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Abstract

The forces acting on an object in free fall in a Newtonian fluid and the resulting flow fields
are well understood subjects. Non-Newtonian fluids introduce more complexities and to
study these effects both shadow-graphing and streak visualisation were performed on a
variety of objects in four different non-Newtonian fluids and water as a reference. From
the shadowgraph the velocity of a falling metal sphere was calculated and the terminal
velocity used to gauge if the model of gravity, buoyancy and drag described the situation.
A significant missing force against the direction of gravity was observed. This possibly
due to elastic effects in the fluid. The flow field visualisations also presented interesting

phenomenon such as negative wake and different formations of bubbles.
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HaLL, W 1 INTRODUCTION

1 Introduction

Gases and liquids are collectively referred to as fluids. They start to flow under shear
stress, a force being applied tangential to the surface [1|. Fluids have a non rigid structures
allowing them to to take the shape of their container and in the case of gases expand to
fill the entire volume available. Liquids can for the purposes of this study bee considered
incompressible so their density p is constant. The viscosity of the fluid 7 is its resistance

to flow, in so called Newtonian fluids the viscosity is describes by the equation

T:Ud—y7 (1)

7 being the shear stress in Pa, the velocity of the upper layer of the surface being sheared
u(y), and 7 the viscosity. A fluid is considered Newtonian when the relationship between
the shear stress and shear rate is linear which means that the viscosity is constant. [2].
When considering objects falling trough a fluid the fluid’s density and viscosity affect
the buoyancy force and drag force respectively. When an object falls through fluid it is

pulled down by the gravitational force which is opposed by the drag and buoyancy forces.

1.1 Complex fluids

lShear thinning

Bingham plastic

lNewtonian

Shearing stress, 1

Shear thickening

. .odu
Rate of shearing strain, dy

Figure 1: Graph of viscous regimes. [3]
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Complex or non-Newtonian fluids have an non constant viscosity, which means that
the magnitude of the shear stress and the deformation of the fluid have a non-linear
relationship [1]. The viscosity depends on the cohesion of the fluid, how well molecular
momentum is transferred in the different layers of the fluid [1]. Non-Newtonian fluids
exhibit a wide range of viscous regimes, as shown in Figure 1. Some of the most common
including shear thinning and shear thickening fluids. In shear thinning fluids the viscosity
decreases as shear rate increases and inversely the viscosity increases with shear rate
in shear thickening fluids [4]. Thixotropic fluids exhibit a kind of memory where their
viscosity permanently diminishes with shear and rheopective fluids have the opposite effect
where their viscosity permanently increases by shearing. Fluids that exhibit plasticity act
like solids until a critical shear stress is reached under which they start to flow. In this

study thixotropic and rheopectic fluids and effects are not considered.

1.1.1 Visco-elastic fluids

Elasticity is the ability of the material to return to its original form and resist forces
deforming it. Many naturally occurring fluids like blood and mud also display this be-
havior [5]. Generally visco-elastic fluids are shear thinning [5] and their viscosity 7 as a

function of shear rate 4 can be described using the Carreau-Yasuda model (2)

1(37) = Thint + (10 — M) [1 + (M), 2)

where 7,7 is their viscosity at near infinite shear, 7y is the viscosity at zero shear, A is

the relaxations time, n is the power law index and a is a dimensionless parameter [6].

1.1.2 Elasto-visco-plastic fluids

The characteristic property of elasto-visco-plastic fluids is that they have a yield stress
7o below which the fluid does not flow. Below it’s yield stress the elasto-visco-plastic
material acts more like a solid and it can deform elastically. These types of materials
usually consist of long chain molecules which are cross-linked. Elasto-visco-plastic fluids

can be both shear thickening and shear thinning. The Herschel-Bulkley model describes
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the relationship between shear stress, yield stress, viscosity and shear rate,

T=Tg+kKk-" when |7| > 7 (3)

=0 when 7 < 7 (4)

where 7 is the shear stress, k is the consistency index and n is the flow behavior index.
The flow behavior index is n > 1 for shear-thickening fluids and n < 1 for shear thinning

fluids [5].

1.2 Non dimensional numbers

Non dimensional numbers give important insight into the relation of different aspects of

systems without the limitation of absolute values and units of measurements.

_ puh

Re (5)

Tlrheo
is used to calculate the Reynolds number Re where p is the density of the fluid, u is the
velocity, h is the characteristic length and 7, is the viscosity obtained by rheometry.
The Reynolds number is a dimensionless number that describes the relationship of the

viscous and inertial forces acting on the flow.

o Au

The Weissenberg Wi number describes the elasticity of the fluid. Where A is elastic

relaxation time u is the velocity and h the size of the object.

Wi Mg (7)

El=—=—
Re  ph?

The elasticity number El describes the elasticity of the fluid independent from the inertia.

Touw

B =
nrheoh

(8)
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The Birmingham number Bi7 describes the plasticity, the capacity of the material to
permanently deform under stress which depends on the yield stress 7y, the velocity, the
characteristic lenght and the reference viscosity 7,,., measured based on the other vari-

ables.

1.3 Governing forces of an object in free fall

The main forces acting on an object in free fall are gravity Fg, buoyancy Fp and drag

Fp, as visualised in Figure 2. The gravity is described by the equation
Fa=m-g (9)

m being the mass of the object and ¢ the constant for the gravitational acceleration
on earth 9.81 st The buoyancy results from the energy needed to displace the objects
volumes V' worth of fluid against the gravitational force. It depends on the density of the
fluid p, the volume of the object V' and the constant g in accordance to the following
equation

Fy = pVg. (10)

The drag force of a sphere at a low Reynolds number Re < 2000 is described by the

Stokes’ law

Fp = 6mnrov (11)

where 7 is the viscosity, r the radius of the sphere and v the velocity of the object [7].
At higher Reynolds numbers the drag increases with the square of the velocity and not
linearly like in this case. In non-Newtonian fluids the drag is a function of both velocity and
viscosity. In visco-elastic and elasto-visco-plastic fluids the elasticity and plastic effects can
be expected to affect the how the object falls. These effects might bee seen as a modified

drag or their own forces.
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Figure 2: The forces acting on an object in free fall.

1.4 Aim of Study

The aim of the study is to observe the fluid flow around an falling object in visco-elastic-
and elasto-visco-plastic fluid and to compare how well gravity, buoyancy and drag can
describe the objects acceleration and terminal velocity, or if other non-modelled effects

have an significant impact on fluid behaviour.

2 Method

For the purposes of observing the effects of visco-elasticity and elasto-visco-plasticity on
an falling object in a complex fluids experiments with five fluids specified in Table 1 was
prepared. Water was chosen as a reference point since its flow mechanics are well known
due to it being an Newtonian fluid. Two different concentrations of a polyacrylamide
solution (PAA) were chosen as the visco-elastic fluid and two concentrations of a carpobol
solution for the elasto-visco plastic fluid. These fluids were chosen in part because of they

are clear and see trough making optical observations easy.

2.1 Material preparations

The polyacrylamide solution was made using the anionic polymer FLoPAM AN 934 SH

made by SNF, which has a very high molecular weight. The powder was mixed with water
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Table 1: The fluids used for the experiment

Name ‘ Fluid ‘ Concentration
Control | Water

VEF 1 | PAA 5000 ppm
VEF II | PAA 10000 ppm

EVP I | Carpobol | 0.1 %
EVP II | Carpobol | 0.2 %

in an 25 L container. The solution was mixed with a modified handheld cement mixer for
approximately 12-16 h until no polymer clumps were visible and the solution was assumed
uniform. Two concentrations of the solution were prepared 5000 ppm and 10000 ppm for
the experiment.

For the carpobol solution the carbomer powder Carpobol NF 980 by Lubrizol Cor-
poration was mixed with water. The mixing was done in 251 batches with a modified
handheld cement mixer. The solution was mixed for about 30 minutes and then allowed
to rest for about the same time so that bubbles could escape. After mixing the polyacrylic
acid with water, 2.3 times the weight of the polymer powder of sodium hydroxide (NaOH)
was added to the mix to neutralise it while gently mixing, increasing its capacity to absorb

water in order to form a yield stress fluid.

2.2 Rheology

The rheometry was performed on an Anton Paar Modular-Compact-Rheometer (MCR)
702e Space. For the PAA a polished plate and an 1° cone with a 93 pm truncation was
used. The pieces are positioned so that if the cone had it’s tip it would touch the plate
and the torque on the cone is measured when the plate is rotated to get the shear stress
and viscosity. With the CP a sand blasted plate with the roughness of 7um was used in
combination with a cone with a 101 pm truncation was used. The rough plate was used
for the carpobole since it is known to have significant wall slip [8]. The measurements
were done with shear rates ranging from 1072 to 10? with 6 points per decade. The data
was recorded after the values reached a steady reading at the given shear rate. [6]

The rheometry results for the two PAA solutions match the Carreau-Yasuda model
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equation: 2 well. The measurements with the 0.1% carpobole however doesn’t follow the
Hershel-Bulkley model that well Figure: (3) and most importantly doesn’t seem to have
the characteristic plateau and the lower end of the shear rate. This could just mean that
concentration of the polymer doesn’t reach the necessary limit for the fluid to truly act

in accordance with the model or that the plateau exists at lower shear than measured.
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Figure 3: The rheometry curves for Carpobole and PAA
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2.3 Experimental setup

The primary object used for the experiments is a metal sphere with the radius of 10 mm
and a mass of 32.2g. Three different cylinders were also used to explore the effect of
different geometries on the flow field. The cylinders also provided an approximation of a
2D model for the streak visualisation. The small cylinder has a radius of 12 mm, height
24 mm and mass of 84.0g, the medium cylinder a radius of 12 mm, height of 36 mm and
mass 126.3 g and the large cylinder a radius of 3.5 mm, height of 70 mm and a mass of

81.0g. A standard golf ball was also used with the radius 21 mm and weight 45.7 g.

Figure 4: Objects used for the experiment

2.3.1 Shadowgraph

Shadowgraphing was used to follow the movement of the falling object trough the liquid
Figure 5 and determine its velocity. The experiment was performed in a dark room so
that the bright light behind the container would show the shadow of the falling object.
Frame rates ranging from 100 fps to 500 fps were used in filming the shadowgraph and
the location of the object was determined either by millimeter paper at the back of the
container or a stripe of it on the front edge fort the fluids that were not transparent

enough.

2.3.2 Streak visualisation

To visualize the flow field around the falling object particles with the diameter (50 pum)
were mixed into the fluid and a laser sheet perpendicular to the camera line was used to

illuminate the particles. Longer exposure times on the camera were used so that streaks
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Figure 5: The shadow graph setup

showing the movement of the particles were created. To accommodate for the different
velocities and experiment with optimal exposure for different properties of the flow frame

rates from 100 fps to 5 000 fps were used.

2.4 Correction of measurement errors

Since the measurements for the position of the object were made based on video from
a camera that was stationary and close to the fluid container the further they are from
the horizontal camera line from the camera the more skewed they are. The camera was
positioned so that the direct line of sight was in the middle of the container. The light
refraction when passing from air to the liquid is also considered, table: 5.

The angle between the horizontal camera line and the beam direction is the same as
the angel of incidence so both are denoted ¢ and the angel of refraction r. The distance
from the camera to the front of the setup is denoted d, the half-height of the visible

area of liquid in the container H, the width of the container [ and the distance from the
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horizontal camera line to the point where the light enters the fluid is B. The correction

i tx A
:;c’:CIZc 2H

IB

< > <€
« L g l ‘V‘

Figure 6: Visualisation of the measurement correction process.

¢ is added or subtracted from the original x position of the object to obtain the new
corrected position z’. The action to obtain x’ depends on whether the scale on the back
or the front of the container was used and whether the measurement was made above or

below the horizontal camera line.

H —2c—
c= ! tan (arcsin ( % sin ( arctan 0 (12)
2 Ng d
l w . H—
cR g tan (arcsin (Z—a sin (arctan ( g JEO)))) (13)

The equation 12 that describes the needed corrections from the known variables was

simplified to equation 13 since in comparison to H, d and zy the 2¢ is way smaller and

can be considered insignificant.

3 Results and Discussion

3.1 Kinematics

As the velocity of the metal sphere falling trough VEF1 stabilizes at the end it can be
assumed that it has reached its terminal velocity. As the sphere was placed at the fluid
surface and then let go it can be assumed that its initial velocity was zero. The average
of the later data points is used to get rid of the noise in the data and in the cases where
the velocity does not appear to change much anymore it is assumed to be the terminal

velocity. The terminal velocity is used to calculate the sum of the forces assumed to be
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Force | (N)
Gravity 0.316
Buoyancy | -0.041
Drag -0.028

Table 2: The magnitude of the forces calculated using the average velocity at the end.

present, gravity, buoyancy and drag. A table with more details on the calculations and

parameters can be found in appendix A.

The average velocity at the end = 1104 mm/s

1250

/\/ — ﬁ//\\/)\\/)

750 ‘\/ L4
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250

0.00 0.05 0.10 0.15 0.20

Time (s)

® \/(mm/s) - Average velocity at the end (mm/s)

Figure 7: The measured velocity and the average of the terminal velocity of the metal
sphere in VEF1.

SF=F,+ Fg+ Fp

YE =mg—pVg— 6mnru

n—1

YF=mg—pVg— 67Nt + (Mo — Ming)[1 + (AY)*] = )rv
YF =0.2470N

The sum of the forces 0.2470 N, which is significant for the forces present and suggest
that the object would continue to accelerate and that it has not reached its terminal
velocity. However the terminal velocity was observed and as such there must be an force

that was not accounted for resulting from elasticity of the fluid.
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3.2 Flow fields

Water has been used as a Newtonian reference case. As the case in water has a relatively
higher Reynolds number in the order of 10* the wake shows some instabilities figure: 8.
The low viscosity also means that the majority of the field is not effected and the wake is

narrow.

Figure 8: The reference case of a flow field around a sphere in water

In the Figure 9 it can be observed that the wake is considerable wider than in water as
the higher viscosity leads to the movement spreading the wake is also more symmetrical
than in water as the viscosity dampens the inertia in the liquid.

A sphere causes a different flow field than a cylinder since in a sense the cylinder when
falling perpendicular to the ground is an approximation for a 2D model with a circle. In
the Figure 10 it can be seen how the particles visualising the flow field moving out of the
plane as they flow past the sphere.

In the EVPs the yield stress and flow lead to a low pressure point on the backside of a
cylinder where bubbles tend to form after the breaking of the surface as shown in Figures
11 and 12. The plasticity and elasticity also mean that the surface stretches far before

breaking as seen in Figure 12.
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Figure 9: The flow field around a cylinder in EVP2

Figure 10: The 3D aspect of a flow field around a sphere

Figure 12: Breaking of the surface and formation of bubbles in EVP1.
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Figure 11: Formation of bubbles around a cylinder in an elasto-visco-plastic fluid

In EVP1 shown in Figure 15 which is less viscous than EVP2 a complex and asymmet-
rical wake forms where the vortexes spread unevenly as the yield stress threshold ads a
dampening effect in certain areas. The wake spreads quite far from the path of the object

in contrast to Figure 17 of VEF.

Figure 13: F

Figure 14: Symmetry of the wake around a golf ball in EVP1.

The Figure 14 shows a symmetrical creeping flow around the falling golf ball as it has
a lower density the inertial forces involved are smaller so that the Reynolds number is

lowing and a Stokes flow takes place around the ball.
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Figure 15: The complex wake of an EVP
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Figure 16: The negative wake in EVP2.
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Figure 17: Long elastic chain wake in VEF1.

The Figures 16 and 18 show a negative wake, the fluid moves in the opposite direction
of the falling object. In Figure 18 the start of the negative wake can bee seen. The wake
is also long as the interconnected polymers elastically pull on the fluid.

In elastic fluids the elastic effects in certain situations outweigh other forces such as

the surface tension resulting in a moving bubble having a sharp tail like in Figure 19.
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Figure 19: A bubble with a sharp tail.

4 Conclusion

The kinematics and calculations of forces on the falling sphere it can be said that the
elasticity of the fluid exerts a significant force on a falling object greatly reducing its
terminal velocity. For further studies into how this force can be determined and how to
describe its effects for applications such as mixing in production of different products
could be considered. Ribeiro et al [9] have already studied the effects of elasticity in flow
past a cylinder in a duct the visco-elastic properties have also been studied with higher
impact speeds by Goede et al [10]. In the experiments further kinematic data on different
fluids and geometries of objects were made and on the basis of them it would be possible
to calculate better predictions for a wider range of behaviours. These have already been
studied by Shiau [11] and those findings could be useful.

Different flow phenomena like reverse wake and bubble formation behind a cylinder
where observed in the streak visualisation. These could be further studied by examining
the flow field visualisations closer and modeling it. The flow fields could also be better
interpreted to vector fields using the length of streaks and exposure time to get more

precise information on the fluids movements.
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A Case specifications

Specifications for the calculations on dimensionless numbers and viscosities. https://
docs.google.com/spreadsheets/d/1WvThjh3h6ATjzSvrpr jVAgvwVde jItW1BbRfCHEgygo/
edit?usp=sharing

Table 3: Case specifications: shadowgraph

Fluid | Frame rate (1) | Object Shape | Object dimensions | Case number

Water 100 Sphere r = 10mm Case 11
VEF1 400 Sphere r = 10mm Case 21
VEF1 400 Cylinder r="Tmm, h = 70mm | Case 22
VEF2 400 Sphere r = 10mm Case 26
VEF2 400 Cylinder r = Tmm, h = 7T0mm | Case 28
EVP1 500 Sphere r = 10mm Case 35
EVP1 500 Cylinder r = Tmm, h = 70mm | Case 37
EVP1 500 Golf ball r = 2lmm Case 39
EVP2 500 Sphere r = 10mm Case 45

Table 4: Case specifications: Streak visualisation

Fluid ‘ Frame rate (%) ‘ Object Shape ‘ Object dimensions ‘ Case number

Water 100 Sphere r = 10mm Case 1

Water 500 Sphere r = 10mm Case 5

Water 750 Sphere r = 10mm Case 7

VEF1 500 Sphere r = 10mm Case 14
VEF1 100 Sphere r = 10mm Case 15
VEF1 100 Cylinder r = 12mm, h = 24mm | Case 16
VEF1 100 Cylinder r="Tmm, h =70mm | Case 17
VEF1 100 Golf ball r=2lmm Case 18
VEF1 3000 Sphere r = 10mm Case 19
VEF2 100 Sphere r = 10mm Case 23
VEF2 100 Cylinder r = 12mm, h = 24mm | Case 24
VEF2 100 Cylinder r = "Tmm, h = 70mm | Case 25
EVP1 100 Sphere r = 10mm Case 29
EVP1 500 Sphere r = 10mm Case 30
EVP1 3000 Sphere r = 10mm Case 31
EVP1 3000 Cylinder r = 12mm, h = 36mm | Case 32
EVP1 100 Cylinder r = 12mm, h = 36mm | Case 33
EVP1 100 Golf ball r=2lmm Case 34
EVP2 100 Sphere r = 10mm Case 40
EVP2 100 Cylinder r = 12mm, h = 36mm | Case 42
EVP2 5500 Sphere r = 10mm Case 43
EVP2 3000 Cylinder r = 12mm, h = 24mm | Case 44
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Figure 20
B Further video and image results

Case 18, Video of golfball that stops and then continues to fall. https://drive.google.

com/file/d/1q0YHqQMBznCtCrHCO3w076es25EX9eTHF /view?usp=sharing

C Calculation of measurement error.

The refractive indexes used in the calculation are specified in the following table.

Figure 21
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Table 5: Refractive indexes

Fluid ‘ Refractive index n

Water 1,33
PAA 1,33
CP 1,44

The equation to calculate the measurement error were derived as follows.

B=H—xy—2c

. B : B
tan(i) = 5 = arctan =

N flui N flui
sin(r) = 4 gin(i) — 1 = arcsin(M : sin(i))

Nair Nair

l o Nw ..
¢ = —tan (arcsm (— sin (z)))
2 Ng
) Ny . H —2c— xp
c= —tan | arcsin { — sin | arctan | ——
2 Ng d
tan | arcsin { — sin | arctan
Ng d

(6]

N =~
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