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SUMMARY

Results and progress from an ongoing R&D program related to the Kongsberg Metering
MPU 1200 multipath ultrasonic gas flow meter are presented. The results are outcomes of an
R&D Joint Industry Programme (JIP) conducted by Kongsberg Metering (KOS) in a
cooperation with Christian Michelsen Research AS (CMR), Statoil, Norsk Hydro and
Phillips Petroleum Company Norway, and supported by the Research Council of Norway.
The JIP addresses three main topics: (1) calculation of gas density from the measured sound
velocity, (2) operation at complex installation conditions (with disturbed flow velocity
profiles), and (3) measurement of wet gas.

1. INTRODUCTION

Multipath ultrasonic transit time meters for gas flow measurement (USM) have been
developed to a stage where they can be considered as alternatives to the more conventional
orifice plate and turbine meters for fiscal metering. As compared with more conventional
meters, the USM technology offers significant advantages such as compactness, bi-directio-
nality, short upstream and downstream requirements with respect to bends, no pressure |0ss,
fast response, and large turn-down ratio (1:50). Measurement possibilities are provided
which have not been available earlier, such as process monitoring (e.g. pulsating flow, gas
quality), and self-checking capabilities. The first generation of ultrasonic meters have been
on the market for about 5-10 years, and have demonstrated their capability to provide mete-
ring accuracy within national regulation requirements. In appropriate applications, multi-
path ultrasonic meters offer cost benefits. Although there still remains some hesitation in
applying the technology for fiscal and sales gas metering until wider experience has been
obtained, and industry standards have been established [1], [2], USM technology is increa-
singly gaining acceptance throughout the industry, and is today in use in gas metering
stations onshore and offshore.



In addition to work related to the accuracy and robustness of such meters for fiscal metering
applications (flow velocity metering) [2], there is currently an interest in exploiting the po-
tentials of such meters for additional applications. From 1997 to 1999, an R&D Joint
Industry Programme (JIP) is being conducted by Kongsberg Metering (KOS) in a cooperati-
on with Christian Michelsen Research AS (CMR), Statoil, Norsk Hydro and the Research
Council of Norway [3]. The JIP addresses three main topics. (1) calculation of gas density
from the measured sound velocity, (2) operation at complex installation conditions (with
disturbed, non-ideal flow velocity profiles), and (3) measurement of wet gas flow. In the wet
gas project Phillips Petroleum Company Norway is also a partner. Results and progress from
the ongoing R&D programme related to the KOS MPU 1200 multipath ultrasonic transit
time gas flow meter* are presented in the following.

2. DENSITY METERING USING THEVELOCITY OF SOUND

In conventional ultrasonic gas flow metering, the USM measures the flow velocity. Through
external input of the pressure (P), temperature (T) and compressibility factor (Z), the volu-
me flow rate at standard reference conditions can be found. In order to measure the mass
flow rate of gas, the density is measured externally typically either by a density meter or by
gas chromatography. This conventional technique isillustrated in Fig. 1. In addition to the
measurement of flow velocity and flow rate, the USM also gives a measurement of the vel-
ocity of sound in the gas. Traditionally, the measured velocity of sound has only been used
for quality check of the meter. This has been done either by comparison of the measured vel-
ocity of sound of the various acoustic paths of the meter, or by comparison of the measured
velocity of sound with an externally estimated velocity of sound (for example estimated
from the output of a gas chromatograph).

1 From October 1998, Kongsberg Metering’'s FMU 700 multipath ultrasonic tranit time gas flow meter has
been denoted MPU 1200.
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Fig. 1 lllustration of the principles of conventional USM flow metering and the current and future extensions of
such metering.

In 1995, Sakariassen [4] described a method of calculating the velocity of sound based on a
relationship between pressure, temperature and density. When the USM isinstalled close to
adensity meter, such arelation can be used as a quality check of the USM. The velocity of
sound calculated from the density can be compared to the velocity of sound measured by the
USM. If the deviation between these two estimates of the velocity of sound is too large, it
may indicate that the USM may not be working properly.

In his 1995 paper, Sakariassen aso hints at finding the relationship to calculate density from
the velocity of sound. Such a method will mean that the mass flow rate through a USM can
be measured without any external density metering.

Watson [5] and Beecroft [6] have reported attempts to establish such algorithms for calcu-
lating the density from the velocity of sound. Watson reportsthat an algorithm for estimation
of density from velocity of sound has been established for gases with methane content grea-
ter than 80 %. This algorithm requires the input of an approximate gas composition.
Beecroft reports a work based on empirical data from the Trent and Tyne fields, where
USMs have been installed and where the density has been measured externaly. In his paper,
Beecroft states that "currently, knowledge of the gas composition is required to allow an
accurate calculation of density, and is likely to remain that way for the foreseeable future'.

In paralel to the works reported by Watson and Beecroft, the present JP has addressed
establishing of algorithms for estimating the density from the velocity of sound and the velo-
city of sound from the density [7]. Such methods may make the USM into a mass flow meter,
possibly at a reduced accuracy as compared to the conventional way of measuring the mass
flow. Thisisillustrated asthe current extension in Fig 1. Thework has been based on an equa-
tion of state, and the theoretical relations between the gas compositions, pressure,



temperature and the velocity of sound of natural gas. In addition, general knowledge on
natural gas compositions has been used. An uncertainty analysis has been carried out for the
established algorithm. In addition, experimental work has been performed to analyze and
improve the velocity of sound measurement in the USM. Finally, the established algorithm
has been tested experimentaly in an explicit flow test. This work is described in the
following.

2.1 Model description

A theoretical model for calculating the density from the velocity of sound for a natural gas
has been established. The model uses the AGA-8-94 equation of state [8] but is not depen-
dent on this equation of state. A possible future change of equation of state in the theoretical
model can be done with just minor model development. At present, the theoretical model
requires the following input:

* Pressure at line conditions (external measurement).

» Temperature at line conditions (external measurement).

* Velocity of sound at line conditions (USM measurement).

* Molar fractions of N2, CO,, H,O and H,S (external measurement / estimate).

Generally, this information is not sufficient to identify the density uniquely. Therefore, as-
sumptions have to be made in order to pick out the "correct” density for a given set of input
parameters. These assumptions are related to the likelihood of appearance of the various gas
components. For example: consider the following two natural gases. (1) 95 % methane and
5 % propane; (2): 80 % methane, 10 % ethane, 5 % propane and 5 % higher hydrocarbons.
Both gases contain 5 % propane, but the second gasis much more likely to appear in pratice
than the first gas. From such general guidelines, the "correct” density is chosen.

There are, however, cases where a heavy and a light gas have the same velocity of sound,
and where the general guidelines referred to above, give no information on which of these
two gases that should be chosen. This can typically be the case for the combination of ele-
vated pressures (typically above 100 bar) and low temperatures (typically below 10 «C). In
order to reduce such potential problems, the user can specify an interval in which the molar
weight of the gaswill lie.

The theoretical model can be implemented in an ultrasonic flow meter without any hardware
changes. Thus, update of existing flow metersis possible.

In addition to the model for density estimation mentioned above, a model for estimation of
the velocity of sound has been established, using the same input as the density model (ex-
cept that input velocity of sound is replaced by input density). As mentioned above, such a
model isto be applied for quality check of a USM that already isinstalled close to a density
meter. Like the model for estimation of density, this model uses the AGA-8-94 equation of
state. Also the same guidelines for the gas components are used in the two models. In the
model for estimation of the velocity of sound, however, there is no need for specification of
an interval for the molar weight of the gas.




2.2 Sengitivity analysis

The input values of pressure, temperature, velocity of sound and molar fraction of N, CO,,
H,0O and H,S to the model of estimation of the density of anatural gas, are associated with
input uncertainties. In addition, the guidelines for the gas components in the determination
of the "correct” density (described above) are associated with uncertainties that are gas de-
pendent. A sensitivity analysis has been carried out to study the influence of these input un-
certainties on the uncertainty of the estimated density [9].

Generally, the uncertainty of the estimated density due to uncertainties in the input parame-
ters will vary with pressure and temperature, and also to some extent with the type of natu-
ral gas. As an example, results from an uncertainty analysis based on a typical Asgard gas
composition will be referred. Thisgasis quite typical with respect to uncertainties in the in-
put parameters, and generality should therefore be assured. The temperature range that has
been considered in this uncertainty analysisis—10 °C to 70 °C. The pressure rangeis 10 bar
to 200 bar.

A standard uncertainty of 0.5 % in the input N, component (which means that for example
1% is used instead of 0.5 %) will for pressures below 100 bar contribute (isolated) with a
standard uncertainty in the density of less than 0.2 %, and in most cases much less than 0.2
%. For pressures above 100 bar, one can expect large standard uncertainty in the density (ty-
picaly 1 % or larger) for temperatures below 25 °C, while at higher temperatures, the stan-
dard uncertainty will typically be lessthan 0.2 %. The standard uncertainty of the input CO2
component contributes almost exactly in the same way as the standard uncertainty of the
input N, component.

A standard uncertainty of 0.5 m/s in the measured velocity of sound will contribute (isola-
ted) with 0.4 % or less to the standard uncertainty of the density. Application of an uncer-
tainty model (VESUM) for measurement of the velocity of sound by a USM, indicates that
astandard uncertainty at thislevel, or better, iswithin reach, especially at dimensions of 12"
and larger [10].

The pressure and temperature uncertainties will in practice contribute less to the uncertainty
in density than the uncertainty in the inert gas compositions and the velocity of sound do.
The uncertainty analysisindicates that the velocity of sound measurement must be relatively
good (standard uncertainty of about 0.5 m/s or less), in order to provide arelatively accura-
te density estimation. The uncertainty of the N, and CO, content indicates that in practice, a
good density estimate can be obtained if the content of N, and CO, does not vary more than
some tenths of a percent. At Asgard, for example, the N, fraction is about 0.7 %. Then vari-
ations from say 0.5 % to 0.9 % can be tolerated without updating the input molar fraction of
N,. Similar tolerances exist for CO,, H,0 and H,S.

In addition to the uncertainties of the input parameters to the algorithm, the guidelines for
the gas componentsin determining the "correct” density will introduce uncertaintiesthat are
gas dependent. For the Asgard field this standard uncertainty is quite small, below 0.1 % ex-
cept for the region where the pressure is above 120 bar and the temperature is below 20 °C.
For other fields, this uncertainty contribution can typically be some tenths of a percent. An
evaluation of this uncertainty contribution is possible before installation at a specific gas
field. With stable N, and CO, content, and with a good velocity of sound measurement, it




should for many gas fields be possible to obtain the density with a relative expanded uncer-
tainty of about 0.5 % or less (95 % confidence interval). Other gas fields will give a larger
uncertainty. Therefore, in most cases an expanded uncertainty of 0.5 — 1 % or better should
be within reach.

2.3 Flow testing and results

The two agorithms for calculating the density from the velocity of sound, and the velocity
of sound from the density, have been implemented in a 6" MPU 1200, and a flow test at
Statoil's K-Lab was carried out in April 1999 to test the algorithms. The reference density at
K-Lab was calculated from the output of a gas chromatograph. The input N, and CO,
valuesto the algorithms are taken from the same gas chromatograph. At K-Lab, only one gas
composition was available. This gas composition is (by chance) relatively well suited for the
genera guidelines for the gas components in the determination of the "correct” density, but
not perfect in this respect. In order to test the agorithm at various densities, two temperatu-
res (about 30 °C and 50 °C) and two pressures (about 30 bar and 80 bar) were used. For each
of the four P, T — combinations, the flow velocities 5 m/s, 10 m/s and 20 m/s were tested in
order to demonstrate flow independence of the algorithms as implemented in the USM. The
results from the K-Lab test are shown in Fig. 2, where the deviation between the density as
calculated from the measured velocity of sound and the reference density is shown for each
P, T, v combination. Typically, in thistest, the density has been measured by the USM to wit-
hin £0.1 % of the reference density.

2.4 Per spectives (planned work)
In future thiswork is planned to be extended in two ways:

Asstated in Section 2.2, the agorithms do not work properly on all gas compositions, dueto
the guidelines for the gas components in the determination of the "correct” density. More
robustness is planned to be built in here, especially in cases where some rough knowledge
on the gas composition is available.

In previous work at CMR, it has been demonstrated that the calorific value can be found
from the velocity of sound and additional measurements. It is planned to design an
algorithm well suited for USMs based on these results. This may give possibilities to also
measure the energy flow rate using USM, asiillustrated as a future extension in Fig. 1.




0.5 Density measurement using a 6" MPU-1200, K-Lab april 1999
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Fig. 2 Results from the online test of the density algorithm at K-Lab using a 6" MPU 1200.

3. INSTALLATION EFFECTS

In compact metering stations, with the flow meter possibly installed close to bend configu-
rations, the flow profile can be quite complex, with an asymmetric axia flow profile, and
also significant asymmetric transversal flow components. In the present JIP, the performan-
ce of the MPU 1200 ultrasonic meter has been studied at a wide range of complex flow pro-
files, both numerically calculated (CFD) and experimentally established (flow tests). These
results have been used to improve the meter's integration of the flow velocity over the pipe
Cross section, to obtain improved measurement accuracy for metersinstalled close to bends.
Results from the testing of an improved MPU 1200 integration algorithm are presented.

Asabackground, in order to describe the problem of non-ideal flow, consider a single acoustic
path (non-bouncing) with interrogation length Li and an angle fi to the axia direction. First, if
the average flow velocity adong acoustic path no. i is purely axia with value , the upstream and
downstream transit times can, to the lowest approximation in the Mach number, be written as

L, L
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where c is the velocity of sound. The average axia flow velocity along acoustic path no. i
can be found as
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which isthe formula (or avariant of the formula) used for calculating the average axial flow
velocity along the acoustic path. However, when an average transversal flow component
along the acoustic path, v, r, is present (see Fig. 3), the transit times are changed to

1, = L t, = L 3
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and the estimated flow velocity will be
Li (lu B l2i (4)
2llil2i COS ¢i

Thus, transversal flow components will influence on the measured flow velocity along a
single path. If not eliminated or corrected for, these contributions give measurement errors.

Vi +Vig tang, =

Fig. 3 Theinfluence of axial and transversal flow components on a single acoustic path illustrated by decom-
position of the flow vel ocities along the acoustic path.

In a multipath USM, the measured flow velocities from the individual acoustic paths are
combined to obtain an average axial flow velocity over the pipe cross section. This process
is denoted the integration method for the specific USM. A good integration formula should
fulfil two requirements:

* Integrate the axial flow velocity to a sufficiently high accuracy.
* Eliminate as good as possible the influence of the transversal flow components.

Transversal flow components will occur especially when the USM isinstalled downstream
bends and other obstructions of the pipe flow. It is expected that downstream a double bend
out of plane, the transversal flow regime is typically a swirl, while downstream a single
bend, acrossflow istypically established, see Fig. 4. As demonstrated above, such transver-
sal flow components can contribute to the flow measurement performed by each acoustic
path. There are examples from installations downstream double bends out of plane where
the transversal flow components can be 10 % of the axial flow component, or larger. In or-
der to handle such transversal flow components, a USM needs to compensate for the appea-
rance of such components, either by measuring the transversal component or by indirect
compensation. Such indirect compensation can for example be that symmetric cross flow
will be automatically compensated for through the geometrical configuration of the acoustic
paths (contribution to one acoustic path is equal in magnitude but of opposite sign of the
contribution to an other acoustic path). Thus, a careful design can in some cases cause the




effect of the transversal flow components to cancel between the various acoustic paths.
However, in practice, the transverse flow components often will neither be a symmetric
swirl nor a symmetric cross flow, but instead some kind of an asymmetric variant of either
swirl or cross flow, or something in between.

In the JIP, areview of the integration method used in a 6-path USM has been performed
after gaining experimental experience (flow testing) of this type of meter for about 4 years.
The work has lead to a further optimization of the integration method used in the meter,
based among other on the set of experimental flow test data, and thus to an improved
performance of the meter.

Single 90° bend Double 90° bend out of plane

(" Axial flow Transversal N 4 Axial flow Transversal N
(asymmetric) cross flow (asymmetric) swirl

Fig. 4 lllustration (CFD calculations) of typical cross flow (left pipe configuration) and swirl (right pipe con-
figuration) flow regimes.

3.1 Experimental input (flow testing)

From the first tests in 1995 [11], the 6-path USMs have been flow tested at various flow
laboratories. In the study presented here, a selected set of experimental data, gathered in the
period 1995 to 1998, has been used as a basis. These include the following installations:

* Baseline tests with 40 to 100 diameters straight pipe upstream the USM.
* Baseline tests with flow conditioners upstream the USM.

* Installation tests with asingle 90° bend upstream the USM.

* Installation tests with a double 90° bend out of plane upstream the USM.
* Installation tests with a U-bend upstream the USM.

The experimental input data used in the present study come from flow tests at

* Statoil's K-Lab, Norway

* Ruhrgas' Lintorf HP test facility, Germany

*» Gasunie's Bernoulli Laboratory, Westerbork, The Netherlands
* Southwest Research Institute, Texas, USA

» Offshore installation at Oseberg, Norway

The experimental data set from these flow tests constitutes the major basis for the inte-
gration model development which is done under the present project. In addition, comple-
mentary results using computer simulations have been used to some extent. The computer
simulations are discussed below.




3.2 Modelling

As stated above, a good integration method must integrate the axia flow profile sufficiently
well, in addition to reduce the influence of the transversal flow components as much as
possible. The axia flow profile integration used up to now in the 6-path USM is based on a
well established mathematical / numerical algorithm, and has demonstrated to integrate well
both symmetric and asymmetric axial flow profiles. In the modification work, it has therefore
been essential that in the case of no transversal flow components in the pipe, the modified
integration method should give the same answer as the method currently implemented in the
USM.

In order to obtain an improved cancellation of the transversal flow components, knowledge
on the asymmetry in these components has to be established. This knowledge on asymme-
tric transversal flow components has been established through careful studies of the experi-
mental data available from flow tests. In addition, two simulation tools developed at CMR
have been used. First, the computational fluid dynamics (CFD) code MUSIC is used to
simulate the pipe flow through and downstream various bend configurations. Thereafter, an
updated draft version of the USM uncertainty model GARUSO has been used to calculate
the flow velocity estimated by each acoustic path in a USM, and the contribution to these
flow velocities from the axial and the transversal flow components in the pipe flow.
Thereafter, the average axia flow velocity as estimated by the USM is compared to a refe-
rence value that is also calculated by the program. In this way, a numerical "flow test labo-
ratory" has been established.

The CFD flow simulations have been carried out for the following 4 types of pipe geometry:
* Single 90° bend.

* Double 90° bend out of plane, no separation between the bends.

* Double 90° bend out of plane, 3 inner diameters separation between the bends.

* Double 90° bend out of plane, 10 inner diameters separation between the bends.

For each of the geometries, three different inlet flow conditions have been chosen for the
pipe work in the CFD simulations. This has been done because in practice, the inlet
conditions on a bend configuration may be far from an ideal, fully developed turbulent
axial flow profile with no transversal flow components. By using several inlet flow conditi-
ons, the robustness of USMs against such variationsin inlet conditions can to some extent be
studied.

For the single bend conditions, the following three inlet flow conditions have been used:

* Fully developed symmetrical axia flow profile (power law profile) with no transversal
flow components.

* Fully developed symmetrical axial flow profile (power law profile) with a superposed sym-
metric swirl, and a maximum transversal flow component of about 5 % of the axia flow
component.

* Fully developed symmetrical axia flow profile with a superposed cross flow.

For each of the double bend out of plane geometries, the following three inlet flow con-

ditions have been used:

* Fully developed symmetrical axia flow profile (power law profile) with no transversal
flow components.




* Fully developed symmetrical axia flow profile with a superposed symmetric swirl, with a
maximum transversal flow component of about 10 % of the axial flow components.
Rotation of swirl in positive and negative direction.

In addition, each of these flow simulations has been carried out at the two Reynolds numbers
105 and 107. This gives a total of 24 different flow situations that have been analyzed. For
each of these 24 cases, virtual USMs with various acoustic path configurations have been
"installed" 5D, 10 D, 15 D and 20 D downstream the bends. The flow velocity estimated by
each acoustic pathin aUSM, and the contribution to these flow velocities from the axia and
the transversal flow components in the pipe flow, are then calculated. At every (virtual)
USM installation point, the USM has been rotated from 0° to 360° in steps of 5° in order to
see the influence of various orientations of the meter.

3.3 Integration method

By andyzing the experimenta (flow testing) and numerical (Smulation) data, some candidate
models for the asymmetry in the transversa flow components have been established. These
asymmetry models lead to candidate integration models for obtaining the average axia flow vel-
ocity from the flow velocities estimated by each acoustic path. The candidate integration models
use the same input as previous models (i.e. the measured flow velocity at each of the 6 acoustic
paths). This means that no hardware changes are necessary, and therefore also updating of exis-
ting 6-path USMs to the new modelsis possible. The integration of the axial flow profile (sym-
metric or asymmetric) is performed exactly as earlier. Thismeansthat the new candidate integra-
tion models should provide improved results in installation tests, while the baseline test results
should remain about unchanged, when compared to the existing integration method in the 6 path
USM. Inthe present paper, results using one of these candidate integration modelswill be shown.
The integration model to be implemented in the MPU 1200 is to be chosen in the near future.
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Fig. 5 Example of calculated deviation from reference (simulation results) for a 6-path USM
using the existing and the candidate new integration method. In this example, the USM is
"installed" 10D downstream a double bend out of plane with 3D separation between the
bends and a rotational inlet flow on the bends. Results for various orientations (rotations)
of the USM are shown.




As an example of the existing and the candidate new integration method, a GARUSO simu-
lation based on MUSIC CFD input is shown in Fig. 5. Here the deviation between the USM
output and the reference flow velocity is calculated for various orientations of the meter spo-
ol in the pipe, when the USM isrotated from 0° to 360°. Theinstallation is 10D downstream
adouble bend out of plane with 3D separation between the bends, and with arotational inlet
flow to the bends. It is seen that the candidate new integration model will reduce the span of
the deviation over the various orientations of the meter from about 1.3 % for the existing
model to about 0.7 % for the candidate new model. In this context it should be noted that all
USMs show some dependency of the orientation of the meter. This has been demonstrated
experimentally in flow tests of various meter types (4 - path, 5 - path and 6 - path meters),
seee.g. [12], [13]. Such orientation effects should be reduced as much as possible.

3.4 Flow testing and results

The new candidate integration method has been devel oped based on experimental datafrom
pre-1999 flow tests and CFD data. The method isthen tested in two new flow tests as part of
averification. Thefirst test is designed especially for the integration method project. In this
test, a6" MPU 1200 was used. The test was carried out at Statoil'sK-Lab in June 99. The se-
cond test was carried out by Southwest Research Institute (SWRI) and Gas Research
Institute (GRI) on a 12" MPU 1200 in August 99. This test was part of a larger test where
three commercially available USMs were tested [12], [13]. The 12" MPU 1200 was equip-
ped with the old integration method. In both tests, the candidate new integration method was
tested through postprocessing of the experimental data.

Fig. 6 Installation of a 6" MPU 1200 at Satoil's K-Lab 10D downstream a
single 900 bend. A flow conditioner is mounted in the read flange
upstream the single bend. Photograph provided by Satoil K-Lab.
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Flow calibration K-Lab, 6" MPU-1200, June -99, Installation tests
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Fig. 7 The deviation from baseline tests for installation tests of a 6" MPU 1200 at K-Lab in June 1999 using
the existing integration method of the meter. Legend text: SBwFC: MPU 1200 installed 10D downstream
a single bend with K-Lab flow conditioner installed upstream the bend. DBwWFC: MPU 1200 installed
10D downstream a double bend out of plane with K-Lab flow conditioner installed upstream the bends.
SBwoFC: MPU 1200 installed 10D downstream a single bend with no flow conditioner installed up-
stream the bend. 0, 90, 180 and 270 refer to orientation (rotation) of the meter in degrees relative to a
normal installation of the meter with the electronics on top of the meter.
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At Statoil's K-Lab, 4 types of installations were tested:

* Baseline tests with the USM located about 40 D downstream a K-Lab flow conditioner.

* Installation tests 10D downstream a single 90° bend. A K-Lab flow conditioner was
installed upstream the bend.

* Installation tests 10D downstream a double 90° bend out of plane. A K-Lab flow
conditioner was installed upstream the bends.

* Installation tests 10D downstream a single 90° bend. No flow conditioner was installed.

For each of these 4 installations, the meter was tested in 4 different orientations (0°, 90°,
180° and 270° rotation) of the meter, relative to the normal installation orientation (with the
electronics at the top of the meter). Three flow velocities, 5 m/s, 10 m/s and 20 m/s, were
used in each installation test.

Upstream the single or double bend in the ingtallation tests, there are several other bends, as can
be seen on Fig. 6. Therefore, the inlet flow profile on the single or double bend can be quite
complex. Therefore, a flow conditioner was installed upstream the single / double bend. This
was done to ensure that the measured installation effects on the USM were due to the bend
configuration in question. In addition, single bend tests were also carried out without a flow
conditioner upstream the bend, in order to investigate effects of various inlet flow conditions.
The average flow velocities measured by the 6 acoustic paths demonstrate that the inlet flow
profile on the single bend may be an important parameter when flow calibrations take place.

In Figs 7 and 8, the deviation from baseline measurements has been shown for the instal-
lation tests. This presentation form has been chosen because the deviation from baseline
demonstrates the influence of the bend configuration as compared to a baseline condition.
Results using both the existing MPU 1200 integration method and the candidate new
integration method are shown. It can be seen that the spread of the resultsis larger for the
existing method than for the candidate new model.

At SWRI, a12" MPU 1200 was tested in the following installations:

* Baseline tests 100D downstream a single 90° bend, without flow conditioner between
the bend and the meter.

* Installation tests 10D and 20D downstream a single 90° bend, with no flow conditioner
between the bend and the meter.

* Installation tests 10D and 20D downstream a double 90° bend out of plane, with no
flow conditioner between the bends and the meter.

* Installation tests 10D and 20D downstream a double 90° bend in plane, with no flow
conditioner between the bends and the meter.

* Baseline tests and installation tests with flow conditioners (of various types) between
the bend and the meter.

For each installation test, the meter has been tested with two orientations (0° and 90°
rotation). Upstream the bends, a Gallagher flow conditioner has been installed [13]. The
MPU 1200 was equipped with the existing integration method. The data from each acoustic
path have, however, kindly been made available to the present project by T. Grimley, SWRI,
enabling testing of the candidate new integration model through postprocessing. In Fig. 9,
the deviation from reference has been shown for the flow tests at SWRI (with the existing in-
tegration method), for all flow tests
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Fig. 9 The deviation from the reference measurement for a 12" MPU 1200 installed 10D and 20D downstream
a single 90c0 bend (single elbow), a double 900 bend out of plane (elbows out) and a double 90« bend
in plane (elbowsin). Orientation of the meter is Oco and 90c0. Existing integration formula used.

SWRI99-tests with bare pipe, candidate integration model
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Fig. 10 Same as Fig. 9 except that the candidate new integration model is used through postprocessing of the
experimental data (using the same data as used as basis for Fig. 9).



Table 1 Flow weighted mean error for installation tests of a 12" MPU 1200 at SWRI using
bare tube or a flow conditioner (of various types) between the bend and the MPU
1200. Existing integration formula used. Table taken from [13].

Single Elbow Elbows Out Elbows In

0 90 0 90 0 90
Bare at 10D 0.14 0.29 -1.02 -1.22 -0.18 -0.52
Bare at 20D 0.03 0.04 0.48 0.12 -0.10 0.10
19 Tube 0.33 0.42 0.09 -0.11 0.14 0.10
Vortab 0.05 0.02 -0.19 -0.19 -0.12 -0.09
Nova SOE 0.02 0.02 -0.42 -0.64 -0.18 -0.14
Nova 50E @ 3D -0.05 0.15 -0.38 -0.69 -0.17 -0.16
GFC 024 | 015 -0.13 -0.11 0.06 0.08

Table 2 Same as Table 1 except that the candidate new integration model is used through
postprocessing of the experimental data.

Single Elbow Elbows Out Elbows In

0 90 0 90 0 [ 90
Bare at 10D 0.29 0.30 0.35 0.22 -0.04 [ 0.08
Bare at 20D 0.08 0.06 0.20 0.11 020 | 030
19 Tube 0.31 0.38 -0.13 0.10 0.13 0.10
Vortab 0.07 0.01 0.10 0.12 -0.08 -0.03
Nova 50E 0.01 -0.01 -0.27 -0.23 -0.24 -0.18
Nova S0E @ 3D -0.02 0.15 -0.22 -0.23 -0.26 -0.24
GFC 0.25 0.14 -0.12 -0.09 0.04 0.08

Table 3 Same as Table 1 except that the candidate new integration model is used through
postprocessing of the experimental data and that the numbers are relative to the re-
ference meter at SWRI and not relative to the baseline tests.

Single Elbow Elbows Out Elbows In

0 90 0 90 0 90
Bare at 10D 0.14 0.15 0.20 0.07 -0.19 -0.07
Bare at 20D -0.08 -0.09 0.05 -0.04 0.05 0.15
19 Tube 0.15 0.21 -0.29 -0.06 -0.03 -0.06
Vortab -0.15 -0.21 -0.13 -0.11 -0.30 -0.26
Nova S0E 0.03 0.01 -0.25 -0.21 -0.22 -0.16
Nova 50E @ 3D 0.16 0.33 -0.04 -0.05 -0.08 -0.06
GFC 0.15 0.04 -0.22 -0.18 -0.05 -0.01

without flow conditioner between the bend and the flow meter. It can be seen that thereisa
span of about 2 % between the various curves. In addition, the linearity of the individual
curvesisnot good at low flow velocities. In Fig. 10, the similar deviation from reference has
been shown when postprocessing the same data set using the new candidate integration met-
hod. It can be seen that all curves now are well within £0.5 % deviation from the reference
meter. Thisindicates that the asymmetry model for the transversal flow components, which
isapart of the candidate new integration model, represents a better performance of the MPU




1200 downstream bend configurations. It should be noted that the results from the K-Lab
and the SWRI - tests have not been used in the development of the candidate integration
method.

The results of the tests of the MPU 1200 meter have been summarized by Grimley [13] in
Table 1. Each number in this table represents a flow weighted mean error for a specific in-
stallation of the meter with or without flow conditioner. The numbers are given relative to
the baseline measurements. In Table 2, similar numbers are calculated for the candidate new
integration model. It is seen that generally, the flow weighted mean errors are reduced. In
Table 3, the flow weighted mean error is shown when compared to the reference measure-
ments at SWRI (and not to the baseline measurements). It is seen that the highest deviation
from reference is 0.33 %.

The flow tests at K-Lab of a 6" MPU 1200 and at SWRI of a 12" MPU 1200 have both
shown that the MPU 1200 is less sensitive to installation effects with the candidate new in-
tegration method than with the existing integration method. At SWRI, the deviation from re-
ference measurement in the installation tests was less than 0.5 % in al tests. At K-Lab, the
deviation was larger. In both tests, the span in deviation between the variousinstallation tests
was reduced by using the candidate model instead of the existing integration model.

4. METERING OF WET GAS

As apart of the JIP, the MPU 1200 ultrasonic gas flow meter is being further developed to
measure natural gas flow that contains liquid phase contaminants. These liquids con-
taminants may be either condensate, water, or chemical treatments injected into a pipeline.
Up to 5% liquid (by rate, cf. Section 4.1) is often used as tentative maximum wetness figure
for such wet gasflow. A 6" wet gas test meter using 3 acoustic paths has been devel oped by
KOS and CMR and is currently being tested in wet gas flow. Thefirst objective is to measu-
re the gas volume flow rate, in spite of liquid contaminants being present, and without kn
owing the liquid volume fraction. Possibilities for measurement of the liquid volume frac-
tion using ultrasonic techniques are also addressed in the project (but are not reported here).
As abasis for the meter development, experimental and theoretical studies have been con-
ducted, addressing (among others) (a) an uncertainty analysis of wet gas USMs, (b) the
influence of wet gas (liquid droplets, liquid film, etc.) on the transmitted and scattered sound
field (such as sound velocity, sound attenuation, scattering level, transducer directivity, etc.),
and (c) chemical resistance of the transducers. Selected results from this ongoing work are
presented in the following.



4.1 Uncertainty analysis

Background. For ultrasonic metering of the gas volume flow rate, a number of factors due
to the liquid contaminants in the gas influence on the uncertainty budget of the ultrasonic
meter, such as:

(A) Uncertainty of the gas area (Ag), i.e. the cross-sectional area occupied by the gas
phase in the meter body. Thisis determined by the uncertainty of the liquid hold-up.

(B) Possible build-up of liquid in the transducer ports, causing an acoustic bridge between
the transducers and the steel meter body (" cross-talk"), dependent on the self-
draining capacity of the transducer ports. An increased level of ultrasound propagating
in the meter body acts as noise, causing a reduced signal-to-noise ratio (SNR), which
contributes to increase the uncertainty of the transit time determination (relative to in
dry gas).

(C©) Reduced signal level relative to the dry case, due to excess sound attenuation caused
by (i) liquid dropletsin the wet gas, and (ii) liquid present on the transducer faces. This
resultsin alower signal-to-noise ratio (SNR), which contributes to increase the uncer-
tainty of the transit time determination (relative to in dry gas).

(D) Liquid present on the transducer faces, which causes a shift in the measured transit
times. Such liquid may also influence on the transducer directivity and thus the acous-
tic diffraction correction, causing alarger uncertainty of the transit time determination
(relative toin dry gas).

(E) Path failure due to possible flooding of the transducers (due to liquid slugs, high li-
quid volume fraction in horizontal stratified flow, etc.). A single path failure with sub-
sequent meter recovery may not be dramatic, but a failure of all paths will be more
serious.

These effects cause additional uncertainty due to wet gas, relative to the uncertainty of the
USM indry gas.

Uncertainty model. In the "GERG project on ultrasonic flow meters' (1995-98) [2], atheo-
retical uncertainty model for multipath ultrasonic metering of dry gas has been devel oped,
and implemented in a PC program, GARUSO Version 1.0 [14]. The procedure used for eva-
luating and expressing uncertainties is the procedure recommended by 1SO in the "Guide"
[15]. The uncertainty model takes into account an extensive set of factors that may contri-
bute to the uncertainty of the ultrasonic measurement, such as the standard uncertainties of
gas parameters, geometry parameters, a number of contributions to the measured transit
times, and the integration technique. For more details, cf. refs. [14], [2].

Under the present project, the GARUSO uncertainty model has been extended to account for
wet gas effects, where the "wet gas contributions’ (A)-(D) addressed above have been
modelled and built into the uncertainty model, in addition to the "dry gas contributions®
referred to above.
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It should be mentioned that the uncertainty model takes as a starting point that the meter
does function and operate in the wet gas flow, i.e. that acoustic signals are detected on all
paths (although the model accounts for low signal-to-noise ratio, SNR). Path failures due to
flooding (point (E) above) are not accounted for in the uncertainty model. In practice, path
failures may be treated in the meter e.g. by extrapolation procedures based on history and
profile information.

Wet gas metering, functional relationship. In adry gas situation, the average axial gas flow
velocity over the pipe’s cross-section (at pipe flow conditions), , and the axial gas volume
flow rate (at pipe flow conditions), , are given as

N

V=) W, (5)
i=1

q; =v,4 (6)

respectively. Here, isthe average axial gasflow velocity along the ith acoustic path, given by
Eq. (2), and wi is the integration weight factor of the ith path. N is the number of acoustic
paths, and A is the pipe’sinner cross-sectional area.

In awet gas situation, the axial volume flow rate of the gas phase (at pipe flow conditions)
Isgiven as

q, = Vg Ag (7)
where
A=A +A (8)

and Ag and A, are the portions of the pipe’s cross sectiona area which are occupied by the
gas and liquid phases, respectively. In wet gas flow, the meter’s integration method is here
assumed to be the same asin dry gas. The volume flow rate measured by the USM is then

_ _ A 9
q;:ng:vg(Ag+A[)=qg[1+—j—4inqg(]+¢V), forg, << 1 ©)
g
o that
q, Vg, (1-¢,) (10)

Eq. (10) isthe expression used in the USM to calcul ate the gas volume flow rate in wet gas
from the measured transit times.

Here, @, istheliquid volume fraction, which for arelatively homogeneous multiphase mixtu-
re (over the volume V inside the meter body) is approximately equal to the liquid hold-up, i.e.

VUV 4V A+ A

liquid hold-up, (11)

which issmall in wet gas (i.e.@, « 1). Vg and V, are the volumes which are occupied by the
gas and liquid phases (at pipe flow conditions), respectively, in the volume V = Vg + V insi-
de the meter body.




To avoid confusion, it should be noted that the "liquid volume fraction" ¢, as defined here,
isin general not equal to the "liquid rate fraction”, By defined as

q,

9, L (12)

where g and are the volume flow rates of the gas and liquid phases (at pipe flow conditi-
ons), respectively. @, is a quantity which is usually measured in connection with testing of
multiphase flow meters (measured e.g. at the gas and liquid injection pipes, or after separa-
tion), and is sometimes (misleadingly) referred to as the "liquid volume fraction™. The fre-
quently used tentative maximum wetness figure of "5 % liquid" in wet gas flow usually re-
fersto By i.e. @y <0.05.

The two-way relationships between theg, and @ are

¢V={1+—z”—[¢i—1ﬂ : ¢q=[1+v_—g(5——1ﬂ_. (13)
Ve \ 9 Ve \ 9y

where v, istheaverageaxial liquid flow velocity over the pipe's cross-section (at pipe flow
conditions). Two specia cases may be of interest. For (the hypothetical) case of no dip,

(v,=7V,), one has ¢y = ¢,. For wet gas one has ¢, « 1 (since ¢, < 0.05), giving ¢,

(sinceV, ¢ 2V,). Inthis case the relationships (13) reduce to
Uvg
¢V ?¢q (14)

Uncertainty analysis. From Eqg. (10), the relative expanded uncertainty of the gas volume
flow rate, qg, becomes

¢y 1s thus in general larger than ¢, and may exceed 5 %. Since the slip ratio v, /\72 is usually

unknown, ¢ can not easily be determined from ¢,, but may have to be measured separately.

E, =kJ(E}F +1($, ) =k\E2 + E} +u’ (4, ) (15)

Here, £ is the coverage factor (k = 2 for a 95 % confidence interval), E qA is the relative combined
standard uncertainty of the estimate ¢ ; , En is the relative combined standard “path uncertainty”
of ¢ ; (accounting for propagation of standard uncertainties of the geometry parameters and transit
time contributions), E; is the relative combined standard “integration uncertainty” of § ;, and

u( (13,, ) is the standard uncertainty of the estimate ¢f,, (representing the uncertainty in the
measurement of 4, due to the uncertainty of the liquid volume fraction estimate).

Relatively comprehensive expressions for E,, and E; are given in ref. [14] (derived for dry gas),
and will not be repeated here. The same expressions can aso be applied to the wet gas case. In
case of wet gas, however, E,, becomes larger than in dry gas (especially at low flow velocities),
as described in the following for the "wet gas contributions' (A)-(D) discussed above.



Possible increased cross-talk due to liquid build-up in the transducer ports (cf. (B)), contri-
butes in Eq (15) through E,,, (reduced SNR). Increased signal attenuation due to (i) liquid
droplets in the gas, and (ii) liquid present on the transducer faces (cf. (C)) also contributes
through E;,, (reduced SNR). Shift in measured transit times and changed diffraction correc-
tion due to liquid present on the transducer fronts (cf. (D)) contribute through E,,, as well.
The uncertainty of the gas area Ag (cf. (A)) contributes through the term u( ¢,.). Due to
space limitations, the details of thisanalysis will not be given here.

Results. Fig. 11 shows an example of a calculated relative expanded uncertainty, Eqg for a
multi-path USM, plotted as a function of the average axial gas flow velocity. The three dif-
ferent curves (a), (b) and (c) are explained in the figure text. The figure demonstrates some
characteristic and important results predicted by the uncertainty model, for the "excess un-
certainty” due to wet gas relative to the "dry gas baseline uncertainty”, (a) (which istaken to
be a tentative but typical example).

The "wet gas contributions' (B) and (C) to the USM uncertainty seem to be most influential
at low gas flow velocities, below about 5 m/s, cf. curve (b). The reason is that these contri-
butions essentially cause a reduced signal-to-noise ratio SNR, where the noise is here mo-
delled as incoherent (a random effect). Random effects do not cancel in the transit time dif-
ference, ty; - ty;,

Uncertainty of axial gas volume flow rate (line cond.), Eq

(95% c.l.)

(c) Wet gas (reduced SNR + liquid on transducers

/ + liquid volume fraction)

Rel. expanded uncertainty [%]

ol ‘ ‘

0

5 10 15 20

Average axial gas flow velocity [m/s]

(a) Dry gas (baseline)

Fig. 11 Example of calculated relative expanded uncertainty, Eq, for a multipath USM, calculated using the
GARUSO uncertainty model. (a) Dry gas operation (baseline example); (b) Wet gas operation (effects
of increased cross-talk and sound attenuation (reduced SNR), and a 0.5 mm liquid "film" on the trans-
ducer faces); (c) Same as (b), but with additional uncertainty due to the unknown liquid volume fracti-
onfV (assumed hereto liein the range 0-5 %). A "blind wetness correction" approach (using fV = 2.5
%) is used.



of Eg. (2), and therefore become increasingly important at low flow velocities. (In the pre-
sent example the SNR is taken to be 40 dB in dry gas, and 10 dB in wet gas, corresponding
to extratransit time (standard) uncertainties of 11 ns and 360 ns, respectively.)

With respect to the "wet gas contribution™” (D), a0.5 mm liquid "film" at the transducer faces
has been considered in the present example. The influence on the detected transit time is
here (somewhat simplified) modelled as a systematic effect, which to a large degree is can-
celled in the meter (cf. EqQ. (2)). The contribution to the USM uncertainty dueto a0.5 mm li-
quid film isthus relatively small in the present model, of the order of 0.1 %.

The “wet gas contribution” (A), u(@, ), is invariant to the flow velocity, and as long as this

uncertainty contribution is larger than /E’ + E7 (which may often be the case), it contributes

essentially as a constant shift of the uncertainty curve, except at the very low gas flow velocities.
In the present example, the liquid volume fraction ¢y is not known, but is assumed to be in the

range 0-5 %, and a “blind” estimate qs = 2.5 % has been used (“blind wetness correction”)z. The

standard uncertainty of the liquid volume fraction is thus taken as u( é )=25%/ V3 =14%.

A key result from this uncertainty investigation is the following: If the liquid volume fracti-
onisknown to belessthan 5 % (for instance), arelative expanded uncertainty at alevel of 3
% should be a relevant perspective for USMs, by using the "blind wetness correction™ ap-
proach (i.e. without knowing the actual liquid volume fraction). If the liquid volume fracti-
on was known to be less than 1% (for instance), the rel ative expanded uncertainty in wet gas
would be significantly lower (the uncertainty model predicts 0.8 % if the corresponding "dry
gas baseline relative expanded uncertainty” was 0.5 %).

If a better estimate for the liquid volume fraction was available than in the "blind wetness
correction” approach used above, the expanded uncertainty of the gas volume flow rate
could be correspondingly reduced. Such results provide interesting perspectives and poten-
tialsfor the use of USM in wet gas applications.

4.2 Influence of wet gas on sound velocity and attenuation

Background and motivation. Liquid contaminants in the gas may influence significantly on
the sound propagating through the gas/liquid medium. Such effects are

» Scattering of ultrasound due to liquid droplets in the flow (gas-liquid aerosol, or mist),

* Increased sound attenuation (excess attenuation), due to sound scattering in the mist flow,
and by liquid present on (flowing over) the transducer faces,

* Lowering of the sound velocity, due to sound scattering in the mist flow.

2 By "blind wetness correction” it is here meant that in lack of knowledge (measurement) of the liquid volume
fraction ¢, but by a tentative knowledge of the maximum value for @, one takes the mid value in the @, in-
terval asthe estimate of @,. The standard uncertainty of this estimate is then calculated using a type B eva-
luation of uncertainty, and assuming a rectangular probability distribution for the variation of @, in the ¢,
interval [1S0, 1995].




These effects are dependent on a number of parameters, such as pressure, temperature,
volume fraction, droplet size distribution, gas/liquid quality, flow velocity and the USM sig-
nal frequency. Pressures up to 200 bar and temperatures in the range from -20 t0100 °C (or
more) may be relevant. The liquid volume fraction may exceed 5% (cf. Section 4.1). Very li-
mited information about typical droplet size distributionsin real wet gas flow is available; -
here the range 0.5 - 1000 um has been considered. (For application at separator outlets with
demistor filters, more narrow ranges may be relevant.) Signal frequencies between 100 and
200 kHz are relevant for USMs.

Theinvestigation of these effects, and their influence on USM operation, is of interest for se-
veral reasons. Increased sound attenuation isimportant for USM operation, since it leads to
a reduced signal-to-noise ratio (SNR), which again causes larger transit time uncertainty,
and thus larger USM uncertainty. In dramatic cases, it may cause loss of acoustic path(s).
A changed sound velocity, however, is not dramatic for traditional USM operation,
since USMs are practically insensitive to changes in the sound velocity. On the other hand,
changes in sound attenuation, sound velocity and the scattering level, - and the variation of
such changes from path to path, may provide useful information about the wet gas medium.
A parameter which is of particular interest in this context is the liquid volume fraction, @,.
If online estimation of @, were available, that would provide possibilities to reduce the
uncertainty in wet gas metering, as discussed in Section 4.1.

Basic approach. In the present section, selected attempts to investigate such influences
of wet gas on the sound propagation are reported. An approach is used where one seeks
improved physical insight into the mechanisms causing the effects discussed above. A com-
bination of theoretical modelling and laboratory experimentsis used for this purpose. In the
laboratory experiments one seeks to test and verify candidate theoretical models. A suffi-
ciently proven model can be used to investigate the effects of parameters such as pressure,
temperature, gag/liquid quality, signal frequency, liquid volume fraction, droplet diameter,
etc., on the sound propagation through the wet gas medium.

Here, the discussion is confined to the investigation of changes in sound attenuation and
sound velocity due to gas-liquid aerosol (mist). Influences on the level of scattered ultra-
sound in gas-liquid aerosol are not discussed here.

Modelling. From the general literature on sound propagation in emulsions (liquid droplets
mixed in another liquid) and gas-liquid aerosols (liquid droplets in gas), many candidate
models for changes in sound velocity and attenuation in such two-phase media are available.
A number of relevant models have been implemented, compared and evaluated with respect
to sound propagation in gas-liquid aerosols, including effective medium models, coupled-
phase models and multiple scattering models [16], [17]. These are sound propagation
models used in other areas (media) and applications, which to varying extent have been
verified within those areas. However, the present application of ultrasonic wet gas metering
represents anew areafor such models (with respect to frequency range, pressure range, tem-
perature range, liquid volume fraction range, gas/liquid types), and the validity and applica-
bility of the modelswithin this areais not established. For the gas/liquid aerosolsin question
for wet gas metering, there is observed a significant deviation in results using the various
types of models[17].




In the present paper, results using the Waterman-Truell multiple scattering model with
Allegra-Hawley scattering coefficients are shown [18], [19]. This model takes into account
the thermal and viscous boundary layer effects close to the droplet surface (inside and outsi-
de of the droplet), the generation of sound waves inside and outside of the droplets, and
higher order oscillation modes (monopole, dipole, quadropole, etc.). The model is potential-
ly applicable at all frequencies of relevance, from very long to very short acoustic wave-
lengths rel ative to the droplet diameter. Thisincludes droplet resonances appearing when the
acoustic wavelength is of the order of the droplet diameter.

Experiments. In the laboratory experiments reported here, an aerosol (mist) of olive oil in
air, a 1 aim. and room temperature (23 °C), has been used for comparison with the
Waterman-Truell multiple scattering model. The mist is generated using a TSl 9306 aerosol
generator. The theory predicts increasing attenuation and increasing change in sound velo_
city for the small droplets (with largest attenuation for 0.1-1.0 mm droplets, and largest
sound velocity changes for sub-mm droplets). For model testing it might then at first glance
seem favourable to use droplets in the 0.1-1.0 mm range, in order to obtain larger measura-
ble effects for the changes in sound attenuation and velocity. However, the very small
droplets carry avery small portion of the total volume, so the liquid volume fraction would
then be very low (sub-ppm), and the effects also relatively small. Hence, the effects of liquid
droplets with a size distribution in the range of afew mm have been investigated here.

A Malvern Spraytec RTS 5000 laser diffraction system has been used for the reference
measurements of droplet size distribution and liquid volume fraction ¢,. The Sauter mean
diameter of the size distribution used here is approximately 2 mm, and the liquid volume
fraction, @, is approximately 9 ppm.

Olive ail is used to reduce evaporation effects, which for the droplet sizesin question would
be significant if another liquid such as e.g. water was used. The theory indicates that the
results do not vary much with liquid type, so the use of olive oil for model testing should be
relevant. (Similar experiments with other liquid types such as water and Exxsol D100 have
also been made, but are not reported here.)

Changes in temperature and the relative humidity (RH) were monitored during the acoustic
measurements, and used to correct the measurements in the aerosol (since temperature and
RH also influences on the sound attenuation and velocity).

Results. Fig. 12 shows a comparison of experimental results (markers) and modelling
results (curves) for the change in sound velocity (upper plot) and the increased sound
attenuation (lower plot) caused by liquid droplets in the olive-oil-in-air aerosol, plotted as a
function of the liquid volume fraction, @, (up to 100 ppm = 0.01 %). The changes are shown
relative to the corresponding dry gas case (air), a the same pressure, temperature, and
relative humidity (RH). Three measurement series are shown, nos. 1, 2 and 3, taken over a
period of more than ayear. The most recent series, no. 3, is believed to be the most accurate
of these, since better temperature and relative humidity measurements were available for
this series, enabling a better correction for temperature and RH effects. Theoretical pre-
dictions are given for droplet diameters 0.5, 1, 2, 5, 10 and 50 pm.




For the excess sound attenuation, the agreement between the experimental results and the
theory is considered to be relatively good, especially for the Series 3 measurements, which
fall amost exactly on the 2 mm curve predicted by the theory. The series 1 and 2 measure-
ments are also relatively close to the theoretical prediction, but fall more in-between the 1
and 2 mm curves. Note the increased sound attenuation which is predicted by the theory for
large liquid volume fractions, and for small droplets. (For even smaller droplets than about
0.1 - 1.0 mm, the attenuation will decrease.)

With respect to sound velocity effects, precision measurement is more demanding than for
the sound attenuation, due to arelatively small change in sound velocity which is observed
for the liquid volume fraction and droplet sizes investigated here (which of course is an
interesting result in itself). However, a reduction of the sound velocity due to the liquid
droplets is measured in most cases, although the spread in measurement datais significant.
In average, the series 3 data fall relatively close to the 2 mm curve. Note the increased
reduction in sound velocity which is predicted by the theory for large liquid volume
fractions, and for small droplets.

In Fig. 13, the Waterman-Truell model has been used to investigate the effect of increased
gas pressure on the sound propagation in mist. The pressure is raised to 50 bar, while the
temperature is kept constant (23 oC, as in Fig. 12). The fluids have been changed, from
olive-oil-droplets-in-air to Exxsol-D80-droplets-in-methane (which is more relevant for wet
gas applications). This is done since the theory predicts (not shown here) that the effect of
pressure on sound attenuation and velocity is considerably larger than the temperature and
fluid type effects. Droplet diameters in the range 1 - 1000 mm are simulated. Note that in
Fig. 13 liquid volume fractions up to 10 % = 100000 ppm are shown, to cover alarger range
than in Fig. 12. As a consequence, significantly larger scales are used in Fig. 13 for the
predicted changes of sound velocity and attenuation.

A comparison of Figs. 12 and 13 reveal s that the theoretical model predicts adramatic influ-
ence of gas pressure on the excess sound attenuation and on the change in sound velocity of
the gas-liquid aerosol. Increasing pressure reduces the excess attenuation and the change in
sound velocity, due to reduced characteristic acoustic impedance between the gas and the
liquid droplets at elevated pressures. Very large effects are predicted in some parameter
ranges. For example,
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Fig. 12 Comparison of experimental results (markers) and modelling results (curves) for the change in sound
velocity and attenuation caused by the liquid droplets in a gas-liquid aerosol, plotted as a function of
the liquid volume fraction, @,. Static laboratory measurements with mist of 2 mm diameter droplets of
olive ail in air, at 1 atm. and 23 °C.
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Fig. 13 Predicted change in sound velocity and attenuation using the Waterman and Truell multiple scattering
model. Mist of Exxsol D80 droplets in methane, at 50 bar and 23 °C.

the excess attenuation of a 10 ppm (0.001 %) and 1 mm diameter aerosol at 1 atm. is predic-
ted to be about 0.45 dB/cm, or 45 dB/m, which isrelatively large (cf. Fig 12). At 50 bar, the
excess attenuation of this aerosol is predicted to be about 0.01 dB/cm, or 1 dB/m, which is
negligible. Such results have significant consequences for operation of USMs in wet gas
mist flow. As mentioned above, the influence of the gas/liquid qualities and the temperature
are predicted to be negligible in comparison.




It isinteresting to note from these simulation results that small droplets, in the range below
1 mm, which"carry " alow liquid volume fraction, are predicted to cause the largest change
in sound velocity, and the largest sound attenuation. Large droplets "carry” a higher liquid
volume fraction, but are predicted to cause the least change in sound vel ocity, and the lowest
sound attenuation.

It should be noted that the measurements shown here are results from an ongoing project,
and represent preliminary results. Experimental testing and verification of theoretical
models for sound attenuation and velocity in gas-liquid aerosols is indeed a challenging
work, due to the relatively small effects one experiences in the parameter ranges where
controlled measurements can be set up at a reasonable cost. In other parameter ranges,
where the effects are larger and potentially more easily measured, experiments under
controlled conditions are far more difficult to set up.

So far one may conclude that the experimental results are in fair agreement with the candi-
date theoretical model for sound attenuation and velocity which is investigated and used
here, and support this theory. However, more measurement data points (over alarger range
of liquid volume fraction, droplet diameter, pressure, temperature, etc.) are necessary to
conclude on the validity of the theory.

4.3 Hardwar e development and flow testing

A 6" wet gas test meter using 3 acoustic paths has been developed by Kongsberg Metering
and CMR, and is currently being tested in wet gas flow (natural gas and Stoddard solvent) at
CEESI in Colorado, USA. Preliminary test data were obtained shortly before the deadline of
this paper. The results are encouraging, but are insufficient for presentation at the time of
writing. The first objective is to measure the gas volume flow rate, in spite of liquid conta-
minants being present, and without knowing the liquid volume fraction. Possibilities for me-
asurement of the liquid volume fraction using ultrasonic techniques are also addressed in the
project.

5. CONCLUSIONS

Results and progress from an ongoing R&D program related to the Kongsberg Metering
MPU 1200 multipath ultrasonic gas flow meter have been presented. Three main topics are
addressed: (1) calculation of gas density from the measured sound velocity, (2) operation at
complex installation conditions (with disturbed flow velocity profiles), and (3) measurement
of wet gas.

An agorithm for calculation of the gas density on basis of the sound velocity measurement
output from the USM, and additional measurements of pressure and temperature, has been
developed and implemented in a6" MPU 1200. The method has been tested at Statoil’s flow
laboratory K-Lab, Norway (April 1999), with deviation from the reference density measure-
ments of typically £0.1 %. A sensitivity analysis of the method has been carried out, indica-
ting that more generally, the relative expanded uncertainty of the current ultrasonic density
measurement method may be expected to lie in the 0.5-1 % range (within a 95 % conf.
interval). However, solutions are identified which in the future may further improve this
uncertainty number.




An improved integration algorithm for more robust and accurate operation of the MPU 1200
at complex installation conditions has been developed, and is to be implemented in the
meter. The improvements involve only software changes in the USM, so that existing meter
installations can be easily upgraded. The method has been flow tested (by post-processing)
for a6" meter (June 1999) at K-Lab, Norway, and for a 12" meter on recent (August 1999)
flow test data provided by Southwest Research Institute, Texas. Significant reductions of the
meter uncertainty are demonstrated in both tests, including improved robustness with
respect to relevant bend configurations.

Work is underway to upgrade the MPU 1200 technology for measurement of natural gas
flow that contains liquid phase contaminants (wet gas). A 3-path 6" test meter is currently
being flow tested in wet natural gas at CEESI, Colorado. The GARUSO uncertainty model
for ultrasonic gas meters has been further devel oped and used to account for wet gas effects.
The influence of wet gas (liquid droplets, liquid film, etc.) on sound transmission and
scattering is investigated through experimental and modelling work. Changes in sound
attenuation, sound velocity and the scattering level, - and the variation of such changes from
path to path, are parameters of interest for design and operation of USMs in wet gas, and
may potentially provide useful information about the wet gas medium.
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