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Flow Sensor Using Optical Fibre Strain Gauges,
N.F. Schmitt, R. Morgan, P. J. Scully, E. Lewis, R. Chandy

Division of Engineering and Science, Liverpool John Moores University,
Byrom Street, Liverpool. L3 3AF, UK

ABSTRACT.

A novel technique for the measurement of air flow velocity using an optical fibre sensor is reported.
The sensor measures the deformation of a rubber cantilever beam when subjected to the stresses
induced by drag forces in the presence of the airflow. Tests performed in a wind tunnel have
indicated a sensitivity of 2uW/(m/s). A qualitative model based on fibre mode propagation has been
developed which allows the sensor to be characterised in terms of optical losses. A single 1 mm
diameter polymer fibre is mounted on the rectangular section rubber cantilever (section 14 mm x 6
mm) and six grooves are etched into the fibre which extend into the core of the fibre. As the beam
deviates the surface deforms (stretches or contracts) and the fibre is subjected to strain. As the strain
is increased the grooves become wider and the amount of light transmitted through the fibre is
reduced due to increased losses. The sensor described has all the advantages of optical fibre sensors
including electrical noise immunity and intrinsic safety for use in hazardous environments. However,
its simple construction, robustness, versatility for a number of different fluid flow applications as well
as relatively low cost make it attractive for use in a wide variety of measurement applications e.g.
wind velocity measurement where airborne moisture or chemicals are present.

1. INTRODUCTION.

Flow measurement is required for a wide range of industrial processes and environmental
applications. The demand for accurate and reliable flow measurement at realistic cost is high. A
multitude of flow sensors for measurement in air and water have been developed , including the
Venturi tube (which measures fluid velocity as a function of the pressure differential induced in the
fluid by constriction). Other examples include orifice plate and Pitot tube flow-meters, the vortex
shedding flow-meter and flow sensors using ultrasonic interactions with turbulence to deduce velocity
via the Doppler effect.

An important application of flow-meters involves environmental monitoring in areas such as
meteorology, to measure turbulence close to the surface; also hydrology and maritime studies. Here,
the fluids flows are sporadic and multi-directional, compared with the highly laminar flows
encountered within pipes in industrial applications.

Existing flowmeters' have a number of disadvantages associated with their manufacture and
applications. Magnetic flowmeters require individual calibration at the manufacturing stage due to
variations in the properties of magnetic materials. Doppler systems are relatively simple but depend
on effective optical and ultrasonic transmission through the fluid. Techniques based on pressure
differentials, restrict and obstruct fluid flow and also require a pipe structure.

The sensor described in this paper is ideally suited for environmental flow measurement. The
operation is based on strain measurement of deformation of an elastic rubber cantilever. This novel
sensor has many advantages including compactness, a simple construction requiring no infrastructure
other than a rigid support, and can cope with fluids containing solid matter such as sludges and
slurries. The sensor can resolve strain in two orthogonal directions and it is thus possible to measure
flow velocity for a multitude laminar flow directions. The application areas of the sensor is limited by
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the use of conventional strain gauges alone, and therefore an optical fibre strain gauge was added to
the device. Resistive strain gauges are affected by temperature variations and are susceptible to
interference in the presence of strong magnetic or Electric fields as well as mechanical vibration. A
number of factors were considered in making the choice of fibre. 1mm diameter polymer fibre was
used which allowed easy fibre termination, alignment of end faces, use of injection-moulded
connectors and simple end face polishing method, a consequent high numerical aperture (NA=0.46)
for mode launching, optimal performance for visible to infrared and a low cost per meter of fibre.
Recent advances in Plastic Optical Fibre manufacturing techniques have reduced propagation losses to
the level of 20 dB/km and developed heat resistance to an operational limit of 125°C. The sensor
described has all the advantages of optical fibre sensors including electrical noise immunity and
intrinsic safety for use in hazardous environments. However, its simple construction, robustness,
versatility for a number of different fluid flow applications as well as relatively low cost make it
attractive for use in a wide variety of measurement applications e.g. wind velocity measurement where
airborne moisture or chemicals are present.

Optical fibres have previously been used for flow measurement™, but these devices have generally
been retrofitted to existing devices such as vortex shedding flowmeters. This means that the fibre
often has to be cut with a resulting gap between transmitting and receiving fibre or they are point
sensors with a probe like structure at the point of measurement. Light must therefore leave the fibre
and return again before being received. Such sensors have high attenuation and are subjected to
changes in the sensing medium. Therefore such sensors are unlikely to be optimised for the
measurement application, unlike the present sensor.

2. SENSOR CONSTRUCTION
2.1. General Construction.
The sensor comprises a rubber cantilever which has a drag element attached to its free end as shown
in Fig. 1. The location of the conventional resistive strain gauges and optical fibre sensor on the

cantilever is also shown in Fig.1. The free end of the beam is subjected to the flow to be measured
and the strain sensors are positioned orthogonally so as to enable flow in a multitude of directions to

be measured.
- Alr flow .
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Figure 1. The Overall Construction Of The Flow Sensor

Four coventional resistive strain gauges (RS 308-102) were attached to the four sides of the square
cross-sectioned rubber beam. A Wheatstone bridge arrangement was used to measure the resistance
changes produced, when the orthonormal gauges are exposed to strain. The change in resistance is
converted into a voltage signal of the order of millivolts. The acquisition and analysis of voltage
signals representing orthogonal flow velocities Vy and Vy was performed using a PC based virtual

instruments software package, LabView (an acronym for laboratory virtual instrumentation and
engineering work bench; National Instruments Corporation).

2.2. The Polymer Fibre Strain Sensor.

The fibre strain sensor is a key element in the overall flow sensor. Great care was therefore taken in
ensuring good attachment of the optical fibre to the beam as is the case with conventional resistive
strain gauge bonding. Plastic rings were attached to the surface of the cantilever using epoxy. It was
important to ensure that the epoxy used didnot effect the material properties of the rubber beam. The
rings are slightly larger in diameter (J=1.1 mm) than the polymer fibre, so that the fibre is free to
slide within the rings without friction or snagging. This ensures that no restriction is placed on the
deflection of the beam. However, the rings are small enough to enable the fibre to faithfully track the
deflection of the cantilever.

The strain sensor comprises a single 1mm diameter polymer fibre. The fibre has a core diameter of
0.980 mm and is formed from pure Poly-Methyl-Methacrylate (PMMA), and this is surrounded by a
thin cladding layer (approximately 20 pm) of fluorinated PMMA. The fibre is therefore highly
multimode. Good fibre end face termination was achieved using a wet polish technique which
resulted in observable scratch sizes of less than 3um. One end of the fibre was connected to a visible
LED emitting at A=670 nm (wavelength for peak emission), and the other to the power meter. The
fibre is looped at the free end of the cantilever, and thus enhances the effect of the drag element which
in turn enhances the sensitivity of the device.

A number of grooves were etched radially into the fibre which extend into the core as shown in Fig. 2.
Six grooves have been determined as the optimum number to achieve a compromise between insertion
losses and sensitivity. Optimisation is discussed further in Section 6. The depth to which the grooves
extend into the core of the fibre is also an important factor in determining the sensitivity of the device,
and this depth is also ultimately limited by its effect on insertion loss . The grooves were etched using
the blade of a scalpel and a V-groove support which also acted as a template to control their physical
size (1/7 mm depth; 1/20 mm wide; 1/3 mm long). These dimensions were measured in situ using a
microscope which allowed the groove apex angle to be determined as ¢=10°.
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Fig. 2. The Configuration Of The Optical Fibre Sensor Detailing The V Groove

2.3 Elastic Properties of the Cantilever Beam

Rubber consists of long hydrocarbon chains such as polybutadiene [1]: [ (CHp)-CH=CH-(CHj) ]

Bonding agents such as sulphur link one polymer to its immediate neighbour forming a large 3-D
network which gives rise to the elastic behaviour of rubber. The flexibility of the beam is an
important parameter in the design of the sensor and this is determined by the bulk modulus of the
rubber. A high bulk modulus value usually implies rigidity, and it is this rigidity that determines the
sensitivity of the beam i.e. the degree of deformation in the presence of a flow. The beam must be
operated in the correct region of the rubber’s stress strain characteristic. The mechanical properties of
the rubber remain unchanged provided the sensor is operated in the elastic domain of the
characteristic. Non linearity and material damage occurs if the strain is increased above the so called
elastic limit. The existence of such a limit, is due to the linearity of the hydrocarbon chain of the
rubber. As the strain increases, the energy inside the rubber also increases, and as a result, the chain
segments become aligned, come into close contact and form a rigid and brittle crystalline region. The
design of the sensor and in particular the choice of rubber with the appropriate modulus value should
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be made to ensure that the elastic limit is not reached for a given application. Another factor to be
considered in the design is the effect of temperature. The following equation describes the effect of
temperature on the modulus of the rubber

2 kT
E=—e— 1
3.Nv M

Where k is Boltzmann’s constant, T is the temperature, N is a factor which depends upon the number
of bonding agents and v is the volume of each monomer. Clearly, the modulus is proportional to the
temperature. This formula is applicable to all square cross sectioned rubber. If the temperature
increases, the energy inside the rubber also increases, and for the same reasons as above, localised
damage can occur in some parts of the rubber which then becomes rigid. It is important to note this
effect as the sensor may be required to work in hostile environments including high temperatures. UV
radiation and moisture may also affect the properties of the rubber.

3. PRINCIPLE OF OPERATION OF THE FLOW SENSOR

3.1. Measurement Using Resistive Strain Gauges

From elasticity theory and incompressible fluid dynamics, it can be shown that the extension or
compression () at the surface of the beam at its longitudinal centre is given by

e = 3pv2SCpL)/ 2 a2b @)
where p is the fluid density, v is the fluid speed, S is the area of the drag element, Cpy is the drag

coefficient, L is the longitudinal length of the beam, € is the Young's modulus, a is the beam
thickness, b is the beam width. Equation 1 indicates that strain is a square-law function of fluid speed.

Since wind speed is proportional to the square root of strain, it is necessary to relate wind speed to
strain measured in two orthogonal directions. The wind speed, U has orthogonal components uj and
u) which are proportional to strainy and strainy respectively. Since uj O ‘/ strainy and

uy o \/strainy, then

thus U o (straing+ strainy)1/2 ()]

strainy and strainy are the orthogonal components of strain from the resistive sensors when
configured as indicated in Section 2.1

Therefore, wind speed, U, is proportional to the square root of the summed orthogonal strain
components, strainy and strainy.

Initial experimental work has indicated that it is also possible to calculate the direction of the laminar
flow using the output from the two strain gauges as follows :-

0 = Tun™ strain,
= Tan

4
strain, @
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Where 8 is the angle between the direction of the flow and the orientation of the sensor in the
horizontal plane.

3.2. Optical Fibre Strain Measurement.

In order to maximise the fibre sensor sensitivity, the grooves were located where the beam exhibits its
maximum deflection, i.e. approximately at one third of the length of the beam from its base (Fig. 1).
As the cantilever bends in the presence of the airflow, forward when the air flow is facing (Wind
Direction 1 in Figure 1) or backward when the air flow is in the opposite direction (Wind Direction 2
in Figure 1), the angle of the grooves vary. They increase when the airflow is facing the sensor and
decrease for the airflow in the other direction. Those changes of angle induce a modulation of the
light going out of the grooves and then being recoupled into the fibre. Changes in intensity can be
related to changes in the angle leading to the force inducing the bending of the cantilever, and
therefore to the velocity of the fluid.

4. DATA CAPTURE AND PROCESSING

The orthogonal strain signals from the resistive gauges were input to a 486 DX2 PC via a data
acquisition board (National Instruments Lab PC+). LabView was programmed to sample and store
the voltage signals, and to convert them to units of strain. Strainy and strain, were summed and
square rooted according to Equation 3 (Section 3) to give the magnitude of the strain. The LabView
Virtual Instrument (VI) schematic for capturing the optical and resistive strain are shown in Figure 3
and 4 respectively.

[Cut-off High(Hz)

Gadl—

[Sampling Frequency(Hz)
st ) (oo,

[Cut-off tow(Hz)
m \

Fig. 3 LabView VI Schematic for Data Capture and Processing of the Optical Fibre Strain
Measurement
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Fig. 4 LabView VI Schematic for Data Capture and Processing of the Resistive Strain
Measurement

The optical signal from the fibre was recorded independently on the power meter and is not included
on the Virtual Instrument of Fig. 3, although the Power meter was connected to the PC via a GPIB
connection and a VI was also used to capture data from the power meter.

S. EXPERIMENTAL RESULTS.

Experiments were conducted in a 460 x 460 mm closed circuit wind tunnel with a maximum fan
speed of 1500 revolutions/minute. Using an anemometer and a stop watch, the wind speeds from 100
rpm to 1700 rpm were recorded and tabulated. The wind tunnel speed was varied from 0 m/s to 23
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m/s and the orthogonal voltage signals V and Vy resistive strain gauges as well as the optical output
were measured.

Measurements of flow velocity versus inclination of the beam to the direction of the flow* have shown
that the elastic beam flow sensor is capable of measuring the correct flow velocity regardless of the
beam orientation, and Fig. 5 shows the sensor output versus wind speed when the beam was oriented

at45°.
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Fig.5. Characteristic of Elastic Beam Flow Sensor Based on Resistive Strain Gauges Versus
Wind Speed.

The graph of Fig. 5 has a linear gradient, indicating that wind speed is indeed proportional to square
root of strain, thus verifying Equation 3. A linear regression analysis indicates a sensitivity of 0.0065
+ 0.0001 units of strain s/m, and a resolution of 0.43 my/s. In this first prototype of the sensor, the
range was limited by noise signals due to beam oscillations at speeds greater than 23m/s, causing the
strain gauge wires to touch each other, and causing spurious signals. It is possible that much greater
speeds can be monitored by this sensor, if the strain gauges are mounted effectively (give an idea of
the upper limit).

The output of the optical fibre based sensor versus air flow velocity in the wind tunnel is shown in
Fig. 6.
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Fig. 6. Characteristic of Elastic Beam Flow Sensor Based on the Optical Fibre Strain Sensor

As expected, the received intensity decreases as the wind velocity (the beam deformation) increases.

It is also apparent from Fig. 6 that the optical fibre sensor characteristic has distinct ranges as the
wind speed is varied between 0 and 20 m/s. There is a dead band between 0 and 4 m/s which is
associated with the fibre not being sufficiently strained by the elastic beam. This is clearly not the
case for resistive strain gauge sensor, but the extent of the dead band for the optical sensor can be
made smaller by using a more flexible beam. Between 4 m/s and 17m/s the characteristic is linear
and a regression analysis has shown the sensitivity in this region to be 2uW/(m/s). However, above a
wind speed value of 17 m/s, the characteristic levels out, and this due to the limit of fibre deformation
occurring. Some light will always be transmitted through the fibre as the groove only partially
extends into the core. In the quadrant described by negative wind speed values, the output intensity of
the fibre has similar values as for positive wind speeds, wit the linear range extending from -4 m/s to -
14.4 m/s. In the negative wind speed region, the output increases as expected, which corresponds to
the grove being forced closed. The decrease in output power above -15 m/s is probably due to the
grove geometry becoming excessively distorted under compression.

6. OPTIMISATION OF THE FIBRE SENSOR PERFORMANCE

In order to maximise the sensitivity of the flow sensor, the losses induced when the rubber beam bends
must be optimised. Increasing the number of grooves in the fibre strain sensor increases the
sensitivity of the sensor but will also increase the insertion loss the on the fibre affect this intensity. A
compromise has to be found between the number of grooves and the output signal intensity. There
must be sufficient grooves to achieve good sensitivity, but the number is limited by the insertion loss
and ultimately its effect on signal to noise ratio. Fig. 7 shows results obtained from experiments
performed in the wind tunnel for a range of fibre sensors with different numbers of grooves ranging
between one and six. Fig. 7 provides clear experimental evidence that increasing the number of
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grooves increases sensitivity as well as attenuating the transmitted signal. With six grooves, the
attenuation is 0.6 dB which is due to insertion losses. The optimum number of grooves on a single
fibre therefore appears to be six for the LED and photodiode used in the present investigation.
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Fig. 7. Repeated Wind Tunnel Tests of the Optical Fibre Strain Gauge With Varying Numbers
of Grooves

Consideration of Equation 2 indicates that the gradient of the graph in Figure 4, is dependent on fluid
density, the area of the drag element, and the dimensions and material properties of the beam.
Therefore, by matching the beam material and dimensions to the fluid, the sensor can be optimised for
particular applications. The results presented are for rubber with a Young's Modulus of 5 x 10° Nm™

7. CONCLUSIONS

A novel flow sensor based on strain measurement of an elastic cantilever beam placed in the path of
the of the flow has been developed. An earlier version based purely on conventional resistive strain
gauges reported by Chandy et al* has been extended to include strain measurement using an optical
fibre sensor. The sensor is robust, simple in construction and sufficiently versatile in design to allow a
wide range of applications to be covered. A flow sensor based purely on optical fibre strain
measurement would be suitable for use in hazardous environments and would be immune from
electrical interference.

The flow sensor reported is capable of determining the speed and direction of a wind flow provided
the flow is not highly turbulent. A further development of this sensor would be to include a further
beam mounted orthogonally to the original so that vertical flow components could also be resolved.

The inclusion of conventional and optical strain sensors within the same flow sensor has allowed a
direct comparison of the two types of measurement technologies to be made. The conventional gauge
flow sensor exhibits good linearity throughout its operating range (0 to 23 m/s), while the fibre based
flow meter is linear over a limited range only. The non linearity at the extremes of the characteristic
are due to poor elastic properties of the fibre when subjected to low amounts of strain (low wind
speeds) and distortion of the grooves at the higher strain values (high wind speeds). In applications
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where only optical measurement is possible it is possible to match the linear range to that required by
the application. This would be achieved by using a cantilever beam with appropriate Young’s
Modulus value.

The fibre based flow sensor has been optimised in terms of the geoemetry of the sensing element and
its effect on sensitivity and acceptable signal to noise ratio. A sensitivity of 2uW/(m/s) has been
achieved within the linear range of this sensor.
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