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Abstract

New equation and algorithm are developed for non-iterative calculating flowrate of fluid energy carrier for
pressure differential flowmeter based on long radius nozzle. This equation implicitly contains three build-in iterative
cycles for calculating flowrate. According to the results of comparing the flowrate values obtained by developed
non-iterative algorithm to the flowrate values by standard iterative algorithm, the authors found that the developed
non-iterative algorithm ensures the accuracy of flowrate calculation specified by the requirements of DSTU GOST
8.586.5:2009. Therefore, the proposed equation and algorithm for calculating flowrate can be used for flowmeters
based on standard long radius nozzle for both technological and commercial metering flowrate of fluid energy
carriers. Application of the developed algorithm makes it possible to increase the speed of calculating flowrate of
fluid energy carriers by means of microprocessor controllers.
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1. Introduction

Pressure differential method is widely used for metering flowrate of fluid energy carriers. The basic principles
of this method and the requirements for its application are presented in many sources, particularly, in the
international standards ISO 5167-1,2,3,4: 2003 [1]-[4] and in the national standards DSTU GOST 8.586.1, 2, 3, 4,
5-2009 [5]-[9], which are implemented in Ukraine.

Pressure differential method is a complex indirect method of measuring flowrate and quantity of fluid energy
carrier, which provides for measuring differential pressure across a primary device, absolute pressure and
temperature of fluid and calculating flowrate and quantity of fluid energy carrier using these measured values. Since
the coefficients of the flowrate equation depend on fluid flowrate, the process of it calculating is iterative. In
addition to iterative calculating the fluid parameters and the coefficients of flowrate equation, algorithm for
calculating the fluid flowrate should also provide for checking in a certain sequence conditions and limitations of
pressure differential method. Following characteristics should be checked:

e range of permissible values of fluid energy carrier parameters;

o characteristics of primary device;

o characteristics of measuring pipeline, its rectilinear sections and equipment;

e cccentricity;

o protrusions and difference in diameters of adjacent sections of measuring pipeline.
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By meeting all these requirements, one obtains a complex algorithm for calculating flowrate and quantity of
fluid, which should be implemented in microprocessor flowrate calculators. The flowrate calculator implements this
algorithm in real time within the limited duration of the program cycle and the limited computing power of the
calculator. Therefore, it is an urgent task to simplify the algorithm for calculating flowrate and eliminate the iterative
process of calculating the flowrate, which takes considerable part of the computer program cycle.

2. Analysis of publications and research

When designing a new pressure differential flowmeter for fluid energy carrier based on standard primary
device, it is necessary to solve the following problems:

¢ to do a direct calculation of pressure differential flowmeter, during which the diameter of hole or throat of a
standard primary device for a given flowrate of fluid energy carrier should be determined;

¢ to make a standard primary device and to check its characteristics for compliance with the requirements of the
standards;

e to do a reverse calculation of pressure differential flowmeter, which consists in determining the flowrate of
fluid energy carrier for specified characteristics of standard primary device and measuring pipeline.

Pressure differential flowmeters for flowrate and quantity of fluid energy carriers use the following standard
primary devices: orifice plates [2], [6], [10]; ISA 1932 nozzles, long radius nozzles, Venturi nozzles [3], [7], [10];
Venturi pipes of different types [4], [8], [10]. The use of a long radius nozzle has some advantages for measuring the
flowrate of fluid energy carrier compared to the orifice plate:

o it has stable characteristics during long operation time;
e it has less pressure loss than orifice plate;
e it may have diameter ratio of throat up to 0.8.

Therefore, it is often used to measure flowrate of dry saturated steam.

Discharge coefficient of long radius nozzle depends on Reynolds number and, therefore, on flowrate of fluid
energy carrier. So, nozzle flowrate equation is an implicit equation and calculation of flowrate of fluid energy carrier
through long radius nozzle is carried out iteratively. According to ISO 5167-1: 2003 [1], iterations are recommended
to be performed by the value of Reynolds number or by the value of mass flowrate of fluid energy carrier [5], [10].
This increases the amount of memory and the time required for calculating the mass flowrate and the quantity of
fluid energy carrier, and thus increases the requirements to microprocessors or microcontrollers used in flowrate
calculators of fluid energy carrier.

It should be noted that simplified algorithms could be used to calculate the fluid flowrate, but these algorithms
would increase the relative error of calculation of fluid flowrate. The additional error caused by simplified algorithm
may be systematic, and therefore can create an additional imbalance in the accounting of energy carriers in
distribution and transmission systems.

To check the algorithms for calculating the values of fluid flowrate, it is necessary to have tables of control
points (tests), by which fluid flowrate and relative extended uncertainty of flowrate for the specified ranges of
pressure and temperature of fluid are determined. Such tables can be obtained using CAD “Raskhod-RU” [11], [12].

Based on mathematical model of pressure differential flowmeter, a technique for calculating the flowrate of
fluid energy carrier is implemented in CAD “Raskhod-RU” [11], [12]. It is implemented in a form of optimized
algorithm with cyclic calculation. The body of the cycle calculates the coefficients of flowrate equation, which
depends on fluid flowrate, in particular discharge coefficient C, Reynolds number Re, fluid parameters, as well as a
number of other coefficients of flowrate equation that do not depend on fluid flowrate. At the end of the cycle body
the relative deviation §, of the current value of the mass flowrate g,,; of fluid energy carrier from its previous value
gmi-1 1s calculated. Exit from the cycle is carried out when the relative deviation of flowrate becomes less than the
allowable calculation error which equals 0.001 % according to the standards [9] and [15].

3. Goal of the paper

The goal of this paper is to develop a non-iterative algorithm for calculating mass flowrate g,, of fluid energy
carrier in order to reduce the required controller memory and to increase the speed of calculating the flowrate and
the quantity of fluid energy carrier by means of microprocessor calculators of fluids.
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4. Presentation and discussion of the research results
Mass flowrate ¢,, is determined according to equations of the standards [1], [5], [9] and [11]:

o for liquid energy carrier

g, = d"EC\20pp (1)
o for gaseous energy carrier
g, = d" ECey[20pp . )

where d is the diameter of the long radius nozzle throat at temperature of energy carrier; £ is the velocity of
approach factor; Ap is differential pressure across long radius nozzle; p is the density of fluid energy carrier at
temperature and static pressure of fluid energy carrier; ¢ is the expansibility factor of energy carrier.

Velocity of approach factor £ depends on diameter ratio S of long radius nozzle. It is calculated by the equation

€)

Diameter ratio of primary device installed in a pipeline is the ratio of the diameter throat of long radius nozzle
to the internal diameter D of measuring pipe upstream the primary device:

d
B=>- (4)

Diameter d of the long radius nozzle throat at a temperature of fluid energy carrier is determined by formula
d=d, K.y, 5)

where dyq is the diameter of throat of long radius nozzle at fluid temperature 20 °C; Ky is the coefficient that takes
into account the change in the diameter of the throat of long radius nozzle caused by deviations of fluid temperature
from 20 °C.

Internal diameter D of the measuring pipe upstream the primary device at a temperature of fluid energy carrier
depends on the internal diameter D,, of the measuring pipe upstream the primary device at a temperature of energy
carrier 20 °C. It is calculated by following equation

D=D, K., (6)

where Ky is the coefficient that takes into account the change in the internal diameter D of the measuring pipe
upstream the primary device caused by deviations of fluid temperature from 20 °C.

Discharge coefficient C of a long radius nozzle with small and large diameters ratio is determined according to

(31, [7], [10]:

6
C =0.9965-0.00653 1}2 p , (7
c

where Re is Reynolds number, which is the ratio of the inertia force to the fluid viscosity force and it is determined
by the equation
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Re=—-, (8)

where w is the longitudinal component of the average local velocity of fluid energy carrier in the measuring
pipeline; p is the dynamic viscosity of the fluid energy carrier in the measuring pipeline.

Expansibility factor € of fluid energy carrier is calculated according to [3], [7], [10]:

2 K1
kte || 1-B* |[1-7x .
5 for gaseous energy carrier
€= K . s 1-x s ©
1-B7t~
1 for liquid energy carrier

where the values of 1 are calculated by formula

T=1-"2. (10)

. . . LY
Equation (9) is applied for the ratio 22 <025,
p

Let’s write the equation (1) or (2) for determining the mass flowrate ¢,, of fluid energy carrier using average

fluid velocity w the in the following form

pw (11)

qn = 4

and determine the average local velocity w of fluid the in the measuring pipeline as

(12)

Substituting the average local velocity w of fluid in the measuring pipeline into equation (8), we obtain the
formula for calculating Reynolds number in terms of mass flowrate g, of fluid

2 (13)

Taking into account formula (7), we obtain an equation for determining mass flowrate g,, of fluid energy carrier
in the form

6
q, = %dzE{OS%S ~0.00653 1}2 B }/2App . (14)
c

Taking into account formula for determining the Reynolds number (13), we obtain the equation for determining
mass flowrate ¢,, of fluid energy carrier as a function of mass flowrate ¢,, = f(¢,). This equation can be solved with
respect to g, using iterative methods for solving the equation. These methods increase the time that processor or
microprocessor controller spends to solve such iterative problem.
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The authors developed an equation for non-iterative calculating mass flowrate of fluid measured by using long
radius nozzle. The initial form of the equation is obtained by substituting expression (13) in equation (14):

n 0.00653 [10°mdp
=0.9965=d*Ee\[2App | 1- ) 15
I 4 P ( 09965 | 4q, J (1)

The equation (15) is presented in the form

B
L =A|1+ , (16)

where

A =O.9965%d2E8,/2App : (17)

p=-00063 foe (18)

1.993

Substituting the equation for determining the mass flowrate g, of fluid energy carrier in equation (16), we

obtain the following formula

B
g, =A|1+—C |, (19)
| ——

Vo,

where

B, =—. (20)

74

In the third iteration step we’ve written the equation for determining the mass flowrate ¢,, of the fluid energy

carrier and substituted formula (20) into it. Finally, we’ve obtained the equation for calculating the mass flowrate of
fluid energy carrier in the form

q, =41+ , 2D

1+

1+
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where Re, is the average value of the Reynolds number, which should be calculated by the equation
Re = 100-5[1E(Rcmin )+l (Remax )] , (22)

Re Re__  are the minimum and the maximum allowable values of Reynolds number, which for the long radius

min 2 max

nozzle are Re_. =10" and Re_ . =10" [7].

min max

According to the equation (22), the average value of Reynolds number for a long radius nozzle is
Re, =316228.

Replacing the equation

B, = 2B 01165295 JB; (23)

\/nDu\/R_e,,

and substituting it in equation (22), we obtain the equation for determining the mass flowrate of the fluid energy

carrier

q, =41+ 0 . (24)

1+

J1+ B,

It is obvious from the presented procedure for obtaining equation (24) that this equation implicitly contains
three build-in iterative cycles for calculating flowrate. As the authors will show below, these build-in iterative cycles
are sufficient to achieve the accuracy of fluid mass flowrate calculation specified in standards [9] and [10]. Fig. 1
shows a flowchart of algorithm for calculating fluid mass flowrate, developed by the authors on the basis of
equation (24).

We can see from Fig. 1 that developed algorithm for calculating mass flowrate provides sequential non-
iterative process for implementing the equation (24). A disadvantage of equation (24) and respectively of proposed
algorithm is that it can be used to calculate the fluid mass flowrate through only primary device of a certain type — a
standard long radius nozzle.

The developed algorithm was used to calculate the mass flowrate for two sets of fluid parameters and
flowmeter characteristics (see Table 1).

Table 2 presents the results of calculating mass flowrate of the fluid energy carrier (natural gas), which is
determined using the iterative method and the non-iterative algorithm developed on the basis of equations (17), (18),
(20), (23) and (24). The relative deviation of the values of the mass flowrate of the fluid energy carrier obtained
during the iterative process (see Table 2), is calculated by the formula

qmi— _qmi
3, =100(—(‘] . J (25)

where ¢, , and g, are the mass flowrate of fluid at the previous time and at the current time, respectively.
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Fig. 1. Flowchart of a non-iterative algorithm for determining the mass flowrate of fluid energy carrier

Table 1. Input data for calculating the mass flowrate of fluid energy carrier

Fluid parameter or flowmeter characteristic Parameter or characteristic value
Flowmeter 1 Flowmeter 2
Differential pressure across long radius nozzle, Pa 240 12000
Absolute pressure of fluid energy carrier, Pa 250000 250000
Temperature of fluid energy carrier, °C 10 10
Density of fluid energy carrier at standard conditions, kg/m’ 0.68 0.7
Molar fraction of carbon dioxide in natural gas, % 0 0.2
Molar fraction of nitrogen in natural gas, % 0 0.9
Density of fluid energy carrier at working conditions, kg/m’ 1.79445 1.79455
Isentropic exponent of fluid energy carrier, 1 1.30375 1.30175
Dynamic viscosity of fluid energy carrier, Pa-s 1.0619 107 1.0619 107
Throat diameter of long radius nozzle at fluid temperature 20 °C, mm 14.77 480
Material of the long radius nozzle 12X18H10T 12X18H10T
Internal diameter of the measuring pipe upstream the primary device at 50.2 600
fluid temperature 20 °C , mm
Material of the measuring pipe St. 20 St. 20
Roughness of the inner surface of the measuring pipe is selected from All drawn steel and cold drawn (new)
the table DSTU GOST 8.586.1:2009 [10]
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Table 2. Comparison of the results of calculating the mass flowrate for fluid energy carrier obtained by using
iterative algorithm (columns 1-3) and new non-iterative algorithm (columns 4-6)

Value Value
Parameter Parameter
Flowmeter 1 Flowmeter 2 Flowmeter 1 Flowmeter 2

Diameter ratio f of long radius 0294208 0799959 Diameter ratio p of long radius 0294208 0799959
nozzle, (4) nozzle, (4)
Velocity of approach factor E, (3) 1.00377 1.30136 Velocity of approach factor E, (3) 1.00377 1.30136
Expansibili.ty factor of gaseous 0.999441 0.948368 Expansibili.ty factor of gaseous 0.999441 0.948368
energy carrier g, (9) energy carrier g, (9)
Reynolds number, Rey 10° 10° Coefficient 4, (18), kg/s 0.004955281 46.17047
Disch: ffici £l

ischarge coefficient Cy of long 0.992958 0.99065954 | Coefficient B, (19), (kg/s)"* ~0.00230179 | —0.0131102
radius nozzle, (7)
Mass fl f flui

ass flowrate of fluid energy 0.00493521 | 45.89986184 | Coefficient By, (21) 0032706934 |-0.001929415
carrier g0, (2), kg/s
Reynolds number, Re; (13) 11767.9 9173504 Coefficient By, (25) —0.006320671 | —0.01042245
Dltharge coefficient C; of long 0.963849 0.994572 Mas.s flowrate of fluid energy 0.00478806 46.0813
radius nozzle, (5) carrier g0, (24), kg/s
Mass fl f flui

ass flowrate of fluid energy 0.00479053 46.0811 - - -

carrier g1, (2), kg/s

Relative error of calculation result
of mass flowrate of fluid energy 3.020 -0.393 - - -
carrier d, ,(25), %

Reynolds number, Re,, (13) 11422.95 9209731 - - -
Dltharge coefficient C, of long 0.963360 0.994575 3 3 3
radius nozzle, (5)

Mass flowrate of fluid energy 0.00478810 46.0813 3 3 3

carrier g, (2), kg/s

Relative error of calculation result
of mass flowrate of fluid energy 0.050 0.000<0.001 - - -
carrier 9, ,(25), %

Reynolds number, Res, (13) 11417.16 - - - -

Discharge coefficient C; of the

0.963352 - - - -
long radius nozzle, (5)

Mass flowrate of fluid energy

004 _ } ) -
carrier gs, (2), ke/s 0.00478806

Relative error of calculation result
of mass flowrate of fluid energy 0.001<0.001 - - _ _
carrier d, ,(25), %

We can see from Table 2 that four iterations of iterative algorithm for calculating flowrate make it possible to
meet the requirements to the accuracy of flowrate calculation specified by standards [9] and [10]. Applying the
equation (24) and non-iterative algorithm, one can achieve the same accuracy of calculating flowrate, while
reducing the calculation time.

5. Conclusion

A simplified equation (24) for calculating the fluid flowrate measured by using a standard long radius nozzle is
proposed in the paper. The equation makes it possible to calculate the flowrate of gases and liquids. Based on
equation (24), a non-iterative algorithm for calculating the fluid flowrate is developed, which is proposed for
implementation into pressure differential calculators of fluids flowrate and quantity.

According to the results of comparing the flowrate values obtained by developed non-iterative algorithm to the

flowrate values by standard iterative algorithm, the authors found that the developed non-iterative algorithm ensures
the accuracy of flowrate calculation specified by the requirements of DSTU GOST 8.586.5:2009. Therefore, the
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proposed equation and algorithm for calculating flowrate can be used for flowmeters based on standard long radius
nozzle for both technological and commercial metering flowrate of fluid energy carriers. Application of the
developed algorithm makes it possible to increase the speed of calculating flowrate of fluid energy carriers by means
of microprocessor controllers.
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AJITOPUTM PO3PAaxXyHKY BUTPATH IVIMHHOIO €HEPIrOHOCIs VIsi BATPATOMipa
HA OCHOBI CTAHJIAPTHOIO EJINCHOI0 COIJIa

Jleonin JlecoBoii, @exnip Mariko, Ipuna MaiinanoBuy

Hayionanvnuii ynieepcumem “Jlvsiecorxa nonimexuixa”, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

Po3pobneHo HOBe PiBHSHHS Ta aJITOPUTM sl Oe31TepaliiifHoro po3paxyHKy BUTPAT ILTMHHOTO €HEPTOHOCIS ISt
BHUTpPaTOMipa 3MiHHOTO TIeperaay TUCKY Ha OCHOBI €IICHOro0 coruia. I{e piBHAHHS MiCTUTD y HESIBHOMY BUTJISII TPH
BKJIQJIEHI iTepauiliHi HUKIIM O0UMCIIEHHS BUTPAT. 3 pe3y/bTaTaMu MOPIBHSAHHS 3HAYE€Hb BUTPAT, OTPUMAHHUX 32 PO3-
pobneHuM Oe3iTepaliiHiM aaropuTMOM, 3i 3HAYEHHSIMU BUTPAT, OJlep)KaHUMU 33 CTaHIApTH30BAHUM iTepauiiHuM
aJITOPUTMOM, BCTAQHOBJICHO, IIIO0 3alPONIOHOBAaHWHN Oe3iTepauiiHui airopuTM 3ade3redye TOYHICTh OOYMCIICHHS
BHUTpAT, BU3HaueHy BuMoramu cranaapty JJCTY I'OCT 8.586.5:2009. Omxe, 3anpOrOHOBaHI PiBHAHHS Ta aJITOPUTM
OOYMCIIEHHS] BUTPATH MOXYTh 3aCTOCOBYBATUCH Y BUTPATOMipax Ha OCHOBI CTAHAAPTHOIO ENINICHOrO COILIa SIK ISt
TEXHOJIOTIYHOI0, TaK 1 11 KOMEPLIHHOro 00JIiKY IUIMHHUX €HEProHOCIiiB. BUKOpHUCTaHHS PO3pO0IEHOT0 ajIropuT™My
Jla€ MOXJTUBICTH TPHUIIBHIIIMTH PO3PaXyHOK BUTPATH €HEProHOCIS 3a JOMOMOTOK MiKpONPOIECOPHUX KOHTPO-
JIEpiB.

KirouoBi cjoBa: BuUTpaTa; METON 3MIHHOTO IEpenaay THCKY; 3BY)KYBAJIbHUHA IMPHUCTPIH; €JIINCHE COIUIO;
aJITOPUTM.



