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SUMMARY. 

A number of vibrating transducers for viscosity 

measurement described in the literature have been 

evaluated, with a view to developing an instrument 

for measuring gold-mine slurries. 

Appropriate electronic measuring methods are 

discussed, and related theory using a simple mathe

matical model is derived, and verified experimentally. 

A low frequency vibrating transducer is described 

which is capable of measuring apparent viscosities of 

slurries. Measurements made on Newtonian liquids at 

four different frequencies using the same transducer 

agree to ~ 2%, and correlate closely with measurements 

made using a Redwood orifice viscometer. 

In order to determine the accuracy of the 

transducer for slurries, comparative measurements at 

·four frequencies are used to obviate the need for a 

reference instrument. 

'· For a dilute (Newtonian) slurry, these measure-

ments agree to ~ 10%, but similar measurements on more 

concentrated (non-Newtonian) slurries show marked 

divergence of the curves at high frequenciese It is 

suspected that this behaviour is a property of the 

slurries, related in some way to their observed non

Newtonian behaviour. These results are of a quali

tative nature, but point to the •possible usefulness of 

the instrument for slurry measurement. 



- \ 

INTRODUCTION. 

The use of vibrational methods for the measure-
ment of viscosity has long been known and commercial 
vibr~ting viscometers have been available for at 
least twenty years. They seem, however, to have 
found their main application in the food, petroleum 
and polymer industries. 

A review of several papers, desribing vibrating 
viscometers, revealed that although a number of the 

workers had taken measurements on suspensions, only 

one (7) did not use a relative scale and even this 
paper did not claim that the readings obtained were 

accurate. 
In the metaliurgical industry there are many 

application~ for such measurements and especially 
.important are measurements on slurries and heavy 

media. Owing to their mode of operation vibrating 
,probes cause a negligible dist~rbance to the process 

being investigated; a property particularly useful 

in establishing density gradients in settlers and 

heavy-medium or magnetic-liquid separators. 

The aim of this project was: 
(1) To investigate various electrical measuring 

techniques which can be used to fi~d the loss factor 
of the immersed viscosity probe, using Newtonian 
fluids for.calibration purposes. 

(2) To design suitable probes with which to 
establish whether a vibrating probe can be used for 
measuring· the apparent viscosi t.y of slurries. 

(3) To verify some theoretical predictions with 
reference to relevant literature. 

(4) To make recommendations as to the design of 
a suitable instrument. 



A number of probes, for measuring viscosity, 

were constructed and tested. Each such probe was 

-used for increasingly exacting measurements until a 

stage was reached when a more sophisticated probe 

was ~equired. At the same time, measuring 
techniques were improved, and suitable theories 

deduced for these. 
Satisfactory measurements on slurries were 

\ possible in the closing stages of the project when 

the problems encountered with getting repeatable 

results for slurries had been overcome. 

The probe developed for the slurry viscosity 

measurements is also able to measure density of 

some liquids. 
A method for evaluating the behaviour of a 

vibrating probe in a slurry is described, ,wp.ich ob
viates the need for calibrating by a measurement on 

the slurry using a standard viscometer. 
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CHAPTER 1. VISCOSITY MEASUREMENT: A REVIEW. 

1.0 Viscosity 
"Viscosity may be thought of as the internal 

friction of a fluid. Because of viscosity, a force 
must be exerted to cause one layer of a fluid to slide 

past another, or to cause one surface to slide past 
another if there is a layer of fluid between the 

surfaces" ( 11 ) • 
The force per unit area ~ie. stress) exerted is 

proportional to the rate of shear, which is the change 
in velocity per unit distance d?rom a surface. 

Mathematically, 

0: :: _

7 
du:r_ 

s c)y 

'where as is the shear stress. (force per unit area). 

U:c, is the velocity of the fluid {along the x-axis). 
y is the axis normal to the surface. 

17. 
7l 

is the coefficient of viscosity. 

has units (dyne-sec/cm ) in the c.g.s. system~ 

1 dyne-sec/cm = 1 poise. 
A Newtonian liquid is one for which 17 is a 

constant, independent of shear rate. water is one such 
a liquid. 

Any liquid for which "/ is a variable dependent 
on shear rate is classified as non-Newtoniano " The 
liquid is further classified according to the nature of 
this variation, as shown in Fig. 1.1. 
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1.1 The Ideal·Viscomete~ 

Here an ideal viscometer specification is proposed, 

to be used as a standard for evaluating actual viscometers. 
The ideal viscometer: 

1. Is non-intrusive. ie.it does not disturb the 
test liquid in any way. 

2. Is not affected adversely by the test liquid. 

For example it is corrosion and abrasion resistant, and 
mechanically robust. 

3. Gives correct readings independent of pressure, 
temperature or other extraneous factors. (including 
noise). 

4. Is fully immersible to allow viscosity 
measurements in the body of the fluid. 

s. Requires a small sample of liquid for the 
measurement, both for convenience and to facilitate the 

making of point measurements. 
6. Is able to measure non-Newtonian liquids, ·and 

to give correct readings irrespective of the liquid 
composition. 

7. Has a variable shear rate to enable the 

viscosity of non-Newtonian liquids to be evaluated as a 
function of shear rate. 
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1.2 Review of Existing Viscometers and Reason for 

Choice of Vibr~ting Viscometer. 

Most viscometers in use today use either steady 
flow methods in order to measure viscosity, (e.g. 
orifice viscometers) or measure the viscous drag on a 
body moving through the liquid (e.g rotating and 
falling ball viscometers). All the methods are in-
trusive, many are slow, and the viscometers are often 

delicate instruments. (Ref. 12 ). 

'Vibrating viscometers, on the other hand 1 can be 
made very robust, and ·the amplitude of vibration made 
sufficiently small to ensure that the device is non
intrusiveo Also, a continuous readout is possible. 

\ 



-- "-_, 

1.3 Literature l~eview of Vibrating Viscometers. 
-..--.. - ~ 

Mason (1) first demonstrated how the viscosity of 
a 1 fluid can be me0sured sonically. A tubular crystal 
oscillating in a torsional mode was used to shear the 

test fluid in a direction tangential to the crystal 
surface, thus setting up a shear wave in the fluid. 

The resultant loading of the crystal comprises: 

(a) A resistive component due to the viscous drag. 

(b) A reactive component due to the mass of the 

fluid which moves with the crystal, and the shear 

elasticity of the fluid if its behaviour is non-Newtonian 
at the frequency. of oscillation • 

. This loading can be measured by the resultant change 

in electrical resistance and resonant frequency of the 
creystal. 

One of the crystals used did not oscillate in pure 

torsion, resulting in longitudinal waves being generated 
as well. Mason described a method for reflecting this 
longitudinal radiation back to the crystal, so that any 

resistive loading of the crystal could be attributed to 
radiation of shear waves only. 

Measurements made for light Newtonian oils with 
viscosities ranging from O, 01 to 10 poise were accura te-J 

to within five percent. However, measurements made 

for very viscous liquids such as polymerised castor 
oil and vista~ex showed that these liquids possess 

~ ~· . 
shear elasticity at high frequencies, although at low 
frequencies their behaviour ·is Newtonian. This verifies 
Maxwe11•s hypothesis that viscosity is the product of a 
shear elasticity-by a relaxation time. 

McSkimin (2) used a torsionally oscillating 

quartzcrystal connected at one end to long glass or 
metal rod. A short periodically repeated train of 
torsional waves was transmitted by the crystal along the 
rod, th~ signal reflec~ed from the free end being 
received by the same crystal. Immersing a portion of 
the rod in the test liquid resulted in a change in 
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attenuation and phase of the received signal, from 

which the viscosity and shear rigidity could be 

deduced. 

A detailed description was given of the circuitry 

used. A number of very viscous liquids were tested 

using this apparatus, the results showing the presence 

of shear elasticity in these liquids at high 

frequencies, again supporting Maxwell's hypothesis. 

Two frequency ranges were used:- 25-55 KHZ, and 

60-140 KHZ. 

The advantages claimed for the~system are: 

(a) rt is possible to separate in time the 

desired torsional signal from any spurious longitudinal 

signals generated by the crystal, as the latter have a 

higher propagation velocity, and will therefore arrive 

at the receiver first. 

(b) The system does not operate at resonance, 

hence the length of the rod can be chosen for conve

nience, and the system will operate over a wide 

frequency band. 

A major drawback for slurry measurement is that 

the design is not readily adapted to low frequency 

operation. 

Roth and Rich (3) developed the "Ultraviscoson11 , 

a commercial viscometer which used as the transducer 

a thin flat magnetostrictive blade vibrating longitud

inally, so that the test fluid was sheared in a 

direction parallel to the plane of the blade. 

An excitation coil was wound around one half of the 

blade, which .was encapsulated in a sheath connected to 

the centre (nodal) point of the blade. The half of the 

blade ,which protruded from the sheath was immersed in 

the test liquid.: 

The viscous loading on the transducer was measured 
by first exciting the transducer at a suitable resonant 
frequency, then removing the excitation and observing 
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the resultant damped oscillations of the transducero 
For this purpose, the excitation coil was used both 

as a transmitter and as a receiver. This type of 
measuring technique is simple to automate, but is only 

accurate for light damping. 

In deriving the ·theory of their transducer, Roth 

and Rich maintained that the ends and edges of the blade 

have negligible area compared to the flat surfaces, and 

''so will affect the results to a negligible degree". 
This may be ·.true for the edges of the -.blade, but 
the end immersed in the liquid will radiate longitudinal 
waves, the loading of which, according to Taraba (4), can 
be neglected only if the ratio of the flat surface area 

to the frontal area is of order 104or more. Also, as 

the blade vibrates longitudinally, its thickness and 
width vary due to the Poisson coupling, resulting in 
longitudinal radiation normal to the flat surfaces and 

the edges. 
They performed a detailed analysis of the . 

transducer. Measurements using the apparatus were made 

on thin viscous films, human blood, and colloidal 

Bentonite suspensions, as well as a number of polymers. 
~hey point out ·that with suspensions, the particles 

tend to migrate to boundaries where they reduce surface 
tension. If they migrate to the transducer, an 

erroneous reading results. Fortunately, this tendency 
is easily countered by agitating the liquid. 

An accuracy of + 2% of full scale was claimed 
for the instrument. 

Papers by several other workers (4, 5, 6,) mainly 
describe improvements to above .rmantioned devices, 
develop the theory in greater detail, or describe 
specific applications. 

Taraba (4) describes a modified version of the 
transducer developed by Roth and Rich (3). He recog
nized 'that the frontal loading of a longitudinally 
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vibrating blade could not be reduced sufficiently 

to be neglected, His solution to the problem was to 

lengthen the transducer by a half-wavelength, 

enclosing the last quarte~ wavelength in a box 
connected to the nodal. po1nt~ In this way, the end 

of the transducer radiated into the air in the box, 

a small and constant factor. 

However, no mention was made of the variation in 
thickness of the transducer, and the resultant longitud~ 
inal radiation. .An accuracy of + 4,5% was claimed for 

the instrument. 

Papers by Bradfield (5) and Ruttle and Stephenson (6) 
b·oth describe torsionally vi bra ting ultrasonic visco
meters similar in operation to Mason'- s (1), but with 

modifications making them suitable for use at high . 
pressures.. They are therefore of little interest 
to the present project. 

woodward (7) described a low frequency transducer 
that was simple to constructo It comprised a flat 

disc.vibrating in its own plane on the end of a reed. 

The reed was excited by a magnetic drive assembly, and 

the resultant vibration was picked up via two crystals' 

soldered on opposite faces of the steel reed. ; The 

transducer formed part of a seif-oscillating circuit, so· 

that it always operated at a resonant frequency. The 

drive was arranged to be constant, so that the ~output 

voltage from the pickup, which was proportional to the 
amplitude of vibration,decreased with increased damping 
of the transducer. In operation, the disc was immersed 
in the test liquid, shearing it in the plane of the 
disc. . 

This device generates no longitudinal waves, 
because the radiation from the front and rear edges 
of the disc is out of phase, and so cancels. 

It is necessary for the disc to be immersed to a 
critical depth. This: 

(a) Reduces the reproducibility of _,readings. 
(b) Limits the device to surface measurements. 
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Kremlevskii and stepichev ( 8) describe a low-

frequency transducer capable of measuring both viscosity 
and density. Their transducer comprises a uniform' 
rod of circular cross-section vibrating·in a flexural 

mode. When partially immersed in the test liquid, 

the rod displaces liquid as it moves. This movement 

results in viscous loading of the rod similar to that 
experienced by the transducers already discussed, plus 

an additional mass loading of the rod due to the 
displacement of the liquid. This mass loading results 
in a greater change in resonant frequency of the rod 
than would occur for pure viscous loading, enabling the 

density of the liquid to be calculated. 
No longitudinal waves are radiated by the rod, 

because its diameter is much less than a wavelength 

at the operating frequency. 

A detailed derivation of the theory~of the 
transducer is performed, and verified experimentally, 

the measurement error being less than 2%. The 
measuring technique is similar to that used by ·,_ 

Roth and Rich (3). 
This transducer is of great relevance to the 

present project, because: 

(a) 

(b) 

It can measure both viscosity and density. 

Its frequency of operation is low. 
(c) It can be made fully immersible. 
A paper by Kogan (9) discusses a method of 

lowering the frequency of operation of tubular longi
tudinal or torsional transducers by the addition of 
lumped masses to the ends. He also analyses the error 

I -

introduced by the frontal loading of the longitudinal 
transducer, showing that it is significant at low 
viscositiese He neglects any longitudinal radiation 
due to the variation in ·thickness of the transducer, 
maintaining that its effect is small compared with 
the frontal loading. This may not be the case for a 
longitudinal transducer such as that of Roth and Rich (3) 
(where the frontal area is small), or Taraba (4) (where 
the frontal loading has been removed). 

Krutin and smirnitskii (10) recognize that all the 
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transducers used for viscosity measurement are 

essentially the same. They perform a general 
analysis in order to optimize the choice of trans

ducer parameters and measuring technique for 

specific applications, with a view to minimizing 

measurement errors. 
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1.4 A Typical Gold-Mine Sl~rY.:.. 

A typical gold-mine slurry comprises milled 

quartzite suspended in water. The pH can range from 
I 

approximately 2 to 11, and the temperature from s0 c 
to 80°c. A cumulative particle size distribution 

curve is shown in fig. ( 1.2). (From ref. 13). 

Results by Levy (14) who investigated the 
rheological properties of a number of sou.th African 
gold-mine slurr~-es_,,. using a rotating viscometer, showed 

that these slurries are non-Newtonian. 
It is apparent that any instrument used to measure 

the apparent viscosity of these slurries must satisfy 

the following requirements: 

1. Abrasion, temperature and corrosion resistant. 

2. Measurement unaffected by the particulate 

(ie non-homogeneous) nature of the slurry. 

3. Variable shear rate, so that the non-Newtonian 

behaviour can be investigated. 

\_ -. 
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1.5 Aim of Projecto 

•rhe aim of this project was as follows: 

1. Develop a transducer capable .of measuring 

viscosities of homogeneous Newtonian liquids. 

2. Develop a suitable measuring technique to 
give repeatable results consistent with theoretical 
predictions. 

3. Calibrate the transducer on Newtonian 

liquids, using a standard viscom~ter as a reference~ 

4. Apply the measuring techniques to slurries, 

with the emphasis on repeatability.of readings. 

5. Once repeatable readings were obtained, to 

establish whether these readings .were correct. 
6.. Take note of whether the limited depth of 

penetration of the shear wave affected readings on 
slurries. 

\ --
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CHAPTER 2. THEORY 
--~~~--~~~-~· 

2.1 Specific Shear Impedance of Lis_uid 

When an infinite plane (ie no end effects) in contact 

with a Newtonian liquid of viscosity17 and densityf 

vibrates sinusoidally at a frequency F with velocity ~ 
it experiences a shear force per unit area given by 

~'> = (rrff 77)'2 (1+j) u 
This is usually written in the form 

2 .1 

where· Zs=~/ U· . is the specific shear impedance ~f the 
liquid.This expression is derived in appendix B.6 

Note that Zs has equal r!=sistive and reactive 

components, the latter due to the mass of liquid which 

moves with the plane. 

Although the above expression was derived for an 
infinite plane, it is generally accepted as valid provided 

the plane is large compared with a shear wavelength. 
(This condition is easily satisfied in practice) 

2.2 .Penetration of the Shear wave into the Liquid. 
It can .be shown (see appendix B ) .. that for a Newtonian 

liquid, the absorption coefficient for shear waves is 
given by: 

~ =(1!/)'1 2. 2 '- -

f·: For water, the value of the absorption coefficient 
at a frequency of IOKHz is "8X 10

3 
nepers/cm. 

This is extremely high, resulting in a very rapid 
attenuation of the waves, so that they penetrate only 

a very short distance into the medium. 
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It can be shown (app .• B ) that the waves are attenua-

ted to approximately 1% of their initial amplitude within 
one wavelength. (JO pm at 1 OKHz in water) 

2.3 
I • Transducer Modelled as a Mass-Spring system. 

In order to gain an insight into the workings of the 

transducers used, a simple mathematical model was used 

to describe them. The transducers used, although all 
distributed systems, can be modelled at frequencies 

near a resonance as simple mass-spring systems, provided 
that their Q-factors remain sufficiently high. 

consider a simple mass-spring system, with viscous 
damping, and undergoing forced oscillation: 

#" 1 

DI SPLAC£!'1cNr JC 
VELOCITY X 
ACCELEl?ATION :x; 

mass M ~-----il-f 

LOADING- :;!. j1------+.;~,-, -1 r APPL-IEO l=ORCE F 

117117171 

) 
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For equilibrium, 

m:C +Z±+Kx=F 2.~ 

From equation (2a1), assuming sinusoidal motion, 

Z = R(w)+jX(w) 2.4 
for a Newtonian fluid, where 

R(w) 
ft, = A ( ( 7 lo) 2 + R0 

and A is the contact area (for a flat surface). 

F lS the fluid density. 

w is the angular frequency. 

Ro lS the transducer loss in a vacuum. -

X(w)=A(f7w)~- ·wt 
If F is sinusoidal, ie F = Fo eJ 

then, since the system is linear,:)C is sinusoidal~ 

jwt 
~=x e 0 

i.e. 

x=jwx 
• "' :2 . 
X=-w X 

' 
substituting in equation 2.3, 

·, -
'--
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2.4 Findingf? b:z Measuring Relative Magnification. 
At resonance, by definition the spring and mass 

terms cancel, so 

' where (1.)0 is the immersed resonant frequency. 

:C0 is the amplitude at resonance. 

Fo is the force at resonance. 
now, a vacuum, ie no liquid, p:c-o. 

where 

Foo ·w R. - =j 00 0 
Xoo 

2.7 

lU00 is the free resonant frequency. 
X 00 is the amplitude for this case. 

Foo is the force for this case. 

Dividing equation 206 by 2.7, 

+I 

i.e. 2.8 

2.8(a) 

where C=f.TTR~ is a constant. 
A..,_ 
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2. 5 Finding f1J by measuring bandwidth. 

From equation 2. 6 above, ar9 ( Fo(:X
0

) :.: 90°. 
For convenience, we define a 45° bandwidth such 

that at the limiting frequencies, 

w.r.t. that at resonance. 

1.e. tcm-
1 [ar9 (fo/X.0)] =±I 

so, from equation 2.5, 

W,A(f?w,)'li +LU,R0 =-u;,1 m -lV,R(f~4J,)'6_ +K 2.9 

wiRo = w.;m -K 2.1 o 
el imi:na ting K, 

2 R · 2 
P Y) = m a [ w:i.'2 - 0,

2 
- _g_ ( ll{ + lui. )] 2 • 11 

. . m l I 4-A 2 w 1 · m . 
Note: 1 • A is a constant. 

2. Equation 2 .1 0 is j.ndependent of (? ie, W 1 
is constant for a given transducer. 

For (7/ =O equation 2.11 becomes: 

Ro :: W 10 -W10 2 .11 (a) 
m 

substituting for & in 2.11,and noting that w::: 2rrf 
m 

so f'l can be found by measuring the ±45° frequencies. 

In practice, it proved easier to measure the -3dB band~··· 

width. It can be shown that for(wi-w,)/l.Ji"-<1, as occurs· 
in practice, the -3dB frequencies coincide with the 

± 45° frequencies. 
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2s6 Findingf?7 By Decay Of Free Vibrations. 
. I 

For this case 

solving using D-operators, 

D :-;;:: :!:j[ K_ - Z~J 
. . 2 n11 · m 4 n1 Now, 

2. =H+jX , 

(z/ 4-1n) 1 
.«(< ( K/1n) : 

so, using binomial theorem, and considering only 

positive frequencies, 

where 

1) = .• ~ +jw 

Ci.; = -_R -+ lV.3IRx14-. ) ·. 
'.2.m oo\i 1· 

W: lV00 - ( X/2111) 

Wo0 = (K/m)~ 
so, from 2.13, 

2 .1 3 

2 .14 

2 .1 5 

f 17 can now be found by combining equations 

2.4 and 2.16. 



2.7 comparison Of Measurement Methods. 

DECAY AMPLITUDE BANDWIDTH 

Instrumentation: 

1. Lab. measurements. Fair simple simple 

2. Production. Fair simple Involved 

suitable for light 

damping: Go0d Good Fair 

suitable for heavy 

damping: NO Good Fair 

Interfacing with 

transducer: 

1.single port. simple Critical Critical 

2. Two port. simple simple simple 

constant shear rate 
possible: NO Yes Yes 

\ -· 
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CHAPTER 3. CHOICE OF TRANSDUCER. 

3.1 The Ideal Transducer. 
The ideal transducer for viscosity measurement 

would have the following characteristics: 

1. No losso ie any damping of the transducer 

would be attributable to the test liq"LXid. 

2. Easy to interface with the necessary 

electronics. 

3. stable transfer function. 

4. No longitudinal waves radiated by the 

transducer into the test liquid. 

In addition, it was felt that the transducer 

should be easy to construct, out of readily available 

materials. 



3. 2 Longi tudii:§lly Vibrating ~l'ransducers. 

Transducers of this type were described by 

Roth and Rich (3) and Taraba (4). Both designs used 
a magnetostrictive bar as the active elemento A coil 

wound around the bar served as both a driver and as a 

receiver. 

The adv~tages of such a transducer are: 
1. Simple to construct. 

2. Fully immersible. 

3. Robust. 

The disadvantages are: 

1. Input and output signals share the same wires. 

2. For slurry measurements, the frequency of 

operation is probably too high. 

3. Especially for low viscosity liquids, the 

longitudinal radiation from this type of transducer 

causes significant errors. 

3.3 Torsional Transducers. 

Transducers of this type were described by 

Mason (1), Mcskimin (2), etc. 

Most of the designs featured a tubular crystal 

used both as a driver and as a receiver. 
The ?-dvantages of such a .transdur.mr are: 
1. Fully immersible. 

2. 

designed. 

3. 

Generates no longitudinal waves when well 

(see Ref. 1). 

Multifrequency operation possible. 

1he disadvantages are: 
1. More difficult to construct than longitudinal 

, 

transducers. 

2. Input and output sigaals share the same wires. 
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3. crystals tend to be fragile. 

4o Frequency of operation is probably too high 

for slurries. 

3.4 Vibrating Plate Transducers. 

A transducer of this type was described by 

woodward (7). 
The advantages are: 
1. Radiates no longitudinal waves.· 

2. Has separate driver and pickup, simplifying 
instrumentation. 

3. simple to construct. 

4. Low frequency .operation (below lKHz) • 
The disadvantages are: 

1. Immersion depth critical - disc must be 
immersed to correct depth. 

2. Transfer function not stable - airgap easily 
disturbed by knocks etc. 

3. Will only operate satisfactorily at two or 

three frequencies, because the mass of the disc inhibits 
higher resonant modes. 

3.5 Flexural Transducers. 
A flexural transducer was described by Kremlevskii 

ahd stepichev (8). Apart from its ability to measure 
the viscosity-:-density product of a liquid, as with the 
other transducers described, it can also measure density, 
allowing viscosity to be calculated. 

Further advantages are: 
1. Simple to construct. 
2. Robust. 
3. Generates no longitudinal waves in the liquid. 
4. Low frequency operation. 
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5. Multifrequency operation possible. 

6a Depth of immersion less critical than for 
vibrating plate, because of length of rod. 

The disadvantages are: 

1. Transfer function not stable - airg~p can be 
disturbed by knocks, etco 

2e Difficult to make fully immersible. 
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3.6 Transducer Chosen. 

As a start, it was decided to try a transducer 

similar to that of Roth and Rich (3),as the materials 

were available,except that instead of a flat blade, 

a thin walled tube was used for greater strength. 

Initial testing revealed that longitudinal 

radiation was swamping the shear loading effect in water, 

so the transducer was modified as suggested by 'l'araba ( 4) 

This eliminated the frontal radiation, but the ring-

type vibration induced by Poisson coupling still caused 

excessive error. 

A transducer similar to that of Woodward (7) was 

then built,and initial tests were promising. It was 

thus logical to use this transducer in order to develop 

the neccessary techniques. 

This transducer is discussed in detail in section . 

In order to facilitate measurements on slurries, 

a flexurally vibrating rod similar to that of 

Kremlevskii and stepi~hev (8) was substituted for the 

vibrating plate described above. This transducer 
i~ discussed in detail in section 4.4. 
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CHAPTER 4~ EXPERIMENTAL WORK. 

4.1 Introduction. 
The experimental work progressed in the following 

stages: 
(1) An Ultrasonic transducer similar to that 

of Roth and Rich (3) was attempted, but even after effect
ing the modification used by Taraba (4), it proved 

unsatisfactory, and was rejected. 

(2) A vibrating plate transducer similar to 
Woodward's (7) was built, and used to develop the 
necessary measuring technique. It gave good results on 

homogeneous liquids, but proved unsatisfactory on slurries 

for the following reasons: 

(a) The depth of immersion was critical, so that 
no stirring of the slurry was possible whilst taking 

measurements. 

(b) A transducer of this type did .·not operate 

satisfactorily at more than two frequencies. 

This transducer is discussed in detail in section 

(3) A flexurally vibrating rod similar to that 
of Kremlevskii and Stepichev (8) was built. It operated 
satisfactorily at four overtones, spanning a frequency 
range of 10 : 1. Calibration curves of viscous loading 
at the nth mode were very good (see fig.5.3 ). 
similar curves for slurries were also obtained. 



-27-

4. 2 y i bra ·~.f~-~l"S.:::._Trans .£~~~2-:. 
A number of vibrating plate transducers were built 

and: tested on homogeneous Newtonian liquids spanning a 
viscosity range of nearly three decades. 

Early ~eadings were made using amplitude measure
ment (see 2.4), but inconsistent results were obtained 

because the airgap of the magnetic drive was easily dis

turbed. 
To circumvent this problem, all subsequent readings 

were made using bandwidth measurement (see 2.5), which 

gave repeatable results. 
The test liquids used were a number of lubricating 

oils (see app.A )and water-glycerine solutions. The 
latter were hygroscopic, so in order to get consistent 

readings, their viscosities were always measured on a 
Redwood viscometer immediately before testing. 

All the measurements were done at room temperature, 

so that steady temperature conditions were assumed. A 

thermometer monitored the liquid temperature to ensure 

that it remained constant for the duration of the test9 

A number of readings were taken for each liquid, 
the transducer being removed from the liquid and then 

repositioned between readings. This was done to remove 
any bias in the readings resulting from incorrect 
immersion of the transducer. 
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4.2.1 Descrip_tion of a Vibra~in_g Plate Transducero 
I 

The transducer (see fig.4.1 )comprised a flat disc 
vibrating in its own plane on the end of a steel reed, 

the latter anchored· to a PZT crystal which served as a 
pickup. 

A coil of fine wire wound on a permanent magnet 

was used to drive the reed from a signal generator. A 

typical transducer had a Q-factor of approximately 

300+ in air, falling to approximately 10 with the disc 
immersed in the most viscous test oil used. usually, the 

fundamental mode and the first overtone were the only 

satisfactory modes of operation because the mass of the 

disc suppressed the higher modes. It was neccessary to 

ensure that no spurious resonances occurred in the trans

ducer and its mountings. 

4.2.2 Instrumentation for Bandwidth Measurement.(fig.4.2) 
The transducer was driven using a 

hand-tuned· sinewave generator. The resulting output 

signal from the transducer was amplified, and high-pass 
filtered to reduce the hum component. This signal was 
then fed via a 3dB attenuator, which could be switched 
in or out, to: 

1. A measuring ~mplifier with a meter. 
2. An oscilloscope. 
3. A frequency counter~ 

\_ -
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'.· 

4·?·3 Operationo 
With the 3dB attenuator in circuit, the drive freq

uency to the transducer was increased slowly by hand. 
As resonance was passed, the output voitage would pass 

through a maximmum, this value being noted on the meter 
of the measuring amplifier. 

The ·3dB attenuator was then switched out, and the 

frequency varied until the same meter reading as before 

was obtained, this corresponding to a -3dB _frequency. 
The frequency was read off the frequency counter, then 

the same procedure was used to find the other -3dB 
frequency. 

The loading on the transducer was calculated using 
equation ·2 .12, and plotted against viscosity-density 
product for the liquid on a log-log scare. (fig.5.1). 
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4.3 Measurement of Slurries. 

All the measurements made on slurries were 

intended to show up any dependence of transducer 

loading on penetration depth for constant viscosity. 
The ~pproach first used was to compare the 

readings obtained using the '·vibrating plate trans

ducer with those of a standard viscometer. - The 

repeatability of this method was so poor.as to render 
the results unusable. This was due mainly to: 

1. The high rate at which the slurry settled 

out. 
2. The lack of a suitable standard viscometer. 

The orifice of the Redwood clogged easily, making 

repeatable readings difficult. 
A better approach was to utilize the fact that 

penetration depth is a function of frequency. so, if 
transducer loading was measured as a function of 
frequency, any deviation from the expected curve could 

be attributed to insufficient penetration. However, 
in order for ·this to be true, the behaviour of the 

slurry must be Newtonian. This generally requires 

that the slurry be dilute. (14) 
It was felt that the best way to achieve the 

measurement would be to use a transducer capable of 
operating at several frequencies spanning a wide band •. 

The transducer of 4.2 could not be induced to 
operate properly at ·more than two overtones. Thi_s 
was mainly due to the mass of the disc at the end of 
the reed, which suppressed the higher resonant modes. 
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Flexurally Vibrating Rod. (see· fig. 4 • 3 ) • 

This transducer was built to overcome the problems 

discussed in (4.3). J:lecause the rod was uniform, with no 

lumped mass at the end, it has many strong resonant modes. 

Bandwidth measurement was initially used with acceptable 

results, but was found to be too slow for slurry 
measurements. As a result, amplitude measurement was 

used.(see"2.4).The airgap was stabilized by fitting a. guard 
ring around the rod to prevent accidental bending at the 

mount. The transducer was initially calibrated using 
the approach outlined in (4~2)e The second, third 
and fourth overtones were then calibrated against the 

first. The advantage of this comparative approach is 

that the actual viscosity of the test liquid is 

unimportant, provided it stays constant for the duration 

of the measurement. 
The calibration· curves obtained using this 

method are very good (Fig. 5.3). 
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·Description of Flexurally Vibrating Rod Transducer. 

This transducer is very similar to the vibrating 

plate viscometer described in section 4.2.1. The reed 
and disc were replaced by a cylindrical rod, part of which 

is immersed in the test liquidu The Q at all the modes 

used is approximately 600 in air, and gr~ater than 20 

in the most viscous liquid tested. The four usable modes 

are the second, third, fourth and fifth. The .fundamental 
... 

mode couples strongly to the mounting apparatus, result~· 

ing in unreliable measurements. JVIodes higher tha_n the 

fifth are either excessively lossy, or near to spurious 

resonances in the mountings. 

In order to allow repeatable r~adings using 

amplitude measurement to be made, a guard ring was fitted 

around the rod to prevent accidental bending at the 

mount (see fig. 4.3). 

Instrumentation (See fig. 4.4) 
A sinewave generator is used to excite the immersed 

transducer sinusoidally at a resonant frequency. 
The resulting output voltage from the crystal pickup 

is amplified by a preampl"ifier, and high-pass filtered thr'."" 
ough a. -:.filter to reduce vibration pickup at the fund

amental frequency of the rod. (39HZ). The filtered signal ., . 

is connected to: 
1. A digital multimeter, to read the A.C. voltage. 
2. An oscilloscope, to observe the waveform. 

3. A frequency counter. 

-- - "·-·---·-·---------~-·-·- -·--- -··- --·-··---·-----~-r ~----- .' 
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Operation 

The frequency of the function generator is adjusted 
to give a maximum output signal.from the transducer, 

corresponding to resonance. 

Readings in air are taken before and after an exper

imental run, in order to establish the transducer loss. 

The transducer loading is then calculated from 

equation 2.S(a), and plotted against viscosity-density 

product for the liquids on a log-log scale. (fig.5.2 ). 

Graphs of loading at the various overtones versus 

loading at the first overtone were plotted (fig.5.3 ) 

for use as calibration curves. 

4.5 Quartz Slurries. - Measurement with Rod. 

It is well-known that these slurries are non-Newtonian. 

(Reference 14 ). The extent of the deviation from 

Newtonian behaviour generally increases with increasing 

solid concentration. As the immediate aim with slurry 

measurement was to gauge \l!hether the particulate nature 

of the slurry gave rise to erroneous readings, the first 

quartzite-water slurry tested was fairly dilute. The 

solid volume fraction was 0,065 , corresponding to a 

density of 1 ,11 g/cm • 

Exper.imental Procedure. 
Because of its low viscosity and the high density of 

the quartzite this slurry tended to settle out very 
\ 

rapidly, making repeatable measurements difficult. 
In order to minimize the error, remembering that only 

comparative readings were of interest, the following 

method was adopted: 
1. The slurry was stirred vigorously using a motor

driven impeller immersed in the slurry for the duration 

of the test. 



-38-

I 

/ 2. After a minute or so, the ni.otor was switched off. 

A fixed time later, (usually fifteen seconds) a reading 

was taken. In this way, it was hoped that the slurry 

would always be.in a similar state when the reading was 

taken. 

several readings were taken for each measureipent~ .. 

using the appa~atus o~:se6tion 4.4. Measurements were 
made at 9everal shear rates at each of the four resonant 

modes of the transducer. The variation of shear rate 

was achieved by varying the drive signal to the transduc~ 

er. It can be shown (app. C ) that for a Newtonian 

liquid, the shear rate is proportional to the output 

voltage of the transducer, independent of frequency. 

The repeatability of the readings thus obtained 

was only about +10%, but this was considered adequate 

for the purpose, as the graph plotted (fig~ 5.4 ) 

demonstrated clear trends. 

similar sets of readings were then taken for quartz

ite-water slurries with volume fractions of O, 24 
and O, 34 , corresponding to densities of 1 , 41 g/cc 

and 1 , 58g/cc .. respectively. 
using the calibration curves (fig. 5.3 )found in 

section 4.4, the transducer loading at all the overtones 
used was converted to an equivalent loading at the first 
overtone, as this facilitated comparison of the results. 

,_ -. 

/ 
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CHAPTER 5 Discussion Of Results. 

5.1 Results Obtained .f'or Vih:eating Plate Transducer. -.---.---....------·,.-·-....._--- ... --.. ~~~'·------ ---·-
Results obtained using the transducer.discussed in 4.2 

are plotted in fig. s.1. 

This curve agrees closely with that predicted by 
the theory derived in section 2.5. 

Note: 

1 • 1rha t the viscous loading of the transducer 

varies as the square root of the viscosity, as expected. 

2. The upper -3dB frequency is approximately 

constant, as predicted by equation 2.10.(see app. D ) 

3. The use of a simple mathematical model to describe 
the transducer is justified on the basis of the experimental 

results. I 

5.2 Results Obtained for Flexurally Vibrating Rod. (see 4.4) 

The transducer loading at all the overtones used 

was plotted against the viscosity-density product of the 

test liquids. (fig. 5.2). Although the results followed 

the expected trend, they were disappointing, the points 

being somewhat scattered. 

However, when the loading at the second, third 

and fourth overtones was plotted against that at the 

first overtone, the correlation was excellent. (fig.5.3) 
From this it was deduced that the poor results of fig. 
( 5.2) were due to errors in the determination of the 
liquid viscosities (ie poor temperature control, in 
this case.) 

It will be noticed that the slope of the graph \ __ -

for the second overtone in fig.( 5.3 ) is steeper than 
the others. This is due to a spurious resonance in the 
transducer assembly, which caused the graph to deviate 
from the expected curve. 



-~ 
0::: ...._ 
0 
0 
--1 
N 

/,8 

1,4-

/,0 

0,6 

0,2 

... 02 
J 

-06 J 

-I 0 .) 

... 1,4 

-1,8 

-40-
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This overtone was still calibrated and used because, 
de~pite the unexpected graph, the results were very 

repeatable, and the system was useful for evaluating, 
slurries. 

5.3 Results on quartz Slurries. 

The loading on the transducer was calcula te·d from 
equation 2.4. 

using the calibration curves oP fig. ( 5.3 ), 
all the ·readings were then converted to a common base, 

this being the equivalent loading: that would be exper
ienced at the first overtone.for a Newtonian liquid. 

The resultant values were then plotted against log(out
put, voltage). It can be shown (see app. c ) that, for 
a Newtonian liquid, this output voltage is proportion~l 
to the shear rate, independent of frequency. 

Referring to fig ( 5.4), it can be seen that, _for 
the dilute slurry,· the measurement is independent of 
both shear rat.e and frequency wi"thin experimental error. 
(i_.e. its behaviour is Newtonian.) This graph also sugg

_ests that, at all the frequencies used, the discrete 
nature of the slurry does not disturb the readings. 

Referririg to figs. 5.5, 5~6 , it is ~pparent 
that these slurries are markedly non-Newtonian, exhib~ 
iting shear-thinning bahaviour·at low frequencies. 
This is in agreement with results· Obtained by Levy 

( 14 ) on similar slurries •. . '- -
More interesting is the change in the curves with 

frequency, for the more dilute of the two slurries, 
only the fourth o;rertone exh.ibi ts. ·behaviour markedly 
diffe~ent from that. of the fir~t: o~ertone. F~r the .. denser 

slurry, the third overtone also deviates~from the first, 
while the fourth deviates still further. Note that for 
very low shear rates, all ·the curves converge. 
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It is apparent that this deviation with frequency 
f 

increases with increasingly non-Newtonian behaviour. 

(i.e with increasing density). 

This is supported by the following observations: 

1. At low shear rates, all the curves converge. 

This might be expected, because the slurry becomes 

increasingly Newtonian at low shear rates. 

2. The rate of deviation with frequency is greatest 

for the slurry of highest density. 

3. There is no observable ; deviation for the dilute 
(Newtonian) slurry. 



CONCLUSIONS. 

1. The theory for viscous loading of a vibrating 

transducer J.s valid for the transducers used. 

2. At the frequencies of vibration used, for the 

slurry tests, the particle nature of the slurries 

does not give rise to erroneous readings. 

3. For the slurries tested, the apparent 

viscOsities are a function of frequency.· This 

funcEion depends on the degree of deviation from 

Newtonian behaviour. -It is apparent that if a 

measurement of steady flow viscosity is desired, a 

sufficiently low frequency measurement is necessary;. 

4. The transducer is therefore capable of 

measuring apparent viscosities of slurries. This 

will enable a detailed investigation to be carried 

out of slurry viscosity as a function of frequency. 

5. The transducer described could be made part 

of a self-oscillating loop, so that operation at 

resonance is assured. This will simplify the 

measurement. 
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APPENDIX A. Newtonian Oils used.For Calibration. 

OIL (Shell) J2~J'13.JTY 
0 

( g/cm3 ) .K.Lr:IBMf\....TJ c VISCOSITY._( cs) 
· (20 C) 37~8 c 98~9 c . 

Carnea 21 0,866 22,3 4,25 

Turbo 29 0,870 48,0 6,62 

Tellus·41 0,887 105 11,41 

Tell us 69 0,891 158 14,5 

Ma coma R75 0,919 335 21,8 

Note: 

1. The temperature coefficient of the density ~ 

is very small. consequently, the above values were 

used throughout. 

2. To convert from kinematic vi:cosi ty }-' (m2 s-1
) 

to dynamic viscos~ ty ··1 ( g cm-• s-1
), 

·1 ::: f /ll x 10 ~ 
3. The above valµes are plotted on a "REFU'rAS" 

chart, which has a scale so arranged that the viscosity
temperature graphs are all straight lines, so that they 

~re completely specified by the two values given. 

\__ ..... 
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APPENDIX B. 

sonic Theory Of Vibra~ing Viscometers. (Ref.1 ). 

When a thin large plate immersed in a medium 

oscillates in its own (x-z) plane, along the x-axis, 

a shear wave is propagated int9 the medium along a 

direction normal to the plate surface (y-axis). 

Neglecting edge effects (because 

large), the equation of motion of the 

the plate is 

shear wave is 

J1-J · ·- /J ?f_x B .1 
Jt-i - (o dy;).' 

where S-x is the particle displacement 

x-direction. 

in the 

/U is the shear rigidity of the medium. 

f'o is the density of the medium. 

Considering only sinusoidal oscillations, if 

the medium is a Newtonian fluid, we .have 

where 

1 is the coefficient of viscosity for the 
fluid. 

W is the angular frequency of oscillation. 

Also, for sinusoidal oscillation, the particle 

velocity. ~ 

Combining equations Bol, B.2 and B.3 gives 

J u.-x; ~:: 1 Ju~ 
dt . fa c)':J2 

solving this gives 

; ... ,. ... ~ . . 

j wt · Y, 
ux ~ u0 e exp[-(TTffo/17) 2 (1+j) yJ B.5 
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where U0 is the amplitude of oscillation of the 

plate. 

It can be seen that the 1Jrave is attenuated 

very rapidly with ~ , by a factor 

exp r _;_crrf ro/1 )!s. 'jJ 
It will now be shown that the wave is 

attenuated to approximately 1 per cent of its 

initial value within one wavelength of the plate. 

comparing equation B.l.to the general wave 

equation,propa..gation velocity 

or, substituting equation B.2, for a Newtonian liquid, 

notini;j that Ji;:; ,h(i+j), 

so 
· c= (w7/2fo)12(1+j) 

I 

/Cj=(w77/fo)?_ B.6 

NOW wavelength 1\: 2 fTC/ W 
substituting in B.6, noting that W=2T7f, 

' k 
A= (21171/ffo) 2 

. B·.7 

Now, from B.S,attenuation coefficient . 

I 

c< = (11f (o/71) ~ B.8 \. -
Equation B.7 divided by B.8 yields 

G\ ~ /2'. n/ it 
From equation B.5 
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so the shear wave is attenuated to 1,2% of 
its initial v·alue within a \\lavelength of the :, 

transducer. 

For example: ·~l 
I~ water ( 1 ~10 poise).' at 

lKHz, 

;\ ~ 80/im 
'11he loading of· the medium on the pl-ate is 

found as follows: 

By definition of the coefficient of viscosity 7, 
°S = -77~ B.10 

where q; is the shear stress. 
.;} 

combining equations B.5 and Bo8 yields 

Vs =.: (TTf fb 'l)~ (l+j) B .11 
().~ . . 

This ratio is the specific shear impedance of 
the medium, z5 . 
Note: 

1. Z.5 is complex, the resistive and reactive 
components being equal for Newtonian liquids. 

2. zt." is a function of frequency. 
;;) 

3. It is not possible to solve forr7 
fo is l~nown. 

unless 

' . ,_ 
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APPENDIX C. 

Theory Of Flexural Transducer • 

. In general-, the differential equation describing 

clamped flexural vibration in a bar is: 

Where 

EI J·'+-§ 
d :x:.4-

Eis Young's modulus for the bar. 

c .1 

I is the moment of inertia of the bar about its 

neutral axis. 
Z is the loading impedance. 

m is the mass per unit length of the bar. 
f(::x:::)is the forcing function. 

S = S (X;t) is- the displacement of the rod at any point. 

For -F(::t:) sinusoidal, 

c. 2 ._, 
jlut 

f(x)= F(x)e 
For simplicity, consider the case when f'(:::c) 

acts at a point, chosen to be the free end of the bar. 

As the system is linear, one may assume a solution 

e fa! · _ jLot 
';) (xjt)-;;:; ) (x) e'""' 

substituting this into c.1 yields 

EI d4.5. + ~ (j. w :l - w;J.m) = F (&) 
dx4 

which can be rewritten '· -
L{_ - k4 s = F(..e) 
cJx4- EI ,. 

. c. 3 

This is the standard form for flexural vibrations, 
showing that the resistive loss can be expressed as a 
complex wave number k ,_, ___ . --,_ 

I 
' 

where 

c.3(a) 
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The solution to this equation is 
jwt · -I 

5(x)t)= Fe_. [1+cos1-1(k£)cos(k.e)J., 
. 2£Ik3 

[(SINH(ki)+.SIN(k.t)xccs;;(lcc.)-COS(k:x:.)) 
-(COSH(ki).;.cos(k.£))(5/NN(k.x) -SIN(kx)J.1 c. 4 

Of specific interest is the transverse force 

experienced at:JC=O (ie. at the mount). 
Now,for EI"i/4Wtn<<I, as occurs in practice, 

equation C.3(a) can be rewritten (using binomial!theorem)., 
I . 

k: (lu2mjEI)~(1-j(ElZ./~lu'rn)) 
so, for 2-=RjX , a general impedance, 

. . k :: f\, [I +· .EIX -J· EI R J c . s 
· · , . 4-wm 4.wrn 

where k0=(vJ"in/El'f- is the wav~ number with Z =0, 
i~·.in the absence of loading. · 

Now shearing force at any point is ', 
. . J35 . 

F(:c) =EI J:x.:iS 
so, differentiating equation c.4 three times, and 

setting JC =0, ' . t . 
F(O) =-= F eJW (coSH(ki) +cos(ki)) 

. · I + cog1-1(lr$)cos(k,£) 
c.6 

It is apparent that resonance occurs for 

/+ ReAL(cosH(kt;cos(k.eJ) =O _ c. 7 

Substituting c.5 in C.7.yields 

COSH(kn.i) cos (kn£)·: --I 
where kn=k0 {1+ ~~ n

1
) .is the wave number at the nth 

resonant mode. /1 . 

substituting c.s and c.7 in c.6, and noting that 

cos (kn i,) ..C.< I 

(E.I Rf 4Wl11) <:..< I 
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we get that, at resonance, 
I 

F(O) ~ · _4-lam Kn 
FeJwt • J /(n,f,£IR 

r' -~·cos2(k.V),e )] 
Kn.;- .... I - cos(kn.f) 

c .. :s· ,_ 

i~ the relative magnification at resonance is 

F(O) :::: Ka..%_ 
F kn-.& R 

C.9 

For a mass-spring system, the relative magnifi-

cation is 

c.9(a) 

comparing C.9 and c.9 (a), it can be seen 

that the rod behaves as a mass-spring system at 

resonance. 

Kremlevskii & Stepichev ( 8 ) have shown that 

the load presented to a cylinder vibrating transversely 

in a Newtonian liquid is: 

. I I 

. -z=rrrl[2(2lVf?)~+ j(wpr+1(2we77i"2] c.10 

where · . · 

r is the radius of the rod. 

J!, is the length of the rod. 

f' is the density of the liquid. 

'7 is the viscosity of the liquid. 

In practice, the transducer is not lossless, so 

that in the absence of a liquid, '2.=R0 • 

Also, the rod is not fully immersed. For light 

damping, the small load imposed by the liquid can be 

distributed uniformly over. the entire length of the 

rod, but with rega_rd to the load factor j3 :f5 I~ 

SO . . I I 

~=R0+rrr£,f3[2(2luf17'F+j (wpr+2(2Wf1 )~J c . 11 · 
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since Z -::: f? + j X ., · , 
. k 

R::: R~.-1- 2rrrP/3{2t.Jf'J) .2 
c.12 

)(,= TTr2f3(lJfr+2(2t.Jf1)Y:z) c.13 

Note that if R . and X are measured simul ta

neously, it is possible to solve for f and '7 
separately, if the liquid is Newtonian. 

The Relat.ion.ship Between Output Voltage And 
Amplitude Of Vibration. 

The pickup crystal generates a voltage V0 
proportional to the compressive force applied to it, 
which, in this case, is the shear force in the 
rod atX =0. It is desirable to relate 'lo to the 
amplitude g

0 
of the rod vibration, in order to'· 

estimate shear rate. · 

. substituting for:X:=~in c.4, c.14 

g FeJ1..'Jt ts1M(kr;i)cosH (kn.e)-51N11(!~1 f;cos(k,;f)~ 
( {JI.)- .. 

_.,,) , - 2A /\~ . I + COSH(kn.i) cos ( kni) 
c.14 divided by c.6 yields 

g (R,t) = _!__ rsu-l(f~.1 .f)COSH,(kn/J-~IN~l{fn_£)cos (f<;2ftl 
F "o t') Ak3 L cos1-1c k,1t; + cos(l'n£) . . 

l' • · ~ c.15 
Re.Perring to table ( c.1 ), jcos(kni)/-t::.OJ02.~ · . 

P(.f,t) ..:. I -FoR n"J2. . so .) - --3 
p(o,t) . Ak0 

Substituting c.5 for 
is proportional to F(O) , 

kn , noting that V0 . 

-~(X;,t) <LR·. ~;,1 
Va Cl) 

Now, for sinusoidal oscillation, velqcity 

,. 

- \ --



-59-

so 
.u(x;t) ~,e w-Js. 
Vo(t) 

Also, from equation B.5, shear rate 

. ~(x,t)d..,e( f w/1 )12 
so 

( du(x)t))/dy elf; (P/7J)~ 
Vo(t) ~, { FOR r1 ;:?;2 

~ i.e. independent of frequency. 

Table C .1 

n 

1 

2 

3 

.4 

5 

COS K l n-
-O, 300 

-0,0184 

J\..o 
A.0 

•"- 0 

,_ -
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APPENDIX D 

TABLE OF READINGS TAKEN USING A VIBRATING PLATE 
TRANSDUCERs (Plotted in fig. 5ol.) 

Key to headings. 

F ~ Density of liquid. ( g cm~). 
"Yj = Viscosity of liquid. ( cp) o 

KR =Transducer loading calculated using equation 2.12, 
where 

K is a constant of proportionality. 
!I,. 

R =A ( f1/ ) - (see equation 2.4). 

f 1 ::: lower -3dB frequency. (Hz) 

f 2 ::: upper -3dB frequency. (Hz) 

T = Temperature of liquid. ( 0 c) 

LIQUID T . f 
-1 .f 2 _LOG(KR_l2 

None 355,3 357,6 
Tapwater 25 353,3 357,0 -1, 65 

water-

Glycerine:-. 

3:2 21 351 , 1 357,1 -0,80 
1 : 2 22 347, 1 356,6 -0,21 
1 : 4 ·23 340, 1 356,0 0,36 

Oils: 

Tellus41 22 330,0 354,7 0,82 
Tellus69 22 325,9 353,3 0,92 
Ma coma 

R75 _·22 308,1 348,7 1 , 34 

Note: 

LOG f-YJ 

-0 1 051 

0,748 

1 '32 
1 ,90 

2,33 
2,52 

2,93 

1 • Viscosities of the oils used were 

\ -. 
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obtained as per appendix A. 

2e viscosities of the water-glycerine solutions 

were measured on a Redwood orifice viscometero 

\ 
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APPENDIX E' 

TABLES OF READINGS TAKEN USING FLEXURALLY VIBRATING 
ROD TRANSDUCER. 

E.l Readings For Newtonian Oils Listed In 

Appendix A. (Plotted in figs. 5.2 and 5.3). 

Key to headings. 

! T I Liquid temperature ( 0 c). 

Q 
I fo I 
~] 
i voo I 
l v; I 
[v . I -=-o_ 

Transducer resonant frequency in air (Hz) 

Transducer resonant frequency in liquid (Hz) 

Transducer input voltage in air (dB re OdB) 
Preamplif;Ler output voltage in air (volts) 
Transducer input voltage in liquid (dB re OdB) 
Preamplifi~r output voltage in liquid (volts) 

(GAIN] Preamplifier gain (dB) 
I LOG Kn~ Transducer loading_·at the nth overtone 

where 

calculated using equation 2.8 (a), 

K is the constant rel.a ting to the nth overtone. 
n 

' R = A(f'l)/:J. (see equation 2.4) 

I LOGf?l Liquid viscosity - density product. 
(see Appendix A.) 
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~ARNE; 211 

T .foo f -o v. 
-10 voo v. 

-1 :io .GAIN LOG KnJl. LO~f-T/ 

20 279,1 273 -30 2,35 -10 2,53 40 -0,953 1 , 61 

785,2 769 -20 1,83 0 1,35 40 -0,164 

1533,9 1502 -20 3,06 0 4,17 40 -0,684 

2520,9 2480 -10 2,56 0 2,10 40 -0,453 

20 273 -20 0,79 40 -0,946 

769 -10 0,418 40 -0,154 

1502 -20 0,414 40 -0,680 

2480 -20 0,206 40 -0,441 

16 273 -20 0,75 40 -0,921 

769 0 1,25 40 -0,128 

1503 0 3,90 40 -0,650 

2482 0 1,98 40 -0,418 

17 273 -10 2,39 40 -0,925 1 ,68 

769 -10 o, 397 40 -0,130 

1503· :.....10 1,24 40 -0,653 

2482 -10 0,63 40 -0,422 

18 273 -10 2,49 40 -0,945 1 '65 

769 0 1,31 40 -o:, 150 

1503 -10 1,28 40 -0,669 

2482 -10 0,65 40 -0,440 
\. -· 
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I TURBO 29! 

T f f vio voo v. :i..o GAIN LOG K0R LOG ~r; -oo -o -i 

18 278,9 273 -30 2,09 -10 1,71 40 -0' 770 2,06 

785 768 -20 1,58 0 0,89 40 0,025 

1533 1501 -20 2,71 0 2l' 85 40 -01 503 

2519 2480 -10 2,34 0 1,51 40 -0,278 

18 273 -10 1,70 40 -0,768 

767 -10 0,277 40 0,032 

1501 -20 0,284 40 -0,501 

2480 -20 0,150 40 -0,274 

18 273 -30 0,171 40 -0' 770 

768 0 0,90 40 01020 

1502 0 2,88 40 -0, 508 

2480 0 1,53 40 -0,285 

19 273 -10 1,74 40 -0,779 2,03 

768 0 0,91 40 0;015 

1501 0 2,91 40 -0,513 

2480 0 1,54 40 -0,289 

19 273 -10 1,75 40 -0,781 

768 0 0,90 40 0,020 

1501 0 2,94 40 -0,518 

2480 0 1,54 40 -0,289 

\ -. 
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[iELLUS 41-] 

T .foo £ v. Yoo v. Vo GAIN.LOG KnR LOGfl/ -<:> -io -i 

19 279,0 271· '--30 2,17 0 3.~ 85.' 40 -0,611 2,41 

785,2 766 -20 1,81 0 0,58 40 0,222 

1534,0 1498 -20 3,06 0 1,97 40 -0, 323 ' 

2520,9 2477 -10 2,57 0 1,08 40 -0,095 

19 272 -l0l) 1,23 40 -0,616 

765 -10 0,187 40 0,213 

1499 -10 o, 63 40 -0,329 

2477 -10 0,342 40 -0,096 

272 -20 0,379 40 -0,603 

765 0 0,58 40 0,222 

1498 0 1,98 40 -0,326 
'.·l 2477 0 1,08 40 -0, 095 

19 272 0 3,89 40 -0,615 

766 -10 0,184 40 0,221 

1499 -10 o, 63 40 -0, 329 

2478 -10 0,341 40 -0,095 

17 271 0 3,46 40 -0,562 2,49 

766 0 o, 54 '40 0,254 

1498 0 1,83 40 -0,289 

2478 0 1,01 40 -0,062 



-66-

ITELLUS 69 I 

T f oo f o vio Vo v. Vo -1 
GAIN LOG Kn R LOG f-11 

18 279,0 270 -30 1,97 0 2,85 40 ·-Os475 2,67 

785,2 763 -20 1,67 0 0,420 40 0,366 

1534,0 1496 -20 2,86 0 1,50 40 -0,199 

2521,1 2474 -10 2,42 0 0,83 40 0,031 

18 270 0 2,86 40 -0,477 

763 0 0,426 40 0,359 

1496 0 1,51 40 -0,203 

2475 0 0,83 40 0,031 

18 271 -20 0,284 40 -0,474 

763 -10 0,137 40 0,352 

1497 -20 0,150 40 -0, 199 

2474 -10 0,264 40 0,028 

18 ._ 271 -10 0,91 40 _-0,480 

763 0 0,430 40 0,355 

1496 -10 0,479 40 -0,204 

2474 0 0,84 40 0,025 

19. 271 0~' 2 '93 40 -0,488 2,64 

763 0 0,439 40 o, 346 

1496 0 1,54 40 -0,212 

2474 0 0,85 40 0,019 
' --· 
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[ MACOMA mi 
T f f v. voo -oo -0 -10 

.. 
v. 
-i Ya GAIN LOG K0 .R IiOGf-II 

27 278,7 269 -30 2,04 0 2,51 40 -0,417 2,78 

785 760 -20 1,54 0 0,36 40 0,433 

1533 1491 -20 2,67 0 1,31 40 -0,139 

2518 2467 -10 2,33 0 0,72 40 0,098 

27 269 0 2,47 40 ~0,410 

759 0 0,36 40 0,433 

1490 0 1,29 40 -0,132 

2466 0 0,71 40 0,105 

20 268 0 l, 91 40 -0,294 3,02 

756 0 0,264 40 0,571 

1487 0 0,98 40 -0,007 

2463 0 0,55 40 0,226 

17 278,9 267 -30 2,05 0 1,53 40 -0,195 3, 1 5 

785 753 -20 1,66 0 0,217 40 0,658 

1534 1485 -20 2,82 0 0,83 40 0,068 

2520 2461 -10 2,38 0 0,459- 40 0,311 

17 267 0 1,53 40 -0,195 

753 0 0,215 40 0,662 

1484 0 o, 85. 40 0,057 

2462 0 0,460 40 0,310 
. '- -
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E.2 Readings For Quartz Slurries. 
I 

Key to headings (not given in Eol) 

[ f J Density of slurry ( g cm~3 ) 

[v
0

-dB{ Preamplifier output voltage (dB re l volt 

at 40 dB GAIN). 

[10G KnR - Relative}Actual Transducer loading at 
nth overtone converted to equivalent 

loading that would be experienced at the 

first overtone for a Newtonian liquid. 

(obtained using fig. 5.3). 

' 
,_ 
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[t>= 1,111 

Vo LOG KnR 

v. GAIN 1VOLTS dB 1 1ACTUAL RELATIVE' 
-1 

-40 60 2,40 ·-12, 4 -1, 594 -1,594 f = 278,9 
00 

2,40 

2,40 voo = 1191 

-30 40 0,80 -1,94 -1,633 -1,633 v. = -30 
lO 

0,80 

0,79 T = 21 

-20 40 2,30 f o = 273 

2,31 7,27 -1,573 -1,573 

2,31 

-10 20 0,68 16,7 -1,508 -1,508 

o, 71 17,0 -1,536 -1,536 

0,67 

0,68 

-15 40 4,18 12,4 -1,567 -1,567 

4,,16 

4,21 

4,22 
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[f= 1,111 
Vo LOG KnR 

v. 
-l 

GAIN VOLTS dB
1 1

ACTUAL RELATIVE1 

-30 60 1,32 -17,6 -0,753 -1,50 f 00 = 785 
1,31 

J.' 32 voo = 1,59 

-20 60 4,19 vio = -20 
4,21 

4, 19 T = 21 
4, 23 -7,47 -0,765 -J.,50 
4,17 £0 768 l = 

-10 40 1,40 

1, 39 2,86 -0,777 -1,52 ' ' 

1,38 

0 40 4, .35 

4,31 12,7 -0,772 -1,51 
4,31 

4,32 

-15 40- 0,77 -2,27 -0,768 -:!-,51 
0,76 

0,77 
\ ,_ 
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I 

I e = l ,ll] 
Vo LOG KnR 

v. 
-1 

GAIN VOLTS dB' 'ACTUAL ~['IVE' 

-30 60 3' 91 -8,16 -1,352 -1,59 f foo = 1533 

3,91 
. 3, 92 voo = 2,75 

-20 40 1,22 vio = -20· 

1,21 1,66 -1,340 -'-1,58 

1,21 T = 21 

-10 40 3,92 11,9 -1,337 -1,58 f o = 1499 

3' 87-

3,94 

0 20: 1,15 21,2 -1,296 -1, 54 

1,16 

1,16 

-15 40 2,25 7,04 -1,352 -1, 59 

2,25 

2,25 

~ 
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~ 
Vo LOG _KnR· 

v. GAIN rVOLTS dB
1 ~CTUAL RELATIVE' 

l 

-30 60 1,35 -17,4 -0, 992 -1,49 f = 
00 

2520 

1, 36 

1,35 v .. o= 
~ 

2,49 

-20 60 4, 14 - 7,66 -0 ,963 -1,46 vio = -10 

4, 14 

4,15 T = 21 

4,12 

f o = 2476 

-15 40 0,77 -2,27 -0,983 -1,48 

0,77 

0,76 

-10 40 1,35 2,61 -0,970 -1,47 

1,35 

1,33 

0 40 4,25 12,6 -0,987 -1,49 

4,26 

4,26 

\__ -
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lf = 1,411 

v 
0 

LOG K11R 

JI... GAI:tL 'VOLTS 
l 

da ~CTUAL. RE..liATl.Y...E
1 

-10 40 4, 87 13,8 -1,31 -1,31 If 00 -==. 278 

4,80 

4, 86 voo ·- 1,99 

-20 40 1,41 vio - -30 

1,44 

1,42 3,05 -1,26 -1,26 T = 23 

-30 60 3,51 f - . 271 
0 

3,56 

3,54 -9,02 -1,13 -1,13 

-40 60 0,79 -22,0 -0,96 -0,96 

0,83 -0,98 -0,98 

0,78 .;:..0,95 ·-0., 9 5 

0,78 

If= 1,411 
Vo LOG KnR 

1
VOL'I'S 

. 1
ACTUAI:_ RELATIVE; v. GAIN 9B' -i 

-20 60 1,53 -16,3 -0,23 -1,02 £00 = 783 
1,47 -0,21 \_ ·~. 

1,56 -0,24 voo = 1,55 
1,46 -0,21 

vio = 20 
0 40 2,23 7,0 -0,42 -1,19 

2,24 T = 23 
2,22 

f = 761 
0 
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I 

If= 1,411 
Vo LOG K31R 

v. 
-i 

,OAIN VOLT.Q. dB1 
'.ACTUAL RE LAT IV~ 

-10 40 2,15 6,65 -0,96 -1,21 f oo = 1529 

2,17 

2,17 voo = 1486 

-20 40 0,62 vio = -20 

0,61 -4,3 -0,90 -1,16 

0,61 T = 23,5 

-30 60 1,66 f o = 1486 

1,60 

1,62 -15,8 -0,80 -1,07 

1,64 

-40 60 0,44 -27' 1 -0,72 -0,98 

0,42 -0,70 

0,45 

\ -
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!f =1,411 . 
Va LOG KnR 

' 
. .., r 

l(ELATIVE
1 v. GAIN VOLTS dB ACTUAL 

-1 --·-.--

0 40 1,83 5,25 -0' 39 -0, 89 £ = 00 
2514 

1,83 

1,80 voo= 2,30 

-10 40 o, 54 -5,35 -0,35 -0,85 v. = lO 
-10 

0,53 

0,55 T = 24 

-20 60 1,55 -0,29 f o = 2453 

1,59 -0, 31 

1,76 -0,37 

1,45 .-0,26 

1,62 -0,32 

1,60 -15,9 -0,31 -0,81 

1,53 -0,29 

.-30 60 0,51 

0,49 

o, so - 26 -0,31 -:-0, 81 
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If' = 1,581 
VQ LOG KnR 

v. GAIN 
1
VOLTS dB

1 
ACTUAL RELATIVE' 

,_l - ----
-40 60 .· o, 37 -'28,4 

0,38 -28,4 

0' 38 . -28,4 -0,61 -0,61 f = 
00 

278 
I . 

. • 

-30 60 2' 37 -12,5 ---0' 9 3 -0,93 .voo= 1,99 

2,47 

2' 36 v. = 
lO 

·-30 

2,36 
T = 23,5 

-20. 40,. 1,16 

1,11 f o = 270 

1,15 

1,13 1,06 -1,14 -1,14 

-10 40 4,37 12,8 ..:..1,25 -1,25 

4,22 

4,18 -1,22 

4, 39 
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l f =l, 581 
VQ LOG KnR 

S°O.LTS 
., .......--

REI,AT,IVg v. GAIN dB" 'ACTUA:ld_ 
-l ----

-20 60 0,71 

0,73 -22,7 0,10 -0,40 £ =2514 
00 

0,70 

voo= 2,3 

-10 60 2,20 -13,2 0,11 -0,39 

2' 36 v. = 
lO 

-10 

2,31 -12,7 0,09 -0,41 

T = 24 

0 40 0;99 - 0,09 -0,06 -0,57 

1,02 £ = 
0 

2440 

0,77 - 2,3 0,07 -0,43 

0,82 

o, 80 

[f =1,581 
Vo LOG KR 

v. 
l 

GAIN VOLTS dB ACTUAL REI1ATIVE 

-20 60 0,69 

0,62 -24,2 0,19 -0,61 £00::::: 783 

o, 70. 

0,73 V 00~1, 55 

-10 60 3,16 -10 -0,03 -0,83 vio= -20 
\ 

3,20 

3,45 - 9,2 -0,07 -0, 86 T = 24 

3,45 

3,45 £0 ::::: 758 

0 40 1,62 4,2 -0,27 -1,05 

1,55 3,8 -0,24 -1,02 

1,57 

1,57 
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' 

/\= 1,581 
LOG KJ;R v-Q· 

1
VOLTS dB

1 I 
RELA~IVE' v .. GAIN _ACTUAL 

·~i 

-30 60 0,70 

0,66 -23,6 -0,35 -0,62 f = 00 
1529 

0,70 . . -23,1 -0,38 . -0,65 

0,65 voo= 2,69 

-20 .. 60 2' 52 . -12,0 -0,44 -0,71 v. = -20 lO 
2,60 

2,98 .-10,5 -0,53 -0,80 T = 24 

2,78 

2,53 f = 1480 
L o 

-10 40 1,30 

1,31 2,3 -0,69 
,• 

-0,95 

1,29 

0 40 4,60 13,3 -0,74 -1,0 

4,66 

. 4, 70 

4, 74 -0,76 -1,02 

\ --




