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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 internal 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 differential 

pressure flowmeters are presented in ISO 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]  
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where C is discharge coefficient; β is diameter ratio of primary device throat; ε is expansion factor of gas; d is 
diameter of primary device throat under working conditions; ρ is density of gas under working conditions (at absolute 
gas pressure р and thermodynamic temperature of gas Т); p  is differential 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: 

  ISO 5167-2:2003 [2] for orifice plate; 

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

  ISO 5167-4:2003 [4] for Venturi tubes. 

Discharge coefficient of each primary device is determined in a certain range of relative roughness of pipe 
internal surface, which depends on arithmetic mean deviation of roughness profile Ra  of pipe internal surface and 
upstream internal pipe diameter D  under working conditions.  
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The arithmetic mean deviation of the profile Ra  is the mean value of the absolute value of the profile departure 
y  within the reference length l  (Fig.1).  

 
Fig. 1. The arithmetic mean deviation of the profile. 

The arithmetic mean deviation of the profile Ra  is determined by equation [7] 
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where n  is number of measurements. 

Relative roughness of pipe internal surface is determined as 
D
Ra410 . Allowable values of 

D
Ra410  depend on 

the type of the primary device and are presented in:  

  Table 1 and Table 2 of ISO 5167-2:2003 [2] for orifice plate; 

Table 1. Maximum value of relative roughness. 

β 
ReD 

≤ 104 3·104 105 3·105 106 3·106 107 3·107 108 
≤ 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 5.2 4.1 3.5 3.1 2.7 
0.50 11 7.7 4.9 3.3 2.2 1.6 1.3 1.1 0.9 
0.60 5.6 4.0 2.5 1.6 1.0 0.7 0.6 0.5 0.4 

≥ 0.65 4.2 3.0 1.9 1.2 0.8 0.6 0.4 0.3 0.3 

Table 2. Minimum value of relative roughness. 

β 
ReD 

≤ 3·106 107 3·107 108 
≤ 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 ReD in Table 1 and Table 2 is determined by equation [1]  
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where μ is gas dynamic viscosity under working conditions. 
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  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. 

β ≤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 

D
Ra410  8.0 5.9 4.3 3.4 2.8 2.4 2.1 1.9 1.8 1.4 1.3 1.2 1.2 

 according to ISO 5167-3:2003 [3] for long radius nozzles the upper limits of relative roughness 2,3104 
D
Ra  

in the upstream pipe work; 

 Table 4 of ISO 5167-3:2003 [3] for Venturi nozzles; 

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

β ≤0.35 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.60 0.70 0.775 

D
Ra410  8.0 5.9 4.3 3.4 2.8 2.4 2.1 1.9 1.8 1.4 1.3 1.2 

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

2,3104 
D
Ra  on a length at least equal to D2  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 allowable values described above on distance L  upstream to primary device 
( DL 10  [2], [3] for orifice plate, any nozzle and DL 2  [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 
time is an important problem to be solved. 

2. Definition of arithmetic mean deviation of the roughness profile of pipe internal surface in real time 
For definition of arithmetic mean deviation of the roughness profile Ra  of pipe internal surface in real time the 

following equations are applied: 

  system of differential equations [8] 
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where dp  is the variation of the gas pressure across elementary pipe section dx  upstream of primary device;   is the 
hydraulic resistance coefficient of friction of gas on the internal surface of pipe; v  is the linear velocity of gas in pipe; 
dm  is the variation of gas mass during the period of time d ; F  is the cross sectional area of pipe; 

  Colebrook-White equation [9]  
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where sk  is equivalent roughness of the pipe internal surface. 
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By solving the system of differential equations (3) we obtained the pressure distribution xp  along the length x  
of the pipe, which is determined by the equation 

   ,22
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where 1p  is gas pressure at a distance L  before primary device;   is average 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 p  along 
the length of pipe. 

Based on (5) the average value of gas pressure p  along the length of pipe is determined by the equation 
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By replacing the value 1p  based on the measured value of differential pressure along the length of the pipe Lp  
is defined by the equation 

 ,1 Lppp   (7) 

we obtain the equation for calculating the average value of gas pressure along the length of the pipe 
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By substituting coefficient   in equation (4) and taking into account that [10]  

 ,


 Sk
Ra  (9) 

we obtain the equation for measurement of Ra  in real time 

  ,68.181071.3 Re ADRa AD 


   (10) 

where A  is coefficient, which is defined by the equation 
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Considering (2), equation (10) can be written as 

 .68.181071.3
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3. Definition of total relative expanded uncertainty of measurement result of arithmetic mean deviation of 
roughness profile of pipe internal surface 

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

 ),,,,,,,( mL qDpLpX   (13) 

i. e. 

 ).(XfRa   (14) 

Total relative expanded uncertainty of measurement result of arithmetic mean deviation of roughness profile of 
pipe internal surface in real time is calculated by the equation [11], [12]  

  2*2*2*2*2*2*2*2*2*2*2*2*2*2**
mmLL qqDDppLLppRa UcUcUcUcUcUcUcU   , (15) 

where *
Lpc 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; *

Lc  is the relative sensitivity coefficient of arithmetic mean deviation of roughness 

profile of pipe internal surface to the length of straight section L  of pipe; *
pc  is the relative sensitivity coefficient of 

arithmetic mean deviation of roughness profile of pipe internal surface to the gas pressure at the inlet face of the 
primary device; *

Dc  is the relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe 

internal surface to the upstream internal pipe diameter under working conditions; *


c  is the relative sensitivity 

coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to the average value of gas 
density along the length of the pipe; *

c  is the relative sensitivity coefficient of arithmetic mean deviation of 

roughness profile of pipe internal surface to the gas dynamic viscosity under working conditions; *
mqc  is the relative 

sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to the mass gas 
flowrate; *

LpU   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; *
LU  is the 

relative expanded uncertainty of measurement result of the length of the straight section L  of pipe; *
pU  is the relative 

expanded uncertainty of measurement result of the gas pressure at the inlet face of the primary device; *
DU  is the 

relative expanded uncertainty of measurement result of the upstream internal pipe diameter under working conditions; 
*


U  is the 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; *
mqU  is the relative expanded uncertainty of measurement result of the mass flowrate of gas. 

4. Definition of relative sensitivity coefficient of output value to input value 
The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 

parameter i  of Xxi   is determined by the equation [11] 
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From (16) 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 determined by the equation 
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Considering (2), (8), (11) and (12), equation (17) can be rewritten as 
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The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the length of the straight section L of pipe is determined by the equation 
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Considering (2), (11) and (12), equation (19) can be rewritten as  

 . *
*

cL Ac   (20) 

The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the gas pressure at the inlet face of the primary device is determined by the equation  
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Considering (2), (8), (11) and (12), equation (21) can be rewritten as  
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The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the upstream internal pipe diameter under working conditions is determined by the equation 
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Considering (2), (11) and (12), equation (23) can be rewritten as  

 . 51 *
*

cD Ac   (24) 

The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the average value of gas density along the length of the pipe is determined by the equation 
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Considering (2), (11) and (12), equation (25) can be rewritten as  

 . *
*

cAc 


 (26) 

The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the gas dynamic viscosity under working conditions is determined by the equation 
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Considering (2), (11) and (12), equation (27) can be rewritten as  

 . 68.18*

Ra
DAc   (28) 

The relative sensitivity coefficient of arithmetic mean deviation of roughness profile of pipe internal surface to 
the mass flowrate of gas is determined by the equation 
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Considering (2), (11) and (12), equation (29) can be rewritten as 
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Considering (18), (20), (22), (24), (26), (28) and (30), equation (15) takes the form 
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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 internal 
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 internal surface in real time and the equations for 
calculating the components this total uncertainty were obtained. 
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Рівняння середнього арифметичного профілю шорсткості 

Леонід Лесовой, Федір Матіко, Богдан Чабан 
Національний університет «Львівська політехніка», вул. Степана Бандери 12, Львів, 79013, Україна 

Анотація 
Для підвищення точності вимірювання витрати газу за допомогою витратомірів змінного перепаду тиску 

необхідно застосувати залежності для визначення коефіцієнтів рівняння витрати газу, що забезпечать 
найменшу відносну сумарну розширену невизначеність розрахунку та збільшать точність вимірювання 
вхідних величин в реальному часі. Однією з таких величин є середнє арифметичне відхилення профілю 
шорсткості внутрішньої поверхні трубопроводу. Отримано рівняння для розрахунку середнього 
арифметичного відхилення профілю шорсткості внутрішньої поверхні труби в реальному часі. Отримано 
рівняння для розрахунку відносної сумарної розширеної невизначеності результату вимірювання середнього 
арифметичного відхилення профілю шорсткості внутрішньої поверхні трубопроводу в реальному часі та 
складників цієї невизначеності. 

Ключові слова: витрата газу; шорсткість; невизначеність; параметри трубопроводу. 


