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1 INTRODUCTION

As worldwide reserves of light crude oil diminish rapidly and alternative sources of renewable
energy remain in their infancy, attention is being turned to the world’s vast deposits of heavy
oils and tars’. Recovery of these viscous hydrocarbons — once regarded as being too difficult
and costly to produce — is seen by many analysts as one of the only viable way of meeting the
world’s escalating energy requirements.

Extraction operations are now growing rapidly, supported by high oil prices and an increasing
demand from national governments for security and diversity in their energy supplies.
Innovative methods of retrieval (including new drilling and completion techniques), transport
and measurement are considered essential to fully exploit the vast reserves in place; and the
enormous monetary value of the product involved makes accurate flow measurement vital.

Unfortunately, the accuracy of many conventional flowmeters, at the higher viscosities
encountered, remains poorly known; although there is anecdotal evidence to suggest that
some technologies are more adversely affected than others. Among the technical challenges
arising are the higher viscous friction of the fluid being metered, the increased pressure
losses that occur across internal bends and restrictions, the possibility of extreme or varying
velocity profiles, and the increased susceptibility of viscous liquids to entrain secondary
components such as solids or gas.

To improve upon the current level of understanding, an NMS (National Measurement System)
programme of research work was launched in the UK to investigate the responses of a
selection of established flow metering technologies under elevated viscosity conditions.

This paper reports on an upgrade to the UK National Standards Oil Flow Facility, designed to
provide the necessary test fluids (up to 300 cSt viscosity in the initial stage) along with
accurate and traceable reference metering. Results are then presented on the performance of
a selection of Coriolis and ultrasonic devices when operated at these elevated viscosities; and
under the commonly-encountered situation where small quantities of gas become entrained
within the viscous liquid flow.

2 MEASUREMENT CHALLENGES

As noted above, the additional technical challenges faced in the measurement of medium and
heavy crude oils follow mainly from the higher viscous friction of the fluids involved (i.e. their
tendency to resist flow), which can give rise to significantly different flow characteristics
compared to low viscosity products.

The level of viscous friction presented by a fluid is characterised by its coefficient of viscosity.
The “absolute” viscosity of a fluid is usually expressed in cP (centi-Poise) or in the Sl units of
Pa.s (where 1 cP = 10 Pa.s). The higher the value of the absolute viscosity, the greater is
the resistance of the fluid to flow. A related quantity is the kinematic viscosity, v, the ratio of

' More than 5 trillion barrels of heavy crude oil and natural bitumen deposits are estimated to
be in place around the world, with much of it in Canada, Venezuela and other Western
Hemisphere locations. On the UK Continental Shelf alone, 19 heavy oil fields have been
discovered to date, with around a third of these already actively producing. These reserves
are estimated to total some 9 billion barrels, with the capacity to extend North Sea operating
lifetimes by the order of several decades.
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the fluid’s dynamic viscositzy to its density. This is generally quoted in cSt (centi-Stokes) or in
m?/s (where 1 ¢St = 10° m/s).

The viscosity of liquids tends to 1000

decrease with increasing temperature; —Primol

unlike gases where the opposite is — Velocite

true. The rate-of-change of viscosity —Gas Ol
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with  temperature is also more
significant in higher viscosity liquids 100
(Figure 1). This can be problematic in
very viscous fluids, where only small
changes in temperature can have a
significant effect upon the fluid
viscosity and, in turn, any influence

that the viscosity has on the accuracy
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fluid  temperature; hence also FLUID TEMPERATURE ('C)
increasing the uncertainty on any  Fig 1. — Variation of viscosity with temperature
temperature-based corrections. for TUV NEL Oil Facility test fluids.

KINEMATIC VISCOSITY (cSt)

Such changes in viscosity can also have a significant effect upon the velocity profile of the
flow, which in turn can affect metering devices that are sensitive to this quantity. The way in
which the viscosity of a fluid influences its velocity profile is best described with reference to a
dimensionless parameter known as “Reynolds number”. Reynolds number (Re) describes the
balance between the dynamic forces driving a fluid and the viscous (frictional) forces
opposing its flow. For circular pipes, the Reynolds number, Re, can be written as:

_U-D
14

Re (1)

Here, U represents the average flow velocity, D the diameter of the pipe and v the kinematic
viscosity. The Reynolds number serves to classify the flow into different “flow regimes”. For
example, if the Reynolds number is small (less than ~ 2000) then viscous forces dominate
and the flow is described as “laminar”. When the flow is laminar, it can be thought of as
moving along in thin layers, with no mixing between the layers. If the Reynolds number is
large (greater than ~ 5000), dynamic forces dominate and the flow is described as “turbulent”.
In turbulent flow, the general motion is parallel to the pipe axis, although mixing occurs
between the different layers. In between laminar and turbulent flow, the flow is described as
“transitional”. In this regime, the flow switches back and forth between laminar and turbulent
behaviour. The transitional regime is less predictable than either turbulent or laminar flow, and
can present significant difficulties for flow measurement.

The nature of the flow regime has a direct impact on the “velocity profile” of the flow. Velocity
profile is a term used to describe how fast the fluid is moving at different points over the
cross-section of the containing pipe. For example, in a long straight pipe with completely
frictionless walls, the fluid would move with the same velocity at all parts of the pipe cross-
section i.e. as if it were a “solid plug”. In such a case, the velocity profile would be described
as “uniform”. In reality, the pipe wall always creates some level of friction, meaning that a thin
layer of fluid next to the pipe wall will, in principle, be stationary i.e. its velocity will be zero.
Moving away from the wall, the drag exerted by the pipe becomes less and less, and the fluid
moves at increasingly higher velocities. In a very long straight pipe, the highest fluid velocity
therefore occurs in the centre of the pipe i.e. at the point furthest from the pipe wall. The
precise way in which the velocity changes from the pipe wall to the pipe centre, depends on
the nature of the flow regime, and hence also on the Reynolds number.

In laminar flow, the viscosity effect (or “internal friction”) dominates the motion, and does an
effective job of transferring the drag of the pipe wall to successive “layers” of the fluid. This
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results in a profile where the fluid velocity changes fairly gradually from the pipe wall to the
central axis (Figure 2a). In turbulent flow, the mixing action caused by the turbulence breaks
up any gradual transfer of drag from the pipe wall, resulting in a “core flow” of high velocity
and a narrow “boundary layer”, near the pipe wall; where the velocity changes extremely
rapidly (Figure 2b).

Fig. 2 — Velocity profile shapes in a circular pipe for (a) laminar and (b) turbulent flow.

Fully developed2 laminar flow has a velocity profile that is parabolic in shape. The maximum
fluid velocity (developed at the centre of the pipe) has a value equivalent to around twice the
average velocity of the flow. Fully developed laminar flow exhibits this same velocity profile
shape over all Reynolds numbers within the laminar region (0 < Re < 2000). Fully developed
turbulent flow has a velocity profile that is flatter in the middle and varies sharply near the pipe
wall (i.e. in the boundary layer). The maximum fluid velocity (at the pipe centre) has a value of
around 1.1 to 1.3 times the average flow velocity. In fully developed turbulent flow, the profile
shape varies slightly with Reynolds number; the central area becoming flatter as Re
increases. There is also a dependence on the pipe roughness, with a smooth pipe producing
a flatter velocity profile in turbulent flow than a rough pipe.

An additional consideration, when monitoring viscous flows, is the increased pressure drop
developed across the flowmeter itself; particularly if introduces additional bends or restrictions
into the fluid path. Ideally, the pressure drop across a flowmeter should be minimised
wherever possible, as there is a cost associated with compensating for this loss. In some
cases the differential pressure developed across a flowmeter can lead to internal (and
unmeasured) leakage of fluid through the device. In extreme cases its mechanical integrity
might even be compromised.

It is reasonable then to assume that the above characteristics of increasing fluid viscosity will
influence — to varying degrees — the responses of different flowmeters.

In a positive displacement (PD) meter, for example, the primary source of measurement
error is generally product slippage i.e. the unregistered leakage of fluid through the meter’s
internal clearances (between the gears, rotors, casing etc.). The level of slippage is closely
related to the fluid viscosity. In fact, an often-quoted advantage of PD meters for heavy oil
applications is that slippage is actually reduced as the fluid viscosity increases; although there
is still the possibility for errors to be re-introduced if the fluid viscosity falls (e.g. as a result of
commingling or a rise in temperature) — particularly if “high-viscosity” high-clearance rotors
are employed [1]. Thermal expansion of the meter body can also lead to calibration shifts.

Another common means of metering hydrocarbon fluids is through the use of differential
pressure (DP) devices, such as Venturi tubes or orifice plates. A DP meter computes the
fluid flowrate by measuring the difference in pressure upstream and downstream of a
restriction in the flow. A key parameter that requires accurate characterisation for DP devices

2 A flow is said to be “fully developed” once its velocity profile no longer changes shape with
distance down the flowline. This generally requires a minimum length of upstream straight
pipe, with no disturbance from valves, bends, expansions etc.
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(particularly at higher viscosities) is the discharge coefficient’. This is known to be a strong
function of Reynolds number, but current industry standards — governing the design and
operation of DP meters — apply primarily to high Re flows [2]. For such devices to be
confidently applied in heavy oil applications, accurate characterisation of their discharge
coefficients is required at low Reynolds numbers also; but, to date, this operating region
remains relatively unexplored [3 — 6].

The tendency of viscous fluids to cling to contact surfaces can also be problematic to some
measurement technologies. In turbine meters for example, changes in the fluid viscosity can
alter the thickness of boundary layers on the walls of the metering tube and on the rotor blade
surfaces. This affects the flow area and the lift forces that drive the turbine blades; and hence
their rate of rotation. For this reason, conventional turbine meters — with multiple flat blades —
are rarely employed at viscosities above 30 cP. “Helical” turbines [7] on the other hand — with
fewer blades more closely aligned with the flow — have been employed in a variety of higher
viscosity applications, although reliable information on the accuracies achievable and their
upper viscosity limits is again relatively sparse.

Like many other technologies, ultrasonic meters are currently employed in a variety of
custody transfer and allocation measurement systems for “light” oils; with meters regularly
delivering measurement uncertainties of better than = 0.25% over a significant fraction of their
turndown range. However, one flow property that is known to strongly influence the
performance of liquid ultrasonic meters [8] is the variation in velocity profile that occurs with
changes in fluid viscosity (or more precisely changes in pipe Reynolds number). This follows
from the fact that ultrasonic meters make measurements of the fluid velocity along only
discrete narrow paths within the pipe cross section, which are then in some way combined
according to the presumed (or deduced) flow profile. To maintain an accurate estimate of the
volumetric flowrate, a liquid USM must therefore, in some way, account for any changes in
the profile shape, particularly for Reynolds numbers close to the laminar-turbulent boundary.
An additional issue for ultrasonic meters is that high viscosity liquids can also be severely
attenuating at ultrasound signal frequencies. Potentially, the signal could deteriorate to such
an extent that it is no longer detectable at the receiving transducer; resulting in path failure.
This can be a particular problem where longer path lengths are involved, although most multi-
path meters are able to interpolate for a failed path at the expense of increased uncertainty.

Coriolis meters provide a direct measurement of mass flow and product density with
accuracies as high as + 0.1% and + 0.005 kg/m® respectively reported in light hydrocarbons.
In higher viscosity fluids, independent and reliable data for Coriolis meters remains limited,
although some preliminary investigations [9, 10] suggest that they may not be significantly
affected by changes in fluid viscosity; with mass flow deviations limited to less than + 0.25%,
up to several hundred cP. Perhaps the main perceived drawback with Coriolis meters at
present is the larger pressure drop presumed to be generated at elevated viscosities,
compared to “straight-through” non-intrusive devices.

3 TEST PROGRAMME
3.1 Scope of Work

As highlighted above, there has been much speculation about the influence that rising
viscosity has (or might have) on our current generation of liquid flowmeters, but so far little
independent and verifiable data has appeared to define quantitatively the extent to which their
accuracies are truly affected. This follows partly from a scarcity of suitable test facilities,
capable of providing viscous calibration fluids in combination with accurate and traceable
reference instrumentation. The first aim of the present test programme was therefore to
extend the capabilities of the UK National Standards Oil Flow Facility at TUV NEL to offer test

*In principle, an ideal non-viscous fluid should obey Bernoulli’s standard relation (equating
fluid pressure and fluid velocity) in an exact manner. However, when real fluids pass through
a restriction, some energy is converted to heat within viscous boundary layers. These
frictional losses vary with viscosity and are accounted for through the discharge coefficient.
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fluids up to 300 cSt in the initial case; and then to follow this with a preliminary investigation
into the response of a selection of conventional flowmeters when operated at these higher
viscosity conditions. The initial investigations reported here focus on Coriolis and ultrasonic
type flowmeters; as these are often said to be two of the most promising “new” technologies
for high viscosity flow measurement. The following sections describe the upgraded flow
facility and the experimental test programme undertaken.

3.2 Upgraded Oil Flow Facility

The UK National Standards Oil Flow Facility, located at TUV NEL in East Kilbride, Scotland,
consists of two separate flow circuits (A and B), each with a high capacity and a low capacity
flow line. These can accommodate nominal pipe sizes from 0.5” to 8”, and can operate at line
pressures up to 10 bar. Test fluids can be delivered at flowrates up to 720 m®/hr. Originally,
only three test fluids were available in this facility — kerosene, gas oil and lubricant oil —
covering liquid viscosities from 2 to 40 cSt. The addition of a fourth mineral oil, “Primol-352”,
extended this range to around 300 cSt (Figure 1). Other fluids, such as water, can also be
employed to further expand the range of flow Reynolds number achievable.

Figure 3 shows a schematic diagram of one of the flow circuits. The oil for each circuit is
drawn from a 30 m® supply tank into the suction stream of the main pumps, from where it is
discharged to the test lines. A conditioning circuit, linked to each tank, maintains the oil
temperature to within £ 1 °C of a pre-selected value (itself set in the range 5 — 45 °C). Each
test line can accommodate up to 30 m of horizontal straight lengths or alternative
configurations as required. At the outlet of each test section, a manifold directs the fluid back
to the storage tank or to one of the calibrated weigh tanks. Line temperature and pressure are
monitored both upstream and downstream of the test section. The flowlines share a common
primary standard weighbridge system consisting of four separate weightanks of 150, 600,
1500 and 6000 kg capacity. The facility is fully traceable to National Standards and is
accredited by the United Kingdom Accreditation Service (UKAS).

Flow control
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Fig. 3 — Schematic diagram of TUV NEL oil flow facility, with example of recirculation path.

For “primary” calibrations, a gravimetric “standing-start-and-finish” method is used to
determine the quantity of fluid (volume or mass) which has passed through the flowmeter
under test and into the selected weightank. The gravimetric weightanks constitute the primary
reference standard of the TUV NEL oil flow facility. Using the above technique, the overall
uncertainty in the reference flowrate, expressed at the 95% confidence limits is approximately
+ 0.03 % (k = 2). For a “secondary” calibration, the quantity of oil passing through the test
meter is measured using a pre-calibrated reference meter, installed in series. The reference
meters used at TUV NEL have a history of previous calibrations and typical uncertainties of
the order of + 0.08 % (k = 2).
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In order to test in higher viscosity fluids, several modifications were required to the test facility.
To provide effective heating / cooling of fluids in the range 2 — 400 cSt, the facility’s original
plate-type heat exchangers were replaced with shell and tube units. Along with these, a new
positive displacement delivery pump and motor set was also installed to cater for the wider
range of fluid viscosities being fed through the heat exchangers.

Following the facility upgrade, the refined oils of
Table 1 were available as test fluids. Nominal
densities are given at 20 °C, while their typical

Table 1 — Facility Test Fluids.

viscosity behaviour as a function of temperature is Fluid DGHS'WS
shown in Figure 1. As it is recognised that both the Kerosene 797 kg/m
density and viscosity of these test fluids can change Gasoall 826 kg/m®
slightly over time — as a result of the small but finite Velocite 843 kg/m®
cross-contamination of liquids that can potentially Primol-352 865 kg/m’

occur within the flow circuits — these quantities were
re-measured offline on a periodic basis.

For test meter evaluation, the oil flow facility was operated in “re-circulation” mode (Figure 3)
and the test meters compared against secondary reference standards; in this case 8-inch
rotating vane PD meters (Smith MetersTM). Prior to their use as secondary references, the PD
meters were calibrated against the facility’s primary gravimetric standard. The “K-factor” for
this type of PD meter can be considered to be a function of three main parameters: the
volumetric flowrate (Q), the liquid viscosity (v) and the fluid temperature (T). For the present
test programme, the PD meters were calibrated (as a function of flowrate only) for each
possible combination of fluid temperature and fluid type in the test matrix. This provided the
most accurate reference for testing, but required the measurement of 16 separate K-factor
curves of the form:

KF,T = fF,T(Q) )

where F and T denote the fluid type or test temperature respectively. The resultant
uncertainty of the PD meters in service was of the order of + 0.1% (95% confidence level).

3.3 Test Meters

Two models of Coriolis and two models of ultrasonic flowmeter were evaluated during the
course of the test programme. Basic information on the meters tested is given below,
although the meter manufacturers and model types can not be identified here under the terms
of the research contract. This also necessarily restricts the amount of detail that can be given
about the meter hardware or measurement methods.

Coriolis Meter # 1 was a standard, commercially-available 4-inch twin-tube Coriolis meter,
with a nominal flowrate limit of approximately 150 kg/s.

Coriolis Meter # 2 was also a standard, commercially-available twin-tube Coriolis meter, but
this time of 6-inch entry diameter and an upper flowrate limit of around 220 kg/s.

Ultrasonic Meter # 1 was a commercial 4-inch multi-path meter operating on the transit-time
principle, with an approximate flow range of 5 to 100 I/s. Testing was conducted both with and
without an artificial flow conditioner (tube bundle) installed upstream of the meter.

Ultrasonic Meter # 2 was also a commercial 4-inch multi-path liquid ultrasonic meter operating
on the transit-time principle, but of a different design and chordal arrangement. The meter
was installed for testing with the manufacturers recommended length of upstream and
downstream straight pipe length. No artificial flow conditioning was employed in this case.

For evaluation purposes, the test meters were mounted in discrete skids or “packages”
(Figure 4); based around straight pipe runs of 4-inch nominal bore.
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Fig. 4 — Example of a test package used to evaluate one Coriolis and one ultrasonic meter.

Each package consisted of two test meters in series, plus the manufacturer's recommended
lengths of upstream and downstream straight pipe or flow conditioning elements as
appropriate. In general, one “intrusive” (i.e. Coriolis) plus one non-intrusive (i.e. ultrasonic)
meter was installed on each package, to minimise the overall pressure loss in the flow loop.
The entire test packages were swapped between the relevant flow circuits, in order to gather
data on each of the test fluids.

3.4 Test Matrix and Procedure

The test installation was based around 1000000 .
a standard pipeline run of 4-inch . . s ¢S ¢ § ¢
nominal bore, with the test meters B 000 ., ¢ ¢ s ¢ & £ & &
. . ¢ % 2S 83 p< *
sized accordingly. Tests were 3 ¢ 7 ¢ ; 3 § % § S
. 2 ¢ L2
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. . ? 1000 g€ $ o & T s &
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facility test fluids at set point [z lee S e PO
temperatures of 10, 20, 30 and 40 °C. W &<C O .

LIS + All Test Points
>
The resulting combinations of fluid 100 ‘ ‘ ‘ ‘
. . . . . 0 20 40 60 80 100
viscosity and fluid velocity resulted in _
. . . FLOWRATE (litres/sec)

a test matrix covering a wide span of
pipe Reynolds numbers, as depicted Fig. 5 — Range of pipe Reynolds numbers
in Figure 5. covered by nominal test matrix.

For the majority of the test programme, the oil flow facility was operated in “re-circulation”
mode and the test meters compared directly with the pre-calibrated PD meter secondary
reference standards. (Where time allowed, occasional spot-checks were also made against
the primary gravimetric standard). For each fluid type, the meter-package housing the test
meters of interest was firstly installed in the appropriate facility flowline. The test fluid was
then circulated until a stable line temperature of the required value was achieved. The outputs
from the test meters, PD reference meter and flowline pressure and temperature sensors
were then logged over a pre-set data acquisition window of typically 4 minutes. The test meter
and reference system results were then collated and compared offline. Where required — such
as for direct comparison with the Coriolis meter outputs — the PD meter volumetric flowrates
were converted to reference mass flowrates using measured or calculated values for the live
fluid density. The measurement differences between the reference and test devices (“meter
errors”) were then assessed as a function of flowrate, temperature, viscosity, Re etc.

To investigate the sensitivity of the single-phase flowmeters to the presence of entrained gas,
a short series of test were also made in which air was artificially injected, at a controlled and
monitored rate, upstream of the test meter locations. The PD reference meter was installed
upstream of the gas injection point for these tests, to ensure that it monitored the liquid
flowrate only. The injection system consisted of a pressurised gas inlet stream and a series of
pre-calibrated reference flowmeters — one small and one large Rotameter plus three gas
turbine meters (/z-inch, %-inch and 1-inch) — together with pressure and temperature sensors.
The injection rates were such that gas volume fractions (GVFs) up to 10% could be set up in
the main flowline. As before, one Coriolis and one ultrasonic meter were tested as a package.
In this case, the Coriolis meter was installed closest to the gas injection point and, acting as a
relatively good mixer, served to improve the distribution of the gas within the flowstream at the
location of the ultrasonic meter downstream. Pressure transmitters were located in the vicinity
of both test meters to allow offline calculation of the local gas volume fraction at each device.
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4 TEST RESULTS
4.1 Coriolis Meter #1

Coriolis Meter # 1 was tested horizontally (as per the sample installation of Figure 4) with the
flow tubes in the “flag down” position; a standard arrangement for single-phase liquid flow.

4.1.1 Mass Flowrate Measurement

Figure 6 shows the mass flow error (i.e. the deviation of the test meter flowrate from the
reference system flowrate) recorded for Coriolis Meter # 1 (4” device) for each of the four test
fluids. The meter “zero” was set after each change of fluid according to the manufacturer’s
automated procedure, but was not reset for each change of temperature within a fluid group.

For the lower viscosity fluids, kerosene (1 — 3 cSt) and Gasoil (4 — 10 cSt), the mass flow
error’ is close to the manufacturer’s specification (shown); allowing for the uncertainty of the
reference system and the additional mass flow errors introduced through changes in
temperature away from the “zero-setting” condition. (In this case a 10 °C step is expected to
add ~ 0.1% to the mass flow uncertainty at 10 kg/s).

However, in the higher viscosity fluids, Velocite (10 — 30 cSt) and Primol (40 — 300 cSt), a
significant underreading is observed in the reported mass flow; most significantly at lower flow
rates. The observations are characteristic of a “zero offset” error, although the same “zero
settings” were repeatedly returned by the meter’s automated algorithm. It is possible then that
the “auto-zero” utility (common to most commercial meters) may not be as reliable or robust in
high viscosity fluids as it is in low; an issue that is addressed further in Section 4.2.1.
However, it is unlikely that an offset effect can fully explain the under-reading observed at the
higher mass flowrates in Velocite and Primol, and it may be that some other effect of the
increasing viscosity plays a role.

4.1.2 Density Measurement

The corresponding density measurement errors are reported in Figure 7. Within each fluid
group, a small shift is observed for each change in temperature. Such shifts are correctable
(usually within the meter software or flow computer) and in this case are in line with the
manufacturer’s stated sensitivity. The density response varies relatively little with fluid type,
expect for a small but finite positive bias that appears to emerge at higher viscosities.
However, allowing for the additional uncertainty of the reference system quantities, and the
fact that no compensation has been made for the effects of temperature on the meter
response, the density measurement is, in general, consistent with the meter specification.

4.1.3 Pressure Loss

As noted in Section 2, a vital consideration in the measurement of viscous fluids can be the
pressure drop developed across the metering system. To compare the losses incurred by the
different meter types, the pressure differential across each flow element was recorded at two
viscosity values (65 and 200 cSt). Sample results for Coriolis Meter # 1 (4”) are given below:

AP @ 90 I/s (65 cSt) ~ 600 mbar AP @ 90 I/s (200 cSt) ~ 900 mbar

* The measurement uncertainty specified for a Coriolis meter is generally a function of both
the measured mass flowrate and the meter's “zero stability” value. In essence, the zero
stability value defines the maximum limits over which the meter zero is anticipated to vary
during operation. To achieve the specified zero stability performance, Coriolis meters must be
installed according to the manufacturer’s prescription and zeroed at the actual operating
conditions to be used in service. Certain process parameters (such as pressure and
temperature) can affect the zero stability of Coriolis meters, and if these are significantly
changed, re-zeroing of the meter may be required.
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Fig. 6 — Coriolis Meter # 1: Mass flow error at temperatures between 10 and 40 °C for each of
the four test fluids: Kerosene (1 — 3 cSt), Gasoil (4 — 10 cSt), Velocite (10 — 30 ¢cSt) and

Primol (40 — 300 cSt). The meter “zero” was set after each change of fluid (as per the

manufacturer's automated procedure), but was not reset for each change of temperature
within a fluid group. For the first two fluids, the manufacturer’s uncertainty specification has

been overlaid for comparison.
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Fig. 7 — Coriolis Meter # 1: Density errors at temperatures between 10 and 40 °C for each of
the four test fluids: Kerosene (1 — 3 cSt), Gasoil (4 — 10 cSt), Velocite (10 — 30 ¢St) and
Primol (30 — 300 cSt). A small (correctable) shift is observed with temperature within each
fluid group. The magnitude of the shift is in line with the manufacturer’s published correction
factor. The overall density deviations are also, in general, consistent with the meter
manufacturer’s specification.
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4.1.4 Effect of Entrained Gas
The effects of the presence of entrained gas in a fluid of 200 cSt are shown in the graphs of
Figure 8. Owing to pressure drop limitations, the liquid flowrates were limited to 70 I/s in these
tests. The results are plotted as a function of GVF calculated at the meter inlet. The upper
graph in Figure 8 shows the mass flowrate errors® induced by the injected gas. Anomalous
and non-repeatable behaviour was observed at liquid flowrates below ~ 20 I/s and this data
has been removed from the graphs for clarity. (It is possible that such flowrates are
insufficiently high to drive the gas continuously through the meter’s internal flowtubes —
arranged in a vertical loop — and that the resulting gas hold-up or coalescence has a non-
predictable effect on the meter’s operation). At higher mass flowrates, a growing negative
error is observed with increasing GVF. In fact, beyond ~ 1% GVF, these errors rise rapidly

and in many cases the meter gave no reliable output.
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Fig. 8 — Coriolis Meter # 1: Mass flow errors calculated with respect to the reference liquid
mass flow (upper figure) and density errors calculated with respect to the homogeneous

mixture density (lower figure) in Primol at 20 °C (200 cSt).

The lower graph in Figure 8 shows the corresponding density errors® for Coriolis Meter # 1.
Above 20 I/s, the meter always under-reads with respect to the calculated (homogeneous)
reference mixture density. At GVFs below 1%, the errors are less than ~ 2% (for all flowrates
tested). Above 1% GVF, a reasonably linear relation persists between density error and GVF
for the lower flowrates only. As the flowrate increases, the density errors rapidly diverge with

increasing GVF, and the curves in Figure 8 are curtailed to reflect this.

®> The meter errors are calculated with respect to the reference liquid flowrate. The rate and

density of the injected gas are such that its contribution to the total mass flowrate is negligible.

No adjustment was made to the single-phase (i.e. liquid-only) response of the test meter prior
to this evaluation i.e. its output was not tuned to match the reference system flowrates. The

“zero-GVF” measurements should therefore be taken as the “baseline” response of the meter.
® While making little contribution to the mass flow of the two-phase stream, the injected gas
does significantly alter its density. The meter errors, in this case, are therefore calculated with
respect to the local mixture density (at the meter inlet) rather than the reference liquid density.
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4.2 Coriolis Meter # 2
Coriolis Meter # 2 was installed and set up in a similar manner to Coriolis Meter # 1.
4.2.1 Flowrate Measurement

In a first set of tests, the meter was “auto-zeroed” after each change of fluid but not after each
change of temperature (as per Meter # 1) and found to exhibit similar characteristics in its
mass flowrate response (not shown). In a second set of tests, its performance was found to
be slightly improved (Figure 9) by re-zeroing the meter after each temperature step as well as
after each fluid changeover. Like the first meter, the mass flowrate deviations grow larger as
the fluid viscosity increases; particularly at low flowrates. Again, this may be indicative of a
poor zero-offset setting being returned by the automated zero-setting procedure.

The influence of the zero adjustment value on the reported flowrate could, in fact, be
demonstrated with this particular device, which allowed a “forced” setting to be downloaded.
Figure 10 shows the effect of varying this parameter. Over a small range of manually-set
values, the linearity of the mass flow measurement is markedly improved; although a small
constant under-reading is still evident. Again, this may be evidence that the automated
zeroing process (or procedure followed) does not always return the optimum offset
adjustment value in higher viscosity fluids.

As a conclusion to the mass flowrate evaluation, one final set of test data was gathered on
the most viscous of the facility’s test fluids at present (Primol at 10 °C), with the zero-offset
manually optimised and over-ridden. The results (Figure 11) show that a linear response can
be obtained even at 300 cSt, provided that care is taken with the meter zeroing process. A
small but constant under-read is, however, still evident’, which may indicate some further
influence of the elevated viscosity.

4.2.2 Density Measurement

The density response of the meter is shown in Figure 12. The behaviour is similar to that of
Coriolis Meter # 1, and again in-line with the vendor’s specifications for this larger 6” device.

4.2.3 Pressure Loss

Sample measurements of the pressure drops developed across Coriolis Meter # 2 (6”) are:

AP @ 90 I/s (65 cSt) ~ 1000 mbar AP @ 77 I/s (200 cSt) ~ 900 mbar

The pressure losses across this 6-inch meter are comparable (in fact slightly higher) than
those of the 4-inch meter described in Section 4.1.3. This suggests that meter design, as well
as just the internal bore, play a role in the pressure loss generated in viscous fluids.

4.2.4 Effect of Entrained Gas

Figure 13 shows the effect of entrained gas on Coriolis Meter # 2 (6-inch). Irregular behaviour
was again observed at flowrates below 20 I/s (not shown). Above this value, the behaviour is
similar to that of Coriolis Meter # 1; although the induced errors are significantly larger. At
GVFs up to 1%, for example, mass flow errors as high as 12% are incurred. Above 1%GVF,
the mass flowrate errors become impractically large for all flowrates tested.

The density errors remain below 3% for flowrates greater than 20 I/s and GVFs less than 1%,
but grow rapidly at GVFs larger than 1%.

” Note: direct mass flow measurements made against the facility’s primary standard showed a
similar behaviour. For flowrates above 25 kg/s, an average deviation of -0.31% was observed
against the gravimetric system, compared to -0.37% relative to the PD meters (Figure 11).
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Fig. 9 — Coriolis Meter # 2: Mass flow error at temperatures between 10 and 40 °C for each of
the four test fluids: Kerosene (1 — 3 cSt), Gasoil (4 — 10 cSt), Velocite (10 — 30 ¢St) and
Primol (30 — 300 cSt). In this series of tests, the meter was zeroed after each change of fluid
type and each change of fluid temperature. Where appropriate, the manufacturer’s
uncertainty specification has been overlaid for comparison. (This has been shifted by -0.1% to
allow for a slight difference between the reference system and factory-supplied calibration).
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Fig. 10 — Coriolis Meter # 2: Mass flow error recorded at a fixed temperature of 20 °C in
Primol (fluid viscosity ~ 200 cSt). A linear response could be “forced” by manually optimising
the meter’s zero-offset parameter, although a systematic underreading of ~ 0.4% still remains.
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Fig. 11 — Coriolis Meter # 2: Mass flow error at the highest viscosity tested (300 cSt). In this
case, the meter zero-offset parameter was manually adjusted to achieve a linear response as
a function of flowrate; although a systematic underreading of ~ 0.4% still remains. The
manufacturer’'s nominal uncertainty bands (also shifted by 0.4%) are overlaid for comparison.
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Fig. 12 — Coriolis Meter # 2: Density errors at temperatures between 10 and 40 °C for each of
the four test fluids: Kerosene (1 — 3 cSt), Gasoil (4 — 10 cSt), Velocite (10 — 30 ¢St) and
Primol (30 — 300 cSt). The results are from the same dataset as Figure 9, except for the 10 °C
Primol measurements, which were recorded some 9 months later. A small (correctable) shift
is observed with temperature within each fluid group. The magnitude of the shift is in line with
the manufacturer’s published correction factor.
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Fig. 13 — Coriolis Meter # 2: Mass flow errors calculated with respect to the reference liquid
mass flow (upper figure) and density errors calculated with respect to the homogeneous
mixture density (lower figure) in Primol at 20 °C (200 cSt).

4.3 Ultrasonic Meter # 1

The core set of tests conducted on Ultrasonic Meter (USM) # 1 included no artificial flow
conditioning within the test line; simply a basic installation set-up of (at least) 20D upstream
and 5D downstream of straight pipe. Only the standard set of configuration parameters were
loaded into the meter at this stage; that is to say the flowrate output was not additionally
adjusted for any potential influences of high viscosity or low Reynolds nhumber operation.

4.3.1 Flowrate Measurement

As Figure 14 highlights, the basic flowrate response of USM # 1 exhibits a strong dependence
on the pipe Reynolds number, which is not unexpected for a “velocity-measuring” device. Also
evident is a slight shift in the flowrate error with changing temperature. This is also partly
expected (thermal expansion etc.), having not been specifically corrected for in the raw data.

However, most strikingly, there is a clear difference in the meter response between the
laminar and turbulent flow regions. At high Reynolds numbers (greater than a few hundred
thousand) the meter response is “reasonably” linear (i.e. the measured flowrate has a
“relatively” constant offset from reference). However, as the Reynolds number is reduced, the
measurement deviation increases markedly, peaking at Re values of around 6000 — 7000.
There is then a very abrupt fall in the meter error between Re values of 6000 and 5000 before
it rises again as the Reynolds number falls further.

Such behaviour has been previously observed [11, 12], albeit with a sparser set of data, and
attributed to the integration and weighting methods used to combine the meter’s primary
velocity measurements. Ultrasonic meters operate by transmitting ultrasound signals both
with and against the fluid flow direction, between one or more pairs of “upstream” and
“‘downstream” transducers. The difference in transit-time is directly related to the fluid’s
velocity. While the measurement principle is fairly simple, derivation of the “true” average
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flowrate of the stream can be complicated. Each transducer pair measures the average flow
velocity, v;, along only a single narrow acoustic path (or chord) at a fixed location in the pipe
cross-section. To compensate for the shape of the velocity profile, multipath meters
incorporate several sets of transducer pairs / chordal paths. The measurements from all paths
(from i = 1 to N) are then combined with appropriate weighting factors, w;, (which depend on
the path location etc.) to compute the average axial flow velocity:

V=)W -y, (3)

The total volumetric flowrate is then obtained by multiplying by the pipe area. However, the
number and location of the paths and the algorithms used to combine the individual path
measurements all have a bearing on the final flowrate accuracy.

At high Reynolds numbers, particularly under the “ideal” installation conditions applicable
here, the flow should be in a fully-developed turbulent regime, with a relatively flat and slowly
changing velocity profile. However, as the Reynolds number is reduced, the velocity profile
can be expected to change markedly; as the flow regime passes from turbulent through
transitional into the laminar region. The authors of references [11] and [12] point out that any
ultrasonic meters employing constant weighting factors in their path integration algorithms are
susceptible to non-linearities of the type observed in Figure 14. In essence, the chord
weighting factors suitable for one velocity profile are not necessarily appropriate for the range
of profiles encountered over an extended Reynolds number range. Alternative or additional
corrections must then be applied, according to the presumed or measured velocity profile.

1.0
Ultrasonic Meter # 1
Volume Flow
0.5
S
§ 0.0
i,
g
T -0.5
0
E
= -1.0 B
)
>
-1.5 ® Kerosene 10°C A Gasoil 10°C & Velocite 10°C B Primol 10°C

© Kerosene 20°C A Gasoil 20°C ¢ Velocite 20°C B Primol 20°C

o Kerosene 30°C A Gasoil 30°C <© Velocite 30°C O Primol 30°C

@ Kerosene 40°C A Gasoil 40°C ¢ Velocite 40°C B Primol 40°C

-2.0 ‘ ‘ ‘
100 1000 10000 100000 1000000

Reynolds Number

Fig. 14 — USM # 1: Volumetric flowrate error vs pipe Reynolds number with no artificial flow
conditioner. The data are colour-coded according to fluid temperature. Two simple polynomial
fits are made to the data, corresponding roughly to the laminar and turbulent flow regions.

As an example of the improvement that could potentially be obtained in the reconstructed
flowrate — given the repeatability of the measurements — two simple polynomial fits are
superimposed on the data of Figure 14. If used as “calibration curves” to adjust the raw meter
response, only the residual errors of Figure 15 then remain. This approach does, however,
assume advance knowledge of Re and, in practice, a more direct measurement of the velocity
profile is likely to be preferred.
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Fig. 15 — USM # 1: Residual flowrate errors following the application of a simple Reynolds-
based adjustment factor (as suggested by Figure 14). This artificial offline correction
demonstrates the potential improvement in accuracy that could be achieved. Error bands of
+ 0.4% (laminar / transitional region) and + 0.25% (turbulent region) are overlaid for guidance.

4.3.2 Pressure Loss

Ultrasonic Meter # 1 was a full-bore, non-intrusive device and as such contributed no more
pressure drop per unit length than the supporting 4-inch pipework:

USM#1: | AP @ 90 I/s (65 cSt) ~ 44 mbar AP @ 77 I/s (200 cSt) ~ 50 mbar

5D Plain Pipe : | AP @ 90 I/s (65 cSt) ~ 54 mbar AP @ 77 I/s (200 cSt) ~ 62 mbar

Tube Bundle : | AP @ 90 I/s (65 cSt) ~ 922 mbar AP @ 77 I/s (200 cSt) ~ 1167 mbar

When the test matrix was repeated with an upstream flow conditioner (tube bundle) installed,
no significant improvement in the meter response was observed. However, the described
tests were conducted under relatively ideal conditions (Figure 4) with close to fully-developed
flow, and this does not rule out the potential requirement for artificial flow conditioning under
other installation set-ups. Unfortunately, the additional pressure drop associated with the
present flow conditioner (as noted above) tends to completely negate the pressure-loss
advantage that ultrasonic meters otherwise offer in fluids of this viscosity.

4.3.3 Effect of Entrained Gas

Figure 16 shows the effect of entrained gas on USM # 1. The uncorrected (baseline)
response of this meter in single-phase liquid has a complex dependence on liquid flowrate,
being more closely coupled to Reynolds number (as shown in Section 4.3.1). While it was not
yet optimised for high-viscosity (low Re) operation in the tests conducted here, some basic
operating limits can be defined where, for example, the measurement errors are restricted to
less then + 3%. Figure 17 shows the maximum GVF tolerable to meet a 3% error criterion. It
is clear that the maximum allowable GVF falls rapidly as the liquid flowrate increases.
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Fig. 16 — USM # 1: Volumetric flow errors recorded in Primol at 20 °C (200 c¢St) in the
presence of entrained gas. The errors are calculated with respect to the total reference
volumetric flowrate (oil + gas). For clarity the results are split into low flowrate data (upper
graph) and high flowrate data (lower graph).
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Fig. 17 — USM # 1: Upper limit on GVF for maintaining metering errors below + 3%. The
allowable GVF falls as the liquid flowrate increases, possibly because the distributed gas
affects more and more chordal paths as the mixing effect increases. At low rates, stratified
flow is more likely — a regime that most USMs can cope, even if one chordal path fails.
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4.4 Ultrasonic Meter # 2

USM # 2 was installed with no artificial flow conditioner and initially configured with all internal
correction factors® “switched off”. A full data set (4 fluids x 4 temperatures) was acquired, and
this “uncorrected” flowrate information, plus other internal diagnostic data, used to generate a
series of calibration coefficients. These coefficients allowed the meter to output corrected
flowrates® during subsequent service. A second independent set of test data was then

gathered, to demonstrate the meter’s “optimised” performance after the calibration process.
4.4.1 Flowrate Measurement

Figure 18 shows the “raw” flowrate output of USM # 2, gathered for calibration purposes, as a
function of pipe Reynolds number. This “uncorrected” output has a different definition to that
of USM # 1, but again shows a very systematic behaviour and correlation with Re.

While the deviation in flowrate is fairly flat at high Reynolds numbers (turbulent regime), this is
far from true at lower Reynolds values (i.e. in the transitional and laminar flow regimes),
where it may be surmised that the rapidly changing velocity profile is having a significant
effect on the averaged “uncorrected” flowrate computed by the meter. The close correlation
with Reynolds number and the high repeatability of the data does, however, offer significant
scope for compensating this behaviour.

Of course, in practice, Re is not measured directly, and instead the flowrate error is mapped
against other internal parameters, which are measured by the meter, to generate a meter
factor / calibration curve. Once characterised over a suitably wide Reynolds number range,
the calibrated meter can then, in principle, output “corrected” flowrate values without specific
knowledge of the fluid properties or fluid viscosity.

Figure 19 shows the “corrected flowrate” response of USM # 2 after calibration. The results
are from a second matrix of performance data, gathered independently of the calibration set.
On the whole, the measured flowrates lie well within + 0.25%, except for a small region of
Reynolds number (20000 — 60000) where the internal calibration could clearly be improved,
and at low Reynolds numbers where the calibration data (Figure 18) were relatively sparse.
Nonetheless the meter response observed in these tests appears suitably repeatable and
reproducible to offer significant promise for higher viscosity applications.

4.4.2 Pressure Loss

USM # 2 was again a full-bore device and as such introduced no more pressure drop per unit
length than the surrounding 4-inch pipework.

4.4.3 Effect of Entrained Gas

The effects of entrained gas on USM # 2 are shown in Figure 20. Only the “uncorrected”
flowrates are available for comparison, but it can be seen that significant deviations from the
baseline (zero gas) response are avoidable over only a very limited combination of liquid
flowrates and gas volume fractions. Again, gas entrainment at levels of greater than ~ 1% by
volume can be seen to have a severe effect on the meter’s performance.

® The “raw” meter output consisted of an uncorrected total volume flowrate; calculated from
individual ultrasonic path measurements, combined and averaged via proprietary algorithms.
® The corrections are based on the meter’s primary and internal diagnostic measurements.
Details are confidential to the manufacturer but require no additional information (such as Re
or fluid properties) to be entered during operation.
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Fig. 18 — USM # 2: Error in “uncorrected” flowrate output, recorded during meter calibration.
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Fig. 19 — USM # 2: Corrected flowrate response, showing the uncertainty achievable after
meter calibration. There are clearly some areas where the internal calibration could be
improved or where additional calibration data would be of benefit. Error bands of + 0.25% of
reading are overlaid for guidance.
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Fig. 20 — USM # 2: Volumetric flow errors (uncorrected) recorded in Primol at 20 °C (200 cSt)
in the presence of entrained gas. The errors are calculated with respect to the total reference
volumetric flowrate (oil + gas). For clarity the results are split into low GVF data (upper graph)
and higher GVF (lower graph). The zero-gas baseline is shown in each case for comparison.

5 SUMMARY AND CONCLUSIONS

An experimental investigation has been conducted into the performance of two conventional
types of liquid flowmeter — Coriolis and ultrasonic — when operated in fluids of increasingly
high viscosity (1 to 300 cSt). To facilitate this investigation, the National Standards Oil Flow
Facility at TUV NEL was upgraded and a new viscous test fluid added to its previous suite of
three lower viscosity oils. Testing was conducted on 2 x Coriolis and 2 x ultrasonic
commercial devices, at flow-rates from 5 to 90 litres/second; using all four facility test fluids at
set-point temperatures of 10, 20, 30 and 40 °C. This allowed pipe Reynolds numbers from just
a few hundred to almost one million to be explored over the course of the test programme.

In most industrial applications, the fluid transport conditions — velocity, viscosity and pipeline
dimensions — are such that the flow is turbulent, but when dealing with viscous fluids there is
a far greater likelihood that laminar or transitional flow regimes will be encountered. These
regimes, which are strongly dependent on the Reynolds number of the flow, have significantly
different velocity profiles.

The ultrasonic meters (USMs), in particular, exhibited a clear and significant dependence on
the Reynolds number, which is itself a function of fluid velocity and viscosity. Such behaviour
was not unexpected of course, since ultrasonic meters are velocity-measuring devices.
However, the precise correlation between flowrate and Re differed significantly for the two
devices tested, due to the dissimilar methods by which the average flowrate is reconstructed.

The first USM, for example, exhibited a very abrupt transition in its flow-rate response with Re
in the vicinity of the laminar / turbulent boundary. This has been attributed to the use of
constant weighting factors in its path integration algorithms [11, 12], which may generate
accurate estimates of the mean flowrate where the velocity profile is slowly-changing and
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turbulent, but which are less appropriate when the flow regime is laminar or transitional. A
crude Reynolds-based calibration correction offers one method of compensating for the
observed dependence (and the potential improvement in accuracy was demonstrated), but
unfortunately neither Re nor the fluid viscosity is measured directly by most ultrasonic meters.
Similar, although less abrupt, deviations in flowrate were observed in the “uncorrected” output
of the second USM, but in this case it was shown how additional diagnostic measurements
(more closely related to the flow profile itself) can be used to compensate for the changing
meter response, without specific knowledge of the Reynolds number.

While it was noted in Section 2 that viscous products can block or attenuate ultrasound
signals, this was not found to be a particular problem in the current test programme; although
it could be an issue with different fluids, larger diameter devices or where longer (perhaps
reflected) path lengths are involved. The inclusion of an artificial flow conditioner introduced a
significant additional pressure loss at the higher viscosity conditions investigated here;
suggesting that, if required, other means of mitigating installation effects (such as suitable
straight pipe runs) may be preferable. Overall, however, the non-intrusive nature (low
pressure loss) and onboard diagnostic capabilities of this type of meter appear to lend them
significant promise for expansion into higher viscosity applications.

Coriolis meters have the recognised advantage of direct mass flow and density measurement.
In addition, they are often claimed to be insensitive to viscosity and to the velocity profile of
the flow [13], which can vary rapidly at low Reynolds numbers. Velocity profile effects have,
however, been identified in previous studies [14] for certain meter designs and installation
configurations.

Both of the Coriolis meters tested here performed within their mass flow specification for
lower viscosity products, although their zero stability specification appeared difficult to achieve
in more viscous fluids (at least when the meters were “zeroed” using the standard automated
prescriptions). The experience gained here suggests that some operational or at least
procedural improvements may be required to fully optimise this process, if the meters are to
be confidently employed for heavier oils.

The present tests also demonstrated how, at higher viscosities, Coriolis meters are forced to
operate lower in their standard flowrate range due to pressure loss considerations, where
“zero stability” effects have their greatest influence. For extension to even higher viscosities
(than those tested here), pressure loss minimisation is likely to be a key consideration in
meter selection and design. While “over-sizing” a Coriolis meter for a given application may
help minimise the pressure loss, this could have other consequences such as higher cost,
increased installation space and reduced accuracy; due to the fact that metering is
necessarily performed low in its turndown range. The density responses of both Coriolis
devices tested were largely unaffected by increasing fluid viscosity, remaining generally
consistent with the manufacturer's specifications. A slight over-reading of fluid density was
suggested at the higher viscosities tested, but this requires more detailed investigation for
clarification.

Some basic temperature dependencies were observed in several of the test meter responses
(where not already compensated), but on the whole these were highly systematic in nature
and in principle correctable within the flow computer or meter software. Gas entrainment at
levels of greater than ~ 1% was shown to be severely debilitating to both types of meter
(Coriolis and ultrasonic), although it must be emphasised that the specific models tested here
incorporated no specific mitigation or correction methods'®.

Overall the results reported here reinforce the notion that conventional liquid flowmeters,
cannot simply be relocated from low viscosity to high viscosity service without suitable
characterisation, modification or care; nor can calibrations conducted in a low viscosity
medium (such as light oil or water) necessarily be applied to heavier crudes without
appropriate compensation.

% This is an ongoing issue that is currently being addressed by a number of manufacturers,
universities and research bodies [15 — 19].
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7 FUTURE WORK

The experimental test work described in this paper was intended as a preliminary
investigation into the effects of increased fluid viscosity on conventional flow measurement
technologies. Awareness of the issues emerging is nhow growing among manufacturers and
end-users alike, with new research being focused on their correction or mitigation. To assist
with this process of innovation, a new Joint Industry Project (JIP) has been launched at TUV
NEL, which aims to:

e Extend the range of meter types under test (to include, for example, Venturi devices etc.).
e Explore higher liquid viscosities (< 600 cSt) and even more demanding flow conditions.
e Explore in more detail the effects of gas entrainment on flowmeter measurement integrity.
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