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This paper deals with CFD simulation and experimental study of ultrasonic flowmeters. A mathematical model of an ultrasonic flowmeter (USM)
was built for studying the errors of flow measurement in disturbed flows. The method of defining the position coordinates of the acoustic paths and
their weighting factors was improved based on the Gauss-Jacobi method of integration (i.e. the weighting function was improved) which provided
the possibility to raise the accuracy of the turbulent flow velocity integration. The effectiveness of the improved method was verified using the Salami
functions. New methodology for improving the mathematical model of USM is proposed. According to this methodology the dependence of the
calibration factor on the Reynolds number is introduced into the model. A technique for studying the errors of USM in disturbed flows was developed
on the basis of the proposed methodology. The developed technique was verified by comparing the CFD simulation results for a 3D model of an
acting USM with the experimental results for this meter obtained by means of a reference test rig. The deviation of the simulation results from the
obtained experimental data is not more than 1 %. Recommendations on defining the pipe straight lengths for the double-path chordal flowmeters

were developed on the basis of the investigation results.
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Introduction

Ultrasonic methods and instrumentation for fluid flow rate
and volume measurement are applied widely in various fields
of industry including gas industry where natural gas metering
is carried out during its transportation and supply to the con-
sumers. The widespread application is caused by existence of
new reliable ultrasonic lowmeters (USM) of gas providing
high accuracy of measurement. For instance, multi-path
USMs are developed for custody transfer of natural gas with
the relative uncertainty of no more than £0.15% (USZ 08 of
Honeywell RMG Company), +0.2% (FLOWSIC600 of
SICK Company) or +0.3% (Daniel Senior Sonic of Emerson
Company).

It is known that the metrological characteristics of
flowmeters depend on the operating conditions (in parti-
cular, on how much the operating conditions are different
from the calibration conditions). Based on the numerous
experimental studies [1-4] it was defined that the flow dis-
turbances in the pipe upstream of the USM lead to signifi-
cant errors in flow rate measurement.

To provide a fully developed flow profile without a flow
conditioner the pipe straight length of up to 50D may be needed
to eliminate an asymmetric profile or up to 200D to eliminate
a flow switl according to ISO 17089-1: 2010 [1]. Such long
pipe straight lengths not always can be provided in operating
conditions. That is why it is important to study the effect of a
flow disturbance on the error of USM and to develop the up-
to-date means for simulation in order to work out recommen-

dations on installation of USMs to eliminate the additional er-
rors of flow rate measurement caused by flow disturbances.

A powerful instrument for studying the gas dynamical
processes in pipes together with experimental studies is a
computer simulation by means of Computer Aided Design
(CAD) and Computational Fluid Dynamics (CFD) soft-
ware. The models of fluid flows in pipes of complicated
configurations can be built by means of the software with
high accuracy. These models provide the possibility to study
the pipe configurations and USM constructions for which
the experimental studies were not carried out sufficiently.

The results of CAD/CFED simulation for studying the ef-
fect of a disturbed flow on the error of USM are presented and
discussed in works [2-7]. Based on the analysis of these works
it was defined that there are a lot of CAD/CFD software types
both with open access and with licenses. There are different
constructions of pipe fittings and positions of acoustic paths
of USMs. That is why there is a need to develop a generalized
methodology for application of CAD/CFD software to im-
prove the mathematical model of USM and to study the effect
of a disturbed flow on the error of USM.

Mathematical model of a flowmeter

A mathematical model of an USM was built on the basis
of the equation of volume flow rate for chordal multi-path
configurations of meters [7] and on the basis of Gauss-Ja-
cobi numerical method of integration [8]. According to
this method of integration the position coordinates x(z) of
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the acoustic paths are defined by solving the recurrent equa-
tion of the Jacobi polynomial [7,8]. The order of this poly-
nomial is equal to the number of acoustic paths (V). After
finding the position coordinates x(#), the weighting factors
of the acoustic paths w() are defined by calculating the val-
ues of the Lagrange polynomial in the points x(7) and by
applying a special formula for integration were the follow-
ing weighting function of Jacobi polynomial is used

W(x)=(1-x")" (1)

where x is current radial position of an acoustic path, # is
coeflicient of weighting function.

The value of the coefficient £ in the classical method is
equal to 0.5 [8]. It is proposed to improve the method for
defining the w(7) and x(7) of the acoustic paths of USM by
improving the weighting function (1). The coeflicient £ of
the weighting function is improved on the basis of com-
parison of W(x) values with the values of the power law of
flow velocity distribution for a fully developed turbulent
flow (see Figs. 1 and 2). The power law of flow velocity dis-
tribution in a relative form is presented by the following
formula

L:(l_ij; @
v R

max

where 7 is current position along the pipe internal radius,
R s pipe internal radius, 7 is Nikuradse number.

The Nikuradse number in (2) is defined as follows [9]

#=1/[0.2525-0.02291g(Re)] (3)

where Re is Reynolds number.
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Figure 1. Comparison of the weighting function curve
(~*-) for k=0.5 with the power law of flow velocity distri-
bution (—)
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Figure 2. Comparison of the weighting function curve

(—*-) for k=0.2 with the power law of flow velocity distri-
bution (—)

It can be seen from Figs. 1 and 2 that for #=0.2 the
weighting function curve is closer to the power law of flow
velocity distribution than for £=0.5.

For a number of values of % the standard deviation of
Wix) values from the values of the power law of flow ve-
locity distribution were calculated for the values of Re from
104 to 107 and for the values of x from 0.1 to 0.9 [10].
Based on the calculation it was defined that the minimum
standard deviation is reached for 4=0.2.

The improved method for defining the x(7) and w(7) was
also verified for a disturbed flow using the Salami function
P09 [11]. The error of flow rate measurement result for
a4-paths chordal USM is reduced by 0.25 % when applying
/k=0.2 in comparison to #=0.5 (see Fig. 3). The error of flow
rate measurement was calculated using the following formula

6 — q/» — qﬂ.j‘a/w//i . 100 (4)

q

qz’ Salami
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Figure 3. Flow rate measurement error versus integration
angle for k=0.2 (curve 1), k=0.3 (curve 2) and k=0.5
(curve 3)
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The mean flow velocities along each chordal acoustic
path (v(1)...v(V)) are the input variables of the mathe-
matical model of USM. That is why the model can be ap-
plied together with a CAD/CFD software which provides
the possibility to simulate the flow velocity profile and the
mean flow velocities along each chordal acoustic path. The
errors may take place during application of the mathemat-
ical model together with the CAD/CFD simulation soft-
ware due to the following reasons.

1. Inaccurate drawing of the multi-path USMs and pipes
which is caused by the complicated construction of the
USM in the cases when the information on the geo-
metrical dimensions of USM is absent or defined inac-
curately (dimensions of the electro-acoustic transducers
(EAT), their pockets, protection layer and length of the
acoustic channel).

2. Inaccurate description of the behavior of the turbulent
flow by the CAD/CFD software [3,6].

To eliminate the errors of USM simulation it is pro-
posed to improve the mathematical model of the meter by
introducing the dependence of the calibration factor on the
Reynolds number £,/ = fRe) into the model [12]. The val-
ues of k,,are defined on the basis of the reference values
of volume flow rate (g, ,,,9 and flow parameters derived ex-
perimentally for specific values of Reynolds number ac-
cording to the following formula

/ém/ = q.mvf /qs (5)

The flow rate reduced to standard conditions is calcu-
lated as follows

Parn T (©)
prCFDK<pCFD > TCFD)

9 =49

where g is volume flow rate reduced to standard conditions, ¢,
is volume flow rate at operating conditions, p; is pressure at stan-
dard conditions, 7 is temperature at standard conditions, p -z
is fluid pressure for CFD simulation, 7~z is fluid temperature
for CFD simulation, K'is fluid compressibility factor.

It should be stressed that the values of ¢, ref P and T
are used for setting the parameters of CFD simulation
(boundary conditions) and the dependence 4.,/ = ARe)
should be defined for an undisturbed flow.

Thus, the proposed methodology of improving the ma-
thematical model of an USM consists in defining the depend-
ence of k,,7on Re based on the results of CFD simulation
and the available reference data on the measured flow rate
and subsequent introduction of this dependence into the
mathematical model. The generalized mathematical model
of a multi-path USM with taking into account the pro-
posed methodology and the improved method for defining
the x(7) and w(7) is presented as follows

ql/ = /ém/ W(Z )y// (Z )’

aD? &, 2R = x(i )
4 ; nR

k., = f(Re); Re,.. SRe<Re,_ ;

£=02;7=1,2,. N;

ij(x, (i) 1= %) doe )
T ey
PL\x, x(7))= - —X_X(j) }
(s 00) g[x(l,)_w)

PJ = f(x,NN,k); x(i) = roots(P]),

where D is pipe internal diameter, PL is Lagrange polyno-
mial, P/ is Jacobi polynomial.

The mathematical model of USM (7) together with the
CAD/CEFD software provides the possibility to carry out
simulation in order to study the effect of the constructional
parameters of multi-path USMs as well as the effect of flow
disturbance on the results of flow rate measurement.

Technique for studying the USM error

Technique for studying the error of flow rate measurement

was developed on the basis of the mathematical model of

USM (7). This technique is presented in [12] and it consists

of the following steps:

1) definition of the main and supplementary constructional
parameters of the USM and the pipe (see Fig. 4);

2) definition of the parameters of the fluid flow (type of
fluid, flow rate, p and 7 etc.);

3) design of k,,;of USM model (drawing of 3D model of
the USM and the pipe by mean of CAD software (see
Fig. 5); setting of parameters of 3D model in CFD soft-
ware; development of the dependence of km[ on Re);

4) study of the USM error in a disturbed flow.
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Figure 4. Simplified design diagram of a double-path
chordal USM

ineering

o
c
Ll
| -
o
3
0
o




Vitaliy Roman, Fedir Matiko, Roman Fedoryshyn

Figure 6. Picture of the test rig

The developed technique was verified on the basis of
the results of experimental study of flow rate measurement
error for an acting USM GUVR-011A2.2/VS in a gas test
rig of “Energooblik” Company (Kharkiv, Ukraine) [12]. The
working fluid was air. The picture of the test rig is presented
in Fig. 6. It should be mentioned that both the experimen-
tal study and the simulation of USM were carried out with-
out any flow conditioner according to the requirements
specified by the flowmeter manufacturer in the operational
documentation [13].

Three dimensional model of the USM (see Fig. 5) together
with the pipe and the fittings was built by mean of CAD soft-
ware. The pipe straight lengths were set according to the dia-
grams in Figs. 7 and 8. The simulated flow rate values were
compared to the experimental results of flow rate measure-
ment by means of the USM installed downstream of two typ-
ical fittings (single 90° bend, Fig. 7, and two 90° bends in
perpendicular planes (/<5D), Fig. 8). This way the conclusion
about the adequacy of the proposed technique was made.

v\\‘?v. ref

Figure 7. Axonometric diagram of pipe with USM installed
downstream of a single 90° bend

USM
GUVR-011

Figure 8. Axonometric diagram of pipe with USM installed
downstream of two 90° bends in perpendicular planes
(I=5D)

The mathematical model of the double-path chordal
USM GUVR-011A2.2/VS (8) was built by means of the
proposed methodology. This model was applied for calculat-
ing the flow rate measured by the flowmeters presented in
Figs. 7 and 8. Here the values ¢,, ,, were taken equal to the
experimental values of flow rate measured by the reference
gas meter in the test rig,.

nD? 4R* —(0.5807R)’
4 R

38.79Re™"7 +

+1.01; Re=1-10"+5-10%

b ~1.148-10™""Re* + 2.675-10Re + )

+1.049; Re=5-10"+1.5-10%;
—~3.567-10"Re +
+1.063; Re=1.5-10*+1.5-10°;

q, =k,

v cal

[v,()+2,(2));

44,
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The values of flow rate calculated on the basis of the
mathematical model (8) were compared to the experimental
values of flow rate measured by means of USM GUVR-
011A2.2/VS. To calculate the relative deviation between
the calculated and the measured values of flow rate (8,,) the
values of flow rate were reduced to standard conditions by
applying a similar formula to formula (6).

The relative deviation was calculated according to the
following formula

5, = 9s.crp ~ 9s.curr 100 9
9s.curr

The curves of the relative deviation S,, versus flow rate
are presented in Figs. 9 and 10.

As we can see from Figs. 9 and 10 the simulation results
are close to the experimental values in the range of flow rate
from 0.05¢,, .5 ©© 4, 10 For USM installed downstream
of 90° bend the maximum value of 6, is 0.86 % in the speci-
fied range of flow rate. And for USM installed downstream of
two 90° bends in perpendicular planes (/<5D) the maximum
value of 8,, is 1.04 %. By means of these results the adequacy
of the proposed technique is proved and the possibility of ap-
plication of this technique for studying the effect of flow dis-
turbances on the error of flow rate measurement by USMs is
confirmed.

Definition of minimum pipe straight lengths

The developed technique was applied for studying the ad-
ditional errors of USMs caused by flow disturbances down-

4 \\110.7 % for gs=4.7 m/h_|

d
=2
S
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Figure 9. Relative deviation &, versus flow rate for USM
installed downstream of 90° bend

10.6 % for g=4.7m/h_| |
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Figure 10. Relative deviation §,, versus flow rate for USM

installed downstream of two 90° bends in perpendicular

planes (I=5D)

stream of typical fittings with relation to the distance be-

tween the fitting and the USM ({ﬁt)' The following types

of USM were taken to consideration:

1. USMI - double-path chordal USMs with the angle of
acoustic paths j = 45°... 67°; calculation of the position
coordinates and the weighting factors of the acoustic
paths was carried out according to the improved method.

2. USM2 - double-path chordal USM GUVR-011A2.2/
VS (G400, Dn100) with the angle of acoustic paths
j = 67° the position coordinates and the weighting fac-
tors of the acoustic paths were set according to [13].

3. USM3 — double-path chordal USM with the angle of
acoustic paths j = 67°; calculation of the weighting fac-
tors of the acoustic paths was carried out according to
the improved method.

The following fluid parameters were taken for simula-
tion:

* type of fluid — air;

* fluid pressure and temperature — p = 400 kPa, 7 =
293.15 K (20 °C);

* reference values of flow rate: 9y =9y max>(0.025; 0.05;
0.1; 0.25; 0.5; 0.75; 1), q,, ;332 = 650 m°/h.

The additional error of flow rate measurement caused
by flow disturbance was calculated according to the follow-
ing formula

9.~ q.rref 100

q:.ny"

5, = (10)

The results of 6 4 calculation for various flow rates are
presented in Fig. 11.

The minimum pipe straight lengths /,,, ., between a fit-
ting and USM (see Table 1) were defined on the basis of
the simulation results with taking into account the follow-

ing criteria:

Table 1. Minimum pipe straight length for USM installed
downstream of the fitting

Lniny 2 IID
No Type of fitting g g %\
w w v
=) =) =)
1 Single 90° bend 50 30 30
Two 90° bends in perpendicular
2 planes (/<5D) 40 40 30
3 G.agge.d tee with change of flow 50 50 40
direction
Two 90° bends in the same plane: U-
4 4
configuration (/£10D) >0 50 0
Two 90° bends in the same plane: S-
60 60 0
> configuration (/<10D) >
6 Expander (80/100)D 20 20 20
7 Reducer (130/100)D 40 20 20
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el

Figure 11. Relative error §, versus relative pipe straight
length for USM installed downstream of two 90° bends in
perpendicular planes (I=5D): a - ¢=45° b - p=55°; c -
®=55°% d - GUVR ¢p=67°

- L.

onf/lg; error remains within the limits of the basic rela-

tive error of flow rate measurement declared by the
manufacturer of USM;

- Ly, is equal to the length at which prolonging the
length by 10D would not lead to change of 8 4 error by
more than 0.3 %.

The greater value of /., was accepted in each case when

making the Table 1 based on the two criteria mentioned above.

is equal to the minimum length at which the value

As we can see from Fig.11 the minimum pipe straight
length /.., defined on the basis of the two criteria for
USM installed downstream of two 90° bends in perpendi-
cular planes (/<5D) is 33D. The additional error of flow
rate measurement 6 4 is within the limits +1 % for the dou-
ble-path chordal USMs under consideration in the range
of flow rate measurement from ¢, ... t0 g, ., /...

Based on the results presented in Table 1 we can say
that the shortest pipe straight lengths are needed for USMs
installed downstream of an expander. And the longest pipe
straight lengths are needed for USMs installed downstream
of two 90° bends in the same plane: S-configuration (/<10D).

Conclusions

Thus, the method for defining the position coordinates and
the weighting factors of the acoustic paths was improved
which provided reduction of the error of flow rate meas-
urement.

An improved methodology was proposed in order to
build a mathematical model of an USM of any construc-
tion.

The technique for studying the error of flow rate meas-
urement was developed and verified on the basis of the re-
sults of experimental study of flow rate measurement etror
for an acting USM GUVR-011A2.2/VS in a test rig.

The recommendations to the minimum pipe straight
lengths for the double-path chordal USMs without a flow

conditioner were defined.
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