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ABSTRACT

The work presented here was performed as part ®fRRSEA DW 1301 program:
“Improvements to Deepwater Subsea Measurement™Ti$ RPSEA project addresses
gaps in the deployment and use of multiphase andjagemeter technology in deepwater
production systems.

Differential pressure meters are a key element mnynmultiphase meters. Scale
formation is often associated with produced waflery restrictions and also with the
high-pressure and high-temperature conditions &fyieencountered subsea. However,
very little information was previously available dow scale affects the accuracy of
differential pressure meters. This project aimedddress this issue.

Tests were performed in which saturated brine \agefd through a Venturi, a cone and
a double wedge meter. The flow conditions inducedles formation resulting in a
significant change in the discharge coefficienea€h of the meters. Computational Fluid
Dynamics (CFD) simulations were also run to extdrelrange of conditions considered
in the study and to investigate how meter desigghimaffect the sensitivity of metering
accuracy to scale formation.

Results of both the experimental and CFD work aesented.

BACKGROUND

This project was originally proposed to be an expental program to investigate the
effects of fouling and erosion on meter performamdethe first JIP meeting, at the start
of the project, participants agreed that scale siipa was the major problem, followed
by erosion. The JIP members felt that hydrate, wae asphaltenes were not a deep
subsea problem due to the high temperatures as=eiéth the flow meter’s location.

Erosion issues were addressed in one half of tbgeqir[2, 3] and the original scale
investigation was extended to cover testing of abtko wedge meter, in addition to the
Venturi and cone meter, and some CFD simulatiorkwor

The scale investigation primarily considered whettie hydraulic design of different
meter types affected their sensitivity to scale@. Scale formation mechanisms and
chemistry were not considered in detail as thestoffa are the subject of wide study
already and any remedial methods used for pipewatk generally be effective in



flowmeters. The study did not consider the effeftscale on the nuclear or electrical
instruments that may form the composition measuneipart of a multiphase or wet gas
meter. These effects will vary considerably froraten to meter, but they are likely to
cause large uncertainties in addition to the meffects considered in this study.

Scale is usually a mineral compound. It can talkefdim of very thin films on fluid-
wetted surfaces to significant blockages on proeest®er-wetted surfaces in pipes. In
cases it can be mixed with other substances sualora®r sand grains. The nature of
scales varies significantly from case to case. &dmasic formation behaviours are
known, although many scaling events involve comioimg of phenomena making scale
distribution inherently unpredictable. The condisoprevalent during formation often
affect the scale’s structure and properties. Heegen chemically-identical scale
formation can vary in, say, strength and porosigrshort distances.

Common scales include calcium carbonate, bariurphsi#, strontium sulphate and

calcium sulphate. Their formation is usually asstec with factors such as high

temperatures and the mixing of chemically inconipatiwaters (such as sea water and
formation water). Local accumulations may be asg¢ed with rough surfaces, rust,

sudden pressure changes and accretion of pamiclapstream-facing surfaces.

An initial information search found sparse inforioaton the effects of scale and fouling
on flowmeters. One published example was identsiedwing scale on a subsea wet gas
differential pressure flow meter [4]. This severaffected its accuracy.

Scaling has been observed in turbine meters [5,.&@pe metering errors occurred and
attempts to rectify metering problems by applyingface treatments produced mixed
results. It is also known that scale has been saghe upstream faces of orifice plates in
fiscal gas metering applications and that this canse errors of 10% or more if the
contamination is close to the orifice edge [7].

A cone meter manufacturer has published some irdthom claiming that cone meters
suffer less from contamination effects than otlypes of differential pressure meter in
coke oven gas applications [8, 9]. If scale accaesl in a similar manner this may have
some relevance to subsea applications.

Further investigation involved accelerated scalenédion tests of a Venturi, cone and
double wedge meter at Intertek [10] and CFD moadglperformed by NEL [11].

TESTING

As part of this project, tests were run in whiclerwas circulated through a 2-inch beta
0.5 Venturi, a beta 0.5 cone meter and a beta 0dé0ble wedge meter (see Figure 1).
The latter forms part of the Solartron ISA Dualatrell wet gas meter, with a Venturi
and wedge in series.
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Figure 1: Meters Tested

Note that each meter has a different dischargeficeeift and a +2% flow measurement
error equates to a shift in the discharge coefiioxd approximately -2%.

A schematic of the Intertek test loop is shown iguFe 2. The test rig was designed to
eliminate all uncontrolled scale formation excelpattin the meter itself. Hence all

pipework was made of PVC, the saturated brine w&sdd to remove particulates and
the use of a reference flowmeter was avoided. edasthe flow rate was measured by
diverting the flow into a container of known voluraad the fill time was recorded. A

variable speed centrifugal pump was used. In th&weno heating or cooling was used.
In the cone and wedge tests heating and coolingesies were used to induce scale
formation.
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Figure 2: The Intertek Flow Loop



Figure 3 shows the results of the Venturi teste flbw rate was initially set to 11.1 gpm,

corresponding to a velocity of 0.34 m/s in the éhipipe. On day 5 the tube that returned
the brine to the tank was submerged to minimisee@irainment and change in salinity
due to evaporation. This changed the head onuhgpesulting in a 20% increase of
flow. Based on a starting value of 0.97 at a Reysmaiumber of 14000 the discharge
coefficient reduced by about 20% over the 11 daly te
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Figure 3: Discharge Coefficient during the VenturiTests

Figure 4 shows scaling within the Venturi aftertites Rust was apparent near the join
of the carbon steel flanges with the stainlessl diedy and it seems likely that this
enhanced scale formation. Most scale was preserth® convergent section of the
Venturi with less seen in the throat. In all of tests the scale was soft and wet making it
difficult to measure the thickness and distributadrscaling in any of the meters. In the
Venturi, the reduction in the throat diameter wasasured as being approximately 1.9
mm.

Figure 4: The Venturi Throat and Convergent Sectiorafter the Scale Test



Figures 5 and 6 show similar results for the com¢em Initially brine was circulated at
11 gpm for more than three weeks (prior to the ddawn in Figure 5) without any
measured change in the discharge coefficient. e rfate was then reduced to 7.5 gpm
and the flow circulated for a further 2 days withapparent effect. A fresh batch of brine
was then added into the system. Again, this cansethange. After this the cone meter
was cooled to 10F below room temperature. After 5 days the diffiéisd pressure
increased by 38%, equating to a 17% reductionerdibcharge coefficient.

Figure 6 shows that the scale in the cone was srapand more uniform than that in the
Venturi. There appear to be areas downstreamecfdhe where the flow has scoured the
scale away.
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Figure 5: Discharge Coefficient during Cone Tests

Figure 6: Cone Meter after the Scale Test



Figures 7 and 8 show the results of the wedge nmestr The test was performed at a
flow rate of 11 gpm and the meter was heated antéddo induce scale formation. After

6 days, the differential pressure reduced to almmesi. On inspection, it was found that
the meter was heavily scaled and the differentiesgure taps were blocked.

The taps of the scaled wedge were unblocked andh#ter was re-calibrated at 8 gpm
producing a shift of about -37% in the dischargefitcent.

The wedge test results appear to have been domimgtehe fact that the taps had
become blocked. This may have been because thgewetpulse lines were steel and
contained relatively large volumes of cold brineendas the other meter used narrow,
flexible PVC impulse lines. A very sudden reductiordifferential pressure was seen on
24 November after heating and cooling of the metems to have induced scale
formation. Thick, highly granular, crystalline seaccurred in the wedge (Figure 8).
This may have been because of its rougher spadedrnish.
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Figure 7: Differential Pressure and Temperature duing the Wedge Tests




Figure 8: The Wedge Meter after the Scale Test -doking at the Wedges

These tests were the most practical testing omimailable and provided a significant
amount of useful information. The measured shiftdischarge coefficient ranged from -
17% to -37% although it should be noted that tséste/ere not necessarily a like-for-like
comparison of the meters. It was not clear whetimer meter performed better than the
other because it was inherently more tolerant afesor because less scale formed. It
also seemed likely that the amount and distributbscale was strongly influenced by
factors such as the surface finish and materialedisas the fluid flow behaviour.



THEORETICAL AND COMPUTATIONAL FLUID DYNAMICS STUDY

Further work used a theoretical and CFD-based apprto assess how the distribution of
scale affected metering accuracy. This work aineegnprove our understanding of the
test results and to identify rules of thumb thatildaassist with meter selection or error
estimation. This approach also allowed study ofirsgaeffects at conditions closer to

those likely to be encountered subsea.

The Effect of Smooth Evenly-Distributed Scale

Figure 9 shows a simple theoretical analysis incivhi is assumed that a smooth, even
0.5 mm thick layer of scale forms on all wettedfaces of cone and Venturi meters. The
shift in the discharge coefficient was calculated gimply considering the resultant
change in the meters’ beta ratios.

This shows that quite thin scale accumulationscezarse significant errors. Meters with
larger beta values suffer less from scaling thamllem beta meters because a given
thickness of scale produces a smaller percentagegehin the throat area. Similarly,
Venturis suffer less than equivalent cones becauggven scale thickness causes a
smaller change in throat area.

This simple approach gave a reasonable order-ofiiuate agreement with the tests
(particularly for the Venturi) and also agreed wike-for-like CFD models.
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Figure 9: Effect of an Even, Smooth 0.5 mm Scalealyer on the Discharge
Coefficient of a 50.8 mm (2 inch) Venturi and Cond/eters



The Effect of Surface Roughness

Figure 10 shows the results of a CFD analysis iithvthe meters’ walls are roughened.
Again fairly large negative shifts in discharge fficeent are seen. In this case the cone is
least affected. The wedge is probably most affebtthuse it has a larger effective beta
ratio (0.707) and hence pressure drop caused by fmetion comprises a greater
proportion of the overall pressure drop throughrtteger.

"\ N~ 0.1 0.2 0.3 0.4

o
s 4 S —venturibeta 0.5
&£ \ .
& -5 H\ - - cone beta 0.5 equiv
X L -®-wedge

6 N

"
-7 “E.
8 R
~m

-10

Roughness Height (mm)

Figure 10: Effect of Evenly Distributed Roughnes®n all of the Walls of a 2 inch
Venturi, Cone and Wedge Meter

The Effect of Unevenly-Distributed Scale

A series of CFD simulations was run in which Venamd cone meters were modelled
with patches or blocks of scale applied at diffedecations. Figure 11 and 12 show a
typical example showing how a cone meter resposda blockage on the pipe wall is
moved upstream into its throat. When the blockagelase to the cone (Figure 12b) the
vena contracta is restricted and causing a negsitiNein discharge coefficient. When the
blockage is moved further downstream (Figure 12®),vena contracta is deflected and
effectively enlarged, causing a positive shift. $hibe cone meter can over-read or under-
read depending on the distribution and size oktiade deposit.

Similar runs showed both negative and positivetshif discharge coefficient for both
Venturis and cones. Very large shifts were prediateboth meters when blockages were
located in the throat.



In principle, if the location and extent of scal@l@-up is known then the results of this
work or additional CFD simulations could be usetineste the resultant metering error.
In practice this could probably only be done ag paa historical assessment of a meter
that has been retrieved from the sea bed.
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Figure 11: Effect of Material Build—Up on the Dowrstream Pipe Wall of a Beta
0.5424, 2 inch Cone (Maximum Shift ~ +400%)
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Figure 12: Streamlines showing the Effect of Mateal Build—Up on the
Downstream Pipe Wall of a Cone Meter



The Effect Scale Growth Controlled by Scour, Pressind Particle Accretion

Additional CFD simulations were run in which the terewalls were distorted to mimic
scale build-up over time. In the first set of thegaulations, scale was allowed to build-
up provided that the wall shear stress did not e@edefined threshold. This mimics the
situation in which scale may form and then be ssddrom some locations if it is too
weak or poorly bonded to the pipe wall. Figure I®wes typical predicted scale
distributions generated by this model. Figure 1daws that, for this case, the beta 0.6
Venturi is least sensitive.
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Figure 13: Simulated Scour-Sensitive Scaling on éhCone and Wedge

Similar models were run in which scale formed orllsvevthen the local pressure was
below a specified pressure (Figure 14b). This méntiee mechanism typically associated
with calcium carbonate scale formation. In thisecéise wedge fairs better, probably
because it has a larger beta ratio.

Figure 14c shows the results of a model in whictickg” 50 micron particles were
injected into the flow and scale growth by accretieas controlled by the rate at which
they built up on the walls. In this model the camenore sensitive than the Venturi.

The models that produced the results in Figureré4amewhat artificial in that they are
based on qualitatively observed behaviours rathan twell-established, quantitatively-
correct representations of real scale developmédatvever, all of the models predict
negative shifts in discharge coefficient mostlyhe -10 to -50% range and they resemble
the test results shown in Figures 3, 5 and 7 moeelgravell. As with the other results,
they show that even thin layers of scale can caiggeficant errors and that the metering
error depends on a complex relationship betweerst¢hke development mechanism and
the meter design.
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Thermally Sensitive Scales

CFD-based investigations of thermally-controlledlsg in un-insulated meters showed
that in most low Gas Void Fraction (GVF) applicasothe wall temperature will be
almost the same as the fluid temperature. Hendbeifluid temperature crosses a scale
formation threshold then scale is likely to form ahwater-wetted surfaces regardless of
the meter design.

In low flow rate-high GVF applications significaatirface temperature differences may
occur and some meter designs may be marginallyrisup® others in this respect.
However, in practice, cooling during shut-down ilely to dominate the formation of
thermally sensitive scales in subsea installations.

The Effect of Blocking Taps

Rounding and other defects on the edges of tapkremen to affect metering accuracy.
Simulations mimicking partially blocked pressurg@daconfirmed that a build up of
material will cause errors of the order of 1% orafier. However, this effect is small
compared to the errors caused by similar thickrésscale on the wetted walls of the
main meter body. It was concluded that, as a &pgiroximation, scale build up in the
taps will have a secondary effect and it can beleségd provided the taps are not
completely blocked.

CONCLUSIONS

Laboratory tests, CFD simulations and a theoret&slysis have been performed to
investigate scale deposition effects in Venturihe@nd wedge meters, with particular
reference to subsea installations. The followingcbasions have been drawn based on
this work:

» Scale formation is a complex process and will \wagyificantly from case to case.

e Scale can result in large positive or negative rerr®n balance, the information
available suggests that over-reading is more likelpost cases due to a reduction in
the effective discharge coefficient.

e Scale formation is highly dependent on the surtaweition. The use of meters with
smooth, polished surfaces or surfaces coated wsthaoth material may reduce scale
effects.

* There is therefore no clear and consistent advaradlyenturi, wedge or cone meters
over each other because scale formation mechaiisameery variable.



» Larger beta ratio meters and larger bore metergemerally less prone to the effects
of scaling than small beta ratio and smaller boetens because a given thickness of
scale will cause a smaller percentage blockageeofttroat.

» Large taps are less prone to blockage. Howevergexie static fluid in large tap
impulse lines may promote faster scale formatiohergé is therefore no clear
recommendation for tap size.

» If a subsea meter can be inspected and the distnibaf scale can be established then
the results of this study or additional CFD anaysould be used to estimate the
resultant metering error.

Note that this work only considers the effects a@fls on differential pressure
measurements. Other sensors (such as nuclearareatsts, capacitance and microwave
sensors) could be severely affected by scale.
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