ABSTRACT

Title of thesis: MORPHOLOGY EVOLUTION OF
DROPLETS IN A
POLYMER BASED EXTENSIONAL FLOW

Shri Harsha Bharadwaj]
Master of Science, 2021

Thesis directed by: Professor David 1. Bigio
Department of Mechanical Engineering

Fused Deposition Modelling (FDM) is one of the most widely used Additive
Manufacturing (AM) methods to bring products to life. This thesis examines the in-
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to understand their behavior in the polymer melt flow. The current computational
work provides a background for a novel method wherein liquid additives can be
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extension rate along the center-line is modelled. The deformation of droplets inside
a polymer undergoing a purely extensional flow is studied for a range of exit (V)
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droplets for a A = 1 is found to be drastically different from that of lower \’s, which
is attributed to the balance of shear stresses at the interface of the inner and outer
flow fields. Finally, the morphology of the deposited plastic strands is also predicted.
It is observed that as the velocity ratio (V/U) is increased the cross-section of the

deposited strand changes from being almost spherical to an oblong.
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Chapter 1: Introduction

According to ASTM International, Additive Manufacturing (AM) which is
more commonly referred to as “3D printing” is defined as a process in which objects
are made by layered deposition of materials on top of each other, as opposed to
subtractive manufacturing technologies [1]. Since its conception, AM technologies
have grown to become widely popular and has changed the way in which many
products are made and distributed [2]. AM technologies are being used in the
medical industry in the form of bio-materials in order to manufacture orthopedic
implants, bone grafts etc. They also have extensive uses in aerospace applications

and in the field of architecture [3] [4].

1.1 Extrusion Based Additive Manufacturing

There are various types of extrusion-based processes. One among those is
Fused Filament Fabrication (FFF) which is also widely known as Fused Deposition
Modelling (FDM). Initially developed by Stratasys Inc, the process makes use of a
thermoplastic material which is deposited on the build plate in succeeding layers.

The filament is drawn into the system from the spool with the help of feeding

rollers and a stepper motor. The plastic gets melted as it passes through a heated
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Figure 1.1: (a) A diagram of the FDM manufacturing process [5] (b) An illustration
of continuous filament direct ink writing technique [6] [7].

liquefier which is heated well above the plastic’s melting temperature. The resistor
inserted into the liquefier is the source of heat. A thermocouple inserted into the
block measures the temperature with the help of a feedback looping system. The
melted polymer is forced out of the nozzle die of the printer. The movement of
the printer head along the three Cartesian axes is made possible with the help
of Computer Numeric Control (CNC). The operating temperature, extrusion rate,
build orientation among others can be tuned to get the desired output.

Similar to FDM, in Direct Ink Writing (DIW) objects are created by controlled
movements of the axes [6]. One of the main differences between the FDM and
DIW is the usage of colloidal gels, nanoparticles or organic-based inks [6] instead
of molten polymers. A hydrogel-based ink can also be used for DIW printing [8].
DIW which employs shear thinning gels are used in biomedical applications such as

tissue engineering and drug delivery systems [9].



1.2 Composite Materials

Polymers when compared with ceramics and metals have inferior mechanical
and thermal properties. Hence, depending on the application it becomes necessary
to reinforce these polymer matrices with materials whose properties are orders of
magnitude greater than that of the matrix [10].

A composite is a multi-phase material in which re-enforcing fillers are inte-
grated with a polymer matrix, resulting in synergistic mechanical properties that
cannot be achieved from either component alone [11]. For example, Single walled
carbon nanotubes (SWNTs) are dispersed into commercial polymers in order to
increase its electrical properties and applications without compromising the host
polymer’s processability and physical properties [12]. Emulsification is also a chief
step in the manufacturing of medicinal tablets [13]. Colored dyes, stabilizers and
anti-static agents are commonly added to polymers in order to enhance its proper-
ties [13].

The additive introduced into the polymer to improve specific properties are
commonly referred to as “fillers”. The polymer matrix acts as the continuous phase
and the fillers act as discrete or continuous entities within the polymer phase [10].
However, most of the past research works deal with addition of solid filler [14] [15]
into a molten filament. Hence, it is essential to understand the nature and effects

of liquid fillers inside a polymer.
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Figure 1.2: (a) Continuous reinforced composites are those which has a continuous
flow of additive inside the polymer. The blue additive can be seen at the center,
surrounded by the clear melted polymer from the extrusion nozzle, (b) Additives
injected at discrete intervals of time are referred to as discontinuous reinforced com-
posites.

1.3 Fundamentals of Droplet elongation and breakup

To create a polymer blend or an emulsion, a grasp of the size distribution of the
droplet phase along with the understanding of the mean droplet size as a function
of process conditions is essential to control the rheological and physical properties
of the resultant product [13].

Certain forces play a vital role in understanding the behavior of the injected
droplet into the system. Viscosity, interfacial tension and thereby the Capillary
number are the three important factors that dictate the breakup and deformation
of a droplet suspended in a polymer matrix.

G. L. Taylor [16] and S. Tomatika [17] proposed that in purely viscous New-
tonian systems the deformation and breakup of droplets, in the absence of inertial

forces is due to two dimensionless parameters [13]:



1. Viscosity ratio (A): It is defined as the ratio of viscosity of the dispersed

phase (14) to that of the continuous phase (7).

A= (1.1)

2. Capillary number (Ca): Ca between two immiscible liquids is a quantity
that relates the viscous and capillary forces. The viscous forces tend to elongate the
droplets whereas the surface tension forces tend to make the droplet spherical [18].
The equation for the Capillary number is modified in order to take into account the
droplet size and elongation.

beu

Ca=— (1.2)

g

where o represents the interfacial tension between the two immiscible liquids
(N/m), b is the unperturbed radius of the droplet (m), p is the viscosity of the
matrix or continuous phase (Pa-s) and é is the rate of deformation of the droplet
(s7!). There exists a Capillary number at which the droplet becomes unstable and
breaks up into smaller droplets [13]. This is referred to as Critical Capillary number
(Cacriticar)- Changing the droplet size leads to change in the rate of deformation
which in turn leads to change in Capillary numbers. Hence, it can be said that
the transition from a stable drop to breakup is due to the imbalance in viscous and

surface tension forces [19] [20].
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Figure 1.3: An illustration of elongational flow in a converging channel. As the drop
stretches along the flow axis, its volume decreases in the perpendicular direction due
to volume conservation.

1.4 Types of Flow fields

Rheology is the branch of physics that helps us understand how materials flow
or deform under the application of forces. There are two types of deformational
flows that are generally observed. In the simplest terms, extensional flow refers to
those that have stretching along the streamlines in the principal direction of flow.

As seen in Fig.1.3 a particle defined by points a-b goes further apart as the
deformation proceeds. This is also referred to as “irrotational flow” since the parti-
cles does not experience any rotation. In shear flow shown in Fig. 1.4 the particles
not only elongates but also rotates.

Understanding the melt rheology of polymers and liquids in general forms
the basis for manufacturing emulsions. While a liquid can be sheared indefinitely,

extensional flow is a transient test as it is a function of time [21]. A fluid can only
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Figure 1.4: An artistic illustration of shear flow in a channel.

stretch to an extent, after which they become adequately thin and break up [21].

1.5 Applications

Understanding the behavior of droplets in converging channels provide us with
a basis to manufacture polymers in the AM setup with several applications. Some

of the applications are listed below.

(a) Fluid filled solid parts can be manufactured. This also gives way to man-
ufacture products that have colored fillers inside clear filaments. With an
efficient mechanism for controlled injection of the dye, both continuous and

discontinuous reinforced composites can be manufactured.

(b) Based on the cross-section of the filament needed, different flow channels with
novel cross-sections can be manufactured that might result in interesting mor-

phologies of the droplets.

(d) Liquid additives having mechanical, thermal properties better than that of the
existing filaments can be used in order to bring out the synergistic capabilities

7



between the two.

1.6 Objectives and Approach

Following in the footsteps of Sangli [22] this work aims to understand the be-
havior of droplets inside a melted polymer. Extensive work has been carried out with
regards to addition of fillers into the raw plastic, thereby manufacturing polymer
composites. The applications of these composites range from electrically conducting
3D-printed components [23] to bio ceramic fillers for biomedical applications [24].
These manufactured composites have better mechanical strength, durability and
provides us with innumerable applications. Hence, development of novel kinds of
composites by making use of the existing methodologies is necessary.

Among the different 3D printing processes, FDM is one of the most popular
and commonly used. FDM due to its ease of accessibility coupled with availabil-
ity and cost makes it the most ideal process for research purposes. In addition to
the mentioned advantages, FDM also provides us with a range of plastics [Poly-
Lactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), Polystyrene (PS) and
Polyethylene terephthalate (PET)] that have varying properties to work with.

A converging nozzle resembling an FDM nozzle is modelled. A droplet is
suspended in the polymer. The nature of deformation of the droplets inside the
polymer undergoing extensional flow is analyzed. Understanding the behavior of

the additives forms a basis to 3D print novel composites using FDM technology.



1.7 Thesis organization

This thesis is divided into four chapters: Chapter 2 summarizes the research
methodologies, theories and conclusions from past works. Droplet behaviors and
experiments in various channels and the factors that are necessary to bring about
extensional deformation in the droplets are discussed. Chapter 3 details the various
numerical calculations necessary with regards to the rheology of the polymer and
the droplet. It also illustrates the methodology used to perform the simulations.
Chapter 4 discusses the results obtained. Chapter 5 discusses the future work that

can be done with the current work as basis.



Chapter 2: Literature Review

2.1 Introduction to Polymer mixing

When two or more polymers are mixed together to create a state-of-the-art
material with combined properties, it is referred to as polymer blending. These
blends can either be miscible, partially miscible or immiscible. An immiscible blend
is heterogeneous and there is a clear distinction between the different phases present
in the system.

According to T. DeMeuse [25], High Temperature Polymer Blends (HTPBs)
are categorized by their ability to withstand and perform their expected function at
T > 140" 0C. They are particularly useful in the military and aerospace industries
where they are needed for components experiencing high temperatures for long
periods of time. Similarly, they are also used in electronic devices, batteries and
can also be used as polymer electrolytes for super capacitors [26].

In any emulsion, the behavior of external fluid influences the flow of the internal
fluid. When a drop is suspended in another fluid, the drop orients itself in the
direction of the flow field. As discussed in Chapter. 1, A\ between the two fluids play
a vital role in determining the morphology. It has been observed that, A between

two polymer blends is a function of the molecular weights of the plastics as well as

10



100um 100pm

Figure 2.1: An immiscible polymer blend system of an Ultra-High-Molecular-Weight
(UHMW) polymer and poly(Acryonitrile-co-Styrene) (AS) at 145°C when viewed
through an optical microscope. Two stages: before (left) and after elongation (right)
under a Hencky strain of 2.3 are shown [27].

the processing temperature of the melt [25].
It is imperative to have a look at past works that shine a light on the behavior

of polymers and droplets subjected to varying boundary conditions.

2.2 Early Works

G.I. Taylor [28] in his pioneering work, explored the formation of emulsions
by studying the deformation of the drop of one fluid by the viscous drag of the
matrix fluid which surrounded it. The setup, shown in Figure. 2.11 consisted of
four rotating cylinders mounted on the corners of a square. A hole was provided at
the top to introduce a liquid. The two shafts rotated in opposite directions with the
help of driving pulleys. This hyperbolically streamlined setup produced a planar
extensional flow at the center of the channel. Documenting the droplet behavior, he

came up with an expression given by

11
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Figure 2.2: The device used by G. I. Taylor [28].

L—B_2C’,ua<19)\+16) (2.1)

L+B T \16\+16

where L and B represent the length and width of the droplet. pu is the viscosity
of the matrix fluid, a is the size of the droplet, T is the interfacial tension and C
represents the strength of flow. The left hand side of the equation later came to be
known as Taylor’s deformation parameter (D). D = 0 for a sphere since L = B. His
experimental observations were found to agree with Equation. 2.1, and he found
that at lower \’s (0.0003), the droplet stretched indefinitely but did not break up.
For small deformations, he came to the conclusion that the viscosity ratio of the
fluids greatly affected the behavior of the droplet.

This major work formed a basis to study droplet behavior in channels having
varying cross-sections. Since its conception, the four-roll mill has been widely used

to study the droplet deformations [29], [30], orientation of polymer chains [31] and

12
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Figure 2.3: Illustration of axes of an ellipse. The ellipse represents a deformed
droplet and references dimensionless D mentioned in Equation. 2.1.

even used in microfluidic devices to enhance mixing efficiency [32].

Lord Rayleigh [33] in 1879 examined the instability of jets and the transition
of a long cylindrical incompressible viscous jets into smaller satellite droplets. He
attributed this to the surface tension that worked against inertia. However, he
neglected to consider the viscous effects of the surrounding medium. S. Tomatika [17]
in 1935, considering both the surface tension and viscous effects investigated the
instability of long cylindrical threads. He found that the maximum instability occurs
at a definite value of the wavelength and this wavelength varies with A, resulting in
droplets of definite shapes.

Much later, transient behavior of droplets in different flow-fields were inves-
tigated in defining works of B.J. Bentley and L. G. Leal [34]. They studied the
breakup of droplets for a wide range of viscosity ratios and provided the values for
Cacriticai- For purely extensional flows Bentley et al. [34] reported that for a drop
to break up, the critical Capillary number has to be in the range of 0.25 > Cacriticar
> 0. For flow fields wherein, an infinite amount of polymer is assumed to be flow-
ing around a less viscous drop, the C'a will be extremely high and no bursting or

breakup of droplets will be observed.

13
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Figure 2.4: Flow cell used by Mulligan et al., fabricated using soft lithography
techniques. The highlighted hyperbolic section was of interest in their experiments
[19].

2.3 Droplet deformation in flow focusing devices

2.3.1 Hyperbolic Channels

The general principles and seminal works concerning droplet morphology were
talked about in Section. 2.2. It is seen that cross-sectional areas of channels can be
manipulated in order to study the changes in extensional effects [35]. This segment
focuses on drop deformation in experimentally designed contractions.

Making use of microfluidics, Mulligan and Rothstein [19] developed a novel
flow cell to understand the behavior of droplets in a hyperbolic contraction. The
droplets were subjected to an uniform extensional flow and the effect of confinement-
induced shear on droplet deformation and breakup were investigated. They defined

confinement as

c== (2.2)

14
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Figure 2.5: Graph showing Deformation parameter (D) as a function of Capillary
number for water drops in oil. Confinement parameters corresponding to the differ-
ent shapes are 0.66, 0.99, 1.3. 1.5 and 2.0 from bottom to top [19].

where R is the initial radius of the droplet and w, is the half width of the
gap the drop was confined in. As is the case with any channel, the shear effects
are maximum at the walls and as we move towards the center-line, the shear rate
becomes zero. One of the important reasons to study droplet behavior in microfluidic
channels is the fact that they give rise to considerably higher extension rates [35].
With this setup, Mulligan et al., [19] had a range of 37s™! < ¢ < 2100s7!.

They observed that increasing the confinement led to increase in the defor-
mation of droplets regardless of the Capillary numbers. They deduced that an

unconfined droplet will always elongate less than that of drop having higher con-
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Figure 2.6: Hyperbolic channel having a rectangular cross-section made out of Plex-
iglas used in Sangli’s [36] experiments.

finements. This was evident in our simulations when increasing the diameter of the
nozzle gave rise to droplets having less elongation in the axial direction.

Most of the commonly used setups to study the behavior of droplets are ex-
tremely difficult to be adopted into a manufacturing setup. Using Mulligan’s [19]
microfluidic channel as a reference, Sangli [36] designed a macro-scale hyperbolic
setup and investigated the deformation and breakup of Castor oil droplets in a
silicone oil matrix.

Sangli observed that the Capillary numbers decreased as the droplets traversed
the channel and droplets having higher Capillary numbers elongated faster than the
ones with lower initial Capillary numbers. It was also evident from his work that

droplets injected at offset positions elongated more due to the effect of shear than
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Figure 2.7: The upper most, middle and lower curve represent interfacial tensions
of 2.5 x 1073 N/m, 5 x 107% N/m and 1072 N/m respectively for A = 10.

the ones deployed at the center-line. This was attributed to the velocity gradient
being an order of magnitude higher in offset positions. While the center-line droplets
underwent symmetrical deformation about the axial direction, there was evidence
of asymmetry for drops undergoing both elongation and shear. There was also
evidence of rapid width reduction at the leading end of the droplets. This work
was a stepping stone to pave way to additive manufacturing dies where unique

morphologies of liquid droplets could be observed inside an exterior solid filament.

2.3.2 Conical Channels

Most of the elongational flows seen in practical applications, especially in poly-
mer processing, involve axisymmetric contractions as opposed to hyperbolic contrac-
tions. Among others, one of the main reasons for this is the difficulty to manufacture

hyperbolic dyes using traditional machining practices. Hence, extensional flows in
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Figure 2.8: Variation of droplet behavior with Capillary number as a function of
cone length (Z) [37]. Cone length is defined as the total length of the converging
channel.

axi-symmetric channels have to be looked into.

The dependence of interfacial tension on the deformation of droplets at high
viscosity ratios was studied by Van der Reyden et al., [37]. Deformations in conical
contractions was of primary interest in their work. Due to decreasing contraction,
the deformation was not found to be constant which in turn increased the elongation.
They stated that at high viscosity ratios, the interfacial effects had no dominance
and the droplet deformation was independent of interfacial tension. Fig. 2.7 shows
the change in deformation parameter at various positions in the conical channel. It
is evident that even with significant variation in the interfacial tensions, there is not
much difference in the deformation of the droplet. Rauwendall [37], thus concluded
that for manufacture of emulsions having high viscosity ratios, elongational flows
are more effective than shear flows.

Han et al., [38] studied the extensional deformation of a viscoelastic droplet
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Figure 2.9: Experimental test rig built by Han et al., [38].

()

Figure 2.10: Images illustrating the evolution of droplet morphology through the
channel for two different shear rates: (a) and (b) at = 13.7 s7! | (¢) and (d) at
128.7 s [38]. The initial diameter of the droplet is D'o = 1.20mm.
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suspended in a viscoelastic medium. An experimental setup consisting of a dispens-
ing system and a converging channel as seen in Fig. 2.10, was built. The setup
was modelled such that the tube section provided Poiseuille flow and the conical
section provided purely extensional flow along the center-line. The effect of shear
rate and droplet size were documented. It was seen that a droplet subjected to a
higher shear rate experienced the highest deformation. In the entrance region of the
conical section, a steady state extension is seen. However, as the gradient in the
convergence decreases, the velocity increases swiftly and an unsteady extensional
flow is observed. It was also seen that droplets suspended in a medium having a

higher viscosity deformed more. Hence, a decrease in the viscosity ratio yields a

higher D.

2.4 Shear thinning of plastics

Most fluids that we see exhibit non-Newtonian behavior. Hence, their viscosi-
ties are dependant on shear rates. Shear-thinning fluids are those who's viscosity
decreases with increase in shear rate. Pseudoplastics are commonly defined by two
material specific parameters: consistency index and flow behavior index. Using a
rheometer, the values of K and n can be obtained by measuring the fluid viscosity
with different shear rates. In shear-thinning regimes, Ostwald-de Waele relation-

ship also referred to as Power Law model can be used to establish the relationship
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between the viscosity and shear rate of the fluid.

=K (3") (2.3)

v=Kx (") (2.4)

where 7 is the shear stress, v is the apparent viscosity (Pa-s), K is the con-
sistency index (Pa-s"), v is the shear-rate (s™') and n is the flow behavior index
(dimensionless). For a shear-thinning fluid n is always between 0 and 1.

In extensionally dominated flows, it becomes imperative to measure exten-
sional viscosity as the fluid passes through the contraction. Cogswell [39], in 1978
while profiling flows in different cross-sections, proposed a way of measuring ex-
tensional viscosity by measurement of pressure drop along the channel. For an
unlubricated constrained convergence, stretch rate is maximum along the center-
line and he proposed an updated expression from his own previous work [40]. The
expression that related the stretch rate to the cone half-angle (#) and power law

index (n) was given by,

) 3n+1\7vy
mazr — —tanf 2.5
‘ <n+1)2an (2:5)

Despite evidence [42] regarding the shear thinning behavior of polymer flows,
no quantitative evidence existed to definitely say that the flows through converging
nozzles were stretching flows. Drexler et al., [39] [43] looking into velocity gradients

in a molten polymer flow conclusively proved the nature of extensional stretching in
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Figure 2.11: Graph illustrating maximum stretching for a Newtonian fluid under
constrained convergence. The curves given by Cogswell [39] and Harrison [41] are
compared.

converging dyes.

2.5 Droplet deformation in polymer blends

Viscoelasticity of the polymer melts makes it more difficult to understand the
process of droplet deformation and breakup. The below mentioned works dictate
as to how the behavior of melted polymer affects the morphology of the droplets
suspended in it.

Muller et al., [44] [45] designed an experiment to determine the transient de-
formation of droplets in an extensional flow. This method made it possible to

analyze polymer melts whose glass transition temperature was greater than that
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Figure 2.12: An illustration of a drop inside a polymer before and after deformation.
The Cauchy deformation of the droplet is defined as the ratio of length of the
elongated droplet (AyD,) to the initial unperturbed droplet diameter D,,.

of the room temperature. A small number of spherical inclusions of High Density
Poly-Ethylene (HDPE) were placed on the surface of the pure and clear polystyrene
(PS). Another layer of the matrix polymer was placed on top of this setup and
molded together at 180°C. These samples were then heated and stretched at a con-
stant strain rate é. Once the prescribed deformation was reached, the sample was
immediately quenched in cold water to freeze the deformation of the droplet. Micro-
scopic observations were later made to tabulate the findings. They report that since
the specimens were quenched almost immediately after elongation, no interfacial
instabilities were observed.

Based on Taylor’s [28] [46] [44] theory, at high Capillary number flows, the
contribution of interfacial tension can be neglected. Hence, the Cauchy deformation

of the droplet and the matrix phase is given by

AM—1 5
A—1  2p+3
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Figure 2.13: Graphs showing the relationship between the deformation of the matrix
and the droplet phase for different polymer blends. The bold, squares and dotted

lines represent the curves generated using Equation.2.6, experimental data and when
Ad = A

where p is the viscosity ratio between the phases, \; and A are the droplet
deformation and macroscopic deformation of the matrix.

It was observed that when different blends of the polymers were subjected to
a constant € of 1072 s7%, for X upto 3, there was a linear increase in the deformation
between the two phases. Corroborating his experimental results with Equation.
2.6, Muller [44] [45], concluded that regardless of blends, when the viscosity of the
drop is higher, it deforms less than that of the surrounding matrix phase. Whereas,
when the viscosity of drop is less, the drop deforms more than the matrix medium.

For values of p’s greater than 1, the left-hand side of Equation. 2.6, tends to zero.

Aa—1
1 asp — 0.

Muller [45], also gave a limiting factor of 1.7 for 5=

Although, Equation. 2.6 is only applicable to small deformations, it is found
that the simulation and experimental results seemed to agree for large deformations

upto A = 5. As Migler et al., [18] puts it, there are two main disadvantages with
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this process: it only samples a limited number of materials and even though Muller
et al., [44] reports that quenching is done almost immediately after elongation,
there still might be changes occuring in a fraction of second before the samples are
quenched. Hence, this might not be an accurate representation of the behavior of
the droplets.

Varanasi et al., [13], investigated the breakup of both purely Newtonian and
viscoelastic droplets suspended in a Newtonian matrix. Using a transparent counter
rotating cone and plate rheometer, he subjected various combinations of droplet and
matrix phases to a simple shear flow.

The largest diameter droplet at the periphery of the rheometer was identified
for a given shear-rate, after which shearing was brought to rest. The shear-rate was
once again brought back to its original value in successive increments to monitor the
droplet deformation for each step increase in shear-rate. When, the shear-rate was
increased beyond a certain value (Yeriticar), the already deformed threadlike droplets
ruptured into smaller droplets. Hence, the maximum diameter of a droplet and
Caeriticar that could be produced at any shear-rate could be tabulated.

Using normal stress difference, corresponding to the shear-rate in the continu-
ous phase at which the drops broke up, they evaluated elasticity of the droplets. It
was found that the C'apiicar for viscoelastic drops not only depended on the v iticars
but also on the elasticity of the droplet. They proposed the existence of a shear-rate
~*, which decreased with decrease in the elasticity of the droplet. They observed
that not only were the viscoelastic droplets easier to breakup but also gave smaller

daughter droplets when compared to Newtonian droplets, which was attributed to

25



the presence of high tensile stresses for viscoelastic drops.

According to Tavgav [47] [13], the elasticity of the matrix phase plays a vital
role in the deformation of the dispersed droplets. For low viscosity ratios it was seen
that the elasticity of the matrix phase stabilized the droplet and for high viscosity
ratios, it destabilized the droplets.

Works of Migler et al,. [18] [48], shine a light on the drop deformations in
polymer blends in channel flows. While studying the deformations of polystyrene
drops in a polyethylene matrix they found that the droplets transitioned from ellipse
to a string and back to a sphere in an optical slit die. This was accounted to the
viscoelasticity of the drop. Migler [48], in one of his other works also proclaimed
that in a viscoelastic medium, the droplets have the tendency to align themselves
in the direction of vorticity. Gauthier et al,. [49] said that there was no difference
in the behavior of viscoelastic and Newtonian droplets for very low viscosity ratios.

Even though the past works describe the behavior of droplets in various flow-
fields and conditions, none of them explore the effect of the matrix flow-field on the
drop once the drop has left the channel and is under continued shear. This work
does precisely just that and provides a way for such a setup to be incorporated into

a manufacturing process.
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Chapter 3: Rheological Measurements and Model Setup

3.1 Design of the nozzle

Commercially available 3D printer nozzles have diameters ranging from 0.3 to
0.75mm. Nozzles having diameter greater than 0.75mm are used for custom print-
jobs. These nozzles have the capability of accommodating less volumes of the melted
filament. As seen in Figure. 3.1, the length of the conical section in a commercially
available nozzle is approximately 1.4mm.

Adopting Sangli’s [22], scaling of 1:10 for the drop size to outlet diameter of
the nozzle, the currently available nozzles make it very difficult to inject a droplet
1/10th the size of the nozzle diameter. With these dimensions it is practically very
difficult to perform droplet injection experiments. Hence, a modified nozzle that
could be feasible to implement into a manufacturing setup has to be designed.

In order to inject a sufficiently large enough drop and study the nature of
extensional flow, a nozzle having a higher diameter is modelled. Not only does this
decrease the pressure drop significantly, increasing the length and gradient of conical

section results in higher strain-rates amounting to a higher degree of deformations.
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Figure 3.1: (A) Drawing of a commercially available Lulzbot TAZ4 nozzle. (B)
Hlustration of the design and dimensions of the nozzle used for this study.

3.2 Materials

A blend system is modelled wherein, silicone oil (Polydimethylsiloxane - PDMS)
droplets could be injected into a viscous polymer flow. The melted polymer acts as
the matrix phase and the silicone oil acts as the additive or droplet phase. Silicone

oil is chosen as the additive for reasons mentioned below.

(a) Since the real-life 3D printing process is performed at high temperatures, the
additive selected should have a high enough boiling and flash point. They are

found to be >315°C and >295°C respectively for Silicone oil.

(b) Silicone oil has been the choice of fluid for some of the pioneering works [28] [34]

investigating droplet dynamics and is available in a wide range of viscosities.
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3.3 Interfacial Tension measurements

Interfacial tension exists between the interface of a liquid phase of a substance
and the solid phase with which it is interacting. It is a measure of force of attrac-
tion between the molecules at the interface of the two substances in play [50]. As
discussed in Chapter 1, in order to accurately predict the behavior of the droplets,
it is important to know the interfacial tension between the two fluids. However,
the interfacial tension between silicone oil and PLA is not reported in literature.
Hence, it becomes necessary to employ methods that will aid us in determining the
interfacial tension.

Sessile or pendant drop technique is widely used to determine the contact
angle between the two surfaces. The drop who’s contact angle is to be measured is
deposited on a surface and measurements of the enlarged drop (radius, maximum
height) are taken. However, this manual method of measurement is prone to errors,
especially if the drop is hydrophobic. Hence, to validate the results obtained from
the Sessile drop method, an alternate method of determining the surface tension is

employed.

3.3.1 Sessile Drop Technique

When deposited on a smooth surface, the contact angle of a drop is indepen-
dant of the drop size. A smooth textured black PLA sheet of 0.060” thickness and
1”x 17 dimensions is placed on a flat surface. A silicone oil drop of controlled volume

using Hamilton™ precision syringe is deposited on the plate. A measurement scale
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Figure 3.2: Captured image of the drop is converted to greyscale in order to measure
the contact angle. The volume of the drop deposited is 0.01mL.

is fixed in the background in order accurately quantify the height and diameter of
the droplet. A camera developed by FLIR Systems™ called Chameleon3 is used to
capture the images. Different volumes of drops are deposited and multiple trials are
taken in order to make sure the calculated contact angle is as accurate as possible.
Low-Bond Axisymmetric Drop Shape Analysis (LBADSA) [51] plugin available on
Image-J, developed by EPFL is used for the measurement of contact angle.
German physicist Georg Hermann Quincke in 1870 derived an equation that
related the surface tension to the contact angle of the drop [52] [53]. The Quincke

relationship is given by

__ pgh?
77 (1 + Cosh) (3:1)
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Figure 3.3: Chemical Structure of Poly-Lactic Acid [57]

where o is the interfacial tension (N/m), p is the density of the drop, g is the
acceleration due to gravity, h is the maximum height of the deformed droplet and 6
is the contact angle.

Behroozi [54] noted that equation 3.1 was only exact for infinitely large drops
where the surface curvature is mostly along the vertical plane, as this expression
does not take into account the curvature of the drop along the horizontal plane. He
calculated the error for smaller drops for be approximately 5%. The errors during
the measurement coupled with inherent errors with Quincke’s relationship, adds a

lot of uncertainty for the measured values.

3.3.2 By method of Parachor

Parachor is widely used in organic chemistry to calculate the interfacial tension
between two substances. One among its many applications is its usage in determin-
ing interfacial tensions between oil/gas [55]. Parachor is an additive quantity which
relates the surface tension to the chemical structure [56]. The molar parachor is an

empirical constant for a particular substance and is defined as
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Unit Parachor
O 20.0
C 4.8
H 17.1
Double bond 23.2

Table 3.1: Sugden’s parachors for organic compounds [61].

p= 2 _ ey (3.2)

where P is the Parachor, v is the interfacial tension between the substances, M
and p are the molar mass and density respectively. Surface tension of solid polymers

can then be calculated using

1= (%)4 (33

Using the above expression the surface tension of PLA is found to be 38.58
mJ/m? which is in agreement with the experimentally calculated values for PLA
[58], [59], [60].

Although, there existed models proposed by various authors, best consolidated
by Van Oss et al., [62] most of them were accurate to a varying degree and there
were vast differences between the experimentally and numerically calculated values
of interfacial tension. Girifalco and Good [63] in 1957 proposed an equation to
determine the interfacial energy between a solid and a liquid. In order to account
for the variation between the values, they introduced an interaction parameter (o).

The equation is given by
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Measured

Volume (cm?) Height (cm)

Contact Angle ()

Trial 1 0.01 0.04 13°
Trial 2 0.015 0.04 13°
Trial 3 0.02 0.04 13°

Table 3.2: Drop measurements

Yoi = s+ — 2% @ x (s) 2 (3.4)

where 7, is the interfacial energy, v, v, are the surface energies of the solid
and liquid phase respectively. The interaction parameter(¢) is defined as,
4(‘/5 * W)l /3

¢ = <V51/3 I Vl1/3)2 (3.5)

where V; and V} are the molar volumes of the solid and liquid respectively.
Considering a liquid and a solid system, Young’s equation relating the surface

energies and the contact angle is given by,

Ysi — Vs + Yicost (3.6)

Equating 3.4 and 3.6 we can eliminate 74 to get,

(14 Cosb)?

e (3.7)

Ys =N

Hence, with the contact angle known, we can determine the value of +;. The

values obtained for interfacial tension is tabulated in table 3.3. As expected there is
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Contact Angle ()

Quincke’s

Using Parachor(m.J/m?)

Method(m.J/m?)
13° 29.73 38.58
13.341° 34.17 38.61
13.323° 35.20 38.61

Table 3.3: Interfacial Tension values obtained by using two different methods

no clear pattern of interfacial tension values from the Quincke’s method due to error

in measurements. Since parachor method is found to be more accurate, a value of

38.58 (m.J/m?) is used as the interfacial tension.

3.4 Model Introduction

Multiphase simulations were performed using ANSYS Fluent, Academic Re-

search, Release 20.2. ANSYS Fluent™ based on Finite Volume Method (FVM)

numerically solves a set of mathematical equations to check for conservation of

mass, momentum, species etc. among others. The equations that best describe an

incompressible flow is given by the Navier Stokes equations.

—

u=10

ou L
pgp = —Vp+uVii+pg

(3.9)

where 3.8 and 3.9 represent continuity and momentum conservation, u repre-

sents the velocity vector flow field, g is the body acceleration, p is the pressure, p

and p are the density and viscosity of the fluid respectively.
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Figure 3.4: The designed geometry using SolidWorks. The diameter of the nozzle
(D) and the gap distance between the nozzle outlet and the build plate (G) is
highlighted.

A CAD model simulating the flow of plastic in a converging dye used in a
FDM setup is designed using SolidWorks™ 2020. As with any Computational
Fluid Dynamics simulation the designed model is initially discretized after which
boundary conditions are setup. Choosing the appropriate solver, the deposition
of a defined length of strand on a moving build plate is emulated under varying

conditions. The change in morphology of the plastic and the drop is predicted.

3.5 Model Description

Comminal et al. [64] simulated the effects of deposition flow of a molten plastic
through the nozzle. He considered two dimensionless parameters to investigate its

effects on the cross section of the strand. He characterized them as the velocity
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Figure 3.5: The fraction of a fluid present in a control volume: ¢ = 1, 0 and 0.5
respectively. A volume fraction of 0.5 represents the interface line between two
phases. [65].

ratio (V/U) and the normalized gap (g/D). However, the model assumed that the
nozzle geometry to be cylindrical for simplification purposes. A constant cross-
section cylindrical channel does not impose extension on droplets. Hence, in order
to accurately model the real-life FDM setup, a design emulating flow on a plate as
seen in Figure. 3.4 is used. The droplet enters a 3:1 axisymmetric contraction. The

considerations made regarding the flow are summarized below.

(a) The inertial forces are very small compared to the viscous forces. Hence we
have Stokes flow where Re < 1. Hence the flow inside the nozzle is a low

Reynold’s number, incompressible flow.

(b) In the real-life FDM printing process, there exists a temperature gradient from
the nozzle to the heating block, which might lead to contraction or expansion
of the filament post deposition. However, the effect of temperature is not

accounted for in the current work.

(c) Since the inlet is oriented in the negative Z direction, gravity is accounted for.

Although, it is found that its effect on the flow is negligible.

(d) During the operation of an FDM printer, the printer head containing the nozzle
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moves while the build plate is fixed. It is extremely difficult to model such a
setup. However, we can say that the motion of the build plate and the nozzle
are relative to each other. Hence, the current model simulates the opposite

configuration [64].

OIL
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Figure 3.6: Geometry specifying the boundary conditions. The patched oil droplet
region is also shown.

(e) The flow is assumed to be laminar. If a cylindrical section of uniform cross-
section is considered then we see Poiseuille flow wherein a parabolic profile
and a fully developed region is observed. The flow in a fully developed region

is dictated by the equation:

=2[1 — (%)Q]foro <r<R (3.10)

< §
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Figure 3.7: A contour representing the volume fraction of oil. The green boundary
between the oil and the plastic region represents an iso-surface in a 2D plane.

where v is the axial velocity, V is the average velocity inside the nozzle, r is
the radial location of the channel and R is the radius of the channel. But in
our case, due to the flow directly entering a converging contraction, we do not

see a fully developed profile initially.

(f) The interfacial tension between two fluids is a function of temperature. Since
temperature effects are neglected, the interfacial tension between the oil droplet

and plastic is assumed to be constant throughout the flow.

3.6 Volume Of Fluid (VOF) Model

The Volume of Fluid (VOF) model is widely used to simulate transient flows
in a multiphase system where tracking the free surface is of vital importance. VOF
is highly robust in tracking the volume fraction of two or more immiscible fluids
throughout the domain. VOF is built on the theory that the fluids present in the

system do not penetrate each other. A scalar function known as volume fraction
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Figure 3.8: A contour of volume fraction of the plastic phase. While the converging
contraction is patched with plastic, the cuboidal region is patched with air.

is used to distinguish between the different fluids present in the system. At every
discretized element the sum of the volume fractions equal unity. In order words,
if we have a fluid ‘p’ whose volume is patched in a particular cell, there are three
situations possible as described in Figure. 3.5. Separation of regions and zones is
done in ANSYS for specification of oil, plastic and air volumes. Depending on the
phases present those regions and zones are patched with volume fractions of either

1 or 0 as shown in Figures 3.7 and 3.8.

3.7 Boundary Conditions

(a) The velocity of the fluid (Vi) relative to the boundary is assumed to be zero

at the nozzle walls. They are given a no-slip boundary condition.

(b) Utilizing the symmetry condition, one half of the flow domain is analyzed. In
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doing so the number of nodes and elements generated decreases which in turn

reduces the computational time.

(¢) The walls for the air inlet are characterized as moving walls and are given the
same velocity as that of the moving substrate (U). Vj,;e; and G is held constant

whereas U is varied.

(d) A pressure-outlet boundary condition is specified at the outlet which is open

to the atmosphere.

(e) Surface tension effects are captured only between the droplet and the plastic.

Plastic | Oil drop Air
Viscosity (Pa—s) 1000 | [1, 10, 100, 1000] 1
Density (kg/m?) 800 | 970

Table 3.4: Material Properties

Parameters Values

Inlet Velocity Vier (mm/s) 8.33
Velocity of the moving substrate U (mm/s) [50, 60, 75, 100, 150]
Gap distance between the nozzle tip and moving plate 9

G (mm)

Diameter of the nozzle D (mm) 2

Table 3.5: Parameter properties

3.8 Discretization

One of the main factors that dictate the solution accuracy is the quality of
the meshing performed. The volume has to be discretized in such a way that the

40



Figure 3.9: Meshing carried out using the Body of Influence method. The zoomed
in figure illustrates the difference in the mesh density between the two regions. The
flow pathway of the droplet has more than 4X the number of elements compared to
the other parts of the channel.

control volumes are small enough to capture the forces at every point in the flow
domain. Since the volume of the droplet being considered is of the order of 10~% m,

it becomes necessary to choose a grid size that is significantly lesser than that of
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Figure 3.10: Comparison of mass conservation by the two meshing methods adopted.

the droplet in order to get maximum continuity. Cut-Cell technique is used which
generates structured hexahedral elements.

CFD is an extremely computationally and time intensive process. Hence,
different methods of discretization have to be looked into in order to achieve good
computational accuracy with limited time. Since the entire domain is not of primary
interest, especially the domain devoid of both oil and plastic, it is not necessary to
mesh the body uniformly. Hence, local mesh refinement as seen in Fig. 3.9 is
carried out using Body Of Influence (BOI) method, that enables us to perform
selective meshing depending on the region of interest.

Grid independence study is performed for three mesh sizes corresponding to
coarse, medium and fine densities. Since elongational flow is seen along the center
of the channel, strain-rates are monitored in the axial direction of the flow. As seen

in Table 3.6, the strain-rates do not vary much with change in mesh sizes. Hence,
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forces are said to be stabilized.

Number of nodes Number:of  ele- Strain-rate along the centerline (s7!)
ments
316,726 294,975 33.768
1,023,863 965,556 32.653
1,994,425 1,942,089 32.4655

Table 3.6: Strain-rate dependence on number of elements

Mass conservation plays an important role in the determination of morphology
of the droplet. It was seen that while the coarse mesh gave us a conservation of 83%,
with fine mesh we had a conservation of ~ 98% for A = 0.001 and 100% for A = 1.
Mass loss for A = 0.001 is attributed for the formation of extremely thin tails, seen
in Fig. 4.15, which the current adopted mesh could not resolve. With respect to the
flow of the plastic, it is observed that there is a smooth well-developed boundary

between air and plastic for coarser meshes.
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Chapter 4: Results and discussion

4.1 Prediction of droplet morphology

A double precision parallel computation is carried out. The Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) is used as the scheme. A transient
solver with total time specification method is used with a time step interval of §t
= 0.007s. The simulations are run until steady state is reached and the oil droplets

has completely exited the setup.

4.1.1 Converging Section

Figures. 4.1 and 4.2 illustrate the evolution of droplet morphology with respect
to time, along the centerline of the converging nozzle. Since the flow is elongational
the evolution vastly differs from that of a drop undergoing rotational flow. At
lower time steps we see an initial spherical drop deform into an ellipsoid. The drop
attains a long slender shape at which point deformation parameter, neglecting the
asymmetric nature can be assumed to tend to co. Since, the outer flow (plastic) is
sheared extensively and the size of the droplet is very small, viscous forces dominate

inside and at the interface of the drop. The Reynold’s number for the external flow
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highlighted above.
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Figure 4.3: Change in width and length of the droplet at various instants for A =
0.01

~
~

is found to ~ 4 x 107°, which is in accordance with creeping flows evidenced in
highly viscous polymer melts.

We see that during the initial stages the droplet showcases a certain degree of
symmetry. As the convergence increases the droplet experiences an inhomogeneous
flow and we see an onset of mass transfer (¢ = 0.12s) from the trailing end to the
leading end of the droplet. At approximately t = 0.12s for A = 0.001 we see that
the droplet beginning to change its direction due to the influence of the plastic flow
path.

Figures. 4.3 and 4.4 showcase the change in length and width for two viscosity

ratios. At ¢t = 0.12s for A = 1, the symmetry is evident to an extent, after which in

order to aid elongation, the width at both the trailing end and the center decreases.
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Figure 4.4: Change in width and length of the droplet at various instants for A = 1

The deformation for A = 1 is seen to be significantly different from that of the three
lower ratios. Not only does it withhold a greater degree of symmetry, but it is
observed that it stretches significantly lesser. We can conclude that increase in A,
decreases the elongation along the axis in the convergence. The radius of curvature
of the droplet decreases on both the ends with increasing rates. But, it is mostly
noticeable in the leading end where a pointed end can be observed.

Due to the overall asymmetric nature of deformation at different instants,
Taylor’s deformation parameter cannot be used. Hence, a dimensionless parameter
called Sphericity is used to measure the deviation of the drop from the shape of a

sphere. Sphericity is defined as

p=" 0% (4.1)
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Figure 4.5: Evolution of sphericity of the droplets with time along the plane of
symmetry (Drops not illustrated to scale).

where V), and A, are the volume and surface area of the droplet respectively.
As evident in Figure. 4.5, A = 1 retains a greater degree of sphericity, as at higher
A’s the rate of elongation of the droplet cannot exceed that of the matrix fluid [37].

In order to explain the different morphologies for the different ratios, the in-
terfacial boundary conditions between the droplet and the plastic have to be consid-
ered. Since, the two fluids are incompressible there always exists a moving interface
between the droplet and the plastic. Two flow fields, one for plastic and one for
droplet can be defined. For A = 1, the flow fields of the two fluids perfectly balance
each other and the shear stress imposed by them on each other will be equal. In
order words the rate of deformation of both the discrete and the matrix phase will

be equal.
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Figure 4.6: Shear-rates at the transient interface between the two phases.

Tplastic = Toil (42)

Tplastic * (’Yplc;stic) = TNoil * (Vozl) (43)

For a lesser viscous drop, the shear-rate tends to be higher. Hence, the drop
stretches more compared to higher viscosities. This is verified by tracking the shear-
rates at the interface of the drop and the plastic. For a A = 1, there seems to be
small increments for every time-step, whereas for A = 0.001, the shear-rate increases
dramatically. This is in good agreement with the work of Han et al., [38], which
conclusively proved that a droplet imposed with a higher shear-rate elongated more
than that of a drop with a lower shear-rate. This was also apparent in G. I. Taylor’s

[28] work that for drops having lower \’s, shear rate required for the drop to burst
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Figure 4.7: Variation of velocity profiles for V/U = 0.5 at different planes during
the flow.

into daughter droplets was quite high, which can also be extended to flows having

high Capillary numbers.

Ov,  Ov, v, |
or Or Ox
L= (Vo) = | O Ovy Ov. (4.4)
oy 9dy Oy
ov, Ov, Ov,
L9z 9z 0z

In order to calculate the Capillary numbers associated with the droplet, the
extension rates can be extracted along the center-line of the contraction. This is
done by determining the total rate of deformation tensor. Rate of deformation
tensor in the matrix form is given by Equation. 4.4. All the components of velocity
along the centerline of the convergence can be extracted and solved for using the
matrix. The Capillary number of the leading end of the drop when it is about to
exit the convergence is found to be around 270. As expected, in a multi-flow regime

wherein a droplet in suspended in a flow of higher viscosity, the capillary forces are
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Figure 4.8: Velocity profiles at the various axial positions (0 mm > 7 > 6mm) along
the symmetry plane.

negligible compared to the viscous forces and hence we can say that Ca — oo.

4.2 Velocity Profiles

As seen in Figure. 4.8, in the converging nozzle, the velocity of the flow is
maximum at the center and attains a state of being fully developed as assumed in
Equation. 3.5, when the flow is near the nozzle exit. As the fluid accelerates inside
the nozzle, the profile gains significant momentum.

‘w’ component of velocity is dominant along the nozzle whereas ‘v’ component
plays a more dominant role as the plastic gets deposited on the build plate. There
is a change and overlap of the two components of velocity in the curvature of the

deposited plastic. Due to the change in direction of flow and the movement of the
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substrate, we see the flow start to deviate from its fully- developed condition. Due
to the re-development of velocity profile, the flow profile deviates significantly from
a parabola immediately as the plastic starts to exit the nozzle outlet. We see a
profile similar to plug flow after the deposition of the plastic.

As seen in Figures. 4.9 and 4.10, the right end of the defined lines have the
least velocity as the plastic gets deposited. Once the plastic is deposited, the flow
which is in contact with the moving substrate accelerates or decelerates depending

on the boundary condition and the flow achieves a steady state after deposition.

4.2.1 Post Convergence

The development of curvature in the exterior flow field extensively dictates
the behavior or droplets. As there is a decrease in curvature of the deposited plas-
tic, more mass is accumulated in the leading end the drop becomes narrower with
pointed tips. The part of the drop that is still being subjected to extension along
the centerline has the least width for lowest A (longest slender drops). One of the
fairly obvious observations is that, lower the viscosity ratio more interesting and
complex are the morphologies.

The drops maintain their extended slender shape until the leading end exits
the converging nozzle. As mentioned in Section 4.2, depending on the velocity of
the build plate, the external flow either accelerates, remains steady or decelerates.
When deceleration takes place, the exterior flow field causes the droplet to expand

in a direction perpendicular to the flow (radial). This is evident in Figure. 4.11A,
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where for a A = 0.001, the weak viscous forces inside the droplet causes the drop to
go back to its original steady shape of a sphere when compared to a more viscous
drop. This accounts for the onset of ‘bulbing’ for A = 0.001 at t = 0.13s.

At this point even though the leading end of the droplet has left the contrac-
tion, there exists a fair volume of the droplet in converging section still undergoing
extension. Droplets having lower viscosities are susceptible to “bulbing” at the
leading end since they experience the most interfacial forces.

For lower V /U ratios it is seen that the droplet elongates more and there is a
development of a sharp pointed edge at the leading end of the droplet. As the V/U
is decreased, we also see a decrease in the degree of sharpness in the leading tip of
the droplet.

As the drops becomes parallel to the external flow-field, the velocity component
in the axial direction prevents the drop from going back to the shape of a sphere.
These effects are best seen in Figure. 4.15. Lowest viscosity of the drop, owing to its
strongest interfacial forces has mass accumulation in the leading end of the droplet.
This can be also be attributed to the fact that lower ratios tend to flow more easily
without resistance by the external flow field.

Usually, in converging extensional flows the drop attains its maximum elonga-
tion at the neck of convergence. But in our case even after the leading end of the
droplet exits the contraction, in addition to the continued shear of the polymer on
the droplet, there also exists a fair volume of the drop in the converging section still
undergoing extension.

While the ends remain pointed for all the cases, the drop continues to stretch
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Figure 4.14: Elongation of the droplet for different velocity and viscosity ratios.
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Figure 4.15: Top view of the drops illustrating the different morphologies for a V/U
=0.5
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Plastic and droplet morphology for V/U = 0.5 and \ = 0.1

-3 -3
o X1o T T T T T T T 0 X10 T
0.5 1 -0.5F
-1F - é 1k
N
A5F E 15F
2 -1.5 1 1 1.5 2 -2 1.5 - 1 1.5 2
X (m) x10° X (m) %1073
=3 -3
g — . . . . . ' ot : : : . . .
-05F < 0.5
B
Ak {1 =
1 N
-1.5F e 1.5
2 1.5 -1 -0.5 0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X (m) %1073 X (m) %107

Figure 4.16: Oil and plastic morphologies at different sections of the planes for a
ratio of 0.5

with a varying width for different velocity ratios, until it reaches a steady state and
is parallel to the exterior flow. It is observed that there is no stretching of the drop
once steady state is reached. Figure. 4.14 illustrates the variation of the droplet
length for different V/U’s and A ’s. It is quite obvious that the lowest V/U and A
stretches the most. The three lower \’s, stretch almost equally, A = 1 stretches less

due to the balance of shear stress at the interface.

4.3 Prediction of plastic morphology

Once steady state is achieved, reference planes are created at multiple sections

in the flow channel in order monitor the morphology of the plastic and oil drop.
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Plastic and droplet morphology for V/U = 1.0 and A\ = 0.1
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Figure 4.17: Oil and plastic morphologies at different sections of the planes for a
ratio of 1

Iso- surfaces which are 3D equivalent of contour lines are created in order to better
visualize the morphology. They represent points of equal value (volume fraction,
pressure, temperature etc.,) within a controlled volume. These iso-surfaces are cre-
ated on the reference planes in order to visualize the data and extract the profiles.
Datasets are extracted in the form of iso-surfaces into MATLAB where an image
processing code is used in order to obtain the area, perimeter and width.

Figures. 4.16 to 4.18 illustrate variation in the morphology of the deposited
strands at the outlet for different velocity ratios. The profile is almost circular for
a ratio of 0.5, when the plastic is being pulled faster than it is being deposited by
the nozzle. It is worth noting that for the lowest ratio seen in Figure. 4.16B, the

morphology of plastic is different at the neck of deposition compared to the other
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Plastic and oil morphology for V/U = 1.50 and \ = 0.1
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Figure 4.18: Oil and plastic morphologies at different sections of the planes for a
ratio of 1.5

locations resulting in uneven areas of the strand across the planes.

As the speed of the build plate is decreased, there is a decrease in curvature
of the deposited plastic, as seen in Figures. 4.9 and 4.10. This causes the strand
to flatten out for higher velocity ratios. As the velocity ratio is increased, there is
a small but noticeable increase in the height of the deposited strand. The upper
section of the strand is convex in nature for all the velocity ratios. Gap distances
can be changed in order to obtain more flattened, concave shapes.

As first documented by Comminal et al., [64] it is usually assumed that the gap
distance (G) is equal to the height of the deposited strand. But it is apparent from
the results that that is not the case. For all of these ratios there is an approximately
23-25% decrease in the strand height when compared to the gap distance between

the print-head and the substrate.
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Figure 4.19: Dimensionless circularity for the plastic strands at different ratios.

We can conclude that for a lower print-head speed the plastic spreads more on
the build-plate. For most cases the aspect ratio Wi,/ Hmae taken across multiple
planes for a particular velocity ratio remains the same for the plastic, except for the
ratio of 0.5.

In order to quantify the compactness of the various morphologies, a dimen-

sioness shape factor called circularity is defined. Circularity is given by

B 47 A

C 2

(4.5)

where A and P are the area and perimeter of the cross-section respectively.
A circularity of 1 represents a perfect circle and the number decreases as the shape

changes.
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Figure 4.20: Change in area of the deposited strand for different velocity ratios.

It is seen in Figure. 4.19, as the velocity ratio is increased the cross-section
of the deposited strand varies from being nearly circular (C = 0.9730), to being
oblong for a ratio of 1.5. Even though there is a significant decrease in circularity of
the plastic with increasing ratios, as the strand starts to flatten out the circularity
becomes more or less equal. As seen in Figure. 4.20, there is a linear increase
in area with changing velocity ratios. Changing the gap distance would affect the

compactness and areas of the strand adversely and is worth experimenting.
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4.4 Summary

A conical nozzle was designed in order to impose a near constant extensional
rate on the droplet. Evolution of droplet morphologies are studied for various con-
ditions. Centerline deformation of the droplets were found to be different for each
viscosity ratio. Higher degree of deformations is observed for lower \’s when com-
pared with A = 1. Due to the polymer matrix, the viscous forces are seen to overflow
the interfacial forces. The Capillary numbers are seen to be huge and hence the drop
stretches to approximately the same extent regardless of the \’s.

The location of mass concentration of the drop varies as A is changed. Due
to maximum interfacial forces on A = 0.001, the occurrence of ‘bulbing’ is ob-
served. Further simulations demonstrating droplet deformations in different posi-
tions (shear) and variations in cross sections of the conical nozzle should be carried
out in order to completely understand the behavior of the droplets.

As an antithesis to usual assumptions, the height of the deposited strand is
seen to be not equal to the gap distance (G). As the rate of deposition of the plastic
strand decreases, more spreading which inturn leads to increase in area of the plastic
is observed. Intially spherical, with increase in V/U, the strand slowly achieves a

shape of a smooth edged cuboid.
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Chapter 5: Conclusion and Future work

The presented work aimed to understand the morphology development of two
immiscible fluids. A model mimicking the flow of plastic in a modified converging
dye was designed. The nature of center-line droplet deformation inside a viscoelastic
polymer undergoing extensional flow was studied. Offset deformations should be
simulated in order to understand the effects of shear. Although, difficulty arises
when experimentally modelling offset deployments of the drop since controlling and
determining the position of injection in these small channels is very cumbersome.
A controlled syringe based position determining mechanism capable of injecting
constant volumes of the oil drops can be built and offset deployments can be carried
out.

Nozzles having different cross-sections can be modelled in order to quantify
the variation of the morphology with respect to the cross-section. When performed
using a real-life experimental setup, there lies an added disadvantage of not being
able to visually inspect the nature of deformation inside the converging section of the
nozzle. A imaging system has to be devised that can visualize the changes happening
inside the nozzle. Knowledge of the behavior of droplets through contractions help

us to control and optimize the process parameters.
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The simulation also assumes the model to be iso-thermal which is not the case
in real-world extrusion based AM processes. A more complete geometry consisting
of a heat-block can be modelled in order to determine the heat transfer effects on
the polymer melt. Although, since the whole process takes place in a very short
time, not much differences are to be expected. Power law model can also be used
in order to quantify the change in viscosity with respect to temperature.

To verify the results obtained from these simulations, an axi-symmetric chan-
nel can be machined. However, there are some design considerations to be taken
in account while incorporating this into a manufacturing setup. Since polymers
have low thermal conductivity (0.13 W/m-K and 0.25 W/m-K for PLA and ABS
respectively), there might exists some thermal gradient as the polymer is pushed
through the nozzle outlet. In order to account for the increased length and volume
of the nozzle, multiple heaters might have to be introduced in order to prevent any

temperature gradient between the point of droplet injection and the outlet.
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