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Abstract

The paper presents the analysis of scientific and technical sources on the influence of constructive features of
pressure differential flowmeters on flow rate measurement error. According to the research results, the significant
surface roughness of pipe sections downstream of the orifice plate does not significantly affect the flow measurement
result. The influence of the pipe roughness upstream of the orifice plate depends on geometric characteristics of
roughness, the pipe diameter, the relative area of the orifice plate throat, and the Reynolds number. The change in the
uncertainty of the orifice discharge coefficient under conditions of inhomogeneous measuring pipe roughness in the
pipe section with a length of 10D upstream of the orifice plate is analyzed. The authors have determined that even a
pipe section length of 1.5D with high roughness might be enough to change the flowmeter readings by more than 1%
at a large orifice diameter ratio.

Keywords: pressure differential flowmeter; standard primary device; roughness; orifice plate discharge
coefficient; measurement error.

1. Analysis of recent publications and definition of problem to be solved

Measuring natural gas flow rate at gas transmission companies and in large gas pipelines of distribution networks
is carried out by means of variable pressure differential flowmeters based on standard primary devices [1]. Good
regulatory support is necessary for achieving the high accuracy of natural gas metering using these flowmeters [2].

According to the goals of Ukraine’s integration into the European Union, the Ukrainian regulatory documents on
natural gas metering must be harmonized with the regulatory documents of European countries.

Taking into account these requirements, as well as eliminating some shortcomings of old documents on
measuring the flow rate and quantity of fluids, a set of interstate standards GOST 8.586.1-5: 2005 was developed with
the participation of the Lviv Polytechnic National University in 2005. These standards came into force in Ukraine on
April 1, 2010 by order of the State Committee of Ukraine for Technical Regulation and Consumer Policy No. 486 of
December 30, 2009, as National Standards DSTU GOST 8.586.1-5: 2009 “Measurement of fluid flow rate and
quantity of liquid and gas using standard primary devices” [3] — [7]. The developed standards are based on the
international 1SO 5167: 2003 [8] — [12]. They are as close as possible to these standards, and the differences are only
in expanding the measurement method, particularly for application conditions in Ukraine.

Full implementation of standards DSTU GOST 8.586.1-5:2009 makes it possible to increase the accuracy of
natural gas metering and reduce the current imbalances in gas volume. However, the influence of deviations of
specific geometrical characteristics of pipelines from the values determined by the requirements of DSTU GOST
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8.586.1-5: 2009 remains unexplored. Therefore, it is important to carry out research to determine the influence of
geometric characteristics of measuring pipelines and orifice plates on the measured value of gas flow rate and
volume. Particularly, it is necessary to investigate the effect of pipe internal surface roughness on the measured flow
rate, especially the influence of the sections with inhomogeneous roughness within the pipe section length 10D (D is
internal pipe diameter) upstream of the orifice plate.

2. Formulation of the goal of the paper

The paper aims to analyze the influence of pipe internal surface roughness on a measurement result of gas flow
rate by means of standard pressure differential devices in order to estimate the flow rate uncertainty and to expand the
application area of such devices.

3. Analysis of influence of pipeline internal surface roughness on flow rate measurement result

The equation for determining the discharge coefficient of the orifice plate [4], [9] is obtained for the conditions
of experimental studies of smooth pipes. The use of rough pipes leads to a change in the discharge coefficient because
the discharge coefficient of the primary device (PD) depends on the internal surface roughness of the measuring pipe
(MP). It is described by a relative equivalent roughness R,/D. An increase in the equivalent roughness R,/D leads to an
increase in the discharge coefficient of PD. The larger the diameter ratio p of the orifice plate and the Reynolds
number Re are, the greater the discharge coefficient C is. The influence of the pipe internal surface roughness in
standards [3] — [7] is taken into account by a correction factor, which requires information on the value of the
equivalent roughness of the MP internal surface R;.

The discharge coefficient C was experimentally determined for pipes with a specific internal surface roughness,
characterized by the equivalent roughness R, or the arithmetic mean deviation of the roughness profile R,. The ranges
of change of these parameters were limited by minimum and maximum values. Therefore, the value of the orifice
plate discharge coefficient calculated by the equation in [4], [9] will be correct only for the condition that the value of
R, is in a given range, i.e. between the minimum and maximum allowable values of internal surface relative
roughness of the pipe 10°Ry, min/D and 10°R, max/D, respectively [1], [13].

We should note that the pipe’s internal wall roughness affects the fluid velocity distribution in its cross-section.
If the value of R, exceeds the above limits, it leads to distortion of the velocity distribution of the fluid in its cross-
section and, accordingly, to a change in the value of the discharge coefficient C [1], [14].

Standard [8] does not allow using variable pressure flowmeters in pipelines with the value of R, outside the
permissible limits. Some other standards, in particular [3] — [7], allow the use of variable pressure differential
flowmeters in pipes with the value of R, above these limits. Still, the appropriate correction factor should be used.
This means that the influence of the pipe internal surface roughness on the primary device discharge coefficient will
be corrected by the correction coefficient K, for the pipe internal surface roughness. The correction factor K, depends
on the pipe equivalent roughness R,.

One of the following methods can be used to determine R;:

o direct measurement of the arithmetic mean deviation of the roughness profile R, and calculation of correction
factor R, according to DSTU GOST 8.586.1 [3];

o experimental determination of MP hydraulic friction factor A and calculation of correction factor R, according
to DSTU GOST 8.586.1 [3];

e application of tabular values of MP equivalent roughness according to DSTU GOST 8.586.1 [3].

Based on experimental data obtained by German scientists and given in DIN1952 [15], the values of the
maximum allowable pipe relative roughness (10°R,/D), were obtained, above which it is necessary to take into
account the correction factor K, when calculating the flow rate. Fig. 1 shows the range of values of 10°R,/D for
determining the application conditions of orifice plates according to [15].
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Fig. 1. Values of 10°R,/D for determining the application conditions for orifice plates.

Considering I1SO 5167-1: 2003 [8], a new roughness equivalent called the arithmetic mean deviation of the
roughness profile R, for determining the correction factor for pipe internal surface roughness was included in standard
DSTU GOST 8.586.2: 2009 [4]. The dependence of the equivalent roughness R, on the arithmetic mean deviation of
the roughness profile R, is determined by a simplified equation

Ry =7-R,. 1)

As mentioned above, the discharge coefficient C was determined for a given set of values of arithmetic mean
deviation of the roughness profile R,. According to [9], if the value of the arithmetic mean deviation of the roughness
profile R, for orifice plates with any type of pressure tappings does not exceed the value in Table 1 and is not less
than the value in Table 2, the correction factor for the pipe internal surface roughness is taken K; = 1 for this range of
R, values. If the value of R, for orifice plates with any type of pressure tappings is greater than the value specified in
Table 1, the correction factor will be K, > 1. If the value of R, for orifice plates with any type of pressure tappings is
less than the value specified in Table 2 the correction factor K, will be K, < 1.

Table 1. The maximum allowable value of relative roughness of pipe internal surface 10°R,, ,../D [9]

10°R,, ,uax /D for Re

B <10° | 3x10° | 10° | 3x10° | 10° | 3x10°] 100 | 3x107 | 10°
<020 15 15 15 15 15 15 15 15 15
0.30 15 15 15 15 15 15 15 12 13
0.40 15 15 10 72 5.2 41 35 31 2.7
0.50 11 77 49 33 2.2 16 13 11 0.9
0.60 56 40 25 16 10 07 06 05 0.4
065 | 42 3.0 1.9 12 08 0.6 0.4 03 03

Table 2. The minimum allowable value of relative
roughness of pipe internal surface 10*R, ,,;,/D [9]

10°R, i /D for Re
B S3x10°0 ] 10 [3x100 ] 10°
<0.50 0 0 0 0
0.60 0 0 0.003 | 0.004
>0.65 0 0013 | 0016 | 0012

If the value of arithmetic mean deviation of roughness profile R, exceeds the value specified in Table 1 or is less
than that given in Table 2 while measuring the flow rate using an orifice plate, the discharge coefficient will change as

AC=C-K,-C. )
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From (2), we obtain the correction factor

AC
Kp =1+ ©)

The value of the correction AC depends on the diameter ratio p and the change in the hydraulic resistance of the
pipe A\ caused by deviation of the value R, from its allowable values. According to [8], [16], the change of discharge
coefficient is determined by the equation

AC =3.134B*° AL, 4)

Substituting (4) into (3) and taking into account C = 0.6 [8], we obtain the equation for calculating the correction
factor K, for pipe internal surface roughness

KI‘ :1+?, (5)

where A and A" are the friction factors calculated for the real Reynolds number Re and the values of pipe equivalent
roughness, which is equal to its real value R,, and at the allowable value R”, respectively.

The values % and A" are calculated according to the Colebrook-White formula [4], [8], [14]. Thus, the national
standard [4] contains dependencies to compensate the effect of uniform roughness on the measured value of flow rate.
However, there is often a situation where the pipe upstream of the orifice plate has a non-uniform roughness,
particularly in the treated pipe in the 2D area and untreated pipe areas. The influence of such inhomogeneous
roughness of individual sections of the MP on the measured flow rate requires additional research.

In [18], the results of an experimental study of the influence of the roughness of the MP sections on orifice
discharge coefficient are presented. The analysis was performed for MP with a diameter of 3, 4, 6 inches.

Considering obtained data, conclusions were made about the roughness effect in flowmeters with a diameter of
up to 6 inches and based on data [16] — for 10-inch flowmeters. Particularly, the following conclusions were made
taking into account the results of [17]:

1) For orifice plates with B less than 0.5, there is no statistically significant roughness effect on flow rate within
the specification in ANSI / AP1 2530 [3].

2) For values of roughness R, less than 3.8 um (150 microinches), the roughness effect on flow rate is less than
0.5% for any P less than 0.75.

3) For orifice plates with B > 0.55 and R, > 3.8 um (150 microinches), there is a statistically significant
roughness effect on flow rate.

4) For orifice plates with = 0.73 and R, = 7.6 um (300 microinches), the roughness effect on the flow rate may
exceed 1%.

5) The scope of processing tolerance in both standards [3], [4] is insufficient to prevent flow measurement errors
that may exceed 1%.

6) Mechanic treatment of the MP flowmeter for two or four pipe diameters upstream of the measuring orifice
plate to a roughness of 1.3 um (50 microinches) does not remove all the pipe roughness effects upstream of
the orifice plate with = 0.67 and above.

In [19], the limits of roughness change were determined for the application of the equation for the orifice plate
discharge coefficient proposed by Reader-Harris and Sattary. To take into account the roughness effect on the orifice
discharge coefficient, they offered to use the equation

AC=pB*Al. (6)

However, this equation has been improved in subsequent works, and equation (4) has been recommended for use
in current standards.
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We should note that CFD modeling was used to study the roughness effect on orifice plate discharge coefficient
in many works. Particularly, based on the results of CFD modeling, the discharge coefficient C for different friction
factors A (respectively, different roughness) was calculated to determine the type of dependence (6) in the NEL
laboratory [18].

In [19], a study of roughness influence of the pipe measuring section, which corresponds to the state of industrial
operation of flow meters, on orifice discharge coefficient was carried out. The study was performed using high-
pressure natural gas as a fluid at the NOVA plant in Didsbury, Alberta. The paper shows that different surface
treatment quality of pipe sections can lead to step changes in surface roughness and, consequently, to changes in the
flow rate profile. A significant increase in surface roughness upstream of the measuring orifice plate is very
important. The authors found that even a 1.5D length of a pipe section with high roughness may be enough to change
the flowmeter readings by more than 1% at a large diameter ratio.

The test results presented in [19] allow us to make the following conclusions:

o flowmeters based on an orifice plate with a diameter ratio B greater than 0.60 are sensitive to changes in
measuring section roughness;

e increase in the measuring section roughness leads to a higher discharge coefficient and, accordingly, to
decreasing in the measured flow rate;

e measurement errors increase for higher Reynolds numbers Re;

e in some cases, the measurements results of flowmeters with standard orifice plates may differ by 1.3% because
of surface roughness effects;

o a relatively short section (2.5D) with a higher surface roughness installed directly upstream of the orifice plate
can have a significant effect on the measured flow rate;

e a short section of the processed (smooth) pipe does not improve the accuracy of pressure differential
flowmeter.

The paper [20] presents the experimental investigation of the influence of pipes roughness of different degrees
on discharge coefficient for different lengths of the pipe section. The experiments were carried out for air flow
through 12-inch, 6-inch, and 3-inch pipes and water flow through 3-inch pipes.

It was found that heavy deposits on the sections’ surface downstream do not significantly affect the
measurement results. Upstream, the effects vary depending on the roughness degree, pipe diameter, relative area m of
the orifice plate throat, and the Reynolds number. For m = 0.5 and significant roughness, the combined effects of
roughness and pipe diameter reduction (due to deposits) cause a roughness factor K = C,qugn/Csmoorn about 1.40, 1.17
and 1.08, respectively for 3, 6 and 12-inch pipes. Installing a section of pipe with a high roughness with 2D length
directly upstream of the measuring orifice plate gives an effect similar to such one for a very long rough pipe. It was
found possible to extrapolate the results for very large pipe diameters.

One of the most important results of [13] is that cleaning and reducing the roughness of the pipe section with a
relatively short length upstream of the orifice plate reduces errors that may otherwise be quite significant. The paper
provides a table for choosing the length of sections for cleaning depending on pipes diameter, the value of m, and
roughness (see Table 3). The results of these studies and Table 3 were included in [14].

Table 3. Recommendations for cleaning MP [13], [14]

dilar;rt\eertgflof B Roughness type MP section for cleaning to obtain errors not exceeding:
MP D, mm 3% 2% 1% +05% 0
76 0.5-0.59 balls 7.0 mm 3-4 4-5 5-15 15-20 > 20
0.71 balls 7.0 mm 4-10 10-20 20-25 25-30 > 30
0.71 sand 3-5 5-25 25-30 > 30
152 0.5-0.59 balls 7.0 mm 25-4 3-5 5-12 12-20 > 20
0.71 balls 7.0 mm 4-15 15-25 25-30 >30
0.71 sand 1-3 3-4 4-20 > 20
305 0.71 balls 7.0 mm 25-4 4-6 6-15 >15
0.71 sand 1-3 3-5 >5
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To achieve the required flow rate measuring accuracy of dirty liquids, flowmeters should be designed so that
there is a possibility for easy periodic inspection and cleaning of MP sections upstream of the orifice plate.

The results of research presented in [20] showed that thin liquid oil films on the MP internal surface lead to an
increase in roughness and, consequently, to the rise in orifice discharge coefficient. However, very thin oil films on
the MP internal surface, the thickness of which is within the greatest height of irregularities profile of MP surface, can
reduce their roughness. Therefore, it is necessary to clean the pipe internal surfaces periodically. The regulations for
surface cleaning should be developed, taking into account the operation experience of the measuring unit.

4, Conclusion

The analysis of scientific and technical sources on the influence of constructive features of variable pressure
flowmeters on the measurement error of the flow rate was carried out in the paper. We found that such an effect can
be significant and lead to significant additional errors in flow rate measurement. Therefore, investigating such errors
is an important task, which makes it possible to estimate the uncertainty of the measured gas flow rate and to
conclude the possibility of applying a specific metering system for commercial accounting of natural gas.

Studies from many sources have shown that the significant surface roughness of the sections downstream of the
orifice plate does not affect the flow measurement results. Upstream of the orifice plate, the effects vary depending on
the degree of roughness, pipe diameter, the relative area of the orifice plate throat, and Reynolds number.

The results of analysis of the influence of roughness of pipe measuring section for industrial flowmeters on the
orifice plate discharge coefficient indicate that different treatment quality of pipe sections surface can lead to gradual
changes in surface roughness and, consequently, changes in flow rate profile. The rapid increase in surface roughness
upstream of the measuring orifice plate is very important. It was found that even a pipe section length of 1.5D with
high roughness might be enough to change the flow meter readings by more than 1% at a large diameter ratio of the
orifice plate.

Therefore, it is necessary to carry out some additional research to form clear recommendations for changing the
uncertainty of the orifice plate discharge coefficient in conditions of inhomogeneous roughness for pipe section length
of 10D upstream of the orifice plate. Such recommendations will make it possible to expand the application area of
pressure differential flowmeters.
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AHaJI3 BIVIMBY IIOPCTKOCTI BHYTPIlIHBOI IOBEPXHi TPyOONIpoBOaY HA
pe3yabTaT BUMiPpIOBAHHS BUTPATH 32 J0IIOMOI0I0 CTAHAAPTHHUX
3BY:KYBaJIbHUX NPUCTPOIB

®enip Mariko, Bitaniit Poman, 'anuna Mariko, Jleonin JlecoBoi

Hayionanvuuii ynieepcumem «Jlvgiscorxa nonimexuixay, eyn. C. Banoepu, 12, m. Jlvsis, Yrpaina

AHoTanis

VY cTarTi BUKOHAHO aHali3 HAYKOBO-TEXHIYHOI JiTEpaTypH, NPUCBSYEHOI IUTAHHSIM BIUIMBY KOHCTPYKTHBHHX
0COOJIMBOCTEH BHUTPATOMIpIB 3MIHHOTO TeEpenajay TUCKY Ha MOXHMOKY BHUMIPDIOBAHHS BHTpaTH. 3a pe3ysbTaTaMu
JOCIIKeHb, OTPHUMAaHUX 3 0araThOX DKEpell, BCTAHOBICHO, IO 3HAYHA WIOPCTKICTh IOBEPXHI CEKIiH TMicis
nmiapparMu (BHH3 3a MOTOKOM), HE BIUTMBAE ICTOTHO Ha pe3yibTaT BUMIPIOBAHHS BHTPATH. BIUIMB MIOPCTKOCTI
TpyOompoBosy mepen AiadparMoro  3aleXuTh BiJI TEOMETPUYHUX XapaKTEPUCTHK IMIOPCTKOCTI, AiaMerpa
TpyOONMpoOBOAYy, 3HAUEHHS BiHOCHOTO JiaMeTpa OTBOpY Aiadparmu i uyucia PeitHonbiaca. IIpoaHamizoBaHo 3MiHYy
HEBM3HAUEHOCTI KoedilieHTa BHTIKaHHSA JiadparMu B yMOBaX HEOJHOPIAHOI IOPCTKOCTI BHUMIpIOBAJILHOTO
TpyOompoBoay Ha AinsHII Tpyou nosxuHoio 10D mepen miadparmoro. Bimznaveno, mo HaBiTh 1.5D nopxunam cexmii
BHUMIipPIOBAJIBHOTO TPYOOIIPOBOTY 3 IPy0OI0 MIOPCTKICTIO MOXKE BUCTAYUTH, 1100 3MIHUTH NIOKa3H BUTpaTOMipa OiybIre
1% npu BennkoMy 3HauCHHI BiIHOCHOTO JliaMeTpa aiadparMu.

Karouosi cioBa: BUTpaToMip 3MiHHOTO nepenagy THCKY; CTaHIapTHUI 3BY)KYBaJIbHUH MPHUCTPIli; MIOPCTKICTB;
KoeimieHT BUTIKaHHS TiadparMu; NOXHOKa BUMIpIOBaHHS.



