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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MmexHUKarbIK fbifibiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apsiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MmexXHUKasbIK fbliibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexXHUKarbIK FblribiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bl 6irndipeodi.

HAH PK coobuwjaem, ymo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu u mexHu4eckux
Hayk» 6bln npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, ob6HosneHHol eepcuu Web
of Science. CodepxxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOmpeHUs: KoMmrnaHuel
Clarivate Analytics Onisa danbHetiweezo npuHmus xypHana & the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3dameniell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCMpupyem Hawy rnpueepxeHHoCmb K Hauboriee akmyarnbHOMY U 8/USIMEsIbHOMY KOHMeHmMy
10 2e0/102UU U MeXHU4YeCcKUM Haykam Orisl Hauleeo coobwecmsa.
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THE EXPERIENCE OF APPLICATION OF MEASUREMENT
UNCERTAINTY EVALUATION METHODS IN CALIBRATION

Abstract. The article reviewed and analysed two methods for estimating the uncertainty of the relative error of
an electromagnetic flow meter (GUM and Monte-Carlo) during its calibration at the developed laboratory equipment
of a mobile geotechnological information and metrological complex (GIMC). Less commonly, the Monte-Carlo
method has shown high confidence in estimating measurement uncertainty and can be considered as a practical
alternative to the GUM method for estimating uncertainty.

Keywords: GUM and Monte-Carlo uncertainty estimation methods, calibration of an electromagnetic flow-
meter, geotechnological information-metrological complex.

Problem statement. In underground leaching of uranium, a large number of technical flowmeters are
applied to consider the flow of working solutions into the feed wells (in average, the number of flow-
meters in a single mine varies from several hundreds to thousands).

To control the technical condition of the flowmeters it is necessary to carry out their periodic calib-
ration. The existing calibration procedure requires the dismantling of the flowmeters from work positions.
All this significantly affects the workflow and leads to an increase in production costs.

The authors conduct the research work on a state grant on the “Development and testing of a mobile
Geotechnological Information-Metrological Complex (GIMC) to increase the efficiency of uranium
mining” theme.

The purpose of the work is to develop GIMC for calibration of flowmeters, which allows to increase
the economic efficiency of uranium mining processes using the underground well leaching method with
application of modern methods for evaluation the measurement uncertainty. The concept of uncertainty is
widely introduced in various areas of human activity in Kazakhstan [1].

The relevance of scientific research work is to develop a new calibration methodology for flowmeters
with the evaluation of the uncertainty of their measurement and the creation of the mobile GIMC for the
calibration of flowmeters without removing them from the operating site. And also, in the development of
a program for calculating the uncertainty of measurement of technical flowmeters, based on the
International “Guide to the Expression of Uncertainty in Measurement” (GUM-1993) [2], and its appli-
cation in the metrological practice of the Republic of Kazakhstan. The Guide (GUM-1993) are an extre-
mely important document. It unifies the methods for calculating the measurement uncertainty and there-
fore allows to compare the measurement results regardless of who made the measurements and where.

After this document was published, it is actively applied in the calibration measuring instruments [3],
and was repeatedly audited, which provides the metrological community the opportunity to correct this
document [4, 5].

“Guide to the Expression of Uncertainty in Measurement” (GUM-1993) considers two approaches to
quantifying measurement uncertainty evaluation: GUM method and Monte-Carlo simulation method. Both
of these methods are applied by the authors in the task of evaluation the uncertainty of measuring a
Coriolis flowmeter applied as an etalon (standard) in GIMC [6].




N E W S of the Academy of Sciences of the Republic of Kazakhstan

In GUM method the main stages in evaluation of uncertainty include the formulation of the measure-
ment task and the calculations. At the stage of formulation of the measurement task the following tasks are
conducted: determination of the output (measured) value; identification of input values on which the
output value depends; drawing up a measurement model. The calculation stage consists of calculating the
mean of the output value, this mean is taken as the value of the estimated output value; standard deviation
of the output value taken as standard uncertainty; coverage interval containing the output value with a
given probability of coverage.

The algorithm for evaluation the uncertainty using this method is given in [1].

The idea of Monte-Carlo method is as follows: each time the measurement function is calculated, the
generated random values of input variables are substituted into it, varying around their nominal value
within the uncertainty interval in accordance with the distribution law.

To apply Monte-Carlo method, it is necessary to select the number m of model estimation that you
need to produce, and the level of confidence p. It is best to choose the value of m a large enough compared
to 1/(1-p), (for example, exceeding it 10° times). The algorithm of Monte-Carlo method is given in [7].

The research. In this article the authors explore the application of these methods to evaluate the
measurement uncertainty of a working electromagnetic flowmeter (EMF).

The evaluation of the measurement uncertainty by GUM method is conducted on the basis of the
standard of the Republic of Kazakhstan “Method of calibration of electromagnetic flowmeters” [8]. This
standard regulates the evaluation of the uncertainty of the relative error of an EMF and offers the
measurement model of the following type:

_9-9,

P

5 x 100, (1)

where O, is the result of flow measurement by an EMF; O, is the result of flow measurement with a
calibration equipment (CE) (a standard Coriolis flowmeter in our work).

The calculation of the measurement uncertainty evaluations includes the evaluations of the
uncertainty for type 4 and type B.

The calculation of type A uncertainty includes the statistical processing of the measurement results of
the EMF and the CE: the calculation of the mean, variance and standard deviation.

The standard uncertainty of the EMF relative error on type A4 is found by the formula:

o (9) RGN
NG -0

p

u,(8) = » where o (5) = 2)

where & {&} is the standard deviation of the EMF absolute error; 7 is the number of measurements.

The type B uncertainty calculation includes:
1) the uncertainty of the readings of the electromagnetic flowmeter Q,, due to the discreteness of the
readings of the EMF d, assuming the rectangular probability distribution:
d
u L) = —,
Bl (Q) ) 2\/5

2) the uncertainty of the CE readings is indicated in the document on it. In case of specifying in the
document on CE only its errors Ap, assuming a rectangular probability distribution:

3)

uBZ(Qp>:A—‘3’, “)

where Ap is the CE error;
3) the uncertainty of CE indications due to the discreteness of its testimony, in the assumption of a
rectangular probability distribution:

d
ug(Q,)= 2j§ . (5)

The total uncertainty of type B of EMF relative error is calculated by the formula:
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1,(8) = | Co 3 (0,) + €3 (3(0) +13:,(0,)) (©)
where Cy, is the sensitivity coefficient of the EMF:
100%
Cor = ; (7
o op
where C, is the sensitivity coefficient of the CE:
0.100% ®)
o T 2
o,
To calculate the total standard uncertainty of the EMF relative error, the formula is applied:
1, (85) = \Jul(5p) +1uys (5,) 9)

The calculation of the expanded uncertainty of the EMF relative error is fulfilled applying the
formula:

U,(3,) = k- u(&). (10)

Based on the above formulas the algorithms and programs have been developed for calculating the
relative error of the EMF by two methods. The programs are implemented in the LabView graphical soft-
ware.

GUM method calculation. The initial data are the readings of the EMF and the Coriolis flowmeter (as
CE) received on the laboratory equipment of the GIMC. The experiment means the measurement of the
flow value of 0.950,. dm’/h (Opax 1s the maximum value of the measurement range of the calibrated EMF)
by the calibrated flowmeter — O, and by the Coriolis flowmeter - O,; the number of measurements is 11.

To determine the type B uncertainty according to the formulas (3-5), the values of the relative error
and discreteness of the EMF readings and the CE are specified.

As a result of the calculation a measurement uncertainty budget has been compiled, into which the
uncertainty components of the EMF relative error calculated by the above formulas (3—10) are entered.
The program interface with the results of calculating the budget uncertainty of the EMF relative error is
shown in figure 1.

GUM method | Monte Carlo method ‘ Results
Gmas, dmafh Checkpoint, “.0max Qmeas, dm3/h 2
4 7 Calibrated flovmeter A
o 6000 pos 5700/ (EMF), dm3jh —j 0 s701,97 ||ses6,05 |se70 567,51 | |5e67,07 ||s670,65 |Sess,65 ||5670,68 |5685,89 |[5737,39 | |5715,3
Calibration equipmentt 4
Start e dmah o 15609,74 ||5703,75 | [5606,39 |[5702,47 |5702,32 |5701,68 ([5700,51 [s700,65 |Seos,79 [[5700,14 ||5606,66
Error EMF, % oH L i
A ;m Input value Inp'-_lt va!ue Type of Probability Sensitivity Standard Uncertainty
7, estimation uncertainty distribution coefficient uncertainty contribution
Discret EMF,dm3/h
do! Fow rate Sea8, 92 & HORMAL 0,017548 23,0685 0,404891
Error CE,% aceording to the nidcations,
j 0,1 of the calbrated fowmeter,
- Y, dm3; B LUNIFORM 0,017548 0,0268675 1,00051
Discret CE,dm3fh & #h
Jlo.at
fSow rate 520023 & HORMAL 0,017508 2,3284%6 0,0407667
accordng to the indications
of the calbraibn equpment,
Op, dm3h ] UNIFORM 0,017508 3,2009 0,057617
B UMIFORM 0,017508 0,011547 0,000202
Output value Output value [Combined standard Probability Coverage Expanded
estimation uncertainty distribution coefficient uncertainty
P
Reltive emor, % -0,199436 0,4108 NORMAL )19 0,80516
- - Expanded
Nominal Relative error 1 % Rl 08 % | RECORDRESULT

Figure 1 — The uncertainty budget of the EMF relative error
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Monte-Carlo method calculation. The next stage of the research work was to apply Monte-Carlo
method to evaluation the uncertainty of the EMF relative error. The modelling of the process of evaluation
the uncertainty of the EMF relative error was performed as follows:

a) two arrays of random numbers, obeying the uniform distribution laws, of volume m=10° for input
variables are generated:

- O, — the flow measurement results by the electromagnetic flowmeter;

- O, — the flow measurement results by the calibration equipment (Coriolis flowmeter);

b) an array of output value— the EMF relative error J was generated,

¢) estimates of the parameters of the obtained distribution are calculated:

5

- mean value: M (0) = 111 ; where ¢;is calculated by the formula (1);

11

2.8, =M (5))’

1

- total standard uncertainty: u_(J) =

5

10
- expanded uncertainty: U(0) = %[5975000 — 055000 15

- coverage coefficient: k = U(d)/u.(9),
d) obtained measurement result: 6 +U(S) %, p=0.95.

The program interface with the calculation results of the EMF relative error uncertainty by Monte-
Carlo method is shown in figure 2.

GUM method M™onte Carlo method | Results |

‘Dimension 25000

B
) 1000000 0851932

Checkpaint, %Qmax
s 375000 Nominal

_ (1]
0,453675 Relative error ' Yo

Qr, dm3'h Qp,dm3fh
a A ) . "
'f) 5668, 92 f)l 5700,29 Combined standard uncertainty, %
- ' RECORD RESULT
o siez |_recoro resutt_|
‘Errnr EMF, % : Errar CE, %
= R o1
J -)l ! Expanded uncertainky, %

Expanded 0,7 0/

Discret EMF,dm3/h Discret CE, dm3fh  |0,652803 )
X ¥ uncertainty

f;] 0,1 iJI 0,01 .
: : of relative error
Coverage coefficient
1,95367
Start

Figure 2 — The calculation results of the EMF relative error uncertainty by Monte-Carlo method

The analysis of the received results. Ten experiments were carried out for four nominal values of the
measured flow (calibration points). The processing of the obtained experimental data was carried out by
both methods - GUM and Monte-Carlo. The uncertainty values of the EMF relative error U(d) for nominal
value of 95% 0, are given in table 1.

— g2 ——
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Table 1 — Experimental data obtained by GUM and Monte-Carlo methods for nominal value of 95% O,

Method GUM
flow Q 5684,24| 5695,98| 5711,02| 5700,13| 5691,16| 5691,16| 5709,97| 5696,67( 5693,15( 5693,95
Smax_permissible % 1 1 1 1 1 1 1 1 1 1
uncertainty U(5) % 0,832 0,805 0,744 0,964 0,619 0,63 0,726 0,781 0,837 0,666
coverage coefficient k 1,96 1,96 1,96 1,96 1,96 1,96 1,96 1,96 1,96 1,96

Method Monte-Carlo

flow Q 5700,02 5700| 5699,98| 5699,98| 5693,98| 5699,98| 5700,01 5700| 5699,99| 5699,99
Smax_permissible % 1 1 1 1 1 1 1 1 1 1
uncertainty U{5) % 0,653 0,653 0,655 0,655 0,654 0,652 0,654 0,655 0,654 0,655

coverage coefficient k 1,954 1,934 1,934 1,932 1,953 1,952 1,953 1,953 1,952 1,952

According to the table, the graphs of the dependence of the relative error uncertainty on the number of
the experiment (x-axis is the number of the experiment) obtained by both methods were plotted (figure 3).
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Figure 3 — The graphs of the dependence of the relative error uncertainty on the number of the experiment

The graphs received by Monte-Carlo method (solid lines) show a constant value of the uncertainty
scatter of the relative error within £0,65%. The graphs received by GUM method (dotted lines) show
variable value of scatter of uncertainty of the relative error within +£0.9%. In this case, the limit of
permissible relative error of EMF is equal + 1%.

The received graphs let make the conclusions:

1. There are minor differences in the results of calculations by both methods.

2. GUM uncertainty values exceed Monte-Carlo values but do not exceed the permissible respective
error of + 1%. That is Monte-Carlo method provides high accuracy in evaluation of the measurement
uncertainty.

The results of applying the methods of GUM and Monte-Carlo for the four test points during the
calibration of the electromagnetic flowmeter are shown in table 2 (the estimations of the relative error O ,
the expanded uncertainty U, the repeatability (convergence) limit u,, the coverage interval CI).

From a comparative analysis of the data in Table 2 follow the conclusions:

1. Differences between estimates of the measured value (of the relative error) are not available; the
differences of the expanded uncertainties are to 18.8%; the differences of the repeatability are to 16.9%.
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Table 2 — Comparative table of the calculated values for the four test points by GUM and Monte-Carlo methods

Value of the verified point The estimated parameter By GUM By Monte-Carlo Difference, %
5 % 0.007 0.007 0
. U 0.758 0.658 13
25% Of Opax u, 0.379 0.337 11
cI [-0.751; 0.765] [-0.651; 0.665] 13
5 -0.003 -0.003 0
. U 0.790 0.651 17.5
30% of Opax U, 0.395 0.333 15.6
cI [-0.793; 0.787] [-0.654; 0.648] 17.5
5 0.01 0.01 0
. U 0.755 0.655 13.2
75% of Opax ” 0.377 0.335 11.2
cI [-0.745; 0.765] [-0.645; 0.665] 13.2
5 0.005 0.005 0
. U 0.805 0.653 18.8
95% Of O ” 0.402 0.334 16.9
cI [-0.8; 0.81] [-0.653; 0.658] 18.6

2. For all four verified points according to GUM method, the coverage intervals were wider
(maximum by 18.6%) and shifted to the right (to the area of large values). However, at all test points the
coverage intervals in both methods do not exceed + 1%.

3. Monte-Carlo method gives more accurate values of estimated parameters, which is most likely due
to the large number of generated values (is equal to106).

4. Monte-Carlo calculation takes more time (due to sorting and processing of large arrays). But it can
be performed by less qualified personnel (no deep knowledge of mathematics is required).

5. Monte-Carlo method can be considered as a practical alternative to GUM uncertainty evaluation

method.

C.C. )Kycynﬁelconl, JI. K. U6paesa’, C. T. Xan', II. Komana®

' AlMaThI HepreTHKa xKoHe GaiinaHbic yHHBEpCHTeTi, AnMaThl, Kazakcran,
*JT106/MH TIOHTEXHUKABIK YHUBEpCHTETI, JTi06muH, [Tombiia

OJIIIEY AHBIKTAJIMATAHABIFBIH BAFAJIAY 9ICTEPIH
KAJIUBPJIEY OTKI3I'EHJE KOJJJAHY TOXKIPUBECI

AHHoTanusi. Makanaja 93ipJieHreH FeOTEXHOIOTHSIIBIK aKMapATThIK KOHE METPOJOTHSUIIBIK KEIISHIHIH 3epT-
XaHAJBIK JKaOABIKTApBIHAA AJIEKTPMArHUTTIK IIBIFBIHOJIICYIMTEPTre KaInOpiey OTKI3TeHAE OJapIblH CalbICTHIP-
MaJIbl KaTeJiriHiH aHbIKTaJIMaraHAbIFBIH OaranayaeiH eki omicine (Monre-Kapio sxone GUM) mony eTki3inesni sxoHe
aHanm3neHai. Monre-Kapio oficiHiH enmney aHBIKTaIMaFaHIBIFBIH OarajaybIHBIH KOFaphl )KUHAKTAIYBI Oap jKoHE
OYJ1 of1iC eIlIey aHBIKTaIMaraHIbIFbIH OaragayabiH GUM oficiHiH albTepHATHBACKI OOJIBII Ta0BLTA B

Tyiiin ce3mep: aHbIKTamMaraHIbIKThI OaranaynsiH GUM xone Monre-Kapio omictepi, 3JeKTPMarHUTTiK
]_HI)IFI)IHGJ'ILLIeyiLHTi Kaﬂﬂ6pney, TCOTCXHOJIOTHAJIBIK aKIapaTThIK JKOHE MECTPOJIOTHUAJIBIK KCIIICH.

C.C. )Kycynﬁelconl, JI. K. U6paesa’, C. T. Xan', II. Komana®

' AIMaTHHCKHII yHUBEPCUTET SHEPTETHKH U TeIeKOMMyHHKaImii, Anvatsl, Kasaxcram,
*JTioGMMHCKHIT TONMTEXHIYECKUi yHUBepeuTeT, JIio6muH, [Tonbia

OIIBIT MPUMEHEHUSA METOA0OB OIIEHUBAHUA
HEONPEJIEJEHHOCTHU U3MEPEHHMI ITPU KAJINBPOBKE

AnHoTanus. B cratee BRIOTHEH 0030p U aHAMN3 ABYX MeToJ0B (MonTte-Kapno u GUM) onleHuBaHus HEoIpe-
JEIICHHOCTH OTHOCUTEIIBHOW MOTPEIIHOCTH JIEKTPOMArHUTHOTO PacxoioMepa NpH KaTMOpoBKe Ha pa3pabOTaHHOM
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nmabopaTopHOM 000pPYIOBAaHUH MOOWIBHOTO TEOTEXHOJIOTHYECKOTO WH(POPMAIMOHHO-METPOIOTHYECKOTO KOMII-
nexca. Meronq MonTe-Kapio nokasbiBaeT BBICOKYIO CXOAMMOCTb B OLICHKE HEOINPEIEICHHOCTH N3MEPEHUS U MOXKET
paccmartpuBaThes Kak anprepHatia Metoy GUM oneHKH Heonpe1eIeHHOCTH.

KiroueBbie cjioBa: Metois1 oneHuBanus HeomnpenenenHoctt GUM u Monte-Kapio, kanuGpoBka amekTpomar-
HHUTHOTO PacX0I0Mepa, T€OTEXHOIOTHYECKUI HHPOPMAIOHHO-METPOJIOTNIECKUH KOMIUIEKC.
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