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ABSTRACT

In the present research work, the experimentalsiigation of
a vertical upward annular two-phase flow in a Ventlow
Meter (VFM) is performed. The pressure drops betwte
inlet and throat section and between inlet and eoutl
(irreversible pressure drops) are measured angzathl

The flow meter is characterized by an inlet diamefeB0 mm
and a throat diameter of 40 mprQ.5), with equal convergent

and divergent angleg£21°). The instrument has been tested in

a test section, having an internal diamelJ 6f 80 mm and a

total length ) of about 4 m, with air-water two-phase flow at

ambient pressure. The air superficial velocity exhdpetween
14 and 18 m/s while the water superficial velodignged

between 0.0008 and 0.005 m/s, so that the flonepativas
annular and the corresponding void fraction washdigthan
0.97, while the flow quality ranged between 0.78 arb6.

The dependency of the pressure drops on the pkakasties

has been analyzed and modeled as a function cfuperficial

velocities of the phases.

In addition the possibility to derive the mass floate of the
two-phases from the sensor signals, when the flattepn does
not change, has been analyzed. The developed ralbalek the
evaluation of the flow quality of the mixture witln accuracy
of 5% and the estimation of the mass flow rateioéad water
with an accuracy of 2% and 30% respectively.

INTRODUCTION

The measurement of two-phase flow parameters engakfor
the understanding and for the control of many itdkls
processes, particularly in the oil and gas, nuckraergy and
chemical processing industries. In several apptinatthe flow
is characterized by very high or by very low qualilues. In
the case of high flow qualities the flow is chaeaizted by very
high void fraction values, and the flow pattern usually
annular or dispersed (wet-gas). Due to the simpkdgd, the
low costs, and the limited maintenance required, enturi
Flow Meter (VFM) is one of the most used instrunsefdr
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single-phase mass flow rate measurement, andomésof the
best candidate for two-phase mass flow rate meamne In
two-phase flow, the pressure drops are higher cosdp#o
single-phase flow, due to the strong interactiotwben the
phases, that are strictly related with the phasssittition or
flow pattern. Considering its technical importatice response
of the VFM in two-phase flow has been extensiveéldged by
several authors [1]-[12], and a number of correfai and
models have been developed. The well known works of
Chisholm [8] and Murdock [9] have been used as&jirids for
a new correlation developed by Bizon and Lin [18{ anore
recently by Moura and Marvillet [14], de Leeuw [1Qteven
[16] and Xu [17].

All the correlations have been developed for vaghtor very
low quality flows, and are focused on the correetasurement
of the continuous phase, while the mass flow ratethe
dispersed phase is usually neglected. In somatwitis, as for
example in nuclear safety simulation facilities, eth
measurement of the mass flow rate of the two phases
fundamental for a proper analysis of the accidentution. So
that the pressure drops in the VFM have to be neadek a
function of the two phases superficial velocities drder to
evaluate the effect of each phase on the total floeter
pressure drops. In this context important inforomatcan be
extracted from the analysis of the irreversiblesgure drops.
Compared with the extensive works conducted oratiadysis
of the pressure drops between inlet and throatosgatery few
works have been performed on the modeling of ttexérsible
component. Only recently new phenomenological rhbodee
been applied to analyze the pressure drops in tdes&es
[18].

In the present research work, the experimentalsiigation of
a vertical upward annular two-phase flow in a VFikheen
performed. The dependency of the pressure droplseophases
velocities has been analyzed and modeled, anditiezedices
with respect to the air single-phase flow have meruated.
The predictions of the existing correlations arenpared with
the experimental pressure drops, and a formuldtiahpredicts



the experimental data is presented. Moreover ttevérsible

VFM pressure drops have been measured and analyhed.

experimental results have been modeled as a functiche
flow quality and of the superficial velocities dfiet phases,
showing that additional relevant information on ti-phase
flow can be extracted from the test data. In thst peart of the
work the characterization of the two-phase Venpréssure
drops is used to evaluate the mass flow rate ofwlephases
showing that further information can be derivednirdhe
measurement of the irreversible pressure drops.

NOMENCLATURE
A [m?] throat cross section
Cu [ venturi discharge coefficient
D: [m] inlet section diameter
D, [m] throat section diameter
f [ friction factor
Fa [m/s] correction factor for thermal expansion
J [m/s] superficial velocity
L [m] geometrical length
pi-p  [Pa] inlet (1) - throat (2) section pressure drops
Q [m¥s]  volumetric flow rate
Re [ Reynolds number
S [ slip ratio
Vi [m/s] VFM inlet section velocity
73 [m/s] VFM throat section velocity
w [kals] mass flow rate
X [ flow quality
Y [ compressibility factor
Special characters
o [ void fraction
B [ diameter ratio B'D;
p [kg/m?]  fluid density
0 [°] VFM divergent / convergent angle
u [Pa:s] dynamic viscosity
L4 [ two-phase flow multiplier
[ Martinelli parameter
Ap [Pa] pressure drop
Subscripts
d discharge
exp experimental
est estimated
g gas
int internal
irr irreversible
I liquid
tot total (liquid + gas)
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TP two-phase
\% Venturi

VENTURI FLOW METER CHARACTERISTICS

The derivation of the mass flow rate from the measient
of the differential pressure in a VFM is commonlged for
single-phase flow in a wide range of industrial laggtion. The
technical standards [19] are, in this case, wefindd and
verified by several experimental and theoreticatiais.

The reference equation of the VFM in single-phéme tan
be obtained applying the Bernoulli equation (batabetween
kinetic energy and static energy of a vena fluida}he inlet
and at the throat section:

Ap=p, - p, =§Eﬁ\/§—v12) 1)

so that the volumetric flow rate is given by:

_ onp )
Q= chZ[ : J [F, [Y 2)
,O(i—ﬁ )

The correction factoCy is introduced to take into account
the vena contracta cross section and the additifsictiional
losses and viscosity and turbulence effects. Thmenical
values offF, are based on experimental data and are tabulated
in 1ISO5167 [19]. For incompressible flow the coeffnt F,
can be set equal to 1, while for gas and stéamil and it
depends on the flow meter geometry and on flow itiamd.

The Venturi used to perform the present analysss been
designed to operate in both fluid direction (symmicat flow
meter), with the angle of the convergent sectionaédo the
divergent section angl@<£21°), in order to be able to work in
reverse flow conditions. The selected material, xiglas,
allows the direct flow visualization along the inshent.
Compared with the Herschel model the present VFM is
characterized by a higher divergent angle (ususglyto 15°),
with lower manufacturing costs but also higher iensible
pressure drops, due to the flow separation.

The geometrical characteristics of the experimeteil
are described in Table 1 while the instrument iswsh in
Figure 1.

\VFM Characteristics
D. 80 mm
D, 40 mm
B 0.5 -
econvergent: edivergent 21 °
Ltot_Venturi 340 mm
L upstream 628 mm
Ldownstream 628 mm

Table 1: VFM Characteristics
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Figure 1: Venturi Flow Meter

The instrument single-phase behavior has been zawlas
it is shown in Figure 2, in order to obtain the VFRl&charge
coefficient Cy (equation 2) by using the experimental values of
mass flow rate and pressure, and by adopfiggndY equal to
one.
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Figure 2: Experimental single phase discharge coefficient

The Reynolds number dependency can be approxinbgted
an exponential law of type:
C, =alRe ®3)
with the parametera and b obtained from the experimental

data 6=1.5054 and=-0.0510).
The Re number is evaluated as:

VD,
U

In single-phase flow the discharge coefficient eatakes
into account the phenomena of the wall flow detashinat the
inlet of the divergent section; in two-phase flalwe presence
of the interface between the two phases complicdles
physical interpretation of this correction coefiat.

Re= (4)

VFM TWO-PHASE FLOW MULTIPLIER

According to the well known approach [1,5-9], thietfonal
pressure gradient of a two-phase mixture flowing ipipe can
be correlated to the single-phase pressure drapdans of the
two-phase flow multiplier:
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dz )5 _ o
_dp) 7
dz/,
where—(dp/dz) is the frictional gas pressure gradient obtained
by using the actual air phase flow rate for the-phase flow .

The two-phase flow multiplier is expressed as afiom of the
Matrtinelli parameter [1,2]:

(&)

dz/,
defined as the ratio between the single-phasediguid gas
pressure gradients that are evaluated with theabfiw rates,
W andW, for the two-phase flow.
Assuming that the two phases are flowing underuierit

regime and using the Blasius correlation for thegls-phase
friction factor coefficients calculation

(5)

(6)

f=0.0079Re™ (7)
the parametep(2 can be written as:
0875 05 0125
)(2 = [ﬂ) [E&j H (8)
X J H,

For a two-phase mixture flowing in orifice and Vit
devices, the parameter is usually written in tHi®¥ang form:

p =(ﬂj AN
mod X ,0|

The two-phase pressure drops are then relatedetowtb-
phase flow multiplier, by means of empirical or sempirical
correlations.

9)

Chisholm [8], for the calculation of the two-pha8ew
multiplier, proposed the correlation expressed as:

(@7, =1+ Choa* X, 10)
where
05 05
c=1lP| . 5['09] (11)
S pg pl
and S is thalip ratio that is assumed equal to:
1/4
s=| 2 (12)
Py



Murdock [9], following the same approach, proposed:

(6], =@+ 1260, 3)
for an orifice, and
(0], =0+ 5t a9

for a Venturi.

TEST SECTION AND INSTRUMENTATION

The experimental facility consists of the feed wated the
feed air loops, that are equipped with instrumeatsneasure
the single-phase flow parameters (flow meter, temipee and
pressure), and of a vertical pipe (having a lergftabout 4 m
and an inner diameter of 80 mm), containing thst $ection.
The water flow rate is changed by varying the puwotation
frequency and it is measured by a rotameter. Thdlav is
provided by a blower, that allows us to obtain hiiglw rate at
low pressure (near ambient pressure), and it issared by a
calibrated orifice flow meter; whose accuracy %o full scale
value.

The test section, shown in Figure 3,
(Plexiglas) in order to visualize the flow patterir enters
axially into the test section and water flow iseicted co-axially
by means of a porous bronze; the mixing zone iatémtat 400
mm from the test section inlet.

The 2.5 m long test section is equipped with tweymatic
quick closing valves (QCV) to measure the voluncetroid
fraction; the uncertainty associated with the vdidction
measurement has been estimatedoas + 0.0012.

Downstream of the upper valve the two phases are

separated in a tank at atmospheric pressure.

In the test section an Electrical Capacitance Pi@&teP),
having a total length of 1210 mm, used for voidcfi@n
measurement, is installed. The ECP results have pessented
in ref. [20]. After the ECP the VFM is installedtheen two
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Figure 3: Vertical Test Section schematic

EXPERIMENTAL MATRIX

The experiments have been carried out fixing thestfi@w
rate of the two phases at the inlet of the tedi@ec

The air superficial velocity ranged between 14 aBdm/s
while the water superficial velocity ranged betw@®008 and

straight pipes of 1290 mm upstream and downstream 0.005 m/s, so that the flow pattern was annular &mel

respectively. The absolute pressure is measurdeainlet of
the test section, while the VFM pressure dropsmaeasured
between the inlet and the throat sections and legtwiee inlet
and the outlet sections (irreversible pressure)lddse distance
between the inlet and outlet sections pressure(tigsre 1) is
320 mm. The fluid temperature is measured at diffelocation
of the test section by means of thermocouples.

The mixture void fraction is measured by means raf t
QCV technique. The
parameters and signals from the test section im&ntation)
are acquired by means of a NI DAQ, using the LabXge
software. The acquisition time was equal to 30 shwvan
acquisition frequency of 1250 Hz.
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instrument signals (single phase

corresponding void fraction is higher than 0.97jlevkhe flow
quality ranges from 0.78 to 0.96.

For the tested superficial velocities range thaatian of
the void fraction (measured by QVC technique) isvah in
Figure 4. The small variation of this parametedig to the
very small values of the liquid superficial veléest. In the
present work the value @fJ, is much smaller thapgJ,. The
liquid superficial velocity range has been choseroider to
obtain the annular flow pattern in the test sectwonsidering
the experimented air flow velocites, higher valoéshe liquid
superficial velocities involve the presence of artecurrent
flow.
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Figure 4: Void fraction as a function of the superficial vatgc
of the two-phases

EXPERIMENTAL VENTURI FLOW METER BEHAVIOR
IN TWO-PHASE FLOW

In Figures 5 and 6 the experimental VFM pressuopsiare
plotted as a function of the flow conditions.

In Figure 5 the pressure drop dependency on tlaé redss
flow rate is shown: the VFM pressure drop is a fiorcof the
mass flow rate of the two phases; introducing i@ /Wy,
if this ratio is equal to zero the air single ph#iew is obtained,
while increasing the fraction of water in the midwan increase
of the pressure drops is highlighted. The dependemcthe
superficial velocities of the two phases and thelkeffect due
to the liquid flow rate is confirmed in Figure & Figure 7 the
two-phase pressure drop, normalized with refereadbe gas
single-phase pressure drop, is shown as a funcfiche gas
superficial velocity: the two-phase flow value iery close to
the gas single-phase flow value, with a maximunrease of
about 7%.
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Figure 5: VFM pressure drop as a function of the total migtur
mass flow rate
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The pressure drop increase in presence of two—fluasés
caused by the interaction between the gas anddlipbases:
liquid droplets accelerated by the gas, irreveesittag force
work done by the gas phase accelerating the lidjiid and
frictional wall losses, determine the magnitudehaf observed
pressure drop increase. The flow field is charaztdr and
complicated by the continuous deposition and emtnant of
liquid droplets along the Venturi length and by giresence of
waves on the liquid film surface. The continuoupatgtion
and entrainment process contributes to the ovpradisure drop
through the loss of momentum caused by the accrleraf the
newly entrained droplets.
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Figure 6: VFM pressure drop as a function of the two phases
superficial velocities
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Figure 7: Normalized VFM pressure drop as a function of gas
superficial velocity

The surface waves produce an effectively roughened
surface over which the gas flows increasing the srom loss
due to the interfacial shear stress. On the gratitide previous
considerations, the pressure drop in the VFM caexpeessed
as a function of the single-phase pressure drdp avitorrection
factor (a two-phase flow multiplier) that can takéo account



the presence and the effect of the liquid phaskfigrent flow
gualities. The two-phase flow multiplier can beatiten as:

@ moa = 180Y +1 (15)

where the two constants have been obtained adibestthe
present experimental data.

The two-phase flow multiplier values evaluated e t
correlation (15) are compared with the correlatioh®urdock,
Chisholm and the present test data (Figure 8):dhssical

correlations under estimate the two-phase multim@.

The experimental points dispersion can be justifigda
change of the slip ratio value, that is consideredstant in all
the analyzed correlations. In Figure 9 the pressimops
evaluated with the new correlation are comparech wite
experimental values, showing a very good agreemedt a
calculation accuracy better than 5%.
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Figure 8: Two- phase flow multiplier: comparison between
experimental data and correlations
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Figure 9: VFM pressures drops: comparison between
experimental data and predicted values (equatipn 15
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In the present work also the irreversible presdosses,
measured between the Venturi inlet and outlet sestihave
been analyzed and correlated with the flow pararaeta the
following pictures the dependency of the VFM irresible
pressure loss on the flow parameters is highlightEde
analysis of this component, that usually are notsiered in
two-phase flow models, allows us to understandebettie
effect of the dispersed phase in the two- phasgspre drops.

In Figure 10 the two VFM pressure drop componemés a
shown as a function of the total mixture mass ftave.

Figure 11 shows the irreversible pressure loss oot

with the pressure drop component measured betwded V

inlet and throat sections. The circle points higftithe linear
relation existing between inlet-outlet (irreversibldomponent)
and inlet-throat pressure drops in single-phase.flthe square
points show that for an annular flow the relaticgtvieen the
two pressure components is not longer linear; ifferdnce is
clearly due to the liquid phase presence, so thatrélation
between the two components can be used to andigzeftect
of the liquid flow rate and to estimate the liguidss flow rate
itself.
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Figure 10: VFM pressure drop and VFM irreversible pressure
loss vs. total mass flow rate
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Figure 11: VFM irreversible pressure loss vs. VFM pressure
drops



Figures 12 shows the dependency of the irreversible

pressure loss on the superficial velocities of fases. In
Figure 13 the two-phase irreversible pressureitopotted as a
function of the irreversible single-phase (air) gament.
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Figure 12: VFM irreversible pressure loss as a function of the
superficial velocities of air and water

While, due to the liquid phase presence, the ithliedat
pressure drop increases of about 10%, if compaoedhe
single-phase flow, the irreversible pressure losseiases from
about 20% to 100% depending on the liquid flow.rate
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Figure 13: VFM pressure loss as a function of the air single-
phase irreversible pressure loss

The previous analysis allows the derivation of eelation
able to describe the irreversible pressure lossngiaas a
function of the flow rate of the two phases. Thepgmsed
correlation, developed for the present tested d¢immdi,
expresses the irreversible pressure loss as adonet the gas
superficial velocity and of the ratio between thgiid and the
gas superficial velocities, highlighting the effecf the
dispersed phase:
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— K,
tp,, =k, o,k )do, /3, )° +k, 16)
where J; and J, are the superficial velocity of air and water
respectively. The following constants have beemiaokd from
the best fit of the experimental data:

k, = 0.2096
k2 =2

k3 =0.13
k= -2.9786

The comparison between the predicted irreversitdsgure
loss and the test data is shown in Figure 14: tupgsed
correlation allows the estimation of the VFM irresible
pressure loss, in annular flow, at high void fraweti with an
accuracy of 5%.
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Figure 14: Comparison between predicted (equation 16) and
experimental VFM irreversible pressure losses

TWO-PHASE MASS FLOW RATE EVALUATION

The measurement of the two-phase flow mass flow isat
essential for several industrial applications.

Typically a set of instruments (Spool Piece - SRjstrbe
installed in order to evaluate the mass flow rdtthe phases in
a large range of flow patterns, pressures and teatpes [6,7].
Each instrument of the SP has to be sensitive @odifferent
properties of the flow (like momentum, velocity,ndéy, void
fraction) and the selection of the instruments depestrongly
on the experimental conditions: pressure, temperaand
phases velocities. Different instruments can belealiin a SP,
and the VFM, characterized by the absence of mgvarts and
by a smoother flow profile than the orifice platés,one of the
instruments more suitable to be installed in a widege of
industrial applications.

In single-phase flow the VFM allows the estimatmithe
mass flow rate from the pressure drop across thge pi
restriction, but in presence of two phases thectlicerrelation
between pressure drops and mass flow rate is rssilge, so



that additional information and a model able tceiptet the
signals are required [21]-[23].

In limited application ranges, if the flow pattedoesn’t
change, as in the present experimental conditibis possible
to extract the essential information from the sigrd a VFM.

The closure equation of the model in this caseaised on
the measurement of the irreversible pressure lcasdson the
proposed correlation (16).

Using an iterative approach the flow quality and thass
flow rate of the two phases have been estimatedsing only

the acquired signals of the VFM and the information

concerning the absolute pressure and the temperafuthe
flow. The flow quality is evaluated using the ctateon (15):
an initial guess value of the parameter is usedveduate the
VFM pressure drops, and the iterative loop goesuatil the
estimated pressure drop reaches the experimenita.vahen
the mass flow rates of the two phases are estingteding the
flow quality value and the correlation (16). Theference
signals have been obtained as the mean valueseoB@hs
acquisition time. In Figure 15 the estimated flowality values
are compared with the experimental data, obtaimeth fthe
measurement of the single phases mass flow rate rdihtive
error is in each case lower than 5%.

1

0.95

0.9

est

0.85

0.8

0.75
0.75 0.8

Figure 15: Comparison between experimental and estimated
flow quality

In Figures 16 and 17 the estimated mass flow rafesr
and water are compared with the measured valuesithmass
flow rate is estimated with an accuracy of 2%, whdl lower
accuracy characterizes the liquid flow rate predgict(the
relative error is lower than 30% for all conditiprihe standard
deviations are 1%, 10 % and 2 % for the air flove réhe liquid
flow rate and the quality respectively.

CONCLUSIONS

In the present research work, the experimentalsitngation
of a vertical upward annular two-phase flow in anwei Flow
Meter (VFM) has been performed. The dependencyhef t

1312

pressure drops, evaluated between the VFM inldtthroat
and between the inlet and outlet sections (irrébkrpressure
loss), on the characteristic flow parameters (fleglocities,
quality and void fraction) have been analyzed asdused.
Correlations describing the relation between véilesiand
VFM pressure drops have been proposed for the t@sspre

drops components. For both correlations, the ptiedierror is
lower than 5%.
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Figure 16: Comparison between experimental and estimated
air single-phase mass flow rates
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Figurel7: Comparison between experimental and estimated
water single-phase mass flow rates

The paper highlights that, from the measurementhef
VFM irreversible pressure losses, important infaioracan be
extracted concerning the effect of the liquid dispe phase on
the total pressure drops. Due to the liquid phassgmce, the
inlet-throat pressure drop increases of about 106#pared to
the single-phase flow, while the irreversible presslosses
increase from about 20% to 100% depending on thadiflow



rate. The proposed correlation describes the irsive
pressure loss change as a function of the flow ohtbe two-
phases, highlighting the effect of the disperseasph

In addition, the possibility to derive the masswiloate of
the two phases from the instrument signals has bealysed.
The developed model allows the evaluation of thefuality
of the mixture with an accuracy of 5% and the eatiom of the
mass flow rate of air and water with an accurac2@f and
30% respectively (the standard deviations are 104/%land 2
% for the air flow rate, the liquid flow rate anHdet quality
respectively).
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