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1. Introduction

In the Oil and Gas industry, tens of thousands &@lyst ransfer Flowmeters are in operation
for many decades. These flowmeters have been dgreflibrated on-site or in accredited
laboratories. Furthermore, they are verified oegular basis.

However, the majority of these flowmeters are wagkat other conditions than they have
been calibrated at. The flow, and thus the flowmsetge subject to change in temperature,
pressure, viscosity, environmental conditions, .et¢ery often the upstream piping
configuration is different from the configuratiorurthg calibration or verification in the
laboratory as well.

It is very important to know what is left from tlastody transfer accuracy the user is looking
for. The real performance of the flowmeter careditignificantly from the accuracy that is
expected.

This paper gives an overview of the major pararsetieat affect the performance of these
flowmeters for liquids. A sensitivity analysis shbk presented quantifying the effects of
changing flow and environmental conditions. Thislgsis shall cover a wide range of
changing conditions.

The paper concludes with some practical directibosy to reduce the uncertainty in
performance with immediate effect and over itstifiee. This includes a design-, diagnostics-
and calibration-based approach.

A very clear methodology for the calculation of tinecertainty of a fiscal oil measurement
system is given in [1]. In the present paper theu$ois on the ultrasonic flowmeter and
ALTOSONIC V in particular. An overview of other nmgaing principles is given in [2]. It
should be noted, that the present paper doesn’'theamtention to provide the reader with a
complete and extensive overview on this topic. Hmveas far as we can see, most relevant
sources have been addressed.

Sources of additional measuring uncertainty
There are several sources that lead to additioeaknring uncertainty. One could distinguish
the sources in several categories as depictedyurd-il.

The first category is related to the initial perfance of the installed flowmeter, which
comprises e.g. linearity, repeatability and repility. This category will be addressed in
section 2.

The second category (described in section 3) @taelto the process itself, e.g. process
temperature and pressure. But also the fluid ptegserand flow pattern are significant
influencing parameters having an effect on thegrardnce of the flowmeter. An important



guestion is what the flowmeter sensitivity is tesh parameters. Therefore a sensitivity
analysis is mandatory.

Initial measuring performance of Flowmeter Process related factors (3)
Linearity (2.1) . Temperature (3.1)
Repeatability (2.2) . Pressure (3.3)

Reproducibility (2.3) Fluid properties (3.2)

Long term stability (2.3)

Installation related factors (4)
Flowmeter sensitivity to . Flow profile (4.1)
. Process related factors (3) <::| *  Wiring (4.2)

Non-single phase (3.5)
Non-Newtonian (3.6)
Fouling (3.7)

Installation related factors (4) Connectors (4.2)
Environmental factors (5) Power supply (4.2)
Replacement of components (6)

Environmental (5)
. Temperature (5.1)
Humidity (5.2)
Vibration (5.3)
Aging (5.4)

Replacement of components (6)
Overall Measuring Uncertainty (7) . Converters (6.1)

Processor (6.2)

Figure 1 Schematic overview of different categonéparameters that affect the flowmeter
uncertainty. The number behind the items refeh&oparagraph in which this specific item is
addressed.

A third category is the installation conditions. sthigam piping will affect the flow profile.
Important is to know what the effect is on the fioeter reading. An uncertainty analysis is
valuable here as well. In addition the conditiontled cabling, connectors, power supply is
important also. This category is discussed in sacti

A fourth category should be considered as envirarinrelated issues like ambient
temperature, humidity, vibrations, etc. This shalladdressed in section 5.

A fifth category (described in section 6) is retht® the exchange of critical components
having an impact on the flow meter uncertainty.

All factors mentioned above will be systematicallydressed in this paper. Where possible,
an estimation of the sensitivity to that specifiargameter shall be made supported by
measuring data.

By doing this, an overall figure is being creatddh® total uncertainty of the flowmeter. It
becomes clear which parameters are dominant and thewtotal uncertainty could be
minimized.



2. Initial Measuring Performance of the Flowmeter

2.1 Linearity

The linearity of a flowmeter indicates the relatlmgtween the flow rate measured by the flow
meter and the reference flow rate. During calibratithe error is determined between the
reference and measured flow rate for specifiedeaidlow rates.

Linearity of ALTOSONIC V flow meter
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Figure 2 : Calibration data of a 16" ALTOSONIC \bWmeter with water at T=18 °C for a
flow range of 200...3700%h. The crosses indicate the individual measuresadrite red bar
indicates the uncertainty on the average value fi@wv rate. This graph shows that the
uncertainty of the flow meter reading including Horearity stays within 0.05 %.

The 95% confidence interval is calculated basetheraverage (=mean) error at specific flow
rates plus or minus the estimated accuracy in tha@nnerror.

As depicted in Figure 2, the uncertainty for theolhflow range is investigated and
calculated as maximum 0.05%. The reported deviaticom the reference meter are random
effects and not systematically.

A few remarks need to be made on the results shovagure 2. The measurement at each
flow rate was repeated 5 times, with more measungnéhus when measuring for a longer

time, the value of will increase, so the uncertainfyx decreases.

Important is to recognise that the linearity in fhrevious graph is shown as a function of
volume flow. Especially for hydrocarbon applicatomn makes sense to plot the linearity as
function of Reynolds number, since the viscosityha application might vary significantly.
By plotting the linearity as a function of Reynald®th flow and viscosity effects are taken
into account. An example is given in Figure 3.
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Figure 3 Linearity curve of a 20"ALTOSONIC V as function Réynolds, calibrated at
different products with different viscosities. Aeanl correlation and overlap between the
individual linearity curves for different produdssobserved.

Typically, the linearity plotted as a function oblume flow is just a small fraction of the
scale that is covered by the linearity plotted &sngtion of Reynolds number. This is clearly
illustrated in Figure 3. Each colour indicates awlividual calibration curve per liquid

(viscosity).

Since the flow range which has to be covered ishmaer, a wider variety of flow profile

shapes have to be covered (laminar, transitiondl tarbulent). This leads typically to an
additional error in linearity when compared to dotamade calibration at one specific
viscosity (as shown in Figure 2).

It is important that the end user provides all psscdata to calculate the operating Reynolds
range. Based on the Reynolds range the appromaditaration products can be selected to

cover this range. If this is not the case, errardlow reading easily can go up to 0.5% or

more!

Based on the experimental data as shown in Figuitee3uncertainty for the ALTOSONICV
due to non-linearity over a wide Reynolds numbageais calculated as 0.10 %.

2.2 Repeatability

The repeatability of a flowmeter indicates the agravhich is observed when multiple
measurements at the same flow conditions are peedrReferring to Figure 2, it is clear that
the spread between different measurements at the 8aw conditions is limited to about +

0.03% variation. The spread in error values wheasueng five times at the same flow rate
is shown in Figure 4.
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Figure 4 : Calibration data of a 16” ALTOSONIC floweter with water at T=18 °C for a flow

range of 200..3700 tth. The uncertainty in flow ratdx of the measurements performed at
the same flow rate is determined.

The uncertainty in the flow meter reading due te thpeatability of the flowmeter equals
0.03 % as indicated in the figure above.

2.3 Reproducibility and long term stability
According to the API MPMS Ch. 1 Reproducibilitydsefined as:

The closeness of the agreement between the redulteeasurements of the same
guantity, where the individual measurements are anby different methods, with
different measuring instruments, by different obees, at different locations after a
long period of time: or where only some of the destlisted are different. More
specifically, the ability of a meter and provertsys to reproduce over a long period
of time in service where the range of variationgpé#ssure, temperature, flow rate
and physical properties of the metered liquid igliggble small. Reproducibility is
expressed as :

R (absolute)= Max- Min
The reproducibility of ultrasonic flowmeters is callated based on calibrations performed on

the ALTOSONIC V over a long period of time. Thelslidy is obvious while no component
are used which can drift neither are any movingspased in this flowmeter.



In Figure 5 the calibration results are shown fa244 ALTOSONIC V calibrated over a
period of 6 years.
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Figure 5 : Over a period of 6 years an ALTOSONIQ4/ was calibrated showing excellent
reproducibility results.

Long term reliability has been proven with the ALSONIC V, of which the first meters are
in use since 1997. Test results obtained from thresg first flowmeters demonstrate stable
verification data. No systematic shift or drift Hasen observed.

Figure 6 demonstrates another set of calibratida daa 20" ALTOSONIC V. It concerns
data over a time interval of 10 years. The flowmégs been initially calibrated in France in
1999 and verified at the same calibration instalfatn 2009. During the operational lifetime
of 10 years, no maintenance have been carriedBased on the results the conclusion can be
drawn that the flow meter shows no systematic shiéir these years. The average variation
lies between 0.08%. The 0.08% uncertainty is ndy oaused due to long term effects, but
also includes the uncertainty of the used test rig.

In another example where the meter was calibratedtested in-situ (so the meter did not
move between the tests), there were no installaiftects which resulted in a long term
stability effect of 0.05% uncertainty. This incledalso the 0.02% uncertainty of the small
volume prover (SVP) which has been used for in-g#ufication.

A last example, which illustrates the long ternbgity at high viscosity applications, is given
in [3].

The total uncertainty due to long term stabilitieefs is calculated as maximum 0.08%.
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Figure 6: After a period of 10 years, an 20" ALTOSONIC ¥swested on Crude Oil (5 cSt).
During the operation life time of 10 years, no naimance was performed. The test resulted
in a 0.08% difference over the timeframe 1999 -9200

3. Process Related Factors

There are a number of process related parametets afifect the performance of the
flowmeter. The most well known parameters are émeperature and pressure. In this section
the sensitivity of the flowmeter to temperature anelssure is quantified.

The sensitivity of the measured flow rate to emgspure and temperature variations can be
written as:

Q=Q(T,P)
AQ = R AT +6_Q AP
T P=const oP T=const

2Q_ [[ToqQ [Ej L[Qa [ﬁj
Q Q oT P=const T Q oP T=const P
The flow Q is given by

> L t -t -t
Q = MC mzwn pn BAn AB,n zero,n
n=1 ZCOS% tAB,n |:ﬂBA,n

With:
e meter constant (Mc),
* cross sectional area of the flowmeter (A),
* weighting factors of the individual paths{w
* path lengths (Lp
e corresponding transit timeSgtn, tsan).



The ALTOSONIC V is equipped with a Reynolds con@ttfunction, which corrects for
errors due to changing velocity profiles based loe Reynolds number. This results in an
extra term.

Q - {MC mi(wn Lpn tBA,n _tAB,n - tzero,n j} % [1_ E(Re)]
BA,n

v} 2cos g, thg,

Using partial derivatives as mentioned before, #difect of temperature and pressure
variations on the measured flow rate can be deteuniWhen speaking of flow rate, the
actual volume flow rate is meant. In the followipgragraphs, the various contributions are
summarised.

3.1 Temperature

Process temperature change has two major effects:
» affecting the geometry of the flowmeter
* influences the fluid properties.

3.1.1. Flowmeter geometry

It is well known that the geometry of each flownraseaffected by temperature. However, the
effect of temperature on the flowmeter reading lbamuantified and corrected for [4] [5] [6].
The sensitivity analysis is shown in this paragrapt supported by experimental data.

The expression for the flow is given by

Q — {MC mi(wn Lpn tBA,n _tAB,n - tzero,n J} % [1_ E(Re)]
BA,n

v 2cos g, the, O

Several terms can be combined and the expressrewigten as

Q - {MC* DDSi(Wn* XtBA,n _tAB,n _tzero,n J}x[l—f(Re)]

n=1 tAB,n |:ﬂBA,n

Variables indicated with * are constants, not chiaggthe temperature behavior of the
expression. Since temperature behavior is isotr@i@l and radial effects can be combined
in a single variable D.

0Q

The partial derivative— Is determined. In this expression different tercam be

p=const

indicated.

a) Meter constant Mc (or My

b) Diameter D

c) Weighing factor w (or wy )

d) The transit timesak, tga.

e) Zero drift tero

f) Reynolds correction term.

g) The effect of £, drift in the denominator is treated separately.

These terms a) - g) are treated one by one below.



a) Meter constant Mc (or M is a constant, so not temperature dependent.

b) The diameter D changes with temperature as fF$D+a(Toper Tca)], With a as the
thermal expansion coefficient. The temperature deéeecy of the diameter is
calculated as

3

Dcal3 1+ a(Toper _Tcal) = ‘?’aDcals
-

AT

9
oT

p=const

Which indicates the temperature sensitivity of ft@wv rate Q. The introduced
uncertainty in the flow rate is given by

8Q _ 19Qx1 —3oat
Q QT

Since the y® cancels with the Bterm in the expression for Q. The other terms in Q
(like w, and § etc) are assumed constant, and thus cancel out awieing by Q.

Besides this analytical derivation, PTB in Berlimshdone measurements which
confirms the 3aAT behavior of the ALTOSONIC V. Extensive tests aIBP
demonstrate that the flowmeter thermal expansiam lwa corrected for using the
3aAT relation (see Figure 7 and Figure 8).

8" Altosonic V at 4; 20; 80 and 85 degC

_ 0,3
é ——14degC 20 degC
§ 0,2 T T =80 degC —»=85 degC
I T
- &x}/z\i
01— - —% ————
D 260 400 660 800 T 1.000
-0,1 -
-0,2 1
-0,3
Qv [m3/h]

Figure 7 : Linearity curves obtained with an 8’ALBONICV at PTB in Berlin.
Calibration liquid: water at 4, 20, 80 and 85°C. &hflowmeter applies the
3aAT correction. It is clearly demonstrated that theeetf of thermal expansion is
effectively eliminated. The additional measuringoesat low flow rates is caused by
buoyancy effects.
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Figure 8 : The same test results as shown in Figubait now averaged on flow and
plotted as function of process temperature. Theselts clearly illustrates that the

measurement points coincide with tB@AT theory, and can thus be corrected for. On
the vertical axis, the deviation is shown in %.

The resulting residual uncertainty (remaining afferection) is estimated at 0.025 %.
This includes the effect of uncertainties in theperature measurement.

Weighing factors w(or w, ) are constants, so not temperature dependent.

The next temperature dependent term is the difterém transit timesag-tga, Which
depend on the flow velocity profile via the Reyrldumber. For the transit time
sensitivity to temperature, the temperature depecelef the Reynolds number is
calculated. The Reynolds number is defined as.

Re=D
%
with
V = flow velocity [m/s]
D = Diameter of the flowmeter [m]

v = Kinematic viscosity of the fluid [ffs]

The effect of a changing Reynolds number as a iomcif temperature is addressed in
section 3.2.2.

The next temperature dependence term in the fldgv eégpression is theef, Which
drifts slightly with temperature. This contributidras an electronic component and a
sensor hardware component.

Assuming 20 °C+10 °C temperature variation in in@renment of the converter, the
zero point might change +16 psec at maximum owviertdmperature span. For a 10”
pipe, at a flow velocity of v=1 m/s and c=1280 nifg time differencesh-tag equals
At=0.30 10 sec. Based on these results, the error made daertopoint drift is
calculated as

10



16107

S30m0F -4 [10~° =0.0054 %.

For higher flow velocities and bigger diameterdgs thalue will decrease since the
transit time in the denominator increases lineahifow speed and flow meter size.
The same calculation can also be done for largbiemhtemperature variations.

f) The last contribution is the Reynolds correctiomtevhich has been discussed under
item d.

g) The used expression with,g , [f,,, in the denominator is not completely correct

since both Az and ga should be corrected for the delay times, suchtti@expression
for Q should read as

1
QO
(

tAB,n +tdeI,AB)[thA,n +tdeI,BA)

The effect of the delay time in the value of Qadilarated for. When the meter is used
under conditions different than the calibration ditions (i.e. other speed of sound),
the fxg and ga values change, and the delay times will affectntieasured flow.

This uncertainty can be quantified as
AQ = _2(18_1) X Atdel Wlth ﬂ - Ccal
(2 [3 tAB (:meas
—

const

Indicating the ratio of the speed of sound duriniggal calibration situation over the
operational situation. The delay time uncertaistgivided by the transit time.

The flow measurement uncertainty due to changeeed of sound equals 0.0052 %

This is calculated for the 20” ALTOSONIC V example used before.

Summarizing the terms a) — g) above, the total maicey made in the flow measurement
caused by temperature deviations can be quantied

Contribution Value Remarks

a) Meter constant Mc 0 Mc is constant

b) Diameter D 0.025 %| Residual after correctiansgstematic part
¢) Weighing factor w 0 w, are constant

d) Transit time Az,tzpn 2> Re 0 Systematic error, compensates with f)

e) Zero drift t,;,,— Electronics 0.0054 %  Systematic

e) Zero drift t.;,,— Sensor drift 0 Included in b)

f) Reynolds correction 0 Systematic error, compasswith d)

g) Delay time effect 0.0052%| Systematic

Total error due to temperature variations.03 %

3.1.2 Fluid properties

Due to changing process temperature the fluid gisg@nd vapour pressure is affected. The
vapour pressure could be affected in such a wal ithains beyond the (local) process

pressure, leading to cavitation. This could be aetk by the ultrasonic flowmeter by

11



increasing standard deviation on the velocity mesament per path. At higher gas fractions
measuring paths will start to fall out, resultimgalarms.

Chemical reactions due to changing process temperbdgading to significant changing fluid
properties is outside the scope of this paper.

This paper focuses on hydrocarbons. The hydrocavlsmosity as a function of temperature
is fairly well predictable. Especially the combiioat of high viscosities (e.g. > 100 cSt) and
decreasing temperature could easily lead to rapmheasing viscosities [7]

The viscosity of highly viscous oil is strongly a@g@ent on temperature. The higher the
viscosity, the stronger the dependency. This isrbfeillustrated in Figure 9 where the
kinematic viscosity is shown as a function of terapgre.
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Figure 9Relationship between viscosity and temperaturenabdra-heavy-oil sample.

This temperature dependency has implications factmre. First of all, it is essential to

demonstrate that the flow meter linearity is a fiorcof Reynolds only. If this is the case, the
variations in viscosity can be handled by the flaten and will not lead to additional reading
error. A clear illustration has been given in Fig3c Especially at high viscosity applications,
the end user has to verify the maximum allowabkeasity which can be handled by the
flowmeter. This has to be studied in conjunctiorthwihe Reynolds range expected in
practice.

Besides the viscosity, also the density will beluafced by the process temperature.
However, the density has a negligible effect onfinemeter reading.

3.2 Pressure

In addition to the process temperature the progeessure is important too. Due to a
decreasing pressure the local process pressurgetdmelow the vapour pressure leading to
(local) cavitation. For this situation the samerapgh can be followed as described in section
3.1.2.

The density of the liquid is hardly affected by @ges pressure and will not influence the
flowmeter performance significantly.

If the flowmeter is properly constructed, the floater geometry is very weakly dependent on
pressure. Dependent on the flowmeter construcéither analytical formulas can be used or
Finite Element calculations are required.

12



For the pressure sensitivity analysis in this papeo approaches were used. First, the
analytical model is described. The second partsdedh the numerical model.

3.2.1. Analytical approach
What is done for the temperature sensitivity candbae for the pressure sensitivity in a
similar way. Again the basic flow equation is ussda start.

> L t -t -t

Q =JMc mz Wn pn BA,n AB,n zero,n % [1_ E(Re)]
n=1 2COS¢n tAB,n DIBA,n

In the previous (temperature) calculations, len@gthand diameter (D) were treated similar.

For pressure load this assumption can not be made the mechanical behaviour is non-

isotropic.

From detailed analysis applied to the ALTOSONIC &bpetry, it turns out that the only
relevant parameter for pressure effects is the eli@nD. The relative error in flow rate Q is
expressed by

dQ D

Q D

Assuming capped ends and a thick wall approximatioa deformation of the tube and the
effect on the flow rate is given by the Roark esgrens [5]. Below the deformation is shown
for a calculation example.

AQ __AD _ Dyyer _ 6000107 _
Q D /- g_ Dinner B 500&0—3 T
AD AP| &(1+o0)+(1-20
ab _Ar & 2 ) 0=03
D E -1 .
2(1 - in which <

AQ 3AP { +0)+(1-20

- E = 1.9010"N/m?
Q E { §*-1 } )
AQ _
6_0.057% N~ AP =70010° N/

This effect of 0.057% can be corrected for sinds th a systematic effect of pressure.
Assume that the correction is not exact, but cdierdby 10%. This results in a remaining

random uncertainty in the flow rate of 0.0057%. Wliee pressure is assumed to be known
within 1% accuracy, this 1% in pressure (i in the equations) results in an extra 1% of
0.057% = 0.00057% in the flow rate, which is agaimdom.

The total flow rate uncertainty due to pressuref »/0.0057 + 0.00057 = 0.00573 %

3.2.2 Numerical approach

13



In addition to the analytical analysis, Finite ebts method calculations (FEM) have been
performed for more complex geometries to deterntimee effect of pressure on the sensor
meter body, and the corresponding flow inaccuraflye calculations, done within the
computational package “ANSYS”, give almost exa& slame results as the Roark equations
used in the analytical model when using the sanoengéy. In the FEM calculations, axial
and radial deformation haven been treated indivigua

For comparison, here also the analytical model @wé&boupled X and D (or R) is shown. For
the thick wall / capped ends situation, the defdiomg are determined using FEM and
compared against the analytical Roark expressions.

AR/R,s 1.8631678810*

Radial =1.000000064 (0.0000064%)

AR/R,.. 18631677610*
AXIX E

Axial ansys 3'2802250210_5 =1.000000027  (0.0000027%)
AX/X 3.2802249310

roark

3.3 Fluid properties e.g. viscosity

Fluid properties may vary with temperature. Thegerature dependency for the viscosity has
been discussed in section 3.1.2.

Due to a change in the process, another liquidbeanffered to the flowmeter. In upstream

applications the composition of the oil might gralliyy change. All these changes can be
treated as a liquid with changing viscosity andddressed in section 2.1.

3.4 Non-single phase flow

The flowmeter is working in a non-ideal world. Thian lead to applications where the
flowmeter has to deal with vapour bubbles, oil-iater or solid particles.

Important is to know how much the flowmeter readis@ffected by these imperfections in
the process.

3.4.1 Vapour bubbles

Flowmeter accuracy will be affected by content a$/gir in the liquid. As a rule of thumb a
one-to-one relationship is used. This implies thatl Vol.% of vapour bubbles give rise to
~0.1% over reading in the volume flow measureminpractise a couple of percent of gas
can be handled by the ultrasonic flowmeter. A m@dimit is hard to indicate since this is
strongly affected by the flow pattern of the ‘twhagse flow'.

The diagnostics module in the ALTOSONIC V shallatesan alarm as soon as the fraction of
path failures exceeds a predefined threshold.

A significant advantage of ultrasonic flowmetersnpared to mechanical flow meters is that
air/gas will be detected and an alarm will be riddechanical flow meters will register the
gas/air content as liquid and consequently intredwggnificant errors.

3.4.2 Water-in-oll

The sensitivity of Water-in-oil is much less thdtet sensitivity to gas. The physical
explanation is that the difference in acousticgbeésiance between oil and water is much less
than between oil and gas. In practise a couplepareent of water-in-oil can be handled up to
about 10%. The upper limit also depends on a nurabparameters like droplet size, flow
speed, Reynolds number, difference in density,asertension, droplet distribution, free or
dissolved water etc.

14



An experiment focussing on the effect of water-inhas been carried out. Three different
water fractions have been tested: 0%, 4% and 6%.

The result is shown in Figure 10. It can be obsgthat the 4% water-in-oil fraction doesn’t
affect the flowmeter reading above 0.75 m/s. At B8 meter shows a very little effect of
about 0.05%. Below the 0.75 m/s buoyancy and cadigul effects starts to play a role,
leading to larger deviations. It is obvious tha¢ fflowmeter doesn’t correct for the water
fraction. The overall volumetric flow is being measd.

Analogue to the situation with too much gas in flystem, the diagnostics module in the
ALTOSONIC V shall create an alarm as soon as tine firaction of path failures exceeds a
predefined threshold.
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Figure 10Error versus flow rate for an 24’ALTOSONICV at puré (blue diamonds), 4%
water in oil (purple crosses) and 6% water in g&llow triangles and pink squares).

3.4.3 Solid particles

The ultrasonic flow measuring principle is not vesgnsitive to solids in the liquid. As a rule
of thumb, the upper limit is taken at ~10 Vol.-%eTflowmeter considers the solid particles
as part of the volumetric flow. Consequently, apammional over reading is obtained.
Therefore , 0.1% Vol.-% leads to a ~0.1% over negdh the volumetric flow.

3.5 Non-Newtonian behaviour

The experience with hydrocarbon applications i$ thdasis all hydrocarbon liquids behave
as Newtonian liquids. This even holds for very wiss crudes at e.g. > 1000 cSt. A clear
illustration is given in Figure 3. From this figuome could observe that at different flow
speeds but equal Reynolds number the same eratitasned. In case the liquid had a non-
Newtonian behavior, the flow would have been inflices by e.g. the shear stress as well,
leading to a different flow profile and consequgglading to a different error.
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However, there are applications where this assumpgi not valid anymore. As soon as drag-
reducing-agents (DRA’s) are used the Newtonian Wiehadisappears. Due to the small
amount of long polymer chains, the velocity profikell not show the classical shapes
anymore (like a turbulent, parabolic or transitioshape) which can be characterized by
Reynolds number and eventually wall roughness. 8yguDRA’s, the flow profile shape will
be completely different and is hard to describe ardlict. In these specific applications the
user is advised to contact the manufacturer.

3.6 Fouling

Dependent on the process and type of fluid, foutmght occur. The type of fouling can vary
from scaling to wax formation. Fouling most likeMll occur in the entire system or part of
the system (dependent on the conditions) and coesdg in the flowmeter as well.

In case of wax formation, often heat tracing islegaly keeping the surface temperature of the
measuring system at a higher temperature, whickepts wax formation.

In case fouling does occur, the acoustical progeffilensity, speed of sound, attenuation) of
the fouling layer will differ from the properties the liquid. By means of a very precise
measurement of speed of sound at 5 different hotdgositions and considering acoustic
attenuation, very thin layers of fouling can beed&td and an alarm is created.

In addition, a check on this potential source oditoinal uncertainty has been taken into
account in the procedure as described in chapter 8.

4. Installation

4.1 Flow Profile and I nstallation Effects

The sensitivity to flow profile distortion has ngat been addressed. The meters are calibrated
with a fully developed flow profile. When the meisrinstalled in the application, the local
upstream piping geometry might cause a changeeirilthv profile in the meter, causing an
error in the flow measurement. An extensive sdtoot profile disturbance tests, using water

a calibrating medium, have been carried out. Midtifests have been performed on the
effects of flow profile disturbances on the perfamoe of ultrasonic flow meters. Different
types of disturbances have been created in ordaréstigate the corresponding errors. In all
cases, a 10 D inlet spool piece with an ISO tubsdlaustraightener was used. Upstream of
the inlet spool piece, the disturbances were ilestallhe upstream disturbance distance was
measured from the beginning of the inlet spool@iec

The errors as a result of these disturbance testsh@wn Figure 11 for a 180° bend at various
upstream locations of 0D, 3D and 6D. As expectediemdy decreasing effect could be

observed with increasing distance between therthatice and inlet run of the flowmeter. The

most left data point is obtained with a headeraitestl at OD, so directly connected to the 10D
straightener.
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Average deviation as function of number of upstream diameters of 180 deg Bend disturbance
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Figure 11 : Average deviation of the ALTOSONIC \adanction of upstream diameters for
the various types of disturbances.

According to these results it might be assumed tttadditional error as a result of these
types of flow profile distortions is smaller thar©8% when the distance between disturbance
and inlet run of the ALTOSONIC V is larger than 10D

The experiments presented above were carried obight Reynolds numbers and using a
conical section, which suppresses flow profile @8eThis makes that the results indicated in
the graph are better than would be obtained usifulj &ore situation. Since not all possible
upstream piping configurations can be tested, auédctake a factor of two as a margin to
cover the effect of all possible piping configuoais. It should be noted that the sensitivity of
a multi-beam ultrasonic flowmeter is very much degent on the design and algorithms that
have been used. A conical section seems to beeffgtive. The number of paths, the path
position and additional algorithms behind are vemyportant as well. On basis of
experimental data, supported with simulations veiaee an uncertainty of the ALTOSONIC
V for installation effects of 0.10 %.

The flow profile effects that occur in the applicat caused by the upstream piping
configuration can be taken into account in thebtation. Therefore a copy of the upstream
piping configuration could be installed in the badition facility to resemble the in-situ
situation similar as in the application. This reelsithe uncertainty due to installation effects.
Another possibility is an in-situ calibration (widil pro’s and con’s).

4.2. Connectors, wiring and Power supply

A proper transfer of measuring signals and meagudiata is of vital importance. In this

respect a sound electrical contact and electrigalding is required.

Due to vibration, corrosion and mechanical damagecbnnectors and wiring could easily be
damaged, leading to bad signal transfer, and comestyy worse performance of the

flowmeter or even loss of measuring data.
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In order to prevent this kind of mal performancedidated diagnostic features have been
developed continuously monitoring the quality ofadmansfer.

In addition, a systematic procedure has been dpgdlahecking this item. In this procedure

also a check is incorporated on the power suppliages to verify whether or not they are

within the specified limits.

5. Environmental

5.1 Temperature

The ambient temperature usually has a limited efecthe performance of the flowmeter.
The effect is specified by the manufacturer. Inagaaph 3.1.1. under sub-item e) this
dependency has been addressed.

5.2. Humidity and salty environment

The effect of humidity has been specified by thenofacturer also. Usually the effect is
negligible as long as the flowmeter is operatedhwithe specified range.

Special attention must be paid to off-shore appboa or applications near the coast. Due to
the salty environment corrosion might easily oaespecially in cable connections.

5.3. Vibration/Mechanical damage

Due to continuous vibrations mechanical damage magitur in connectors, cabling or
electronics. Mechanical damage could also be caogédabour or uncontrolled actions in the
vicinity of the flowmeter. This damage could leaddeteriorated electrical connection which
might lead to a non proper working flowmeter. Usangerification procedure as described in
section 8 the functionality of the flowmeter coldd demonstrated by applying a systematic
check and using the diagnostic features of therfieter.

5.4. Aging

As long as the flowmeter is being used within ifsedfication, aging effects can be
considered as long term stability which is desdilesection 2.3.

6.Effects from repair actions

6.1 Replacement converters

Both the converter effects and the effect of URHasement have been tested. The effects of
drift in the converters on the flow rate were cédted and tested, and showed to be smaller
than 0.01%, provided that a proper zero flow calion can be carried out. This result
includes the replacement of the UFP.

6.2 Replacement Ultrasonic Flow Processor (UFP)

The effect of UFP replacement is discussed in tegipus section, combined with converter
replacement.

The total uncertainty due to repair / replacemémbomponents is less than 0.01%
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7.Total Uncertainty Calculation

In the sections above, all parameters or actioat rhight affect the flow meter uncertainty
have been discussed and quantified. It is importanote that the uncertainty caused by
individual sources can depend on diameter and #pe@ed. The dependency is given in
previous paragraphs.

In this section, all contributions are summed ideorto obtain the total meter uncertainty
under operational conditions. For systematic uadsties, the individual contributions are
summed. The random effects are taken root-mearrequa

AQtotal = \/(Astsl + Astsz R ')2 + AQrand,l2 + AQrand,z2 + AQrand ,32 + ( " ')2

When all uncertainties that have been discussedrdaefire added, a total uncertainty of
0.17% is obtained. This is shown in Figure 12.

Contribution Value Remarks

Linearity 0.10 % | Random
Repeatability 0.03 %| Random
Long term stability 0.08 %| Random
Temperature effects 0.03 9 Random (after corredtiosystematic part)
Pressure effects 0.0086 | Random (after correction for systematic part)
Installation effects 0.10 %| Random
Calibration facilities 0.04 %| Random
Replacement 0.01 % Random
TOTAL 0.17 % | Total uncertainty in volumetric flow rate

0,2

0,18 -

0,16

0,14
S 012 1
2 0,1
'{E il
8 0,08 +—
5

0,06 -

0,04 +—

0,02 +—

O T I:I T T I:| T
RO\ B S P &
& @ P Q ) Q & S D
) & & & @ & R & S
&QQ ,@}é\ Q}’DQ 6660 \\’b'\ ,&0 006\ (.;Q’(\
L 3 ¥ & Q& RN
\000) ’@’é\ N N N Q}(\Q’ &
& <°
Q
&

Figure 12 : Total uncertainty as result of all inttlual sources of uncertainty as described in
this paper.

When studying Figure 12 it becomes clear that ttel tuncertainty is dominated by three
sources: linearity, long term stability and insatihn effects.
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There are possibilities to reduce the uncertaiitthese sources by using dedicated actions.
The uncertainty due to lineariig a result of taking the entire Reynolds range srccount.
Figure 2 shows clearly that it is possible to fartimprove the linearity with a factor of two
when a tailor made Reynolds range calibration isopmed in the more limited range of
application. A further improvement in performancek tbe flowmeter regarding linearity
would contribute here as well.

The long term stabilityhumber as described before is a result of usiadglthwmeter without
any verification during a time interval of e.g. y€ars. By using the verification procedure as
described in section 8, the long term stability ¢@nmonitored in-situ and will result in
reducing the long term stability significantly.

By paying attention to upstream piping configuratimr by taking proper flow conditioning
measures, the result of installation effectsuld be significantly reduced too. In-situ
calibration could reduce the installation effecksoa[8], but requires an expensive on-site
prover system or mobile prover which are expenanea requires a lot of effort.

When reducing the uncertainty in linearity to 0.3 long term stability to 0.04% and the
installation effects to 0.05%, the total uncertainéduces from 0.17% to 0.10%. This is

shown inFigure 13.

Contribution Value Remarks
Linearity 0.05 % | Random
Repeatability 0.03 %| Random
Long term stability 0.04 %| Random
Temperature effects 0.03 9 Random (after corredtiosystematic part)
Pressure effects 0.006 9% Random (after correctioryfstematic part)
Installation effects 0.05 %| Random
Calibration facilities 0.04 %| Random
Replacement 0.01 % Random
TOTAL 0.10 % | Total uncertainty in volumetric flow rate
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Figure 13 An example of the reduction of the total uncertainty from 0.17% to e.g. 0.10% when special
attention is paid to the dominant sources of uncertainty (linearity, long term stability and installation
effect).
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The result as presented in Figure 13 shows thabvkeall uncertainty could be reduced by
taking special dedicated measures to reduce ther majirces of uncertainty.

However, the opposite is also true. When sometigngrong in the system due to mis-
operation a significant increase in one of the sesirof uncertainty will occur, which will
dominate the overall uncertainty heavily.

This is illustrated in Figure 14. As discussed . B the uncertainty in volumetric flow rate is
directly proportional to the volumetric fraction gés in the liquid. The implies that e.g. 0.3
Vol.-% of gas leads to an additional source of uracaty equals 0.3%.

This additional source heavily dominates the totadertainty. It therefore is very important
that these heavily dominating sources of unceitsntare detected immediately by the
diagnostics such that an alarm is created and propasures can be taken.
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Figure 14 If one of the uncertainty sources is significantly larger than the other sources of uncertainty,
it will dominate the overall result. In this graph an example of 0.3 Vol.-% of gas in oil shown, leading to
an overall uncertainty of 0.32%.

8. Verification Procedure

One of the most significant features of ultrasdioevmeters is their diagnostic capabilities.
Despite mechanical flowmeters, ultrasonic flow metae capable to provide instrument- and
process data, based on which a conclusion candvendyn the performance.

International institutes and end users acknowldtgediagnostic feature and use this data to
convince inspectors/auditors on the performancethef flow meter installed. In some
applications the diagnostic information is usedektend the re-calibration interval of the
associated flow meter.

Based on the industry requirements KROHNE prepare@rification procedure document

describing the diagnostic capability and all redaparameters. The basis of this procedure is
to provide a level of confidence in the operatidnttee ALTOSONIC V flow meter. The

21



procedure is not designed to re-calibrate individimgtruments but to demonstrate the
functionality of the flow meter, based on confirm@atameter settings.

It is mandatory that an authorised institute oregaomental body is present because during the
process of verification governmental seals neetbadoremoved and at the same time the
verification tests and results are witnessed tdicarthe stability of the flow meter.

The verification procedure contains a number ofsteghich can be divided in different
categories as:

» Hard ware inspections: Cable connections, setaibers, transducers

 Installation inspections: Flange alignment, cajiéands

« Electrical inspections: Equipotential bondingwo supplies, Acoustic
signals

» Soft Ware inspections: SW versions, ChecksumsfiQurations

» Process inspections: Zero setting, Velocity G@irgl distribution,
Alarm analysis

* Input & Output inspections: Calibration of analegn- and Outputs &
Frequency output

* Loop inspections: All loops will be checked/insfesl

Content of the KROHNE verification procedure ida@®ws:
1 Signature & witness sheet
2 Introduction and description of the verificatioropedure
3 Test equipment details and certificates
4 UFS-V & UFC-V Field inspection:
4.1  Serial numbers verification
4.2  Flange alignment
5 UFS-V & UFC-V Field connections
5.1 Equipotential bonding (UFS-V, UFC-V, in- & outlet)
5.2 UFS-V and UFC-V transducers / cables
5.3 Transducer cables
5.4 UFS-V cable glands
5.5 Transducer resistance
5.6 Ultrasonic signals
5.7 UFC-V connection (Power/RS-485)
6 UFC-V converter settings and software
6.1 Converter configuration parameters
6.2 Converter Soft Ware version
Control Room Connections
Control Room Power supplies
Control Room Settings and Soft Ware
9.1 UFP-V Soft Ware version
9.2 UFP-V CRC Checksums
10 UFP-V alarms
10.1 UFP Alarm window F2
10.2 Alarm analysis during previous batching
11 Control Room, Signal Values
11.1 Speed Of Sound
11.2 Zero Points
11.3 Transducer stability at zero flow

O 00
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12 Control Room Analogue I/O verification
12.1 Analogue Inputs & Outputs
12.2 UFP-V Analogue inputs
12.3 UFP-V Frequency output

9. Summary and Conclusions

As stated in the Introduction, tens of thousandst@ily Transfer Flowmeters are in operation
for many decades in the oil and gas industry.

Very often these flowmeters are selected and judgedheir initial performance. These
flowmeters have been carefully calibrated on-sitenoaccredited laboratories and usually
show very good results.

However, in practise many environmental factorsptity a very important role. They all do
affect the overall end uncertainty of the flowmetesre or less.

In this paper an overview has been given of thet mngsortant parameters. The effect of each
parameter has been quantified. Attempts are madevéoinsight in the parameters that are
dominating the overall uncertainty.

By means of dedicated measures, the effect of datmop sources of uncertainty could be
reduced. An example is given by improving lineadfythe flowmeter or reducing installation
effects by taking proper measures on upstream gimanfiguration or flow profile
conditioning.

In situ verification of ultrasonic flow meters che used to determine if the flow meter is still
operating within its specification. This is onlygsible due to excellent diagnostic features of
ultrasonic flowmeters by which not only the flow teebut also the process can be observed
and analysed.

Additional uncertainty due to long term stabilitputd be reduced by implementing a
verification procedure with which the measuringtegs could be thoroughly verified. By
means of this procedure all vital parts of the meag equipment are checked systematically.
This procedure can be carried out in-situ andiefligrdescribed in this paper.

It is obvious that once all sources of uncertaarg more or less equal, the overall uncertainty
hardly could be reduced furthermore by taking atéoh number of actions. In this case all
sources of uncertainty have to be reduced one by on

It is also clear that in case there is one dommigagiource of uncertainty is strongly dominates

the overall uncertainty. An example is gas-in-ldjuin these cases the importance of
diagnostic capabilities is clearly shown.
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