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Abstract: Due to fluid properties, flow patterns, external
factors (temperature, pressure, etc.) measurement shows a
dynamical characteristic. Therefore, calibration is an
indispensable process in order to ensure the standards of flow
metering. Ultrasonic flow meters, which are ameliorated the
readings over time, are promising devices to minimize the flow
measurements error. In this paper, the calibration procedure of a
specific ultrasonic water flow meter is discussed, and then a
wireless system is proposed to carry out fine calibration.
According to the results, piecewise linear least squares approach
supplies the best performance at overall volumetric flow rates
accompanying with wireless fine calibration system based on RF
communication
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I. INTRODUCTION

Ultrasound-based technology has been applied in science
and engineering area such as biomedical image processing,
target detection, measurement of fluid flow [1]. Motion of
ultrasound wave through the media; similarities and
discrepancies of the transmitted and the received ultrasonic
signals; and their some characteristics have commonly been
observed in order to analyze and understand behaviors of the
system under investigation. The commonly used ultrasonic
flow meter configuration is depicted in Fig. 1. Due to fluid
properties, flow patterns, external factors (temperature,
pressure, etc.) measurement shows a dynamical characteristic.
Hence, calibration is an inevitable procedure for the
ultrasonic flow meters [2-6]. It is simply a comparison
between the readings and the standards of a flow meter.
Obviously, there should be a confidence interval in which the
measurement is accepted as valid. Linearity, repeatability,
reproducibility, traceability, and stability are significant
phenomenon such that a calibrated flow meter fulfills as
precise as measurements within an acceptable error band
[7-10].

The formal definition of the calibration is “operation that,
under specified conditions, in a first step, establishes a
relation between the quantity values with measurement
uncertainties provided by measurement standards and
corresponding indications with associated measurement
uncertainties and, in a second step, uses this information to
establish a relation for obtaining a measurement result from
an indication.” [11]. Calibration can be divided into two
stages. Primary standard calibration is based on
measurements of physical variables as mass, volume, and
time. Secondary standard calibration consists of calibrating a
flow meter against another calibrated flow meter.
In this paper, the practical applications of calibration
procedure for the massive productions and specific fine
calibration via RF signals have been discussed for the case of
ultrasonic flow meter. The rest of the paper is organized as
follows: In Section 1 calculation of volumetric flow rate of
ultrasonic flow meters were discussed in details. In Section 2,
commonly used calibration techniques were examined.
Specifically purposed fine calibration by means of RF
communication is proposed in Section 3. The results are
depicted a discussed in Section 4. Finally, the paper is
concluded in Section 5.
II. MATERIALS AND METHODS
A. Calculation of Volumetric Flow Rates
The time-of-flight (ToF) is simply defined as the duration
in which an ultrasonic signal travels through a medium to a
target [12,13]. Considering the configuration with mirrors, the
downstream ToF, , and the upstream ToF,

, defined as;

(1)

where is the ultrasound speed in water, and is the flow
velocity.
The difference between upstream and downstream ToFs,
is;
(2)
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while,
(3)
After algebraic manipulations one can easily derived that,
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(4)

By invoking (4 ) into (2), the flow velocity can be expressed
as;

(5)

In literature, since
is in
range, and is circa
regarding to SI units,
term in the
denominator is ignored.
Thereafter, (5) turns into,
(6)
Although,
term is around 10-10 range that does not
mean to be ignorable since
is roughly between 10-10 and
-9
10 , therefore, using (6) instead of (5) results in errors that
has to be diminished during calibration process. The author
suggests using an appropriate constant instead of neglecting
of the term
.

Fig. 2. The speed of sound in the clean water at various
temperature
B. Calibration Techniques
Almost all types of flow meter requires its own calibration
procedure due to the fluid flow process shows uncertain
behaviors. Common sources of uncertainty under flow
classified into two groups, such as random nature of the
process and the system-based variations. Flow instability, not
having perfectly homogeneous fluid (randomness);
temperature variations along the flow path, pressure changes
(system-based) are the most important parameters affect the
results of the measurement [14-16].
One of the solutions to improve the flow stability is that to
follow the average flow rate rather than the instantaneous flow
measurements.

After determining the flow velocity, the volumetric flow rate,
is calculated as;
(7)
where

is the cross sectional area of the pipe.

Fig.1. Ultrasonic flow meter with 45o mirrors

where is the instantaneous flow reading, N is the number of
consecutive readings.
Temperature changes along the flow path is the most
significant parameter on the variations in measurement. The
velocity characteristic of the sound wave in the water is
depicted in Fig. 2. A comprehensive numerical scheme to
estimate the velocity at a given temperature is presented as
[2];

where

,

,
,
,
o
,
It is reported that
C change in
temperature may result in
variation in the volumetric
flow rate. Hence, the calibration coefficient is updated as
[18-20];

where
:= calibration factor,
temperature;
actual temperature,
expansion coefficient taken as
.
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Linear Least Squares, LLS
Let consider to have joint measurements (observations) of
and to build a mathematical model using the parameters
and , such that;
(15)
(8)

In a simple notations;
(16)

where is the residuals (error) terms, is the intercept of the
line with the
, and is the slope of the line. The least
squares approach is employed in order to determine the
parameters to obtain the “best” fitting line in (8). The
corresponding cost function is defined as;

(17)

Parameter Estimations
(9)

which subject to minimized. The partial derivatives of
with respect to and equal to zero at where the
cost function,
, is at its minimum.

The objective of the parameter prediction is to minimize the
cost function of;
(18)
where
is the transpose of the matrix
. Please note that;

using (16)
(10)

consisting of residuals can be expressed as;

then;
(19)

Solutions of (10) supply the sample intercept and the
sample slope denoted as , and , respectively;
which minimizes the cost function, can be derived as
derivation of (18) equals zero;
the second derivative of
(18) must be positive. The first and the second derivatives of

(11)
where

and

are the means of

with respect to

and ;

are;

(20)

Equation 11 can be written in an another form using some
basic statistical definitions;

As long as

is positive definite matrix,

condition being positive. The estimation of
from (20);

(12)

satisfied the
is derived

(21)
(13)
Weighted Linear Least Squares, WLS
where
is the covariance between
variance of expressed as;

and

,

is the

In WLS the residuals are assumed to have different variances
and an appropriate weighted matrix accompanying with the
parameter estimation.
(22)
where

The mathematical model of the regression line is given as;
(14)
In a general case, multi-variable (let
regression model can be defined as;
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It is assumed that the errors occur only in the response ( )
data, not in the predictor ( ) data. If the error shows a
Gaussian random behavior, i.e.
, the entries of
are expressed as;

Piecewise Linear Least Squares, PLR
The characteristics of flow meter may change at various fluid
flow levels. PLR allows us to develop a model based on
combinations of multiple linear models. Assume that the data
with
, and let
be
knot points. The typical structure of a univariate PLR model
can be defined as;
(23)
where
constraints;

. Equation 23 must satisfy the following
Fig. 3. Linear least squares approach

• Convexity property
• Continuity property
Thereafter, the optimization problem turns into;

III. RESULT AND DISCUSSION
In this section, three common calibration methods, which
have been discussed in Section 2, are employed to the data
obtained from DN-20 type ultrasonic water flow meter.
Various numbers of measurement have been carried out at 13
different water flow levels, and then averages of the
measurements have been considered as measured data
corresponding to the reference flow rate obtained by means of
an electromagnetic flow meter. The results obtained from
LLS, WLS, and PLR calibration methods are presented in
Table 1.
Table 1 Results obtained from LLS, WLS, and PLR

Fig. 4 Weighted Linear least squares approach
The calibrated results are depicted in Figures 3, 4, 5
achieved by LLS, WLS, and PLR, respectively. The
percentage errors are illustrated in Figures 6, 7, 8.
Considering the errors, PLR supplies the best results at over
all case, while WLS is the best for the higher flow rates. Both
WLS and LLS are especially not adequate for the low level of
flow rates.

Fig. 5. Piecewise linear least squares approach
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Fine Calibration
Fine calibration is considered as a necessary stage to avoid
measuring errors due to the installation and environmental
effects, possible fluctuations of variables temperature,
density, viscosity, and pressure [19]. A handheld mobile
terminal is proposed to carry out fine calibration operations.
The terminal and the flow meter communicate via 434 MHz
RF band. The main processes are illustrated in Figure 9 and
Figure 10 for the flow meter side the terminal side,
respectively. The less precisely calibrated flow meters are
chosen in order to observe the efficacy of the fine calibration.
The process can be outlined as;
1. Select calibration menu
2. Enter the meter no
3. Insert flow rates and corresponding errors (maximum at
12 separate data sets)
4. Microprocessor calculates the new calibration
coefficients and do updates
5. RF transmits the flow and error data sets.

Fig. 8. Percentage error based on piecewise linear least
squares approach

Table 2 Results of the fine calibration process

Fig. 6. Percentage error based on linear least squares
approach

The results of the fine calibration procedure at various flow
rates are shown in Table 2. According to the results, the
percentage errors, which are out of acceptable error band, at
various flow rates were reduced to the acceptable error band
level.

Fig. 7. Percentage error based on weighted linear least
squares approach
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The results of the fine calibration procedure at various flow
rates are shown in Table 2. According to the results, the
percentage errors, which are out of acceptable error band, at
various flow rates were reduced to the acceptable error band
level.
IV. CONCLUSION
Reading of flow meters in a high precision has directly
influence both on the domestic and on the industrial
applications. Hence, calibration is an essential instance in
order to get amendable and controllable measurements. In this
study, three different calibration methods, namely, LLS,
WLS, and PLR, were employed to calibrate an ultrasonic
water flow meter. Although, LLS and WLS are sufficient at
high flow rates based on percentage errors, PLR provides the
best results at overall at overall performance. In addition, a
handheld wireless terminal is efficient in order to fine
calibration process.
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