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THE POSSIBILITY OF THE ANALITICAL SETTING OF ULTRASONIC
FLOW-METER_CHARACTERISTIC IN THE STANDARD CONDITIONS
OF SETTLEMENT

Summary. In the paper a short review of the ultrasonic flowmeter
and its working principle are introduced. In the standard conditions
of settlements, which are described it is possible to calibrate an
ultrasonic flowmeter without a calibration station. The mathematical
model for laminar and turbulent flow connects the flowmeter output
signal with volumetric flow. The total error is theoretically derived
on the ground of an analysis of 14 error sources and experimentally
verified in the calibration station for two flowmeters: UF 311 and
UMP-10.

1. Introduction

Lately ultrasonic flowmeters have found greater and greater use for mea-
surements of flow rate. They are used for measurement of flow rate both in
pipes and open channels. These flowmeters have many advantages in compari-
son with other flowmeters [6, 13j . There are many possibilities of using
an ultrasound for measuring of flow rate: 1) measurement based on the ap-
parent differences of the velocity of sound in still water and moving wa-
ter, 2) beam deflection effect, 3) Doppler effect, 4) Karman effect, 5) noise
effect, 6) crossed-beam correlation technique. In ultrasonic flowmeters
which are put on the market the first possibility is the most common.

The information about the flow rate can be included in: 1) time difference,
2) frequency difference, 3) phase difference and two Ffirst methods are most
frequently used. There are two technical solutions: ultrasonic flowmeters
with transducers inserted in the pipe wall and with clamp-on transducers
B, 4, 7, 8, 10]- In this two solutions the output signal depends on para-
meters which are connected with assembling of ultrasonic transducers (place
of assembling, parameters of fluid, method of assembling). In certain con-
ditions it is possible to constitute the ultrasonic characteristic. This
analytical calibration is cheaper and easier than experimental one in a ca-
libration station or in a spot of work. The calibration using mathematical
model can be done in certain conditions, it means in standard conditions

of settlement.
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2. Standard conditions of settlement

Standard conditions of settlement are those, which must be kept during
assembling of a measuring instrument in the purpose of correct use and they
take into consideration instrument structure and destination. This condi-
tions for one-path ultrasonic flowmeter are following: 1) the pipe has cir-
cular section, 2) axial-syimetrical velocity distribution, 3) single-phase
fluid, 4) proper transducer assembling on the pipe or in the pipe wall.
These demands are never performed perfectly, for example axial-symmetrical
velocity distribution will be in places with straight pipe segments in
upstream and downstream direction, but in literature there are no rules
like for orifice meters. E. Hoene sugested [5] that for ultrasonic flow-
meters the length of the straight pipe segments should be similar like for
orifice and Ventury tubes.

The single-phase fluid for liquid means that it is free of suspended solids,
sediments and gas bubbles. In this paper proper transducers assembling
means diametral installing of one pair transducers. It is possible that
one-path measuring sensor has two channels (four transducers). In purpose
to achieve greater accuracy multi-path measuring sensors are constructed
and dimensions must be very well known.

3. Mathematical model of ultrasonic flowmeter
The functional diagram of the ultrasonic flowmeter is shown in figure 1

The blocks 1 and 2 represent the source of the measuring quantity, 3 and 4
- the measuring sensor.

The velocity v~ is given by:

(1

where: 1 - distance between transducers.
Measuring quantity V is given by the formula:

€3]
where:
S - the pipe area,
D - the inside pipe diameter,

vs - the mean velocity in the pipe section.
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Fig. 1. The functional diagram of the ultrasonic flowmeter

1 - the transmission of measuring quantity V to vector field v in pipe
section where the transducers are assembled, 2 - receiving the mean veloci-
ty vy between the transducers, 3 - transmission Vv~ to two travel times
of an ultrasonic beam: tj - in the downstream direction and t2 - in the
upstream direction, 4 - the addition of delays in transducers and in a pi-
pe wall (for the clamp-on transducers), 5 - the measuring converter, 6 - the
secondary device (the meter or the recorder graduated in flow units), 7 - the
feeder, U - the output signal from 5

Rys. 1. Schemat funkcjonalny przeptywomierza ultradZzwiekowego

1 - przetwarzanie mierzonej wielkosci V w wektorowe pole predkosci 7 w
odcinku rurociagu, w ktérym zainstalowane sa przetworniki, 2 - otrzymywanie
predkosci Sredniej miedzy przetwornikami, 3 - przetwarzanie Vj_ na dwa
czasy przebiegu fali ultradzwiekowej: #] - w kierunku z przeptywem, t2 - w
kierunku pod prad, 4 - dodanie sie opdznien w przetwornikach i w Scianie ru-
rociagu (w przypadku przetwornikéw naktadanych), 5 - przetwornik pomiarowy,
6 - przyrzad wtorny (miernik lub rejestrator wyskalowany w jednostkach prze-
pbywu), 7 - zasilanie, U - sygnat wyjsciowy z 5

Fig. 2. The structural diagram of ultrasonic flowmeter with correction of c

d - the projection of the distance between transducers on the pipe axis,
a - the sensitivity of the measuring converter, b - the output of the mea-
suring converter for t, - tl1 =0

Rys. 2. Schemat strukturalny przeptywomierza ultradZzwiekowego z korekcja c¢

d - rzut odlegtosci miedzy przetwornikami na o$ rurociggu, a - czuto$¢ prze-
twornika pomiarowego, b - wyjscie przetwornika pomiarowego dla tj - =0

The velocity distribution is characterised by the factor K:

©)
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The. times tl1 and t2 are given by the formulas:
tl =12 + vlcos @, @
t2 = 1/(c - vl cost¥), ®

where:
c - the sound velocity,
of - the angle between the path landthe axis, of the pipe.

The sound velocity depends on temperature TI[k] , pressure p [pa] and con-
centration of solids q [kg/kg] and forwater the function isgiven in fi-
gure 2. In this figure it is showed thestructural diagram of ultrasonic
flowmeter with the correction of c¢. The factor K depends on a kind of
flow. For laminar flow K = 0,75, for turbulent flow it depends on Rey-
nold’s number and on the relative roughness of the pipe k/R, where Kk is
the absolute roughness, R - the pipe inside diameter”.

For each region of turbulent flow K may be expressed by the following
formulas:

for hydraulic smooth pipe:

1
K1 ® 7w _T7T
1 + 1,25 (A /8) 1/2"

for transition region between the smooth and rough pipes:

,C2 - 3,75 + 2,5 In(R/K)
K2 = C2 - 2,5 + 2,5 in(R/K) " D

for rough pipes:

where:
- the hydraulic resistance,
C2 - the constant calculated on the base of experimental results received
by Nikuradse , R =D/2.

The value of K have been calculated on the base of formulas (6), (7),
® [ij and are given in the figure 3.
K for a critical flow must be calculated on the baseof experimental data.
The mathematical model of an ultrasonic flowmeter canbe written from fig.2
and formulas (), (), (®)-
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For example for rough pipes:

, = Vv + b, (9
rOM2R,75 + 2,5 In RAI

The measured quantity (volumetric flow) is reconstructed with antifunction
to the formula (9 as the visual signal V (fig. 1).

Fig. 3. The factor K for a turbulent flow
Rys. 3. Wspétczynnik K dla przeptywu burzliwego

4. The error in the standard conditions of settlements

The total error has many sources 3] and everypartial error has a 1
character, so error summation will be according to a geometrical rule [I].
The total error can be expressed by the formula:
6:(62ms+ SZaC+ 62me+525),d s do)
where:

Ams - the measuring sensor error,

Gec - the error of the analitical calibration procedure,
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ume " the measuring converter error,

¢sd - the secondary device error.

The measuring sensor error consists of: the nonlinear error, the error
caused by a drift of the ultrasonic beam, the error caused by conditions of
transducers assembling (the noncircular section of the pipe, the differen-
ces in the pipe diameters, the uncertainty of roughness setting), the error
of transducers assembling, the additional errors (caused by a variation of
temperature, pressure and density of fluid). The errors caused by transdu-
cers assembling have been analised in details [J2] and the value has been
found to be 0,62%. The error of the analytical calibration procedure is
equal to 0,79%. The error of the measuring converter has been determined
experimentally (the nonlinear error, the unstability error, the influence
of temperature and supply voltage) and for the place, in which flowmeter is
used is given as 0,32%.
<sd  is equal 0,075%. All errors have been estimated for 0,95 confidence
level. The calculated value of Gms is 0,98%. The total error calculated
from formula (QO0) is 1,3%.

5. Experimental investigations

The ultrasonic flowmeter is used in concrete conditions and very often
the flow changes about the certain value. In this situation simpler formula
is used then given by (9):

U = V + b, (€0D)
«D212K

where value of the factor K is for nominal or maximum expected flow. The
checked flowmeters are as follows: UF 311 (produced by French firm Ultra-

flux [ji] and UMP-10 produced by Polish firm TECHPAN [jo] ). Both flowmeters
work basing on time defference principle. The measuring converter of UF 311
is analog, of UMP-10 is digital. Both firms offer 1% error.

The experimental checking has been done in the calibration station in
Chorzdw, which has got two volumetric tanks of 19,133 [m2 and 38 [m2J ar-
ranged in rows. The transducers of the flowmeters have been installed in
the wall of the pipe of inside diameter 0,39 [m]. The stand was supplied
from the tank with an air cushion. A straight pipe segment in up-stream di-
rection is 9D and in down-stream direction 2,5 D. The knees are before and

behind these segments. The error of the flow in pipe hasbeen calculat
and It has not been higher than 0,3%.

On the base of the roughness k and maximum Reynoldsnumber the f
K has been taken from fig. 3 (0,9475). The velocity distribution ha

checked in consideration of short straight segments of the pipe with help
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Fig. 4. The lines of equal velocity of water in the pipe of diameter
0,39 [m]

Rys. 4. Xzotachy dla przepdywu wody w rurze o Srednicy 0,39 £m]

Fig. 5. The relative errors for the checked ultrasonic flowmeters UF 311
and UMP-10

Rys. 5. Bledy wzgledne dla badanych przeptywomierzy ultradzwiekowych UF 311
i UMP-10
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of the firm Bestobell Meter Flow Limited (England, 1980) turbine insertion
flowmeter in points 1 and 2 fig. 4.

In the figure 4 the lines of equal velocity are drown. The transducers of
the ultrasonic flowmeter have been installed in points 3 and 4 (fig. 4
and the factor K has been calculated.

The real value of K is 0,977 and this value has been taken to the formula
(11). In the figure 5 the relative errors are drown with reference to the
measuring range for UF 311 - 0,236 [jm3/s], for UMP-10 - 0,34 [m3/sj -

6. Summary

The experimental errors for both flowmeters are found to be placed in
the limits calculated theoretically from the mathematical model of the flow
meter when the real value of the factor. K is taken into account. One of
the standard condition of settlement has not been fulfil in the place of
transducers installing (the velocity distribution has not been axial-symme-
trical) .

The distortion of the velocity distribution has been caused by a short
straight pipe section in the upstream and the downstream directions and
in every such situation the velocity distribution must be checked. The flow-
meter errors (shown in the fig. 5) have sistematic component (the sensiti-
vity error).

The reason of this component can be uncertainty of setting K or the in-
fluence of different sources of errors which do not reduce each other.

REFERENCES

£1j L.G. Bajs, R.l. Rapaport: Ob ocenke obscej progresnosti sredstw izme-
renija w ekspluatacionnych uslowijach. Trudy Metrologiczeskich Insti-
tutow SSSR, Kypusk nr 135 (195) Ilzdatelstwo standartow, Moskwa-Kazan
1972 .

f2j J. Baumoel: Ultrasonic Flowmeter Senser Liquid Flow from Out-side of
Pipe, Canadian Pulp and Paper Industry, 1976,30(3), 34-35.

¥3) B.V. Birjukow, M.A. Danilow, M.F. Zeleznikowa, S.S. Kiwilis: Normiro-
wanije Charakteristik raschodomierow. Izmieritelnaja tiechnika, 1980
(11), 41-44.
K.W. Bonflig: Technische Durchflussmessung. Vulkan-Verlag, Essen 1977,
S. 131-140.

Idl E. Hoene, H. Kaulfersch: Flow Metering - Methods and Application. Sie-
mens Review, 1978, 45, (&), 202-204.

m J.S. Jonas: Flowmeters, Control and Instrumentation, 1981, 13, (A1),

L J 23-25.

P7~] H.M. Morris: What’s Available in Ultrasonic Flowmeters, Control Engi-
neering, 1979, 26, (8), 41-45.

[87 Pose des capteures debitmetriques. Technical Manual of Firm uitrafiux

L J (France) 1977.

[
IS



The possibility. 281

[e1 H- Schlichting, Grenschit-Theorie, Verlag G. Braun, Karlsruhe 1958.

[iol Ultrasonic flowmeter type UMP-10. Technical Manual fo Firm TECHPAN
IPPT Polish Academy of Science, Warszawa 1980.

[11j S. Walus: The Derivation of the Metrological Properties of Ultrasonic
Flowmeters on the Base of the Mathematical Model (in Polish). Doctorat
dissertation, Institute of Automation, Gliwice, April 1980.

[i2] S. Walu$s: The Influence of Assembling on the Error of an Ultrasonic
Flowmeter (in Polish). XV Miedzyuczelniana Konferencja Metrologéw, Po-
litechnika Warszawska, Warszawa 1981.

[i3d S. Walus: Ultrasonic Flowmeters-metrological Properties (in Polish),
Pomiary Automatyka Kontrola, 1978, 14, 8-9.

[i4] Watson C.A. , Ultrasonic flowmeters. Proceedings of FLOMEKO 1978, North
Holland Publ. Company, Amsterdam, New York 1978, 571-577.

Recenzent: Doc. dr hab. inz. Stefan Kubisa

Wptyneto do Redakcji 3.06.85 r.

MOZLIWOSC ANALITYCZNEGO WYZNACZANIA CHARAKTERYSTYKI
PRZEPLYWOMIERZA ULTRADZWIEKOWEGO W NORMALNYCH WARUNKACH ZABUDOWY

Streszczenie

Podstawowymi zaletami przeptywomierza ultradzwiekowego sg mozliWosd in-
stalowania bez koniecznosci przerywania przepitywu oraz mozliwos$¢ analitycz-
nego wzorcowania bez koniecznosci uzywania stacji wzorcowania. Mozliwosé ta
istnieje dla normalnych warunkéw zabudowy (kotowy przekréj rurociagu, znana
chropowatos¢, osiowo-symetryczny rozkdad predkosci, ciecz jednofazowa, pra-
widlowo zainstalowane gtowice).

Dla przeptywu burzliwego wyznaczono stosunek vg (Srednia predkos¢ w
przekroju) do (Srednia predkos¢ w drodze fali ultradzwiekowej) dla rury
hydraulicznie gtadkiej oraz dla rur chropowatych. Zostat wyprowadzony model
czujnika, tzn. zaleznos¢ /It od strumienia objetosci V. Model ten jest
nieliniowy i1 zawiera Srednice wewnetrzng rurociagu D, odlegtos¢ miedzy prze-
twornikami 1 oraz Warunki pomiaru: lepkos¢ cieczy V , temperature T i
cisnienie p. Wielkos¢ mierzona, tzn. strumieii objetosci V jest odtwarza-
ra za pomoca funkcji przeciwnej do modelu czujnika.

Dla konkretnego przyk#adu obliczono teoretycznie biad catkowity na pod-
stawie analizy 14 Zrd6det biedéw: biad nieliniowosci, biedy zwigzane z ksztat-
ten rurociagu, biedy powstajgce przy instalowaniu przetwornikéw,... W kon-
kretnym przypadku zastosowania przepdywomierza ultradzwiekowego (© = 0,4 m)
obliczony dla poziomu ufnosci 95% b#ad wynosit 1,3%. Wynik ten zostat zwe-
ryfikowany doswiadczalnie w stacji wzorcowania dla dwéch przeptywomierzy:

W 311 (produkcji francuskiej Tirmy Ultraflux) i UMP-10 (produkcji polskiej
firmy TECHPAN) zainstalowanych w rurociggu o $rednicy 0,4 m. Bkad pierwsze-
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go przeptywomierza dla Re = 103 - 106 nie byt wiekszy niz 1,1%, dla dru-
giego przeptywomierza mniejszy niz 1,3%. Doswiadczalne badania potwierdzity
wiec mozliwos¢ analitycznego wyznaczania charakterystyki przepkywomierza.
Warunkiem otrzymania satysfakcjonujacego btedu jest spednienie normalnych
warunkéw zabudowy .

JO3MEBKHOCTH AHAJIHTHHUCKOrO OriPEJtEJIEfLIH XAPAKTEPHCTHKH
yjlbTPA3dyKOBOr 0 PACX0AOM@A B HOHJAJIbHbiX yCIICBUHX
Ero 3ACTPOstkH

Pe 3iome

B paOOTe flaHO KpaiKoe peBex> yjiBTpaaByKOBioc pacxoflouepoB h noka3aH npHH-
uaa nx paéoiu, B CTaH,napTHHX ycjioBHHX noKa3aHa bo3mojkhoct+ aHanHTHuecKoft
KajiHOpoBKii Se3 Heo<5xofliiMOCTH Hcn0JiB30BaHHKk GTsUuEOHHofl ciannHH. HaTeMaTHuec-
xaa uo”eaB ajih jiaMHHapKoro h TypCyaeHTKoro noTOKa BiuiskaeT BtixoAHoft carHaji
pacxo”oMepa n napaMerpa noioka, Ban TeopeTmiecKHit pacgST cyuMapnoti oehSkn,
paCRHIlaHHOit Ha OCHOBe 14 COCTaBHHX omHOOK H BnOCJIe’CTBHH 3epH$UHHpOBajtl ona
Ha KajiH6poBonhoA ciaHyHH juin Aeyx pacxoAOMepos: UF 311 n» ump-10.



