
The variation in the cross-section of a flow of transported petroleum caused by deformation of a pipeline is

estimated. The error of an ultrasonic flowmeter counter for the case in which the current flow cross-section

is taken into account is calculated.
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In many cases, ultrasonic flowmeter counters are used to measure the flow of petroleum. The process of establishing

the conversion factor of these devices entails taking account of the cross-section of the flow of transported petroleum as deter-

mined by the internal diameter D of the pipeline [1], i.e., it is assumed that the form of the cross-section at the site where the

ultrasonic flowmeter counter is located is a circle of radius R = D/2. The basic list of the errors that thereby arise is present-

ed in [2]. The actual form of the cross-section differs from a circle, and what is more important, is not a constant quantity,

but instead depends on external influencing factors, basically mechanical and thermal stresses in the transportation system.

This circumstance results in a marked variation in the resulting error of an ultrasonic flowmeter counter and this factor must

be taken into account if the admissible error of the device is much less than ±1%. Below we will consider an approach to esti-

mation and exclusion of the action of external influencing factors that govern deformation of the cross-section of a flow of

petroleum and the variation of its area. The technical part of the solution of the problem is proposed in [3] and involves plac-

ing m pairs of electroacoustic transducers around the perimeter of the cross-section, each of which supports measurement of

the flow rate of the petroleum and the cross-sectional diameter Lj, j ∈ [1, m]. These data, if properly processed, generate the

result of a measurement of the volume (mass) of the transported petroleum.

Let us find the cross-sectional area of a deformed pipeline. Let ƒ(θ) be a function that describes in terms of polar

coordinates the current length of the radius of an actual flow cross-section of petroleum. We will consider the case of small

deformations of the cross-section that are not noticeable by the service personnel under ordinary conditions. In order to take

these deformations into account, we need only represent ƒ(θ) by a cubic polynomial:

(1)

where R0 and xi are the free and variable terms of the polynomial; θ ∈ [0, ψ]; ψ, upper angular limit of the perimeter of the

cross-section caused by its deformation.
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It is necessary to determine the constants of this equation based on the continuity condition of the function ƒ(θ) with

θ ∈ [0, 2π]; ƒ(θ)⏐θ=0 = ƒ(θ)⏐θ=2π. Then in light of (1) we may write

(2)

We will calculate the area of a deformed cross-section, assuming that the perimeters of the deformed and unde-

formed cross-sections are equal:

(3)

where ψ1 is the upper angular limit of the perimeter of the undeformed cross-section.

For ψ1 = 2π, in order to determine ψ in the case of small cross-sectional deformations, we set R0 = R and in accor-

dance with (1) represent (3) in the form

aψ4 + bψ3 + cψ2 + dψ + e = 0, (4)

where a = x3/4; b = x2/3; c = x1/2; d = R; e = –2πR.

Measurements performed with the use of an electroacoustic transducer enable us to obtain quantitative values of the

diameter Lj, while θj specifies the site of the jth pair of electroacoustic transducers, j ∈ [1, m]. To determine xi, i = 1, 2, 3,

in view of (2) it is sufficient to have two pairs of electroacoustic transducers (m = 2). With j = 1, 2, the values L1 = ƒ(θ1) +

+ ƒ(θ1 + π), L2 = ƒ(θ2) + ƒ(θ2 + π), respectively, are measured. In the course of operation of an ultrasonic flowmeter counter

if θ1 = π/4 and θ2 = 3π/4 can be assured, then, by (1), we have

L1 – 2R = 3πx1/2 + 13π2x2/8 + 63π3x3/32;

L2 – 2R = 5πx1/2 + 29π2x2/8 + 185π3x3/32. (5)

We set d1 = L1 – 2R and d2 = L2 – 2R, where d1 and d2 serve as quantitative estimates of the deformation of the

cross-section.

A solution of system of equations (2), (5) yields

(6)

Recalling (6), an exact solution (4) leads to cumbersome formulas. An approximation of the numerical solution of

this equation, for example, by an iterative method with maximal computation error not greater than ±1·10–8ψ is less compli-

cated. Such an approximation, created by the method of least squares [4], has the form

ψ = 2π(1 + au + bu2 + cu3). (7)

Here u = (d1 + d2) / (2R); a = –0.484844449, b = –0.001274, c = 0.235025 with root-mean-square error not greater than

7·10–6ψ if ⏐d1⏐/ (2R), ⏐d2⏐/ (2R) ≤ 0.014, –0.028 ≤ u ≤ 0.

By (3), the radius of the virtual circle equivalent to the deformed cross-section is expressed by the formula Re =

= Rψ1/ψ = R2π /ψ, whence the cross-sectional; area

S = πRe
2. (8)
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Let us estimate the error of the ultrasonic flowmeter counter caused by mechanical (or thermal) deformation of the

pipeline cross-section. Here the variation in the cross-sectional area of the petroleum flow

ΔS = (S – πR2) /S = 1 – ψ2/(2π)2. (9)

The results of calculations performed with (9) using (7) are presented in Fig. 1a. Small deformations in the working cross-

section of the flow of liquid ⏐d1⏐/ (2R) ≈ 1.0% substantially worsen the precision of the ultrasonic flowmeter counter if the

actual petroleum flow cross-section is not taken into account. That is, the variation ΔS in the interval between discrete correc-

tions of the information-measurement system containing the ultrasonic flowmeter counter may reach ±2.0%.The technology

followed in operational maintenance of the metrological characteristics of the information-measurement system used in mea-

surement of the quantity of petroleum comprises periodic (generally, annually) checking of the system and inspection of these

characteristics of the service operation once every 7–30 days. A correction to the readings of the information-measurement

system on the basis of a redetermination of the Reynolds number is performed in the interval between inspection operations.

However, the actual petroleum flow cross-section is not inspected, though from our studies it appears that the parameters of

the cross section may vary over the following ranges as a consequence of variations in the excess pressure in the pipeline and

the temperature of the transported petroleum: d1/(2R) from –0.01 to –0.0125 and d2/(2R) from –0.006 to +0.0062. In the pre-

sent case, this induces a variation in the area ΔS from –0.64 to –1.83%.

We may estimate the computation error in S caused solely by the imprecisions in the calculated value of d1 and d2
(respectively, δd1 and δd2) under conditions introduced in (7) thus:

An increase in the precision with which the petroleum flow rate is measured is achieved as a result of the fact that

the current value of the petroleum flow cross-section is calculated from (8) in the computational device that is part of the

information-measurement system, and the fact that the conversion factor of the ultrasonic flowmeter counter is calculated

from the latter current value [3]. Other external influencing factors are taken into account in accordance with [5]. In deter-

mining the resulting measurement error we set δd1 = 0.01d1max and δd2 = 0.01d2max, with d2max/(2R) = d1max/(2R) = 0.014.
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Fig. 1. Variation in cross-sectional area S of petroleum flow (a) and computation

error (b) as a function of ⏐d1⏐/ (2R) with d2 = –0.95d1, 0, and d1 represented by

lines 1–3, respectively.



The results obtained in the calculation of δ are presented in Fig. 1b, whence follow the conclusions: ΔS/δ may exceed 50, and

the error in the measurement of the petroleum flow rate caused by deformation of the pipeline will not exceed 0.03%.
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