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Abstract: In this study, small disk ultrasonic transducers were used to develop a
very small ultrasonic flowmeter with a measuring pipe diameter of less than 1 mm.
The feasibility of using an ultrasonic flowmeter to measure a liquid flow rate below 1
mL/min was investigated experimentally. Calibration results of the developed
ultrasonic flowmeter were almost all scattered within the range predicted from the
standard deviation of measurements. The flowmeter can stably measure a flow rate
of less than 1 mL/min with a standard deviation of about 0.01 mL/min. This result
suggests that the flowmeter can be very useful for semiconductor, medical and
chemical industries.
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1 INTRODUCTION
An ultrasonic flowmeter has the advantages of low-pressure loss and wide measurement range,

among others. To date, various flow rate measurement methods using ultrasonic pulses have been
investigated and developed. The measurement reliability of ultrasonic flowmeters has been greatly
improved by recent rapid developments in electronics and ultrasonic flowmeters are being increasingly
used for not-very-low-liquid and gas flow rate measurements in many industries [1]-[5].

On the other hand, there exists a demand for very low flow rate measurements in semiconductor,
medical and chemical industries. However, thermal flowmeters or differential-pressure flowmeters,
which have been conventionally used for low flow rate measurements, have drawbacks in that they
cannot measure sufficiently low flow rates and they do not have a sufficient long-term stability. It is
expected that numerous practical examples can be realized if an ultrasonic flowmeter which can
measure very low flow rate is developed.

Generally, the minimum measuring pipe diameter for ultrasonic flowmeters is limited to some ten
millimeters because of the measurement resolution problem. In addition, the proper fitting of ultrasonic
sensors to measuring pipes of small diameter is problematic. Furthermore, if the ultrasonic flowmeter
has certain unavoidable zero drift, the relative accuracy of measurements decreases as the
measurement region becomes smaller. Therefore, it is extremely important to minimize the zero drift
for the development of an ultrasonic flowmeter to measure very low flow rates.

In this study, small disk ultrasonic transducers were used to develop a very small ultrasonic
flowmeter with a pipe diameter of less than 1 mm. The feasibility of using an ultrasonic flowmeter to
measure a liquid flow rate below 1 mL/min was investigated experimentally.

The developed ultrasonic flowmeter was calibrated using a very small piston prover. The piston of 6
mm diameter is actuated by a servo system controlled by a PC and it can generate a steady flow from
0.2 to 16 mL/min. The prover was calibrated by a gravimetric method. The scatter of calibration of the
prover was between 0.04 % and 0.13 % depending on its flow rate and the expanded uncertainty of
the measurement by the prover was estimated to be less than 0.26 %.

A glass tube of 0.53 mm diameter was used as the measuring pipe of an ultrasonic flowmeter.
Detected signals of ultrasonic pulses were processed by applying the zero-cross method and the
cross-correlation method for comparison. The performance of the developed ultrasonic flowmeter was
examined, in particular, the standard deviation of measurements and the zero flow rate stability were
carefully evaluated. Calibration results of the flowmeter were almost all scattered within the range
predicted from the standard deviation of measurements. It was determined that the flowmeter can
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stably measure the flow rate of less than 1 mL/min with a standard deviation of about 0.01 mL/min.
This suggests that it can measure a sufficiently low flow rate range rendering it useful for applications
in semiconductor, medical and chemical industries.

2 THE EXPERIMENTAL SETUP
2.1 The test facility

The piston prover system was developed to generate the reference flow rate and was used for the
calibration of the developed ultrasonic flowmeter. The schematic diagram of the facility is shown in
Figure 1. The system uses two piston rods (6 mm ± 5 mµ  in diameter and 300 mm in length) which

are actuated by a servo system controlled by a PC and are used alternately to calibrate efficiently
while one rod discharges, the other charges. The system can generate a steady flow from 0.2 to 16
mL/min.

Figure 1. The schematic diagram of the test facility for a very low flow rate range.

2.2 The test method
The developed ultrasonic flowmeter was calibrated in the flow rate range between 0.2 and 1.6

mL/min. The reference flow rate was controlled by the revolution speed of the servo motor that was
calibrated in advance by a gravimetric method, and the ultrasonic flowmeter was calibrated after the
flow rate was stabilized. The ultrasonic flowmeter was tested using pure water in an air conditioned
room at 22 ± 1 degrees.

3 THE PRINCIPLE OF ULTRASONIC FLOW MEASUREMENT
As shown in Figure 2, the small ultrasonic sensor disk has a hole for passage of the measuring pipe

and the ultrasonic pulse is received at R1 or R2 alternately by switching the upstream or downstream
side transmitting sensor Tu or Td using a relay. The sensor’s resonance frequency in the radius
direction is 250 kHz (7.3 mm in diameter, 1 mm in thickness) and the inside diameter of the measuring
pipe is 0.53 mm. The received ultrasonic pulse is converted from analog signal to digital signal after
signal conditioning and then sampling data are analyzed on a PC.
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Figure 2. The schematic diagram of the ultrasonic flow rate measurement system.

The time-of-flight principle that measures the flow rate from the variation of the transit time of the
ultrasonic pulse was used for the ultrasonic flowmeter here. The amplitude of the ultrasonic pulse that
transits in a small pipe attenuates very rapidly due to friction of the pipe wall. Therefore, the cross -
correlation method was applied to measure the transit time very accurately from weak signals in this
study.

First, the ultrasonic pulse is transmitted from the upstream side sensor Tu and received at the
downstream side sensor R2. Then, the cross-correlation function )(R xy τ  for two signals, X(t) and Y(t),

at sensors T and R is calculated by equation (1).
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The transit time uτ  along the flow direction is given by τ  at which )(R xy τ  is maximum. Similarly, the

transit time dτ  against the flow direction is given. The relation between the transit time and the flow

velocity V in the pipe is given by equation (2).

τ∆⋅
ττ

=
τ

−
τ

=
dudu

L
)

11
(

2

L
V

2
(2)

)( ud τ−τ=τ∆•@

Where, L is the length between the upstream and downstream sensors.
There exists a velocity distribution in the pipe which gives rise to the difference between the actually

obtained velocity V from the measured transit times by the flowmeter and the mean axial flow velocity
Vr in the pipe. The ratio between V and Vr is referred to as the correction factor k. The flow rate Q of
the flowmeter is given by equation (3).
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Where, A is the cross-sectional area of the pipe.
In this study, characteristics of the developed ultrasonic flowmeter are discussed using k, and Vr is

obtained from the reference flow rate of the test facility.

4 EXPERIMENTAL RESULTS AND DISCUSIONS
4.1 Calibration of the test facility

The test facility was calibrated by a gravimetric method applying dynamic weighing principle based
on ISO 4185 and the measurement uncertainty of the facility was roughly estimated. The calibration
was performed from measurements of the mass of the water collected by a beaker, collection time,
temperature and pressure during the piston rod traveling 100 mm in length. The mass was measured
using an electric balance. Data acquisition of the mass and the position of the piston rod were
performed by a PC. The beaker was covered to minimize the measuring error of the mass due to
vaporization of water, thus such error is thought to be very small and is neglected here.
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The volumetric flow rate Qr that is calibrated by a gravimetric method is given by equation (4).

t

w
Qr ∆ρ

∆
= (4)

Where, w∆  is the mass collected by a beaker, t∆  is the collection time and ρ  is the density of water.

The relative combined standard uncertainty of equation (4) is given by equation (5).
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Where, ( )rc Qu  is the combined standard uncertainty and u is the standard uncertainty of each

uncertainty factor.
In this calibration, the speed of data acquisition by the PC was not fast enough for dynamic

weighing of the mass. Therefore, the major uncertainty factors are w∆  and t∆ . The collection of mass
by a beaker during the piston rod traveling 100 mm in length is about 2.8 g and the relative standard
uncertainty is between 0.05 to 0.1 %. The traveling time of the piston rod for the distance of 100 mm
depends on the speed of the piston rod, between 850 s at 0.2 mL/min to 100 s at 1.6 mL/min. The
faster the speed of the piston rod, the larger delay of the data acquisition by the PC and the larger the
relative standard uncertainty of the time, from 0.01 to 0.06 %.

Tables 1 and 2 show the results of calibration using each piston rod. Measurements were repeated
8 times at each motor revolution speed. The tables show the flow rates calculated from equation (4) at
various motor revolution speeds and their relative combined standard uncertainties calculated from
equation (5). Error factors of buoyancy correction, dead weights of the balance and effects of
temperature are very small compared to the major uncertainty factors and they can be neglected here.
Therefore, the relative combined standard uncertainty of the test facility is roughly estimated as being
between 0.04 and 0.13 % depending on the flow rate and the piston rod. The expanded uncertainty of
the test facility is less than 0.26 %, which is thought to be acceptable for the calibration of the
developed ultrasonic flowmeter. However, the data acquisition system is being improved to minimize
the uncertainty.

Table 1. Flow rates and their relative combined standard uncertainties by piston rod 1 at various
revolution speeds of the servo motor.

Revolution speed of servo
motor (rpm)

Flow rate ( mL/min ) Relative combined standard
uncertainty (%)

32 0.200 0.04
64 0.403 0.07
112 0.708 0.07
160 1.012 0.07
256 1.623 0.10

Table 2. Flow rates and their relative combined standard uncertainties by piston rod 2 at various
revolution speeds of the servo motor.

Revolution speed of servo
motor (rpm)

Flow rate ( mL/min ) Relative combined standard
uncertainty (%)

32 0.200 0.05
64 0.403 0.03
112 0.708 0.07
160 1.013 0.12
256 1.621 0.13

4.2  Error factors of an ultrasonic flowmeter for very low flow rate
The minimum flow rate of an ultrasonic flowmeter is determined by the effective measurement

resolution and the zero flow rate stability. The former can be improved by applying a high
measurement resolution of propagation time of an ultrasonic pulse with advanced electronics.
However, the latter gives rise to a serious problem for low flow rate measurements and hence it is very
important to investigate the cause of zero drift and to develop a method to minimize it.

One of the suspected causes of the zero flow rate instability is thought to be the influence of the
superposition of the reflected pulses or remaining pulses on the main pulses. The relative angular
position among the phase of the main pulses, reflected pulses and remaining pulses should vary with
measuring temperature variation and the phase of all the superposed waves depends on the
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measuring temperature. This problem can be avoided by selecting a suitable sensor material and
sensor location.

The other cause of the zero flow rate instability is thought to be the difference in the thermal
characteristics of the two sensors. As described later, the resonance frequency f of a receiving sensor
is a function of temperature T and the function f (T) depends on individual sensors. Furthermore, if the
resonance frequency of a receiving sensor is not exactly the same as the frequency of an emitted
pulse, the sensor detects the pulse at a slightly different frequency, which can cause significant error
in very high-resolution measurements. This is shown schematically in Figure 3.

(a) Ultrasonic waves propagated from R1 sensor to R2 sensor along the flow direction.

(b) Ultrasonic waves propagated from R2 sensor to R1 sensor against the flow direction.
Figure 3. Ultrasonic pulses detected by different sensors R1 and R2.

If an emitted pulse is detected by two different sensors R1 and R2 at difference frequencies f1(T) and
f2(T), respectively, as shown in Figure 3 (a), the transit time along the flow direction is given by
equation (6).

121212 τ−τ+τ=τ−τ+τ−τ=τ utuuu (6)

Where, 1τ , 2τ  is the inevitable delay time before the amplitude of the detected pulse increases to a

certain level and is given by equation (7).
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Where, n is the number of cycles of the pulse wave. Similarly, the transit time against the flow
direction shown in Figure 3 (b) is given by equation (8).

212121 τ−τ+τ=τ−τ+τ−τ=τ dtddd (8)

The information of the flow rate is given from the time difference between equations (6) and (8) as
shown by equation (9).
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Therefore, the effect of temperature on equation (9) is given by equation (10).
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This equation shows that if temperature characteristics of the resonance frequency of two receiving
sensors are not unique, equation (10) is not zero, which suggests that the flow rate including zero flow
is affected by temperature changes.

An example of measurement results of the relationship between the resonance frequency and
temperature is shown in Figure 4. The difference in temperature characteristics of the two sensors
shown in Figure.4 is very small. However, equation (10) shows that the difference yields considerable
zero drift with only a degree change of temperature, which causes a large error at very low flow rate
measurements.

Figure 4. Resonance frequency characteristics of ultrasonic sensors measured by an impedance
analyzer.

It is necessary to find a pair of sensors with very close temperature characteristics, by testing the
characteristics of many sensors, for the development of an ultrasonic flowmeter with small zero drift.
However, this is impractical and it will be very difficult to ensure long-term reliability.

A novel method applying a common receiving sensor with two holes in the disk for passage of a
measuring pipe was used for the ultrasonic flowmeter to solve the problem of the difference in
characteristics of a pair of sensors in this study. The schematic diagram of the developed ultrasonic
flowmeter is shown in Figures 5 and 6. The loop length is 500 mm and the length from Tu to R or R to
Td is 100 mm as show in Figure 5. The loop length is 600 mm and the length from T to R is 100 or 400
mm as show in Figure 6. The ultrasonic pulse is detected twice by the common receiving sensor and
any change of the resonance frequency characteristic of the receiving sensor has practically no effect.
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Figure 5. The schematic diagram of the developed ultrasonic flowmeter type A.

Figure 6. The schematic diagram of the developed ultrasonic flowmeter type B.

4.3  Evaluation results for ultrasonic signal processing system
The transit times of ultrasonic pulses were measured to examine the zero stability at the zero flow

rate, and the standard deviation of measurements was evaluated from the zero flow instability.
Examples of received signals for the developed ultrasonic flowmeter types A and B are shown in
Figures 7 and 8. The transit time was measured from the first pulse signal X(t) and the second pulse
signal Y(t) using both the zero-cross method and the cross-correlation method for comparison. The
third pulse signal is a reflected signal from the outlet edge of the measuring pipe in Figure 7.

Figure 7. Received ultrasonic signals of the developed ultrasonic flowmeter type A.
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Figure 8. Received ultrasonic signals of the developed ultrasonic flowmeter type B.

The S/N ratio of detected signals of ultrasonic pluses is very sensitive to the standard deviation of
measurements of the developed flowmeter. However, the figure shows that the second ultrasonic
pulse is largely attenuated. It is known that scattering of sound propagation occurs when the
wavelength is almost equal to the pipe diameter. But the wavelength of the ultrasonic pulse used in
this study is about 5 mm which is sufficiently bigger than the measuring pipe diameter of 0.53 mm.
Therefore, the propagation mode of the ultrasonic pulse in a liquid should be a plane wave and it is
supposed that there is no effect of scattering. Thus, it is thought that the major factor of the attenuation
is the friction of the measuring pipe wall. Further study will be necessary to improve the problem.

As for a short-term stability of the measurement, the transit times uτ  and dτ  are not measured

simultaneously, but are measured successively. However, measurements are made in a very short
time and the effects of any changes in measuring conditions during measurements should be very
small. On the other hand, it is very difficult to achieve a good long-term stability. An example of the
long-term measurement of the time difference τ∆  using the cross-correlation method is shown in
Figure 9. The temperature was kept within 22.0 to 22.5 degrees during measurement for 6000 s. It is
thought that the variation is caused by the difference in temperature characteristics of the two holes of
the sensor.

Figure 9. Long-term measurements for the difference τ∆  of the transit times uτ  and dτ  using

the cross-correlation method.
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frequencies of 12.5, 25, 100 MHz to examine the effect of sampling speed. Measurements of the time
difference τ∆  at each sampling frequency were repeated 50 times using the zero-cross method and
the cross-correlation method. The standard deviation of the measurements using the cross-correlation
method is smaller than that using the zero-cross method at all sampling frequencies tested, as shown
in Table 3. Therefore, it is thought that the time resolution of the ultrasonic flowmeter can be made
smaller even at the low frequency of 12.5 MHz using the cross-correlation method.

Table 3. Standard deviations of the time difference measurement at various sampling frequencies
using the zero-cross method and the cross-correlation method.

Sampling frequency (MHz) Zero-cross ( ps ) Cross-correlation ( ps )
100 1930 460
25 2640 660

12.5 3760 840

4.4  Characteristics of the developed ultrasonic flowmeter
A series of calibrations of the developed ultrasonic flowmeter were carried out in the flow rate

range between 0.2 and 1.6 mL/min to examine its repeatability. Results of the calibration are shown in
Figures 10 and 11 (100, 25 MHz sampling frequency). Each point in the figures is the averaged value
of 200 measurements. Solid lines in the figures show the predicted scatter limit boundary P that is
defined using the standard deviation σ  at velocity V by equation (11).
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Where, n is the number of averaging, the suffix 0 denotes zero velocity and the suffix V denotes
velocity V. Measured k values were almost all scattered within the predicted region. The region
suggests that the developed ultrasonic flowmeter can sufficiently measure low flow rates rendering it
useful for industrial applications.

Figure 10. Calibration results for the developed ultrasonic flowmeter at 100 MHz sampling frequency.
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Figure 11. Calibration results for the developed ultrasonic flowmeter at 25 MHz sampling frequency.

5 CONCLUSIONS
In this study, small disk ultrasonic transducers were used to develop a very small ultrasonic

flowmeter with a measuring pipe of less than 1 mm in diameter. The feasibility of an ultrasonic
flowmeter to measure a liquid flow rate below 1 mL/min was investigated experimentally. Calibration
results of the developed flowmeter were almost all scattered within the range predicted from the
standard deviation of measurements. The flowmeter was able to stably measure the flow rate of less
than 1 mL/min with the standard deviation of about 0.01 mL/min. This result suggests that it can
measure a very low flow rate range rendering it useful for semiconductor, medical and chemical
industries.
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