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Abstract

Methods for measuring the roughness of the internal surface of a measuring pipeline for projected rectilinear
sections of a measuring pipeline and for rectilinear sections that are in operation have been determined. The new
equations for calculating the hydraulic resistance coefficient of friction of natural gas on the internal surface of the
measuring pipeline, the average value of natural gas pressure along the section of a measuring pipeline and the
equivalent roughness were obtained. These equations provide improvement of accuracy of natural gas flow rate and
volume measurement by means of the differential pressure method. The equation for calculating the Reynolds number
from the conditions of the roughness measurement in real time was obtained. The technique of selection of methods
of the roughness measuring was presented. Functional scheme of process automation of measurement the equivalent
roughness of the internal surface of the measuring pipeline was developed.

Keywords: differential pressure method; roughness; flow; natural gas; standard orifice plate; hydraulic
resistance coefficient of friction; Reynolds number.

1. Introduction

The rising cost of fluid energy resources, which include natural gas, limiting their reserves, and the need of
energy resources imports from other countries raised the question of its economical consumption and efficient use.
These requirements can be met only on the condition of accurate natural gas accounting at all stages of its
transportation and delivery to the consumers. The most common method for measuring flow rate and volume of
natural gas is the differential pressure method. The main provisions for this method are described in the national
standard of Ukraine DSTU GOST 8.586.1:2009 [1] and in the international standard ISO 5167-1: 2003 [2]. One way
to improve the accuracy of the result of measurement of flow rate and volume of natural gas is application of
advanced analytical dependences for calculating the coefficients of equation of natural gas flow rate and the accuracy
of measurement values of input variables in real time. Input variables which measure in real time are also equivalent
roughness of the internal surface of the measuring pipeline Ry, and the value of the arithmetical mean deviation of the
roughness profile R,.

When measuring flow rate and volume of natural gas, standard orifice plate (SOP) are most commonly used, its
technical requirements are described in [3, 4]. According to ISO 5167-2: 2003 [4] orifice plate can be used in limited
ranges of minimum and maximum relative roughness value, beyond which it is impossible to apply the differential
pressure method.

Application of DSTU GOST 8.586.2:2009 [3] orifice plate also can be used for the relative roughness ranges that
go beyond these limits, but it is necessary to consider correction factor Ky, that takes into account the roughness of
the internal surface of a measuring pipeline. Correction factor Kj; enters the equation of natural gas flow rate and
depends on the equivalent roughness Ry;.
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Therefore, increase in the accuracy of measurement of the equivalent roughness of the internal surface of the
measuring pipeline or the value of the arithmetical mean deviation of the roughness profile in real time is an
important task.

2. Method of roughness measurement
To determine the roughness of the internal surface of the measuring pipeline two methods are used:

e The method of direct measurement of the roughness of the internal surface of the measuring pipeline, which is
used at manufacturing rectilinear sections of the measuring pipeline;

e The method of indirect measurement of the roughness of the internal surface of the measuring pipeline (for
rectilinear sections of a measuring pipeline that are in operation).

The method of direct measurement of the roughness of the internal surface of the measuring pipeline is carried
out by means profilometers and profilografs which measure the value of the arithmetical mean deviation of the
roughness profile R,. By the value of R, the value of Ry, can be calculated by the formula [5]

R, =m-R,. (1)

According to DSTU GOST 8.586.1:2009 [1], the roughness of the internal surface of the measuring pipeline is
measured at the same sections of pipeline that are used for definition and verification of the internal diameter of the
measuring pipeline D at the operating temperature of natural gas, at least three cross-sections of the pipeline, equally
distributed on the interval 0,5-D, two of which sections correspond to distances 0-D and 0,5-D from the place of holes
for weaning pressure, located to orifice plate. But we do not know the value of the roughness along all the distance
10-D [3] to the standard orifice plate. Another disadvantage of this method is that the roughness of the internal
surface of the measuring pipeline changes during operation.

Measurement of the equivalent roughness of the internal surface of the measuring pipeline should be carried at a
distance / upstream of the inlet face of a standard orifice plate:

o If the distance L from the first fitting to the inlet face of a standard orifice plate is larger than 10-D, then
according to DSTU GOST 8.586.1:2009 [1]

1=10-D: 2

o [f the distance L from the first local resistance to the inlet face of a standard orifice plate is less than 10-D, then
according to DSTU GOST 8.586.2:2009 [3]

I'=LP), (€)

where [ is the diameter ratio of the standard orifice plate. The value of L is selected from the standard DSTU GOST
8.586.2:2009 [3] or ISO 5167-2: 2003 [4] depending on the diameter ratio of the orifice plate opening [ for each type
of fitting.

Therefore the method of direct measurement does not provide accurate values of equivalent roughness R;; when
measuring it on rectilinear sections of a measuring pipeline that are in operation.

After the research we propose to define the equivalent roughness of the internal surface of the measuring
pipeline by means of an indirect measurement.

In this case, it is determined by Colebrook-White equation through measured value of hydraulic resistance
coefficient A of friction of natural gas on the internal surface of the measuring pipeline [6]

Re- ﬁ

1
Ry =(3.71-10 i 234 J-D, 4)

where Re is the Reynolds number.
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The article aims:

¢ to obtain the equations for calculating the hydraulic resistance coefficient of friction of natural gas on the
internal surface of the measuring pipeline, the average value of natural gas pressure along the section of a
measuring pipeline and the equivalent roughness of the internal surface of the measuring pipeline;

e to obtain the equation for calculating the Reynolds number from the conditions of measurement the roughness
in real time;

e to develop the technique of selection of methods of measuring the roughness of the internal surface of a
measuring pipeline;

e to develop the functional scheme of process automation of measurement the equivalent roughness of the
internal surface of the measuring pipeline.

3. Definition of roughness based on its measurement in real time

Hydraulic resistance coefficient A of friction of natural gas on the internal surface of the measuring pipeline can
be defined from the system of the differential equations of motion of natural gas. This system of equations is formed
of the law of conservation of stream energy of natural gas, the equation of the law of conservation of stream mass of
natural gas and natural gas equation of state [7, §]

2
L
p 2

dm

r =g, =pvF =const, 5)

R
= -Z._-T
pP=p Y;

where dp is the change of the pressure of natural gas along the length of the straight section / upstream of the standard
orifice plate; p is the density of natural gas; v is the linear velocity of natural gas in the measuring pipeline; dx is the
elementary section of the pipeline; dm the change in mass of natural gas for the period of time dt; g,, is the mass flow
rate of natural gas; F is the cross sectional area of the measuring pipeline; z is the compression factor; R is the
universal gas constant (R=8.31451 kJ / mol-K); M is the molar mass of natural gas; T is the temperature of natural gas
in the measuring pipeline.

Let us reduce the system of equations (5) to one differential equation of natural gas pressure distribution in the
horizontal measuring pipeline

r-g>-z-R-T
P+ =0 ©

Now we shall integrate equation (6) over the pressure and over the length of the measuring pipeline

k-qj,-z-R-Tj .

dx=0, 7
2-D-M-F* { @

P2

J pdp +

Py
where p; is the natural gas pressure at a distance / from the standard orifice plate; p; is the natural gas pressure at the
inlet face of a standard orifice plate. Natural gas pressure at a distance / from the standard orifice plate is determined
by measuring the pressure of natural gas at the inlet face of a standard orifice plate and the pressure loss Ap; between
the inlet face of a standard orifice plate and at a distance / from the standard orifice plate that arise due to friction of
natural gas on the wall of the measuring pipeline,

P =P, +Ap;. ®)
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As a result of integration we obtain the following equation

rA-gl-zR-T

=0 )

pi-pi+
From equation (9) we obtain the expression for definition of hydraulic resistance coefficient of friction of natural gas

(pi=p3)-D-M-F

A= 10
q.-z-R-T-1 (10)
Mass flow rate g, of natural gas is determined by the equation
n-Re-pu-D
Gu =" (11)

Substituting equations (8) and (11) in equation (10) and taking into account the equation of state of natural gas
(5), we obtain the equation for determining the hydraulic resistance coefficient of friction of natural gas

— Apl'(z.p2+Ap1).pcp.D3

A
Py REpig, -1

, (12)

where p,, is the average value of pressure along the pipeline section between the points of selection of pressure values
p2and p;; pep, W, — respectively the average value of density of natural gas and natural gas dynamic viscosity along
the pipeline section between the points of selection of pressure values p, and p;.

We obtained the equation for calculating the average value of natural gas pressure along the section /

3-p,-(py + )+ Ap]
2'172 +Ap1

2
Py =73 ; (13)

Substituting equation (12) in equation (4) we obtain the equation for determining the equivalent roughness of the
internal surface of the measuring pipeline

Rey, pcpl l
. (2-pr+Ap; Vo D3 .
Rw=371D10 2 ApI(sz Apl)Pch —9.34-“817- pcp . (14)
Apl (2’p2 +Ap1)'pcp D

4. Technique of selection of methods of measuring the roughness of the internal surface of a measuring pipeline

From equation (14) we determine the Reynolds number

Re=-

3
i\/Apl(zp2+Apl)pch 1 ( RLU pcp'l (15)

+2.52-u,, - .
Mcp pcp'l 371D g \/Apl'(z'p2+Apl)'pcp'D3

If the calculated value of Reynolds number is less than the acceptable minimum of Reynolds number Rep,,
equation for determining which is given in [3, 4], the definition of equivalent roughness of the internal surface of a
measuring pipeline is made by the method of direct measurement, which is used at manufacturing of rectilinear sections
of the measuring pipeline. The value of the acceptable minimum of Reynolds number Re,;, calculated from equation [3]:

o For orifice plate with corner pressure tappings or three radius pressure tappings

(16)

5000 if p<0,56
min = 116000- B2 if p>0,56
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o For orifice plate with flange pressure tappings

Re

. =max(5000; 1.7-10° -B* - D). (17)

If the calculateded value of Reynolds number is less than the acceptable minimum of Reynolds number Rep,
[3, 4], the value of equivalent roughness of the internal surface of a measuring pipeline is measured by indirect
method in real time by the equation (14).

5. Development of the functional scheme of process automation of measurement the equivalent roughness
of the internal surface of the measuring pipeline

Based on the provisions set out in 2—4, the functional scheme of process automation of measurement the
equivalent roughness of the internal surface of the measuring pipeline in real time was developed (see Fig. 1).
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Fig. 1. Functional scheme of process automation of measurement the equivalent roughness
of the internal surface of the measuring pipeline in real time, where TE is temperature sensor;
PT is pressure sensor; PDS is differential pressure sensor; FIR is calculator of natural gas flow rate and volume

The functional scheme of process automation consists of sensors that measure:

o Natural gas temperature in measuring pipeline on the distance 20-D to standard orifice plate (pos. 1-1, Fig. 1);
o Differential pressure on the rectilinear section of the measuring pipeline, which has a length 10-D (pos. 1-2);
o Natural gas pressure (pos. 1-3);

o Differential pressure on the standard orifice plate (pos. 1-4).

The signals from the sensors are fed to the calculator of natural gas flow rate and volume (pos. 1-5), which
calculates natural gas flow rate and volume, taking into account the equivalent roughness of the internal surface of the
measuring pipeline, as measured by indirect method.

6. Conclusion

The existing methods of measurement of the roughness of the internal surface of the measuring pipeline are
analyzed in this paper.

New analytical dependencies for calculating the hydraulic resistance coefficient of friction of natural gas on the
internal surface of the measuring pipeline, the average value of natural gas pressure along the section of a measuring
pipeline and the equivalent roughness of the internal surface of the measuring pipeline in real time are obtained.
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The equation for calculating the Reynolds number from the conditions of measurement the roughness in real
time is obtained.

The technique of selection of methods of measuring the roughness of the internal surface of a measuring pipeline
is presented. Functional scheme of process automation of measurement the equivalent roughness of the internal
surface of the measuring pipeline is developed.
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BuMiproBaHHAI IIOPCTKOCTI BHYTPilIHBOI OBEPXHI BUMIPIOBAJIbHOI0
TPYOONPOBOAY B peaibHOMY 4acCi A5l CTAHAAPTHHUX Aiadparm

borman Yaban

Hayionanvnuii ynieepcumem "Jlvsiecoka nonimexnixa”, eya. C. Banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalia

BusHaueHi MeToAM BHMIPIOBaHHS IIOPCTKOCTI BHYTPILIHBOI IOBEPXHI BHUMIPIOBAIBHOIO TPYOONPOBOAY IS
NPSMONTIHIHHAX AUJITHOK BHMIPIOBAIBHOTO TPYOOIIPOBOAY, SIKI MPOEKTYIOTHCS, 1 IS MPSMONIHIHHUX NUISHOK, SIKi
3HAXOIATHCS B eKcIuTyaranii. OTpuMaHO HOBI PiBHSHHS JJIsl BU3HAYECHHS KOoe]illieHTa TiIpaBiIigyHOrO OIOpY TepPTs
MPUPOJHOrO Ta3y 00 BHYTPILIHIO ITOBEPXHIO BHUMIPIOBAIFHOTO TPYOOIPOBOAY, CEPEAHHOIO 3HAYEHHS THCKY
MIPUPOJHOrO Ta3y Ha JTOBXKHMHI BUMIPIOBAIEHOTO TPYOOIIPOBOIY Ta €KBIBAJIEHTHOI HIOPCTKOCTI B peanbHoMy vaci. Lli
PIBHSIHHS JalOTh MOXIIUBICTB MiJBUIIUTH TOYHICTH BUMIPIOBAHHS BUTPATH Ta KUIBKOCTI IPHUPOAHOIO ra3y METOAOM
3MIHHOrO Tiepenany TucKy. OTpuMaHO pPIBHSHHS JJsl BU3HAueHHs 4ucia PeifHonbaca 3 yMOBH BUMIpPIOBaHHS
IIOPCTKOCTI B peainbHOMY daci. HaBemena Meromuka BHOOPY METONY BHMIPIOBaHHS IIOPCTKOCTI. Po3pobieHo
(YHKIIIOHAJBHY CXEMy aBTOMAaTh3allii BUMIpIOBaHHS €KBIBAJIEHTHOI IIOPCTKOCTI BHYTPIIIHBOI MOBEPXHI BUMIpIO-
BaJILHOTO TPYOOIIPOBOY.

KarwudoBi cioBa: Merox 3MiHHOTO Iiepenany THCKY; IIOPCTKICTB; BUTpaTa; IMPUPOJHMH Tra3; CTaHIapTHa
niagparma; koe(illieHT ripaBIiyHOro Onopy TepTs; yucio PeliHonpaca.



