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1. INTRODUCTION

The Coriolis technology offers high accuracy and
reliability in measuring the materials flow in process
industry. The mass flow sensor based on this technolo�
gy is independent of the density or viscosity of the flu�
id, or the velocity profile or Reynolds number of the
flow as compared to conventional volume flow mea�
surement techniques. It is a nonintrusive type of sensor.
It has no moving parts (apart from a small�amplitude
vibration of the flow tube), thus reducing maintenance
problems [1, 2].

The basic measurement principle of Coriolis mass
flow meter which is also known as vibration based
electromechanical mass flow sensor [3] is that a flow
tube is caused to vibrate sinusoidally at a resonant fre�
quency (the fundamental natural frequency in most
cases [4]) by one or more drivers while two sensors
monitor the vibration. The flow tube geometry and
sensor placement are arranged in such a fashion so
that the frequency of oscillation can be used to calcu�
late the density of the process fluid, while the phase
difference between the two sensor signals provides the
mass flow rate. 

The flowing fluid passing through the vibrating
tube produces Coriolis forces acting asymmetrically
on the tube. These forces, which are proportional to
the mass flow rate, produce the phase difference as
mentioned above. Vibration based electromechanical
mass flow sensor are sensing the true mass flow rate di�
rectly, unlike some other instruments that measures the
volumetric flow rate. In this sense, models play a major
role in facilitating the understanding of the various
processes for design and optimization of the mass flow
sensors. 

Alternative to the experiments, which are expensive
and in some cases difficult to perform, a well�validated
physical model can provide much more useful infor�
mation about the performance prediction of the mass

flow sensor for varying design parameters. However,
the main problems with the physical models are the
difficulties associated with their construction and lim�
ited accuracies owing to the complex nature of the
physical processes. 

On the other hand, the models that map the rela�
tionship between the input and output without any in�
ternal knowledge of the system, such as artificial neu�
ral networks (NN), fuzzy logic, or fuzzy inference sys�
tems, can act as an important alternative to the
physical models. They are comparatively: a) easy to
formulate as there is no requirement for the numerical
solution of the coupled partial differential equations,
and b) computationally less time demanding.

An artificial neural network is an information�pro�
cessing paradigm that is inspired by the way biological
nervous systems, such as the brain, process informa�
tion. It is composed of a large number of highly inter�
connected processing elements (neurons) working in
unison to solve specific problems. NN’s learn by ex�
amples and learning involves adjustments to the syn�
aptic connections that exist between the neurons [5].

The objective of the present research is to develop a
neural network based predictive model of the phase shift for
performance evaluation of a vibration based electrome�
chanical mass flow sensor. The design parameters like
height of tube, sensor location and drive frequency were
considered input features. 

2. EXPERIMENTAL WORK

In order to develop performance prediction model
the experimental results were used. The experimental
studies were performed on the omega shaped of alu�
minium vibrating tube mass flow sensor with water as
a fluid. The photographic view of the experimental
setup is shown in Fig. 1.
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Optical displacement sensors have been used for
motion sensing, as these are sensitive to metal objects,
they are helpful in eliminating any unwanted noise
generated from the surroundings and inherently resis�
tant to dust, humidity and oil in industrial environ�
ment. 

The vibration shaker used in the present study de�
livers amplitude of 5 mm peak to peak and an excita�
tion frequency in the range of 1Hz to 1 kHz. In order
to make a contact a mild steel rod of 5 mm diameter is
used as a stinger to transfer the motion to the knife�
edge support. As the exciter uses a lot of power and
generates a lot amount of vibrations, a strong isolated
base was provided to damp the vibration and thus
avoid movement of exciter or transfer of stray vibra�
tions to the sensor stand or the testing bench [3, 6]. 

The present work utilizes the concept of Virtual in�
strumentation platform to perform the fast data anal�
ysis. Data acquisition and its processing can be conve�
niently implemented on a digital platform. For ease of
coding, a PC platform is chosen as the processing
hardware. For acquiring the signal from the sensors to
the PC, NI�DAQ card (USB�6211) is used. It consists
of two 32�bit counters operating at 80 MHz. It also
contains 16�bit A/D converter operating at 250 kS/s,
which continuously samples the signal. A visual pro�
gramming language (Lab View) is used for processing

the data in real time. The design parameters varied in
this study are the height of tube (L) 200–400 mm, tube
width 500 mm, sensor location (SL) 60–140 mm,
drive frequency (DF) 15–37 Hz , flow range between 0
to 0.3 kg/s, tube material of aluminium and Omega
shaped tube diameter of d0 = 12.7mm, di = 10.9 mm,
height inclination (α) 47–65° and constant widths b =
= 120 mm and a = 190 mm and above all these may be
visualized from Fig. 2. 
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Fig. 1. Photographic view of experimental setup. 1 – Vibration driver; 2 – Omega tube; 3 – Test Bench; 4 – Laser sensors; 5 –
Sensor holding stand; 6 – Foundation; 7 – Inlet pipe; 8 – Outlet pipe; 9 – Sensor locations. 
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Fig. 2. Omega tube specifications. SL – Sensor Location,
C – Exciter position, L – Height of tube, D – Width of
tube, α – inclination angle, a = (D – b)/2.
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The details of the experimental setup are described
in Fig. 3. The hydraulic unit for providing regulated
water supply to the mass flow sensor derives its power
from the constant voltage transformer (CVT) to main�
tain constant flow rate. The omega�tube is made to vi�
brate using an electronic shaker. An accelerometer is
attached to the shaker, which measures the velocity,
amplitude and acceleration of the vibration induced
by the electronic shaker. The accelerometer gives the
feedback to the vibration meter, which is observed for
maintaining the constant amplitude.

A pair of optical displacement sensors has been
placed on the mechanical positioning attachment fac�
ing the two limbs of the omega�tube. Their distance
from the limbs is adjusted such that they generate
square wave. The output terminals of the sensors have
been connected to the input of the NI�DAQ through a
signal conditioner. NI�DAQ has inbuilt counters
which operate at 80 MHz. The processing of the sig�
nals, calculation of the phase shift and displaying of
the results is processed in Lab view. 

Accuracy and repeatability for each experiment was
achieved with the same input conditions until stabi�
lized output was achieved.

3. NEURAL NETWORK APPROACH

Experiments were conducted and a data set was ob�
tained containing 81 sets of input parameters and the

corresponding output parameter. This data set was
used for training and testing the neural network model
built using the neural network toolbox in MATLAB
[7]. The input vectors and target vectors are randomly
divided into three sets – 60% are used for training,
20% are used to validate that the network is generaliz�
ing and to stop training before over fitting and 20% are
used as a completely independent test of network gen�
eralization. 

A three�layer network as shown in Fig. 4 having one
input layer, one hidden layer and one output layer, was
formed for the present study. The number of input lay�
er neurons is same as the number of input variables
(height of tube, mass flow rate, location of sensor and
drive freq.), here it is 4. The output layer consisted of
one neuron corresponding to one output variable (the
phase shift). The number of hidden neurons depends
both on input vector size and on number of input clas�
sifications. Too few neurons may lead to under fitting
whereas too many neurons can contribute to over�fit�
ting. For the present study, 10 hidden layer neurons
were used. The feed�forward back propagation net�
work was employed and tan sigmoid transfer function
was used for the hidden layer neurons.

By prolonged training beyond certain epochs, the
NN has the tendency to memorize the input�output
pattern, which results in poor generalization ability.
Thus, in the present investigation the network was
trained for 100 epochs.
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Fig. 3. Flow chart describing experimental procedure. 
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Fig. 4. Three layer neural network architecture.
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Fig. 5. Regression plots for the NN prediction.
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4. RESULTS AND DISCUSSION

The effectiveness of the NN model was tested with
experimental test data. The correlation coefficient R
between the predicted phase shift and the experimental
phase shift for training, validation and test data was
found to be acceptable as indicated in Fig. 5.

The experimental and the predicted values of the
phase shift are plotted as shown in Fig. 6.

It is clear from the plot that the predicted values are
close to the experimental values and follow the same

trend. A histogram of the prediction error in percent�
age was plotted in Fig. 7 and it was observed that for
most cases the error was within 20%.

It is clear from the analysis that NN model can be
used as an effective tool for modeling the response of
the Coriolis mass flow sensor.

5. CONCLUSIONS

In the present investigation, neural network ap�
proach has been employed to predict the performance
of the omega�tube type Coriolis mass flow sensor. The
result indicates that NN has the capability to map the
input�output relationship, i.e. predict the perfor�
mance under different operational conditions de�
pending on the availability of the experimental data.
The values of correlation coefficient for the training,
test and whole datasets show that the NN results are in
good agreement with the experimental results. Thus,
NN model for predicting the performance of the mass
flow sensor is an effective tool for the selection of de�
sign parameters in early product development process.
The principal advantage of this model is that the per�
formance curve can be predicted in an accurate, rapid,
and cost effective way. Hence, to predict the perfor�
mance of such type mass flow sensors in practice it can
be used as an alternative model.
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