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A B S T R A C T   

Segmental orifices are often used to measure flows of heterogeneous mixtures, especially in flow meters in the 
power industry, for example. The orifice (with module m = 0.25) was installed in a stainless-steel pipe with 
internal diameter of 50 mm, placed in a hydraulic water system. The research was performed for Reynolds 
numbers ranging from 9,000 to 17,000. The flow characteristics of this orifice obtained based on simulation in 
SolidWorks Flow Simulation 2014 and experimental data were compared with standard-based calculations. It 
was determined that relative differences between the obtained flow characteristics did not exceed 1.5% for the 
experiment and 5.1% for the simulation. The article also presents the results of estimated uncertainty for mass 
flow measurement qm using the analytical method and the Monte Carlo simulations. The results for both methods 
proved that the relative expanded uncertainty Urel(qm) does not exceed 1.8% for the tested orifice.   

1. Introduction 

Modern technology uses various methods for measuring the mass 
flow rate, such as Coriolis flow meter [1–4] or thermal flow meters 
[5–6]. However, orifices are still one of the most frequently used flow 
measurement devices in the power, chemical, and mineral industry 
[7,8]. 

The simplicity of design and installation is their advantage, which 
turns them into highly reliable devices. Another advantage of orifices is 
their low cost of implementation and use [9]. The major disadvantages 
of this type of measurement are high pressure drop and high sensitivity 
to the inlet velocity profile in the orifice system. 

Among the known designs of orifice plates, the standard (centric) 
orifice, whose accuracy is 1.5…2% in industrial systems [9], is most 
commonly used. When it is impossible to meet the flow conditions for 
fluids listed in the ISO 5167–1 standard, a non-standard orifice can be 
used, such as, for example, a quadrant edge orifice (particularly for flows 
at low Reynolds numbers), eccentric orifice, [10] or segmental orifice. 
The last two types of orifices are utilised primarily for fluids contami
nated with solid particles that form suspensions. This type of flow occurs 

in the power industry [11]. Examples include flow measurements for 
coal dust suspensions in diesel or heating oil [12]. Despite the existing 
solutions, a simple, reliable and accurate flow measurement method is 
still being sought. The accuracy aspect is particularly difficult to be met 
because it is not easy to define the density of inhomogeneous mixture 
flowing through the Venturi flow meter. There have also been attempts 
to find new orifice solutions for fluid flow measurements that would be 
characterised by a constant value of discharge coefficient C in a wide 
range of Reynolds numbers [9,13]. 

The topics related to segmental orifices are of current interest due to 
their continuous application and use in the industry (e.g., in the power 
industry), where the flowing medium is a heterogeneous mixture. This 
type of orifice is commonly applied in coking plants. The problem is the 
lack of current standards for the use of this type of orifices. The current 
standard EN ISO 5167: 2003 [22,23] defines the following orifices: 
centric ISA, quadrant, eccentric, with conical inlet, Venturi tubes, and 
nozzles, as well as the methods of using them. Unfortunately, segmental 
orifices are not included. In Poland, one can refer to the earlier standard: 
the national PN-93/M− 53950/01 [24], in which a lot of attention was 
paid to segmental orifices. This standard specifies the application ranges 
of the segmental orifice and provides calculation examples for water and 
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gas flows. However, with the adoption of international standards EN ISO 
5167: 2003, this standard ceased to be a binding act. Moreover, there are 
only few publications on the study of segmental orifices in the literature. 
The tests of segmental orifices described in the literature concerned 
surface roughness changes in the orifice and the pipeline, or the inlet 
nozzles of curved surface, when measuring liquid–solid mixtures (as a 
result of the abrasive action of the mixture). The work [14] presents the 
results of laboratory and field tests concerning the measurement of flow 
of suspensions (liquids contaminated with sediment) in horizontal pipes 
with the use of measuring orifices. The relationship between the flow 
characteristics and the characteristics of liquid and solid phase compo
nents depending on the content of solids in the liquid was investigated. It 
was found that for the flow of suspensions through the orifice, its inlet 
edge changes (as the particles of the mixture settle), thus changing the 
geometry of the opening. Deposits also form in the pipe upstream and 
downstream of the orifice, which disturbs the flow kinematics. There are 
no such adverse effects in segmental orifices – thanks to their design, 
they do not pose an obstacle for solid particles moving in the mixture. 

Mrowiec & Heronimczak [15] have considered the conditions con
cerning the influence of flow stability on the C coefficient of a segmental 
orifice. The authors presented the results of numerical simulations and 
experimental studies. The conducted analyses allowed to determine the 
minimum Reynolds number Re = 10,000, for which the C orifice factor 
can be assumed constant. 

In turn, Straka et al. in [16] have presented studies of the influence of 
a 90◦ bend (commonly used structural element in piping systems) on the 
measurement accuracy of segmental flow meters with flow area of 7% of 
the pipeline area. The results of laser Doppler measurements made it 
possible to describe the flow structure in terms of changing the distance 
from 2 to 30 pipeline diameters. 

In [18], the authors have reported the results of the research for a 
mixture of water and water-soluble oil (forming a white emulsion) 
which flows through the segmental orifice in different proportions of 
mineral oil to change the viscosity of the flowing emulsion at the throat 
coefficient of β = 0.3 and β = 0.5. It was concluded that the discharge 
coefficient at different oil concentrations is nearly the same, while the 
discharge coefficient decreases with increasing beta ratio. 

The literature is also relatively scarce in terms of numerical simu
lations for segmental orifices. Straka et al. [17] have done a numerical 
investigation of segmental orifices using the stress-blended eddy 

simulation model (SBES) instead of the regular Reynolds-averaged 
Navier-Stokes (RANS) method to finely capture the details of turbu
lence in the orifice flow meter. The SBES model is a hybrid combination 
of RANS and LES (large eddy simulation) models. The obtained results 
indicated the superiority of the hybrid SBES model over the standard k- 
RANS model in segmental orifice simulation. The research results were 
verified by a large number of laser Doppler anemometry (LDA) and ul
trasonic flowmeter measurements. It was found that near the orifice, 
SBES even has an advantage over LDA in predicting the ultrasonic meter 
performance. 

To sum up, single publications can be found in the world literature 
that describe such issues of segmental orifice operation as surface 
roughness changes in the orifice, the impact of a 90◦ elbow, and flows of 
emulsion-type liquids through the orifice. However, the authors did not 
come across any simulation and experimental studies on the possibilities 
of using a segmental orifice in the developing turbulent water flow 
which would describe orifice’s properties and analyse its accuracy of 
flow measurement. This observation was the motivation for the authors 
to study the segmental orifice. 

The objective of the research described in this article was to analyse 
hydraulic and metrological properties of the selected segmental orifice. 
Simulations and experiments were carried out to check the changes in 
the value of mass flow, discharge coefficient and uncertainty of mass 
flow measurement in the area of turbulent flow, but at a relatively low 
Reynolds number, in the range of 9,000…17,000. The conducted nu
merical tests allowed to visualize the recirculation zones and study 
complex flow phenomena in this area, which was of key importance for 
determining the scope of segmental orifice application. Moreover, the 
corresponding experimental studies made it possible to validate the 
numerical results. 

The article is divided into the following sections. Section 2 presents 
the tested segmental orifice and its parameters. The results of flow 
simulations through the segmental orifice for various mass flow rates are 
shown in Section 3. Section 4 presents the measuring devices used in the 
experiment and describes the findings of experimental tests with esti
mations of their measurement uncertainties. This section also includes a 
comparison study of the simulation and experiment results. Section 5 
presents the summary and conclusions from the analysis. 

Nomenclature 

C discharge coefficient [-] 
Ce experiment discharge coefficient [-] 
Cs simulation discharge coefficient [-] 
D pipe diameter [m] 
a slope [-] 
b intercept [-] 
d orifice diameter [m] 
FD pipe cross-sectional area [m2] 
Fh orifice cross-sectional area [m2] 
h orifice clearance [mm] 
kp coverage factor [-] 
M number of samples for Monte Carlo simulations [-] 
m orifice module [-] 
N number of input quantities for Monte Carlo simulations [-] 
n number of observations (measurements) [-] 
p pressure [Pa] 
qm mass flow [kg/s] 
qmc mass flow calculated from standard [kg/s] 
qme experimental mass flow[kg/s] 
qms simulation mass flow[kg/s] 

R2 determination coefficient [-] 
S standard curve fitting error [-] 
T fluid (water)temperature [K] 
t time [s] 
u standard uncertainty [kg/s] 
uA uncertainty Type A[kg/s] 
uB uncertainty Type B [kg/s] 
uc combined standard uncertainty [kg/s] 
U(qm) mass flow expanded uncertainty [kg/s] 
Urel(qm) relative expanded uncertainty [%] 
α proportionality coefficient [

̅̅̅̅̅̅̅̅̅̅
kg⋅m

√
] 

β orifice diameter ratio [-] 
δle relative error of shift between the calculated flow 

characteristics and the flow characteristics based on 
experimental data [%] 

δls relative error of shift between the calculated flow property 
and the flow property based on simulation data [%] 

Δp difference pressure [Pa] 
γ power coefficient [-] 
ε expansion coefficient [-] 
ρ fluid density[kg/m3] 
υ velocity [m/s]  
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2. Tested orifice 

The simulation and experimental studies of the selected segmental 
orifice were performed as part of the tasks described herein. The ex
periments were carried out on a laboratory stand constructed at the 
President Stanislaw Wojciechowski Academy in Kalisz. The simulations 
were done in the SolidWorks Flow Simulation 2014. 

The experiments were conducted on a closed-circuit hydraulic 
experimental stand [9] for seven different mass flow rates ranging from 
0.35 kg/s to 0.63 kg/s, which corresponds to Reynolds numbers in the 
range of 9,920 to 16,270. The diagram of the measurement pipe section 
with the segmental orifice is shown in Fig. 1. 

The tested orifice, made of 2.5 mm-thick stainless steel, had the 
clearance of h = 15 mm. Fig. 2 shows the main view of the analysed 
orifice. 

This orifice is characterised by module m, i.e., the ratio of the hole 
area Fh to the pipe cross-sectional area FD [19] (diameter ratio β): 

m = β2 =
Fh

FD
(1) 

For the analysed orifice, the parameter m is equal to 0.25. 

3. Numerical simulations 

Numerical simulations of the measurement section of the hydraulic 
installation shown in Fig. 1 were performed as part of the segmental 
orifice tests in the SolidWorks Flow Simulation 2014 computing envi
ronment [20]. 

The simulation studies aimed to determine the places and scope of 
complex flow phenomena taking place downstream of the segmental 
orifice and mainly considered as disturbances. The analysis of the pub
lications available on this subject shows that most frequently, the 
carried-out simulations refer to the flow through the centric orifice. 

The results of the simulations were expected to provide data for 
selecting parameters for the experiment to be performed, for which the 
abovementioned disturbances would be as low as possible. It is impor
tant to ensure the stability of the liquid flow when taking measurements. 

The used SolidWorks engineering software has the option to choose 
one of three flow models laminar, laminar-turbulent, and turbulent. The 
authors chose the turbulent model, along with the following boundary 
conditions: absolute static pressure of 150 kPa at inlet, and mass flow 
rate in kg/s at outlet. The selected pressure value corresponded to real 
conditions in the experimental installation. 

The SolidWorks Flow Simulation uses orthogonal grid of finite vol
umes. The grid elements are cuboids with sides parallel to the base 
planes. In this case, the generated numerical grid consists of single cells 
of variable volumes. It becomes denser around the numerical orifice, 
where a 0.5 mm × 0.5 mm × 0.33 mm cell is obtained from a single 0.5 

mm × 0.5 mm × 9 mm element. The ‘Small Solid Feature Refinement 
Level’ option has been used for better representation of details. In total, 
the computational grid consisted of 5,576,144 individual cuboids. 

In the simulation tests, the assumed mass flow rates qm of the flowing 
water ranged from 0.35 kg/s to 0.65 kg/s, which corresponded to 
Reynolds numbers in the range from 9,860 to 16,580, thus simulating 
the turbulent flow. The water temperature was set at 20 ◦C, while the 
values of density and dynamic viscosity of water were taken from the 
built-in software library. 

Fig. 3a-3c present selected simulation results showing static pressure 
distributions in the water flow through the segmental orifice. The dis
tributions are presented along the axial section of the test system for 
three mass flow rates: qm = 0.35 kg/s, qm = 0.45 kg/s and qm = 0.65 kg/ 
s. 

The maps of static pressure distribution shown in Fig. 3 reveal a 
sudden pressure difference in the narrowing area, upstream and 
downstream of the orifice. This pressure difference is the measured 
impact pressure on the tested orifice. For the mass flow rates: qm = 0.35 
kg/s, qm = 0.45 kg/s and qm = 0.65 kg/s, the following pressure dif
ferences were measured: Δp = 600 Pa, Δp = 990 Pa, and Δp = 2080 Pa, 
respectively. 

The results obtained in the simulation allowed to estimate the 

Fig. 1. Fragment of the hydraulic experimental installation: 1 – measurement pipe section with internal diameter D = 50 mm, 2 – tested segmental orifice, 3 – 
differential pressure transmitter APR-2000/ALW, 4 –electromagnetic flow meter PROMAG 30AT15. 

Fig. 2. View of segmental orifice.  
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desired minimum pressure setting in the transmitter used for the 
experiment. This way, a properly measuring transmitter could be cho
sen. In the analysed case, the pressure difference was 2.1 kPa for the 
maximum simulated mass flow rate qm. 

Fig. 4a-4c show maps of velocity distributions in the form of rain
bows of colours, with velocity vectors placed in the tested segmental 
orifice area for the same values of mass flow rate qm. 

For the analysed flows: qm = 0.35 kg/s, qm = 0.45 kg/s and qm =

0.65 kg/s, the water velocity downstream of the orifice narrowing 
increased to 1.13 m/s, 1.45 m/s and 2.1 m/s, respectively. 

As a result of the simulation, it was observed that in the orifice area, 
the structure of the fluid downstream of the orifice undergoes great 
deformation and then turns again into that of the free flow. In this area, 
there is some pressure loss caused by the formation of vortices (char
acteristic direction changes of velocity vectors can be observed). The 
analysis of the disturbance zone caused by the orifice made it possible to 
place the electromagnetic flowmeter at an appropriate distance in the 
experiment to ensure its stable operation. 

In addition to the maps shown in Fig. 3 and Fig. 4, the simulation in 
SolidWorks Flow Simulation allowed to determine the flow character
istics of the tested orifice, as presented in Section 4.1. 

Certainly, numerical analyses of liquid flow through orifices which 
are reported in the literature frequently use more advanced software, e. 
g. ANSYS Fluent, equipped with a dozen or so calculation models that 
allow the user to select a relevant computational grid and thus obtain 
more accurate results. 

The authors of the present study started with a simpler tool, the 
SolidWorks Flow Simulation environment. The calculations performed 
in this environment were very helpful in designing experimental tests, 
including determining the measuring range of the pressure difference 
converter depending on the mass flow rate of the flowing liquid. 

The disturbances in the liquid flow through the segmental orifice are 
related with the fact that the liquid flows only through the segment of 
the circle in the orifice, which is characteristic of this type of flow meter. 
Fig. 4 clearly shows the effect of flow choking and the resulting flow 
stability disturbances just behind the baffle in the pipeline on the 
downstream side of the orifice. The presented velocity profiles indicate 
that significant flow disturbances (colours from red to green) almost 
totally disappear at a distance of 5.D downstream of the orifice. 

Fig. 3. Static pressure distributions in the longitudinal cross-section of the measurement section: (a) qm = 0.35 kg/s, (b) qm = 0.45 kg/s, (c) qm = 0.65 kg/s.  
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4. Experimental research 

Section 4 presents the results of experimental tests of the prototype 
segmental orifice carried out on a hydraulic stand. Since the measure
ment results cannot be compared without a qualitative evaluation of the 
measurements, the full uncertainty analysis of the mass flow measure
ment through this orifice was also carried out. Carrying out both the 
simulation and the experiment is of particular importance, as it makes it 
possible to compare the obtained results. 

The structure of the hydraulic experimental stand is the same as that 
described in [9]. The studied segmental orifice (Fig. 2) was placed in a 
smooth stainless-steel pipe (with inner diameter D = 50 mm) at a dis
tance of 2.3 m (46.D) upstream and 1.8 m (36.D) downstream of the 
orifice plate (Fig. 1). 

Based on the conclusions from the simulation of the impact pressure 
difference on the segmental orifice, the APR-2000/ALW transmitter 
with standard current output and the measuring range set to Δp = 0–2.4 
kPa (time constant t = 5 s) was selected for use. 

The electromagnetic flow meter PROMAG 30AT15 was utilised as 
the reference meter. This instrument was set to the measuring range of 
1.0 dm3/s of the volumetric flow at 21 ◦C. The measured volumetric flow 
rates were automatically converted into mass flow rates, with consid
eration to temperature dependent changes of flowing fluid density. 

The mass flow measurements were made for a stabilised water flow, 
which was gradually adjusted through a replaceable discharge throttle. 
30 measurements were taken and then averaged for each stabilised flow 

rate. The performed measurements included mass flow rate of water, 
differential impact pressure, and fluid temperature. The flow charac
teristic obtained in this way is presented in Section 4.1. For all recorded 
measurements series, the average temperature ranged from 20.7 ◦C to 
24.8 ◦C, and for each series, the temperature change did not exceed 
2.0 ◦C. 

4.1. Mass flow rate measurement 

The mass flow rate qm of the fluid flowing through the tested 
segmental orifice is given by theoretical equation (2) [21–23]: 

qm =
C⋅ε⋅Fh
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − m2

√ ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√
(2) 

Bearing in mind that the orifice module m for the circular cross- 
section is given by equation (1), after substituting formula (1) to equa
tion (2), the following formula is obtained for the mass flow rate of an 
incompressible fluid (for water ε = 1) flowing through the segmental 
orifice: 

qm =
C⋅Fh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh
FD

)2
√ ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√
(3) 

Then the mass flow rate qm can be determined indirectly, and the 
measurement function depends on the following parameters: qm = f(C, 
Fh, FD, Δp, ρ). 

Fig. 4. Velocity distribution maps in the longitudinal cross-section: (a) qm = 0.35 kg/s, (b) qm = 0.45 kg/s, (c) qm = 0.65 kg/s.  
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In practice, with stabilised flow parameters, equation (3) can be 
converted to the form: 

qm = α⋅Δpγ (4)  

where, from the fluid flow theory: 

α =
C⋅Fh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh
FD

)2
√ ⋅

̅̅̅̅̅̅̅
2⋅ρ

√
(5)  

and:γ = 0.5. 
The characteristic ofqmc = α⋅Δpγ calculated according to standard 

[24] for the examined orifice is shown in Fig. 5. This characteristic can 
be described by the equation: 

qmc = 0.0136⋅Δp0.5qm = 0.0136⋅Δp0.5 (6) 

Further sections of the article show the results obtained from the 
simulations with SolidWorks Flow Simulation 2014 and from the ex
periments conducted at the laboratory stand. To distinguish more easily 
between the mass flow rates obtained from simulation and experiment, 
they are marked as qms and qme, respectively. 

Table 1 and Fig. 5 show the results of SolidWorks simulations for the 
increasing values of differential pressureΔp at a given mass flow rate qms. 
The flow values shown in Fig. 5 were calculated based on the theory of 
flows and simulations in SolidWorks. 

Table 2 presents the flow characteristic (for mass flow rate qmc) 
calculated as per standard [24] for the values of difference pressureΔp 
obtained experimentally. 

The error bars on the calculation curve qmc specify the errors 
calculated based on the standard [24]. 

The exact equation describing the simulation data-based function 
qms = α⋅Δpγis as follows: 

qms = 0.0143⋅Δp0.501 (7) 

The standard curve fitting errors (understood as relative errors for a 
given pressure, being the differences between the mass flow rates from 
the simulation and from formula (7)) are, respectively: Sα = 1.2 10-4 

̅̅̅̅̅̅̅̅̅̅
kg⋅m

√
for coefficient α, and Sγ = 1.2⋅10-3 for the exponent. In this case, 

the coefficient of determination R2 is 0.99997. 
The experimental results for the tested orifice are shown in Table 3 

and Fig. 6. The mass flow rates qme were calculated from the measure
ments using the electromagnetic flow meter PROMAG 30AT15. 

The error bars on the calculation curve qmc specify the absolute er
rors based on the standard (the same way as in Fig. 5). For the 

experimental characteristic qme, these errors resulted from the indica
tion error, which for the electromagnetic flow meter PROMAG 30AT15is 
equal to ±(0.2%.qmeasured + 0.05%.1) [kg/s]. 

For the experimental data, the exact equation describing the function 
qme = α⋅Δpγis as follows: 

qme = 0.0131⋅Δp0.504 (8) 

The standard curve fitting errors in this case are: Sα = 2.6⋅10-4 ̅̅̅̅̅̅̅̅̅̅
kg⋅m

√

for coefficient α, and 
Sγ = 2.7⋅10-3 for the exponent, respectively, while the coefficient of 

determination is 
R2 = 0.99984. 
Analysing the characteristics given by equations (7) and (8), it was 

found that the obtained exponents are slightly greater than the values 
obtained based on the standard (formula (6)). This is confirmed by the 
fact that in engineering practice, the exponent value oscillates around 
0.5. The present research has shown that the characteristics of the 
experimental and simulation data slightly differ from the calculations 
performed according to the standard. 

Trend equations were used to set appropriate values of the flowing 
water in the tested range of impact pressure changes in the orifice. Then, 
to compare the characteristics, the relative measures of their shift were 
determined as: 

δle =
|qme − qmc|

qmc
100% (9)  

δls =
|qms − qmc|

qmc
100% (10) 

Diagrams of δle and δls relations with Δp (in the analysed range of Δp) 
are shown in Fig. 7. 

Based on the obtained results, it can be concluded that the values of 
δle do not exceed 1.5%, which proves very good convergence of exper
imental and computational data. The values of δls are in the range of 5% 
to 5.1%, which is acceptable in engineering practice. The maximum 
relative difference in the mass flow rate between the experimental and 
simulation data does not exceed 6.5% in the tested range of Δp. This last 
value results from negative values of differences(qme − qmc)in formula 
(9). 

To check the similarity between the sets of points obtained experi
mentally and then calculated according to the theory of fluid mechanics, 
and those obtained from simulations, cross plots were drawn, which are 
shown in Figs. 8-10. Since the modelling points and the experimental 
points did not overlap, the points for the graphs were determined from 
the fit function described by equation (7). Therefore, the uncertainty 
points were calculated from the law of uncertainty propagation, based 
on curve fitting errors. Table 4 summarizes the parameters of the fitted 
lines obtained by the least-squares method and the errors of matching 
the coefficients: a (slope) - Sa, and b (intercept) - Sb. 

Analyzing the data in Table 4 and the graphs in Figs. 8-10 leads to the 
conclusion that there is a linear relationship between all data sets, as 
evidenced by the Pearson’s R2 coefficient equal or close to 1. 

The greatest agreement in the studied range occurs between the 
experimental data and the data obtained from the theoretical relation
ship (6). This is indicated by the slope values in the fit error limit equal 
to 1 and the intercept close to 0. In this respect, the comparison with the 
values obtained from the modeled curve is worse. In both cases, when 
compared with the experiment and with the theoretical curve, the co
efficient a is close to 1, but not within the fit error limit. On the other 
hand, the coefficient b is also close to 0. 

Hence, the slope is decisive for data convergence in all considered 
cases. Based on this, it can be concluded that the simulation model will 
show the greatest compliance with both the experiment and the theo
retical curve for low flow values. As the flow rate increases, this 
compliance decreases (Fig. 5). Therefore, it should be stated that the 

Fig. 5. Flow characteristics of the segmental orifice: qmc – calculated according 
to the standard [24], qms – obtained from simulations in SolidWorks 
environment. 
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relationship (3) obtained from the standards: EN ISO 5167–1: 2003 and 
EN ISO 5167–2: 2003 (within the limit of the assumed flux measurement 
uncertainty) describes well the flow characteristics of the segmental 
orifice in the tested range. In this respect, further work on the simulation 
model for this type of orifice should be carried out. 

4.2. Estimating uncertainty of mass flow rate measurement 

The presentation of full information on the results of mass flow rate 
measurements requires estimating measurement uncertainties. 

The objective of the research presented in this section was to 

Table 1 
Mass flow rates qms obtained from simulation.  

qms[kg/s] 0.2500 0.3000 0.3500 0.4000 0.4500 0.5000 0.5500 0.6000 0.6500 
Δp 

[Pa] 
308 443 600 784 990 1228 1483 1758 2080  

Table 2 
Mass flow rates qmc calculated according to the standard [24] for experimentally obtained values of difference pressureΔp.  

qmc[kg/s] 0.3562 0.4242 0.4685 0.5168 0.5689 0.6138 0.6397 
Δp 

[Pa] 
685 971 1185 1442 1747 2034 2209  

Table 3 
Mass flow rates qme(Δp) obtained experimentally.  

qme[kg/s] 0.3511 0.4222 0.4659 0.5147 0.5662 0.6106 0.6362 
Δp 

[Pa] 
685 971 1185 1442 1747 2034 2209  

Fig. 6. Flow characteristics of the tested segmental orifice: qmc – calculated 
from the standard [23], qme – obtained experimentally. 

Fig. 7. Shifts δle and δls as functions of Δp.  

Fig. 8. Comparison of datasets obtained from the theoretical curve and from 
modelling in the SolidWorks Flow Simulation environment. 

Fig. 9. Comparison of datasets obtained experimentally and from modelling in 
the SolidWorks Flow Simulation environment. 
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estimate the expanded uncertainty U(qm) of mass flow rate for the 
coverage factor kp = 2.00 (corresponding to the confidence level equal 
to 0.95). The analyses were carried out using both the analytical method 
(as per [25–27]) and the Monte Carlo method, while adopting the 
following assumptions:  

• fluid flow continuity and velocity uniformity are maintained at any 
point of any cross-section perpendicular to the flow axis,  

• the fluid is incompressible, with no internal friction, and has constant 
density ρ (fluid density upstream and downstream of the orifice is the 
same),  

• 30 measurements were made in series to obtain seven observation 
points of the average flow qm. 

Knowing that the mass flow rate qm for the segmental orifice is given 
by equation (3), and assuming no correlation between the uncertainties 
of measured quantities (according to the law of the uncertainty propa
gation [24–25]), the combined uncertainty uc(qmc) can be presented as 
follows [7]: 

uc(qmc) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
A(qmc) +

(
∂qmc

∂C

)2

⋅u2(C) +
(

∂qmc

∂Fh

)2

⋅u2(Fh)+

+

(
∂qmc

∂FD

)2

⋅u2(FD) +

(
∂qmc

∂Δp

)2

⋅u2(Δp)+

+

(
∂qmc

∂ρ

)2

⋅u2(ρ)

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

(11)  

where uA(qm) is the Type A uncertainty, ∂qmc
∂C ,

∂qmc
∂Fh

,
∂qmc
∂FD

,
∂qmc
∂Δp ,

∂qmc
∂ρ are the 

partial derivatives and u2(C), u2(Fh), u2(FD), u2(Δp), u2(ρ) are the vari
ances determined based on type B uncertainty. 

Firstly, the partial derivatives in equation (11) were defined, see 
Table 5. 

The next step was to determine all variances in formula (11), i.e., 
u2(C), u2(Fh), u2(FD), u2(Δp) and u2(ρ). 

The variation u2(C) of discharge coefficient is related to the 

measurement uncertainty for coefficient C. This uncertainty was deter
mined as per standard [23], based on the relative measurement uncer
tainty U(C)/C = 1.39% and the coverage factor kp = 2: 

u(C) =
U(C)⋅C

kp
(17) 

The variances u2(Fh) and u2(FD) related to the narrowing cross- 
section areas: Fh of the orifice and FD of the pipe, respectively, were 
determined as type B variance [24] (assuming relative measurement 
uncertainty equal to 0.7% for each of these areas, and rectangular 
probability distribution). 

The variance u2(Δp) of pressure measurement was also calculated as 
type B variance [25]. The maximum relative measurement error for the 
differential pressure is 0.15% (for the measuring range of 2.4 kPa). The 
rectangular probability distribution of this error was also assumed. 

The variance u2(ρ) of fluid density was estimated as type B uncer
tainty, assuming the maximum absolute error of density measurement 
equal to 0.5 kg/m3 (with temperature change in the measurement series 
not exceeding 2 ◦C), and the rectangular probability distribution of this 
error. 

Finally, after calculating the combined mass flow rate uncertainties 
uc(qm), the expanded uncertainty U(qm) was determined as: 

U(qm) = kp⋅uc(qm) (18) 

Analysing the expanded mass flow rate uncertainty U(qmc) obtained 
for kp = 2, it was found that for the smallest mass flow rate qme = 0.3511 
kg/s, the value of the expanded uncertainty U(qmc) of flow measurement 
was 0.0063 kg/s (Table 6). The maximum value of 

U(qmc) = 0.0108 kg/s was obtained for the highest mass flow rate qmc 
of 0.6362 kg/s (Fig. 8). The highest value of the relative expanded un
certainty Urel(qmc) was 1.79% and occurred for the lowest tested mass 

Fig. 10. Comparison of datasets obtained experimentally and from the theo
retical curve. 

Table 4 
List of parameters for fitting straight lines to cross plots (Figs. 8-10).  

Number of plot R2 a 
[-] 

b 
[-] 

Sa 

[-] 
Sb 

[-] 

Fig. 8 1.00000 1.0529 − 0.0010 0.0001 0.0001 
Fig. 9 0.99987 1.0504 0.0035 0.0048 0.0025 
Fig. 10 0.99992 0.9975 0.0043 0.0044 0.0023  

Table 5 
Formulas for partial derivatives in equation (11).  

Partial Derivatives Formula 

∂qmc

∂C

[
kg
s

]
Fh⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√

(12) 

∂qmc

∂Fh

[
kg

m2⋅s

]

C⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√

+

(
Fh

FD

)2
⋅

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√

1 −

(
Fh

FD

)2  

(13) 

∂qmc

∂FD

[
kg

m2⋅s

]
− C⋅F3

h ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√

F3
D⋅

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√ ⎞

⎠

3
2  

(14) 

∂qmc

∂Δp
[m⋅s]

C⋅Fh
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√

ρ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√
(15)  

∂qmc

∂ρ

[
m2

s

]
C⋅Fh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Fh

FD

)2
√ ⋅

Δp
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅Δp⋅ρ

√
(16)  

Table 6 
Values of absolute and relative expanded uncertainty calculated analytically: U 
(qmc), Urel(qmc), and simulated with the Monte Carlo method: UMC(qmc), 
UrelMC(qmc).  

Re 
[-] 

U(qmc) 
[kg/s] 

Urel(qmc) 
[%] 

UMC(qmc) 
[kg/s] 

UrelMC(qmc) 
[%] 

9887 0.0063 1.79 0.0062 1.77 
11,732 0.0072 1.71 0.0070 1.66 
12,257 0.0080 1.72 0.0078 1.67 
13,642 0.0088 1.71 0.0084 1.63 
14,868 0.0096 1.70 0.0094 1.66 
15,916 0.0104 1.70 0.0101 1.65 
16,226 0.0108 1.70 0.0106 1.67  
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flow rate qme = 0.3511 kg/s. 
In addition to the analytical calculations of measurement uncertainty 

for mass flow rate qmc, the Monte Carlo (MC) simulation was also con
ducted to verify the numerical calculation results. The procedure was 
identical to that described in [9,27]. The analyses were performed in 
Microsoft Excel for seven different values of mass flow rate qm, the same 
as in the laboratory experiment, and for the number of samples M = 104. 
The results of estimation of the expanded uncertainty UMC(qmc) obtained 
using the MC method are presented in Table 6. 

To further compare the theoretical, experimental and simulation 
results, the uncertainty analysis was also carried out based on the 
experimental and simulation calibration curves given by relations (7) - 
(8). Using the law of uncertainty propagation, the following formula was 
obtained for the combined uncertainty: 

uc(qme) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δpγ⋅Sα)
2
+ (α⋅γ⋅Δpγ− 1⋅u(Δp) )2

+ (α⋅Δpγ⋅ln(Δp)⋅Sγ )
2

√

(19) 

Similarly, to the uncertainties calculated from the theoretical for
mula (3), the expanded uncertainties U(qme), U(qms) and the relative 
expanded uncertainties Urel(qme), Urel(qms) were estimated. The obtained 
values are shown in Table7. A comparison of the expanded uncertainties 
obtained with all analysed methods is shown in Fig. 11. 

Analysis of Tables 6 and 7 and the graph in Fig. 11 shows that for all 
analysed methods the expanded uncertainty increases with increasing 
Reynolds number Re. Such a tendency is related to the increase of tur
bulence in the flow, and consequently, the disturbance in the flow 
caused by the orifice under investigation is greater. This is illustrated by 
the velocity vector distribution maps (Fig. 4a − 4c). The highest values 
of U(qm) are obtained from the calibration curve obtained by simulation 
in SolidWorks environment. Such high values of Urel(qms) in the range of 
3.87% to 4.43% are caused by the lower accuracy of the simulation to 
experiment and theory. 

The uncertainties calculated from the experimental calibration 
curve, on the other hand, are subject to a dispersion of measurement 
points. This dispersion is mainly because it was not possible to maintain 
the same measuring conditions (temperature, external pressure). Taking 
into account that the dispersion is not large, it should be considered that 
the obtained values of Urel(qme) in the range of 2.25% to 2.42% are real, 
limiting values, which should not be exceeded if the orifice is properly 
installed and operated. 

The uncertainty values obtained from the analysis of the theoretical 
relation (3) and the Monte Carlo simulation show the lowest values and 
are close to each other. Whereby, Urel(qmc) varies in the range from 
1.70% to 1.79% and UrelMC(qmc) in the range from 1.67% to 1.77%. 
These uncertainty values should be considered the lowest achievable for 
measurements with segmented orifices for Re = 9,887 – 16,226. 

4.3. Analysis of the discharge coefficient C value 

Analysing the results of experimental observations and simulations, 
it was found that for the segmental orifice, the values of the discharge 
coefficient Ce(experiment) and Cs(simulation), change with Reynolds 
number as shown in Fig. 12. 

The constant value of the discharge coefficient Cc for the tested 
orifice, represented as a solid line in the diagram in Fig. 12, was 
calculated (based on [24]) from the equation: 

Cc =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − β4
√

⋅
(
0.6057 + 0.2214⋅β4 + 0.1944⋅β8) (20) 

The obtained value was Cc = 0.6006. 
Based on Fig. 12, it can be concluded that the values of coefficient Ce 

obtained in the experiment are close to the calculated value and are 
within the range of ± 1.39% resulting from the relative uncertainty from 
the standard [24]. The values of coefficient Cs obtained from the simu
lation are above the marked range, but their differences, compared to Cc, 
do not exceed 4.2%. 

The results for the tested orifice confirm that the discharge coeffi
cient is practically constant in the analysed range of Reynolds numbers 
(for the experiment from 9,900 to 16,300). 

5. Conclusions 

The article presents the results of simulation and experimental 
research for the segmental orifice with module m = 0.25 through which 
water flowed at the average temperature ranging from 20.7 ◦C to 24.8 ◦C 
(for each observed measurement series, the temperature change did not 
exceed 2.0 ◦C). 

The simulations were performed using SolidWorks Flow Simulation 
2014 for qms ranging from 0.25 kg/s to 0.65 kg/s. The calculations done 
in this software enable quick determination of pressure and velocity 
distributions within the tested orifice and its flow characteristics. The 
simulation results allow to reduce the costly and time-consuming 
experimental tests and facilitate the calibration and selection of in
struments in the measurement path. 

The investigation on the experimental stand was performed for seven 
different mass flow rates qme ranging from 0.35 kg/s to 0.63 kg/s, which 
corresponded to Reynolds numbers in the range of 9,920 to 16,270. The 
experiments have shown that the obtained mass flow rate characteristic 
qme = f(Δp) is a power function with exponent 0.504, while according to 
the standard [24] the exponent value is only 0.5. 

Compared to the standard-based calculations, the relative differ
ences between the flow characteristics do not exceed 1.5% for the 
experiment and range from 5% to 5.1% for the simulation. The 
maximum relative mass flow rate difference between the simulation and 
experiment in the analysed range ofΔp does not exceed 6.5%, which is 
acceptable in industrial practice, where maintaining measurement 
conditions as stable as in the laboratory is very difficult. 

The application of the analytical method and the Monte Carlo 
method in uncertainty analysis has shown that the highest value of 
relative expanded uncertainty obtained using these two methods did not 
exceed 1.8% and occurred for the lowest tested flow. At the same time, 
the relative expanded uncertainties obtained from the experimental 
calibration curve did not exceed 2.5%. This uncertainty value is 
considered a good result for mass flow measurements using orifices. On 
the other hand, from the calibration curve obtained from the simula
tions, the relative uncertainties have the largest values ranging from 
3.87% to 4.43%. Due to the accuracy of the simulations performed, these 
values were considered too large. 

After the study, the smallest values of relative uncertainty were ob
tained from the flow theory. In the case of uncertainty analysis of the 
flow obtained as a result of the simulations, due to the large uncertainty 
values (exceeding 4%), the mathematical model should be refined to 
show agreement with experiment and theory at a level not exceeding 
1.5%. In the case of experimental calibration, the main difficulty is to 
maintain the same measuring conditions. Moreover, it is a labour- 
intensive and therefore costly method. 

The obtained results of discharge coefficient C as a function of 
Reynolds number have shown that the tested segmental orifice is char
acterized by a stable value of this coefficient in the developing turbulent 

Table 7 
Values of absolute and relative expanded uncertainty calculated from experi
mental -U(qme), Urel(qme), and simulation - U(qms), Urel(qms) calibration curves.  

Re 
[-] 

U(qme) 
[kg/s] 

Urel(qme) 
[%] 

U(qms) 
[kg/s] 

Urel(qms) 
[%] 

9887 0.0084 2.25 0.0145 3.87 
11,732 0.0102 2.30 0.0180 4.03 
12,257 0.0114 2.32 0.0203 4.12 
13,642 0.0128 2.35 0.0229 4.22 
14,868 0.0142 2.38 0.0258 4.31 
15,916 0.0155 2.41 0.0283 4.39 
16,226 0.0163 2.42 0.0298 4.43  
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flow (in the analysed range). That means that for this type of orifice, the 
coefficient C can be assumed constant for Reynolds numbers from 
10,000, while the standard [22] describes this constancy for higher Re 
values, from 15,000. 

The conducted analyses indicate that further research on the 
metrological properties of segmental orifices should be carried out. They 
should focus, among others, on improving the mathematical model of 
orifices, so that simulations show better agreement with experiment and 
theory. 
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