the individual phasasgd considering the phases flowing
with the same velocity.
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* The separated flow modeh this approach the two phases of the flow amsitlered to
be segregated, or separated by the interfacessétgof basic equations are written, one
for each phase. Alternatively, the equations cardmbined. In either case information
must be given about the area of the channel ocdupjeeach phase (or alternatively,
about the velocities of each phase) and aboutrittgohal interactions with the channel
wall. In the former case additional information ceming the frictional interaction
between the phases is also required. This infoomasi inserted into the basic equations,
either from separate empirical relationships inalihthe void fraction and the wall shear
stress are related to the primary variables, othenbasis of simplified models of the
flow.

 The flow pattern modelsin this more sophisticated approach the two phame
considered to be arranged in one of three or fefinide prescribed phases distribution
geometries. These geometries are based on thausazanfigurations or flow patterns
found when a gas and a liquid flow together in arctel. The basic equations are solved
within the framework of each of these idealizedrespntations. In order to apply these
models it is necessary to know when each shouldsed and to be able to predict the
transition from one pattern to another.

The flow pattern has a great influence on the fldvaracteristics and the heat and mass
transfer characteristics; moreover, it also affésésmeasurement about the flow parameters
and the operating characteristics of two-phase Hgstem. As a result, the study of the flow
pattern of the two-phase flow has an important tirakvalue and academic significance; it
has been therefore an important topic of this rebefield.

In general, the concept of two-phase flow patterdefined based on a macroscopic volume
or length scale which is often comparable to thetesy length scale [3.2].

This implies that the concept of two-phase flowimegs and regime dependent model
requires an introduction of a large length scald @ssociated limitations. Therefore, regime-
dependent models may lead to an analysis that tanechanistically address the physics
and phenomena occurring below the reference lesugtle.

This highlight the difficulties encountered in deming generalized method for analyzing
such flow. The two-phase flow physics are fundamgnmulti-scale in nature. At least four
different scales can be important in multiphasevfldhese are: system scale, macroscopic
scale required for continuum assumption, meso-scelated to local structures, and
microscopic scale related to fine structures antboudar transport.

In the meso-scale we can define the phenomenaedelat the turbulence effects for
momentum and energy as well as for interfacial argles for mass, momentum and energy
transfer. Since the interfacial transfer rateslmaiconsidered as the product of the interfacial
flux and the available interfacial area, the mauglof the interfacial area concentration is
essential [3.3].

The parameters that govern the occurrence of andlegv pattern are numerous, the most
important are flow rates and fluid properties ofle@hase, pipe geometry, pipe inclination,
and flow direction (upward, downward, co-currenpuiter-current). The most common
cases involve horizontal flow and vertical up-flevhere both phases are flowing upwards
[3.4].

27



The major flow regimes found in vertical gas-liquig-flow in a pipe of circular cross-
section are illustrated in Fig.3.1 displayed fraeft to right in order of increasing gas flow
rate at a given constant liquid flow rate.

* Bubbly flow at low gas flow rates this is the predominantfleegime, where the gas
flows as a myriad of bubbles in a continuous liquidise.

» Slug flow: as the gas flow rate increases, coltisibetween bubbles are more frequent
and they coalesce, eventually forming large budleped bubbles, often called Taylor
bubbles. The liquid slugs between the Taylor bubliéen contain a dispersion of
smaller bubbles.

» Churn flow with further increase in gas flow rate, the Taydabbles in slug flow break
down into an unstable pattern in which there ifiarging or oscillatory motion of liquid
in the tube. The gas now exists predominately agelaregularly shaped bubbles with
smaller bubbles entrained in the liquid phase.

* Annular flow when the gas flow rate is sufficiently large tgoport a liquid film at the
surface of the pipe, the gas flows continuouslgulgh the center of the pipe. The liquid
flows along the pipe wall as an annular film and e#so be carried along the central gas
core as small liquid droplets.

* Wispy annular flowas the liquid flow rate is increased the drogl@centration in the
gas core of annular flow increases and, ultimatgplet coalescence occurs leading to
large lumps or streaks as wispy liquid occurringtie gas core. This regime is
characteristics of high mass velocity flows.

Bubble Plug Slug Froth Annuiar Annular-
tlow (Taylor flow or flow mist
slug) churn flow
flow turbulent
Hlow

Fig.3.1: Schematics of vertical flow regimes

The flow regimes in horizontal pipes are similaithie vertical flow regimes above, except
the effect of gravity now tends to cause the gaseho flow predominantly along the top of
the pipe. The flow regimes are summarized in Fj.&om top to bottom in order of
increasing gas flow rate.

» Stratified flow In this flow pattern the liquid flows in the loweart of the pipe the gas
above with smooth interface. In real situationg, glas-liquid interface is rarely smooth,
and ripples appear on the liquid surface.

» Wavy flow it occurs as the ripples increase in amplitudeegating waves due to the
increase in gas flow rate
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» Plug flow when the gas flow rate is increased, bubblesesegal forming bullet shaped
bubbles as also observed in vertical flow, but hleeg travel along the top of the pipe.

* Slug flow when the amplitude of the waves travelling alding liquid surface become
sufficiently large that they touch the top of thipg The gas flows as bigger bubbles and
in the liquid slugs many smaller bubbles may bea@med.

* Annular flow occurs when the gas flow rate is large enougkujgport a liquid film
around the pipe walls. Liquid is also transporteddeoplets distributed throughout the
continuous gas stream flowing along the centeref gipe. The liquid film is thicker
along the bottom of the pipe because of the efiegtavity.

L_: = e— ﬂ Strotified smooth flow

6, e Stratitied wovy flow

& iL._r-—~~“"r‘*"'r1‘—~"""“’:"Lf/& Piug flow

&ﬂ _ lnﬁloﬁ- -ﬂpa o

.o 2 Dispersed bubble flow

Fig.3.2: Schematics of horizontal flow regimes

The central task is to predict which flow patteriil vexist under any set of operating
conditions (like flow rates of each phase, theiygital properties, orientation of the tube as
well as the manner in which the phases are intredlirt the system) as well as to predict the
value of characteristic fluid and flow parametebsiible or droplet size) at which the
transition from one flow-pattern to another wilkéaplace.

The usual way of presenting results of observatmh#ow patterns is to plot them on a
graph whose axes represent the flow rates of tlepiwases; an alternative is to plot total
mass flux on one axis and the mass fraction ofltve which is vapor or gas on the other
axis. When all the observations have been recolihed, are drawn on the graph to represent
the boundaries between the various regimes of fldve. resultant diagram is called a “flow
regime map”.

3.2 Two-phase flow parameters

The modeling of a two-phase flow, and then thectiele of the instruments for two-phase
flow measurements requires the definition of tharacteristic parameters of the flow.
Frequently used properties are defined in the iotig.

The total mass flow rate is defined as
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W o =W +W, (3.1)
and the volumetric flow rate is given by

W W
Qu =Q +Q, :Fl-'-p_g (3.2)
I g

The mass flux or mass velocity, G:

w W
G.=G +G. =—+_9% 3.3
tot | g A A ( )
and the volumetric flux, or superficial velocity:
G G
Jg =+, =—+—= (3.4)
pl pg

The mass fraction of the phase, usually referretthéogaseous phase, and called also flow
quality, is defined as:

Xx=—9 (3.5)

The volumetric quality, in a similar way is definasl:

P e, .

The phase fraction for gas-liquid flows is commokihown as the void fractiom for the gas
phase and the liquid hold-up for the liquid pha3eth quantities are interchangeable with
help of the continuity equation which requires sluen of gaseous and liquid phase fraction
to equal unity. Void fraction is a dimensionlessanity indicating the fraction of a
geometric or temporal domain occupied by the gasg@hiase. It is one of the most import
parameters used to characterize multiphase flowswb-phase flow analysis, the void
fraction and the relate interfacial area conceianatrepresent the two fundamental
geometrical parameters and, therefore, they aselgioelated to two-phase flow regimes.

It is the key physical value for determining numeyather important parameters, such as
mixture density and viscosity, for obtaining théatee averaged velocity of the phases, and
is of fundamental importance in models for predigtflow pattern transitions, heat transfer
and pressure drop.

The void fraction is needed in order to calculée hydrostatic and accelerational pressure
drop of the flow, because it determines importdovfparameters such as average fluid

30



density and average flow velocity at a particutanakion in the pipe. Accurately determining
the average density and effective flow velocitytwb-phase flows is difficult because it
depends upon the slip ratio, S. These parameteralso needed for flow-induced vibration
analyses for predicting fluid forces and the fleldstic instability threshold of a tube array
subjected to two-phase flows.

Various geometric definition are used for specifythe void fraction: local, chordal, cross-
sectional and volumetric. Moreover instantaneousae averaged values of those quantities
can be defined.

The local void fraction refers to that at a poimt yery small volume): iP(r,t) represent the
local instantaneous presence/absence of vapoa§)rag some poimtat the time, the local
time-averaged void fraction is defined as:

len (1) = [ P(r, O 3.7)

where

P(r,t) = 1 for gas phase

P(r,t) = O for liquid phase

The local void fraction defined in this way, repets the residence time of the phase in a
specific location of the control volume.

For a sufficiently long measurement titgge eq. 3.7 can be approximated by

Zt:tg (3.8)

alocal (r) =

ot

Wherety is the total time the dispersed phase was presenéasurement point
The chordal void fraction is defined as:

(t) S - (3.9)
a = =— )
chordal L + I—| Lmt

g

Wherel, is the length of the line through the vapour/gaase andl, is the length of the line
through the liquid phase.
The cross-sectional void fraction is defined as:

cross-sedctional (t) = Agp_:_g A = A(i (310)

a

where A, is the area occupied by the vapour/gas phaseAaisdthe area occupied by the
liquid phase.
The volumetric void fraction is:

Vg Vg
avolume(t) = = (311)
V,+V, V

tot
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whereA, is the volume occupied by the vapour/gas phasevgrslthe volume occupied by
the liquid phase.
The relation between flow quality and void fractizam be written as:

X = Wg — UQA\Jpg — a[ngg

_ a
W+W, U Ap +UAp, Q-a)lUp+allp, (@-0) p L,
a p; S

(3.12)

whereU, andUy are the real velocities of the two phases.

The parametef5 called slip ratio, represents the ratio betwdwsn dctual velocity of the
gaseous phase and the actual velocity of the liphése and, as the other parameters, can be
local and instantaneous or averaged in space atnah@r The Slip Ratio is higher than 1 for
most flows. When S > 1, the void fraction is lowban the homogeneous void fraction
(which is the maximum value).

A large number of correlations (Tab.3.1), empirical semi/empirical [3.5] have been
proposed for evaluation of the void fraction. Mariythem are expressed in terms of the slip
ratio, S.

The problem is related to the identification of timportant variables that affects the velocity
ratio and to form dimensionless groups that aregppate to the development of the model.
It is clear that the buoyancy of the gas phasetiaglriving force behind the velocity ratio,
without which it would be close to unity. The ddpdlifference dp, and the average two-
phase density;, are considered to be key parameters. The vigaoithe liquid phasey, is
selected since it affects the ability of the gabliess to rise through the liquid. Surface
tension,o, iss selected since it affects bubble size angesh@xperiences showed that the
gas phase velocity increased as the bubble sizeased, owing to the increased buoyancy
of a larger gas bubble. The tube diameferand the lengtih, are thought to play a role in
velocity ratio, since they influence the frictioqmakssure drop through the pipe.

The fundamental parameters influencing the slip rate reported in the following equations

S=—9%=f(pppuV o,9D,L3I pApetc) (3.13)

(R @] e

The first four dimensionless groups are the FroadeNeberWe ReynoldsRe and Euler
Eu, numbers.
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Author Correlation

- -1
Homogeneus: o= 1+(1‘Xj Py
L VXA
i 089 01877?
Thom (1964): . 1+(1-><J [Epg ]
| X P
r 06777t
Zivi (1964): e 1+(1-><j Eﬁpg J
| X £
i 064 036 00777
Lockhart-Martinelli (1949): o=l1+ 028[€1_Xj EEPQJ H
X pl /'Ig
[ 074 065 01377
Baroczy (1966): o= 1+[1‘Xj [ﬁpg] H
X P H
Armand (1966): a = 0833z, anis the homogeneous void fraction
Chisholm (1983): o= 1 a

a, + (]-_a'h)o5 "

09 05 01
Wallis (1969): o = [ X2 with = (H) EEPQ ) H
x ) a) 4

Tab.3.1: Literature void fraction correlations

The other parameter used the define the relativeomdetween the phases is tHgft
velocity [3.2], [3.6] and [3.7], defined as the velocity afie of the two components in a
frame of reference moving at a velocity equal te tbtal superficial velocityly, and is
therefore given by:

Uy =U, =i (3.15)
Uy =U, =y (3.16)
The drift fluxes of the phasdg andJ; are defined as follows:

Jy=alU,=alU, -J,) (3.17)
Jy=l-a)lU, =q-a)[U, = J,) (3.18)
It follows that:

J; +J,; =0 (3.19)
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Other properties such as the mixture density, théume viscosity or thermal conductivity
cannot be reliably obtained from such simple wedhheans.
As reported by Friedel [3.8], the definition of matensity

MASS

= (3.20)
VOLUME

at a given pressure and temperature is an invarjabbperty for a single-phase fluid; in two-

phase pipe flow, the volume and the transport auinagons can change, also in steady state

flow, due to the slip between the phases. A twosphdensity can be derived by using the

volume concentration or the mean void fractions tdensity is known as gravitational

density and represents the density of the mixtugegontrol volume at a given time:

,0: Mtot — Mg +MI - pgvg +lq\/l — a[pg\/tot +(1_a) [pl\/tot
V. vV V.

\/tot tot tot tot

=alp,+1-a)lp (3.21)

and can be experimentally obtained by the measuneofi¢he liquid mass detected between
two quick-closing valves in a defined control vokimAccording to the definition, the
gravitational density is representative only oftatis material balance in a pipe flow with a
constant flow cross-section.

A second definition can be derived consideringmiaess flow qualityx:

_Mtot - Mtot — Mtot — +(1- -1

PV VY, XM, A~ M,, 2, + -2 1] (822
Py P

usually callechomogeneous densitgven if based on the hypothesis of the consenvatf
the volume, and not under the assumption that S=1.
If an heterogeneous flow is assumed, and a reldtorthe slip is introduced, different
definition of the density can be derived dependinghe different model used.
Friedel [3.8] summarized the most important twogehdensities as reported in the following
table, where the basis model used for each dethsfiyition are highlighted.

Basics Mixture density

Gravity alp,+1-a)lp

Momentum balance [x2 llatp,)+ a-x7 (a-a)p )]-1
Kinetic energy balance [x3 o, + a-x* (- o) )2]‘1
Homogeneous mixture a tp, + (L-a)p, =[x/ p, + @-x)/ g *

Superficial velocity [XZ I py + 1= x)? /,ol]'1
Linear weighing xtp, +@-%1p]
Density addition [X/\/Fg+ a- x)/\/;,]f2

Volume flux weighing  [x/p, + @-x)/p]* =p,

Tab.3.2: Mixture density definitions
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4. TWO-PHASE FLOW MEASUREMENT

The objective of the two-phase flow measuremenhésdetermination of the flow rates of
the phases flowing in a pipe, for example water gasl or water and steam; but also the
characterization of the fundamental parameterdi®ffiow, such as the phases distribution,
the interfacial area, etc...

For the purpose of the mass flow rate measurertteste is no a single instrument, which
will measure these parameter directly and it issesary to couple several devices, each one
sensitive at the different properties of the flamofnentum, velocity, density, void fraction,
etc..), in a Spool Piece (SP). The analysis ottmbined readings can then be used as input
for the SP model that is used to evaluate the fimsgate of the phases.

4.1 Instrument classification

In the previously paragraph the parameters thatackerized the two-phase flow has been
defined.
For measurement purpose an instrument classifitatem be made considering which
parameter can be measured and through which plhysioaiple the instrument operates.
The following main categories can be applied:
* In-line measurement
e Separation phases measurement

o Full two-phase gas/liquid separation

o0 Partial separation

0 Separation in sample line
In-line meters performe directly in the multiphatmwv line, hence, no separation and/or
sampling of the fluids are required.
The volume flow rate of each phase is represenyethd area fraction multiplied by the
velocity of each phase. This means that a minimtisixoparameters has to be measured or
estimatedT, p, v, W, Xa or p) with suitable models. The flow meters can besifesl based
on the parameter measured or based on the measurghysical principles, as reported in
Tab.4.1.
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Measurement physical principle
Mechanical

Hydraulic
Acoustic
Electrical
Gamma and X-ray
Neutrons
Microwave attenuation
Infrared spectroscopy
Tab.4.1: Instrument classification based on physidarinciple

The different physical working principle are usednteasure different parameters [4.1], as
reported schematically in Tab.4.2.

Excellent reviews have been written on the state tlué art of two-phase flow
instrumentation. See, for example, Baker [4.1],I&Mi[4.2], Bertani et al. [4.3] and Hewitt

[4.4].

Measurement of void fraction @):

Measurement of density 4)

Gamma-rayy) absorption

Neutron ) interrogation

Optical sensors

Quick-closing valves

Capacitance / Conductance probes

Gamma-ray() absorption

Neutron (n) interrogation

Weighing of tube

Hot film anemometer

Capacitance / Conductance probes
Ultrasonic flow meter

Measurement of velocity U)

Measurements of mass flowpU)

Pulsed-neutron activation
Electromagnetic flow meter
Turbine flow meter
Gamma-ray cross correlation
Neutron cross correlation
Acoustic cross correlation

Capacitance/conductivity sensors cross

correlation
Laser Doppler velocimeter

True mass flow meter

Vibrating tube

Differential pressure flow meters
Measurements of momentum flyx/)
Venturi meter

Drag Disk

Tab.4.2: Instrument classification based on the mesared flow parameters
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4.2 General meter selection factors for two-phase flooneasurements

There are a number of specific issues to keep mdmvhen choosing a flow-metering
instrument. Different flow meters are designeddptimum performance in different fluids
and under different operating conditions. That iywt is important to understand the
limitations of each measurement device. Measutiegfiow of liquid and gases (two-phase
flow) demands superior instrument performance.dPerdnce parameters include accuracy
(uncertainty or flow meter's ability to measure ttmrect or true flow), repeatability,
resolution, rangeability, and dynamic response.

Economic considerations include flow meter hardwast (sensor, transmitter or
conditioner, tubing, wiring), installation requirents (flanges, straight pipe lengths, taps),
pressure drop, reliability, maintainability, andduency of calibration.

The choice of a meter to measure flow gquantitiesnio-phase flow [4.4] depends on the
purpose for which the measurement is made, whetheaverage or a local quantity is
needed and on the accuracy required. In order dtuate the accuracy of the measure, the
entire acquisition system must be considered: tifi@ration coming from the fluid, is
transferred through the sensor, is converted faradogical to digital electric signal and it
sent to the pc through the DAQ. At each step soistertion and noise are introduced, and
the amplitude of that distortion must be minimiz&étde selection of the flow meter, and the
related accuracy also depends on the nature diothdield and the two phases involved.
The relative magnitudes of the instrumental lerggthles (pipe diameter for Venturi flow
meters, drag plates area for drag disk, probeatius or probe plate area for impedance
sensors, piezoelectric crystal diameter, wave leraft the sensing radiation (whether
electromagnetic or acoustic), etc.., compared thithlength scale of the flow objects (drop
or bubble diameters, film thickness, interface aret...), restrict the nature of the
information provided by any device and hence affemiv information are deduced and
analyzed.

The devices employed can be either nonintrusivee(eal to the flow field or, at most, part
of the pipe/fluid interface) or intrusive (thus tdiding the flow geometry at the place of
measurement).

Nonintrusive devices can use tomographic techniqaesense local characteristics of the
motion. Some intrusive devices provide global measents, and some (local optical,
electrical, or pressure probes) provide local imf@tion.

In the last few years many efforts were made bgrdists all over the world to understand
the physics of the chain ‘pipe configuration-diseed flow profile-change in flow meter
behaviour and to find out effective methods andwnégues to minimize these installation
effects.

The relation between disturbed flow profile andra@of flow meter behavior alone already
presents a huge field of problems. Installatiore@f basically depend on the technical
principle and construction of the flow meter itselthe resulting problems are therefore
unique for every type of flow meter.

The response of a meter in two-phase flow tendgetbigh sensitive to the flow pattern and
to the upstream configuration and flow history. Thest practice is to calibrate the
instruments with known phase flow rates and withegact simulation of the upstream pipe
flow. The flow pattern is likely to be also timepndent in transient tests. The response of a
flow meter may be different in transient situatiemd it's better to find a way to correct for
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this. Though the ideal is to use in situ calibnatithe more usual method is to interpret the
measurement from an instrument in terms of a thedryse validity is tested by conducting
separate experiments. Very often these experimametsonducted for very different flow
conditions and fluids: instruments used for steaa#wilows are frequently calibrated using
air/water flows.

The basis of a proper meter selection is thenar claderstanding of the specific application
requirements.

Flow meters with few or no moving parts requireslegtention than more complex
instruments. Meters incorporating multiple moviragtp can malfunction due to dirt, grit and
grime present in the process fluid. Meters with usp lines can also plug or corrode, and
units with flow dividers and pipe bends can suffem abrasive media wear and blockages.
Moving parts are a potential source of problems,amdy for the obvious reasons of wear,
lubrication and sensitivity to coating, but alsac#ese they require clearance spaces which
sometimes introduce “slippage” into the flow bemgasured.

In the reactor studies context this measuremenbmsplicated by the fact that during the
transient, the fluid becomes a non homogeneousunmaixf liquid water and steam at, or
very near, saturation.

In addition, materials from which the transducemiade must be carefully chosen for their
ability to survive the destructive effects of theter conditions (temperature, pressure,
viscosity and chemistry) and plant conditions (anbiemperature and humidity).

A final point to consider is that large parametexsursions should be monitored and their
possible effects on the flow meter system mustuaduated. Items such as voltage spikes,
spurious noise, pressure spikes (water hammer)tesmnplerature spikes should be addressed
as to their possible negative effects and as tn#sal to design methods to mitigate such
effects.

In experimental programs involving loss-of-coolattdies, [4.6]-[4.20] and [4.44]-[4.45],
because of the severe environments present dinenglow-down, relatively few instrument
can be used; these include turbine meters, dragrfieters, gamma densitometers, Venturi
flow meters/pitot tubes and impedance sensorsqpresand temperature measurements are
also required for reduction of data from the otimstruments) located in a relatively short
piping segment called Spool Piece (SP).

The design of the SP is important because intrusiegers may seriously alter the flow
regime. On the other hand, location of all therinsients in close proximity is desirable
because of the often unsteady and inhomogeneoureraittwo-phase flow.

The fundamental criteria defined for the first sélen were: range of measurement, dynamic
response, installation requirements, materialgtébat compatibility with pressure and
temperature conditions, flow velocity compatibility

Also considering limits and drawbacks, the onlylgred devices that could operate in the
whole range of conditions expected in the breakslithigh pressure and temperature, high
and fast variation of the flow parameters and vegj steam velocity) are:

» Drag Disk,

* Turbine Flow Meter,

* Venturi Flow Meter,

* Impedance Probes.

The selected instruments have been experimentadtyfétically analyzed and different
possible SP combinations have been evaluated.
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4.3 Turbine Flow Meter

The turbine-meter is essentially a turbine rotoichitrotates as the fluid passes through its
blades. The turbine output, registering a pulse dach passing blade, can be used to
calculate the fluid velocity and the volumetricxjus actually the most important volumetric
meter.

According to the installed direction of a rotor #hawo types of turbine flow meter are
available: axial type turbine flow meter and tartgérntype turbine flow meter. The axial
type turbine is the reference turbine flow meter.

As it can be noticed in Fig.4.fhe rotor spins as the liquid passes through thedsl and the
rotational speed is a direct function of the voltnodlow rate:

ST =K; [@ (4.2)
U =Qq [A, (4.2)

whereU is the mean flow velocity [m/s] sensed by therimsient andKy is the calibration
coefficient that takes into account all the undaties.

The axial turbine flow meter, when properly instdlland calibrated, is a reliable device
capable of providing high accuracies (of abou®4).2or both liquid and gas volumetric
flow measurement, in single-phase flow conditions.

Counter/Motion sensor
H/ Rator support
y {\

Flow direction T i, s Y7775, Flow direction
§ LELLLL T S A - O P SAIISIT

=~ 7 A i > /

L f s

Turbine rotating direction

Turbine /

Fig.4.1: Axial turbine flow meter

i

Typical measurement repeatability is +0.1% of regdor liquids and +0.25% for gases with

up to £0.02% for high accuracy meters.

Turbine flow meters have a working dynamic rangatdfast 10:1 over which the linearity

is specified. The maximum flow rate is determingddesign factors related to size versus
maximum pressure drop and maximum rotor speedmihignum of the range is determined

by the linearity specification itself. Due to smalinavoidable, manufacturing variances,
linearity error curves are unique to individual exstand are normally provided by the
manufacturer. Higher accuracy specifications uguaidirespond to a 10:1 flow range down
from Qmax While extended operating ranges usually corresgorreduced accuracies. The
hump in the depicted curve is a characteristiaufeataused by flow velocity profile changes
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as Re approaches the laminar region. Sensitivit rapeatability performance degrades at
low Re.

Both one-directional and bidirectional designs euegently available, and a calibration for
each flow direction is necessary.

Calibration of the flow-meter together with stratigihers is recommended to eliminate the
effect of upstream flow effect. ANSI/API suggestad upstream length of 20D and a
downstream length of 5D. Baker [4.1] shows an exangb suggested upstream spacing
from manufacturer, for elbow and bends effectsnstailation.

Temperature differences between calibration andrabipe cause dimensional changes,
viscosity changes, density changes and velocityepatshift and then affect the turbine
meter signal.

There are numerous, often proprietary, designsrpaeating variations in rotors, bearings,
pickups and other components in format and masenaiich are tailored to different
applications.

The most common types of rotation sensor are magmaeddulated carrier and mechanical,
while optical, capacitive and electrical resistaape also used.

Mechanical pickups, which sometimes incorporate agmatic coupling, are traditional in
some applications, can have high resolution andadwantage that they require no electrical
power. However the pickup drag tends to be higle flagnetic and modulated carrier types
utilize at least a coil in a pickup assembly whgdtews into the meter housing near the
rotor.

Multiple magnetic pickups are also used in somégdssto provide increased measurement
resolution.

Usually the momentum exchange approach is usedadorithe the fluid driving torque in
terms of momentum exchange in the axial turbine fhaeter.

In a hypothetical situation, where there are nadsracting to slow down the rotor, it will
rotate at a speed which exactly maintains the flomt velocity vector at the blade surfaces.
In Fig.4.2, the difference between the ideal (stipsd) and actual tangential velocity
vectors is the rotor slip velocity and is causedhgynet effect of the rotor retarding torques.

Fig.4.2: Vector diagram for a flat-bladed axial turbine rotor

In the picture: V incident fluid velocity vector;\éxit fluid velocity vectorf exit flow swirl
angle due to rotor retarding torqu@shlade pitch angle, same as angle of attack faallehr
flow; o rotor angular velocity vector; r rotor radius \@ctF flow induced drag force acting
on each blade surface; ¢ blade chord; s bladergpaéing the hub; c/s rotor solidity factor.
Assuming that the rotor blades are flat and that wblocity is everywhere uniform and
parallel to the rotor axis, then referring to Fig:4
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«, =U [tang (4.3)
When one introduces the total volumetric flow rdie becomes:

& _tanf
Qtot r.RMS'A‘

(4.4)

Wherew; is theideal rotational speedA is the area of the annular flow cross section and
remsis the root-mean-square of the inner and outetebtadii.

Hence, according to the second equation, in thed gliation the meter response is perfectly
linear and determined only by geometry.

In practice, there are instead a number of rotdardeng torques of varying relative
magnitudes. Under steady flow the rotor assumepeads which satisfies the following
equilibrium:

Fluid driving torque = rotor blade surfaces fluidal torque + rotor hub and tip clearance
fluid drag torque + rotation sensor drag torque &dring friction retarding torque

Referring again to Fig.4.2, the difference betwdenactual rotor speed,w, and the ideal
rotor speedr-a, is the rotor slip velocity due to the combinetkef of all rotor retarding
torques as described in the equilibrium equatiooveband as a result of which the fluid
velocity vector is deflected through an exit orrbangle,o.

In most flow meter designs, especially for liquidise latter three of the four retarding
torques described in the equilibrium equation analsunder normal operating conditions
compared with the torque due to induced drag a¢hesblade surfaces.

The effects of the rotor retarding torques, anduenlver of important meter design and
aerodynamic factors, such as rotor solidity anevfielocity profile, are considered in the
value of theK; factor.

For steady flows the meter factdétr of a specific meter depends on dimensionless
parameters such as:

* the Reynolds number Re

* the Mach number M

« the ratio of mechanical friction torque, to thevirg fluid torque

The manufacturer uses steady flow calibrationsfégrdnt pressures to distinguish between
Reynolds number effects and the influence of mechéririction. In general the Mach
number dependency is a small correction due to ehMamber effect in the temperature
measurements at high flow rates.

In unsteady condition the response of the metdralgb depend on:
* the Strouhal number St

* the amplitude of the perturbations

« the ratio of fluid densityp, and rotor material density,,
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Ideally, the volume flow is proportional to theatibn speed. However, slight deviations are
observed as a function of the Reynolds numbert irdtocity profile, the pressure drag of
the wake and other friction forces, if not consétkein the analysis, can introduce systematic
errors on the measurements, and for a more acauatel it is necessary to include realistic
tip clearance effects.

Another important source of systematic errors emne dependent perturbations in the flow.
Above a critical frequency, determined by the il@edf the rotor, the turbine meter will not
be able to follow the variations in volume flowtime. The structural damage due to two-
phase flow is another important parameter to takaccount; cavitation is recognized as a
destructive phenomenon in turbine flow meters. Titermittent impact of liquid in a
liquid/gas flow may damage the internals of theanetnd it is possible that erosion and
abrasion may occur [4.1].

4.3.1 Two-phase flow measurement capability and modeling

In two-phase flow applications, the evaluationtw force components acting on the blades
is clearly even more complicated that in singlegghfiow. The basic model used in analyze
the flow meter response assumes a homogenous lil@can be analyzed using the same
approach of the single-phase flow.

The total two-phase flow mass flow rate can beuwatald as:

VVtOt = I<T IOTPa‘ (45)

where the two-phase mixture density can be expressed in different ways as reported in
the paragraph 3.2.

Rouhani [4.10] has shown that the appropriate thefwi the turbine meter is the momentum
density; so that the calculation of the two-phasgture densityprr requires, the side
measurement of the void fractian Acceptable results can be obtained with existing
empirical correlations for the void fractian deduced for channel flow (which normally
requires the knowledge of the local pressure arsl ldtal mixture quality, whose
accessibility is to be evaluated).

The proportionality constanK; can be extrapolated from single-phase flow litmet
(provided the meter is single-phase standard desigmh tailored on the basis of preliminary
in-situ testing.

The measurement of two-phase flow by a turbine medeally incorporates an evaluation
model which relates the metered velocity to theaotelocities of the gas and liquid phases.
The turbines are more sensitive to the gas phdseityeat high void fractions and to the
liquid velocity at low void fractions; at intermedé void fractions some theories have been
studied, but none of them is widely accepted.

Some models, developed to interpret the responaeturbine flow meter and related to the
true mass flow rate, are lists below:
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Volumetric model [4.12]:
This model is based on the assumption that the unegwelocity is equal to the volumetric
flow rate divided the cross sectional area, andgiv

U=aU, +{1-a, (4.6)

Aya’s model[4.6]:

The model has been derived for a SP made up ohsitdmeter, a drag disk and a turbine,
under the assumption that the force that the gas dixerts upon the turbine blades is equal
to the force that the blades are exerting on thadiflow.

A momentum balance on the turbine blade segmersgiv

ap, 0, -U) min*(5) = t-a)p, U -U, ) sinc(4) @.7)

whereKy, andKq are the single-phase calibration coefficients.

Rouhani’s model[4.10]:

Also this model is based on a momentum balancaulegion, as the previous one, but the
authors used different ways of expressing the mameterms. The average flow velocity is
then expressed as:

U= XU, + (1— x)UI (4.8)

According to [4.24], some experiments at the OakgRi National Laboratory (ORNL)
showed that the first model is working better fomh flow with slip ratio<1, while Aya and
Rouhani model predict the turbine velocity morewasately for horizontal flow or for down
flow with slip ratio>1.

The turbine meter has been largely used in expatsrie model nuclear plants operating in
accidents conditions; in unsteady flow a valid nMiddeanalyze the output turbine signal is
the Kamath and Lahey model [4.16].

Kamath and Lahey [4.16]-[4.17] have developed ditalymodels for the dynamic response
of free-field turbine-meters and drag-disks. Thesalels have been combined with various
density and velocity profile models to synthesizaredictive technique for global mass flux
and void fraction.

Comparison of this model with the data taken até\lydbs has indicated that a DTT rake is
capable of predicting global mass flux trends.

Parametric studies indicate that for a typical bmwn transient, dynamic effects such as
rotor inertia can be important for the turbine-metkn contrast, for the drag-disk, a
frequency response analysis showed that the gtessiys solution is valid below a forcing
frequency of about 10 Hz, which is faster thantthee scale normally encountered during
blow-downs.
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4.3.2 Two-phase flow applications

Starting from the fifties of the last centuriesyesal authors analyzed and developed models
for turbine two-phase flow measurement, especiallyuclear safety studies [4.6]-[4.20].
The maximum applied pressure used in two-phaseriexpets with turbine meter is 240-
400 bar for threaded design, the maximum tempexasu310°C [4.1].

Hewitt [4.4] stated that the interpretation of rerformance of a turbine flow meter in two-
phase flow is difficult for flow regimes other th#mose close to homogeneous. For example,
the response in annular flow, for a certain masg #ind void fraction, is likely to be
different from that for homogenized flow with thanse characteristics (mass flow rate and
void fraction). A good knowledge of the expecteowflregimes is therefore necessary to
calculate the mass flux with the lower uncertainty.

Hardy [4.8] demonstrated that the turbine flow-meé&sponse is sensitive to the variation in
the flow pattern (see Fig.4.3). The dotted lineshim figure delimit the regions of the graph
characterized by different flow patterns.
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Fig.4.3: Turbine meter velocities as a function othe air flow rate in two-phase vertical up-flow
[4.8]

The turbine response is dominated by the watercitglathe introduction of the gas phase
tends to slow down the flow-meter. For increasiadugs of the air flow rate, the turbine
velocity approaches the air only line (empty symbalind finally, in the case of annular-mist
flow regime, the turbine response is dominatedheydir flow. At low air flows and high
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water rates the liquid phase is continuous anduHsne response is dictated by the water
flow (black symbols).

Later on Hardy and Hylton [4.45] confirmed that ttesponse of a turbine flow-meter is
likely to be more sensitive to the gas phase &t-k@d condition, while at low-void flows
they tend to react more to the liquid phase. larinediate void fraction condition, like. slug
flow regime, their behavior is not well understood.

To attend sufficient accuracy in two-phase flowisitlear that the turbine flow meter must
be used with an auxiliary sensor. This may eitteealvoid fraction sensor or a pressure drop
device such as a Venturi Flow Meter (VFM) or Dragk>(DD), of which the pressure drop
approach appears to be technically more promigindifferential pressure producing flow
meter such as a VFM in series with a turbine iswkm®o be a technically appropriate and
straightforward method for measuring the volumedrid mass flow rates.

Two techniques currently studied do not requir@axiliary in-line sensor. The first uses the
turbine meter itself as the drag body and combthesoutput of the turbine with that of a
small differential pressure sensor connected actbssinlet and outlet regions. This
technique requires a homogenizer ahead of thenidond measurement accuracies of £3%
for the volumetric flow rates of both phases hawgeently been reported for air/water
mixtures up to a void fraction of 80% [4.21]. Thecend technique is based entirely on
analysis of the turbine output signal and has pledisignificant correlations of the signal
fluctuations with void fraction. Accuracies of watelumetric flow rate measurement of +
2% have been reported when using air/water mixtwigls void fractions of up to 25%
[4.22].

A new method for measuring the volumetric flow ratfethe two phases, air and water,
flowing upwardly in a vertical tube is developed [@y23]. The Two Turbine Flow Meter
System (TTFEMS), is composed of two turbine flow ensf a valve, two thermocouples, and
two pressure transducers. For a given two-phage flee rate of rotation of the turbine flow
meter is found to depend only upon the volumetdw frates of gas and liquid at the point of
measurement.

4.4 Drag Disk

The Drag Disk (DD) is a very simple device capatfieneasuring the force exerted by the
fluid flow on a portion of the pipe cross sectidine disk can have different geometry and
dimension; when the target is a disk less than &D#%e pipe cross-section is also know as a
target flow meter.

The flow range of the strain gage target flow mésedetermined by the target size. By
changing targets the flow range can be alteredditérational/Bidirectional meters for a
wide range of flow conditions (up to 207 bar and 2&) and mass flow rates have been
constructed with typical accuracy of + 0.5% ofl fetale and an excellent time response
ranging from 0.002 to 0.1 s.

Largely used in the past, it is not popular todhg, only type actually produced is the body-
target-type meter, that detects the force exertethe flow using a strain gauge circuitry
[4.25].
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The dynamic force of fluid flow, or velocity of thepproaching stream, is sensed as a drag
force on a target (disk) suspended in the flonesireT his force is transmitted via a lever rod
and flexure tube to an externally bonded, fourvactrms strain gage bridge. This strain
gage bridge circuit translates the mechanical stoege to the sensor (target) drag into a

directly proportional electrical output. Translatigs linear and the drag force itself is
proportional to the flow rate squared.

Fig.4.4: Drag disk scheme

The physics working principle of the DD is that adp immersed in a flowing fluid is
subjected to a drag force given by:

F =%CDA feu?) (4.9)

whereCy, is the drag coefficient andlis the cross section area of the target.

Signal Proportional to
Flow Rate Squared

w
Percent Output X 10

Typical Calibration Curve
/ for Target Type Flow Meters

/

L

1 /

Percent Flow Rate X 10
M 3 1

2 4 [ 8 10

Fig.4.5: Typical Calibration Curve for Target flow Meters

The force sensed by the meter is proportional & gtuare of the velocity for turbulent
flows, while in the laminar regime (low velocityofl, high viscosity flow or both) the results
are not so predictable because the sensor outpubenaffected by viscosity. Laminar flow
exists below Re = 400 and a transition range ekista&zeen 400 and about 2000. The drag

coefficient of the targetCp, may vary in an unpredictable manner when Re ishin
transition or laminar regions.
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The drag coefficient is almost constant in a widage of Re; Hunter and Green [4.1]
suggested the following curve to fit thig values:

c. :c0+c1[i]+c2(iJ +c3[ij +C4[i] @10
A, A, A, A,

They didn’t introduce any term depending on thenReaber.
Anderson [4.11] was found that a full-flow dragtelaf the type, shown in Fig. 4, yielded a
constant drag coefficient over a large Reynoldsiremange (10- 10).

Fig.4.6: Full-flow drag disk

Averill and Goodrich [4.12] using a circular diglate, found a coefficier@y as in Fig.4.7.

The two important parameters considered for cdiitmaare: the target diameter and the
force factor.

The effect of the drag is to produce a force ortainget support rod, resulting in an electrical
output signal from the strain gage transducer énfbw meter. The relationship between the
force applied on the rod and the signal is callesl force factor and is a measure of the
system sensitivity.

On bidirectional targets, both the upstream andrdtrneam edges should be measured.
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4.4.1 Two-phase flow measurement capability and modeling

For two-phase applications, a drag disk cannotlyeas used because of the variation in
momentum flux in the cross section due to void atign to the centre of a tube. Even with
full-flow drag devices, it is difficult to determénthe correct value of the momentum flux to
be applied. The only known parameters are the @estonal void fraction obtained from
measurements and the individual-phase mass flows.

Anderson [4.11] developed a simple model with cisestional averaged properties. Using a
two-velocity separated flow model, he assumed ttatforces on the drag body were equal
to the sum of the individual forces due to bothgasa

After some algebraic manipulation, the drag forees whown to be equal to

F =%CDA dofou?), +@-a)eu?)] (4.12)

This model is the same used by Aya to analyze #tadior of a turbine meter and a drag
meter in a SP.
Drag coefficientCy in two-phase flow, can be correlated with the nfassG:

Coorp =CosplL+ alfaG) +baG)’) (4.12)

Where a and b are experimental coefficient, thatd@pendent on the void fraction and flow
pattern.

In transient analysis the Kamath and Lahaydel [4.16] can be used, but due to the fast
time response of the flow meter, the quasi-stegmyraach is valid below about 10 Hz.
Above this frequency transient effects must be rialkk¢o account. Fortunately, for many
cases of practical significance, a 10 Hz frequeregponse is adequate, and thus the
equations above can normally be employed to céaketitee transient mass flux.
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4.4.2 Temperature effect

Averill and Goodrich [4.12] during the Loss-of-Fduilest at the LOFT facility at the Idaho

National Engineering Laboratory, have measuredntlags flow rates with the drag-disc

turbine transducer (DTT).

The drag disc, used in the LOFT facility, is tengiare sensitive; therefore, the authors
proposed the following correction:

U= (2,+27) 330 (5+ ST (X (@.13)

Where:
Z, is the zero offset from the zero offset tempeegquation

Z, is the change in the zero offset with temperature
S is the zero offset from the slop calibration tenapere equation
S is the change in slope calibration with tempematur

D, is the full flow calibration at ambient temperatur

Hardy and Smith [4.26], showed that the influent¢he temperature induced changes on
the resistance of the wires that connected theosetus the control room could have

influenced negatively the signal reading.

The average thermal output was +0.02 N/°C. Thisespond to an uncertainty for thermal
effects of £0.1% f.s.

4.4.3 Two-phase flow applications

Because it is a momentum-sensing device, the detgrrhas been used in conjunction with
volume-sensing flow meters, or with densitometeralow density and mass flow to be
deduced in a large number of nuclear loss-of-ca@aperiments.

Hardy [4.8] tested a SP where the drag has beeplambuwith a string probe. The
instrumentations have been devised and calibraiedwo-phase mass flux measurement
under simulated pressurized-water reactor reflomaditions. The drag disk used in that
experiment was bidirectional and forced calibratetboth direction. This spool gave mass
flux estimation between + 40% and -30%, using thmkest model: homogeneous model. In
two-phase flow, two distinct correlations were riegd to fit the data obtained. The reason
of this can be a flow pattern transition: from degpmist to froth flow. But other possible
reasons were flow disturbances and slip ratio chang

The two correlations has been defined for mist &oth flow; the major criterion that
delineates between the curves has been found wottidraction value, as shown in Fig.4.8.
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Sheppard et al. [4.19] demonstrated that, in twaspHlow, if the drag meter is installed in a
spool piece, with a turbine meter, accurate caledlaneasurements were attained only when
the drag disk is positioned upstream of the turkime a flow disperser is installed.

A possible explanation is that the rotational motad the turbine meter separates the phases
and induces an annular flow rather than a dispeilsed This factor highlight the strong
sensitivity of the instruments to the flow configtion and to the phases distribution.

Hardy and Smith [4.26] in order to calculate the4{whase mass flow rate, combined the
momentum measured with the drag plate with thecitglaletected by a turbine flow-meter:

VVtot = ((’CIJ—Z)DJAD (414)

The results are showed in Fig.4.10. The data peosigood estimate of the mass flow rate;
almost all the data fell in an error bah@0%.

Fig.4.10: Comparison of mass flow rate from measutkinputs with a mass flow model
combining drag body and turbine meter measurement4.26]
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4.5 Differential Pressure Meters

The calculation of fluid flow rate by reading theepsure loss across a pipe restriction is
perhaps the most commonly used flow measuremehhigage in industrial applications.
The pressure drops generated by a wide varietyeoiegtrical restrictions have been well
characterized over the years, and these primavy élements are used in a wide variety of
configurations, each with specific application sgths and weaknesses. Different
geometries are used for different measurementkidimg the orifice plate, flow nozzle, and
Venturi Flow Meter (VFM). In this section gener@rformance and characteristics for VFM
are reported.

The classical Herschel Venturi (Fig.4.11) has ay/Veng flow element characterized by a
tapered inlet and a diverging outlet. The entraisca converging cone with a 1% 20
angle. It converges down to the throat, which & pbint of minimum cross-sectional area,
maximum velocity, and minimum pressure in the meidre exit portion of the meter is a
diverging cone with an angle of fo 7 which completes the transition back to full pipe
diameter. Inlet pressure is measured at the emtramel static pressure in the throat section.
The pressure taps feed into a common annular charpbaviding an average pressure
reading over the entire circumference of the elémen

Upstream pressure tap

\ Downstream pressure tap

‘_J

Flow!direction

Venturi tube

Fig.4.11: Classical Venturi Flow Meter

In the short form Venturi, the entrance angle isreased and the annular chambers are
replaced by pipe taps (Fig.4.12-A). The short-fokfenturi maintains many of the
advantages of the classical Venturi, but at a redunitial cost, shorter length and reduced
weight. Pressure taps are located 1/4 to 1/2 pgreeter upstream of the inlet cone, and in
the middle of the throat section. Piezometer riogs be used with large Venturi tubes to
compensate for velocity profile distortions.

High Pressure Tap DD 500D
Low Pressure Tap

Tl !
Inlat e Cutlet

Cone Cone

Inlet

A) Short=Farm Venturi Tube B) Universal Ventur C) Flow Nozzle

Fig.4.12: Venturi flow meter types
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The changes in cross section area cause changesloicity and pressure of the flow.
Because of the smooth gradual transition down éotlioat diameter and back to the full
pipe diameter, the friction loss in a VFM is quiimall. This leads to the value of a VFM
discharge coefficienCy, being nearly one. Typical discharge coefficiealues for a VFM
range from 0.95 to 0.995 in liquid flow.

Venturi tubes are available in sizes up to 72", ead pass 25 to 50% more flow than an
orifice with the same pressure drop. Furthermadne, total unrecovered head loss rarely
exceeds 10% of measured pressure drop (Fig.4.13).

%o of mairum pressure drop
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Fig.4.13: Permanent pressure drop in differential fow meter [4.43]

VFMs are insensitive to velocity profile effectsdatiherefore require less straight pipe run
than an orifice. Their smoothed geometry makegihwice immune to corrosion and erosion
so that it is characterized by very low instatlatand operating and maintenance costs.

Differential meters are typically one-direction8li-directional capability can be obtained
either with a modified design or with in-situ testiof a one-directional meter in reverse
flow conditions.

4.5.1 Theory of differential flow meter in single-phase liow

Starting from the Bernoulli’'s equation that estsiéid the relationship between static and
kinetic energy in a flowing stream, the generalf@intial Flow Meter equation can be
written as:

05
2Ap j

:Cd —
° A{p(l—ﬁ)

(4.15)
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where Cy is discharge coefficient for the particular metend Ap=p; - p, is the pressure
difference between the undisturbed upstream pressuhe pipe (1) and the pressure in the
pipe at the constricted area,; Avhile § is the diameter ratiD./D;.

If also compressibility and thermal expansion dBeare considered the equation becomes
[4.39]:

Q:%(ﬂ) oy

plL-pB (4.16)

Fa thermal expansion correction factor

Y compressibility coefficient

The numerical values d¥, for orifice plates given in ISO5167 [4.27] are &hn data
determined experimentally. For nozzles and Ventwbes they are based on the
thermodynamic general energy equation, and is ledeiwith different formulas depending
on the device geometry. For liquids (uncompresdibiés), is always=,=1. For steam and
gases (compressible fluids) >1.

The discharge coefficienty is influenced by the Reynolds number and fBythe ratio
between the throat diameter of the flow meter &iedriside diameter of the pipe.

Additional parameters or correction factors caméed in the derivation @, depending on
the type of flow element used. These parametersbeacomputed from equations or read
from graphs and tables available from {89, theAmerican National Standards Institute
(ANSI), the American Petroleum Institute (API), thamerican Society of Mechanical
Engineers (ASME).

The discharge coefficients are determined by laboydests that reproduce the geometry of
the installation. Published values generally repmeshe average value for that geometry
over a minimum of 30 calibration runs. The uncetias of these published values vary
from 0.5% to 3%. By using such published dischargefficients, it is possible to obtain
reasonably accurate flow measurements withoutanepkalibration. In-place calibration is
required if testing laboratories are not availaimef better accuracy, than that provided by
the uncertainty range noted above, is desired.rélaionship between flow and pressure
drop varies with the velocity profile, which can laeninar or turbulent as a function of the
Reynolds number (Re).

At low Reynolds numbers (generally under Re = 200 flow is laminar and the velocity
profile is parabolic. At high Reynolds numbers (waler Re = 3000), the flow becomes
fully turbulent, and the resulting mixing actioropuces a uniform axial velocity across the
pipe.

The transition between laminar and turbulent flase®: cover a wide range of Reynolds
numbers; the relationship with the discharge coeffit is a function of the differential flow
meter.

Jitschin [4.37] performed some experiments usitpasical VFM and a thin orifice in gas
flow. He found that the discharge coefficigbyt approaches the value 1 at large Reynolds
numbers (in agreement with DIN 1952 and EN ISO 51)p7which gives the result
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C4=0.990+0.005 (depending on wall roughness)Rat2x1F. The discharge coefficient
becomes significantly lower than 1 with decreadReynolds numbers. The reason for this
behavior is, for the author, an increasing impargaof friction at the walls.

Bernoulli's equation states that the pressure dpss the constriction is proportional to the
square of the flow rate. Using this relationshi@%dlof full scale flow produces only 1% of
the full scale differential pressure. At 10% ofl fstale flow, the differential pressure flow
meter accuracy is dependent upon the transmit@ngbaccurate over a 100:1 range of
differential pressure. Because of the nonlineaati@iship between flow and differential
pressure, the accuracy of flow measurement indhed portion of the flow range can be
degraded. Accuracy can also be degraded when Risynomber is low.

For this reason, differential flow meters have drisally been limited used within a limited
range 3:1 or 4:1 [4.40].

Flow meter rangeability can be increased withot#atfon accuracy by installing two or
more transmitters in parallel onto the same elejward for 1-10%, the other for 10-100% of
full scale (f.s.) producedp.

In some applications (as gas flow rate measur@ @resence of pressure and temperature
variations) the flow meter should be designed cdlsefbecause changes in operating
pressure and operating temperature can dramatiafihgt the flow measurement. In other
words, the fluid density can vary significantly ohg operation. As a result, the differential
pressure produced by the flow meter can also vgnjficantly during operation. Failure to
compensate for these effects can cause flow measuatesrrors of 20% or more in many
applications [4.40]. Moreover, errors due to ineotrinstallation of the meter can be
relevant (up to 10%). Causes of such errors carinbefficient straight pipe runs and
pressure tap and lead line design errors.

The 4p generated by the VFM fluctuates due to not onby tirechanical vibrations of the
pipe line but also to the irregular disturbancethefmicro-structures inside the fluid.

As the fluctuation of thefp signal does not contribute to the measuremenieflow rate, it

is commonly filtered out by specially designed ptes taps or by thdp transmitter. For
example, the capacitance-baggdtransmitter is generally insensitive to vibrati@msove 10
Hz. This aspect has to be considered when the fieeter is used in two-phase flow
applications; in these conditions the fluctuatiom do the flow interaction and structure must
be identified and separated from noise fluctuations

4.5.2 Differential flow meters in two-phase flow

In the last decades, many investigations focusegirewater or steam-water two-phase flow
measurement using orifices and VFM.

Compared with other kinds of differential pressdewices, the VFM has little influence on

flow regimes [4.36], the smallest pressure loss, shortest straight pipe upstream and
downstream and it is less likely to cause blockagée liquid phase [4.38].

The presence of the two-phase mixture causes apas® in the measured differential

pressure because of the interaction between tharghshe liquid phase, so that the single-
phase formulation over predicts the effective fiate.
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This over-reading is usually ‘corrected’ using d&adlie correlations derived from
experimental data to determine the actual gas flagsate.

To use differential meter with two-phase flow, #nare three approaches [4.1]:

» adjusting the value of density to reflect the pneseof a second component.

» adjusting the discharge coefficient to introduce phesence of the second component

» relating two-phase pressure drops to those whidhdveave occurred if the whole flow
was passing either as a gas or as a liquid.

The general equation of the VFM in a two-phase ftamn be written as:

W = KL/ 28P0p (4.17)

where

CompF, IY

K_ d-TP a

Considering the value of andF, equal to one, the two parameters, that have webaed,
are the two-phase discharge coefficient and thepfase density.

The correction of the density can be made considethe different mixture density
definitions, defined in the paragraph 3.2, leadmthe:

» Homogeneous flow correlation

» Separated flow correlation

» James’ Correlation [4.34]

The James’ correlation is a modification of the bgenous correlation, in which the two-
phase flow density in expressed as:

n o)

X - X

log IOI
wheren =1.5.

The proportionality constanK can be extrapolated from single-phase flow litmet
(provided the meter is single-phase standard desigmh tailored on the basis of preliminary
in-situ testing (coupling with the second approach)

The third approach, the most used, is based omdhnk of Lockhart and Martinelli [4.28]
that investigated the relation between the presdusp in single-phase flow and in two-
phase flow through the so called two-phase flowtipligr:
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(4.20)

represents the pressure gradients for single-plesand liquid flow as fractions of the total
two-phase mass flow rate, respectively [4.41] arel related to the Lockart-Martinelli
parameter as:

(&)
(&),

Assuming that the two phases are flowing underulerit regime and using the Blasius
correlation for the single-phase friction factoetfwients calculation:

(4.21)

f=0.0079Re™ (4.22)

the parametey’ can be written as:

0875 05 0125
x p) 4

For a two-phase mixture flowing in orifice and Vmtdevices, according to Collier and
Thome [4.1], the parameter is usually written ie tbllowing form:

X = (ﬂj Eﬁﬁj | (4.24)
x )1

Using this approach the total mass flow rate inMtR& can be written as:

Wot = |<TP q 2ApTPpl'P = I‘<k V 2Apk(épk :Vvk m (425)

Many researchers studied the relationship betweemiass flow rate of gas-liquid flow and
the differential pressure across the flow mete291j4.30],[4.31],[4.35].
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The correlations currently available for the twapé flow signal correction have been
derived from a limited set of data and may onlysh&able to cover restricted ranges of the
flow meter parameters, for example, a specific éemratio and are closely dependent on
experiment conditions such as pressure, temperah@@ium, devices, etc.

The use of correlations outside the conditions ugetbfine them can result in large errors in
the calculation of the gas mass flow rate.

Most of the available correlations for two-phasenflare valid only for low (x<0.1) or very
high (x>0.95) steam quality.

Murdock’s Correlation [4.29]:

Murdock derived a correlation to predict the bebawf an orifice plate in two-phase
horizontal flow.

The correlation is expressed as:

Wot—M :va m‘-'- 126)(m0d) (426)

The constant (1.26) is an empirical value.

The correlation is dependent only gn while the influence of the flow pattern is not
considered. Although initially derived for orificBow meter, Miller [4.2] suggests the
Murdock equation can be used in a Venturi meténguie constant value 5 instead of 1.26.

Lin’s Correlation [4.35]:
It was originally developed for orifice meter. tirsiders the influence of the pressure and of
the liquid mass content on the meter response:

W =W, [Q+6EX00) (4.27)

where is correlated with the density ratio:

2 3
J=1.48625 9.2654(1&j+ 44.69%&} - 60.6{#]
P

o a
4 5
—5.1296{&j _ 26.574[3&j
P A

Chisholm’s Correlation [4.30]:

Chisholm (1969) developed a two-phase flow cor@atconsidering the slip between the
fluids. It was assumed to be an incompressible ghase flow, with negligible upstream
momentum, no phase change, irrelevant drag foncethé wall when compared to the
interfacial forces between the phases, and a aunstad fraction across the differential
pressure device. Chisholm’s correlation is defibgd

(4.28)

W, =W, [+ CXpog + Xoo) (4.29)
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where

C= i(ﬂJ . {&J B (4.30)
S pg pl

and S is thalip ratio is assumed equal to:

S= [ﬁ} (4.31)
Py

He concluded that the meter response to two-pHasgeifi horizontal pipe does not only
depend on the modified Lockart-Martinelli paramefer.q), but also on the gas-liquid
density ratio (and then on the pressure).

De Leeuw’s Correlation[4.31]:

The most used correlation for Venturi tubes, in ga&$ applications, is that reported by de
Leeuw in 1997.

He used data collected from a 4-inch, 0.4 diameio- Venturi tube and fitted the data
using a modification of the Chisholm model. Therelation is valid only for gas with a
small amount of liquid (the Lockhart-Martinelli @aneter has to be less than 0.3):

Wi o =W, T+ Clog + Xiod) (4.32)

C= [ﬂJ . {&Jn (4.33)
pg IOI

{n: 0606(fl-e ")  Fr, >1.5

(4.34)
n= 041 0.5< Frg <15

whereFrg is theFroude number evaluated using the gas properties.

The difference between the de Leeuw formulation #red Chisholm formulation is the
values of then exponent. De Leeuw showed timaas a function of the gas Froude number,
a parameter that was not considered in the pre@bigholm correlation.

De Leeuw stated that the valuenak dependent on the flow regime.

For stratified flow (forFr <1.5)n is constant and equal to 0.41. As the flow pattdranges
from stratified to annular mist and towards misin] the over reading for a set value of the
quality will increase. He practically assumed thelowFr =1.5 the gas dynamic forces were
too weak to produce flow patterns other than $tedtiflow. He claimed that for that meter
geometry, for a known value of the liquid flow rated within the test matrix parameters of
the used data set, this correlation is capableedigting the gas mass flow rate witB%
uncertainty.
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The knowledge of th@ ratio influence on the Venturi meter response bntlite application
of the de Leeuw correlation to those cases in whhiehactualBratio is very close to the
value of the original experiment. If the correlatic applied to higher values @ (5>
0.401), there will be a systematic over correctbthe actual over reading.

For all the correlations, the knowledge of the fl@ate of one of the phases or of the quality
is necessary, since the calculation of the Locktattinelli parameter is based on the single-
phase pressure drop evaluation. Thus the coupfiagrenturi and a quality detecting device
is, in principle, needed for the calculation of tb&al mass flow rate.

Zhang's Correlation [4.42]:

To take into account the two-phase flow occurrerffgang et al. (2005) suggested the
introduction of the K parameter to summarize the necessary correctwnsofrelating the
two-phase mass flow rate to the two-phase pressope

Com[F LY
Wt :dTP—4A2 20prp 0 LK, (4.35)
V1-8
m -1/2
=72 ) (ﬁj ” .36
1-a) | p,

X = C(Lj (&J (4.37)
1-a )\ p

wherec, n, m, ¢’, andH are constants which are dependent on the flownegiand on the
test conditions. For bubbly and slug flow, they ageial to 0.50, 0.95, 0.02, 0.51, and 0.65,
respectively.

The two-phase discharge coeffici€htrr, can be evaluated based on pre tests calibration.
The correlation is based on experiments with lowligyi (x < 2%) oil-air flow through a
venturi.

Oliveira et al. [4.39] tested this formula in a &g venturi and orifice plate coupled with a
void fraction sensor. Fig.4.14 shows, in a loganith graph, the comparison between the
experimental quality values and those predictedutiin the x-S-alpha correlation, assuming
the non-slip condition (S = 1), and Zhang correlatiThe quality predicted assuming the
non-slip condition (S = 1) was underestimated fasthvalues. The performance was good
for bubbly and slug regimes, but when the transitio churn and annular occurred, and
mean void fractions over 0.7 and quality over 1%eneached, the predicted quality values
deviated from the reference line. The results ole@i using the Zhang correlation

overestimated the experimental values. The comalatreated with an oil-air flow data set,

did not obtain satisfactory results, and RMS déwiavalues over 200% were reached.
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Fig.4.14: Comparison between experimental and predied quality using homogeneous and
Zhang model [4.39]

The authors make a comparison also with other lativas. As with the homogeneous
model, Chisholm’s correlation achieved better rsswith the venturi. A deviation of 6.8%
was obtained for this meter in the vertical directilt should be noted that Chisholm’s
correlation had the best performance of all theetesorrelations.

4.5.3 Transient operation capability (time response)

Orifice plates and VFM are typically designed fteagly state applications. Fast transient
response requires special care in the design agdegaire the correction of the signal on
the basis of the modeling of the meter, which ialde but not straightforward.

If the flow is not steady, the measurement errdl wcrease because of different reasons
[4.1]:

* square root error

* resonance

 limitations in the pressure measurement device.

The first one is connected to the capability ofaat fresponse of the pressure meter, the
second to the possibility of a correspondence ketwihe pulsating frequency and the
resonance frequency of some components. The respohghly influenced by the length of
transmission pipe lines and the used medium (gd&uid). The only research found in
literature about dynamic response is proposed bgbal. [4.32].
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4.6 Impedance Probes

In two-phase flow research, the impedance (conduetar capacitance) technique has been
applied for almost four decades in void fractionaswements, especially in laboratory
experiments.

The fast response of the impedance meter makessgilge to obtain information about
virtually instantaneous void fractions and theistdbutions across a pipe section. The
impedance void-meter is a low-cost device. The egtn feature makes it a more attractive
approach than other techniques. In addition, thd-m@ter can be constructed easily in a
non-intrusive structure. A variety of probe geonsstrhas been applied, including those in
which the ground and emitter are placed in oppdsiée section walls, and those which are
completely immersed in the two-phase flow.

The impedance method is based on the fact thalighiel and gas phases have different
electrical conductivities and relative permittiesi the proper definition of the electronic
circuit (excitation frequency, excitation signatc.g allows the possibility to make the
device more sensitive to the conductance or tadpacitance of the flow.

4.6.1 Theory: effective electrical properties of a two-pase mixture

This type of instruments operates on the prindipét the electrical impedance of a mixture
is usually different from the impedance of each ponent.

A correlation between the void fraction and the tonig impedance is possible if the two
constituents have dissimilar electrical properties.

Gases are generally poor conductor with a low digteconstant, while liquids if not good
conductors will at least assume a higher valuehef dielectric constant due to a larger
concentration of dipoles.

The measurements of the impedance take place iolueme defined by the lines of an
electric field associated with the electrodes syste

There are, however, several disadvantages of thedance technique, which are sometimes
difficult to resolve. For example, the capacitamoeasurement is sensitive to the void
fraction distribution or flow regimes. This drawlsazan be compensated by first identifying
the flow pattern. The measurement is also sendibithe changes in electrical properties of
the two phases due to temperature. The noise dtieetelectromagnetic field around the
sensor and connecting wires can significantly aftee signal and needs to be minimized
through proper design of the sensor shield. As imeed by Olsen [4.46], the polarization
effect due to the ions in the liquid introduces aditional impedance localized in the
vicinity of the liquid-electrode interface. This rpaitic impedance can be removed by a
proper choice of the electric frequency. If insethelectrodes are used, a proper model on
the cell impedance should include the capacitifecebf the insulator.

The relation between the admittance of the mixéaure the void fraction is not univocal and
for a single admittance value there could be diffievoid fraction values, based on different
flow patterns.
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The analytical treatment has been first done byWwédix[4.47]. His solution is obtained by

considering a dilute suspension of spheres haviognductivitye; in a continuous medium
of conductivitye,. Maxwell found the following equation:

ﬁ: —L (4.38)
& 28, &
+a
( & ~& j

For the case of air bubbles in water the equatducees to

Ep_q_ 3 (4.39)
& 2+a

becauseg, >> ¢, .

Van Beek (1967) gave a more general form of thisa&qgn:

£ :!“M}

£ & +(n-1)g A

Where n is a function of particle shape: 3 for spheorrespond to Maxwell's equation. For
oblate spheroids is ~ 1 and for prolate spheraids3i

Bernier [4.48] proposed a model that considertthe void fraction,er as a function of the
relative capacitancexf) and adispersion factofm)

a; = f(ag,m) (4.41)
with

= C -G (4.42)
C, -C,

whereC is the capacitance of the fluid and m is the dispe factor (determined by the

shape and distribution of the dispersed phase whichigh void fraction, is usually liquid).
By definition :

@) ‘_o
-

«

(4.43)

@
3

O
™
T

(4.44)
g
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And £, =1 is the dielectric constant for the gas phase.
Rewriting the equation:
& ~ &

a, =" (4.45)
£ - &,

The relationship between relative capacitance aidlfvaction is described by:

& —mlgg
]_—a!T ::|_—a'C = (446)
& Hl_aC)+£g EQm+aC)

Note thatm = 2 corresponds to Maxwell's theoretical equation.

Jaworek [4.59] proposed different models that loarapplied to the situation of two-phase
flow.

These models calculate the equivalent permittioftthe mixture:

» plate voids placed perpendicularly to the electspdghich can be reduced to two
capacitances connected in parallel. The effectlagive permittivity can be calculated as:

e = +£(1-0) (4.47)
whereg, is the relative permittivity of the gaseous phas¢he relative permittivity of the
liquid phase.

» plate voids placed parallel to the electrodes, whian be reduced to two capacitance
connected in series:

(4.48)

* a continuous medium (water) with cylindrical voigdkced parallel to the electrodes,
which could be a model for annular flow:

. - (2a-1)(e, —(£|)+\/(2a—])2(£g —£|)2+ k¢,
TP 2

(4.49)

» a continuous medium with spherical voids, that ddad a model for bubble flow:

(4.50)

_2(a£g +(1—0/)£|) —(aq ~( 1—0/)59,) +\/ iagg + 1—a)£,) —(aq ~( }a)gg)z + 8¢
“r 4
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Fig.4.15 represents the effective relative perwiiitiof the precedent models as a function of
the void fraction.
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Fig.4.15: Effective relative permittivity as a fundion of the void fraction

The formula that relates the dielectric constantétative permittivity)e and the capacitance

C for a parallel plate capacitor with a surfaceaakeand the distance between the plates
equal tod is:

C=¢Ald (4.51)
provided tha'ALl dZ
4.6.2 Sensor design criteria

The measurements of void fraction with impedancesse are quasi-local: the sensor
determines the percentage of both phases notl\sinca selected cross section of the pipe
but in a certain volume, based on the electrodeghhéexcept that for wire sensor that are
installed inside the pipe and perpendicular toftbe). The exact boundary of this volume
cannot be precisely drawn due to fringe effects.

To minimize the non-local effects, the height of #lectrodes along the pipe should be as
short as possible, but the effect of the fringédfieannot be eliminated. Short electrodes
have, however, small capacitance and low sengitighd in this case a compromise is
needed. The sensor was shielded to minimize thert effects due to outer objects and
electromagnetic fields. The shield dimensions shdé as large as possible in order to
minimize stray capacitance.
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Because of the electric properties of the fluid timpedance consists of capacitive and of
resistive components. The simplest model consisa @fapacitance and of resistance in
parallel.

The measurements of capacitance of a capacited fillith a conducting liquid, like water,
are difficult because equivalent resistance ofiithed, which is usually low, is connected in
parallel with capacitive component of the admitegngrovided the water component is the
continuous phase in the mixture. For low frequegdikis resistance is like a ‘short-circuit’
to the capacitance. To cut-off the effect of theignce, the sensor admittance has to be
measured in high frequency range.

It's better to operate at high frequencies to ebtaicapacitance dominance effect, because
the liquid conductivity can change by orders of niagle with the temperature and the ion
concentration, whereas the dielectric constantegdass.

Stott et al. [4.49] tested external and interngbacitance of a sensor but only for low
frequency of 1.6 kHz. Abouelwafa and Kendall [4.50ed a radio-frequency bridge
operating at the frequency of 1 MHz, however, isvedll too low to overcome the liquid
conductance component of the sensor capacitancangHet al. [4.51] excited the
capacitance sensor with frequency of up to 5 MH®e frequency of 80 MHz for excitation
of a capacitance sensor used in laboratory testsidffraction measurement was proposed
by Jaworek [4.59]. The method of oscillation freeye deviation was used by the author for
determination of the capacitance variation of aewateam mixture using two electrodes
mounted outside a pipe operating at RF frequencies

Concerning the electrodes geometry, many differamtfigurations were studied by a
number of authors.

The different geometries can be classified in fgeneral type; within each type there are
only minor differences related to the specific eoniment of the probe or the number of the
electrodes:

. Coaxial

. Parallel flat plates

. Wire grid

. Wall flush mounted circular arc

Selecting the optimum shape is a non simple taskvak realized that the relationship
between void fraction and impedance depends on flegime. The difference in the

electrode geometry results in different electrelds within the measurement volume and
hence in the sensitivity and response of the sensor

The coaxial system permits to have a quasi-unifeleatric field; however this type is very
sensitive to void distribution and flow pattern.

One of the most interesting device, to overtake pmeblem of non homogeneous
configuration of the flow pattern, was studied berlb et al. [4.52]. Six electrodes are
mounted flush with the tube wall and respectivegaf these are energized by oscillators
such that the electric field vector rotates. Theults obtained tacking the average of the
three values is a better approximation of the nerass-sectional void fraction, but cannot
be used to characterize the internal distributittihe phases.
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Elkow and Rezkallah (1996) compared the performariamncave and helical type sensors
and determined that the problems associated witltahetype sensors, including the
nonlinear response, poor sensitivity and poor dhigl can be eliminated by using the
concave type sensors. The accuracy of the concanalgd sensors can be improved by
having both electrodes of equal length to decrdélasenon-uniformity of the electric field
between the two electrodes and eliminate the maaati response. Based on several tests,
they also recommended that the distance betweerl¢otrodes and the shield should be
large relative to the separation distance betwhenwo electrodes in order to improve the
immunity to stray capacitance.

Ahmed [4.53] presented, a systematic method fod#dsign of capacitance sensors for void
fraction measurement and flow pattern identificatio

Two different configurations of the sensors werensigered: concave and ring type
(Fig.4.16). For the ring types sensor each eleetimalers the entire circumference, except
for a small gap to facilitate the installation bétsensor around the tubes, and are separated
in the axial direction of the tube, while in thencave sensor, two brass strips are mounted
on the tube circumference opposite to each other.

a) Ring type b) Concave type

Fig.4.16: Scheme of ring and concave type sensor

Ahmed [4.53] shows that the relationship betweendapacitance and the void fraction is
dependent on the dielectric values of the two phawseat also on the cross-sectional area of
the sensors, and the separation distance betwedwahelectrodes.

4.6.3 Transient response

The definition of the time constant of the capawita sensor here is referred to the time
interval required for the sensor-meter to chandé #i®@m one state or condition to another.
Ahmed [4.53] found that, from ring and concave tyibe time constant is approximately 40
us, corresponding to a dynamic response of 25 kHz.
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Yi ~ Yoitia :1—e% (4.52)
Ymax o

nitial
The time constant for both types of capacitances@mnwas obtained experimentally by
applying a unit step signal and recording the seregponse.

4.6.4 Effect of fluid flow temperature on the meters respnse

In gas—liquid flows through test loops, the fluanperature increases, causing a change in
the dielectric properties, mainly of the liquid gooment, which interferes with the response
of the impedance void fraction meters. This phenwnecauses, depending on the sensor
geometry, deviations of about 4% in the meter oasp for each 10 °C variation of
temperature in the air—water flow [4.44].

Therefore, if the capacitive device is calibratddaagiven temperature and the flow
temperature changes during operation in the figtderror is introduced in the two-phase
void fraction measurement.

The capacitanc€ depends on the effective dielectric permittivifytbe media among the
electrodesg, (quantity and local distribution of each componegas, liquid, pipe material
among the electrodes),which, in turn, depends ersylstem geometrical configuration and
on the system conditions, such as its temperdifutee output voltag®/ is a function only of
the capacitanc€ and for a given flow configuration, the effectipermittivity becomes a
function only of the flow temperature; the capawiaC and the output transducer voltage
are also functions only of the flow temperatiire

av _dv(e,(T) (4.53)

dT dT

Yang et al. [4.57] observed that the responseat#pacitance transducer circi¥tz V(C),
was basically linear, with a coefficient of cortgda of about 0.9999. A linear dependence
was also found for the relation between the capacé and the dielectric permittivity [4.58],
so dV//de,can be assumed constant, then integrating:

Vo=V-a|e,(T)-£,(T)] (4.54)
where

d—V =qa (4.55)
de

m

The effective dielectric permittivity,e(T), is related basically to the volumetric
concentration of each component, liquid and gasl, the pipe material has a minimal
influence if the electrodes are mounted flush whhinternal pipe wall.

In this case the authors assumed:
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sm(T)=£g(T)a('I;,)+£,(T)[1—a('I;)] (4.56)
£,(T)Og (T)[1-a(T)] (4.57)

because the little variation of the gas permityieibd because, ~ 80 &, .

Substituting:
Vo=V =a[l - afTo)][ & (T )~ &(To)] (4.58)

This equation can be solved iteratively ¥y knowing the calibration curve(T,) = f (Vo),
and the value dd, obtained experimentally.

The relative dielectric permittivity of water adunction of temperature is calculated from
empirical equations:

e (T)=AexpBT) (4.59)

where

A=878149

B = -0.004558951

which is valid from 0 to 100 °C, with differencamaller than 0.1% for pure water test data.

Concerning the impedance probes, it is clear thra, of the most important drawbacks of
these sensors is the strong sensitivity to the flattern.

The need of knowledge of the flow pattern can I@ioed increasing the resolution in time
and space of the void fraction flow meter.

The most ambitious goal is a resolution that allego identify individual gas bubbles and
to determine their parameters (shape, volume, demnac.). For this purpose, the spatial
resolution must be in the range of the dimensidrikalowest bubble fraction to be detected
and the measuring volume must be well defined.

Another important dilemma encountered in multiphide®& measurements is that probes or
instruments should be placed outside the flow donsai as not to disturb the flow itself;

however, phase distributions cannot easily be medsfrom the boundary, as described
above.

To solve these problems, in the last year tomogdcaphage reconstruction using the
impedance probes have been developed. In this nupgdance probes are able to measure
phases distributions inside the measured volume.

Two different technology have been developed:
» Multi-electrodes sensor (capacitance and conduejanc
* Wire Mesh sensor (capacitance and conductance)

Using these instruments it is possible to knowpghases distribution inside the channel so
that, the mean cross sectional void fraction infaion can be supported by additional
information able to characterize in details thevilo

69



46.5 Wire Mesh Sensor

One of the first studies on the void fraction measment by using the WMS has been
proposed by Hardy et al. [4.45]: the string (wipedbe consisted of two parallel sets of 12
electrodes, able to detect the impedance variafahe mixture between any two pair of
wires. The first tomographic WMS, with approximatdlO0O frames per second, has been
described by Reinecke et al. [4.61]. It is basedhm measurement of the instantaneous
conductivity of the two-phase mixture between airp of adjacent parallel wires of three
electrode grids. The obtained three projections saresequently used for a numerical
reconstruction of the two dimensional gas fractidistribution. Prasser et al. [4.62]
developed a new WMS able to measure directly timelectivity between pairs of crossing
wires to avoid tomographic reconstruction algorishemd to increase the space and time
resolution. The first generation of signal acqusitunits worked at a framing rate of 1200
Hz while the second generation has reached a tsaution of 10 000 frames per second.
The sensor has been used, in different geometridscanfigurations, to study the mean
cross-section void fraction and to measure the leubize and to analyze the break up and
coalescence phenomena in two-phase flow applicatldn63]. Da Silva et al. [4.64]
developed a WMS system based on permittivity (cidgrace) measurements which has been
applied to investigate multiphase flows involvingnaconducting fluids, extending the
application of the WMS to new application fieldsedent progresses have been made in
designing and constructing such sensors for anicapipin in a hot steam—water mixture
[4.66].

The sensor is essentially a mesh of wire or bartrelées, one plane of electrodes being the
current emitter electrodes and another plane agdogthogonal to the emitter plane being
the current receiver electrodes. Between the emngittd receiver electrodes there is a gap of
a few millimeters distance where conductivity isasgred in the crossing points of the
electrodes.

transmitter
circuit

receiver
circuit

—— —

Fig.4.17: Principle of wire-mesh sensor having 2 & electrodes (left). Wire-mesh sensor for the
investigation of pipe flows and associated electrars (right) [4.65]

The transmitter electrodes are sequentially acdd/athile all receiver electrodes are parallel
sampled, in such a way, that an electrical prop@dyductivity or permittivity) of the fluid
in each crossing point is evaluated. Based on thwsesurements the sensor is thus able to
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determine instantaneous fluid distribution acrdss ¢ross-section, for instance, of a pipe.
The following pictures show the three-dimensiorggresentation of a slug flow and the
results of the visualization of different flow reggs of a air-water vertical flow.
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Fig.4.18: 3D-Visualization of data acquired with avire-mesh sensor in a vertical test section of
air-water flow at the TOPFLOW test facility [4.65]

Wire-mesh sensors can be manufactured dependiagmitation requirements in diversity
of different cross-section geometry and operatiagameters. Newest wire-mesh sensors can
be employed in a environmental conditions rangeupfto 286 °C and 70 bar [4.66].
Associated electronics for signal generation anth decquisition achieves a maximum
temporal resolution of 10,000 Hz for the 16 x 18ewninesh design and of 2500 Hz for the 64
X 64 wire mesh design.

Data processing

The data of a wire-mesh sensor consist of a timeiesece of digitally codes conductivity
values for each mesh point.

The sensor output is a 3-D math¥i,j,k) proportional to the local fluid conductivity. The
indexesi andj refer to transmitting wires and to receiving wirespectively, whil& is the
time index. The first step of data processing e determination of absolute conductivity
values or alternatively an assignment of the nadationductivity values to the corresponding
phase that is present in the flow.

The signal is normalized taking into account thegls-phase reference matrix. The signal
normalization can be considered as an approximatfaie local void fraction value, if a
linear relationship between conductivity and vaiaction and a reference area equal to the
square of the wire pitch p are assumed.
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whereV, andV, are the time averaged values of the signals welpthe filled with water o
air at the beginnig of the tes

The obtained result ihe conductivity or phase distributiin the measurement plane &
contiguous sequence of temporal sampling p.

From the normalized signal the local instantaneenid fraction is derived taking int
account thdocation of the wireswith respect to the pipe. The points of the grid, that
located near the wall, are analyzed taken into wucthe wall influence, while the poin
that are located outside the cross section of ibe @re excluded from the aysis; so the
local instantaneous void fraction is calculate:

ali jr)=Y L ik)=1 (4.61)

ali. j)

where a(i,j) is the geometrical weight factor, evaluateds/p; where p® represents the
reference area of each measient point, and is the fraction of the area that is inside
pipe cross section.

The value ofa(i,j), is equal to one if the reference area is toialjde the pipe area, whiit
is lower than one if the measuring point is locatedr the boundarFig.418.
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Fig.4.19 Reference area of the WMS measuring poin

From the analysis of the time history of the loeaid fraction, many information can |
extracted and used to characterize the f

Many flow parameters, such as gas volume fractionubble size distribution, are encoc
in these data but must be extracted with apprappabcessing algorithms (s[4.62] and
[4.63]).

From data of gassater twe-phase flows it is possible to compute axial andatadas
fraction profiles and the integral gas fractiongrpper integration of the gas fraction o
certain cross-section areas.

For the determinatioof gas bubble size distributions from the ravadgiecial data analys
algorithms were developed that can identify sirglébles by means of a filling algoritt
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and compute volume and equivalent bubble diametessrdingly. Further, it is possible to
measure the velocity distribution of the gas phbgethe placement of two wire-mesh
sensors with a small axial spacing in the flow.c8ithe conductivity distribution reaches the
second sensor with only minor spatial structure ifrcadions with a time shift that is
determined by the flow velocity after having pastealfirst sensor, we can obtain the local
velocity values within the measurement cross-sedtiom a computational cross-correlation
analysis of the two sensor signals.

The detailed analysis of the flow investigationrbgans of the WMS is reported in chapter
5.

Calibration

The linear dependence between the void fractiontb@adonductivity of the mixture needs
the knowledge of two limit values: the conductivdg measured with the pipe filled with
liquid only and the conductivity measured with thipe filled with gas only. The liquid
conductivity is dependent on the temperature armdtémperature is varying during the
transient experiment. It is therefore necessapatibbrate the instrument in order to take into
account the changes in this limit value:

* Itis possible to perform a calibration of the sangading for a completely filled pipe as a
function of the water temperature. A fast thermgdeumounted close to the sensor is
then necessary to provide the correction of thd lmadue.

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

Accuracy

Errors of the wire-mesh sensor measurements fogdkeraction are mainly caused by the
pitch of the wires and the distance of the wirepta

Comparative measurements between the wire-meslorsamsl other research methods
supplied information on the accuracy of the measerd technique and the evaluation
algorithms for the experimental determination adsth flow parameters. An air/water flow
with gas volume fraction ranging from 0 to 100% whdhat the deviations between wire-
mesh sensor and gamma measurements are limited &%+[4.62]. Comparative
measurements between wire-mesh sensor and an témagraphy were also performed for
air/water flow [4.67]. It was found that, the acacy of the gas volume fraction averaged
over the flow cross-section depends on the twogHag regime.

Differences in the absolute void fraction were deieed for bubbly flows in the range of =
1%, while a systematic underestimation of -4 % wlaserved for slug flows.
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S. TWO-PHASE FLOW
INVESTIGATION WITH WMS

51 Introduction

In a gas-liquid flow, since the interfaces are defable, there are in principle infinite ways
in which the two-phase can be distributed withia tlow. Because the interface distribution
depends on the mechanical and thermal dynamicilequih, the parameters that govern the
occurrence of a given flow pattern are numerous:rtiost important ones are the phases
superficial velocity and the fluid properties (dignsviscosity, surface tension, etc.), the pipe
geometry/inclination and the flow direction (upwardownward, co-current, counter-
current).

One of the main features of horizontal pipe flownpared to vertical flows is the tendency
to the flow stratification, due to the gravity fetcThe gas phase tends to migrate towards the
upper part of the channel while the liquid flowthex in the lower part of the channel owing
to density difference, regardless of the flow pattén horizontal gas-liquid flow the flow
can be classified in four general flow patternsatdted flow, bubble flow, slug/plug flow
and annular flow. Each flow pattern can be alsadéid in sub-categories: stratified flow in
smooth and wavy flow, intermittent flow in slug apllig flow and annular flow in smooth,
wavy and mist flow.

Several experimental techniques have been propsethe characterization of the flow
patterns and for the measurement and modelingeoflthv parameters [5.1]-[5.4]. One of
the most import parameters that are used to claizetthe two- phase flows is the void
fraction, that is a dimensionless quantity indiegtithe fraction that is occupied by the
gaseous phase, in a defined volume, or in the sedson, or in a defined line (chordal void
fraction). The void fraction can also be evaluasdhe instantaneous value or as an average
value. The definition of the averaging time is @otrivial task and depends on the flow
characteristic itself. The Wire-Mesh Sensors (WMfsed on the measurement of the local
instantaneous conductivity of the two-phase mixtare used for a high-speed visualization
of a gas—liquid flow as well as for the measuren@nvoid fraction profiles, bubble size
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distributions and gas velocity distributions [5[5]8]. The WMS is able to measure directly
the conductivity between pairs of crossing wiresthat the space and time resolution can be
high. In the present work, the WMS has been useidvestigate the air-water flow in a
horizontal Plexiglas pipeline (§19.5 mm), for several flow patterns. The localorctal,
cross-sectional void fraction are estimated frommdbnsor data. The flow evolution in time
and space is analyzed and the characteristicdl fireaflow patterns are extracted by means
of a statistical analysis. The dependence of tgeass on the measured fluid dynamic
guantities are discussed.

5.2 WMS geometry

The sensor used in the present work has been ntaumed by Teletronic Rossendorf GmbH
[5.10]. The sensor working principle is the meament of the conductivity of the fluid.
Because air and water have different electricapgribes (water is highly conductive while
air has a very low conductivity) the measurementhef conductance can be analyzed to
detect the presence of each phase in the charnmeMWMS (Fig.5.1) consists of two planes
of parallel wire grids (16x16) that are placed asrthe channel at a short distance from each
other (1.5 mm); the wires of both planes cross uadeangle of 90°.

receiver
z wire (j=1:16)

transmitter
wire (i=1:16)

5 ¥
X

Fig.5.1: Scheme of the WMS

The sensor has been designed to cover the crassnsetta channel having a 19.5 mm inner
diameter; the wires have a diamelgy,. of 70 um and a pitctp equal to 1.3 mm, so that
only the 5.4% of the pipe section is occupied lg sknsor. The measuring grid allows a
spatial resolution of the order of the pitch ldnghd it is possible to analyze the evolution
of the investigated flow pattern, as the time nefioh is rather high (up to 10000 frames/s).

5.3 Horizontal flow pattern characterization

The horizontal gas-liquid flow can be classifiedfaur general flow structures: stratified
flow, bubbly flow, slug/plug flow and annular flowtach flow pattern can also be divided in
sub-categories: stratified flow in smooth and wéeyv, intermittent flow in slug and plug
flow and annular flow in smooth, wavy and mist flodnalyzing the macroscopic structure
of the flow, for different flow patterns, a chamgstic shape of the void fraction vertical
profile can be defined. The reference system idfix the bottom wall of the pipe with the
coordinatez ranging from 0 td, whereD is the inner pipe diameter.
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Stratified flow

A stratified flow is characterized by the complseparation of the two-phases in gas and
liquid streams, due to gravity effects. Liquid terid flow along the bottom of the tube and
gas along the top part. From a qualitative poinviefv it is possible to distinguish three
regions: liquid region, interface region and gagoe. The amplitude of the interface regions
and the relative void profile depend on the amgétof disturbance waves.

The vertical chordal profile is given by:

0 z/D<Hh

51
1 z/D>h 1)

V*(i,j,k)={

h"+Ah' is the position of the interface, where the loitl fraction ranges from 0 to 1.

Bubbly flow

This flow pattern is characterized by the flow afbbles, having the reference length)
much lower than the pipe diameter, dispersed irortimuous liquid phase. Due to the
gravity effect, the bubbles tend to concentratth@upper part of the pipe, so the local void
fraction increases witk reaching the maximum in the upper half sectionhef pipe. If the
bubble dimension is smaller than the distance tetwbe measuring planes (1.5 mm), the
local value of the void fraction is lower than ahee to the simultaneous presence of gas and
water in the measuring region. As the bubbles trdamse is dy/v,, (wherey, is the bubble
velocity), the local void fraction changes withracduency equal to the bubble frequehcy:
db/Vb.

Slug/Plug flow

The slug flow is characterized by a successionlufssof liquids separated by large gas
bubbles whose diameter approaches that of the Pigeslug unit consists of the slug body,
having a length.,, and of a stratified region (or bubble region)ihgva length_,. The slug
body propagates along the pipe with a velogitliigher than the film velocity, producing an
entrainment of gas from the film region to the shagly (aeration). As the structure of the
slug flow is almost identical to that of plug flothe two regimes are classified as a single
flow pattern, and the flow is called “intermittentFor the slug / plug flow, due to the
intrinsically intermittent nature of the flow, tmeodeling of the void fraction vertical profile
requires consideration about the transit times #oed shapes of slugs and plugs. Two
profiles, related with the two characteristic timgsLdvs, =LV, , can be defined,
considering that

Tiot— (Ts+ Tb):(l-s+ Lb)/\]tot (5 2)

whereJ is the total superficial velocity of the flow.
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Annular flow

An annular flow is characterized by the presencea abontinuous liquid film at the wall
surrounded by a central gas core (gas continuoaseplcontaining a variable amount of
entrained liquid droplets (liquid dispersed pha3dge flow is symmetric with respect to the
pipe vertical axis, while the liquid film strongtjepends on the superficial velocity of the
phases and is asymmetric due to the gravity efifehbrizontal flow. Under the hypothesis
of fully developed flow, it is theoretically poskibto define the liquid film region, the
interface region and the core region. The voidtfoacin the core region can be different
from one, depending on the reached equilibrium betwthe drops entrainment and
deposition rate.

54 Experimental facility and test matrix

The experimental facility consists of the feed wdtop (tap water with conductivity of
about 620 pS is used), the feed air loop and #teseetion. The liquid flow rate is measured
by means of an electromagnetic flow meter in a @anfy0.9-36 nth with a+0.5% r.v.
accuracy value. Lower values of the water flow exemeasured by means of rotameters in
the ranges of 0-100 I/h and 100-400 I/h with anueacy value of £2% r.v.. The air flow
rate is measured by means of different rotametarsghie different ranges (100-500 NI/h,
1000-5000 NI/h and 6300-63000 NI/h) witt2% f.s.v. accuracy value.

A pressure gauge and a thermocouple near the fletermallow for the correction of flow
meter readings to compensate for variation in ensgty and for the calculation of the mass
flow rate entering the test section.

The standard volumetric flow rate is evaluated ¢pp 3.

Q(Po.Ty) =Quen(p.T), [P To 5.3)
P T

Wherep, andT, refer to standard conditions.

The mass flow rate is then calculated using thedainsity (evaluated under Standard
Conditions).

The test section consists of a 19.5 mm diameter7amdong pipe. The WMS is installed at
L/D = 192 from the entrance, between two Plexigiges having a length of 600 mm.

In the present tests the liquid flow r&&ranges from 0.0056 kg/s to 0.78 kg/s while the air
flow rateW, ranges from 0.083 g/s to 22.5 g/s; the flow qualinges from 0 to 0.73 and the
superficial velocity ranges from 0.15 to 31.94 rdws air and from 0.019 to 2.62 m/s for
water; the pressure ranges from atmospheric pre$si8.7 bar. The temperature is equal to
20 = 2°C. The comparison between the observed flatterns and the prediction by the
Baker’s [5.14] is reported in Fig.5.3, while thengmarison with the Mandhane’s map [5.15]
prediction is shown in Fig.5.3. The test flows @tentified by the phases mass flux&; €
WA, G= W/A, whereA is the pipe cross section) and superficial velegify , J)).
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The flow is discharged at atmospheric pressure. élperimental test section is equipped
with two quick closing valves (QCV) that allow timeeasurement of the volumetric void

fraction in a length of 1300 mm.
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Fig.5.2: Comparison between Baker’'s Map flow pattems prediction and present observations.
Legend: ST=Stratified, INT=Intermittent, AN=Annular , BUB=Bubble
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Fig.5.3: Comparison between Mandhane’s Map flow pagrns prediction and present
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In Fig.5.2 and Fig.5.3, the legend represents thssification of the flow performed by

visual observation:

. the annular wavy (AN WAVY) and the stratified wayT WAVY) flows identify
flow characterized by a wavy interface comparedhaitnular (AN) or stratified (ST)
flows characterized by a flat interface.

. ST/INT is used for the flows in which the flow patt is stratified but the liquid
waves start to evolve in slugs increasing theirlaoge;

. INT/AN is used for the intermittent annular flowhe flow is pulsed but the liquid
phase is distributed along the pipe wall in a wiivy,
. INT/BUB is used for the intermittent bubbly flowhe flow is pulsed but the

dimension of the bubbles is much lower than thes pdpameter; the gas phase is
dispersed (non homogenously) in the continuousdigbase.

5.5 Experimental methodology and signal processing

The WMS sensor signals are acquired by means of Wl&lectronics and processed in
Matlab® environment. The output(i,j,k), is a3-D matrix of digital signals proportional to
the local fluid conductivity. Starting from the eeénce instruments equations, described in
4.6.5, the developed signal processing scheme &éas &tructured in order to obtain the
desired two-phase flow parameters. First of allglgmal is normalized taken into account
the single-phase reference matrix. The normalied history signal of each mesh point is
calculated by means of eq. 4.61

A fundamental task for the flow analysis is them tbhoice of the signal acquisition
frequency and of the observation time. A high asitjon frequency allows the detection of
fast phenomena while a long observation time allos/$o detect slow phenomena. For flow
pattern classification analysis, we focus the #éitberon the macroscopic flow objects (plug,
slug, bubbles, droplets, waves, etc..) having gtleh,, that propagate along the pipe with a
velocity v,, and with a sensor observation tiggel /..

At the first step, the local time series void fraotat each measuring poinfj) is analyzed
by means of normalized histograms.

The local instantaneous void fractiarhas been obtained with an acquisition frequepgy
equal to 1250 Hz for a total observation tifireequal to 20 s, so that the valuekafanges
from 1 tok;, wherek; is the total number of measured frames, that eaexipressed by the

eq.

k= f,.. [T, (5. 4)

and the corresponding time is

t=kOr (5. 5)
K,
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The selected acquisition frequency (1250 Hz) isigaht to detect and characterize objects
having a minimum space length equal to

L = e (5. 6)

acq

As the flow velocityu ranges from 0.26 m/s to 32 m/s, the minimum lergtiower velocity

is of the order of 0.5 mm, while at higher velodsyof the order of 50 mm. In the present

study, the flow is characterized in terms of macopsc phenomena, that can be considered
as deterministic ones, while the microscopic phexrtanare considered as stochastic
phenomena and are evaluated by means of a sadtiatielysis. The selected observation

period (20 s) allows the analysis of phenomenartggaicharacteristic frequency higher than

0.1 Hz.

5.5.1 Time average local void fraction

The signal normalization can be considered as anoapmnation of the local void fraction
value, if a linear relationship between conducivand void fraction and a reference area
equal to the square of the wire piglare assumed. The mesh points near the pipe watl ref
to a fraction of the square section area. A matfixveight, a(i,j), takes into account the
reference area: associating at each crossing fi@niquare section equal id (wherep is
the 1.3 mm pitch), the weight is evaluated as oieei reference area of the point is inside
the pipe cross section andsdg’ (sis the fraction of the area inside the pipe) ifoation, or
the total of the reference area of the point isidet[4.62].

Then the local instantaneous void fraction is datifrom eq. 4.61.

From the time history of the local void fractionetlime average value(i,j)) and the
variancegs, (i,j) are calculated as:

ke

a(i,j):kiaza(i,j,k) (5.7)

T k=1

ke

ool L el it F | 5.9)

T k=1

The standard deviation distribution analysis isdusederive the amplitude of the interface
oscillations in stratified flow. In slug flow theaviance distribution allows one to obtain
information concerning the amplitude and the frempyeof the pulsating flow.

Finally the average cross-section vadi(), is calculated as:

al)=——1 33 al i Kk ) (5.9)
> >ag,))

i=1 j=1
The time history of the average void fraction isu@tterized by the time standard deviation
and by the normalized histograms.
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5.5.2 Time history analysis

From the evaluated local void fraction, the instaebus chordal profiles are derived in
order to analyze the time evolution of the phasssildution. The vertical profiles in the
center line of the pipe (indej=8) are used to evaluate the characteristic tinmeb the
characteristic shape of the void fraction profflesthe different flow conditions.

In the most general case, the local void fractian e considered as the sum of two
components: deterministic and stochastic.

The deterministic component is representative ef time evolution of the macroscopic
structures of the flow, while the stochastic comgrtrrepresents the random fluctuation of
the parameter and it is characterized by the mlatandard deviation. The local void
fraction in each point of the sensor grid has keracterized by the signal histogram.

The histograms are obtained by using a numberafpg given by the Kendal-Stuart [5.11]
grouping guide and give information about the philitg density function (PDF) of the
local void fraction.

The analysis of the normalized histograms, thateasduated for each measuring point and
for the total observation time, allows us to defiha deterministic or a stochastic behavior
characterizes the flow.

In Fig.5.4 the normalized histograms along the raénthord [{=8) are shown at three
different flow velocities. The ratidy/J, is 9-1C%, 1.18 and 122 for the case (a), (b) and (c)
respectively. Depending on the phases velocity doation, the flow assumes a stochastic
behavior (Fig.5.4 (a-c)) or a deterministic behavi@-ig.5.4 (b)). In Tab.5.1 the
corresponding local mean void fraction values damel parametet/anean Whereo is the
standard deviation of the signal anglea, is the average void fraction, are shown; the
parameters/omean IS an index of the fluctuation of the signal. Ifstochastic behavior is
observed the mean value of the void fraction candpsidered as representative of the flow,
while in case of deterministic behavior further g is required.
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Fig.5.4: Normalized histograms alongj=8 at different flow velocities.
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(a) (b)
Jg=0.23m/s-J=2.6m/s | §=1.42m/s-J=1.2m/s
Omean 6/ 0mean Omean 6/0mean
0.051 0.02 0.0126 1.76
0.089 0.043 0.535 0.643
0.195 0.024 0.766 0.391
0.224 0.011 0.804 0.353
0.322 0.038 0.819 0.318
0.252 0.057 0.524 0.455

Omean

0.256
0.966
0.997
0.999
0.998
0.851

6/ 0mean
0.156
0.016
0.001
0.0002

0
0.023

Tab.5.1: Local average void fraction and standard dviation values alongj=8 at different flow

velocities

For non intermittent flows, the standard deviatiaiue of the local void fraction is small,
and the flow can be characterized with a uniqud ¥@iction profile.

If the normalized histogram is not a Gaussian cuame a quasi periodic behavior is
observed for the macroscopic structures of the ,fltwe characteristic times and the
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characteristic profiles have to be derived. Thelysi®m of the histograms and of the
parametek/ameanhave been analyzed for different flow conditionsgsorted in reference
[5.18].

In order to analyze the time evolution of the fland the related void fraction profiles) in
terms of deterministic component, a moving averafyéhe void fraction time values has
been performed using a time interval The correct time interval depends on the flow
conditions, and it is chosen in such a way to obtiGaussian distribution of the void
fraction fluctuations. In the present work, a vatfiehe moving average timeequal to 0.4 s
has been chosen, in order to have, with the admuisifrequency of 1250 Hz, a
representative sample of the void fraction and rbguired Gaussian distribution of the
fluctuations.

Once the average time interval is defined, eveprage profile has been characterized from
the statistical point of view by the root mean sguarofiles and the variation in time of the
chordal profile has been analyzed considering triduéon of the parameteavi(t), that is
defined as the sum along the chord of the diffexdretween the moving average local void
fraction evaluated at the timend at the timeAt:

16

M(t)=> (<al jt)>-<al,jt-At)>) (5. 10)

i=1

where the corresponding timhés

f= K (5. 11)
1:acq

andAt is equal tal/facq

M(t) is an indicator function, used to evaluate thedvioaction profile distortion between
two different times,t-4t andt, at different flow conditionsJ, J,).

For a void fraction profile constant in time, chatsized by null stochastic fluctuations, the
function M(t) is equal to zero. If the stochastic componentoiszero but it is distributed
homogenously along the analyzed chord, it is olegktliat the local histograms are centered
on the mean local value of the void fraction, amel mean values evaluated at the timig
and at the timé¢ are characterized by a difference equal or lowanés. If the value of the
standard deviation is small the void fraction clabngrofile is characterized by small time
distortions and the flow can be classified steddies

In such condition the maximum value Mft), evaluated using the eq. 5.10, can assume a
maximum value equal to &6For the water and air single-phase flow the loedlie of the
standard deviation was about 0.006; for this coonlithe standard deviation value represents
the noise of the WMS signal acquisition chain. tiat the maximum value of thd(t) in
steady state conditions is evaluated of the ordet630.006= 0.096. Considering this
reference value, the threshold for the classificatof the two-phase flow void fraction
profile has been selected equal to 0.1.
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Higher values oM(t) are observed when the local void fraction (evadats the mean value
in the time intervalit) is characterized by sharp variations along tieyaed chord.

Starting from the evolution in time of th(t) parameter it is possible to determine the time
interval in which the profile is constant and thred interval in which is changing.

The analysis of this function allows the identifioa of the characteristic times of the flow
and of the void fraction profiles that charactetize flow. The chordal profiles at the chosen
time are then analyzed and used to characterizfavepattern in terms of time evolution
and characteristic shape and parameters. This dwlthgy allows us to recognize the flow
pattern in those conditions in which the direct eslaation is not possible and the flow
velocities are unknown, by characterizing the flamd defining the shape of the void
fraction profiles and their evolution in time.

5.6 Results: average cross-sectional void fraction

The average void fraction for each run is evalusatedsing the eq. 5.7 and is compared with
the volumetric void fraction that is measured bg tfuick closing valves (QCV) method;
because of the intermittence of the flow the vaatfion measurement by QCV method is
repeated several times for each flow rates combimdth order to get a representative mean
value. Fig.5.5 presents the comparison of the medswoid fraction as a function of the
experimental flow quality between the QCV and WM&eds. Compared to the QCV void
fraction, the WMS void fraction shows a higher disgon in the range of intermittent flow
and it is in good agreement at very high void factwhen the flow becomes annular.
Moreover the WMS gives lower values of void frantat flow quality higher than 0.01 and
higher values at flow quality lower than 0.001mitist be observed also that the volumetric
void fraction is an average value along the testi@® it is measured at the entrance of the
test section, where the flow is not completely deyed and the effect of L/D is fundamental
to characterize the flow [5.12]-[5.13].
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Fig.5.5: Average void fraction measured using the QV method and the WMS method
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5.7 Results: average cross-sectional void fraction timanalysis

As shown in Fig.5.6, Fig.5.7 and Fig.5.8, the tiewelution of the mean cross-sectional void
fraction has been analyzed by means of the norendligtograms and by means of the
frequency analysis.

In Fig.5.6 the average cross-section void fractimne evolution is presented for five
different two-phase flow conditions. From the comigxan of the flow evolution at different
superficial velocity different regimes can bendfied. Fig.5.6 (a) shows the average cross
section void fraction for stratified flow: a constavalue of the void fraction is not reached
due to interface wave oscillations.

By increasing the phases mass flow rate the flosolmes intermittent. As shown in Fig.5.6
(b), (c) and (d) several sub-regimes can be digtiiggd depending on the superficial
velocity of the liquid and gas phase.

A typical slug unit, according to [5.3], consists aliquid slug zone of lengths and an
elongated bubble zone of lendth with a liquid film under the long gas bubbles 4tifred
zone): because of the velocity of slugs two tratisiest=L J/Vvs andz=L/v; are definedin
Fig.5.6 (b) many features of other flow regimes stiewn: aerated slugs can be observed,
small bubbles in the wavy liquid layer at the buottof the tube and dispersed water droplets
in the gas phase appear.

At higher superficial gas velocities, Fig.5.6 (it)e flow pattern is identifiable as slug flow:
the time evolution is characterized by elongategditi slugs and stratified flow zones with
low interface oscillations. By increasing the gasvirate, the frequency of the slugs strongly
increases, as shown in Fig.5.6 (d). This flow regiisy more turbulent than the elongated
bubble flow regime: the slugs increase in veloetd become shorter. At air superficial
velocities higher than 3 m/s the liquid flow tendsproduce a very thin film also in the
upper wall, while the interface in the lower pafrtlte cross-section becomes strongly wavy
and the flow having these characteristic can besdlad as annular-wavy.
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Fig.5.6: Time evolution of the average cross-sectiosoid fraction. (a): Jg = 0.23 m/s, JI = 0.05
m/s, (b): Jg=0.14 m/s, JI = 1.71 m/s, (c): JgO=71l m/s, JI=1.42 m/s, (d): Jg=1.33m/s, JI =
1.42 m/s, (e): Jg =10.5 m/s, JI =0.05 m/s

For lower air and water velocities, Fig.5.7 (a)e thormalized histogram is a distorted
unimodal function centered in the mean void fractralue; for intermittent flow, Fig.5.7 (c),
the normalized histogram is clearly a bimodal tiorcwith the two maximum at very low
(0.1) and high (0.7) void fraction; the lower vdidction values are still the most expected
value.

For the flow conditions of Fig.5.7 (d) the normalizhistogram is still a bimodal function,
but in this case the expected value of the voidtiiva is 0.8: the annular-wavy flow, is
determined by a function shaped as unimodal wighrttaximum probability at very high
void fraction ¢ >0.9).
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Fig.5.7: Histogram of the average cross-section \fraction. (a): J;= 0.23 m/s, J= 0.05 m/s,
(b): Jg=0.14 m/s, J=1.71m/s, (c): Jg=0.71 m/s,3 1.42 m/s, (d): J=1.33 m/s, J=1.42 m/s,
(e): Jy=10.5m/s, §= 0.05 m/s

The Fast Fourier Transform (FFT) MATLAB® algorithmas been used to extract the signal
ampitude at different frequencies, as shown ing=y.

The analysis allows the identification of the cluteastic spectrum for the different flows:
(@) and (e) diagrams corresponding to bubbly andulan flow respectively, are
characterized by a flat spectrum, while for intdtenit flows, such as (c) and (d) diagrams,
one or more characteristic frequency can be idedtif

The performed analysis showed that the mean cexggeal void fraction can be used to
classify the flow pattern in a rather objective wiaymeans of the normalized histogram and
the frequency spectrum analysis, but is not sefficio investigate the internal structure and
the phases distribution.
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Results: M(t) time history and flow classification

5.8

The void profiles corresponding fe8 are reported for selected cases in order to eteatha

influence of the phases velocity during the timenflevolution and the phases distribution.




To obtain a characteristic shape of the flow thah be related to the superficial flow
velocity the moving average profiles have beenwatald.

In Fig.5.9 the time evolution of the parameblé(t) is plotted for different air and water
superficial velocities. The optimum time intervated for the moving average profiles, has
been chosen as the minimum averaging time, thatalls to maximize the time period in
which M(t) is zero. The time history of(t) is strongly dependent on the superficial
velocities for both frequency and amplitude, sasitpossible to extract the profiles that
characterize the flow for different time periods.

If the amplitude is lower than a threshold value tlow can be characterized by the mean
profile and the correspondent standard deviatiag.3@ (a)), and it is classified as “non
intermittent” or “non periodic profile” flow; whildor higher amplitudesM(t) higher than
0.1 in absolute value, as it has been shown ingpapa 5.5.2, a number of profiles
depending on the time history have to be analykedhis case the flow evolution can be
divided in two categories, namely “quasi periogliofile” (Fig.5.9 (b)) , and “non periodic
profile with high noise” (Fig.5.9 (c)): the profile classified as “quasi periodic” if there is a
time period in which the profile doesn’t changengfigantly, while it is classified as “non
periodic high noise” if the absolute valueMf(t) is higher than the threshold value and the
local flow is characterized by a chaotic behaviet the “high noise” profile, in which the
value of theM(t) is continuously changing, the time evolution isrelcéerized by the mean
profile, that is evaluated adopting the observatiore of 20 s, and by the relative standard
deviation.

For the “quasi periodic” profile at least two chatgistic profiles with the related times are
derived considering the time periods in whift) is near zero and the time periods in which
the flow is evolving andiA(t) is higher than zero.
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Fig.5.9: M(t) time evolution at j=8. (a) J4 =0.23 m/s -J,=1.86 m/s, (b)Jy=2.26 m/s <J, =0.65 m/s,
(€)Jg=8.73 m/s J, =1.86 m/s
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For classification purpose and considering the fimerval that has been adopted to perform
the moving average, the limit value has been chadehe order of 0.5 s: the profile is
considered as “quasi periodic” if the profile doéshange significantly for a period higher
than 0.5 s. If the water superficial velocity) (is lower than 0.5 m/s and the air superficial
velocity (Jy) is lower than 10 m/s the profile evolution is @erized by a quasi periodic
behavior; if the air velocity is increased up tdues higher than 10 m/s and the water
velocity values are lower than 0.5 m/s, the amgégurelated to the profile change evolution
parameters are lower than the threshold value lagadl the flow can be characterized by a
single profile shape. If the value of the air vélpas lower than 10 m/s and the water
velocity is higher than 0.5 m/s the evolution d# frarameteM(t) is characterized by a high
noise and by an amplitude higher than the threstalde; but for further increase of the
water velocity the amplitude tends to decrease am@émplitude lower than 0.1 has been
detected for water superficial velocities higheart 1.4 m/s and air superficial velocities
lower than 0.5 m/s.

In Fig.5.10 the classification of the void fractigmofile time behavior is shown in the
Mandhane’s map.
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Fig.5.10: Flow characterization results compared vih the Mandhane’s Map [5.15] flow pattern
classification

The characteristics of the flow, that have beentifled by means of the analysis of tkit)
time evolution, are in good agreement with thevflpattern classification performed by
Mandhane [5.15]. Moreover the analysishft) gives relevant information concerning the
time evolution of the void fraction profiles.
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5.9 Results: analysis of the void fraction profiles

From the analysis of the paramekéft) time evolution, the flow characteristic profileear
derived and qualified in terms of shape and flowap®ters. In Fig.5.11 the characteristic
void fraction chordal profile is shown for two difent flows, that are characterized by low
amplitude values ofM(t). In Fig.5.11 (a) the typical profile of a horizahbubbly flow is
shown, while in Fig.5.11 (b) the flow can be cléssi as annular. All the profiles are
evaluated gt=8.

Considering the flow of Fig.5.11 (a), the paranmetdrat have to be defined in order to
classify it are: the height of the stratified regithe mean value of the void fraction in the
bubbles region, the mean value of the void fractind the related standard deviation in the
stratified region, and finally the mean value & tloid fraction in the upper part of the pipe,
that is close to the wall. In order to charactetize annular flow the parameters like the
liquid film thickness, the interface position, theerage void fraction in the core region can
be derived from the void fraction profi{€ig.5.11 (b)).
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Fig.5.11: Characteristic void fraction chordal profile for non-intermittent flows. (a) J; =0.23 m/s
—J,=1.86 m/s, (b)Jg=29.3 m/s J, =0.05 m/s
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The frequency spectrum of the flow classified asd'non periodic with low noise”, that is
evaluated in points of the grid that are repredpmtaf the flow (Fig.5.12), shows that the
energy of the signal is different along the chdrat, a predominant characteristic frequency

is not observed.

Amplitude

Amplitude

Frequency [HZz]

Fig.5.12: Frequency spectrum for non-intermittent fows. (a)J,;=0.23 m/s -J, =1.86 m/s, (b)
Jg=29.3 m/s J,=0.05 m/s

If the flow is fast intermittent or “non periodic itk high noise” (Fig.5.13) the

stochastic/deterministic behavior of the profileacbe is analyzed by means of the
probability density function in each measuring paoh the chord: the mean profile, the
standard deviation profile and the time period dedgved. Then the profile is characterized
in terms of shape parameters and in terms of tsailation amplitudes. The characteristic

profile is calculated as the mean time profile (Figj3).
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For flow classified as “non periodic with high neisthe frequency spectrum shows the
presence of characteristic frequencies in the rémegeeen 20 and 40 Hz as in the case that
is analyzed in Fig.5.14.

z/D

Fig.5.13: Void fraction profile analysis for “non periodic with high noise” flow at J| =1.86 m/s -
Jg =8.73 m/s
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Fig.5.14: Frequency spectrum for JI =1.86 m/s - Jg8.73 m/s

If the flow is classified as “quasi-periodic” (Fgl5), the profile evolution during the two
characteristic periods (absolute valuevtf) higher than zero or near zero) is analyzed. The
changing profile period is analyzed, in terms affie evolution (profiles aM(t) min and
max and corresponding times), while the mean @refild the variation amplitude are used
for the second period. The flow is then describekkast by two characteristic profiles and
by the characteristic time of each one. This flewypical of intermittent flows, such as slug
flow. The red line (diamonds) refers to the slugioa profile, while the blue line (circles)
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refers to the bubble region profile of the slugtutiie dashed lines represent thgef,+ o)

profile; in Fig.5.15 it is also reported the slugldubble total residence time.

The characteristic frequencies are in the rang®a fido 20 Hz, as it is shown in Fig.5.16.
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5.10 Results: void fraction profile shape dependence othe phases
velocity

In the following figures the dependence of the vivattion profile shape (§&8) on the
phases velocity is analyzed for the flows that el@ssified as “quasi periodic”: two
characteristic void fraction profiles, correspomgito the slug and bubble regions, are
analyzed as a function of the rafig), (Fig.5.17). Concerning the slug region profilés
effect of the liquid velocity increase is the retimie of the peak of the void fraction profile,
and the tendency to a more homogeneous chordaleprahile the effect of the air rate
increase is the reduction of the stratified regluokness due to the entrainment of bubbles
within the upper region. The bubble region is chmdzed by a stratified liquid thickness
that decreases by increasing the air velocity;im liquid film in the upper region of the
channel with a thickness that increases with theidi flow rate is detected by the sensor.
The value of the void fraction in the bubble regmpproaches unity at the lowest water
velocities, but tends to decrease at water veldagiier than 0.8 m/s.

Intermittent Flow: Slug Region Profile

z/D

z/D

Fig.5.17: “Quasi periodic” void fraction profiles dependence on the ratidy/J, for slug region(a)
and bubble region (b)
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In the following figures the velocity dependencettué characteristic profiles for the flows
that can be classified as "non periodic with lovised and “non periodic with high noise” is

shown. Fig.5.18 presents the profile evolution ikaibtained by increasing the liquid flow
rate, at three air flow rates (2.33 m/s, 11 m/s221n/s). At lower air velocity and at water
velocity lower than 2 m/s the profiles show a pebkbape, with the peak localized in the
upper region of the pipe where the gas phase isetrated due to the gravity force. By
increasing the air flow rate the flow tends to beeomore symmetric with respect to the
pipe center and the typical shape of an annular sareached.

At air velocities ranging from 4 m/s to 10 m/s fieaid entrainment in the core region is

detected and the thickness of the liquid film eaitfiethe top cross section region or at bottom
one is higher (Fig.5.18 (b), Fig.5.19 (b) and (d)).Fig.5.19 the profiles at three water

velocities (0.09 m/s, 0.93 m/s and 1.86 m/s) andifégrent air velocity are presented. The

characteristic shape is reported in Fig.5.19 (a)deer water velocity: stratified and annular

flows occur with a liquid film thickness that deases by increasing the air flow rate.

At higher water velocity the evolution from bublflew to annular flow is shown in Fig.5.19
(b and c); the air flow rate increase causes arase of the void fraction and a reduction of
the liquid film thickness both in the upper and éwwegion of the pipe: it tends to flat the
profile in the central region, resulting in a maesenmetric profile. At higher water velocity
(Fig.5.19 (c)) the upper liquid film region seerosbe unaffected by the air flow rate, while
the void fraction value in the lower region is egtthan the liquid reference value=Q),
due to the air entrainment inside the liquid film.

The profiles that are obtained for bubble flow allsome important considerations: the
bubble flow is characterized, for the present testditions, by a void fraction distribution
that strongly depends on the gravity force (pegkedile) and the maximum value of the
void fraction along the chord is reached near tmnoel top and ranges from about 0.4 to
0.75 depending on the phases velocity combinafdiquid film in the cross section upper
region has been detected by the sensor for adlddkiw conditions.

If the liquid velocity increases the flow tends ltomogenize with a void fraction at the

channel bottom higher than zero while the maximurid fraction value decreases. By
increasing the air velocity the mean chordal veattion increases and the profile flattens
evolving in annular flow. The transition to the afar flow seems to coincide with a shift of

the void fraction maximum value towards the cemtir¢he pipe. Where the air velocity is

lower than 11 m/s the core region of the annutaw fis characterized by a value of the void
fraction lower than one, while at higher velocite tvalue is zero.
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5.11 Interface time evolution and liquid level

From the analysis of the time chordal profileja8, the air-water interface evolution is
derived. A threshold valug(i,j,k)=0.1, is chosen to define the interface, and bjmgple
algorithm the mean liquid levei(t) in the pipe is reconstructed as reported in R2§.5.
Fig.5.21 and Fig.5.22. For a given gas velocity &ady small liquid velocity slugs are

observed with a relative high frequencyT(#8 s). As shown in Fig.5.20 and Fig.5.21,
following a passage of the slug the liquid levadah to the lowest values, as the liquid in the
stratified flow is swept up by the slug, enabling tcycle to repeat. Moreover, as the
superficial liquid velocity increases the number rofl waves and the slug frequency
increase. The h/D values obtained from the serigoalsdo not always reach a value of

unity when a slug passes because of the presemees dubbles.

In Fig.5.22 the interface evolution at very lowdid flow rate is presented. In this case the
effect of the increasing gas flow rate is the ifatee perturbation, and the transition through
The presencehefltquid film in the upper part of the tube

stratified and annular wavy flow.

is not clearly detected by the sensor becauselthésfvery thin due to gravity effect.
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Fig.5.20: Air-Water interface time evolution for J;=0.23 and 4=0.14 m/s and Jfrom 0.05 to 1.72

m/s
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Fig.5.21: Air-Water interface time evolution for J;=1.1 m/s and Jfrom 0.05 to 1.42 m/s
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Fig.5.22: Air-Water interface time evolution for J; = 2.2, 6.5, 10.5 m/s and & 0.05 m/s

The analysis of the interface evolution allows ittentification of the minimum liquid level
hmine Fig.5.23 shows$,in as a function of the phases superficial velogitythe tested range
hnin significantly decreases with increasing supefffigas velocity (logarithmic law) and
slightly increases with increasing superficial Idjuwelocity. At lower superficial gas
velocities, theh, significantly depends on the liquid velocity, whisuch dependence is
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poor when $>2 m/s.
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Fig.5.23: Minimum liquid level as a function of airand water superficial velocity

5.12 Intermittent flow characterization

From the WMS signal analysis described in the reviparagraph a model able to classify
the different flow patterns has been developedthénpresent paragraph the methodology
developed to classify and characterize the intéemtiflow is described.

The histogram and the frequency spectrum of thenrezss sectional void fraction are used
to identify the different sub-regimes of the intétant flows.

In Fig.5.24 the normalized histogram (left columam)d the frequency spectrum (right
column) of three intermittent flows, obtained witlifferent combinations of the phases
superficial velocities, are shown.

The mean cross sectional void fraction histografmstermittent flows, are characterized by
a bimodal shape (due to the intermittence), in tvilhie peaks position and value depends on
the superficial velocity of the two phases.

The flow reported in Fig.5.24 (a), obtained wi%F1.13 m/s andJy =6.66 m/s, is
characterized by a primary peak localized at higia ¥raction ¢=0.8) and by a secondary
peak at low void fraction a£0.3). A relative noisy frequency spectrum withethdifferent
characteristic frequencies has been highlightedn ftbe curve in the right column of
Fig.5.24 (a).

The flow shown in Fig.5.24 (b), obtained wif+0.93 m/s andly =1.14 m/s, is instead
characterized by two equivalent peaks localized=&t1 ando=0.7. A single characteristic
frequency is detected at these flow conditions.

The third example, reported in Fig.5.24 (c), obdimithJ=1.4 m/s and,=1.14 m/s, shows
an opposite behavior compared with the flow of @4 (a): the primary peak is localized at
low void (¢=0.2) and the secondary peak is localizeg=8t 7. Also for this flow, at least two
characteristic frequencies can be identified.
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Fig.5.24: Normalized histogram and frequency spectm. (a) JI=1.13 m/s — Jg =6.66 m/s,
(b) JI=0.93 m/s — Jg=1.14 m/s, (c) JI=1.4 m/s Jg=1.14 m/s

The intermittent flow has been classified in cormptie with the histogram shape and plotted
in the Baker's map, as shown in Fig.5.25. The aislghows that the histogram shape is

strictly related with the velocity of the phasesdaan be used to distinguish between the
tree different sub-regimes.

102



\\\\\\\\\\\ L e O I L B PO AR B— m
e e e e i o e e b
Dy B By
A e A e i o [ T e el e e B el B B B B B e e R
[ T i T S E e o o e e e e R B e e B A I
ey ey P
R ) T A
[ i el e B o R o e B e o I I B A I
R | RN | [

R | RN | [ ™
[CIIITII-C-I-\-LICCI=Co 1= Dz==g .ﬂlu_
s e e e e . W o i sl s el s 2 B s e |
e I 'S ———
I TTI-r— T~~~ parrrr- @ i T- 71~~~
T T T A~ T~~~ TIrr-r =~~~ =~
TI++¢\T\+\\\ 11#\7\7 — I+ il -—=

i1 |
Zﬂijwﬂq

[
T~ _\\4\\\
[
[

103

(5. 12)
(5. 13)

Fig.5.25: Intermittent flow sub-regimes classificabn

In Fig.5.26, the characteristic frequencies (cqoesling to the maximum energy contents in
case of two or more characteristic frequencies)rapeesented as a function of the liquid

superficial velocity. The characteristic frequemiagreases with the liquid flow rate, so that
can be represented in non-dimensional parameteg tis¢ Strouhal numbé&t as a function

of the volumetric void fraction of the liquid pha&gFig.5.27):

The St number shows a linear dependency on/héow parameter, and the sub-regimes
identified by means of the histogram shape (floassified as (a), (b) and (c)), are identified
by different characteristic frequencies: the grqop appears fop, higher than 0.4 and

shows the highest characteristic frequencies, whiegroup (a) that is observed at relative

lower velocities is characterize by lower valueshef characteristic frequencies.
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5.13 Bubbly flow characterization

In the present paragraph, the results of the expetial work carried out to analyze the
response of the WMS in a horizontal air-water byldfldw are shown. The effect of the
gravity and of the pipe wall on the void distrilmrtiis analyzed and discussed as well as the
effect of the superficial velocities of the phasaghe void fraction profiles shape.

In the present analysis the superficial velocityges from 0.23 to 0.5 m/s for air and from
0.9 to 3.7 m/s for water. With a pressure rangnognf0.98 to 2.6 bar depending on the flow
conditions.
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Fig.5.28: Experimental bubbly runs plotted on the Mandhane’s map.

The methodology developed to characterize the femolution and to extract the flow
characteristic void fraction profiles, along theti@l axis of the pipe cross-section, has been
described in the paragraph 5.5 and reported ir6]f21.7][5.18]. In the present work we
focus the attention on a limited range of phaséascitees, in order to investigate the internal
structure of the bubbly flow.

The developed methodology is extended to all thasmeng points of the WMS grid, in
order to evaluate the symmetry of the flow withpexs to the axis of the pipe cross-section
in horizontal and vertical directions, as well &g teffect of the pipe wall on the void
distribution. First of all, the local history oféahvoid fraction is analyzed by means of the
normalized histograms. Then the void fraction chbmdofiles are extracted from the sensor
signals in order to analyze the phases distributiside the channel at different superficial
velocity of the two phases.

The bubbly flow is characterized by a mean crost@®al void fraction lower than 0.3; for

higher values the transition to plug flow occursotder to determine the flow pattern inside
the channel, the direct observation is supportethbysignal time evolution analysis. In the
present work, the flow is classified as bubbly fldwthe measured void fraction ranges
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between low and high values with a frequency highanp/J., whereJ,=J+J4 is the total
superficial velocity of the mixture and p is thedgpitch. An example of the void fraction
time evolution is reported in Fig.5.29, for two fdient combination of phases velocities.
The time history shown in Fig.5.29 (a) refers tplag flow; this is clear from the picture in
which the time history is plotted between 0 and €.3n bubbly flow the void fraction
change rapidly and almost randomly in time, asttierflow shown in Fig.5.29 (b), while in
this case a deterministic evolution of the voidfian, with a relative long time in which the
local void fraction does not change is highlighted.

J;=0.5m/ J=0.93 m/s (i=13 - j=8) J;=0.05m/ J=1.86 m/s (=13 —j=8)

i -~ |

time [s] time [s]

(a) (b)
Fig.5.29: Void fraction time evolution at the point(13, 8) of the WMS grid at = 0.93 and =
0.5 m/s (a) and J=1.86 and J=0.05 m/s (b)

0.5

Once the flow is classified, the void fraction att@lr profiles are analyzed for the different
flow conditions, as shown in the following pictures

In Fig.5.30 the phases distribution for the flow)a0.93 m/s and,=0.5 m/s is shown, while
Fig.5.31 and Fig.5.32 present the void distribufmmthe flows characterized I3y=0.05 m/s
and J=1.86 m/s and}=2.79 m/s. For each flow condition the time histofythe vertical
profile at j=8, the mean cross-sectional void fraction distidyu and the void fraction
profiles, for the symmetrical chord (3-14, 5-129)8-along the vertical (inde)) and the
horizontal (index) direction are reported. The points outside thpegiave been excluded
from the analysis.

Analyzing the pictures in Fig.5.30-Fig.5.32, sormportant information concerning the void
distribution can be highlighted: first of all theraparison of the symmetrical chords allows
us to conclude that the flow is symmetric with edto the vertical pipe axis. Moreover the
vertical profile of the void fraction is stronglffected by the gravity/buoyancy effect and
shows an upper region peaked profile. The valuéhefpeak reaches a maximum in the
chords nearest to the vertical axis of the pipe8-Q), while the comparison of the void
chordal profiles aj=3, j=5 andj=8, shows that the void fraction peak moves towhedl
upper pipe wall: at=3 the peak is localized at d/D=0.7, whilg=8 it is located at 0.9.

The flow classified as plug flow (Fig.5.30) is cheterized by a deterministic time evolution
of the void fraction, with the lower part of theppi(up toj=6) always covered by the liquid
phase, while in the upper part of the pipe, langieldbe of gas (plugs) are spaced out by slugs
of liquid.

The void distribution for the flows classified ashibly is quite different, depending on the
liquid velocity. At relative low water velocity, §i5.31, the gas phase is totally confined in
the upper part of the pipe, with the pipe crossiseap to the indej=12, totally covered by
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the liquid phase. At higher liquid velocity, Fig32, the flow tends to homogenize and the
gas bubbles are entrained in the liquid phasehabthe stratification effect, due to the

gravity, is less evident. In this case the vertadadrdal profile, is not more characterized by a
peaked profiles, and the void fraction appears atroonstant on the cross-section.

Chordal void fratlon tle eolutloln at j=8 3,=05mis J=0.93 m/s

15] —
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Fig.5.30: Plug flow example: 30.93 m/s and ¢=0.5 m/s

Chordal void fraction time evolution at j=8

Jg=0.05m/s J=1.86 m/s
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Fig.5.31: Bubbly flow example 1: $=1.86 m/s and ¢=0.05 m/s
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Chordal void fraction time evolution at j=8

15 Jg=0.05m/s J=2.79 m/s
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Fig.5.32: Bubbly flow example 2: =2.79 m/s and ¢=0.05 m/s

The comparison of the chordal profiles at differenperficial velocities combinations of
water and air, is pointed out in Fig.5. 33 and.%ig4. In Fig.5. 33 the effect of the
superficial velocities on the vertical profilessisown, while in Fig.5. 34 the influence on the
horizontal profiles is reported. The combinationtimfee different air superficial velocities
(Jg=0.05,0.17 and 0.5 m/s) and four different watgresficial velocities §=0.93, 1.86, 2.79
and 3.72 m/s ) is shown.

For water velocities lower than 2.79 m/s and aloeities lower than 0.17 m/s (Fig.5. 33 (a)-
(b) and Fig.5. 34 (a)-(b)) the characteristic pelakeofile along the vertical direction is
observed, with a maximum void fraction that carchea value also higher than 0.7 in the
upper region of the pipe. The effect of the waltewfrate increase is the homogenization of
the phases distribution, with the void fraction reltéerized by a flat profile along the
different chords.

By increasing the air flow rate up to 0.5 m/s tlegdviraction tends to increase in the lower
part of the pipe, as shown in Fig.5. 33 (c) and3-i§4 (c). The profile shape is smoothed,
without any modification on the position of the keln that condition the effect of the water
velocity is the change of the maximum value of tteed fraction: higher value of the
superficial water velocity corresponds to lowennabf the peak void fraction value.
Moreover, in every tested condition the maximunueabf the void fraction is localized in
centre line of the pipg%£8 andj=9) ati=14, as pointed out in the curves of Fig.5. 34.
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Fig.5. 33: Velocities dependency: Vertical Profiles
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5.14 Conclusions

Air-water experiments have been performed in azootal Plexiglas pipe, having an internal
diameter of 19.5 mm and a total length of about.6I'he superficial velocities of the two-
phases range from 0.14 to 32 m/s for air and fra@l® to 3.79 m/s for water,
corresponding to almost all the horizontal flowtpats, from stratified to annular flow. In
the present work a WMS has been adopted to chawmtie air-water two-phase flow:
local, chordal, cross-section void fraction valaes derived from the sensor data.

The developed methodology for the analysis of theeWlesh Sensor signals allows the
identification of the flow pattern and the flow cheterization in terms of void fraction
profiles and characteristic times. From the analydithe time evolution of the local void
fraction and of the paramet®i(t) it is possible to characterize the flow in termdhe void
fraction profile shape and other parameters likaspl distribution, liquid level, mean void
fraction in the different pipe regions, charactiifequencies.

The obtained results give important informationw@iibe phase distribution inside the pipe,
as the local and time average void fraction, therface evolution, and the transit time of
slugs or plugs.

Moreover the presented signal processing methogolilpws the investigation of the
internal structure of the flow at different veldet of the phases.

From the analysis of the WMS signals the phasesilaliion in a horizontal pipe under
bubbly flow condition has been derived and the asginy of the flow as well as the shape
of the void fraction profiles have been shown byamgeof the void chordal profiles.

The evolution of the void fraction profiles has beelated to the superficial velocity of the
two-phases J; and J) and the flow evolution in time and space has baealyzed and
discussed, showing that such methodology is udefudlentify and characterize the two-
phase flow patterns.



6. SPOOL PIECE TURBINE AND DRAG
DISK

The SP made up of a turbine flow meter (TFM) alaay disk (DD), usually coupled with a
densitometer, is one of the most analyzed instrisn@ombination during the first
experimental tests for nuclear reactor. Modelslalb in literature are Volumetric [6.1]-
[6.2], Rouhani [6.3] and Aya [6.4]. The first twoeasimple, while the Aya model is more
accurate.

Hardy [6.5] demonstrated that the turbine flow-meg&sponse is sensitive to the variation in
the flow pattern. For the low values of liquid floate, the velocity detected by the turbine is
lower than the single-phase air flow. The turbiesponse is dominated by the water velocity
and the introduction of liquid tends to slow dowhe tflow-meter. Only in the case of
annular-mist flow regime, the turbine responseoimithated by the air flow.

The aim of this study is the experimental and tatcal analysis of a SP made up of an axial
turbine flow meter and a drag disk, horizontallgtalled in a test section operating with air-
water flow, under different flow conditions andfdifent flow patterns.

The experimental data allowed the construction rofoaerating map of the SP and the
performed analysis allows the evaluation of thagrfiow rates of the phases in the mixture
with relative errors and the prediction of the flpattern and other quantities important to
characterize the flow.

6.1 First experimental campaign

6.1.1 Characteristics of the SP

The SP consists of the series TFM- DD and of thmeoted straight pipes.

The TFM used here, has been produced by Hofferlewthe DD has been produced by
Ramapo (Tab. 6.1). The internal diameter of thesSEL mm. Upstream and downstream of
the turbine, there are two straight pipe length34% mm (15. D) and 145 mm (7 D).
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The DD is installed with an upstream straight plpagth of 450 mm (18 D) and a
downstream straight pipe length of 217 mm (8.7 Dhe characteristics of the two
instruments are shown in Tab. 6.1.

The total length of the SP is 1360 mm, with thdrimaents nominal lengths of about 100
mm.

The SP is installed between two horizontal pipeadenof transparent Plexiglas, having a
length respectively of 600 mm and 1000 mm and ternal diameter of 21 mm, for the flow
visualization upstream and downstream of the SP.

The two-phase flow is discharged at atmospherisgure. The pressure in the test section is
between 1 bar and 2.5 bar depending on the flograt

The turbine flow meter generates, via a magnetikyg, a sinusoidal low-level electrical
signal, whose frequency is proportional to the #geelocity of the rotor of the axial
turbine.

A linear frequency-voltage converter has been dapexl in order to measure the turbine
signal in the range between 100-10000 Hz, withopgutional factor equal to 0.001 Volt/Hz.
The electronics of the target flow meter produdssa strain gage, a signal in the range
between 0-10 V, corresponding to the force that fthiel flow applies to the target.
Conversion is linear, and the declared force fastor

k=—> = 0505~ (6.1)
VaF (V*Kgy)

where:Sis the electric signal in Vol is the supply voltage of the Wheatstone bridges
the force expressed in kg due to the interactiawden target and fluid.

Characteristics (Water flow)
HOFFER mod: HO 1X1-4-60-

TURBINE FM G-HT-MS DRAG DISK RAMAPO Mark V

Diameter: nominal value: 1" (B3 21 mm)| Diameter: nominal value: 1” (21 mm)
N° of blades 5 Target: ACR-484 F

Flow Rate Linear 15-230 I/m Target Section: #A1,187 cr

Range:

Sensing element: Inconel X-750.

Repeatability Range: 8-285 I/m Materials: Housing: T304 S.S.

150% of max flow rate

Overrange: (intermittent) Flow Rate Range: 5.4 — 54 Lt/min

Linearity: +0,5% Pressure Range: 345 bar (max)

Temperature Range: -270°C- 270°C (Standard) TemperRange: -55°C — 345°C

Pressure Drops: 4-5 psi (0.276 — 0.345 bar) FoactofF (K): 0.595 V/V/IKg

S . . , .18 D (upstream) , 8.7 D
Materials: 316/316L stainless steel Straight pgregths: (downstream)
. . 15.5 D (upstream) , 5.8 D Force Transducer Strain gage Wheatstone bridge

Straight pipe Ier]gths'(downstream) Syst. circuit (R= 265Q)

Tab. 6.1: SP DD and TFM: Instruments characteristis
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6.1.2 Experimental facility, test section and instrumention

The test section where the SP is installed isgfétte facility shown in Fig.6.1.

The main components of the facility are, the feedewloop, the feed air loop, described in
the paragraph 5.4 and schematically reported ir6Higand the instruments used to measure
air and water single-phase flow rate, pressureg@amgerature.

Air and water mixture is prepared in a chamber£[B30 mm, L = 52 mm) where air enters
along the axial direction and water along the ragiijpe direction through a hole drilled in
the mixer wall (= 3/8”); a bronze porous component can also be tmethe water side
inlet.

The absolute pressure in the mixer is measureddanmof the absolute pressure transducer
Rosemount 3051/1, operating in the range betweeh®bar.

The mean pressure of the test section is the memsyre between the pressure in the mixer
(inlet pressure) and the atmospheric pressureetquissure).

The SP instruments signals (Turbine and Drag Dk meters) and the pressure signals are
gathered by a National Instruments DAQ system (NHBL6218) using the LabView®
environment.
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Fig.6.1: Experimental facility

6.1.3 Single-phase flow

In order the verify the calibration curves, a seé measurements in single-phase flow have
been performed for air (0.005-0.014 kg/s) and wgir3-0.50 kg/s).

The turbine-meter is essentially a turbine rotoichitrotates as the fluid passes through its
blades, and in single-phase flow the output is usedalculate the fluid velocity and the
volumetric flux (eq. 4.1).
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In the experimented water flow rate range, the rpatarK; has been found constant and
equal to 0.0382 Hz/(I/h).

The turbine operating range is between 900 and 9B0®ecause the air volumetric flow
rate is varied between 6300 and 35000 I/h, the céevs not working under optimal
conditions. The mean air calibration parameterides found equal to 0.02 Hz/(I/h).

The drag disk is a very simple device capable chsuegng the force exerted by the fluid
flow on a portion of the pipe cross section (eq.4.9

According to the eq. (4.9) the calibration curves gound proportional to the flow rate
squared (parabolic curve) both for water and fior a

Comparing the calibration curves of air and wdi@rthe experimented mass flow rates, the
drag coefficient is the same for both (Fig.6.2) gmelproducK, -G is equal to 25.5.
Concerning the turbine device, due to the veryeddt velocity fields of water and air, the
calibration curves are characterized by two diffiécalibration coefficients (Fig.6.3).

K; for air is smaller thak; for water at the same value of the Reynolds nunthés is
probably due to the increased bearing friction derqthat occurs in the turbine within
the velocity field of air experimented here.
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Fig.6.2: Drag calibration coefficient vs. Re numbein single-phase flow
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6.1.4 Two-phase flow: experimental data

Two-phase flow measurements are performed usinglifferent set-ups; in the first one the
water flow rate is changed, keeping the air flote reonstant, while, in the second one, the
air flow rate is changed keeping constant the wikder rate.

The water flow rate ranges between 0.055 and O kdhile air flow rate ranges between
0.005 and 0.013 kg/s. 40 runs have been perform#ukifirst set, using 5 different air flow
rates, and 20 runs in the second set using 4 eiffevater flow rates. For each test the
signals of the turbine, of the drag disk and of @heolute pressure are gathered with their
relative standard deviation.

Fig.6.4, Fig.6.5andFig.6.6 show the experimental results. The pressure imtixer, for
each water flow rate, increases with the air flater(Fig.6.4); a most relevant increase
occurs increasing the water flow rate and keepinmgstant the air flow rate (Fig.6.4). Each
experiment is performed discharging the mixtureo irdn atmospheric environment,
downstream of the test section. The Plexiglas @ibews the visualization of the flow
upstream and downstream of the SP; the flow pattetrserved downstream have been
stratified forW, lower than 0.0109 kg/s and annular-wavy ¥y higher than 0.0109 kg/s.
They are typically pulsed flows, that have beenrat@rized in term of mean value,
standard deviation and probability density funct{BDF), and in the frequency domain with
the power spectral density function (PSD), usin@@0measurement points and a sampling
frequency of 1000 readings per second.
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Fig.6.4: Mixer pressure variation as a function othe water and air flow rates

From a physical point of view, the signals of deagl turbine are proportional respectively
to the force transferred by the mixture to theetand to the rotation velocity of the rotor of
the turbine.

It is noted that, in the tested range, with a figédflow rate and increasing the water flow
rate, the speed of rotation of the turbine deceéSg.6.5).

This effect is significant for flow rate higher th&@.0096 kg/s, since in these conditions the
volumetric flow variation is significant.

For lower flow rates, the experimental results hgitt a behavior that, in first
approximation, is due to a volumetric flow rougbbynstant or slightly increasing.
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Fig.6.6 shows the drag disk electric signal as mctfon of the water flow rate and
parameterized as a function of the air flow rates interesting to notice that the force, and
then the momentum, that the flow transfers to #rget rises with the water flow rate, and
more consistently with the increasing of the linfrate.

This can be explained by the increased velocitshefliquid that is entrained from the film
to the gas stream.
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Fig.6.5: Turbine Electric Signal vs. mass flow ratén two-phase flow
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Fig.6.6: Drag Disk Electric Signal vs. mass flow i@ in two-phase flow

6.1.5 Model of the SP

Representing the electrical signals of the twarimaents in a single graph the operation map
of the SP is obtained (Fig.6.8).

The joint measurement of pressure, drag signaltaine signal, allows to reconstruct the
flow rate of water and air univocally using the gra of Fig.6.8ndFig.6.7.

117



The SP signals are correlated in order to take &timount the pressure effect in the test
section:

- Goip"’ (6.2)

S py(P.T)

The ratio calculated using eg. 6.2 allows us taigrim a curve the value & as a function
of the water flow rate normalized with the maximmmeasured flow rate:

W
W = W ! (6. 3)
I _max
—e
4
26 =2
S
21 24
5, 16 _—
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|
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Fig.6.7: S* as a function of dimensionlessater flow rate

Using the curve shown in Fig.6.7 and the graplirgf.6.8, it is possible to evaluate the mass
flow rate of the two phases. An example of graghitass flow rate estimation is reported in
Fig.6.7 and Fig.6.8.

The estimated value @* can be used in order to evaluate the liquid fload (arrow in
Fig.6.7); then the knowledge of the liquid massvflate, togheter with the knowdlege of the
TFM and DD signals, allow us to entering in thepyraf Fig.6.8 and to identify the curve
related to the actual air flow rate.
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In Fig.6.9 the liquid flow rates obtained with thest-fit curve are compared with the
measured water flow rates.
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Using the proposed procedure, the liquid flow iatestimated with an accuracy of 10% for
the 74% of the experimental data. The lower flovesaare characterized by the greatest
deviations but the 91% of the data is evaluatet ait uncertainty lower than 15%.

The accuracy of the estimated air flow rate is then by the sum of the liquid flow rate
error and the errors introduced reading the charts
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The experimental signals shown in the figures a@amvalues characterized by the standard
deviations presented in Fig.6.10.
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