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Abstract

We developed and fabricated a new viscometer. This new viscometer has been de-
signed and developed for measuring the viscosity of any liquid even the high vis-
cous liquids, and it can be used to measure the magneto-viscosity of the magne-
torheological fluids and ferrofluids and to measure the viscosity of the non-Newto-
nian fluids. In this project, the measurements were based on the study of the damp-
ing mechanism and observation of the damped motion on the physical pendulum,
and derivation of the viscosity by three different analyzing methods: the energy-
loss curves, the damping constant, and the period of oscillations. The results appear
that we have developed a precise and accurate instrument to measure the viscosity
with an error percentage of = 8 % of the viscosity in light liquids and + 0.5 % of

the viscosity in high viscous liquids.
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1 Introduction

Fluids are substances that can flow and are made of randomly arranged molecules.
Besides the liquids, gases, and plasma, some types of fine powders can also behave
like fluids (Royer, et al. 2007, Ziaee and Crane 2019). Fluid mechanics is the branch
of physics, specifically continuum mechanics, that studies the mechanisms of fluid
flow and the forces upon them. Flow depends on two main properties of the fluid:

density and viscosity.

Hand-waving is an easy movement we can do in the air, but what about if we try to
slide our hand in the water? The movement becomes harder and the same happens
in other liquids such as oils, mercury, or ethylene glycol. This is determined by the
fluid’s deformation/strain rate at specified shear stress. The applied shear stress is
usually linearly proportional to the fluid’s strain rate (velocity gradient) (Serway
and Jewett, Jr. 2014, Viswanath 2007, White 2009). The proportionality constant
of this relation is called the dynamic viscosity which can be defined as the fluid’s

internal resistance to flow (White 2009).

Let’s consider a simple two-layer system shown in figure 1.2, the upper layer drifts
slowly to the side and subjects the fluid to an applied force, this force per unit area
is the shear stress which is parallel to the layer surface. The lower layer was fixed.
The velocity gradient in this simple system is the velocity divided by the distance
between the two layers (y). In general, the dynamic viscosity is mathematically ex-

pressed as in equation 1-1.



Figure 1.1.1: Shear on a two-layer fluid film.

T
=0 1-1
dy
Where 7 is the dynamic viscosity, t is the shear stress, and du/dy is the strain rate
(velocity gradient) (Viswanath 2007, White 2009). The dynamic viscosity has the
units of stress multiplied by time or (Pa.s). A slightly different definition of vis-
cosity comes from the fact that the force equals the rate of change of momentum
(F=ma=A4p/At ) (Serway and Jewett, Jr. 2014). So, the rate of momentum
transport per unit area (the momentum flux) is proportional to the fluid’s strain rate
(velocity gradient). In this case, the proportionality constant is called the kinematic

viscosity (v) and is defined as the fluid’s tendency to transport momentum

(Viswanath 2007, White 2009).

Where p is the fluid’s density.



However, not all fluids obey equations (1-1) or (1-2). After the year 1687 when Sir
Isaac Newton postulated the viscosity concept and law experimentally, the fluids
that obeyed this law (1-1) came to be called Newtonian fluids (Viswanath 2007,
White 2009, Irgens 2014). These include most of the common fluids like gases and
simple liquids including water, oils, and liquid metals. On the other hand, fluids
that do not obey this law are called non-Newtonian fluids. These fluids include pol-
ymer solutions, slurries, and paints (Irgens 2014). In this case, the shear stress is
not linearly proportional to the strain rate. The proportionality between the shear
stress and the strain rate in the case of the non-Newtonian fluids differs with the

fluid type, which can be classified into two main types:

1- The time-independent fluids, whose viscosity changes with changing the applied
shear stress. According to the viscosity behavior, this type contains three subgroups:
a) The shear-thinning fluids (PsuedoPlastic), where the viscosity decreases with in-

creasing the stress.

b) The shear-thickening fluids (dilatant), where the viscosity increases with increas-

ing the shear stress

¢) The Bingham fluids (Rheological fluids), where the shear rate equals zero if the
applied stress is smaller than or equal to a certain value (z,), and is directly propor-

tional to the strain rate at larger shear stress (Viswanath 2007, Irgens 2014).

2- The second type was the time-dependent fluids, in which the viscosity under

constant strain rate changes with time (Viswanath 2007, Irgens 2014).



The viscosity of Newtonian fluids is a thermodynamic property that varies with
changing temperature and pressure. It increases weakly with increasing the pres-
sure, while the temperature has a larger effect on the viscosity depending on the
fluid’s state. In gases at low densities, the viscosity increases as VT with increasing
the temperature according to the ideal gas law (Viswanath 2007). Whereas in lig-
uids, viscosity decreases with increasing the temperature, since the intermolecular

cohesive forces decrease with it.

1.1Viscometers and Viscosity measurements

Determining the viscosity of different fluids is important both in research and in-
dustrial applications. In industry, it is important in processing, and product quality
testing, especially in the plastic industry (Viswanath 2007). It is also important in
the food (Sharma, et al. 2015, Bista, et al. 2021), medicine (Muriel and Katz 2021),
and motor oils industries (Hameed 2021). Determining a fluid’s viscosity is also
important in many research fields like measuring the magneto-viscosity of magnetic
fluids that can be utilized in applications like door-stops and car suspension sys-

tems.

Many instruments -known as viscometers- were developed to study and measure
the fluids’ flow and viscosity. Some viscometers measure the dynamic viscosity by
studying the fluid’s resistance to flow under controlled external forces. Others ob-
serve the fluid’s resistance to flow under gravity in order to measure the kinematic
viscosity. Among the many types of viscometers that were developed and used over

the years are the capillary, the rotational, the falling ball, and the vibrational



viscometers (Viswanath 2007). Many conditions can play an important role in
choosing the viscometer type such as the range of measurements, the fluid’s type
either Newtonian or non-Newtonian, temperature control, and the type of flow,

among other qualifications.

1.2 Drag Force and Viscosity Proportionality

Even though the viscosity depends on the drag force, we cannot simply say that the
drag force is proportional to the viscosity or vice versa. They have a complex pro-
portionality which is separated into many regimes, depending on velocity, object's
shape, and fluid. A parameter known as the Reynolds number is defined to deter-
mine these regimes (Reynolds 1883, Sommerfeld 1908).

_dev 1-3
n

Re

Where “Re” is the Reynolds number, d is the object’s diameter, p is the fluid’s
density, v is the object’s velocity, and 7 is the fluid’s dynamic viscosity.
We generally can define three main flow regimes according to the Reynolds number

and the flow rate (velocity).

1- At low velocities such that “Re” becomes smaller than one, the flow will be
highly laminar and the viscous drag force is entirely coming from the fluid's vis-
cosity. This drag force directly depends on the viscosity and the object's velocity,

as quantified by the Stokes low (Stokes 1851).

Fviscous
d

= anv 1-4

Where a ‘a measure of the object’s size’ and is equal to 6xr for a sphere.



2- At large velocities, unusual fluids, or unusual object shapes, the Reynolds’ num-
ber “Re” can be larger than 10000. This drag force comes from the inertial drag and
is proportional to the square of the object’s velocity multiplied by the fluid's density.

In this case, the flow will be turbulent, and the viscous drag force will be negligible.

CpS
2 PY

Fénertial — 2 1-5

Where S is the object’s cross-sectional area and Cp, is the drag coefficient.

3- When “Re” is in the range between these two values (i.e. between 1 and 10,000),
the two forces will have to be considered, since both of them contribute to the total
drag force, and this is called the transition regime. This regime is actually divided
into multiple regimes according to the Reynolds number order of magnitude: the
laminar regime when “Re” lies between 1 and 100, the weak laminar regime
(100 < Re < 1000), and transition to a turbulent regime (10 < Re < 10%)
(White 2009). In this project, we are interested in the highly laminar and the laminar

regimes.

1.3 Pendulum Viscometers

As mentioned before, Newton experimentally established that the damping of the
oscillations of a pendulum immersed in a fluid is related to the fluid's density and
viscosity. Almost two centuries later, Stokes studied this proportionality and theo-
retically derived equation (1-4) known as Stokes law. This equation describes the
effect of the viscous drag force on the pendulum's oscillations (Stokes 1851). His
paper included the study of a moving sphere in a fluid at low velocities and linked

the viscous drag force with the viscosity linearly. After that, Reynolds in 1883



(Reynolds 1883) and then Sommerfeld in 1908 (Sommerfeld 1908) studied the lim-
itations on the validity of the Stokes law and defined the Reynolds number as a
means to determine when the Stokes law is valid and when it is not. The following
years through the 20th and 21st centuries witnessed many experimental and analyt-
ical studies on the proportionality of the damping of under-liquid pendulum with
the viscosity. These studies included the study of many types of under-liquid pen-
dulums as studying the oscillations of torsion pendulums to find the viscosity (Hong
and Lu 1995), studying the effects of viscous fluids on simple pendulum oscillations
(Zonetti, et al. 1999, Hou, et al. 2015), and using simple or physical pendulums as
viscometers (Janik, et al. 2006, Rudyak, et al. 2008, Leme and Oliveira 2017). Most
of these studies focused on small oscillation angles, (i.e. low velocities) where the
viscous drag force and Stokes law are valid. Furthermore, the under-liquid pendu-
lum oscillations were also studied for various other objectives such as studying the
dynamics of an inverted pendulum underwater for energy harvesting (Hasnain, et
al. 2020), using it in studying the fluid-structure interactions (Martins, Silveira-Neto
and Steffen Jr 2007, Bos and Wellens 2021), and using the pendulum motion to

estimate the hydrodynamics of underwater vehicles (Yh and Lau 2008).

In this thesis, we developed a new pendulum-based viscometer that was carefully
designed to measure extremely low angles, scale down the torque caused by the
liquid’s drag force to control the damping rate, and is easily analyzed by automating
the data collection and analysis. The extremely lightweight of the thin hollow alu-

minum cylinder gives the device extraordinary sensitivity.



2 Theoretical Background

The use of a physical pendulum to measure liquids’ viscosity through damping re-
quires a detailed understanding of the possible damping mechanisms in the pendu-
lum. Let’s consider a simple physical pendulum as shown in Figure 2.1 which os-
cillates with a period of T, and is affected by a damping torque that comes from the
drag or frictional force (F.) acting on the pendulum arm. Taking into account the

small-angle approximation, the equation of motion for this physical pendulum is:

YT =16 2-1

So, assuming the drag force acts at the tip of the pendulum:

10 + EL+mgLcy6 =0 9.2

Figure 2.1: Sketch of a physical pendulum.
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Where 6 is the oscillating angle, 7 is the torque, | is the moment of inertia and equals
J, pL?dV =2mr? fOL”” L?dL = gmLZCM which is valid for a rigid physical pen-

dulum and a long thin hollow cylinder, m is the mass of the pendulum, and Ly, is

the pendulum’s center of mass position.

The pendulum’s damping mechanism differs with different drag force types. Usu-
ally, it is described with an analytically solvable model of drag force linearly pro-
portional to the angular velocity. This force gives an exponential decay in the os-
cillation amplitude. Yet, there are other forms of drag that require a more practical
and comprehensive mathematical treatment. Particularly, we will consider three dif-
ferent types of drag force (all of which are always in the direction opposite to mo-

tion):

1- The velocity-independent frictional force F. = f, . This constant damping force
appears on the fulcrum point and causes a linear decay in the amplitude of the os-

cillations.

2- The linear drag force (i.e. F. = fv?¥), which is the best known and treated type
of drag force. This type corresponds to small Reynolds numbers and is known as

the viscous drag force or Stokes law (equation 1-4).

3- The quadratic drag force, which is proportional to the square of the velocity (i.e.
E. = f,v%D). This type corresponds to air drag at high velocities and large Reynolds
numbers. This force is known as the inertial drag force and is defined by equation

1-5.
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A real physical pendulum is ordinarily affected by a combination of these three

forces, thus giving rise to the following equation of motion:
0 +7,|010 +2y,0+f, +wid =0 9.3

Here y, is the quadratic force damping constant, y, is the linear force damping

constant, and w3 is the pendulum’s normal angular frequency.

2.1 Energy-Based Analysis

Equation 2-3 is not solvable using the analytical differential-equations-based meth-
ods. So, a realistic treatment has been developed in the 1970s (Miller 1974,
Crawford 1975, Squire 1986) to solve the pendulum’s equation of motion under the
effect of various frictional/drag force types, which can be used to determine the
type of the frictional/drag force acting on the pendulum. This method is energy-
based and relies on finding the energy loss per cycle due to the damping or drag
forces. It is well-known that if a pendulum starts the oscillations from an angular
position 6,,, it will not exceed that same position after completing a period of oscil-
lations, due to energy conservation, and it will start the new period from a new
angular position 6,,,,. The difference in these positions (460) is related to the

amount of loss in mechanical energy (4E) over a complete period of oscillations.
This loss is equal to the work done (dw) by the frictional forces (ﬁ) over a distance

dé (dw = F. dé), and according to the work-energy theorem, AE equals

T
AE = f Fodt 2.4
0
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Where ¥ is the velocity and equals L8, and T is the period of oscillations. Assuming

that 8 = A cos (wt + ¢), 0 = —Aw sin (wt) , where A is the amplitude of os-

cillations, w is the angular frequency and equals ZT" and ¢ is a phase shift.

We also know that the average energy of a pendulum during a complete cycle/pe-

riod of oscillations equals

T
E=<E>=fET(t)dt 9.5
0

Where E(t) is the total mechanical energy and equals the summation of the kinetic

energy (% mv?) and the potential energy (mgh). So,

1
E = > maw?A? 2-6

And thus, the amount of energy loss (4E) is:

— 2
AE = mw*A AA 2.7

Here, equation 2-4 is equal to equation 2-7 for the three different types of fric-
tional/drag force, and by substituting the different frictional/drag force types in the
integral we will have a relation between the change in amplitude (loss in amplitude

AA) and the amplitude of oscillations.

a) Velocity- independent frictional force (F. = f, D)

Let’s start by substituting the force into the integral in equation 2-4:

r =~
sE= [ fy18de 2-8
0
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T - 2m
AE = f,L f [—wd sin (5 0) Jdt 2.9
0

By integrating it over a complete period (0 > Tort - t + T),

AE = 4Lf A 210
This is equal to equation 2-7.
AE = 4Lf A= mw?A AA 2-11

So, there is a constant relationship between the change in amplitude (loss in
amplitude 4A4) and the amplitude of oscillations in the case of velocity-in-
dependent frictional force (i.e. 4A is simply a constant and is independent
of A).

_ALf, LfT?

— 2-12
mw? m2m

AA

This type of frictional force should give decaying oscillations represented
by a cosine wave with an envelope of a straight line such that the drop in

amplitude is constant between any two consecutive cycles.

b) Viscous (linear) drag force (E. = fyvD)

Substituting this force into the integral in equation 2-4 now gives:

T =
sE= [ f.1700dt 2-13
0

2 (7 242 o 2T
AE = f|L jo[—w A”(t) sin (Tt) ] dt 2-14

By integrating it over a complete period (0 > Tort -t + T),
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2 2
AE = nL flwA 2-15

This is equal to equation 2-7.

AE = nl’*f wA® = mw?A AA 2-16

So, there is a linear relationship between 44 and A in the case of viscous

drag force.

_nl?fy 4 L2f,T

AA = A 2-17

mo 4mm

This force was the same drag force in equation 1-4. So, for, f; = an, the
loss in amplitude (4A4) is directly proportional to the viscosity of the me-
dium.

an L*T
_an A

AA = 2-18

4tm

This behavior is in agreement with the solution obtained by solving the dif-
ferential equation directly, which gives an exponential decay of the ampli-
tude of the oscillations with time.

Inertial (quadratic) drag force (F. = f,v?D)

In this case one gets:
T o
sE= [ f,1%6% de 2-19
0

r 2
2E = f,1° j w3 A @ sin’ (0) ] de 220
0

By integrating it over a complete period (0 > Tort -t +T),
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8
AE = §L3 f,w?A® 2-21
This is equal to equation 2-7.

8
4E = 3L°f,0’A’ = mw?A A4 2-22

So, there is a quadratic relationship between 44 and A in this case of an

inertial drag force.

3
_8f 2-23

AA
3m

This force was the same drag force in equation 1-5. Thus, f, = %p.

8L3CpS
gzt P

A2 2-24
6m

AA

A

Figure 2.2: The change in amplitude as a function of the amplitude,
which is equivalent to the energy loss curves for various drag forces.

So, the energy loss curve (or more specifically 44 vs. A curve) clearly depends on
the nature of the frictional/drag force at play in the pendulum system. Figure 2.2

shows the general behavior of 4A4 vs. A for the three different drag force types.
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So far, we studied the decay of the amplitude of the oscillations for each type of
drag force separately. Yet, this powerful method in analysing the damping mecha-
nism of the physical pendulum allows the study of real problems where all three

damping mechanisms might be present. The 44 vs. A curve can then be analysed

using a polynomial fit 44 = aA® + bA + ¢, where a, b, and c are the fit constants

equal to the constants in equations 2-22, 2-17, and 2-12 respectively.

2.2 Differential-Equation-Based Analysis

In the case of the highly laminar regime, the relation between 44 and A -or between
the drag force and the velocity- is linear. Neglecting both the inertial drag force (i.e.

¥, — 0) and the constant frictional force on the fulcrum (i.e. f, — 0). Then equation

2-3 becomes,

6+2y,0+ w8=0 2-25

This equation is directly solvable using the analytical differential-equations-based

methods, with the following general solution for 8(t).
2_,,2 _[2_,,2
8(t) = e V1t(AyeN 1T 4 4,0 VIO 2-26

Where A; and A, are constants.

This solution is divided into three different regimes: the critical damping regime
when yf = w2, the over damping regime (yf > w3), and the under damping regime
(yf < w3). The pendulum reaches the equilibrium position (i.e. theta equals zero)

without oscillating around it when one of the first two conditions is satisfied. In
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critical damping, the pendulum moves toward the equilibrium faster than in the over

damping (Pain 2005).
Yet, in the third case (under damping), the damping causes the pendulum to return
to equilibrium with an oscillating amplitude that decreases until it reaches zero

_ 2
eventually. These oscillations have an angular frequency of o' = w§ — y£. Ap-

plying the under damping condition on equation 2-26, the general solution will be

(Pain 2005):

0(t) = A et cos cos (w't + p) 2-27

Where A is a constant and ¢ is a phase shift.

where y, is directly proportional to f; (i.e. to n ) and to the length of the pendulum
(L ), while inversely proportional to the moment of inertia (1). So, we can calcu-
late the viscosity of the liquid using the equation 2-27 only if the motion is in the

highly laminar regime (i.e. Re < 1).

an Ley
¥, = T 2-28

2.3 Period of Oscillation as a Function of Viscosity

The damping constant depends directly on the viscosity when the motion exists in

the highly laminar regime (Hou, et al. 2015), as mentioned before. Consequently,
the angular frequency of the oscillations (w’z) changes with the viscosity, and so

the period of oscillations.
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2n _ (mgLCM)Z _ (C”?LCM>2 2-29
T I 21

Substituting I = lmLZCM, the period of oscillation becomes:
3

4mtmLcy
T = 2-30
V(2mg)? — (an)?

To further process this function, the denominator will be expanded by the Taylor

series expansion of the second order

aZ 2
JCmg? —(@n? = J@mg? - ——+0(n* 231
J (2mg)?
J(@mg)? — (an)? = 8(ng)? — a*n? 2-32
And thus, the period equals
4rmlL
bl 2-33

T =
8(mg)? — a?n?
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3 Experimental Setup and Methodology

We developed and fabricated a unique new design of a physical pendulum that is
specialized to be used as a viscometer. Its design allows it to be used for a huge
range of viscosities and gives excellent sensitivity. Here, we will describe this new

design and contrast it with existing pendulum viscometers from the literature.

3.1 Design

Pendulums have been used to measure the viscosity, as mentioned before. It has
been long observed- since the middle ages that liquids’ viscosity and density affect
the damping of different pendulum types when immersed in the liquids. But, all of
these new and old versions of the pendulum viscometers have been dependent on
immersing all of the pendulum or the end part of it in the liquid whether it was a
physical (Janik, et al. 2006), simple (Zonetti, et al. 1999, Leme and Oliveira 2017),
or torsion pendulum (Hong and Lu 1995) (Figure 3.1 A). This approach limited
such studies in the literature to very small angles and velocities to record the pen-
dulum oscillations at Reynolds numbers smaller than 1, so they neglect the inertial
drag force. Thus, the equation could be solved with the viscous drag force only
being considered, and gave a direct linear relationship between the damping con-
stant and the viscosity of the liquid. Furthermore, these previous designs were re-
stricted in terms of the viscosity of the liquid since the oscillations die quickly when
the pendulum is immersed in liquids with significantly higher viscosities than water
(e.g. higher by 100 times or more than water). This limited the types of liquids that
can be studied using the technique and thus limited the significance of the instru-

ment as a viscometer. Furthermore, the relatively short length of the pendulum arm
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-needed to keep its mass small- limits the angle/oscillation amplitudes that can be
resolved reliably. We devised and used a new pendulum design that resolves both
of the previous problems and significantly improves the versatility of the pendulum
as a viscometer. Our physical pendulum viscometer design is shown in Figure
3.1B), where the main idea of this design is to attach the part (or mass) that will be
immersed much closer to the upper part or suspension point of the pendulum. This
was done by attaching a small bar at 90 degrees to the pendulum rod with two arms
at its ends each with a small ball “sphere” suspended from it and moving parallel to
the pendulum. The component parallel to the pendulum rod of the distance between

the sphere and the fulcrum point is (). This distance is significantly less than the

A) Existing Designs B) Our New Design
— T
£
LD L
O Laser Pointer

Figure 3.1: Pendulum viscometer A) Old designs. B) Our new design for the phys-
ical pendulum viscometer, where L is the total pendulum’s length, and € is the dis-
tance from the center of the fulcrum point to the center of the oscillating spheres.
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length of the pendulum rod (L), so the velocity of the sphere is significantly less
than the tip of the pendulum for a given oscillation amplitude (i.e. £ X 8 <« L x ).
A second major improvement to the design is attaching a small laser to its end,
reflecting the laser beam from a mirror placed at 45 degrees on a wall. This gave us

an ‘effective length of a few meters of the pendulum arm’.

So, the new pendulum viscometer has multiple major improvements and capabili-

ties, like:

1- having £ « L enables us to study the oscillations at larger angles and in liquids
with higher viscosities while still having a small Reynolds number (equation 1-3)
since we have reduced the velocity of the immersed parts of the pendulum in the

liquid. The velocity of each moving sphere equals:

£

L endulum

3-1

vsphere

In which vg,pere = £ 6 is the velocity of the moving ball, vyengynm = L 6 is the
velocity of the tip of the pendulum, ¢ is the distance from the fulcrum point to the
center of the ball, and L is the length of the whole pendulum’s arm. Consequently,

the Reynolds number is reduced by the same factor.

2- For a given liquid, the torque acting due to the drag force on the two spheres is
significantly smaller than one gets if the tip of the pendulum arm was in the liquid.
This allows us to study fluids with extremely high viscosity and non-Newtonian

fluids.
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3- The very light weight of the thin (5.59 mm diameter), hollow aluminum cylinder
comprising the rod of the pendulum makes it extremely sensitive to small drag
forces/viscosities. Yet, more importantly, the sensitivity can be tuned by attaching
weights close to the tip of the pendulum to increase the moment of inertia and make
the torque of the returning force (i.e. msin () ) stronger compared to that due to
the viscous drag force at distance (¢). So, removing any extra weights reduces the
moment of inertia of the pendulum to a minimum and makes it extremely sensitive
to low viscosities. This comes at the cost of losing the ability to measure highly
viscous fluids, yet attaching a weight to the pendulum reduces the sensitivity and

allows the study of very viscous liquids.

4- Attaching the immersed masses closer to the suspension point of the pendulum
does not affect the symmetry of the viscometer. Where suspending two spheres on

the right and left sides of the attached small bar keeps the symmetry in our design.

5- The crucial addition of the laser pointer to the end of the pendulum enhances the
sensitivity significantly, where even minute oscillations cause the bright spot on the

wall to move by an amount easily picked by the camera and the ‘Tracker’ software.

6- In addition to that, our new physical pendulum viscometer design has other fea-
tures, such as the ability to apply an external magnetic field to easily study the mag-

neto-viscous effects in magnetorheological fluids and ferrofluids using our setup.

7- Finally, even more flexibility is allowed by changing some of the pendulum pa-
rameters like the distance between the fulcrum point and the center of the spheres

[, the mass suspended to the pendulum, and the diameter of the immersed spheres,
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all of which can be changed to tune the device to a specific viscosity range of inter-

est.

3.1.1 Technical Details

Through the initial months of working in developing and fabricating this physical
pendulum viscometer design, the setup has been developed in many stages. Ini-
tially, we started working with a rectangular aluminum arm with a length of 44.5
cm, a width of 2.5 cm, a thickness of 3 mm, and a mass of 90 grams. The ball
bearing was used as a fulcrum in this system. But, the pendulum’s oscillations were
linearly and rapidly damped with no noticeable difference between the dry (air
only) damping and in-water damping. This clearly indicated that the friction at the
suspension point dominated the damping mechanism leaving the pendulum insen-
sitive to viscous drag in liquids. In order to fix this problem, we first changed the
arm into a hollow aluminum rod with a length of 45.3 cm, a diameter of 5.95 mm,
and a mass of 33 grams. Also in this case the ball bearing was used as a fulcrum.
Even though the difference became more clearly noticed when comparing the dry
damping and on-water damping, the pendulum oscillations were still linearly
damped. At that moment, we considered that the hollow rod is a great choice for
the arm but we have to change the method of suspending the pendulum. So, we
used a hook screw as a fulcrum. In this version of the setup, the hook screw was
attached to the aluminum rod and suspended on a cylindrical horizontal shaft. This
choice was finally adopted for our research since it gave extremely small friction
torque on the fulcrum, which turned out to be much less than the viscous drag

torque. This suspension method makes only one contact point -with a fairly small
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contact area- with the suspension shaft, the distance between the point of contact
and the true axis of rotation (R) is extremely small. This distance is equal to the

radius of the suspension shaft. So, ultimately the frictional torque (z, = f,-R, where

B)

R-0

Figure 3.2: Sketch of the different fulcrum methods used A) Ball
bearing fulcrum B) Hook screw fulcrum. Clarify how the radius of
rotation differs between the two cases and so the frictional torque.

fr is the frictional force and R is the radius of the rotation axis) goes to zero. In the
case of ball bearing fulcrum, the contact with the shaft was larger -due to the mul-
tiple bearings- leading to larger values of ‘moment arm’ (z,-) and the radius of the
shaft (R) was much larger, so the actual friction torque was too large as shown in
Figure 3.2. The placement of the bearings was extremely delicate and added sig-
nificantly to the resistance due to misalignment and due to the cavity for the bear-

ings being too narrow or too wide.
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A rectangular aluminum (Al) support piece (shown in green) was attached using
hot silicon on the Al rod as shown in Figure 3.3. Its distance from the suspension
points is about 5 cm. This piece has ¢ two thin copper (Cu) wires; one connected
on each side of it such that they are parallel to the main pendulum rod. The length
of each of them is (4.5 £ 0.1) cm and a plastic sphere with a diameter (d) of
(9.55 £ 0.01)mm and a mass (m) of (0.47 + 0.01) grams was attached to the end
of each wire. These two spheres oscillate parallel to the the pendulum’s tip at a
distance (€) of (9.9 + 0.1) cm from the center of the fulcrum point. Two plastic
boxes were 3D-printed and have a length of 79 mm, a width of 23 mm, and a height
of 31 mm. These boxes will be filled with the different liquids and placed on a fixed
table (blue surface in Figure 3.3) such that the small spheres will oscillate inside the
liquid and will thus be used to measure the liquid’s viscosity. The final physical
pendulum viscometer used in this thesis has a total length (L) of (50.9 + 0.1) cm.
This length increases significantly when counting the laser’s path length to the wall,

as will be discussed below. The total mass (M) of the moving parts of pendulum

Figure 3.3: Sectional sketch of the physical pendulum viscometer for the rectan-
gular piece and the suspended spheres.



26

was (38.3855 + 0.0001) grams. That included the mass of the Al rod, the hook
screw suspension, the support Al piece, the Cu thin wires, the spheres, and the laser

pointer.

3.2 Data Collection and Analysis Methods

To monitor the physical pendulum’s oscillations with the best resolution (i.e. an-
gular precision), a laser pointer was suspended from the end of the pendulum’s arm
and aligned parallel to the arm. The laser beam falls on a mirror tilted at 45 degrees,
which reflects the laser beam into a screen at a distance of 364 cm from the tip of
the pendulum’s arm as shown in Figure 3.4. This gives an effective length (L, qser)
of 364 cm added to the length of the pendulum (L). Thus, we are able to detect the
fine oscillations, where the bright spot still moves even when the pendulum oscil-
lations are hardly observed with the naked eye. Furthermore, this effective length

is flexible and can easily be increased to give higher sensitivity. Yet, this increase

Camera

B

AN N

LLaser = 364 cm

Screen

Figure 3.4: Sketch of the complete setup with clarifying the monitoring and data
collection method. Where a laser pointer is aligned vertically with the pendulum's
arm and reflects the beam from 45'tilted mirror on a screen apart of 364 cm.
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in distance comes at the cost of making the laser spot get enlarged significantly. A

better-quality laser pointer is recommended -if available- for this setup.

The laser bright spot moved/oscillated on the screen/wall giving significantly am-
plified oscillations of the pendulum. The oscillating bright laser spot was monitored
with a (CANON or what make and model camera) camera capable of recording
videos at a wide range of speed. We captured the videos at a speed of 250 frames
per second. This system was built in order to get a better resolution in monitoring
the angular position of our physical pendulum viscometer, where the larger length

increases the angular resolution and precision.

—_ x ~ X 3'2
0= (L+LLaser) " L+Lpgser

Where 0 is the angular position, x is the horizontal position of the laser point, L is

the pendulum’s arm length, and L; 4., IS the distance between the screen and the

center of the pendulum’s arm. This system gives an angular resolution of about

2 X 107 radians (i.e. about 0.001 degrees).

3.2.1 Tracker Software

The captured videos were analyzed using the “Tracker Video Analysis Software”
(Brown 2008, Brown and Cox 2009). The Tracker software is an accurate tool that
analyzes the videos by tracking the different features as needed by the user. It is
developed and built on the “Open-Source Physics” platform and is a user-friendly

software that can be downloaded from the internet (https://physlets.org/tracker/)

and runs on different operating systems.


https://physlets.org/tracker/
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In this project, the Tracker was used to track the laser point on the screen and to
determine its horizontal position (x) through the pendulum’s oscillations, with
tracking the oscillating time. Figure 3.5 shows a snapshot of the Tracker software
screen while it was analyzing one of the captured videos. On the left side, It shows
the inserted video with 4 different blue lines which were the calibration sticks to
convert/ calibrate the pixels of the camera into real distance units, with the coordi-
nate axis in pink to determine the zero-point. On the right side, it shows the resultant
curve of the horizontal displacement of the bright point as a function of time with a
table records the numerical data points of the horizontal and vertical displacements

with the time.

File Edit Video Track Coordinate System View Help

= = H o we L S Track | @ LL- | Qrew A £- 5 B | c

W & massA m|1.000kg 2 il k= Plotsw | © massA|w

mass A (t, x)
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A b Lo - w ow s
T T T T T T

1 2 B
1=3.122 s x=3.293 cm

B
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Figure 3.5:A snapshot of the "Tracker Video Analysis Software" screen while i
analyzes a video.
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3.2.2 LabVIEW

The “Laboratory Instrument Engineering Workbench” or the LabVIEW is a visual
programming language/system that was developed by the ‘“National Instruments”
(NI) in the early 1980s. It is an easy graphical programming language that can be
used for Data Acquisition (DAQ) purposes, tests, measurements, and the different
analysis processes (Andrade and Kovner 1998, Johnson and Jennings 2006, Travis

and Kring 2007).

-
:

Waveform Graph 9 f

=) = Build XY Graph
o

= Vinput
XY Graph ===
W

]

o f
I

Figure 3.6: A snapshot of the "LabView Program" block diagram screen (See Ap-
pendix B for more clarification).

In this thesis research, we used LabVIEW to read/analyze Tracker-generated data
and record the amplitudes and the period of oscillations. The data taken from
“Tracker’ software is modified on Excel  sheets to give the pendulum’s angular
displacement (0) as a function of oscillations’ time (by dividing the horizontal dis-
placement points over the summation of the length of the pendulum and the laser’s

effective length), then saved into a text file with the format MS-DOS. This file was



30

then read by LabVIEW and processed, where the ‘extract portion of signal’ function
in a LabView program (shown in figure 3.6 or Appendix B) was used -with an
analysis time equal to 600 and a step of 20 data points- to extract (or read) a small
portion of the 6(t) file in order to find the average amplitude and period of the os-
cillation within this small-time window. The last two numbers are related to the size
of the window of analysis  used in this function and the step to determine the next
window in extracting the average amplitude and period. The amplitudes and period
of oscillations were then measured by the next LabVIEW function ‘tone measure-
ments’, which takes the extracted data within the small window and calculates the
amplitude, the frequency (i.e. the period of oscillations), and the phase for a signal
tone. The processed data was finally saved as a matrix of two columns (the ampli-
tude and the period) on a text file. Figure 3.6 shows a snapshot of the ‘Block Dia-
gram’ (the actual LabVIEW program) we used in reading and analysing pendulum
motion videos for finding the amplitudes and periods of oscillations in this thesis.
The LabVIEW program is a simple and powerful technique to automate the entire

video analysis process and extract vital information about the motion.

3.3 Capillary Viscometer

We used two ways to verify/evaluate the performance of our new physical pendu-

lum viscometer and to calibrate it:

a) comparison with viscosity data from the literature, and
b) Using the well-known capillary viscometer (Viswanath 2007) to meas-
ure all liquids with it and compare the results with those obtained by the

pendulum viscometer. The principle of the capillary viscometer is to
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determine the flow time of the liquid through the capillary tube or a tube
of a very small diameter. Since the flow of a liquid through a vertical
tube is retarded by the viscosity, its flow time will depend on the viscos-
ity (n) and the density (p). The more viscous liquids will have a longer
flow time, while the more dense liquids will have a shorter flow time.
Thus, there is a direct proportionality between the flow time and viscos-

ity but an inverse proportionality between the flow time and the density.

n=txp 3-3

Figure 3.7:Sketch of the capillary tube viscometer used
in this project; this viscometer has been fabricated in the
Glass department in the Chemistry laboratories.
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In this project, the viscosity was measured relative to water by measuring the flow
time for the liquids between two determined points on the vertical tube. Figure 3.7
shows a sketch of the used capillary tube viscometer, this viscometer has been fab-

ricated in the Glass department in the Chemistry laboratories at Birzeit University.

3.4 Studied Liquids

| studied nine different liquids in this thesis, with their viscosities ranging from 1
mPa.s to 474 mPa.s. These liquids were Water, Ethylene Glycol with a concentra-
tion of 100%, Paraffin oil, and different motor oils which were, from the lighter to
the heavier/more viscous, SAE 10W, SAE 0W-20, SAE 5W-30, SAE 5W-40, SAE

15W-40, and SAE 10W-60.
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4 Data And Analysis

4.1 Pendulum oscillations damping in different liquids

Details of the periodic oscillations of a pendulum depend on the frictional\drag
forces acting on it, as mentioned before. Since our physical pendulum design has
been fabricated with an extremely small fulcrum friction force, we can see that the
linear damping term (velocity independent frictional force term) in equation 2.3
mostly disappears even in the dry damping (in-air damping) case as shown in Figure
4.1. Figure 4.1 A) shows the complete dry oscillations of our physical pendulum
when it starts oscillating from an angle of 0.21 degrees. These oscillations took a

total time of about 600 seconds (10 minutes) to rest after about 480 periods with a
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Figure 4.1: Graphical output of our physical pendulum viscometer oscillations as

a function of time (angles smaller than 0.3 degrees), while it is not immersed in

any liquid (dry damping). A) The entire oscillation process until no more motion

was detected, and three zoomed-in periods: B) t=28-42 s, C) t=252-266 s, and D)

t=565-580 s.
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period time of 1.25 seconds. Further, the data shows a clear exponential decay/
damping, which confirms that the linear damping term was dominant and that both
the frictional torque acting on the fulcrum and the quadratic drag force were ap-
proximately equal to zero. Additionally, Figures 4.1 B) and C) show zoomed-in
areas of the oscillations of 4.1 A) at different intervals: at the beginning and in the
middle of the oscillations time. It is visible that we have very clear and periodic
oscillations. In addition, Figure 4.1 D) shows the oscillations towards the end (i.e.
at very small angles). Even though there are some fluctuations that appeared in this
interval —presumably due to very small oscillations at the fulcrum point in direc-
tions different from the main pendulum motion-, it still has clear and well-resolved
periodic oscillations. After immersing the two upper arms and the spheres (recall
Figure 3.1B ) in the water we observed that the oscillations took about half the time
to die out compared with the dry damping case. As shown in Figure 4.2 A) these
oscillations are still long where the complete oscillations took about 300 seconds (5
minutes) to finally reach to rest. This took about 240 periods with a period time of
1.26 seconds when the initial oscillations started with an amplitude/angle of 0.24
degrees. Figures 4.2 B), C), and D) show a zoom-in of Figure 4.2 A) at different
intervals: the beginning, the middle, and towards the end of the oscillations. As in
the dry damping case, even though there are fluctuations at very small angles (close
to the end), yet the periodic oscillations are still quite obvious and clearly resolved.
It is important to also notice here that we have clear and complete oscillations with

an amplitude of 0.001 to 0.002 degrees (2 to 3 x10° radians)!
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In spite of these fluctuations, the hook-screw-based fabrication was the best fabri-
cated physical pendulum for our viscometer: Its oscillations lasted long enough to
allow us to reliably measure the viscosity of both lighter liquids such as water and

significantly heavier, more viscous liquids.
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Figure 4.2: Graphical output of our physical pendulum viscometer oscillations
as a function of time (angles smaller than 0.3 degrees), while it was immersed in
water. A) total oscillations time, and zoom-ins B) t = 28 —40, C) t = 168 —
180, and D) t = 274 — 284 seconds

Earlier models of the pendulum viscometer had important flaws/drawbacks: A sim-
ilar pendulum -but with ball-bearings-based suspension as a fulcrum point- had sig-
nificantly higher friction. This is further amplified by multiplying it by a larger
‘moment arm’ (recall Figure 3.2B) giving a significant frictional torque that domi-
nated the damping behaviour of the pendulum. Figure 4.3 shows the oscillations of

this initially fabricated physical pendulum viscometer. Its oscillations even in air



36

(dry damping) came to rest after less than 10 seconds when it started oscillating
from an angle of 0.29 degrees. So, the final design with the hook-screw-based phys-
ical pendulum took about 60 times longer to complete its oscillations and come to
rest. Furthermore, it is easy to see that oscillation amplitude drops by the same
amount after each cycle (i.e. there is linear envelope of the oscillations) indicative
of a constant (i.e. velocity-independent) drag force usually taking place at the sus-

pension point/fulcrum rather than in the damping liquid (Figure 4.3 A).

This constant damping causes the oscillation process to seize to exist abruptly (lin-

early) without giving the user an opportunity to observe the oscillation at small an-

gles, as seen in Figure 4.3 B).
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Figure 4.3: The graphical output of an initial setup of the physical pendulum vis-
cometer oscillations as a function of time for a design depended on the bearing
as a fulcrum point A) On air damping complete oscillations, B) On air damping
with zoom in at the ends of oscillations, C) On water damping complete oscilla-
tions, and D) On water damping with zoom in at the ends of the oscillations.
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In the case of water, as shown in Figure 4.3 C), the oscillations came to rest after
about 5 seconds when starting with an initial oscillating angle of 0.24 degrees. The
same linear behavior on damping was noticed with an obvious lack of oscillations

at the very small angles (Figure 4.3 D).

As shown in Figure 4.4, we observed and studied the pendulum oscillations and
damping while the upper arms and the spheres are immersed in eight different lig-
uids that have viscosities ranging from that of water, about 20 times the viscosity
of water -such as pure Ethylene glycol (Viswanath 2007, White 2009, Sawicka,
Cieslinski and Smolen 2020) (Figure 4.4 A) where the pendulum oscillations con-
tinued for 90 seconds (1.5 minutes) when it starts oscillating from an angle of 0.26
degrees- to about 470 times the viscosity of water such as the viscous motor oil
SAE 10W-60 (Zahariea and Husaru 2017) (Figure 4.4 H) where the pendulum os-
cillations continued for about 12 seconds when it starts oscillating from an angle of
0.24 degrees. Within these two values the studied liquids, as shown in Figure 4.4,
were: B) Paraffin oil, C) motor oil SAE 10W, D) motor oil SAE 0W-20, E) motor

oil SAE 5W-30, F) motor oil SAE 5W-40, and G) motor oil SAE 15W-40.
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Figure 4.4 : Graphical output of our physical pendulum viscometer oscillations as
a function of time (angles smaller than 0.3 degrees): viscous damping, immersed in
A) pure ethylene glycol (E.G. 100%), and different types of light and viscous oils:
B) Paraffin oil, C) SAE 10W, D) SAE 0W-20, E) SAE 5W-30, F) SAE 5W-40, G)

SAE 15W-40, and H) SAE 10W-60.
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Figure 4.5 shows a comparison of a small range of the oscillations in water -which
is the lightest studied liquid-, the motor oil SAE 0W-20 which has an intermediate
viscosity, and the motor oil which is the most viscous liquid. These curves are the
same as in Figures 4.2, 4.4 D), and 4.4 H) respectively, but with a smaller time
interval ranging from 0.8 seconds to 6.8 seconds to clearly demonstrate some dif-
ferences between them. The decay in amplitude in the case of water is very slow
while it becomes faster in the case of motor oil 0OW-20 and very fast in the case of
motor oil SAE 10W-60 (Figure 4.5 A). Furthermore, it can be seen that the period
(T) increased with increasing the liquid’s viscosity. These differences between the
curves of the three liquids are more obvious when zooming in even further, as in
Figure 4.5 B). One can also see that oscillations persist at very small angles. For
instance, in the case of motor oil SAE 10W-60, we see two oscillations in this nar-
row time interval: The first with an amplitude of about 0.015 degrees and the second
with an amplitude of about 0.005 degrees. Also, in the case of motor oil SAE OW-
20, we have two notable oscillations in this interval: the first with an amplitude of

about 0.12 degrees and the second with an amplitude of about 0.1 degrees.
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Figure 4.5: Graphical output of our physical pendulum viscometer oscillations as
a function of time A) comparison of the pendulum oscillations while the spheres are
immersed in three different liquids: water, OW-20, and 10W-60. B) Zoom-in graph
to display the oscillations at very small angles.
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4.2 Energy-loss curves and the damping mechanism

We need to identify the energy loss behavior in order to study the damping mecha-
nism of our physical pendulum and to identify the main drag forces/liquid viscosi-
ties acting on it. The behavior of the change in the oscillations” amplitude as a func-
tion of the amplitude itself (AA Vs. A) gives a direct indication of the underlying

energy-loss mechanisms.

Figure 4.6 shows theAA Vs. A relation., which looks linear, even though there are
net vibrations in the data. These vibrations likely came from three different sources:
1) the conversion process of the videos to digital data and then extract values of the
amplitude and period only in small stripes of time. 2) Our physical pendulum vis-
cometer was very light, so it is very sensitive to any air vibration. 3) Unwanted
oscillations and rotation of the pendulum suspension point, where the hook could
also move perpendicular to the main motion. These fluctuations and small vibra-

tions are invisible to the naked eye.
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Figure 4.6: The change in oscillations amplitude 44 as a function of the amplitude
A, while the pendulum arms are immersed on water.
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The LabView program that we wrote specifically for this purpose gave better results
of the amplitude analysis than the Python program that came with the ‘Tracker’
software. The Python code (Appendix A) that was initially used to find the ampli-
tudes of the oscillations gave significant scattering in the data besides the vibrations.
On the other hand, the feature of averaging and analysis window in LabView helped
reduce the scattering significantly, but did not eliminate it. Figure 4.7 shows a com-
parison between the outcomes of these two programs when used to analyse the same

dataset of oscillations damped by immersing the spheres in water.
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Figure 4.7: Comparison between the results of the change in oscillations amplitude
AA as a function of the oscillations amplitude, while the pendulum arms are im-
mersed on water. In the case of finding the amplitudes A) using simple Python code,
and B) using simple LabView program.

Figure 4.8 displays four graphs of “AA Vs. A “ data; two of them obtained on the
final pendulum design (hook-screw-based physical pendulum) while the other two
obtained using an older design that relied on bearings for the suspension point. Fig-
ures 4.8 A) and C) clearly show the relation between AA and A to be purely linear
and to have a y-intercept of about zero both in water and in air. The extremely low

intercept demonstrates that the velocity-independent friction force at the fulcrum is



42

negligible, since the intercept is proportional to the velocity independent force (ful-

crum frictional force) according to the equation:

2
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Figure 4.8: Comparison between the results of the change in oscillations amplitude
AA as a function of the amplitude (A) for the Hook screw based physical pendulum
A) in air and C) in water, and the Ball bearing based physical pendulum B) in air

and D) in water.

so, f, is negligibly small. Furthermore, the absence of any quadratic dependence
rules out the presence of any appreciable drag proportional to the square of the ve-
locity.Comparing these results with the results of the ball-bearing-based physical

pendulum shown in Figures 4.8 B) and D) it is obvious that the fulcrum friction
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force is not negligible in this case since the ratio of the y-intercept to the slope is

larger by more than 1000 times than the ratio in the hook-screw-based pendulum.

For our physical pendulum viscometer (with hook-screw-based suspension), the re-
sults of three different trials of oscillations data, while immersed in water, were
averaged and gave a slope equal to 0.00415 and a y-intercept of 4.2 x 10~>. Taking
into account that we have a combination of two spheres oscillating in the liquid and

rod oscillating in the air, then the AA vs. A slope (equation 2-18) for our design is

4-2

TZ 127‘[er P a LZ .
Slope (S) = yw < anlquld n rod I\j[mnalr )

Where T is the period of oscillations, m is the mass of each one of the immersed
spheres, M is the total mass of the pendulum, r is the radius of the immersed balls,
2 is the distance from the fulcrum point to the center of the immersed spheres, L.,
is the center of mass position of our pendulum’s rod, and a,,4 iS @ measure of the

size of the pendulum’s rod and it has been estimated from the slope of AA vs.A

2 .
slope for air according to equation 4-2, where W = 0.08586.

So,

4-3

_ m 2 S arodL%'mT/air
Miquia = omepe \"" X277 M

And the error equals
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AMlLiquia = 1552 2 \s 7

m (Am Ar 2A£’> 4nZS(AS 2AT>
m r £

+ arosznair (Aarod + 2AL + A_M>
M QGog L M
But the directly calculated viscosity from the slope contains a large systematic error
since it is also linked with other parameters related to the air drag on the pendulum

arm that should not be neglected. Because of that, we will use a calibration fit to

measure the viscosity via the physical-pendulum-based viscometer in section 4.6.

Figure 4.9 shows the linearity of "AA Vs. A" curves for the eight different liquids:
A) pure etheleyne glycol (E.G. 100%), B) Paraffin oil, and the motor oils SAE C)
10W, D) OW-20, E) 5W-30, F) 5W-40, G) 15W-40, and F) 10W-60. It is obvious
that the unwanted oscillations progressively disappeared as the viscosity of the lig-

uid increased.
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Table 4.1: The slope, y-intercept, the calculated viscosity values, and the errors in
these values for all liquids.

Liquid Slope Error in | y-intercept | Error in y- | npiguia | Aiiquia
slope intercept (Pa.s)
Water 0.00415 | 0.00007 | 4.2 x 1075 | 0.9 x 10~> | 0.0043 | 0.0006
E.G. 100% | 0.01858 | 0.00008 | 2.3 x 107® | 0.6 x 107° | 0.0955 | 0.0006
Paraffin 0.02108 | 0.00007 | 8 x 10~° 3x 10> |0.1115 | 0.0006
10w 0.0455 | 0.0003 2x107° 4x107% |0.2594 | 0.0006
OW - 20 0.0570 |0.0002 | 1.6x107* | 0.4 x 10~* | 0.3296 | 0.0006
5W -30 0.094 0.001 53x107* | 1.1 x 10~* | 0.5170 | 0.0006
SW —-40 0.1123 |0.0007 | —4x10"*| 1x10~* |0.6075 | 0.0006
15W-40 |0.2125 |0.0013 | 7.4x 1075 | 1.5x 1075 | 1.0117 | 0.0006
10W-60 |0.2247 |0.0013 | 3.6x107* | 0.7x 10™* | 1.0605 | 0.0006

Thus, it is obvious that the vibrations that appeared in light liquids (Figures 4.6, 4.9

A), and 4.9 B) completely disappeared in the case of the viscous motor oil SAE

10W-60 (Figure 4.9 H). More importantly, The Reynolds number (Re) seems to

still be less than 1 even for the liquids with high viscosity, as deduced from the

linear relationship between AA and A. Table 4.1 lists the values of the slope, y-
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intercept values, the errors in these values, and the calculated viscosity (7.iguia)
and its error ( Anpiquiq )for the curves of all studied fluids. The errors in the slope

and y-intercept were calculated using the LINEST function in EXCEL.
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Figure 4.9: The change in oscillations amplitude 44 as a function of the amplitude of the
oscillations A, while the pendulum arms are immersed in A) pure ethylene glycol (E.G.
100%), and different types of light and viscous oils: B) Paraffin oil, C) SAE 10W, D) SAE
O0W-20, E) SAE 5W-30, F) SAE 5W-40, G) SAE 15W-40, and H) SAE 10W-60.
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4.3 Amplitude decay and damping constant analysis

The energy loss curves studied in section 4.2 were all linear when the physical pen-
dulum arms are immersed in a variety of liquids. This is direct evidence that the
oscillations lie in the linear regime (i.e. Reynolds’ number “Re” can be considered
to be less than 1). This linear relation allows to directly find the viscosity of the
liquid from the damping constant (y;) (Where A = A, exp(—y,t) in this case),
since the quadratic velocity-dependent drag term is negligible, thus allowing a sim-
ple solution of the equation of motion, as in section 2.2. We have a direct linear
relationship between our physical pendulum’s oscillations damping constant and
the viscosity of the liquid. The damping constant can be written as the sum of three

constants: y1 = ¥4 + Vsphere{1} T Vspherefz}» Where y, is damping constant caused
by the drag on the pendulum arm and ygphere(s,23 IS the damping constant caused

by the drag on the immersed spheres. We ignored here the damping caused by the

thin wire connecting each sphere to the pendulum. So,

_ 12nr £ NLiquid n (4R + L) NgirLem

V1= +C; 4-5

ZIsphere 2Irod

Where Is,pere is the moment of inertia of the oscillating spheres and equals mL?,
I,q 1S the moment of inertia of the long hollow cylindrical rod and equals §MLZCM,

L. 1s the center of mass position for the whole pendulum, M its mass, and C; is a
constant related to the other frictional forces we neglected earlier, especially to the

frictional force in the fulcrum, which is quite small.
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Figure 4.10:The amplitude decay as a function of time for all the studied liquids: A)
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Figure 4.10 shows the amplitude decay of the pendulum oscillations as a function
of time for A) water, E.G. 100%, light oils, and B) viscous oils. The results are
separated into two figures for clarity, since the times are very different. It is clear
that the decay is exponential and becomes much faster when increasing a liquid’s
viscosity. This is reasonable since with the rise in viscosity the drag force acting on

the small spheres and arms becomes larger, so the damping becomes much faster.
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Figure 4.11: The natural logarithm In(A) as a function of time for A) light liquids
and B) viscous oils.

In order to measure the viscosity, a graph of the natural logarithm of the amplitude
was plotted as a function of the time (figure 4.11 A) and B). The slope of this rela-

tion represents the damping constant (Ln(A) = Ln(A4,) — y,t). The damping
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constants of the oscillations in the different liquids are recorded -with the errors in

them- in Table 4.2, where the errors were calculated using the LINEST function in

EXCEL.

Table 4.2: The damping constant and its uncertainty for all 9 liquids.

Liquid Damping Constant (1/s) | Error
Water 0.007363 0.000015
E.G. 100% | 0.02989 0.00007
Paraffin Oil | 0.0370 0.0002
10W 0.0700 0.0005
0W - 20 0.0907 0.0009
SW -30 0.174 0.003
5W — 40 0.1861 0.002
15W - 40 0.2849 0.0012
10W - 60 0.314 0.002
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4.4 Viscosity effect on the period of oscillations

In addition to the two previous methods used in measuring the viscosity, the change
in pendulum oscillations period with the viscosity can also be used to measure it.
As discussed before the change in the period was obvious and it agreed with the

behavior discussed in chapter 2.

A
JB2% —(C + Dn)? 4-6

Where A, B, C, and D are the constants related to the pendulum’s center of mass
position, the Pendulum’s mass, immersed spheres’ masses, the immersed spheres'
measure of size (aspperes), the pendulum arm measure of size (a,,4), normal angu-

lar frequency, and the immersed arm length as mentioned in the third chapter.

The periods measured for each liquid were listed in Table 4.3. The error in calcu-
lating the period is connected with the analysis method and data collection tools.
And it can be estimated from the smallest deviation in the analysis tool ‘Tracker’

to be equal to 0.001 seconds.

Table 4.3: The period of oscillations for our physical pendulum when it is im-
mersed in the different liquids.

Liquid Period (s) Calculated Viscosity

Water 1.263 0.00135

E.G.100% | 1.266 0.02086
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Paraffin Oil | 1.267 0.02700
10W 1.282 0.09972
0W - 20 1.283 0.10375
SW - 30 1.333 0.25374
5W - 40 1.346 0.28380
15W —-40 1.445 0.46429
10W -60 1.452 0.47499

Figure 4.12 plots the measured periods in the case of water, ethylene glycol, and

SAE 10W-60 as a function of their literature viscosity values (Viswanath 2007,
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Figure 4.12: Experimentally measured period of oscillations for water, E.G.
100%, and 10W-60 as a function of their literature viscosities.



53

White 2009, Sawicka, Cieslinski and Smolen 2020, Zahariea and Husaru 2017).
This graph shows that one can measure the viscosity from the change in the oscil-
lation period. A polynomial fit of the data points was used to calculate the viscosity

of all the studied liquids from the period of oscillation.
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4.5 Capillary Viscometer Relative Viscosity

The capillary viscometer relies on measuring the liquid flow rate through a capillary
tube, where this flow rate depends on the viscosity (n) and the density (p) of the

liquid (equation 3-3).

In capillary viscometers we initially find a relative viscosity, which is determined

by comparing the liquid flow rate with that of water.

_ Uiquid X Pliquid
Nretative = 4-7

twater X pwater

In order to measure the viscosity using the capillary, the flow time and the density
of all liquids were measured and the capillary relative viscosity was calculated ac-

cording to equation (4-2). These values are recorded in Table 4.4.

Table 4.4: The flow time, density, capillary relative viscosity and the measured
viscosity for all the studied liquids.

Liquid t (seconds) | p (kg/m®) Nretative | 1 (Pa.9)
Water 9.43 998 1 0.00104
E.G.100% | 105.25 1110 12.4 0.02115
Paraffin Oil | 243.00 834 21.5 0.03722
10W 534.13 861 48.9 0.08537
0w - 20 918.17 794 77.4 0.13576
SW-30 1382.16 735 107.9 0.18947




SW-40 1481.39 804 126.5 0.22226
15W - 40 2772.79 864 254.5 0.44779
10W - 60 2996.34 848 269.9 0.47499

55
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4.6 Calibration, measured viscosity, and performance evalu-

ation

The physical pendulum viscometer must be calibrated and tested with liquids with
known viscosities in order to be used reliably and accurately. We used a total of
three methods —based on the same pendulum data- to obtain the viscosity from the
pendulum oscillations and compare all three with the results from the capillary vis-
cometer and with values from the literature. We start by comparing the slope of
AA Vs. A with the capillary viscometer results. Our physical pendulum viscometer

as -shown in Figure 4.13- gives a perfect linear correlation with the measured
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Figure 4.13: A calibration curve to estimate the liquids’ viscosity A) calibration
between the relative capillary viscosity and the known literature viscosities values
and B), C), and D) calibration between AA Vs.A curve slope, pendulum damping
constant, and the viscosity measured from the period with the measured viscosity
using the capillary respectively.
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viscosity using the capillary. The linear fit equation can then be used as a calibration
to calculate the viscosity of the studied liquids and any other liquid under the same
temperature and pressure conditions. One might expect the new viscometer to have
two main systematic errors that might affect the accuracy of itsviscosity measure-
ments: The first is the constant drag force on the fulcrum point which was estimated
from "AA vs. A" curves and shown to be negligible -about 9.65 x 10~° intercept.
The second systematic error is the air drag on the pendulum arm which is present
in all studies since the main pendulum rod is always in air. This constant related to
air drag is estimated to be equal to (agrmNairLem/21) @s mentioned in equation
4-5. This shows that the air drag can pause a problem at low viscosities but not at
higher viscosities. However, it is very important to notice that the air drag is com-
mon/present in all liquids so, it does not pause any real problem once the device is

calibrated.

Table 4.5 records the viscosity of the 9 liquids as measured by: 1) the energy-loss
method, 2) the exponential damping fit, 3) the change in oscillation period, and 4)
the capillary viscometer. The first three methods used the same data from the pen-
dulum. All Four methods agree with each other and give fairly close results. How-
ever, the damping constant and period methods give slightly different values from
the energy-loss method and the values measured using the well-known capillary
viscometer, indicating that the energy loss-based method gives better results than
the other two methods. This can be explained by the constant C; in equation 4-5,
where it is not only related to the velocity independent frictional force. But it may

be also related to the quadratic force (inertial drag force) acting on the pendulum’s
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rod. In which at the beginnings of the oscillations, the velocity of the pendulum’s
rod oscillations is large since it is moving at larger angles compared with the ends
of the oscillations. This affects the damping of the pendulum and so the damping
constant and the period of oscillation. Thus, as recorded in Table 4.5 and clarified
in Figure 4.14, the energy-loss-based method of analysis gives the most accurate
and precise measurements of viscosity compared to the other two methods. Using
this method of analysis, our new physical pendulum viscometer can reliably meas-
ure the viscosities in the range of 1 (£0.15) “mPa.s” to 474 (+3) “mPa.s”. This
means that we have developed a high-precision viscometer with the ability to meas-

ure the viscosity of a very wide range of viscous liquids.

Table 4.5: The measured viscosities using the capillary viscometer and our physi-
cal pendulum viscometer (via three analysis ways) for all the liquids.

Liquid Neapitiary (Pa.S) | Nowr penauium (Pa.s) measured using the fit
From the slope | From  the | From the pe-
of AAVs. A damping riod

constant

Water 0.00104 0.00113 0.00649 0.00135

E.G.100% | 0.02115 0.02877 0.02885 0.02086

Paraffin Oil | 0.03722 0.03418 0.04001 0.02700

now 0.08537 0.08698 0.09178 0.09972
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ow -20 0.13576 0.11184 0.12426 0.10375
SW-30 0.18947 0.19250 0.25494 0.25374
SW —40 0.22226 0.23142 0.27392 0.28380
15W - 40 0.44779 0.44808 0.42893 0.46429
10W - 60 0.47499 0.47446 0.47458 0.47499
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Figure 4.14: A histogram clarifies the differences between the measured viscosities
in this thesis, using the capillary viscometer or our physical pendulum viscometer
using the different analysis methods

Furthermore, it is important to notice the difference between the directly calculated
viscosity from the energy-loss-curve slope recorded in Table 4.1 and that calculated
from the calibration fit recorded in Table 4.5. This inaccuracy in the directly calcu-
lated values comes from the fact that the constant in equation 2-18 -the constant in

equation 4-1 in our pendulum- generally does not directly equal the constant (a) in
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the linear fit (y = ax +b), since we have another force acting on the system (velocity
independent force).Thus, using a calibration between AA vs. A slope and the known
viscosities, and finding a calibration fit equation is more accurate method to calcu-

late the viscosity of a liquid.

Figure 4.15 shows a comparison between our physical pendulum viscometer vis-
cosities, the capillary viscosities, and the literature viscosities. In general, our new
design seems to have accurate and precise results, particularly at higher viscosities

it gives perfect results as shown in Figure 4.15D).
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Figure 4.15: A comparison between our physical pendulum viscometer viscosities,
the capillary viscosities, and the literature viscosities.
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5 Potential Applications

Controlling the damping rate of our physical pendulum viscometer by scaling down
the torque caused by the liquids drag force, and by the feature of the ability to con-
trol the mass, and length of immersed arms. These features boost our new instru-
ment to be used in many potential applications such study the magneto-viscosity of
the magneto Rehlogical (MR) fluids and the ferrofluids, studying the viscosity of
some types of the non-Newtonian fluids like the Oobleck, and in some studies in
the granular physics. In this chapter, we will discuss the first one, which will be the

first future study, using the new instrument, by our research group.

5.1 Magneto-viscosity of MR fluids

Magneto-Rheological (MR) fluids are fluids that are made up of micrometer-scale
magnetizable (usually iron) particles in a carrier liquid (Bossis, et al. 2002). These
fluids are a kind of smart materials, where some of their properties (like the viscos-
ity) change with an applied magnetic field. Such that the MR fluid can be converted
from a Newtonian fluid into a semi-solid or solid material in a fraction of millisec-
onds under an external magnetic field (Bossis, et al. 2002, De Vicente, Klingenberg
and Hidalgo-Alvarez 2011). Under the presence of the magnetic field, the fluids
show a Bingham non-Newtonian fluids behavior (De Vicente, Klingenberg and
Hidalgo-Alvarez 2011). And it appears a wide range (some orders of magnitude)
changes in viscosity with changing the magnetic field strength (Bossis, et al. 2002,
De Vicente, Klingenberg and Hidalgo-Alvarez 2011). Because of this property, the

MR fluids have many applications such that it used as an active control in the shock



63

absorbs, seismic vibration dampers, and control valves (De Vicente, Klingenberg
and Hidalgo-Alvarez 2011). Also, it was used in some biomedical applications,
chemical sensing applications, controlling the thermal transfer, and others (De

Vicente, Klingenberg and Hidalgo-Alvarez 2011).

Our newly developed physical pendulum viscometer can be used to study the
change in MR fluids viscosity variation with the strength of the applied magnetic

field as shown in Figure 5.1. The pendulum arm, thin wires, and balls immersed

—

—

B

Figure 5.1: Magnetic Field Applied across the fluid’s boxes.

were fabricated from non-magnetic materials. As the new viscometer can be used
to study the magneto-viscosity of MR fluids without any unwanted effects on the
pendulum damping besides its effect on the viscosity of the MR fluid. Furthermore,
an additional mass can be suspended from the pendulum to increase its total weight,

which increased the range of viscosities and can be studied by minimizing the
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fluid’s drag force torque on the balls comparable to the torque on the arm and ad-
ditional mass. And thus, a good number of oscillations to study the MR fluid vis-

cosity at higher magnetic fields.
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Conclusions

In this Thesis, A new unique design of the physical pendulum viscometer was de-
veloped and fabricated. The main idea of this new design was to scale down the
torque caused by the fluids’ drag force and minimize the velocity of the immersed
particles. Which expanded the range of viscosities that can be studied. Also, using
a powerful and comprehensive method of analysis depends on the energy loss by
each pendulum oscillation to analyze the pendulum’s damping mechanism, whereas
the limitation in the highly laminar regime was removed. This new physical pendu-
lum viscometer appeared to be an accurate and precise instrument to be used to
measure the viscosity in the industrial fields, scientifical research, and the physics
laboratories.

This new viscometer will be used to study the viscosity of the magnetorheological
fluids and ferrofluids as a function of the magnetic field strength and orientation.
The work on this new study was started, in the physics department research labor-

atories at Birzeit University, by our research group as a new project.



66

References

Andrade, H. A., and S. Kovner. 1998. “Software synthesis from dataflow models for G
and LabVIEW/sup TM/.” Conference Record of Thirty-Second Asilomar
Conference on Signals, Systems and Computers (Cat. No.98CH36284). Pacific
Grove, CA, USA: IEEE.

Bista, Archana, Noel McCarthy, Colm P. O'Donnell, and Norah O'Shea. 2021. “Key
parameters and strategies to control milk concentrate viscosity in milk powder
manufacture.” International Dairy Journal 121.

Bos, R. W., and P. R. Wellens. 2021. “Fluid—structure interaction between a pendulum
and monochromatic waves.” Journal of Fluids and Structures 100 (103): 191.

Brown, Douglas. 2008. “Video modeling: combining dynamic model simulations with
traditional video analysis.” In American Association of Physics Teachers (AAPT)
Summer Meeting.

Brown, Douglas, and Anne J. Cox. 2009. “Innovative Uses of Video Analysis.” The Physics
Teacher 47 (3): 145-150.

Crawford, Frank S. 1975. “Damping of a simple pendulum.” American Journal of Physics
43 (3): 276-277.

Hameed, D. 2021. “Engine Oil Deterioration based on the Viscosity, flash point and fire
point for Different Trip Length.” Kurdistan Journal of Applied Research 6 (1): 13-
20.

Hasnain, Sagib, Karam Dad Kallu, Muhammad Haq Nawaz, Naseem Abbas, and Catalin
lulin Pruncu. 2020. “Dynamic Response of an Inverted Pendulum System in
Water under Parametric Excitations for Energy Harvesting: A Conceptual
Approach.” Energies 13 (19): 5215.

Hong, Xinguo, and Kunquan Lu. 1995. “Viscosity Measurement With Double wire Torsion
Pendulum.” Review of Scientific Instruments 66: 4318.

Hou, Zhe, Kai Yuan, Fuyong Xie, Hai Jin, and Qingfan Shi. 2015. “Oscillation properties of
a simple pendulum in a viscous liquid.” European Journal of Physics 36 (1):
015011.

Irgens, Fridtjov. 2014. “Classification of Fluids.” In Rheology and Non-Newtonian Fluids,
1-16. Cham: Springer International Publishing.

Janik, Joanna, Agnieszka Krol-Otwinowska, Dagmara Sokolowska, and Jozef K. Moscicki.
2006. “Pendulum viscometer: A new method for measurement of Miesowicz
nematic shear viscosity coefficients n1 and n2.” Review of Scientific Instruments
77 (12): 123906.

Johnson, Gary W., and Richard Jennings. 2006. LabVIEW Graphical Programming. 4th.
Newyork: McGraw-Hill.



67

Leme, José Costa, and Agostinho Oliveira. 2017. “Pendulum Underwater — An Approach
for Quantifying Viscosity.” The Physics Teacher 55 (9): 555-557.

Martins, D. A. M., A. M. Silveira-Neto, and V. Steffen Jr. 2007. “A Pendulum-Based Model
for Fluid Structure Interaction Analysis.” Revista de Engenharia Térmica 6 (2):
76.

Miller, B. J. 1974. “More Realistic Treatment of the Simple Pendulum without Difficult
Mathematics.” American Journal of Physics 42: 298-303.

Muriel, Diego F., and Joseph Katz. 2021. “Time Evolution and Effect of Dispersant on the
Morphology and Viscosity of Water-In-Crude-Oil Emulsions.” Langmuir 37 (5):
1725-1742.

NIManuls. 2018. LabVIEW help. NI Publications.

Pain, H. J. 2005. The Physics of Vibrations and Waves. 6th. Chichester: John Wiley & Sons
Ltd.

Ramli, Hanif, Kar Tim Chan, and Wing Fen Yap. 2016. “Study of simple pendulum using
tracker video analysis and high speed camera: an interactive approach to
analyze oscillatory motion.” Solid State Science and Technology 24 (2): 297-305.

Reynolds, Osborne. 1883. “An Experimental Investigation of the Circumstances Which
Determine Whether the Motion of Water Shall be Direct or Sinuous, and of
Resistance in Parallel Channels.” Philosophical Transactions of the Royal Society
of London 174: 935 -983.

Royer, John R., Eric I. Corwin, Peter J. Eng, and Heinrich M. Jaeger. 2007. “Gas-Mediated
Impact Dynamics in Fine-Grained Granular Materials.” Physical Review Letters 99

(3).

Rudyak, V. Ya., A. V. Minakov, A. A. Gavrilov, and A. A. Dekterev. 2008. “Application of
new numerical algorithm for solving the Navier—Stokes equations for modelling
the work of a viscometer of the physical pendulum type.” Thermophysics and
Aeromechanics 15 (2): 333-345.

Sawicka, Dorota, Janusz T. Cieslinski, and Slawomir Smolen. 2020. “A Comparison of
Empirical Correlations of Viscosity and Thermal Conductivity of Water-Ethylene
Glycol-Al203 Nanofluids.” Nanomaterials (Basel, Switzerland) 10 (8): E1487.

Serway, Raymond A., and John W. Jewett, Jr. 2014. Physics for Scientists and Engineers
With Modern Physics. 9th . New York: CENGAGE Learning.

Sharma, Prateek, Tzvetelin T. Dessev, Peter A. Munro, Peter G. Wiles, Graeme Gillies,
Matt Golding, Bryony James, and Patrick Janssen. 2015. “Measurement
techniques for steady shear viscosity of Mozzarella-type cheeses at high shear
rates and high temperature.” International Dairy Journal 47: 102-108.



68

Sommerfeld, A. 1908. “A Contribution to the Hydrodynamic Explanation of Turbulent
Fluid Movement.” 9.

Squire, Patrick T. 1986. “Pendulum damping.” American Journal of Physics 54 (11): 984-
991.

Stokes, G. G. 1851. “On the Effect of the Internal Friction of Fluids on the Motion of
Pendulums.” Transaction of the Cambridge Philosophical Society 9 (2): 8-106.

Travis, Jeffrey , and Jim Kring. 2007. LabVIEW for everyone : graphical programming
made easy and fun. 3rd. New Jersey: Prentice Hall.

Viswanath, D. S. 2007. Viscosity of liquids: theory, estimation, experiment, and data.
Dordrecht: Springer.

White, Frank M. 2009. Fluid Mechanics. New York: McGraw-Hill.

Yh, Eng, and Ws Lau. 2008. “Estimation of the Hydrodynamics Coefficients of an ROV
using Free Decay Pendulum Motion.” Engineering Letters 7.

Zahariea, Danut, and Dorin Emil Husaru. 2017. “Temperature-dependent viscosity
analysis of SAE 10W-60 engine oil with RheolabQ(C rotational rheometer.”
MATEC Web of Conferences 112: 10014.

Ziaee, Mohsen, and Nathan B. Crane. 2019. “Binder jetting: A review of process,
materials, and methods.” Additive Manufacturing 28: 781-801.

Zonetti, LF C, AS Camargo, J Sartori, D F de Sousa, and L A O Nunes. 1999. “A
demonstration of dry and viscous damping of an oscillating pendulum.”
European Journal of Physics 20 (2): 85-88.



69

Additional Chapter: Introducing an Experiment on The Ther-

moelectric Effect to The Physics Advanced Labs

In this additional chapter we present a new experiment that we developed and pub-
lished in the ‘European Journal of Physics’. This experiment has been developed
for the advanced or sophomore physics laboratories. In this experiment the student
can study the Thermoelectric effects: Peltier and Seebeck effects, and some other
scientific investigations: Supercooling and flash freezing of water, and the temper-

ature dependence of the resistivity of metals and semiconductors.
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1. INTRODUCTION

Advanced labs serve an important role in the physics curriculum. They allow stu-
dents to start learning and practicing scientific investigations and the design of ex-
periments, as well as prepare them to join the skilled workforce [1,2]. More specif-
ically, students develop experimental skills and expertise, learn to design apparatus,
generate and acquire data, analyze data properly [3], and communicate their find-
ings in a succinct and clear way through lab reports and oral presentations [4,5].
These skills are acquired through direct hands-on practice in advanced labs, where

the students conduct the experiments with instructors’ guidance.

The thermoelectric Seebeck and Peltier effects were discovered about two centuries
ago, where the flow of electric current across a junction of dissimilar conductors
(or semiconductors) can create a temperature gradient across the junction, and vice
versa [6]. Yet, these effects still have many modern applications ranging from sci-
entific devices [7], to cooling electronic/computer parts, and simpler consumer
products, like camping coolers, among numerous others [8]. Furthermore, the field
continues to evolve [9] and attract research, like the spin-dependent Seebeck effect
[10,11].

The experiment described here has the general theme of studying and using the
thermoelectric effect. It can be divided into two main parts: a) Studying/understand-
ing the behavior of the thermoelectric devices and b) using thermoelectric cooling
and heating in other investigations. Both parts will be introduced here, preceded by

a brief description of the lab settings.

1.1 Lab Settings

This experiment was integrated either into the sophomore electronic instrumenta-
tion laboratory at Miami University or in the senior advanced physics lab at Birzeit
University. The sophomore electronic instrumentation lab especially teaches the
students experimental skills and knowledge that helps them in their future research

or careers that involve technology [12]. Miami’s ‘Electronic Instrumentation
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Laboratory’ is designed to give extensive exposure to basic electronic devices,
tools, and concepts. These include the use of operational amplifiers and semicon-
ductor devices for different purposes, the use of software to run equipment as well
as acquire and analyze data, low-resistance measurements and noise reduction, and
the use of modern microcontrollers. Thus, the ‘thermoelectric effects” experiment
served to build upon and enhance some of the skills that the students learned
throughout the semester and allowed them to gain insight into some fundamental
science through these experiments. In the advanced physics lab, students were ex-
pected to contribute more in the design of the experiments and to propose/conduct
extra activities and deeper analysis. This experiment is easily integrated in both

types of lab courses.

1.2 Thermoelectric Effects

There is a host of effects associated with the flow of energy (heat) and electric
charge through materials. The best-known effect of current flow in materials is
Joule heating effect, where a current (1) flowing through an ‘ohmic’ conductor (i.e.
a conductor with a linear relation between current and voltage). The current will
add energy to the conductor thus heating it accordingto P = I?R, where R is the

resistance of the conductor and P the power dissipation [12].

Yet there are multiple lesser known effects that are related to the flow of charge and
energy in materials, such as the Seebeck [14], the Peltier [15], and the Thomson
[16,17] effects. Furthermore, these effects are also influenced by magnetic fields
and give rise to new thermomagnetic effects as well. Such thermomagnetic effects
are somewhat similar to the Hall and the Spin Hall effects and are still the subject
of intense research [18]. We will focus here on the Peltier and the Seebeck effects
only as they are quite useful in cooling, heating, and other temperature control ap-
plications.

1.2.1 The Seebeck Effect

When two conductors are connected together to form two junctions (known as a

thermocouple), a potential difference will develop across points A and B, if the
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junctions are maintained at different temperatures (Fig. 1). This effect is the ther-
moelectric effect or the Seebeck effect, named after the scientist who first observed
it in the early 19th century [6,9]. If a ‘load’ is connected between points A and B a
current flows through the circuit. So, the Seebeck effect concerns the conversion of
thermal energy into electric energy, where a temperature gradient creates an electro-
motive-force, or a voltage. This effect has many applications in temperature meas-

urement and in small scale power generation.

Fig. 1. Thermoelectric or Seebeck effect. A temperature gradient between junc-
tion 1 and junction 2, which connect two different conductors, creates a poten-
tial difference AV between points A and B.

1.2.2 The Peltier Effect

The Peltier effect is practically the reverse of the Seebeck Effect: When a current
flows through a thermocouple junction (i.e. a voltage applied across the junction) a
temperature gradient develops across the junction [8,18]. In a way, the Peltier effect
is basically a heat pump that extracts heat from one side of the junction and ‘depos-
its” that heat on the other side causing one side to cool down and the other side to
heat and so making this effect useful in cooling and heating applications. Yet, in
practice it is mainly used for cooling because there are other, more efficient ways
for heating applications. Some of the common cooling applications of the Peltier
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effect are cooling electronic equipment and refrigeration (such as in a portable

cooler, for example) [20].

It is important to notice that both the Peltier and Seebeck effects are reversible,
which means that if you reverse the current flow direction then the cold and hot
ends of the thermocouple will switch. This is unlike the Joule heating effect, where
thermal energy is generated whether you run current in one direction or the other

through a conductor.

1.2.3 Other Thermoelectric Effects

Another thermoelectric effect is the Thomson effect [17]. It is directly related to the
Seebeck and the Peltier effects, except that it refers to the cooling and heating ef-
fects when an electric current flows in a conductor that has a temperature gradient
across its ends. In particular, the Thomson effect occurs in a single conductor, with-
out a need for a thermocouple and leads either to cooling or heating, depending on
the relative directions of current flow and temperature gradient. Both Peltier and
Seebeck effects depend on external magnetic fields, which leads to two additional
thermoelectric (or thermomagnetic) effects. Even though the Seebeck effect was
demonstrated about two centuries ago, the associated thermomagnetic effects are
quite contemporary and are being heavily studied across the world [21]. They are

somewhat similar to the Hall effect and the Spin Hall effect [22].
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Fig.2: Schematic representation of thermoelectric devices that use p- and n-type
semiconductors, which are significantly better than metal or alloy-based devices,
both to produce power and for cooling. A) A thermoelectric device of one junction
is used for producing electrical power (Seebeck effect). B) A thermoelectric device
of one junction is used for cooling (Peltier effect). C) A thermoelectric cooling
(TEC) device of many junctions [19, 20, 23].

1.2.4 Materials and Designs for Peltier-effect-based Cooling and Heating

Simple thermocouples are made of two dissimilar metals connected together, such
as copper and constantan, a copper-nickel alloy. These thermocouples generate rel-
atively small voltages of a few to a few tens of micro-volts per kelvin (K) of tem-
perature difference between the ends. Semiconductor materials are especially im-
portant in Peltier and Seebeck effects applications because they have much larger
‘Seebeck coefficients’ that lead to stronger thermoelectric effects (Fig. 2) [23,24].
Parts A and B of Fig. 2 show how semiconductor-based Peltier cooling works. It is
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important to notice that the free charge carriers move against the current direction
in the n-type elements and with the current direction in the p-type elements. Thus
the free charge carriers always move in the same direction (e.g. from the top to the
bottom of each element in the figures), which is crucial in the Peltier and Seebeck
effects [19, 20, 23].

The cooling and power generation effects associated with a single junction are still
too small for applications, even when using semiconductors. Instead, a large array
of these junctions is usually used in order to produce an appreciable cooling effect
in commercial Peltier coolers (Fig. 2C). All junctions are connected thermally in
parallel, where, for example, the top part will be cold for all elements and the bot-
tom part will be hot for all of them, or vice versa. Electrically, the junctions are
connected in series, so the same current flows through all of them. This is important
in order to maximize the cooling because the Peltier effect is proportional to the

actual current flowing into a thermocouple.

1.3 Using Thermoelectric Coolers in Other Investigations
TECs were used in three simple studies that required a change in temperature. These
studies included the behavior of water droplets when cooled below their freezing
temperature as well as the resistance variation with temperature in both a metal and

a semiconductor.

1.3.1 Supercooling and flash-freezing of water droplets cooled below their
freezing temperature

Water is said to be supercooled/undercooled when it remains liquid below its ice
melting temperature of 0°C. This phenomenon was first demonstrated by Gabriel
Fahrenheit in the early 18th century [25,26]. He also observed a rapid increase of
the water temperature when it finally freezes. This rapid freezing process is called
flash freezing, and the temperature rises to the equilibrium melting point when flash
freezing occurs. The occurrence of flash freezing depends on the initial nucleation

of ice and some special conditions [23]. Flash freezing of a small water droplet on
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a cooled surface depends on the heterogeneous nucleation of ice on its surface, as
well as on the droplet volume and the contact angle with the cooled surface [27—
29].

1.3.2 Resistance R(T) in Metals and Semiconductors

The variation of a material’s resistivity with its temperature depends mainly on the
energy band structure of that material. The conduction band in metals is partially
filled with electrons. These free electrons are the vehicle for conducting electricity,
so metals are excellent conductors. On the other hand, insulators have their valence
bands full and their conduction bands empty with a large energy gap separating the
two bands, thus having no free electrons to conduct electricity and heat. Semicon-

ductors are just like insulators, but with a relatively small energy gap that is not

much larger than the thermal energy (; ksT) of an electron.

The resistivity of a metal increases linearly with its temperature due to the increase
in lattice vibrations that cause a decrease in the mean free path of free electrons
[30]. In the case of intrinsic semiconductors: there are no free electrons to carry the
current at low temperature, since the conduction band is empty. The increase in
temperature thermally excites electrons to the conduction band, which also creates
holes in the valence band. These free electrons and holes can carry the current and
cause the resistivity to decrease. This decrease in resistivity follows an exponential
curve resembling the Boltzmann factor that has half of the energy gap (Eg) divided

by Boltzman constant (kg) [30] in its exponent.

2 EXPERIMENTAL SETUP AND MEASUREMENTS

We used a TEC1-12706 thermoelectric cooler (TEC) —purchased through Amazon-
that has 127 pairs of p- and n-type pins and a surface area of its flat face of 40mm
x 40mm. The TEC was placed on an aluminum block that is immersed in water as
a heat sink. The TEC was biased using a DC power supply. A ‘type K’ thermo-
couple was placed on the TEC surface and connected to a National Instruments
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‘MyDAQ’ data acquisition unit to collect the temperature readings using LabVIEW

software. Applying the DC bias over the TEC in one direction decreases the tem-

perature of the top side (compared to the heat sink) while reversing the bias polarity

increases the temperature [e.g. in Fig. 2B) running the current clockwise causes the

top side to get colder than the bottom, while running a counter clockwise current
makes the top side of the TEC device hotter than the bottom].

Temperature measurements were made for four different configurations:

1-

Temperatures at set TEC currents: Nothing was placed on the surface (ex-
cept the thermocouple), and the temperature was monitored with the current
through the cooler.

Temperature gradients to generate electricity: The TEC was placed between

two thermally isolated ‘reservoirs’, where a hole in Styrofoam was used to

keep hot water on one side and ice-and-water on the other. Each of these
sides was in direct thermal contact with the TEC fixed in the Styrofoam hole

(see Fig. 5A) below). The generated thermoelectric voltage and current were

studied as functions of the temperature difference.

A water droplet was placed on the TEC surface and its temperature was

monitored while cooling, using a small thermocouple immersed in the drop-

let.

A thin metal wire and a semiconductor (thermistor) were placed on the

surface and their resistances were monitored as the temperature was

changed:

a) Resistance of a metal wire placed on the surface. About 1 meter of thin
copper wire (gauge 32, diameter 0.2 mm) was made into a coil, put in
thermal contact with the TEC top surface, and connected in series to a
470-Q resistor and connected to a 5V power supply in a voltage divider
configuration [31] (Fig. 3 A). An inverting amplifier made with a type
741 operational amplifier with a gain (G) of about —15 was used to de-

termine the voltage drop at the copper wire, V,,, = V‘;‘t. After that, we

monitor the change in the voltage with temperature while varying the
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TEC current gradually for the two cases (heating and cooling) via a Lab-
VIEW program (Fig. 3 B). The resistance of the copper wire is then cal-
culated using:

V., X 470Q

Fal Q) = 7=

b) Resistance of a semiconductor. A TTC 502 thermistor was placed on the
surface and connected in series to a 100-kQ resistor and a 5 VV power
supply in a voltage divider configuration. The change in the semicon-
ductor voltage with the temperature gave the resistance of the semicon-
ductor sample as:

Ve X 100kQ

Rsc(Q) =
(SV - Vout)
B) . B T =] [
&) Graph(2)
ilapudhme :::2:: ! Temp. Vs time
= : ”””"-%]. Temp.
DAQ =
Rf Assistant )G(V h(1)
ra|
d . N \Ipnp\.-l
b Vinput o SeTemp.
b=
..\-I @ i [13]
MyDAQ XY
r Graph(3)
+ 5 kiinpul- XY Geaph Stop

Fig.3: Circuit and software tools used in measurements. A) A Simple electrical
circuit for measuring the resistance of the copper wire. B) A basic LabVIEW pro-
gram to monitor and record the data. This program saves the data and gives three
data graphs: 1) XY Graph (1): monitors the output voltage variation as a function
of temperature. 2) XY Graph (2): monitors the temperature variation. 3) XY Graph
(3): monitors the voltage variation as a function of time.

For those who do not want to use a computerized data acquisition setup, the re-

sistance of the thermistor can be measured with a multi-meter and recorded
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manually without the need for computerized data recording. In this case, the multi-
meter needs to be connected in the place of the ‘NI MyDAQ’ unit shown in Fig.
3a). It should be noted here that a multi-meter will also have to be used to measure
the potential difference across the thermocouple in order to measure the temperature
manually. A manufacturer-provided calibration curve can then be used to find the

matching temperature.

3. RESULTS AND ANALYSIS

3.1 Temperature at set TEC currents (Newton’s Law of cooling and heating)
Figure 4 shows the variation of the temperature when changing the current: The
temperature approaches its new equilibrium value asymptotically, both when cool-
ing and heating. This is in agreement with Newton's law of cooling and heating,
which states that the rate of change of temperature is proportional to the temperature
difference between the object, T, and its surroundings, Ts. So, if Tr and Ty are the

final and initial temperatures, respectively [32,33]:

ar « (T —T.
dt ( S)

T="Tz+ (Ty— Tr)e *¢

This results in an exponential and asymptotic approach of the temperature to the
new value dictated by the TEC settings and the surroundings. The Figure shows
the behavior for both heating and cooling. Starting from zero current, the tempera-
ture of the surface was 25°C. The current was then increased from zero to 1.0 A in
steps of 0.5 A. The asymptotic approach to the final temperature is clear in each of
these two steps. The current is then dropped from 1.0 A down to 0 A and the same

asymptotic behavior is observed.
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Fig. 4: T(t) variation when the thermocouple is placed on the thermoelectric
plate while it is heated or cooled gradually by changing the applied current.

3.2 Thermoelectric Power Generation viaa TEC

The second set of activities in lab exercise involves the study of electric power gen-
eration by imposing a temperature difference between the bottom and the top of the
thermoelectric plate. In fact, the thermoelectric cooler can be used as a thermoelec-
tric generator for a limited temperature difference range. This range is limited by
the ceramic plate materials and properties, solder joints, thermoelectric legs dimen-
sions, and the wires used on the device. Nesarajah and Frey [34] showed in detail
the differences between thermoelectric cooling and thermoelectric power genera-

tion. In
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Fig. 5: A) Experimental set-up to measure the open-circuit voltage and the dissi-
pated power from the thermoelectric cooler TEC1-12706, where the TEC was di-
rectly in thermal contact with the water (hot and cold) from both sides. B) The I-V
characteristics for the TEC at temperature differences of 60°C (lower line) and 70°C
(upper line). C) The open-circuit voltage vs. the temperature difference. D) The
dissipated electrical power vs. the temperature difference.

our experiment, the thermoelectric cooler was directly in thermal contact with hot
water from the right and cold water with ice on the left, as shown in figure 5 A).
The temperature of each side was measured using liquid thermometers. The TEC
was connected to a resistor of 2 ohms and a resistance decade box in a voltage
divider configuration. The induced voltage and current from the TEC device were
measured by measuring the voltage difference across the 2 Q resistor using the
DAQ unit. Figure 5 B) shows the current-voltage (I-V) characteristics of the TEC

for two temperature differences. It shows a linear behavior with a slope of about —
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0.31 V/A. From the equation of the straight line, the maximum power achieved is
about 50 mW (by maximizing the P = I X V equation) at a current of about 0.5 A.
Figure 5 C) shows a plot of the induced open circuit voltage vs. the temperature
difference. The thermoelectric cooler in this setup can be used to produce a voltage
of 0.45 V at a temperature difference of about 85°C. Finally, Fig. 5 D) shows a plot
of the TEC’s dissipated electrical power as a function of the temperature difference.
It shows that the TEC dissipates approximately 200 mW of power at a temperature
difference of about 85°C. The behavior in both figures 5 C) and 5 D) is consistent
with the TEC1-12706 Peltier model datasheet [35] and some previous work on it
[34]. Furthermore, we note that no hysteresis occurs in either of them. So, these
TEC devices can be used as thermoelectric generators in some applications when a

sufficiently large temperature gradient is maintained across their sides.

4. FURTHER RESULTS AND ANALYSIS

4.1 Water droplets: Supercooling, flash freezing, and melting

The shape and behavior of water droplets on surfaces have attracted significant re-
search attention and have many applications [36,37]. The supercooling and flash-
freezing of water are also fascinating phenomena that are worth studying and un-
derstanding. Figure 6 shows two pictures of a 40-uL water droplet taken before
(left) and after freezing (right). The thin thermocouple is seen inserted in the droplet
from the left. To get a clearer idea about what happens when the droplet freezes,
Fig. 7 shows the temperature behavior as recorded by the thermocouple in a water
droplet placed on the TEC plate while cooling (red circles). The figure also shows

the temperature varia-
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Fig. 6: A picture of the water droplet during the cooling of the thermoelec-
tric plate. (Left) Before the beginning of the freezing process. (Right)
After the flash-freezing process.

tion as recorded by the thermocouple when there is no water droplet on the TEC
plate (blue). Water is relatively insulating, so the thermocouple is likely to be meas-
uring the temperature of the water in its direct vicinity within the water droplet.

There are two striking observations in the figure: 1) The temperature of the water
droplets falls smoothly to well below 0°C, while it is still in the liquid phase-as
observed visually and through a digital camera. This is known as supercooling. 2)
There is a significant difference between the cooling curves with a water droplet on
the surface and without it. Specifically, the curve for the water droplet displays two
flat regions at T= 0°C, one immediately after flash-freezing and the second while
warming to room temperature after turning off the cooling current. As the temper-
ature reaches about -11°C it suddenly rises to 0°C. This sudden jump in temperature
occurs when a fraction of the water droplet freezes instantly. This is the well-known
flash freezing of supercooled water, after which the rest of the droplet freezes rela-
tively slowly. After the flash-freezing temperature jump, the temperature stays at
zero for a bit, while the entire droplet freezes and then the temperature of the ice

eventually starts dropping again to the expected equilibrium
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Fig. 7: (Red circles) Temperature variation when the thermocouple is placed on the
thermoelectric plate (without a water droplet) while it cooled. (Blue squares) Tem-
perature variation when the thermocouple is placed inside a water droplet during
cooling.

value for the particular TEC settings (nearly —17°C). The temperature was allowed
to stabilize at this value for about half a minute, then the cooling current was turned
off, and the temperature of the ice droplet started to rise immediately. Yet, the tem-
perature curve flattens out again at 0°C and stays there until the vicinity of the ther-
mocouple melts. At this point the temperature starts to climb again toward room
temperature.

4.2 Resistance change with temperature in a metal and a semiconductor
Figure 8 shows the resistance of a copper wire as a function of temperature. The
resistance of the wire is quite low and increases linearly with temperature. Accord-
ing to the resistance variation for metals R = Ry (1 + a (T —T,)), plotting the

relative resistance as a function of temperature results in a straight line with slope
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equal to @ Ro with «a the temperature coefficient of resistivity. The best fit in Fig. 8
gives the value for a.=(3.95+0.02) x 10 °C, which agrees well with the literature
value of 3.93 x 107 °C"! for copper at 20°C [5, 37].

45 T T T T T
—linear fit -

—R (Q)

cu

35 1 1 1 1 1
0 10 20 030 40 50 60
T(C)

Fig 8: Temperature dependence of the resistance of a copper (Cu) wire. The
red circles are the measured data points, and the line is the least-squares fit
to the data. The step-like appearance of the data is due to the limited reso-
lution of the measurement.

In metals the Fermi level falls within the conduction band, so there is an abundance
of free electrons to conduct a current. The limiting factor for the conductivity is the
presence of collisions between electrons and the rest of the crystal. While a part of

the resistance is due to collisions with crystal imperfections that is temperature
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independent, the linear dependence arises from the well-known lattice vibrations

and is known as phonon scattering [39-41].

—exponential fit —linear fit
—e—R (Q) i

280 300 320 340 360 15 16 17 18 19 20 21 22
T (K) 1/2kBT

Fig. 9: Temperature dependence of resistance of a thermistor of type TTC-
502. A) Raw data of the resistance of the thermistor as a function of the
temperature along with a best fit exponential curve. B) Ln(R) as a function
of (1/2ks T) where R is the resistance of the TTC-502 thermistor, e is the
electron charge, ks Boltzmann constant, and T is the absolute temperature.

Semiconductors, on the other hand have a much higher resistivity that varies expo-
nentially with temperature, as seen in Fig. 9A. We used a type TTC-502 thermistor
as a semiconductor and found its resistance to decrease rapidly with increasing the
temperature. This behavior stems from the fact that the Fermi level falls between
the valence band and the conduction band in semiconductors. For an intrinsic sem-
iconductor at low-temperature, electrons will not have enough thermal energy to
excite them into the conduction band and thus cannot contribute to the conductance
since they are confined to the ‘localized’ valence band. As temperature increases,
more electrons get thermally excited to the conduction band leaving behind a ‘hole’
for each of them. These electron-hole pairs contribute to conduction, and the re-
sistance drops (i.e. the conductance increases) with the increase in their numbers.
The probability of being thermally excited from a lower valence band to a higher

energy level of the conduction band drops exponentially with the energy gap (Eg),
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which is the energy difference between the two bands. So, the intrinsic carrier den-
sity (free charge- carrier density) is proportional to the Boltzmann factor n;(T) =

_Eg
AeFrsT , Where kj is the Boltzmann constant, A is a constant that depends on the

semiconductor material, and T is the absolute temperature [30]. Assuming no sig-
nificant change in the mobility, the conductance of the semiconductor is: o =
en;(T) (ue + 1p), Where u, and p, are the electron and hole mobilities, respec-

Eg

tively. The resistivity is p(T) = E ! e kBT), and thus the resistance has

o Ae(petup)
the form R(T) = Rye 2*8T", where R, is a constant.
Figure 9 B) shows a plot of the natural logarithm of the resistance, In(R), as a func-

Eg
2kgT '

tion of ﬁ Since In(R) =In(Ry) + the slope of this straight line is the
B

energy gap (in eV) between the conduction and valence bands in the semiconductor.
Our data shows an energy gap of (0.66 + 0.01) eV, where the uncertainty is the
‘standard deviation in the slope of the line, as obtained from the LINEST function
in Excel’. This is within 1 % of the energy gap of germanium (0.67 eV) which is
used in the TTC-502 thermistor [42].

We do caution that simply placing the thermistor in contact with the TEC surface
will most likely give the wrong energy gap value, as it happened with our initial
experiments. This is likely due to the poor thermal contact between the thermistor
and the TEC plate. The thermistor has a painted surface and is shaped like a lentil
seed and so does not lend itself to a good thermal contact with the flat TEC plate.
Therefore the actual temperature of the thermistor seems to have been always closer
to room temperature than the temperature registered by the thermocouple placed on
the TEC surface. We solved this problem by placing the thermistor in a small water
beaker placed on the TEC surface. Water insured a very good thermal contact with
the thermistor and gave excellent results.

4.3 Further experiments

One main advantage of this experiment is that it lends itself naturally to being ex-

tended as an open-ended project, where students can easily augment the experiment
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with different additions. Some possibilities that our students chose in the past were
to connect a solar panel to power the TEC unit, to use a temperature control circuit
like a Schmitt trigger to build a heating/cooling system, to use a hot coffee cup to
produce electric energy, and multiple others.

5 CONCLUSION

Commercially available thermoelectric cooling devices have been used as simple
and inexpensive tools to experiment with the Seebeck and Peltier thermoelectric
effects. The temperature variation was found to follow Newton’s law of cooling
and heating. The cooling and heating ability of the devices was used to study the
resistance change with temperature in a metal and a semiconductor by characteriz-
ing the temperature behavior for each of them, thus allowing us to extract the ther-
mal coefficient of the resistance, a, for the metal and the energy gap, Eg, of the
semiconductor. This experiment can be used as a sophomore electronics experiment
or as an open-ended project in more advanced laboratories.
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Appendix A: Python Code used to find the amplitudes of the oscilla-
tions

import matplotlib.pyplot as plt
import pandas as pd

W = pd.read_excel (r'F:\Rand\BZU\Research\Physical Pendulum Viscometer\Data\Water
V2 40g.xlsx')

W1 = W.iloc[:,0]

W2 = 10000*W.iloc[:,1]

peaks = (]
n=50
maxes = ]
time = []

foriinrange (n,len(W2)-n):
x2 = max(W2[i-n:i+n])
if x2 == W2 [i]:
t2 = W1 [i]
peaks.append(i)
maxes.append(x2)
time.append(t2)
data = {'amp': maxes, 'time': time}
df2 = pd.DataFrame(data, columns = ['amp’, 'time'])

df2.to_excel(r'F:\Rand\BZU\Research\Physical Pendulum Viscometer\Data\water amp
1.xlsx")

plt.plot(W1[peaks], W2[peaks], 'bs',linewidth=2.0, label=' In Water')
plt.grid(True, linestyle="-.")

plt.tick_params(labelsize='large’, width=3)



plt.ylabel('Amp. (deg.) ',size = 20)
plt.xlabel('Time (Sec.) ',size = 20)
plt.legend(loc="upper right')

plt.show()
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Appendix B: The Block Diagram of The LabView Program

In this appendix, we present a magnification of Figure 3.6 to illustrate it.
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Figure B.0.1: A snapshot of the "LabView Program™ block diagram screen
(Zoomed)



