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Abstract:

Traceability of the measurement units in fluid flometering, as the state-of-the-art approach, istjped as a
so-called element-by-element method which relieznughe idealistic assumption that the measuremetegs

in a flow calibration facility can be run under ekateady-state conditions, i.e. absolutely notélatons of the
flow quantities are assumed to occur during ther fleeasurement process. Practical experiences, cedhiiith

a model-based analytical view of the measuremeotgss in a flow standard, have revealed that dynmami
impacts on the measurement uncertainty due to 8tenffuctuations have to be taken into accouradidition to
the steady-state traceability chain.

1 INTRODUCTION — MEASUREMENT DYNAMICS IN FLOWMETER CALIBRATION

The units or measurands that are estimated todsmesl for the uncertainty estimation of flowmetatibration
as a part of a static measurement model are tlesioh items: volume or mass, fluid density, fluemperature
during the measurement process, and time measurefhpnThere is one essential contribution to the
measurement uncertainty which does not represe@l amit, but which may cause uncertainty contiidmg
whose magnitude can exceed those of the aboveitigsinthe erroneous effect of the fluid divertidgvice
[4][5][6].

As a general practice, this contribution is consideto represent a so-called diverter timing emora liquid-
flow calibration facility run in the flying-startral-finish operation mode. This timing error cande¢ermined by
means of special test procedures [2][3]. As anate of those test procedures, a random-like sitnaig error
figures are calculated with a random-like scatferatues which have a deterministic effect on treasurement
results.

Flowrate fluctuations represent a variation in nagbal energy, implicitly impacting the uncertairay liquid
flow calibration results.

Thus, it can be stated that flowrate induced ingaghich occur in the mathematical model of the sneament
process, can be characterized as a primary cadetoass:
- Diverter-caused effect as an impact on the measent analysis of a liquid-flow calibration fagilitun
in the flying-start-and-finish operation mode;
- Erroneous effects due to the non-linear steaalg sheasurement response;
Pressure changes in causative interactions dilewcate fluctuations;
Temperature changes caused by flowrate fluctostio
- Time and spatial fluctuation of fluid properti¢ike density.

Even the operation of those flow calibration fdigk that are run in the so-called standing-stad-inish
operation mode is significantly affected by the m@ament process dynamics, though it does not seeras
the start and the finish of the calibration measumats are defined under steady-state conditiortsthieuflow
measurement startup and shutdown are dynamic systgponses both with the flow system and the irealv
meter under test.

In this paper presented and a previous paper lig]rélevant cause-and-effect relationships areyasdland
guantified via which dynamic process effects imptm accuracy of the calibration results in ligdiow
calibration facilities.
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Owing to the above-mentioned dynamic impacts, whighnot — as the state-of-art practice — a compuqueat
of the element-by-element traceability approacktheffluid flow units to the basic Sl units, in refew cases,
the certified measurement uncertainty figures afredited flow calibration laboratories have beeveeaded as
being significantly and unrealistically too low fact that is not acceptable, as this unrealigijgreach reduces
correctness and comparability of flow measuremestilts tremendously, especially in the field otidflow
metering [6].

2 MEASUREMENT DYNAMICS IN FLOWMETER CALIBRATION AND APPLICATION

In general, the calibration of flow meters is penfed in a facility as depicted iRig. 1 by comparing the
indication of the meter under test (MUT) to the maich is collected in the tank on the weighingtegn. The
actual calibration measurement is performed ortigrahe process quantities of the water flow loapehbeen
stabilized versus time, and steady state conditiawe been achieved.
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Figurel Gravimetric liquid flow calibration facility — Uncéalinty impacting items and
impact of flowrate fluctuations

1) Impact upon diverter timing error

(la) Systematic effect: Diverter timing errd\ T error
2 Material and fluid effects within the intercawating pipework
(3)  Conversion oiMgge into Ve

4) Effects due to nonlinearities of the meterrelsteristics
(5) Time delay caused by the flow sensor or transnetestronics

Thus, as shown ifrig. 2 (vertical cause-and-effect propagation lines), améempted to believe that time-
dependant effects are not issues in the calibrgitmcess. But as depicted Fig. 1, nevertheless there are
several significant effects that originate from dgmic transitions during the measurement procesthdrfirst
place, the diverter actuations, which direct thiti flow towards the weigh tank and, then, aftes tvater
collection back in the by-pass direction, are stthjé dynamic impacts. Additionally, transient ingp&resulting
from variations of the interconnecting pipework ahd enclosed liquid are caused by temperaturgeggsure
fluctuations [1]. As a third impact, the conversiohthe collected mass into the volume, represebiethe
meter reading, is to be mentioned here. FurthermbesMUT nonlinearity effect is eharacteristic which will
cause measurement deviations on the occurrendevafafe fluctuations [1]. Additionally, signal dgk within
the MUT's signal processing chain deliver contribos to the measurement uncertainty of the califmat
measurements. But it has to be mentioned thatrtahility of the system’s flowrate represents phienary
impact which is the source of all dynamic effecthwus, inFig. 2, amendments with respect to the above-
mentioned impacts have been added to a plain elelmyeslement traceability scheme (horizontal caaise-
effect propagation lines, dotted). In this figutke positions where these impacts interfere arereated in
detail.
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Figure2 “Comprehensive” traceability chain in fluid flow céliation -
comprising dynamic process effects on the measureamcertainty of liquid-
flow standard facilities:

(1) Dynamic impacts on weigh scale originating frerachanical vibration
excitations;

(2) Variation in the temperature of the circulaiwater resulting from flowrate
fluctuations and imperfect temperature control @tiem, respectively;

(3) \Variation in the process pressure due to flaerfluctuations;

(4) Fluctuations of the determined water densitg tb spatial and temporal
changes in the water temperature within the watemastre

(5) Impact of flowrate variations on the divertetiming error

3 SOURCES AND IMPACTS DUE TO DYNAMICS MEASUREMENT E FFECTS

3.1 Sources that cause dynamic impacts in flow cali bration

The simplified model for the determination of thecartainty of the measurement and calibration E®de
shown inFig. 3. In a realistic measurement model, the actingadggnow cannot be assumed as static, but as
time-dependent quantities. Thus, the static systamto be transformed into a more comprehensiveardic
system. Computations of those systems are, gepepaitformed by applying methods of the signal aystem
theory [7]. This will be explained in detail below.

3.2 Effects originating from the calibration facili ty’s operation

Dynamic impacts are the consequences of fluctuaiionthe process quantities within the measurersgstem.
Signal delays or other dynamic properties, like thensport time lag of the entire measurement syste
characterize its dynamic behavior [1]. Thus, theantainty of the comparison of the readings of MiéT and
the reference standard (both gravimetric and vottio)eis affected by time-dependent transients. thao
additional erroneous effect results from the MUS$tsady-state nonlinearity in the case where itperated
under fluctuating flowrate conditions. Both effects be the source of additional meter errors.

3.3 Flowmeter-related dynamic effects

Under ideal conditions, the reading of a flowmésawithin the entire range of operation directlpportional to
the input flowrate, even if further disturbing effe occur.
But in general, following characteristics can bsigised to a real flowmeter [1]:

- nonlinear steady-state flowmeter characteristics

- time delay effects (at least, first-order timaay),

- dead-time delay effects.
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Figure3 Main elements of flow calibration facilities
- Meter under test
- Interconnecting pipework
- Flow reference standard (gravimetric or volunetr

4 ANALYTICAL UNCERTAINTY ANALYSIS AND SYSTEM SIMULA  TION

4.1 Characterization of the involved functional ele  ments in the flow calibration facility

Summarizing, we can state that the measurementtairtg of flow calibration facilities is influenceby effects
as listed below

- fluctuating process quantities: flowrate, tengpere, pressure;

- density-based mass-to-volume conversion;

- diverter;

- interconnecting pipework.

The dynamic interactions between the diverter dpmraand the MUT reading were described in [1]
comprehensively as a more “realistic” measuremerdah

For a clear demonstration, Ifig. 4 the relations are plotted in stretched scales.aAwmatter of fact, both
transitions of the diverter last only for fractioofsa second. The plotted duration takes a coujpéeoonds here.

During a measurement run, within the time slot teetw the timed,,, when the diverter starts to direct the

liquid jet into the weigh tank, andl,;, when the entire flow is re-directed in the bypdsgction again, the

whole measurement, which is considered here, iptaied. For further details, séa. 4.

Independent of the properties and the behavioneféference flowrate (drift, fluctuation), the lsceollects the
amount of water which is directed into the weighktdy the diverting device. But the reading of M&T

implies the above-mentioned dynamic impacts anerefore, the reading will differ more or less frdhe
reading of the scale.

Table1 Diverter-based liquid collection and signal acqtie — Model equations
Reference liquid flow reported to weighing tank: Veer = Veer 1 ¥ Vrer 2 ¥ Vrerp 3 @
Diverter transition: 1 ... {5 Steady-state water collection: t5...T135 | Diverter transition: t54 ... T4
toox(t) 130 x=w ta40 O
Veer 1= | [1() dxdt@) | Veer , = | [I(t) dxdt@) | Veee 3= | [1T(xt) dxdt)
400 1 0 © o t3ox(1)
Liquid flow reported to readings of the meter under test (MUT):
Diverter-actuated flow signal acquisition from MUT:  t;; ... 1},
tip |
Vior = [Vo(t) dt ©
t

The scope of this chapter encompasses the contsilecd particular parts of a calibration facilitthe complex
interaction of both subsystems diverter and meteleutest. This will be accomplished by a detaiteak at the
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single processes and the derivation of a coupteaithematical expressions, which describe the segsesf the
operations and interactions, as well of the diveateof the meter under test.
The principle of flow diversion is shown Fig. 4.
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Figure4 Principle of flow diversion
(@) Diverter and flow conditions
(b) Time responses of measurands

4.2  Character of the impacting effects

The question arises whether the sources of dynaffécts reveal a deterministic or a random charattean
be stated that the effects which cause dynamiaibotibns to the static measurement process prapadang a
deterministic cause-and-effect relationship. Bugirttrandom-like character results from the factt ttiaeir
appearance is accidental due to imperfect systesigmand operation.
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Figure5 Calibration facility: flowrate time characteristic
a) Ideal, constant flowrate
b) Step-like time response, e.g. due to regulatane instability
c) Drift of flowrate, e.g. induced due to tempaeratvariations
d) Sinusoidal flowrate variations that may be aliby
instabilities in the flowrate control loop

On principle, a liquid flow standard is to be rumder quasi-static conditions, i.e. no fluctuatiofishe process
parameters like flowrate, pressure or temperatemro This is the ideal precondition for a low-uriaaty
operation of such a flow standard facility. But,reality, the involved flowmeters already delivena@isy meter
reading. This represents one of the sources obrar@bntributions to the calibration measurementoiding to
Fig. 5, following random or random-like effects may bstitiguished:

- Step-like time response, e.g. due to regulataaevinstability;

- Drift of flowrate, e.g. induced due to temperatuariations;

- Sinusoidal flowrate variations that may be causgéhstabilities in the flowrate control loop.
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Periodic variations in the flowrate, as the primarjgin of succeeding pressure and temperatureggdsare
treated here in this subparagraph, as they candidead generally. Their occurrence is due to infitas in the
flowrate control system. In cases where it is eobgnized, of course, it is a random-like sourcemesurement
uncertainty. The random-like character results fribra fact that the liquid collection measuremernicpss,
initiated by the diverter’s actuation, is run alsely unsynchronized from the flowrate control I&op
oscillations.

Thus, the stability of operation has to be providgdn appropriate control loop design and cordgrgtarameter
tuning.

4.3 Diverter timing errors

The operation of a flow diverter in a liquid flowasdard, which is run in the standing-start-andsfiroperation
mode, and its impact on the calibration resultsehasen the subject of a number of publicationssThare, this
issue can be referenced to a few of them, e.ghfaLgh [4].

It is an obvious fact that the operation of theedigr causes a systematic volume error whose matmidepends
on the timer actuation adjustment, which is resjid@dor the actuation of the measurement acquisitrom the

MUT (SeeFigs. 3and4).

It can be stated that these effects, which causgllane error in the calibration (or the gravimeteiguivalent,

respectively), are processes in a deterministiceaund-effect chain. Thus, it could be expected tthay are

correctable in principle. But, in practice, thisiing error effect of diverter operation is not difg accessible by
measurement. What is the reason for this?

We can summarize the following facts and statemeittsrespect to this issue:

1) The diverter’s volume or timing error, respeely, is not directly accessible for a measurenadiits
magnitude. It has to be determined by two comparatheasurement processes, with different
numbers of diversions in either measurement praeedu

2) An exact, i.e. zero-error, timer actuation islypoadjustable and valid, respectively, in case of
absolutely stable flowrate conditions, which catydre achieved theoretically.

3) These requirements with respect to flowratbikta must be fulfilled both for measuring the fimg
error and for utilizing the diverter during a caiion measurement.

The general practice for determining this timingoer as described in [2] and [3], is to fill theagimetric

reference (weigh tank) in a single measurementa:télmwrate\]o, with the mass of watem, being collected
in the gravimetric reference. In a second measunempeocess, the gravimetric standard is to bedfille a
succession oN steps at flowrate/; , summarizing the individual massésn, and AT, ; timing errors. As the

state of the art, the latter one is determined g procedure as the effective total timing ersdfy, . A

guantitative analysis of the impact of a continupwsarying flowrate effect is not possible in thigy.
Two approaches or procedures to determine the tdiveéiming error are described in [2] and [3]. Tées
approaches are summarized in the following seabiothis paragraph. For more detailed informatioze she
respective references. Both approaches are basedaupouple of idealizing simplifications, whichrgprise the
following assumptions:
N
- flowrates are assumed to be constant duringé@surement intervalfy, and > T; ;
i=1
- the duration of each measurement time interljaduring thei repeated measurements is constant

and equal toly; .

The symbols and equation appearances of referd@tesd [3] were slightly adapted to a unified, aoon
representation in this paper.
1) An “exact” numerical analysis of the diverter's timing error [8] relies on the following

relations:
- Single-step filling: Mo = PVo(Ty + ATy ) (5)
- i-th repeated step: Am =gV (T, +ATy) {i=12,...N} (6)
N N
- Over N steps: > [am]= Z[,OM (T, + ATy, )] 7)
i=1 i=1

The quantitative comparison (relation) betweenIsistep and multi-step diverter-based liquid
collection results ifEqu. (8):

My _ PVo (Tw +ATy)
N Np Np
;[Ami] ;[P.Vi-ri] + ATy ;[Mvi]

(8)
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Proceeding with transformirigqu. (8) delivers the diverter timing error as follows:

. 1 N .
oo - ?Z[ﬂvi-ri]
ATy =Ty B2 M =L 9)
PVil = =PV
E[ I |] my ovo

2) Diverter timing error according to G. MATTINGLY [3]:
Starting fromEqu. (9) and inserting the following equations with

My = my/Ty (10)
N N

m= >am /YT, (11)
i=1 i=1

that equation is obtained which was derived by MANGLY:
v .
PR
ATy =Ty G2 "bv :
N - ot
Vi my

3) Diverter timing error according to ISO Standard 4185[2]:
The diverter timing error given in ISO Standard 818lies on a further step of simplification:

(12)

V—.O [—’ﬁ =1 (See sampl@able 2 =0.999938) (13)
Vi
N >>1 (14)
Thus , we receive a formula (approximation) forcoddting the diverter timing error as follows:
ATy = u_| Yo e 1} (15)
N-1|V, my

InsertingEgs. (13)and(14), Equ. (15)appears like the equation shown in ISO Standa8$41

N N
. >Y.Am /DT
_ v Moz = _
ATy od 1 (16)
N_l Vl rTb/TM

The realization of the three measurement procedases spreadsheet is presentedable 2 The comparison
between approaches (1) through (3) reveals nofgignt difference between diverter timing errorsfedmined
separately for the three approaches.

As the flow conditions in the diverter vary withetimagnitude of the flowrate in the calibration systthe error
level is impacted by the flowrate. Thus, it does represent a constant quantity throughout therfiwevrange in
which the calibration facility is operated, but vries with flowrate and other process conditioiie |
temperature.

The input data structure of the spreadsheetahble 2 (see second column with symbols highlighted in) red
provides the capability of applying the individlihiiwrates,\/0 and\/i , during each step of collecting the liquid

in the gravimetric reference, instead of simply Igjmy the mean flowraté71 (which is identical to\/1 in Egs.

(12) through(16)) overN repeated measurements) which is the state-ofsthgractice [2][3].
PCS in the third column dfab. 2 represents the abbreviation for process contistkesy. In this case, PCS refers
to the flowrate readings displayed by the caliloratiacility’'s PCS. State-of-the-art control systemsnerally,

provide the capability of acquiring the flowratduxas\/i in real time, in order to apply the precise caitioin of
the diverter timing error based @&gu. (9). Due to EXCEL’s limited typographic capabilities display special
symbols, inTable 2, Q stands forV, .
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Table2 Spreadsheet for calculating the diverter’s timargor [8]

RUN Flowrates [Average flow Average Balance | Truemass | Mass Measurement [Mass flow rate [Watertemp. | Water RHO, * Q, |[RHO"Q*T}
No rate (PCS | mass flow reading difference time density
reading) rate (PCS dm T
reading)
m¥/h] t/h) kg] ks kg] s| kgls [°C] [kg/m?] ka/s] ke
0 Q0 9,855 9,826 983,709 984,894 - 360,238 2,734 24,767 997,101 2,730 | 983,297
1 Q1L 9,871 9,845 99,111 99,230 99,230 36,240 2,738 23,764 997,351 2,735 99,104
2 Q2 9,864 9,837 198,235 198,473 99,243 36,239 2,739 24,272 997,225 2,732 99,021
3 Q3 9,903 9,875 297,539 297,898 99,424 36,238 2,744 24,357 997,204 2,743 99,404
4 Q4 9,883 9,856 396,835 397,313 99,415 36,241 2,743 24,355 997,205 2,738 99,216
5 Q5 9,881 9,852 496,230 496,827 99,514 36,285 2,743 24,704 997,117 2,737 99,301
6 Q6 9,876 9,847 595,475 596,193 99,365 36,239 2,742 24,945 997,055 2,735 99,124
7 Q7 9,892 9,863 694,731 695,568 99,375 36,238 2,742 24,931 997,059 2,740 99,285
8 Q8 9,887 9,858 794,049 795,006 99,438 36,264 2,742 24,945 997,055 2,738 99,304
9 Q9 9,892 9,863 893,266 894,343 99,337 36,238 2,741 24,945 997,055 2,740 99,280
10 Q10 9,877 9,848 992,498 993,693 99,351 36,241 2,741 24,945 997,055 2,736 99,139
Sums 992,498 993,693 362,464 27,373 | 992,180
MIN 9,864 9,837 99,111 99,230 | 99,230211 36,238 738 764 997,055 2,732 99,021
MAX 9,903 9,875 992,498 993,693 | 99,514250 36,285 744 04 997,351 2,743 99,404
AVG 9,883 9,854 545,797 546,454_| 99,369350 36,246 741 616 | 997138 2,737 99,218
STD 1,137E-02 | 1,104E-02 | 3006E+02 | 3,009E+02 | 8,664E-02 1,573E-02 1,808E-03 | 4,108E-01 | 1,032E-01 | 3,066E-03 |1,174E-01
1elSTD 1151E-03 | 1120E03 | 5507E-01 | 5507E-01 | 8719E-04 | 4,341E-04 6,595E-04 | 1669E-02 | 1,035E-04 |1,120E-03 [1,183E-03
alq 0,279
1SO International Standard 4185: _[2] NIST/Mattingly: [3 PTB/Engel: [8]
S(m) = 993,603 kg S(m) = 993,693 kg m=Sm)= 993,693 kg
s(T) = 362,464 s T=8(T)= 362,464 s mo= 984,894 kg
mo = 984,894 kg m = 984,894 kg Q= 9,855 myh
o= 360,238 s o= 360,238 s Tw=t= 360,238 s
q= 9,855 m¥h Q=q= 9,855 mh Rhog*Qo = 2,730 kg/s
q= 9,883 m?h Q=q'= 9,883 m¥h SUM( Rho*Q; )= 27,373 kgls
SmyIs() = 2,741 w, = S(m)/IS(t) = 2,741 IRhoo*Qo’T., = 983,297 m¥h
mofto = 2,734 Wy = molty = 2,734 SUM(Rho*Q#T{)= 992,180 m¥h
N= 10 N= 10 my/m, = 1,009
QUwo/Qz*wi = 0,999938
Timing error: Timing error: Timing error:
deltaT = [ - 1) (aia) “(SmySTmHmyta) - 1] deltaT = (@wd:tvy - 1/ (V- QwiwII'S(T) deltaT = See Equ.(9)
deltaT = -2.469 ms deltaT = -2,484 ms deltaT = -3.997 ms

5
51

Device for test signal generation and response

signal acquisition

EXPERIMENTAL ANALYSIS OF THE CALIBRATION SYSTEM'S DYNAMIC BEHAVIOR

In order to determine the dynamic response of w& flalibration facility, a test setup has been dewetl which
comprises, as the essential part, hardware aneva@ftcomponents that acquire frequency signalsioaf f
sensors and compute the instantaneous frequéncys the equivalent of flowrate, from the spaciimget T

between two succeeding signal pulses directly ir¢al time: f; =1/T,. This test equipment provides

capabilities of acquiring the signals from 3 floensors (as frequency signals) and, additionallglancurrent
signals, as it is show iRig. 6, as a schematic diagram.

The measurement results, which are displayeligures 7 and8, rely on the utilization of this measurement

equipment.
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Calibration facility: monitoring the flowrate timeharacteristics

- auxiliary electronics for monitoring the dynamicf process
flowrate

a)
b)

c)
d)

e)

Meter #1: turbine meter with frequency output signal
Meter #2: Coriolis meter withmass flowrate-related
frequency output signal
Meter #2: Coriolis meter withvolume flowrate-related
frequency output signal
Meter #2: Coriolis meter withvolume flowrate-related
current output signal (4 mA ... 20 mA)

Auxiliary electronics: Acquisition of flowmeter signals,
calculation of the instantaneous flowrate-relatedues
from measured pulse spacings
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5.2 “Natural” system immanent flowrate disturbances occurring in a flow standard

19,16

19,14 1 n

Frequency signal output: Turbine meter [Hz]

18,98 t t t t t t t t t {

0 60 120 180 240 300 360 420 480 540 600
Time [s]
Figure7 Calibration facility: flowrate time characteristic

a) Stable, constant flowrate
b) Step-like time respons
c) Drift of flowrate

By utilizing the signal acquisition capabilities thie test equipment which was described in theiposvsection,
the flowrate stability in a flow standard facilityas been investigated. The results of such an tige¢i®nal
measurement are presentedrig. 7. These results reveal the typical characteristgtesn behavior as it has
already been categorized®aragraph 4.2

5.3 Experimental simulation of flowrate fluctuation s by external disturbance stimulation

For the purpose of verifying the analytical invgation of flowrate variation effects in a flow stlmd by a
experimental investigations, dedicated test sigfiéldhave to be applied to the flow regulation vghas it is
shown inFig. 8. In a test experiment, step-like control signaigrial: Vale_scaled 60 ) have been applied to
the valve’s control signal input in order to stim@d a modulation of the flowrate magnitude (repmese by
signalAVG_frequency ).

120,0 2,65

115,0 - /f“\/““\ 1 2,60

1100 12,55
t
}

105,0 - km)\j + 2,50

100,0 T T T T T 2,45
0,0 50,0 100,0 150,0 200,0 250,0 300,0
Time [s]

Turbine frequency [Hz]
Pressure drop [bar]

‘ — AVG_frequency — dP_60 — Valve_scaled_60 ‘

Figure8 System reactions upon step-like variations ofrebwelve position:
a) Control valve positionfalve_scaled_60 )
b) Response of the turbine frequency signal output
(AVG_frequency )
¢) Time function of the differential pressure as@ontrol valve
(dP_60)

Of course, besides the flowrate magnitude, othecgss quantities are affected by the test sigraxtemtion.
One of these process quantities is the pressure attmss the control valve (sigrdiP_60). Figure 60 in the
signal designators refers to the flowrate of 6thrat/which the test was carried out.
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Table3 Legend of symbols applied in text

Symbol Meaning Unit
i Index /
m Mass kg

mg Mass collected during single-step filling kg
N
my ZAmi Mass accumulated over i measurement steps kg
i=1
Am Mass collected during i-th repeated measurement kg
m Mass flowrate kgls
Mgy Mass flowrate during single-step filling, measured by monitoring flowmeter kgls
r'ng Mg /TM Mass flowrate during single-step filling kals
ml* Am, /T, Mass flowrate during i-th repeated measurement kg/s
1 N
m, _— Z Ami Mean mass flowrate over i measurements kagls
TM i=1
N Number of repeated measurements /
TM Measurement time over single-step filling S
T Ty =Twm / N ideal, constant measurement time over each measurement S
N step
T; i-th measurement time s
AT, | Diverter timing error s
\V; Volume flowrate m3/h
VO Volume flowrate during single-step filling m3/h
. 1.
V1 _ZVi Mean volume flowrate over N measurements m3/h
i=1
\]i Volume flowrate during i-th measurement m3/h
Po Liquid density during single-step filling kg/m3
Pi Liquid density during i-th measurement kg/m3

6 SUMMARY AND CONCLUSIONS

This paper reveals, among other things, the candesffect relationships as to how dynamic effeassed by
random-like fluctuations of the process quantifla& flowrate, fluid temperature and pipe pressimpact the
measurement uncertainty of a flow calibration facivia plant components, like the interconnectpigework
and die flow diverter, and the meter under test (NI hus, arguments are delivered as to why the Miffdcts
have to be taken into account with the CMC entdésa calibration facility. The measurement uncertai
budget, therefore, has to be extended by additianakrtainty contributions that originate from tthgnamic
impacts (Se€l]).

The investigation of the dynamic impacts causedirog variations in the process parameters can Herpged

to a certain level of precision, by a model-badegotetical analysis or, more realistically, by expental
analysis, with the fluid flowrate varied or “modtdd” around the “stable” operating point of floweait which
the calibration measurement is run under assumablestconditions. By varying the magnitude of this
modulation amplitude, with the different types eét signal time functions accordingFa. 5 being applied to
the process flowrate as an external excitation ofghe sensitivity of the calibration measuremmsiults with
respect to this quantity can be determined quaividy.

A special device has been developed which providgsabilities of acquiring, in high-resolution reahe, the
frequency signals (pulse trains) delivered by tbevineters under test in the flow standard instimfaand the
signals from the process transmitters acquiringguree and temperature data in the flow standaig&saywork, as
illustrated inFig. 6. This test device also generates and deliverges$iesignals which are utilized for system
analysis purposes, as described above.
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Based upon these systematic investigations, sggmifi characteristic figures can be determined fdlow
calibration standard which represents influencearection factors on uncertainty, respectivelyd arhich has
to be taken into account in addition to those utadety values that had been determined by applyirey
element-by-element static traceability approachepsesented by the vertical cause-and-effect pathigy. 2.

But as a fundamental requirement for low-uncerjabperation purposes it is an unavoidable neces$iséty a
flow standard facility has to be run at steadyesttbwrate conditions with any random-like scatterift or
variation due to an imperfect operation of the flatg and temperature control systems being limited
predefined low levels.
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