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The article analyses the impact of the Reynolds number on the estimated uncertainty of the mass flow
rate measurement using an orifice plate. The objects of the research were two types of orifices: centric
(ISA) and eccentric, with the diameter ratio b = 0.5. Studies were performed by Monte Carlo simulation
and experiments for Reynolds numbers in the range 10,000 � Re � 20,000. The obtained results have
shown that for both orifice types, the results obtained from the experiments and from the Monte Carlo
simulation are similar. The nature of changes in the expanded uncertainty of the flow measurement is
very similar for each type. For the both types of orifices, the value of the expanded uncertainty of the flow
measurement increases linearly with the increasing Reynolds number.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite the existence of different methods of flow rate mea-
surement, orifices are the most commonly used type of flowmeters
in the oil, gas, nuclear and conventional energy, and chemical
industries [1,2]. This type of flowmeter is characterized by high
utility regardless of whether the medium in the installation is liq-
uid or gas [3–5]. Such a widespread use of orifices comes from the
simplicity of the design and installation, lack of moving parts, and
the resulting high reliability [1,2,6]. Another advantage of this
method is its low cost of implementation and operation. In combi-
nation with other measuring methods, described for example in
the articles [7–11], the orifice-based measurement can be used to
control multiphase flows. Orifice flowmeters also have disadvan-
tages, the main ones being high pressure drop and high sensitivity
to the orifice inlet profile [12]. This impact is limited by satisfying
the condition of large straight pipe length before the flowmeter [1].
However, despite these drawbacks, this type of flowmeters is esti-
mated to account for around 40% of market share [6].

Due to such a widespread use of orifices, it is very important to
estimate the accuracy of flow measurements making use of them
[13–15]. It is obvious that such estimates must be made both when
a new type of orifice is used [16–19] (e.g. centric, cylindrical
flange-tapped orifice), and when performing interlaboratory com-
parisons between accredited laboratories [20,21].

It should also be borne in mind that according to current metro-
logical recommendations of GUM [22,23], every correctly per-
formed measurement requires that its result be supplemented
with a qualitative parameter characterizing this measurement,
i.e. with the value of error or uncertainty. That is why it is extre-
mely important to determine the uncertainty of flowmeasurement
regardless of the type of fluid flowing through the orifice: from fuel
oil [24], through water [12,25] to saline water [26].

This article describes the results of the authors’ work on a pro-
ject regarding water flow measurements using various orifices and
estimating the accuracy of measurements [12]. The aim of the
work presented in this article was to check the influence of the
Reynolds number on the estimated measurement uncertainty for
two types of orifices: centric (ISA) and eccentric. Preliminary
results only for the centric orifice have been partially published
in [15]. In this article, the authors present the results of experimen-
tal and simulation studies for the centric and eccentric orifice. The
aim was also to check whether the nature of changes in the uncer-
tainty of flow measurement depends on the type of orifice used in
the installation. The authors have not found any results of this type
of research in the available literature. The article is a continuation
of the work presented in [12], where the influence of individual
physical quantities on the final value of uncertainty of flow
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measurement was considered for one set value of Reynolds num-
ber. Extending the present analysis to different Re values is justi-
fied by the increasing flow turbulence, which is likely to affect
the stability of measurement accuracy.

The paper is divided into the following sections. In Section 2,
the principle of flow measurement using an orifice is presented,
along with the descriptions of the orifices tested and the method-
ologies for determining the expanded uncertainty of mass flow
measurement. Section 3 presents the adopted assumptions and
conditions for conducting simulation and experimental tests (for
both the centric and eccentric orifice) and the results obtained
from these tests. Based on these results, Section 4 discusses the
uncertainty of mass flow rate measurement obtained from simula-
tion and experimental tests for the two orifices tested in the
assumed range of Reynolds numbers. Final conclusions on the
impact of different Re values on the uncertainty of mass flow mea-
surement for the tested orifices are given in Section 5.

2. The study

The principle of measuring the flow stream by the means of an
orifice is shown in Fig. 1. The most important element of the mea-
suring system is the orifice (2), being a thin disc mounted in a pipe
(1) in such a way that the axis of the bore coincides with that of the
tube. The fluid dV1 initially flowing with velocity t1 and mass flow
rate qm1 changes its velocity to t2 and the diameter of the cross-
section d0 as a result of displacement through the orifice (1) with
hole diameter d. The result is that different kinetic pressures are
upstream of the orifice (p1) and behind the obstacle (p2). These
pressures are measured using parathyroid pressure gauges (3)
and (4). The pressure transducer (5) passes the recorded signals
for data acquisition. According to the law of continuity, the flow
volumes (dV1, dV2) and the mass flow rates (qm1, qm2) of the fluid
upstream and downstream of the orifice are equal. The flow conti-
nuity is preserved and the fluid density does not change when the
fluid flows through different cross sections. Further analysis is
based on these assumptions.

Mass flow rate qm was determined from the formula [15]:

qm ¼ C � d2 � e � p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Dp � qp

4 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d

D

� �4q ð1Þ
Fig. 1. The measurement principle: 1 – pipe, 2 – orifice, 3, 4 – pressure gauges, 5 –
pressure transmitter.
where: C – discharge coefficient [–], d – orifice diameter [m], D –
pipe diameter [m], e - compressibility of a given fluid (for water
e = 1), Dp – differential pressure [Pa], q – medium density [kg/m3].

Analyzed the value of mass flow rate qm is a function of five
parameters (C, d, D, Dp, q) of the Eq. (1).

Presented in the article flow measurement uncertainty analysis
was carried out considering the following premises:

� the compressibility, velocity and density of the analyzed fluid
do not change,

� fluid without internal friction is considered,
� mass flow rate qm was calculated from n = 30 observations.

The aim of the study was to ascertain the measurand estimator
of the measured mass flow rate qm (as the average, in accordance
with GUM recommendations [22]) and the expanded uncertainty
U(qm). Assuming the coverage factor kp = 2.00 (which approxi-
mately corresponds to the 95% probability of extension), the
expanded uncertainty U(qm) can be determined from the formula
[22]:
U qmð Þ ¼ kp � uc qmð Þ ð2Þ
Complex uncertainty uc(qm) is defined as follows [15] (assum-

ing no correlation between the uncertainties of the measured
quantities, according to the law of uncertainty propagation
[22,23]):
uc qmð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
A qmð Þþu2

B qmð Þ
q

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
A qmð Þþ @qm

@C

� �2 �u2 Cð Þþ @qm
@d

� �2 �u2 dð Þ
þ @qm

@D

� �2 �u2 Dð Þþ @qm
@Dp

� �2
�u2 Dpð Þ

þ @qm
@q

� �2
�u2 qð Þ

vuuuuuuut
ð3Þ
where uA(qm) is the Type A uncertainty [22], uB(qm) is the Type B
uncertainty [12], and @qm

@C ; @qm
@d ; @qm

@D ; @qm
@Dp ;

@qm
@q are the partial derivates,

being the variances of: u2(C), u2(d), u2(D), u2(Dp), and u2(q).
Starting from Eq. (3), after removing the first component

regarding uncertainty of type A and transformations, the Eq. (A2)
for calculation of relative standard uncertainty of mass flow rate
measurement u(qm)/qm given in International Standard EN ISO
5167-1: 2003 [27] can be obtained. Engineering calculations
according to this standard are presented in the Appendix.

The simulation and experimental investigations of the orifices
were performed for the following data: pipe diameter
D = 0.05 m, compressibility e = 1.
Fig. 2. Photos of tested orifices: a) centric and b) eccentric.
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Fig. 3. The result of measuring the inlet edge geometry of the centric orifice (screenshot from software).

Fig. 4. The result of measuring the inlet edge geometry of the eccentric orifice (screenshot from software).
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2.1. Tested orifices

A centric orifice (Fig. 2a) and an eccentric orifice (Fig. 2b) with
inner diameters d of 25.005 mm and 24.967 mm, respectively,
were selected for the study. The difference in orifice diameters
results from the tolerance of their performance, nevertheless the
diameter ratio b = d/D for both orifices tested has the same value
equal to 0.5. Fig. 2 presents the photos of the tested orifices.

The inlet edge geometry of the centric and eccentric orifice was
measured on a Wenzel LH 65 coordinate measuring machine (for
which the measurement uncertainty is equal to 2.5 lm) in two
XY axes. The results of these measurements are presented in gra-
phic form in Figs. 3 and 4 showing the inlet angle and its rounding
radius (screenshots from the machine program screen, where R0 is
the intake edge radius).

For testing purposes, the eccentric flange was mounted in the
housing in such a way that the orifice hole was tangent to the
internal diameter of the pipeline, and the accumulation pressure
intake holes were located on the opposite side of the contact point.
Parietal impulse openings, located in the lower part of the pipeline,
were located on a plane passing through the axis of symmetry of
the orifice and the axis of symmetry of the pipeline. This plane is

http://mostwiedzy.pl


Table 1
Values of absolute errors Dg.

Variance Unit Dg Distribution

u2(d) [m2] 0.01 mm Rectangular
u2(D) [m2] 0.01 mm
u2(Dp) [Pa2] 3.6 Pa
u2(q) kg2

m6

h i
0.5 kg/m3

Fig. 6. Histogram of generated values of mass flow rate - centric orifice.

Fig. 5. Generated flow distribution for qm = 554.6 � 10�3 kg
s - centric orifice.

Fig. 7. Generated flow distribution for qm = 560.3 � 10�3 kg
s - eccentric orifice.
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deviated from the vertical diameter of the pipeline by an angle of
45�. For measurement purposes, the parathyroid impulse holes
were placed at the same height, identically for the eccentric or cen-
tric orifice.

Studies were performed for these two orifices for Reynolds
numbers in the range 10,000 � Re � 20,000 and temperature T in
the range (291.15 . . . 301.65) K (for all measurement series per-
formed for all tested flows). In each one measurement series (for
each mass flow tested) consisting of 30 tests, the temperature
change did not exceed 2 K.
3. Research results

This section presents the results of the simulation and experi-
mental research for the centric and eccentric orifice.
3.1. Simulations

The simulations of the mass flow rate uncertainty estimation
were made using the Monte Carlo (MC) numerical method [26,29].

This method is used to check uncertainty results obtained from
analytical calculations. Often this method is used when the mea-
surement method is an indirect method and also when the mea-
surement function is not linear.

Detailed stages of this method are described in [12].
It is assumed that the measured mass flow rate qm is given by

the following equation:

qm ¼ qm
� þc0 � uA qmð Þ þ c1 � u Cð Þ þ c2 � u dð Þ þ c3 � u Dð Þ þ c4

� u Dpð Þ þ c5 � u qð Þ ð4Þ

where: qm is the arithmetic average of n observation of flows, and c0
to c5 represent the sensitivity coefficients - corresponding partial
derivatives.

Table 1 presents the adopted probability distributions, and the
value of absolute errors to the examined parameters (based on
the accuracy of their measurement).
The relative uncertainty of the coefficient C was calculated in
accordance with the recommendations of the standard EN ISO
5167-2: 2003 [28]:

u Cð Þ
C

¼ 0:5þ 0:9 � 0:75� bð Þ � 2:8� D
25;4

� �

¼ 0:5þ 0:9 � ð0:75� 0:5Þ � 2:8� 50
25:4

� �
¼ 0:687% ð5Þ

For the analyzed data, uncertainty estimates were carried out in
Microsoft Excel for six different mass flow rates qm using the MC
method (the number of samples M was equal to 104).

Fig. 5 shows a generated probability density function (PDF) of
the simulated numerical values of the mass flow rate qm = 554.6 �
10�3 kg

s for centric orifice.
Based on these results, a histogram with the width of intervals

of 0.4 � 10�3 kg
s was prepared (Fig. 6).

Fig. 7 presents a generated PDF for qm = 560.3 � 10�3 kg
s for eccen-

tric orifice.
A histogram for the above data is presented in Fig. 8 (with the

width of intervals of 0.4 � 10�3 kg
s ).

The results of estimating U(qm) of the mass flow rate with the
measurand qm are summarized in Table 2 for all measuring points.
This table also presents relative uncertainty values dU(qm) deter-
mined from the relationship:

dU qmð Þ ¼ U qmð Þ
qm

� 100% ð6Þ
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Fig. 9. Experimental research installation [15]: 1 – centrifugal pump, 2 – vent, 3 –
valve, 4 – exchangeable bleed, 5 – differential pressure transmitter, 6 – pipe, 7 –
electromagnetic flowmeter.

Fig. 10. APR-2000/ALW transducer mounted on the laboratory stand.

Fig. 8. Histogram of generated values of mass flow rate - eccentric orifice.
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The Reynolds number Re was estimated from the equation:

Re ¼ 4 � qm

p � D � g ð7Þ

where g is the dynamic viscosity [Pa�s].
The simulation results obtained from the MC method have

revealed that in the analyzed range of Reynolds numbers the
expanded uncertainty U(qm) does not exceed 12.7 � 10�3 kg

s .
For the centric orifice, the lowest uncertainty value U(qm) = 5.

5 � 10�3 kg
s was obtained for qm = 398.6 � 10�3 kg

s , while the largest

U(qm) = 8.7 � 10�3 kg
s for the mass flow rate equal to 639.9 � 10�3 kg

s .
For the eccentric orifice, the obtained uncertainty results are

similar for each flow value. The largest uncertainty value is equal
to 12.6 � 10�3 kg

s and occurs for the mass flow rate 630.6 � 10�3 kg
s .

3.2. Experiments

Experiments with the orifices tested were carried out on the
stand presented in Fig. 9.

In the experimental research installation the water flow was
imposed by a centrifugal pump in a closed system. Flow through
the vent responsible for removing air bubbles from the fluid. Reg-
ulation of the flow of water in the installation carried out the valve
with exchangeable bleed. The major part of the water flow passed
through a measuring pipe made of stainless steel. A standard ori-
fice with diameter ratio b = 0.5 was installed in the pipe with inner
diameter of D = 50 mm.

The difference of static pressures in front of and behind the ori-
fice was measured with a programmed differential pressure trans-
mitter APR 2000/ALW, with the measuring range equals 2.4 kPa.
The relative error of this transmitter is 0.15% of the base. A view
of this transmitter on the laboratory stand is shown in Fig. 10. In
the tested system, the electromagnetic flowmeter type PROMAG
30AT15 is the reference flow meter. The maximum permissible
Table 2
Measurand values and uncertainty from MC method.

Centric orifice
Re qm � 10�3 kg

s

h i
U(qm) � 10�3 kg

s

h i
d U(qm) [%]

11,688 398.6 5.5 1.38
13,957 466.5 6.4 1.38
14,872 500.4 6.8 1.36
16,766 554.6 7.6 1.36
18,077 587.7 7.9 1.35
19,840 639.9 8.7 1.36
error of this instrument is Dqv = 0.0092 dm3/s (in the tested mea-
suring range).

The same data values were used to conduct experimental stud-
ies. For each of the 6 flows, 30 measurements were taken at the
laboratory stand shown schematically in Fig. 9. The remaining part
of this section presents the results obtained experimentally for the
Eccentric orifice
Re qm � 10�3 kg

s

h i
U(qm) � 10�3 kg

s

h i
d U(qm) [%]

11,715 457.9 9.0 1.98
13,338 529.3 10.4 1.96
13,783 560.3 11.3 2.02
15,176 593.2 11.5 1.94
15,579 630.6 12.6 2.00
16,730 636.7 12.2 1.92
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Table 3
Results of mass flow rate for centric orifice.

Sample No qm � 10�3 kg
s

h i
Sample No qm � 10�3 kg

s

h i
Sample No qm � 10�3 kg

s

h i
1. 554.9 11. 554.5 21. 554.4
2. 555.2 12. 555.0 22. 555.4
3. 555.2 13. 555.0 23. 555.5
4. 554.9 14. 555.2 24. 553.6
5. 555.1 15. 554.7 25. 553.9
6. 554.9 16. 555.2 26. 553.6
7. 554.5 17. 555.0 27. 553.3
8. 555.0 18. 554.9 28. 553.1
9. 554.7 19. 554.6 29. 553.2
10. 553.9 20. 554.8 30. 553.4

Table 4
Results of mass flow rate qm for eccentric orifice.

Sample No qm � 10�3 kg
s

h i
Sample No qm � 10�3 kg

s

h i
Sample No qm � 10�3 kg

s

h i
1. 560.5 11. 561.3 21. 561.4
2. 560.0 12. 561.0 22. 560.1
3. 559.8 13. 561.3 23. 559.7
4. 557.3 14. 561.4 24. 559.4
5. 559.9 15. 561.8 25. 559.0
6. 560.1 16. 560.6 26. 559.1
7. 561.0 17. 559.7 27. 559.1
8. 561.2 18. 561.2 28. 559.1
9. 561.0 19. 561.2 29. 559.3
10. 561.0 20. 561.5 30. 560.0

Fig. 11. Measured mass flow rate qm for centric orifice. Fig. 12. Measured mass flow rate qm for eccentric orifice.
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two tested orifices, for the similar mass flow rate approximately
equal to 550.0 � 10�3 kg

s .
Tables 3 and 4 summarize the results from the experiment for

the centric and eccentric orifice, respectively.
Figs. 11 and 12 present graphically the data from Tables 3 and 4

as function of the measurement number.
Table 5 summarizes the estimates of the mass flow rate qm and

the uncertainty of its measurement obtained on the basis of data
for all flows through the centric and eccentric orifice.

On the basis of the obtained results, it can be concluded that the
smallest U(qm) value was obtained for qm equals 398.6 � 10�3 kg

s for

centric orifice, and for qm = 457.9 � 10�3 kg
s for eccentric orifice. The

largest values of the expanded uncertainty were obtained for: the
largest mass flow rate qm equals 639.9 � 10�3 kg

s for the centric ori-

fice, and for qm equals 630.6 � 10�3 kg
s for the eccentric orifice. For
the centric orifice, the uncertainty results obtained are smaller
almost for each flow.
4. Discussion

The flow tests were carried out on the laboratory stand shown
in Fig. 9. During the tests, such parameters as: accumulation pres-
sure at the tested orifice, temperature of the flowing water, and
flow volume, were measured and recorded using the PC LINK Plus
computer measuring system.

Based on the obtained experimental results, the values of the
flow constant C for the centric and eccentric orifice for Reynolds
numbers in the range 10,000 � Re � 20,000 were determined.
The obtained values confirm the correctness of the adopted mea-
surement methodology (Fig. 13).
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Table 5
Results of the measured mass flow rate qm and the uncertainty obtained from experiment.

Centric orifice Eccentric orifice

Re qm � 10�3 kg
s

h i
U(qm) � 10�3 kg

s

h i
d U(qm)[%] Re qm � 10�3 kg

s

h i
U(qm) � 10�3 kg

s

h i
d U(qm)[%]

11,688 398.6 5.6 1.41 11,715 457.9 9.2 2.02
13,957 466.4 6.5 1.40 13,338 529.3 10.7 2.03
14,872 500.4 7.0 1.40 13,783 560.3 11.6 2.07
16,766 554.6 7.7 1.39 15,176 593.2 11.9 2.01
18,077 587.7 8.2 1.39 15,579 630.6 13.0 2.07
19,840 639.9 8.9 1.39 16,730 636.7 12.7 1.99

Fig. 13. Values of flow constant C obtained for centric and eccentric orifice.

Fig. 14. Comparison of expanded uncertainties U(qm) from simulation and exper-
iment for centric orifice.

Fig. 15. Comparison of expanded uncertainties U(qm) from simulation and exper-
iment for eccentric orifice.
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As described in Section 3.1, the two orifices were also subjected
to simulation tests (with diameter ratio b = 0.5) under comparable
conditions. After comparing the experimental and simulation tests,
it turned out that different results of expanded uncertainty of flow
measurement were obtained for various Reynolds numbers in the
range 10,000 � Re � 20,000.

Figs. 14 and 15 show the uncertainties U(qm) obtained from the
MC method and from experiment for the centric and eccentric ori-
fice, respectively.

The results obtained for the centric and eccentric orifice have
shown that for both orifice types the results acquired from the
experiment and from MC simulation are similar. Larger discrepan-
cies between the results from simulation and experiment were
found for the eccentric orifice. For similar flow streams for the
eccentric orifice, higher values of stream measurement uncertainty
were obtained, for which part of the flow is a boundary layer due to
the point of contact of the orifice hole with the internal diameter of
the pipeline. In these conditions, an asymmetrical distribution of
the velocity profile in the longitudinal section behind the orifice
is created.

The nature of changes in the expanded uncertainty U(qm) of the
flow measurement for each orifice is the same. For both orifices,
the value of U(qm) increases in the studied range of Reynolds num-
ber changes.
5. Conclusion

The article presents the results of estimating the expanded
uncertainty U(qm) of mass flow rate measurement, obtained from
the Monte Carlo simulation and experimental tests. The object of
the research were two measuring orifices: centric and eccentric.
The aim of the study was to examine whether changes in the nat-
ure of the flow rate measurement uncertainty depend on the type
of installation flanges when the Reynolds number changes in the
range 10,000 � Re � 20,000.

Based on the obtained experimental results, it was found that
the value of the expanded uncertainty U(qm) changes with the
increase in the Reynolds number irrespective of the type of the ori-
fice used. In the studied range of Reynolds numbers, the values of
estimated uncertainty U(qm) were in the range of 12.7 � 10�3 kg

s . In
the studied range of Reynolds numbers, the estimated uncertainty
values U(qm) were similar. For comparison, the Monte Carlo simu-
lation for centric orifice and flow qm = 398.6 � 10�3 kg

s gave U(qm) = 5.

5 � 10�3 kg
s , while for eccentric orifice and flow qm = 457.9 � 10�3 kg

s

the uncertainty U(qm) was 9.0 � 10�3 kg
s .

Moreover, for the eccentric orifice, the obtained estimated
uncertainty results were higher almost for each flow value, and
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the largest difference, amounting to 0.5 � 10�3 kg
s was recorded for

the largest mass flow rates, for qm = 636.7 � 10�3 kg
s .

It is noteworthy that the obtained measurement results con-
firmed the same nature of flow measurement uncertainty changes
in different orifice types. For the both orifices types, the nature of
these changes can be estimated as linear - as the flow increases,
the value of the expanded uncertainty U(qm) of the flow measure-
ment also increases.

The presented results of the analysis of the relative uncertainty
dU(qm) of water flow rate measurement (obtained from both: the
Monte Carlo simulation and the experiment) indicate that in the
considered Reynolds numbers range 10,000 � Re � 20,000, the val-
ues of this uncertainty are relatively constant. For the centric ori-
fice the value of dU(qm) does not exceed 1.42%, and for eccentric
orifice dU(qm) does not exceed 2.08%. Very similar results were
obtained for engineering calculations according to the EN ISO
5167-1: 2003 standard presented in the Appendix: dU
(qm) = 1.38% for centric orifice, and dU(qm) = 2.00% for eccentric ori-
fice respectively.

The authors intend to make a mathematical model of orifice
flow based on the collected experimental data.

This will allow to include of a larger number of possible flow
cases, and thus for consideration of other phenomena that influ-
ence to estimate flow measurement uncertainty. In addition, based
on simulations it would be possible to optimize the measurement
process. This type of approach is recognized as a way of analyzing
uðqmÞ
qm

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uðCÞ
C

� �2

þ 2 � b4

1� b4

 !2

� u Dð Þ
D

� �2

þ 2
1� b4

� �2

� u dð Þ
d

� �2

þ 1
4
� u Dpð Þ

Dp

� �2

þ 1
4
� u qð Þ

q

� �2

vuut ðA2Þ
complex forms of liquid transport, e.g. in porous media, as
described in the articles [30–32].
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Appendix

In engineering practice, mass flow rate uncertainty calculations
based on EN ISO 5167-1: 2003 [27] are used. The calculations of
the relative values of expanded uncertainty U(qm)/qm for mass flow
rate measurement qm, for the centric and eccentric orifice are pre-
sented below. As in the manuscript, the following data were
adopted:

C = 0.6105
D = 0.05 m
d = 0.025 m
Dp = 2147.6 kPa
q = 1000 kg/m3

b = 0.5

The relative value of the expanded uncertainty U(qm)/qm of
measurement of mass flow rate qm is defined as:

UðqmÞ
qm

¼ kp � uðqmÞ
qm

ðA1Þ

where: kp = 2.0.
The relative complex standard uncertainty u(qm)/qm of mass

flow rate measurement qm according to EN ISO 5167-1: 2003 stan-
dard can be calculated from the following relationship:
The values of relative uncertainty of individual parameters were
adopted the same as in the article. The relative uncertainty of the C
coefficient is calculated from the formula:

uðCÞ
C

¼ 0:5þ 0:9 � 0:75� bð Þ � 2:8� D
25;4

� �

¼ 0:5þ 0:9 � 0:75� 0:5ð Þ � 2:8� 50
25:4

� �
¼ 0:687% ðA3Þ

Then the relative uncertainty of pipeline diameter D is deter-
mined using equation (where DgD is absolute pipe diameter D
error):

uðDÞ
D

¼ DgD � 100%
D �

ffiffiffi
3

p ¼ 0:01 mm � 100%
50 mm �

ffiffiffi
3

p ¼ 0:01% ðA4Þ

and for the diameter d of the orifice (Dgd is absolute orifice diame-
ter d error):

uðdÞ
d

¼ Dgd � 100%
d �

ffiffiffi
3

p ¼ 0:01 mm � 100%
25 mm �

ffiffiffi
3

p ¼ 0:02% ðA5Þ

The next step is to calculate the relative uncertainties for mea-
suring the pressure difference Dp and density q, as follows:

u Dpð Þ
Dp

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dg �Dprangeffiffi

3
p

� �2r
Dp

� 100% ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:011

%
�0:15%�2400 Paffiffi

3
p

� �2r
2147:6 Pa

� 100%

¼ 0:097% ðA6Þ

uðqÞ
q

¼ 0:5 kg
m3 � 100%

1000 kg
m3

¼ 0:05% ðA7Þ
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It was assumed that the temperature changes in one measure-
ment series do not exceed 2 K. Then the relative standard uncer-
tainty of mass flow rate measurement u(qm)/qm for the centric
orifice is:

uðqmÞ
qm

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:6872 þ 0:0178 � 0:012 þ 4:55 � 0:022 þ 0:25 � 0:0972 þ 0:25 � 0:052

q
¼ 0:69%

ðA8Þ

and the relative expanded uncertainty of mass flow rate measure-
ment U(qm)/qm for the centric orifice is equal:

UðqmÞ
qm

¼ kp � uðqmÞ
qm

¼ 1:38% ðA9Þ

The relative standard uncertainty of mass flow rate measure-
ment u(qm)/qm for the eccentric orifice has been determined anal-
ogously to the uncertainty for centric orifice (only the relative
uncertainty of the C coefficient is different, which is 1% for the
eccentric orifice according to the report ISO / TR 15377: 1998 as
amended AC1 from 1999.):

uðqmÞ
qm

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:02 þ 0:0178 � 0:012 þ 4:55 � 0:022 þ 0:25 � 0:0972 þ 0:25 � 0:052

q
¼ 1:002%

ðA10Þ

Then the relative expanded uncertainty of mass flow rate mea-
surement U(qm)/qm for the eccentric orifice is:

UðqmÞ
qm

¼ kp � uðqmÞ
qm

¼ 2:004% ðA11Þ
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