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Our valued friends, customers
and business partners

Dear Reader,

The first 6 months of 2017 have already come and gone. Not all that long ago, most
of us were hoping for more sunshine and warmer temperatures. Time sure flies and
summer is finally upon us. The second quarter of 2017 has been no less challenging
than the first. We have been actively working to improve how we serve our
customers ... and how we can streamline the process of serving you more effectively
and efficiently.

This undertaking is an ongoing journey and not just a simple destination. We are
actively evaluating and reengineering the various ways in which we touch and serve
customers, with the overall aim to ensure the engagements are easy and effective —
so that we serve you in the most effective and timely manner possible. Our goal
remains unchanged: eliminate any inefficiency or waste that does not add value to
you and your success.

In this issue, we share a White Paper on an innovative technology for Coriolis metering
under entrained gas conditions. Discover how our Promass Q mitigates such conditions
and the benefits inherent in incorporating it into your processes.

A significant portion of this issue is also dedicated to sharing the recent inauguration
of our Edmonton facilities with you. At a time when the Alberta economy was

most challenged, Endress+Hauser moved forward with a $12 million investment in
Edmonton and the region overall. We are invested in Alberta for the long haul. Our
Regional Customer Support and Training Centre is now a functional reality. In the
pages ahead, you'll uncover how we can work together to tailor courses and/or offer
specific training customized to your needs.

As the year unfolds, please remember that there are many ways to engage with us.
For those of you who are familiar with social networks: connect with Endress+Hauser
Canada on LinkedIn, Twitter and Facebook. You can keep up-to-date with our work,
customer events and various business developments over the course of the year.

Now that you are six months in to working on your 2017 goals and priorities, I trust / \
you will look to us to help you be as efficient and competitive as possible.

Sincerely,

Anthony Varga
President and CEO
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Endress+Hauser inaugurates world-class
Edmonton facility

Inauguration Day, June 2, 2017

It might have been a hot and sunny day for our Edmonton
Support Centre inauguration, but Alberta weather had
something else in mind. The day started off grey, windy
and raining —a potentially typical Alberta spring day.
Was this the day we would have to work with for the
inauguration of our world-class facilities in Edmonton?

Arrangements had been made in the event of inclement
weather, to house our invited guests and local dignitaries
in large tents, complete with hot coffee and continental
breakfast items to keep everyone warm. The podium was
covered with a tent, and plastic was wrapped around the
PA speakers. We had resigned ourselves to making the
best of this weather, when one of our Alberta colleagues
reminded us all: “If you don't like the weather here... give it
a minute.” These are words to live by in Alberta.

Official Remarks

The leadership team at Endress+Hauser took their
positions at the podium and prepared to address the
crowd of over 130 attendees. The wind and the rain didn’t
seem to notice. Considering the weather and the fact that
everyone had gathered for this event at 9:30 a.m., the
turnout was fantastic. From City of Edmonton dignitaries
to our invited friends, partners and customers—all seemed
to easily brave the weather conditions as the ceremonies
commenced. So typically western!

Geoff Watson, Regional Sales Manager for Western
Canada kicked things off. He welcomed attendees and
thanked them for braving the elements and offered our
sincere appreciation to all those who had made the trip to
join us in Edmonton. He outlined the agenda for the day
noting that following addresses from Todd Lucey, Sales

Geoff Watson, Regional Sales Manager western Canada and
Master of Ceremonies

Todd Lucey, Sales Director North America
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Anthony Varga, General Manager Canada

Director North America, and Anthony Varga, General
Manager Canada, Mr. Matt Altendorf, Global CEO would
address attendees and perform a ribbon cutting, as well
as the unveiling of a commemorative sculpture. From
there, guests would be staged at various gathering points
in the building. From those staging areas, groups would
be escorted by tour guides and cycled through various
presentation stops while visiting the new facility. At pre-
determined stops, our guests had the opportunity to meet
with the Edmonton team to hear about their respective
roles and how they are all focused on supporting and
delivering value to customers.

Todd Lucey then took his turn at the mic and welcomed
everyone, once again noting their heartiness in toughing

it out under less-than-optimal weather conditions. Todd
provided perspective on the importance of this new facility,
the history surrounding Endress+Hauser’s North American
footprint, and underscored our commitment to serving the
industries and workforce in Alberta for the long-term.
Remarks from both Geoff and Todd took approximately

10 minutes. At that point, it was Anthony Varga’s turn

Todd Lucey, Anthony Varga, Jasmine Schellenburg and
Matt Altendorf at ribbon cutting.

Matt Altendorf addresses the crowd

to address those in attendance. As General Manager

for Endress+Hauser Canada, Anthony emphasized the
importance of long-term thinking regarding partnerships
and investment as it relates to Alberta, its Industries, its
workforce, and Canada as a whole. Mr. Varga also noted
that there was a very special guest in attendance.

Amongst the brave attendees standing in the tent

shelter across from the podium, was an Endress family
shareholder. It was an honour to have Mrs. Jasmine
Schellenburg (daughter of company founder Georg
Endress), join us from British Columbia. The Endress family
has always been committed to investing in the company
and in supporting the opening of new, state-of-the-art
facilities. There was an enthusiastic round of applause once
Mr. Varga pointed out that an Endress shareholder was
standing in the tent shoulder to shoulder with our guests.
As Anthony wrapped up his comments, he introduced
Matt Altendorf, Global CEO for Endress+Hauser. Mr.
Altendorf took to the podium. He shared some of his
personal experiences visiting Canada in the early days of
operations here. He also offered some background on the
history of Endress+Hauser, specifically in Canada and how
the business got started on Canadian soil. His delivery was
focused, yet deliberately open and with a sense of humour.
Often during his remarks, there was laughter and smiles
from those in attendance.

Ribbon Cutting

At the conclusion of his remarks, Mr. Altendorf invited,
Todd Lucey, Anthony Varga and Mrs. Jasmine Schellenburg
to join him in the Official Ribbon Cutting Ceremony.

Formal opening remarks were now nearing completion.
There was but one additional formality to take care of
before escorting guests into the facility.

As is customary for the Endress family whenever a

new facility is inaugurated, a commemorative gift is
traditionally mounted at the front entrance to the building.
This gift is called Loyalty Wheel. Matt Altendorf asked
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Todd Lucey, Geoff Watson, Anthony Varga, Jasmine Schellenburg and Matt Altendorf at Loyalty Wheel

Geoff Watson and Anthony Varga to unveil Loyalty Wheel,
as he discussed its importance and significance.

There are three sections to the Wheel. One section
represents Endress+Hauser employees, a second section
represents customers and the third section represents
innovation and collaboration. When these three sections
work together, the results provide growth and success for
everyone represented. Loyalty Wheel was unveiled and the
leadership team stood for a few photos.

Tours and Presentations

A short, twenty-minute break following the official
opening ceremonies allowed everyone to refresh their
coffees and get ready to join their respective tour groups.

There were seven stations within the new facility where
guests were cycled through by tour guides. At each of the
seven stops, a brief presentation was made to the group.
These presentations described the various facets of our
business and how we all work with a common focus on
adding value to our customers’ operations. Throughout
all the presentations, attendees were encouraged to ask
questions in an open and informal format.

The topics presented included our service capabilities, the
Rockwell Automation partnership, digital competencies
and our process instrumentation training facility, to name
a few.

It was apparent to all involved in managing tours and
making presentations that our customers and guests were
just as interested in learning more about who we are as a
company as opposed to only knowing about our products
and services portfolio. It was a great way to put a human
face on the company and what we are all about.

As with any Endress+Hauser event, ensuring that guests
are comfortable and well taken care of over the course of
their time with us is a big part of our planning. To that
end, another large tent complex was erected off to the
side of our building, where we served lunch for everyone
in attendance.

This is where the advice on “giving the weather a minute”
came into play.

Just as the facility tours were wrapping up, the skies over
Edmonton started to change. The wind died down into a
subtle, enjoyable breeze. The clouds gave way to patches
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of sun that increasingly took over the skies and put an end
to the rain. Within half an hour, everyone was enjoying

a warm, sunny day in Edmonton. That minute was worth
the wait! And in true Endress+Hauser fashion, we took
advantage of this change in the weather to offer our
guests one last memorable experience at our Edmonton
Regional Support & Training Centre ... the arrival of hand-
made ice cream.

Needless to say, with the warm and sunny weather we
were now enjoying, ice cream was an obvious hit for
everyone! For many, one serving was simply not enough!

Edmonton Process Training Unit

One of the highlights of the facility tour was a stop at the
Process Training Unit (PTU®).

The Process Training Unit houses full-scale working
process skids with online instrumentation and controls.
Customers gain hands-on experience with the types of
operation, diagnostics and troubleshooting found in
real-life process plants. This goes far beyond what
classroom-only style training can provide.

These fully functional “mini-process plants” feature
Endress+Hauser instruments integrated with the PlantPAx
process automation system from Rockwell Automation.

They are designed for the purpose of educating field
technicians and engineers by providing a unique
learning experience through real-life simulations and
hands-on experiences. This is where one can truly
learn to select, apply and enhance the performance of
measurement instrumentation.

Our training packages are not merely limited to classroom
and laboratory experiences, but have been broadened to
include online training and on-site training as well. We can
even help customers design a blended approach.

In our training courses, you learn the application,
installation, operation and diagnostic procedures related
to many types of process instrumentation and control
processes. Various communication protocols are fully
operational, including: EtherNet/IP™, HART®, PROFIBUS®
PA, and FOUNDATION™ Fjeldbus. The PTU has a

“wow” factor that puts our words into action, and clearly
demonstrates our investments, capabilities and synergy
with Rockwell Automation.

@ Find the right hands-on course for you and
register at www.ca.endress.com/ptu
or call us at 1 800 668 3199.



10

talkline 80

WHITE PAPER

Proline Promass Q. - Entrained Gas

An innovative technology for Coriolis metering
under entrained gas conditions

By: H. Zhu, A. Rieder, Endress+Hauser Flowtec AG (Freising, Germany)

Coriolis mass flowmeters are usually only used for single-
phase fluids, i.e. either liquids or gases, since it has been
found that their accuracy can be affected by two-phase
flows, e.g. the existence of entrained gas in a liquid flow.

It is now known that there are various sources of error,
among which the significantly increased compressibility
due to gas entrainment brings the most difficulty

when Coriolis meters are used in the field. The authors
have developed a new Coriolis sensor together with an
innovative technology, Multi-Frequency Technology (MFT),
which can compensate the measurement errors introduced
by the increased compressibility of an entrained gas flow.

The new Endress+Hauser Coriolis sensor provides a novel
hardware platform so that a higher natural mode of the
measuring tube can be reliably excited in addition to the
basic working mode. Being driven at different frequencies,
the same two phase fluid in the measuring tube can have
different influences on the primary mode (i.e. the basic
working mode) and the auxiliary mode (i.e. the higher
tube mode). By analyzing the corresponding vibrational
response of the two phase fluid at the two frequencies, the
unique resonance property of this mixture can be obtained
and the induced measurement errors can be compensated.

In this paper, the theoretical background of Coriolis
entrained gas metering is given. Afterwards, the basic
principle of the MFT is explained in detail. Measurement
data obtained at two independent laboratories are provided
to prove the improvement brought about by this technology.
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Introduction

Coriolis mass flowmeters are widely accepted and used in
various industries because of their high reliability and
accuracy for density and mass flow rate measurements.
For mass flow rate, an accuracy of £0.1% o.r. or even
4+0.05% o.r. can be reached; while for density, +0.2 kg/m?
has been claimed under reference conditions by some
manufacturers. The distinct advantage of the Coriolis
measuring principle over other meter types lies in the
fact that a Coriolis mass flowmeter directly senses the
true mass flow rate, whereas most of the others measure
volumetric flow rates —in other words, they measure
flow velocities.

The above mentioned advantages of Coriolis mass
flowmeters come mainly from the measurement principle
based on the Coriolis effect, which reveals the fact that a
Coriolis force is generated when an object on a rotating
body moves away or towards the center of rotation. This
force is related to the inertia of the object and has a
direction perpendicular to both the velocity of the object
and the axis of the rotation body. In general, a Coriolis
mass flowmeter consists of one or more measuring tubes,
which in commercial designs can be of various shapes, a
housing that protects the inner part as well as other
components adhering to the measuring tube such as a
driver for exciting the tube and sensors for sensing the
tube motion, as shown in Figure 1. In a Coriolis meter, the
rotation provided by the oscillation of the measuring tube
together with the flow of the medium inside give rise to
the Coriolis effect.

This manifests itself by an anti-symmetrically distortion
of the tube. As the mass flow rate is proportional to the
magnitude of this distortion, it can be calculated by
physically measuring the distortion with the help of two
sensors located at the inlet and the outlet sections of the

Driver __

. Measuring tube

Sensor " Housing

Figure 1: Inside view of a Coriolis mass flowmeter.

tube. In addition to the mass flow rate, Coriolis meters
can also provide an accurate density measurement by
recording the resonance frequency of the measuring
tube. In order to be energy efficient, the tube is
continuously excited at its natural frequency, which is
defined by the tube properties and the density of the fluid
inside. This correlation is thus utilized to calculate the
fluid density.

In practice, Coriolis flowmeters are usually only used for
single-phase fluids, i.e. liquids or gases, as it is known
that their accuracy can be affected by the existence of
entrained gas in a liquid flow. A number of research
activities have been carried out in the past to understand
the error mechanisms of Coriolis metering under two-
phase conditions. It is now known that there are various
error sources, among which the so-called “bubble effect”
[1] and “resonator effect” |2, 3, 4] (also referred to as
compressibility effect [5]) are the main ones affecting
Coriolis metering.

[ssues with entrained gas

Bubble Effect

Bubble effect theory was developed and later extended to
viscous bubble theory by Hemp et al [1]. The essential
idea for the root cause of the bubble effect is that a gas
bubble in the measuring tube of a Coriolis mass
flowmeter does not strictly follow the oscillation of the
surrounding liquid with the same amplitude if the liquid
cannot “hold” the bubble well. This is a result of the
density difference between the gas density p, and the
liquid density p;, which generates a relative motion
between the bubble and the liquid. A secondary flow (see
Figure 2) around the bubble is induced by this relative
motion and causes a different inertial effect from the one
that Coriolis mass flowmeter utilizes to sense mass flow
rate. Under such conditions, it can be proven that the
oscillation amplitude of the bubble u, is greater but
in-phase with that of the measuring tube or the liquid u;.
The corresponding secondary flow around the bubble is
usually in the opposite direction to the tube vibration.
Consequently, a part of the inertia of the liquid that
should be felt by the tube wall for a particular flow is lost.

2k
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Figure 2: Motion of a bubble in a measuring tube filled with liquid.
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This leads to underestimation of the real density and
mass flow rate of the liquid phase.

Under ideal conditions of “free bubbles”, in which the
liquid does not exert any holding effect during the tube
oscillation, it can be derived that the bubble effect error
for both mass flow and density measurements is
calculated by
-2a
Epmi = 17— (1

where a is Gas Void Fraction (GVF). It can be seen that
the bubble effect can only cause the same negative error
for both density and mass flow measurements. If there
are only ideal free bubbles and the liquid density is
known, the GVF can be estimated from the drop in
measured density of the Coriolis meter with respect to
the liquid density. The bubble effect error can then be
compensated accordingly for the mass flow and the
density measurements. However, only limited success can
be achieved, and then only in laboratories where ideal
free bubbles are typically artificially created by injecting
air or nitrogen into water flow. In real applications,
however, bubble problems are more complex. One reason
is that liquids are not always free of the holding effect on
bubble oscillation. For example, viscosities of some oils
are much higher than that of water, or the sizes of
bubbles generated from an outgassing process are too
small to be free in their oscillation. Based on the viscous
bubble theory from Hemp, a holding coefficient is defined
by the authors to describe the degree of a bubble being
“free” in a liquid subject to an oscillation. This coefficient
is given by

Y
d*fp’

where 1, d, f and p, are the viscosity of the liquid, the
bubble diameter, the oscillation frequency and the liquid
density respectively. With this definition, the amplitude
ratio J, which is defined as the ratio of ug to ul, is plotted
in Figure 3 as a function of 6.

F

5 (2)

T 1 3 4 5

Figure 3: Amplitude ratio as a function of 6.

An amplitude ratio of 1 means the bubble exactly

follows the liquid oscillation and no error due to the bubble
effect is introduced. These types of bubble are called
“suspended bubbles” in this paper. An amplitude ratio of 3
corresponds to the case of an ideal free bubble that leads to
a measurement error calculated by Equation (1). An
amplitude ratio between 1 and 3 is a transition region
between suspended bubbles and free bubbles, where
compensation for the bubble effect becomes difficult,
since the exact value of § can vary over time

and process conditions. This is thus not easy to determine
in real applications. It can be seen from Equation (2) that
the most influence on the value of 6 comes from the
liquid viscosity and the bubble size, which can
significantly vary compared with the liquid density

and the tube frequency.

Although it is difficult to determine 6 for non-suspended
bubbles, it is much easier to separate them when
compared with the effort spent to separate suspended
bubbles. Being free due to large size or low viscosity of the
liquid, free bubbles tend to separate/escape from the
liquid carrier phase. Therefore, the best practice to avoid
the bubble effect error is to carefully design the process
so as to eliminate or significantly reduce the entrainment
of free bubbles in the flow that is to be measured by a
Coriolis flowmeter. This can be achieved by many
practical measures such as maintaining sufficient tank
levels to avoid sucking in gas, installing air eliminators or
settling tanks to remove large bubbles or maintaining a
high enough back pressure to the meter or a small enough
pressure loss upstream of the meter to avoid/suppress
severe outgassing in the process. Furthermore, a high
pressure or a high flow velocity is helpful to compress/
break bubbles into small sizes in order to obtain
suspended bubbles.

Resonator Effect

Compared with free bubbles, suspended bubbles are much
more difficult to eliminate from the process. Although
causing no bubble effect error, they still introduce a
resonator effect as a result of the significantly increased
compressibility, giving rise to density and mass flow
measurement errors. It has been found in the past that
suspended bubbles bring the most difficulty to Coriolis
flowmeters used in the field.

A detailed explanation of the resonator effect is given in
|2]. For convenience, its basic cause and theoretical
treatment are briefly presented again in this paper. As a
matter of fact, the speed of sound in a liquid decreases
dramatically even if only a small amount of gas is mixed.
This greatly reduced sound velocity reduces the resonance
frequency of the mixture in the tube, which approaches
the driving frequency of the oscillating tube and causes a
resonator effect (driven out of resonance) that cannot be
neglected during measurement.
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Considering speed of sound in a two-phase fluid, the
following equation gives the relation to GVF and pressure:

1

1-a)? 1- 2
oo (12+( 2oc) +a( a)pl) ’ (3)
c? o7 YD

where y and p are adiabatic constant and pressure
respectively. Sound velocities in the gas, fluid and
mixture are denoted as ¢4, ¢; and c. Figure 4 shows how
fast speed of sound can decrease with the introduction of
air into water. For an ideal two-phase medium, assuming
that the gas phase is evenly distributed in the liquid
phase, the acoustic resonance frequency of interest in the
measuring tube can be calculated from the lowest
acoustic resonance mode (standing wave, approximately
half wavelength in the tube) of the tube cross-section, as
given by the following equation:

fo=c 2nR,’

(4)

where A; = 1.842 and R, is the radius of measuring tube.

10° Pa

Figure 4: Dependence of velocity of sound on GVF and pressure.

Once the acoustic resonance frequency is determined, it is
possible to calculate quantitatively the influence of the
resonator effect on Coriolis density and mass flow rate
measurements. As a simplified version, the density error
and the mass flow rate error caused by resonator effect
can be calculated as:

1

E;)ESI TO+T'1—f2 -1, (5)
1- L
foz

Errfels = Kies E;;es ' (6)

where k. is the magnitude factor of mass flow rate error
to density error. This has a value of about 2 or alternatively
can be precisely calculated by the method described in

[2]. 1 (=0.837) is the portion of the fluid mass in the
measuring tube that is active for the resonator model
being discussed, while ro (=0.163) is the inactive part.
The detailed explanation is given in [2]. It can be
concluded from equations (5)-(6) that since the tube
driving frequency is typically far below the acoustic
resonance frequency, the resonator effect almost always

leads to positive measurement errors —which is opposite
to the bubble effect. Although a low tube driving
frequency generates a smaller resonator effect error
according to equations (5) and (6), the finite physical
dimension of a Coriolis meter determines that the lowest
driving frequencies are still of the order of 100 Hz.
Moreover, for a given driving frequency, a larger
measuring tube diameter results in a lower acoustic
resonance frequency of the fluid fo in measuring tube and
consequently a more significant resonator effect
according to equations (4) and (5). This means that larger
size meters suffer more from the resonator effect and it
is not of practical value or is even impossible to design
them with extremely low frequencies (e.g. to the level of
a few Hz) to eliminate the errors induced by it.

Multi-Frequency Technology (MFT)

To compensate the measurement errors induced by the
resonator effect, MFT has been researched and developed
based on the vibrational properties of the Coriolis sensor
and advanced further with respect to the Two-Mode
Compensation proposed in [2]. When a Coriolis meter
measures a liquid with suspended bubbles, the measured
density error is defined as

Ere = Pa Pl (7)

p

where pa and p are the apparent density reading from the
meter and the true density of the two-phase mixture
respectively. Combining equations (5) and (7) gives

1

Pa=p ro+tn—pzmz ) (8)
12

fo2

A conventional Coriolis sensor oscillates typically at the
first natural mode of the measuring tube, which is a
bending mode as shown in Figure 5 (only a half model is
shown). Therefore, only one equation, namely equation
(8) can be established, which is not sufficient to
determine the two unknowns, p and fo.

During the new sensor (Promass Q) design, the authors
have given special consideration to ensuring that the
oscillation of the measuring tube is not only well
balanced for the basic working mode, but also for a higher
mode, the third mode of the measuring tube, as shown in
Figure 6. A good balance for tube oscillation is critical for
the design of a Coriolis meter to ensure that the tube
vibration is isolated from the external process connection.

Then, a reliable density measurement can also be
realized with the third mode, which provides an
independent density reading p,s from that of the first
mode and therefore can give additional information about
the resonance properties of the fluid. The reason for
relying on the third mode instead of the second mode of
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Figure 5: Modal shape of the first natural mode in
numerical simulation.

the tube lies in the fact that the second tube mode is
anti-symmetric with respect to the driver, so that this
mode cannot be excited by the existing driver shown in
Figure 1. In addition to mode shape, the third mode
differs from the basic working mode by having a much
higher resonance frequency, typically by a factor of 5-6.
It should be noted that the two tube modes can be driven
simultaneously with the same driver. The mechanical
motions and the corresponding signals of the two modes
are then superimposed. With the modern electronics
developed for this purpose, the combined signal can

be simultaneously processed and two independent
vibrational properties of the two modes can be

obtained accordingly.

With the same two-phase fluid being driven at two
frequencies, two equations, taking the same form as
equation (8), can be established as follows:

(9)

1
Pai = P 7‘0+T1j ;

ﬁ)2

where i =1 and 3, correspond to the first mode and the
third mode of the measuring tube, respectively. With the
above two equations, the unique resonance property of
the entrained gas in the measuring tube can be
determined. In other words, the two unknowns, p and f,
can be solved. Therefore, the first measured parameter,
the density of the two-phase fluid unaffected by the
resonator effect, is already obtained. With the known fo,
the mass flow error caused by the resonator effect can be
calculated with the help of Equations (5) and (6). Once
the mass flow error is determined, the actual mass flow
measured by the device r, can then be compensated
accordingly with the following equation:

Mg

m=W' (10)
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Figure 6: Modal shape of the third natural mode in
numerical simulation.

Since fy is obtained from MFT, it is straightforward to
calculate the speed of sound based on equation (4) as the
radius of the measuring tube is known. This is not only
possible for a liquid with entrained gas, but also for a pure
gas. Research work conducted by the authors has shown
that speed of sound of various gases can be measured
with MFT, provided the resonator effect of the gas can
introduce a sufficient difference between the apparent
densities measured by the first mode and the third mode
of the measuring tube respectively. Typically, this can

be achieved by having a high enough gas pressure

(e.g. 25 barg). As this does not concern the subject of this
paper, no further detail is given.

Application of MFT

There are numerous entrained gas applications to which
MFT can be applied, such as heavy oils that can hold
bubbles because of high viscosity, dairy products that
contain micro-bubbles due to product nature, etc.
Targeted for one interesting type of application, Promass
Q with MFT was tested with outgassing from produced
water at Schlumberger in Porsgunn, Norway. The test
setup is shown in Figure 7.

A reference Coriolis meter was installed in the high
pressure section, where the production water saturated
with nitrogen was single phase (shown in the left picture
of Figure 8), which the reference Coriolis meter measured
with an uncertainty of +0.1%. The test Coriolis meter
with MFT was installed in the low pressure section,
where outgassing was created to generate a gas-liquid
two phase flow, as shown in the right picture of Figure 8.
As can be seen there, a homogeneous micro-bubble flow
regime was produced by the outgassing.

The test conditions are given in Table 1, and the test
result is shown in Figure 9.
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Low Pressure
Section; test Coriolis
meter with MFT

High Pressure
Section; reference
Coriolis meter

Ref. DUT

|
T
H

Figure 7: Outgassing setup for Promass Q with MFT at
Schlumberger and corresponding schematics.

Table 1: test conditions

Salinity 3.7%
Temperature (°C) 50°C
Flow rates (kg/h) 7,000-18,000

As can be seen in Figure 9, MFT significantly improved
the measurement accuracy from up to 2% error to an
accuracy level about 0.3%. Based on the setup and the
fluid, GVF could reach about 3% in this test. In Figure 9,
the calculation done for the case “without MFT” was
based on the recorded internal parameters of the same

Figure 8: Single phase flow in the high pressure section (left)
and two-phase flow in the low pressure section due to
outgassing (right).

K Without MFT
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Figure 9: Measurement accuracy as a function of GVF.

test meter and errors were calculated offline after the
test. It is interesting to see that the calculated speeds of
sound in this test ranged from 78 to 260 m/s, which are
lower than the speed of sound in either water or nitrogen.

Further application of MFT

In addition to the compensation of density and the mass
flow errors induced by the resonator effect, MFT enables
the measurement of more compressible fluid parameters,
such as the speed of sound in this fluid and GVF in a
gas-liquid two-phase fluid.

For a gas-liquid two-phase fluid, once the speed of sound
is known, GVF can be calculated from equation (3) with
the knowledge of the process pressure in the device and
the basic thermodynamic properties of the gas phase and
the liquid phase, respectively. It should be noted that
analyzing the weighting factors of different terms on the
right hand side of equation (3) suggests that an exact
knowledge of ¢, and ¢, is not strictly required since the
their contribution to c is much smaller than a and P, at
least for most common applications where a and P are
relatively small. Furthermore, the following equation

p— apy
1-a

P = (1)

generally holds for a gas-liquid two-phase fluid. For most
applications of interest here, the term ap, is much smaller
than p. Therefore, it can be simplified to

P
pl——a. (12)

Combining equations (3) and (12) gives the solutions to
GVF and liquid density. The latter is of particular interest
for some applications, where the liquid phase consists of
two components e.g. water and oil, and the Coriolis meter
is expected to measure this liquid mixture density to
determine the phase volumetric concentrations such as
Water Cut (WC, water volume fraction in oil). With MFT,
the measurement for three phase volume fractions is
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enabled, which is otherwise impossible with only a
conventional Coriolis meter.

A test of this function was performed at an independent
laboratory, DNV GL, where outgassing conditions were
generated to introduce the third phase (i.e. gas) in the
water-oil two phase flows with various WCs (see Figure 10).
The oil used in the test was Exxsol D120 with a viscosity
of about 4-5 cSt and a density of about 0.82 g/ml. The
test pressure ranged from 8-14 barg. Figure 11 shows the
calculated GVFs with MFT compared to the ones derived
from the Coriolis density measurement, knowing the
liquid phase densities from the lab. It should be pointed
out the latter method for the GVF calculation is based

on the assumption that the Coriolis density measurement
is precise. Therefore, it cannot be strictly taken as

the reference and the comparison made in Figure 11 is
only qualitative.

) Outgassing

—

Figure 10: Outgassing test of Promass Q with MFT at DNV GL.
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Figure 11: Calculated GVF with MFT compared with that derived
from the Coriolis density measurement.
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Figure 12: WC measurements by MFT corrected with GVF.

However, the reference for the actual WC provided by
DNV is highly reliable since water and oil single phase
flows were separately measured before they were mixed
together. The results of the enhanced WC measurement
with MFT are given in Figure 12. They are compared to
the results from the straightforward method, with which
the Coriolis density drop caused by the entrained gas was
simply wrongly regarded as a higher concentration of oil,
the density of which is lower than water.

It can be seen from the figure that the WC measurement
is significantly improved by correcting the effect of
entrained gas with the help of MFT.

Conclusion

The bubble effect and the resonator effect are the main
error sources for Coriolis metering under entrained gas
conditions. As the best practice, the bubble effect due to
the existence of free bubbles should be suppressed by
eliminating the free bubbles with the help of the process

optimization, e.g. using gas eliminators or creating high
turbulence to break free bubbles into small size
suspended bubbles. The resonator effect is the major
issue in the field since suspended bubbles are much more
difficult to remove. To cope with this, an innovative
technology, MFT, which makes use of multiple oscillation
modes of the measuring tube to compensate the
resonator effect for both density and mass flow
measurements, has been introduced in this paper. The
measurement of speed of sound in a gas or an entrained
gas fluid is enabled with the help of MFT. In combination
with a pressure measurement, MFT can further calculate
the GVF in an entrained gas fluid, which allows the
measurement of the volume fractions for a three-phase
fluid. Two lab tests with outgassing, where homogeneous
suspended bubbles were generated, are also shown as
validation tests for this technology.
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