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A New Velocity Algorithm for Sing-Around-Type
Flow Meters

JERKER DELSING

Abstract—In many flow metering applications the fluid temperature
can change rapidly during the measurements. An example is flow me-
tering in district heating systems. These temperature changes will cause
fast, large changes of the speed of sound in the fluid. If not recognized,
this phenomenon can intreduce severe errors in sing-around-type flow
meters. The sing-around flow meters used today handle this problem
with varying success. Therefore, the algorithm used to calculate the
flow velocity from the sing-around frequencies has been modified. This
new algorithm compensates for fast changes of fluid temperature dur-
ing the sing-around measurement cycle. A complete derivation is given
for both laminar and turbulent flow. Test measurements comparing
the new algorithm and the conventional one showed a superior perfor-
mance of the new algorithm, especially in the case of rapidly changing
fluid temperature.

1. INTRODUCTION

LTRASONIC flow meters using the sing-around

method are well known. Normally they are consid-
ered to be independent of the temperature and type of
flowing fluid. This is correct as long as the speed of sound
does not vary between the measurement of the down-
stream sing-around frequency f; (axial interrogation path
assumed, cf. Fig. 1 and [1])

¢ t+v

fi=9 (1)

and the upstream frequency f,

Cy — U
L

fh= (2)
where ¢; and ¢, are the speed of sound and v is the fluid
velocity during the time of the measurement and, further,
L is the ultrasound transducer distance. Thus the fluid ve-
locity becomes

L Cy

R

3 (3)

From this it is obvious that an error is introduced if ¢, is
not equal to ¢,.

Today two major variations of sing-around technique
flowmeters are in frequent use. Both techniques measure
the sing-around frequency over many successive sound
burst transmissions, i.e., sing-around loops, as opposed
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Fig. 1. Block diagram and flow cell geometry of sing-around flow meter
of axial interrogation type used in this paper.

to the transit time method where only the time for a single
sound burst transit is determined.

The dual path sing-around flow meter measures the
sing-around frequency simultaneously in the up- and
downstream path, cf. Fig. 2 and [2]. Thus the speed of
sound term in (3) will be zero. However, for accurate
measurements of low flow velocities (1 ¢cm/s + 1 per-
cent) extremely accurate matching of the electronic delay
time in the two paths is required since the frequencies
have to be measured with an accuracy of better than
1:107, [3]. Unfortunately, such matching will drastically
raise the meter price.

The conventional single path sing-around flowmeter, cf.
Fig. 1, measures the sing-around frequency in one direc-
tion first and thereafter in the other direction. Here it is
assumed that the same electronics is used for both direc-
tions. Therefore no matching of electronic delays is re-
quired as in the dual path sing-around method. However,
if a high accuracy (1 cm/s + 1 percent) is required, the
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Fig. 2. Sing-around flow meter with dual sing-around path.

measuring time becomes relatively long, about 0.1 s.
Therefore, changes in the speed of sound during the mea-
suring time will introduce severe errors in the measure-
ments as previously indicated.

In this paper a method to improve this deficiency of the
single path sing-around flow meter will be given. This
kind of flow meter is especially useful in heat meters used
in district heating systems, where meter accuracy of +1
percent at flow rates of 1 cm /s are required, calling for a
sing-around frequency measuring accuracy of 1:10’. This
is most readily obtained by multiple period averaging
measurements. From these sing-around period measure-
ments a microprocessor can easily calculate the flow ve-
locity using the conventional sing-around velocity algo-
rithm.

It is this algorithm which has been modified, resulting
in a clearly improved meter accuracy for flow situations
with rapidly changing fiuid temperature. In this modified
algorithm the velocity is calculated from four consecutive
sing-around period measurements, as opposed to the use
of only two consecutive measurements in the conven-
tional algorithm. As a result of this, errors introduced by
variations of the speed of sound during the measurement
cycle can be eliminated: This is correct under the condi-
tion that the flow velocity and speed vary linearly with
time during four consecutive sing-around period measure-
ments.

The new algorithm is derived for fully developed tur-
bulent and laminar flow. Control measurements have been
performed comparing the modified and the conventional
sing-around algorithm. The meter used for these tests fea-
tures a single path axial interrogation configuration. The
sing-around frequencies are measured by the multiple pe-
riod averaging technique. This flow meter is extensively
described in [3]. A comparison of the two algorithms
shows clearly that the modified algorithm improves the
flow meter accuracy for systems where the fluid temper-
ature is drastically changed during short time intervals.
Such temperature changes are common in, for example,
district heating systems.

II. NotATIiONS USED FOR THE EVALUATION

Throughout this paper the following notations will be
used. These notations are also explained in Fig. 3.
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Fig. 3. Notations used in derivation of modified sing-around algorithm.
Speed of sound ¢, flow velocity ¢, and time 7.

1) 7; is the absolute time where i is denoting the serial
number of the sing-around period measurements.

2) t;;+, is the mean sing-around period averaged over
N periods between 7; and 7, ¢:

_Tiv1 T T
Lijiv1 = N

a) t; ;4 with odd i is measured for ultrasound trans-
mitted downstream.

b) t;;+, with even i is measured for ultrasound
transmitted upstream.

3) v;;+1 is the mean fluid velocity during the time be-
tween 7;,, and 7;.

4) v;,isthemeanof v;;,;and v; . | ;>.

5) ¢ i+ is the mean speed of sound during the time
between 7; ., and 7;.

6) ¢;yyisthe meanof ¢;;,yand ¢;1q ;42-

III. DERIVATION OF THE NEwW ALGORITHM

The improvement of the conventional sing-around al-
gorithm is applicable only under the following two con-
ditions.

1) The speed of sound c¢ is assumed to vary linearly
with time 7 over short time intervals:

C = (p +A4-7.

(4)

2) The velocity of the fluid v is assumed to vary lin-
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early with time 7 over short time intervals:

(5)

Here A and B are constants. By short time intervals we
mean a few tenths of a second. These conditions are as-
sumed throughout this section. Fortunately they can be
considered fulfilled in most flow meter applications.
Using the notations introduced above, (3) can be re-

written as
- L i _1_ Cip — O3
272\t 2

where v, is the mean of v, and ©;, and L is the distance
between the ultrasonic transducers.

From this equation the mean velocity v, can be deduced
if the temperature is constant and, therefore, the sound
velocities ¢, and ¢,; are equal. However, this is often not
the case. Therefore, in the following, a new algorithm
will be derived (in (30)) which allows the calculation of
v, under the assumption that the speed of sound varies
linearly (mainly due to temperature changes) during the
time of four consecutive sing-around period measure-
ments.

The second term in (6) depends on the speed of sound,
which is unknown. However, since the speed of sound
can be measured by means of the sum of the sing-around
frequencies, this unknown term can be calculated. Utiliz-
ing the above assumption about linearity, the speed of
sound ¢, is found to be

C12 + Cy3 L < 1 1 > Uy — Uxs
@="7 “a\mtwm) T 2

2 2

v=vy+ BT

(6)

(7)

Ly In

Since ¢ is assumed to vary linearly with time, ¢, and ¢,;3
can be expressed as

¢ +rc
e = 'ij—z (8)
and
¢+ c
€3 = "22_§ (9)

where ¢, and ¢; are calculated in the same way as ¢, cf.
(7). Then ¢, and ¢,3 can be expressed as

Cq + Cy
=g
=£<i+£+i>_2012—U01“023 (10)
4 \ty, ny In 4
and
Cy + C3
Cy3 = 3
_L _1_+_2_+_1_ _012+Ua4_21}23' (11)

Introducing these two expressions for ¢y, and ¢,3 into (6)
yields

Vg — Upp — Uy + Uy

8

Here an equation has emerged that is completely indepen-
dent of the speed of sound c¢. However, a new term de-
pendent on the fluid velocity has appeared. The following
calculation will show that this term is small for both fully
developed turbulent and laminar flow conditions.

In the following derivation a flow cell design of the ax-
ial interrogation type is assumed (cf. Fig. 1). Further, all
end effects are assumed to be small. First the case of a
turbulent flow profile will be discussed.

For turbulent flow the velocities vy, ¢, V3, and v34
are equal to the mean velocities in the pipe. Using the
assumption that the velocity changes linearly with time,
these velocities can be expressed as

(12)

via = vor + §BN(to; + 112) (13)
vy = vy + 1BN(1; + 1) (14)
vy = U3 + 1BN(t33 + t3) (15)

where B 1s a constant, cf. (5), N is the number of sing-
around periods averaged and N * (#;; 41 + tis1;42)/2 is
the time between v; ;.| and v; . ;+,. Accordingly the last
term in (12) is

BN[ty + 13 — 113 — 1]
16 '

In the above expression it is of interest to determine the
magnitude of the time difference (134 + t3 — t12 — #1).
For fluid velocities not higher than one percent of the
speed of sound, ty, #13, f3, and 34 can be approximated
as

(16)
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Since the speed of sound is assumed to be a linear func-
tion of time, cf. (4), the different speeds of sound ¢,,, ¢,3,
and ¢34 can be written as

Ci2 = Cpy + Atm.n (21)
Crz = Cpy + 2Atm,n (22)
€y = co1 + 341, (23)
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where t, , is the time required for one period average
measurement. By using these expressions (16) can be re-
written as

4ck, At , + 12coAt5,, + 64°L5,,
4 3 2 2.2 3.3
Coy + 6C01 Atm,n + 6C0] A tm,n + 6C01A tm.n
(24)

where C is a constant equal to L *+ B - N/4. With ¢, ,
equal to 0.1 s (flow meter sample rate of 10 Hz), the con-
stant A not being greater than 10 m /s*, and with a speed
of sound in the range of 200-2000 m /s, which is appro-
priate for most fluids [4], the magnitude of the above
expression only depends on the speed of sound. Since the
terms including the speed of sound in the divisor are of
power four and in the dividend of power two, it can be
concluded that the above expression is very small and can
be neglected.

For the laminar flow profile the situation is more com-
plicated. The laminar velocity distribution is parabolic [5].
In the downstream direction the maximum velocity will
determine the sing-around period. For similar reasons, the
minimum velocity will determine the upstream sing-
around period. Now the minimum velocity for a laminar
flow profile is zero and the maximum here is denoted v,,,,.
Since the velocity is allowed to vary linearly with time,
Vo1, V12, V23, and vy become equal to

vop = 0 (25)
V12 = Vnax (26)
v;3; =0 (27)
vy = vip + 1BN(1y + 203 + 134). (28)

Introducing these velocities into the last term of (12)
yields

20may — 2Wia — BN(115 + 2655 + 13)

16

(29)

To ensure that the temperature influence on the speed of
sound will not impair the velocity measurement at laminar
fiow, the constant B, i.e., the fluid acceleration, must be
less than or equal to

A
B<8§- t—ﬁ[m/SZ]

where Av is the absolute error acceptable in the flow mea-
surement.

If the above condition is fulfilled, the improved sing-
around algorithm will operate properly both for laminar
and for turbulent flow.

For low velocities and high accuracy, requirement B
becomes quite small. As long as laminar flow is present,
the allowed value of B will increase proportionally to the
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acceptable flow velocity error Av. Further, fast acceler-
ations of the fluid will introduce turbulence in the meter
body and thus the flow meter will give correct readings
according to the above calculations for turbulent flow.

From the above we can conclude that the following
modified sing-around algorithm is applicable both in the
laminar and the turbulent case. According to the above
reasoning (12) can be reduced to

(30)

IV. TesTs

To verify the preceding algorithm the following tests
were conducted. For this purpose a liquid sing-around
flow meter was developed (see Fig. 1 and [3]). To obtain
a correct comparison of the modified and the conventional
sing-around algorithms, the calculation of velocity values
was made with the same sing-around period data. The test
system used is shown in Fig. 4. Here the sing-around pe-
riods are measured by a universal counter (Philips PM-
6654) and transferred to a computer. Thus both the mod-
ified and the conventional sing-around algorithms could
be evaluated using the same set of sing-around period
data. As a reference flow meter a balance in conjunction
with an electronic clock was used with an estimated error
of better than 0.1 percent. The test measurement was per-
formed during approximately 30 s with sample rates of 5
and 10 Hz. Thus 150 and 300 sing-around period values
were obtained, respectively. From these values a mean
velocity and standard deviation was calculated.

To confirm the function of the new algorithm, a set of
measurements with a sample rate of 10 Hz and water ve-
locities of 0-140 cm /s were made. In Fig. 5 the fluid
velocity measured by the sing-around flow meter is plot-
ted against the velocity measured by the reference meter.

To investigate the temperature dependence of the con-
ventional and the modified sing-around algorithms the
following test was performed. Flow measurements at con-
stant water velocity but varying water temperature were
made. Here the starting temperature was 30°C, from
which the temperature was raised to 70°C within 30 s.
Thus a strong variation of the water temperature was in-
troduced during the measurement. The measuring time
was 30 s and the sample rate S Hz. Thereby 150 velocity
values to be used with both the conventional and the mod-
ified sing-around algorithms were obtained.

A good measure of the temperature dependence of the
two algorithms is the standard deviation for the velocity
values obtained by each algorithm. Therefore, the mean
value and the standard deviation were calculated for both
algorithms. In Table I the mean velocity and related stan-
dard deviation for both the conventional and the modified
algorithms are shown.

The standard deviations for the conventional sing-
around algorithm show that each velocity value can have
errors of more than several hundred percent. The standard
deviation for the modified algorithm, on the other hand,
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Fig. 4. Test system.

shows values of not more than about 10 percent of the
mean fluid velocity. Thus the modified sing-around al-
gorithm has a superior performance over that of the con-
ventional one for flows with changing fluid temperature.

V. CONCLUSION

From these calculations and tests it can be concluded
that the modified sing-around algorithm is a clear im-
provement over the conventional algorithm for fluid flow
with strongly changing temperature. It should also be
noted that the modified algorithm performs as well as the
conventional one for flows at constant temperature.

The general equation for the velocity is

U,=(“1)i§[3 IR S 1}

Loy Loivr Lioaoio Livi-iv2

under the assumption that

1) the speed of sound varies linearly during four con-
secutive period measurements, and

2) the velocity of the fluid varies linearly during four
consecutive period measurements.
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Fig. 5. Flow measurements using modified sing-around algorithm piotted
against reference flow meter measurements along with associated error
diagram.

TABLE 1

Conventional Sing-Around Modified Sing-Around

Mean Standard Mean Standard
Velocity Deviation Velocity Deviation
(cm/s) (cm/s) (em/s) {cm/s)

10.68 20 10.38 1.1

13.97 20 13.66 1.3

14.90 28 14.87 1.8

36.25 36 35.59 2.5

Since this can be safely assumed in most cases, the new
sing-around flow meter algorithm is independent of tem-
perature variations in the fluid.
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