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Abstract

Fluid has many physical properties, such as conductivity, density, heat capacity, surface
tension, thermal conductivity and viscosity. Viscosity is one of the most important physical
properties of fluid, and it needs to be studied while choosing proper fluids for specific
applications. Viscosity measurements are essentially connected with product quality and
consistency. When concerned with fluids characterization in design, development, quality
control or just liquid transportation, viscosity measurements are always involved. For example,
the quality of engine oil is critical to its lubricating property and also plays an important role in
engine performance. Therefore, it is important to monitor the oil quality in an engine by
measuring its viscosity over time.

Some microacoustic devices have been developed to measure viscosity. It should be
mentioned that all these devices have been developed to measure the viscosity only. As it is well
known that some small change in viscosity may not affect the engine very much, therefore, it is
reasonable to assume that the non-linearity of viscosity may be the real key of determining
engine oil conditions. Among these acoustic technologies, magnetostrictive strip and cantilever
have some unique advantages over others, such as wireless and good performances in liquids by
choosing magnetostrictive strip, and large vibration displacement by selecting cantilever.

In this research, the resonance behaviors of magnetostrictive strip are systemically
studied to improve the sensor applications. Different factors which could have influences on

resonance behaviors of magnetostrictive strip are examined intensively, such as DC bias field
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influence and locations effect. And the view that the AC-driving field could influence resonance
frequencies of sensor is proposed. Proofs from three independent methods (lock-in amplifier,
impedance analyzer and network analyzer) are given to support the view that resonance
frequencies decrease with an increase in the AC-driving field. This discovery shows that AC
driving field should be strong enough to avoid the influence on the resonance frequencies. The
measurement results of the lock-in amplifier and impedance analyzer are compared to study the
principle difference between these two methods. And also by using different coils in impedance
analyzer method, the view that the impedance analyzer measures the signal from sensor and
equivalent circuits is proved. Combined with the former results from the AC-driving field, it is
found that coils with a small diameter and the same length as the sensor are good for resonance
behaviors measurement. The location effects study shows the center of the pick-up coil is the
best position of measuring the vibration signals of the magnetostrictive strip sensor.

A new method by using properly chosen function of characteristic frequencies versus one
of three frequencies is developed to identify the non-linearity of viscosity and also differentiate
Newtonian oils and non-Newtonian oils. The resonance behaviors of magnetostrictive strips with
different lengths in different oils are studied, and the performances of same length
magnetostrictive strips with different length-width ratios are also investigated. All studies show
that geometry of magnetostrictive strip is improtant in identifying non-linearity of viscosity. In
order to apply magnetostrictive strips in a real circumstance, the performances of strip sensor are
studied under different temperatures, and it is found that a magnetostrictive strip of this size can
determine the non-linearity of viscosity well within broad temperature ranges.

The resonance behaviors of cantilever sensors with different lengths in different oils are

studied, and the performances of same length cantilever sensors with different length-width
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ratios are also investigated. The results show that a longer cantilever with the same width and
thickness has better performance in identifying non-linearity of viscosity, and a cantilever sensor
of the same length and thickness with a smaller width has better performance in differentiating
Newtonian oils and non-Newtonian oils.

And numerical simulation of the vibration of the strip sensor shows non-Newtonian
liquids behave like Newtonian liquids at a rather low shear rates and high shear rates in which
the range’s viscosity does not change with the shear rate and acts totally different with
Newtonian liquids at an intermediate shear rate. So based on this conclusion, similar results can
be achieved by the method I proposed which can distinguish these two types of liquids. And this

also approves the validity of the method proposed in this study.
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CHAPTER 1

INTRODUCTION & LITERATURE REVIEW

1.1 Background & identification of the problem

Fluid, in physics, is a substance that yields constantly under an applied shear stress or
external pressure. Fluids are actually a group of the phases of materials which include gases,
liquids, plasmas and somewhat even include plastic solids. However in regular daily use,
fluid is often used to refer to “liquid” without the implication which includes the phase “gas”
[1]. For example, brake fluid in automobiles is actually hydraulic oil and could not perform
its normal function well if there is some gas inside. And the difference between solids and
fluids is not quite clear. The difference is made by measuring the viscosity of the substance.

Fluid has many physical properties, such as conductivity, density, heat capacity, surface
tension and thermal conductivity. Viscosity is one of the most important physical properties
of fluid and it needs to be studied while choosing proper fluid for specific applications [1, 2].
Viscosity measurements are connected essentially with product quality and consistency.
When concerned with fluids characterization, in design, development, quality control or just
liquid transportation, viscosity measurements are always involved. For example, in the
production process of paints and ointments, viscosity quality control testing is required and
generally includes an analysis method monitoring viscosity value. Sometimes additional
viscosity measurements are needed with the purpose of fully characterizing rheological
properties which are very important to end users or consumers [3]. Most pharmaceutical

ointments are proposed to be thick enough to avoid flowing away from the applied area, and



at the same time they need to be thin for easy rubbing application. Also, in chemical process
design, viscosity, which is one of the most important transport properties, has a straight effect
on heat transfer coefficients [4]. There are many aspects which could show the importance of
viscosity, such as in quality control areas, where liquid products should be consistent from
batch to batch. For this principle, the fluid’s viscosity measurement is an indirect evaluation
of product quality [3]. Another reason for studying the viscosity and fluid flow behavior is
that a direct evaluation of processability can be acquired. For example, it will cost more
power to pump up a liquid with high viscosity than a low viscosity one. Thus it is very useful
to know fluid viscosity and its rheological performance when designing engine and pumping
systems [4, 5].

Good engine performance in vehicles can increase the mileage per gallon, generate
better engine efficiency and reduce less exhaust gas. To minimize direct contact of moving
parts in engines, engine oil is used for lubricating moving parts by generating a lubricating
film on the surface that decreases heat caused by friction and reducing wear, thus protecting
the engine. The quality of the engine oil is critical to its lubricating property and also plays an
important role in engine performance. Therefore it is important to monitor the oil quality in
an engine by measuring viscosity [5]. One of the key properties of engine oil is its viscosity.
1.2 Viscosity, Newtonian & non-Newtonian liquids

Viscosity represents the resistance of a fluid to deformation under shear stress or
extensional stress. It’s commonly regarded as "thickness" or resistance to flow. Viscosity
describes a fluid's internal resistance to flow and sometimes can be treated as a measure of

fluid friction [6]. All real fluids have some resistance to stress, but a fluid which has no



resistance to shear stress is known as an ideal fluid or inviscid fluid. The study of viscosity is
known as rheology [7].
1.2.1 General introduction of Viscosity

Generally there are many layers which move at unlike velocities in any fluid, and the
fluid's viscosity arises from the shear stress between layers that are subjected to any applied

force.

X% "X

— -

Figure 1.1. Simple shear.
Figure 1.1 shows a thin layer of fluid that is contained between two parallel plates, assuming
that the plates are very large (with surface area 4,) such that edge effects could be ignored.
Under steady state conditions (i.e. the velocity v, is constant), the fluid is subjected to a
simple shear by the application of a force F on the top plate as shown while the lower plate
is stationary. The force F, is balanced by an equal and opposite internal frictional force in the
fluid. From the total force F, and the displacement u,, the shear stress T, and shear strain

7,. can be defined as follows:

F,
T}”‘:A_y (1-1)

du
_du, 1-2
Y d (1-2)



If the interaction among the molecules of the fluid is insignificant, the plate can be
moved by a very small force and this fluid can be expressed by the equation 7, =0 and is
named an inviscid fluid. On the other hand, if the interaction among the molecules is
considerable, such that the relative rate of movement (the velocity gradient) is proportional to
the applied force (e.g. shear force), the material is known as a Newtonian fluid and is defined
by

T =17, (1-3)

where 7 isaconstant, y  is the shear rate or rate of shear strain as:

dy, dv
=t =T 1-4
" & (1-4)
. : du
where v, is the velocity and v_= dtx .

The 7 is named as the viscosity of the fluid and its SI units is Pa-s [§].

If the shear stress is not proportional to shear rate and relates to some other factors, the

T
fluid is called non-Newtonian fluid. The n (viscosity of fluid) is still defined as—=, but it is
Yy

not a constant anymore. In this case, the 7 is a function of either the shear rate or shear stress

and is designated by:

T, .
n=-2=7(rory) (1-5)

yx

Viscosity coefficient (SI unit: Pa-s, P and cP) is widely used to describe viscous
behaviors of a fluid. Different coefficients are used to describe fluids, such as kinematic
viscosity v, which is the ratio of dynamic viscosity 7 to the density p, and they are applied in
the measurement of resistance to flow of a liquid under gravity (typical units: m%/s, Stokes

and cSt).



V= (1-6)

n

P

It indicates the ease of diffusion of shear force which acts on the surface of a fluid into its

interior. Due to this reason, sometimes it is also called the viscous diffusivity [8].

Viscosity can be defined into several independent components in different ways. The
following viscosity coefficients classification is yielded by one of the most usual
decompositions.

1. Shear viscosity, the most common one, is often named viscosity, illustrating the response
to applied shear stress; simply put, it is the ratio of the shear stress added on the fluid
surface to the change in velocity of the fluid as it moves down into the fluid (this velocity
change is known as shear rate or velocity gradient).

2. Volume viscosity or bulk viscosity describes the reaction to compression, essential for
acoustics in fluids, such as shock waves and sound propagation [7]. In these cases, this
viscosity coefficient is supplementary to the normal dynamic viscosityr. Volume
viscosity is applied in the Navier-Stokes equation when compressible fluid is studied, as
illustrated in common hydrodynamics books [9, 10].

p(%Jrv-Vv)=—Vp+77V2v+f+(77/3+77V)V(V-v) (1-7)
where v is the flow velocity, p is the fluid density, p is the pressure, and frepresents forces
per unit volume exerting on the fluid and V is the del operator.

3. Extensional viscosity, a linear combination of shear and volume viscosity, expresses the
reaction to elongation, usually used for characterizing polymer solutions. Extensional
viscosity can be measured by viscometers when applying extensional stress and is defined

as:



n,=—" (1-8)
&

where 77, is the extensional viscosity, o; is the normal stress, and & is the strain rate:

. 1dL
E=——

L For a Newtonian fluid, the extensional viscosity is three times its shear
t

viscosity for incompressible fluids: 77, =37 [11, 12].
1.2.2 Newtonian & non-Newtonian Liquids

Most common liquids with simple structures are Newtonian (water, glycerin, oil, etc).
However, fluids with complicated structures (polymer melts or solutions, suspensions, etc)
are generally non-Newtonian [8-13].

As shown in Figures 1.2(a) and 1.2(b), different types of behaviors and fluid properties
can be found when the measured values of shear stress or viscosity are plotted versus shear
rate [13]. Most non-Newtonian fluids are shear thinning (or pseudoplastic), while shear
thickening (or dilatanf) behavior is rather rare and only can be found in some concentrated
suspensions of very small particles and some unusual polymeric fluids. A Bingham plastic is
a fluid that acts as a stiff body at low stress, however behaves as Newtonian fluid in a high
stress situation. It exhibits a linear behavior of shear stress with shear-rate only after a certain
initial shear stress has been achieved [14]. A general case is toothpaste, which can not be
pushed out until some certain pressure is added on the tube. Then it is extruded out as a solid
strip. And many concentrated slurries and suspensions, such as muds, paints, and ketchup,

show Bingham behaviors.
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Figure 1.2. (a) Shear stress vs. shear rate for different fluids; (b) Viscosity vs. shear rate for
different fluids.

A typical viscosity feature of many non-Newtonian fluids is shown by the structural
viscosity curve in Figures 1.2 (a) and (b). These fluids show Newtonian behavior at very low
and very high shear rates; however they exhibit shear thinning (or pseudoplastic) behavior at
intermediate shear rates. Normally these fluids are polymeric fluids or with some polymers
added in. When the shear force is added on, the polymer coils in the solution are disentangled
and the orientations of polymer coils turn into the direction of shear. Newtonian behavior can

be attributed to the formation of a reversible structure or network in the “rest” or equilibrium
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state. This structure breaks down with increasing shear rate and then shows a shear-dependent
behavior [15, 16]. However, with the shear rate increasing, the new structure forms as shown
in Figure 1.3, and the viscosity can not decrease further and then becomes rather stable as

Newtonian behaviors. Some actual examples of structural viscosity behaviors are shown in

Figure 1.4.
Shear
Shear rate increases direction
Shear rate decreases
disentangle

polymer coils

Figure 1.3. [llustration of structural viscosity behavior of non-Newtonian liquids.
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1.2.3 Different models of typical non-Newtonian liquids
Structural viscosity model can be expressed by different equations, including the

Carreau model [13]:

N o — 1, _
ny)=n.+ T+ ()T (1-9)

This model contains four rheological parameters: the low shear limiting viscosity, 7,; the
high shear limiting viscosity, 77, ; time constant A ; and the shear thinning index, p
(0<p<0.5). 1t is a very common viscosity model and can express the viscosity properties for
many materials. However, in order to figure out all four parameters and draw the curve, a
broad range (six to eight decades of shear rate) of data is needed. And by various
relationships among 7, 7,&7, , the Carreau model can be simplified into different simple
models [13, 17].

a. Low to Intermediate Shear Rate Range, Ellis model;

If 7 << (3, no), the Carreau model reduces to a three-parameter model (7o, A and p) that is

equivalent to a power law model with a low shear limiting viscosity:

y=— T 1-10
ny) 0+ ()T (1-10)

b. Intermediate to High Shear Rate Range, Sisko model,
If #o>> (5, #,) and (Ay)”>>1, the Carreau model reduces to the equivalent of a power law

model with a high shear limiting viscosity:

n) =+ i’;‘;zl, (1-11)

Although this appears to have four parameters, it is really a three-parameter model, because

the combination of 7,/(4)’” can be considered as a single parameter, along with two other
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parameters p and 7.
c. Intermediate Shear Rate Behavior, Power law model;

For #,,<< 5 <<noand (Ay)>>>1, the Carreau model reduces to the power law model:

)= i’;‘;z,, = mj"" (1-12)

where the power law parameters m and n are equivalent to the following combinations of

Carreau parameters:

m=%, n=1-2p (1-13)
More complex models have been proposed to fit a wider range and group of viscosity
data. Some are presented below [13].

The Yasuda model (or Carreau-Yasuda model) is a modification of the Carreau model

with one more parameter a (total five parameters) [18]:

Yasuda:  77(y) =1, +% (1-14)

which reduces to the Carreau model for a=1 (a is transition constant which describes the
breadth of the transition range from zero-shear viscosity 77, to the power-law region). It is
especially suitable for viscosity data for melting polymers with a broad molecular weight
distribution, for which the zero-shear viscosity is approached very gradually. All these models
reduce to Newtonian behavior at very low and very high shear rates and to power law
behavior at intermediate shear rates.

The Meter model is a stress-dependent viscosity model, which has several same general

parameters as the Carreau model.

770 _noc
Meter: T)=n,+———"— 1-15
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where o is a characteristic stress parameter, and p is the shear thinning index.
1.2.4 Temperature dependence of liquid viscosity

It is common sense that when the temperature of the liquid increases, it gets thinner (or
its viscosity decreases). Rather than in gases, the molecular momentum transfer mechanism is
dominated by the cohesive forces between the molecules in the liquids because of the
closely-packed molecules. When the temperature of the liquid increases, the average energy
of the molecules increases and the cohesive connection between the molecules becomes less;
therefore the viscosity of the liquids decreases.

It is usually expressed by one of the following models [19]:
a. Exponential model,

1n(T') = 1, exp(=bT) (1-16)

where T is the absolute temperature and 7, and b are coefficients. It is an empirical model
and generally only works for a narrow range of temperatures

b. Arrhenius model;
(T) = mexplo) (1-17)
n 77, €Xp RT
where T is the absolute temperature, 7, is an Arrhenius constant, £ is the activation energy
and R is the universal gas constant. This equation is derived from the kinetic theory of
thermodynamics based on the assumption that the fluid behaves as the Arrhenius equation for
molecular kinetics.

c. Williams-Landel-Ferry model;

~C(T-T)
T — 1 i
n(T) noeXp(C2+T_T

r

) (1-18)

where 7 is the absolute temperature, C;, C», T and 7, are empiric coefficients (only three of
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them are independent from each other). This model is generally applied to fluids which have
a glass transition temperature [19].

For non-Newtonian liquids, any parameter which is concerned with the dimensions or
has viscosity physical significance (such as the Carreau parameters 7, and 7., the power
law parameters m & n) has a temperature dependence similar to that of a Newtonian liquid
[13,20].

1.2.5 Engine oils and non-linear behaviors of viscosity in engine oils

In order to improve the performance of engine oils, some viscosity modifiers are added
during the production process. Viscosity modifiers can improve the viscosity/temperature
properties of oils. After the modification, engine oils will not be too thin at high temperatures
and not too thick at low temperatures. However, with viscosity modifiers added in,
multigrade engine oils exhibit nonlinear behaviors of viscosity in engine. With long periods
of high temperatures and pressure inside the engine, degradations such as chemical changes
of the oil itself and pH value changes due to water condensation as well as contaminants and
sludge accumulation in the oil are inevitable. All these will change the viscosity and
nonlinearity of the oil. If these changes can be monitored by mounting real-time oil quality
sensors, the oil condition can be checked instantly, reducing disposal frequency of engine oils,
which will greatly benefit our environments and save cost and energy. Using proper engine
oil or good quality oil will enhance the performance of engine and increase the lifetime of the
automobile [5].

To increase automobile engines lifetime, engine oil manufacturers keep on developing

new engine oils with enhanced additives to enhance the engine performance. The service life
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of engine oil can fluctuate significantly and is dependent on many factors, such as oil
category, engine type, engine condition and ambient circumstances [21, 22]. A device which
can examine oil condition in a real time manner by on-line measuring of some important
physical and chemical parameters is therefore highly desirable. Nowadays automobile
manufacturers build in oil sensors by some algorithms or software which evaluates the actual
oil condition indirectly. Normally the condition is attained by means of recording and
processing vehicle information such as elapsed mileage since the last oil change and the cold
starts times. And some of the algorithms are assisted by sensors which only measure the
permittivity or conductivity of the oil due to its easiness [23, 24]. These physical and
chemical parameters are usually associated with water content or acidity, which is also vital
oil property. However, these are not direct measurements of the oil related to lubricant
performance. In order to prolong oil drain intervals and meanwhile avoid engine failure from
overly degraded oil, properties like viscosity should be considered. Viscosity is essential
since it is one of the major parameters representing oil conditions and it directly relates to the
ability to lubricate contacting parts in engine. To monitor the viscosity of the engine oil, some
microacoustic devices have been developed and used to measure viscosity as described below
[25, 26]. It should be mentioned that all these devices were developed to measure the
viscosity only. As it is well known that some small changes in viscosity may not affect the
engine very much, and it is also easy to find the viscosity of some fresh engine oil same as
that of another type of used engine oil. Therefore, it is reasonable to assume that the

non-linearity of viscosity may be the real key of determining engine oil conditions.
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1.3 Conventional methods

In order to measure viscosity, many methods have been developed. In traditional ways,
viscosity is measured by different types of viscometers, such as the U-tube viscometer, the
falling ball viscometer, and rotational viscometer [19]. A viscometer is a device applied to
determine the viscosity of a fluid. In current research, sensor platforms such as acoustic wave
(AW) devices are used to measure viscosity.
1.3.1 U-tube Viscometer

U-tube viscometers are known as glass capillary viscometers or Ostwald viscometers
which are named after Wilhelm Ostwald. Another type is the Ubbelohde viscometer, which
has a U-shaped glass tube fixed vertically in a controlled temperature bath. A vertical section
of precise narrow bore (the capillary) is in one arm of the U-shape tube. A bulb is above this
U tube, and there is another bulb lower down in the other arm. During use, liquid is extracted
into the upper bulb by suction, and then run down into the lower bulb through the capillary.
There are two marks (one above and one below the upper bulb) to show the volume of the
liquid going through the capillary as shown in Figure 1.5. The time taken for this certain
amount of the liquid to go between these two marks is proportional to the kinematic viscosity.
Generally most commercial products provide a conversion factor, and with this factor the
viscosity can be easily calculated by just measuring the time. And a fluid of known properties
can be used in the calibration of this kind of viscometer. These viscometers are used to

measure the kinematic viscosity of a liquid at very low shear rate.
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Figure 1.5. Schemetic of U-tube viscometer
The physics principle of this type of viscometer is that the volume (V) of liquid passing
through a pipe per second is shown as [27]:

_w'P
8In

4 (1-19)

where 7 is the viscosity of the liquid, » and / are the radius and length of the pipe, and P is the
pressure difference between two ends of the pipes. In the U-tube viscometers, the result
determined here is the kinematic viscosity of the liquid because the pressure is from the
gravity of the liquid itself [27].

By measuring the time for the liquid level to go between two marks labeled on a
capillary of a known diameter and multiplying the time by a certain factor of the viscometer,
the kinematic viscosity is calculated.

Since the viscosity strongly relies on temperature, the U-tube viscometer usually has a
constant temperature water bath to maintain the measuring temperature. This type of
viscometer directly measures the viscosity. However, the experimental process is
time-consuming and is not appropriate for automatic and engine tests.

U-tube viscometers are also classified as direct flow or reverse flow. Reverse flow
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viscometers place the reservoir bulb above the capillary, while the direct flow viscometers
have the reservoir bulb below the capillary. With these designs, the level can be easily
observed and the time a certain amount of liquids passes by the marks can be determined
even when opaque liquids are measured; otherwise the liquid could cover the markings and
make it impractical to measure the time the liquid level goes through the markings [12, 27].
There are some commercial products available. For example,
a) Cannon instrument. Product: BS/U-Tube Viscometers for transparent liquids; Calibrated
BS/U-TUBE (9724-E50) Series [28].
The measurement of kinematic viscosity of transparent Newtonian liquids follows the
ASTM D445 and ISO 3104 standards. Specifications conform to ASTM D446 and ISO 3105.
The minimum sample volume is 7 mL for the viscometers in sizes from A to C, 12 mL in
sizes D to F, and 23 mL in sizes G and H. This instrument requires a liquid bath depth of 280

mm (11 inches).

Size Approx. constant, Kinematic Viscosity Range

mm’/s*(cSt/s) mm?/s(cSt)

A 0.003 09-3

B 0.01 2.0-10

C 0.03 6-30

D 0.1 20 - 100

E 0.3 60 - 300

F 1 200 - 1000

G 3 600 - 3000

H 10 2000 - 10000

Table 1.1. Different types of U-Tube viscometers from Cannon instrument.

b) RHEOTEK™.

1. Product: U-Tube Viscometers for transparent liquids.

The measurement of kinematic viscosity of transparent Newtonian liquids follows ISO
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3104, ISO 3105, ASTM D445, ASTM D446, IP 71, BS 188 standards.
All these viscometers are designed for measurement of transparent liquids. The nominal
overall length is 300 mm. Approximate sample sizes are from 13 to 40 mL. The following

table gives the sizes of the U-Tube viscometers [29].

Kinematic
Nominal
PSL Ref Size Viscosity Range
Constant 2 )
mm’/s(cSt)
1619/00 o 0.001 03to1 H "g[
1619/01 A 0.003 09to3 g T
1619/02 B 0.01 2to 10
1619/03 C 0.03 6 to 30 F
1619/04 D 0.1 20 to 100
1619/05 E 0.3 60 to 300 [ EI]
1619/06 F 1.0 200 to 1000 o
1619/07 G 3.0 600 to 3000 U
1619/08 H 10.0 2000 to 10000 -

Table 1.2. Different types of U-Tube viscometers from RHEOTEK ™.
2. Product: U-Tube reverse-flow viscometers for transparent & opaque liquids.
The measurement of kinematic viscosity of transparent & opaque Newtonian liquids
follows ISO 3104, ISO 3105, ASTM D445, ASTM D446, IP 71, BS 188 standards.
All these viscometers are designed for the measurement of transparent and opaque
liquids. The nominal overall length is 275 mm. The approximate sample size is from 12 to 25

mL. The following table gives the sizes of the U-Tube reverse-flow viscometers [30].
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Kinematic
. Nominal . .
PSL Ref Size Viscosity Range
Constant 2
mm~/s(cSt)
1637/01 1 0.003 0.6t03
1637/02 2 0.01 2to 10
1637/03 3 0.03 6 to 30
1637/04 4 0.1 20 to 100
1637/05 5 0.3 60 to 300
1637/06 6 1.0 200 to 1000
1637/07 7 3.0 600 to 3000
1637/08 8 10.0 2000 to 10000
1637/09 9 30.0 6000 to 30000
1637/10 10 100.0 20000 to 100000
1637/11 11 300.0 60000 to 300000

Table 1.3. Different types of U-Tube reverse-flow viscometers from RHEOTEK ™.
1.3.2 Falling Ball Viscometers

The principle of falling sphere viscometer is based on the Stokes’ law [7]:

Stokes’ law: F, = 6znRv (1-20)

where F; is the drag force of the fluid on a sphere with a velocity v relative to the fluid, 7 is
the fluid viscosity, and R is the radius of the sphere. This type of viscometer consists of a
circular cylinder containing the stationary fluid and several reference spheres. A reference
sphere of known size and density is allowed to fall down through the liquid. The sphere falls
down under two forces: visco-drag force and gravity force. The gravity force acting on the
sphere is constant during the measurement, but the drag force of the fluid on a sphere
depends on the velocity by the Stokes’ law. Properly selected sphere reaches terminal velocity,
which means the visco-drag force of liquid and gravity force reach equilibrium. And the time
that the sphere takes to go by two markings on the cylinder is recorded. Electronic sensing
can be applied in the measurement of opaque fluids. The viscosity of the fluid can be

calculated using Stokes’ law with the terminal velocity, the size and density of the sphere. To
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get higher calculation accuracy, a group of steel balls of different diameters is usually applied
in the measurement. And this viscometer is used widely in industries to get the viscosity of
fluids, including many different oils and polymer liquids. The falling ball viscometer is a
conventional and precise device for the viscosity measurement of a Newtonian material [12,

27].

Figure 1.6. Schemetic of falling sphere viscometer (from Brookfield Engineering
Laboratories, Inc. [31])

Falling ball viscometers are widely commercialized in many companies, such as
a) Brookfield Engineering Laboratories, Inc.

The Brookfield Falling Ball Viscometer can determine the viscosity of a Newtonian
liquid by counting the time taken for a ball to fall down by its gravity through a tube with
liquid inside. The tube is set on a hinge bearing which allows the tube to rotate 180 degrees
easily, and in that way a repeat test can be done immediately. The result is the average of
three measurements of how long it takes for the ball to fall. A final viscosity value is gotten
from the time reading by a conversion formula. This falling ball viscometer is applied in

processing control and quality control in different industries and also in academic
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institutions to demonstrate basic scientific principles [31].

Technical Specifications

Viscosity Range

0.5 mPa-s (cP) to 70,000 mPa-s (cP)

Temperature Range

-60 deg C up to 150 deg C

Accuracy

0.5% - 2.0% depending on choice of ball

Material

Balls1 and 2, Born silicia glass; Balls 3 and 4, Nickel iron alloy;
Balls 5 and 6, Steel

Ball Diameter

11.0 mm to 15.81 mm

Sample Tube Volume

40mL

Viscometer Dimensions

180 x 220 x 330 mm

Fall Time of Ball in Measurement

30 to 300 seconds**

**Falling times greater than 300 seconds allow measurement of liquids above 70,000 mPass (cP)

Table 1.4. Technical Specifications of falling ball viscometers from Brookfield.

b) Rheology Solutions, Inc.

The Falling Ball Viscometer type C is used to measure the viscosity of transparent
Newtonian liquids. The sample viscosity is associated with the time a ball takes to go through
a certain distance. Dynamic viscosity is given in the test results. This falling ball viscometer
is mainly used for Newtonian liquids with low viscosities such as polymer solutions, solvents,

inks, glycerine, gelatine, sugar solutions, oils, and liquid hydrocarbons [32].

Technical Specifications

0.5 mPa's (cP) to 10° mPa-s (cP)
-20 deg Cup to 120 deg C
Better than 0.5%

Viscosity Range

Temperature Range

Accuracy

Balls1, 2 and G, Born silicia glass; Balls 3 and 4, Nickel iron alloy;
Material .
Balls 5 and 6, stainless steel

Table 1.5. Technical Specifications of falling ball viscometers from Rheology Solutions.
¢) Thermo Scientific HAAKE Falling Ball Viscometer.
The Thermo Scientific HAAKE falling ball viscometer is used to measure the viscosity
of transparent Newtonian liquids such as polymers, inks, solvents and oils. This viscometer

includes a thermometer with a range of -1°C to 26°C with 0.1°C divisions. Results are given
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as dynamic viscosity in the units of milli-Pascal seconds (mPa-s) [33].

Technical Specifications

Viscosity range 0.5 to 10° mPa's (cP)
Accuracy Better than 0.5%
R Ball 1: 0.6 to 10 mPa-s; Ball 2: 9 to 140 mPa-s; Ball 3: 40 to 700 mPa-s;
ange
& Ball 4: 150 to 5000 mPa-s; Ball 5: 5000 to 50,000 mPa-s; Ball 6: >7500 mPa-s
Falling tube: boron silica glass; Balls 1 and 2: boron silica glass;
Wetted parts . . .
Balls 3 and 4: nickel iron alloy; Balls 5 and 6: stainless steel
Temp range -20 to 120°C (-4 to 248°F)

Table 1.6. Technical Specifications of falling ball viscometers from Thermo Scientific
HAAKE.

1.3.3 Rotational Viscometers
Rotational viscometers are designed from the principle that the torque needed to rotate
an object in a fluid is related to the shear stress and is a function of the viscosity of that fluid.
The torque needed to turn a bob or disk in a fluid at a certain speed is measured, and the
viscosity can be determined by calculations of shear stress, shear rate and torque [27, 34-35].
There are two types of rotational viscometers: “Cup and bob” viscometers and “Cone

and Plate” viscometers as shown in Figure 1.7.

motor
N\ Y
plate
paste —
cone
(a) (b)

Figure 1.7. (a) Schemetic of “Cup and bob” viscometers; (b) Schemetic of “Cone and Plate”
viscometers.
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“Cup and bob” viscometers use a certain volume of liquid sample to be tested. The
liquid is sheared within a test container (the cup). The torque required for the bob to reach a
preset rotational speed is measured and plotted to get the liquid viscosity value. “Cup and
bob” rotational viscometers can be divided into two types, the Couette and the Searle systems,
by whether the cup or the bob rotates. The rotating cup is preferred in some cases because it
could reduce the beginning of Taylor vortices; however, this type of rotation will cause
measurement inaccuracy due to nonuniform temperature distribution [36, 37].

“Cone and Plate” viscometers use a cone of very low angle with little contact to a flat
plate. A small amount of fluid is between the cone and the plate, and the cone rotates at a
certain angular rate. The shear rate under the plate in this system is constant in a certain
precision degree, and the required torque is measured to determine the viscosity value in a
direct way [36].
Following are some commercial products from various companies.
a) Brookfield Engineering Laboratories, Inc.

The CAP 1000+ Viscometer is a compact, heavy-duty instrument which can measure
viscosity of small sample sizes. It also has integrated rapid temperature control with a built-in
Peltier element in sample plate. It has standard speeds including 750 and 900 rpm to provide
shear rate at 10,000 sec’'. The measurement follows ISO 2884, ASTM D4287, and BS 3900
standards [38]. The position of the cone can be automatically changed. The sample size can
be as small as 1 mL. Additionally, there are other types of rotational viscometers from
Brookfield. For example, CAP 2000+ Viscometer can measure viscosity from 0.2 poise to

10k poise at temperatures from 5°C to 235°C [39].

22



b) Thermo Scientific HAAKE Rotational Viscometer.

The HAAKE Viscotester VT550 is suitable for the comprehensive characterization of
Newtonian and non-Newtonian fluids. It is a rotational viscometer with an immersed rotor
applied to a fluid. And in order to get high accuracy, the speed of a stepper motor is changed
by a micro step controller. The resistance of the fluid against this applied speed is measured
by the deflection of a torsion bar with a non-contact transducer to avoid wear. The preset
speed, which is maintained by the torque, is proportional to the viscosity. All details about the
viscosity, shear stress and the shear rate is gotten from the torque required, the set speed and

the geometry factors of the applied sensor [40].

Technical Specifications
Sample volume 50 - 500 cm’
application: construction materials
viscosity range 50 - 1,000,000 mPa-s
number of speeds continuous
speeds: 0.5 - 800 rpm / 0.1 steps
temperature range 0-100°C
typical measurement time 2 - 3 minutes
repeatability +/- 3%
voltage 100-230V

Table 1.7. Technical Specifications of rotational viscometers VT550 from Thermo Scientific
HAAKE.

1.4 Active acoustic wave (AW) resonators as viscometer and current research

In current research, sensor platforms such as acoustic wave (AW) devices are used to
measure viscosity. AW devices works as AW resonators using resonance frequency as sensor
platform signals, and some of them have already been applied in the industry, such as

vibrational viscometers [2, 27].
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1.4.1 Vibrating Viscometers
Vibrational viscometers can determine viscosity by measuring the signal damping of a

resonator immersed in a fluid. The resonator could be an oscillating sphere or a tuning fork

which oscillates in torsion or transversely in the liquid. As known, AW devices have a

damping effect when operated in medium, such as engine oil. The higher the viscosity, the

larger the damping force added on the resonator. The damping factor can be determined by

one of the following methods [2]:

a. Measuring the power input needed to maintain the oscillator vibrating at constant
amplitude. The higher the viscosity, the more power is required to keep the same
vibration amplitude.

b. Measuring the decay time of the vibration when the excitation pulse is turned off. The
higher the viscosity, the more rapidly the signal damps.

c. Measuring the frequency of the resonator as a function of the phase angle between
excitation and response signals. The higher the viscosity, the larger the frequency shifts

for a certain phase change.

24



. Input =
damping power E"
—) —) 5]
<& At >
(a) Time
t N, (b)
'§ f l
50
I
j\,_
Frequency
(€)

Figure 1.8. Several different methods to measure the damping factor: (a) Measuring the
power input; (b) Measuring the decay time; (c) Measuring the frequency shift.

However based on these methods, it is not practical to measure the viscosity of a fluid if
we have no idea of this fluid flow behavior before, because vibrational viscometers cannot
generate a certain shear rate field.

Vibrating viscometers acting as an industrial system can measure viscosity in tough
process conditions. The active sensing part of the viscometer is a vibrating rod or sphere. The
vibration amplitude changes with the viscosity of the fluid in which the sensing part is put.
These viscometers can measure clogging fluid and high-viscosity fluids, even with fibers
inside (up to 1,000 Pa-s). Presently, vibrational viscometers are regarded as the most efficient
system by many industries around the world because of their capability of measuring
viscosities in quite a broad range, compared to rotational viscometers, which require more

maintenance, lack the ability to deal with clogging fluid, and need regular calibration after
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extensive use. The sensing part of vibrating viscometers is quite small. And even very basic
or acidic fluids can be measured by coating a protective layer or by changing the material of
the sensor to a material such as Hastelloy or enamel [2, 27, 36].

There are some commercial vibrational viscometers available. For example,

a) A&D Company Ltd. Product: Viscometer SV-10 / SV-100 Series Sine-wave Vibro
Viscometer [41];

These series of Vibro Viscometer choose the tuning fork vibration method and provide
1% repeatability for viscosity measurement. A wide range of viscosity can be measured
without changing the sensor plates (SV-10: 0.3 mPa's-10,000 mPa-s; SV-100: 1,000
mPa-s-100,000 mPa-s). The standard sample cup requires 35ml of sample fluid (Optional
10ml/13ml sample cups are also available). The SV series can detect accurate temperature
immediately because the sensor plate is very thin and small, so it can reach thermal

equilibrium in a few seconds. As a result, viscosity can be monitored in real-time.

Measurement Method Tuning Fork Vibration Method

Vibration Frequency 30Hz

Viscosity Measurement Unit SV-10: mPa's , Pa's, cP, P SV-100: Pa‘s, P
Viscosity Measurement Range SV-10: 0.3 - 10,000 mPa-s (cP); SV-100: 1-100 Pa-s
Accuracy (Repeatability) 1% of Reading (Full Range)

Operating Temperature 10-40°C (50— 104 °F)

. Standard Sample Cup 35 ml, Optinal Small Sample
Minimum Sample Amount .
Cup 10ml, Optinal Glass Sample Cup 13ml
Temperature Measurement 0-160°C/0.1 °C(32-212 °F)

Interface RS-232C

Main Unit: 332 (W) x 314 (D) x 536 (H) mm /

Physical Dimensions
Approx. 5.0 kg

Table 1.8. Technical Specifications of vibrational viscometers SV-10/100 from A&D
Company Ltd.

b) BiODE Inc. Product: ViSmart™ Solid State Viscosity Sensor.
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The BiODE ViSmart sensor system can measure viscosity from 0 to 100,000 cP ranges
with £1% repeatability over a temperature range from -20°C to 135°C. The ViSmart sensor
has no moving parts, uses semiconductor technology and is hermetically packaged. It can
provide in-line, real-time viscosity and temperature measurements [42].

1.4.2 Current research on AW viscometer (advantage over traditional one, and
challenges)

Compared to traditional types of viscometers which have rather large size and are not
easy to carry, AW devices can do better job in visco-liquid because they are small solid-state
devices that have no macroscopically moving parts and also can be applied to advanced
packaging techniques. They can do instant and in-line measurement. New technologies based
on AW principles have been developed and many patents about AW-based viscometers have
been issued [43-47].

The damping effect of AW vibration takes place when the viscosity and density of the
medium change, and it will have two main results: one is the reduction in the resonance
frequency; the other is the reduction in the Q value. The Q value describes the sharpness of
the resonance peak, and a high Q value gives more accuracy in determining resonance
frequency. Currently, most AW devices of measuring viscosity are based on the resonance
frequency [2, 26, 36].

The AW devices that are most generally used for sensing application in visco-liquid
include the thickness shear mode (TSM) resonator [48], microcantilever (MC) [49], and
magnetostrictive strips [50].

The thickness shear mode (TSM) resonator, also known as the quartz crystal

27



microbalance (QCM), is the simplest and most used acoustic wave device [48]. TSM
typically consists of a thin AT-cut quartz disk with circular electrodes deposited on the center
of both sides. Due to piezoelectric effect, a shear deformation across the crystal is generated
by applying electric potential between the electrodes. TSM sensors are easy to manufacture,
stable over a broad temperature range, sensitive to external forces added on the crystal
surface and also can withstand cruel environments [51]. Because of its shear wave
propagation component, the TSM resonator is also theoretically applicable for detecting and
measuring liquids [52]. However quartz crystals, oscillating in the thickness shear mode,
produce lateral displacement amplitudes around 1-2 nm, with around 0.25pm of solution
penetration depth of a SMHz lateral shear wave in water before being attenuated [53]. At this
high frequency range, the shear wave is not properly formed due to the short transient time
between the maxima and minima of the driving force or velocity. Also, these high frequency
shear waves greatly weak and dissipate quickly in a very short distance, especially in the
liquids such as used engine oils that contain particles. All these factors hinder efficient
measurement of shear wave velocity and determination of viscosity.

If the fluid contains polymers or higher molecular weight surfactants, then it is likely
that the measured viscosity will depend on the measurement method which means different
results are obtained at different shear rates. Due to very small lateral displacement amplitudes
(~1nm, much smaller than 100nm, which is the normal chain length of polymers [54, 55]) on
the QCM surface, non-Newtonian behavior related to nonlinear effects may not be presented
in QCM measurement. Compared to polymer chain length, a small lateral vibration amplitude

cannot really characterize the structure (with polymer contained) and flow behaviors inside
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the liquids as shown in Figure 1.9. Furthermore, viscous drags in oils result in significantly

high values of resistance, which would cause a small lateral displacement to decrease further.

/

Liquid
contained polymer

Vibration

Polymer chain

Figure 1.9. Illustration of small vibration displacement inside liquid contains polymer.

Because of a small vibration amplitude not suitable for presenting non-Newtonian
behavior, AW devices with a lower resonance frequency and higher vibration displacement
are applied to visco-liquid measurement. Bending modes normally have lower resonance
frequencies than the thickness mode. It makes bending-mode devices more suitable for
sensing the nonlinearity of viscosity [27]. PZT-based piezoelectric unimorph cantilever can
act as a liquid viscosity-and-density sensor. It can deduce the viscosity by sensing resonance
frequency change and/or resonance peak width change in the liquid from some models, such
as the oscillating-sphere model [56, 57] and beads model [58]. And it is found that in some
viscosity ranges (1~600cP) the experiment results are in close agreement with the prediction
of the model [56]; however, in higher viscosity environments the cantilever has rather poor
performance, such as low amplitude and low quality factor value (<10) [59].

Magnetostrictive strip is an excellent candidate for liquid sensing because of relatively
small damping in liquid compared to the cantilever [50, 60], while the strong damping effect

of the cantilever in liquid produces a very low quality factor (Q) of 2-10, about two orders of
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magnitude lower than in air [59]. A longitudinal elastic standing wave is excited in the
magnetostrictive strip sensors by a small AC magnetic field superimposing on a relatively
larger DC magnetic field (bias). The phase velocity of elastic wave and its resonant frequency
is dependent on the characteristics (such as viscosity, density) of the ambient medium which
touches the sensor surface [50, 61]. And magnetostrictive strip sensor shows a linear shift in
resonant frequency and quality factor with the properties of the liquid (square root of the
product of density and viscosity) [61].

Below are the review of AW devices and a comparison of vibration displacement and

maximum shear rate of different AW devices.

Techniques Advantages Disadvantages
TSM Resonator Withstand cruel environments; Very high frequency (~5MHz) and small
Thickness Shear Mode Easy to manufacture; lateral displacement (~nm).

Stable over broad temperature range.

Cantilevers Low resonance frequency and big Rather poor performance in a viscous

displacement at tip of cantilever. environment.

Magnetostrictive Strip| Compact size; Wireless (stimulated by| = Medium high resonance frequency
magnetic field); High Q value in (~100kHz)

visco-liquid.

Table 1.9. Review of AW devices.

Techniques Vibration Displacement (in .
R-100 reference oil) Maximum Shear rate ()

(in R-100 reference oil)

QCM Resonator 2 nm (for SMHz QCM) 3x10% (s™)
Cantilevers 2 um (tip-displacement for 92 (s for £;=1000Hz
9Imm*0.8mm*0.5mm PZT 322 (s for £=2300Hz
cantilever)
Magnetostrictive Strip | 0.15 pm (for 25mm*3mm*30um 5x10° (s for £;=80kHz

Magnetostrictive Strip)

Table 1.10. Comparison of AW devices.

The effective regions of different AW devices in structural viscosity non-Newtonian liquid
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are shown in Figure 1.10 based on Table 1.10.

Carreau model
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Figure 1.10. Effective region of different AW devices in structural viscosity non-Newtonian
liquid based on Table 1.8.

Although there are many advantages of current AW devices mentioned above, still two
issues remain behind: Firstly, due to the working principle of AW devices, the shear rate is
not constant during the vibration. This will cause problems when applied in a non-Newtonian
liquid because its apparent viscosity depends on the shear rate, which means different results
could be gotten at different shear rates. The typical method to characterize viscosity, which is
based on only one parameter f. (resonance frequency), is no longer effective. Secondly, the
displacement of AW devices is not infinite during the vibration, which is not in accordance
with simple shear case.

1.5 Research objectives

Most AW sensors in visco-liquid only use a single characteristic frequency as the
experimental parameter to represent the liquid properties, which is enough for Newtonian oil
because of its linearity of viscosity. However for non-Newtonian oil, nonlinearity behavior

cannot be presented by just one characteristic resonance frequency of the liquid.
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In this research, multiple experimental characteristic frequencies which can be gotten
simultaneously for each liquid are used to set up the model. For Newtonian oil, due to the
independence of viscosity with shear rate, one experimental parameter, such as f. (resonance
frequency), is enough to describe the liquid viscosity, while in non-Newtonian oil viscosity
changes with shear rate and velocity. Additional parameters are needed to present this
nonlinearity, such as f;, f; and fj. Normally f; (resonance frequency) is selected at the
maximum signal point, f; (anti-resonance frequency) is selected at the minimum signal point
and fj (experimental-resonance frequency)is picked up somewhere between these two points.
These three experimental characteristic frequencies distribute within a rather broad range in
which displacement, velocity and shear rate change greatly as shown in Figure 1.11. The
nonlinearity of viscosity is also apparent in this range. And based on Figure 1.10, the
effective regions of all three types of AW devices cover Newtonian and non-Newtonian
behaviors. However due to the small lateral displacement of QCM resonator, only cantilever

and magnetostrictive strip are chosen in this study.

Carreau model

viscosity (Pa*s)

1 10 100 1000 10000 100000
shear rate (per second)

Figure 1.11. Illustration of different range covered by f;, f. and f; three experimental
characteristic frequencies in structural viscosity non-Newtonian liquid.

The information of the whole resonance behavior curve can be fully used to illustrate the
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liquid’s properties by using f;, f, and f) three experimental characteristic frequencies.

Therefore, to solve the above problems, my research includes four parts:

(1) Characterize the resonance behaviors of magnetostrictive strip sensors;

(2) Develop magnetostrictive strip sensors to identify the nonlinearity of liquids;

(3) Develop piezoelectric cantilever sensors to identify the nonlinearity of liquids;

(4) Numerical simulations to identify the nonlinearity of viscosity by using AW sensors.
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CHAPTER 2
FUNDAMENTAL STUDY OF MAGNETOSTRICTIVE STRIP RESONANCE

BEHAVIORS AND LOCATION EFFECTS IN PICK-UP COILS

2.1 Introductions

Development of viscometers based on AW devices has caught much attention because
AW devices have no macroscopically moving parts and can do instant measurement [1].
However, current AW devices still have some big challenges in realistic applications. Some
AW devices, such as quartz crystal microbalance (QCM), can work well in liquid [2], but
have a small lateral displacement and high shear rate, where in this shear rate range
non-Newtonian oils start to exhibit Newtonian behaviors [2, 3]; while other AW devices, such
as cantilevers, exhibit a big lateral displacement, but with a small Q value [4].

Developing high-performance portable on-line sensors is in urgent need.
Magnetostrictive materials have been studied for the development of high-performance
sensors of measuring temperature, pressure, liquid density and viscosity for their unique
features such as magnetostrictive interactions and remote sensing [5].

Magnetostrictive strip is introduced as a high performance sensor platform. It is a free
standing magnetostrictive sensor operating based on magnetostriction. The direction of
magnetization inside the magnetostrictive strips will change to the external magnetic field
direction when exposed to an external field. A magnetostrictive stress will generate due to the
redirection, and in bulk material this stress causes the dimensions to changed [6]. Typically

this ribbon-like strip is made from amorphous ferromagnetic alloys, such as FesNizgMo4B g
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(Metglas 2826MB, one of the commercially available magnetostrictive materials).
Magnetostrictive films mechanically deform when a magnetic field adds on. Longitudinal
vibrations occur and the elastic waves generate within the sensor, while the maximum
amplitude is achieved at the mechanical resonance frequency. The magnetic flux emission
which is generated by the mechanical deformations can be sensed remotely [6]. And the
resonance frequency can be measured by acoustic, magnetic and optical methods. The n®

resonance frequency of the longitudinal vibrations can be expressed as [7]:

n
=—v n=1,2,3... 2-1
by ( ) (2-1)
where [/ is the length of the sensor and v is the acoustic velocity in the magnetostrictive material

and is normally regarded as a constant in certain materials. The acoustic velocity depends on the

Young’s modulus (E), the density (p) and the Poisson’s ratio (o) of the material as below:

V= (m=1 or 2) (2-2)
p\l—ac”

The value of m is either one or two which depends on the geometry of the magnetostrictive
strip [7, 8].

When magnetostrictive strip is put into liquids, a damping effect will act on the sensor
oscillations due to the viscosity and density changes of the surrounding medium. The

resonance frequency shift Af'is shown as [9]:

Af = J_ J_ (2-3)

where f; is the initial resonance frequency, p;and 7 are the density and viscosity of the liquid,
d is strip thickness and p is the density of the strip sensor.

The sensing mechanism is established based on the resonance behaviors’ change of
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magnetostrictive materials when the surrounding medium changes. Based on this principle,
magnetostrictive materials can be used in many applications, such as mechanical stress
sensors [10], pressure sensors [11, 12], temperature sensors [13], flow rate sensors [14], and
liquid density and viscosity sensors [15, 16]. For driving and sensing strips, no physical
connection is needed between the sensor and interrogation system since it can stimulated
through a magnetic field. Therefore, magnetostrictive strips are wireless sensors, which
enable remote detection. Furthermore, the feasibility study demonstrates that
magnetostrictive strips exhibit a high Q-value and work well in liquid media. And
magnetostrictive strips are cost-effective because magnetostrictive alloys are very
inexpensive. When magnetostrictive strips are put into a liquid, the resonance frequency will
shift downward to lower values due to the damping force related to some function of the
liquid density and viscosity adds on the sensors [9, 15-17]. The wireless, remote-detection
properties of magnetostrictive strips sensors could have many advantages where direct

electrical connections are not practicable.

2.2 Configuration of magnetostrictive strip sensor

The magnetostrictive strips sensor platform has a rather simple configuration compared
to other systems: it is a free-standing strip made from magnetostrictive alloy. The dimensions
of the strip are the length of L, width of w and thickness of ¢. The length is bigger than the
width, and the width is bigger than its thickness (L > w > f). Figure 2.1 shows the

configuration of the strip.
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Figure 2.1. The magnetostrictive strip configuration.

Due to the magnetostrictive effect, the magnetostrictive strip will vibrate when exposed
to a time-varying external magnetic field. Extensions or compressions along all directions
will be generated when an alternating magnetic field is applied. In the sensor design,
resonance along the length direction is used due to the longitudinal vibration mode. As shown
in Fig. 2.1, the magnetostrictive strip is in its basal XY plane, with the length of the strip
along the x-axis. By the theoretical model which expresses thin elastic plate longitudinal
oscillation [18], the vibration of the magnetostrictive strip along its length direction

(x-direction) can be illustrated as following:

o%u(x,1) 3 E o%u(x,1) _
o’ p(l-c™) ox’

0 (2-4)

where E, p, and o are the Young’s modulus, density, and Poisson ratio of the material
correspondingly, m is either 1 or 2 which depends on the geometry of the magnetostrictive
strip [7, 8], and the u(x, ¢) is the displacement vector along x-axis. For harmonic oscillations,
the displacement can be discribed as [19]:

u(x,t) =u(x)e’™ (2-5)

where o is the resonance frequency. Hence equation (2-4) can be written as [19]:
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E 0’u(x)
p(l—c™) ox°

+o'u(x)=0 (2-6)

The general solution of the wave Equation (2-6) is [19]:

u(x) = Asinkx + B cos kx = u,, sin(kx + @) 2-7)
where k= % is the wave number [19], and u, =+ 4°> + B is the displacement

amplitude.

When a free standing strip shown in Fig. 2.1 is applied, two ends of the strip are
stress-free because there is no restoring force added on, which indicates that Ou(x)/0x =0
at both ends of the strip (x=0 and x=L). By adding these boundary conditions to Equation
(2-7), we can get:

uykcosp=0 (2-8)
uyk cos(kL+¢) =0 (2-9)
Equation (2-8) and (2-9) yields:
V4
9== (2-10)
kL=nr (n=1,2,3...) (2-11)

From the condition of Equation (2-11) we get:

_oaf = E__nz | E .
s P T M e

Consequently, the longitudinal oscillation characteristic frequency of the
magnetostrictive strip shown in Fig. 2.1 is given by [18]:

n E

TR P

(n=1,2,3...) (2-13)
Equation (2-13) shows that the characteristic frequency of the magnetostrictive strip depends
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only on its length and material properties.

The displacement amplitude at resonance can be calculated by considering the boundary
conditions of the magnetostrictive strip oscillation. The longitudinal resonance displacement
along the strip length can be determined via inserting Equation (2-10) and (2-11) into
Equation (2-7) as below [20].

u(x,t) = u, cos(% xX)e’™ (2-14)
where u,is the displacement amplitude and w is the angular excitation frequency (w=2zf). In
Equation (2-14), ¢’ stands for the oscillation of each point of the strip, and u, cos(% X)

stands for the length direction displacement amplitude of the strip at resonance frequency.
2.3 Current characterizations of resonance behaviors of magnetostrictive strips

The resonance behaviors of magnetostrictive strip can be characterized by different
methods. In this study, three techniques are used independently, which are lock-in amplifier,
impedance analyzer and network analyzer respectively. The resonance frequency of the
magnetostrictive strip can be obtained directly or indirectly. Because the vibration reaches its
maximum amplitude at the resonance frequency, this characteristic frequency can be directly
gotten by measuring the strip’s vibration amplitude in a certain frequency region. And also by
measuring the electrical properties of magnetostrictive strip, resonance frequency can be
indirectly obtained. In this study, all three techniques are indirect methods.

In the lock-in amplifier method, the AC driving signal is provided by a lock-in amplifier
and input into the Helmholtz coils to generate a uniform driving magnetic field. The vibration

of the magnetostrictive strip causes a magnetic flux change inside the pick-up coils. And by
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measuring and comparing the induction voltage of the pick-up coils and AC driving signal
from the lock-in amplifier, the resonance frequency can be determined.

In the impedance analyzer method, AC driving signal is provided by an impedance
analyzer and generates the AC driving magnetic field inside a coil. The magnetostrictive strip
vibrates under this driving field inside the coil, and at the resonance frequency (f;) it has the
maximum vibration and causes the maximum magnetic flux change and impedance. By
measuring the impedance within a wide frequency range, the resonance frequency can be
determined.

In the network analyzer method, the principle is similar to the impedance analyzer
method. Instead of the impedance Z, the network analyzer output S;; signal is applied to find
out the resonance frequency. And S;; and the equivalent impedance Z can be converted to

each other by Equation (2-15) [21]:

1+S,
1-S,

Z =50 (2-15)

2.4 Experimental and measurement setup

2.4.1 Lock-in amplifier method

This set-up includes a custom-designed Helmholtz coil and a pair of homemade pick-up
coils to characterize the resonance behavior of the magnetostrictive strip, as shown in Figure
2.2. The Helmholtz coil consists of two pairs of coils: one pair can generate an AC magnetic
field at a frequency up to 500 kHz and the other pair can create a DC magnetic field. The

magnetostrictive strip was put into a chamber that was put in the middle of the Helmholtz coil.
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Two pick-up coils were wound in opposite directions and connected in a series so that the
output signal is zero if there is no vibration of the magnetostrictive strip. Therefore, the
output of the pick-up coils only represents the magnetic signal generated by the vibration of

the magnetostrictive strip.

Lock-in n
. " AC Amplifier
Helmholtz Coil Amplifier

Pick-up Coil |

DC Power Supply

Figure 2.2. Lock-in amplifier method measurement set-up.

In the experiments, the amplitude of the AC magnetic field was 0.1 Oe, while the DC
field was adjusted to an optimized value based on different lengths of magnetostrictive strip.
The homemade pick-up coil pair, which consists of two coils, was wound outside the sample
chamber to measure the magnetic signal generated by the vibration of the magnetostrictive
strip. The pick-up coil pair was connected to a lock-in amplifier (SRS830, Standford
Research Systems, Sunnyvale, CA) to measure the electric potential generated in the coils,
which has two outputs — the amplitude and phase of the electric potential. The amplitude of
the output signal from the lock-in amplifier is proportional to the amplitude of the
magnetostrictive strip’s vibration, while the phase signal represents the phase difference
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between the magnetostrictive strip’s vibration and the driving magnetic field. A set of typical
results is given in Figure 2.3, where a magnetostrictive strip in size of 25 mm (L) X 3.0 mm
(W) x 30 um () was operated in R-100 reference oil. In this case, the resonance frequency (f,)

and anti-resonance frequency (f.") of the device are 82610 Hz and 87170 Hz, respectively.

0.035 4 — fr:82610 Hz 4120
0.030 ~
<100 ‘@
- I
S 0025 e—0 iy
3 {80 ©
2 0020 %
3
460 <
E 0.0154 &
<40
0.0104
00051  f(=84960 Hz — YT f:=87170 Hz 120

T T T T T
75000 80000 85000 90000 95000
Frequency (Hz)

Figure 2.3. The frequency dependence of the phase and amplitude signals from the lock-in

amplifier for a magnetostrictive strip in size of 25 mm (L) x 3.0 mm (W) x 30 pm (¢) in
R-100 reference oil.

The magnetostrictive sensors are driven to vibrate by a sine wave signal that is generated
by a lock-in amplifier (SRS830, Stanford Research Systems, Sunnyvale, CA). The set-up
includes a custom-designed Helmholtz coil and a pair of homemade pick-up coils to
characterize the resonance behavior of the magnetostrictive strip. The Helmholtz coil consists
of two pairs of coils: one pair can generate an AC magnetic field at frequency up to 500 kHz
and the other pair can create a DC magnetic field. The magnetostrictive strip was put into a
chamber that was put in the middle of the Helmholtz coil. The DC bias current adds static
magnetic field to the magnetsotrictive sensor, which can be adjusted to achieve the maximum
vibration amplitude of the sensor. At the same time, the lock-in amplifier records the signals
in the proper frequency range through a pickup coil and shows the resonant frequency at

signal peak. Adjustable DC current controlling the magnitude of the static magnetic field also
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decides the signal’s strength.

Metglas alloy 2826MB ribbon (iron nickel-based alloy) obtained from Honeywell
International (Conway, SC) was used as the sensor platform. Metglas 2826MB thin film was
diced into the exact size of sensor by a micro-dicing saw. To remove the grease remnant after
dicing, the particles were cleaned in acetone by using an ultrasonic cleaner (Cole Parmer) for
30 minutes and dried by nitrogen gas. Then these magnetostrictive strips are ready for

visco-liquid properties study.

2.4.2 Impedance analyzer method

This set-up includes a custom-designed Helmholtz coil and homemade coil to
characterize the resonance behavior of the magnetostrictive strip, as shown in Figure 2.4. The
DC bias magnetic field is provided by the Helmholtz coil, and an AC magnetic field is
provided by impedance analyzer. The coil with a magnetostrictive strip inside is connected to
Agilent impedance analyzer (4294A, 40Hz~110MHz) to measure the impedance of the coil

during the vibration of strip. DC bias is adjusted in order to get the maximum signal strength.

Impedance analyzer

Coil

'\/v

DC bias

Figure 2.4. Impedance analyzer method measurement set-up.
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2.4.3 Network analyzer method

The network analyzer output S;; signal of magnetostrictive strip in coil is got by using
HP network analyzer (8751A) with HP S-parameter adapter (87511A). The measurement
set-up is shown as Figure 2.5, in which the permanent magnet provides DC bias field on strip
and the network analyzer generates AC field in the coil to drive the strip vibration. The
resonance frequency of magnetostrictive strip is determined at where the S;; signal achieves

its minimum [22].

r

N\
5' [=]=] oo )
|| e e oo
Dlooo|S o oo
o|ooofcooo Network analyzer

= ==
=] | =N =N =]

_|
Port1 Port2 S-parameter
* L adapter

Coil

H

magnet (DC bias)

Figure 2.5. Network analyzer method measurement set-up.

2.5 Characterization and experiment results discussion

2.5.1 Resonance frequency of magnetostrictive sensor

As mentioned in previous sections, the sensor oscillates along the longitudinal direction
in an alternating magnetic field because of the magnetostriction effect. The resonance
frequency of magnetostrictive sensor in air is considered the intrinsic frequency. The intrinsic

frequency of the sensor is dependent of the sensor material properties and geometries and can
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be described as Equation (2-1). However when the sensor is in medium, the external DC bias
magnetic field and the density/viscosity of the medium could change the characteristic
resonance frequency of the sensor.

Previous research indicated that the fundamental resonance frequency f of a freestanding

beam in its longitudinal vibration can be described as Equation (2-16) [23, 24]:

E .
ety e LB (2-16)
2L 2L\ p 2L\ p(l-0o™)

where L, E., E and p are the length, effective Young’s modulus, Young’s modulus and
density of the beam, correspondingly. The equation is the general case of the longitudinal
vibration mode of a beam. E.; in equation (2-16) is regarded as the isotropic Young’s
modulus of a rectangular cross-section beam. And it is based the assumption that all the
dimensions are of comparable size. In the case which the beam thickness and width are
similar, however much smaller than the length, the beam is regarded as being in plane-strain

condition. And the Young’s modulus of plane-strain can be stated as

E

eﬁ’:E

plane—strain

=E/(1-0") [18], where o is the Poisson ratio of the material. Previous

work pointed out that the Young’s modulus should be adjusted as

E

g = E

plane—stress

= E/(1-o0) when length is much bigger than width [7]. Here E is a constant

at zero applied magnetic field in theory, that is 4 = 0. Therefore, the resonance frequency of

the magnetostrictive strip sensor at H = 0 is linear dependent on the inverse length.
2.5.2 Effect of external DC bias magnetic field on resonance behaviors of strip sensor

It has been reported that the resonance behaviors of amorphous, magnetostrictive

sensors could change with different external DC bias magnetic fields [25, 26]. The amplitude

50



and phase changes with DC bias is generally ascribed to the AE effect, which is a dependency
of the Young’s modulus on the coupling of magnetization, fundamentally attributable to a
re-orientation of the magnetic domains under external factors (such as magnetic field,
external stress) creating a magnetostriction strain [26, 27]. With the applied DC bias magnetic
field, the internal magnetization changes from its initial steady state (external magnetic field
H=0) to a state in external magnetic field (H). The Young’s modulus of magnetostrictive
sensor changes with the magnetization alteration and is shown in Equation (2-17) [28]:

2172
L:ELJr;jﬁ (2-17)
M stT Ao

where Ey is the Young's modulus of elasticity in a magnetic field H, E), is the Young's
modulus without an external magnetic field, As is the saturation magnetostriction, Ms is the
saturation magnetization and H 4, is reduced anisotropy field.

The magnetic susceptibility (y) is defined as [29]:

=0 (2-18)

And the dependence of M on H,,and H is depicted by [28]:

M=m 2 (2-19)

Ao

Thus, from equations (2-17), (2-18) and (2-19),

2 2.3
L1, _9’%5 z (2-20)
N

And combining equations (2-16) and (2-20) generates the resonance frequency of a

freestanding beam in magnetic field H [30]:

OF . JH?>y>
[y = (4l D Xy g (2-21)

N
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The equation (2-21) describes that the resonance behaviors of a freestanding magnetostrictive
beam change with different DC magnetic fields. The fy changes with DC magnetic field
strength H and magnetic susceptibility y of beam material.

To find out the effect of external DC bias magnetic field on freestanding
magnetostrictive beam by experiments, the resonance behaviors of 25mm
(25mmx>3mmx30pum) magnetostrictive strip sensor (from Metglas alloy 2826MB ribbon) in

air was studied in different DC magnetic fields and the results are illustrated in Figure 2.6.
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Figure 2.6. Resonance behaviors of 25mm (25mmx3mmx30um) magnetostrictive strip
sensor (from Metglas alloy 2826MB ribbon) in air under different DC magnetic fields: (a)
amplitude vs. frequency; (b) phase vs. frequency; (c) resonance frequencies as a function of
external DC bias magnetic field; (d) amplitude and Q value of magnetostrictive strip sensor
as a function of external DC bias magnetic field.

It is found that sensor amplitude reaches maximum at the optimal DC bias magnetic
field where the magnetoelastic coupling coefficient is the maximum. And this happens when
the DC bias magnetic field reaches the anisotropy field of the sensor H, [26, 30-31]. The
theoretical model curve is calculated from Equation (2-16) & (2-21) with density (o) of 7.9
g/cm3, Young’s modulus (E£y) of 105 GPa, saturation magnetostriction (4;) of 12 ppm [32]
and Poisson’s ratio of 0.33 [7]. The susceptibility (y) and saturation magnetization (Ms) are
got from the M-H curve in Figure 2.7. The theoretical model of the resonance frequency
under magnetic field can be gotten from Equation (2-21), and the trend is the same with the
experimental results in Figure 2.6. The comparison results are shown in Figure 2.8. And when
an external DC magnetic field added on the strip sensor keeps increasing, the magnetization

saturation reaches with the vibration amplitude decreasing. At the same time the Q value
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increases.
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Figure 2.7. Typical magnetization versus magnetic field curve for magnetostrictive strip.

Figure 2.8. Comparison of experimental result and theoretical model of resonance behaviors
of 25mm (25mmx3mmx=30um) magnetostrictive strip sensor (from Metglas alloy 2826MB
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ribbon) in air under different DC magnetic fields.

A high Q value improves the resolution and accuracy of resonance frequency, and a
large signal amplitude is also needed in the measurement to select the resonance frequency.
Both factors should be considered in the measurement for a good signal-to-noise ratio and

sharp resonance peak. However, with the DC external bias magnetic field changing, the
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change patterns of Q value and signal amplitude are different. And a factor of

3
Q- Amplitude® is selected to find the pattern with different DC magnetic fields in Figure 2.9.

Compared with figure 2.6 (d), it is found that the peak shifts from DC bias 0.7V to DC bias
0.8V. And the optimum DC external bias magnetic field for a 25mm strip sensor is

determined to be a DC bias of 0.8V for the best performance.

25mm*3mm magnetostrictive strip in 25mm coils (got by impedance analyzer, with different DC)
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Figure 2.9. Resonance behaviors of 25mm (25mmx3mmx30um) magnetostrictive strip
sensor (from Metglas alloy 2826MB ribbon) in air under different DC magnetic fields:

5
O - Amplitude’ of the magnetostrictive strip sensor as a function of the external DC bias

magnetic field.

2.5.3 Effect of AC driving magnetic field on resonance behaviors of strip sensor

To stimulate the vibration of magnetostrictive strip sensor, both an AC magnetic field
and DC bias field are needed to apply on the sensor. It is difficult to get a uniform AC

magnetic field within a large region and also hard to get exactly the same magnetic field
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strength for each measurement. The magnetic field added on the strip sensor could be
different due to a non-uniform magnetic field or different locations of the strip sensor.
Consequently, it is necessary to study the influence of the AC driving field on the resonance
behavior of the magnetostrictive strip sensor. To find the effect of AC driving magnetic field,
the resonance behaviors of magnetostrictive strip sensor in the size of 25 mm x 3 mm x 30
pm was studied in different AC driving magnetic fields with an optimized DC bias field by

different methods (lock-in amplifier, impedance analyzer and network analyzer).

2.5.3.1 Lock-in amplifier method

In this method, the Helmholtz coil consists of two pairs of coils: one pair can generate
an AC magnetic field at frequency up to 500 kHz and the other pair can create a DC magnetic
field. Vibration signals of a 25 mm x 3 mm x 30 um magnetostrictive strip are picked up by
lock-in amplifier at an optimized DC voltage (0.8V). And AC current range is from 1mA to

10mA. The results are shown in Figure 2.10.
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Figure 2.10. Lock-in amplifier method: Resonance behaviors of 25mm (25mmx*3mmx30pm)
magnetostrictive strip sensor (from Metglas alloy 2826MB ribbon) in air under different AC
driving magnetic fields with an optimized DC bias field.
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Oscillation AC level frequency f, (Hz) frequency fp (Hz) frequency f; (Hz)
current (mA)
1 85150 86710 87620
2 85090 86700 87590
5 85040 86700 87570
10 84990 86620 87520

Table 2.1. Lock-in amplifier method: Resonance frequencies of 25mm (25mmx*3mmx>30pum)
magnetostrictive strip sensor in air under different AC driving magnetic fields with an
optimized DC bias field.

From Figure 2.10 and Table 2.1, it can be found that vibration amplitude increases with
AC magnetic field increases, and all three characteristic resonance frequencies decrease with
AC magnetic field increases. The effect of AC driving field on the resonance behaviors of the

magnetostrictive strip sensor is shown in Figure 2.11.
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Figure 2.11. Lock-in amplifier method: Influence of AC driving magnetic fields on resonance
behaviors of a 25mm (25mmx3mmx30um) magnetostrictive strip sensor (from Metglas alloy
2826MB ribbon) in air with an optimized DC bias field.

2.5.3.2 Impedance analyzer method

In this method, the DC bias magnetic field is provided by the Helmholtz coil, and the

58



AC magnetic field is provided by Agilent impedance analyzer (4294A, 40Hz~110MHz).
Vibration signals of different length magnetostrictive strip (25 mm X 3 mm x 30 pm and 35
mm x 3 mm x 30 um) are picked up by impedance analyzer at an optimized DC voltage. And
the AC current range is from 1mA to 10mA. The results are shown as follows:

(1) 25 mm x 3 mm x 30 um magnetostrictive strip;
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Figure 2.12. Impedance analyzer method: Resonance behaviors of 25mm
(25mm*3mmx30um) magnetostrictive strip sensor (from Metglas alloy 2826MB ribbon) in

air under different AC driving magnetic fields with an optimized DC bias field.

Oscillation AC level frequency f, (Hz) frequency fy (Hz) frequency f, (Hz)
current (mA)
1 84437.5 84987.5 85562.5
2 84387.5 84950 85512.5
5 84300 84887.5 85462.5
10 84250 84850 85425
Table 2.2. Impedance analyzer method: Resonance frequencies of 25mm

(25mmx>x3mmx30um) magnetostrictive strip sensor in air under different AC driving

magnetic fields with an optimized DC bias field.
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25mm*3mm magnetostrictive strip (got by impedance analyzer, with different AC)
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Figure 2.13. Impedance analyzer method: Influence of AC driving magnetic fields on
resonance behaviors of 25mm (25mmx3mmx30um) magnetostrictive strip sensor (from

Metglas alloy 2826MB ribbon) in air with an optimized DC bias field.

(2) 35 mm % 3 mm x 30 um magnetostrictive strip.
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method: Resonance behaviors

air under different AC driving magnetic fields with an optimized DC bias field.

Oscillation AC level frequency f, (Hz) frequency f (Hz) frequency f, (Hz)
current (mA)
0.5 61256.25 61391.25 61545
61233.75 61376.25 61537.5
2 61196.25 61346.25 61518.75
61136.25 61305 61492.5
10 61110 61297.5 61473.75
Table 2.3. Impedance analyzer method: Resonance frequencies of 35mm

(35mm*x3mmx30um) magnetostrictive strip sensor in air under different AC driving

magnetic fields with an optimized DC bias field.
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Figure 2.15. Impedance analyzer method: Influence of AC driving magnetic fields on
resonance behaviors of 35mm (35mmx*3mmx30um) magnetostrictive strip sensor (from
Metglas alloy 2826MB ribbon) in air with optimized DC bias field.

By studying the resonance behaviors of magnetostrictive strips of different lengths, it
can be found that all three characteristic resonance frequencies decrease with AC magnetic
field increases. The effect of AC driving field on the resonance behaviors of the

magnetostrictive strip sensor is shown in Figure 2.13 and Figure 2.15.
2.5.3.3 Network analyzer method

In this method, a permanent magnet provides a DC bias field on the strip and the
network analyzer generates an AC field in the coil to drive the strip vibration. Vibration
signals of a 2 mm magnetostrictive strip (2 mm x 0.4 mm x 30 um) are picked up by network
analyzer at an optimized DC bias field (proper permanent magnet position). The AC current

range is from 1 mA to 10 mA. The results are shown as follows:
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Figure. 2.16. Network analyzer method: Resonance behaviors of 2mm (2mmx0.4mmx=30um)
magnetostrictive strip sensor (from Metglas alloy 2826MB ribbon) in air under different AC
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driving magnetic fields with an optimized DC bias field.

Oscillation AC level frequency f,. (Hz) frequency fy (Hz) frequency f,’ (Hz)
current (mA)
1 1071937.5 1074625 1077625
2 1071687.5 1074562.5 1077437.5
5 1071562.5 1074187.5 1076812.5
10 1071375 1073812.5 1076375

Table 2.4. Network analyzer method: Resonance frequencies of 2mm (2mmx0.4mmx30pm)
magnetostrictive strip sensor in air under different AC driving magnetic fields with an

optimized DC bias field.

2mm*0.4mm magnetostrictive strip (got by network analyzer, with different AC)
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Figure 2.17. Network analyzer method: Influence of AC driving magnetic fields on resonance
behaviors of 2mm (2mmx*0.4mmx30um) magnetostrictive strip sensor (from Metglas alloy
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2826MB ribbon) in air with an optimized DC bias field.
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2.5.3.4 Conclusion

Although the effect of DC bias field on the resonance behavior of the magnetostrictive
strip sensor has been mentioned and studied for a while [22, 26, 28, 30], the influence of AC
driving field on the vibration of the magnetostrictive strip sensor hasn’t been well discussed
yet. And some mentioned resonance frequency is independent of the amplitude of AC field
[22]. However in this study, all three characteristic resonance frequencies clearly decrease
with AC driving field increasing by three independent methods (lock-in amplifier, impedance
analyzer and network analyzer) and the decreasing rate become smaller when AC field goes
higher. Different lengths of the strip sensor were also studied with different AC driving fields
and the pattern was the same: resonance frequencies decrease with AC driving field increase.
This discovery shows that AC driving field should be strong enough to avoid the influence on

the resonance frequencies.

2.54 Comparison of impedance analyzer method and lock-in amplifier method

In order to find whether the resonance frequencies (f;, f; and f;) obtained by impedance
analyzer are the same with the results acquired by lock-in amplifier, the results from two
independent methods are compared by using the same AC driving field, same DC bias field,

and same magnetostrictive strip.
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Figure 2.18. Comparison of three characteristic resonance frequencies of 25mm x 3mm
magnetostrictive strip in 25mm coils (with different AC) by lock-in amplifier method and
impedance analyzer method: Influence of different methods on resonance behaviors of
magnetostrictive strip.

From Figure 2.18, we can find the characteristic resonance frequencies (f;, /. and f))
gotten by impedance analyzer method are all different from the corresponding frequencies
obtained by lock-in amplifier method at the same conditions, which means the principle of
impedance analyzer method is different with that of lock-in amplifier method and also give
reason to the following study of different coils influence on the frequencies by impedance

analyzer method.

2.5.5 Comparison of the influence of different coils on resonance behaviors of

magnetostrictive strip by impedance analyzer method

Lock-in amplifier method measures real sensor vibration signals, while impedance
analyzer method measures signals from sensor and equivalent circuits. And by changing coils,

equivalent circuits could be different. By measuring the signals got from different coils, we
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can determine whether the resonance frequencies (f, ; and f) got by impedance analyzer are
the same as the results gotten by lock-in amplifier in an indirect way, and also know the
influence of coils on resonance behaviors of sensors.

Three different coils are selected to measure resonance signals of 25mm (25mm x 3mm
x 30um) magnetostrictive strip by impedance analyzer method. The result of 25mm coils
(with coil diameter = 4.7mm) is shown in Figure 2.12. The results of 40mm coils (with coil

diameter = 4.7mm & 6.35mm) are shown below:

25mm*3mm magnetostrictive strip in 40mm coils
(got by impedance analyzer, with different AC)
coil diameter=4.7mm
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Figure 2.19. Impedance analyzer method: Resonance behaviors of 25mm
(25mm>3mmx*30pm) magnetostrictive strip sensor in 40mm coils (with coil diameter =
4.7mm) in air under different AC driving magnetic fields with optimized DC bias field.

Oscillation AC level frequency f,. (Hz) frequency f, (Hz) frequency f,,' (Hz)
current (mA)
1 84437.5 84950 85450
2 84362.2 84887.5 85400
5 84287.5 84825 85350
10 84225 84787.5 85312.5

Table 2.5. Impedance analyzer method: Resonance frequencies of 25mm
(25mmx>3mmx30pum) magnetostrictive strip sensor in 40mm coils (with coil diameter =
4.7mm) in air under different AC driving magnetic fields with an optimized DC bias field.
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Figure 2.20. Impedance analyzer method: Resonance behaviors of 25mm

(25mm>3mmx30pm) magnetostrictive strip sensor in 40mm coils (with coil diameter =
6.35mm) in air under different AC driving magnetic fields with an optimized DC bias field.

Oscillation AC level frequency f,. (Hz) frequency fy (Hz) frequency f,’ (Hz)
current (mA)
1 84400 84762.5 85112.5
2 84350 84725 85100
5 84287.5 84675 85050
10 84237.5 84637.5 85000

Table 2.6. Impedance analyzer method: Resonance frequencies of 25mm (25mm x 3mm X
30pm) magnetostrictive strip sensor in 40mm coils (with coil diameter = 6.35mm) in air
under different AC driving magnetic fields with an optimized DC bias field.

Based on the results of different coils, the comparison of resonance frequencies (f;, f;
and fj) are demonstrated in Figure 2.21. From this figure, we can find that with the coil
changing, three characteristic resonance frequencies change. This means what impedance
analyzer method measures is not the real sensor vibration signals. The size and geometry of
the coils have some effects on resonance frequencies of the sensor. With the same coil
diameter, a shorter coil length leads to higher resonance frequencies results. And with the
same coil length, smaller coil diameter causes higher resonance frequencies results. It can be
found coil with small diameter and same length with the strip sensor is chosen in
measurement to get strong signals. These are understandable that although longer length coil

could provide more uniform AC driving field, the noise issue and the inductance of coil also
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inevitably increase with coil length increasing, so the coil of the same length as strip sensor is

the optimization. And also magnetic flux leakage could be reduced by using a coil with small

diameter.
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Figure 2.21. Comparison of resonance frequencies of 25mm x 3mm x 30um strip from
different coils by impedance analyzer method: (a) same coil diameter but different coil length;
(b) same coil length but different coil diameter.
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2.5.6 Location effect of magnetostrictive strip sensor in pick-up coils

To drive magnetostrictive strip sensor, AC driving & DC bias magnetic fields are added
and the sensor is at some certain location inside pick-up coils as shown in Figure 2.22. And
different locations could have some influences on the resonance behaviors of the strip sensor
due to the non-uniform magnetic field and the size of the strip sensor compared to the size

of the pick-up coils.

] k. P o vt

Figure 2.22. Two different sizes of self-made pick-up coils: a pair of coil and reverse coil
with symmetry.

To study the effect of different locations of magnetostrictive strip sensor, the resonance
behaviors of magnetostrictive strip sensor in the size of 25 mm % 3 mm x 30 um was studied

in different locations inside pick-up coils with an optimized DC bias field.
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Following is the schematic relationship of amplitude range (AA), minimum amplitude
with the location of the strip:

[lustration of the x-coordinate (location of the strip):

4mm 25mm
d
H;}/
L2 This location stands for -0.5L (L=25mm).
Amm 25mm
o
~ This location stands for OL (L=25mm).
4mm zjmm L/2
AT AVLE
~ This location stands for 0.5L (L=25mm).

Figure 2.23. Illustration of the x-coordinate (location of the strip).
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Following are the effect of different locations on the signal amplitudes, phase range, and

Q value of magnetostrictive strip sensor.

Relationship of amplitude range (AA), minimum amplitude
with the location of the strip 25mm*3mm strip in the 25mm coil
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Figure 2.24. The different locations effects on (a) signal amplitudes, (b) phase range and (c)
Q value of magnetostrictive strip sensor.

The biggest amplitude range (AA) arises at the location of OL {the strip (25mm*3mm) is
fully inside the coil (25mm), L stands for length of strip (L=25mm)}. The biggest phase
range (Aphase) also arises at the location of OL {the strip (25mm*3mm) is fully inside the coil
(25mm), L stands for length of strip (L=25mm)}. However the Q value is not the best at the

OL position. And different length strip sensors are also studied. The location effects are the
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same which means the location of OL (the center of the pick-up coil) is the best position of

measuring the vibration signals of magnetostrictive strip sensor.

2.6 Conclusions

The resonance behaviors of magnetostrictive strip were systemically studied. Different
factors which could have influences on resonance behaviors of magnetostrictive strip are
examined intensively, such as DC bias field influence and the locations effect. And the view
that AC driving field could influence resonance frequencies of sensor was proposed. Proofs
from three independent methods (lock-in amplifier, impedance analyzer and network analyzer)
were given to support this view that resonance frequencies decrease with AC driving field
increase. This discovery shows that AC driving field should be strong enough to avoid the
influence on the resonance frequencies. The measurement results of lock-in amplifier and
impedance analyzer are compared to study the principle differences between the two methods.
And also by using different coils in impedance analyzer method, the view that impedance
analyzer measures the signal from sensor and equivalent circuits is proved. Combined with
former results from AC driving field, it is found that coils with a small diameter and same
length as the sensor are good for resonance behaviors’ measurement. The location effects
study shows the center of the pick-up coil is the best position of measuring the vibration
signals of the magnetostrictive strip sensor.
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CHAPTER 3
MAGNETOSTRICTIVE STRIP SENSORS TO IDENTIFY THE NONLINEARITY OF

VISCOSITY

3.1 Introduction

As discussed in Chapter 2, magnetostrictive strip is introduced to develop high
performance portable on-line detection sensors because of the high Q-value and good
performance in liquid media. And also for driving and sensing strips through magnetic fields,
no physical connection is needed between the sensor and interrogation system. It is
convenient to have this kind of sensor system to measure liquid properties [1-3].

When magnetostrictive strip is placed into liquids, the damping force which exerts on
the sensor vibrations will change due to the viscosity and density changes of the surrounding

medium. The resonance frequency shift Afis shown as [4]:

\/?o \/n_p, (3-1)

where f; is the initial resonance frequency, o;and 7 are the density and viscosity of the liquid,
d is strip thickness and p is the density of the strip sensor. And the sensing mechanism is
established based on the resonance behaviors change of magnetostrictive materials with
surrounding medium changes.

Because of the working principle of AW devices, the shear rate of magnetostrictive strip
always changes during the vibration. Inconsistent results could be obtained at different shear
rates when measured in non-Newtonian liquids, whose apparent viscosity depends on shear

rate. Regular methods to characterize viscosity that is based on only one resonance frequency
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(f;) is no longer effective. In this study, multiple experimental characteristic frequencies,
which can be obtained simultaneously for one measurement are used to set up the model to
identify the nonlinearity of liquids. And different factors which have influences on resonance
behaviors of magnetostrictive strip have been already discussed in the previous chapter.
Based on these results, optimized conditions are chosen during the measurement.
3.2 Experimental and measurement setup

This set-up includes a custom-designed Helmholtz coil and a pair of homemade pick-up
coils to characterize the resonance behavior of the magnetostrictive strip. The AC driving
magnetic field at a frequency up to 500 kHz and DC bias magnetic field are provided by
Helmbholtz coil. The magnetostrictive strip was put into a chamber that was put in the middle
of the Helmholtz coil. Two pick-up coils were wound in opposite directions and connected in
a series so that the output signal is zero if there is no vibration of the magnetostrictive strip.
Therefore, the output of the pick-up coils only represents the magnetic signal generated by
the vibration of the magnetostrictive strip. The pick-up coil pairs were connected to a lock-in
amplifier (SRS830, Standford Research Systems, Sunnyvale, CA) to measure the electric
potential generated in the coils, which has two outputs — the amplitude and phase of the
electric potential. The amplitude of the output signal from the lock-in amplifier is
proportional to the amplitude of the magnetostrictive strip’s vibration, while the phase signal
represents the phase difference between the magnetostrictive strip’s vibration and the driving
magnetic field. A set of typical results is given in Figure 3.1, where a magnetostrictive strip in
size of 25 mm (L) x 3.0 mm (W) x 30 um (¢) was operated in R-100 reference oil. In this case,

the resonance frequency (f;) and anti-resonance frequency (f,") of the device are 82610 Hz and

76



87170 Hz, respectively.
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Figure 3.1. The frequency dependence of the phase and amplitude signals from the lock-in
amplifier for a magnetostrictive strip in size of 25 mm (L) x 3.0 mm (W) x 30 um (¢) in
R-100 reference oil.

Metglas alloy 2826MB ribbon (iron nickel-based) obtained from Honeywell
International (Conway, SC) was used as the sensor platform. Metglas 2826MB thin film was
diced into the exact size of the sensor by a micro-dicing saw. To remove the grease remnant
after dicing, the particles were cleaned in acetone by using an ultrasonic cleaner (Cole Parmer)
for 30 minutes and dried by nitrogen gas. Then these magnetostrictive strips are ready for
visco-liquid properties study.

Eight reference oils were acquired from Tannas Company, including five Newtonian oils
(R-100, R-300, R-2350, R2450, LNP-5) and three non-Newtonian oils (NNR-80, NNR-03,
NNR-10). Fresh BP Turbo oil 2380 is used for an engine oil sample. The used oil samples are
gotten by artificially degrading fresh oil at 240°C for 24, 48, 72, 96 and 120 hours.

The performance of the visco-liquid sensor system, with magnetostrictive strips, was
evaluated by completely immersing the sensor in the liquid. The schematic of system was

shown in Figure 3.2. At first the temperature was room temperature (23.5~24.1 °C).
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Figure 3.2. Schematic diagram of the visco-liquid sensor system.

3.3 Determination of three characteristic frequencies

Three easily determined characteristic frequencies are used to compare the performance
of magnetostrictive strip in different liquids, respectively the resonance frequency (f;), the
experimental resonance frequency (fy) and anti-resonance frequency (f.) shown in Figure 3.1.
With media changes, these parameters also change. By comparing them, the difference of the
liquids can be shown.

A traditional viscometer can also identify these liquids. In order to compare the results,
the viscosities were measured by a traditional viscometer and densitometer firstly; the results
are listed in Table 3.1 & 3.2. (Viscosity measurement: Viscoliner® 1710 series viscometer;

Density measurement: Sigma 702 Tensiometer)

R-100 R-300 NNR-80 R-2350 NNR-03 NNR-10 LNP-5 R-2450

p(gml’) 0.8379 0.8675 08534 08714 0.8579 0.8617 0.8370 0.8815
np 16.66 5373 66.813 1329 1486 1847 1803 3285

n(mPas) 199 619 783 1525 1732 2143 2154 3727
v(ESt) 237 714 917 1750 2019 2487 2574 4228
Temp(°C) 22.87 22.77 204 2246 2203 2190 22.10 22.14

Table 3.1. Dynamic viscosity and kinematic viscosity of reference oils.
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oil p np n v
gml’ cP cSt
Oh 0.9713  50.68 52.2 53.7
24h 09803 65.13 66.4 67.8
48h  0.9880 84.69 85.7 86.8
72h 09973 11428 114.6 1149
9%h 1.0102 201.24 199.2 197.2
120h  1.0162 419.78 413.1  406.5

Table 3.2. Viscosity of artificial degraded oil BP 2380 aged at 240 °C.

Then all the three parameters of each liquid are picked up and put into the Figure 3.3.
The three non-Newtonian oils are in the circles, and they didn’t fall on the main curve. By
this feature, we can identify Newtonian oils and non-Newtonian oils preliminarily. However,
the X-axis is viscosity of oils, obtained by a Viscoliner® 1710 series viscometer. It is time
and labor consuming because either two devices have to be used or measurements have to be
done at least twice to identify these kinds of oils. So a new method to identify Newtonian oils
and non-Newtonian oils is put forward which uses multiple characteristic frequencies to get
the figure. Because different gaps lies between Newtonian and non-Newtonian on each curve,
the difference can be found by choosing the proper Y-axis (some function of f,, fp & /) if
choosing one of three frequencies as X-axis. All the data can be gotten from one device and f,,
fo & f' can be gotten by one measurement. Compared to the traditional way to identify
non-Newtonian oils which needs to contrast viscosity at different shear rate or shear stress,

this method is more directly and easy. Figure 3.4 shows the results mentioned above.
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Figure 3.3. The three characteristic frequencies of 25mm (25mm X 3mm x 30um)
magnetostrictive strip in different oils vs. viscosity of oils.
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Figure 3.4. The properly chosen function of characteristic frequencies vs. anti-resonance
frequency (f;) of 25 mm (L) x 3 mm (W) x 30 um (f) magnetostrictive strip in different oils at
room temperature.

It is found the black curve, which contains six oil samples from fresh BP 2380 oil to
artificially degraded oil 120 hours @ 240 °C, matches mostly to the red curve (Newtonian
oils). And the tendency is also the same. The red curve of Newtonian reference oils does not

include LNP-5 oil, which is designed for low temperature working circumstances (-40 °C ~ -5
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°C) [5]. The blue curve is non-Newtonian reference oils. And magnetostrictive strip can
perform well even in high viscosity circumstance (such as in R-600 oil, whose viscosity is
1733 mPa-s).
3.4 Comparison of the performances of different length magnetostrictive strip sensors
in oils

Magnetostrictive strips with different lengths will generate various vibration signals in
oils under a magnetic field. In order to maximize the signal difference between Newtonian
oils and non-Newtonian oils, the performances of magnetostrictive strips of different lengths
but same width are studied and compared.

Beside 25 mm X 3 mm x 30 pm magnetostrictive strip, two others 30 mm x 3 mm x 30
pm and 40 mm x 3 mm % 30 pum strips, are used to compare resonance behaviors in oils. The
results are shown as follows:

(1) 30 mm % 3 mm x 30 um magnetostrictive strip;

0.05 —R-100 O?|
——R-300 ail < 204
< NNR-80 oil 3 .
Z 0.04 ——R-2350 oil OE), —_— E-;gg 0!:
g NNR-03 oil 3 .l ——R-3000il
E = —— NNR-10 oil > 0 NNR-80 oil
S 003 —— R-2450 oil ] — R-2350 oil
g 8 0l NNR-03 oil
< o’ —— NNR-10 oil
0.02 S —— R-2450 oil
-404
0.01

60000 64000 68000 72000 76000 80000
Frequency (Hz)

60000 64000 68000 72000 76000 80000
Frequency (Hz)

Figure 3.5. Resonance behaviors of 30mm (30mmx3mmx30um) magnetostrictive strip
sensor in oils at room temperature.
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And f;, fo and f; are picked up from Figure 3.5 and listed below:

30mmx*3mmx*30um Metglas 2826mb strip at room temperature
Media fi (Hz) fo (Hz) /i (Hz)
R-100 68840 70760 72560
R-300 67270 69820 72280
NNR-80 68550 70750 72790
R-2350 65250 68780 72080
NNR-03 68040 70490 72890
NNR-10 66670 69840 72830
R-2450 62480 67350 71640

Table 3.3. Resonance frequencies of 30mm (30mmx3mmx=30um) magnetostrictive strip
sensor in oils.

By selecting the same function of characteristic frequencies as the Y-axis and
anti-resonance frequency as X-axis, we find the gap between Newtonian and non-Newtonian

oils becomes wider, compared to Figure 3.4.

4.0
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Figure 3.6. The properly chosen function of characteristic frequencies vs. anti-resonance
frequency (f;) of 30 mm (L) x 3 mm (W) x 30 um (f) magnetostrictive strip in different oils at
room temperature.

(2) 40 mm x 3 mm x 30 um magnetostrictive strip;

Measures of the resonance behaviors in BP 2380 oils and f;, f; and f; are picked up to list
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below:

40mmx3mmx30um Metglas 2826mb strip at room temperature
Media(BP 2380) f: (Hz) fo (Hz) fi (Hz) n (mPa-s)
fresh (Oh) 50110 52270 54350 52.18
24h 49610 52020 54360 66.44
48h 49120 51710 54190 85.72
72h 48510 51360 54050 114.59
96h 47250 50580 53750 199.21
120h 46980 50440 53640 413.09

Table 3.4. Resonance frequencies of 40mm (40mmx3mmx=30um) magnetostrictive strip

sensor in oils.

Figure 3.7.
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Figure 3.8. The three characteristic frequencies of 40mm (40mmx*3mmx30um)
magnetostrictive strip in different oils vs. viscosity of reference oils.

From the Figure 3.7 and 3.8, by selecting the same function of characteristic frequencies

(L
=08/

) as the Y-axis and anti-resonance frequency (f.) as the X-axis, we have Figure
3.9, in which we find the gap between Newtonian and non-Newtonian oils becomes wider,
compared to Figure 3.4. The black curve which contains six oil samples from fresh BP 2380

oil to artificially degraded oil 120 hours @ 240 °C, matches together mostly with the red

curve (Newtonian oils). And the tendency is also the same.
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40mm*3mm*30um strip in different oils
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Figure 3.9. The properly chosen function of characteristic frequencies vs. anti-resonance
frequency (f.) of 40 mm (L) x 3 mm (W) % 30 um (¢) magnetostrictive strip in different oils.

By comparing performances of magnetostrictive strips with different lengths from
Figure 3.4, Figure 3.6 and Figure 3.9, it can be found the difference between Newtonian and
non-Newtonian oils becomes more obvious with an increase in strip length. And also by
using larger strip, vibration signal could be stronger.

3.5 Comparison of the performances of different length-width ratio magnetostrictive
strip sensors in oils

The viscous drags which act on the main surface and edge are very different even for the
same magnetostrictive strip. And this will affect the performance of magnetostrictive strip.
The optimized results can be achieved by studying same length with different length-width
ratios magnetostrictive strips in this study.

Based on the former study of different length magnetostrictive strips, 40 mm X 3 mm X
30 wm magnetostrictive strip which has the best performance is chosen in this study. And the
performances of different length-width ratio (ratio = 8, 10 and 13.3) magnetostrictive strips

are shown in Figure 3.10. It is found that as the length-width ratio grows larger (up to 13.3),
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the gap between the Newtonian curve and non-Newtonian curve becomes wider (using the
same range and same increment for the X-axis for the comparison). Because the same length
strip sensor with a smaller width has larger sensitivity to the viscous damping force and
viscous drags, which act on the sensor edge, is more significant with an increased
length-width ratio, it is much easier to show a tiny difference between liquids by using a large
length-width ratio strip sensor. And the conclusion is that magnetostrictive strip of same

length with a smaller width has better performance in this study.

Strip (40mm*5mm*30um Metglas 2826MB) at 0.1V AC Strip 40mm*4mm*30um Metglas 2826MB) at 0.1V AC
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Figure 3.10. The comparison of function of characteristic frequencies (f, 08/

anti-resonance frequency (f.") of magnetostrictive strip in different length-width ratios.

3.6 The performances of 40 mm % 3 mm x 30 pm magnetostrictive strip sensor in oils
at different temperatures
In order to apply magnetostrictive sensor to liquids which work in a broad temperature

range such as engine oil and vacuum pump oil, it is necessary to study the performances of
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the sensor in different temperatures. Based on former studies of different length
magnetostrictive strips and different length-width ratio strip sensors, a 40 mm x 3 mm x 30

pum magnetostrictive strip is chosen in this study. And the results are shown below:

(1) At50°C;

magnetostrictive strips (40mm*3mm*30um Metglas 2826mb) 50 °C
Media fi (Hz) fo (Hz) /i (Hz)
R-100 52230 53200 54150
R-300 51470 52830 54130

NNR-80 51920 53210 54450
R-2350 50680 52380 54000

NNR-03 51740 53190 54580

NNR-10 51280 52960 54530
R-2450 49420 51730 53920

Table 3.5. Resonance frequencies of 40mm (40mmx3mmx30um) magnetostrictive strip
sensor in oils at 50 °C.

40mm*3mm*30um strip in different oils at 50 °C
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Figure 3.11. The function of characteristic frequencies (—; Jr ) vs. anti-resonance

£ —08f

frequency (f.) of 40 mm (L) x 3 mm (W) x 30 um (#) magnetostrictive strip in different oils at
50°C.
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(2) At80°C;

magnetostrictive strips (40mm*3mm*30um Metglas 2826mb) 80 °C
Media fi (Hz) fo (Hz) /i (Hz)
R-100 52790 53480 54140
R-300 52350 53240 54110
NNR-80 52470 53470 54420
R-2350 51960 53050 54130
NNR-03 52350 53460 54540
NNR-10 52050 53320 54570
R-2450 51510 52820 54120

Table 3.6. Resonance frequencies of 40mm (40mmx3mmx=30um) magnetostrictive strip
sensor in oils at 80 °C.

40mm*3mm*30um strip in different oils at 80 °C
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Figure 3.12. The function of characteristic frequencies (—; /, ) vs. anti-resonance
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frequency (f.) of 40 mm (L) x 3 mm (W) x 30 um (¢) magnetostrictive strip in different oils at
80°C.
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(3) At100°C.

magnetostrictive strips (40mm*3mm*30um Metglas 2826mb) 100 °C
Media fi (Hz) fo (Hz) /i (Hz)
R-100 52920 53520 54110
R-300 52590 53350 54080
NNR-80 52610 53500 54410
R-2350 52430 53300 54110
NNR-03 52510 53500 54470
NNR-10 52280 53400 54500
R-2450 52030 53100 54110

Table 3.7. Resonance frequencies of 40mm (40mmx3mmx30um) magnetostrictive strip
sensor in oils at 100 °C.

40mm*3mm*30um strip in different oils at 100 °C
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Figure 3.13. The function of characteristic frequencies (— Ik

——L——) vs. anti-resonance
/. —0.8f1.

frequency (f.) of 40 mm (L) x 3 mm (W) x 30 um (#) magnetostrictive strip in different oils at
100°C.

From these results, it is found that the 40mm x 3mm x 30um Metglas 2826mb strip has
good performance at high temperatures (at 50 °C, 80 °C and 100 °C) as well as room

temperature. And this aspect ratio is good for magnetostrictive strip to differentiate
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Newtonian oils and non-Newtonian oils. As discussed in Chapter One, all microacoustic
devices which monitor engine oils are currently developed to measure the viscosity only, and
it is also well known that a tiny change in viscosity will not influence engine performance
very much. Therefore, it is reasonable to come to the conclusion that the non-linearity of
viscosity may be the real key of determining engine oil conditions. And in this study of
different temperatures, we found that the 40mm x 3mm x 30pum Metglas 2826mb strip had a
good performance within a broad temperature range when differentiating Newtonian oils &
non-Newtonian oils and also identifying the non-linearity of viscosity.
3.7 Conclusions

Combined characteristic frequencies together, AW devices can identify the non-linearity
of viscosity and also differentiate Newtonian oils & non-Newtonian oils. The resonance
behaviors of magnetostrictive strips with different lengths in different oils are studied, and the
performances of same length magnetostrictive strips with different length-width ratios are
also investigated. All studies show that geometry of AW sensor is important. Longer length is
better and also larger length-width ratio is better in identifying the non-linearity of viscosity.
In order to apply magnetostrictive strips in real circumstances, the performances of 40 mm X
3 mm x 30 pum strip sensor are studied under different temperatures and it’s found that
magnetostrictive strip of this size has good performance in identifying the non-linearity of
viscosity within broad temperature range.
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CHAPTER 4
PIEZOELECTRIC CANTILEVER SENSORS TO IDENTIFY THE NONLINEARITY OF

VISCOSITY

4.1 Introduction

Magnetostrictive strip sensors discussed above can be acted as useful alternatives to
traditional viscometers. However, this device works at comparatively high-shear rates
(vibration frequency) and with small vibration amplitudes. And for non-Newtonian liquids,
the results are not directly comparable to those obtained from conventional viscometers
which work at rather low shear rates. So cantilever sensors are designed here, in which
vibration has usually lower resonance frequencies and higher vibration amplitudes, making
them more suitable for non-Newtonian liquids.

According to actuating and sensing technologies and operating principles, cantilevers can
be classified into three different modes: static, heat, and dynamic modes [1-3]. In static
deflection mode, unbalanced surface stress is caused by the different mechanic loads on the
upper and lower surfaces of a cantilever leading to a perceptible deflection up or down as in
Figure 4.1(a) [4, 5]. In heat (bimetallic) mode, a thin metal layer is coated on the cantilever
surface. The temperature change of the cantilever will bend the cantilever due to the
difference between thermal expansion coefficients of these two layers (coat and substrate) as
presented in Figure 4.1(b). Several nanometers deflection of the cantilever can be measured
with only 10K temperature changes [1, 3]. Compared to the above two modes, the dynamic

mode cantilever can be more easily applied in viscosity determination because whether in
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static or heat mode, we need to know the deflection or bend curvature of the cantilever in
liquid to determine the viscosity property. And most liquids are opaque or not clear enough to
check the cantilever deflection. In dynamic mode, the cantilever acts as an oscillator in Figure
4.1(c) and vibrates among the surrounding medium. The damping force which reflects the
viscosity property of medium is acting on the cantilever. And with the medium changing, the
damping force also changes. The damping force increases and thus lowers the resonance
frequency, just like QCM. In this research, we use piezoelectric cantilevers which are
actuated by an external electric field, and the vibration of cantilevers can be easily monitored

by measuring the impedance of piezoelectric cantilevers via impedance analyzer.

(@) (b) (€)

Figure 4.1. Three different operation modes of cantilever sensor: (a) static mode, where
unbalance mechanic loads on upper and lower surfaces lead to the bending of cantilever; (b)
heat mode sensing temperature changes by static bending caused by different thermal
expansion coefficient of two layers (coat and substrate), and (c) dynamic mode sensing the
visco-drag force added on the cantilever by resonance frequency change.

Piezoelectricity is the ability of a material to generate an electric potential in response to
applied mechanical stress or strain [6]. This effect is formed in crystals that have no center of
symmetry, and the piezoelectric effect is reversible. The reverse piezoelectric effect is that a
mechanical deformation is generated as the response to an external electric field.

4.2 Configuration of piezoelectric cantilever sensor
Cantilevers made of different materials have been developed as transducers used in

sensors. A typical cantilever usually has a long and thin beam fixed at one end with support.
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And a resonator such as cantilever that has a lower resonance frequency and higher shear
vibration amplitude is comparable with conventional viscosity measurement. Cantilevers
generate shear waves in viscous liquids during mechanical vibration. The resonance
frequency and cantilever damping are affected by the viscosity of the liquid, which can be
used for viscosity sensing. Acting as viscosity sensor platform, cantilevers’ resonance
frequencies change with different damping forces on the beam [7-10]. The cantilever
oscillation will be damped and its resonance frequency also decreases when it is surrounded
by a highly viscous medium. Cantilevers can therefore be applied as viscometers.

It is known that the n™-mode flexural resonance frequency of an undamped cantilever

with one end firmly clamped can be expressed as [11]:

2 d | E
=% 4 =0,1,2,.... 4-1
% 22312 L\ p(1=v?) (n ) 1)

where the 22 (A¢=1.875) is the dimensionless n"-mode eigenvalue, d and L are the thickness

and length of the cantilever, while E, p, and v are the effective Young’s modulus, density, and

the Poisson’s ratio of the beam material.

When cantilever is put into visco-liquid, the damping force will act on the sensor surface
and change the characteristic frequency; also with the conditions of the visco-liquid change,
the damping force changes. By monitoring the frequency shift of the sensor due to the
damping force caused by the circumstance change, we can have a perspective view of the
visco-liquid. Here the fundamental resonance frequency f (n = 1) is selected due to the strong

signal level.

Piezoelectric cantilever sensors have rather lower resonance frequencies and higher

vibration amplitudes compared to magnetostrictive strip sensors with similar size. The
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piezoelectric cantilevers used in this research are unimorph type, which consists of two layers:
an active layer and an inactive layer. The configuration of a piezoelectric cantilever is shown
in Figure 4.2. The active layer used here is a piezoelectric ceramics PZT (CUI Inc, Tualatin,

OR); the inactive layer is brass thick film.

Piezoelectric materials
(actuating layer)

Brass
M (non-actuating layer)

>
I

&

« L
Figure 4.2. The schematic of piezoelectric cantilever sensor for visco-liquids.

In Table 4.1, the properties of cantilever beam such as density, Young’s modulus,
Poisson’s ratio were given. The thickness is 0.25mm and 0.25mm for the actuating layer and
non-actuating layer, respectively. The volumes of these two layers are only thickness
dependent because the two layers have the same length and width. And the average density

calculated from PZT ceramics and brass can be regarded as the density of piezoelectric

cantilever.
Materials Density Young’s Thickness Poisson’s
(g/cm3) modulus (GPa) (mm) ratio
PZT piezoelectric 7.5 [12] 63 [12] 25 0.3[13]
ceramics
brass 8.34 110 [14] 25 0.3
PZT/brass bilayers 7.92 86.5 50 0.3

Table 4.1. The effective material properties of PZT piezoelectric ceramics layer, brass layer
and cantilever beam.

The principle of piezoelectric cantilever unimorph as visco-sensor platform is presented
in Figure 4.3. The unimorph device oscillates under alternative electric field due to the active

layer and inactive layer being bonded together. Characteristic resonance frequencies will
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decrease when the medium changes to highly viscous liquid due to visco-drag acting on the
unimorph. Different resonance frequency shifts can express the properties (such as viscosity)

of the surrounding liquid medium. And the non-linearity of liquid viscosity can be obtained

ffree \

by analyzing the characteristic resonance frequencies shift.

)
=
=
[——— a
E A
<
Frequency
viscous liquid
L ffree
E fvisco
<

Frequeny

Figure 4.3. The schematic of principle of piezoelectric cantilever unimorph as visco-sensor

platform.

4.3 Theory

The wave function of the bending vibration mode of a regular cantilever beam

(dimension: length L, width /¥ and thickness d) can be presented as [11]:

2 Fnl 4
thy " iA{ 2 +=0 @2
X

where y is the bending deformation of the beam at the point x as shown in Figure 4.4, E and

p are the effective Young’s modulus and effective mass density of the beam materials; / is

moment of inertia for a rectangular beam, and A4 is the cross section area of the cantilever beam.
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Figure 4.4. The schematic of rectangular cantilever, rigidly clamped at one end and free at the

other.

For a rectangular beam with width W and thickness d, 4 and 7 are given by [11]:

A=wd (4-3)
I= é wd’ (4-4)

With the assumption of a cantilever beam structure with W >> d , the effective Young’s

modulus is expressed by:

E
l1-o

E = > (4-5)
where o is the Poisson’s ratio and £ is the Young’s modulus of cantilever material.

For harmonic oscillations y = y'e’” (@ is the resonance frequency), we can combine

with Equation (4-2) and get:

el 5
pA Ox

which can be written as
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=&y (4-7)

where (%) == (4-8)

The general solution of the wave function equation above is:
y'(x)=¢ cos(i xX)+c, sin(i x)+c cosh(i X)+c, sinh(i x)=0 (4-9)
L L L L
where, ¢;, ¢z, ¢;3 and ¢4 are the constants, and A is the non-dimensional parameter.
The boundary conditions of the cantilever beam rigidly fixed at one end and free at the

other end are [11]:

»'(0)=0, &) -0, and £ 9 (4-10)

2
x=0 dx

The first two boundary conditions are from the fact that one end of the cantilever is
rigidly clamped. The third and fourth boundary conditions are from the facts that there is no
shear force acting at the free end of the beam (at x=L) and no bending moment. Since the
flexural vibration of the cantilever is at resonance frequencies, the characteristic equations are

given by the general solution (4-9) and the boundary conditions [11]:

co‘[hi = ‘[ani (4-11)
2 2

cothi = —tani (4-12)
2 2

The characteristic eigenvalues of resonance vibration can be deduced from equations
(4-11) and (4-12). And the resonance frequencies of normal vibration are obtained by

inserting eigenvalues into equation (4-8):

A, |El
o, =2 === |— 4-13
=2, =0 (4-13)

The n™-mode flexural resonance frequency of an undamped cantilever with one end firmly

clamped can be expressed as [11] in equation (4-1).
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4.4 Experimental and measurement setup
To prepare the cantilever, buzzers were chosen (model: CEB-35D26, thickness: 0.5mm
from Digi-Key Corporation) and diced to different size strips for cantilever preparing, and

cantilevers were prepared with aluminum holders, as shown in Figure 4.5.

Figure 4.5. The process of prepare the piezoelectric cantilever sensor for visco-liquids.

The performance of the visco-liquid sensor system, piezoelectric cantilever, was
evaluated by completely immersing the sensor in the liquid as shown in Figure 4.6. And the
signal was measured by Agilent 4294A precision impedance analyzer which treats
piezoelectric cantilever as a capacitor when it vibrates. With cantilever immersing into a

changing medium, the signals also change, as the Figure 4.7 shown.
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Impedance analyzer

aaad O

Cantilever
Liquids

Figure 4.6. Set-up of impedance analyzer measurement of piezoelectric cantilever.
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Figure 4.7. The capacitance and phase vs. frequency of 9 mm X 0.7 mm x 0.5 mm
piezoelectric cantilever sensor in different oils.
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PZT cantilever (9 mm x 0.7 mm X% 0.5 mm) at 0.5V Osc level

Media f: (Hz) fo (Hz) fi (Hz) n (mPa-s)

R-100 2308.75 2376.25 2443.75 19.88

R-300 2248.75 2342.5 2440 61.94
NNR-80 2271.25 2376.25 2485 78.29
R-2350 2170 2297.5 2428.75 152.5
NNR-03 2222.5 2346.25 2477.5 173.2
NNR-10 2173.75 2316.25 2466.25 214.3
LNP-5 2140 2286.25 2440 2154
R-2450 2053.75 2233.75 2413.75 372.7

Table 4.2. Resonance frequencies of 9 mm % 0.7 mm % 0.5 mm PZT cantilever sensor in oils.

And by the same method mentioned in last chapter, the properly chosen function of
characteristic frequencies vs. one of the three characteristic frequencies of cantilever in
different oils are given below in Figure 4.8. From the figure, a gap can be found between
Newtonian and non-Newtonian oils curves. The difference of Y-axis function between
magnetostrictive strip and piezoelectric cantilever is due to unlike vibration mechanisms of
these two AW devices. And for each AW device, it should have a unique properly chosen

function of characteristic frequencies as Y-axis.

PZT cantilever (9mm*0.7mm*0.5mm) in different oils at 0.5V Osc level PZT cantilever (9mm*0.7mm*0.5mm) in different oils at 0.5V Osc level
—e— Non-Newtonian oils —e— Non-Newtonian oils
15 154
%
T !
N Y
~ 10 ~ 10
~ <>
5 5
2000 2050 2100 2150 2200 2250 2300 2350 2200 2250 2300 2350 2400
Jr (Hz) fp (Hz)

Figure 4.8. Properly chosen function of characteristic frequencies vs. one of the three
characteristic frequencies of 9 mm x 0.7 mm X% 0.5 mm PZT cantilever in oils.
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4.5 The performance comparison of PZT cantilevers with same length and thickness
but different width and performance comparison of PZT cantilevers with different
length but same width and thickness

The viscous drags which act on the main surface and the edge are very different even for
the same cantilever as shown in Figure 4.9. And this will affect the performance of the
cantilever. And the optimized results can be achieved by studying the performances of
different length-width ratio piezoelectric cantilevers.

Cantilever under

damping circumstance

Vibration direction

Figure 4.9. The schematic of piezoelectric cantilever sensor oscillation in visco-liquids.

From the Equation (4-1), we can find the flexural resonance frequencies of cantilever
with one end firmly clamped are independent of the width of cantilever beam W. However
due to different visco drags acting on the main surface and edges of the cantilever, the beams
with the same length and thickness but different width will have different characteristic
resonance frequencies. And PZT cantilevers with 6.8mm length and thickness 0.5mm but
different width (0.3mm, 0.7mm and 1.0mm) were studied in different reference oils as shown

below:
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(1) 6.8 mm x 0.3 mm x 0.5 mm PZT cantilever;

PZT cantilever(6.8mm*0.3mm*0.5mm) in different oils PZT cantilever(6.8mm*0.3mm*0.5mm) in different oils
0.275+ at 0.5V Osc voltage by FFT filtering 95- at 0.5V Osc voltage by FFT filtering
—+—R-100 oil
R-300 oil 90
0.250+ —+— NNR-80 oil >
™ R-2350 oil O 85+ —+—R-100 oil
= —+«— NNR-03 oil (= R-300 oil
£ ; 9]
= 0.225 NNR-10 oil S 80 —+—NNR-80 ol
O —+— LNP-5 ail ° 2 R-2350 oil
@ 75 —<—NNR-03 oil
0.200+ E ‘v-: NNR-lO_OiI
704 —+—LNP-50il
0.175 T T T T T 65 T T T T T
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Frequency (Hz) Frequency (Hz)

Figure 4.10. Resonance behaviors of 6.8 mm % 0.3 mm x 0.5 mm PZT cantilever sensor in

oils.

PZT cantilever (6.8 mm x 0.3 mm % 0.5 mm) at 0.5V Osc level

Media f: (Hz) fo (Hz) fr' (Hz) n (mPa-s)

R-100 3820 3930 4045 19.88

R-300 3640 3830 4020 61.94
NNR-80 3715 3890 4070 78.29
R-2350 3490 3755 4040 152.5
NNR-03 3645 3880 4120 173.2
NNR-10 3535 3820 4115 214.3
LNP-5 3440 3740 4055 215.4

Table 4.3. Resonance frequencies of 6.8 mm X 0.3 mm x 0.5 mm PZT cantilever sensor in
oils.

PZT cantilever (6.8mm*0.3mm*0.5mm) in different oils at 0.5V Osc level

—=— Newtonian oils
18+ —e— Non-Newtonian oils

16+

B
N £
1 n 1 n

fol(fr-fr)

=
o
I

T T T T T T T T
3400 3500 3600 3700 3800
fr (Hz)
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PZT cantilever (6.8mm*0.3mm*0.5mm) in different oils at 0.5V Osc level

—=— Newtonian oils
18+ —e— Non-Newtonian oils

fo/(fr-fr)
I

3700 3750 3800 3850 3900 3950
f (H2)

Figure 4.11. Properly chosen function of characteristic frequencies vs. one of the three
characteristic frequencies of 6.8 mm % 0.3 mm x 0.5 mm PZT cantilever in oils.

(2) 6.8 mm x 0.7 mm x 0.5 mm PZT cantilever;

PZT cantilever (6.8 mm x 0.7 mm x 0.5 mm) at 0.5V Osc level

Media f: (Hz) fo (Hz) fr' (Hz) n (mPa-s)

R-100 3712.5 3818.75 3918.75 19.88

R-300 3618.75 3756.25 3906.25 61.94
NNR-80 3662.5 3800 3937.5 78.29
R-2350 3537.5 3725 3918.75 152.5
NNR-03 3581.25 3762.5 3943.75 173.2
NNR-10 3506.25 3718.75 3931.25 214.3
LNP-5 3462.5 3687.5 3912.5 215.4
R-2450 3325 3612.5 3893.75 372.7

Table 4.4. Resonance frequencies of 6.8 mm X 0.7 mm x 0.5 mm PZT cantilever sensor in

oils.

PZT cantilever (6.8mm*0.7mm*0.5mm) in different oils at 0.5V Osc level

20+
184
164

fol(fr-fr)
[
o e o R ®

—=— Newtonian oils
—e— Non-Newtonian oils

7

«

3300

3400

3500 3600 3700
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PZT cantilever (6.8mm*0.7mm*0.5mm) in different oils at 0.5V Osc level

fo/(fr-fr)

Figure 4.12. Properly chosen function of characteristic frequencies vs. one of the three

—=— Newtonian oils
—— Non-Newtonian oils

20+
16-
12+
8
44— . . . .
3600 3650 3700 3750 3800
(H2)

0

3850

characteristic frequencies of 6.8 mm x 0.7 mm x 0.5 mm PZT cantilever in oils.

(3) 6.8 mm x 1.0 mm x 0.5 mm PZT cantilever;

PZT cantilever (6.8 mm x 1.0 mm % 0.5 mm) at 0.5V Osc level

Media f: (Hz) fo (Hz) fi (Hz) n (mPa-s)

R-100 3643.75 3750 3862.5 19.88

R-300 3556.25 3712.5 3868.75 61.94
NNR-80 3568.75 3712.5 3856.25 78.29
R-2350 3443.75 3637.5 3837.5 152.5
NNR-03 3543.75 3725 3906.25 173.2
NNR-10 3468.75 3681.25 3893.75 214.3
LNP-5 3418.75 3637.5 3856.25 2154
R-2450 3300 3568.75 3850 372.7

Table 4.5. Resonance frequencies of 6.8 mm % 1.0 mm X 0.5 mm PZT cantilever sensor in

oils.

PZT cantilever (6.8mm*1.0mm*0.5mm) in different oils at 0.5V Osc level
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PZT cantilever (6.8mm*1.0mm*0.5mm) in different oils at 0.5V Osc level
20+

=
o
1

—=a— Newtonian oils
—— Non-Newtonian oils
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N
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Figure 4.13. Properly chosen function of characteristic frequencies vs. one of the three
characteristic frequencies of 6.8 mm x 1.0 mm x 0.5 mm PZT cantilever in oils.

fo

By selecting the same function of characteristic frequencies (— ) as the Y-axis and

r r

one of the three characteristic frequencies (f. or fy) as the X-axis, we have Figure 4.11, 4.12
and 4.13, in which we find the gap between Newtonian and non-Newtonian oils becomes
wider with length-width ratio increases. It can be explained by the role of viscous drags
which act on the cantilever edge becoming more and more important with the length-width
ratio increasing. And by using a large length-width ratio cantilever sensor, tiny changes of
viscous drags from some polymer coils which are thought of as the genesis of non-linearity
can be detected. The conclusion is that a cantilever sensor of same length and thickness with
smaller width has better performance in this study. By comparing Figure 4.8 and Figure 4.12
which are the performances of 9 mm x 0.7 mm x 0.5 mm and 6.8 mm % 0.7 mm X 0.5 mm
PZT cantilevers in oils, difference between Newtonian and non-Newtonian oils becomes
more obvious with an increase in cantilever length. And also by using a longer cantilever, the
vibration signal could be stronger. The conclusion is that a longer cantilever with same width

and thickness has better performance in this study.
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4.6 Conclusions

Properly chosen function of characteristic frequencies vs. one of the three characteristic
frequencies (f. or fy) as the X-axis method is developed to identify the non-linearity of
viscosity and also differentiate Newtonian oils and non-Newtonian oils. The resonance
behaviors of cantilever sensors with different length in different oils are studied, and the
performances of the same length cantilever sensors with different length-width ratios are also
investigated. The results show that a longer cantilever with the same width and thickness has
better performance in identifying non-linearity of viscosity, and a cantilever sensor of same
length & thickness with a smaller width has better performance in differentiating Newtonian
oils and non-Newtonian oils.
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CHAPTER 5

NUMERICAL SIMULATIONS TO IDENTIFY THE NONLINEARITY OF VISCOSITY

5.1 Introduction

Friction plays an important role in different systems and exhibits general aspects that
show in all tribological processes. The development of lubricating liquids and low-friction
surfaces in technological devices has attracted more and more researchers’ interests. The old,
simple empirical laws of friction do not always apply to such systems due to surface structure
or roughness. There are many surface types which can be smooth or rough, elastic, plastic or
viscoelastic, dry or lubricated, and other different types. The pressure between two shearing
surfaces can vary from around 1 Pa to several GPa within microseconds. These extreme
conditions cannot be simply interpreted by “linear” theories and friction behaviors have not
been understood at the fundamental level.

Viscosity is a scale of the resistance of a fluid to the deformation under shear stress or
extensional stress. It is commonly regarded as “thickness”, or resistance to flow. Viscosity
describes a fluid’s internal resistance to flow and sometimes can be treated as a measure of
fluid friction [1]. All real fluids have some resistance to stress, but a fluid which has no
resistance to shear stress is known as an ideal fluid or inviscid fluid. The study of viscosity is
known as rheology [2]. Viscosity converts kinetic energy of motion into heat energy, like the
friction process between moving solids. And viscosity can be considered as fluid friction. In
order to have some understanding of how energy transfer takes place during the friction
process and how viscosity acted as fluid friction, it is necessary to have some fundamental

knowledge of how solids and liquids act on each other as in a friction process. Compared to
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the solid/solid case which has the equation F = uN to describe the friction force, the
liquid/solid case is different. Because liquid can flow, the whole common area between solid
and liquid has good contact even at low pressures. And friction force has little dependence on
pressure over a very wide range.

Isaac Newton was the first one to define the coefficient of viscosity by a quantitative
method. In order to simplify the visco drag analysis, he designed an experiment in which the
fluid in the study was contained between two large parallel horizontal plates. The bottom
plate was firmly fixed, and the upper plate moved at a steady speed vy. The visco drag force
from the fluid was measured at different speeds vy and different plate spacings (Although
Newton’s experiment did not perform very well, his theoretical reasoning and equations were
fine, and the concept was confirmed experimentally by Poiseuille in 1849 using liquid flow in
tubes).

Most common liquids of simple structures (water, glycerin, oil, etc) are Newtonian fluids
whose viscosity is independent of shear rate. However fluids with complicated structures
(polymer melts or solutions, suspensions, etc) are generally non-Newtonian, whose viscosity
changes with shear rate and velocity.

Due to the nonlinearity of non-Newtonian liquids and viscosity dependence on specific
parameters (such as shear rate and oscillation frequency), different viscosity measurement
methods tend to produce different viscosity values.

The viscous drag acting on an object moving in a fluid can be generally expressed by
Equation (5-1) [3, 4].

P (5-1)
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where F is viscous drag, 77 is the viscosity of the fluid, 4 is the surface area in contact with
the fluid, v is the relative velocity of the object and H is the radius of the vessel of the fluid
around the object in which the layers of the fluid experience friction.
5.2 Theoretical model (in Newtonian & non-Newtonian liquids) and numerical
simulation
For magnetostrictive strip sensors immersed in liquid which vibrates with a simple
harmonic driving force, the vibration can be defined as a forced-damped vibration. The
oscillation equation for an external driving force F,, = Asinwt and viscous friction is as

below [5], and the displacement x can be obtained from Equation (5-3):

F=mx=-kx—bx+F,,6 =—kx—bx+ Asin wt (5-2)

¥+ Bx + @x = hsin ot (5-3)

B=2, =X -4 (5-4)
m m m

For a Newtonian liquid, 7 here is independent of shear rate and oscillation frequency,
and the analytical solution can be easily obtained; however, for a non-Newtonian liquid,
n=n(y) isrelated to shear rate, which makes Equation (5-3) hard to solve. However, by the
experiment results, 77(y) and its nonlinear behaviors can be demonstrated. And by proper
numerical simulation, we can compare simulation results with the experiment results and
check the validity of the equation.

5.3 Model in Newtonian liquids and numerical simulation

For the solution of forced vibrations in Handbook of Physics [5]:

It is a particular solution to the inhomogeneous equation.

¥+ Bx + wx = hsin ot
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Particular analytical solution:

: -B
h sin(wt + @) , where ¢ = arctan —; a)z

VB +(@} - @) Wy — @

X

*

The extreme value of vibration amplitude appears at ox =0.

h
\/Bza)z +(o; @)
ow

That is, =0.

3
= —%[Bza)2 +(o; ) F [ZBZa)+ 2w —a)z)(—2a))] =0

= o’ =a)§—lB2 :>a)=1/a)§—le
2 2

can only acquire one frequency for extreme value of vibration amplitude.
The result matches the figures shown in Handbook of Physics, and only one

characteristic resonance frequency can be obtained by Equation (5-3) [5].

—T/2

1
I
1 @i/ O

Figure 5.1. (a) Forced damped vibration. Normalized amplitude Bi;k as a function of

Wext/®o for various degrees of damping D; (b) Phase shift ¢ as function of wex/mo for various
degrees of damping D [5].

Only one resonance frequency can be obtained from the analytical solution of the

forced-damped vibration equation, which differs from the experimental results. In
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experiments, three experimental characteristic frequencies can be easily obtained
simultaneously for each liquid by one measurement of the selected AW sensor.

And these three frequencies are used to set up the model. For Newtonian oil, due to the
independence of viscosity with shear rate, one experimental parameter, such as f,, is enough
to describe the liquid viscosity. While in non-Newtonian oil, viscosity changes with shear rate
and velocity. Some more parameters are needed to present this nonlinearity, such as f;, f; and
fo. As discussed in Chapter 1, normally f, is selected at the maximum signal point (maximum
vibration amplitude), £, is selected at the minimum signal point and fj is picked up
somewhere between these two points. These three experimental characteristic frequencies
distribute within a rather broad range in which displacement, velocity and shear rate change
greatly. The nonlinearity of viscosity is also apparent in this range. So the information of the
whole resonance behavior curve should be fully used to illustrate the liquid properties by
using three experimental characteristic frequencies f;, /. and f;.

In order to match the experimental results, which obtain three characteristic frequencies,
some modifications have to be added into the analytical solution. Due to the relationship of
magnetization M and magnetic field H, the solution of Equation (5-3) is modified as below:
Original:
¥+ Bx + @x = hsin ot

s h : -Bw
sin(ewt + @) , where ¢ = arctan———

- 2
VB +(@} - &) Wy — @

X

Modified (add a linear part into the solution):

. h

\/Bza)2 +(@) - )

x e"“"? + C\H '™, C is a constant. (5-5)
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i , H,=C/H, and Hozi2 (which is the value of
\/Bza)2 +(o; —o°) @,

Let A(w,,w)=
A(w,,») when @ = 0 and corresponds the initial vibration amplitude without external
driving force)

Then x = A(®,,w)e"”"™” + H e = A(w,,w)(cosp+isinp)e™ + H e

=[A(w,,w)cosp+H,] e +id(w,,w)sing-e™

Amplitude:

|signal| = |x* = \/[A(a)O ,w)cosp+ H, " + A (w,,w)sin’ ¢ = \/A2 +H,' +24H, cosg
Phase:

, Asing
@ =arctan——
Acosp+H,

For the amplitude:

|Signal| =|x*| = \/[A(a)o,a))cosg0+Hé]2 + 4% (w,,w)sin’ @ :\/A2 +H(')2 +2A4H, cosg

T = arctan 3 -

W, — o -,

where ¢ = arctan

s

Extreme values of amplitude appear at gi =0
@

= 2Aa—A+2H(; COSQa—A—Q,AH(; sin(pa—(p =0
0w 0w 0w

= (24+2H, cosp) L _2 41, sin 2L — 0
ow ow
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3

h +2H, cosp)-h- (—%)[4ﬂ2a)2 +(0} —0*)*] 2

=2
\/4,32602 +(@) -’

hH,
\/4,[)’2602 +(@) -’

[8fw+2(0 —w}) - 20w]-2 sin @

. 1 [ 2p +2B0-(-1) (@’ —a})” 2] =0
20 o @’ -]
I+(——)
o —w;
= ( h + H, cos )(l) ! 8B+ 40 — o) )]
\/4ﬂza)2+(a)§—a)2)2 0SO85 40" +(w) — @) 0
L (@ -&)) —2B8(0 + a})
H . =0
" 0sm¢[4ﬁ’2a)2+(a)§—a)2)2 (@ -} ]
2 2 2 2 2
h +H, cosp) 2w+ (@ _a)o)w—H(')sin(p o tm)

= (
\/4ﬂ2w2+(a)§—a)2)2 4ﬂ2w2+(a)§—a)2)2 4,326024-(0)3—&)2)2
h

- (\/4ﬂ2w2 + (@} - )

- +H,cosp)2f° 0+ (0’ - @) )o] - H,sing- f(@° +w;) =0

h oS

= ( +H,
\/4ﬂ2a)2 +(w; —0*)’ "4 + (0 — )’

2p°0+ (0 - ;)]

' 2pw 2 2
Pl +wy)=0
C4p5%0" + (0} — @) A b)

:[h-\/4ﬂ2a)2 +(a)§ —a)2)2 +H(')(a)2 —a)(f)]-a)-(Zﬁ2 + &* —a)oz)—H(') -2ﬂw-ﬁ(w2 +a)§) =0

= [h- 4520 +(@} —0*) + H(0 - )P + 0" —a}) - 2H, B (0 + &) =0

= h-\/4ﬂ2a)2 +(w, -0’ QB+’ —o))+ Hy(o” —w)) —4H B w; =0

Let @* =Y, Y>0

= hJ4BY + (@} — YV QB +Y — )+ Hy (Y —0?)’ —4H, B>} =0

for this quadratic equation, two solutions exist which correspond the maximum value and
minimum value of the amplitude. And based on similar procedures, the extreme value of
phase can be also obtained. These results are in accordance with the experimental results,

which usually get three characteristic frequencies.
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And from the modified results (adding the linear part), we can get three characteristic

resonance frequencies by simulations of the equations solution in Figure 5.2. Matlab 7.0 is

used for numerical

1 1

simulation. In the case below: B=100, A=1000, @=10°

H,=CH,=—H,=—-0001=0.0005.
27072
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0.006 —

Amplitude
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—&— before modification
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-140 -

-160 +

-180

T T T
1000 1200 1400 1600 1800 2000 2200 2400
frequency

T
800

T
600

oo °

‘ —a— before modification
/ —e— after modification
)
/

L// minimum point

T
600

T T T T T T T T T T T T T T T T T 1
800 1000 1200 1400 1600 1800 2000 2200 2400
frequency

Figure 5.2. Three characteristic resonance frequencies obtained by numerical simulations of
the differential Equation (5-3) (before and after modification).

And the analytical expressions of three characteristic frequencies based on the modified
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solution can be obtained as below:
¥+ Bx + w}x = hsin ot
B stands for damping factor, ayis the intrinsic angular frequency of sensor without damping,

h is the amplitude of driving force, and @ is the angular frequency of driving force.

. . * . h
The solution is x (f)= A(w,,®)e" " , where A(w,,0)=
\/Bza)z +(o; —0*)’
-Bw
p(w,,w) = arctan———.
o, —@®
sing = —Bo
\/Bza)z +(o; —0*)’
And s o
W, — @
cosg =

when @ =0,

By adding the linear part H,e'”:

x'(t) = A(w,, w)e" ™ + Hye'™ = A(w,,w)(cosp+isinp)e'™ + H,e'™

=[A(®,,w)cosp+ H e +id(w,,@)sing-e'™

Amplitude:

|signal| :|x*| = \/[A(a)o,a))<:OS(p+H(')]2 + A (w, ,w)sin” ¢ :\/A2 +H(')2 +2AH  cos g

Phase:
\ Asi
(pzarctan&
Acosp+H,
, , h’ 2 2H, W&} -o*)
signal| =|x* =y A> + H." + 2AH cosg = 0 0 2
signal == A" B 24 cosg = (s s R

_ h*+2H h(w, — )
Bw +(w, —0°)

1
+H, )’
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h —Bw

, Asing \/Bza)2 +(w] - o) \/Bza)2 +(w] - o’)’
@ = arctan——— - = arctan( — )
Acosp+H, h Wy —w H
\/Bza)z +(o, —0*)’ \/Bza)2 +(o, —0°) ’
= arctan( —Bho )

W&} —o*)+ H[B’ 0 + (@] —©°)’]

<

1. |x *| has extreme values while =0, which corresponds f, (resonance

ow
frequency) and f. (anti-resonance frequency).

N 2H(')h(—2a))-[B2a)2 +(a)§ —0*)*]-[h? +2H(;h(a)§ —0*)]'[B* 20+ 20’ —a)(f)-2a)]

=0
[Bza)z +(a)g _a)2)2]2

= (2H,)-[B’®’ + () — ) 1-[h+2H (0, —®)]-[B* +2(0° - &])]=0
=2H, (0 —w})’ —2h(0’ —w))—hB* -2H,B’w; =0
Let @ -] =y,

Then 2H,y* —2hy—hB*> -2H B’w; =0

| 2ht\J4h* —4-2H,(~hB> ~2H,B*@}) hE\[h® +2H,hB® +4H B 0}
- 2-2H, - 2H,

=Y

2 2

ht[h* +2H hB* +4H} B
>’ =)+ ,

2H,

we can get |x*| has extreme values when

o=lo + Lt | Ly 2 B 4By
2 H, \ H, H,

corresponding to @_ —>2af. (resonance frequency) and @, — 27f. (anti-resonance

frequency).
o —ar s h+Jh + 2H(')hBy2 +4H? B’ o}
2H,
o —ar s h—Jh* + 21115;13'2 +4H} B w)
24,
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2. ¢ has extreme value while % =0, which corresponds f; (experimental-resonance

0w
frequency)
( -Bho )
o, —’)+H B0’ + (o] —0*)*] 0
ow

= h(w] -0 )+ H[B’0® + (0] -0 ) |- 0-{-2ho+ H[2B’0+2(0’ —®]) - 20]} =0
= hw} +ho’ -H,B 0" + Hy (0] —©*)’ —4H (0" — o} ) =0

Let a)z—a)(fzy :>a)2=y+a)§,

Then hay +h(y+ap)—H B> (y+ay)+Hyy' —4H,y(y+w;)=0

—-3H,y* + y(h—H,B*> —4H @)+ (2ho, —H,B’w;) =0

—h h
3)/2 '|')/’(F+B2 +4CO§)+(BZC()§ —27605):0

0 0

L—Bz 4] + (i,—B2 —4w})’ —12(B’w;} —2i,a)§)
HO HO HO

6

S0 -0, =y=

h h h
?—Bz —4603 i\/(]_I,—BZ —46002)2 —12(320)02 —2FCO§)

0 0 0

6

2 2
S0 -w,=y=

(choose “+”, because y should be positive.)

2a)§+i,—82+ (2w§+L—B2)2+12(La)§+a)§)
HO HO HO
S o= p )

corresponding to 2xf; (experimental-resonance frequency).

From these analytical expressions, we can check whether the three characteristic

frequencies change with / value or not in Newtonian liquids. In the linear part H ' and

! . h . . 1
H,=CH,, Cyisaconstantand H, =— . Then give a certain value 5 to constant Cj, and
0
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2

get H,= N to verify the results.
2w,

Get:

W= \/ 2w t\Jo) +2B’w®; , corresponding to @ —> 27f. (resonance frequency) and

@, = 27f. (anti-resonance frequency).

40?2 - B* ++/(40] - B*)* +360; , ,
W= , corresponding to 2mfy (experimental-resonance

6

frequency).

By the above derivation, we can find that the three characteristic frequencies do not
change with /4 value in Newtonian liquids and only relates to B (amplitude of damping factor,
which in this case stands for visco drag) and ay (intrinsic angular frequency of sensor without
damping, which is determined by sensor materials and sensor size), which are in accordance
with the experiments.

Then the numerical simulations are used to solve the differential equation (5-3). Matlab
7.0 is used for numerical simulation. Below are the numerical simulation results:
¥+ Bx + @} x = hsin ot

(w=1.6x10*, B changes from 1500 to 9000)
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Numerical simulation results

28000 & wu — —=— "

24000+
: ;

A“\‘\A\A e 27_[
] r
£ 200001 B
—v— 2thr
12000

2000 4000 6000 8000 10000
B value

Figure 5.3. Numerical simulation solutions of the differential Equation (5-3).

From Figure 5.3, we can find the trends of characteristic frequencies f, and f, with
damping factor are in accordance with the experiment results, and f, seems to increase with
damping factor increasing, while in experiments f; decreases very slowly with damping factor
increasing.

5.3.1 The study of relationship of three characteristic frequencies with B value

B is the damping drag added on the sensor. Normally it depends on the circumstance,

surface roughness of sensor, and so forth.

For f and f :

o = +l(i,i (i,)2 +2(L)B2 +4B°w}),
2 H, H, H,

corresponding to @_ — 2zf. (resonance frequency) and @, — 27f. (anti-resonance

frequency).

2

For f. and £, to find the trend with B, we only need to check whether

is positive or
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not.

2
0o _ 2(06—0) = only need to check the symbol of “J_r[4(i,)B +8Bawy .
0B 0B H,

, 0w oL . . .
For , choose “+” = — >0, means increases with B increasing.
g
r aB r

(Y32

0w . . .
For f,, choose = 2B <0, means f, decreases with B increasing.

For f;:
L,—B2 — 4w +\/(h,—B2 —4a}) -12(B’w; —ZLa)(f)
H H H
2 2 0 0 0
0" =, +
6
ow’ ow . ) )
Check , and found a_B < 0, means fy decreases with B increasing.

The trends of all these three characteristic frequencies change with B are in accordance with

Figure 5.3.

For f and f :

¥

o=t (s [Py o B L apa),
2 H, \ H, H,

corresponding to @_—>2af. (resonance frequency) and @, —>27f. (anti-resonance

frequency).

2 2 2
L mta (s e s,
, 2 H,w, Hw, H,” w, ,

o’ -’ = (i,)2 + 2(1,)32 +4B’w;
HO HO

h

2 2 2
W, +@° =2w; +—
0

h . .. h
Because —- is related to the driving force of sensor and relys on the system, let —- = 2@

0 0

to simplify the result, then
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o - = \/(%)2 + 2(%)32 +4B* 0} =2\w! + 2B W}
0 0

h

0!+’ =20, +— =4}
H
0

That means @ +@> does not change with an increase in B (visco-drag).

And

@ = a)(f +l(i,i (i,)2 +2(L,)B2 +4Bza)§) ,
2 H, H, H,

2

= w§+%(2a)§ 4o +8B° @) ) = 0] + (] t+|o) +2B°w]) = &) + (@ * o 1+ZB—2)
10)

0

B’ B’ —
~ o) +[o] o (1 +;)] (because el << 1, some approximations are made)
0 0

= a; +[a; £ (@) + B)]

- o’ =w, - B’ - o =+ o} —B* =21,
! =3w; + B’ o, =+\3w; +B* =27f,

+

i,—B2 — 4w + (i,—B2 —4w;) -12(B’w; —Zia)oz)
H H, H,

6

Ao B +(40} - B*) +360;
6

B2
(because — <<1, some approximations are made)
0

B’ 2
4oy — B +4520; '(1—@) 4o} — B> +/52 - () —]19)

0

6 6

a)Z

~1.87w; —0.26B°
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= 27f, = /1.87c? —0.26 B

27f, =+l — B

= {27f, = /1.870 —0.26 B

27 = 3 + B

Compare the decreasing rate of f, and f, with the B (visco-drag) increasing:

For f and f :

¥

o =] +l(ii\/(i,)2 +2(L,)B2 +4B°w}),

2°'H, \ H, H,
, i,B+2Bw§
ow
=+ 0
OB
(i,)2 + 2(i,)B2 +4B’w;
HO HO
, i,B+2Ba)§
ow ) 0
(=3, =-
OB
\/(:;,)2 + 2(1_};,)B2 +4B’w;
0 0
For f
L—Bz — 4y +\/(h,—B2 —4a)’ -12(B’w; —2L,a)02)
a)z :a)z + HO HO HO
’ 6
2
(——B-40)) -12(B’oy} -2 @})
HO HO
-[2(%—32 —4w})-(-2B)-24Bw; |}
0
. 2B3—4Ba)§—2;,B
=—(-2B+ g )
6 \/(h—BZ—4a)2)2—12(Bza)2—2 h ;)
H(') 0 0 Ho 0
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B’ -2Bw; L
H

=_%B+ h : h
3|(— =B -4w}) -12(B’w; -2 @)
\/ HO HO
. 0w’ .. 00’
Compare fywith ., compare (——), with (——), :
pare fo with f, p (63 ) (aB )/,
h h
ot oo | B'-2Bw) B - B+2B0;
R LA T
3\/(, -B*-4w)) -12(B’w; -2 — @) \/(,)2 +2(—)B’ +4B’w;
HO HO HO HO
2 2 2
(because B—2<<1 , some approximations are made, such as 1+2B2 z1+B—2 )
@y @y Wy

= (%Q;Z)ﬁ, _(%Q;Z)f,, >0
That means for fy, its decreasing rate with an increase in B (visco-drag) is slower than that
of f,, which coincides with the trends in Figure 5.3.
5.4 Model in non-Newtonian liquids and numerical simulation
For non-Newtonian liquids, the form of the differential Equation (5-3) needs to be

changed due to viscosity changing with the shear rate. The viscosity change is described by

770 _7700

——=—=— and power law model which is the
[1+(A)°T

the Carreau model: 7n(y)=n, +

simplification of Carreau model. And the differential Equation (5-3) changes into:

¥+ BX" + ) x = hsin ot (5-6)
where 7 is the viscosity index (power law index). And this kind of differential equation has
no analytical solution when # is not equal to 1. So the numerical simulations are used to solve
the differential Equation (5-6). Matlab 7.0 is used for numerical simulation.

¥+ B+ @x = hsin ot (5-3)

B=Cymn , where n changes with shear rate based on Carreau model:
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. 770 _7700
=n +——""=2—
Let #,=0.001Pa-s=1cP=ImPa's, #¢=0.1Pa-s=100cP=100mPa-s, A=0.1, p=0.2, C,=15000,
different /1, w;=1.6% 10%,

Checking and simulating the maximum shear rate with different 4 values (means different

driving force) results in Table 5.1 below:

h velocity (m/s) shear rate (s”)
0.1 7.025%107 0.82
0.5 3.376x10* 3.95
1 7.075x10* 8.28
3 2.912x107 34.1
5 6.45%x107 75.5
10 0.01975 2.31x10°
50 0.2635 3.08x10°
500 8.35 9.77x10*
10000 392 4.59x10°

Table 5.1. Maximum shear rate with different % value.

h=0.1
_ h70-5
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Figure 5.4. The relationship of typical Carreau model viscosity and shear rate with different
driving force amplitude.

From Figure 5.4, we find that non-Newtonian liquids behave like Newtonian liquids at
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rather low shear rates and high shear rates, in which ranges viscosity does not change with
shear rate. So based on this conclusion, we should get similar results by the method we
proposed before, which can distinguish these two types of liquids. Figure 5.5 following
shows the simulation results. We can find the two curves approach to each other at high shear
rate and meet at low shear rate, which matches with the experiment results and Figure 5.4,
and is also in accord with the facts that the Carreau-type non-Newtonian liquids behaves as
Newtonian liquids at low shear rates and high shear rates. And this also approves the validity

of the method proposed in this study.

—#— Newtonian liquid
—e— non-Newtonian liquid (Carreau model)

1.075+

n=0.001Pa*s—___ _

1.070

1.0651
~ _
& 1.060-
o' J
= 1.055-
8 J
=~ 1.050-
s 4

1.0451

1.040+

1.035

T T T T T T T T T T T T 1
15800 15840 15880 15920 15960 16000 16040
Q)
r

Figure 5.5. Different 4 (non-Newtonian liquids with different viscosity) compared with
different Newtonian liquids at same range of resonance frequency.
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CHAPTER 6
CONCLUSIONS AND PERSPECTIVES

As a fluid sensor platform, magnetostrictive strip and cantilever have some unique
advantages over others, such as wireless and good performances in liquids by choosing
magnetostrictive strip, and a large vibration displacement by selecting cantilever. To fully
exploit these advantages, resonance behaviors of the magnetostrictive strip and the PZT
cantilever are systemically studied to improve the sensor applications. Different factors which
may have effects on resonance behaviors of magnetostrictive strip are studied intensively,
such as DC bias field influence and locations effect. And the point of view that AC-driving
field could influence resonance frequencies of sensor was proposed. Proofs from three
independent methods (lock-in amplifier, impedance analyzer and network analyzer) were
given to support this view that resonance frequencies decrease with increases in the
AC-driving field. By recognizing this effect, the intrinsic resonance frequencies could be
found. The measurement results of lock-in amplifier and impedance analyzer are compared to
study the principle difference between these two methods. And also by using different coils
in the impedance analyzer method, the view that the impedance analyzer measures the signal
from sensor and equivalent circuits is proved. Combined with former results from the
AC-driving field, it is found that coils with a small diameter and long length are good for
resonance behaviors measurement. The location effects study shows the center of the pick-up
coil is the best position to measure the vibration signals of the magnetostrictive strip sensor.

A new method by using properly chosen function of characteristic frequencies versus
one of three frequencies is developed to identify the non-linearity of viscosity and also

differentiate Newtonian oils and non-Newtonian oils. With the studies of the resonance
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behaviors of magnetostrictive strips with different lengths in different oils, and the
performances of same length magnetostrictive strips with different length-width ratios, it is
found that the geometry of AW sensor is important. Longer length is better and also larger
length-width ratio is better in identifying the non-linearity of viscosity. And a
magnetostrictive strip of 40 mm X 3 mm x 30 um has good performance in identifying the
non-linearity of viscosity within broad temperature range.

The studies of resonance behaviors of cantilever sensors with different lengths in
different oils and the performances of same length cantilever sensors with different
length-width ratios illustrates that a longer cantilever with same width and thickness has a
better performance in identifying non-linearity of viscosity, and cantilever sensor of the same
length and thickness with a smaller width has better performance in differentiating
Newtonian oils and non-Newtonian oils.

And numerical simulation of the vibration of the strip sensor shows non-Newtonian
liquids behave like Newtonian liquids at rather low shear rates and high shear rates, in which
ranges viscosity does not change with shear rate and act totally different with Newtonian
liquids at intermediate shear rates. So based on this conclusion, similar results can be
obtained by the method proposed here, which can distinguish these two types of liquids. And
this also proves the validity of the method proposed in this study.

A solid background for further improvement of fluid sensor platform was set up by the
results reported in this study.

1) From a fundamental view, important information for the understanding of the resonance

behaviors of magnetostrictive strip was given by the experimental results reported in
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2)

3)

Chapter 2. Not only DC bias field but also AC-driving field could influence resonance
frequencies of a magnetostrictive strip sensor. During the sensors application, different
persons choose different device and may use different AC-driving fields, which could
affect the resonance frequencies of the magnetostrictive strip. Further research is needed
to study the magnetostrictive strip resonator from both physics and materials science to
establish the correct equation to get the intrinsic resonance frequency in different
circumstances. And based on other comparisons of different measurement methods, this
research will provide instruction on improving the magnetostrictive strip resonator system
design.

The viscous drags which act on main surface and edge are very different even for the
same magnetostrictive strip, and this will affect the performance of magnetostrictive strip.
Edge effect of magnetostrictive strip needs to be studied by changing the edge shape of
strip sensor to improve the design of magnetostrictive strip resonator system.

A new method by using the properly chosen function of characteristic frequencies versus
one of three frequencies is developed to identify the non-linearity of viscosity and also
differentiate Newtonian oils and non-Newtonian oils in Chapter 3 and 4. All studies show
that a magnetostrictive strip with longer length and larger length-width ratio has better
performance in identifying non-linearity of viscosity. Further research on this topic would
be interesting. A balance between performance and portability of the sensor system needs
to be found because we cannot use a magnetostrictive strip as large as we want. In
addition, a portable device can be designed for the cantilever resonator for further

application.
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4) As shown in Chapter 5, the non-linearity of viscosity is critical in differentiating
Newtonian fluids and non-Newtonian fluids. However, due to the non-linearity of the
differential equation, only numerical simulation solutions can be obtained in the studies
of non-Newtonian fluids. And a time-consuming issue also needs to be solved for high
resonance frequencies vibration simulations due to a large coefficient of the differential
equation. Although the tendency of the simulation to vary is the same as experiment
results, some improvements still need to be added in the simulation to be closer to the real

cases for instruction of future sensor system design.
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