




















































When the forks are designed to couple strongly with the liquid by making the gap 

between the tines small, the sensitivity becomes high but the measurements are 

restricted to thinner liquids (see table 4.2). Therefore a fork designed to have a very 

low coupling to the liquid would work well in thick liquids. 

The bandwidth method described below is one form of measuring Q, suitable for 

heavily damped systems with a low quality factor. With the the broad bandwidth 

technique the frequency can be accurately measured, however the decrement 

method also gave good reproduceable results. 
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Figure2.} 0: The principal amplitude frequency spectrum of a transducer driven by a continuous 

wave. The response to a burst is the decrement shown in figure (2.7). 

Q Fol Af 

Fo =kt t(EI p)/p 

(2.14) 

(2.15) 

Where: t and I are the thickness and the length of the tines respectively. Fo is the 

fork's natural frequency, E the elasticity modulus of the material, p the 

density of the fork's material used. Lastly k is a constant depending on the 

geometrical shape of the fork. Af = F2 - Fl where F2 and FJ are the half 

power frequencies. 
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In this project however, the method described by figure (2.9) was used for the Q 

measurements. With this method the Q factor is determined by electronically 

shutting off the driving force within a number of decay transients, so as to leave the 

system in free vibrations. The decrement is then analysed as shown by figures (2.8 

and 2.9) and then Q is obtained. 

From equation (2.15) it is seen that when the frequency of a certain type transducer 

is measured, the factor k in the equation can be calculated and combined with 

-VeE / p) and written as a dimensionless constant K as shown in figure (2.14). 

Equation (2.15) also shows that the frequency of the forks with the same shape and 

material vary as their linear dimensions. The frequency is seen to be inversely 

proportional to the tine's length and directly proportional to the tine's thickness and 

is independent of the width [9]. 

2.6 ELECTRICAL MODELLING OF THE TRANSDUCER 

Tuning forks used in this project can be modeled electrically. 

c 

Figure 2. J J: Lumped electrical circuit model of a tuning fork. The inductance corresponds to 

inertia, capacitance to stiffness and the resistance to the energy dissipated f4J. 

Where: The inductance L represents the mass "M", capacitance C represents coil 
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stiffness "K". The resistance R viscous damping "R". 
The physical properties of the tuning fork and surrounding fluid in which it is 

immersed are transformed into equivalent impedances, which will affect the input 

voltage. The loading due to the liquid examined is a source of resistance. 

The coil wound round the fork, couples magnetostrictively to the fork and this is 

represented in the equivalent circuit as a mutual coupling between the two 

inductors. 

2. 7 ANALYSES OF THE TUNING FORK SYSTEM 

Signal 
Generator 

+v 

-v 

Fork 
coil 

Figure 2.11: The practical circuit of the drive-listen system. The mechanical switch is 

synchronised to the on off of the square wave drive. 

The coil of the fork is permanently connected to the drive collectors. On the listen 

mode, the square wave signal is off and the coil is switched to the listen position. 

The heavy drive current does not go through the switch and the transistors do not 

load the input to the listen amplifiers. 
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A simple transformer is used as an equivalent circuit shown by (Figure 2.13). 

v 

Figure 2.13: The equivalent circuit. The primary is the electrical drive coil and the secondary the 

electrical equivalent of the resonance of the fork. M represents the magnetoslrictive 

coupling. 

The circuit above shows the primary as being electrical and being mutually coupled 

to the secondary, which is the vibrating tines. The series L2C2r are the equivalent of 

the lumped mass, stiffness and loss of the actual fork. 

The vibration at the end of the tines is a maximum and this was selected to compare 

to iz. The ratio of current i l to the tine velocity gives the electrical to mechanical 

coupling and it can be observed by measuring the tine amplitude and the current il . 

The signal on a microphone placed just below the tines picks up the vibration iz 

very strongly and was extremely used in optimising such parameters as the DC bias 

and the primary circuit design. 

The circuit is current driven and thus when off, it conveniently represents an open 

circuit for the listen phase. The current drive il is fixed, and the voltage V changes. 

The capacitive tuning of the low impedance coil increases it to 10 or 20 ohms, 

allowing a higher drive current. By limiting the bandwidth also improved the 

quality of the waveforms. 
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In the absence of a liquid the secondary is sharply tuned and r is small. Most of r 

originates in the magnetostrictive drive strips and a larger r was acceptable to 

obtain a strong drive for the thick liquids. 

el is reflected from the secondary and is small compared to the drive voltage. e} is 

the " back emf" so called as it is negative el -( roMij)/Z. Analysis shows that 

e] = (ro2 M2 h)/r at resonance. Substitution of k2LIL2 for M2 and Q for roL2/r gives 

e1 = (~QroLl)il. 

When driven by a continuous wave, el is not observable, but by square wave 

modulating the drive (the drive-listen cycle) only eI is present on listen, and it has 

the characteristic decrement of the resonance and thus can be amplified and 

measured using a digital storage scope. In the listen mode, el starts at the value 

given in this equation and decays exponentially and can be measured reasonably 

well. 

There is however a switching transient as seen in figure (4.4), which intrudes on the 

frrst cycles of the decrement. The drive voltage across the coil is taken as roLdl 

although it is somewhat less because ofrt. Equation (2.16) is then obtained and a 

precise value for Q is obtained from the decrement [4]. 

(2.16) 

In this form the terms are large for the high loss liquids of interest. This equation 

was used as an overall test of the validity of the equivalent circuit by measuring a 

range of liquids, going from low loss water and paraffm to high loss car oil and 

glycerol. Two forks were used stainless steel designed for heavy liquids and 

aluminium, which gives a higher sensitivity but not the full loss range. 
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Comprehensive measurements are given in the accompanying tables. They are 

followed by two graphs using equation (2.16) from which the magnetostrictive 

coupling co-efficient (k) was obtained. 

Table 2.1: The coupling coefficient <it" for fork# 1 is obtained using the information given below. 

STAIN LESS STEEL FORK#1 
AIR WATER PARAFFIN ENGINE OIL GLYCEROL 

Vcoil 0.281 0.47 0.613 0.65 0.7 
Vo 12.59 8.75 9.375 2.422 1.238 
e1 0.067 0.046 0.050 0.013 0.007 
Vcoille1 4.218 10.152 12.358 50.723 106.866 
Frequency 2284 1870 1935 1889 1777 
Q 1054 303 244 54 28 
1/Q 0.0009 0.0033 0.0041 0.0185 0.0357 

Table 2.2: The coupling coefficient <ik" for AL2 is obtained using the information given below. 

ALUMINIUM FORK (AL2) 
AIR WATER PARAFFIN ENGINE OIL GLYCEROL 

Vcoil 6.375 7.44 7.81 7.44 7.06 
Vo 8.625 13.9 12.2 5.5 4.719 
e1 0.025 0.040 0.035 0.016 0.013 
Vcoil/e1 259.435 187.873 224.698 474.807 525.124 
Frequency 2885 2241 2344 2283 2119 
Q 142 122 117 31 21 
1/Q 0.007 0.0082 0.0085 0.0323 0.0476 

The drive voltage (V coil) and the output signal (Vo) shown in the two tables above 

were measured at the fork's coil and at the output of the listen amplifier 

respectively. e] the back emf shown in the tables, was found by dividing Vo with 

the gain of the listen amplifier. The gain of the amplifiers depends on the 

inductance of the fork's coil, so the less the inductance the higher the gain. 
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By taking the slope of the plot of the ratio of V coil/el against IIQ as shown in the 

graphs below, the coupling coefficient "k" of the forks described above was 

obtained. The k for the stainless steel fork is higher at 0.018 than the aluminium 

fork at 0.011, which means that the conversion of electrical B mechanical energy 

is higher in a stainless steel fork than it is for the aluminium fork. 
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Figure 2.14: The coupling coefficient Uk" is found from the slope of the line drawn, as shown by 

equation (2.16). 
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Figure 2. /5: The diagrams above show the acoustic response and the voltage as a function of 

frequency as it is swept through resonance. 
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The graphs shown by figure (2.14) above show that when using a continuous wave 

signal, the voltage required at the collector is a minimum when the fork is at 

resonance and higher when on either side of resonance. 

The performance of the fork is also at its best when at resonance as confrrmed by 

the maximum sound signal picked at resonance. These graphs show that it is easier 

to drive the fork at resonance than when it is on either side of resonance. The back 

emf (el) from the resonance is only a small percentage of the drive voltage and this 

falls to a very low fraction for the low Q factors in oil and glycerol. 

This was avoided by using an on/off drive having a drive listen cycle. The cycle is 

sufficiently long for the signals to reach a maximum. When the drive goes off only 

el is left and it decays exponentially to zero with the current iz. 

The output signal was obtained by using an inverting amplifier shown below, since 

the full power of the listen signal is used. The current flows directly from the fork's 

coil to the opamp's feedback impedance. By connecting a 10 n resistor in series 

with the fork during the listen cycle, the fork's current and resistance can be found 

by using equation (2.18). Knowing ~ helps in the calculation of the gain of the 

listen circuit (see tab Ie 3.1). 

(Current across the fork's coil) lcoil = el(~+10) 

(Resistance of the fork) Ro= 10/(VJVIO-l) 

Where: Vo is obtained without a IOn resistor and V 10 is with a Ion resistor. 

(2.17) 

(2.18) 
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Figure 2.16: The amplifter circuit used to calculate the internal resistance (Ro) of the various 

forks. 

2.8 BEHAVIOR OF THE EQUIPMENT USED 

Besides the material and the mechanical properties of the transducers used, their 

performance also depends on the following physical characteristics: electrical 

connections, backing and bonding etc. 

2.8.1 ELECTRICAL CONNECTIONS 

These include the coil wound around the transducers, connections between 

components and any other external connections. The coil forms part of the 

intermediate layers placed on the transducers, so their thickness and impedance 

influences the sensitivity of the transducer. 

The electrical tuning network together with the contact resistance and inductance of 

the electrical connections affect the electrical impedance of the transducer and can 

affect their overall sensitivity. 
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2.8.2 BONDING 

The transducer's performance also depends on the state of the bond at the interface 

between the magnetostrictive strip and the tines. The magnetic field causes the 

strips to vibrate longitudinally in phase, making the tines vibrate in antiphase as 

shown by figure (2.2). Since the magnetostrictive effect is reversible, the voltage 

will be produced in the coil by the transfer of energy from the vibrations. 

Electrical energy ~ Mechanical energy 

The coil must also be as close to the root of the fork and to the magnetostrictive 

strips as possible, because any improper winding of the coil will cause loss of the 

drive signal. This also applies to the state of the interaction between the transducer 

and the liquid used. 

2.9 CHOICE OF MATERIAL 

The material chosen is important if good temperature characteristics, low 

temperature coefficient [1/f (d:f7d9)] and sensitivity are to be realised. In general 

low density materials are preferred as they allow the mass loading of the 

surrounding fluid to be proportionately higher. 

Also a good material chosen would have a low internal friction and low 

temperature coefficients. Where the temperature coefficients of both the linear 

expansion and elasticity of the material used is small. A material with a high 

thermal conductivity is also important in that it ensures that thermal equilibrium is 

rapidly achieved. So the commercial availability of aluminium and stainless steel 

made them the natural choice of materials eventhough some other transducers were 

also explored. 

23 



CHAPTER 3 

EXPERIMENTS CARRIED OUT ON mE TRANSDUCER 

The main focus of this thesis was to develop a technique and an instrument to 

classify heavy fluids (i.e. Oils) using a tuning fork. 

At the beginning of the project, a particular tuning fork referred to as fork #1 and 

the drive listen circuitry I previously used were still available. It is from this basis 

that a technique to extract the necessary information to evaluate Q was developed. 

As a result a great effort was put into the design of the tuning forks. The electronics 

was redesigned and a new drive-listen circuit was built. 

3.1 PROCEDURE OF THE EXPERIMENT 

Before performing the experiments, it was made sure that all the electrical 

interconnections were good, and that all the other equipment used functioned 

satisfactorily. Two methods were used, and in both cases the aim was to drive the 

fork with a burst signal and to obtain the decrement on the listen mode. The unit's 

stability was important and required clamping throughout the experiments, so it 

was secured well above the actual tines. 

3.1.1 THE RELAY FUNCTION 

In this method the circuit was connected as shown in figure (3.1) below. The burst 

signal was obtained by combining a clock signal and any desired square wave 

output from the counter through a NAND gate [22]. That burst signal would then 

be fed through the drive circuit. The amplitude of the burst could be adjusted to 

accommodate the various liquids. 
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For the fork to be switched from drive or listen mode, a square wave synchronous 

signal was used to control the "Gunther" relay thus isolating the drive from the 

listen cycle. The duration of the drive/listen cycle could also be controlled allowing 

the transducer to perform at its best. On the listen mode, the relay switches and 

connects the fork to the listen circuit where the output signal is amplified. As a 

result the decrement could be measured very precisely on the digital oscilloscope. 

From there onwards the procedure was similar to the alternative method described 

below, and thus was fmally used. 

Modulation 

t 
Square wave 

Figure 3.1: Block diagram of a gunther relay method. 

3.1.2 ALTERNATIVE METHOD TO THE RELAY FUNCTION 

The final circuit used was connected as shown in figure (3.2). The burst of drive 

oscillations was obtained by square wave modulating the signal generator. To vary 

the duration of the drive and burst cycles, the PRF on the square wave generator 

was adjusted. At low signal strength the digital oscilloscope was subject to 

saturation but this was avoided by using the switch at the input of the listen circuit. 
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The pulse generator modulates the signal generator with a square wave, giving the 

operator control of the drive-listen. For high Q air measurements, the PRF required 

could be more than a second but for high loss oil it could be as low as 20msec. 

The tuning fork was driven by an amplified burst signal from the drive circuit 

through its coil. The amplitude of the burst could also be adjusted on the signal 

generator as shown in figure (3.2) below. The coil of the fork was also connected to 

the listen circuit through a relay switch during the listen phase. So, when it rapidly 

recovered from the drive its mechanical vibrations changed to electrical signals, 

which when amplified were displayed on the oscilloscope. When necessary the 

signals observed on the digital and analogue oscilloscopes were captured in the 

computer for later analyses as required. 

GeIler.r 

To the Drive-Listen 
switch when used 

The aim of the setup is to drive the tuning 
fork with a burst signal and to observe the 
decrement on the listen mode 

Burst 
SimaJ 

Figure 3.2: Block-diagram of/he Drive-Listen signal (D and L) showing the burst signal as seen 

on the digital oscilloscope. 
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3.2 RESONANCE SETTING 

Experiments were carried out using; Air, Water, Paraffin Oil and later Glycerol. 

Each time a run was taken, the tuning fork was set to its resonant frequency and 

then the decrement would be obtained on the listen mode. 

To precisely set the fork to resonance, the burst signal was connected and the 

frequency swept through a wide range while both the amplitude and the phase of 

the decrement were observed. Resonance was reached when the amplitude is a 

maximum and was recorded on a frequency counter and the decrement on the 

oscilloscope. The accuracy of the frequency obtainable falls as the Q decreases. 

At resonance the fork's response is at its maximum, so the signals generated by the 

coil are large and ensure a good signal to noise ratio. The resonant frequency of the 

fork is given by the equation t5mIM = -2liflF, therefore a fractional change in mass 

leads to twice the fractional change in frequency. 

These operations could be automated, but the development of the necessary 

circuitry was not dealt with in this thesis. 

3.3 MAGNETIC BIASING 

For optimum performance, the fork has to be precisely biased magnetically and this 

is necessary as the magnetostrictive phenomenon is non linear. To get this magnetic 

bias right, a thickness polarised rare earth magnet was adjusted just above the coil. 

In the development stages, as the magnets were being adjusted a maximum output 

signal was picked up by the microphone when biasing was reached. 

In certain cases the magnetostrictive material had sufficient magnetic retentivity for 

the magnets to be unnecessary, but as a precaution they were always used. 
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3.4 FINAL TRANSDUCER DESIGN 

Figure 3.3: A section showing the fork intetface to the liquid, with the mls strips and their 

attachment to the tines. The laminations stop short of the root. The magnet was 

positioned to give maximum signal and the immersion of the tines can be seen. 

The magnetostrictive nickel alloy strips (m1s) go through the barrier to the fork 

where they are held solidly flat against the tines by thermosetting arasldite. They 

conduct the driving AC field and the magnetic bias to the region of maximum 

flexure. With the alloy alone the field saturated and fell off rapidly, but much better 

conduction was achieved by the addition of a length of transformer lamination. 

This gave a major improvement in performance, allowing the fork to have as deep 

an immersion into the liquids measured as possible. The improvements in electical 

performance were traded off against this requirement (gap between the tines)/(tine 

width *density of thefork). The wall seperating the electronics from the liquid gave 

the fork a form of a probe which made it easier for experiments to be taken. 

After evaluating various forks, it was realised that the acoustic signals picked were 

proportional to the ratio of the (microphone amplitude) *(current drive) and Q. The 

magnetostrictive coupling is (mike amplitude)/(Q*current drive) , and must be as 

large as possible. 
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3.5 THE PERFOMANCE OF THE FORK IS AFFECTED BY ITS 

GEOMETRY AND DENSITY 

a: Tine widtb 
b: Tine lengtb 
c: Distance from root to end 

of fork 
d: Gap between tbe tines 
e: Deptb of tines 

Figure 3.4: This diagram shows the physical dimensions of a typical tuning fork used. 

Table 3.1: This table shows the physical dimensions and the various materials of the forks used. 

T.F number Material a b c d e Density (p) e/(d*p) 

mm mm mm mm mm g/cm" 

T.F# 1 Stainless steel 6 44 33 6 25 7.9 0.030 

T.F# 2 Stainless steel 8 52 37 6 22 7.9 0.035 

T.F# 3 Aluminium 10 44 33 6 12 2.71 0.185 

T.F#4 Brass 10 44 34 6 26d 8 0.029 

T.F#6 Quartz 8 49 38 8 12 2.66 0.25 

T.F#8 Glass 6 59 64 7 14 2.4 0.208 

T.F# 7M Brass 8 39 9 7 7 8 0.125 

Table (3.\ ) contains the various dimensions of the forks used, as shown by figure 

(3.1t). The forks used include cylindrical and square designs while the materials 

range from quartz to stainless steel. These different forks were built and tested 

since it was the aim ofthe project to develop a dip-stick for liquid characterisation. 
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The sensitivity of a tuning fork depends both on its material density and its 

geometry, so an optimal fork design, could be developed depending on the kind of 

liquid to be measured and the parameter is e/(d*p) [91. 

By mass calibrating the forks, their sensitivities were obtained and could be altered 
by changing some few dimensions or the material as already discussed. 

30 



CHAPTER 4 

DRIVE - LISTEN SYSTEM 

4.1 FEARURES OF THE ELECTRONIC CIRCUITRY USED 

The layout of the "Gunther" relay is shown in figure (3.2). It comes as a result of many 

modifications of previous prototypes that were modified as faults and problems were 

revealed. 

The details of this circuit were left out during the last stages of the project, because of the 

relatively better electronic circuit that was later built. It however constitutes a large part 

of the project that is why it is included. 

4.1.1 POWER SUPPLY 

The digital part of the circuit had 5 V supply while the rest of the circuit had a variable 

voltage between 15 and 30 V from a variable output power supply. The voltage supply to 

the rails was also decoupled by 10 JlF capacitors. 

4.1.2 ISOLATION OF THE TUNING FORK 

The tuning fork is alternatively driven and listened to as alread discussed above. During 

the drive cycle a large burst signal of ± 20 V p-p is driven into the coil of the tuning fork. 

So during this phase (i.e.Drive) the circuit gives a sufficiently low output resistance to 

drive the low impedance tuning fork coil. 

31 



4.1.3 DRIVE CIRCUIT (see figure 4.1) 

The drive circuit had a push-pull configuration. The input into the high power amplifier 

(LM 343) was a square wave burst signal of ± 20 V p_p which had already been through a 

pre-amplifier circuit. The power npn and pnp transistors used, switched between ground 

and the supply rails before going into saturation. 

4.1.4 LISTEN CIRCUIT 

The listen amplifer was a current to voltage converter [21], and it had a high pass filter at 

its output to reduce the switching transients. In the listen mode, the tuning fork's coil 

could be represented as a current source. During the listen cycle, the tuning fork was 

directly connected to the listen amplifier and it gave significant gain for the decrement to 

be seen. The less inductance the coil had the larger the output signal that developed. Two 

clipping diodes were used to limit the output signal when the output signals were too 

large. 

4.1.5 CONTROL AND TIMING CIRCUITRY 

The drive-listen circuitry was well controlled and the relay opened and closed at precisely 

the right times which was necessary for the protection of the listen circuit. This ON/OFF 

switching of the relay was triggered by providing 25mA from a transistor to the relay's 

coil at pre-determined time intervals, provided by a square wave pulse from any selected 

output of the counter. 

By combining a clock and any selected counter output signal through a NAND gate [22], 

the burst signal was obtained for the drive. To vary the amplitUde of this burst signal, the 

pre-amplified signal going into the power amplifier could be controlled by a feed back 

potentiometer. 
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To set to the correct resonant frequency, the frequency of the oscillator signal from the 

multivibrator was altered by varying the lOOk and 500k potentiometers for coarse 

adjustment and the 5k ten turn potentiometer for smooth adjustment. 

4.2 FEATURES OF THE FINAL ELECTRONIC CIRCUIRTY 

The difference between the two circuits, is how the signals were generated. With the first 

method the PRF and the burst were obtained from the digital circuit built while the signal 

and the square wave generators were used in the improved method. 

4.2.1 CONTROL AND TIMING CIRCUITRY 

The improved method could be used with and without the relay. Without the relay the 

tuning fork's coil was driven and listened to at the same point, and with the relay the coil 

was either connected to the drive or the listen circuit at one time. 

The PRF switch on the wavetek pulse generator was altered to vary the duration of the 

drive-listen signal. To set the tuning fork to its resonant frequency both the coarse and the 

fme frequency switches on the signal generator were used. 

4.2.2 DRIVE CIRCUIT 

The drive circuit had no pre-amplifier, so the drive signal was connected directly on the 

power amplifier and its amplitude could be altered by adjusting the amplitude knob on 

the signal generator. The burst signal used in this case was also sinusoidal and had no 

harmonics. 

The other parts of the drive circuit used in this system are similar to the one already 

discussed above. The circuits shown below are the votage and the current circuits used 

for driving the fork. 
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4.2.3 TRANSDUCER COIL 

During the early stages of the project, the tuning forks used had coils wrapped around 

their upper part very close to the root like those in figure (2.1) and their inductance rating 

was between 1-3 mHo After several experiments it was then decided to reduce the 

inductance to between 0.2-0.5 mHo As a result a significant improvement was noticed on 

the decrement obtained since the total impedance of the system decreased. 

By correcting the power factor of the tuning forks, more energy could be put into the 

actual driving of the transducer. This was achieved by connecting a capacitor of similar 

reactance to that of the fork's coil, but adjusted to make the input voltage a maximum at 

the frequency used. The transducer thus presents a parallel tuned circuit to the drive. The 

impedances can be 5-10 ohms and the drive amplitude can be a few volts. The emf from 

the coil to the listen circuit has a low source impedance. For listen a gain of more than 

100 is needed, and by feeding the emf directly to the invert input of an op-amp the full 

listen power is used and a good signal to noise ratio is achieved. Further the minimisation 

of noise was obtained by using a flatly tuned circuit in the op-amp feedback. 

An important practical requirement is to have a wide practical distance between the coil 

and the barrier allowing a more extensive immersion in the liquid. 
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4.2.3a VOLT AGE DRIVE CIRCUIT 

The circuit gives a sufficiently low output resistance to drive the low impedance tuning 

fork coil. The listen circuit here was connected across the coil and it was designed to 

have a rapid recovery from the drive and to give the high gain required for listen. The 

listen signals obtained were relative to ground. 

Variable (+ volalge) 
(15-30) V 

Burst signal 
from the 
generator 

Variable (-voltage) 
(l5-30)V 

+15V 

470 
10k 10k 

Figure 4.1: Voltage drive circuit. The low impedance load requires the low impedance drive. 

4.2.3b CURRENT DRIVE (Figure 4.2) 

Figure (4.2) is a convenient alternative to the voltage drive already described. In the 

current drive circuit there is a D.C current bias through the coil which is modulated by 

the burst signal. The tuning fork voltage is relative to the positive rail. An emitter driven 

pnp transistor amplifier makes the output relative to ground. It, like the Op-Amp circuit 

has the necessary fast recovery time. It is this circuit that was finally used for the liquid 

measurements carried out. 
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111F 

111F 

4 .7k 
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Variable (+ voltage) 
(l5-30)V 10k 220111'" 

...... o>-_-----'-________ --.L-___ ---' 

Figure 4.2: Current drive circuit The collector gives a push pull current drive to the coil which isflatly 

tuned. 

4.2.4 LISTEN CIRCUIT 

This is the inverted amplifier of an op-amp. The input is directly from the fork and has a 

low source impedance of about 100. By using an inverting amplifier, the full power of 

the listen signal is used. The current flows directly from the fork's coil to the op-amp's 

feedback impedance. The feeback is flatly tuned over the range needed by the particular 

fork. For example by connecting the 4700, SmH and 0.66flF in parallel on the first 

amplifier, only the tuning forks with the resonant frequencies between (2.3 - 2.8) kHz 

were used. The tuning plus the CR filter used improved the signal to noise ratio and gave 

clean noise free waveforms. The output decrement is very small hence it is magnified 

more than 100 times by the two amplifier stages for it to be properly measured. The back 

to back diodes were only used to limit the output to ±0.7V when used with the storage 

scope, since it was found to be having a high saturation limit. 
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Figure 4.3: Listen circuit. The low source impedance of the unit leads to a good listen signal 

There are three selective circuits in the system. The fork which is high Q, the coil drive 

which is low Q and the listen circuit which has a useful selectivity. The feedback 

impedance of this listen circuit was found to be ±2.46k. As a result the when the forks are 

connected directly without the lOn, their gain is different since it depends on their ~ 

values as shown in the table below. 

Table 4.1: This table shows that various/orks have different gain due to their R" values obtained using 

equation (218). 

FORK Fork #6 Fork #3 Fork #1 I 

QUARTZ AL2 S.S FORKA. 
! 

Va 9 12.19 22.03 
V10 5.812 5.062 12.34 ! 
Ro 18 7 13 
Veail 9.844 7.812 1.875 
GAIN 137 351 189 

To precisely get the value of the back emf when using various forks, the amplified output 

signals obtained were divided by the required gain. 

Figure 4.4 
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The switching transient causes false readings in the early part of the "log-dec". 



CHAPTERS 

MERSUREMENTS CARRIED OUT IN mE PROJECT 

The first experiment carried out was to drive the fork with a burst signal and to observe 

its relationship to the decrement signal on the listen cycle. 

The second experiment carried out was to establish the effect of both the mass and the 

loss loading on a vibrating tuning fork. This was achieved by driving the fork in different 

lossy liquids like (Water, Paraffin and a standard car Oil) and the results were 

referenced to the air results obtained. 

The third experiment was a mass calibration of the various forks so as to get their 

sensitivities. Mass calibration of these various forks was carried out by attaching 

additional weights to the tuning fork's tines whilst observing their effect on frequency. 

The fourth experiment was to evaluate the coupling efficiency of various forks in liquids, 

and to characterise the liquids based on their density and thickness. 

The firth experiment was carried out to show how the liquid's properties vary with 

temperature. This was done by heating and cooling oil and glycerol between 2°C to 

about 6(fC while stirring during the heating process so as to evenly distribute the heat. 

For heating, a hand held electric element was used while dry ice, liquid nitrogen and ice 

cubes were used for the cooling process. 

Tuning forks detailed in table (3.1) were used throughout the experiment. Their 

effectiveness for various applications were evaluated. 
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5.1 TESTING OF THE DRIVE-LISTEN SYSTEM. 

Figure 5.1: The diagram shows the acoustic signal and the output decrement on the listen phase. The 

drive signal can be up to 40Vand the listen signal as lows 2mV(86 dB). 

During the drive cycle the fork is driven by a high power burst signal and the PRF is 

selected such that the maximum drive is put into driving the tuning fork. By using an 

acoustic signal displayed in figure (5.1) above, it is seen that the conversion of electrical 

energy to mechanical is minimum at the start of the burst and approaches maximum 

towards the end of the burst. In thick liquids both the acoustic and the listen decrement 

are much smaller because of the extra loading that the fork experiences. This loading 

phenomenon is shown below where the fork is driven in different liquids. 

On the listen phase the mechanical vibrations of the fork are converted to electrical 

signals, and are at maximum at the start of the listen phase and gradually decrease until 

the next drive cycle starts. This decrement obtained on the listen cycle is the one used in 

the liquid's loss loading measurements. The decrements on the listen phase are many 

times smaller than the drive signal, so they have been amplified by more than 100 times 

to be properly analysed. 
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5.2 LOADING EFFECTS ON A VIBRATING TRANSDUCER 

LOG PLOT FOR AIR 
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Figure 5. 1: The decrement falls fast in a thick oil compared to when in water and air. The graphs show 

the slope of the waveforms from which Q is calculated. N represents the number of 

osciUations. 
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Table 5.1: The fall in frequency for water is greater than the fall for oil since water has a greater 

density. The loss however is greater for the thick oiL 

FLUID F(Hz) Chnge in F (Hz) %F Q 1/Q 
FORK #1 CO AIR 2284 0 1047 0.00096 
WATER 1870 414 18.1 300 0.00333 
OIL 1889 395 17.3 54 0.01852 • 

The data in table (5.1) and figure (5.2) above was obtained by driving Fork #1, a 

stainless-steel tuning fork in Air, water and Oil. The listen signals obtained are in a form 

of a decrement, where a very sharp fuii resulted for oil as compared to water whilst taking 

the air results as a reference. The rate of full, which is the slope of the decrement is 

inversely proportional to Q of the system as shown in table (5.1). When driven in air the 

only losses experienced are the internal losses of the fork and when in liquids there are 

extra losses due to the liquid's density and viscosity. 

According to table (5.1) the fork operating in oil has the lowest Q of 54 compared to 

water and air at 300 and 1047respectively. The inverse of Q (the loss angle) is therefore 

highest in oil meaning that the fork vibrating oil is more heavily damped than when in 

water and air. As a result the fork's vibrations die quicker as shown by a very sharp 

decrement in figure (5.2) above. 

The resonant frequency of the fork depends on the liquid under examination, and it was 

found to have fallen by (18.1%) in water and by only (17.3%) in oil. 

By analyses it is seen that the higher frequency drop in water is due to its higher density 

whilst the higher energy loss in thick oil is due to its higher thickness leading to greater 

internal losses. In case of oil there is also inertia due to the sticking and dragging of oil on 

the tuning fork. From these results it is clear that a tuning fork can be used to monitor the 

fluid's loss loading and mass loading. It is to be noticed that the term "viscosity" only 

applies strictly to "simple" liquids. 
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