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Abstract

In order to improve the accuracy of gas flowrate measurement by means of the differential pressure flowmeters,
it is necessary to apply equations for determination of coefficients of gas flow equation, which would provide the
lowest total relative expanded uncertainty of calculation, and to increase the accuracy of input values measurement in
real time. One of these values is the arithmetic mean deviation of roughness profile of pipe interna surface. The
equation for calculating the arithmetic mean deviation of roughness profile of pipe internal surface in real time was
obtained. The equation for calculating the total relative expanded uncertainty of measurement result of arithmetic
mean deviation of roughness profile of pipe internal surface in real time and components of this uncertainty were
obtained.
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1. Introduction

Differential pressure method is applied for gas flowrate measurement. The requirements to the differentia
pressure flowmeters are presented in 1SO 5167-1,2,3,4:2003 [ 1]-{4] and AGA 3-1,2:2003 [5], [6] standards.

Mass gas flowrate according to the differential pressure method is determined by the equation [1]

C
1-B*

Oy = s%dz 2pAp, 1)

where C is discharge coefficient; B is diameter ratio of primary device throat; ¢ is expanson factor of gas; d is
diameter of primary device throat under working conditions; p is densty of gas under working conditions (at absolute
gas pressure p and thermodynamic temperature of gas 7); Ap isdifferential pressure across the primary device.

Discharge coefficient is one of basic coefficients of the gas flowrate equation. Each primary device is described
by its discharge coefficient. The equations of discharge coefficients are presented in:

¢ |SO 5167-2:2003 [2] for orifice plate;

¢ |SO 5167-3:2003 [3] for nozzle, long radius nozzles and Venturi nozzle;

e |SO 5167-4:2003 [4] for Venturi tubes.

Discharge coefficient of each primary device is determined in a certain range of relative roughness of pipe
interna surface, which depends on arithmetic mean deviation of roughness profile Ra of pipe interna surface and
upstream internal pipe diameter D under working conditions.
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The arithmetic mean deviation of the profile Ra isthe mean value of the absolute value of the profile departure
y within thereferencelength | (Fig. 1).
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Fig. 1. The arithmetic mean deviation of the profile.
The arithmetic mean deviation of the profile Ra is determined by equation [7]

1 18
Ra=T£|y(X]dX=H;|yi| :

where n isnumber of measurements.

04&

Relative roughness of pipe internal surface is determined as 1 5 Allowable values of 104% depend on

the type of the primary device and are presented in:
e Table 1 and Table 2 of 1SO 5167-2:2003 [2] for orifice plate;

Table 1. Maximum value of relative roughness.

Rep
P <10* 3.10* 10° 310° 10° 3.10° 10’ 3.10° 10°
<0.20 15 15 15 15 15 15 15 15 15
0.30 15 15 15 15 15 15 15 14 13
0.40 15 15 10 7.2 52 41 35 31 2.7
0.50 11 7.7 49 33 2.2 16 13 11 0.9
0.60 5.6 4.0 25 16 1.0 0.7 0.6 05 0.4
>0.65 42 3.0 1.9 1.2 038 0.6 0.4 03 03
Table 2. Minimum value of relative roughness.
B R
<310° 10’ 3.10° 10®
<0.50 0.0 0.0 0.0 0.0
0.60 0.0 0.0 0.003 0.004
>0.65 0.0 0.013 0.016 0.012
The Reynolds number Res in Table 1 and Table 2 is determined by equation [1]
4
Rep =~ @

~quD’

where p isgas dynamic viscosity under working conditions.
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e Table 3 of ISO 5167-3:2003 [3] for ISA 1932 nozzles;

Table 3. Upper limits of relative roughness of the upstream pipe for ISA 1932 nozzles.
B <0.35 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.60 0.70 0.77 | 0.80

Ra
104 Y 8.0 5.9 43 34 2.8 24 21 1.9 18 14 13 12 | 12

e according to SO 5167-3:2003 [3] for long radius nozzles the upper limits of relative roughness 10* % =32

in the upstream pipe work;
e Table 4 of 1SO 5167-3:2003 [3] for Venturi nozzles;

Table 4. Upper limits of relative roughness of the upstream pipe for Venturi nozzles.

B <0.35 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.60 0.70 | 0.775

Ra
104 Y 8.0 5.9 43 34 2.8 24 21 1.9 18 14 13 1.2

e according to 1SO 5167-4:2003 [4] for each type of Venturi tube the upper limits of relative roughness

10* % =32 on alength at least equal to 2D measured from the upstream end of the entrance cylinder of the
Venturi tube.

Differential pressure method cannot be applied when the relative roughness of pipe internal surface does not
conform to the maximum and minimum allowabl e val ues described above on distance L upstream to primary device
(L<10D [2], [3] for orifice plate, any nozzle and L <2D [4] for each type of Venturi tube) or to the first local
resistance. Therefore, measurement of arithmetic mean deviation of roughness profile of pipe internal surface in real
timeisan important problem to be solved.

2. Definition of arithmetic mean deviation of the roughness profile of pipeinternal surfacein real time
For definition of arithmetic mean deviation of the roughness profile Ra of pipeinternal surface in rea timethe
following equations are applied:
o system of differential equations[8]
2
@ + AV dx=0;
p 2D

dm
dr

©)
=(,, = pvF =congt,

where dp isthe variation of the gas pressure across elementary pipe section dx upstream of primary device; A isthe

hydraulic resistance coefficient of friction of gas on theinternal surface of pipe; v isthelinear velocity of gasin pipe;
dm isthe variation of gas mass during the period of time dr; F isthe cross sectional area of pipe;

o Colebrook-White equation [9]

ReD\/x ’

1
k—s = (3.71.10 2 _ ﬂ} (4)

where K, is equivalent roughness of the pipeinternal surface.

Solving system of differential equations (3) we obtained pressure digribution p, along thelength x of the pipe,
which is determined by the equation
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b= p> - (p? - p*)X, 5)

where p, isgaspressureat adistance L before primary device; B isaverage value of gas density along the length of

pipe, which is determined by the gas thermodynamic temperature T and the average value of gas pressure B along
the length of pipe.

Based on (5) the average value of gas pressure B along the length of pipeis determined by the equation

— 17 X 2 p?
_ - 2 (2 2—dX=— i 6
p Ll p2 —(p? - p?) 3(p1+p1+pJ (6)

By replacing the value p, based on the measured value of differential pressure along the length of the pipe Ap,
is defined by the equation

p, = p+Ap|_! (7)

we obtain the equation for cal culating the average val ue of gas pressure a ong the length of the pipe

- 2 1
==pl+7, + , 8
p 3p( T 2+1LJ 8
where
Ap,
T, = .
)

By substituting coefficient A in equation (4) and taking into account that [10]

Ra = k—s 9
T
we obtain the equation for measurement of Ra in real time
Ra= 2 (3.71.10 " ~18.68. A), (10)

T

where A is coefficient, which is defined by the equation

2
A u L‘l:l_+31:_|_+3. (12)
D2+t )| 6ap,pD

Considering (2), equation (10) can be written as

ap
Ra=9(3.71.1o D —18.68.AJ. (12)
T
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3. Definition of total relative expanded uncertainty of measurement result of arithmetic mean deviation of
roughness profile of pipeinternal surface

According to (12) considering the equations (8) and (11) thevalue of Ra depends on the set of input values X

X € (Ap, L, p. D, p, 1, Q). (13)

Ra= f(X). (14)

Total relative expanded uncertainty of measurement result of arithmetic mean deviation of roughness profile of
pipeinterna surfacein real timeis calculated by the equation [11], [12]

Ura = Ui #0707 + €U + 03U +CU 467U 7 +C2U (15)
where chL is the relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal
surface to the differential pressure between pressure of gas on distance L upstream to primary device and pressure of
gas inlet face of primary device; ¢, is the relative sengitivity coefficient of arithmetic mean deviation of roughness
profile of pipe internal surface to the length of straight section L of pipe; c; is the relative sensitivity coefficient of
arithmetic mean deviation of roughness profile of pipe interna surface to the gas pressure a the inlet face of the
primary device; c, is the relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe
interna surface to the upstream internal pipe diameter under working conditions; cg is the relative sensitivity
coefficient of arithmetic mean deviation of roughness profile of pipe interna surface to the average value of gas
density along the length of the pipe; c; is the reative senditivity coefficient of arithmetic mean deviation of
roughness profile of pipe interna surface to the gas dynamic viscosity under working conditions; c;m is therelative
sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to the mass gas
flowrate; U;pL is the relative expanded uncertainty of measurement result of the differential pressure between
pressure of gas on distance L upstream to primary device and pressure of gas inlet face of primary device; U, isthe
relative expanded uncertainty of measurement result of the length of the straight section L of pipe; U; isthereative
expanded uncertainty of measurement result of the gas pressure at the inlet face of the primary device; U, is the

relative expanded uncertainty of measurement result of the upstream internal pipe diameter under working conditions;
U; isthe relative expanded uncertainty of measurement result of the average value of gas density along the length of

the pipe; U; is the relative expanded uncertainty of measurement result of the gas dynamic viscosity under working

conditions; U ;m istherelative expanded uncertainty of measurement result of the mass flowrate of gas.

4. Definition of relative sensitivity coefficient of output valueto input value

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to
parameter i of x, € X isdetermined by the equation [11]

. ORa X
C. = —

e 16
% ox Ra (16)
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From (16) the relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe interna
surface to the differential pressure between pressure of gas on distance L upstream to primary device and pressure of
gasinlet face of primary device is determined by the equation

oRa Ap,
C,, = —. 17
. oAp, Ra (17)
Considering (2), (8), (11) and (12), equation (17) can be rewritten as
. o 2A+1t,)
¢, =_AC[CA;;L- . } 18)

where

—Re-A
A, = DA 3.7110 Re+18.68 |.
¢ 2nRa In10

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to
the length of the straight section L of pipeis determined by the equation

. aRaL

cC =——. 19
‘4L Ra (19

Considering (2), (11) and (12), equation (19) can be rewritten as
c =-A.. (20)

C

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to
the gas pressure at the inlet face of the primary device is determined by the equation

& = ORa p

== 21
 9p Ra (21)
Considering (2), (8), (11) and (12), equation (21) can be rewritten as
. 5 2
c =-A.|c’- . 22
P C( P 2+‘ELJ (22)

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to
the upstream internal pipe diameter under working conditions is determined by the equation

. ORaD
C.=—0_— 23
° oD Ra )
Considering (2), (11) and (12), equation (23) can be rewritten as
c, =1+ 5A. . (24)

The relative sengitivity coefficient of arithmetic mean deviation of roughness profile of pipe interna surface to
the average value of gas density along the length of the pipe is determined by the equation

¢ _Rap
P 9p Ra’

(25)
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Considering (2), (11) and (12), equation (25) can be rewritten as

c =A.. (26)

P c

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to

the gas dynamic viscosity under working conditionsis determined by the equation

. ORa
c,=——. 27
" ou Ra c
Considering (2), (11) and (12), equation (27) can be rewritten as
. 18.68DA
c, =——-. 28
" Ra (28)

The relative sengitivity coefficient of arithmetic mean deviation of roughness prafile of pipe interna surface to

the mass flowrate of gasis determined by the equation

¢, =R (29)
™ 0q, Ra
Considering (2), (11) and (12), equation (29) can be rewritten as
¢ o 3.71ReDA 10°FeA (30)
fim Raln10
Considering (18), (20), (22), (24), (26), (28) and (30), equation (15) takesthe form
Ut —laz|ce 2(1+ 1:|_) ZU*z AU 4 A2| o 2 ZU*z
Ra =) 7% CApL_2+‘EL APL+ ¢ '-+c* Cp_2+1:|_ p T
(31)

2 2 05
vl P+ gz [ BBO8DAY 2 [STIREDA ren ) o |
¢ ¢ opL Ra " Raln10 m

5. Conclusion
The new equation for calculating the arithmetic mean deviation of roughness profile of pipe internal surface in

real time was obtained in order to solve the problems associated with the gas flowrate measurement by means of the
differential pressure flowmeters. The input values which affect on measurement the arithmetic mean deviation of
roughness profile of the inner surface of the measuring pipeline in real time are determined. The equations for
calculating the relative sensitivity coefficient of the arithmetic mean deviation of roughness profile of pipe interna
surface to the input values were obtained. The equation of total relative expanded uncertainty of measurement result
of arithmetic mean deviation of roughness profile of pipe interna surface in real time and the equations for
calculating the components this total uncertainty were obtained.

(1

(2
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PiBHsIHHS cepeAHHOr0 apU(PMETHYHOr0 NPOPILTI0 OPCTKOCTI

Jleonin Jlecosoit, @enip Mariko, bornan Yaban

Hayionanvnuii ynieepcumem * Jlvgiscora nonimexuixa” , eyn. Cmenana banoepu, 12, Jlvsis, 19013, Vrpaina

AHoTalisa

J1y1s i IBUILIEHHS] TOYHOCTI BUMIPIOBAaHHSI BUTPATH r'a3y 3a JIOMIOMOrOI0 BUTPATOMIPIB 3MIHHOT'O Mepenay THCKY
HEOOXITHO 3aCTOCYBAaTH 3aJIC)KHOCTI JJI1 BU3HAUCHHS KOCQII[IEHTIB PIBHSAHHSA BUTpPATH Tra3y, MO0 3abe3meyarh
HaliMEHITy BiJHOCHY CYMapHy pO3IIMPEHY HEBU3HAYEHICTh PO3PaxyHKy Ta 301IbIIATh TOYHICTH BHUMIipIOBAHHS
BXI/IHMX BEJMYUH y peajbHOMY 4aci. OMHIEI0 3 TaKMX BEIUYUH € cepeqHE apu(METHdHe BiIXWIECHHs Npodiiro
LIOPCTKOCTI BHYTPIIIHBOI TMOBEpPXHI TpyOorpoBoay. OTpuUMaHO piBHSHHS Ui PO3PaxyHKY CepeiHboro apug-
METUYHOTO BIAXHUJICHHS MPOQIII0 MIOPCTKOCTI BHYTPIIIHBOI MOBEPXHi TPyOH B peanbHOMY 4aci. OTprMaHO piBHSIHHS
JUIE  PO3paxyHKY BiJTHOCHOI CYMapHOi pO3IMIMPEHOI HEBH3HAYEHOCTI pe3yJibTaTy BHUMIPIOBaHHS CEPEIHBOTO
apu(PMETUYHOTO BiAXHMICHHS NMPOQUII0 IOPCTKOCTI BHYTPIMIHBOI MOBEPXHI TPYOONpPOBOAY B peajbHOMY Haci Ta
CKJIJIHUKIB 11i€7 HEBU3HAUEHOCTI.

Koarou4osi ciioBa: BuTpara rasy; mopCcTKiCTh; HEBU3HAYCHICTD; MTapaMeTpH TPYOOIPOBOLY.



