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@, J]. Mamixo, I.B. Kocmuxk, I.®. Mamiko, B.I. Poman. JlociigeHHs] T0AATKOBOI CKJIAJ0BOI HEBM3HAYEHOCTI pe3yJbTaTy
BUMIpDIOBaHHSI BHUTPATH, 3yYMOBJICHOI CHMETPHYHHMH CHOTBOPeHHSIMH mnpodinro mpBuakocti moroky. Ilin wyac 3acTocyBaHHS
BUTPATOMIpIB B TEXHOJOIIYHMX YMOBAaX 4acTO BMHMKAIOTh 3HAUHI JIOJATKOBI IOXHOKM BHMIDIOBAHHS BHTPATH BHACIIZOK CIOTBOPCHHS
mpo¢io MBUAKOCTI HOTOKY IHepei HMEpBUHHHM IIepeTBOpIoBaueM BUTpaTd. CHOTBOpEHHS NpO(iII0 MIBUAKOCTI MOTOKY MOXYTh OyTH
cdopMoBaHi, 30KpeMa, KOHIEHTPUYHUMH BHCTYIaMH y TpyOorpoBozai. Meroro Ii€i CTaTTi € JOCHI/UKCHHS BIUIMBY KOHIEHTPUYHHX
BHUCTYIIIB, SIKi GOPMYIOT CHMETPHYHE CHOTBOPEHHS MPOQIII0 MBHIKOCTI MOTOKY IEpel CTaHIapTHOI AiaparMoro, Ha HEBH3HAYEHICTh
pe3ysbTaTy BUMIPIOBAHHS BHTPATH. JIOCIIMIKCHHS OJATKOBOI CKJIaJ0BOI HEBH3HAYCHOCTI BUKOHAHE CKCIICPUMEHTAIbHUM MeTomoM. [l
L[LOT'O PO3POOJIEHO YCTAHOBKY, 10 CKJIaJy SIKOI BXOJSITh [JBA ITOCIIIOBHO BCTAHOBJICHI BUTPATOMIpH 3MIHHOTO HIepernaay TUCKY, 3pa3KoBHil Ta
pobounii, 3 BHyTpimHiM aiamerpom D=0,1 M. BB BHCTYMIB IOCIIKEHO 32 JONOMOIOK BCTAHOBJICHHS KOHLCHTPHYHHUX Kilelb, IO
imitytors Buctyn Bucotoro h=0,025D, 0,05D, 0,1D. ExcriepiuMeHTaNbHI JOCTIPKEHHSI BUKOHAHO ISl CTAHIAPTHUX HiadparM 3 BiTHOCHHM
niamerpoM otBopy $=0,2; 0,4; 0,5; 0,67 3a ymoBH HasBHOCTI BHCTyIy Ha Binctani L=2D, 5D, 10D mepen niadparmoro. 3a pe3ynpTaTaMu
eKCHEPHMCHTAIBHUX JIOCHIUKCHb OOYMCICHO 3HAYCHHS BiJJHOCHOTO BiJXWJICHHS KoedillieHTa BHUTiKaHHA aiadpparMu Ocp, 3yMOBICHOTO
HAsBHICTIO KOHLICHTPHYHOIO BHCTYIly Tepex miadparmoro. IlinTBepmKeHo, 1[0 [ PO3BHHYTOTO TYPOYJICHTHOIO PEXHMY PyXy MOTOKY
3aJISKHICTh BIJHOCHOTO BiIXWIICHHS Ocp Bin umcna PeiiHonbaca € OMH3bKOIO 10 JIiHINAHOI, TOMy BIUIMB BHCOTH BHCTYIy JUIS KOXKHOTO
(ixcoBanoro 3HaueHHs h Ta L Moxe OyTH BigTBOpEeHMiT yCepemHEHHM 3HAYCHHSM BiIHOCHOTO BigxwiceHHS. Po3poOmeHO aHamiTHYHI
3QJIGKHOCTI 1Tl OOYMCIICHHS YCEPEIHEHOTO BiJHOCHOTO BiIXMJICHHS BiJ] KOHCTPYKTHBHHUX XapaKTEPHCTHK BHTPATOMIpa Ta 3alpOIIOHOBAHO
OLIHIOBATH JOJATKOBY PO3IIMPEHY HEBU3HAYCHICTH BHUMIPIOBAHOTO 3HAYCHHS BUTPATH 32 LIUMH 3aJIOKHOCTAMHU. 3aCTOCYBAaHHS PE3y/IbTaTiB
po0OTH 1a€ MOXKIMBICTh OLIHUTH HEBU3HAYEHICTh PE3YJIbTATY BUMIPIOBAHHS BHUTPATH y TEXHOJIOTIYHMX YMOBaX, a, BIANOBITHO, OLIHUTH
MOXKJIMBICTb 3aCTOCYBAHHS BUTPATOMIpiB 3 HASBHUMH JIOJATKOBUMH CKJIAJJOBUMH HEBU3HAYEHOCTI.

Kntouosi cnoea: BUTpaTOMip 3MIiHHOTO Iiepemajy THCKY, Aiadparma, koedimi€eHT BHTIKaHHS, NPOQine MBHUIKOCTI IOTOKY,
KOHLICHTPUYHHI BUCTYII, T0JaTKOBA HCBU3HAYCHICTh

F. Matiko, | Kostyk, H. Matiko, V. Roman. Investigating the additional uncertainty of flowrate measurement caused by symmet-
rically disturbed flow. When flowmeters are used in technological conditions significant additional errors in flow measurement are often
caused by distortion of the flow velocity profile upstream the primary device. The distortion of the flow velocity profile can be caused, par-
ticularly, by concentric protrusions in the pipeline. The purpose of this paper is to investigate the effect of concentric protrusions, which form
a symmetric flow distortion upstream the standard orifice plate, on the uncertainty of flow measurement result. The additional component of
uncertainty was studied experimentally. For this purpose a setup was developed consisting of two series-installed differential pressure flow-
meters, a reference and a test one, with an inner diameter D=0.1 m. The effect of the protrusions was investigated by installing concentric
rings that imitate the protrusion height h=0.025D, 0.05D, 0.1D. Experimental studies were performed for standard orifice plate with relative
diameter $=0.2; 0.4; 0.5; 0.67 provided that there is a protrusion at a distance L=2D, 5D, 10D upstream the orifice plate. According to the
results of experimental studies the authors calculated the values of the relative deviation of the orifice plate discharge coefficient 3¢, caused
by the concentric protrusion upstream the orifice plate. It is confirmed that the dependence of the relative deviation &¢, versus the Reynolds
number is close to linear for the developed turbulent flow, so the effect of the protrusion height for each fixed value of h and L can be repro-
duced by the mean relative deviation. Analytical dependencies are developed to calculate the mean relative deviation from the design charac-
teristics of flowmeter and the additional expanded uncertainty of measured flowrate is proposed to be evaluated by these dependencies. Ap-
plying the results of the paper makes it possible to evaluate the uncertainty of flow measurement in technological conditions and, respective-
ly, to determine the possibility of using flowmeters with available additional components of uncertainty.

Keywords: differential pressure flowmeter, orifice plate, discharge coefficient, flow velocity profile, concentric protrusion, additional
uncertainty

Introduction
Automated flow measurement systems are an important component of many technological com-
plexes. They provide measurement of fluids flowrate and volume at the inputs and outputs of techno-
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logical complexes, as well as forming the material balance and evaluating the efficiency of technologi-
cal processes, including energetics [1].

Flowmeters based on throttle elements, in particular flowmeters with standard orifice plates are
the basis of many automated flow measurement systems [2]. However, when using these flowmeters
in conditions of technological plants, it is not always possible to meet the requirements of the stand-
ards for their design and installation. As a result additional errors of flow measurement occur that in-
fluence the measurement result of flowrate and volume, as well as the balance of fluid energy carrier
in the system. Therefore, the urgent task is to investigate the additional errors of differential pressure
flowmeters and to develop suggestions for their reducing.

In particular, additional errors of flow measurement may occur due to distortion of the flow ve-
locity profile upstream the primary device. The distortion of the flow may be caused by local fittings
or by some pipeline elements, including symmetrical inner protrusions of the pipeline. Examples of
such symmetrical protrusions are protruding gaskets between the flanges or between the flanges and
the carrier rings, concentric protruding welds. This article is devoted to studying the additional errors
of flow measurement caused by such symmetrical protrusions.

Analysis of recent publications

A detailed analysis of characteristics of differential pressure flowmeters was made due to the im-
plementing the standards DSTU GOST 8.586.1-5:2009. For flowmeters designed according to the old
normative documents, the implementation of these standards requires a whole set of measures: chang-
es in geometric characteristics of measuring pipeline and primary device according to DSTU GOST
8.586.1,2:2009 as well as changes in flowrate calculating algorithm according to DSTU GOST
8.586.5:2009 [3]. Sometimes the non-compliance with the requirements of DSTU GOST 8.586.1-
5:2009 only belongs to the individual characteristics of measuring pipeline or primary device. When
studying the current flow measurement systems, the authors found that following features of flowme-
ters design are most common in their operation practice and lead to additional uncertainty:

— protrusions, recesses, inner gaskets protruding into the pipeline and placed within the pipeline
section length of 10D upstream the orifice plate;

— deviation of the pipeline cylindricality;

— sections with heterogeneous roughness within the pipeline section length of 10D upstream the
orifice plate;

— reducing the length of straight sections of measuring pipelines upstream the orifice plate.

Many research papers and guidelines, particularly [4-7], have confirmed that recesses (concentric
slits) in the 2D long section upstream and downstream the orifice plate are not impact factors that
cause significant flow distortions. On the contrary, inner protrusions in pipeline can cause significant
errors in flow measurement. In particular, researches [4-7] present the results of the protrusions effect
at a distance of less than 2D upstream the orifice plate and confirm that such protrusions can have a
significant effect on its discharge coefficient. However, the effect of protrusions at distances up to 10D
upstream the orifice plate has not been investigated.

The protrusions immediately upstream the orifice plate cause the most significant deviations of
the discharge coefficient, depending on the protrusion size and the relative diameter 3 of the orifice
plate [5]. In particular, the effect of the protrusions at 3=0.5 should be taken into account already at the
protrusion height more than 1.0 % D. In particular, deviations of the discharge coefficient reach the
value of 11.5 % at the height of the protrusion of 12.5 % D. The effect of the protrusions at $=0.7 is
even greater and the protrusions should be avoided or equal below 0.38 % D in order to provide the
deviation of the discharge coefficient within its uncertainty [5].

Experimental data on changing the orifice plate discharge coefficient installed in the measuring
pipeline with the shortened straight sections are presented in papers [8-10] and systematized in
ISO/TR 12767:2007 [4]. These data allow us to evaluate the additional uncertainty of the measured
flowrate for different measuring pipeline configurations.

Therefore, as the results of scientific and technical literature analysis on the effect of design fea-
tures of pressure differential flowmeters on the flow measurement error the authors concluded that
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protrusions effect on the flow measurement result may be significant and has not been investigated for
ranges of geometric dimensions of test flowmeters.

The purpose of the work is to investigate the effect of concentric protrusions, which form a
symmetric flow distortion upstream the standard orifice plate, on the flowrate measurement result.
Such studies make it possible to evaluate the uncertainty of the measured value of gas flowrate and to
conclude that a specific fluid flow measurement system can be used.

Description of the experimental setup

Investigating the additional errors of flowmeters can be performed both experimentally and by
mathematical modeling methods. However, the results presented in many papers show that applying
the mathematical modeling methods is effective only if the mathematical model is verified or refined
based on experimental data.

To perform experimental studies of additional errors of gas flowmeters a flow measuring setup was
developed at Lviv Polytechnic National University, which consists of two differential pressure flowme-
ters: reference and test (see Fig. 1 a). Both flowmeters have high-precision measuring transducers of
pressure drop, pressure, temperature made by Honeywell with output HART signal (see Fig. 1 b). Flow
calculating is performed in real time using the program installed on the PC.

-

Fig. 1. Experimental setup: general view (a); panel with measuring transducers (b)

The experimental setup has the following basic characteristics: the inner diameter of the pipeline is
0.1 m; the straight length of measuring pipeline upstream reference and test flowmeters are more than
100D; environment — air up to 0.2 bar; range of air flowrate is 50...1000 m%h (at reference conditions).

The design of the first (reference) flowmeter and the geometric dimensions of its elements meet
the requirements of DSTU GOST 8.586.1,2,5:2009. The second (test) flowmeter has an element with
geometric dimensions that are beyond the limits set in DSTU GOST 8.586.1,2,5:2009. So it forms a
distortion of the flow velocity profile.

All sections of the measuring pipeline installed upstream and downstream the orifice plates of
reference flowmeter and test flowmeter are made of cold-drawn steel seamless pipe 120x100 H8.
It has the following characteristics: deviation tolerance of the internal diameter H8 according to GOST
25347-2013 (ISO 286-2-2013) (ISO 286-2-2013); a roughness of the inner surface Ra not more than
0.4 microns; straightness — the local deviation does not exceed 1 mm for every meter of length. This
provides the conditions for non-distorted flow upstream the flowmeters.

Compliance of the geometric dimensions of the measuring pipeline of reference and test flowme-
ters with the requirements of DSTU GOST 8.586.1,2:2009 was checked by DP *“Lvivstandartme-
trologiya” according to the method of MVVU 043/01-2011. This fact is confirmed by the protocols of
measurements of the geometric dimensions of measuring pipeline of reference and test flowmeters.

To allow the investigating of the effect of the inner protrusion in the pipeline on the measured
value of flowrate at different distances from the orifice plate, the section of measuring pipeline of test
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flowmeter with length 10D upstream the orifice plate consists of three sections: section with length
2D, section with length 3D and section with length 5D.

Experimental research were performed for standard orifice plates with relative diameter f=0.2;
0.4; 0.5; 0.67. The actual values of the relative diameter 3 obtained on the basis of the values of the
bore diameter that is measured in accordance with the requirements of MVVU 043/01-2011 are present-
ed in Table 1.

Table 1
The values of the relative diameters £ of orifice plate used for the experimental research
Reference flowmeter Test flowmeter
Ne | Ne of the orifice d.Bore Relative di- Ne of the ori- Bore diameter Relative
iameter x . . «
plate d ameter 3 fice plate dag, mm diameter {3
201 mm
1 46-1 19.993 0.200070 47-1 19.982 0.200160
2 46-2 39.987 0.400150 47-2 39.99 0.400581
3 46-3 49.995 0.500300 47-3 49.992 0.500771
4 46-4 66.987 0.670339 47-4 66.978 0.670921

Calculating of the air flowrate is realized in real time on the basis of the measured values of pres-
sure drop, absolute pressure, temperature according to the algorithm that meets the requirements of
GOST 8.586.5:2009 [3]. The program for flowrate calculating is realized using PC, which with the
help of HART-modem realizes a polling of measuring transducers of pressure drop, absolute pressure,
temperature for reference and test flowmeters respectively. The compliance of the flowrate calculating
algorithm realized by the PC with the requirements of DSTU GOST 8.586.5:2009 was verified by
comparing the results calculated by the program with the flowrate results obtained by CAD “Rashod-
RU” (version 3.0) for test combinations of input data.

Archives of instant values of pressure drop, absolute pressure, temperature, air flowrate under
reference conditions for reference and test flowmeters were obtained by using the measurement re-
sults. The results of processing the archives of instant values of air parameters and its flowrate are the
basis for determining additional components of uncertainty of the measured value of flowrate.

Processing the experimental results

In order to investigate the effect of the protrusion a ring is installed into the inner cavity of the
pipeline between the sections of the measuring pipeline of the test flowmeter that imitates the protru-
sion. The research program provides the experimental studies for rings with a thickness of 8 mm, imi-
tating the protrusion height of 0.025D, 0.05D, 0.1D. The study was performed with a ring-imitator
installed at the distance of 2D, 5D, 10D upstream the orifice plate.

Based on the experimental results, the value of the relative deviation of the flowrate caused by
the effect of the inner protrusions in the pipeline is obtained:

_ Qtest - Qref

ref

8 100 %, 1)

Q

where Q.. Q. are the average value of the flowrate obtained during the experiment according to

the measurement results of test and reference flowmeters respectively.

According to the experimental results, an array of relative deviations of the flowrate 5o was ob-
tained for each value of the relative diameter B. In particular, for the orifice plate with a relative di-
ameter B = 0.67 the flow deviation array is presented in Table 2.

* —is calculated for the bore diameters of the orifice plates and the inner diameter of the pipeline at 20 °C.
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Table 2
Comparing the flowrate measurement results by reference and test flowmeters
for the orifice plate with bore relative diameter 5=0.67

Distance to up- Protrusion Relative deviation 54 (%) for flow source mode
Ne | stream face of height 1 2 3 4 5 6

carrier ring “+”

Reynolds number Re 96621 | 119814 | 133172 | 148645 | 164063 | 178943

1 Flowmeters without protrusions -0.313 | -0.081 | -0.193 | -0.286 -0.21 -0.208
2 h=0.025D -0.646 | -0.261 | -0.516 | -0.498 | -0.466 | -0.450
3 L=2D h=0.05D -1.067 | -0.725 | -0.884 | -0.881 | -0.813 | -0.829
4 h=0.1D -3.853 | -3.451 | -3.666 | -3.645 | -3.560 | -3.540
5 h=0.025D -0.429 | -0.179 | -0.336 | -0.363 | -0.283 | -0.319
6 L=5D h=0.05D 0.024 0.352 0.153 0.130 0.237 0.208
7 h=0.1D 1.192 1.460 1.292 1.256 1.292 1.326
8 h=0.025D -0.327 | -0.108 | -0.250 | -0.304 | -0.210 | -0.233
9 L=10D h=0.05D 0.241 0.450 0.296 0.251 0.290 0.339
10 h=0.1D 1.147 1.350 1.182 1.151 1.226 1.170

In order to obtain the effect of the protrusion on the measured value of the flowrate, the systemat-
ic deviations obtained for flowmeters without ring-imitators 5o (line 1 in Table 2) are excluded from
the values of the relative deviation 5o obtained by studying the test flowmeter with installed ring-
imitator (lines 2 — 10 in Table 2). Thus an array of relative deviations of flowrate is obtained:

6Qp = 6Q - 6Q0, (2)
that correspond to the effect of the inner protrusion in the pipeline on the measured value of flowrate
(see Table 3).

Table 3
Relative deviation of flowrate &g, for the orifice plate with bore relative diameter f=0.67

Distance to _ Relative deviation 3o, (%) for flow source mode Mean de-
No upstream Protrusion viation
face of car- height 1 2 3 4 5 6 5 (y

rier ring “+” Qpm: 70

Reynolds number Re*1e-5 0.97 1.20 1.33 1.49 1.64 1.79

1] h=0.0256D | -0.333 | -0.18 | -0.323 | -0.212 | -0.256 | —0.242 —-0.258
2 | L=2D h=0.05D -0.754 | -0.644 | -0.691 | -0.595 | -0.603 | —0.621 —-0.651
3 h=0.1D -3.54 -3.37 | -3.473 | -3.359 | -3.35 | -3.332 -3.404
4 | h=0.0256D | -0.116 | -0.098 | -0.143 | -0.077 | -0.073 | -0.111 -0.103
5] L=5D h=0.05D 0.337 0.433 0.346 0.416 0.447 0.416 0.399
6 h=0.1D 1.505 1.541 1.485 1.542 1.502 1.534 1.518
7| h=0.025D | -0.014 | -0.027 | -0.057 | -0.018 0 —-0.025 -0.024
8 | L=10D h=0.05D 0.554 0.531 0.489 0.537 0.5 0.547 0.526
9 h=0.1D 1.46 1.431 1.375 1.437 1.436 1.378 1.420

The dependencies of the relative deviation &g, versus the Reynolds number Re for the corre-
sponding straight length of measuring pipeline between the face of the carrier ring “+” and the cross-
section of the ring-imitator are shown in Fig. 2 a, b.

We can see from Fig. 2 a, b, that the dependence 5o,=f(Re) is close to linear for the investigated
values of the protrusion height h, the section length L and the corresponding value of the relative di-
ameter $=0.67. The change in the value dq, is insignificant when the Reynolds number Re changes, so
the effect of the protrusion height for each fixed value h and L can be reproduced by the mean devia-
tion 8qpm Calculated as the arithmetic mean of dq,(Re) for the corresponding value h (see Table 3).
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Fig. 2. The dependencies of relative deviation dq, versus Reynolds number Re for the straight lengths
of measuring pipeline between the face of carrier ring “+”’and the ring-imitator of protrusion:
L=2D (a); L=10D (b)

The results of experimental studies for orifice plates with bore relative diameter $=0.2; 0.4; 0.5
were worked out similar to $=0.67. The arrays of the relative deviation 5q, for these orifice plates
are formed.

It is obvious from the physical nature of the flow equation of the differential pressure method and
the coefficients of this equation that the element in the inner cavity, which distorts the flow, leads to a
change in the discharge coefficient of the primary device. This fact is confirmed by a large number of
theoretical and experimental researches, including works [5-11]. Therefore, the deviation of the dis-
charge coefficient caused by concentric protrusion upstream the orifice plate should be evaluated
based on the obtained experimental results.

The relative deviation of the discharge coefficient should be determined by the formula:
=ﬁ-100%=(c——1)-100%, (3)

0

8(7

0

where C is the discharge coefficient calculated for the values of the flow parameters in the measuring

pipeline of test flowmeter; C, is the discharge coefficient calculated for the values of flow parameters
in the measuring pipeline of the reference flowmeter.

From the equation of flow reduced to standard conditions (equation (5.8) DSTU GOST

8.586.5:2009 [3]) an expression was obtained to calculate the discharge coefficient using the results of

experimental studies:

- ql'c ) (prc prcTK)o'5
0.257d 2EKR Kesg(ZAp P 'Trc)o'5 ’

where . is the volumetric flowrate of fluid, reduced to reference conditions; d is the diameter of ori-
fice plate bore; ¢ is the flow expansion coefficient; E is the entry speed coefficient; K is the compress-
ibility coefficient of gas; K is the correction factor that takes into account the inlet edge sharpness of
the orifice plate; Ky is the correction factor that takes into account the roughness of the inner surface of
the measuring pipeline; Ap is the pressure drop on the primary device; p is the fluid pressure; T is the
fluid absolute (thermodynamic) temperature; py., Tr, prc are pressure, temperature and density of fluid
under reference conditions, respectively.

It is necessary to calculate the ratio of the discharge coefficients in order to determine the relative
deviation &¢, which makes it possible to reduce the parameters and the coefficients that acquire the

(4)
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same values or differ slightly. Then from (3) and (4) we obtain the following formula for calculating
the relative deviation of the discharge coefficient:

_ (TK)O05 - (dZEyg, (Apo * Po )0'5)
| (ToKy)0® - (d2Ee(Ap- p)°*)

~1(-100%. (5)

The index “0” in formula (5) indicates the characteristics and parameters related to the reference
flowmeter.

The calculation of the deviation of the discharge coefficient was performed using the experi-
mental values of the flow parameters by the following method:

1) formula (5) is applied to calculate the relative deviation for each set of instant values of the
flow parameters in the measuring pipelines for test and reference flowmeters;

2) mean relative deviation for each investigated time interval for fixed flowrate was obtained by
processing the arrays of relative deviation d¢;

3) mean relative deviation 6¢ for each time interval during which the flowrate was constant are
summarized in tables similar to the Table 2;

4) in order to investigate the effect of the protrusion on the discharge coefficient, the systematic
deviations obtained for flowmeters without ring-imitators ¢, are excluded from the values of the rela-
tive deviation d¢ obtained by studying the test flowmeter with installed ring-imitator. Thus, an array of
relative deviations of the discharge coefficient 3¢, (see Table 4) was obtained corresponding to the
effect of the inner protrusion in pipeline on the discharge coefficient.

In particular, for an orifice plate with relative diameter 3=0.67, the deviation value S¢, is present-
ed in Table 4. The mean relative deviation dcyn is Obtained as the arithmetic mean value of 5¢,(Re) for
the corresponding value h.

Table 4
Relative deviation of flowrate dc, for the orifice plate with the bore relative diameter f=0.67
Distance to _ Relative deviation d¢, (%) for flow source mode Mean de-
No upstream Prot(usmn viation
face of car- height 1 2 3 4 5 6 N cy’
rier ring “+” Cpm> 70
Reynolds number Re*1e-5 0.97 1.20 1.33 1.49 1.64 1.79
1 h=0.025D 0.385 0.171 0.357 0.214 0.279 0.25 0.276
2 | L=2D h=0.05D 0.793 0.647 0.707 0.607 0.619 0.629 0.667
3 h=0.1D 3.731 3.512 3.657 3.528 3.518 3.484 3.572
4 h=0.025D 0.164 0.112 0.139 0.094 0.077 0.085 0.112
5] L=5D h=0.05D -0.325 | -0.438 | -0.342 | -0.424 | -0.437 | -0.425 —-0.398
6 h=0.1D -1512 | -1.534 | -1.485 | -1.534 | -1.493 | -1.517 -1.513
7] h=0.025D 0.025 0.01 0.071 0.044 0.016 0.027 0.032
8 | L=10D h=0.05D -0.513 | -0.538 | -0.497 | -0.523 | -0.522 | -0.549 —-0.524
9 h=0.1D -1.454 | -1.388 | -1.365 | -1.425 | -1.415 | -1.367 -1.402

The dependencies of the relative deviation d¢, versus the Reynolds number Re for the corre-
sponding straight length of measuring pipeline between the face of carrier ring “+” and the cross sec-
tion of the ring-imitator are shown in Fig. 3 a, b.

We can see from Table 4, Fig. 3 a, b that the values of 5¢, are close in modulus and opposite in
sign to the deviations of the flowrate, which corresponds to the physical processes occurring in the
flowmeters. The dependence 5¢,=f(Re) is close to linear for the investigated values of the protrusion
height h, the section length L and the corresponding value of the relative diameter 3=0.67. The change
in the value o, is insignificant when the Reynolds number Re changes, so the effect of the protrusion
height for each fixed value h and L can be reproduced by the mean deviation Sc,m (See Table 4).
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Fig. 3. The dependencies of mean deviation Jc, versus Reynolds number Re for the straight length
of measuring pipeline between the face of carrier ring “+”’and the ring-imitator of protrusion:
L=2D (a); L=10D (b)

The results of experimental studies for orifice plates with bore relative diameter $=0.2; 0.4; 0.5
were worked out similar to B=0.67. The mean relative deviation 5., are presented in Table 5.
Table 5

Mean relative deviation Jcpy for the investigated values S

Distance to Mean relative deviation 8,,, (%) for relative diameter 3
No upstream Protrusion
- face of car- height 0.2 0.4 0.5 0.67
rier ring “+”
1 h=0.025D 0.008 0.063 0.144 0.276
2 L=2D h=0.05D 0.050 0.253 0.431 0.667
3 h=0.1D 0.108 1.031 1.848 3.572
4 h=0.025D —0.004 0.028 0.021 0.112
5 L=5D h=0.05D -0.014 -0.023 -0.134 —-0.398
6 h=0.1D -0.002 —-0.218 -0.527 -1.513
7 h=0.025D - -0.039 0.002 0.032
8 L=10D h=0.05D - —-0.094 -0.195 -0.524
9 h=0.1D —0.005 -0.331 -0.627 -1.402

The mean deviations dcpm from Table 5 versus relative diameter 3 of the orifice plate bore are

presented in Fig. 4 a, b, c. We can see from these figures that concentric protrusion upstream of the
orifice plate with a height h=0.025D, 0.05D, 0.1D leads to a significant additional error in the dis-
charge coefficient, which can be both positive and negative. Vertical error bar (1) in Fig. 4 a, b, ¢ show
range of deviation 6, for each value 3, which corresponds to the range of change of Reynolds number
during experiments (see Table 4).

These dependences of &¢, on the design characteristics of the flow meter should be described
with analytical expressions. Applying the method of extracting the influence of individual parameters
and the method of least squares for coefficients determining, the authors obtained dependencies that
adequately reproduce the experimental results presented in Fig. 4 a, b, c:

— for section length L=2D (see Fig. 3 a)

Scpom = (-51.2 + 34.2.¢**).(h/D)*%; -
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— for section length L=5D (see Fig. 3 b)

Bcpm = (~4.8 + 1.88.¢°**) (/D) ™ (6)
— for section length L=10D (see Fig. 3 ¢)
Bcpn= (-5.9 +324:¢*) (WD)**, @)

where h/D is the relative height of the inner protrusion in the pipeline.

Scpm % Scpm %
0
35 — —h/D=0.025 e 1
] A (U - h/D=0.05 o -0.2
------ - h/D=0.1 B
25 o -0.4
7 0.6
2 # -
/]E .
1.5 ya -0.8 \
: N
1 -1 %
hY
——— —h/D=0.025 -
0.5 L2 — h/D=0.05 L
0 al | - h/D=0.1 N
-0.5 -1.6 :
0.1 0.2 03 04 05 0.6 B 01 02 03 04 05 06 B
a b
Fig. 4. The dependencies of mean deviation of Scpm: %6
discharge coefficient ocpm versus relative diameter g 0 T e
for the straight length of measuring pipeline between 02 L |
. . . . . t e -
the face of carrier ring “+”” and the ring-imitator of 'a\} -~
protrusion: L=2D (a); L=5D (b); L=10D (c) -0.4 . T
N, T
-0.6 L.
I\.
Taking into that relative expanded uncertain- 08 .
ty of measuring (calculating) the value at 95 % a kY
. . . 1
confidence level is calculated by the formula: P T HD=0.025 N
U!=2u/, =abs(d,), 8) | |----- - h/D=0.05 \
y y (®,) ® 14 —me -h/D=0.1 q
we obtain a formula for calculating the additional 6
relative expanded uncertainty caused by protrusion 0.1 0.2 03 0.4 05 06 B
upstream an orifice plate: c

U, = abs(8cym), )

Therefore, using the dependencies (5) — (7) and (9) it is possible to evaluate the uncertainty U

for various relative diameter of orifice plate bore and relative height of protrusion for corresponding
pipeline diameter.

Conclusions

According to the results of the performed researches the following conclusions were formed:

1) the concentric protrusion upstream an orifice plate leads to a change in the flow velocity pro-
file and to a corresponding change in the orifice plate discharge coefficient; the module and the sign of
the discharge coefficient change depend on the relative height of the protrusion and also its distance to
the upstream face of the orifice plate;

2) the results of the experimental studies obtained for the rings imitating the height of the protru-
sion 0.025D, 0.05D, 0.1D indicate that significant additional errors in the flow measurement can occur
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even if the protrusion height equals 0.025D; particularly, for the relative diameter 3=0.67 the addition-
al error reaches the basic error of the pressure (pressure drop) transducers;

3) the dependence of relative deviation of discharge coefficient 5.,=f(Re) is close to linear for the
investigated values of the protrusion height h, the section length L between the protrusion and the ori-
fice plate and the relative diameter $=0.2; 0.4; 0.5; 0.67; the change in the value of 5., depending on
the change in the number Re is insignificant, so the effect of the protrusion height for each fixed value
of hand L can be reproduced by the mean deviation dcpm;

4) the authors obtained analytical dependences (5) — (7) and (9), which make it possible to evalu-
ate mean deviation of an orifice plate discharge coefficient, and also the additional uncertainty Uy

caused by concentric protrusion upstream the orifice plate for the corresponding values of the relative
diameter, the relative height of protrusion and the pipeline diameter.
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