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Abstract 

 

A study on filament breakup process of 

silicone oil/PMMA suspensions 

 

Joo Yong Moon 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

The effect of particles dispersed in a Newtonian medium on the filament breakup 

of suspensions under extensional flow was investigated. In particular, the final 

stage of the breakup process was focused because the process in the final stage was 

more complicated and complex than in the initial stage. In order to study the effect 

of the particles, 10 μm poly(methyl methacrylate) (PMMA) particles with 0~20 

wt% were dispersed in a silicone oil and the effects of the particles on the thinning 

dynamics and the shape of the filament were observed with time dependent 

changes in the minimum neck diameter (W: the shortest length of the filament).  

The particles affected the dynamics of the thinning filament, and the role of the 

particles was different according to the stages of the breakup process. In the initial 

stage of the process, the particles decelerated the filament breakup process until the 

minimum thickness (W) of the filament became 5 D (D=10 μm: particle diameter), 

and then they accelerated the process rapidly until the pinch-off, which was the 

onset of filament rupture.  
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In order to investigate the effect of the particles on the thinning dynamics, the 

breakup velocity of 20 wt% PMMA suspension was compared with that of a 

silicone oil having the same viscosity and surface tension with the 20 wt% PMMA 

suspension. When W>35 D (350 μm), the time evolutions of minimum neck 

diameter for the PMMA suspension and the viscosity-matched silicone oil were 

almost the same. In this regime, the thinning dynamics of the two filaments was 

governed only by the bulk properties of the fluids. However, when the filament 

became thinner than 35 D, the thinning dynamics of the two fluids began to show 

differences even though they had the same properties. In addition to the increase in 

the effective viscosity, the particles decreased the breakup velocity more than the 

viscosity-matched silicone oil because the particles confined in the narrow filament 

channel disturbed the flow of the thinning filament under the extensional flow. In 

this way, the effect of the particles on the thinning filament could be confirmed 

while eliminating differences in the rheological properties of the two fluids. 

The effect of the particles on the filament shape was investigated through the 

comparison of the filament shape between the 20 wt% PMMA suspension and the 

viscosity-matched silicone oil. When the filaments of the fluids were thicker than 

W=10 D (100 μm), the filament shape of the fluids was almost the same. It 

indicates the particles did not affect the shape of the filament in regime of W>10 D. 

The particles began to affect the filament shape when the filament became thinner 

than W=10 D. The filament surface of the PMMA suspension was rough and the 

shape of the filament became random for W<2 D, which led to a random pinch-off 

of the thinning filament. The randomness was induced because the local 

concentration of the particles confined in the filament became non-uniform as the 
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filament of the PMMA suspension was thin in the length scale of a particle 

diameter. The random distribution of the particles induced heterogeneity in the 

final stage of the filament thinning process, and the random distribution of the 

particles was quantified using the analysis of light intensity in the central part of 

the thinning filament.  

Thus, the effect of the particles in the final stage of filament breakup was found 

to be more complicated than that in the initial stage, and we demonstrated that the 

particles dispersed in a Newtonian medium induced complex behaviors in the final 

stage of filament breakup. This work provides the information about the effect of 

the particles confined in the thinning filament on the dynamics and the shape of the 

filament for particulate suspensions. It is expected that the information about the 

role of the particles in the filament breakup process will be useful in designing the 

extensional process such as coating, jetting, spraying, among others.  

 

Keywords: flow visualization, filament breakup, silicone oil/PMMA suspension, 

random pinch-off, random particle distribution 
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Chapter 1.  

Introduction 



 

 

2 

1.1. General introduction 

Understanding the extensional flow properties of particulate suspensions is 

important in many industrial processes such as inkjet printing, spraying, and 

coating, because complex behaviors are often observed during the extension, which 

leads to the formation of satellites (Wagner et al. 2005; Arnolds et al. 2010) as seen 

in Figure 1.1.1 and the acceleration of breakup (Furbank and Morris 2007; 

Bertrand et al. 2012; Bonnoit et al. 2012; van Deen et al. 2013), among others. 

These complex behaviors are induced through the use of different types of particles 

and polymers, and the effects of the added polymers have been reported in previous 

research.  

Many researchers have studied the filament breakup process of the polymer 

solution depending on polymer concentration and molecular weight, among others 

(Zhang et al. 1996; Mun et al. 1998; Amarouchene et al. 2001; Anna and 

McKinley 2001; McKinley and Sridhar 2002; Stelter et al. 2002; McKinley 2005; 

Rodd et al. 2005; Tirtaatmadja et al. 2006; White et al. 2009; Sattler et al. 2012). 

The effect of polymers on the filament breakup under extensional flow has been 

primarily investigated using CaBER (Capillary Breakup Extensional Rheometer), 

and the elasticity of polymer solutions is known to delay the breakup in the final 

stage through forming cylindrical filaments and beads-on-a-string structures as 

seen in Figure 1.1.2 and 1.1.3 (Lee, M.-P et al. 1992; Li and Fontelos 2003; 

Oliveira and McKinley 2005; Clasen et al. 2006; Oliveira et al. 2006; Bhat et al. 

2010, Sattler et al. 2012). In addition, the thinning dynamics of the polymer 

solution has been well described numerically (Keller and Miksis 1983; Entov and 

http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=16448302000&zone=
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Yarin 1984; James et al. 1987; Eggers 1993; Brenner et al. 1994; Renardy 1994; 

Petrie 1996; Entov and Hinch 1997; Chang and Demekhin 1999; Stokes et al. 

2000; Rasmussen and Hassager 2001; Basaran 2002; Renardy 2002; Li and 

Fontelos 2003; Fontelos and Li 2004).  

The effects of the particles on the filament breakup process began to be 

investigated by Furbank and Morris (2004). After that, much research (Bosse et al. 

2005; Furbank and Morris 2007; Desse et al. 2009; Hameed and Morris 2009; 

Alexandrou et al. 2011; Bertrand et al. 2012; Bonnoit et al. 2012; van Deen et al. 

2013; Zimoch et al. 2013, Saha et al. 2014; Dimic-Misic et al. 2015; Mathues et al. 

2015; McCready and Burghardt 2015; Ogura et al. 2015; Ren et al. 2015; Zhao et 

al. 2015) have investigated the effect of the particles on the thinning filament under 

extensional flow, and they focused on the overall process of the drop formation 

from a macroscopic perspective. They discussed the dynamics of the thinning 

filament and the role of the particles on the breakup velocity of the filament.  

In this way, much research had investigated the effect of the particles on the 

thinning filament under extensional flow macroscopically. However, the effect of 

the particles in the final stage of the breakup process is more complex than that in 

the initial and middle stages of the breakup process. Thus, it is important to observe 

the breakup process from the microscopic perspective, and it is necessary to 

observe the filament thinning process in the length scale of particle size. 

Furthermore, the particles dispersed in a fluid can increase the non-uniformity of 

the suspensions by developing a number of structures, including particle aggregates 

(Ehrl et al. 2008; Gupta et al. 2011; Ozel et al. 2014), gels (van Vliet et al. 1991; 

So et al. 2004; Lu and Weitz 2013; Han and Kim 2015), and phase separations 
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(Linse and Lobaskin 1999; Fily and Marchetti 2012; Buttinoni et al. 2013), even in 

the quiescent state. Sometimes, the particles induce complex behaviors such as 

shear-thickening (Bender and Wagner 1996; Wagner and Brady 2009) or shear 

banding (Manneville 2008; Olmsted 2008) under the flow. The complexity 

introduced by these behaviors is one of the causes of the defects often observed in 

industrial processes. Therefore, the research on the heterogeneity and complexity 

due to the addition of the particles in the fluid is important both industrially and 

academically. 

Under a flow field, the particles can increase the non-uniformity of the 

suspensions by forming particle alignment (Xue and Grest 1990; Won and Kim 

2004), roller-like structure (DeGroot jr et al. 1994; Montesi et al. 2004; Vermant 

and Solomon 2005), network structure (Yanez et al. 1996; Wijmans and Dickinson 

1998; van Opheusden and Molenaar 2014), and more. Most of these researches 

have been performed under shear flow. However, as the processes with a 

significant extensional flow, like coating and printing, come to the fore, the effect 

of the particles has also been studied under the extensional flow. We could observe 

that the particles induce the filament surface rough and the pinch-off process non-

uniform. Therefore, it is necessary to learn more about the effect of the particles on 

the filament shape.  

In this research, the effect of particles on the filament thinning behavior in the 

final stage of the breakup process was investigated. In the first step, we verified the 

effect of the viscosity of Newtonian fluids on the thinning dynamics of the filament 

without the particles and we compared this with that of the PMMA suspension. In 

addition, we made a comparison of the breakup process between the PMMA 

http://scholar.google.co.uk/citations?user=sEKfXEgAAAAJ&hl=ko&oi=sra
http://scholar.google.co.uk/citations?user=g0x5mbAAAAAJ&hl=ko&oi=sra
http://scholar.google.co.uk/citations?user=OBTWT_gAAAAJ&hl=ko&oi=sra


 

 

5 

suspension and the Newtonian fluid with the same viscosity and surface tension. 

Through the comparison, the effect of the particles on the filament breakup process 

could be observed, while maintaining the bulk effective fluid properties the same. 

Through this observation, we confirmed that the particles induce significant 

changes in the breakup velocity.  

Furthermore, the particles induced a rough surface during the filament thinning. 

When the minimum neck diameter of the filament became thinner than two times 

the particle diameter, the particles induced random pinch-off: the filament shape 

became heterogeneous during the breakup process as the minimum neck diameter 

of the filament became thin in the length scale of the particle diameter. In the final 

stage of the filament breakup, the particles led to complex and random thinning 

dynamics because the dispersed particles were not uniformly distributed in the 

filament. Close to the pinch-off, the random distribution of the particles, having a 

‘finite-size effect’, induced heterogeneity in the filament breakup process. We tried 

to analyze the non-uniformity quantitatively and clarify the cause of this 

heterogeneity, which appeared in the final stage of the filament breakup of the 

silicone oil/PMMA suspension. In this way, we investigated the effect of the 

particles on the filament breakup, while focusing on the final stage of the breakup 

process.   
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Figure 1.1.1. The droplet detachment process of an aqueous 100 ppm PEO solution 

at different time steps tc−t relative to the time tc at which the filament is formed. 

The left half of the pictures is plots from numerical simulations, the right half are 

experimental photographs. (a) nozzle radius R=1.5 mm (pictures are 1.2×9 mm) 

tc−t=6, 2, 0, -3, -5 ms, (b) R=0.4 mm (pictures are 0.9×0.9 mm) tc−t=1, 0 ms. The 

model parameters used for the numerical simulation were 
P =3.7×10

−4
 Pa s for 

the polymeric contribution to the viscosity, a polymer timescale of  =1.2×10
−2

, 

and an elasticity parameter of b=2.5×10
4
. The solvent viscosity (water) is 

S =1×10
−3

 Pa s and the surface tension is  =6×10
−2

 N/m. (Wagner et al. 2005). 
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Figure 1.1.2. The final stages of the break-up of a droplet of human saliva (for 

t≤92 s images are 0.21×1.37 mm, the last three images are 0.42×3.1 mm). Time is 

counted from the formation of a cylindrical filament, which is shown in the first 

panel. The filament remained stable for several minutes, and final rupture was 

initiated by agitating the system. This is shown in the magnified last three images 

on the right. They illustrate the stiffness of the (solid) polymeric fiber that is 

formed between the remaining droplets and which remains essentially straight. 

(Sattler et al. 2012). 
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Figure 1.1.3. Using a ‘digital rheometer’ to measure the stringiness or pituity of 

various complex liquids, and filament morphologies near pinch-off. (a) A drop of 

sublingual saliva placed between a thumb and forefinger and elongated to form a 

BOAS (Beads-on-a-string) morphology. (b) A film of water-soluble polymer 

elongated from the lubricating strip on a disposable razor. The enhanced viscosity 

and elasticity of the synthetic polymer solution in results in a slippery and 

lubricious film but inhibits the formation of beads. (c) Sketches of viscoelastic 

filaments exhibiting different BOAS morphologies reported in the literature. (d) 

Computed interface shapes of pinching Newtonian liquid bridges with aspect ratio 

 =3. Left: break-up of a high-viscosity filament (Oh=2), and right: break-up of a 

low-viscosity filament (Oh=0.4). The dash–dot line in (c), (d) is the axis of 

symmetry. (Bhat et al. 2010). 
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1.2. Outline of the thesis 

The thesis consists of background, experimental methods, results and discussion, 

and summary chapters. Each chapter includes the following contents.  

Chapter 2 summarizes the background of the previous research of filament 

breakup process, which is divided into start of study on filament breakup process 

and previous study on filament breakup of simple fluids and that of suspensions. 

The first part of Chapter 2 summarizes the first study on filament breakup and its 

disadvantages and limitations and the second part describes the thinning dynamics 

of the Newtonian fluids through a governing equation of the thinning filament. The 

governing equation is defined by viscosity and surface tension of the fluids. The 

last part of Chapter 2 summarizes the previous studies on filament breakup process 

of suspensions and their limitation.  

Chapter 3 describes experimental methods used in this research. The first and 

second parts of Chapter 3 explain information of materials, sample preparation 

methods, and experimental setup in order to observe the final stage of the filament 

breakup process. The last part describes characterization methods for thinning 

filament, which are divided into measurement of minimum neck diameter (W), 

measurement of thickness difference with the filament height ( iX ), measurement 

of roughness of filament surface, analysis of light intensity in the central part of the 

filament. 

Chapter 4 describes the results and discussion about the effect of the particles 

added in Newtonian fluid on the filament breakup process. Before observing the 

effect of the particles, the thinning dynamics of pure Newtonian fluids is discussed 
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in the first part. The second and third parts of Chapter 4 describe the effect of the 

particles on the thinning dynamics of suspensions and the filament shape using the 

characterization method explained in Chapter 3. The particles induced non-uniform 

breakup process of the suspensions in the final stage of the process, the cause of the 

heterogeneity is discussed in the last part of Chapter 4.  

Chapter 5 summarizes the results on the works about the effect of the particles 

confined in thinning filament on the filament breakup process of particulate 

suspensions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

11 

 

 

 

 

 

 

 

 

Chapter 2.  

Background 
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2.1. Start of study on filament breakup process 

The filament breakup process under extensional flow is driven by capillary force 

of the thinning filament. Therefore, it is so-called capillary-driven flow. The 

filament breakup process can be observed during jetting, dripping faucet, and 

bridging liquid between two disks. The processes have been studied in much 

research for a long time because the extensional flow is significant in many 

processes, such as coating, spraying, and printing. The filament breakup process 

has been studied since the end of the 19
th
 century by Plateau (1843, 1849) and 

Rayleigh (1892).  

Firstly, Plateau (1843, 1849) observed the stability of the thinning filament in 

liquid bridge process between two disks. However the studies of Plateau had a 

critical disadvantage. They used ‘Plateau tank’ as an experimental setup. The 

thinning fluids and the two disks were set up within the ‘Plateau tank’ and the tank 

was filled additional fluid. It indicates that filament became thin within 

circumferential outer fluid as seen in Figure 2.1.1 (Spiegelberg 1994). The 

important thing in this figure is that the breakup process happened for 

approximately 3 hours. It is why Plateau used this tank to observe that the 

additional fluid filled within the tank decelerated the filament breakup process 

because the filament breakup process was too fast to be observed and investigated.  
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Figure 2.1.1. Liquid-bridge evolution starting from an unstable configuration. The 

disk diameter was 3.8 cm, the Reynolds number was 3.731023. The outer fluid, 

which eliminated buoyancy forces, had a viscosity approximately 1000 times 

smaller than the inner fluid. (Spiegelberg et al. 1994). 
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After the studies of Plateau, Rayleigh (1892) investigated the initial stage of 

drop formation process and observed that the filament of simple fluids was shrunk 

exponentially in the initial regime. However, Rayleigh could not observe the final 

stage of the breakup or pinch-off process due to limitation of the camera 

performance. Because the final stage of the process happened for less than 1 

second in μm length scale. The reason that he could not investigate the final stage 

of the process was the same why Plateau used the ‘Plateau tank’. In this way, 

Rayleigh (1892) reported the thinning dynamics of filament under extensional flow 

for the first time.  
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2.2. Previous study on thinning dynamics of simple fluids 

Nowadays, the filament breakup process including the final stage has been 

investigated for the development of optics. There is much research, which observed 

the thinning filament of simple fluids such as Newtonian fluids and polymeric 

solutions using a high-speed camera. Through the research, the thinning dynamics 

of the simple fluids has been well understood theoretically. A number of 

experimental and theoretical researches for the filament breakup of the fluids were 

reviewed by Eggers (1997). In this Section, the thinning dynamics of the fluids will 

be summarized briefly.  

The dynamics of the thinning filament was well described by Rothert et al. 

(2003) as three successive flow regimes, which consist of an accelerated flow 

regime, a Stokes flow regime, and a Navier-Stokes flow regime. The first 

accelerated flow regime was discussed by Rayleigh (1892) firstly. When the 

filament begins to be thinned from the static state, the neck radius of the thinning 

filament decreases exponentially with processing time. The behavior of the 

accelerated flow is depicted as seen in Figure 2.2.1 (Rothert et al. 2003). The 

change of the neck radius is fitted well with exponential curves.  

The accelerated flow regime is followed by the Stokes flow regime. The breakup 

velocity is described by the capillary, inertia, and viscous forces. The capillary 

force induced by surface tension of medium is the driving force for the filament 

breakup, while the inertia and viscous forces play a role as a resistance to the 

driving force. However, in the Stokes regime, the inertia force can be neglected. 

The important feature in the Stokes regime is that the breakup velocity is almost 
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the constant, in other words, the minimum neck diameter (=neck radius  2) 

decreases linearly with time. The linear decrease can be confirmed in Figure 2.2.1 

for t-t0>-10 ms. In case of Newtonian fluids having low viscosity, the inertia force 

can be neglected until pinch-off state. The breakup velocity of the fluids can be 

expected through the simple equation by Eggers (1993) as defined in Equation 

(2.2.1).  

 

0.0608 ( )   pW t t



.                (2.2.1) 

W : Minimum neck diameter [μm] 

 : Surface tension [mN/m] 

 : Viscosity [Pa s] 

pt t : Processing time - pinch-off time [ms] 

 

This thinning equation can be applied to fluids of moderate Ohnesorge number 

as defined in Equation (2.2.2). 

 

Oh
R




 .                     (2.2.2) 

 : Viscosity [Pa s] 

 : Density of fluid [kg/m
3
] 

 : Surface tension [mN/m] 

R : Jet radius [mm] 
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And Papageorgiou (1995) determined the governing equation of the minimum neck 

diameter for Newtonian fluids, which have high viscosity and large Ohnesorge 

number but the inertia can be still neglected, as defined in Equation (2.2.3). 

 

0.1418 ( )   pW t t



.                (2.2.3) 

W : Minimum neck diameter [μm] 

 : Surface tension [mN/m] 

 : Viscosity [Pa s] 

pt t : Processing time - pinch-off time [ms] 

 

 The inertia force is induced by the stagnation point of the filament which is the 

central part of the filament without a velocity from the start of the breakup process. 

However, when the highly viscous fluids are thinned, the inertia force can no 

longer be neglected as approaching the pinch-off state because of the stagnation 

point of the highly viscous fluid. In this case, the breakup process enters the 

Navier-Stokes regime in the final stage of the process. As explained before, the 

inertia force is a resistance to the capillary force. Therefore, increase of the inertia 

force decelerates the breakup velocity and the curve of the minimum neck diameter 

with time for the fluids having high viscosity is convex downward slightly as 

shown in Figure 2.2.2 (Rothert et al. 2003). The thinning law of the inertia-

dominated fluids was described by Day et al. (1998) as defined in Equation (2.2.4). 
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1/3

2/31.28 ( )
 

   
 

pW t t



.              (2.2.4) 

W : Minimum neck diameter [μm] 

 : Surface tension [mN/m] 

 : Viscosity [Pa s] 

pt t : Processing time - pinch-off time [ms] 
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Figure 2.2.1. Time evolution of the neck radius for three different viscosities. The 

solid curves are exponential fits whereas the dashed lines are linear fits according 

to Stokes flow. (Rothert et al. 2003). 
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Figure 2.2.2. Time evolution of the neck radius in the last stage of the pinch-off. 

The dashed lines are linear fits according to Stokes flow and the solid ones describe 

the linear behavior in the Navier-Stokes regime. (Rothert et al. 2003). 
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2.3. Previous study on filament breakup of suspensions 

The thinning dynamics of particulate suspensions has not been understood 

perfectly. However, some researchers had tried to describe the effect of the 

particles confined in the thinning filament on breakup velocity of the suspensions. 

The effect of particles was investigated firstly by Furbank and Morris (2004): they 

visualized and analyzed the drop formation process of suspensions using a high-

speed camera as shown in Figure 2.3.1. (a) and (b). They observed pinch-off 

structures of the thinning filament and compared with that of the pure liquid. When 

the particle concentration was low (  0.10), the pinch-off structures were similar 

to that of the Newtonian fluid. However, the particles could be confined in the 

thinning filament and the particles sometimes led to the formation of satellite. In 

case of suspensions of high particle concentration (0.15  0.40), the pinch-off 

structures seemed as thick cone-like structures. In addition, they described the 

effect of the particles on pinch-off structure like this, ‘Particles are found to 

substantially suppress the number of satellite drops at higher ’ and the particles 

made lager satellite compared with Newtonian fluids.  

Later, Furbank and Morris (2007) reported the thinning dynamics of the 

suspensions during drop formation process. They observed the temporal evolution 

of the minimum neck diameter (W) with various particle concentrations and the 

viscosity of the suspending medium using poly (methyl methacrylate) (PMMA) 

particles having diameters of 106~125 and 212~250 μm and a suspending medium 

of polyalkylene glycol solution. They described the filament breakup process using 

two flow regimes. The particles reduced the breakup velocity in the first regime 
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due to the increase of the effective viscosity of suspensions induced by the addition 

of the particles. The regime was termed ‘effective regime’. After the effective 

regime, the particles began to accelerate the breakup process in the second regime 

as approaching pinch-off state. However, they did not clearly explain the precise 

boundary between the two flow regimes. Furthermore, they observed that the 

particles induced some fluctuation in the breakup velocity for the suspensions as 

seen in Figure 2.3.2. However, they did not discuss the cause of the non-uniformity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

23 

 

 

 

 

 

Figure 2.3.1. (a) Evolution of the suspension thread up to and slightly beyond 

pinch-off for  =0.05, d=0.32 cm, dp =212–250 μm into silicone oil with Q=1.8 

cm
3
/min (Re=0.04). The time between frames is 1/30 s. (Furbank and Morris 2004). 
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Figure 2.3.1. (b) Evolution of the liquid/suspension thread during necking through 

pinching for pure liquid (a) and suspension ( =0.20) (b) into ambient air for 

d=0.32 cm, dp=212–250 μm, Q=0.5 cm
3
/min (Re=0.01). The time between frames 

is 1/250 s. Gravitational acceleration is to the right. ( : particle concentration, d: 

outer diameter of a tube, dp: particle diameter, Q: flow rate). (Furbank and Morris 

2004). 
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Figure 2.3.2. L/d and R/a measurement for  =0.40 with the corresponding 

photographic sequences, for d=0.32 cm, dp=212–250 μm. The time between 

images is 1/500 s. ( : particle concentration, d: outer diameter of a tube, dp: 

particle diameter. L: length of droplet). (Furbank and Morris 2007). 
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Since the works of Furbank and Morris (2004, 2007), Bonnoit et al. (2012) 

argued that there is another flow regime in the filament breakup process. They 

classified the breakup process of the filament as three regimes, which consist of the 

effective, the interstitial, and the acceleration regime. In the initial stage of the 

process, the effective viscosity of suspension governed the breakup velocity; thus, 

it was the ‘effective regime’ as reported in Furbank and Morris (2007). The final 

stage was the acceleration regime, in which the particles increased the breakup 

velocity while approaching the pinch-off. Different to Furbank and Morris (2007), 

there existed an interstitial regime, in which the thinning dynamics was determined 

only by the properties of the suspending medium, not the properties of the 

suspensions, in the middle stage of the breakup process. The crossover point 

between initial stage and interstitial stage varied about W=5~8 D with a particle 

size and a particle concentration. In this regime, the curves for the time evolution 

of the minimum neck diameter appeared to collapse onto a single curve regardless 

of the particle concentration as depicted in Figure 2.3.3. This indicates that a 

regime exists where the particles do not have any influence on the breakup velocity 

of the thinning filament in the middle stage of the breakup process. However, the 

convergence of the curves of the minimum neck diameter is necessary to be 

observed in length scale of μm because Bonnoit et al. observed the thinning 

filament macroscopically.  

After the work of Bonnoit et al. (2012), much research has discussed the 

dynamics of the thinning filament for suspensions. Bertrand et al. (2012) studied 

the effect of the volume fraction of the particles on the drop formation and the 

shape of the filament. They described the thinning dynamics of suspensions using 
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three successive flow regimes of Bonnoit et al. (2012). They tried to investigate the 

effect of the particles on free surface of the filament. However, the effect of the 

particles was described only about the length of the thinning filament at pinch-off 

state and rough surface of the filament observed macroscopically as seen in Figure 

2.3.4. van Deen et al. (2013) investigated the influence of the individual particles 

confined in the thinning filament on the thinning dynamics using particulate 

suspensions of small volume fractions ( <6 %). They showed that even a single 

particle could modify the thinning dynamics of the filament strongly through the 

images as seen in Figure 2.3.5. McIlroy and Harlen (2014) studied the thinning 

dynamics of the suspensions numerically by constructing a simple one-dimensional 

model. They explained the three flow regimes of the filament theoretically.    

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

28 

 

 

Figure 2.3.3. Time evolution of the minimum neck diameter W for suspensions 

with volume fractions  =15, 20, 30, 40, 45, 48, 50, 53, 55 % with grain diameter 

d=40 μm. The leftmost curve (cyan online) corresponds to the pure interstitial fluid 

( =0). The origin of the x-axis is given by the time of the pinch for each 

suspension; the curve for the interstitial fluid is shifted by ΔtSE =−20 ms. (a) lin-lin 

representation (b) lin-log representation allowing for a better visibility of the short 

times close to pinch off. (Bonnoit et al. 2012). 
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Figure 2.3.4. Drop shape in the different detachment regimes for a suspension of 

particle of diameter d=140 μm and volume fraction  =40 %. (a) Effective fluid 

regime. Time step between two successive profiles t =25 ms, aspect ratio 1:1.01. 

(b) Interstitial oil regime. Time step between two successive profiles t =2.5 ms, 

aspect ratio 1:1.89. (c) Final detachment regime. Time step between two successive 

profiles t =1.25 ms, aspect ratio 1:1.89. (Bertrand et al. 2012). 
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Figure 2.3.5. Example of the effect of a particle on the droplet detachment. For 

illustrative reasons, pictures using a large particle (dpart=250 μm) have been used. 

The box in the bottom left is 1 mm×1 mm. (van Deen et al. 2013). 
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In this way, the addition of the particles in the Newtonian fluids causes non-

uniform and complex filament breakup process compared with that of Newtonian 

fluids. There is much research on the filament thinning of the suspensions (Bosse et 

al. 2005; Desse et al. 2009; Hameed and Morris 2009; Alexandrou et al. 2011; 

Zimoch et al. 2013, Saha et al. 2014; Dimic-Misic et al. 2015; Mathues et al. 2015; 

McCready and Burghardt 2015; Ogura et al. 2015; Ren et al. 2015; Zhao et al. 

2015). They investigated how the particles affect the filament breakup process 

macroscopically. However, it is necessary to be observed in length scale of μm 

because the complex nonlinear behaviors of suspensions under extensional flow 

happen in the vicinity of the point where the filament breaks up.  
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Chapter 3.  

Experimental methods 
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3.1. Sample preparation 

 

Materials 

A silicone oil/PMMA suspension was used as a model system. Spherical mono-

dispersed poly(methyl methacrylate) (PMMA) particles were dispersed in a 

silicone oil, which is a Newtonian fluid. Two as-supplied silicone oils (Shinetsu, 

Inc., Japan) were used with different viscosities,  =0.01 Pa s (denoted as SO-

0.01) and 10 Pa s (SO-10) at 20 °C, but almost the same surface tension and density, 

 =21 0.5 mN/m and  =1,070 kg/m
3
. The PMMA particles had a diameter of 

approximately 10 μm and a density of 1,180 kg/m
3
. The density was well matched 

with the silicone oil, and the particle sedimentation could be neglected during the 

experiments. 

 

Preparation method 

The two silicone oils (SO-0.01 and SO-10) were mixed at different ratios in 

order to control the viscosity of the suspending medium without critical changes in 

the other properties because the two silicone oils having different viscosities of 

0.01 Pa s and 10 Pa s, but almost same surface tension and density. The thinning 

dynamics of the Newtonian fluid is governed by the viscosity and surface tension 

of the medium. The medium viscosity was varied only in this research. The PMMA 

particles were suspended in a silicone oil with a viscosity of 0.40 Pa s (SO-0.40) 

formed through mixing the two silicone oils (SO-0.01 and SO-10) at a ratio of 3:2 

(wt%). The PMMA particles added in SO-0.40, then mixed using magnetic stirrer 
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for 1 hr. The suspension was well dispersed because both the silicone oil and 

PMMA particles are hydrophobic. The particle concentration was ϕ=0~20 wt% and 

the effective viscosity ( eff ) of the PMMA suspensions is presented in Figure 3.1.1. 

The viscosity was measured using ARES (Advanced Rheometrics Expansion 

System; TA Instruments, Inc., USA) with a 50 mm parallel plate at 25 °C. The 

effective viscosity of the PMMA suspension at ϕ=20 wt% was increased to 

approximately 0.71 Pa s. The measured viscosity of the PMMA suspension was 

compared with the Krieger-Dougherty equation as defined in Equation (3.1.1) 

(Krieger and Dougherty 1959). The viscosity of the suspending medium ( ) was 

0.40 Pa s, ϕvol was the particle volume fraction, and the maximum packing volume 

fraction was ϕmax=0.64. The measured effective viscosity aligned well with the 

calculated ones.  

 

  
max

1.82

1
vol

eff vol


  





 
 
 
 

.           (3.1.1) 

 

In order to investigate the effect of the added particles on the filament breakup 

process, a 20 wt% PMMA suspension and a viscosity-matched silicone oil having 

almost the same viscosity and surface tension, 0.71 Pa s and 20.5 mN/m with the 

20 wt% PMMA suspension were prepared. The viscosity-matched silicone oil was 

made by mixing SO-0.01 and SO-10 at a ratio of 54:46 (wt%). By comparing the 

thinning behavior of the two fluids, the effect of the particles on a thinning filament 

under extensional flow could be investigated with nearly identical viscosity and 
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surface tension, which govern the thinning dynamics of Newtonian fluids. 
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Figure 3.1.1. Effective viscosity of the silicone oil/PMMA suspension (symbol) 

and calculated viscosity of suspension using Krieger-Dougherty equation (dash 

with line) as a function of the particle volume fraction. 
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3.2. Experimental setup 

 

3.2.1. Modification of UTM 

A universal testing machine (UTM; LF Plus, Lloyd Instruments, Inc., UK) was 

modified in order to induce an extensional flow. Both clip parts of the UTM were 

modified as depicted in Figure 3.2.1, with two circular parallel plates with a 

diameter of 3 mm. The sample was loaded between the two plates, and the upper 

plate was moved upward in order to induce an extensional flow. The moving speed 

of the upper plate was 1 mm/s and the gap between the two plates was 1.5 mm, 

which was half of the plate diameter. The half of the plate diameter is suitable 

value for the gap between the two plates in order to induce stable extensional flow. 

The modified UTM had advantages compared with CaBER (Capillary Breakup 

Extensional Rheometer) used in the research about liquid bridge or filament 

breakup process. It was easy to control extension rate even it was slow under the 

extension rate of  1 s
-1

 and had wide empty space for visualization setup, a 

high-speed camera and a light source.  
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Figure 3.2.1. Modified section of the UTM. The diameters of the plates were 2, 3, 

and 5mm.  
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3.2.2. Visualization setup 

The high-speed camera (Photron Fastcam Ultima 512, Photron, Inc., USA) was 

used. It took 4,000 frames per second (fps) at a resolution of 256×512 pixels. The 

high-speed camera with a ten-fold objective lens and a twelve-fold adapter was set 

up on the modified UTM as depicted in Figure 3.2.2. (a) in order to observe the 

motion of the 10 μm PMMA particles in the final stage of the filament breakup 

process. In this process, 1 pixel of the image represented an area of 1.94 μm×1.94 

μm. The images with a resolution of 256×512 pixels covered an area of 486.4 

μm×972.8 μm. The observing area was fixed during process as seen in Figure 3.2.2. 

(b). 250 W halogen light (BMH-250, Mejiro precision, Japan) was used for 

backlight illumination. Using this visualization setup, the final stage of the filament 

breakup process could be observed in the μm-length scale for tens and hundreds of 

milliseconds. 
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Figure 3.2.2. (a) Schematic of the modified UTM and visualization setup and  

(b) observing area.  
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3.3. Characterization of thinning filament  

 

3.3.1. Measurement of minimum neck diameter (W) 

In the research about the filament breakup process under extensional flow, the 

time evolution of the minimum neck diameter (W), which is the minimum diameter 

of the thinning filament as depicted in Figure 3.3.1, is a matter of primary concern. 

Because the dynamics of the thinning filament can be confirmed using the 

minimum neck diameter. In order to obtain the minimum neck diameter, the 

coordinates of the free surface of the thinning filament were extracted from the 

recorded images by MATLAB. MATLAB code found the thinnest part of the 

filament, and the length of the thinnest part was obtained. From the obtained 

minimum neck diameter, the time evolution of that could be observed with 

processing time. Example of the change of the minimum neck diameter as a 

function of time is shown in Figure 3.3.1. In this graph, the abscissa represents tp–t 

[ms], tp is the pinch-off time [ms] (i.e. the time of the complete filament breakup), 

and t is the processing time [ms]. The process direction is toward the left side of the 

graph, and the filament finally breaks up at tp–t=0. The ordinate represents the 

minimum neck diameter, and the slope in this graph is the breakup velocity of the 

thinning filament (V) [mm/s] as defined in Equation (3.3.1): 

 

                  
( )dW t

V
dt

 .                (3.3.1) 
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The extension rate was calculated from the minimum neck diameter W(t) of the 

thinning filament using Equation (3.3.2), as follows: 

 

   
2 ( )

( )

dW t

W t dt
   .      (3.3.2) 

 

In this thesis, the calculated extension rate was  =0.001~1 s
-1

. The extension 

rate was induced slowly in order to visualize very fast process of filament breakup 

in final stage.  
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Figure 3.3.1. Time evolution of the minimum neck diameter (W) during the 

filament breakup (tp: pinch-off time [ms], t: processing time [ms]). The direction of 

the process is toward the left side of the graph, and the filament finally breaks up at 

tp–t=0. 
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3.3.2. Measurement of thickness difference ( iX ) 

In order to quantify the influence of the particles, the thickness difference ( iX ) 

as a function of height (i) between the filaments of the PMMA suspension and the 

viscosity-matched silicone oil was measured, in an area spanning 350 μm up and 

down from the filament center (vertical axis = 0 in Figure 3.3.2. (a)). The 

coordinates of the thinning filament were extracted by MATLAB code. In order to 

extract the coordinate, the light intensity of each pixel was obtained from the 

images using MATLAB firstly. From the light intensity, the code found the location 

of the edge of the filament by using the difference in light intensity between the 

empty space (white color) and the filament (black color). Using the coordinates 

iX  could be obtained. Then the root mean square (
2( )Xi iXrms n


  ) of iX  

was calculated and plotted with the minimum neck diameter. Through this 

parameter, the effect of the particles on the shape of the filament surface was 

quantified. 
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Figure 3.3.2. (a) Section for measuring the thickness difference ( iX ) between the 

filaments of the 20 wt% PMMA suspension and the viscosity-matched silicone oil 

at W=5 μm. (b) Expanded part of red box in (a). 

 

 

 

 

 



 

 

46 

3.3.3. Measurement of roughness of filament surface 

The filament shape of the Newtonian fluid showed a saddle-like (parabolic in 2D 

image) and smooth pattern until pinch-off, whereas that of the PMMA suspension 

became rough when the filament was thinner in length scale of the particle 

diameter. To quantify the roughness of the filament surface, the error (  ) between 

the coordinate of the filament surface, spanning 350 μm up and down from the 

filament center (vertical axis=0 in Figure 3.3.3) and a fitting with a 2
nd

-order 

polynomial equation was measured. Because the shape of free surface of the 

PMMA suspension still kept a parabolic pattern, but the surface was rough. Then, 

root mean square (
2( )i i

rms n





 ) of error was calculated and plotted as a 

function of the minimum neck diameter. The results were repeated three times. The 

coordinates of the filament surface were extracted with MATLAB.  
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Figure 3.3.3. (a) Section to fit the free surface of the 20 wt% PMMA suspension 

(black solid line) with a 2
nd

-order polynomial equation (red dashed line) at W=150 

μm, (b) expanded part of the red box in (a); (c) section at W=5 μm, (d) expanded 

part of the red box in (c). The axis is in μm. 
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3.3.4. Analysis of light intensity 

The difference in the local concentration of the particles confined in the filament 

induced the non-uniform filament shape in the final stage of the thinning filament. 

Therefore, it was necessary to quantify the distribution of the particles. For that 

analysis, the light intensity in the central part of the filament (red box in Figure 

3.3.4) was measured because the areas where the particles were present were dark, 

and the areas where the particles were absent were bright. The particle distribution 

was analyzed using the difference in light intensity. For this quantification, the 

distribution of the light intensity was obtained from the central part of the filament 

spanning a width of 3 pixel and a height of 512 pixel (5.82 μm×993.28 μm) as 

shown in Figure 3.3.4. The light intensity extracted from the black-and-white 

images was represented with numbers between 0 and 255. The light intensity 0 

indicated black color, and that of 255 indicated white color. The representative light 

intensity at each height was calculated by averaging the light intensity of 3 pixels at 

the same height; approximately half of the particle diameter (10 μm) is in 

horizontal direction.  
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Figure 3.3.4. Section for measuring the light intensity from the snapshots of the 

filaments for the 20 wt% PMMA suspension at W=20 μm (3 different trials). 
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4.1. Thinning dynamics of pure silicone oil 

 

4.1.1. Effect of medium viscosity 

First, the effect of the medium viscosity on the thinning dynamics of pure 

silicone oils was observed. Five silicone oils were prepared with different 

viscosities from 0.20 to 1.08 Pa s and with almost the same surface tension through 

mixing SO-0.01 and SO-10 at various ratios. The silicone oil properties are 

presented in Table 4.1.1. Figure 4.1.1 presents the time evolutions of the minimum 

neck diameters of the silicone oils. As depicted in Figure 4.1.1, the processing time 

required to breakup increases with the medium viscosity. It implies that the high 

medium viscosity decelerates the breakup of the thinning filament for Newtonian 

fluids. The thinning dynamics is governed by the competition among the capillary, 

inertia, and viscous forces. The capillary force (surface tension) is the driving force 

for the filament thinning, while the inertia and viscous forces provide resistance to 

the capillary force. The strong inertia and viscous forces caused by the increase in 

the medium viscosity decrease the breakup velocity.  
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Table 4.1.1. Silicone oil properties at various compositions of SO-0.01 and SO-10. 

Composition of 

SO-0.01 

Composition of 

SO-10 
so

 (Pa s)
a 

 (mN/m)
b 

0.7 0.3 0.20 0.01 20.5 0.1 

0.6 0.4 0.40 0.01 20.5 0.1 

0.55 0.45 0.58 0.01 20.6 0.1 

0.5 0.5 0.84 0.01 20.7 0.1 

0.45 0.55 1.08 0.01 20.7 0.1 

a: medium viscosity of silicone oil 

b: surface tension 
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Figure 4.1.1. Time evolutions of the minimum neck diameter (W) of the pure 

silicone oils with various medium viscosities. 
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4.1.2. Final breakup velocity 

In the final stage of the breakup process (W<150 μm from Figure 4.1.1), the 

minimum neck diameter decreases almost linearly as shown in Figure 4.1.2. That is, 

the breakup velocity is almost constant in that regime. The regime is often called 

‘Stokes regime’ (Papageorgiou 1995; Rothert et al. 2003), in which the minimum 

neck diameter decreases linearly and the influence of inertia can be neglected. 

However, the curve with the viscosity larger than 0.6 Pa s is slightly convex 

downward because of inertia force induced by the stagnation point of the filament 

(a central part of the filament). However the influence of the inertia force is not 

strong. 

The final breakup velocity at W<150 μm was obtained by calculating the slope 

of each curve as depicted in Figure 4.1.3. The breakup velocity in the Stokes 

regime decreases with the medium viscosity. It is plotted as a function of    

( : surface tension,  : medium viscosity), and shows a linear curve as shown in 

Figure 4.1.4. This tendency is well matched with the calculated values by the 

theoretical prediction, Equation (4.1.1) (McKinley and Tripathi 2000). It should be 

noted that the silicone oil shows an almost constant breakup velocity in the final 

stage and the medium viscosity determines the thinning dynamics of the filament. 

 

0.1418V



  .                      (4.1.1) 
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Figure 4.1.2. Time evolutions of the minimum neck diameter (W) of the pure 

silicone oils with various medium viscosities. (W< 150 μm in Figure 4.1.1). 

 

 

 

 

 

 



 

 

56 

 

 

 

 

 

Figure 4.1.3. Breakup velocity (Vfinal) of the silicone oils in the final stage of 

breakup as a function of the medium viscosity. 
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Figure 4.1.4. Final breakup velocity (Vfinal) of the silicone oils in Stokes regime 

(W<150 μm) as a function of   . ( : surface tension,  : medium viscosity). 
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4.2. Filament breakup of silicone oil/PMMA suspensions 

 

4.2.1. Effect of particle concentration 

In order to investigate the effect of the particles on the filament breakup process, 

10 μm PMMA particles were suspended in SO-0.40 up to 20 wt%. As illustrated in 

Figure 3.1.1, the effective viscosity of the PMMA suspension increased with the 

particle concentration. The addition of 20 wt% PMMA particles increased the 

effective viscosity to 0.71 Pa s. From Figure 4.2.1, the effect of the particle 

concentration on the time evolution of the minimum neck diameter of the PMMA 

suspensions was observed.  

Firstly, when the minimum neck diameter is larger than 200 μm, the time 

required to reduce the minimum neck diameter from 850 μm to 200 μm increases 

with increases in the particle concentration. The breakup velocity is reduced as the 

particle concentration increases because the addition of particles increases the 

effective viscosity of the suspension. This tendency has already been reported 

(Furbank and Morris 2007; Bonnoit et al. 2012), and the thinning dynamics is 

governed by the effective viscosity of the suspension in this regime; thus, it has 

been named the ‘effective regime’.  
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Figure 4.2.1. Time evolutions of the minimum neck diameter (W) for PMMA 

suspensions at various particle concentrations (0~20 wt%). 
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When the minimum neck diameter is less than 100 μm (red box in Figure 4.2.1), 

the thinning dynamics of the PMMA suspensions seem to be independent of the 

particle concentration. In other words, they appear to be governed only by the 

suspending medium even though they have different effective viscosities. This 

phenomenon differs significantly from the previous result in Section 4.1, where the 

medium viscosity affects the thinning filament of the pure silicone oils until the 

pinch-off point. This tendency has also been reported in Bonnoit et al. (2012), in 

which the authors hypothesized that the thinning dynamics in this regime was 

governed by the properties of the suspending medium regardless of the particle 

concentration. This indicates that the addition of particles does not further affect 

the thinning dynamics.  

However, according to the closer observations in the region of tp–t<30 ms in 

Figure 4.2.1, the curves do not collapse into a single curve as seen in Figure 4.2.2. 

The filaments become thinner with different slopes (breakup velocities) as 

approaching the pinch-off. The slopes change around W=5 D (50 μm, D: the 

particle diameter, 10 μm), and the degree of change increases further with increase 

of particle concentrations. That is, the PMMA suspensions with various particle 

concentrations have different breakup velocities in the final stage of the breakup 

process, unlike the Newtonian fluids. According to the results observed in the μm-

length scale, it can be confirmed that the particles still affect the thinning dynamics 

of the filament in the “interstitial regime” (near W~5 D).   

Two important contributions of the particles in the final stage are the 

deceleration and acceleration of the breakup process. These regimes are separated 

to before and after W=5 D as depicted in Figure 4.2.2, and the breakup velocity 
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changed at approximately W=5 D. When the minimum neck diameter is larger than 

5 D, the breakup velocity is reduced with increases in the particle concentration. 

When the filament becomes thinner than W=5 D, the particles increase the breakup 

velocity. Figure 4.2.3 presents the transition of the breakup velocities before and 

after W=5 D. For the silicone oil (ϕ=0 wt%, ϕ: particle concentration [wt%]), the 

breakup velocity in the range 10 μm<W<50 μm is lower than that for 50 

μm<W<200 μm. As the particle concentration increases, the breakup velocity in the 

10 μm<W<50 μm range increases and it decreases in 50 μm<W<200 μm. The 

breakup velocities at ϕ=3 wt% in both regimes are almost identical and the 

difference between the regimes increases with increases in the particle 

concentration. In conclusion, it is verified that the particles affect the dynamics of 

the thinning filament in the final stage by decelerating the breakup process before 

W=5 D (50 μm) and through accelerating the final stage of the filament breakup for 

W<5 D. 
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Figure 4.2.2. Time evolutions of the minimum neck diameter (W) for the PMMA 

suspensions at various concentrations of the PMMA particle (0~20 wt%) in the 

final stage.  
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Figure 4.2.3. Final breakup velocities (Vfinal) for the PMMA suspensions at various 

particle concentrations in the final stage. 
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4.2.2. Comparison with viscosity-matched silicone oil 

In order to investigate the effect of the particles on the filament breakup, a 20 

wt% PMMA suspension and a silicone oil having the same viscosity and surface 

tension with the PMMA suspension were prepared for clarifying the effect of the 

particles without critical differences in the properties. The viscosity-matched 

silicone oil was made through mixing two silicone oils, SO-0.01 and SO-10 at a 

ratio of 54:46 (wt%). The viscosity was 0.71 Pa s and the surface tension was 20.5 

mN/m. Because the viscosity and surface tension govern the thinning dynamics of 

the filament breakup, the effect of the particles on the filament breakup can be 

observed separately by comparing these fluids. Figure 4.2.4 presents the time 

evolution of the minimum neck diameter of these two fluids.  

When W>35 D (350 μm), the thinning dynamics is dependent on the effective 

viscosity of the fluid. Thus, the minimum neck diameter for both the PMMA 

suspension and viscosity-matched silicone oil are equivalent and their breakup 

velocities are almost the same. In this regime, the particles decelerate the breakup 

process due to the increase in the effective viscosity. 

When the filament becomes thinner than 35 D, the thinning dynamics of the 20 

wt% PMMA suspension and viscosity-matched silicone oil shows differences even 

though they have the same viscosity and surface tension. In addition to the increase 

in the effective viscosity, the particles decrease the breakup velocity more than the 

viscosity-matched silicone oil because the particles confined in the narrow filament 

channel disturb the flow of the thinning filament under the extensional flow. 

Therefore, it can be confirmed that the particles decelerate the breakup process and 
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this tendency is observed until the minimum neck diameter of approximately 5 D 

(50 μm). 

Close to the pinch-off at W<5 D, the particles do not decrease the breakup 

velocity, but rather they accelerate the breakup. This is the acceleration regime. 

When we focus on the thinning dynamics of the viscosity-matched silicone oil, the 

curve of the minimum neck diameter is slightly convex downward. The breakup 

velocity in this regime is slightly lower than that in W>5 D, and this result can be 

observed in Figure 4.2.3 at ϕ=0 wt%. This deceleration is induced via the inertia 

force at the stagnation point which is the central part of the filament without a 

velocity profile from the initial stage of the breakup process. However, the particles 

increase the breakup velocity as the filament becomes thinner than approximately 

five times of the particle diameter. The individual PMMA particles with a finite 

size of 10 μm begin to have a role and they exert a significant influence on the 

thinning behavior. This is the “finite-size effects of individual particles”, and this 

effect has been reported in previous researches (Furbank and Morris 2004; Furbank 

and Morris 2007; McIlroy and Harlen 2014). 

 

 

 

 

 

 

 

 



 

 

66 

 

 

 

 

 

Figure 4.2.4. Time evolutions of the minimum neck diameter (W) for the 20 wt% 

PMMA suspension and viscosity-matched silicone oil.  
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From Figure 4.2.4, the breakup velocity (V) of the thinning filament for both the 

20 wt% PMMA suspension and viscosity-matched silicone oil was obtained. The 

breakup velocity was calculated using the simple finite difference method after 

averaging the data in Figure 4.2.4 in order to reduce small fluctuations. As seen in 

Figure 4.2.5, the breakup velocities of the PMMA suspension and viscosity-

matched silicone oil are almost the same for W>35 D. However, as the filament 

becomes thinner under W=35 D, the breakup velocity of the 20 wt% PMMA 

suspension is lower than that of the viscosity-matched silicone oil until W=10 D. 

As the filament becomes further thinner, the difference is reduced and there is a 

transition at approximately W=5 D. Finally, the breakup velocity of the PMMA 

suspension increases significantly compared with the constant breakup velocity of 

the viscosity-matched silicone oil for W<5 D. As explained previously, the 

particles induced the acceleration of the breakup in this stage. Moreover, the 

breakup velocity of the PMMA suspension at W=10 D is approximately 15% lower 

than that of the viscosity-matched silicone oil. This is significantly larger than the 

error bound of the experiments, i.e. 1~2%; thus, it cannot be ignored. This indicates 

that the particles affect the thinning filament, while the particles confined in the 

thinning filament disturb the flow in the final stage. 
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Figure 4.2.5. Breakup velocities of the 20 wt% PMMA suspension and viscosity-

matched silicone oil. 
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4.3. Effect of particles on filament shape 

 

4.3.1. Comparison of silicone oil/PMMA suspension and 

viscosity-matched silicone oil 

The particles affect not only the thinning dynamics, but also the shape of the free 

surface. The filament shape of the 20 wt% PMMA suspension was compared with 

that of the viscosity-matched silicone oil (SO), which had the same viscosity and 

surface tension as the PMMA suspension. Figure 4.3.1 illustrates the shape of the 

free surface for the PMMA suspension and viscosity-matched silicone oil. The 

scale in Figure 4.3.1 is the actual length scale of the filament in μm. 

The filament shapes for the PMMA suspension and the viscosity-matched 

silicone oil are almost the same until the minimum neck diameter becomes 10 D 

(100 μm) because they have the same viscosity and surface tension. The particles 

do not have any influence on the filament shape in that regime (W>10 D).  

However, the filaments begin to show differences in shapes when the minimum 

neck diameter is less than 10 D. The filament of the viscosity-matched silicone oil 

becomes thinner until pinch-off, while maintaining a parabolic and smooth surface 

pattern. The filament of the PMMA suspension becomes thinner until W=2 D while 

still keeping a parabolic shape, but both ends of the filament are thicker than that of 

the silicone oil. When the filament of the PMMA suspension is thinner under W=2 

D, the filament shape becomes rough, not parabolic nor smooth. The differences in 

the filament shape increase as the filaments become even thinner. 
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Figure 4.3.1. (a) Comparison of the filament shapes for the 20 wt% PMMA 

suspension and the viscosity-matched silicone oil at the same minimum neck 

diameter for 200, 100, 80 μm (the numbers on the top of each graph). The axis is in 

μm. 
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Figure 4.3.1. (b) Comparison of the filament shapes for the 20 wt% PMMA 

suspension and the viscosity-matched silicone oil at the same minimum neck 

diameter for 50, 30, 20 μm (the numbers on the top of each graph). The axis is in 

μm. 
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Figure 4.3.1. (c) Comparison of the filament shapes for the 20 wt% PMMA 

suspension and the viscosity-matched silicone oil at the same minimum neck 

diameter for 10, 5, 0 μm (the numbers on the top of each graph). The axis is in μm. 
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As shown in Figure 4.3.1. (a), the particles begin to affect the filament shape 

when the filament becomes thinner than W=10 D (100 μm). The effect of the 

particles is quantified through root mean square (
2( )Xi iXrms n


  , defined in 

Section 3.3.2) of thickness difference between the two filaments of the fluids ( iX ) 

as shown in Figure 4.3.2. 

The two filaments become thinner until W=10 D while maintaining a low 

Xrms  of approximately 2.85~3.29 μm, as shown in Figure 4.3.2. In other words, 

the shapes of the two filaments are almost the same, which indicates that the 

particles minimally affect the filament shape in the regime of W>10 D. However, 

Xrms  begins to increase when the minimum neck diameter reduces to less than 

10 D, and it fluctuates significantly when the minimum neck diameter of the 

filament is around 2 D (20 μm). The sudden change is induced by the rough 

filament of the PMMA suspension as shown in Figure 4.3.1. (b), (c) for W≤2 D.  

The sudden change of rmsX  for W≤2 D shows poor reproducibility, as in 

Figure 4.3.3, which shows the results repeated for three times. The reproducibility 

of Xrms  is very good when the minimum neck diameter is larger than 2 D. 

However, Xrms  is rarely reproducible when the filament becomes thinner than 

W=2 D. In conclusion, the added particles rarely affect the filament shape until 

W=10 D. The particles begin to affect the filament shape when the minimum neck 

diameter is reduced to less than 10 D, and they induce a filament shape in which 

both ends are thick while being parabolic in shape. When the filament becomes 

thinner than W=2 D, the particles lead to non-uniform behavior close to the 
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breakup point of the filament. This is a random pinch-off behavior. In this way, the 

added particles not only affect the breakup velocity in the final stage of filament 

breakup but also induce complicated and heterogeneous behavior in the filament 

shape. The heterogeneity increases as approaching the pinch-off.   
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Figure 4.3.2. Root mean square ( Xrms ) of the thickness difference between the 

filaments of the 20 wt% PMMA suspension and the viscosity-matched silicone oil 

at the same minimum neck diameter (W). 
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Figure 4.3.3. Reproducibility of the root mean square ( rmsX ) of the thickness 

difference between the filaments of the 20 wt% PMMA suspension and the 

viscosity-matched silicone oil at the same minimum neck diameter (W). The results 

were repeated three times. 

 

 

 

 



 

 

77 

4.3.2. Effect of particles on roughness of filament surface 

As explained in Section 4.3.1 the filament surface of the 20 wt% PMMA 

suspension is rough when the minimum neck diameter of the filament reduces to 

less than 2 D (20 μm). The roughness is quantified using root mean square 

(
2( )i i

rms n





 , defined in Section 3.3.3) of error (  ) between a fitting with a 2

nd
-

order polynomial equation and the coordinate of the filament surface. 

In Figure 4.3.4, the rms  of the PMMA suspension and the viscosity-matched 

silicone oil are almost the same when the minimum neck diameter is larger than 3 

D (30 μm), which means that the shape of the filament is well-described by a 2
nd

-

order polynomial equation. As confirmed in Figure 4.3.1, the particles begin to 

affect the filament shape when the filament becomes thinner than W=10 D. 

However, the rms  for the PMMA suspension and the viscosity-matched silicone 

oil are almost the same when the minimum neck diameter is larger than 3 D. It 

means that in the regime of 3 D≤W≤10 D, the filament of the PMMA suspension 

becomes thinner while maintaining a parabolic surface even though the ends of the 

filament are thicker than that of the viscosity-matched silicone oil. Thus, the rms  

for the PMMA suspension and the viscosity-matched silicone oil do not show 

critical differences.  

However, the rms  of the PMMA suspension begins to increase rapidly 

compared to that of the silicone oil as the minimum neck diameter of the filament 

reduces down to 2 D. The rapid increase is induced by the rough thinning filament 

of the PMMA suspension as depicted in Figure 4.3.1 for W≤2 D. The filament 
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shape of the PMMA suspension is not parabolic and smooth in that regime (W≤2 

D). An additional point to be noted is the error bar of rms  in Figure 4.3.4 for the 

PMMA suspension. The error bar of rms  begins to increase when the minimum 

neck diameter is less than 2 D. This is because the thinning filament has a random 

surface profile close to the pinch-off under W=2 D as shown in Section 4.3.1.  
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Figure 4.3.4. Root mean square error ( rms ) obtained by fitting with a 2
nd

-order 

polynomial equation, for the filaments of the 20 wt% PMMA suspension and the 

viscosity-matched silicone oil as a function of the minimum neck diameter (W). 

The results were repeated for three times. 
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4.4. Heterogeneity in filament breakup process 

 

4.4.1. Random pinch-off behavior 

According to the previous Sections 4.3, it is clear that the filament of the PMMA 

suspension becomes heterogeneous when the filament becomes thinner than W=2 

D. In particular, it becomes very non-uniform close to the pinch-off. Figure 4.4.1 

illustrates the filament shape of the two fluids at pinch-off. Each graph depicts 

snapshots of the thinning filaments for three repetitions. 

The reproducibility of the pinch-off shape is almost perfect for the Newtonian 

fluid, as shown in Figure 4.4.1 (a). The three-overlaid snapshots appear to fit within 

a single figure, which means that the filament shape of the Newtonian fluid is 

uniform during pinch-off. This tendency is in accordance with the previous 

researches on the filament thinning process of Newtonian fluids (Papageorgiou 

1995; Eggers 1997; Rothert et al. 2003). They showed that the final stage of the 

filament breakup including the pinch-off shape is determined by the properties of 

the fluid only, viscosity and surface tension, even though the external conditions 

can have an influence in the initial stage, such as the volume of a loaded sample. 

However, for the PMMA suspension (Figure 4.4.2 (b)), the results are not 

reproducible at all, and multiple samples exhibit different shapes at pinch-off. The 

added particles induce the random pinch-off behavior.  
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Figure 4.4.1. The filament shapes for (a) the viscosity-matched silicone oil and (b) 

the 20 wt% PMMA suspension at pinch-off. The axis is in μm. The results were 

obtained three times and are plotted in each graph. 
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Figure 4.4.2 shows the snapshots of three different filaments for the 20 wt% 

PMMA suspension when the minimum neck diameter of the filaments is 2 D (20 

μm). The position of the thinnest part and the surface shape of the filament are not 

uniform at all. This heterogeneity begins to appear as the filament becomes thinner 

than W=2 D. When the filament is thin in the length scale of the particle diameter, 

the particles influence filament thinning, which is considered to be the ‘finite size 

effect of the individual particle’ (Furbank and Morris 2004; Furbank and Morris 

2007; McIlroy and Harlen 2014). However, since the local concentration of the 

particles confined in the filament is not uniform, the randomness induces the 

heterogeneous pinch-off process.  

As can be seen in Figure 4.4.2, the areas where particles are not present are 

bright because backlight can pass through the filament, while the areas with 

particles are dark. The bright and dark regions are randomly distributed. This 

means that the particles confined in the thinning filament are not uniformly 

distributed. Because the particles are distributed randomly, the thick part of the 

filament having more particles and the thin part with fewer particles are also 

randomly distributed. In practice the particles are distributed non-uniformly even 

when the filament is thick. The particles distributed randomly induce the local 

differences in particle concentration in the thinning filament when the filament 

becomes thin comparable to the particle size. The local randomness of the particles 

leads to a non-uniform filament shape as seen in Figure 4.4.2. Differences in 

filament shape between the PMMA suspension and the viscosity-matched silicone 

oil are not observed for W>3 D. In conclusion, the random distribution of the 

particles leads to the heterogeneous filament thinning behavior in the final stage of 
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the breakup process when the filament becomes thinner than W=2 D.  
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Figure 4.4.2. Snapshots of the filaments for the 20 wt% PMMA suspension at 

W=20 μm. 
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4.4.2. Random distribution of particles 

The light intensity in the central part of the filament was measured in order to 

quantify the distribution of the particles confined in the filament. Figure 4.4.3 

shows the change of light intensity for filaments of the 20 wt% PMMA suspension. 

At W=30 D (300 μm), the light intensity is very small, and close to zero, because 

the backlight can not pass through the thick filament comprised of multiple layers 

of particles. However, when the filament becomes thinner, the light intensity begins 

to increase at the center (Height=0 from Figure 4.4.3) of the filament. Under W=10 

D (100 μm), the light intensity further increases and begins to fluctuate. The 

fluctuation grows as the minimum neck diameter of the filament reduces to 2 D. In 

this graph, the light intensity with large number indicates particle-free region 

(empty space) and the small number means the particle-rich region.  

However, the light intensity shows poor reproducibility under W=10 D as seen in 

Figure 4.4.4. Figure 4.4.4 presents the reproducibility of the light intensity for the 

PMMA suspension with the minimum neck diameter. When the filament is thick 

over W=30 D, the light intensity have high reproducibility and it is still high until 

W=15 D even though some fluctuations at Height=0. However, when the filament 

becomes thinner under W=10 D, the fluctuation begins to increase and fluctuate 

non-uniformly. That is, the distribution of the particles confined in the filament is 

randomized with decrease of the minimum neck diameter in final stage of the 

breakup process. The randomness of the particles induces random shape of 

filament surface, random pinch-off. 
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Figure 4.4.3. Light intensity distribution of a filament of the 20 wt% PMMA 

suspension. The numbers on the top of each graph are the minimum neck diameter. 
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Figure 4.4.4. Reproducibility of light intensity distribution of a filament of the 20 

wt% PMMA suspension. The numbers on the top of each graph are the minimum 

neck diameter. 
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From this graph, the distribution of the particles confined in the central part of 

the filament can be quantified. The distribution can be fitted well by a Gaussian 

probability distribution function with 4 parameters as defined in Equation (4.4.1). 

The parameters used for fitting are displayed in Table 4.4.1.  
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  .                    (4.4.1) 

  

When W=30 D (300 μm), the light intensity matches well with the Gaussian 

probability distribution function as can be seen in Figure 4.4.5. (a), because there is 

no fluctuation of the light intensity. When W=2 D (20 μm), the error between the 

light intensity and the fitting equation increases due to the fluctuation in light 

intensity, as shown in Figure 4.4.5. (b). Furthermore, the central peak of the fitting 

line is skewed from the center in the Height axis because the position of the 

breakup point for the PMMA suspension is not uniform, unlike the uniform 

localization of the Newtonian fluid. This is the effect of the added particles which 

appears when the filament becomes thin in the length scale of the particle diameter.  
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Figure 4.4.5. Measured light intensity of the 20 wt% PMMA suspension filament 

and fitting line using a 4 parameter Gaussian model at (a) W=300 μm, (b) W=20 

μm. The numbers on the top of each graph are the minimum neck diameters. 
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Table 4.4.1. Fitting parameters in the Gaussian model at W=300 and 20 μm 

Parameters W=300 μm W=20 μm 

a  22.8 214.4 

b  522.5 377.7 

0x  591.6 545.5 

0y  -15.9 -88.7 
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In order to analyze the randomness of the light intensity with the minimum neck 

diameter and particle concentration, the root-mean-square ( rms ) of error (  ) 

between the fitting equation and the measured light intensity is calculated. The 

rms  describes the fluctuation of the light intensity. First, the rms  for pure 

silicone oil (Figure. 4.4.5 (a)), which is also used as the medium of the PMMA 

suspension, is as small as 5~10 μm, and is highly reproducible. 

For the 20 wt% PMMA suspension, the change of rms  with the minimum neck 

diameter shows a different result. It begins to increase at W=20 D (200 μm) as seen 

in Figure 4.4.6 (b) because the fluctuation of the light intensity begins to increase 

as the minimum neck diameter decrease, as shown in Figure 4.4.5 (b). The 

important contribution in this graph is that the error bar of the rms  increases 

rapidly as the filament becomes thinner. The increase of the error bar is caused by 

random fluctuations in light intensity for W<10 D, as can be seen in Figure 4.4.4. 

In particular, the error bar increases rapidly at W=2 D, just before the pinch-off. 

The sudden increase of the heterogeneity is caused by the random distribution of 

the particles confined in the filament. The random particle distribution results in the 

random shape of the filament surface and the random pinch-off behavior.  
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Figure 4.4.6. Root mean square error ( rms ) of light intensity obtained by 

Gaussian model for (a) pure silicone oil of 0.40 Pa s and (b) the 20 wt% PMMA 

suspension depending on the minimum neck diameter (W). All the results were 

repeated three times. 
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Finally, Figure 4.4.7 shows the root mean square error of the light intensity 

depending on the particle concentration. For pure silicone oil (0 wt% in Figure 

4.4.7), the rms  is low and the size of the error bar is very small even close to the 

pinch-off. However, the rms  and the size of the error bar increase rapidly with 

particle concentration. This means the confined particles increase the heterogeneity 

in the final stage of the filament breakup process as the particle concentration 

increases. The particles begin to affect the filament shape during the filament 

breakup as the filament becomes thinner than W=10 D (100 μm) and the particles 

induce the heterogeneity of the thinning filament under W=2 D (20 μm), which 

leads to the random pinch-off behavior. The heterogeneity is caused by the random 

distribution of the particles confined in the filament. We can conclude that the 

random and complex distribution of the particles plays a major role in developing 

the heterogeneous filament thinning process.   
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Figure 4.4.7. Root mean square of error ( rms ) of the light intensity relative to the 

Gaussian probability distribution function for the pure silicone oil of 0.40 Pa s and 

the PMMA suspensions of 5, 10, 20 wt% PMMA particles. 
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Chapter 5.  

Summary 
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The effect of the particles on the filament thinning under an extensional flow 

was investigated. The effect was more complicated in the final stages of the 

breakup process than in the initial stage. The particles induced significant changes 

in the breakup velocity, the filament shape, and the free surface roughness as the 

filament became thin in length scale of the particle diameter. A high-speed camera 

and high-resolution lens were used in order to visualize the process in the μm-

length scale, in other words, to focus on the final stage of the filament thinning 

process.   

The particles had different influences at various flow regimes. In the effective 

regime, i.e. in the initial stage of the breakup process, the particles increased the 

effective viscosity of the suspension and reduced the breakup velocity. The role of 

the particles was simple in this regime: when the filament of the PMMA 

suspension became thinner, the properties of the medium played a dominant role on 

the thinning dynamics. That is, the thinning dynamics appeared to be governed by 

the medium properties and were independent of the particle concentration. And the 

particles affected the process through decelerating the breakup process in this 

regime. However, as the filament approached the pinch-off (0 D<W<5 D, W: 

minimum neck diameter, D: 10 μm, particle diameter), the particles induced 

instabilities resulting in the acceleration of the breakup velocity and increases in 

the roughness of the filament surface.   

The particles did not affect the filament shape when the minimum neck diameter 

of the filament was larger than 10 D (100 μm). The filament shape of the PMMA 

suspension and of the Newtonian fluid having nearly identical viscosity and surface 

tension was the same in this regime (W>10 D). However, the particles began to 
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affect the filament shape when the filament became thinner than W=10 D. Then the 

particles induced a filament which had thick ends, but was still parabolic in shape 

like the Newtonian fluid. When the minimum neck diameter was reduced further 

down to 2 D (20 μm), the filament of the PMMA suspension became rough and 

random as it came close to the pinch-off. The particles induced non-uniformity in 

the filament breakup process as the minimum neck diameter of the filament 

became less than 2 D, that is, in the length scale of the particle diameter. The 

particles confined in the thinning filament were distributed randomly, and the 

particle concentration was locally non-uniform in the narrow filament. We 

observed that the particles were locally gathered or isolated when the filament 

became thinner than W=2 D. The distribution of the thick zones where the particles 

were present and the thin zones where the particles were absent was random, which 

led to a non-uniform filament thinning process. The random distribution of the 

particles caused heterogeneity in the filament shape, surface roughness, and pinch-

off behavior.  

In conclusion, the particles dispersed in a Newtonian fluid did not have an 

influence on the filament shape when the filament was thick, that is, larger than 

W=10 D. The particles began to produce an effect when the filament became thin, 

in the length scale of the particle diameter. As the filament became thinner than 

W=10 D, the shape of the filament was parabolic with thick ends, for 2 D<W<10 D. 

When the minimum neck diameter of the filament was reduced to less than 2 D, the 

particles induced a rough filament surface and random thinning behavior, and the 

heterogeneity was caused by the random distribution of the particles confined in 

the thinning filament. 
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국문 초록 

 

Silicone oil/PMMA 현탁액의  

필라멘트 끊김 공정에 관한 연구 
 

 

본 연구는 Newtonian 유체에 분산된 입자가 연신 흐름 하에서 

현탁액의 필라멘트 끊김 공정에 미치는 영향에 대하여 논하였다. 특히, 

끊김 공정의 마지막 단계에서 입자가 필라멘트에 미치는 영향에 대하여 

집중적으로 살펴 보았는데, 이는 마지막 단계에서의 끊김 현상이 초기 

단계의 그것보다 복잡하기 때문이다. 이와 같은 입자의 영향에 대해 

연구하기 위하여, 10 μm 크기의 poly(methyl methacrylate) (PMMA) 입자 

0~20 wt%를 silicone oil에 분산시켰다. PMMA 현탁액의 끊김 공정을 

관찰함으로써 입자가 필라멘트의 최소 지름 (W) 에 따라 필라멘트의 

끊김 역학과 모양에 미치는 영향에 대하여 연구 하였다.   

첨가된 입자는 끊김 공정의 단계에 따라 서로 다른 역할을 하며 

필라멘트의 끊김 역학에 영향을 미쳤다. 공정의 초기 단계에서 입자는 

필라멘트의 최단 지름이 5 D (D=10 μm: 입자 지름)로 감소할 때까지는 

끊김 속도를 감소 시켰고, 필라멘트가 W=5 D 이하로 가늘어져 완전히 

끊어질 때까지는 끊김 속도를 급격하게 증가시켰다. 또한, 물성의 차이 

없이 입자가 필라멘트의 끊김 공정에 미치는 영향에 대해 연구하기 

위하여, PMMA 입자를 20 wt% 첨가한 PMMA 현탁액과 이와 점도, 
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표면장력의 크기를 맞춘 silicone oil의 끊김 속도를 비교하였다. 

필라멘트의 최소 지름이 35 D 보다 클 때는, PMMA 현탁액과 물성의 

크기를 맞춘 silicone oil의 시간 따른 필라멘트의 최소 지름의 변화 

양상은 거의 일치하였다. 즉, 이 구간에서 필라멘트의 끊김 속도는 

입자의 함량에 상관 없이 오직 유체의 점도와 표면장력의 크기에 의해 

결정되었다. 하지만 필라멘트가 35 D 이하로 가늘어지면 두 필라멘트의 

끊김 역학이 차이를 보이기 시작하는데, 첨가된 입자는 현탁액의 유효 

점도를 증가시킬 뿐 아니라 PMMA 현탁액의 끊김 속도를 감소시켰다. 

이는 필라멘트에 갇힌 입자가 연신 유동 하에서 유체의 흐름을 방해하기 

때문이다.  

앞의 20 wt% PMMA 현탁액과 이와 물성을 맞춘 silicone oil의 필라멘트 

모양을 비교함으로써 입자가 필라멘트의 모양에 미치는 영향에 대해서 

논하였다. 두 유체의 필라멘트가 W=10 D 보다 두꺼울 때, 두 유체의 

필라멘트의 모양은 거의 같음을 관찰할 수 있었다. 이는 입자가 W>10 

D의 구간에서는 필라멘트의 모양에 영향을 미치지 않음을 의미한다. 

유체에 첨가된 입자는 필라멘트가 W=10 D 이하로 가늘어지면 

필라멘트의 모양에 영향을 미치기 시작하였다. 필라멘트가 더욱 

가늘어져 W<2 D 구간에서는 필라멘트의 표면이 거칠고 불균일 해지는 

것을 확인할 수 있었고, 이는 필라멘트가 임의로 끊어지는 현상으로 

이어졌다. 이러한 불균임함은 필라멘트가 입자 지름의 길이 단위로 

가늘어졌을 때, 필라멘트 내부에 갇힌 입자들의 국부적인 농도 차이에 
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의해 유발되었다. 이와 같은 입자들의 불균일한 분포가 필라멘트 끊김 

공정의 마지막 단계에서 관찰되는 불균일한 끊김 공정을 유발하는 것을 

확인할 수 있었다. 입자의 불균일한 분포는 가늘어지는 필라멘트 

중심부의 밝기 분석을 통하여 정량화 되었다.  

 이처럼 유체에 첨가된 입자가 필라멘트 끊김 공정에 미치는 영향은 

초기 단계에서 보다 마지막 단계에서 복잡하고 불균일한 양상을 띄었고, 

마지막 단계에서의 복잡성과 불균일성에 대하여 논하였다. 본 연구는 

입자가 현탁액의 필라멘트 끊김 공정에서 필라멘트의 끊김 역학과 

모양에 미치는 영향에 대한 정보를 제공하고 있고, 입자가 필라멘트 

끊김 공정에 미치는 영향에 대한 정보들은 코팅, 젯팅, 스프레잉 같은 

연신 흐름 공정을 설계하는데 있어 대단히 유용한 역할을 할 것이라 

기대한다.   

 

주요어: 유동 가시화, 필라멘트 끊김, silicone oil/PMMA 현탁액, 임의의 

끊김 현상, 임의의 입자 분포 
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