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1. Introduction

Differential Pressure (DFlow metersarea popular generic flow meter typBP meters

are simple, surdy, reliable andinexpensivedevices. The& principles of operation are
easily understood. However, traditionally there has been no DP meter self diagnostic
capabilities. In 2008 a geric DP meter self diagnostic methodology \Wds proposed

In this paper thee DP meterdiagnostic principles are reconfirmeghd a simpler
methoalogy is also explained. These two methodsvill be shown tooperatein
conjunction increasing the overallnsttivity of a DP meters diagnostic capabilifjhese
diagnostic methods work for all generic DP meter desigiesvever, n this papethey

are proven with extensive experimental test results fooifice plate and cone DP
metes. Finally, it is recognizedhat it can be beneficial to hawereal time diagnostg
where the diagnosti@suls are showrto the operator in a very simple easy to understand
format. DP Diagnostics proposes such a method.

2. Thegeneric DPmeterclassical andelf-diagnosticoperatingprinciples
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Fig 1. Orificeplate meterwith instrumentatiorsketch andoressurdluctuationgraph

Figurel showsan orifice meter with instrumentatioaketch andhe (simplified) pressure
fluctuation through the meter body. Traditional DP meteesl the inlet pressure jPthe
downstream temperature (ahdthe differential pressure admetween the inlet pressure

tap (1) and a pressure tap positioned at a point of low pregsuNoie that theorifice

meterin Figure 1lhas a thirdoressurdap (d) downstream of the plate. This addition to the
traditional DP meter design allows tmee asur e ment of t wotheextr a
differential pressure between the downstream gdd the low (t) pressure taps (or

ir ecoverasel and tiePdifferatial pressure between the inlet (1) and the
downstram (d) pressure tapsd. the permanent pressure lo®sBp, sometimes called

the APPLO or Atotal head | osso).

The sum of the recovered DP and the PPL exqte traditional differential pressure
(equationl) Hence, i n or deonlytivooDP trangmétterarereguied.e e DP O s



DR = I:]:)I’ + I:]:JPPL T (1)

Traditional Flow Equation: m = EAYC,./2rDR, , uncertainty + x% --(2)
Expansion Flow Equation: m = EAK, /2rDP uncertainty = y% --(3)
PPL Flow Equation: Mppt = AK /27 DP5 ,  UNCertainty +2% --- (4)

The traditionalgeneric DP meter flow rate eqtian is showm here as equation 2.

Traditionally, this is the onlyDP meter flow rate calculationHowever, withthe

additional downstream pressure tap three flow equations can be produced. That is, the
recovered DP can be used to find the flow rate witlisanx pansi ono fl ow equ:
equation 3) and the PPL can be used e o find

equation 4). Notem: ,m. and mes. represents the traditional, expansionl #PL mass

flow rate equation predictions of the actual mass flow rétaz espectively. The symbol
r represents the fluid density. Symbdis, A andA represent the velocity of approach

(a constant for a set meter geometry), the inlet cross sectional area and the minimum (or

it hroat 0) Cross sectional Yaganmaxpandionfactogh t he
accounting for ga density fluctuation through the meter. (For liquids Y =1.) The terms

C,, K, and K, represent the discharge coefficient, the expansion coefficient and the

PPL coefficient respectivelythese e found by calibrating the DP meter and each can

be set as constant values with set uncertainty ratings, or, may each be fitted to the
Reynolds number, usually at a lower uncertainty rating. The Reynolds number is
expressed as equation 5. Note thas the fluid viscosity and is the inlet diameter. In

this case, as the Reynolds number (Re) is flow rate dependent, each of the three flow rate
predictions must be independently obtained by an iterative method whtairflow
computer. A detailed derivation of these three flow rate equations is given by Steven [1].

Re=4M - (5)

Everygeneric DP neterbodyis in effect thiee flow metersAs there are three flow rate
equationgredictingthe same flow through the same meter body there is the potential to
compare the flow rate predictions and hence have a diagnostic sisteemally, all three

flow rate equations have individual uncertginatings (say x%, y% & z% as shown in
equations 2 through 4). Therefore, even DR meter 5 operating correctlyjo two flow
predictions wouldnatchprecisely However, a correctly operating metdrouldhave no
difference between any two flow equatsogreater than the sum of the two uncertainties.
The calibration therefore produces three more values, i.e. the maximum allowable
difference between any two flow rate equations, 80, x% & ¢% as shown in

equation set 6a to 6¢his allows a self diagnosing system. If the percentage difference
between any two flow rate equations is less than that equation pairs summed uncertainties
(found from themeters calibration), themo potential problens foundand the traditional

flow rate prediction can be trusted. If however, teecpntage differendgetweerany



Traditional & PPL Meters % allowable differencé £0): %= x%+ z%-- (6a)
Traditional & Expasion Meters % allowable differencef @0): x% = x%+ y%-- (6b)
Expansion & PPL Meters % allowable differen¢é %0): u% = y%+ z%-- (6¢)
two flow rate equations is greater thanttequation pairs summed umta@nties then this

indicates ametering problenmand the flow rate predictiomshould not be trusted. The
threeflow ratepercentage differences aralculated by equations 7a ta 7c

Traditional to PPLMeter Comparison : y %:i,eg_éhppr rhlg/rh, H;*lOO’/o --(7a)
ic : y
" . . 8- - o8/- 0
Traditional b Expansion Meter Comparison/ %:‘,%n,- m #ml u*100% -- (7b)
c 7y

PPL to Expansion Meter Comparison: c % =?%nr- rhppLg thPLH* 100% -- (7¢)
ic Ty

This diagnostic methodologg that which was dicussed in 2008 [1]. lises the three

individual DP6s to independently predict
effect, the individual DP6s are therefore
to take a different diagnostic ajpaich. ThePressureLossRat i o (or APLRO)

of the PPL to the traditional DAthe PLR is constant faull DP_meters operating with
single phase homogenous floasindicated by ISO 516[2]. We can rewritd&equation 1:

DP DP DP
T4+ PP =1 ___(1a where —F% jsthe PLR.
> R 4 oF

From equation 1a, PLR is aconstantset valuethenboththe PressureRecoveryRatio
or @ PR Rheratio 6fithe rcovered DP to traditional Déhd theRecovereddP to

t

h €
b ¢
S

PPL Rat i o, or AfRPRO mu s t t hehhat 5] adl ®P dat®ms const a

available from the three DPO6s geaometnyamnst ant

can be found by theamecalibrationthat finds the three flow coeffiass. Thus we have:

PPL to Traditional DP ratio (PLR): (DR, /DR) uncertainty + a%

cal’

Recovered to Traditional DP ratio (PRR): (DP /DR) uncertainty + b%

cal’

Recovered t®®PL DP ratio (RPR): (DF’r /DPPPL) uncertainty + c%

cal?’

Here then is another methodwfs i ng t he three DPO6s ttwl check

DP ratios found in service can be compared to the calibrated valuess ldenote the
difference between the actual PLR and the calibrated valae, éise difference between

the actual PRR and the calibrated valuggasnd the difference between the actual RPR

and the calibratedalue as/?. These values are found by equations 8a to 8c.

c



a %= {[PLRactuaI - I:)LRcalIibraticm ]/ F)I‘Rcalibratictn}*:I'OCP/0 T (88.)
g %:{[PR%ctual_ PRRalibratim]/ F)RFiz-nlibratiqn}*100)/0 T (8b)
h %:{[Rpactual_ RPRalibratim]/ RPRalibrati(m}*lOO%) T (8C)

Thestandad calibration ofa DP metemwith a downstream pressure tapn producesix
meter parameters with nine associated uncertaintigsese six parameters are the
discharge coefficient, expansion flow coefficient, PPL coefficient, PLR, BRRRPR.
The nine unertainties are the six parameter uncertain(ti&8o, ty%, +z%, +ta%, +tb% &
+c%) and thethree flow rate intecompariso uncertaintiegty %, =/ , £ ¢ %). These

fifteen DP meterparametersfound by a standard calibratiordefine the meters correct
operating modeAny deviation from this mode beyond the egtable uncertainty limits

is an indicatorthat there is a meter malfunctioand the traditional meter outpig
therefore notrustworthy. Tablel shows the six possible situations that should signal an
alarm.Note that each of the six diagnostic checks has normalizedigatach meter
diagnostic parameter outpstdivided by the allowable difference for that parameter.

DP Pair No Alarm ALARM No Alarm ALARM
DR & DR, % y%el | % y%>1 a% / a%¢l | a% / a%>1
DP & DP X%/ /%c¢1 X%/ [%>1 b%/ gncl b%/ g%n>1
DR & DP,, u%/ c%c¢1l u%/ c%>1 c% / h%tl c%/ h%>1

Table 1. The DPneter possible diagnostic results

For practical real time useg graphical representation of the meters headthtinually
updated on a control room scressuld be simple and effective. However, any graphical
representation of diagnostic results mustabeessible and understandabla glance by

any meter operatof.herefore, it is proposed that three points are plotted on a normalized
graph(as shown in Fig 2)This graphs abscissa is thermalized flow rate differencand

the ordinate is theormalized DP ratiaifference. These mmalized values have no
units. On this graph a normalized diagnostic boa r  fi babD Bedsyperimposed with
corner ceordinates:(1, 1), (1,- 1), (-1,-1) & (- 1,1). On such a graph three meter
diagnostic points can be plotteck.i(y /f ,a/a), (/ /x,g/b) & (c¢/u,h/c). That is, the
three DP0s have been split into three DP
flow rate predictions and the difference in the actual to calibrated DP ratio are being
compared to the ghrations maximum allowable differencd§all points are within the

NDB the meter operator sees meteringproblemand the traditional meters flow rate
prediction should be trusted. Howevergpife or more of the three points falls outside the
NDB the meteroperator has a visual indication that the meteroisoperating correctly

and that theneters traditionalor any) flow rate prediction can not be trusted. The further
from theNDB the points arethe more potential for significant meter error thisteNote

that in this random theoretical example shown in Figure 2 all points are within the NDB
indicating the meter is operating within the limits of normality, i.e. no metering problem
is noted.

pai
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Fig 2. A normalized diagnostic calibration box withrmalized diagnostic result.

As both technigues use the same iInput s, i . e.
necessary to use both techniques together. If the DP relationships are as expected both
techniques indicate no meter error. If they ao¢ as expected both techniqussuld

indicate incorrect meter operation. However, from experience (as we will see), it has been

found that the two techniques can have slightly different sensitivities to probléms.

DP ratio technique is more sensitite metering abnormalities. Therefore, if both

techniques show no problem then there is no aldrivoth techniques show a problem

there is a ngener al al ar mo. However, for rel ati
sensitivities of the two methods can cauee technique to indicate a problem while the
ot her indicates no probl em. This scenario

indicates that thermay bea metering problenilTheamber alarm arises from the fact that

the DP ratio technique can find real tae problems below the flow rate comparison
techniques sensitivity limitiowever, there are rare cases where the DP ratio technique is
too sensitive to real but very small problems that do not cause the flow rate prediction to
be beyond the meters statacertainty. However, the flow rate comparison technique is
never sensitive enough to trigger such a false alarm. Therefore, the flow rate comparison
technique can counter any over sensitivity of the DP ratio technique by offering the
operator objectivityThe amber alarm states that there possibilityof a smallmetering
problem, but if it exists the metering error is correspondingly small. Therefore, it is
beneficial to use both techniques simultaneously (especially as the computational power
requiredis relatively small). We shall now look at orifice and cone meter correct and
incorrect operation data to show the usefulness of these methodologies.

Normalized
DP Ratio
Difference
GENERAL GENERAL
ALARM ALARM
1,1) 0,1
Normalized
NO
— — Flow Rate
ALARM Difference
1, -1) . 1)
GENERAL GENERAL
ALARM | ALARM

Fig 2a. Normalizeddiagnostidbox with alarm zones.



3. Orifice plate & coneDP meterexperimentaldataanalysis

Orifice plate and cone DP meters are bptpular However, industry tends to utilize
these metersn different waysAs arifice metes can be seriously affected by installation
effectsthere are standards (e.g. [2]) that dictate whisggshodd be installed in relation

to other pipe componé&n Most orifice meter installeesdhere to these standaatsdas a
well made plate has a repeatable performatime standards discharge coefficient
statement is used without a meter calibration beingimeduHowever, he cone DP
meter (which has no standasdand therefore requires calibratjors well received by
industry due tothe discharge coefficienbeing largely immune to installation effects.
Therefore,orifice meters are usually installed in psecadherence to the standards and
cone DP meters aresuallyinstalled in any awkward pipe work location. This means we
have to treat the DP diagnostic reseaitthe two meters differently.

In this paper k orifice meterdata,from carectand incorret operationarefrom plates
installed according to 1ISO 5167 requiremepist astheyare commonly installed in the

field (except for deliberate tests for installation effec®)erefore the orifice meter
calibration values for altequired diagnostiparameters outside of those given by I1ISO
can be set frona single standard installation testowever,this is not so for cone DP
metes. The cone DP meterresearch required that the meter weasibrated with long
straight pipe lengths to find the med@liagnostic parameter3his procedure is all that
would be done for massed produced cone DP meters. However, unlike the orifice meter,
the cone DP meter can beedin awkward pipe installations. Therefore, this research has
to prove thatjust like the dscharge coefficient, the otheone meteparametersequired

by the diagnosticare also acceptably immune to installation effe®tgly then could the
diagnostic methodbe shown to worksuccessfullyin all cone meter applications.
Therefore orifice mete diagnostic method tests only had to introduce problems when the
orifice meter was installed according to ISO 5167. However, the cone meter diagnostic
method tests had to introdupeoblens when theconemeter was installed in the typically
extreme advessinstallation conditions where it is commonly used.

4. Correctlyoperatingorifice plate meterdata

Threed 6, 0. 5 flabge taporificeanetér data setsave been analyzedhe first is

adry naturalgas flow tesbn an orifice fitting installé plate. These tests were part of a

CEESIwet gas meted o i n't | ndust r yln tReseagsts anty th¢ taaditionald | P 0 )

DP and PPL were read. The recovered DP was derived by equaliba Gther twalata

setsarefrom separatair flow, flange insalled orifice meter tests carried oat CEESIin

2008and 2009. The 2008 tests used Daniel plates. The 2009 tests use Yokogawa plates.
These air tests both directly read all three

Table 1 shows the data range of the three baseline (i.e. copetigting) orifice meter

tests. Figure 3 shows the test at the CEESI wet natural gas loop in 2000. Figure 4 shows
the test at the air facility at CEESI in 2009. Note that the downstream tapping was at 6D
downstream of all the plates as suggested by ISQ.5igure 5 shows the discharge
coefficient, expansion coefficient and PPL coefficient from all three tests together. For
simplicity of explaining the diagnostic concept constant values were assigned by data
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Fig 3. Oiice fitting with natural gas flow. Fig4. Flange installe@latewith air flow.

Test 2000 Natural Gas 2008 Air 2009 Air
Orifice Type & Fit Daniel Orifice Fitting Daniel Plate / Flange | Yokogawa Plate /Flange
No. of data points 112 44 124
Diameter 40260 4. 0260 4.0260
Beta Ratio 0.4965 (single plate) 0.4967 (multiple plates)| 0.4967 (multiple plates)
Pressure Range 13.1 <P (bar) < 87.0 15.0 < P (bar) < 30.0 14.9 < P (bar) < 30.1
DPt Range 100 WC< DPt </ 150WC< DPt 150WC< DPt
DPr Range 100 WC <DPr <| 100 WC < DPr 100 WBPK < 1
DPppl Range 100 WC <PPL <| 110WC<PPL< 110WC<PPL<
Reynolds No. Rangf 350 e3 < Re < 8.1e6 300e3 <Re <2.1e6 317e3 < Re < 2e6

Table 1. The three orifice plateeter baseline data sets.

fitting. (It should be noted thahore than 95% of the combinetischarge coefficient
resultsfitted the Reader HarrisGa | | a g h e r ,equationto ivitRiH Ri6 equatios
stateduncertaintybandsof £0.5%) All three flowcoefficient constant values are given in
Figure 5 with a stated uncertainty at 95% confidence. Figure 6 shows the PLR, PRR &
RPR from allthree tests together.o@stant values were signed by analysis of the
combineddata andare shownin Figure 6 with a tated uncertainty at 95% confidence.
Note that the sum of the PLR and PRR is equate unity as theoretically requiredue to

data uncertainty.Figures 5 & 6indicate thatall six parametergxist as set values at
relatively low uncertainty and theyre rgpeatable and reproducible

Fig 7 shows théull resuls of calibrating this DP meter type with a downstream pressure
tap. The bogd informationshows the traditional DP meter calibration result, i.e. the
discharge coefficient and its uncertainty to 95%nfalence. Thebroken line box
indicatesa rareadditionaltraditionalresultwhena downstream pressure tap is included.
Note even in this rare sawhen a downstream tap is includeshly the PLR isfound.
Traditionally ro other parameter is considerettiahe downstream tap only exists to help
predict the PPL across the component for overall PPL predictions on the piping system.
Fig 7 shows that all fiteen DP meter parameters discussed in the theory exist in reality.
From adding an extra pressure tapl &P transmitter, a standard DP meter calibration
run can find each of the DP meters fifteen parameters. Each parameter tells the meter user
something unique and of interest about the nature of that meters response to the flow.
That is, a DP Diagnostics rtex calibration producesseveral times the stasard
calibration information froneffectively the same eff@hd expense.
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In reality most orifice meters aret calibrated. ISO 5167 provides tRHG equation to
find the discharge coefficient {Cand the associated uncertainty (+x%). It also offers

The results of full DP meter calibration

(0]

couple of PLR equatiors although no uncertainty (xa%gr these equations armgven.
ThelSOPLR equation considered as more precisgisgation 9

ori fic

or i fi



J1- 'L- G- c,0° PRR
PLR= ) N err
ol cif+c b2 (@ PRREL PLR-(10) RPR= 5 p - (1)

Therefae, as ISO offers a PLR equation, there are associated predictions for PRR
(equation 10)and RPR(equation 11)although of carse ISO does not state as much
Furthermore, it can be shown that:

« = €C. « - EbeC,
PR o= JpR T

In the field, Eyuation 9would use thdRHG discharge coefficient resuldowever this is
Reynolds number dependent and hence indivifloal point dependent. As here we
simply want to check the approximate applicability of #giation we can use our data
sets averaged sttharge coefficiento predict the DP ratiogAll data fitted the RHG
equation to +0.5% and the constant discharge coefficient to £0.65% so they are very
similar.) Furthermorenote thatequations 2 & 13 requre the expansibility &) of each
point to be known. Howevethis is a second order effe@ndfor our purposes hense
can approximate the value to un{iye. assume incompressible flow). We can nose
these approximations texanine theapproximateeffectiveness of using the 1ISO PLR
prediction with the RHG equation to predtbe DP ratios anthe expansion and PPL
flow coefficients. The results are shown in Table 2.

Data Fit Data Fit ISO Prediction % Difference in
Values % Uncertainties Values ISO & Data Fits
Discharge Coefficient 0.602 +0.65% N/A” N/A”
Expansion Coefficient 1.165 +1.1% 1.167 +0.14%
PPL Coefficient 0.178 +1.8% 0.181 +1.95%
PLR 0.732 +1.6% 0.734 +0.23%
PRR 0.262 +1.2% 0.266 +1.64%
RPR 0.360 +1.8% 0.363 +0.82%
N/A” - Here we are usinthe data fit value, in thedid the RHG equation will be more accuratet0.5%
Table2.Compari son of |1 SO Apredictionsod to exper

Even with these generalizing assumptions the ISO predictions are walgr 40 the

experimental data resultShe PPL flow coefficient and PRR are out with the data fitting
uncertainty bands, but iboth cases just marginally so. Furthermore, it should be
remembered that in the fieith the use of the RHG equation and #agansibility

equationthe discharge coefficient and expansibility inputs will be more accurate

will further reduce the uncertainty of thedI8O predictiom results.Therefore, an orifice

meter user could calibrate his meter to find the full patanset described here, or for

somei ncrease in uncertainty usebSHdwdva, sxa@edthati pr edi ¢
this researchchogeo i nvesti gat e a Thé accuraby.offapplyiegtiSO r at i o
based predictions to othesrifice meter diameer and beta ratio sizemstead of

calibrating the meter is as yet unknown.

We now have enough orifice meter information to apply the normalized diagnostic box
(NDB) when the meter is in service, and hence we have DP meter diagnostics. When



using these idgnostics it should be remembered that the primary output of the meter is
the traditional flow rate prediction with its uncertainty rating. All other calculations are
solely to check the validity of this output. False alarms regarding the meters health ar
highly undesirable. Therefore, as the uncertainty ratings aitgnosticparameters are

at 95% confidence, weeedto increased these uncertaisti® avoid false alarms Also

note thatwhenthe third DP is not being directly measured, a small ineregadiagmstic
uncertainty values iprudent. (Note tat thesediagnosticuncertainty setting increases
have nothing to do with the uncertainty rating of the primary output. The discharge
coefficient can have one uncertainty rating for the output valdeaaseparate larger
uncertainty rating assigned for the diagnostic use of the parameter.)iddgreostic
parameter uncertaintiegseset at the users discretionibéral uncertainty valueareless

likely to produce a false alarm, bubis is obviously atthe expense of diagnostic
sensitivity. The larger thancertainties, the less sensitive the meter is to small but real
problems. The greatest possildiagnosticsensitivity and the greatest exposure to false
alarms are both achievaedith the smallest pasble uncertainties, i.e. the calibrated
values at 95% confidence (i .e. see Fig 7 for

Figure 8 showsa NDB with the baselinedata set. Here, he diagnostic parameter
uncertainties were increasedbove thecalibration results (see Figure 7)n order to
minimize the chance of false alarmshelvalues chosen by engineering judgment are
shown inFigure 9.The flow coefficient uncertainties were raised to the next whole
number, except the PPL coefficient whialas so close to +2% it was raised to £3%
instead.The flow rate comparisons effectively compare a factor directly related to the
square root of the DP ratioBherefore,DP ratics are more sensitive to changes in the DP
relationships than the flow meterwadions.There is therefore a danger that they can be
overly sensitive (as will be shown) and herec@ull 1% was added to each DP ratio
uncertainty.
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+JIP. DPt & DPppl
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4 JIP. DPr& DPppl
42008, DPt & DPppl
0 2008, DPt & DPr
42008, DPr & DPppl
* 2009, DPt & DPppl
» 2009, DPt & DPr

© 2009. DPr & DPppl

Normalized DP Ratio —»

-1, -1 \ 1, -1
Normalized Flow Comparison —2»
Fg8Results from the massed data sets from th

Even thoud) the uncertainty value for the discharge coefficient is listed here adax1%
diagnostic methodéo help stop false alarms) this does not affect the meters flow rate
uncertainty which remains this caseat +0.65%. Again note that the uncertainty seiti

can be at or above the calibrated values at the discretion of the meter user.

Figure 8 appears to have a mass of data. However, notesgethflow point produces
three DP pairs,vry single flowpointtestedhas threaliagnostic points on the gih. In

1C



4", 0.5 beta ratio orifice meter
C,=0602 x=+1% P% = x% + z% =+ 4%
K =1.165 y=%2% E% =x%+1y% == 3%
K, =0178 z=%3% 0% = y% +2z% =+5%
AP, /AP =PLR=0732 a=%+26%
AP /AP =PRR=0262 b=122%

AP, /AP, =RPR=10360 C=128%
Fig 9. The results of a full DP meter calibration result.

Figure 8showsa mass of data. However, note thatachflow point produces three DP

pairs, e&ery flow point tested has threediagnostic points on the grapin actual
application only lhree points representing three DP pairs wbbk superimposed on the

graph making the diagnostics resuéiry clear. Even with 280low points producin@40
diagnostic results in Figure 8, it is clear thmd point for these correctly operating
conditionsis outside the NDB meaning the diagnostics are declaring the meter to be
serviceable. This result is in itself trivial as the uncertainties of the diagnostic parameters
were set to this very data. However, the 4trivial resultsare from4 o , Oraio bet a
orifice meters deliberately tested when malfunctioning for a variety of reasons.

4a Incorrectlyoperatingorifice plate meterdata

There are many commaorifice meter problems includirigcorrectly installed, damaged
or contaminated plates and metert installed in accordance with the 1Standards.
These scenaricare nowdiscussedAll orifice meter NDBpoints shown in the examples
useparameteuncertainties shown in Figure 9ikde all DP meters the orifice meter can
suffer from DP transmitter saation or drift. Howeversuch a worked example will be
left to the discussion of another generic DP meter, i.e. the cone DP meter in section 4.

4 .al. Reversedrifice plateinstallation

Orifice plates areoften installederroneouslyin the revers€o r i b a ¢ directon tbs 0 )
the flow. Figure 10 shows the repeatalttaditional error (equation 2) with backwards
plates.Table 3 shows the data rangegure 11 showshe data sets plottesdith a NDB.

The backwards plate produces¥:% error. Whereathereareno traditional diagnostics

to indicate the problem theDB dataplot indicatesthe problemas the data falls outside

the NDB. In this case as the problem is a precise geometry issue the precise pattern on the
NDB indicates to the user the problé&rmost likely the plate is installed backwards.

Year 2008, Daniel Plate 2009 Yokogawa Plate
Pressures 15 & 30 Bar 15 Bar
Traditional, DPt 130WC < DPt < 140WC < DPt <
Expansion, DPr 50WC < DPr < 50WC < DPr <
PPL, DPppl 9o0WC DPppl < 100WC < DPppl
Reynolds Number Range 346e3 < Re < 2.31e6 367e3 < Re < 1.66e6

Table 3. Backwards plate test data range.

11
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Fig 10. Reproducible significant errors when plate is installed backwards.

!
e

+ 2008, 15 Bar, DPt &
m 2008, 15 Bar, DPt &
4 2008, 15 Bar, DPr &
¢ 2008, 30 Bar, DPt &
o 2008, 30 Bar, DPt &
Pr &
Pt &
Pt &
Pré&

ST T

B 1,1 s 2008, 30 Bar, D
x 2009, 15 Bar, D
x 2009, 15 Bar, D
+ 2009, 15 Bar, D

St ©T

Normalized DP Ratio —=

OoOoO000000
VU UTDUUTUUTU
T OOTTO0U0T 0

g3

-1, 1, -1
ﬁ Normalized Flow Comparison —

Fig 11.Graph indicating ntering error with NDB and all reversed plate results.

4.a2. Damagedrifice platesi bu ¢ k | ewa r(pogidtesi)

Adverse flow conditions can damage orifice plates. A buckled plate can give significant
flow measurement errors. Traditionally there is diagnostic methodology to indicate

this probl em. I n 2008 DP Diagnostics heavil
diagnostic capability of the downstream tap. In 2009 this test wasnréo prove
repeatability of the new diagnostic system. Thenoaermoderately buckled o , 0.5 beta

ratio plate was tested. The buckled plates are shown in Figures 12 & 13. Table 4 shows
the test data ranges. Figure 14 shows the flowpratgiction (equation 2) error due to the
buckling. Theheavily buckle produces-80% error. hemoderate buckle plate produces

Test 2008,Severe Buckle 2009 Severe Buckle 2009 Moderate Buckle

Pressures 15 & 30 Bar 15& 30 Bar 15 & 30Bar

Traditional, DPt 110WC <DPt< 120WC <DPt<|140WC <DPt <

Expansion, DPr 50/ <DPr< 1 50WC <DPr«< 50WC <DPr <

PPL, DPppl 70WC <DPppl| 7TOWC<DPppl <|100WC<DPppl

Reynolds M. Range| 389e3 < Re < 2.64e6 394e3 < Re < 2.6e6 331e3 < Re <2.2e6

Table4. Buckledplate test data range.
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Fig 12. ®verely buckled orifice plate. Fig 13'. Moderately buckled orifice plate.

4", 0.5 Beta Ratio Orifice Meter
Buckled Plates

Mn Al MAS R B SRS B AR Y ' &

-10 4 #2008, 30 Bar, Severe Budkle
2008, 15 Bar, Sewere Budkle
02009, 15 Bar, Severe Buckle

% Traditional Meter Error
m

20 - 2008, 30 Bar, Sewere Budile
A2008, 15 Bar, Moderste Budkle
-25 A 42009, 20 Bar, Moderate Budkle
-30 - g e 40 B COENCy BSE B G 0 0 4 2B
_35 T T T T T
0 500000 1000000 1500000 2000000 2500000 3000000

Reynolds Humber
Fig 14. Flow rate prediction errors due to buckled orifice plates.

)1\ 42002, 15 Bar, DPt & DPppl
W 200E, 15 Bar, DFt & DFr

;g & 2008, 15 Bar, OFr & OFpel 4\ ﬁ
® 42008, 20 Bar, DPt & DFppl o
I:l: 0O 2008, 30 Bar, DPt & DPr ﬁ
% 2008, 30 Ber, DPY & DPppl | +2008, 15Bar, DPt & DPppl
= x 2009, 15 Bar, DFt & DFppl % -1, 1 1, 1 | =2009, 15Bar, DPt & DPr
2 % 2009, 15 Ber, DPt & DR = 42009, 15 Bar, DPr & DPppl
= + 2008, 15 Bar, DFr & DFppl Q
E 1.1 11 02009, 30 Bar, DL & DFppl | 5 2009, 30 Bar, DPt & DPppl
5 —2002, 20 Bar, DFr & DFppl g 02009, 30 Bar, DPt & DPr
= -1, 41 1,1 " 2009, 20 B, DFY & DFeel Z _(@ A2009, 30 Bar, DPr & DP ppl

* _ -1, -1 1, -1
Normalized Flow Comparison —» Normalized Flow Comparison =
Fig 15. Metering error with NDB Fig 16. Metering error with NDB
& heavily buckled plate results. & moderately buckled plate results.

a -7% error. The pressure had noeeff on the results and the results were very
repeatable. Figure 15 shows the heavily buckled plate data sets plotted with a NDB.
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Figure 16 shows the moderately buckled plate data set plotted with aThi3Bndicates

a significantproblem Note that fortie moderatelypuckled plate the traditional and PPL

DP pair desnot trigger the alarm. However, all three DP pairs are always available and
the other two DP pairs clearly trigger the alarm. This example highlights the extreme
usefulness of the traditionlleast used DP, i.e. recovered ¥f. fact, the particular DP

pair to trigger any alarm is wholly dependent on the meter design the type of problem.)

4.a.3 Damagedrifice platei wornleadingorifice edge

Orifice sharp edge can be worteading to low measurement errors. Traditionally there

is no diagnostic methodology to indicate this problém2008 DP Diagnostics heavily
fileddowna4 0, O oribice ddgettaashow the diagnostic capability of the downstream

tap. In 200%smallerdamage was tesdwi t h 0. 010 and 0. 020 chamfe
0.5 beta orifice edge3he filed andd . Ochainfer are shown in Figures &718. Table

5 shows the test data ranges. Figure 19 shows the flow rate prediction (equation 2) error

due to the orifice edge weal heapproximate errors ar8% for theheavily filed orifice

edge-5% fort he 0. 0 2dedgeahca2n¥% €& or t he Oed@dgedigweh a mf er
20 shows t h datafsetsoptotted with & MOBea@3sure had no effect on the
resultssoboth pressures testeareshown as one data set, i.e. three DP pairs, per plate.)

In Figure 20 the data plotted on a NDB shows the heavily filed edge plate to have
significant problems. In Figure 21 the larger chamfer also has a clear diagnostic
indication thatthere are significant problems. Therefore these meter flow rate outputs
should not be trusted. It is interesting to again note that not all three DP pairs always trip
an alarm. Here the traditional DP and PPL pairings again do not always see the problem

aad again it is the rarest wused of the DPO0s,
ot her t wo DP6s that is correctly tripping
expected, the small est edge damagoenotiei . e. t he

With a traditional flow rate error of onh2.5% the traditional and recovery D&tio just

picks up the problem. The other two DP pairs are not sensitive enough to this particular
problem to trigger an alarm. This appears to be the limit oflidgnostic systems ability.

A smaller amount of damage (say causing a metering error {n28ot be seen.

4.026", 0.5 Beta Ratio Orifice Plate Meter

10

8 4 ¢ Filed Plate 15 Bar
n < Filed Plate 30 Bar
= 6 o B 0.02" Chamfer, 15 Bar
e 0 0.02" Chamfer, 30 Bar
o 4 A0.01" Chamfer, 15 Bar
o 2 +0.5% A 0.01" Chamfer, 30 Bar
"C—U‘ __________________________________________________________
S o
= 27 05% L, A A A AA ALA ANA AAALN A A A A
O 4
L O o oo o
s 6 g m § E0E Em 2@ &)@

-8 ® o o S > @ o ® o <o o

_10 T T T T
0 500000 1000000 1500000 2000000 2500000

Pipe Reynolds Number
Fig 19. Flow rate prediction errors due to wear on orifice plate edges.
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e A ) '
Fig 17. Filed orifice edge. Bg.l Chamfered (0.010)
Test 2008, Filed 20090. 020 Chl2009 0.010 C
Pressures 15 & 30 Bar 15 & 30 Bar 15 & 30Bar
Traditional, DPt 140WC <DPt < 140 WC < B33 WC| 150 WC < D@83 WC
Expansion,DPr | 4 0 WC <DPppl 4 0WDOPs < 99| 40WC <DPr <
PPL, DPppl 100WC <DPr<|100WC<DPppl {110 WC<DP @ IWC
Reynolds . Range 325e3 < Re < 2.23e6 352e3 < Re < 2.15e6 332e3 < Re < 2A2e6

Table5. Worn orificeplateedgetest data range.

° } 4* F

= -] [=]

E =

o © -1, 1 1, 1 | *0.02" Chamfer, DPt & DPppl
g -1, 1 1.1 % %" B 0.02" Chamfer, DPt & DPr
ﬂ E 4 0.02" Chamfer, DPr & DP ppl
= 4 Heavily Filed Edge, DPt & DPppl N -

© = <0.01" Chamfer, DPt & DPppl
E B Heavily Filed Edge, DPt & DPr E ﬁ 00.01" Chamfer DPt& DPr
5 ._,. ¢ Heavly Filed Edge, DPT& DPppl Is * &0-01' Chamferl DPr & DP ppl

A1, -1 1, -1 Z -1, 1, -1— -

Normalized Flow Comparison = Normalized Flow Comparison —»
Fig 20. Metemg error with NDB Figl. Metering error with NDB and &
heavily filed orifice edge results. chamfered orifice edge plate results.

4 .a.4 Contaminatedrifice plates

Adverse flow onditions candeposit contaminatesn orifice plates leadingto flow
measurement errors. Traditionally thare no diagnostid® indicate this problenThere

are two types of contamination. There is fluid contamination (e.gfraih upstream
components) which is transient in natuaed difficult to test andthe more stable and
easier to testase of solid deposits left on platetiefefore,wo 4 0, 0. erebet a
given mild and severe contamination respectively. The mildly contaminated plate was
lightly spray painted on the upsama side to produce light ripples and some paint drops

at the sharp edge. The heavily contaminated plate was heavily painted on the upstream
side and themargesalt granules embedded in the painted to produce an extremely rough
surface. Due to time and fincial constraints no downstream spate contamination

was investigatedlhe contaminated plates are shown in Figures 22 & 23 respectively.
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Fig 22. Lightly contamination.

Fig 23. Heavy contamination.

Test 2008,Mild Contamination | 2009 Heavy Contamination
Pressures 15 & 30 Bar 15 & 30 Bar
Traditional, DPt 150WC <DPt < 170 WC < B683 WC
Expansion, DPr 40WC <DPr < 40 WC < D% WC
PPL, DPppl 110WC <DPppl| 120 WC< D P p6gol WC
Reynolds . Range 318e3 < Re < 2.18e6 346e3 < Re < 256

Table6. Contaminategblate test data range.

Plate with Contamination

4.026", 0.500 Beta Ratio Orifice Plate Meter

Pipe Rey nolds Number

N 5% |
n+——
] Om m m T EC0C m = m -0.5%
w
o 4 - S s # LS 8 08 BEE 4 & e
W g < Heawy Contamination, 15 Bar
= g + Heavy Contamination, 30 Bar
10 O Light Contamination, 15 Bar
R m Light Contamination, 30 Bar
_12 T T T T
0 S00000 1000000 1500000 2000000 2500000

Fig 24. Flow rate prediction errors due to contamination on orifice plates.

Table6 shows the test data ranges. Figedeshows the flow rate prediction (equation 2)

errors of -4% and -1.5% for the heavilyand lightly contaminated platerespectively.

These results are similar tioid contaminatiortest results byjohansen [3] and Pritchard

[4]. Figure & shows thewo data sets plotted with a NDB\gain, & pressurdiad no

effect, both pressures tested for each plate are simply shown as one data set, i.e. three DP

pairs,per plate.

Figure 25 shows the heavily contaminated plate to have problems so the meters flow rate
output should not be trusted. Again note tihat traditional DP and PPL pairings do not
see the heavy contamination problem and again it is the recovery DP, used with either of
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4 Heavy Contamination, DPt & DPppl

m Heavy Contamination, DPt & DPr

& Heavy Contamination, DPr & DPppl

< Light Contamination, DPt & DP ppl

OLight Contamination, DPt & DPr

Normalized DP Ratio =~

s Light Contamination, DPr & DPppl

-1, -1 1, -1
Normalized Flow Comparison —»
Fig 25. Graph indicating metering error with NDB and @intaminated plateesults.

the other two PRigpmg thehakrim. Thes light comtamenatiomily
induces an error 0f1.5% whichless than 1% beyond the metatateduncertainty.

Figure 25 shows that the diagnostic system can not see such a small error. This is beyond
the sensitivity of the diagnostsystem. (It is however noteworthy that here we are using
the higher setincertainties of Takl9 to avoid false alarm tripg.we used theninimum
possible uncertainties found for th meter in Table 7 the PRR comparison would
correctly trip the alarmThis is an example of the choices the user must make between
high diagnostic sensitivity and the danger déd¢aalarms.) e practical meter errdimit

of the diagnostic system appears to be in the regiaf%it

4 .a.5 Orifice plateinstallationout side of ISO 516art 2requirements

ISO 5167 states orifice meter installation requirements. If an orifice meter is installed
close to pipe components the flow disturbances can cause flow measuremenbDe@rrors.

Di agnostics test e dificcametérowith aOhalb motneotifiae pltatet i o
(HMOP), as shown in Figure 26, installed at 2D, 12D and then 22D upstream. The
HMOP blocked the upper half of the pipe area modeling a half ggenvalve Table7

shows the test data ranges. Figifeshows th@2D installation. Figure 28hows the

Fig 26. Hf Moon Orifice Plate. Fig 27. Meter installed with upstream HMOP.
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Test

2D upstream

12D upstream

22D upstream

Pressures

15 Bar 15 Bar

15 Bar

Traditional, DPt

160WC

<DPt < 18 WC <D

95 WC| 320WC <DPt <

Expansion, DPr

4 0 WC

<DPppl 40WC <DBPWE | BOWC <DPppl

PPL, DPppl

110WC

<DPr <

140 WC<DPBOOIWC 23 0WC <DPr <

Reynolds . Range

323e3 < Re <1.52e6 373e3 <Re<

1.666 455e3 < Re < 1.52e6

Table7. HMOP upstream of orificplatetest data range.

flow rate prediabn (equation 2) error due to the HMOP. There are no HMOP induced

errors for the 22D and 12D installationSO state 12D is the minimum distance for a

valve whenfully open Theefore, no error at 12D was considered a surprising result.

There is a6% error induced by the 2D HMOP installation.

Figure 29 shows the data with a NDB for the problem installanérHMOP at 2D

upstream. e diagnostics show a significant error exsstd that the meter output should

thereforenot be trusted. Figure 30 shows the data with a NDB for the installation of a
HMOP at 12Dand 22D upstream. The 22D HMOP installatidiagnostics correctly
indicates that the meter is servicealltowever, the irtsllation of a HMOP at 12D

upstreamfor which the metegave the correct flow rawoesstill trigger an alarmThat

is the RPRfalselyindicates a metering problerAt 12D the flow profile has recovered

enoughfrom the disturbance for the traditional reeto operate correcthiHowever, the

4.0268", 0.500 Beta Ratio Orifice Plate Meter
5 Half Moon Plate Upstream of Plate
FO.0 % .
O & & & & 488 & & 4 ——
2 5 0.5% + HMOP 2D upstream
= m HMOP 12D upstream
:; 4 4 HMOP 22D upstream
6 LI TSGR T IS . 4
8 T T T
0 500000 1000000 1500000 2000000
Pipe Reynolds Number
Fig28.Fl ow rate prediction errors on or
'I\ T -1, 1 1,1
o -1.1 117, vor 0, DPt & DPppl o
o =1 &HMOP 120, DPt & DPppl
4 m HMOP 2D, DPt & DPr G 5%3 OHMOP 12D, DPt & DPr
% o ;fﬁ" &HWOP 12D, DPr & DPppl
& HMOP 2D, DPr & DPppl Q % % HMOP 22D, DPt & DPppl
g -1,-1 1 2 ¥
N &z & * HMOP 220, DPt & DPr
© l'__U . G HMOP 22D, DPr & DPppl
£ £
S S = nH
pd b
4,1} 1, -1
g . . & Normalized Flow Comparison —=»
Normalized Flow Comparison —» False Alarm

Fig 29.HMOP at 2D data with NDB. Fig 30. HMOP

at 12D & 22D with NDB.
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flow profile has not recovered enoughabwaysgive a RPR valuesimilar enoughto the
calibrated valueThat is, the RPRs too sensitive to the flow disturbance here, and it is
therefore suggesting there is a metering problem vihdact there is not.This is the
reason why general and amber alaaresproposed

It should be realized that a HMOP 12D upstream of an orifice metereist@melypoor
installation which is very rare in realityDP Diagnostics has primarily developed the
diagnostics for use with coety installed orifice plate meters in which this is nétith

that said, if this meter was calibratedsitu the effect of the disturbance could be
calibrated out of the diagnostic parameters. It is also of interest to notewlaat ibund

after analys, that if the uncertainty rating of the RPR had been chosen as 4% instead of
2.8% the alarm warning would not have triggered and all other diagnostic results for
correctly and incorrectly operating orifice meters woaldo have remained correct.
However this would be fitting the uncertainties with the benefit of hindsight which does
not give a realistic review of the ability of the diagnostics, so the origasakrch results

are kept here. The issue here is tha ts a new diagnostic methodolognd the best
parameter uncertainty settings which produce the liance between an over sensitive
system and a system that is too insensitiverveidd to be found bgxperience.

4.h. A review of theorifice meterdiagnosticsystemtestresults

A gereral alarmalmost certainlyindicates a significant metering problemn Amber
alarmvery probablyindicates either a significant or small metering problenreality

for any generic DP meter there is virtually no chance of an amber alarm being triggered
by a flow rate comparison while the associated DP ratio comparison does not trigger the
alarm. This is due to the DP ratios being more sensitive to problems than the flow rate
comparisons technique. Therefore, an amber alarm is going to be triggered Iy the
ratio technique only. Note that the user can make engineering judgments on these alarms.
There are three points of interest while judging if an amber alarm indicates a real problem
and if so, is the error significant enough to merit intervention?

1. How far outside the NDB are the points? The further outside the NDB the more chance
of a significant real problem. In practical terthee amber alarm can be limited to the
case where the DP ratio comparison alarm valaesbetween 1 and 1.Beyond the b

value all experimental results show a significant real metering error.

2. Is there more than one point outside the NDB? If so the chances of a real significant
problem are increased.

3. If a DP ratio point is outside the NDB, where is it located emathscissa? The further
from the ordinate, the closer the flow rate comparison technigue is to signaling a general
alarm and the more likely then that the amber alarm is indicating a real and significant
metering problem.

5. Correctly geratingse P onemeterdata

The diagnostic methods describedSection 2are available for all generic DP meter
designs. In this section the cone DP meter is discussed. A sketchrad@aP meter
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Fig 31. Conemeter withinstrumentatiorsketch andpressurdluctuationgraph

design and the pressure fluctuations through the meter is given in Figure 31. Note the
extreme similarity to the orifice meter sketch in Figure 1.

DP Diagnostics builtred tested @ 0 , 3 béta rétiocone meter (with a downstream tap)

The centrdine of the cone support is 2D from the inlet flange face and 5.25D from the

outl et flange face (as the meter iiBhe7.25D I
meter vas fully calibrated (at 14 & 41 Bar)with straight lengthsupstream and
downstream(see Figure 3). The results are shown in Figure 3Able 8 shows these
baseline test data rangékhe discharge coefficient was found to +1/2% as expected.
Again, the other parameters were found to be of a relatively low uncertainty.
Test Baseline Adverse Flow Conditions
Pressure Range 17.2< P (bar) <41 17.2 bar
DPt Range 2105WC< DPt <3 140WC< DPt < 3
DPr Range 100WC <DPr < 6O0WC < DPr < 1
DPppl Range 120WC <PPL < 70WC<PPL< 1680
Reynolds No. Rangs 888 e3 <Re <3.76e 734e3 <Re <2.9e6
Table8 . Correctly operating &P cone meter bas

K
K

ool —

4" (.63 beta ratio cone DP meter

C, =0.83 x=+0.5%

= 1211+(-5E-9%Re) y=+1.1%
0.464 + (-1.6E-9%Re) z=+1.1%

AP, /AP, = PLR = 0.559

AP /AP =PRR=04409 b==%15%
, =RPR =0.7851

AR A,

@% =x%+z% =11.6%
E% =x%+1%=%1.6%
V% = y% +z% =1222%

a=*1%

c==*1.7%

Fig 32 The results ofhe standard straight ridP cone meter calibration

Cone DP meters agmopulardue to their discharge coefficients proven immunity to flow
disturbares Hence, after calibration it was necessaryesi the metewith a myriad of
adverseflow conditiors in order to prove thatall the diagnostic parameters are
acceptably immune to flodisturbances and therefore ggd® C o0 n ehasWacteal
diagrostic capability. The adverse flow conditions tested were a double out of plane bend
(DOPB) at 0D (Figure 34), 2D & 5D upstream, a DOPB au@btreanwith a half moon
orifice plate (HMOP) aBD downstream (Figure 35), a DOPB at 0D upstream and a triple
out of plane bend (TOPB) OD downstream (Figure 36), a HMOP 6.7D & then 8.7D
upstream (Figures 37 & 38), a HMOP 2D downstream (Figure 39) asftsavirl

20



FIg3OPB, 0D up

Q - 1 ies

FR) HMOP 8.7D up

gener at or wi ansion 8D upsiream (Figutedd0)eVerg fezal application
would createvorse flow conditios at the meter inlefTable 8 shows the test data ranges.

Fig 37. HMOP 6.7D up

Figure 41 shows the disturbance effects on the discharge coefficientin$tallations
causeit to vary beyond the baseline +%2% uncertaifityey are the HMOP 6.7@&nd
swirl generator with expander upstream installati@wth installations are extrem&he
HMOP at 6.7D models a gate valve at 5D upstream. This is below the minimum
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Fig 3. HMOP 2D down M. 30 Swirl Genewmtor + E

Fig 41. 40, 0.63 beta ratio, e&P cone meter

recommended upstream distance (of 6D) for this meter. The HMOP at 6.7D isthease
discharge coefficient by approximately 0.8%. Extending the upstream distaBc&Dto

(i.e. a gate valve at 70Jrops the discharge coefficient to with the baseline uncertainty
The extreme swirl with expansion 9D upstream dropped the discharge coefficient below
the baseline uncertainty at lower Reynolds numbers. Evall shschargecoefficient

data fromall the disturbance tests are spread around the baseline calibrated value to +1%
at 95% confidencgNevertheless, DP Diagnostics suggests valves are installed no closer
then 7D upstream of cone metand inlet swirl conditions arénhited tomoderateswirl,

say <30, especially if there is an expansion close by upstream.)

Figures 42 & 43 show the disturbance effect on all the flow coefficient and DP ratios. All
parameters are more affected than the discharge coefficient, but)lgrtieg are still

relativelyi mmune to di sturbances. Commerci al &P <cc
straight pipe lengthenly, so the baseline flow coefficient and DP ratio results must be

held and only the uncertainty limits changed (i.e. increased) by standard agreed amounts

to account for the possible real world use in extreme installations. It is proposed here that

the standard uncertainties assigned to the calibration found diagnostic parameter values

are those found in these extreme tests. Therefore the 15 parametersglefini hi s @&P ¢ on
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