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Abstract

Three methods of using ultrasonic flow meters for the purpose of testing small- and medium-sized billing flow meters in district
heating subscriber stations in situ were investigated. Four subscriber stations, six billing flow meters, and three ultrasonic clamp-
on meters were part of the investigation. The obtained results show that clamp-on meters have measurement accuracy problems on
the ordinary steel piping in the subscriber stations. When using well defined pipes mounted in series with the billing flow meters
the results are clearly better; provided that the flow rates exceed a Reynolds number of approximately 10 000. In this flow region,
billing flow meter deviations. ± 5% can be detected. A flow rate below this Reynolds number renders the method less reliable.
The useful flow range is extended when using calibration data from the clamp-on meter to correct the measured data, making it
possible to determine deviations. ± 10% in flow rates below a Reynolds number of 10 000. The investigation also showed that
not all clamp-on meters are suited for this type of in situ test. 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fair cost distribution and energy meter reliability in
district heating systems, in general calls for improved
measurement accuracy. The energy meter comprises a
flow meter, two temperature sensors, and an integration
unit. The part of the energy meter that most often causes
problems is the flow meter. Flow meter problems have
a number of causes such as static or dynamic flow dis-
turbances, fouling, ageing and wearing. These disturb-
ances can cause large measuring errors of often unknown
magnitude and duration. This calls for test methods
usable in the environment of district heating.

Normally, exchange programs are used to cope with
flow meter problems. Errors caused by the flow meter
itself can often be detected afterwards when removed
from the line during meter reverification, however these
tests will not quantify the errors due to the installation.
This lack of available and appropriate tests shows the
need for a test method that can be used in situ at the
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subscriber station for the detection of installation errors
and also for obtaining a survey of the magnitude of the
errors caused by the installations.

One well known in situ method for flow measurement
in closed conduits is the addition of a diluted tracer sol-
ution [1–4]. In district heating subscriber stations, radio-
active tracers have been used to calibrate large flow met-
ers (. 400 m3/h). In tests, uncertainties of around± 1%
are obtained [5]. However, this method requires access
to the fluid for tracer injection and is expensive.

Cross-correlation flow meters require some detectable
variable present in the fluid. In practice, detection of the
fluctuations has shown to be unreliable and difficult
[6,7].

Insertion meters can be used in most flow measure-
ment applications and utilize most of the traditional flow
sensing technologies (i.e. turbine, vortex, magnetic, dP)
[1]. An insertion flow meter operates by inferring the
total flow rate in a pipe from measurements of the velo-
city at specific locations within the pipe, requiring good
knowledge of the flow profile. However, tests have
shown significantly overstated velocities for low flow
rates [8].

For the purpose of taking in situ measurement in dis-
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trict heating subscriber stations, where pipe diameters
normally range between 25 and 100 mm and the relation
between the maximum design flow rates and the real
minimum flow rates not seldom exceeds 200:1, the
above mentioned methods are either too expensive or
clearly impractical. For that reason ultrasonic clamp-on
flow meters have the potential to become the in situ
method of choice for testing small- and medium-sized
flow meters. Despite its potential, ultrasonic clamp-on
meters have several problems. Some of these are men-
tioned below.

Clamp-on meters are sensitive to pipe quality. One
parameter to consider is the pipe wall thickness. If the
ratio between pipe diameter (D) and wall thickness (t)
becomes too small, a relatively large part of the ultra-
sonic pulses will travel around the pipe wall instead of
passing through the fluid. This can cause non-linearity
and zero drift and has been investigated, among others,
by Cairney [9]. He found that the errors increased mark-
edly whenD/t was around 10:1 and increased to nearly
10% whenD/t ratio decreased down to five.

It is also very important to know the inner diameter
of the pipe. A small error in measuring the pipe diameter
can result in rather large errors. If, for example, an error
of one millimeter in determining the diameter of a one-
inch pipe is made, this will correspond to an error of
around 8% for the total flow rate. Bruner [10] has tested
the removal and reinstallation of the ultrasonic trans-
ducers on the same pipe to isolate the act of reapplying
a clamp as a source of uncertainty. Bruner found that this
could give an estimated reading uncertainty of almost±
5%, but the tests were made with only one flow measur-
ing system. Errors derived from the reclamping of the
meter may occur due to misalignment of the transducers
or poor acoustic coupling between the transducers and
the pipes [11].

The aim of the present investigation is to test if it is
possible to use ultrasonic clamp-on meters to test the
billing meters in district heating systems. In a laboratory
environment the use of ultrasonic clamp-on meters are
assumed to be feasible. For the purpose of using ultra-
sonic clamp-on meters in a district heating environment,
three different ways to apply ultrasonic clamp-on meters
in real operation situations are investigated. These are:

(A) Application of clamp-on meter on ordinary
steel piping.
(B) Introduction of an internally polished, high qual-
ity, thin walled, stainless steel pipe installed in series
with the billing flow meter.
(C) Use of calibration data to extend the usable flow
range for the clamp-on meter.

Tests have been performed over a period of 18 month
using three ultrasonic clamp-on meters of different
brands at four different locations, called metering sites.
The clamp-on meters tested are commercially available

and their flow ranges are chosen to fit the billing meters
design flow rates. The investigation does not include
pipeline ageing effects.

2. Method

To investigate the feasibility of ultrasonic clamp-on
meters as an in situ test tool for flow meters, three differ-
ent ways to apply clamp-on meters have been tested. In
all the tests the clamp-on meter is installed in series with
the process flow meter to be checked.

2.1. (A) Application of clamp-on meter on ordinary
steel piping

The first in situ method is to fasten the clamp-on met-
ers on the ordinary steel piping used in the district heat-
ing subscriber stations. The measurements were taken
on steel pipes according to Swedish standard 1886, very
similar to DIN 1626 [12].

2.2. (B) Introduction of an internally polished, high
quality, thin walled, stainless steel pipe installed in
series with the billing flow meter

One disadvantage of clamp-on meters is that the accu-
racy of measurement depends on wall thickness, pipe
material, and surface roughness. This means that pipe
data must be known accurately. In this test, therefore a
thin walled, high quality, polished on the inside stainless
steel pipe, is introduced in series with the billing flow
meter. These well defined pipes are equipped with spe-
cial locations (i.e. ‘mounting heels’) to ensure repeatable
mounting of the clamp-on meter. An example of the
installation of a clamp-on meter in one of the metering
sites is shown in Fig. 1.

2.3. (C) Use of calibration data to extend the usable
flow range for the clamp-on meter

Two of the used clamp-on flow meters have been cali-
brated together with the internally polished thin walled
stainless steel pipes used in (B). These calibration data
are used to extend the useful flow range for the clamp-
on meters.

For the three ways of applying the clamp-on meters
described above, the deviation between the ultrasonic
clamp-on meter and the installed flow meter has been
taken as an indicator of proper operation of the billing
meter. Further, analysis of the data is used to determine
if the clamp-on meters are capable of performing to the
required accuracy.
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Fig. 1. Outline of installation of clamp-on meter in metering site 3 (left) and enlargement of the heels used to secure equal good mounting position
of the clamp-on meter (right).

2.4. Experimental

To test the proposed in situ methods, four subscriber
stations in two different district heating networks were
made available by the Energy Utilities in the cities of
Malmoe and Lund in Sweden. Measurements have been
taken once a month over a period of approximately one
and a half year. The data presented are a comparison
between the billing meter and the clamp-on meter over
a period of one hour. Three different brands of ultrasonic
clamp-on meters and three types of billing flow meters
have been used for this tests. Data for the four subscriber
stations are shown in Table 1. The ultrasonic clamp-on
meters used in the investigation are all flowmeters using
the transit-time method [13]. Data for the clamp-on met-
ers are shown in Table 2.

2.4.1. Method (A)
Measurements were taken on two metering sites using

clamp-on meters ‘Y’ and ‘Z’. At each site, measure-
ments were taken with one clamp-on meter mounted on
the ordinary pipes in the subscriber station and one
clamp-on meter mounted on a calibrated pipe as a refer-
ence measurement. Both clamp-on meters were com-
pared to the billing flow meter in the site.

Table 1
Pipe and flow meter data from the four subscriber stations

Site Pipe data Billing flow meter

OD (mm) Reynolds number Number of straight Type Size Max flow (m3/h)
at 1 m3/h, 40°C pipe length in front

of clamp-on meter

1a 30.0 20 800 43 D Magnetic DN 20 3
1b 30.0 20 800 43 D Fluidic DN 25 10
1c 30.0 20 800 43 D Turbine DN 20 3
2 53.9 10 800 14 D Fluidic DN 50 48
3 42.4 14 100 18 D Magnetic DN 20 10
4 60.2 9600 20 D Magnetic DN 50 36

2.4.2. Method (B)
Measurements were taken on four metering sites using

clamp-on meters ‘X’ and ‘Y’. At each site, measure-
ments were made with one clamp-on meters at a time
mounted on the well defined pipes in the subscriber sta-
tions. In front of the clamp-on meters there are at least
14 and up to over 40 pipe diameters of straight pipe
length (Table 1).

2.4.3. Method (C)
Clamp-on meter ‘X’ has been calibrated together with

all pipes before they were installed in the subscriber sta-
tions. Clamp-on meter ‘Y’ was not available until after
the mounting of the pipes was made. Therefore this
meter has been calibrated with a fifth pipe, made in the
same manner as the other four installed pipes. The wall
thickness is 2.1 mm for all five pipes. The outer diam-
eters of the four installed pipes are shown in Table 1
and the fifth pipe has a outer diameter of 60.2 mm. Cali-
bration data are presented in Fig. 2. Each calibration
consists of three series of measurements, with the clamp-
on meter being reclamped between the series. The water
temperature was 40–45°C, which is the normal return
temperature in the subscriber stations. The test rig has a
total uncertainty of, 0.3%.
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Table 2
Data for the three clamp-on meters used in the measurements

Clamp-on meter ‘X’ ‘Y’ ‘Z’

Manufacturing year 1988 1994 1995
Maximum flow velocity 12 m/s 12 m/s 32 m/s
Flow inaccuracy

at flow velocity . 2.0 m/s — — , ± 1.5%
at flow velocity , 2.0 m/s — — , ± 0.03 m/s
at flow velocity . 0.3 m/s , ± 3% , ± 5% —
at flow velocity , 0.3 m/s: , ± 0.01 m/s , 0.05 m/s —

Fig. 2. Calibration results for clamp-on meters ‘X’ and ‘Y’ showing
the deviation vs the calibration reference (points) and the specified
accuracy for meter ‘Y’ (lines). The measurements consisted of three
series for each pipe. The clamp-on meter was reclamped between
the series.

The calibration results for meter ‘X’ show that when
Reynolds number is above 15 000 the error is2 1.8 ±
6.3% assuming a Gaussian distribution and a 95% con-
fidence interval. This interval includes the errors due to
the reclamping of the meter between the calibration ser-
ies. At lower flow rates the deviation can be± 20% or
more. This means that meter ‘X’ does not meet the tech-
nical specifications from Table 2. Meter ‘Y’ is more
stable. Above a Reynolds number of 10 000 the error is
2 0.2 ± 1.9% for a 95% confidence interval. Statistical
calculations of the differences between the three cali-
bration series, with the clamp-on meter being reclamped
between the series, shows that reclamping can yield an
error margin of about 1% even though the mounting was
performed with the greatest care.

Since [according to the calibration results in Fig. 2]
meter ‘Y’ is sufficiently stable, it is possible to compen-
sate the results from the measurements for the calibration

results. The calibration results shows that there are three
regions in which the deviation is approximately linear.
Dividing the calibration data and using a linear mean
square method to create three regression lines and calcu-
lating the points of intersection between these lines, we
obtain three equations for the correction term,

k = 2 34.25 + 8.37·102 3·Reref

for 0 , Reref , 4400

k = + 3.792 0.32·102 3·Reref

for 4400, Reref , 12 300 (1)

k = 2 0.112 0.02·102 3·Reref

for 12 300, Reref , 125 000

The Reynolds numbers in Eq. (1) relates to the cali-
bration reference (Reref) andk is obtained in %. The cor-
rection term can in general be expressed as the follow-
ing:

k = a + b·Reref (2)

During the field measurements, the Reynolds numbers
are calculated with meter ‘Y’ as reference (ReY). From
the calibration the deviations was stated as the following:

k = 100·(ReY 2 Reref)/Reref. (3)

Using Eqs (2) and (3) and calculatingk, we get:

k = (a/2 2 50) + √(a/2 2 50)2 + 100·(a + b·ReY).

(4)

Since ReY is a value obtained from the field measure-
ments, the correction term can be calculated. Further-
more Reref can be calculated. The data points from the
measurements in the subscriber stations are calculated
as the deviation between the clamp-on meter and the
billing flow meter. This deviation, calledf and obtained
in %, is stated as follows:

f = 100·(ReY 2 ReBM)/ReBM (5)
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where ReBM is the Reynolds number for the billing flow
meter. Now it is possible to find the deviation between
the corrected data from the clamp-on meter ‘Y’ and the
billing flow meter,e, obtained in %:

e =
Reref 2 ReBM

ReBM

·100 = SReref

ReY

·
ReY

ReBM

2 1D·

100 =
f 2 k

1 + 0.01·k
. (6)

3. Results

For method (A) the following data was obtained:
Measurements were made in two sites with two clamp-
on meters and the results are presented in Table 3. The
data are obtained from three independent measurement
occasions. Clamp-on meter ‘Y’ shows a large mean
deviation to the billing flow meter at site 1 and cannot
measure at site 2 due to very low signal quality when
placed on the ordinary pipes. To be able to compare the
data from ordinary pipes, reference measurements were
made on the calibrated pipes used in part (B). The most
interesting parameter is the scatter of the deviation
between the clamp-on meter and the billing meter. Also
seen in Table 3, the confidence interval is much larger
for the measurements made on the ordinary pipes.

Meter ‘Z’ has a large mean deviation to the billing
flow meter at site 1 and also a large confidence interval
both on ordinary and calibrated pipes. This could be
explained by the relatively low flow rates in this site.
Clamp-on meter ‘Z’ does not work very well below a
Reynolds number of 10 000 as shown in Fig. 3, which
in this case correspond to 0.08 m/s. It should be men-
tioned that meter ‘Z’ meets the manufacturers specifi-
cation, but it is dimensioned for larger flow rates com-
pared to those present in this site. At site 2, the results
are acceptable for meter ‘Z’.

From these results it is concluded that normally the
deviation and scatter of data are too high to be useful in

Table 3
Results from measurements on ordinary pipes

Reynolds-number/1000 min/max Ordinary pipes (mean deviation± Calibrated pipes (mean deviation±
95% confidence intervals) 95% confidence intervals)
(ref.:Billing flow meter) (ref.:Billing flow meter)

Meter Y:
Site 1 8/12 + 12.6 ± 6.5% 2 2.9 ± 1.4%
Site 2 55/70 Very low signal 2 1.4 ± 1.8%
Meter Z:
Site 1 8/12 + 12.7 ± 9.3% + 10.5 ± 5.8%
Site 2 55/70 + 1.1 ± 3.4% 2 2.0 ± 5.8%

Fig. 3. Calibration results for clamp-on meter ‘Z’ showing the devi-
ation vs the calibration reference for Reynolds number up to 50 000
(points) and the specified accuracy for meter ‘Z’ (lines). The measure-
ments consists of two series. The clamp-on meter was reclamped
between the series.

comparing the billing flow meter and the clamp-on met-
ers when using the ordinary pipes in the metering sites.

For method (B) the following data was obtained:
Measurements were made on four sites with two clamp-
on meters. Most data are summarized in Figs 4–8. The
data point represents the deviation between the clamp-
on meter and the billing flow meter using the billing
meter as reference. The figures also show the manufac-
turers’ specified error limits for respective clamp-on
meter.

At site 1, three billing flow meters where mounted in
series. Two of these meters failed during the tests. One
had an error in the signal converter and pulse output
(No. 1a in Table 2). Thus only two measurements were
obtained [Fig. 4(a,b)]. The second meter’s (No. 1b)
showed large scatter in collected readings [Fig. 4(c,d)].
In this case the results become clearer when shown
chronologically. In Fig. 5 we see that the clamp-on meter
readings are following each other although the devi-
ations to the billing flow meter vary between± 20%. It
is therefore probable that the billing flow meter is in
error. The third meter (No. 1c) has a deviation when
compared with the clamp-on meters between2 10 and
0% in all cases except one. The results for meter ‘X’ vs
meter 1c may be due to error of meter ‘X’, cf. Fig. 2(a).
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Fig. 4. Summary of data from metering site 1. The deviation of clamp-on meter ‘X’ vs the billing meter (points) and the specified accuracy for
meter ‘X’ (lines) are shown in (a), (c) and (e). Corresponding results for clamp-on meter ‘Y’ are shown in (b), (d) and (f).

Fig. 5. Summary of measured data from metering site 1 for billing
meter 1b, shown in chronological order. Billing meter probably in
error, since the clamp-on meter readings are following each other.

At site 2 [Fig. 6(a,b)] the results are similar to site 1c
but the flow rates are higher and the scattering between
the billing flow meter and the clamp-on meters are
clearly smaller, between2 5 to 0%. At site 3 [Fig.
7(a,b)] we see that the flow rates are very low and the
scatter for clamp-on meter ‘X’ compared with the billing
flow meter is large. This is probably due to large pre-
cision errors for meter ‘X’ at these flow rates, cf. Fig.
2. According to calibration data, clamp-on meter ‘Y’ has
a large bias error and a reasonable precision at these low
flow rates. Thus, it would be possible to linearise meter
‘Y’ to obtain a larger test range. At site 4 [Fig. 8(a,b)]
the flow rates are also low. Clamp-on meter ‘X’ has large
scatter compared with the billing flow meter, but the
scatter on clamp-on meter ‘Y’ is only between2 5 and
0% (except for the lowest flow rates).
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Fig. 6. Summary of data from metering site 2. The deviation of clamp-on meter ‘X’ vs the billing meter (points) and the specified accuracy for
meter ‘X’ (lines) are shown in (a). Corresponding results for clamp-on meter ‘Y’ are shown in (b).

Fig. 7. Summary of data from metering site 3. The deviation of clamp-on meter ‘X’ vs the billing meter (points) and the specified accuracy for
meter ‘X’ (lines) are shown in (a). Corresponding results for clamp-on meter ‘Y’ are shown in (b).

Fig. 8. Summary of data from metering site 4. The deviation of clamp-on meter ‘X’ vs the billing meter (points) and the specified accuracy for
meter ‘X’ (lines) are shown in (a). Corresponding results for clamp-on meter ‘Y’ are shown in (b).

For method (C) the following data were obtained after
calibration correction of measured data from clamp-on
meter ‘Y’. The correction data from billing flow meters
1a and 1b are not shown since they revealed to be faulty
in part (B). The results from site 1c and 2 [Fig. 9(a) and
9(b)] are almost equal to the results obtained in part (B)
since the flow rates are high and the corrections in these
high flow rates only influence the results slightly.

At site 3 [Fig. 9(c)], the deviation between the clamp-
on meter and the billing flow meter is displaced from
approximately2 20 ± 10% to2 5 ± 10% after the cali-
bration correction. This shows that the billing flow meter

is working with acceptable accuracy despite that the flow
rates only correspond to approximately 1–3% of the met-
ers maximum design flow rate. This is near the minimum
design flow rate, which corresponds to 1% of maximum
flow rate. At site 4 [Fig. 9(d)], the deviations at low flow
rates of approximately2 20% has been compensated to
approximately± 10%.

The slope of the regression line for a Reynolds num-
ber below 4400 is very steep [cf. Eq. (1)]. Therefore, a
small deviation from the regression line gives a large
resulting deviation between the clamp-on meter and the
billing flow meter. Further, when calculating a 95%-con-
fidence interval for the regression line in this region, the
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Fig. 9. Summary of data from metering site 1c (a), 2 (b), 3 (c) and 4 (d). The deviation of clamp-on meter ‘Y’ after calibration correction vs
the billing flow meters (points) and the specified accuracy for meter ‘Y’ (lines).

results is± 7.5%. Nevertheless, the results from the last
two sites shows that the correction method results in an
improved accuracy for the deviation determination
between the clamp-on meter and the billing flow meter
in an extended range, mainly at low flow rates and devi-
ations larger than around± 10% can be detected at these
extended lower flow rates.

4. Discussion

When the clamp-on meters were used directly on the
ordinary pipes, the data scatter was in general large.
There were also problems with low signal levels and
large precision errors from meter ‘Y’. Meter ‘Z’ showed
good precision error in one metering site, but a large
precision error was noticed in the other. Another prob-
lem was the determination of pipe data. It was difficult
to know the exact pipe wall thickness and whether any
internal liner coating was present.

When using the well defined pipes mounted in series
with the billing meter it is clearly shown that faulty
billing meter operation can be detected. When the flow
rates are above a Reynolds number of approximately
10 000 for meter ‘Y’ and approximately 30 000 for
meter ‘X’, the results are good and comparison measure-

ments between the clamp-on meters and the billing flow
meters can be made to detect deviations. ± 5% of the
billing flow meter. At lower flow rates, the data scatter
can be large and the method is less reliable. Below a
Reynolds number of approximately 5000, the data scatter
is large and it is not recommended to use clamp-on met-
ers for comparison measurements in this low flow
region. Since some of the billing flow meters were
operating in this region, this would suggest that the siz-
ing of the flow meters and pipes in district heating sub-
scriber stations may be questionable.

When applying calibration data to the clamp-on meter,
an extended testing range is obtained, thus enabling in
situ tests at low flow rates. For a Reynolds number below
approximately 5000, the steep slope of the regression
line makes the results sensitive even to minor deviations
between the clamp-on meter and the billing flow meter.
However, our data indicates that it is possible to detect
deviations. ± 10% of the billing flow meters in this
low flow region. Finally, the work also indicates that not
all brands of clamp-on meters are useful for in situ test-
ing.
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