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ABSTRACT

FLOW RATE MEASUREMENTS IN A TWO-PHASE FLOW
SYSTEM

Kaya, Mustafa Barig
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Orhan Yesin

September 2001, 149 pages

An experimental study was conducted at Two-Phase (water-air) Flow Test
Facility in the Mechanical Engineering Department of the Middle East Technical
University. In this study, the objective was to investigate single-phase and two-
phase flow rate measurements in a two-phase flow system. Firstly, the Two-Phase
Flow Test Facility was constructed for a Joint Research Project. The instruments to
measure flow rate, gage pressure, differential pressure and void fraction were
assembled to the system. Then an orifice meter was designed, manufactured and
assembled to the air supply line of the system. The calibration of the flow rate
measuring instruments in the water and air supply lines were doné. Afterwards, two-
phase flow tests were conducted in a pipe which has a diameter of 34.5 mm and the
pressure drop of water—air mixtures across 1 4” globe valve was investigated for
various valve openings and void fractions. Two-phése mass flow rate was correlated
in terms of three parameters, namely the pressure drop across the globe valve, void

fraction and valve opening. A non-dimensional approach was presented for two-
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phase flow multiplier. At the end of the study, a preliminary test was performed at
the Two-Phase Flow Test Facility.

Experimental test matrix consisted of 504 runs 131 of which were liquid only
flows. 5 different void fractions (0%, 10%, 20%, 30%, 40%) and 7 different valve
openings (10%, 17%, 23%, 36%, 49%, 62%, 100%) were tested. The test covers a
range of water flow rates of 0 to 2.22 kg/s, air flow rates of 0 to 0.000174 kg/s and

pressure drops across the valve of 0 to 2.2 bar.

The results indicated that for a given void fraction and valve opening, the
pressure drop across the globe valve increases as two-phase flow rate of water-air
mixtures increases. In addition for a given valve opening and two-phase flow rate,

the pressure drop across the globe valve increases as the void fraction increases.

Keywords: Single-Phase'Flow, Two-Phase Flow, Flow Rate Measurement, Water-
Air Mixture, Pressure Drop, Globe Valve, Orifice Meter
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0z
IKi FAZLI AKIS SISTEMINDE DEBI OLCULMESI

Kaya, Mustafa Baris
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Orhan Yegin

Eyliil 2001, 149 sayfa

Ortadogu Teknik Universitesi Makina Miihendisligi Boliimiindeki ki Fazli
(su-hava) Akig Test Diizenefinde bir deneysel ¢alisma yapildi. Bu ¢aligmadaki
amag, bir iki-fazl1 akig sisteminde tek fazli ve iki fazli akig debilerinin Sl¢tilmesinin
aragtirilmasiydi. Oncelikle, bir Ortak Aragtirma Projesi igin iki Fazh Ak Test
Diizenegi kuruldu. Debi, statik basinci, fark basinci ve hava hacim oram: Slgen
cihazlar sisteme takildi. Daha sonra bir orifismetre tasarlandi, tiretildi ve sistemin
hava hattina monte edildi. Su ve hava hattindaki debi 6lgen cihazlarin kalibrasyonu
yapildi. Daha sonra, 34.5 mm g¢apindaki bir boruda iki fazli akis deneyleri yapild: ve

-su ve hava kanigimlarinin gesitli hava hacim oranlarinda ve vana agikhiklarinda 1 %”
capindaki kiiresel vanada yarattifn basing diistimii incelendi. Iki fazh akig kiitle
debisi ii¢ parametreyle (kiiresel vanadaki basing diiglimii, hava hacim orani, ve vana
aciklig) iligkilendirildi. Iki fazli akig garpami boyutsuz olarak ifade edildi.
Calismamn sonunda iki Fazli Akig Test Diizeneginde bir 6nciil-test yapildi.



Deneysel matris 131°i sadece su ile olmak iizere 504 adet testi icermektedir.
5 farkli bosluk orami (0%, 10%, 20%, 30%, 40%) ve 7 farkli vana agiklip
(10%, 17%, 23%, 36%, 49%, 62%, 100%) test edildi. Test araligyn 0-2.22 kg/s
arasindaki su debisini, 0-0.000174 kg/s arasindaki hava debisini ve kiiresel vanada
olusan 0-2.2 bar arasindaki basing diistimiinii kapsamaktadir.

Sonuglar gosterdi ki sabit bir hava hacim oram ve vana agikliginda, iki fazli
su-hava kangimlarinin akiglani swrasindaki kiitle debisi arttikga kiiresel vanada
meydana gelen basing diigiimii de artmaktadir. Ayrica, sabit bir vana agiklig1 ve iki
fazli akig debisinde, hava hacim oram arttik¢a kiiresel vanada meydana gelen basing
diistimii de artmaktadir.

Anahtar Kelimeler: Tek Fazhi Akis, Iki Fazhi Akig, Debi Olglimii, Su ve Hava

Karigimi, Basing Diigtimii, Kiiresel Vana, Orifismetre.
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CHAPTER 1

INTRODUCTION

The simultaneous flow of gas and liquid has been a subject receiving
increasing attention in the twentieth century. Especially, the accurate prediction of
two-phase flow rate and pressure drop in the applications of nuclear power plants,
chemical and process industries is necessary for design purposes. Therefore, several
techniques have been applied to estimate two-phase flow rate, most of which are

based on pressure drop measurements.

In this Thesis, the results of an experimental study on the flow of air-water
mixtures were presented. The experimental study consisted of single-phase and two-
phase flow rate measurements. In the single-phase study an orifice meter was
designed and constructed for the air supply line. In addition, necessary calibration of
the instruments in the water and air supply lines were done. On the other hand, two-
phase flow rate measurements were accomplished for different void fractions and
valve positions using the pressure drop across a globe valve. Then the experimental
data were correlated in terms of the system parameters. The experiments were

conducted at the Two-Phase Flow Test Facility (TPFTF).

TPFTF was constructed in Building-D of Mechanical Engineering
Department of the Middle East Technical University (METU) for the research
program that is being done under a Joint-Research Project. This Joint-Research
Project is realized with the contributions of METU, Turkish Atomic Energy
Authority (TAEK) and Atomic Energy of Canada Limited (AECL). Main objectives
of the project are to investigate the two-phase behaviour of a scaled CANDU-6



Header under natural circulation conditions and to support activities of Turkish
scientists and engineers to understand CANDU technology, and to increase the
experience and knowledge of TAEK’s staff on nuclear safety.

Some information about CANDU-6 Header will be helpful to understand the
goals of this project. CANDU-6 reactor is fuelled with natural uranium fuel that is
distributed among 380 fuel channels. The fuel channels are housed in a cylindrical
tank that contains cool heavy water (D,0O) moderator at low pressure. The CANDU
Heat Transport System (HTS) circulates pressurized D,O coolant through the fuel
channels to remove the heat produced by fission. Two parallel HTS coolant loops
are provided in a CANDU-6 reactor. Each of them has one inlet and one outlet
Header at each end of the reactor core. D,O is fed to each of the fuel channels
through individual Feeder pipes from the inlet Headers and is returned from each
channel through the outlet Headers.

In CANDU-6 reactors, the ability of the coolant to remove heat from the fuel
channel is influenced by how the Header distributes the steam and the water to the
Feeders. Therefore in the event of some loss of coolant accidents, the effectiveness
of the decay heat removal depends on the phenomena occurring in the Headers.
Understanding of the Headers’ behaviour is more important due to complexity of the
phase distribution in this type of geometry. Mass flow rate as well as flow
distribution in the Feeders are crucial parameters. In addition unwanted flow
oscillations and reversal may occur within the Feeders and their affects should be

observed closely.

To investigate these behaviors qualitatively and quantitatively, TPFTF was
constructed which consists of a scaled Header and 5 Feeders which are connected to
the Header from different positions. A globe valve is placed in each Feeder to
simulate flow resistance of the fuel channel and to obtain the required flow
distribution in the feeders. The rest of the facility includes a water—circulating pump,

a water-storage tank, an air supply, a mixer, connecting piping, and measurement



devices. Air-water mixture is used to represent water and its vapour. A detailed

description of the experimental set-up is presented in Chapter 4.

‘In Chapter 5, single-phase flow rate measurements are mentioned.
Calibration of the turbine type flowmeter in the water supply line and design and
calibration of an orifice meter are covered in detail. Two-phase flow tests and their
results are presented in Chapter 6. The effects of valve opening and void fraction on
pressure drop are also covered in the same Chapter. Chapter 7 includes the
correlation of two-phase flow experimental results. Two-phase mass flow rate is
defined in terms of the pressure drop across the globe valve, void fraction and valve
opening. Also a non-dimensional approach for the pressure drop multiplier is

presented. Preliminary runs on TPFTF are mentioned in Chapter 8.



CHAPTER 2

LITERATURE SURVEY

Since the determination of the flow rate of a two-phase flow system is an
essential problem in many engineering applications, an accurate flow metering
system has been searched during the previous century. Some devices have been
innovated for this purpose. However, most of the existing instruments to measure
flow rates were previously developed for single phase flows. In order to utilize these
instruments in two-phase flows, a proper calibration is required. In addition, the
experiments should be supplemented with a reasonable theoretical approach. After
the second quarter of the twentieth century, the researchers published considerable
experimental and analytical works in the study of two-phase flow with or without

heat transfer.

This Chapter will be devoted to the summary of previous works done to
measure or to estimate two-phase flow rate. Since the motivation of this research
focuses on flow rate measurements with differential pressure methods, these

methods will be covered extensively.

It is worth mentioning at the beginning that Lockhart and Martinelli’s [1]
prominent study in 1949 led the following studies and many researchers utilized the
Lockhart-Martinelli Parameter (see Chapter 3.2.4) in the estimation of two-phase
frictional pressure drop through pipes. ;

In 1962, the experimental study of Murdock [2] was on the measurement of
two-phase flow with standard orifices of different configurations. Data of steam-

water, air-water, natural gas-salt water combinations, which were tested in pipes of



diameters 63.5 mm, 76.2 mm, and 101.6 mm, were utilized. A correlation to
estimate two-phase flow rate was obtained by modifying the single-phase metering
correlation. While deriving the correlation, the value of the pressure drop
corresponding to each phase was calculated treating the pressure drop as the one that
would have been obtained if only one phase (gas or liquid) has been flowing through
the orifice meter. Diameter ratios of the tested orifices were between 0.25 and 0.50.
The Reynolds number of liquid was varying between 50 and 50000, and that of gas
was between 10000 and 1000000. Maximum liquid weight fraction was 90 percent.

Chisholm [3] proposed a theoretical approach in 1967. This theory
introduced the shear forces between the phases and estimated the pressure gradients
during the flow of two-phase mixtures in pipes and through orifices and venturis.
The derived correlation was in terms of the Lockhart-Martinelli correlating groups
and was shown in certain circumstances to be identical to the “homogeneous flow”

correlation.

Progress in understanding two-phase flow through orifices continued with
the study of Chisholm [4] in the same year. Correlations were developed for the
flow of gas-liquid or vapor-liquid mixtures through sharp-edged orifices under
conditions where the density change of the gas or liquid through the orifice is
negligible. The theory again took account for the interfacial shear force between the
phases. The determination by experiment of a single coefficient characterizing the
pipe and orifice arrangement permitted the prediction of both the two-phase flow
rate and the ratio of the phase velocities for a given pressure drop and gas-liquid
weight ratio. This theory was then examined by experiments covering the range of
qualities from 0.1 to 0.98.

Collins and Gacesa [5] worked on the measurement of steam quality in two-
pflase upflow with venturimeters and orifice plates in 1971. 63.5 mm and 76.2 mm
pipe sizes were used and total flow rates ranged between 0.19 kg/s and 1.26 kg/s.
Steam quality was varied between 5% and 90%. After determining the single-phase

discharge coefficients, experiments were carried out for various venturimeter and



orifice plate arrangements. A study on the effect of orifice plate upstream calming
length on two-phase flow measurements was presented. Then the results were
correlated and an explicit relationship between two-phase quality and the measured
variables (pressure drop, total mass flow rate) was obtained. Comparison of the
results with Murdock’s [2], Chisholm’s [3] studies indicated that pipe size was a

significant variable.

In 1974, Chisholm and Rooney [6] presented their theoretical research on the
development of simple correlations for use in the prediction of pressure drop for
conditions where the mixture can be considered essentially incompressible and non
evaporating. This theoretical work was based on the previously obtained
experimental data in small qualities, 0% to 0.15%. The pipe diameters were 19 mm,

22 mm and 25 mm and mass fluxes were between 360 and 3300 kg/s.m”.

Smith and Leang [7] evaluated the flowmeter correlations of James [8],
Marriott [9] and Murdock [2] using data for orifices, venturimeters and nozzles
previously reported. In their work, also a new correlation was proposed for the case
where the phases may be treated as separated. New correlation included a blockage
factor simply to modify the total flow area compared to the effective flow area
available for the gas. For orifice data, the flow rate predictions had approximately
same reliability. On the other hand, for the venturi and nozzle data, the use of
blockage factor correlation yielded better results. The applicable range of quality

was not mentioned in their study.

Lorenzi and Muzzio’s [10] study was to develop a rational relationship on
the basis of the total energy equation for the total mass flow rate of the mixture. For
a given pressure drop and gas-mixture mass ratio, they introduced a correction factor
which permitted the prediction of the two-phase flow rate. In the experimental part
of the study, air-water mixture was tested in a 36 mm pipe while the quality was
between 0.00065% and 0.102%. Water flow rate was varied between 0.18 and 1.48
kg/s. Diameter ratio of the orifices were 0.29, 0.45 and 0.56. The experiments were



restricted to bubbly flow regime in order to cancel out the effect of flow regime on

the correction factor.

In 1976, Fouda and Rhodes [11] discussed the Collins’ [5] correlation and
reported a modified parameter involving the diameter of the venturi. In this part of
the study, separated flow approach was utilized. Venturi data for air-water and
steam-water were compared and the authors concluded that the use of the total
pressure head measured vertically between the venturi pressure taps can lead to large
errors in the measurement of flow rate especially in low pressure high quality
systems. On the other hand, the choice of quality or void fraction for calculating
density in homogeneous flow model was investigated. The authors stated that the
homogeneous flow approach does not allow an accurate method for predicting the

total mass flow rate in a venturi except by the introduction of adjustable parameters.

In the following year, Chisholm’s [12] theoretical study improved the
aforementioned analysis of incompressible two-phase flow. Equations were
‘developed for the pressure drop estimation over the orifice plate and comparison
was made with the available data. Particularly, the new equation was aimed for use

at higher qualities.

Four separate two-phase flow correlations have been evaluated for the case
of flow through sharp-edged orifices in the study of Smith, Murdock, and
Applebaum [13]. Prediction reliability of each correlation was obtained by
computing the root mean square fractional deviation. For the flow of steam-water
mixtures, the correlation of James [8] was the best. On the other hand, the
investigation favored Murdock’s [2] correlation -for the flow of two-component gas-
liquid mixtures. The study also indicated that there was lack of steam-water orifice
flow data base for use in evaluating two-phase flow correlations.

Lavagno and Panella’s [14] experimental study contributed to the previous
studies on venturis. Two venturimeters were tested in single and two phase flows. A

new relationship, two-phase multiplier in terms of Martinelli parameter was



proposed and compared with the theoretical models of Murdock [2] and
Chisholm [3]. In particular, the upstream configuration effect, the energy losses
across the contraction, and the void fraction variation in the venturi throat were
investigated. The experiments revealed that quality can be evaluated with rather

good accuracy by pressure change measurements in venturis.

Lorenzi and Muzzio [15] examined air-water mixtures through venturimeters
in 1979. The theoretical interpretation of the experimental results based on the
physical description of the flow, in terms of one-dimensional total mass balance and
energy equations, showed that the data can be satisfactorily predicted by means of a
simple correlation for void fraction at the throat. The water flow rates were ranging
between 0.69 and 1.67 kg/s and tested quality values were smaller than 0.467%. At
the end of the study, the authors stated that obtaining the data at fixed geometry and
practically constant physical properties of the fluids lacks the allowance for the

effect of these parameters and more data are required for generalization.

X. H. Lin [16] improved the modified separated flow analysis in 1982. The
experimental work done by Lin consisted of treatment of flow rate and quality
relationship of sharp-edged orifices which have diameter ratios 0.312, 0.439, and
0.625 . Test fluid was R 113. Two-phase flow measurements of high ratio of gas
density to liquid density (up to 0.328 ) and high operating pressure to the critical
pressure (up to 0.8319) were carried out. On the basis of theoretical and
experimental study, a simple and rational relationship was developed for the flow
rate and quality by the introduction of a corrective coefficient which can be
evaluated empirically. Corrective coefficient was a function of the density ratio of
.two phases. A comparison with the previous. studie_s revealed that the derived
relationship can be used to calculate the quality or flow rate of low viscosity vapor-
liquid or steam-water mixtures in the effective range 0.0.00455-0.328 of the density
ratio, in pipe size ranging from 8 to 75 mm, and in orifice to pipe diameter ratio

from 0.25 to 0.75.



In 1982 Reimann, John, and Miiller [17] presented a study for comparing
different flow rate measuring systems in two-phase flow. The particular systems
investigated include the true mass flow meter (TMFM); the radionuclide technique;
the combination of a free field drag disk-turbine meter-transducer (DTT) and a
gamma densitometer; and the combination of a venturi nozzle and a full flow turbine
meter. The experiments were performed under similar conditions in steady-state
steam-water flow and test matrix included wave, slug and annular flow regimes.
The conclusion of this study reflected that the accuracy of last two methods is
distinctively dependant on phase distribution and calibration is required for every
geometry. Also TMFM was the only device which measures directly the two-phase

mass flow rate.

Salcudean, Groeneveld, and Leung [18] reported an interesting study in 1983
on the effect of flow obstruction geometry on pressure drops in horizontal air-water
flow. Measurements have been carried out for two different flow biockages and six
obstruction shapes. Among many conclusions, the most important one was the
pressure drop through the obstructions in two-phase flow was found to depend
strongly on the Kinetic energy and momentum of the liquid intercepted by the flow
obstruction, i.e. the contribution of liquid phase on pressure drop was greater. In
addition, it was also seen that buoyancy induced flow stratification caused a strongly
non-symmetrical effect, and resulted in large pressure drops for flow obstructions
located in the bottom part of the channel.

_Vallascas [19] performed an analytical and an experimental work on linear-
resistance flowmeters. The work verified the possibility of measuring two-phase
flow rate by means of filtering systems when the volumetric flow ratio is known and
confirmed the validity of a linear relationship between flow rate and pressure drop
for low Reynolds numbers. The experiments were carried out with two filtering
systems consisting of lead balls with diameter of 1.9 and 2.9 mm. After calibrating
the measuring device in single-phase flow conditions of air alone and water alone,
volumetric flow ratios of up to 0.5 was tested. The experimental results showed

excellent agreement with the equation proposed.



On the following years, Durst and Zeisel’s [20] work was on describing a
method to measure simultaneously the individual mass flow rates of a two-phase
fluid flowing through ducts. A combined electronic system consisting of two mass
flow meters based on Coriolis force measurements and an inductive flow rate meter
were employed in sequence and two quantities of a two-phase flow that can be used
to measure individual volume rates and mass flow rates were obtained.
Measurements with a test loop showed that the error in the measurement increases

as the quality decreases.

In the experimental study of Salcudean and Leung [21] , local pressure drop
measurements was carried out for single and two-phase flows along vertical and
horizontal channels. Obstructed axisymmetrical flows of bubbly and annular flow
patterns were observed and the relation between the pressure drop and the obstructed
flow momentum was analyzed. The results indicated that the local pressure drop
depends strongly upon the size and the location of the blockage and the difference in

phase distribution introduces considerable influence on pressure drop.

In 1992, Zhang, Lu and Yu [22] extended the analysis of orifices with low
quality mixtures. They modified the orifice correlation for the single-phase flow rate
using the void fraction, because they noted that at low qualities, the void fraction
changes more sharply. The verification of the theoretical approach was
accomplished on an experimental apparatus. The pipe diameter was 50.8 mm and
tested orifice diameter ratios were 0.499 and 0.422. The quality of the air-water
mixture ranged from 0.007% to 1%. Howeyver, the study revealed that verification of
the theory had to be extended further with some additional experiments with
different two-phase mixtures and pipe diameters.

A single-phase experimental study on globe and gate valves was conducted
by Banerjee, M. Das and S. K. Das [23] in 1994. Pressure drop measurements were
taken across half-inch globe and gate valves in the horizontal plane for the flow of
non-Newtonian pseudoplastic fluids. Laminar flows were investigated and

generalized correlations were obtained for both valves relating pressure drop to
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Reynolds number of the liquid and to the valve opening percentage. It was seen that
the pressure drop increases with an increase in volumetric flow rate for a constant
valve opening percentage and as the opening becomes smaller, the curve relating

pressure drop and flow rate becomes steeper.

Fischer’s [24] study in 1995 was purely theoretical and a method was
developed for predicting discharge characteristic of low pressure two-component
gas-liquid annular-mist flows through an orifice. In the method, assumed vena
contracta effect of the two-phase flow was approximately accounted for by applying
discharge coefficients for pure air flows. Furthermore, a new equivalent two-phase
density was derived to characterize the compressibility of the mist fluid. A
comparison with homogeneous model, with the method of Simpson [25] for
incompressible flows and with the method of Morris [26] for sub-critical flows were

also presented in the study.

The studies on globe and gate valves were extended to two-phase flows in
1998. Banerjee and S. K. Das [27] performed experiments to evaluate the two-phase
pressure drop across half-inch valves. Mixture of air and different concentrations of
dilute solutions were utilized. Experimental data were correlated in an acceptable
accuracy. Resulting generalized equations showed that two-phase pressure drop
across the valves depends on Reynolds numbers of both phases, valve opening and

fluid properties.

One of the recent studies of Samanta, Banerjee and Das [28] reported gas and
non-Newtonian flow across orifices. Orifices of diameter _ratios 0.465, 0.598, and
0.709 were tested in a pipe of 12.7 mm internal diameter. Experimental
investigations were followed with a dimensional analysis and data were correlated.
Two-phase flow loss multiplier was found in terms of Reynolds numbers of each
phase, diameter ratio and dimensionless liquid property grou;;. The generalized
equation is valid for Reynolds numbers of 45 to 2200 for liquid phase and 230 to
2200 for gas phase.

11



Two-phase pressure drop in orifice plates and gate valves in large pipes was
also investigated by Saadawi, Grattan, and Dempster [29]. In this recent study, three
orifice plates with diameter ratios of 0.5, 0.65 and 0.75 and a gate valve with three
opening positions corresponding to the orifice plate areas were tested. Utilized pipe
diameter was 203 mm which was the highest value for such experiments in the
literature. The experiments were started with the determination of single-phase loss
factors of the devices. Then the stratified-wavy, plug and slug flow regimes were
observed. These data were presented in terms of two-phase flow pressure drop
multiplier and mass quality and compared with similarly based correlations. The
results indicated that experimental data were overestimated by the predictions of
Morris [26] and Simpson [25] in the upper range of the mass fractions tested. One of
the remarks of this study was for the experimental pressure drop data the fluctuating
component of the pressure was a significant proportion of the pressure loss, which

resulted in increased uncertainty in the data.
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CHAPTER 3

THEORY AND APPLICATIONS

3.1 Basic Equations of Single-Phase Flow Measurements

Since this Thesis is concerned with the method of estimating mass flow rate

with a differential pressure producer, it will be useful to recall the theory of this

method.

3.1.1 Continuity Equation

This is a simple statement of the assumption that the fluid flows steadily and

that the same mass flow must cross each section of the pipe. For a continuous duct

without any branches (Figure 3.1):

p—l——"—" VI ——’vz

i

P3

—PV3

——\______

Figure 3.1 Flow in a Continuous Duct

I(pl *Vl *dAl) = I(pz "V2 "‘dAz) = I(p3 "‘V3 "‘dA3) =mass flow rate

A A, A,
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where Vi, V,, V3 are the mean velocities and p;, p2, p3 are the densities of the fluid
at the cross-sections A;, A,, As, respectively. For a one-dimensional flow with

uniform properties over each cross-section:

P1*A1»Vi=pr+Ay»Va=p3+ A3+ V3 (3:2)

For incompressible liquids (p1 = p2 = p3);

A; + V1 =A5+V,y= A5+ V3 =volume flow rate 3.3)

3.1.2 Bernoulli Equation

This equation relates the forces acting on the fluid to the change in
momentum through a control volume. If P is the pressure force, f is the force on
longitudinal surface, A is the cross sectional area, W is the weight and p is the
density of the fluid element in Figure 3.2, the statement can be quantified using this

relationship:

Figure 3.2 Forces Acting on a Fluid Element

forces in the flow direction = change of momentum
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inlet pressure force + outlet pressure force + force on longitudinal surface —

component of weight = Rate of Change of Momentum
P+A—(P+6P)+(A+8A)+f+3A—-WiscosO=p+AxVadV (34

Simplifying and integrating Equation 3.4 yields the Bernoulli Equation;

2 2
Ay, Y bk (3.5)
2g psg 2g pg

3.1.3 The Relationship Between Flow Rate and Pressure Drop

Using incompressible continuity relation (3.3) for a flow in a horizontal pipe

(z1=2p), Bernoulli Equation (3.5) reduces to (assuming the duct in Figure 3.1 is a

horizontal pipe);
V, = _Jiiéia_ (3.6)
p*(1-p%)

where V; is the mean velocity of the fluid in the cross-section Ay, P is the diameter
ratio, D, / Dy; and D, and D, are the diameters of the cross-sections A; and A;
respectively. The ideal mass flow rate in the pipe can be obtained from this

equation:

2»p*AP

S (.7

n.1=ptA2#V2=A2t
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3.2 Basic Definitions and Equations in Two-Phase Flow

3.2.1 Quality ( Dryness Fraction ) (x)

_ mass flow rate of gas in the mixture (3.8)
total mass flow rate of the mixture )

3.2.2 Void Fraction ()

_ volume of gas in the mixture (3.9)
total volume of the mixture .

In engineering applications, it is widespread to define void fraction as:

o = STOSS - sectional area occupied by gas phase only (3.10)
total cross - sectional area of channel )

3.2.3 Slip Ratio (S)

S= linear flow velocity of gas phase 3.11)
linear flow velocity of liquid phase |

Slip ratio is 1 for homogeneous flows such as bubbly flow, whereas it is

greater than 1 for heterogeneous flows such as annular flow.

3.2.4 Lockhart-Martinelli Parameter (Xyv)

(3.12)
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where;

(AP/Az);= Frictional pressure drop per unit channel length of the liquid phase if it
were assumed to flow in the channel alone.

(AP/Az)y, = Frictional pressure drop per unit channel length of the gas phase if it

were assumed to flow in the channel alone.

3.2.5 Two-Phase Flow Multiplier (®)

&),

D2 =Sl (3.13)

lo (_A_P)
Az lo

where (AP/Az),, is the frictional pressure drop per unit channel length of the
two-phase mixture.

3.3 Theoretical Models in Two-Phase Flow

An examination of the two-phase flow literature reveals that two-phase flow
has an exceedingly complex physical structure that the analytical works have
focused on the modeling of the flow. Three theoretical approaches are utilized in the

analysis of two phase flows [30]:
3.3.1 Homogeneous Flow Model

Homogerneous flow theory provides the simplest technique for analyzing
two-phase flows. Suitable average properties are determined and the mixture is
treated as a pseudo-fluid that obeys the usual equations of single-component flow.
Any of the thermodynamic properties of the mixture can be calculated as the
weighted average properties of individual phases. For example density of the
mixture (Pmix) is defined as the weighted averages of densities of liquid (p;) and gas

(pe) phases:

17



Pmix=a»pg+t(1-a)sp (3.14)
3.3.2 Separated Flow Model

The separated flow model takes account of the fact that two phases have
different properties and different velocities. Separate equations of continuity,
momentum and energy are written for each phase and these six equations are solved
simultaneously, together with the equations which describe how the phases interact

with each other and the walls of the duct.

3.3.3 Drift-Flux Model

The drift-flux model is essentially a separated flow model in which attention
is focused on the relative motion rather than on the motion of the individual phases.
The relative motion is determined by a few key parameters and is independent of the
flow rate of each phase. For example, in bubbly flow at low velocities in large
vertical pipes, the relative motion between the bubbles and the liquid is governed by
a balance between buoyancy and drag forces; it is a function of the void fraction but
not the flow rate. This model provides a starting point for extension of the theory to
flows in which two- and three-dimensional effects, such as density and velocity

variations across a channel, are significant.

3.4 Two-Phase Flow Regimes

Observation of two-phase flow systems indicated that there are visually
distinguishable flow patterns. As the ratio of superficial velocities of liquid and gas
phases change, different flow patterns can be seen [30]:

Bubbly Flow: This ﬂovs; pattern is characterized by a suspension of discrete bubbles

in a continuous fluid.

18



Stratified Flow: Liquid flows at the bottom of a horizontal pipe with gas at the top.

The interface can either be smooth or wavy.

Slug Flow: In this flow pattern, the inventory of liquid in the pipe is non-uniformly
distributed axially. Plugs or slugs of liquid which fill the pipe are separated by gas
zones which contain a stratified liquid layer flowing along the bottom of the pipe.
The liquid may be aerated by small bubbles which are concentrated toward the front
of the liquid slug and the top of the pipe.

Annular Flow: In the annular flow pattern, a continuous liquid film flows along the

wall of a pipe while the gas flows in a central core.

Dispersed Flow: This regime consists of small bubbles of gas dispersed throughout
liquid or small droplets of liquid dispersed throughout gas (mist flow).

3.5 Flow Rate Measurement Techniques in Two-Phase Flow

The measurement of two-phase flow rate is of basic importance in many
industrial applications. Most of the existing instruments to measure mass or volume
flow rates are developed for single-phase flow systems and in many applications
involving two-phase flows, it has been assumed that the application of these
instruments in two-phase flows is feasible by calibration of the instrument for
particular flow condition. Furthermore, measuring two-phase flow rate becomes
more complicated when void fraction and flow regime change. In the earlier
applications, which is still most widely used, accurate measurement of mass flow
rates of two-phases are obtained in a discontinuous way by sampling the twb-phase
flow mixture for a time duration and by weighing the collected mass of mixture and
of one of the phases after separation. Since this method is difficult and not efficient,
new instruments have been developed, most of which measure the mass or volume
flow rate indirectly, e.g. by recording the pressure drop across an orifice, the drag of

a plate, etc.
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Due to the complexity of two-phase flows, the response of these instruments
tends to be very sensitive to time dependent local flow regime, which depends on
the mass flow rates of both phases and upstream geometry of the conduit. In
addition, another flow transient, namely pressure fluctuations may affect the output

of these metering devices.

Most widely used instruments in flowmetering of two-phase flows can be

summarized as follows:

3.5.1 Differential Pressure Flowmeters

Differential pressure types of flowmeters are the most widely used flow rate
measuring devices for fluid flows in pipes that require accurate measurement at
reasonable cost. These flowmeters have a variation in flow cross-section that can be
described as a restriction in the flow line that causes the velocity of the flowing fluid
to change. The most commonly used Differential Pressure Flowmeter types are

explained below.
3.5.1.1 Orifice Plate

The orifice plate flowmeter (orifice meter) is the most common industrial
equipment. It is apparently simple to construct and has a great weight of experience

to confirm its operation.

The inlet flow is fully developed turbulent if adequate upstream pipe length
is allowed. Flow then continues to converge to a vena contracta surrounded by a
recirculation zone. Due to the geometry of the orifice plate, a high total pressure loss
occurs across the flowmeter. This pressure loss is much greater than for the venturi
meter and it causes a mixed flow pattern compared with the smooth venturi flow.
The sharpness of the plate leading edge is likely to affect the development of the
vena contracta [31,32,33].
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Figure 3.3 Flow Through an Orifice Meter in a Pipe

From the Bernoulli Equation (3.5), mass flow rate in single-phase flow can

be estimated via an orifice meter using the following relationship (refer to

Figure 3.3):

m=C+E+g+(n/4)*d? +[2*p, * AP) (3.15)

where;
d : orifice diameter
D : upstream pipe diameter
C : discharge coefficient (depends on B and Rep)
€ : expansion factor

AP : differential pressure
p1 : density of the fluid at the upstream pressure tapping

1
|
Ja-p%

B =d/D (diameter ratio)

(velocity of approach factor)

When the orifice meter is used in two-phase flow, it will be outside the
standard requirements and should be used with caution and with suitable bleed holes

to remove liquid or gas from the upstream face of the orifice plate. From theoretical
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and experimental studies, researchers proposed many correlations relating two-phase
flow rate to the pressure drop across an orifice. The correlations of Murdock [2],
Collins and Gacesa [5], Smith and Leang [7], James [8], Marriott [9], and Lin [16]
are the most famous ones. These correlations contain many parameters such as
quality, void fraction, properties of fluids, etc. and were validated in different flow

conditions. However, there is lack of generality of the correlations.

3.5.1.2 Venturi Meter

Venturi meter consists of a conical contraction, a straight throat and a conical
expansion. Suitable pressure tappings are provided for observing the difference in
static pressures between the inlet and the constricted portion. The effect of upstream
pipe fittings on the performance of the venturi is much reduced from the orifice
requirements, presumably because of the much greater flow stability in the venturi

(controlled deceleration) [31].
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Figure 3.4 Flow Through a Venturi Meter in a Pipe

From the Bernoulli Equation (3.5), mass flow rate in a single-phase flow can

be estimated via a Venturi meter using the following relationship (refer to

Figure 3.4):
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. =Cmﬂ:td2*m (3 16)

m
4+p,

where;

d : Venturi diameter

D : upstream pipe diameter

p1 : density of the fluid at the upstream of the throat
B=d/D

Coefficient of discharge, C, depends on B and Rep and its values are nearly 1

and higher than those of orifice meters.

The technique of calculating two-phase flow rate by pressure drop
measurement across a Venturi meter has been applied widely in many applications.
Several theories and correlations have been proposed by Chisholm [3], Collins and
Gacesa [5], Fouda and Rhodes [11], Lavagno and Panella [14], Lorenzi and
Muzzio [14]. However, since the flow conditions are different, none of the
correlations is applicable for all cases. In the analysis with Venturi meters, again,
void fraction, quality and fluid properties are inserted in the above single-phase

relationship according to experimental and theoretical work.
3.5.2 Electromagnetic Flowmeters

Electromagnetic flowmeters (Figure 3.5) are limited to measuring the volume
flow rate of electrically conductive fluids. The instrument consists of stainless steel
cylindrical tube, fitted with an insulated liner, which carries the measured fluid. A
magnetic field is created in the tube by placing mains-energized field coils either
side of it, and the voltage induced in the fluid is measured by two electrodes inserted
into opposite sides of the tube. In this method of measurement, there is no
obstruction to fluid flow and consequently no pressure loss associated with
measurement. By Faraday’s Law of Electromagnetic Induction, following

relationship can be utilized in two phase flows to obtain average velocity:
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E=BsLsu (3.17)

where E is the induced voltage across a length L, B is the magnetic flux density, L is
the characteristic length between the electrodes and u is the average velocity of the

two-phase mixture. Having calculated u, using cross sectional area volumetric flow

rate of two-phase flow can be obtained [ 32, 33, 34].
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Figure 3.5 The Electromagnetic Flowmeter

3.5.3 Ultrasonic Flowmeters

This is a non-invasive technique which is also not restricted to conductive
fluids. It provides measurement without requiring pipe modification. There are many
ultrasonic methods applied in two—phase flows. Most widely used methods can be

summarized as follows [32,33,34]:
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3.5.3.1 The Doppler Shift Method

Sound waves are projected along the flow path and the frequency shift in the

return signal from scatterers in the fluid is measured. The instrument (Figure 3.6)

consists essentially of an ultrasonic transmitter-receiver pair clamped on to the

outside wall of the fluid-carrying vessel. The differences between sending and

receiving signal frequencies (f; and f, respectively) are related to average velocity of

the two-phase mixture (u) with the following equation:

fi=| f-f| =2.usf/C

where C is the sound velocity in the fluid without flow.

Uitrasonic source
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Ultrasonic detector

Figure 3.6 The Doppler Shift Ultrasonic Flowmeter

3.5.3.2 Transit Time Method

Sound waves are transmitted in opposite directions relative to the flow and

the difference in travel times is measured. In this method, a pair of ultrasonic

transducers are mounted along an axis at an angle 6 with respect to the fluid flow

axis (Figure 3.7). Each transducer consists of a transmitter-receiver pair, with the
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transmitter emitting ultrasonic energy which travels across to the receiver on the
opposite side of the pipe. Fluid flowing in the pipe causes a time difference between

the transit times of the beams travelling upstream and downstream. The

measurement of this difference allows the average flow velocity (E) to be calculated

with the following equation.
Af=2%u*cosd /L (3.19)

where L is the distance between the transducers.

Ultrasonic element
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Ultrasonic element

Figure 3.7 The Transit Time Ultrasonic Flowmeter
3.5.3.3 Cross-Correlation Method

Cross-correlation flowmeters (Figure 3.8) use two sensors placed a known
distance apart in the fluid-carrying pipe and cross-correlation techniques are applied
to the two output signals from these sensors. This procedure compares one signal
with progressively time-shifted versions of the other signal until the best match is
obtained between the two waveforms. If the distance between the sensors is divided
by this time shift, a measurement of two-phase flow velocity is obtained.
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Figure 3.8 The Cross-Correlation Flowmeter

3.5.4 Turbine Flowmeters

A turbine flowmeter (Figure 3.9) consists of a multi-bladed wheel mounted
in a pipe along an axis parallel to the direction of fluid flow in a pipe. The flow of
fluid past the wheel causes it rotate at a rate which is proportional to the volume
flow rate of the fluid. The speed of rotation is sensed by a magnetic pickup mounted
on the flow tube. Provided the bearing drag is small and blades are well designed,
revolutions of the turbine wheel will give a good measure of the single-phase flow
past the wheel. However, the available data from turbine meters in two-phase flows
suggest that they are subject to large errors. To reduce the errors, a proper
calibration is required. Turbine flowmeters were studied under two-phase flow
conditions by Aya [35], Rouhani [36] and Heidrick et al. [37]. Two-phase flow rate

can be estimated using the following relationship:

myp=A«Vrs[ospgt(1-0)+p] | (3.20)

where V7 is the average blade velocity in the direction of flow.
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Figure 3.9 The Turbine Flowmeter
3.5.5 DragPlate

This consists of a spring-loaded, hinged flap mounted at right angles to the
direction of the fluid flow in the pipe (Figure 3.10). The flap, which is generally
circular-shaped, is connected to a pointer outside the pipe. Fluid flow rate is inferred
from the deflection of the flap and the pointer. The drag plate is essentially an
inside-out orifice plate [33]. Under two-phase flows, liquid phase velocity, u;, can be

obtained from the following relationship:

(2*K *0)2

= 3.21
Ag*L*Cp*Cy*[a*p, *S* +(1+0)*p,] G20

uy

In this expression, Cp is the drag coefficient, A4 is the disc area, Cq is the
coefficient that incorporates the effects due to non-homogeneity in the distribution

of gas on the liquid phase.
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Figure 3.10 Side View of A Drag Plate
3.5.6 Coriolis Force Type Flowmeters

This device is composed of U-shaped parallel flow tubes in which two-phase
flow is passed (Figure 3.11). The tubes are vibrated normal to the flow direction
with a predetermined frequency to generate Coriolis force to act on the tubes. Within
the tube, the fluid flow rate produces a torquing motion about the ax15 of symmetry
of the U-shaped tubes. The resulting twist of the tube can be detected
electromagnetically and the Coriolis force can be determined. This force turns out to
be a direct measure of total mass flow rate passing the U-tube [20,32].

1
Right Posltia:
' Detector "

Figure 3.11 The Coriolis Force Type Flowmeter
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3.5.7 Laser-Doppler Flowmeters

This instrument gives direct measurements of flow velocity by detecting the
small particles in the flow. Light from a laser is focused by an optical system to a
point in the flow, with fiber optic cables being commonly used to transmit the light.
The movement of the particles causes a Doppler shift of the scattered light and
produces a signal in a photo detector which is related to the fluid velocity [32].
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CHAPTER 4

DESCRIPTION OF THE EXPERIMENTAL SET-UP

4.1 Facility Description

Experimental investigations were conducted at the Two-Phase Flow Test
Facility (TPFTF) which is constructed in Building-D of Mechanical Engineering
Department of METU. The facility is composed of a transparent and scaled
CANDU-6 Header and 5 Feeders. Each Feeder is connected to the lower half of the
Header. A globe valve is placed in each Feeder to obtain the required flow rate in
the Feeders. The other components of the facility are a water-storage tank, a water-
circulating pump, three air tanks, an air-water mixer, and connecting piping. Most of
the components are made of plastic. The Header and the Feeders are made of
transparent PVC and acrylic. See Figure 4.1 for the side view of the experimental

set-up. The top view of the experimental set-up can be seen in Appendix A.

4.1.1 Water Supply Line

There is closed circulation loop in the water supply line. The water utilized in
the system is distilled beforehand to prevent accumulation of particles such as lime
within the components in the long term applications. Then it is stored in a 100 It.
storage tank. There is a supply line at the bottom of this reservoir. It is connected to
the pump. The pump is a multistage normal suction, horizontal, high pressure
centrifugal bump. The maximum permissible working pressure of the pump is 10
bars and optimum flow rate is 8 m*/h. There is also a by-pass line with a relief valve
after the pump. This line is used to direct the water to tank to arrange volumetric

flow rate and to balance system pressure. Also the attached relief valve prevents the
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system from high pressure and ensures safety. In addition, there is a pressure gage
which shows the gage pressure of the system. It is a Bourdon gage and shows
pressures up to 10 bars with 0.25 bar sensitivity. Beside that one, there is also a gage
which displays system water temperature. The pipes of water supply line are made
of plastic and have inlet diameters of 38 mm. The flow rate on the water supply line
is measured by a turbine flow meter. This flow meter has a five bladed rotor with a
permanent magnet integrated into each blade. Speed of rotation of these blades is
directly proportional to the flow velocity. This device has an adjustable output range
from 4 to 20 mA. It shows instant flow rate. The calibration procedure of this device
will be mentioned in Chapter 5.1.2. A check valve is placed after the turbine flow
meter to guarantee flow in one direction. Before the mixer, there is a pressure

transducer on the water supply line.

GLOBE VALVES

BY-PASS LINE
]

""" WATERSUPPLYUNE AIR SUPPLY LINE

Figure 4.1 Side View of the Experimental Set-Up (TPFTF)
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4.1.2 Air Supply Line

On the other hand, air is supplied to the system from three tanks which are
connected in series to a compressor. The tanks may be filled up to 10 bars of air.
There are pressure gages and relief valves at the top of each of the air tanks. The
stored air may be given to the system with the help of a regulator which arranges the
pressure in the air supply line. Afterwards, air passes through a filter, a check valve
and a pressure gage in sequence. Pressure gage has a range of 0-2.5 bars with 0.05
bar sensitivity. The pipes of air supply line is made of plastic and have inlet diameter
of 25.4 mm. There are two rotameters at different sensitivity which are connected to
air supply line to measure volumetric flow rate in f’/min. The volumetric flow rate
values in air and water supply lines are used in arranging different void fractions at
the Header inlet. Since the rotameters are not sensitive enough and an electﬁcal
signal is desired to include the air flow rate in the data acquisition system, an orifice
meter was designed and constructed. The construction and calibration of the orifice
meter will be mentioned in Chapter 5.2. Before the mixer, there is a pressure
transducer in the air supply line which shows the air pressure before the mixing
occurs. It has an output of 4 to 20 mA corresponding to 0-100 psi range. There is a

check valve after pressure transducer to prevent water to escape into air supply line.

4.1.3 Mixer

The mixer section where the air and water supply lines are connected is made
of PVC. The air supply line is ended with a copper tube with small holes distributed
throughout. This tube is the main component of the mixer. After the mixer, there is
again a pressure transducer which shows gage pressure after mixing. Then the mixer

is connected to the Header from the top.

4.1.4 Header

Two-phase mixture fills the Header before entering the Feeders. The Header
has a cylindrical shape with a diameter of 194 mm and length of 1200 mm. In the
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Header, average void fraction is measured with five impedance probes. Basically,
these probes measure the voltage difference between the tip and the metallic ring
surrounding the inner surface of the Header. There are dampers where mixer and
Feeders connect to the Header to minimize the vibration of the Header in the tests. A

view of the Header is seen in Figure 4.2.

| HEADER

Figure 4.2 The Header and The Feeders

4.1.5 Feeders

The Feeders are connected to the Header via flanges at different angles
(Figure 4.2). Two of them make 90°, two of them make 54° and one of them makes
18° with the vertical. Three of the Feeders have inlet diameters of 34.5 mm and two
of them have 25.4 mm. In each Feeder, there is an impedance probe which is used to
measure average void fraction within the Feeder. There are 1 % and 1” globe valves
on larger and smaller Feeders, respectively, to arrange the fluid flow rate. Globe
valves are positioned in the horizontal part of the Feeders and the valve spindles are
at the top. The pressure difference between the upstream and downstream of the

valves is measured by differential pressure transmitters. These data are required to
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estimate the flow rate of the water-air mixture. Pressure drop at different void
fractions and at different valve openings are recorded and utilized in the
quantification of the two-phase flow. The mixture in the Feeders are discharged into

the water tank, which is open to atmosphere, for re-circulation.

4.1.6 Impedance Probes

The impedance probes are made of a stainless steel rod which is surrounded
by an insulator (rulon material). They are inserted through the flow channel by
means of a Conax fitting. Wire leads are attached to the protruding end of the rod.
These 'leads are connected to the measuring circuit. The measuring circuit is based
on the fact that there occurs a difference between excitation voltage and sensed
voltage according to the impedance of the probe due to the variations in the void
fraction. This voltage difference can be interpreted as the void fraction. The probe
geometries are different in the Feeders and the Header. The Header probes are used

for level indication.
4.1.7 Data Acquisition System

All the data digital output of the experimental set-up are converted to Volt
signals and connected to the data acquisition system which consists of 1
multifunctional analog and digital /O card (PCL-812PG) and two channel
multiplexing daughter boards (PCLD-789D). Each PCLD-789D has 16 differential
input channels. These channels collect the outputs of differential pressure
transmitters, turbine flowmeter, impedance probes and pressure transducers and
send these data to the data acquisition card. Advantech GENIE software is used to
read, display and log the data. Advantech GENIE provides an intuitive object
oriented graphical use interface that simplifies control strategy and display setups.

This software is run under Windows98 environment in a Celeron-433 processor.

The specifications of data acquisition system and each instrument mentioned

above can be seen in Appendix B.
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4.2 Test Section Description

The mass flow rate measurements in the feeders are performed with a
differential pressure producer, a globe valve. The globe valves are positioned on
cach Feeder. In the design of the Feeders, the required straight lengths of pipes have
been included successfully at the upstream and downstream of the globe valves.
This is required to provide a fully developed flow in the measuring sections.
Pressure difference between both ends of the globe valves is measured with a
OMEGA PX 771 Differential Pressure Transmitter. Plastic hoses are used to connect
this device to the pressure tappings. In Figure 4.3, the globe valves and the
differential pressure transmitters are shown. Pressure tapping locations on the test

section can be seen in Appendix A.

GLOBE VALVE

FEEDER

SHUT-OFF
VALVES

Figure 4.3 Test Section
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4.2.1 Globe Valves

The basic functions of the valves are allowing or shutting off flow ( gate
valves, plug valves, ball valves, and displacement valves); changing the magnitude
of the flow ( globe valves, butterfly valves, and diaphragm valves ) and allowing
flow in one direction only ( swing check valves, tilting-disc check valves, lift check

valves, and split-disc check valves).

Globe valves are used in the experimental set-up, because the fluid flow rates
in the Feeders have to be regulated to provide some prescribed flow rate values. The
globe valve has a circular seat with a disc, or plug, that moves away from the seat to
open and into the seat to close. The plug has a contour of some sort in the area
directly opposite the seat. The most common contour is the plug-type disc, which
has a straight tapered or cone-shaped section. The globe valve is capable of
throttling down great amount of differential pressure. When the design of the seat is
varied, the response of the valve, in terms of how much the flow changes when the

disc is moved, can be changed [38,39].

In the present study, the utilized globe valve is a manually operated, plug-
type valve with T-pattern body. Since the flow passes on all sides of the disc, and
since the stem has to pass through the body wall, the disc opens perpendicular to the
flow direction. This means that the fluid flow has to make a right-angle turn, flow
around the disc, and then make another right-angle turn to return to its original
direction. This resistance to the flow causes a pressure drop. Inside view of the used

globe valve is shown in Figure 4.4.
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4.2.2 Differential Pressure Transmitter

The pressure loss of two-phase flow in the globe valve is measured with a
Differential Pressure Transmitter (DP transmitter). This value is then related to some
other system parameters and correlated to estimate the mass flow rate of two-phase

flow in each Feeder.

DP Transmitter measures the pressure differential existing across an orifice
plate, a valve or a similar type device and converts it into a proportional 4-20 mA
DC signal that can be applied to the input of a device such as a computer. The
transmitter utilized in the present study is an OMEGA PX 771 which is capable of

measuring pressure in the 0-100 psi (0 - 6.89 bars) range.

The main assemblies of the DP transmitter are the electronics housing, sensor
module, and process flanges. The electronics housing encloses the amplifier board
and the field wiring terminals. The sensor module contains the pressure sensor, two
sealed fluid systems, an overpressure diaphragm and two isolation diaphragms. The

flanges provide the high pressure (HI) and low pressure (LO) port connections and
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also function as the outer wall of the pressure input chambers. The simplified

diagram of the DP transmitter can be seen in Figure 4.5.

The electronic pressure sensor located at the upper part of the sensor module
is mounted on a micro diaphragm that serves as a divider between the two fluid
systems. One fluid system corresponds to the HI pressure input, and the other to the
LO pressure input. The isolation diaphragm of each system isolates the fluid system

from the input pressure.

When a differential pressure is applied across the HI and LO ports, both
isolation diaphragms will compress or retract in response to the change of
differential. This movement is detected by the sensor which is a strain gauge, piezo-
resistive sensor. The output of the sensor is 4-20 mA signal corresponding to
minimum and maximum differential pressures. The accuracy of the device is
10.15% of the calibrated span. The output of each DP Transmitter is connected to
the Data Acquisition System. The performance specifications of the DP Transmitters

are shown in Appendix B.

Between the pressure tappings and HI and LO pressure connections of each
DP Transmitter, there are process shut-off and by-pass valves (See Figure 4.3). For
normal operation, both process valves are open and the by-pass valve is closed. The
shut-off valves permit the transmitter to be checked or serviced without disrupting
the process. When calibrating the transmitter, zero differential can be generated by
opening the by-pass valve and closing both shut-off valves. The vent plugs on both

flanges of the transmitter may be used to bleed the lines.
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CHAPTER 5

FLOW RATE MEASUREMENTS IN SINGLE-PHASE FLOW

5.1 Flow Rate Measurements in The Water Supply Line

Since the void fraction of a water-gas mixture flow depends on the volume
occupied by water in the conduit, determination of flow rate of water is crucial. In
the calibration of the impedance probes for void fraction determination, instant
values of the water flow rate should be supplied to the data acquisition system to
determine the instant values of the void fraction. In addition, in the experiments with
the Header, inlet water flow rate is one of the boundary conditions. Therefore, a
device is required to record the water flow rate in the water supply line of the

experimental set-up.
5.1.1 Turbine Flowmeter

Due to this requirement, a turbine flowmeter is installed in the water supply
line. The location of this device on the experimental set-up can be seen in Figure 5.1
and a view of the flowmeter is shown in Figure 5.2. Note that in Figure 5.1, only one
Feeder is shown. To prevent from the possible disturbance effects of piping
components and to ensure that the device works at its full capacity, inlet and outlet

pipe straight lengths are arranged according to DIN-1952 Standard.

This device is equipped with a five-bladed rotor with a permanent magnet
integrated into each blade, together with a ceramic bearing embedded on each side.
The rotor is freely suspended and turns easily, even with slow moving fluids. The

speed of the rotation is directly proportional to the flow velocity. As the magnet in
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cach blade passes close to the transducer mounted in the body, an output pulse is
generated. The extremely small rotor surfaces do not cause a considerable pressure

drop in the fluid being measured.
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Figure 5.1 Water Supply Line

Figure 5.2 Turbine Flowmeter
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Flow velocities ranging from 0.15 m/s to 10 m/s can be measured by 1%
accuracy over the calibrated range. The output signals are from 4 mA to 20 mA
corresponding to minimum and maximum flow rates. One disadvantage of this
device is that the pipe should be full of water and there should be no air bubbles
which affect the accuracy of the measurement. This kind of flow requires special
calibration and in this thesis, this device is utilized for the measurement of single-

phase flow. The specifications of the device can be seen in Appendix B.
5.1.2 Calibration of The Turbine Flowmeter

The calibration of the turbine flowmeter was accomplished by
simultaneously recording the output signals of the device and collecting the water
passing though the meter. The milliAmper output signals were converted to Volt
signals of 1 V — 5 V corresponding to minimum and maximum values before
entering the data acquisition card. Collected water was weighed by an electronic
balance with an error of 20 g. The water was prevented to flow into the mixer with
a gate valve and it was collected from point A of the water supply line (Figure 5.1).
In Table 5.1, the calibration data and in Figure 5.3, the calibration line can be seen.
Calibration test proved that the output of the turbine flowmeter is directly
proportional to the flow rate of the fluid. The calibration line was then used in each
of the tests to convert output signals of the meter to volumetric flow rate with the

help of the obtained relationship.

Coefficient of determination, R, is calculated for each data fit from now on.
R? is the most common measure of how well a regression model describes the data.
R? values near 1 indicate that the equation is a good description of the relation
between the independent and dependent variables. R® equals 0 when the values of
the independent variable do not allow any prediction of the dependent variables, and
equals 1 when one can perfectly predict the dependent variables from the
independent variables. In Appendix C, how R? value is calculated for a regression

analysis is explained in detail.
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Table 5.1 Turbine Flowmeter Calibration Data

Turbine Flowmeter | Mass Flow Rate Volumetric Flow Rate
Output (V) (kg/s) (m’/s)
0.013 0.000 0.000000
0.165 0.151 0.000151
0.250 0.158 0.000158
0.331 0.193 0.000193
0.494 0.288 0.000288
0.572 0.323 0.000323
0.736 0.400 0.000400
0.975 0.535 0.000535
1.134 0.580 0.000580
1.214 0.621 0.000621
1.375 0.707 0.000707
1.456 0.739 0.000739
1.620 0.830 0.000830
1.700 0.867 0.000867
1.856 0.945 0.000945
2.018 1.043 0.001043
2.180 1.105 0.001105
2.423 1.253 0.001253
2.665 1.341 0.001341
2.984 1.530 0.001530
3.307 1.745 0.001745
3.951 1.976 0.001976
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Figure 5.3 Turbine Flowmeter Calibration Line
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5.1.3 The Effect of Water Flow Elevation on Turbine Flowmeter Calibration

During the calibration tests, one question arised. In the experimental set-up,
water follows a route horizontally after the flowmeter and then before entering the
mixer it follows a path of 160 cm vertically. Whether this elevation affects the
calibration of turbine flowmeter was investigated with the following test. The gate
valve at point A and all the globe valves at the Feeders except one were closed. The
flowing water filled the Header and then it is collected from the Feeder (From point
B of Figure 5.1). Same calibration procedure was performed. The data obtained after
collecting the water from point B and the calibration line can be seen in Table 5.2

and Figure 5.4, respectively.

Comparison of calibration of water flow rate from different points revealed
that at the smaller flow rates calibration estimates are approximately the same.
However, the data deviates up to 5% as the flow rate increases. Especially, deviation
was observed after 1 kg/s of water flow rate. This deviation is due to the pressure
head caused by the aforementioned vertical elevation. As the flow rate increases,
system pressure increases. It becomes harder for water to enter to the mixer and in
addition, it becomes harder for the blades of the turbine flowmeter to turn.
Therefore, the same voltage output of the turbine flowmeter actually corresponds to
different flow rates. The comparison of two calibration lines can be seen in

Figure 5.5.

Table 5.2 Turbine Flowmeter Calibration Data (from Point B)

Turbine Flowmeter Output (V) Mass Flow Rate (kg/s)
1.016 0
1.333 0.237
1.494 0.307
1.655 0.369
1.736 0.403
1.895 0.482
2.053 0.55
2.214 0.607
2.295 0.661
2.458 0.736
2.710 0.887
3.181 1.056
3.262 1.097
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5.2 Flow Rate Measurements in The Air Supply Line

While the initial tests were being done, the air flow rate was determined by a
rotameter located on the air supply line. Rotameter is an ordinary floating ball type
rotameter made by OMEGA. The scale of this device is divided into 0.25 ft*/min
(0.000118 m?/s) intervals up to 9 ft’/min (0.004247 m’/s) (max). Due to the
fluctuations occurring in the air supply line, the floating ball of the rotameter
oscillates and makes it difficult to measure the instantaneous air flow rate accurately.
Moreover, the outputs of all the other measuring devices were connected to the data
acquisition system except the rotameter’s and the air flow rate was read by visual

inspection.
5.2.1 Orifice Meter

To determine the void fraction before the mixer on the experimental set-up,
the air flow rate measurement has to be made accurately. Also an electronic signal
representing air flow rate is required to calculate and display the void fraction
instantaneously by the data acquisition system. For these reasons, an orifice meter

for air flow rate measurements was designed, manufactured and assembled to the air

supply line.
5.2.2 Orifice Plate Design

The principles of flow rate measurement by an orifice meter were mentioned
in Chapter 3.5.1. Since the pressure drop at the orifice plate is related to the flow
rate of the fluid, the measurement of this pressure difference determines the
accuracy of an orifice meter. Also the selection of the orifice diameter to pipe
diameter ratio, B, is another important point in the design of an orifice meter. In the
present study, orifice meter was designed and manufactured according to the British
Standards, BS 1042: Section 1.1 [40], Section 1.2 [41]. Upstream and downstream
straight pipe lengths, pressure tapping locations, and flange and orifice plate designs

have been accomplished according to these standards. Then the manufactured orifice
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meter is placed on the air supply line between the pressure gage and the rotameter. A

view of the air supply line can be seen in Figure 5.6.
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Figure 5.6 Air Supply Line

Before mentioning about the selection of B, it will be helpful to recall

Equation 3.15:

m=C+E+g+(n/4)+d? +,[(2+p, * AP) (3.15)

Most important point in the selection of B is how the differential pressure is
measured. Therefore,  should be selected such that the pressure difference that
could happen across the orifice plate does not exceed the capacity of the differential
pressure measuring device. In this Equation 3.15 discharge coefficient, C, depends
on Reynolds number and B. Thus both sides of this equation depends on Reynolds
number which is unknown. However taking pressure drop as the maximum DP that

can be read by the DP transmitter (OMEGA PX771), taking the maximum flow rate
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that can occur in the system and assuming the suitable air properties, an iterative
approach revealed B value as 0.23. The calculation procedure is shown in

Appendix D.

The specifications of the designed orifice meter are as follows: The air
supply line was made from plastics and has an inner diameter of 25.4 mm. The
orifice plate has a hole diameter of 5.9 mm and was made from brass. The material
of the flanges is plexi-glass. Corner tappings were utilized which has carrier rings
with annular slot. The detailed drawings of orifice and flanges can be seen in
Appendix A. There is an upstream straight pipe length of 170 cm and downstream
straight pipe length of 30 cm to avoid the turbulence at the measuring section. These
parts are also manufactured from plexi-glass. The pressure tappings are connected to
a DP transmitter (OMEGA PX771). The output of the DP transmitter is directly

connected to the data acquisition system.
5.2.3 The Effect of Upstream Pressure on Orifice Meter

Theoretically, flow rate versus pressure drop characteristic of the designed
orifice meter could be found using Equation 3.15 since the orifice plate was
designed according to the Standards. However, this would require an iterative
solution in which each step will contain the estimation of the air properties. These

properties and expansion factor, €, depends on the inlet pressure of the orifice.
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Figure 5.7 Pressure Measurement at The Upstream of The Orifice Meter
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In the air supply line, the pressure at the upstream of the orifice meter was
measured from two different points to see its variation. For this purpose, two
pressure transducers (OMEGA PX605) were connected one to the exit of the air
supply tank and another one to the flanges of the orifice meter as shown in
Figure 5.7. These pressure values corresponding to different flow rates, which were
being measured by the rotameter, were recorded. Table 5.3 shows the results of this
test. The results showed that at smaller flow rates, the pressure variation is greater
along the upstream pipe. The difference gets smaller as the flow rate increases. As a
result of this particular test, it was decided to calibrate the orifice meter instead of

using theoretical formulas.

Table 5.3 Measurement of Upstream Pressure from Two Different Points

Flow Rate Pressure After | Pressure Just Before | Difference of
(m*/s) Air Tank (Pa) The Orifice (Pa) Pressure (%)
0.00047 25252 1682.3 33.38
0.00070 5471.0 4207.5 23.09
0.00094 9680.2 8415.1 13.07
0.00117 19358.8 17673.0 8.71
0.00141 23145.7 21461.7 7.28
0.00165 32403.6 31140.2 3.90
0.00188 43766.2 42082.2 3.85
0.00212 57231.7 55221.8 3.51
0.00235 76169.8 73642.9 3.32
0.00259 98893.2 96368.0 2.55
0.00283 127509.9 124983.0 1.98

5.2.4 Calibration of The Orifice Meter
Calibration of the orifice meter was performed to associate the pressure drop

across the orifice plate with the air flow rate. Two methods have been applied and

very close pressure drop versus flow rate characteristics were obtained.
5.2.4.1 Calibration of The Orifice Meter by The Gasometer
A bell-type gasometer is utilized to calibrate orifice meters in Fluid

Mechanics Laboratory of Mechanical Engineering Department of METU. This

device is composed of one fixed tank and a movable sealed drum. Air can be
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collected inside the drum which is floating on the water inside the tank. It is a
cylindrical tank of 50 cm diameter and 90 cm height. As the air enters the drum, the
drum moves vertically upward. Measuring the change of height of the drum in a
given time can be used to calculate volumetric flow rate of air. However, to raise the
drum, the air entering the drum has to overcome the atmospheric pressure force due
to the weight of the drum. Therefore to prevent the compression of the gas and to
keep its density constant, a pulley system is used in each run. This pulley system
balances the external forces on the drum with external weights. A view of the

gasometer can be seen in Figure 5.8.
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Figure 5.8 The Gasometer

In the present study, firstly, the rotameter was calibrated by the gasometer.
The rotameter was assembled to the pipeline in which the air was being flowed by
means of a blower. The exit of the rotameter was connected to the inlet of the
gasometer. Hence, the air flowing through the rotameter was collected in the
gasometer. Air flow rate was varied by a valve at the exit of the blower. At each
flow rate, time was recorded by a chronometer and height difference of the drum and
rotameter reading were noted by visual inspection. The data can be seen in Table 5.4
and Figure 5.9 shows the linear relationship between gasometer and rotameter

outputs.
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Table 5.4 Data of The Rotameter Calibration by The Gasometer

Flow Rate (Rotameter) +10° (m*/s) | Vgasometer (It.) | Time (s) | Flow Rate (Gasometer) #10° (m*/s)
0.354 50 2274 0.219877
0472 50 143.4 0.348675
0.590 50 1054 0.474383
0.708 50 78.9 0.633714
0.826 50 65.6 0.762195
0.920 50 57.1 0.875657
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Figure 5.9 Relationship Between Gasometer Reading and Rotameter Reading

After the calibration of the rotameter by the gasometer, the
manufactured orifice meter was connected to the exit of a blower. The pressure
tappings of the orifice meter were attached to a U-tube manometer in which alcohol
of 780 kg/m® density was used as measuring fluid. The downstream of the orifice
was assembled to the inlet of the gasometer. Then the air flow rate was varied by
arranging the valve at the exit of the blower. Height difference of the drum
positioning and height difference of the alcohol in the U-tube maflometer were noted
simultaneously while recording the elapsed time after the very first rise of the drum.
Recorded data is shown on Table 5.5 and Figure 5.10 shows the relationship

between pressure drop across the orifice plate and the gasometer reading.
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The relationship in Figure 5.9 and the relationship in Figure 5.10 can be
combined and a relationship between orifice meter and rotameter readings can be
obtained. This is shown in Figure 5.11. This relationship is an indirect calibration of
the orifice plate by the rotameter. The gasometer readings are used as a reference

system for the calibration of both devices separately.

Table 5.5 Data of The Orifice Meter Calibration by The Gasometer

AhU-tube (mm) APoriﬁce (Pa) Vgasometer (lt) Time (S) Flow }:;12:)83 ((ig‘:))meter)
42 321.048 50 66.4 0.753
38 290.472 50 69.3 0.721
35 267.540 50 73.3 0.682
33 252.252 50 74.2 0.673
32 244.608 50 77.0 0.649
29 221.676 50 81.5 0.613
25 191.100 50 88.5 0.564
2.1 160.524 50 98.0 0.510
1.8 137.592 50 103.6 0.482
1.7 129.948 50 105.5 0.473
13 99.372 50 125.2 0.399
0.6 45.864 50 187.1 0.267
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Figure 5.10 Relationship Between Gasometer Reading and Pressure Drop across The Orifice Plate
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Figure 5.11 Relationship Between Pressure Drop Across The Orifice Plate and Rotameter Reading

5.2.4.2 Calibration of The Orifice Meter by Using The Rotameter Directly

Another method to calibrate the orifice meter was by using the rotameter
directly on the experimental set-up. For this purpose, the pressure tappings of the
orifice meter was connected to a differential pressure transmitter (OMEGA PX771).
The air tanks were filled of air at 4 bars. The air flow rate was arranged by the
regulator (see Figure 5.6) and at different flow rates, the pressure drop was recorded
by means of the data acquisition system in Volts. By depending on the linearity of
DP transmitter (see Chapter 5.2.5), the volt outputs were converted to Pascal unit.

The recorded data are shown on Table 5.6. Orifice meter reading versus rotameter

reading was plot in Figure 5.12.

Table 5.6 Data for The Orifice Meter Calibration by Using The Rotameter Directly

DP Transmitter (V) | DP Transmitter (Pa) | Flow Rate (Rotameter)«10° (m*/s)
1.0059 38.0 0.354
1.0165 106.3 0.472
1.0254 163.6 0.590
1.0374 240.9 0.708
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Table 5.6 (Continued)

DP Transmitter (V) | DP Transmitter (Pa) | Flow Rate (Rotameter)«10° (m’/s)
1.0560 360.7 0.826
1.0719 463.1 0.944
1.0946 609.3 1.062
1.1137 732.3 1.180
1.1390 895.3 1.298
1.1658 1067.9 1.416
1.1909 1229.6 1.534
1.2259 1455.0 1.652
1.2545 1639.2 1.770
1.2900 1867.9 1.888
1.3392 2184.8 2.006
1.3678 2369.0 2.124
1.4178 2691.0 2.242
1.4635 2985.4 2.360
1.5112 3292.6 2.478
1.5615 3616.6 2.596
1.6062 3904.5 2.714
3.0
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Figure 5.12 Relationship Between Pressure Drop across The Orifice Plate and Rotameter Reading
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5.2.4.3 Comparison of The Calibration Methods

In Figure 5.13, the results of aforementioned two methods are compared. It is
obvious that the estimations are very close to each other. In fact, some differences
exist between two methods. Firstly, in the first method (using gasometer), the
pressure drop was measured by a U-tube manometer, while in the second method it
was measured by a DP transmitter which is more sensitive. Secondly, in the first
method higher flow rates could not be tested because of the blower capacity. Having

found very close estimates in spite of these differences, it reveals that the calibration

procedure is reliable.
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Figure 5.13 Comparison of The Orifice Meter Calibration Methods
5.2.5 Linearity of The Differential Pressure Transmitter

As mentioned in Chapter 4.2.2, the DP transmitter senses the pressure

difference and it produces 4 mA - 20 mA signals corresponding to the minimum and

56



maximum pressure differences, respectively. In the Operator’s Manual of this
device, it is mentioned that the device output is directly proportional to the pressure
difference. To verify this linear relationship in the whole range of this device, a DP

transmitter (OMEGA PX771) of maximum pressure 689476 Pa was tested.
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Figure 5.14 Connection of DP Transmitter to The Piston Pump

In the Fluid Mechanics Laboratory of Mechanical Engineering Department
of METU, a piston pump was connected to the high pressure side of the DP
transmitter as shown in Figure 5.14. Low pressure side of the DP transmitter was
exposed to atmosphere. A Bourdon type pressure gage was placed between the
device and the pump. Using the pump, the pressure was increased at the high
pressure side step by step. The DP transmitter output were recorded by a multimeter
and the Bourdon pressure gage readings were recorded by visual inspection. This
Bourdon pressure gage was calibrated using a dead weight tester and its calibration
line can be seen in Figure 5.15. Actually, in this test, the Bourdon pressure gage
readings were the differential pressure values, since the recorded pressure was the
gage pressure. Table 5.7 and Figure 5.16 show the recorded values and DP
transmitter ou‘Eput versus pressure gage relationship respectively. As a result, this

test validated the linearity of the output of the DP transmitter.
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Figure 5.15 Calibration of The Bourdon Pressure Gage

Table 5.7 Recorded Values in The Linearity Test

DP Transmitter Qutput (V) Pressure Gage Reading (kPa)
1.01 0
1.80 147
2.08 196
2.35 245
2.63 294
3.00 343
3.23 392
3.58 441
3.90 490
4.20 539
4.55 588
4.75 637
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Figure 5.16 Linearity of The DP Transmitter
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5.2.6 Calibration of The Differential Pressure Transmitter in The Air Supply

Line

As the linearity of the device was proved, next step was to check the
accuracy of the DP transmitter which is used in the Orifice Meter. To achieve that
two tests with two different measurement techniques were performed. In these tests,
direct proportionality which was mentioned in the Chapter 5.2.5 was used to convert
electronic signals of the device to known pressure units (Pascal). Both of these tests
were performed on the air supply line of the experimental set-up and device output

was recorded by data acquisition system in terms of Volts.

5.2.6.1 Calibration of The Differential Pressure Transmitter Using Pressure

Transducer

In the first test, a pressure transducer (OMEGA PX605) was connected
between air supply tank and high pressure side connection of the differential
pressure transmitter (OMEGA PX771). Low pressure side of the transmitter kept
open to atmosphere (See Figure 5;17). Air pressure at the high pressure side was
increased step by step by the regulator. Since the pressure transducer measures the
gage pressure and the low side is open to atmosphere, both devices measure the
same quantity of pressure difference. This test was, basically, similar to the linearity
test mentioned in Chapter 5.2.5. However, in this test, gage pressure was read by a
more accurate device, OMEGA PX605 and the outputs of both devices were
displayed simultaneously by the data acquisition system. The results of the test are

shown in Table 5.8.
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Figure 5.17 DP Transmitter Calibration by The Pressure Transducer

Table 5.8 Data of The DP Transmitter Calibration By The Pressure Transducer

Pressure Transducer (Pa) | DP Transmitter (Pa) | Difference (Pa) | Difference (%)
2104.6 1944.1 160.6 7.6
3366.4 3402.1 -35.7 -1.1
5471.0 5346.1 124.8 2.3
7573.9 7472.5 1014 1.3
9678.5 9750.7 -72.2 -0.7
12624.3 12454.1 170.2 1.3
15570.1 154614 108.7 0.7
20199.9 19941.9 258.1 1.3
244074 24088.1 319.3 1.3

5.2.6.2 Calibration of The Differential Pressure Transmitter by Using U-tube

Manometer

In this test the secondary measuring device is less accurate. The DP
transmitter and U-tube manometer with alcohol (density = 0.789 kg/m®) were
connected to the same pressure tappings of the orifice meter (see Figure 5.18). Then
the air flow rate across the orifice plate was increased step by step. Output of the

transmitter and the height difference in the U-tube were recorded simultaneously
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(See Table 5.9). The reason for the difference between the differential pressures may
be due to the reading errors of U-tube manometer since the average values were

taken to account for the fluctuations.
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Figure 5.18 DP Transmitter Calibration by The U-Tube Manometer
Table 5.9 Data of The DP Transmitter Calibration by The U-Tube Manometer
DP Transmitter Pressure Difference Ahy.aibe Pressure Difference . o
Output (V) | (DP Transmitter) (Pa) |  (mm) (U tube) (Pa) Difference (%)
1.0059 38.0 5 38.7 1.9
1.0165 106.3 13 100.7 5.5
1.0254 163.6 20 155.0 5.6
1.0374 240.9 30 232.5 3.6
1.0560 360.7 45 348.7 3.4
1.0719 463.1 59 457.2 1.3
1.0946 609.3 77 596.7 2.1
1.1137 732.3 92 713.0 2.7
1.1390 895.3 112 868.0 3.1
1.1658 1067.9 134 1038.5 2.8
1.1909 1229.6 156 1209.0 1.7
1.2259 1455.0 182 1410.5 3.2
1.2545 1639.2 205 1588.7 3.2
1.2900 1867.9 234 1813.5 3.0
1.3392 2184.8 266 2061.5 6.0
1.3678 2369.0 297 2301.7 2.9
14178 2691.0 338 2619.5 2.7
1.4635 2985.4 374 2898.5 3.0
1.5112 3292.6 414 3208.5 2.6
1.5615 3616.6 455 3526.2 2.6
1.6062 3904.5 493 3820.7 2.2
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5.2.7 Pressure Measurement in The Air Supply Line

In the two-phase flow tests (see Chapter 6), air pressure inside the air supply
line was measured by two devices. First one is a Bourdon type pressure gage after
the regulator. The other one is a pressure transducer (OMEGA PX605) just before
the mixer. Technical specifications of the pressure transducer are given in
Appendix B. The Bourdon gage was calibrated by a dead weight tester in the Fluid

Mechanics Laboratory and Figure 5.19 shows the calibration data.
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Figure 5.19 Calibration of The Bourdon Pressure Gage of The Air Supply Line
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CHAPTER 6

FLOW RATE MEASUREMENTS IN TWO-PHASE FLOW

6.1 Description of The Calibration Set-Up

To calibrate two-phase flow rate of air-water mixture, one of the Feeders of
the experimental test facility was disconnected from the Header and a calibration
set-up was established. This set-up consisted of the water supply line, the air supply
line, the mixer, the test section which includes the globe valve and a differential
pressure transmitter. The side view of the calibration set-up is illustrated in

Figure 6.1.

Pump was used to circulate the water through the system, while the air was
supplied from the air tanks which were filled by the compressor up to 4 bars.
Calibration of the instruments in the water supply line and the air supply line were
covered in Chapter 5. In the test section, there is a transparent PVC Feeder which
| has an inlet diameter of 34.5 mm. Single-phase and two-phase differential pressures
across a 1 ¥4 ” globe valve were measured by a DP transmitter (OMEGA PX771).

Detailed description of the test section was done in Chapter 4.

In the same test facility, calibration of the impedance vprobes was being

accomplished by one of the colleagues, Mr. Tufan Hosanoglu.

1

In the calibration set-up, outputs of the orifice meter, the turbine flowmeter,
the pressure transducer in the air supply line, the DP transmitter in the test section

and impedance probe were connected to the data acquisition system.
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Figure 6.1 Side View of The Calibration Set-Up

6.2 Experimental Procedure

At the onset of each test, three air supply tanks were filled up to 4 bars by the
compressor. Globe valve position were arranged. Air entrained in the plastic hoses,
which connect pressure tappings to the DP transmitter, was released by a vent plug
on the device. This was done for more accurate measurement of differential

pressure. Then data acquisition system was turned on.

Afterwards, the water circulation pump was turned on and using the valves at
the downstream of the pump and at the by-pass line, the water flow rate was
maximized. For this purpose, the by-pass line was closed, and the valve at the water
supply line was fully opened. At different globe valve positions, initial system
pressure came to different values, because the globe valve produced a restriction to

flow.
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After the flow of water in the system became steady and fully developed,
water initial pressure was recorded from the Bourdon pressure gage on the water
supply line. Then air was sent to the mixer by arranging the regulator. It was

observed that as the air was entering the system, the water pressure was increasing.

Turbine flowmeter and orifice meter outputs were converted to volumetric
flow rate units by using the calibration relationships in Figure 5.3 and in
Figure 5.12, respectively. Then assuming the slip ratio as 1 and using Equation 3.9,
the void fraction in the Feeder was calculated instantaneously by means of the data

acquisition system.

Tested void fraction in the system was provided by arranging water flow rate
and air flow rate simultaneously. For a given globe valve opening, the water flow
rate was decreased step by step by the valves in the water supply line. At the same
time, to keep the void fraction of the two-phase flow constant, air flow rate was also
decreased. Void fraction was monitored on the data acquisition system screen. This
procedure was continued until the combination of both flow rates were not enough
to produce the required void fraction (See Chapter 6.3). For each run water pressure

was noted.

For each water flow rate, data acquisition system was started and data were
collected for 30 seconds. Then it was stopped. This start-stop procedure was
repeated for each run, because the whole average values of water and air flow rates
were calculated within the data acquisition system. The reason of taking the average
values was to disregard the fluctuations, especially in the air flow rate. After each
stop, data acquisition system was not taking the previous data into account. These
values are used to calculate average void fraction. In addition, since the two-phase
pressure fluctuations were inevitable, differential pressure outputs were also
averaged. The amplitude of these fluctuations became very high as the void fraction
increased. The air supply line pressure which was measured by a pressure transducer

at the downstream of the rotameter was also monitored in the data acquisition
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system. All the data were stored in a PC for further use. A screenshot of the data

acquisition system output is shown in Figure 6.2.

When the whole range of water flow rate was covered for a given void
fraction, one test was being finished. Then the pump was turned off and air regulator

was closed. Data acquisition system was also turned off.
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Figure 6.2 A Screenshot of The Data Acquisition System Output

6.3 Experimental Test Matrix

The experimental test matrix consisted of 504 runs 131 of which were single-
phase flow tests. 5 different void fractions (0%, 10%, 20%, 30%, 40%) and 7
different valve openings (10%, 17%, 23%, 36%, 49%, 62%, 100%) were tested.

Valve openings were obtained by calculating the ratio of number of opening
turns to maximum turns (3.9 turns for a 1 ¥4” globe valve). For example, opening 1.9
turns of a fully closed valve corresponds to a 49% valve opening. In addition, each
valve opening can be treated as a different orifice plate. That is 7 different flow

restrictions were studied.
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The number of tests in each void fraction were limited by the boundary
conditions of the system. The system does not allow pressures greater than 4 bars. In
fact, there is a relief valve on the water supply line. Hence, for safety, the pressures
greater than 3.5 bars were not tested. As the void fraction was increasing, the system
pressure was increasing too. That is the average system pressure was greater in the

higher percentage void fraction tests.

Another boundary condition of the system was the minimum air flow rate.
Due to low pressure, air does not mix with water at low flow rates. That is why air
flow rates approximately below 0.4 ft*/min (0.000189 m*/s) could not been tested.
Hence, this situation prevented the researcher to test void fractions below 10% and
for 10% valve opening, even 10% void fraction could not be obtained. Instead, a

minimum of 15% void fraction tested for this valve opening.

In the tests, maximum water flow rate became 2.22 kg/s which corresponds
to a Reynolds number of 74300. Turbulent flows of water were investigated. Most

of the tests were performed in stratified and slug flow regimes.

In Table 6.1 and Table 6.2, the test section properties and the test range were

summarized, respectively. All the experimental data can be seen in Appendix E.

Table 6.1 Test Section Properties

Pipe Diameter 34.5 mm
Pipe Material ~ Transparent PVC
- Flow Restriction 1 ¥ Globe Valve
Measuring Device OMEGA PX771
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Table 6.2 Test Range

Range
Water Flow Rate (kg/s) 0-222
Air Flow Rate (kg/s) 0 —-0.000174
Void Fraction (%) 0-40
Valve Opening (%) 10-100
System Pressure (bar) 0.55-3.5
Pressure Drop (bar) 0-22
Water Temperature (°C) 18-25
Air Temperature (°C) 18-25
Flow Regimes Stratified, Slug

6.4 Single-Phase Flow Tests

First of all, the single-phase flow tests were conducted for 7 valve openings.
As explained above, valve openings were fixed and water flow rate measurements
and the pressure drop across the globe valve were recorded. Variation of the

pressure drop with respect to water flow rate is shown in Figure 6.3.

In Figure 6.3, as expected, as the water flow rate increases, pressure drop
across the globe valve increases. The trend of the curve becomes steeper as the valve
opening decreases. That is, for a given flow rate of water, pressure drop increases as
the globe valve is closed. For different valve positions, same pressure drop can be
encountered at different flow rates. It is seen that the pressure drop values do not
exceed 2 bars in the test range. and coincide for all valve openings as the water flow
rate drops below 0.25 kg/s. As a last remark, it can be noticed easily that 62% and

100% valve opening data are nearly same.
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Figure 6.3 Single-Phase Flow Test Results

For a flow restriction, pressure loss coefficient can be defined with the

following relationship [29]:

AP, = C, [ Gi j 6.1
2+p;

In this relationship, APy, Ck, Gio and py stand for liquid only pressure drop,
pressure loss coefficient, mass flux of liquid phase and density of the liquid,
respectively. In the present study, the slopes of the graphs of (Gio2/(2+p) versus APy,
give the pressure loss coefficients corresponding to different valve openings (See
Figure 6.4). It can be concluded that as the globe valve opening decreases, pressure

' loss coefficient increases. Pressure loss coefficient of 10% opening is approximately
15 times of fully open valve position. Note that density of water was taken as

1000 kg/m? in these calculations.
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Figure 6.4 Pressure Loss Coefficients for Different Valve Openings
6.5 Two-Phase Flow Tests

After completing, the single-phase tests, the two-phase flow tests were
conducted. Procedure of each test was explained in Chapter 6.2. In these
experiments, the effect of two parameters were studied on the pressure drop. For
each valve opening, void fraction was varied and the water flow rate and the

pressure drop across the globe valve were noted.

Density of water is approximately 1000 kg/m’ and density of air is
approximately 1.2 kg/m’ in the test range. Therefore , in the tests, ratio of mass flow
rate of water to mass flow rate of air is ranging between 1100 (at 40% void fraction)
and 7000 (at 10% void fraction). As a conclusion of this huge difference, mass flow

rate of water can be treated as two-phase mass flow rate.
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6.5.1 The Effect of Valve Opening on Pressure Drop across The Globe Valve

The effect of valve opening was investigated by fixing the void fraction and
changing the valve opening. From Figure 6.5a to Figure 6.5d, the relationship
between the water flow rate and the pressure drop for constant void fraction values
is shown. From the plots, it is seen that for a given mass flow rate, pressure drop
increases as the valve opening decreases. This can be illustrated for all data in
Figure 6.6. In this figure, for all valve openings and void fraction, water flow rate

was plotted against pressure drop across globe valve.
6.5.2 The Effect of Void Fraction on Pressure Drop across The Globe Valve

Effect of void fraction was investigated by fixing the valve opening and
changing void fraction. From Figure 6.7a to Figure 6.7g, the relationship between
the water flow rate and the pressure drop for constant valve openings is shown.
Single-phase data are also included in these graphs. From the plots, it is seen that for

a given mass flow rate, pressure drop increases as the void fraction increases.
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Figure 6.5a The Effect of Valve Opening on Pressure Drop (Void Fraction: 10%)
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Figure 6.5b The Effect of Valve Opening on Pressure Drop (Void Fraction: 20%)

72




250000 i
| Valve Opening
200000 *
*10% . H
S B17% . =
~ 150000 4 B
& A23%
2 .
= 36%
S ° . "
@ 400000 1 X49% L A
o ]
& ©62% 2 8 A N
= e
+100% S R
50000 | o e x %
X
. - NS Y« X x.x e ®* %
: : 3‘ o e85 +
ok % M&m&,ﬁ + |
0.0 0.5 1.0 15 2.0 25

Water Flow Rate (kg/s)

| Void Fraction: 30%

Figure 6.5¢ The Effect of Valve Opening on Pressure Drop (Void Fraction: 30%)
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Figure 6.5d The Effect of Valve Opening on Pressure Drop (Void Fraction: 40%)
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6.6 Flow Regimes in The Two-Phase Flow Tests

In the two-phase tests, slug and stratified flows were observed. By means of a
video camera, images of two-phase flow in the horizontal test section were captured
at various points. From Figure 6.8a to Figure 6.8d, for various void fraction values

and a constant valve opening observed flow regimes are shown.

= e

FLOW FLOW

Upstream of The Globe Valve Upstream of The Globe Valve

FLOW
In The Vicinity of The Upstream Pressure In The Vicinity of The Upstream Pressure
Tapping Tapping

Figure 6.8a Flow Regimes for 10% Void Fraction and 23% Valve Opening

FLOW

Upstream of The Globe Valve In The Vicinity of The Upstream Pressure
Tapping
Figure 6.8b Flow Regimes for 20% Void Fraction and 23% Valve Opening
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Figure 6.8¢ Flow Regimes for 30% Void Fraction and 23% Valve Opening

Upstream of The Globe Valve In The Vicinity of The Upstream Pressure
Tapping

Figure 6.8d Flow Regimes for 40% Void Fraction and 23% Valve Opening
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CHAPTER 7

CORRELATION OF TWO-PHASE FLOW EXPERIMENTAL
RESULTS

7.1 Analysis of Experimental Data

In this Chapter, correlation of the experimental data will be presented. Two
different approaches will be mentioned. In the first method, two-phase mass flow
rate will be correlated in terms of three parameters, namely pressure drop across the
globe valve, void fraction and valve opening. In the second method, two phase flow
multiplier will be related to some non-dimensional terms, i. e. Reynolds number

valve opening and void fraction.

To correlate the results and to find an association between independent and
dependent variables, Sigmaplot2001 was utilized. Sigmaplot2001 is a software
which can perform nonlinear regression. The goal of nonlinear regression is to
determine the best-fit parameters for a model by minimizing a chosen merit
function. Minimizing the merit function means, minimizing the sum of the squares
of the distances between the actual data points and the regression line. Nonlinear
regression model has a nonlinear dependence on the unknown parameters, and the
process of merit function minimization is an iterative approach. The process is to
start with some initial estimates and incorporates algorithms to improve the
estimates iteratively. The new estimates then become a starting point for the next
iteration. These iterations continue until the merit function effectively stops

decreasing.
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7.1.1 Data Fit for Two-Phase Mass Flow Rate

Results of the experimental study mentioned in Chapter 6 showed that mass
flow rate of two-phase flow can be estimated by using the pressure drop across the
globe valves. However, the value of two-phase mass flow rate depends not only the
pressure drop across the globe valve, but also void fraction in the system and valve
opening. If an orifice was used instead of the globe valve in the system, then area
ratio of the orifice (B) would be a parameter. As stated in Chapter 6.3, each valve
opening can be treated as a different orifice plate. Therefore, valve opening is an
important parameter representing . It was also mentioned in Chapter 6.5 that the
two-phase mass flow rate was assumed as the water mass flow rate, since the
contribution of the air mass flow rate was negligibly small. Briefly, two-phase mass

flow rate can be defined as a function of three variables as follows:

mip = F(AP, o, N) (7.1)

where AP stands for the pressure drop across the globe valve, « is the void fraction,

N is the valve opening percentage.

Using the relationship stated above and the experimental data (see
Appendix E for the experimental data), a multivariable nonlinear regression was
accomplished by Sigmaplot2001. For convenience, in the data fit, void fraction
values were rounded to the nearest values ( 10%, 20%, 30%, 40%). For example,
29.5% was taken as 30%. The most suitable formulation was found by a trial and
error procedure and this procedure is explained in Appendix F. Using this approach,

two-phase mass flow rate was correlated as follows:

_0.0176+ AP***? —1.136+107 + AP — 0.0058

- - (7.2)
5.0835+(0.9477)N +(1.0058)" +0.0337

mtp
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The range of applicability of this correlation is summarized in Table 7.1.

Table 7.1 Range of Applicability of Equation 7.2

Parameter Range of Applicability
Pressure Drop Across The Globe Valve, AP (Pa) 0 — 220000
Void Fraction, & (%) 0-40
Valve Opening, N (%) 10 - 100

Equation 7.2 estimates mass flow rate in kg/s. The unit of pressure drop is
Pascal. Void fraction and valve opening are defined as percentages, but they have to
be entered into the equation by multiplying with 100. For example; if the void
fraction or valve opening is 0.1 (i.e. 10% ), then it has to be entered as 10 into

Equation 7.2.

For Equation 7.2, coefficient of determination (R?) value is 0.982 which
shows that the fit has a good agreement with the experimental data. Uncertainty
analysis for this correlation is shown in Appendix G. In Figure 7.1, experimental
mass flow rate data and the mass flow rate data predicted by Equation 7.2 are
presented in a cross plot. From this graph, it can be concluded that Equation 7.2 fits
the data in the whole range except at the low flow rates. The estimation at low flow
rates may be poor due to the fact that there is not sufficient experimental data at low
flow rates. Another conclusion that can be drawn from the plot is the poor
estimation of the data of 100% valve opening up to 1.5 kg/s. Furthermore, most of
the 10.3% valve opening data are overestimated, while most of the 61.5% valve

opening data are underestimated in the whole range.
7.1.2 Non-dimensional Fit for Two-Phase Flow Multiplier

In literature [27], generally, two-phase flow multiplier is defined in terms of

non-dimensional terms. Two-phase flow multiplier was defined in Chapter 3.2.5.

AP
() g — (3.13)
AP,
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If a non-dimensional analysis is performed on two-phase flow multiplier, it is

seen that following functional relationship can be written:

Valve Opening

* 10%
#17%
A 23%
36%
X 49%
® 62%
+ 100%

151

Predicted Mass Flow Rate (kg/s)

Void Fraction= 0-40% for
all valve openings

1 1.5 2 25

Experimental Mass Flow Rate (kg/s)

Figure 7.1 Comparison of Experimental Mass Flow Rate with The Prediction of Equation 7.2

r =F(Rep,a,N) (7.3)

Where Rep, is the Reynolds number of water flowing in the test section, & is
the void fraction, N is valve opening percentage. Taking absolute viscosity of
water(pL) as 1.002+107 Pa.s, and diameter of the pipe as 38 mm, Reynolds number

for each data point was calculated using the following relationship:

Rep = — —— (7.4)

To find the coefficients of this functional relationship (Equation 7.3),

following method was applied. First of all, using Sigmaplot2001, a multivariable
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nonlinear regression analysis was done and for single-phase case (0% void fraction),
a relationship between pressure drop, Reynolds number and valve opening

percentage were obtained:
AP, =1.4044+107° *Re,,” % N 15186 (7.5)

where the unit of APy, is Pascal.

Coefficient of determination, R?, of the above equation is 0.989. 3D plot
showing the experimental data of single-phase flow is illustrated in Figure 7.2. In
this figure, it is seen that pressure drop across the valve increases as the Reynolds
number increases and valve opening percentage decreases. This trend was also
observed in Figure 6.3. The goodness of the fit can also be seen from Figure 7.3

where the experimental data and the corresponding predicted values are compared.

Void Fraction=0%

107 AP (Pa}

Figure 7.2 The Relationship Between Reynolds Number, Valve Opening and Differential Pressure
(Void Fraction: 0%)
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Figure 7.3 Comparison of Experimental Pressure Drop with The Prediction of Equation 7.5

Having found the liquid only pressure drop, the next step was to obtain
corresponding two-phase flow pressure drop. To calculate pressure drop multiplier
at every point, two-phase flow rate was required at every point. That is why,
experimental data which contain 10%, 20%, 30%, and 40% void fraction were fitted
separately. In these fits, like the single-phase flow, two pressure drop was defined in
terms of Reynolds number and valve opening percentage. In Table 7.2, correlated
pressure drop relationships and the coefficient of determination (R?) values for each
fit can be seen. From R? values, it can be concluded that the goodness of the fits are
sufficient enough. In Figure 7.4, how well the Equation 7.6¢ predicts 30% data is
visualized as an example. From Figure 7.5a to Figure 7.5d 3D plots of these
correlations are shown. At these plots, it is obvious that the data are scarce at low
Reynolds numbers. Thus, the correlations may yield relatively higher errors at low

flow rates.
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Table 7.2 Correlation of Pressure Drop for Various Void Fraction Values (the unit of APy, is Pascal)

Void
Data Fit R’
Fraction
10% | APip=1.9403+107° *Re, > > » N 715261 0.994 (7.6a)
20% | AP, =2.7424+107 +Rep, % « N 71968 0.996 | (7.6b)
30% | AP =7.246+10 " xRep, % « N 715616 0997 | (7.6¢)
40% | AP, =9.6385+10 " +Rep, !« N 71677 0998 | (7.6d)
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Figure 7.4 Comparison of Experimental Pressure Drop with The Prediction of Equation 7.6¢
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The next step in the correlation of two-phase flow multiplier was non-
dimensionalizing the pressure drop. For that reason, at every data point, two-phase
pressure drops estimated by Equations 7.6a, 7.6b, 7.6c and 7.6d were divided by
single-phase pressure drop estimated by Equation 7.5. And using these two-phase
flow multiplier values, Reynolds numbers, void fractions and valve openings, a
multivariable nonlinear regression analysis was performed by Sigmaplot2001 and

the following relationship was obtained:

[gtp ‘J =2.4871:1077 * Rej; 0 # ¢ 08946 N -0-1414 (7.7)
lo

The range of applicability of Equation 7.7 is summarized in Table 7.3.

Table 7.3 Range of Applicability of Equation 7.7

Parameter Range of Applicability
Reynolds Number 4000 - 75000
Void Fraction, & (%) 0-40
Valve Opening, N (%) 10-100

Void fraction and valve opening are defined as percentages, but they have to
be entered into the equation by multiplying with 100. For example; if the void
fraction or valve opening is 0.1 (i.e. 10% ), then it has to be entered as 10 into the

equation.
It is to be noted that flows were turbulent in all the tests.

Since all of the two-phase flow multiplier values are greater than 1 and
smaller than 2, the left hand side of the correlation was defined as “ ®Z —1 in order

to present the data in a log plot more clearly.
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Coefficient of determination of this fit is 0.946. Goodness of the fit is
illustrated in Figure 7.6. From this Figure, it can be concluded that as two-phase
multiplier decreases, the error in the fit increases for every valve opening as

expected.

(APy/AP-1) (Predicted)

Void Fraction =0 - 40 %

for all valve openings !

0.1 \ T | T

0.1 1
(AP/AP-1) (Experimental)

Figure 7.6 Comparison of Experimental Two-Phase Flow Multiplier

with The Predictions of Equation 7.7

7.2 Data Fit for Very Low Flow Rates Corresponding to Valve Openings
Smaller Than 10%

In the preliminary tests ( See Chapter 8), on the experimental set-up (TPFTF)
very low flow rates were used which corresponded to valve openings smaller than
10%. Initial part of these tests were covering liquid only flows. Therefore, in the
same test section (Chapter 4.2), single-phase flow was studied for various valve
openings smaller than 10%. Pressure drop values across the globe valve were
recorded while water was collected at the downstream of the globe valve. Time

elapsed during collection was recorded by a chronometer. At various valve
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openings, pressure drop and mass flow rate data are tabulated in Table 7.4. Since
pressure drop, valve opening and void fraction (0%) data were known, mass flow
rates were also estimated by Equation 7.2. However, it was seen that, as expected,
Equation 7.2 overestimated the data and there was a huge error between measured
and predicted mass flow rates. The predicted values and deviation can be seen in
Table 7.4. There is quite a few data in the aforementioned valve openings. In
addition, if the Reynolds numbers are observed, it is seen that some of the data are in
the laminar region. However, all the data which were used to derive Equation 7.2.
were in the turbulent region. For these reasons, a correlation covering the valve
openings smaller than 10% only was obtained using the nonlinear regression

analysis:

Mo =1.1653+107* » AP*5273 » N1 2245 (7.8)

R? is 0.976 for this fit. In this correlation, the unit of mass flow rate is kg/s,
pressure drop, AP is Pascal .Valve opening has to be entered into the equation by
multiplying with 100. For example; if the valve opening is 0.2 (i.e. 20% ), then it has
to be entered as 20 to the equation. In Figure 7.7, 3D plot of the Equation 7.8 is

presented.

Table 7.4 Experimental and Predicted Data for Very Low Flow Rates Corresponding to Valve
Openings Smaller Than 10%

Predicted Mass Flow
Valve Opening Measured Mass . . Deviation
AP (Pa) Rep | Rate Using Equation
(%) Flow Rate (kg/s) (%)
7.2 (kg/s)
0.8 0 0 0.0 -0.00098 100.0
0.8 15168 0.01397 467.1 0.35849 96.1
0.8 20684 0.01694 566.5 0.41391 95.9;
0.8 72740 0.03980 13309 0.71806 94.5
0.8 98595 0.04790 1601.7 0.81119 94.1
0.8 185814 0.07340 24544 1.02202 92.8
0.8 262863 0.08710 2912.6 1.13858 924
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Table 7.4 (continued)

Valve Opening Measured Mass Predicted Mass Flow Deviation
%) AP (Pa) Flow Rate (kg/S) Rep Rate Using Equation %)
7.2 (kg/s)
1.6 0 0.00000 0.0 -0.00102 160.0
1.6 11204 0.03850 12874 0.32209 88.0
1.6 37921 0.05760 1926.1 0.56349 89.8
1.6 123761 0.06970 2330.7 0.91673 924
1.6 175127 0.06920 2314.0 1.03790 93.3
32 0 0.00000 0.0 -0.00109 100.0
32 16030 0.07820 2615.0 0.40869 80.9
32 45505 0.13760 4601.3 0.65440 79.0
32 91183 0.19550 65374 0.87394 77.6
32 239248 0.31250 10449.8 1.23046 74.6
4.8 0 0.00000 0.0 -0.00117 100.0
4.8 6550 0.08860 2962.7 0.28628 69.1
4.8 18616 0.16070 5373.7 0.46923 65.8
4.8 38611 0.24100 8058.9 0.65245 63.1
4.8 52745 0.28300 9463.3 0.74692 62.1
6.4 0 0.00000 0.0 -0.00125 100.0
6.4 4309 0.09290 3106.5 0.25000 62.8
6.4 13272 0.17200 5751.6 0.42876 59.9
6.4 24476 0.24300 8125.8 0.56916 57.3
6.4 68086 0.41800 13977.6 0.88967 53.0
9.6 0 0.00000 0.0 -0.00143 100.0
9.6 2068 0.08850 29594 0.19870 55.5
9.6 3792 0.12980 43404 0.26778 51.5
9.6 13790 0.26000 8694.2 0.49769 47.8
9.6 19995 0.33310 111386 | - 0.59154 43.7
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Water Mass Flow Rate (kg/s)

Figure 7.7 3D Plot of Equation 7.8
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CHAPTER 8

PRELIMINARY TESTS ON THE EXPERIMENTAL SET-UP

8.1 Preliminary Tests

After calibrating the devices on the water supply line and air supply line and
performing two-phase mass flow rate measurements, preliminary tests were run on
Two Phase Flow Test Facility (TPFTF) according to the test schedule of the Joint
Research Project. These tests consisted of two parts. In the first part, for liquid only
flow, some boundary conditions were established. In the second part, two-phase
flow through the Feeders was studied for a prescribed void fraction at the inlet of the

Header.

8.2 Initial Set-Up

In the first part of the preliminary tests, water flow rate entering into the
Header was adjusted to a prescribed value (0.825 kg/s). Then, the Header was filled
completely with water (no air inside). Afterwards, while keeping the inlet flow rate
constant, the globe valves at the Feeders were arranged such that the water flow rate
in each Feeder was brought to the prescribed value. This procedure was
accomplished by a trial and error process, since the flow rate in a Feeder depends on
the flow rates in the other Feeders. Water was collected from the Feeders and the
valve positions were arranged iteratively. During this procedure, the results of the
tests performed for the valve openings smaller that 10% percentage (Chapter 7.2)
were also used. The results are represented In Table 8.1. Refer to Figure 4.1 for the

Feeder numbers.
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Table 8.1 Liquid Only Test on TPFTF for a Prescribed Flow Rate at The Header Inlet

Water Flow Rate At Water Flow Rate In
Feeder No.
The Header Inlet (kg/s) The Feeders (kg/s)
2 0.179
3 0.207
0.825 4 0.152
5 0.118
6 0.169

After the globe valves were arranged to the positions corresponding to the
mass flow rates shown above, the inlet water flow rate was maximized and

following mass flow rates were observed in each Feeder (Table 8.2):

Table 8.2 Liquid Only Test on TPFTF for Maximum Flow Rate at The Header Inlet

Water Flow Rate At Water Flow Rate In
Feeder No.
The Header Inlet (kg/s) The Feeders (kg/s)
2 0.416
3 0.473
1.944 4 0.387
5 0.268
6 0.400

8.3 Top-Down Test

After completing the liquid only tests, void fraction at the inlet of the Header
was arranged to a prescribed value while the water flow rate entering into the
Header was at its maximum value. The globe valves in the Feeders were kept at the

Initial Test Position. The inlet conditions of the Header can be seen In Table 8.3.

Table 8.3 Inlet Condition of The Header in The Top-Down Test

Water Flow Rate At Void Fraction Air Flow Rate (m’/s)
The Header Inlet (kg/s) (Air Supply At 140 kPa (g))
1.904 12.2% 0.000264

95



At the onset of the Top-down test, the Header was full of water. However, as
the air entered into the Header, water level in the Header decreased to the level of
the inlet of the Feeder 2 and Feeder 6. Then the system reached at the steady state
condition. After that point, void fractions were measured with the impedance probes
and water was collected from the downstream of the Feeders to determine the flow
rate. Table 8.4 represents the results of this test. The fact that the void fractions at
the Feeders were not the same was expected, because the diameters of the Feeders,
the globe valve positions at each Feeder, and the location and the angle of the
connection point of each Feeder to The Header are different. For these conditions,
generally, stratified and bubbly flow regimes were observed in the vicinity of the
globe valves and the impedance probes respectively. The images captured from the

vertical sections of the Feeders are shown in Figure 8.1a to Figure 8.1d.

Table 8.4 The Results of The Top-Down Test

Feeder No. Water Flow Rate (kg/s) Void Fraction
2 0.408 1.62%
3 0.459 0%
4 0.409 6.10%
5 0.258 6.23%
6 0.371 1.10%

Figure 8.1a Vertical Section of Feeder 2 in The Top-Down Test
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Figure 8.1b Vertical Section of Feeder 4 in The Top-Down Test

Figure 8.1c Vertical Section of Feeder 5 in The Top-Down Test

FLOW

Figure 8.1d Vertical Section of Feeder 6 in The Top-Down Test
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CHAPTER 9

DISCUSSION AND CONCLUSIONS

9.1 Discussion and Conclusions on Single-Phase Flow Rate Measurement

Void fraction is a crucial parameter in a two-phase flow system. In Two-
Phase Flow Test Facility, impedance probes are used for void fraction measurement.
Calibration of a void fraction measuring probe depends on the measurement of flow
rates of each phase individually. Therefore, the flowmeters which measure the flow
rate of the liquid and gas phases require special attention. Following conclusions can

be drawn for the flow rate measuring of the phases in this study.

Water flow rate is measured by a turbine flowmeter in this study. Due to the
working principles of this turbine flowmeter, if liquid flow rate is measured, there
should be no air bubbles inside the water supply line during calibration and usage.
Also the water flow elevation should be taken into account in the course of
calibration. In fact, in the present experimental study, this effect was investigated
and it was seen that the water flow elevation effects the calibration data especially
after 1 kg/s of water flow rate. This deviation is due to the pressure head caused by

the elevation.

Rotameter is not a suitable device for air flow rate data acquisition.
Therefore an orifice meter with a differential pressure transmitter can be used for
this purpose. During the design of an orifice plate, the capacity of the differential
pressure measuring device should be investigated and diameter ratio should be
selected accordingly. In addition, the calibration of the differential pressure

measuring device should be performed before the orifice meter calibration.
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9.2 Discussion and Conclusions on Experiments on Two-Phase Flow

It can be concluded that the measurement of two phase flow rate depends on
the pressure drop across the globe valve, void fraction and valve opening. Within the
range of the experimental data, for a given two phase flow rate and void fraction,
pressure drop increases as the valve opening decreases. In addition, for a given two-
phase mass flow rate and valve opening, pressure drop increases as the void fraction
increases. The pressure drops across the globe valve are very close to each other for
a given void fraction and flow rate, if the valve opening is greater than 60%.

Increase in the pressure drop is not linear as the valve is closed.

Since the test section is horizontal and since all of the flows are turbulent,
only stratified and slug flow regimes were observed at the test section during the
tests. However, when laminar flow exists at small valve openings, bubbly flow

regimes can also be seen in the vertical sections of the Feeders.

While correlating the experimental data, the goodness of the fit depends on
the number of data points . Since the experimental data were scarce at low flow
rates, the estimation obtained by two-phase flow rate correlation (7.2) is poor at low

flow rates.
9.3 Closing Remarks and Recommendations

In this study, the tests have been conducted in one of the Feeders of 34.5 mm
inner diameter and a 1 %” globe valve. The effect of pipe diameter should be
investigated by performing similar experiments at the Feeders of 25.4 mm inner
diameter. This experiment will also include the investigation of performance of

1” globe valves in two-phase flow.
Flow regime effects on the pressure drop can be studied by recording flow

regime by a video camera in every test. The results of such a study may be used to re

arrange Equation (7.2) in different flow regimes to increase the prediction accuracy.
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The adjustment of globe valves can be automated and solenoids can be used
fore remote control of the valves. This will improve the accuracy of the estimation
of two-phase mass flow rate correlation (7.2), because the error which occurs at the

manual adjustment of the valve is minimized.
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APPENDIX A

DRAWINGS OF THE EXPERIMENTAL SET-UP

TURBINE FLOWMETER
AIR SUPPLY LINE
B SR
S ROTAMETER
WATER SUPPLY LINE
WATER
TANK " || ORIFICE
'- N 4 METER
/ TRANSDUCERS WATER PUMP
K
Vi i%/ COMPRESSOR
J]_~F[=1 HQ —= Tt
MIXE M
3 o \\ ] \«\ \\\
S—c | - \\ XY \\\\\ EQ\\\ AIR TANKS
IMPEDANCE GLOBE FEEDERS
HEADER PROBES VALVES

Figure A.1 Top View of The Experimental Set-Up
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APPENDIX B

SPECIFICATIONS OF INSTRUMENTATION AND
DATA ACQUISITION SYSTEM

1. Pressure Transducer:

Manufacturer: OMEGA
Model: PX 605-100 GI
Supply Voltage: 24 V DC (10 - 30 VDC)
Output: 4 - 20 mA (2 wire)
Max. Loop Resistance: 50x (supply voltage-10) Q
Accuracy: +£0.4% at full scale
Storage Temperature: -65°F to 250°F (-53 °C to 121 °C)
Operating Temperature: -20° to 180°F (-28 °C to 82 °C)
Compensated Temperature: -20° to 160°F (-28 °C to 71 °C)
Thermal Effect: (zero) £0.04% full scale/ F
(span) £0.04% full scale/ F
Proof Pressure: 15 - 2000 psi = 200 % full scale
3000 - 5000 psi=150% full scale
500 - 20000 psi=120% full scale
Burst Pressure: 15 - 2000 psi=800% full scale
3000 — 5000 psi=300% full scale
7500 - 20000 psi=150% full scale
Response Time: 1 ms.

Working Medium: Liquid/gas/steam
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2. Differential Pressure Transmitter:

Manufacturer: OMEGA
Model: PX 711-100WDI
Output: 4 - 20 mA DC output corresponding 1 - 5 V DC through 250 ohm
load resistor
Max. Pressure Range: 0 - 100 inch H,O
Min. Pressure Range: 0 - 17 inch H,O
Supply Voltage: 24 V DC nominal
12.5 V DC min. at transmitter
15.25 V DC min. with digital meter option
36 V DC max. at transmitter
42 V DC with external load specified
Reverse polarity protection provided
Accuracy: (Includes independent linearity, hysteresis and repeatability)

10.15 % of calibrated span

Working Pressure: 2000 psi
Working Medium: Liquid/gas/steam

3. Differential Pressure Transmitter:

Manufacturer: OMEGA

Model: PX 771-100DI

Output: 4 - 20 mA DC output corresponding 1 - 5 V DC through 250 ohm
load resistor

Max. Pressure Range: 0 - 100 psi

Min. Pressure Range: 0 - 17 psi

Supply Voltage: 24 V DC nominal
12.5 V DC min. at transmitter

15.25 V DC min. with digital meter option
36 V DC max. at transmitter
42 V DC with external load specified
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Reverse polarity protection provided.
Accuracy: (Includes independent linearity, hysteresis and repeatability)
10.15 % of calibrated span
Working Pressure: 2000 psi
Working Medium: Liquid/gas/steam

3. Turbine Type Flowmeter:

Manufacturer: CHEMLINE PLASTIC

Model: 2110 TM & 110 TM

Supply Voltage: 12 -24 V DC

Output: 4 to 20 mA, load resistance < 500 ohm

Velocity Range: 0.15 - 10 m/sec

Electrical Connection: 4 pole, DIN 43650,NEMA 4X

Accuracy: +1% over calibrated flow rate range

Repeatability: £0.5% over calibrated flow rate range

Linearity: +1% over calibrated flow rate range

Viscosity Range: 0.5 - 20 cST (outside this range transmitter needs
recalibration)

Working Medium: Liquids only

5. Water-Circulating Pump:

Manufacturer: WILO
Type:Multi-stage normal suction, horizontal, high pressure centrifugal pump.
Supply Voltage: 1~200 V (£10%) / 50 Hz.
Fluid Temperature: -15 °C to 110 °C with ‘gaskets- EPDM
-15 °C to 80 °C with gaskets- VITON
‘Max. Permissible Working Pressure: 10 Bar
Max. Permissible Inlet Pressure: 6 Bar

Max. ambient temperature: 40 °C
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6. Air Compressor:

Manufacturer: KOMSAN KOMPRESOR
Type: T-175 KDT-15

Number of Cylinder: 1

Tank Volume : 100 liters
Stroke Volume: 216 It/min.
Motor Power: 1.5 kW.
Revolution: 700 rpm.
Operating Pressure: 15 kgf/ cm?
Piston Displacement: 13 m*/h
Max. Pressure: 10 kg/cm2
Weight: 110 kg.

7. Pressure Gage:

Manufacturer: PAKKENS

Type: Bourdon Gage

Measuring Range: 0 - 2.5 Bar
Sensitivity: 0.05 Bar

Working Medium: Liquid/gas/steam

8. Temperature Gage:
Manufacturer: PAKKENS LTD. STI.
Measuring Range: 0 — 120 °C
Sensitivity: 2 °C

9. MultiL.ab Analog and Digital I/O Card:

Manufacturer: ADVANTECH
Type: PCL-812 PG

114



Analog Input Channels: 16 single-ended.

A/D Converter: 12-bit, 25 psec. conversion time

Analog Input Range: £(10,5,2.5,1.25,0.625,0.3125)

Analog Trigger Mode: Software, pacer or external trigger

Data Transfer: Program controlled, interrupt 2~7, 9~12, 14, 15 or DMA
(Channel 1 or 3) for

Accuracy: 0.01% of reading 1 bit

Input Impedance: >100 MQ

Overvoltage: Continuous +30 V DC max.

Analog Output Channels: Two doubled buffered 12-bit channels

D/A range (in V): 0~5, 0~10 w/internal reference; £10 V max. with external
AC or DC reference (accuracy for output above 9V may vary depending on power
supply used)

Settling Time: 30 psec.

Output Current: =5 mA max.

Linearity: +1/2 bit

Digital Input Channels: 16, TTL level

Digital Output Channels: 16, TTL compatible

Counter: One 16-bit counter with a 20 MHz. time base

Power Consumption: +5V@500 mA typical,1.0 A max.

+12 V@ 50 mA typical ,100 mA max.
-12 V@ 14 mA typical, 20 mA max.

Operating Temperature: 0~50°C (32~122°F)

I/O Ports: 16 consecutive bytes

Connectors: Two 20-pin flat-cable connectors

Dimensions: 185x 100 mm

10. Amplifier and Multiplexer Board:

Manufacturer: ADVANTECH
Type: PCLD-789D
Input Channels: 16 differential
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Input Range: +10 V max., depending on selected gain

Output Range: £10 V max.

Overvoltage Protection: +30 V continuous

Cold-junction Compensation: +24.4 mV/°C, 0 V at 0°C

Power Consumption: +5 V @ 10 mA maximum

+12 V @ 80 mA maximum

Connectors For D/A buses: One DB-37 connector , two 20-pin flat cable

connectors for daisy chaining

Dimensions: 205 mm x 114 mm

11. Digital Multimeter:

Type: OGSM MY 64 Digital Multimeter

DC Voltage/ Basic Accuracy: 200m /2 /20 /200 /1000 V. +0.05%
Input Imp/Max. AC Voltage: 10M /2 /20 /200 /700 V

Basic Accuracy/Input Impedance: 0.8 % / 2M

Frequency Range: 40 - 1000 Hz

Basic Accuracy: £0.8 %

Resistance: 200 /2 k /20 k /200 k / 2M / 20M

Basic Accuracy: £0.15%

Temperature/ Basic Accuracy: -50 °C/ 1000 °C/ £0,75%
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APPENDIX C

DETERMINATION OF THE GOODNESS OF THE FITS

Determining The Goodness of Fits

When determining the goodness of a data fit, i.e. determining how well the
regression model describes the actual data, one of the following points can be taken

as a criterion.

a) Coefficient of determination (R?) measures the proportion of variation in the data
points which is explained by the regression model. A value of R? = 1.0 means that
the curve (data fit equation) passes through every data point. A value of R*=0.0
means that the regression model does not describe the data any better than a

horizontal line passing through the average of the data points.

b) The Residual Sum of Squares (RSS), is the sum of the squares of the differences
between the entered data and the curve generated from the fitted regression model.

A perfect fit would yield a residual sum of squares of 0.0.

¢) The Standard Error of the Estimate is the standard deviation of the differences
between the entered data and the curve generated from the fitted model. This gives
an idea about how scattered the residuals are around the average. As the standard
error approaches 0.0, you can be more certain that the regression model accurately

describes the data. A perfect fit would yield a standard error of 0.0.
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