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Abstract

A dual-pressure drop based flow measurement device (DPDE) was developed taking
advantage of the compressibility of two-phase flow. By creating a pressure drop between
two crimped pipe elements with restrictions, a variation in density and volumetric flow rate
was created. This variation caused by flow expansion is used to predict mass flow rate and
gas fraction of two-phase flow. An air-water-ethanol mixture was used, and the device was
tested for gas fractions ranging from 0-85% with mass flow rates varying from 30-100
kg/h. The predicted mass flow rate and density are compared to results obtained from a
Coriolis meter and gas/liquid feed rates to the system. Average errors of £5 kg/h and =100

kg/m® were observed for mass flow rate and density, respectively.
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Chapter 1 INTRODUCTION

The focus on multiphase flow began in the 1960s with researchers attempting to model
two-phase flow by exploring boiling and condensation (Chisholm, 1967; Hewitt, 2013;
Hewitt and Wallis, 1963; Wallis, 1962). Their efforts intensified during the 1970s and
1980s to investigate different flow patterns in multiphase flow and by examining the effects
of different diameters, operating pressures, flow rates and orientations (Barnea, 1987;
Barnea et al., 1982; Taitel et al., 1980). Experimental work done since then was
predominantly focused on applications for the petroleum industry and for nuclear plants

(Meribout et al., 2010; Wylie et al., 2006).

Multiphase flow is generally defined as a stream consisting of two or more phases flowing
simultaneously in a system. Multiphase flow metering (MPFM) is defined as the individual
measurement of phases in the multiphase flow. MPFM has potential applications in the
layout of production facilities, well testing, reservoir management, production allocation,
production monitoring, capital and operating expenses and fiscal metering or custody

transfer (Falcone et al., 2009; Falcone et al., 2002).

Traditionally, MPFM is done by separating the heterogeneous multiphase mixture into its
individual phases, measuring them separately using single phase flow meters before
returning them to the multiphase flow line (Wang, 2012). Coriolis meters or turbine flow
meters are usually used to measure the liquid flow while vortex flow meters and ultrasonic
flow meters are used to measure the gas flow. A challenge of this method of separating and
metering the phases is that it is quite expensive and inefficient. To avoid this, in-line
MPFMs are preferred over conventional test separators. Continuous metering is possible
using MPFMs along with the elimination of test separators, pipelines, manifolds and valve
systems. However, MPFMs are sensitive to the physical properties of the phases being
measured and may not remain stable over time. Careful operation of the meters is needed

to operate them according to the required specifications (Corneliussen et al., 2005).



When applied in a multiphase application, measurements from single-phase flow meters
are dependent on the mass flow rate as well as the phase holdup. As gas holdup increases,
measurement errors tend to increase as well. A single-phase flow meter cannot typically
be used to measure the flowrate and the phase holdup simultaneously, necessitating a
coupling of metering devices. This coupled approach works well within the operating range
of the instrument but may be subject to a narrow operating range beyond which errors

would increase. (Beg and Toral, 1993; Wang, 2012; Xu et al., 2003).

In the recent decades, pressure drop based metering devices have played an important role
in the study of multiphase flow metering. Efforts in this area are focused on using a mass
flow meter coupled with a density/gas fraction measurement. Dual-pressure drop systems
have been used previously (such as a venturi/venturi), but the mass flow rate metering
performance is dependent on the entering flow rate and the flow pattern. (Oliveira et al.,
2009; Steven, 2002; Zeghloul et al., 2017). By eliminating the flow pattern effects using a
homogenizing flow regime and by creating a flow expansion between the pressure drop

systems, it is possible to correlate mass flow rates with pressure drops.

The main objective of this thesis is to develop a pressure drop based metering device that
can be used to accurately monitor flow rate and phase holdup of an effervescent foaming
mixture of air, water and ethanol. Chapter 2 gives a review of various technologies
currently available for MPFM including a detailed literature review of pressure drop based
metering devices and the correlations commonly used. Chapter 3 describes the motivation
for the work, design of the apparatus and the equipment used to conduct the experiments.
Chapter 4 discusses the methodology used to develop the correlations and summarizes the

results, and Chapter 5 presents the conclusions.



Chapter 2 LITERATURE REVIEW

Commercial in-line multiphase flow meters use technologies like nuclear magnetic
resonance spectroscopy, neutron interrogation, gamma ray technologies, electromagnetic
measurement methods and the traditional separators for MPFM (G.H. Roshani, 2015). For
small-scale applications, orifice meters, V-cone and Venturi meters can be used. They work
well for homogeneous flow however, they are not particularly suitable for heterogeneous
flow. Instead, it is quite a common practice to use a combination of meters to achieve the
desired accuracy (Hong-jian et al., 2005; Oliveira et al., 2009). There are numerous
instruments available for MPFM, each involving a different principle and a different
metering strategy. The metering strategy is typically based on whether the multiphase flow
is separated into individual phases or not. However, the available instruments can be

classified into various types based on the parameter they measure.

The parameters that are usually measured and the corresponding instruments used are given
in Table 2-1 (Bertani et al., 2010). Detailed description, working principle and the
governing equations for each instrument can be found in books on MPFM (Baker, 2005;

Falcone et al., 2009).



Table 2-1 Instruments used to measure parameters of two-phase flow (Bertani et al., 2010)

Measured parameter Instruments used

Gamma-ray densitometer
Neutron interrogation
. Weighing of tube
Density Hot film anemometer

Capacitance/conductance probes

Ultrasonic flowmeter

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

Capacitance/conductivity cross correlation

Laser Doppler velocimeter

True mass flow meter
Mass flow Vibrating tube

Differential pressure flowmeters

Venturi flow meter
Momentum
Drag disk

Some of the technologies used to determine the phase fraction are discussed in detail in the
following sections. Even though there are many elements available for in-line phase
metering, this thesis is primarily focused on developing a pressure drop based metering

device.



2.1 Pressure drop based metering devices

Pressure drop based metering devices are inexpensive, easy to manufacture and contain no
moving parts. They can be used in any orientation and for most pairs of gases and liquids.
However, the output signal from these devices is not linear with the fluid flow. The nature
of the flow and the pipe layout may affect the accuracy of the measurement. While these
devices generally have good standards, they are susceptible to ageing effects like erosion
of sharp edges and the build-up of deposits (Reader-Harris, 2016). Recognizing the
advantages and disadvantages of using differential pressure devices for multiphase flow,
the ease with which a differential pressure device can be developed cannot be ignored.
Hence, the goal of this project was to develop an inexpensive metering device for

multiphase flow without compromising the accuracy of the measurement.

2.1.1 Orifice plates

The orifice meter consists of a circular plate with a hole machined through it. The pressure
drop across the orifice plate is measured using two pressure taps placed on the upstream
and downstream sections of the orifice plate. The differential pressure across the orifice
plate is used to determine the mass flow rate of the fluid passing through it. Because of its
simple construction and easy installation, orifice meters are often used in industries to
measure the flow rate, particularly in small-size lines (De Nevers, 2011; Reader-Harris,

2016).

p g . Py
(LA (L 7A7
9

d D
Flow >

77777777/7{7_@

Figure 2-1 Orifice meter (White, 2003)
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2.1.1.1 Single-phase flow through an orifice

For single-phase flow, the mass flow rate of the fluid (m . ) can be correlated to the pressure
drop (AP ) across a differential pressure device by introducing a theoretical coefficient of

discharge (C y ) (Oliveira et al., 2009).

—} 2p,AP 2.1)

where 4, is the area of orifice, ¥ is the compressibility coefficient, £, is the ratio of orifice
diameter to pipe diameter, F, is the thermal expansion correction factor, and p, is the

density of liquid.

For single-phase flow, the fluid is considered to be incompressible making ¥ =1. Also, if
the thermal effects within the fluid are negligible, the thermal expansion correction factor

can be taken as 1.

2.1.1.2 Two-phase flow through an orifice

A broad range of empirical models have been developed for orifice plates that correlate the
mass flow rate of two-phase flow with pressure drop for different types of flow and fluid
combinations. However, in this work only the relevant models namely, Homogeneous

model, Chisholm model and Zhang model are discussed in detail.



2.1.1.2.1 Homogeneous model

Homogeneous model for multiphase flow treats the two-phase flow as a pseudo-fluid and
provides correction factors to make it applicable for multiphase flow. Hong-jian et al.

(2005) modified Eq. 2.1 for multiphase flow calculations by introducing a two-phase
correction factor(K L), which is a function of the mass flow quality or void fraction and

the densities of the fluids.

. C, pAYF,
mrp_{ L :lKL 2p,AF, (2.2)

VI-5

Rearranging Eq. 2.2, K, can be isolated as given by Eq. 2.3.

Myp

Co A YipF, (2.3)
i [P

K, =

In developing the correlations for two-phase correction factor, mass flow quality is also

used instead of void fraction. The mass flow quality (x) of gas is defined as the ratio of the

mass flux of gas to the mass flux of total fluid flow.

x=—C— 2.4)



2.1.1.2.2 Chisholm model

Taking into account the slip between the fluids, a correlation was developed by Chisholm

(1977) for an incompressible two-phase flow through orifice plates. The Modified

Lockhart-Martinelli parameter(X ) was used as a measure to determine the slip ratio (S ) .

1
2
S:[1+x(&—lj] For X >1 (2.5)
Pe
1
4
S = (&] For X <1 (2.6)
Pe

The original definition of Lockhart-Martinelli parameter is the ratio of friction pressure
drops and the Modified Lockhart-Martinelli parameter is defined as the square root of

liquid and pressure drop ratio due to acceleration.

x= |24 =(—1_xj Lo 2.7)
X Pr

Using the slip-ratio, mass flow quality and the ratio of densities of fluids Chisholm

proposed a correlation to estimate the two-phase flow correction factor.

2
&_'_S &
\ Pq \ £, + 1 (2.8)
1—x )/ Pg

o 1))

1
1 S
KL:( j 1+
1-x




2.1.1.2.3 Zhang model for orifice plates

Zhang et al. (1992) proposed a correlation for K, , using orifice plates and an air-water

flow with a mass flow quality less than 1%.

1

K, = {[x()}(f:——lj+ 1}_2 (2.9)

Some other models available for two-phase flow developed using orifice plates are listed

in Table 2-2.



Table 2-2 Correlations using orifices for two-phase flow (Zeghloul et al., 2017)

Simpson 1
1 6
etal, K, =([+x(s-0)][1ex(s"-1)]) 5 s :(&} (2.10)
o)
(1983) ¢
1 ($-1)
KL:[ &+S(1—x)} x+( _xJ 1+ .
P S (pL/pG) -1
Morris 0s @2.11)
(1985) [1+x[&—1D if X>1 025
g Ps : Xz(l—x)[&j
(pL JO.ZS . X pG
Pr if X <1
Ps
Watson | 1
= 2
ctal. K, =((1=x)[1+4257+77]) % Y=(1Lj[&] (2.12)
(1967) ¢
Collins
1 1
and 2\ 2
K, =((1—x)2 0.928+0375VY +0913Y | ) " Y:(ij Lol (213)
Gacesa 1+x )\ pg
(1971)
j 1
o K, <[22 )1 || 2.14)
(1965) e
Saadawi 1
et al. K, =(1+184x-7293x" ) 2 (2.15)
(1999)

Roul and Dash (2012) investigated the effects of orifice geometry on the pressure drops of

two-phase flow by using two pipes with inner diameters of 40 and 60 mm and eight

different orifice plates. They used the Eulerian-Eulerian CFD model to determine the

pressure drop across the orifices. They also found that, the Morris equation gave better

10



estimates for the two-phase multiplier for thin orifices while Chisholm model worked

better for thicker orifices.

Zeghloul et al. (2017) measured the pressure drop for single and two-phase flow for six
different orifices in a vertical upward flow. The average phase fraction for the two-phase
flow was determine using a conductance probe. The data obtained from their experiments
was used to evaluate the existing models for two-phase flow pressure drop. They found
that for vertical flow, Morris and Simpson models gave the most reliable estimates for

pressure drop and recommend that they be used for design and metering purposes.

2.1.2 Venturi nozzles

A Venturi meter is comprised of a truncated cone with decreasing cross-sectional area,
followed by a throat section and another truncated cone with increasing area of cross-
section. The pressure taps are located at the throat and at the upstream section of throat.
The difference in the pressure between these locations is used to determine the flow rate of
the fluid (De Nevers, 2011). Compared to an orifice plate, the pressure drop generated by

a Venturi is less and it also requires less pipe upstream to the meter.

Figure 2-2 Venturi meter (White, 2003)

11



2.1.2.1 Single-phase flow through a Venturi

The mass flow rate equation developed for an orifice (Eq. 2.1) can also be used to determine
the mass flow rate of fluid through a Venturi. The area of orifice (AD) is replaced with the
area of the Venturi throat (A) and the S, ratio with £, which is the ratio of throat diameter

to pipe diameter.

Ji=5:

i, = [%—YF] 25, AP (2.16)

2.1.2.2 Two-phase flow through a Venturi

When Venturis are used to meter wet gas, Stewart et al. (2002) observed that the differential
pressure for two-phase flow is greater than it was for single-phase gas flow. This often
leads to an “over-reading” of gas flow rate values. Some of the factors that are known to
affect this phenomena include liquid fraction, gas velocity, throat-to-pipe diameter ratio
and the operating pressure. Lide et al. (2007) evaluated the performance of eight different
correlations that are commonly used for Venturis. They found that the gas pressure, throat-
to-pipe diameter ratio and the gas velocity played a significant role in the “over-reading”

of the meter. The uncorrected Over-reading (OR) is defined mathematically by Eq. 2.17,
OR=—= |[—— (2.17)

where mG' is the apparent gas mass flow rate and 1, is the actual gas mass flow rate.

Some of the models discussed below provide different correlations to calculate OR, which

can further be used to determine the actual gas mass flow rate (mG) .

12



P (2.18)

2.1.2.2.1 Homogeneous model

Homogeneous model for single-phase flow can be modified for two-phase flow by using

an equation to calculate the average density of two-phase flow (Eq. 2.19) (Lide et al., 2007).

1w, (=)
S (2.19)
Prr Pc Pr
or=1 &—l—x(l—&j (2.20)
X\ Ps Pr

2.1.2.2.2 Smith and Leang Correlation

By taking into account the partial blockage of pipe area by liquid, Smith and Leang (1975)
proposed a correlation for Orifice plates and Venturis which corrects for the error caused

by liquid by introducing a correction factor, BF, which is a function of mass flow quality.

1 1
OR = =

BE 0 637+40.421x—

0.00183 2.21)

2
X

2.1.2.2.3 De Leeuw correlation

De Leeuw (1997) observed that the error induced by the liquid depends on gas Froude
number in addition to pressure and Lockhart-Martinelli parameter. Therefore, he presented

a correlation by modifying the Chisholm model by introducing a new parameter, », which

is a function of gas Froude number(F rG) .

13



Fr — USG pG (222)

¢ \NED \ pL = Pg
0.41 0.5< Fr,<1.5
~|0.606(1-¢ 7" ) Fr, 215 (2.23)

OR = 1+X((&j +[&] J+X2 (2.24)
Pac Pr

2.1.2.2.4 Steven correlation

Using a 150 mm Venturi with #=0.55, Steven (2002) developed a new empirical

correlation by testing the Venturi at 2.0, 4.0 and 6.0 MPa with liquid fractions ranging from
1% to 5% and gas flow rates varying from 400 m>/h to 1000 m>/h. The correlation and the

empirical constants are given by the following equations.

R = 1+ AX + BFr,

1+ CX + DFr, (2.25)
2
A=2454.51[&J —389.568(&j+18.146
Pr Pr
2
B =61.695[&] —8.349[&]+0.223
Py Py
(2.26)

2
C= 1722.917[’0—GJ —272.92[&]“1.752
Py

2
D =57.387 (&j —7.679[&]+0.195
Pr
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2.1.2.2.5 Zhang model

By making corrections to the homogeneous model, Hong-jian et al. (2005) proposed a
semi-empirical correlation for Venturis to determine K, and x, for a low quality oil-air

flow.

e

I-a) \ ps

x:c'( “ j(&j (2.28)
I-a )\ p,

The empirical constants c¢,n,m,c’ and H are dependent on the test conditions and flow

patterns which are given in Table 2-3.

Table 2-3 Empirical coefficients for different flow patterns

Flow pattern c n m ¢ H
Slug flow 0.5 0.95 0.02 0.51 0.65
Wavy flow 1.3 1.15 0.08 1.25 0.70
Annular flow 1.2 0.95 0.05 1.21 0.95

Usually, Venturi meters are coupled with other devices operating on a different measuring
principle to determine mass flow rate and mass quality simultaneously. However, Xu et al.
(2003) devised a new method to determine mass flow rate by mapping the fluctuation of
differential pressure signal of a Venturi with that of mass flow quality, thus eliminating the

need for another device.
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2.1.2.3 Comparison of two-phase correction factor with gas fraction for orifice and

Venturi models

Using Eqgs. 2.8, 2.9 and 2.27, Figure 2-3 illustrates the prediction of K, versus a for the
two orifice correlations as well as a Venturi correlation under multiple flow conditions. It
was observed that, for both Venturi and orifice models, the two-phase correction factor
values are less than one. The predicted K, under different flow regimes varies
considerably. While the addition of ethanol to the current system will affect the flow
pattern transitions and will lead to increased formation of small bubbles/homogenous flow,
previous work by Triplett et al. (1999) suggests that the flow pattern would transition
between bubbly flow (for a < 15%) to plug flow (for a between 15-75%), to
annular/churn flow (for ¢ > 75%) over the range of conditions tested. Within a Venturi,

the annular and wavy flow appears to have comparable K, values while transition to slug
results in a significant variation in K, versus « . Similarly, for orifice models depending

on the approach taken, significant variations in the prediction of K, can be observed.

1.2

-

— —Annular flow (Venturi)

— —Wavy flow (Venturi)

0.2 r— —Slug flow (Venturi)

—— Chisholm Model (Orifice)

——Zhang Model (Orifice)
I |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
a

Figure 2-3 K, versus a for Orifice plates and Venturi nozzles
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2.2 Coupling method

In order to characterize the individual flow rates of gas and liquid, flow measurement

devices are typically coupled with another device measuring void fraction or density. Some

of the combinations investigated by different authors are listed in Table 2-4.

Table 2-4 Combination of flowmeters investigated to measure multiphase flow (Xing et al.,

2014)

Single-sensor

Venturi (Fincke et al., 1999; Xu et al., 2003; Xu et
al., 2011)

Swirl meter (Hua and Geng, 2012)

Two flow sensors

Double-

S€nsor

Venturi plus Venturi (Dualstream, 2001)
Venturi plus V-cone (Xu et al., 2013)
V-cone plus V-cone (Zhang et al., 2010)
V-cone plus shuttle cone (He et al., 2013)

Slotted orifice plus slotted orifice (Li et al., 2009;
Yanfeng et al., 2007)

Slotted orifice plus swirl meter (Hua and Geng, 2013)
Venturi plus turbine meter (Huang et al., 2007)

Venturi plus vortex meter (Sun, 2010)

Flow sensor plus
phase fraction

S€nsor

Venturi nozzle plus capacitive sensor (dos Reis and

Goldstein Jr, 2008)

Venturi plus ECT (Hong-jian et al., 2005; Huang et
al., 2005)

Venturi plus ERT (Meng et al., 2010)
Venturi plus microwave probe (Bg et al., 2002)
Venturi plus sonar (Gysling et al., 2007)

Ultrasonic and Coriolis meter (Xing et al., 2014)
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2.3 Phase holdup measurement devices

The technologies that are more commonly used to measure the void fraction in a multiphase
flow are gamma-ray attenuation and electrical impedance techniques. These techniques are

discussed further in the following sections.

2.3.1 Gamma-ray methods

Gamma-ray densitometry is preferred for MPFM over other meters for the following

reasons

e Non-intrusive sensors
e No detector corrosion
e No pressure drop across the instrument

e Zero impact on fluid flow

A radioactive source, usually Caesium-137 and thulium-170, is used to emit a thin beam

of gamma rays with an initial intensity of /. This gamma ray emission passes through the

multiphase flow mixture sandwiched between two walls before the resultant intensity(] 4 )

is determined by a collimated detector (Figure 2-4). While it passes through the multiphase
flow, the attenuation of gamma beam takes place due to photoelectric effect, pair
production and Compton effects. The initial and final intensities of the gamma ray are
recorded and are used to determine the void fraction of the multiphase flow (Abro and

Johansen, 1999; Falcone et al., 2009).
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Figure 2-4 Experimental setup for Gamma-ray densitometry (Falcone et al., 2009)

Roshani et al. (2015) developed a method based on gamma-ray attenuation using artificial
neural networks (ANN) to establish the flow regime and estimate the gas fraction in gas-
liquid flows. They simulated the ANN for stratified, homogeneous and annular flow
regimes using Monte Carlo N-particle (MCNP) code and tested the annular regime
experimentally. Using this method, they were able to identify the flow regime with a 100%
accuracy and were able to predict the gas fractions with errors less than 1.1% for two-phase

flows with gas fractions ranging from 5% to 95%.

Tjugum et al. (2002) used multi-beam gamma-ray densitometry to establish the flow
regimes in three-phase flow. A special tilt section was designed and built to perform
experiments on deviated three-phase flow with oil, water and gas phases. They were able
to demonstrate that several collimated detectors and a fan beam geometry with a single
radiation source is enough to yield information on the distribution of gas and liquid in
multiphase pipe flow. Different flow regimes were identified successfully, and the acquired

flow regime information was used to enhance the accuracy of the void fractions.

Abro et al. (1999) used a **'Am source and EGS4 software package to identify the flow

regime and determine the phase fraction in oil/gas pipes. Simulations were performed for
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homogenous, annular and stratified flows and for void fractions ranging from 0 to 100%.
The simulated data was then used to train neural networks to distinguish the flow regimes

accurately and to determine the void fractions with an error of 3% for all flow regimes.

2.3.2 Electrical impedance methods

The phases in the multiphase flows have significantly different electrical impedances.
Various probes can be designed to measure the resistance, capacitance, inductance or a
combination of them to determine the void fraction of gas flowing in a multiphase flow.
The impedance can be measured for a large volume using an integrated probe or for a small
region using a local probe. The advantages of using impedance probes are high frequency

response, low cost and ease of construction (Ceccio and George, 1996).

Paranjape et al. (2012) developed a custom-designed electrical impedance meter to
determine the phase fraction of two-phase flow in micro-channels by using the variation in
permittivity and the specific electrical conductance of the individual phases. To identify

the flow regimes, a Kohonen self-organizing map is used.

Huang et al. (2003) proposed a new method to measure the phase fraction of two-phase
flow using a 12-electrode electrical capacitance tomography measurement system. A new
image reconstruction algorithm was developed using algebraic reconstruction technique
algorithm and Tikhonov regularization principle. The errors in phase fraction measurement

for different flow regimes was less than 5%.

2.3.3 Other technologies

Some other technologies available for MPFM are acoustic attenuation, neutron
interrogation, microwave attenuation and infrared spectroscopy (Falcone et al., 2009). A
brief review of multiphase flow metering techniques is given by Rajan et al. (1993). Some

of the more recent techniques developed for MPFM are nuclear magnetic resonance
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spectroscopy, particle image velocimetry and a multisensory intelligent device using
electrical and acoustic sensors (Bilgic et al., 2015; Lindken and Merzkirch, 2002; Meribout
et al., 2010).

2.4 Coriolis meter for multiphase flow metering

In the recent decade, Coriolis meter has gained a lot of importance in multiphase flow
metering, particularly in the oil and gas industry. Coriolis meter is preferred over other
flow meters because of its accuracy, reliability and its ability to measure mass flow and
density simultaneously (Gysling, 2007; Wang and Baker, 2014). In the Coriolis meter, the
fluid passes through one or more tubes which oscillate at a certain frequency when the fluid
passes through them. The mass flow rate and density of the fluid passing through can be
determined from the frequency of this oscillation (Anklin et al., 2006; Henry, 2008;
O'Banion, 2013). The Coriolis meter is “almost perfect” for homogeneous flow providing
the mass flow rate measurements with an accuracy of +£0.2%; however, the measurement
errors increase considerably with introduction of even small amounts of gas (Liu et al.,
2001; Reizner, 2003). But in the recent years, significant progress has been made in this
area and numerous models were proposed to reduce the errors in mass flow rate and density

values.

Liu et al. (2001) developed a digital Coriolis transmitter for two-phase flow and proposed
a neural network-based solution to correct the measurements of mass flow rate. Using this
method, the mass flow rate errors were reduced from 20% to 2%. Henry et al. (2006) have
proposed an empirical methodology to develop correction models for a given two-phase
flow mixture and Coriolis flow tube for gas void fractions reaching up to 80%. Corrected
measurements were within 1-5% of actual mass flow and density values. The results were

validated by conducting field trials using heavy oil.

Xing et al. (2014) developed a combination measurement method using ultrasonic and

Coriolis flowmeters to measure the mass flow rates of individual phases in a two-phase
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flow. They developed a coupling model using the ultrasonic flowmeter to measure the
apparent volumetric flow rate of gas and the mass flow rate from Coriolis meter and found
that the root-mean-square (RMS) errors were 3.09% and 12.78% for gas and liquid mass
flow rates respectively. In addition to that, they also developed another coupling model
using density instead of mass flow rate and determined the RMS errors to be 2.59% and

4.38% for gas and liquid mass flow rates respectively.

Attempts have also been made by Henry et al. (2013) to apply Coriolis meters in three-
phase flow applications. This was achieved using a commercial water cut meter, where
mass flow and density were measured using a Coriolis meter, pressure and temperature
were measured by gauges, and water cut was determined from a water cut meter. All these
parameters are used to model three-phase flow and determine the flow rates of individual
components. The liquid mass flow and gas mass flow errors were contained to £2.5% and

+5% respectively.

In this thesis, a Coriolis meter was used as a standard to compare the results obtained with

the developed pressure drop based metering device.

2.5 Flow expansion of compressible fluids

Although non-intrusive, gamma-ray densitometry requires proper homogenization of the
multiphase flow. In addition to that, the materials used to generate gamma-rays are
radioactive, so proper care is required while handling the materials. As for electrical
impedance techniques, the capacitance/conductance probes are susceptible to different
kinds of corrosion. In order to avoid these issues, the compressibility of two-phase flow at
low-pressure conditions can be used to determine the void fraction within an
air/water/ethanol stream. This work explores the use of a static mixer with alternating 90-
degree constrictions to homogenize the flow while measuring pressure drop. By

maintaining a consistent homogenized flow regime, the flow patterns effects on K, values

can be minimized. Through the introduction of an additional pressure drop between two of
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these static mixers using a gate valve, a change in gas fraction can be produced which

would result in a difference in K, values applicable in each meter. By charactering the
dependence of K, on «, both mass flow rate (which should be constant in each of the

meters) and & can be approximated. The following chapter explores the experimental
applications of this principle, characterizing the single-phase and multiphase flow rates

along with the phase holdup.
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Chapter 3 EXPERIMENTAL DESIGN

3.1 In-line phase monitoring for an ebullated bed reactor

The fundamental drive for this research project was the need to do in-line phase monitoring
of a gas-liquid emulsion foam in an ebullated bed reactor (EBR) (Figure 3-1). As part of a
large project with Syncrude Canada looking at phase separation in an ebullated bed, the
conditions in the recycle line were investigated. Our initial approach was to send the two-
phase mixture from the recycle line into a two-phase separator where the liquid flow was
measured using a liquid flow meter and the gas flow was measured using a mass flow
meter. The same procedure was applied to measure the different phases obtained in the exit
stream from the top of the reactor. The intention was to separate the phases, measure them
individually, combine them and send the mixture back to the reactor. The experimental
setup with the separators and the corresponding flow diagram are illustrated in Figures 3-2

and 3-3.

Catalyst Addition Line

Density Detector
Radiation Source

Top Pressure Tap
Thermowell —

Effluent \'

Recycle Pan | Well
Normal Bed 1= Density
Level Detectors

Recycle Line

Skin — Catalyst Withdrawal
TC's 4 (Pressure Measured)
Feed

Recycle
Pump

Figure 3-1 Schematic of a standard LC-Finer ebullated bed reactor

(McKnight et al., 2008)
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Figure 3-2 A miniaturized version of ebullated bed reactor used for the experiment. Feed
and recycle pumps (left) circulate fluid through the ebullated bed (right front), with the
recycle line passing through the left separator and the top of the reactor passing through

the right separator.
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However, upon completion of this design it was found that the separation was unstable, the
fluid flow gained a pulsing format and the flow conditions inside the column changed
significantly. In a commercial reactor, they do not separate these phases which led us to
explore multiphase in-line metering technology. So, in order to do this, a pressure drop
based metering device was developed and correlations between the measured pressure

drops and the mass flow rate of the multiphase flow were proposed.

3.2 Dual-pressure drop element (DPDE) device

The flow metering system developed in this work, named dual-pressure drop element
(DPDE) device, consisted of two pressure drop elements or static mixers separated by a
larger flow restriction intended to generate sufficient energy dissipation to ensure that the
gas density varied between the first and second elements (Figure 3-4). Each of the static
mixers was produced to have ~2.5 psig pressure drop at a liquid flow rate of 0.096 m*/h.
Due to the variability in the production method, this resulted in the upstream mixer having
5 constrictions and the downstream mixer having 4 constrictions. The constrictions were
generated by crimping a 1/4 inch stainless-steel tube at 1 cm intervals with a 90-degree
rotation between the constrictions. The impact of the number of constrictions was
accounted for in the single-phase calibration of each mixer. Two-phase flow was generated
using a calibrated P35 Micro pump (GB-P35.JVS.A.B1) driven by a Micro pump 75211-
30 controller and a gas mass flow controller (Omega FMA1816A). Water containing 0.5%
ethanol was used as the liquid phase, where the ethanol served as a surfactant to produce
an effervescent foam in regions of high agitation. Air was introduced through the branch
of a Swagelok T fitting, with the T having an internal diameter of 1/8 inch. The gas/liquid
flow profile was allowed to develop over a length of ~10 cm prior to entering the first static
mixer. It was expected that at the range of gas/liquid flow rates tested, the flow profile
would have varied from bubbly to plug/slug to slug/churn, and eventually wavy
annular/annular flow. The absolute pressures and pressure drop across both the upstream
and downstream flow elements were monitored using ProSense SPT25-10-0060D, SPT25-
10-V30A and Omega PX409-005DWUYV transducers and recorded via an NI DAQ system

powered by LabVIEW. Fluid temperature and density were confirmed at multiple times
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during the experiment using an Anton Paar DMA 35 portable density meter, in addition to
the measured values obtained from the Emerson CMF025M Coriolis meter installed
following the last pressure drop element. Backpressure within the system was controlled

via a needle valve located after the Coriolis meter.
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3.3 Corrections for density

For the purpose of all calculations, the density of gas and liquid are necessary. The density
of the liquid has to be corrected to account for the changes in temperature. The density-
temperature correlation (Eq. 3.1) was derived from published density values for water and
was validated with Coriolis meter measurements for the single-phase flow. T is the

temperature of fluid in °C.

p, =—0.25T +1003.838 3.1)

The gas was assumed to expand isothermally due to the significant thermal mass of the
liquid and hence ideal gas law was used to estimate ambient air density. As a reference
point, the pressure and temperature of the air was assumed to be at 101325 Pa and 25 °C
respectively. Note that the temperature variation was minimal within the context of the

experiment.

P

atm

P’on itions
pG,conditions = patm [¢j (3 2)

3.4 Corrections for viscosity

Similarly, the viscosity of liquid was also corrected by developing a viscosity-temperature
correlation (Eq. 2.3) using literature values for water. T is the temperature of fluid in °C
and g, is the viscosity of liquid in kg/m-s. It was assumed that the viscosity of gas varied

minimally and for all calculations concerned viscosity of liquid is used including those of

multiphase flow.

_ 1.4641-0.0229T

23
He 1000 2:3)
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Chapter 4 RESULTS AND DISCUSSION

4.1 Flow system calibration

Prior to carrying out this research study, both the gas and liquid systems were calibrated.
The liquid flow rate leaving the metered gear pump was calibrated to account for RPM and
backpressure effects, with correlations developed to determine the liquid mass flow rate.
The Coriolis meter which gives a high degree of confidence for the measurement of single-
phase flow was used, where the back pressure of the outlet of the pump was varied by

restricting the flow through the needle valve.
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Figure 4-1 Mass flow rate as a function of RPM. Vertical variation is due to changes in

backpressure at a set RPM
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Through the regression of the flow rate as a function of absolute pressure F, the equations

given in Table 4-1 provided an estimate for the mass flow rate of liquid at different set

RPMs.

Table 4-1 Mass flow rate equations developed for different RPMs

RPM of the pump Mass flow rate equation used
800 1y g = —1.327F +37.942
1050 s =—1.234F +50.889
1300 1y 300 =—1.166F +64.962
1550 mysso =—1.252F +79.991
1800 my g0 = —1.586F +100.300
2050 1y 5050 = —2.165F +122.420
2300 1y 5500 = —2.557H +138.270
2550 m, ,sso =—2.727F +146.430
2800 1y 5500 =—2.587H +143.890
3050 1 3050 = —2.892F, +155.520
3300 My 3300 = —2.684F +151.230
3550 1, 5550 = —2.559F +148.600

The liquid density determined from the Eq. 3.1 corresponded quite well with the predicted

liquid densities obtained from the Coriolis meter.

For all gas density calculations, the actual density has been corrected for the pressure at
which the density and mass flow rate measurements occurred. For the Coriolis meter, the

densities were calculated using pressure at P, and the average pressure at the middle of the
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Coriolis meter (Eq. 4.1). The pressure drop across the Coriolis meter(APlemm) was

determined by applying a linear correlation between mass flow rate and pressure drop,
where the nominal flow rate (1310 kg/h) across the meter for one bar was known. For the
DPDE device, the actual gas density has been determined based on the average pressure

between F, and P, for the upstream section (Eq. 4.2), and the average pressure between P,
and P, for the downstream section (Eq. 4.3). Gas fraction estimates were also corrected for

pressure effects and expansion.

P4_( Corzol%)

pG:patm P (41)

atm

(4.2)

(4.3)

4.2 Coriolis meter

All experiments were carried out concurrently where the flow was varied from 800 RPM
(0.033 m3/h) to 3550 RPM (0.096 m?/h) in increments of 250 RPM, while the gas flow rate
for each RPM varied from 0 LPM (0 m*/h) to 2 LPM (0.117 m*/h) in increments of 0.25
LPM. While the Coriolis meter was in place, experiments were conducted to compare the

mass flow rate and density approximations against the values obtained from metering.
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Measurements from the DPDE device were also taken concurrently for direct comparison

with the Coriolis meter.

With the Coriolis meter in place, the liquid was allowed to enter the system until there are
no gas bubbles in the loop. After the flow was fully-developed, gas was injected into the
system and allowed to run freely through the system. After steady-state was achieved, the
data was recorded for 60 seconds for three trials. The same process was repeated for every

increment of liquid and gas flow rates.

The mass flow rate and density measurements from the Coriolis meter were taken
manually. The measurements for each trial were taken over a course of a few minutes.
During that time period, the lower bound, the higher bound and the value which appeared
to be the frequent center of fluctuations was recorded for both mass flow rate and density.
The average of the three values was used as the mass flow rate and density of the

multiphase flow obtained from Coriolis meter.

4.2.1 Variation in mass flow rate measurements

The relative standard deviation (RSD) of the mass flow rate measurements determined
from the Coriolis meter for increasing gas fractions is illustrated in Figure 4-2. The
introduction of even small quantities of gas into the system resulted in an increase of RSD
values from near-zero to values ranging from 5 to 35% depending on the gas fraction

present. RSD is defined by Eq. 4.4.

Standard deviation x 100
RSD = (4.4)
Average
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Figure 4-2 Relative standard deviation for mass flow rate varying with gas fraction

As gas was introduced into the system, it was more challenging to maintain a homogeneous
flow pattern for low gas flow rates and high gas flow rates. More variability in mass flow
rates was observed at low and high gas fractions which was assumed to be because of
dispersed bubble flow pattern at low gas flow rates and annular or slug flow patterns at

higher gas flow rates.

4.2.2 Mass flow rate performance

The average mass flow rate was well-predicted for single-phase (Figure 4-3, red symbols).
However, with the onset of multiphase flow through the Coriolis meter, significant
variation was observed in the measured value. For mass flow rate, it varied by as much as
+30 kg/h with about 90% of the data falling in £20 kg/h range for intermediate gas flow

rates.
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4.2.3 Variation in density measurements

RSD of density measurements determined from the Coriolis meter are illustrated in Figure
4-4. For single-phase flow, density estimates were consistent with measurements obtained
using the DMA 35 portable density meter. However, it should be noted that RSD values
were relatively high at lower and higher gas fractions compared to those at intermediate
gas fractions. It was assumed that the flow patterns were not only affecting mass flow rate

but density estimates of two-phase flow as well.
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Figure 4-4 Relative standard deviation for density varying with gas fraction
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4.2.4 Density performance

Since the liquid used for the experiments was an ethanol-water mixture containing mostly
water (only 0.5% ethanol), the density measurements for single-phase flow were all
clustered around 1000 kg/m>. However, similar to the trend observed for mass flow rate
measurement, the introduction of gas into the system resulted in significant variations in

the residual errors (Figure 4-5).

From the residual error data, a variation in densities from -200 kg/m?> to 50 kg/m> with most
of the data lying in between -100 to 50 kg/m> can be observed. The density values at higher
RPMs were more accurately predicted by the Coriolis meter than at the lower RPM values.
For example, for gas fractions in between 0.2 and 0.3, the data with near-zero error values
was found to have RPM values above 3000. But for lower RPMs, there was a bias towards
the underestimation of density. This trend seems to be consistent for all the range of gas
fractions tested. Better homogenization of fluids at higher flow rates prior to entering the

Coriolis meter could be responsible for this phenomenon.
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4.3 DPDE device

The following sections give an overview of the methodology used to develop the

correlations between pressure drops and mass flow rate of the two-phase flow.

4.3.1 Characterizing the geometry
Using the liquid flow data obtained from the DPDE device, the slope of a plot between
mass flow rate of the liquid (m . ) and the pressure drop term( 2AP p, ) can be determined

for both upstream and downstream pressure drop elements. The slope of the line represents

the {%] including the coefficient of discharge(Cd), area of cross-section(A),

J1-p°
compressibility factor (Y ) , thermal expansion correction factor ( F, ) and orifice (or throat)-

to-pipe diameter ratio ( B ) :

For a fully-developed turbulent flow through an orifice, C, remains constant and a plot of

mass flow rate of liquid (m . ) Versus ( 2AP p, ) should yield a linear plot with a constant

slope. However, it was observed that at lower ( 2AP, pL) values, mass flow rate values
are slightly overestimated when a zero-intercept was applied. In this region, the Reynolds
number approaches the traditional transition regime where C, is expected to decrease. To

account for this, a linear plot with a non-zero intercept was used for the purpose of
estimating single phase mass flow rate, recognizing that a power-law function could also

be applied with similar results obtained.

The mass flow rate for the upstream and downstream sections are determined from Egs.

4.5 and 4.6, where m:, ,c; and m; , c; are the slope and intercept values corresponding

to upstream and downstream mass flow rate equations respectively. AR, and AP, are the
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pressure drops across each of the pressure-based measurement devices. A subsequent plot

of the mass flow rate in each of these sections versus (\/2APL o ) (Figure 4-6 ) resulted in

values of m,, =5.066x10°m” and cZ] =-1.352x10" kg/s for the upstream section and

m;, =4.726x10°m?* and ¢, =-1.606x107 kg /s for the downstream section.

m, = m:f\/ 2pLAPL,U +c:} (4.5)

mL,D = m; \lszAPL,D + CZ (4.6)
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Figure 4-6 Correlation between mass flow rate and pressure drop for single-phase flow

through the upstream and downstream flow restriction elements
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During the experiment, the crimped pipe elements were not altered or changed in any way

and remained in the same positions.

To account for the two-phase flow occurrence, necessary corrections were applied to Egs.

4.5 and 4.6 by introducing a K, parameter for correlating the mass flow rates of two-phase

flow to the pressure drops of two-phase flow.

mTP,U = KL,U (m:/ \ 2pLAPTP,U + C:/ ) 4.7)

mTP,D = KL,D (m; \lszAPTP,D + C;) (4-8)

Liquid density is used in Eqgs. 4.7 and 4.8 to maintain consistency with single-phase
correlations, recognizing the impact of mixture density variation will be included within
the K, parameter. The compressibility coefficient for two-phase flow, Y,, =1 for Mach
numbers less than 0.3 (Oliveira et al., 2009), which is consistent with the flow conditions

present here. By rearranging Eqs. 4.7 and 4.8, K, can be isolated and calculated using the

measured mass flow rate and corresponding pressure drops for two-phase flow.

K = p 4.9)
LU — * * .
my \/2pLAPTP,U Ty

K, ,= rp.0 (4.10)
LD — * * .
mp \/2:0LAPTP,D +c¢p
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4.3.2 Comparison between different models

Potential models for K, were described in Chapter 2 and specifically the Chisholm model

and the Zhang model have been shown for comparison purposes for our particular system.

Using the Homogeneous model, K, was determined from experimental results using Egs.

4.9 and 4.10 and is illustrated for conditions in Figure 4-7. Egs. 2.5 and 2.8 were used to

determine the K, values for Chisholm model and Eq. 2.9 for Zhang model.
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Figure 4-7 Two-phase correction factor determined from homogeneous flow model for

different gas fractions vs predicted K, from Chisholm and Zhang models

Ideally, the two-phase correction factor is a sensitive variable to gas fraction, so the
pressure drop between metering devices will cause sufficient gas expansion to cause a

variation in K, . If a Venturi is used, it is difficult to obtain a steep function, but it is

possible to achieve more pressure recovery compared to an orifice plate. Most existing
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models require K, to be less than one, meaning that pressure drop is higher when

multiphase flow is introduced through an orifice relative to single-phase flow at the same
mass flow rate. But, for the number of conditions tested, across multiple gas flow rates,

values of K, >1 were observed in these experiments. This suggests either a pressure

recovery or streamlining effect being introduced into the current system when multiphase

flow is first introduced. Because K, based models require values of one or less and

significant error is introduced using this model for our system, a polynomial based

correlation specific to our system was explored.

While developing our own correlation for K, as a function of gas fraction, it was
recognized that having K, >1 is different from the majority of published literature on

orifice-based pressure drop and multiphase flow. Two correlations were developed in order
to determine the mass flow rate of two-phase flow. The first approach is to develop a

correlation for K, and then determine the mass flow rate from it. The other approach is to

develop a polynomial fit to determine two-phase mass flow rate. The development and

results of these approaches are discussed and compared in the following sections.
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44 K, approach

4.4.1 Correlation for mass flow rate

Traditional K, correlations typically include the density ratio of gases and liquids and the
void fraction. A key requirement is that at zero gas fraction, 1.e. liquid flow, K, =1. Asa
result, (K L= 1) / a was plotted against different variables such as density ratio, gas fraction
and single-phase mass flow rate to test their dependence on (K B —1) / a . Note that the

single-phase mass flow rate (mSP) used while developing the K, correlation was different

from the mass flow rate of liquid as the pressure drops used in Egs. 4.11 and 4.12 were that

of two-phase flow and not that of liquid phase flow.

Mgp ;= m[*f \lszAPTP,U + Cl*] (4.11)

Msp p = m, 2P APy + ¢ (4.12)

4.4.1.1 Effect of single-phase mass flow rate

When paired against the single-phase mass flow rate (Figure 4-8), two trends within the

plot can be observed for both upstream and downstream sections. One is a general increase

in the value of (K L= 1) / o with mass flow rate. The other trend is groupings of conditions
for which (K, —1) / a decreases with increased mass flow rate. At higher flow rates, most
of the (K . —1) / o values exceeded zero for the upstream section while they remained

below zero for the downstream section. This suggests that the values of K, >1 are related

to the flow pattern transitions which occur as bubbly/slug flow from the T junction is

initially homogenized in the first elements of the upstream mixer.
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Figure 4-8 Impact of single-phase mass flow rate on (K L= 1) / a

4.4.1.2 Effect of gas to liquid density ratio

A clear increasing trend can be observed (Figure 4-9) for the impact of gas to liquid density

ratio on (K . —1)/a. Similar to single-phase mass flow rate, it can be observed that

(K ;= 1) / o values went above zero at higher density ratios for upstream section only.
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Figure 4-9 Impact of density ratio on (K L= 1) / a

4.4.1.3 Effect of gas fraction

The impact of gas fraction on the (K L= 1) / a parameter is shown in Figure 4-10. It can be

observed that the overall trend is decreasing with low gas fractions at the top left and the

higher gas fractions at the bottom right. While most of the (K . —1) / a values remained

less than zero for downstream sections, they went above zero for upstream section,

particularly at low and intermediate gas fractions.
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Figure 4-10 Impact of gas fraction on (K ;= 1) / a

Using the parameters tested and using a linear square fit, correlations were developed to

determine K, ;and K, ,, as given by Egs. 4.13 and 4.14. The linear dependence of mass

flow rate and density ratio can be observed in the equation as well.

K,, :l+a[—0.447—0.01 161, , +521.825(—pG j—0.655a2] (4.13)
’ ’ Pr

K, =1+ a{—o.sgs ~0.007257i1g, , + 460.931[—" G J—0.603a2J (4.14)
’ ’ Pr
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To observe the dependence of K, correlation on gas fraction, a plot was drawn between
(KL’U - 1)/a +0.447+0.0116mg, , —521.825 (pG /p. ) and gas fraction for the upstream

section and between (K, , —1)/a+0.585+0.00725rg, , ~460.931(p,/p,) and gas

fraction for the downstream section as illustrated by Figure 4-11. An overall decreasing

trend was observed with increasing gas fraction for both the sections. Also, more spread
can be observed in (KL’U —1)/a+0.447+0.0116n'15P,U —521.825(pG/pL) and

(KL’D —1)/05+O.585+0.0072517'15P,D —460.931(,0G/,0L) values at the lower gas fractions

compared to intermediate and higher gas fractions. This could be because of the non-

homogeneous flow patterns at lower gas flow rates.
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Mass flow was determined using the K, correlations developed above (Eqgs. 4.13 and 4.14)

and was compared with actual mass flow rate in Figure 4-12. Similarly, the mass flow rate
from upstream and downstream sections are compared with each other in Figure 4-13. It
can be noticed that the mass flow rate values between the upstream and downstream

sections are close to each other as expected with residual errors lying between 5 kg/h.
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4.4.2 Correlation for gas fraction
Taking the ratio of upstream and downstream mass flow rate equations and applying root-
finding approaches to K, correlations, a value of gas fraction at upstream conditions can

be determined such that the following relationship holds true (Eq. 4.15). The relationship
between gas fractions at upstream and downstream conditions, which was derived in

Appendix A, was also used as given by Eq. 4.17. This approach requires K, to be sensitive

to variations in gas fractions at the mass flow rates and density ratios present.

Mypy = Mrp p (4.15)

, U
X - . 4.16
Mrpp KL,D (mD \ 2/7LAPTP,D +¢p ) ( :

1+[PG,DJ£1—0!UJ (4.17)
Peu ay

It can be observed from Figure 4-14 that the predicted gas fraction values have a variation

of 20 to 40% in the residual errors. It should also be noted that some of the predicted gas

fraction values are negative which is not physically possible.

In order to better estimate gas fraction and mass flow rate values, a fully empirical model

was also explored.



o o o ©
N IN o) 00

Predicted gas fraction

o

-0.2

© ©
N W

©
[EEN

-0.4

-0.5

Residual error between gas fractions
o
N

-0.6

-0.7

Figure 4-14 Comparison between gas fraction predicted using K; approach and actual

a from 0-0.1
a from 0.1-0.2 A
o from 0.2-0.3 A

a from 0.3-0.4

a from 0.4-0.5 N :A
o from 0.5-0.6 @ fA
a from 0.6-0.7 O A
o from 0.7-0.8 %@ © {,%% A A A
L O

>>p>pP OO0 e

0 0.1

0 0.1

| 1 | | | | |

0.2 0.3 0.4 0.5 0.6 0.7
Actual gas fraction

0.8

a from 0-0.1 O
a from 0.1-0.2

a from 0.2-0.3

a from 0.3-0.4

a from 0.4-0.5

a from 0.5-0.6 A
a from 0.6-0.7 A

a from 0.7-0.8

|

T
>>p>prOO0O0e

| | | | | |

0.2 0.3 0.4 0.5 0.6 0.7

Actual gas fraction

gas fraction (top) and the residual errors between them (bottom)

54

0.8



4.5 Fully-empirical approach

4.5.1 Polynomial approach for mass flow rate
Using regression analysis, Eq. 4.18 has been generated to predict the mass flow rate of two-
phase flow (mn,) using gas fraction and the ratio of densities of fluids. Note that the gas

fraction used in the equation is the actual gas fraction calculated from the individual liquid

and gas flow rates sent into the system and not the predicted gas fraction.

titgy = 145805, —2.441x1072 12, +3.439% 107 rirl, —1.777x 10 i,

? (4.18)
—0.329arir, — 22331, (&}42365.256% [&} '
P Py

From Figures 4-15 and 4-16, it is evident that Eq. 4.18 provides a reliable estimate for two-
phase mass flow rate for both upstream and downstream sections. It can be observed that
the equation is more reliable at lower mass flow rates compared to higher mass flow rates

with residual errors lying between -5 to 7 kg/h with most of the data in between £5 kg/h.
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4.5.2 Polynomial approach for gas fraction

A correlation (Eq. 4.19) was developed using regression analysis to determine the gas
fraction for two-phase flow using the absolute pressure at P, differential pressures across
the upstream and downstream sections and the densities of fluids. The predicted gas

fraction values determined from this equation were then compared to the known gas

fraction values as shown in Figure 4-17.

a=-0313+1.948x107°P, —4.182x107" P? +1.065x10* AP, —3.322x107* AP,

Pou ] (4.19)
Pe.p

2
AP, AP,
+5.967x10°AP; —1.229| —% |-0.561] —% | +2.162
AP, AP,

D D

From the Figure 4-17, it can be observed that the equation generated using regression
analysis is giving an estimate of gas fraction for two-phase flow with more than 90% of

the residual errors lying in between +£0.1. No negative gas fraction values were observed.
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4.6 Comparison between the two approaches

The residual errors for mass flow rate and gas fractions obtained from both K, and

polynomial approaches are compared with each other in Figure 4-18. It can be observed

that the K, correlation gives a better estimate for mass flow rate compared to the

polynomial approach with residual errors lying in between +5 kg/h while the residual errors
for polynomial approach are between -5 to 7 kg/h. However, for gas fractions the

polynomial approach gives a better estimate than the K, approach with residual errors

lying in between £0.1 for polynomial approach and +0.3 for K, correlation.

As a result, the polynomial correlation was used to predict the gas fraction and

subsequently, the K, correlation was used to estimate the mass flow rate for the DPDE

device.
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4.7 DPDE device performance

For the results presented from this point onward (sections 4.7 and 4.8), the predicted gas
fractions obtained from the fully-empirical approach were used to calculate the mass flow
rate. The correlations developed provide an estimate for mass flow rate with most of the

residual errors lying between £5 kg/h (Figure 4-19).

The density of two-phase flow was also estimated using predicted gas fraction as given by

Eq. 4.20.

P =apg+(1-a)p, (4.20)

The residual errors of the densities ranged from +150 kg/m?, with most of the data lying

between £100 kg/m? (Figure 4-20).
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4.8 Coriolis meter vs DPDE device

The results obtained from the DPDE device were compared with those of Coriolis meter.
It can be observed from Figure 4-21 that the mass flow rate obtained from the DPDE device
was giving a comparable estimate to that of Coriolis meter. Liu et al. (2001) observed that
the mass flow rate errors for raw Coriolis data without any corrections were 20% of the
actual values. Similar results were also found here. However, by developing appropriate
correlations, the mass flow rate errors obtained from Coriolis meter can be significantly
reduced. Henry et al. (2006) have attempted to do this and were able to reduce the error to
+5%. As for density, it can be interpreted that while the error spread was similar for both
the devices, the density from the Coriolis meter consistently underestimated the density of

two-phase flow. From a density perspective, the DPDE device performed comparably well.

In order to increase the accuracy of the DPDE device, a larger variation in K, values needs

to be created. This can be achieved by increasing the pressure drop between the upstream
and downstream sections. The gate valve used for the experiments resulted in a pressure
drop of ~2 psi, or approximately 10% of the total absolute pressure of the system.
Increasing this pressure drop would result in a greater variation of gas density and gas

fraction. This variation would contribute to a larger difference in K, values between the

upstream and downstream pressure drop elements, making the measurement more sensitive

to gas fraction.
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Chapter S CONCLUSION

The selection criteria for a two-phase flow meter usually includes three variables, namely
cost of the flowmeter, accuracy of the measurement and intrusiveness of the instrument on
the two-phase flow. As this thesis demonstrates, a successful estimation of mass flow rate
and density of two-phase flow using the DPDE device was accomplished with results
comparable to that of Coriolis meter. With the DPDE device, the mass flow rate ranging
from 30-100 kg/h was measured with an error of roughly 5% at full scale while the Coriolis
meter for the same range gave an error on the order of £20% at full scale. For density, the
Coriolis meter showed a bias towards the underestimation of density, particularly for
intermediate gas fractions with residual errors lying between -150 to 50 kg/m? whereas the
DPDE device has an error spread that is more distributed at the center with most of the data

lying between -100 to 100 kg/m?.

Advantages of using DPDE device over Coriolis meter are its ease of manufacture and
lower cost of operation and maintenance. Limitations of the meter include the recalibration
of the device for any other fluids. Since there are no dimensionless numbers in the derived
relations to account for the properties of other fluids, the equations derived are limited to

air-ethanol-water mixture only.

Future work which could aid in the improvement of this metering device includes:

e A standardized pressure drop device such as a Venturi nozzle or an orifice plate can

be used in the place of static mixers and its effects on flow patterns and K, values

can be studied.

e As mentioned earlier in the document, the density estimate could be improved by
increasing the pressure drop between the upstream and downstream elements. This
hypothesis can be experimentally verified by replacing the gate valve between the

sections with another one with a smaller flow coefficient value.
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e The DPDE device developed can be tested with different fluid pairs and their effects
on different parameters can be explored, specifically looking at the impact of fluid

properties on the K, correction.

e The geometry of the static meters can be altered and its impact on K, correlation

can be investigated.
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Appendix A

Relationship between upstream and downstream gas fractions

Gas fraction is defined as the ratio of volumetric flow rates of gas to the total volumetric
flow rate of two-phase flow. This is given by Eqs. A.l and A.2 for upstream and

downstream sections respectively.

p
p = (A1)
Vow +V,
V‘
o, =20 (A.2)
VotV
Eq. A.1 can also be represented as follows.
VG,U = (VG,U + VL )O‘U (A.3)

Recognizing that the mass flow rates in the upstream and downstream sections are equal,

and from the definition of density, the following relationship can be derived.

VG,D = (@} I/.vc;,u (A.4)
Pa.p

Eq. A.5 was obtained by substituting Eq. A.3 and A.4 in Eq. A.2.
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dy = — — =
L VG’D +V, (pG,U ]
Pac.p

(A.5)

(VG,U + VL)aU +V,

By applying appropriate transformations as shown in Egs. A.6, A.7 and A.8, the

relationship between the upstream and downstream gas fraction can be obtained (Eq. A.9).

a, = - - (A.6)
LPG,U](VG,U"'VLJ 41
p U
Paé.p v,
v Vv
l-a, =1-—% =L (A.7)
VvtV VoutV,
Pou ( oy j
Pop \1-ay (A8)

a, =
Peu [ ay j_H
Pop )\ 1=y

1{/?&1»}[1—%] (A9)
Peu *y
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