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SUMMARY 

In 2021, the world consumed over 620 EJ of energy. Approximately 2.6 EJ, or 

about 0.4% of that total energy demand, was just used to dry paper during its manufacture. 

In a climate of growing energy costs and increasingly limited energy supplies, finding ways 

of improving the efficiency of this process are desperately needed. Even in state-of-the art 

paper mills, the energy used to dry paper is well over twice as much as is theoretically 

needed. Clearly, there is a massive opportunity to make a major impact on global energy 

consumption. 

This thesis develops a technology that reduces the need for energy-intensive drying. 

By creating a fabric with enhanced dewatering capability, more water can be squeezed 

from the paper sheet mechanically. Thus, there is about 40-50% reduction in the amount 

of water that has to be evaporated in the dryer section, cutting the energy requirements of 

drying paper in half. Arriving at the mechanism ultimately capable of achieving this 

followed a meandering path that wound through the fields of flow in porous media, surface 

chemistry and wettability, partitioning of liquid droplets, and the physics of interfacial 

instability.  

The primary problem plaguing papermakers is that, after water is squeezed out of 

the paper sheet, the sheet resorbs water from the fabric that carried it through the press. 

Essentially, when pressure is released, the paper sucks water back out of the sink (the 

fabric) that was provided to remove it. No technology has yet been developed that can 

entirely avoid this rewetting tendency. Therefore, a fabric with one-way flow properties 

has been highly sought after in the industry for decades. Creating a fabric that lets water 



 xxii 

in, but doesn’t let it out, would drastically reduce the amount of water that has to be dried 

from the sheet later. 

The first attempt I made at achieving this goal was to use capillary forces to trap 

water in the fabric. By creating a wetting gradient in the fabric, it is theoretically possible 

to allow water into the structure at high pressures, but prevent it from leaving at low 

pressures (i.e. during decompression). To accomplish this, the physics of forced wetting in 

fibrous materials (e.g. non-woven fabrics, paper) was studied in detail in the second 

chapter. I found that simplistic, but widely used, models for these wetting barriers in fibrous 

media were inaccurate and therefore inappropriate for informing design choices. One 

outcome of this study was that I developed a method for accurately predicting the wetting 

resistance of hydrophobic fiber networks. This helped me discover that it was not practical 

to use capillary forces alone to control flow in the press fabric. However, the approach I 

developed is useful in other applications where barrier properties of papers and fabrics are 

essential. 

The second attempt to improve dewatering revolved around controlling the 

adhesion, or “stickiness” of the water to the press fabric. By making water more strongly 

adhere to the fabric, I reasoned, less water will go with the paper sheet when it is pulled 

away from the wet fabric. In this section, I indeed showed how altering adhesion can be 

used to control the transfer of water from two separating surfaces. I also illustrated the 

limits on using this approach, concluding that it is not a viable way of completely 

controlling flow in the press section. 
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The third and, thankfully, successful attempt at creating a fabric with improved 

dewatering ability required a radical change of perspective on the problem of rewet. This 

involved inducing an interfacial instability in the liquid lying between the paper sheet and 

the press fabric. The details of encouraging this instability and its effect on dewatering are 

explored in depth in the fourth chapter. Essentially, rupturing the liquid bridging the fabric 

and paper destroys all paths for flow. If this process is carefully implemented, full 

dewatering of the paper under pressure occurs, without any water returning to the sheet 

upon decompression. 

With a successful and completely original method of controlling flow, I needed to 

determine the feasibility of implementing this technology in an industrial application. 

These preliminary studies occupy the focus of the fifth chapter. I find that the challenges 

associated with applying the insights of this thesis can largely be overcome with physically-

informed design choices. However, there is a great deal of exciting work to be done in this 

area in the future.  

In summary, this thesis investigates many aspects of wetting and flow in fibrous 

materials: a prospect enticing enough to command the attention of any reader. Amidst its 

twists and turns, a few paths are uncovered that lead nowhere, many more paths that lead 

to exciting applications for adjacent problems and fields, and one final path that leads to 

attaining this project’s ultimate aim: fabrics for improved dewatering. 
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CHAPTER 1. INTRODUCTION 

Understanding and controlling fluid flow in porous media is essential to many 

aspects of modern, industrialized life. Medical testing [1-3], bodily physiology [4-6], oil 

recovery [7-9], water management [10-12], industrial chemical production [13], function 

and comfort of apparel [14, 15], environmental impact mitigation [16-18], and numerous 

consumer products [19-21] all rely on manipulating the flow of fluids within and between 

porous materials to a desired end. For example, the healthy function of bodily tissue relies 

on blood flow through microscopic capillaries to deliver oxygen and nutrients, while 

carrying away waste. Exploring the physics of this process has enabled physicians to 

develop interventions that have saved countless lives.  

Notably, flow in porous media is as complex as it is ubiquitous. In each of the 

scenarios alluded to, there are at least two, and often three, phases of matter interacting 

with each other simultaneously. A solid medium populated with holes (pores) serves as the 

matrix in which flow occurs. A liquid contacts the solid surface of these pores, flowing 

through their available voids. Often, the voids themselves are filled with air, resulting in a 

three-phase system. The interplay amongst solid, liquid, and gas is further complicated by 

the numerous forces acting on the system at once. These include: inertia, viscosity, gravity, 

surface tension, and applied mechanical stresses, to name just the most common. In more 

exotic applications, magnetic and electric fields, osmotic forces, buoyancy / temperature 

gradients, and viscoelasticity can also come into play. As is the nature of flow, such forces 

are rarely balanced in stasis. Rather, these multiphase systems, subject to all the forces 

acting on them, tend to exist in a state of dynamic flux. 
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Because of this complexity, challenging problems in the area of flow in porous media 

remain to be solved. Furthermore, the prevalence of such systems in large-scale industrial 

manufacture—as well as daily life—means that significant innovations have enormous 

potential. This thesis primarily focuses on solving one of the greatest current challenges in 

paper manufacturing. However, by focusing on fundamentals of the issue, insights 

developed here can hopefully be applied wherever manipulating the flow of fluids in, on, 

or between fibrous materials is desired. 

1.1 Project Motivation 

Every year, over 400 million tons of paper products are manufactured throughout the 

world [22]. To accomplish this, more than 8.9 EJ of energy are consumed, making pulp 

and paper the 4th largest industrial sector in terms of energy use [23, 24]. Economic and 

environmental concerns weigh heavily on paper manufacturers, and there is a constant push 

to develop more energy efficient processes. The increasing cost of energy, combined with 

a largely consumer-driven demand for greener materials, provides an enormous incentive 

for innovation in this field. As willing as manufacturers might be to realize the lofty aims 

of greener process design, the established nature of the industry can make implementing 

new approaches and concepts difficult. First, the age of the practice itself, which dates from 

the 2nd century in China, means that many potential ideas have already been tried, so 

creating technologies that have never been imagined is quite challenging. Second, the 

significant capital infrastructure of pulp and paper mills largely prohibits new designs that 

would greatly alter existing equipment configurations. With these challenges in mind, this 

body of work identifies the single aspect of papermaking that is currently in greatest need 

of effective solutions: drying. 
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Figure 1.1 Distribution of energy usage in a paper mill. About half of energy used in 

papermaking allocated to drying [25], even though drying does less than 1% of water 

removal. 

Given the scale of paper production, about 0.4% of all energy consumed in the world 

every year is dedicated solely to drying paper during its manufacturing. Allocating energy 

usage in a paper mill, about 50% is consumed in evaporative drying of the sheet, dwarfing 

any other single unit operation (Figure 1.1) [25]. This fact is even more astounding when 

one considers that drying does less than 1% of total water removal, compared to all prior 

steps (Figure 1.2). Thus, a technology that reduces the energy required to dry paper would 

have a measureable impact on global energy usage. To give some context for the approach 

that was taken in this project, the art of papermaking will briefly be reviewed. 

1.2 Papermaking 

Paper is made by suspending cellulose fibers in water at a ratio of about 200 parts 

water to fiber (0.5 wt.% solids) and then removing that water to create a consolidated web, 

also called the sheet, that contains 90-95 wt.% solids at the end of the process. Three serial 

sections of the paper machine are used to achieve this: forming, pressing, and drying 

(Figure 1.2) [26]. 
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Figure 1.2 Simplified process schematic of a paper machine showing flows of water 

(blue) and energy use (red). All streams are reported on a one ton of dry fiber basis. 

Although the drying section accomplishes less than 1% of water removal, it consumes 

about half the energy of the entire papermaking process, when up and downstream 

processes are included. 

First, the vast majority of water is removed by gravity-driven drainage in the 

forming section. During this stage, the dilute fiber suspension (stock) is pumped from a 

pressurized dispenser (the headbox) onto a forming fabric. The forming fabric is a woven 

cloth that serves as a filter—collecting the fibers into a mat while allowing water to pass 

through. The reason so much water has to be used in forming the sheet is that a dilute 

suspension prevents fiber aggregation, resulting in paper that is smoother and stronger. 

Although gravity is the primary force accomplishing water removal in the forming section, 

shear forces induced by hydrofoils and vacuums are used at the end of the forming section 

to further reduce the water content. At the end of forming, the paper sheet has taken shape, 

and its relative water content has reduced from a 200:1 slurry to a 3:1 pulpy mat.  

Second, the press section applies mechanical work to squeeze more water from the 

paper web. This process may also be referred to as mechanical dewatering or wet pressing. 

In pressing, the paper sheet is supported by a fabric, known as the press felt, that carries 
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the damp sheet when it is too soft to be pulled by the machine, that provides a sink for the 

water during pressing, and that imparts a desired surface finish to the sheet [27, 28]. The 

press felt and paper web are fed into a tight gap (nip), where force applied on the press roll 

expels water from the sheet, much like dewatering a shirt with an old-fashioned clothes 

wringer. Nip configuration has a major impact on press section efficiency, with styles 

varying from the more conventional rolling nip (created by the gap between two rolling 

cylinders) to the current state of the art—extended nip presses. The nip is extended by 

complementing the cylindrical press roll with a concave shoe; this provides a crucial 

innovation in dewatering by increasing the dwell time over which pressure is applied [29]. 

Within an extended nip press, the ratio of water in the sheet can decrease to about 0.6:1 or 

even 0.5:1 for some pulp furnishes [30]. However, the relative water content of the sheet 

after leaving the press nip increases to about 1:1. This is because the sheet exiting the press 

typically reabsorbs water from the press fabric (rewet) [31]. This reabsorbed water must 

then be removed in the subsequent section—drying. 

Finally, the sheet is heated to evaporatively dry the residual water remaining after 

pressing. The paper is contacted with steam-heated drums, which require a large amount 

of energy to run because of water’s high latent heat. After drying, the relative mass of water 

in the sheet compared to fiber is about 0.05:1. Because drying is about ten times more 

energy intense compared to pressing [32], papermakers have long looked for ways to 

improve mechanical dewatering in the press section by eliminating rewet. Based on the 

rough numbers discussed earlier, improving the press section in such a way as to prevent 

rewet could reduce the energy demand of drying by about 40-50%. Working to mitigate or 
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even eliminate rewet, however, requires an understanding of the phenomena that cause this 

undesired reflux of water.  

1.3 Flow in a press section 

1.3.1 Dewatering 

When the wet paper web enters the press nip, force applied by the press roll drives 

water out of the paper into the felt. By creating a region of high pressure in the paper, and 

low pressure in the felt, water is encouraged to flow from the former to the latter [33, 34]. 

The basic relationship between this driving force—the pressure gradient—and the rate of 

flow through a porous medium was first described by Darcy in his efforts to design a 

municipal water system [35]. Named in his honor, Darcy’s law applies to a wide range of 

applications including flow of fluids through soil, capillaries, membranes, fabrics, and 

paper:  

𝑣 = −
𝜅

µ
∇𝑃     (1.1) 

where v is the fluid velocity, κ the permeability, µ the fluid viscosity, and ∇P the pressure 

gradient. The permeability is a characteristic property of a porous medium that describes 

how easy it is for fluids to flow through (i.e. permeate) it. Permeability has units of area 

[m2], and for any given type of porous medium, permeability is proportional to the cross-

sectional area of an individual pore. Thus, porous materials with very small holes present 

a large resistance to flow while media with larger pores are much more permeable, in 

general. The rate of dewatering in a press section, determined by the rate of flow (v), is 
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thus expected to depend strongly on the resistance to flow presented by the permeability of 

the paper and/or the press felt. 

However, because the press felt has significantly larger pores than the paper sheet, 

fabrics used in dewatering do not pose significant hindrance to flow in the press section 

[36, 37]. The question of the wet paper’s permeability, on the other hand, is both highly 

relevant and incredibly complex. The smaller pores in the paper mean that the majority of 

resistance to dewatering is posed by the paper itself [37, 38]. However, describing the 

permeability of the paper by a single number would be deceptive. The structure of the wet 

web consolidates during pressing, decreasing its permeability [39]. This diminishing 

permeability chiefly establishes the time-dependence of dewatering in the press section. If 

the (changing) permeability of the paper sheet is given, two techniques remain to accelerate 

dewatering in the press, according to Equation 1.1. The viscosity can be decreased (for 

example, by raising the temperature), or the pressure gradient increased (by applying more 

force).  

Changing the applied force affects more than just the rate of dewatering; it changes 

the equilibrium moisture content of the pressed paper [40]. At any given applied pressure, 

water will flow from the sheet until a limit is reached and flow stops. At low pressures, this 

limit is determined by the extent to which the pore volume is collapsed, excluding free 

water. At high pressures, this limit is determined by the chemical thermodynamics of 

water-cellulose interactions on a molecular level (removing bound water). In industrial 

press sections, which operate at high pressures, water bound to the cellulose exerts an 

osmotic pressure that eventually opposes the pressure applied by the press roll. The balance 
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between these forces sets the equilibrium moisture as a theoretical limit of the maximum 

extent of dewatering [41]. 

Through the pressing process, the extent of dewatering is limited either by the rate-

of-flow time-dependence resulting from Equation 1.1 or by the theoretical limit discussed 

in the previous paragraph. In the former case, pressing is said to be flow limited, whereas 

it is said to be pressure limited in the latter case [42]. Pressure limited dewatering is most 

common for lightweight grades of paper. Flow limited pressing is more common for heavy, 

thicker grades of paper, where a longer flow path must be traversed for complete 

dewatering. The implementation of extended nip presses, alluded to earlier, increase the 

time over which pressure is applied and dewatering can occur. This pushes many state-of-

the-art press sections into the pressure limited regime [43]. Thus, on many machines, the 

best-possible dewatering (at a given pressure) is already attained. How can we possibly 

hope to get a drier sheet from the press section? 

1.3.2 Rewet 

Rewet—the main problem limiting papermakers’ ability to further decrease the 

moisture content of the sheet after pressing—has been a known problem since the 1960’s 

[44]. For over half a century, scientists have realized that the paper web tends to resorb 

water from the press felt after exiting the press section. In that time period, pressing 

technology advanced a considerable degree. Enhanced dewatering was obtained by use of 

extended nips, heated presses, and better press felt materials/designs. The chief 

accomplishment of these innovations is that modern press nips can achieve moisture 

content in the paper remarkably close to the thermodynamic equilibrium while pressure is 
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applied. That means that the theoretical limit of mechanical water removal has indeed 

largely already been realized, at least in state-of-the-art applications. However, as soon as 

the web-felt system undergoes decompression, water reflux from the press fabric to the 

paper undoes much of the progress made in water removal.  

The driving force for this undesired transport is caused by two key properties of 

paper: its elasticity and hydrophilicity. When pressure is released, the paper web recovers 

some, but not all, of its original bulk. This expansion opens pores within the fiber matrix, 

which are highly hydrophilic due to the chemistry of cellulose. Thus, the pores exert strong 

capillary forces on the water, drawing it back into the paper. This phenomenon—

desaturation providing a driving force for undesired reflux—is referred to as flow rewet. 

Because flow rewet is a time-dependent phenomenon according to the Lucas–Washburn 

equation (Equation 1.2) [45], papermakers have been able to reduce the extent to which 

flow rewet occurs by rapidly separating the paper from the felt after pressing.  

𝐿 =  √
𝜎 𝑟𝑝 𝑡 cos𝜃

2 𝜇
    (1.2) 

L is the depth to which liquid penetrates into the medium, rp the pore radius of the medium, 

t the exposure time of the porous medium to the liquid, θ the contact angle of liquid of the 

surface, and µ the liquid’s viscosity. Reducing the time of contact thus decreases the extent 

to which reflux can occur. 

In addition to flow rewet, there is another phenomenon which gives rise to undesired 

transport—separation rewet. Because both the paper and felt are rough surfaces, the 

interface between them is filled with spaces and voids. Water that collects in these 
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interstitial cavities between the two surfaces must then attach to one surface or the other 

when the two are pulled apart. Once again, the strong hydrophilicity of the paper web 

results in more of this interstitial water getting pulled with the paper, rather than remaining 

with the felt. 

 

Figure 1.3 Schematic of a press nip in a paper machine, with rewet illustrated at nip 

exit 

1.4 Thesis objective and structure 

In this thesis, I aim to prevent rewet by designing a press fabric with unidirectional 

water transport properties. To accomplish this goal, various aspects of wetting and flow in 

porous media, particularly in examples of fibrous materials, will be explored.  

In this first chapter of the thesis, existing strategies for controlling flow in porous 

materials and previous attempts at preventing rewet in the press section are reviewed. This 

discussion highlights some of the key physical concepts that are central to the work that 

was done in this thesis. Therefore, a modest summary of fundamental fluid physics relevant 

to each of the chapter’s approaches is also included in the introduction.  
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The second chapter of the thesis focuses on preventing flow rewet by trapping water 

in the felt with a wetting barrier. This would prevent the paper sheet from resorbing water 

after the press. Because the effectiveness of this technique is pressure-dependent, precise 

knowledge of how this pressure dependence relates to the fundamental parameters of the 

system is essential. Developing a quantitatively predictive method for the strength of this 

wetting barrier constitutes the major scientific contribution of the chapter, as no one else 

has yet produced an accurate model—based only on fundamental parameters, without fit 

factors—for wetting barriers in phobic fiber networks. 

The third chapter of the thesis investigates the possibility of reducing separation 

rewet by controlling the adhesion of a droplet to the fiber network. To accomplish this, 

liquid is squeezed between two surfaces before the surfaces are pulled apart. By observing 

what fraction of the liquid adheres to each surface, conclusions are reached about the 

effectiveness of strategies to control the fate of water when the press felt is pulled away 

from the paper. 

The fourth chapter of the thesis develops a new approach to creating a fabric with 

one-way flow properties. Destabilization of water bridges lying between the felt and paper 

results in the breakup of channels necessary for backflow to the sheet during rewet. 

Appreciating the mechanism of this revolutionary dewatering concept requires an 

understanding of the physics of interfacial instability. Therefore, the reader should not 

disregard the subsection of this introduction dedicated to the Plateau-Rayleigh instability—

even though its relevance to papermaking may not immediately seem obvious.  
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Finally, the fifth chapter deals with practical questions about implementing the 

technology developed in Chapter 4 to an industrial press section. The preliminary 

investigations of this latest phase of the project dovetail with conclusions about the impact 

of the thesis overall and directions future work on this project should consider. 

1.5 Technology review 

1.5.1  Unidirectional flow strategies 

Due to the necessity of achieving unidirectional flow in many applications, several 

strategies have previously been developed [46-49]. These strategies are diverse in terms of 

the physical phenomena they exploit to attain the desired effect. In general, however, the 

approaches can broadly be categorized into either chemical or mechanical methods. 

Changing the surface chemistry of a solid material alters its molecular interactions 

with a fluid substance. These molecular forces can either be favorable to liquid-solid 

contact or unfavorable. In cases where the solid’s surface chemistry attracts the liquid, the 

liquid will tend to spread across the solid, which is referred to as “wetting.” In cases where 

the solid’s surface chemistry repels the liquid, the material is said to be “non-wetting.” 

Thus, chemical potentials acting on the molecular level give rise to macroscopic forces that 

can push and pull fluid in a desired direction [50-52]. As a general term, forces associated 

with wetting and surface-interactions are referred to as “surface forces.”  

Surface forces acting on a liquid within the pores of a medium are, as mentioned 

earlier, capillary forces. One example of using capillary forces to create spontaneous, 

unidirectional, flow is in Janus membranes [53, 54]. Named after the two-faced Roman 
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god of beginnings and endings (thus, January ends one year and begins another), Janus 

membranes are so-called because one face of the membrane is hydrophobic (water 

repellant), while the obverse face is hydrophilic (water-attracting). This encourages one-

way flow of water from the hydrophobic side to the hydrophilic side. Where some spectrum 

of wettability exists, rather than this simple binary, there is said to be a “wetting gradient.” 

The feasibility of this technology is attested to by specialty applications of Janus 

membranes in liquid-liquid separations, flow batteries, and for breaking emulsions [55-57]. 

A striking example of capillary forces being used to direct the flow of water can be seen in 

the work of Raj [58, 59]. There, structured wetting gradients within a porous paper sheet 

enabled manipulation of the flow of biological samples, creating a paper-based 

microfluidic assay for medical testing inside a porous medium.  

Transport can occur not just within a certain material, but also between materials. 

In cases where two porous solids are brought into contact, then pulled apart, there is an 

opportunity to transfer fluid. Thus, there is a chance to use chemistry to achieve a desired 

outcome for transfer. Surface forces acting to hold fluid on the face of a material (or push 

it off) are called “adhesion.” Adhesion, which, as will be further elaborated upon, relies on 

more than just wettability, has previously been leveraged to control the transfer of fluid 

between paper substrates, for example in the work of Balu [60-62]. 
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Figure 1.4 3-D wetting gradients used to control flow of fluid in paper-based 

microfluidic circuit. Reproduced from Raj [58] 

 

 

 

Figure 1.5 Adhesion used to control transport of water between two paper substrates. 

Reproduced from Balu [63] 
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Relying on wettability (i.e. chemistry alone) to ensure unidirectional flow comes 

with certain challenges. Although passive operation is highly advantageous, one major 

drawback is that surface forces are relatively weak on larger length scales. In order to create 

materials with significant surface forces, smaller (and thus greater surface-to-volume ratio) 

features are necessary. Eventually, this requirement can run afoul of practicality, as 

delicate, micro-structured materials may not withstand the harsh conditions of life. The 

messy reality of life compromises surface chemistry in other ways, too. To be effective, 

chemical surface modifications need to maintain their purity. However, when employed in 

an application, surface treatments can quickly become contaminated, losing their utility. 

Furthermore, mechanical abrasion and chemical corrosion can destroy or alter the 

chemistry of the surface, making wettability control ineffective [64]. 

In addition to chemical methods, mechanical strategies can be employed to achieve 

unidirectional flow. The most straightforward example on the macroscale is a check valve. 

While there are several mechanisms commonly used to create check valves, they all work 

on the same basic concept. Fluid flowing in the allowed direction pushes open a channel 

which is biased, in the opposition direction, to otherwise remain closed. As long as fluid 

continues to push in the right direction, the channel remains open, and flow occurs. When 

flow stops or reverses course, the force needed from the fluid to keep the opening clear 

disappears, causing the channel to automatically close. The counter-force that 

automatically closes the valve is usually provided by a spring of some sort. 

Check valves can be scaled down to create mechanisms that ensure unidirectional 

flow in microfluidic applications. Many examples can be found which make use of 

microfabricated check valves. The main challenge associated with implementing this 
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strategy in a commercial, large-scale industrial application is that, once-again, materials 

with fine features are unlikely to withstand the wear and tear of harsh process conditions. 

Additionally, the time-scale of the mechanical closure response could limit the success of 

such designs when applied to processes with vanishingly short dwell times. 

A final note on mechanical strategies to prevent backflow should mention the 

fascinating possibility of a passive, mechanical flow-control device that uses no moving 

parts. First described by Tesla in 1920, the eponymous Tesla valve has been successfully 

used to regulate microfluidic flows, as well as macroscopic ones. By creating labyrinthine, 

tortuous paths for flow in one direction—with a relatively straightforward path for flow in 

the other—a bias in flow resistance is created [65, 66]. Unfortunately, the physical 

complexity of such structures prohibits their implementation in a press felt application.  

 

 

Figure 1.6 Passive check valve which poses low resistance to flow in the biased 

direction (a, c) but retards reverse flow (b, d). Reproduced from Nguyen [67] 
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1.5.2 Previous attempts at flow control felts in paper industry 

Various embodiments of the basic flow-control strategies mentioned have already 

been attempted by the paper industry. The immense gains that could come from eliminating 

rewet have established press fabrics with one-way flow properties as a sort of Holy Grail 

amongst papermakers—long and arduously sought, but as yet, to little avail. This thesis 

embarks anew upon that quest. Prudence, however, demands that we carefully consider the 

skulls—formerly filled with fanciful notions—strewn along this difficult path. Victims to 

the rapacious, merciless maw of feasibility, their fate serves as admonition and guidance. 

Creating a hydrophobic barrier within the press felt was one of the earliest strategies 

adopted to solve the issue [68]. Conceptually, this approach would work by leveraging 

capillary forces to retain water in the felt after decompression. The data available on 

Johnson and Shultz’s previous work in this area is limited, but the idea itself is a sound 

one. Essentially, the hydrophobic barrier strategy parallels the work alluded to from other 

applications where contrasts in wetting generate the surface forces necessary to direct flow 

in the desired direction. Questions unaddressed by prior studies in this area include: How 

strong would a wetting barrier need to be to prevent flow rewet? What are the design 

parameters that affect the strength of a wetting barrier? And, what values would they need 

to have an effect? These questions are considered in great detail in the second chapter of 

this thesis. 

Another attempt at using capillary forces to retain water in the felt was to make the 

felt as hydrophilic as possible. In one example, this was accomplished by Despault and 

Patterson via including regenerated cellulose filaments in the structure of the press felt [69, 
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70]. Basically, this makes the felt more closely resemble the structure and chemistry of the 

paper, reducing the preference water would otherwise have for the paper sheet over the 

felt. The limitations of this approach were that these finer filament structures were more 

subject to wear and that the felts themselves became more difficult to clean and dewater. 

To date, making the felt structure more closely resemble that of the paper has demonstrated 

the greatest improvement in reducing rewet, even if regenerated cellulose filaments are not 

used for the purpose. By creating smoother felt surfaces with finer filaments, felt 

manufacturers have shown modest reduction in rewet [71]. Because these developments 

have already run to their pragmatic limits, we aim to expand the scope of technologies 

available to these manufacturers. That is, we focus on evaluating less well-explored 

strategies that will hopefully synergize with their ongoing efforts. 

A third approach to reducing rewet was to include fibers with non-circular cross-

sections in the press fabric [68, 72]. Although it is difficult to find any published evidence 

of exactly how or to what extent this works, the idea likely hinges on improving the water’s 

adhesion to the felt surface by pinning the liquid contact line at the filaments’ sharp corners. 

In general, improving adhesion of water to the surface of the felt is a promising approach 

since most of the water refluxing from the felt to the paper comes from near the felt’s 

surface. Questions that remain to be addressed regarding this strategy include: How 

effective is pinning the contact line at improving adhesion? Are the resulting adhesive 

forces enough to prevent rewet? How do dynamic effects alter the efficacy of this 

approach? Investigation into the possibility of controlling adhesion is covered in the third 

chapter of the thesis.  
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A fourth strategy to mitigate rewet was to include a low-permeability flow-control 

layer within the felt [73, 74]. By decreasing permeability, resistance to flow is increased. 

This is effective at preventing significant reflux from the fabric over the short time scales 

of decompression. Unfortunately, the flow control layer is also effective at reducing flow 

into the felt from the paper during pressing in the first place. Because the ultimate goal of 

pressing is to remove as much water from the paper as possible, this strategy has not proved 

viable. 

A fifth approach stands out because, unlike the previous four strategies mentioned, 

it relies on a mechanical—rather than chemical—effect to achieve one way flow. Hansen 

aimed to design a press fabric with mini check valve-like structures in it that open during 

compression, allowing dewatering from paper to felt [75]. Upon expansion exiting the nip, 

these channels would restrict again, preventing flow. Although it was a highly creative 

solution to the problem, this approach was hampered by the (relatively) slow time response 

of channel closure, along with the tendency of these converging structures to clog. 

This thesis aims not only to resolve many of the questions posed by prior works, but 

also to develop a new—and highly promising—mechanism for unidirectional flow fabrics: 

one that relies on interfacial instabilities. To set the stage for these investigations, a review 

of the physics of wetting and flow in porous media is necessary. 
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1.6 Physics of wetting and flow in fibrous media 

1.6.1 Surface wettability 

The interaction between a liquid and a solid can be characterized in terms of the 

liquid-solid contact angle (CA). The boundary where this liquid, solid, and surrounding air 

meet is referred to as the three-phase contact line. Along this contact line, all three phases 

coexist in a state of thermodynamic equilibrium. The molecular interactions of the species 

in each phase acting in equilibrium give rise to a macroscopically observed angle at which 

the liquid contacts the solid [76, 77]. This concept, first described by Young, has found 

numerous applications in characterizing the chemistry of surfaces ever since its discovery 

almost a century and a half ago. 

The simplest way that the contact angle characterizes a liquid’s chemical interaction 

with a solid is through identifying its philicity/phobicity. In the case of water, a surface is 

said to be hydrophilic if water spreading on it exhibits a contact angle of less than 90°. This 

will happen if water has a chemical affinity for the solid surface. If water does not have a 

chemical affinity for the solid surface, then it will not wet it, and the observed contact angle 

will be greater than 90°. In that case, the surface is hydrophobic (i.e. water-repellant). 

Extreme examples of wettability, where the contact angle approaches 0° or climbs over 

150° may be referred to as superhydrophilic and superhydrophobic, respectively [78, 79].  

The static contact angle (SCA), just described, does not, however, give the full 

picture of a liquid’s interaction with the solid substrate. Non-equilibrium, or dynamic, 

contact angles are also possible. Departures from the static contact angle described by 

Young represent divergences from the equilibrium of chemical forces acting in balance. 
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This usually happens when some activation step inhibits the contact line from moving. A 

chemical contrast, sharp topography, or some other surface heterogeneity provides a place 

for the contact line to stick. This allows the liquid contact line to adopt a greater angle than 

that of equilibrium as it advances along the surface [80]. The maximum contact angle a 

liquid can sustain on a solid surface is therefore called the advancing contact angle (ACA). 

As the liquid recedes along this surface, the same heterogeneities prevent the contact line 

from retreating. The minimum angle a liquid can sustain on a surface is referred to as the 

receding contact angle (RCA). 

The difference between the advancing and receding contact angles is the contact 

angle hysteresis (CAH). A small contact angle hysteresis characterizes a surface that 

behaves most like the ideal model of wettability suggested by the static contact angle. A 

large contact angle hysteresis corresponds to a surface where the contact line experiences 

great difficulty moving in either direction. Such surfaces tend, therefore, to be sticky to 

liquids.  

When the liquid wets the inside of a solid pore, the contact angle the liquid makes 

with the solid surface is a crucial parameter in determining the capillary force acting on the 

liquid. Outlining the other parameters that contribute to this force, especially upon liquids 

in fibrous media, occupies the next section of the introduction. 

1.6.2 Capillary forces in fibrous materials 

Although my ultimate interest is in wetting barriers for a press felt application, the 

problem of understanding wetting barriers in fibrous networks generally is an interesting 



 22 

enough question to merit detailed investigation. Furthermore, there are insights from this 

study that can be applied to printing, packaging, and specialty papers, for example. 

Fibrous networks constitute a core class of porous media and include materials such 

as non-woven fabrics, electrospun mats, and papers. Their highly desired mechanical 

strength, flexibility, permeable structure, and scalable manufacture have led to applications 

in batteries, apparel, functional fabrics, liquid-liquid separations, and fluid barriers [81-87]. 

Understanding the wetting behavior of these materials, especially their wetting barrier 

properties, is key to successfully applying design principles and has been a key thrust of 

research [88-93]. 

The barrier performance of phobic fiber networks that resist liquid entry 

(hydrophobic in the case of water, oleophobic for oils, and lyophobic for solvents) can be 

characterized in terms of a critical breakthrough pressure. At applied pressures below the 

critical breakthrough pressure, liquid cannot enter the porous medium, and the material 

effectively resists wetting. At fluid pressures equal to and above the critical breakthrough 

pressure, the phobic barrier fails and liquid penetrates (schematic illustrated in Figure 1.7). 

Thus, a wetting barrier of correct strength would permit dewatering from the paper to the 

felt under high pressure and prevent reflux from the felt to the paper under a smaller, 

reverse pressure. 

The exact value of this critical breakthrough pressure is determined by liquid 

properties (surface tension), the solid structure (pore size and shape), and liquid-solid 

interaction (contact angle). The Young-Laplace equation relates the critical pressure, which 
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is a capillary pressure (∆P), to the interfacial tension (σ) and interfacial curvature (∇∙n) 

[94-96].  

∆𝑃 = −𝜎∇ ∙ 𝑛⃗     (1.3) 

While generally true, implementing this equation directly is inconvenient because one must 

determine the interfacial curvature inside a pore. Therefore, capillary forces are often 

estimated using models that approximate the interface as spherical (in the case of pores 

with circular cross-sections) or cylindrical (in the case of slotted pores) [97-99].  

 

Figure 1.7 Schematic illustrating critical wetting pressure in fibrous media. At low 

pressures, capillary forces exclude the fluid. Higher applied pressures overcome this 

barrier, resulting in wetting. 

The filamentous structure of fibrous networks produces fluid interfaces that 

resemble neither of these simple geometries. Their complex geometry poses particular 

difficulties to understanding, interpreting, and predicting wetting behavior [100]. For 

example, in non-woven materials, the interstitial space within the fiber network is an 

irregular, interconnected system of stochastically sized voids. The pore structure is also 
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reentrant, as the cylindrical cross-section of fibers causes the pores to widen when one 

moves further into a pore. Paper-based substrates, which constitute an important class of 

fibrous networks, present an especially challenging case because, in addition to stochastic 

voids, the fibers that comprise the network have significant variation in every dimension, 

including width, cross-sectional profile, and length. Amidst such complexity and 

randomness, there remains a need for insight into the physical parameters that influence 

the liquid barrier performance of these materials in various applications. 

The most conventional approach to describe capillary forces within porous media 

is to model the void space as a bundle of cylindrical pores. Doing so drastically simplifies 

the description of forced wetting because the critical breakthrough pressure can be 

represented by a simple, analytical form, appropriately called the cylindrical pore model 

[101]: 

     𝑃 =
− 4 𝜎 cos (𝜃)

𝑑𝑝
    (1.4) 

The breakthrough pressure (P) depends on the surface tension of the liquid (σ), its 

contact angle on the solid surface (θ), and the diameter of the pore (dp). While this model 

offers some basic qualitative insight —critical breakthrough pressure decreases with more 

wetting liquids and increases for smaller pores— it often fails to quantitatively predict the 

breakthrough pressure of entrant liquids through real materials. An additional challenge is 

to define the contact angle within the pore itself, because it can differ significantly from 

the apparent contact angle on the bulk material and because of a transition in the wetting 

regime at elevated pressures. That is, the fluid can switch from a Cassie-Baxter to a Wenzel 

wetting regime depending on the force applied [102]. 
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Since the cylindrical pore model often fails quantitatively, results are sometimes 

discussed in terms of an effective pore size, deff, which may differ from the material’s 

nominal pore size. By interpreting the experimentally measured breakthrough pressure 

with the model given by Equation 1.4, the effective pore size for wetting resistance may be 

found for any substrate and entrant liquid (Equation 1.5) [103]. Because this relies on back-

calculation from Equation 1.4, it offers little new information about the validity of using 

such an approach and may not be predictive of substrate wetting behavior in other 

scenarios. Incidentally, this technique is the basis of mercury porosimetry, in which case 

the highly non-wetting fluid minimizes discrepancies due to the subtleties of pore 

geometry.    𝑑𝑒𝑓𝑓 =
− 4 𝜎 cos (𝜃)

𝑃
     (1.5) 

The most advanced approach to modeling the breakthrough pressure of liquid 

through a fibrous network involves complex, computational simulations that can track the 

contact line and shape (i.e., curvature) of the liquid interface. While these analyses offer 

striking images and a direct visualization of what happens during liquid intrusion, they are 

often unwieldy in basic design applications and do not readily suggest physical 

interpretations for the observed phenomena [104]. 

An alternative model for fibrous networks was recently developed by Cimadoro et 

al [105]. Here, the network is modeled as a series of axially parallel cylinders separated at 

regular distances. The fiber cylinders have a radius (r) and a surface-to-surface separation 

distance of 2d (where d is half of the open space between fiber surfaces). The maximum 

pressure that a liquid interface bridging the interfiber gap can sustain in a multilayer 

structure is:   𝑃 =  
𝜎

𝑟[(𝐷∗
2−sin2 𝜃)

1
2+cos𝜃]

     (1.6) 
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where the symbols represent breakthrough pressure (P), liquid surface tension (σ), and 

contact angle of liquid on the fiber wall (θ); D* is a dimensionless spacing parameter,         

D* = 1+r/d. 

One advantage of this model is that it was developed from a more representative 

view of the fibrous network than simply an arrangement of cylindrical voids. While paper, 

for example, has neither perfectly circular cross-section fibers, nor consistent fiber size or 

fiber spacing, a great deal of physical insight can be garnered regarding the impact of these 

parameters on the real wetting behavior of hydrophobized fibrous networks. By 

comparison, the cylindrical pore model is unable to account for the effect of fiber radius 

and its corresponding reentrant geometry. In terms of design utility, the reentrant pore 

model has gained attention because of its convenient analytical form. Sufficiently complex 

to capture subtler, more intricate details of forced wetting, the equation is nevertheless 

simple enough for accessible analysis and intuitive understanding. 

1.6.3 Adhesion 

Surface forces can also dominate the transfer of water between separating surfaces, 

as is the case in separation rewet. The adhesive force holding a liquid droplet to a surface 

is the product of the length of the contact line between the liquid and solid and the receding 

contact angle of the liquid on the solid surface: 

     𝐹 = 2𝜋 a σ sin (𝜃𝑟)    (1.7) 

where a is the radius of the droplet-surface contact circle, σ is the surface tension, and θr is 

the receding contact angle of a the liquid on the surface. 
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Thus, the wettability of a surface is not the only deciding factor in droplet transfer; 

the contact area of the liquid on each surface is also very important. This creates an 

opportunity to manipulate transport in a desired direction, even if one surface is more 

wettable than the other. This is especially true for surfaces with a large difference between 

the advancing and receding contact angle (contact angle hysteresis). A greater contact angle 

hysteresis results in a surface that tends to be stickier to water, even though the static 

contact angle would characterize the surface as hydrophobic.  

Surface forces are not the only forces that affect transfer. Gravity, viscosity, and 

inertia all can contribute to droplet transfer, although inertia is the only other relevant force 

at the length and time scales present in an industrial press nip. The effect of inertial forces 

on droplet transfer is most evident when the two surfaces are pulled apart rapidly. The fluid 

mass’ resistance to motion alters the balance of liquid that is transferred to each surface. 

This effect can be used to create net movement of liquid from more hydrophilic 

surfaces to less hydrophilic ones, contrary to the incentive posed by surface wettability. 

However, there are limitations to this approach, as the droplet will tend to divide in half at 

best; at least some fluid always remains with the more hydrophilic surface.  

The effect of adhesion on the fate of a droplet becomes even more complex when 

liquid is permitted to absorb into the boundary, rather than just wetting its surface. This is 

the case in papermaking because both the felt and the paper web are porous. This 

complicates the issue, as flow and separation phenomena begin to occur simultaneously. 

Due to this complexity, a general discussion of separation with flux boundaries is 

entertained in the body of the thesis, especially as it relates to inertially-dominated transfer.  
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Figure 1.8 Liquid bridge adhering to two surfaces. The adhesive forces and the 

physical parameters contributing to them are illustrated. F is the adhesive force, r the 

radius of the contact line, and θr the receding contact angle. 

1.6.4 Interfacial instability 

An important consequence of Equation 1.3 is that surface tension acting on a liquid-

air interface will cause the interface to assume a minimal surface area. This is because 

deviations from the global minimum surface area give rise to pressure gradients within the 

fluid that push and pull it towards the most energetically favorable state. To illustrate this 

point, consider Figure 1.9. A fluid with a deformed interface experiences high pressure 

wherever the interface is convex and lower pressure wherever the interface is less convex 

(or even negative pressures wherever it is concave). The difference in pressure between 

these two areas causes fluid to flow, reducing the deformation and creating a more uniform 

interface. Thus, surface tension tends to act in such a way as to damp disturbances. This is 

important because many small disturbances are constantly introduced to the fluid air 

interface from the environment or from variation in the fluid itself. The consequence of 

surface tension is that these disturbances decay over time, resulting in an interface that is 

stable (i.e. tends to restore stasis after minor perturbations). 
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Figure 1.9 Deformations to the interface cause surface tension to create pressures that 

lead to self-correcting flow. Perturbations decrease with time, causing the interface 

to remain stable. 

The effect of surface tension on interfacial stability is complicated when 

considering a column of liquid. Everyone has seen that water smoothly flowing from a 

faucet creates a clean column of liquid. At a certain distance down from the tap, however, 

the stream suddenly changes from a smooth, cohesive jet to breaking up into many smaller 

droplets. What explains this phenomenon? To understand this behavior, consider that the 

liquid has a two-dimensional surface that can be described as having radial and axial 

directions (Figure 1.10). When the radius of the column is relatively large compared to its 

axial length, the liquid surface is stable. Under this geometry, surface tension tends to 

correct for minor disturbances perturbing the interface, as was previously discussed. Things 

change, however, when the column becomes too narrow. Because of higher curvature in 

the radial direction, disturbances to the interface now result in higher pressures in axially-

concave regions (Figure 1.10). This forms a positive feedback loop causing the disturbance 

to grow over time, rather than shrink. Thus, the miniscule variations always present at the 

interface grow exponentially with time, eventually breaking the stream apart [106, 107]. It 

is interesting to reflect that surface tension can have either a stabilizing or destabilizing 

effect on the interface, depending on a slight change in geometry.  
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Figure 1.10 Schematic showing onset and growth of the Plateau-Rayleigh instability. 

Constriction of the column creates high pressure in the concavity of the disturbance, 

pushing fluid out and increasing the concavity. This process accelerates until droplet 

pinch-off. Figure reproduced from Rapp [108] 
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CHAPTER 2. LIQUID REPELLENCE OF PHOBIC FIBER 

NETWORKS1 

2.1 Background and scope 

The wetting behavior of fiber networks, which are central to many research and 

industrial applications, can be difficult to predict accurately, owing to their complex, 

heterogeneous structure. The cylindrical pore model, widely used to interpret and predict 

the forced wetting of hydrophobic porous materials, often does not yield correct results 

when working with fibrous networks like paper substrates and non-woven fabrics. This is 

because these materials exhibit variation in pore size, fiber length, and fiber diameter, as 

well as a reentrant pore geometry. Quantitative prediction of the critical wetting resistance 

of hydrophobized papers to arbitrary entrant liquids requires a more sophisticated 

analytical approach that considers this unique fibrous structure and the effect of stochastic 

variations within the pore matrix. In this chapter, I directly measure the critical 

breakthrough pressure for different porous substrates across variously wetting entrant 

liquids. To isolate the effects of structure and stochastics on critical wetting behavior of 

fibrous networks, I analyze additional materials strategically chosen for their subsets of 

structural features. Ultimately, I formulate a method that demonstrates physical 

reasonableness, numerical accuracy, and ability to elucidate the effects of pore size, pore 

size distribution, fiber diameter, fiber diameter distribution, surface wettability, and liquid 

                                                 
1 Material from this chapter was published in:  

Dudick, S., D.W. Hess, and V. Breedveld, Liquid Repellence of Phobic Fiber Networks. Langmuir, 2022. 

38(23): p. 7357-7364. 
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surface tension on critical breakthrough pressure of liquids through hydrophobic fibrous 

networks. 

2.2 Experimental methods 

2.2.1 Materials 

Whatman Nuclepore™ track-etched polycarbonate membranes of nominal pore 

size 12 μm, 5 μm, and 2 μm were used. Metal meshes with nominal openings of 74 μm, 37 

μm, and 11 μm were obtained from McMaster–Carr. The paper samples tested were 

Whatman chr17 chromatography paper, Q5 filter paper (Whatman), and Q2 filter paper 

(Whatman). The nylon non-woven came from a press felt used in papermaking: a tissue-

grade felt manufactured by AstenJohnson. Deionized water, a solution of 35 wt.% ethylene 

glycol in water, and ethylene glycol (Sigma-Aldrich) were selected as probe liquids; at 

room temperature the surface tension of each liquid is 72.8 mN/m, 59.5 mN/m, and 46.3 

mN/m, respectively. Formamide, diiodomethane, an aqueous SDS solution prepared at 1.5 

times the critical micelle concentration, and Kaydol 35 mineral oil were used to test the 

predictive power of our method for wetting resistance of a paper sample to arbitrary liquids. 

Their surface tensions are 58.2 mN/m, 50.8 mN/m, 38.5 mN/m, and 31.3 mN/m, 

respectively. 

2.2.2 Plasma treatment 

A 6-inch parallel plate plasma reactor was used to hydrophobize the samples by 

plasma assisted vapor deposition of a fluorocarbon film from a pentafluoroethane (PFE) 

precursor. Further details concerning the reactor configuration can be found in previously 
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published papers [109-112]. Flows of 75 sccm Argon and 20 sccm PFE were used to 

establish a reactor pressure of 1.4 Torr; depositions were performed at 110 °C. An RF 

power of 100 W was applied to the upper electrode for 1 min to deposit and covalently 

bond a ~100 nm fluorocarbon coating (as measured on a flat, non-porous silicon wafer) on 

each porous substrate.   

2.2.3 Contact angle 

Contact angles were measured on a 290 model ramé-hart goniometer by introducing 

4 μL of probe liquid. The static contact angle was fitted by DROPimage, the analysis tool 

native to the instrument. Increasing droplet volume was used to determine advancing 

contact angle, while retracting droplet volume was used to determine the receding contact 

angle. The difference between these two, the contact angle hysteresis, characterizes the 

droplet adhesion to the surface. 

2.2.4 Breakthrough cell 

To measure the critical entry pressure of the hydrophobic porous materials, the 

apparatus depicted in Figure 2.1a was developed; this unit will subsequently be referred to 

as the breakthrough cell, or Bcell. Probe liquid is introduced into the column, and a spring 

clamps the sample to the base of the column to ensure a good seal. A syringe pump 

functions as a piston to generate air pressure above the probe liquid. The piston head 

plunges at a constant linear speed, increasing the pressure within the apparatus over time. 

When the fluid pressure inside the column reaches a critical value, it penetrates the porous 

material, and a camera aimed at the sample’s bottom surface records the event. Transport 

time through the material can be neglected because the substrate is thin, and because the 
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pressure ramps slowly. To show that the measured breakthrough pressure does not depend 

on flow resistance or delay due to transport through the thin layer of material, the 

breakthrough pressure of water on two different substrates was measured for varying 

pressurization rates (Table 2.1).  

Table 2.1 The breakthrough pressure of water on two hydrophobized papers was 

measured at different average pressurization rates to show that transport delays and 

flow resistance do not significantly affect the measurement 

 

By synchronizing the video with the piston position, the precise value for the 

critical breakthrough pressure of a probe liquid through the material is determined. An 

example of this breakthrough determination is presented in Figure 2.1b. Liquid penetration 

through the material can clearly be identified from contrast changes. 

  

Average rate of 

pressurization 

(kPa/min)

Chromatography Q5 filter

0.55 7.2 12.3

1.7 6.6 12.2

5.5 7.2 11.9

17 7.1 11.6

55 6.8 12.6

average across 

all replicates
7.0 12.1

95% confidence 

limit
± 0.3 ± 0.5

0.41 0.74

Breakthrough pressure measured 

(kPa) [5 replicates per entry]

ANOVA p-value                                       

(p > 0.05 signifies no statistical difference 

between pressurization rates)
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2.2.5 Imaging  

A Zeiss Ultra 60 scanning electron microscope (SEM) was used to image the 

samples. ImageJ image analysis software was used to determine the dimensions of features 

in track-etched membranes and paper substrates.  

 

 

Figure 2.1 (a) Bcell: the apparatus used to directly measure the critical breakthrough 

pressure of hydrophobized porous media. A syringe pump increases the pressure 

above the probe liquid over time. When critical pressure is reached, the wetting is 

observed in synchronized video. (b) Brightness sharply decreases when liquid 

penetrated to the bottom surface. 

2.3 Results and Discussion 

2.3.1 Track-etched membranes: cylindrical pores with stochastic variation 

To validate the experimental approach and to justify the analytical methods 

employed for more complex materials, the problem of critical breakthrough pressures is 

first simplified by considering the forced wetting behavior of track-etched membranes. As 

seen in Figure 2.2, pores in the track-etched membranes are mostly cylindrical, although 

there are some irregularities, the effect of which will be discussed later. The pores are also 

through-pores, created by irradiating the polycarbonate film with an ion beam [113]. That 
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is, transport of entrant liquid occurs in single channels through the membrane, without 

having to navigate a network of interconnected voids. For such a case, use of the cylindrical 

pore model is well-justified, as its assumptions are met. 

The effective pore size deff (Equation 1.5) represents the characteristic material 

dimension that resists wetting and provides a basis for comparison between the material’s 

actual and nominal pore size. The surface tensions of the entrant liquids are well known, 

and the breakthrough pressure is easily measured by the Bcell. Results are shown in Figure 

2.3a. Measuring the contact angle of each entrant liquid on a flat, PFE (fluorocarbon) 

coated silicon wafer means that the liquid contact angle on the pore’s PFE-coated surface 

is also well-defined. Regardless of the surface chemistry of the original substrate, only its 

structural properties (pore shape and size) are retained after coating. 

 

 

Figure 2.2 SEM of track-etched membranes of nominal sizes 2 µm (a), 5 µm (b), and 

12 µm (c). Note the nearly cylindrical pores which permeate the medium. The 

presence of multi-core pores (see red highlight in (a)) results in an effective pore size 

greater than the nominal pore size. 
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Figure 2.3 (a) Critical breakthrough pressure of liquids through track-etched 

membranes with different pore sizes. Water (W), 35 wt.% water in ethylene glycol 

(W/EG), and ethylene glycol (EG) were used. (b) Deviation of effective pore size from 

nominal. Error shows spread in effective pore size across the three probe liquids 

tested, pooled standard deviation over 15 individual replicates per membrane. 

Using the cylindrical pore model, the various critical pressures can be represented 

as an effective pore size. Each membrane has a calculated effective pore size within 20% 

of a mean value common across the probe liquids used. This means that the cylindrical 

pore model captures the variation in critical breakthrough pressure with pore size and 

wettability. However, quantitatively, the effective pore size is consistently larger than the 

nominal pore size by approximately 55% across the three membranes tested (Figure 2.3b). 

This suggests that the characteristic pore size that determines critical entry pressure differs 

slightly from the nominal pore size in the membrane. A stochastic view of the 

microstructure of the membranes clarifies the cause. Because a larger pore diameter 

corresponds to a lower wetting resistance, the barrier to wetting will fail first at the upper 

end of the pore size distribution. The presence of multi-core pores, highlighted in Figure 

2.2a, explains the observation that the effective pore size based on the wetting analysis is 

consistently larger than the nominal pore size of the membrane.  
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2.3.2 Metal meshes: regular, filamentous pores 

The next layer of complexity that can be considered is a regular, well-defined 

structure that exhibits reentrant pore geometry. The experimental and analytical method is 

thus extended to consider a more complex porous system. Metal meshes constitute a single 

layer of intercrossed filaments. They are highly uniform: both the wire diameter and wire 

spacing exhibit little variation, as seen in Figure 2.4. Thus, stochastic effects can be ignored 

when interpreting the results of these experiments. 

 

Figure 2.4 Optical microscope images of metal meshes, sized 37 µm (a) and 11 µm (b). 

Note the regular, well-defined structure and curved pore walls 

The critical breakthrough pressures measured for hydrophobized metal meshes 

are summarized in Figure 2.5a. One order of magnitude range in pressures is observed. 

Interpreting these measurements in terms of the effective pore size again requires 

supplying a value for the contact angle of the entrant liquid on the treated wire surface. 

As before, it is reasonable to expect that for a smooth wire surface coated with PFE, the 

contact angle of each liquid is similar to its contact angle on a smooth PFE-coated silicon 

wafer. Indeed, the apparent contact angles on the hydrophobized meshes agree with the 

Cassie-Baxter values [114] calculated from the manufacturer-specified wire/spacing area 
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fractions and the contact angle measured on a flat PFE surface (Figure 2.5). The slope 

does not statistically deviate from 1 (m = 0.93 ± 0.16) and the correlation is strong (R2 = 

0.98).   

However, the cylindrical pore model does not reduce the wetting behavior of each 

mesh to a similar effective pore size, as it did for the track-etched membranes (Figure 

2.6b). Each probe liquid enters with a critical pressure that diverges from the predictions 

of the cylindrical pore model in a non-linear way. Notably, the more non-wetting the 

fluid, the more closely it matches the cylindrical pore model. Water entry, for example, 

exhibits effective pore sizes numerically close to the nominal pore size of the mesh. 

Looking at the series of fluids, the failure of the model cannot be attributed to statistical 

variation in the mesh structure –which, as discussed, is uniform – but rather to its 

inability to capture the complex curvature of the fluid interface within these pores. The 

curvature of the wires that form the pore walls plays a key role in determining the real 

critical entry pressure of the liquids. Therefore, no single fix factor can be applied; as a 

result, Equation 1.6, which accounts for the maximum pressure sustained between 

parallel filaments, is used.  
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Figure 2.5 1:1 plot comparing the experimentally measured apparent contact angle 

on meshes (x-axis) to the apparent contact angle predicted by the Cassie-Baxter 

equation (y-axis). The line represents the relation y = x. Squares represent points for 

the 11 µm mesh, circles for 37 µm mesh. Colors represent droplets of different liquids: 

black (ethylene glycol), blue (diiodomethane), green (35 wt.% ethylene glycol in 

water), and purple (water). Experimental error lies within the data points. 

 

Figure 2.6 (a) Critical breakthrough pressure of various liquids through phobized 

metal meshes. (b) Effective cylindrical pore sizes of meshes for each liquid. 

Differences between liquids highlight a failure of the cylindrical pore model. 
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Figure 2.7 1:1 plot of critical pressure predicted by reentrant model vs. those observed 

by direct measurements. Purple corresponds to water, green to W/EG mixture, and 

black to EG. Squares, circles and triangles correspond to 11 µm, 37 µm, and 74 µm 

meshes, respectively. The line represents the line y = x. Errors fall within the data 

points. 

Choosing this model for the treated metal meshes, quantitative agreement is 

obtained with the experimental data (Figure 2.7). The reentrant pore model effectively 

captures the variation in critical entry pressure with wire diameter, wire spacing, liquid 

surface tension, and liquid-surface contact angle. Such a result builds confidence in the use 

of this model to describe the wetting barrier of filamentous substrates. While the equation 

is valid for perfectly regular meshes, an intriguing possibility is application to random fiber 

networks, such as non-woven fabrics and papers. 

2.3.3 Forced wetting of hydrophobized paper substrates 

Next, we therefore apply this approach to the forced wetting behavior of an even 

more complex filamentous structure: paper. As seen in the scanning electron micrographs 

(Figure 2.8) paper has a reentrant pore structure and a distribution in both fiber spacing and 
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fiber diameter. The physical complexity of this material has presented a significant 

challenge in understanding its resistance to wetting. Fortunately, insights can be leveraged 

from the prior model materials: track-etched membranes and metal meshes. With a 

combined view of both the effect of a unique pore geometry on the liquid interface 

curvature and of stochastic variations in that geometry, a physical interpretation of this 

complex system emerges with predictive quality. From a design perspective, the fiber 

spacing, variation in fiber spacing, fiber diameter, surface wettability, and liquid properties 

all play a key role in determining the wetting resistance of a fibrous network. 

 

Figure 2.8 SEM images of paper samples: chromatography paper (left), Q5 filter 

paper (center), Q2 filter paper (right) 

The first challenge associated with predicting the wetting behavior of an entrant 

liquid is determining the contact angle of the entrant liquid on the treated fiber surfaces 

within the pores. To that end, Figure 2.9 compares the contact angle on the surface of 

treated papers with what would be expected if the surface of a PFE coated fiber wets the 

same as a flat, PFE coated silicon wafer. The apparent contact angles on PFE-deposited 

papers are indeed consistent with the Cassie-Baxter model based on the paper porosities 

and the contact angles of the liquids on a flat PFE wafer. This implies that using liquid-

PFE contact angles for the contact angle of entrant liquids on the surface of the fiber is 

justified. 
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Figure 2.9 Apparent contact angle measurements on the paper surface agree with the 

assumption that liquid-solid interaction on a PFE coated fiber is similar to the liquid-

solid interaction on a flat, PFE coated silicon wafer. Shapes correspond to 

chromatography paper (circle), Q5 filter paper (square), and Q2 filter (triangle). 

Colors correspond to water (purple), 35 wt.% ethylene glycol in water (green), and 

ethylene glycol (black). The slope is not statistically different from 1 (m = 1.08 ± 0.11) 

and the correlation is strong (R2 = 0.98). Errors fall within the data points. 

  Across the differing paper samples and entrant liquids, more than an order of 

magnitude in critical breakthrough pressures is observed. Understanding how the wetting 

resistance varies with paper structure and liquid properties, which is essential in terms of 

design, requires quantitatively relating the parameters via an appropriate physical model. 

These data cannot be interpreted in a consistent way using the cylindrical pore model, as 

shown in Figure 2.10a. The lack of agreement in effective pore size, both among entrant 

liquids and compared to porosimetry, suggests that the cylindrical pore model fails to 

capture the effects of key material parameters on the critical breakthrough pressure, as was 
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seen in the case of metal meshes. Based on the success of the reentrant pore model in 

interpreting the wetting of metal meshes, it is applied to the paper substrates as well.  

How to choose or fit the fiber width in implementing the reentrant pore model is 

not obvious, however. In the case of the metal mesh, the wire diameter is well defined. 

However, the paper samples exhibit a considerable degree of variation in this respect. 

Referring once again to the scanning electron micrographs of the paper samples in Figure 

2.8, the fiber width varies from fiber to fiber. Image analysis is conducted to determine 

both the average fiber width and standard deviation for the paper samples (Figure 2.10c). 

The two filter paper samples had very similar distributions and are therefore plotted as a 

single series. In all cases, the standard deviation in fiber width is approximately 50% of its 

mean—a significant variation. The median fiber diameter is used in implementing the 

reentrant pore model, an approach justified by the consistency of results. The effect of 

variability in the fiber width distribution is considered later. 
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Figure 2.10 (a) Cylindrical pore analysis and (b) reentrant pore analysis for three 

different paper substrates and three test fluids (water, water/ethylene glycol mixture, 

ethylene glycol). The underlying material structure cannot depend on entrant liquid, 

as is suggested by (a), highlighting the insufficiency of the cylindrical pore model; 

reentrant pore analysis, (b), shows consistent fiber spacing values for all liquids, with 

the dashed lines denoting the average pore size. (c) Fiber width distribution obtained 

from SEM image analysis. (d) Mercury porosimetry data for paper samples. 

Differential intrusion measurements show a greater average pore size for 

chromatography paper vs. the filter papers. The singular effective pore size for 

wetting resistance, found from direct breakthrough pressure measurement and 

analysis via the reentrant pore model (see (b)), lies in the upper tail of the distribution 

for each sample. 
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Next, using the critical breakthrough pressure, contact angle, and fiber width, the 

reentrant pore model is used to interpret the data in terms of an effective fiber spacing 

(2d)—analogous to pore size. By this method, the effective pore size is nearly constant 

(Figure 2.10b). The average for each substrate is denoted with a dashed line. The error bars 

represent the effect of fiber width variation. Setting the fiber width one standard deviation 

higher or lower than its mean and solving for fiber spacing results in the limits seen. Such 

consistency across all entrant liquids implies that the model captures the observed wetting 

behavior of the system quite well. Comparing this effective pore size to the distribution 

obtained from mercury porosimetry (Figure 2.10d), it is found that the upper tail of the 

distribution determines the wetting resistance—a fact in accord with the stochastic 

interpretation developed in analyzing the track-etched membranes. Roughly, the 10-15% 

largest pores by volume fraction are responsible for the critical breakthrough behavior in 

the random network.  

Once the effective pore size and fiber width for a given fiber network are known, 

the reentrant model can be used to predict the wetting resistance towards arbitrary liquids. 

In Table 2.1, we show the wetting resistance of phobized filter paper to a diverse range of 

liquids. These liquids were chosen to cover a large scope in surface tension and types of 

molecular interactions, to determine the generalizability of this approach. Notably, the 

breakthrough pressures predicted by the reentrant model are in good agreement with those 

that were measured directly. Since we relied only on known material properties and 

structural parameters, and not on any empirical factors, the agreement is a compelling 

result. This is a tremendous improvement over the cylindrical pore model for these 

materials; as shown also in the table, the cylindrical pore model yields large quantitative 
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errors when predicting the wetting of formamide and diiodomethane, and even 

qualitatively misses the wetting behavior of the SDS solution and the mineral oil. In these 

latter cases, spontaneous wetting is predicted by the model—as indicated by the negative 

sign for critical entry pressure-, while the fibrous network is in fact able to resist wetting 

due to the reentrant geometry of its pores.  

Table 2.2 Predicted wetting resistance of various liquids for the Q5 filter paper, 

compared to experimental values. The critical entry pressure for water serves as the 

basis for calculating predicted entry pressures via the cylindrical pore model. 

Predictions for the reentrant model were made using Equation 1.6, utilizing the 

structural parameters for Q5 filter found in earlier analysis. 

 

2.3.4 Application of wetting barriers to press fabrics 

To show that the stochastically-informed reentrant model is useful for a wider range 

of fiber networks beyond paper, we analyzed the wetting resistance of a phobized nylon 

non-woven that is used as a support fabric in papermaking, imaged in Figure 2.11a. The 

physical features of this material, fiber spacing and fiber diameter, are about an order of 

magnitude larger than those of the filter papers tested. Therefore, the wetting resistance of 

this material is quite small, about 1.5 kPa for water. Still, similar results were found as for 

the other fiber networks studied. Reentrant pores more effectively resist the entry of 

wetting liquids than would otherwise be expected with cylindrical pores. Across the probe 

liquids tested, the reentrant model once again relates the wetting behavior to underlying 

 liquid description 
 σ 

(mN/m) 
 θc 

 predicted P 

(cyl., kPa) 

 predicted P    

(reen., kPa) 

 measured P 

(kPa) 

water polar liquid 73 108° 12.1 ± 0.5

formamide polar liquid 58 94° 2.2 9.3 9.5 ± 0.3

diiodomethane nonpolar liquid 51 92° 1.0 8.2 8.6 ± 0.2

SDS solution [surfactant] > CMC 39 72° - 6.5 4.9 4.5 ± 0.6

mineral oil paraffinic oligomer 31 61° - 8.1 3.7 2.9 ± 0.4
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material parameters more consistently, while the cylindrical pore model fails to yield a 

meaningful, consistent pore size (Figure 2.11b).  

 

Figure 2.11 (a) Optical micrograph of nylon non-woven fabric. (b) Effective pore size 

for phobized nylon non-woven, comparing two analytical models, the cylindrical pore 

model (Equation 1.5) and the reentrant pore model (Equation 1.6), for three test fluids 

(water, water/ethylene glycol mixture, ethylene glycol). 

Now that I know how to accurately predict the capillary barrier needed to prevent 

flow in a fiber network, wetting gradients as a tool for enhanced dewatering can be 

attempted. To test this, untreated chromatography paper will be pressed with a commercial 

felt, at a pressure of 10 MPa. The details of the pressing apparatus—along with the formal 

definition of the sheet’s water content—are described in Chapter 4. To summarize the 

experimental procedure, the initially dry chromatography paper is wetted with twice the 

mass of water as fiber (moisture ratio, MR, equal to 2). The paper is laid on a press felt, 

and the two are sandwiched between two steel plates. Force is applied to the plates with a 

screw clamp, of the type found in any woodworking shop. A force sensor, combined with 

fixed area of samples (half square inch), allows the targeted pressure of 10 MPa to be 
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applied with precision. After pressing, the mass of the dewatered sheet is measured to 

determine its moisture content. The amount of water remaining in the paper is then 

normalized to the sheet’s oven dry weight (definition of moisture ratio). Thus, a sheet that 

has undergone better dewatering will have a lower moisture ratio.  

Three press felt designs were tested via this method, with the results summarized 

in Figure 2.12. First, a conventional press felt served as the control. This established a 

reference for dewatering compromised by rewet. Second, a press felt with a suitably strong 

wetting barrier was used. To create this felt, a fiber network with finer features than the 

chromatography paper would have to be created, hydrophobized, and attached to the 

surface of the felt. To implement this design in a proof-of-concept, lab-scale test, I first 

hydrophobized a filter paper, which can exert twice as strong capillary forces as the 

chromatography paper, based on previous analysis. This phobic filter was then laid 

between the chromatography paper and press felt during pressing. The third press “felt” 

consists of a thick stack of paper blotters. The purpose of this configuration is to establish 

the theoretical limit of dewatering in the absence of rewet. Details about how the blotters 

work are covered in the fourth chapter, which deals with benchtop pressing at length. For 

now, it may be taken for granted that the blotters simulate a perfect press felt: one that 

permits no rewet.  

Figure 2.12 shows that a sheet pressed with a standard press fabric is significantly 

wetter than one pressed against blotters. This indicates that rewet can result in a sheet with 

more than twice as high a moisture content, at least when pressed on the lab-scale. Granted, 

the experimental conditions chosen tend to exaggerate the phenomenon of reflux, 

compared to what would likely be seen in an industrial press nip. This is because the felt 
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remains in contact with the paper web for a long time after decompression (order of 

seconds). However, conditions that pronounce this phenomenon are actually helpful in the 

investigative phase of this project, because they allow for a clearer delineation of effects. 

 

Figure 2.12 The effectiveness of using wetting gradients to prevent rewet is assessed. 

Chromatography paper initially at MR = 2 was pressed at 10 MPa for these 

experiments. The unmodified press felt resulted in the worst dewatering as the sheet 

pressed with it had the highest moisture content after pressing. Blotters were used to 

simulate a press felt that completely prevents rewet. The hydrophobic barrier 

prevented some, but not all, rewet. 

Introducing a hydrophobic control layer to the felt was successful in mitigating 

rewet. The moisture content of the sheet pressed with this felt design was significantly 

lower than that of the control press fabric. The moisture ratio of the dewatered sheet was 

about 1, compared to its initial value of 2. First, this demonstrates that dewatering is 

possible through the hydrophobic barrier at the relatively high pressures applied. 10 MPa 
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of applied stress was sufficient to push water through the phobic filter, which had an 

estimated critical wetting pressure of only about 15 kPa. Second, the felt with the wetting 

gradient was able to decrease the amount of reflux to the sheet, compared to the control. 

Interestingly, the felt with an adequately large wetting barrier did not completely eliminate 

rewet, as can be seen by comparison to the blotters.  

I speculate that the reason for this revolves around the forced wetting of the 

hydrophobic barrier during dewatering. By forcing water into this hydrophobic fiber 

network at high pressures, cavities on the rough fiber surface may be partially wetted. This 

would result in a small amount of liquid remaining in some pockets of the phobic region 

during decompression. The existence of residual water in the network provides a path for 

reflux through the otherwise repellant wetting barrier. Essentially, the barrier might be 

short-circuited by the presence of these wetted channels. 

Another reason to reconsider the effectiveness of using wetting gradients to 

improve dewatering is that a layer with rather small pores had to be introduced to the 

surface of the felt to get strong enough capillary forces. According to Equation 1.1, this 

results in a higher resistance to flow. In the benchtop press used in these experiments, a 

higher flow resistance does not impact dewatering because of the relatively long time the 

sheet is pressed. However, higher resistance (and thus slower flow) drastically 

compromises dewatering in an industrial press nip because of the short dwell time. 

Additionally, the smaller fibers needed for a strong enough wetting barrier are more subject 

to wear under the abrasive process conditions of the application. For these reasons, 

additional strategies need to be explored to control the transfer of fluids between fibrous 

materials.  
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2.4 Conclusions 

This portion of the thesis has focused on the wetting of various phobic materials, 

particularly paper substrates as they represent the most challenging of complex fibrous 

materials for which to interpret and predict wetting behavior. By using more uniform and 

homogeneous substrates (track etched membranes, metal meshes), a semi-quantitative 

understanding of the factors that influence wetting resistance was established. Results from 

these studies were used to identify an analytical approach for heterogeneous systems such 

as paper and non-woven fabrics. The fiber diameter and variation in pore diameter are as 

impactful as other material parameters, even though more conventional models may only 

consider average pore diameter and surface wettability. The wetting resistance of a fiber 

network to arbitrary liquids can be accurately predicted a priori, by a calculation based only 

on liquid properties and the network’s structural parameters. This was true for a broad 

range of liquids with widely ranging surface tensions and intermolecular forces. I proved 

the applicability of this approach to fiber networks with features on the scale of 2 µm, all 

the way to fiber networks with features on the scale of 100 µm. In systems with well-

defined filaments (such as electrospun mats, non-wovens, etc.), these insights could 

provide highly useful information regarding design parameters and performance of 

engineered materials. 

While a wetting barrier with sufficient capillary forces could prevent some rewet, 

at least some water still refluxed to the sheet during decompression. Furthermore, practical 

issues stemming from the decreased permeability and increasing sensitivity to wear 

preclude this approach from being implemented in the press section of a paper machine. 

Clearly, additional techniques need to be investigated to eliminate rewet.  
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CHAPTER 3. ADHESIVE TRANSFER OF FLUIDS BETWEEN 

FIBER NETWORKS 

3.1 Background and scope 

As described in the introductory Chapter 1, two transport phenomena are primarily 

responsible for rewet: flow and separation rewet. In Chapter 2, the possibility of using 

wetting barriers to prevent reflux from the press felt was investigated. Conceptually sound, 

the physics of this approach were elucidated in such detail that a successful demonstration 

was performed on the lab-scale. However, practical limitations to implementing this 

strategy at scale in a manufacturing process were identified. Control over capillary forces 

within the felt alone does not suggest an immediate path to eliminating rewet. 

Fortunately, a review of literature on the subject suggests that separation rewet is 

likely to be as significant as flow rewet, at least in state-of-the-art machines [115]. 

Evidence suggests that the majority of water refluxing to the sheet comes from the surface 

layer of the felt or from space between the felt and paper web. However, the distinction 

between water at or near the felt surface is difficult to make because of the fibrous nature 

and deformability of the felt and sheet. Nevertheless, the observation suggests that there 

may be an opportunity to use surface forces to control the fate of fluid transport in these 

scenarios. Controlling the adhesion of liquid to fiber substrates is the starting premise for 

this chapter. Of primary interest is the transfer behavior of liquids from paper surfaces to 

surfaces of contrasting wettability. The effects of droplet shape (contact line pinning), 

inertial forces, and flux into a porous boundary will all be explored. 
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I show that a wide variety of techniques are available to control transfer of liquids 

between separating surfaces. In one notable example, a water droplet can be encouraged to 

preferentially transfer from one surface to another simply by altering the distance to which 

the surfaces are brought together before being pulled apart. No special patterning, 

topography, or switchable chemistry is needed to achieve this control. I show also how 

changing the speed of separation can enhance transport of liquid from hydrophilic surfaces 

to hydrophobic ones, going against the wetting gradient. Extension of the strategies 

developed in this study to the extreme operating conditions in a paper machine press nip is 

unfortunately neither obvious nor practical, as will be shown in the discussion. The 

findings, however, could be useful to control fluid transport in other applications involving 

porous substrates. For example, water-repellant fabrics, electrospun membranes, personal 

protective equipment, flow battery electrodes, and environmentally-friendly packaging. 

A general introduction to the influence of wetting and contact line conformation on 

adhesion of liquids to surfaces was given in the introduction. This chapter aims to focus 

that broader background into more specific insights that can be used to control transfer of 

liquids in a press section. Based on previous work done in this area, it is well known that 

tools like patterning and modification of surface topology can be leveraged to control 

transport. However, I was curious what can be done with the intrinsic features of fibrous 

materials alone as these insights would be most informative for guiding press fabric design. 

Furthermore, the lack of data in the existing literature on liquid transfer specifically 

between fibrous media justifies honing in on that class of materials. Therefore, the 

experimental approach in this chapter was tailored to show the immense degree of control 

available over liquid droplets partitioning between separating surfaces, using tools intrinsic 
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to fiber networks. Whether by leveraging the geometry of the fibers themselves, the fibrillar 

nanostructure of cellulose, inertial and viscous forces inherent to the liquid, or any 

combination of these, a surprising degree of control over the transfer of liquids between 

separating fiber networks can be reached.  

3.2 Experimental Methods 

3.2.1 Surface treatment 

The same chemical-assisted plasma vapor deposition reactor detailed in Chapter 2 

was used to create surface modifications for exploring the effect of adhesion on droplet 

transfer. Here, an additional tool available in the reactor, not previously mentioned in this 

thesis, was employed to change the contact angle hysteresis of the fluorocarbon-deposited 

paper substrates. By first subjecting the paper samples to an oxygen plasma etching 

pretreatment, the microscopic morphology of the fiber surface can be manipulated [116-

118]. Because the cellulose fibers are composed of both crystalline and amorphous 

domains, there is a variation in reactivity across the fiber surface. When an oxygen plasma 

is introduced, it reacts selectively on the more vulnerable amorphous domains. This process 

etches away amorphous domains on the fiber surface, increasing its microroughness [119, 

120]. A fluorocarbon film deposited on a surface with such hierarchical roughness will 

exhibit a smaller degree of contact angle hysteresis. This is because the wetted area of the 

surface is reduced and because the three-phase contact line is pinned at finer intervals 

[121]. The relatively smaller jumps the contact line must make to advance or recede along 

the surface reduces the amount of hysteresis [122-125].  
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Figure 3.1 illustrates the reactor’s ability to precisely control the contact angle 

hysteresis by adjusting the extent of oxygen etching pretreatment. Without pretreatment, 

the fluorocarbon-deposited paper exhibits a contact angle hysteresis of about 130°. 

Although the paper is hydrophobic, a water droplet will remain fixed firmly on its surface, 

even if the paper is turned upside-down or shaken, due to the relatively low receding 

contact angle. After an hour of 15 sccm oxygen flow at 110 °C, with the reactor powered 

at 100 W, the advancing and receding angles of the subsequently-hydrophobized paper 

have converged to a narrow window around the static contact angle. At this near-zero level 

of hysteresis, it is difficult to get a water droplet off the pipette tip onto the paper, and the 

water droplet will glide off the sheet if it is tilted even slightly.  

 

Figure 3.1 The contact angle hysteresis (difference between advancing and receding 

contact angles) on a paper substrate can be controlled by oxygen etching prior to 

fluorocarbon deposition. High-adhesion paper (HAP) and Low-adhesion paper 

(LAP) have the same level of hydrophobicity (static contact angle) but very different 

interactions with liquids. 
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3.2.2 Transfer experiments 

To conduct transfer experiments, an apparatus called the Transfer Cell, or TCell, 

was developed (Figure 3.2). The tool consists of two parallel plates, the upper of which is 

moved by a position feedback controlled electric linear actuator (Actuonix P16-P 100mm 

stroke 64:1 gearing). Thus, the displacement (separation distance) between two surfaces 

can be precisely controlled. The controller parameters also enable some adjustment of the 

separation velocity, which is important for assessing the effects of inertia on transfer. 

Unless specified, the transfer experiments were conducted slowly enough to ensure that 

only the effect of surface forces was being considered. This was accomplished by 

separating the surfaces gradually, in small discrete steps, advancing to further distances 

only after any motion in the droplet had ceased. The average velocity of the upper plate 

throughout the experiments was about 10-4 m/s. 

Observations of this motion were enabled by a camera viewing the droplet side-on. 

Incorporation of a camera facilitated measurements of transfer, which were estimated 

visually. This was accomplished by calculating the volume of a droplet from its profile, 

according to the equation for a spherical cap: illustrated in Figure 3.3. Provided that the 

droplets are sufficiently small (< 5 µL), and the surface has spatially homogeneous 

wettability, the droplet will adopt the geometry of a spherical cap. With a convenient 

method of calculating droplet volumes, their transfer behavior between surfaces can be 

represented by the transfer ratio (TR) [126, 127], with terms defined in Figure 3.3:  

𝑇𝑅 =
𝑉𝑡

𝑉𝑖
    (3.1) 
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Figure 3.2 Transfer cell (TCell) used to conduct transfer experiments. The linear 

actuator pushes on a control arm that moves the upper surface down or up. The 

advantage of the control arm is that it trades down the length of the actuator’s stroke 

for accuracy in the upper surface’s displacement. The lower surface is fixed in place. 

A camera enables estimations of volume transferred. The figure inset highlights how 

the upper and lower surfaces are used to transfer droplets. 

 

Figure 3.3 (a) Geometry of a spherical cap and the equation of its volume. Note, this 

equation is valid even when h > a. (b) Droplet in its initial state resting on the surface 

of the paper. The two measurements needed to estimate its volume are shown. (c) The 

quantity of the droplet which has been transferred to the opposite surface is estimated 

using the same equation. Equation and geometric model referenced from Wolfram 

MathWorld [128]  
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When the transfer ratio is zero, all of the droplet remains on the initial surface. 

When the transfer ratio is one, all the liquid transfers from the surface it was initially placed 

on to the opposing surface. For the sake of consistency, the droplet is always initially placed 

on the bottom surface in our experiments. The top surface, which has no liquid, is placed 

far away from the droplet. With the camera trained on the droplet, an initial measurement 

is taken of the droplet’s volume. Then, the top surface is lowered and brought into contact 

with the drop. Once contact is made, the droplet forms a liquid bridge by adhering to the 

two surfaces. This bridge is then stretched by gradually pulling the top surface away from 

the bottom one. Eventually, the bridge breaks, resulting in a fraction of the liquid adhering 

to each surface. At this point, another measurement is made of the droplet volumes, to 

characterize the transfer behavior. Image stills illustrate this experimental procedure in 

Figure 3.4. 

 

 

Figure 3.4 Frames taken from a transfer experiment. The droplet is squeezed between 

two surfaces that are subsequently pulled apart. This allows liquid to be transferred 

from its initial surface to another surface. 
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To justify the visual approach to volume estimation, the data in Figure 3.5 are 

reported. This graph illustrates the errors in volume conservation, across the trials 

conducted to formulate Figure 3.6. Notably, the vast majority of data points fall within 

±5%. Reassuringly, there is no pattern in these residuals; high levels of transfer have about 

as much error as low levels of transfer, and there are about as many positive errors as 

negative ones, in either direction. There is, however, a shortage of data points in the center, 

associated with TR = 0.5. This is because events where the droplet splits in half, under 

surface forces alone, are extremely rare. For that to happen, the wettability of the two 

surfaces must be nearly identical [129-131]. 

 

 

Figure 3.5 Errors in conservation of volume across trials conducted for the 

experiments in Figure 3.6. Volume subscripts refer to the drops depicted in Figure 

3.3. The majority of errors fall within ±5%, and there is no trend in the errors. Thus, 

the optical method used to estimate volumes in the experiments is justified. 

 



 61 

3.3 Results and discussion 

3.3.1 Effect of contact angle hysteresis on adhesion of droplets to paper substrates 

To show how control over contact angle hysteresis affects the transport behavior of 

liquids between fibrous substrates, a water drop was placed on the surface of a sheet of 

paper with known contact angle hysteresis. Another surface was brought into contact with 

the droplet and pulled away. The two surfaces chosen for this exercise were a silicon wafer 

that had accreted a native oxide layer (SiOx) and a fluorocarbon-deposited silicon wafer. 

Observing transfer to the two surfaces revealed the ability of a fiber network to transfer 

liquid to differently wettable surfaces. 

As shown in Figure 3.6, contact angle hysteresis (adhesion) has a strong effect on 

transfer of droplets. Clear clustering is seen for trials with low hysteresis vs. high 

hysteresis. At low levels of adhesion on the paper substrate (circles), water droplets will 

leave almost no liquid on the phobic paper substrate when they are presented with another 

surface to wet. Whether the opposing surface is composed of native silicon oxide 

(hydrophilic: CA 60°; open circles) or fluorocarbon-deposited wafer (hydrophobic: CA 

110°; solid circles) the droplet will still fully transfer. This is because of the large receding 

contact angle of the liquid on the low-hysteresis paper surface. Because the three-phase 

contact line can move freely along the surface, nothing prevents the droplet from leaving 

entirely [130, 132]. If however, contact angle hysteresis on the paper is high (triangles), 

the droplet does not so easily transfer from the surface. When presented with the 

fluorocarbon deposited wafer to wet (solid triangles), the majority of liquid stays on the 

adhesive paper, even though the paper substrate has a higher static contact angle (140° > 
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110°) and is thus more hydrophobic. The total free energy of the system would be 

minimized if more of the droplet transferred away from the paper, but the high activation 

associated with a less-mobile contact line prevents this configuration from being realized. 

A smaller receding contact angle on the paper surface (oxidized silicon wafer; open 

triangles) results in a greater wetted area on the paper surface, according to Equation 1.7. 

Thus, a greater volume of liquid is retained on the paper when the liquid connection 

between the two surfaces is broken once the upper plate is raised.  

Looking at the transfer of a water drop from a hydrophobic paper with high contact 

angle hysteresis to a silicon oxide surface reveals an exciting subtlety about surface forces 

at work in this system. I will explore in greater detail why drastically different transfer of 

liquid can occur between two surfaces, depending on the configuration of the liquid 

interface. The open triangle series in Figure 3.6 shows that drastic differences in transfer 

behavior are possible when liquid adhering to a high-hysteresis surface wets an opposing, 

hydrophilic surface. The outcome of transfer is highly sensitive to the configuration of the 

droplet [133]. With the hydrophobic, highly-adhesive paper, it is possible to observe a 

transfer of all, little, or some liquid to the silicon oxide surface, even though the surface 

and liquid chemistry remain constant. This range of outcomes is, on its surface, surprising, 

considering how much more wettable silicon oxide is than fluorocarbon-deposited paper. 
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Figure 3.6 The transfer behavior of water droplets from papers of high (HAP) vs. low 

(LAP) adhesion to surfaces that are hydrophilic (SiOx) or hydrophobic (PFE – 

fluorocarbon film). TR = 1 shows that papers with low contact angle hysteresis 

transfer all their liquid to another surface. The outcomes for transfer from high-

hysteresis papers are much more varied. Depending on how much the droplet is 

compressed prior to separation, different transfer behavior is observed. 

When the droplet is initially placed on the surface of the paper, its footprint is 

relatively small. Due to its high advancing contact angle, the water droplet will not 

spontaneously wet the surface beyond an angle of about 140°. When the hydrophilic silicon 

oxide surface is just barely brought into contact with the droplet, water easily wets it, 

resulting in a large footprint on the upper surface. If the upper plate is retracted at this point, 

the hydrophilic surface—with a larger contact area and smaller receding contact angle—

will pull the majority of the water with it. The influence of both contact area and contact 

angle, identified in Equation 1.7, can be probed by compressing the droplet with the upper 

surface prior to separation. 
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Different transfer behavior is observed if, instead of barely touching the droplet 

with the upper surface, the upper surface is depressed to well within the original height of 

the droplet. Doing so squeezes the droplet between the two surfaces, expanding its contact 

line on both the upper and lower surface. When the surfaces are subsequently pulled apart, 

the contact line on the hydrophilic surface is once again more mobile than the contact line 

on the high-hysteresis paper. This time, however, the effect results in a greater contact line 

on the paper side. Because the contact line was expanded outwards on the paper surface 

during compression (and pinned in place with high hysteresis), the hydrophobic paper now 

holds the majority of liquid when the bridge breaks and the transfer ratio is low, even 

though a simple comparison of equilibrium contact angles would suggest a different 

outcome [134-137].  

Altogether, these effects suggest that a great deal of control over the transfer of 

liquids between separating surfaces is possible. By adjusting the contact angle hysteresis, 

in tandem with manipulating the position of the contact line, a droplet can be encouraged 

to favor one surface over another.  



 65 

 

Figure 3.7 Profiles of contact angle and contact area of water droplets during 

compression and separation between high-hysteresis paper and a silicon oxide wafer. 

Arrows indicate the direction of compression or separation. Inflections around 

H/Hdrop = 0.4 explain the transition in the open triangle series of Figure 3.6. 

This picture can be explored in further depth by quantitatively analyzing videos of 

the transfer process. Figure 3.7 shows the contact angle and total contact area of the water 

droplet on each of the two surfaces for these transfer experiments during the compression 

and decompression phases; for this particular experiment the droplet was compressed to 

20% of its original height. In Figure 3.7a, the large vertical gap in contact angles between 

compression and separation cycles for the droplet on the paper surface is indicative of high 

hysteresis, by definition. The initial contact angle of the droplet on the paper surface is 

about 140°. However, contact with the SiOx surface deforms the droplet into a liquid 

bridge, changing its geometry and reducing the initial angle of the bridge on the paper 

surface to ~60°. As the droplet is compressed, the contact angle with the paper surface 

gradually increases, while the contact line remains frozen (Figure 3.7b). The maximum 

angle (advancing contact angle) of 150° is reached at a relative compression of ~0.4. Upon 
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further compression, the contact angle does not rise past 150°; as expected, this advancing 

contact angle of water on the paper surface is in good agreement with the value measured 

on a goniometer (see Figure 3.1). Past a relative compression of 0.4, the footprint of the 

droplet on the paper surface begins to expand (Figure 3.7b). When the direction of 

compression is reversed, i.e. separation, the contact angle of the liquid on the paper surface 

adopts a minimum value as the contact line is retracting (definition of receding contact 

angle). Due to the high hysteresis of the fluorocarbon deposited paper, this receding angle 

is actually lower than the receding contact angle on native silicon oxide. The relatively 

close paths in Figure 3.7 for the silicon oxide surface are indicative of low hysteresis. The 

fact that the compression-decompression curves for the paper surface entirely encompass 

the oxide surface’s is what makes such a wide range of transfer outcomes possible. 

Another way to understand how transport behavior changes—although the fluid 

and the surfaces it contacts remain completely unchanged—is to realize that the boundary 

conditions defining the system are subtly changing [138, 139]. In Figure 3.7, relative 

compression of 0.4 corresponds to the moment when the contact angle transitions from 

increasing to being fixed. At the same time, the contact area transitions from being fixed 

to increasing. Another way to state this transition would be to say that the boundary 

condition of the liquid bridge contacting the paper shifted from an r-boundary to a θ-

boundary [140-142]. That is, the defining aspect of the bridge’s geometry changed from its 

contact radius to its contact angle. Notably, the degree of compression at which this change 

in boundary condition occurs (Hmin/Hdrop = 0.4) is the same place that the transition in 

transfer regimes was witnessed in Figure 3.6. Thus, a change in the boundary condition 

defining the liquid bridge causes a change in droplet transfer efficiency. 
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3.3.2 Estimation of forces 

 

Figure 3.8 Surface forces estimated from measurements made in Figure 3.4 and 

Equation 1.7. The good agreement in the force balance suggests that my methods are 

accurate and that Equation 1.7 is a good description of adhesive forces on fibrous 

substrates. 

With the data from Figure 3.7, the adhesive forces acting on the droplet can be 

calculated according to Equation 1.7. Estimates of the adhesive forces that the paper and 

silicon oxide surfaces exert on the droplet over the compression and separation cycle are 

depicted in Figure 3.8. The curves mostly overlap, indicating that the calculated forces are 

balanced. This is reassuring because the actual forces acting on the droplet must be 

balanced, as there is no motion of the droplet at each point of measurement in these pseudo-

static experiments [143].  

One interesting question is why Equation 1.7, which was derived for perfectly flat, 

chemically uniform surfaces, does such a good job at modelling adhesive forces of droplets 



 68 

on a sheet of paper. After all, the previous chapter discussed paper’s complexity and 

heterogeneity—and the ultimate importance of these factors on wetting. Why does 

adhesion not seem to be similarly affected by the unique structure of paper? 

The reason likely hinges on the difference in length scales between the two studies 

[144]. In Chapter 2, the fluid was flowing into and through the pores of the fiber network, 

so the paper’s microscale geometry had a significant impact on the curvature of the fluid 

interface—and thus, critical wetting behavior. In the case of adhesion, the paper’s 

microstructure still affects the observed, overall wetting behavior—albeit in a subtly and 

importantly different way. The structural and chemical heterogeneity of the hydrophobized 

paper gives rise to the receding contact angle of a droplet on the surface, as discussed 

before. This receding contact angle can then be treated as a macroscopic property of the 

surface. Thus, at the length scale of the droplet’s contact line with the paper, the effect of 

all those heterogeneities and complex pore geometries can be captured by a single number. 

Because the radius of the droplet is about 2 orders of magnitude larger than the intricate 

features of the paper surface, the paper “appears” to the droplet as a macroscopically 

uniform surface with a characteristic wettability [103, 145, 146]. 

Having demonstrated that Equation 1.7 has some validity for modeling the adhesive 

forces of liquids to paper substrates, we can use it to assess the effectiveness of leveraging 

adhesion to prevent rewet. The main conclusion is that the adhesion of water to the wet 

web cannot be overcome with surface forces. The near-zero receding contact angle of water 

on wet cellulose results in a correspondingly large contact line [147, 148]. The only way 

to combat this would be to oppose the highly hydrophilic paper web with a felt of equally 

high hydrophilicity, or otherwise engineer the felt material to have a zero degree receding 
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contact angle. Even in this limiting case, half of the water would still adhere to the paper 

surface, implying that separation rewet cannot entirely be avoided with this strategy [149-

152]. 

3.3.3 Dynamic effects 

If surface forces alone cannot overcome the adhesion of liquid to the paper web, 

perhaps another force can be leveraged to overcome its high hydrophilicity. In the case of 

droplet transfer, two such forces are available. Inertial forces will tend to oppose any 

acceleration of the fluid [153-155]. If the fluid begins at rest, such as in the case of these 

transfer experiments, inertial forces act to prevent flow. Another possibility are viscous 

forces, will act to retard flow in any direction [156, 157]. In both cases, the impact of these 

forces is most relevant at high velocities (dynamic regime). After all, the transfer 

experiments described above were conducted extremely slowly to avoid the influence of 

these forces. By conducting transfer experiments at higher speeds, it should be possible to 

use these forces to obtain transfer outcomes that differ from expectations informed by 

surface wettability alone [158]. 

Figure 3.9 summarizes a demonstration of transfer under dynamic conditions, 

compared to the static (surface force-controlled) case. Amazingly, it is possible to transfer 

water from a highly hydrophilic glass surface to an opposing surface coated in a 

hydrophobic fluorocarbon film. This is done by bringing the droplet in contact with both 

surfaces, then rapidly pulling them apart. Some of the liquid leaves the glass surface and 

adheres to the fluorocarbon surface. If the two surfaces are separated slowly, however, all 

the water remains on the glass surface. Under rapid separation, the separation velocity is 
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about 0.3 m/s, so the Weber and Capillary numbers are about 1 and 0.004, respectively. 

This implies that inertial forces are about as strong as the surface forces on the droplet, 

while viscous forces on the droplet are not dominant at this length and time scale in spite 

of the higher fluid velocities. 

Clearly, the inertial forces present at short time scales can play some role in 

counteracting the surface forces that favor rewet. While this is potentially encouraging for 

applications in a press nip—where high velocities are present—there are limitations to 

using this strategy to prevent rewet. Because inertia opposes motion, flow in the droplet is 

arrested. The limiting case of this behavior divides the droplet in half when two surfaces 

with similar wettabilities are separated. Although the tendency to wet the more hydrophilic 

surface can be overcome to an extent, half of the droplet would still adhere to the paper 

web under a purely inertial regime [159]. Once again, the conclusion is that separation 

rewet cannot be entirely avoided.  

 

Figure 3.9 Dynamic transfer can be used to transfer liquids against the wetting 

gradient. By separating the surfaces quickly, 30% of a droplet initially on a silicon 

oxide surface can be transferred to a fluorocarbon deposited surface. 
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3.3.4 Flux boundaries 

As a final consideration, the porous nature of the paper web and the press fabric 

means that fluid can also flow into each of these separating substrates while they are being 

pulled apart; this complicates the transfer behavior immensely. To fully understand the 

mechanics of separation rewet in a press section, it is necessary to simultaneously consider 

adhesive surface forces, inertial forces, and flux into each of the substrates. Although this 

is far too complex a study to be given the full attention it merits here, I hope to illustrate a 

few concepts that emerged during this research and ultimately inspired a new approach to 

solving rewet that is described in Chapters 4 and 5. 

The possibility of fluid flowing into a substrate, rather than only wetting its surface 

corresponds to an entirely new boundary condition available to define the liquid bridge 

system. As was seen earlier in this chapter, changing the boundary condition that defines a 

liquid’s interaction with a solid can result in radically different transfer outcomes. In the 

final set of experiments for this chapter, a water droplet resting on high-hysteresis 

hydrophobic paper was brought into contact with an absorbent piece of paper. The rate of 

flux into this absorbent paper was controlled by partially hydrophobizing it with a light 

deposition of fluorocarbon film (Figure 3.10a). The extent of this deposition is represented 

by the approximate thickness of fluorocarbon film that builds on a flat silicon wafer placed 

next to the samples during coating.  

The effect of dynamics can be seen in Figure 3.10b. The slowest absorbing paper 

was able to transfer the most liquid off the highly adhesive surface. When the rate of flux 

into the boundary was large, however, less liquid was transferred—even though this 
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absorbent paper was more hydrophilic. Once again, higher velocities resulted in increased 

inertial forces and a tendency of the droplet to resist the influence of surface wettability.  

Figure 3.10b shows that, regardless of absorbency, fluid tends to transfer away from 

a no-flux boundary towards a flux boundary (all TR > 0.8). Although that may seem 

incredibly obvious, it was this realization that initiated the course of investigation that will 

be covered in the next chapter. For now, it suffices to suggest that creating conditions under 

which the paper web serves as a no-flux boundary, while the felt serves as a flux boundary, 

could be the first step towards achieving a fabric with unidirectional flow properties. 

 

Figure 3.10 Flux into the boundary must be considered when the substrates area 

porous. (a) The rate of flux can be controlled by partially hydrophobizing the 

absorbent material. (b) Transport will tend to move liquid from the no-flux boundary 

to the flux boundary. (c, d) The effect of dynamics is visible for experiments involving 

flux into the boundary. 
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3.4 Conclusions 

In this chapter, we saw that contact angle hysteresis (adhesion) can be controlled by 

manipulating the microstructure of a surface. Changing the level of adhesion resulted in 

control over transfer of a droplet from this surface. At the same level of hydrophobicity 

(static contact angle), drastically different droplet transfer behavior was observed, 

depending on the level of adhesion. For low-adhesion samples, droplets tended not to stick, 

no matter what alternate surface wettability was available. For high-adhesion samples, the 

picture was more complex. When a water droplet resting on a hydrophobic, but sticky, 

surface was contacted by a hydrophilic surface, how much liquid transfer occurred varied 

wildly. As was discussed, this could be accounted for by the changing boundary conditions 

that define the liquid’s interaction with the solid surfaces. Even in cases where the liquid 

and two solid surfaces are exactly the same, the gamut of possible transfer outcomes 

testifies to the subtleties of the physics of wetting. Properly understood, knowledge of these 

effects can be used to precisely control the fate of liquid between separating surfaces. 

When it comes to paper, however, its near-perfect hydrophilicity ties our hands. Only 

so much can be done to combat wetting on a perfectly wettable surface, even if inertial 

forces are leveraged. Such limitations meant that controlling adhesion was not a viable path 

to completely eliminating rewet. Furthermore, these mitigation strategies are already 

largely discussed in industry studies. For example, previous authors have mentioned that 

separation velocity should be increased as much as possible and that the felt should be 

made as hydrophilic as possible. Because of the complexity of the real process, 

fundamental problems with developing an effective solution that relies on adhesion, and 
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fairly comprehensive discussion in the existing literature, the project needed to innovate a 

radically new conceptual approach to eliminate rewet. 

Fortunately, the work on flux boundaries provided an inkling on where to begin 

this next stage. Three simple, but key, observations from that study motivated the course 

of investigation that ultimately led to this thesis’s most novel and impactful contributions. 

One, surfaces do not have to be in direct contact to transfer liquid. Two, liquid will transfer 

from a no-flux boundary into a flux boundary. Three, when the liquid bridge becomes too 

thin at the end of this transfer, it breaks.   
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CHAPTER 4. INSTABILITY ENHANCED DEWATERING 

4.1 Background and scope 

Given the limitations of eliminating rewet identified in the previous two chapters, a 

new approach to solving the problem is clearly necessary. The capillary forces exerted by 

the sheet are too strong to overcome while also maintaining high permeability in the press 

fabric. Likewise, the adhesion of liquid to the highly hydrophilic web means that at least 

some water will always transfer back to the sheet under separation. The work in this chapter 

of the thesis began with the revolutionary concept of inverting the order of operations 

during pressing to overcome these limitations. I reasoned that if the felt were separated 

from the paper web before decompression, instead of simultaneously, perhaps the driving 

forces that cause rewet could be sidestepped entirely. Essentially, this idea flowed from the 

key conclusions of work on transfer of liquids between surfaces in the previous chapter. I 

just needed to find a way to translate the concepts of no-flux boundaries and liquid bridge 

breakup to a press section. 

Fortunately, the mechanical properties of the felt and paper sheet suggest a way of 

accomplishing this vision. Because paper is more compressible than the press fabric, its 

void volume becomes completely collapsed under the pressures applied in the nip. After 

all, this is how removal of the sheet’s free water is accomplished in the first place. That 

means that under pressure, the paper substrate can be treated as a surface with an 

impermeable boundary. Since I want to encourage transport away from this surface, the 

opposing material, a press felt, should retain an open pore structure to absorb water. The 

only remaining challenge is to suspend the felt at a distance from the paper—all under nip 
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pressure—so that a gap is created for the liquid channels to break at the end of transfer. 

Fortunately, these goals can be accomplished mechanically. Insertion of a stiff spacer 

between the felt and web preserves void space under pressure, allowing air to enter the 

interface after the liquid bridges break. Now, when the system undergoes decompression, 

the sheet has already been completely dewatered and there is no path for reflux to the sheet.  

This starting idea evolved over the course of experimentation from demonstrating a 

simple proof of the concept, to exploring the intricate fundamentals of liquid bridge 

breakup. As I quickly discovered, basic ideas about inverting the order of events during 

pressing and simply creating void space at the paper-web interface are not the full picture. 

For the spacer to work most effectively, its geometry and surface chemistry must be 

carefully coordinated. This can only be done with an appreciation of the fundamental fluid 

mechanics that drive enhanced dewatering. 

Ultimately, the technology developed in this chapter constitutes an entirely new 

approach to achieving one-way flow. While other methods have previously been developed 

to promote unidirectional flow, this approach provides a solution where those existing 

techniques fail to be practical, such as in a paper machine press section. This thesis is the 

first to develop, discuss, and optimize the Plateau-Rayleigh interfacial instability to 

enhance dewatering of porous media. Key advantages of leveraging the Plateau-Rayleigh 

instability to prevent reflux include: a passive design with no moving parts, a highly 

permeable structure that does not restrict flow, and a short timescale of operation amenable 

to rapid industrial processes.  
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In this chapter, I investigate the effect of the spacer’s structural parameters on 

enhanced dewatering, as well as the impact of surface wettability. One major insight is that 

this technology results in enhanced dewatering for liquids with a wide range of surface 

tensions and viscosities. In addition to numerous data exploring the effects of surface 

wettability and liquid properties on enhanced dewatering, analysis of videos of the 

dewatering process supplement and inform discussion of the fundamental aspects of fluid 

physics at play. 

4.2 Experimental methods 

Whatman cr17 chromatography paper was used as the paper substrate in this study. 

Its chemical purity (98% cellulose of softwood origin) eliminates any complexities that 

would arise from chemical heterogeneity. Furthermore, its thickness (0.9 mm), elasticity 

(1 GPa, wet), and pore size (75 µm) exacerbated the reflux phenomenon. An elastic, highly 

hydrophilic paper sample with larger pore volume—compared to other papers—tends to 

increase the quantity of water that can return to the web. This was helpful in exploring the 

effect of spacer and fluid properties on mitigating reflux, as their effects were more 

pronounced. Overall, the fiber mat that constitutes the paper sample exhibits anisotropy, 

due to the aspect ratio and orientation of the fibers that results from prior processing. By 

the time that the paper sheet arrives at the press, its internal structure is largely already 

fixed. This means that the structure of the sheet is not a controlled variable in dewatering. 

The details of this pore structure are important in determining the extent of dewatering 

achieved in the compression phase. However, we are primarily interested in the extent of 

reverse flow in the decompression phase, which arises in the film outside the surface of the 

paper and is thus less sensitive to the intricacies of porosity. 
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Prior to pressing, the initially dry half square inch sheet was wetted to a moisture 

ratio of 2 (67 wt.% water and 33 wt.% solids). The sheet was then pressed with varying felt 

configurations at a given pressure for 30 seconds. A screw press (Figure 4.1) was used to 

apply a one-dimensional pressure gradient, and a TE Connectivity FC23 500 lb. piezo load 

cell enabled accurate control of applied stress. After pressing, the mass of the pressed sheet 

was compared to that of the dry sheet to determine its moisture content. Moisture content 

is reported in terms of the moisture ratio, which is defined as: 

𝑀𝑅 = 
𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑓𝑖𝑏𝑒𝑟
     (4.1) 

The press felt used in the study was obtained from a commercial supplier, 

AstenJohnson. The felt consists of a non-woven nylon batt—thin randomly oriented fibers 

used as the surface layer—spun from 3 dtex cap fibers stitched onto a woven base. The 

stainless steel meshes used as spacers were obtained from McMaster–Carr. Metal meshes 

of standard mesh numbers were used: 20, 30, 70, 200, and 400. Additionally, a 150W mesh 

(nonstandard version of 150 mesh with wider holes) with higher than standard open area 

was tested as a counter-example to liquid bridge instability. The mesh parameters are 

summarized in Table 4.1.  
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Table 4.1 Static contact angle of water on each mesh and physical dimensions. 70+ 

and 70– refer to #70 meshes that were hydrophobized and hydrophilized, 

respectively.  

 

In trials exploring the effect of spacer wettability, the surface of the metal mesh was 

modified in two ways. First, plasma-assisted chemical vapor deposition of a fluorocarbon 

film resulted in a surface with a water static contact angle of 110°. Second, electrochemical 

etching of the mesh in nitric acid resulted in a hydroxylated surface that had a water static 

contact angle of 40°. For details about the plasma and electrochemical reactors, please refer 

to the references [58, 61, 160]. 

In trials exploring the effect of surface tension, sodium dodecyl sulfate (SDS), 

sourced from Sigma-Aldrich, was used to alter the interfacial tension of the fluid phase. 

Because surfactants tend to aggregate at the surface, it was assumed that addition of SDS 

did not affect the thermodynamic concentration of water absorbed in the cellulose fibers at 

any given pressure. By using concentrations of 0, 2.0, and 6.0 mM SDS, fluids with surface 

tensions of 72, 61, and 40 mN/m were achieved, respectively [161].  

Videos of pressing were captured on a Leica DM IRB inverted fluorescence 

microscope and subsequently analyzed with image processing functions in Matlab 

Mesh #
Static water 

contact angle (°)

Wire diameter 

(μm)

Hole width        

(μm) 

Radial / axial 

curvature

Open 

area

20 wets 427 849 1.0 44%

30 63.8 325 516 1.3 38%

70 68.3 136 180 1.5 32%

70 + 118.3 136 180 1.5 32%

70 - wets 136 180 1.5 32%

200 78.3 53 75 1.4 34%

400 83.1 25 36 1.4 35%

150W 63.7 45 118 0.76 52%
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software. To make the liquid phase more visible, dilute fluorescein-labeled dextran was 

dissolved in the water. Analysis, therefore, could take advantage of changes in brightness 

to estimate the spatial distribution of moisture in the system over time. With synchronized 

pressure data from the load cell, the dependence of this moisture distribution on the applied 

stress was determined. Due to optical constraints, the distribution of water is observed at 

the edge, not the center, of the media. Because of this limitation, I am reluctant to claim 

that this analysis provides quantitative data about water distribution throughout the bulk of 

the pressed paper. Nevertheless, the video data serves as a strong semi-quantitative 

visualization of how the enhanced dewatering mechanism operates.   

 

Figure 4.1 Screw press (foreground) used to exert a one-dimensional pressure 

gradient in dewatering experiments. A force sensor (readout in background) allows 

precise control of the applied stress. 
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4.3 Results and discussion 

4.3.1 Effect of spacer parameters on enhanced dewatering 

 

Figure 4.2 (a) Effect of mesh number on final moisture ratio of chromatography 

papers pressed against a commercially available press felt. Various spacers were 

layered between the paper and the felt, as specified in the legend. No mesh series 

refers to a scenario where the paper is pressed directly against the press felt. To 

capture the limits of dewatering, with no reflux, a stack of blotters (Blotters series) 

was used. (b) The data points at the highest pressure tested in (a) are compared. 

Structural parameters of the meshes have a strong impact on enhanced dewatering, 

and the 70 mesh was the optimum of materials tested. 

 

Figure 4.2a shows what happens to paper pressed with different felt configurations 

as the applied stress is increased. As pressure is increased, more dewatering is 

accomplished. For low applied pressures, the extent of dewatering is minimal, because 

there is not enough force to push the water out of the paper into the fabric, which is slightly 

less hydrophilic. Once the pressure reaches a threshold of about 300,000 Pa, significantly 

more water is removed. This aligns with the moment that observable deformation of the 

web, which has a modulus on the order of 106 Pa, occurs. As applied stress is further 
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increased, additional dewatering is obtained, although an asymptotic limit is approached. 

The diminishing return can be attributed to the components of free and bound water. At 

lower pressures, mechanical work primarily collapses the void volume of the paper web, 

driving out the relatively easy to remove free water that fills the large pores between fibers. 

At higher pressures, additional mechanical energy is devoted to removing bound water, 

water that is chemically interacting with the cellulose fibers. These intermolecular 

interactions determine the thermodynamic equilibrium of water content for the sheet at any 

given pressure. This can be expressed as a balance between the applied stress and the 

osmotic pressure of water absorbed in the fibers. 

The equilibrium moisture value at any given pressure is captured by the bottom 

series in Figure 4.2a (black squares). These data were created by pressing the sheet against 

a stack of paper blotters that is sufficiently thick (n = 3) to irreversibly absorb water, instead 

of against a press felt. Blotters are highly absorbent sheets of paper that are used to remove 

water during manual manufacturing of paper sheets. Although it would be utterly 

impractical to dry paper commercially using three times the amount of paper produced, 

blotters provide a convenient way to eliminate reflux on the lab scale. Three blotters were 

used because preliminary experiments showed that addition of a fourth blotter showed no 

marginal improvement in dewatering, compared to using three blotters. This was done to 

ensure that dewatering was not limited by the capacity of the sink. Because the blotters are 

as hydrophilic as the paper being dewatered, reflux from a blotter stack to the sheet is 

presumed to be minimal. The cyan series in Figure 4.2a illustrates what happens when a 

conventional press fabric is used to dewater the sheet. The higher moisture ratio for the 

sheet pressed against the commercial fabric compared to the sheet pressed against the 
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blotters is attributed to rewet. At the highest stress applied, rewet results in more than 

double the moisture content after pressing—a significant problem, because all moisture 

after pressing must be removed through energy-intensive thermal drying.  

Figure 4.2a also compares the moisture ratio of pressed sheets with various 

commercial meshes sandwiched between the sheet and paper web. At low applied pressures 

these spacers have a negligible impact on dewatering; when the pressure is too low to 

deform the paper sheet, the mesh—if anything—diminishes contact between the sheet and 

paper web. In contrast, at higher pressures, when the sheet becomes significantly deformed 

and void volume in the paper is decreased, the enhanced dewatering capability in the 

presence of mesh spacers becomes apparent. Addition of a stiff, porous spacer layer to the 

surface of a commercial press fabric results in less moisture in the pressed paper. For all 

the mesh structures tested, there was significant improvement in dewatering, but the details 

of the mesh design and dimensions clearly matter. For the best performing mesh spacer in 

Fig 4.2 (70 mesh), the dewatering efficiency approaches the theoretical limit defined by 

the blotter stack. 

It is perhaps non-intuitive that adding a spacer between the web and felt could result 

in improved dewatering. After all, the spacer decreases contact between the two media, 

and good contact is presumably necessary for transfer of water. This surprising result led 

me to wonder what fluid physics phenomena are causing enhanced dewatering. 
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4.3.2 Mechanism of enhanced dewatering 

 

Figure 4.3 Frames from videos of paper being compressed. Fluorescent dye was added 

to the water to make the liquid phase more apparent. Higher brightness corresponds 

to more moisture. The breakup of liquid bridges is responsible for preventing reflux 

to the sheet. 

 To elucidate the mechanism of enhanced dewatering, I performed video 

microscopy of the pressing process. Water was labeled by dissolving a low concentration 

of dextran with fluorescein tag, so that the water presence can easily be detected in 

epifluorescence mode of the microscope; the light areas in the videos thus represent the 

liquid phase. Selected frames from two of these videos are shown in Figure 4.3, one with 

and one without mesh. The full videos are included in a supplementary media.  

The bottom row of images (Figure 4.3b) shows the water distribution when pressing 

the sheet with a commercial fabric. From left to right, the system first undergoes 

compression then decompression. As pressure is increased, water is driven from the sheet 

into the fabric. Under the maximum applied pressure (middle image), much of the water is 

removed from the web, but a continuous liquid bridge spans the interface between the web 
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and the felt. As the system is decompressed, this bridge provides a path for reflux of water 

from the felt back into the sheet.  

When a mesh is added between the paper sheet and felt (top row of images-Figure 

4.3a), water is once again driven out of the sheet as pressure is applied. However, as it 

flows into the fabric, the liquid bridge breaks, leaving no continuous path for fluid to reflux. 

Therefore, once the system is decompressed, minimal amounts of water return to the web. 

There is still a driving force for transport from the felt towards to the sheet, which exhibits 

stronger capillary forces, upon decompression. However, the mesh creates a void space 

filled with air that provides a barrier to rewet. A more detailed consideration of the physics 

of this breakup process—which is at the very heart of enhanced dewatering—will be given 

in the discussion section. For now, these basic, qualitative observations will be augmented 

with a more quantitative analysis of the pressing videos.  

In addition to the illustration provided by Fig. 4.3, frame-by-frame analysis of the 

distribution of water was carried out to illustrate in more detail, at least semi-quantitatively, 

how the improvement in dewatering was obtained. For every frame, the brightness values 

are averaged over each horizontal row of pixels in the image; this yields a vector that 

characterizes the spatial distribution of water in this one-dimensional flow scenario. With 

this tool, mathematical methods can be applied to more exactly describe the behavior of 

this system. First, some technique is needed to identify what features of this brightness 

profile correspond to water in the paper sheet. Looking at Figure 4.4a, the peak in 

brightness associated with the wet paper is symmetric and looks roughly normal. Inspired 

by signal deconvolution used in spectroscopic applications, I decided to regress the 

brightness peak to a Gaussian curve. The exact choice of what model was used to regress 
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this peak is not essential; likely, a simple Riemann sum would have sufficed to calculate 

the peak area. Ultimately, the approach adopted is justified by the excellent fits obtained 

by regression of the brightness vector to a Gaussian throughout the analysis.  

The area under this peak (normalized area of brightness) was used as a proxy for 

the water content of the sheet. Strictly speaking, this is not a perfect quantitative 

representation of water content due to optical effects. The videos record the sheet from the 

side, so that only the edge of the sheet is imaged, which may not be fully representative of 

the bulk sheet. Furthermore, the fluorescent imaging is not fully quantitative due to 

scattering from the sheet itself. For example, the apparent peak area changes slightly with 

applied pressure, even in the absence of dewatering, likely due to changes in scattering as 

a result of changes in void volume fraction. Nonetheless, remarkable agreement was 

obtained between optically-estimated moisture content and that directly measured in prior 

experiments under the same conditions. Since pressure data acquisition was synchronized 

with the microscopy, the evolution in normalized brightness (as proxy for sheet moisture 

content) can be tracked as a function of applied pressure during the course of a pressing 

experiment; thus a dynamic equivalent to Figure 4.2 can be produced directly from the 

video data (Figure 4.4b). The similar behavior between the two separate experiments 

suggests that there is no time delay in dewatering, at least under the conditions in these 

experiments. For each frame (time point) the dynamic video data agrees with the static 

experiment. Thus, we can conclude that pressing is conducted under pseudo-equilibrium 

conditions. Another conclusion that can be drawn is that concerns about optical limitations, 

while valid, do not override the value of the data sets generated from analysis of the videos.  
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Comparing the analyzed videos of dewatering with and without a spacer, one 

notices a couple key features. First, the behavior under compression is nearly identical. As 

stress is applied, the sheet relinquishes its water to the same extent, in either case. It is only 

upon decompression that a difference arises. With the spacer, rebound in the water content 

of the sheet is minimal. Without the spacer, however, significantly more water returns to 

the sheet as pressure is relieved. This observation shows that the spacer really is preventing 

the reflux of water, not increasing water removal in the first place. 

 

Figure 4.4 Frames from the videos are analyzed. (a) The brightness distribution in 

the felt-web system is averaged row-wise to create a vector of the moisture content in 

the direction of flow (blue curve). The peak is fit to a Gaussian distribution, whose 

area corresponds roughly to the water content of the sheet (orange curve). (b) The 

area under the orange curve is normalized against the total brightness in the image 

and plotted against synchronized pressure data. With or without the mesh, the sheets 

are pressed to the same minimum moisture content. The no mesh series, however, 

regains brightness after decompression. 
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4.3.3 Effect of spacer wettability 

 

Figure 4.5 Effect of mesh wetting properties on enhanced dewatering. Altering the 

wetting properties of the spacer changes pressed moisture of the sheet by about 10%, 

on average. Compare this to the effect of the spacer’s presence. Removing the spacer 

increases the sheet’s water moisture by 120%. At the highest applied pressure, the 

hydrophobized mesh falls almost on top of the blotters, nearly eliminating reflux 

Clearly, the extent to which water is able to remain at the felt-web interface during 

pressing has a strong impact on the final moisture content of the dewatered paper. In the 

discussion section, we will reason more generally about the factors that contribute to this 

outcome. To facilitate that discussion, and to provide more evidence for the conclusions 

that will ultimately be advanced, the effects of the spacer’s surface wettability and of the 

liquid properties on dewatering are explored. Because the liquid bridge’s behavior is the 

crux of the issue, it stands to reason that varying the liquid’s physical parameters—

including its interaction with the solid substrate—will elucidate the fundamental causes of 

enhanced dewatering. 
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First, I investigate the effect of changing the spacer’s wetting properties on 

dewatering. The chemistry of the stainless-steel mesh was altered with electrochemical 

etching in nitric acid to make it more wetting [162, 163]. The contact angle on the oxidized 

stainless-steel surface was about 40°, compared to native stainless steel which had a static 

contact angle of about 70°. Another mesh was coated with a fluorocarbon film, using the 

plasma reactor referenced in the previous two chapters [59, 62]. This brought the contact 

angle of water on the surface up to 110°. All three of these meshes, when used as spacers 

between the felt and the paper web resulted in better dewatering of the paper. Compared to 

pressing with the press fabric alone, insertion of a spacer with any wettability results in less 

water remaining in the sheet. The obvious clustering of these data, especially compared to 

the no-spacer control, suggests, at a quick qualitative glance, that surface wettability is not 

the predominant driver of enhanced dewatering. In the interest of being more quantitative, 

the relative sizes of these effects can be calculated from the data in Figure 4.5. 

The cosine of the contact angle is representative of the surface wettability, so 
𝑑𝑀𝑅

𝑑 cos𝜃
 

characterizes the effect of surface wettability on enhanced dewatering. From the data in 

Figure 5, 
𝑑𝑀𝑅

𝑑 cos𝜃
  = - 0.1 at an applied pressure of 10 MPa. That means, changing the surface 

from neutrally wettable (contact angle = 90°) to perfectly non-wetting would result in a 

10% drier sheet. On the other hand, changing the surface from neutrally wettable to 

perfectly hydrophilic would result in a 10% wetter sheet. The magnitude of this effect can 

be compared to the difference in sheet moisture observed with having a spacer at all. 

Removal of the untreated 70 mesh spacer results in a 120% wetter sheet: more than twice 

as much water remains in the paper after pressing. Considering this fact, the data in Figure 

4.5 suggest that the mechanical, rather than chemical, properties of the spacer are the most 
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relevant. The effect size differs by about an order of magnitude. Combined with the data 

from Figure 4.2b—where large differences in dewatering enhancement were seen with 

spacers of varying geometries—a picture is emerging that mechanics are fundamentally 

driving this process. Thus, stiffness and geometric parameters (e.g. pore shape and size) of 

the spacers are key. 

Although the effect of spacer surface wettability is relatively minor, it is still 

statistically significant. Therefore, the effect of wettability, while certainly not the main 

cause, cannot be entirely ignored. As was quantified in the previous paragraph, making the 

spacer more hydrophobic reduces the residual water of the sheet—at greater pressures. At 

intermediate pressures, a more hydrophobic spacer results in worse dewatering, compared 

to more wettable spacers. Reasoning about why this happens can best be conducted after 

the fundamental physics of the enhanced dewatering mechanism are properly considered. 

For now, it is worth appreciating that pressing with the hydrophobized spacer at the highest 

pressure results in near theoretically perfect dewatering. That data point falls on top of the 

blotter series, showing that this approach has the potential to entirely eliminate undesired 

reflux of water from the press fabric.  
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4.3.4 Effect of liquid properties 

 

Figure 4.6 Effect of liquid surface tension on dewatering. Decreasing the surface 

tension of the liquid tends to improve dewatering with commercial fabrics and worsen 

the performance of the spacer. Even at extreme cases of surface tension for aqueous 

solutions (40 mN/m), the spacer-modified fabric still shows better dewatering than 

the conventional press fabric. 

In addition to the surface chemistry, fluid properties like surface tension and 

viscosity could play a significant role in fluid transport, and the effect of those properties 

on dewatering was investigated next. To determine how liquid properties affect dewatering, 

the impact of surface tension was investigated in Figure 4.6. Simply changing the surface 

tension of the liquid phase, however, is not so straightforward. Altering the chemistry of 

the liquid could change its molecular interactions with the cellulose fibers in the paper. 

This changes the equilibrium moisture content of the sheet, which establishes the 

theoretical limit of water removal. Additionally, independently varying the fluid’s surface 

tension while holding all other properties constant is nearly impossible. For these reasons, 

addition of surfactant was chosen as the method to vary surface tension. Because of their 
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tendency to aggregate at the liquid-air interface, surfactant molecules are less likely to 

interfere with the cellulose-water equilibrium. Furthermore, the dilute quantities of SDS 

needed to achieve changes in surface tension have a minimal impact on the liquid’s density 

or viscosity. Surfactants are, however, not without their limitations. Their tendency to 

contaminate surfaces meant that extreme care had to be taken to conduct experiments with 

fresh fabrics, spacers, and paper for every trial.  

Overall, changing the surface tension of the fluid has a relatively minor effect on 

dewatering, when the confounding effect of surface wettability (previously discussed) is 

accounted for. The effect of surface tension explored in Figure 4.6 cannot be entirely 

disentangled from the effect of surface wettability seen in Figure 4.5. There, it was shown 

that a more wettable surface resulted in marginally worse dewatering. Adding surfactant 

not only decreases the surface tension of the fluid, it also increases wetting of the fluid on 

the spacer surface. At least some of the increase in moisture content after pressing should 

be attributed to this effect. Explaining the opposite trend in the absence of the spacer, i.e. 

lower surface tension results in improved dewatering, is somewhat subtler. Consideration 

of this problem is saved for the discussion section. Overall, decreasing the surface tension 

of the liquid closes the gap between dewatering with and without the spacer. The lowest 

surface tension tested, however, was quite extreme for aqueous solutions. In a typical 

papermaking application, the surface tension of the process water, which is contaminated 

with some surfactants, falls in the range of 50-60 mN/m. 
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Figure 4.7 Effect of temperature (viscosity) on paper pressed at 107 Pa with a number 

70 mesh in between the web and felt. The trend in temperature suggests that better 

dewatering is attained at higher temperatures, although the effect is so minor as to be 

statistically insignificant. 

Moving on to other fluid properties that could be relevant, the effect of changing 

viscosity was explored. To investigate the effect of liquid viscosity on bridge breakup, I 

chose to vary the temperature of the fluid. Because it is difficult to change only one 

property of a liquid at a time, this approach was accepted as the most reasonable way to 

probe the contribution viscosity makes without introducing too many extraneous variables. 

For example, the viscosity could have been increased by addition of polymer solution. 

However, this would raise questions about significant changes to the surface tension of the 

fluid. Another possibility would be to use different liquids/liquid mixtures like glycerol or 

ethylene glycol. However, doing so would drastically change the equilibrium moisture 

content of the sheet, making comparisons impossible. From 25 °C to 0 °C, the viscosity 

increases from 0.95 cP to 1.5 cP. At 50 °C, the viscosity decreases to 0.54 cP. There is 

approximately a 50% change in either direction [164, 165]. Over the same intervals, the 

surface tension changes by only 5% in either direction [166]. 



 94 

Figure 4.7 shows that the effect of viscosity is minimal. In fact, the change in 

moisture ratio of the sheet after pressing with the spacer is smaller than the uncertainty due 

to experimental error. This result suggests that viscous forces are not relevant to the 

breakup of liquid channels in our system, under the conditions tested. This result, along 

with all the other observations collected in experimental results, can be properly interpreted 

by considering the physics of liquid bridge breakup. 

4.4 Discussion 

4.4.1 Interfacial instability 

The process of liquid bridge breakup was first considered by Plateau in 1873 and 

expounded upon by Lord Rayleigh five years later [167, 168]. In the more than hundred 

years since, scientists and engineers have added to these insights, as they explored a wide 

range of subproblems, technologies, and applications. The fundamental principle of 

enhanced dewatering is that the spacer somehow severs liquid bridges spanning the felt-

web interface. Thus, this vast body of existing physical knowledge can be employed to 

interpret the results of enhanced dewatering experiments. A surface-level understanding of 

the general mechanism was illustrated in the videos recorded of pressing: cutting the 

channels between the paper and felt, paths for reflux are eliminated. Even if there is still a 

driving force for reflux to the web, the spacer, which fills with air during the breakup 

process, provides an effective barrier for preventing return flow. It is the subtleties of this 

mechanism, however, that make for such a rich discussion of results obtained in this work. 

For liquid bridges in the void space between the felt and paper to become unstable, 

their curvature in the radial direction must be greater than the curvature introduced by 
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disturbances along the axial direction [169-171]. It is this instability criterion that creates 

the conditions for liquid bridge breakup. When the liquid bridge experiences axial 

disturbances with wavelengths smaller than radial circumference of the bridge, surface 

tension acts to counter these disturbances because minimizing deformations to the interface 

is energetically favored. But if the axial disturbance’s wavelength grows to the same order 

as the bridge’s circumference, then this self-correcting tendency of surface tension is 

inverted. Within the neck of the axial disturbance, the Laplace pressure increases. This 

results in a positive feedback scenario where liquid gets pushed out of the high Laplace 

pressure neck, further increasing the radial curvature, and thus pressure, of the bridge’s 

neck. This process accelerates until the bridge pinches off, and the liquid filament or 

channel is ruptured [172].  

In the case of the spacer, the profile of the wires constituting the mesh provide the 

axial disturbance necessary for transition to the Plateau-Rayleigh instability to arise. Once 

initiated, this breakup process is driven by surface forces and retarded by some 

combination of inertial and viscous forces. The characteristic times for the regimes where 

either the inertial or viscous force predominantly slows breakup are [173-175]: 

  𝑡𝐼 = √
𝜌𝐿3

𝜎
 ≈ 3 𝑚𝑠   (4.2)   𝑡𝑉 =

𝜇𝐿

𝜎
 ≈ 0.01 𝑚𝑠  (4.3) 

From these estimates, it is clear that inertial forces dominate over viscous forces in this 

system. Notably, the inertial breakup timescale is still smaller than the dwell time within a 

paper machine press nip, which is on the order of 10 ms. Thus, the technology can likely 

overcome challenges which have previously prevented other reflux mitigation strategies 

[176-179] from being implemented. 
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These timescales, and the relative importance of forces they imply, explain why 

almost no effect on dewatering was seen when changing the temperature (viscosity) in 

Figure 4.7. Compared to inertial and surface forces, viscosity does not play a role in liquid 

bridge breakup. Therefore, it makes sense that even doubling the viscosity—or cutting it 

in half—had no impact on enhanced dewatering. Another way to think about this is to 

nondimensionalize the Navier-Stokes equation, and normalize every term to surface forces 

𝑃𝐿

𝜎
= −We 𝑣∇𝑣 + Ca ∇2𝑣 + Bo + 1 𝜅̂  (4.4) 

where P is the pressure, L the length scale, σ the surface tension, We the Weber number, 

Ca the capillary number, Bo the Bond number, v̂ the nondimensional velocity, and K̂ the 

nondimensional curvature. Thus, the relative importance of inertial, viscous, and 

gravitational forces are represented by We, Ca, and Bo, respectively. For the experiments 

in this work, these nondimensional groups have values on the order: We = 1, Ca = 0.01, 

Bo = 10-4. By expressing all forces relative to surface forces, it is apparent that inertial and 

surface forces dominate in this system, with viscous forces having a much smaller effect 

and gravity completely irrelevant. This helps further explain why changes in surface 

wettability and surface tension have some effect on dewatering, but temperature—which 

mostly changes the viscosity—does not.  

Regarding surface tension and surface wettability, I can now make a more informed 

speculation about the trends observed in Figure 4.5. By raising the contact angle of the 

liquid on the surface of the solid spacer, its contact line is more mobile. Thus the liquid-air 

interface can move more freely. When breakup of the bridge is initiated, the rupture process 

proceeds more uniformly and smoothly. However, this effect occurs in tandem with 
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another consequence of the spacer’s geometry. Because the wires in the mesh are 

cylindrical, there is a potential for some water to get trapped between the underside of these 

wires and the paper web. A hydrophilic mesh will always exhibit this tendency, as there is 

an energetic incentive for fluid to wet these capillary nooks. Thus, the spacer with a more 

wettable surface generally results in more water retained by the sheet. The differing 

performance of the hydrophobic spacer at differing applied pressures can be explained 

through similar considerations. In Figure 4.5, the hydrophobic spacer had worse 

dewatering at low applied pressures, although it showed the best dewatering at high 

pressures. The mesh structure and compliance of the sheet account for this. At lower 

pressures, the paper web is less deformed, so there is greater liquid between the sheet and 

the underside of the mesh wires. The hydrophobic mesh is more effective at breaking the 

liquid channel; however, this results in higher reflux to the sheet if the channel breaks far 

above the paper surface. At higher pressures, the paper deforms around the wires of the 

mesh, bringing the narrowest part of the neck of the spacer pores closer to the surface of 

the paper. Also, this deformation reduces the volume of liquid that can potentially get 

trapped on the underside of the mesh wires. When the liquid bridge breaks under these 

circumstances, reflux to the sheet is almost completely eliminated. 

These considerations also explain the variation in dewatering with the spacer for 

liquids of varying surface tension. When the surface tension of water is reduced by addition 

of surfactant, it also becomes more surface-wetting. Therefore, the spacer became less 

effective at dewatering as the surface tension was reduced; it is the same effect that 

accounts for why the more hydrophilic spacer results in marginally worse dewatering. The 

fact that both experiments exhibited similar sized effects testifies to this interpretation. 
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Explaining why reducing surface tension improves dewatering in the absence of the spacer 

is more challenging. I speculate that, in the base case of pure water, the fluid is strongly 

cohesive and maintains stable bridges at the felt-web interface. Decreasing the surface 

tension possibly results in a very modest amount of bridge breakup as the fluid is inherently 

less cohesive. Therefore, a slight decrease in pressed moisture is observed for sheets 

pressed only with commercial fabrics, when wetted by lower surface tension fluids. 

Thinking about the mechanism of interfacial instability, and the fundamentally 

geometric conditions which drive it, the results from Figure 4.2 become more intelligible. 

Specifically, the moisture content of the sheets after pressing goes through a minimum as 

the structural parameters of the mesh are changed. This is caused by a tradeoff between a 

couple of effects ensuing from the geometry of the spacer. If the spacer is thicker, more 

water is present in the bridge spanning the gap between the sheet and the felt. When this 

bridge is ruptured, water that was in the lower half of the bridge may then reflux to the 

sheet. Rewet has been mitigated but not eliminated. In extreme cases of spacer thickness, 

there may not even be enough water in the sheet to bridge the gap created by the spacer. 

As the spacer becomes thinner, it begins to approximate the structure of the felt as it was 

originally. Finer features may be less effective in destabilizing the liquid bridges, resulting 

in reflux upon decompression. Thus, the greatest improvement in dewatering was observed 

in between with the number 70 mesh. Compared to the commercial fabric alone, adding 

this spacer between the fabric and the sheet eliminated over 80% of rewet. Unidirectional 

water transport was largely achieved simply by selecting the correct structure of the spacer.  
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4.4.2 Instability hypothesis falsification 

 

Figure 4.8 Dewatering with an included spacer that intentionally fails to meet the 

requirements dictated by the Plateau-Rayleigh criterion. In this case, dewatering is 

similar to the control, in which no spacer is used. 

To test whether it is, in fact, the conditions for bridge instability which are primarily 

responsible for the observed improvement in dewatering, I revisit the approach 

summarized in Figure 4.2. However, instead of choosing a mesh with pores of roughly 

equal radial and axial curvature, I repeat the experiment with a mesh that has pores that are 

twice as wide as they are deep (150W). This intentionally violates the geometric criterion 

needed for interfacial instability. If the Plateau-Rayleigh instability is really the 

fundamental driver of enhanced dewatering, it should be evident. The model I am basing 

this claim on dictates that axial perturbations with a wavelength of the same order as the 

radius of the bridge increase exponentially with time. While the exact geometry of the 

liquid-air interface inside the stiff spacer is difficult to model or simulate from first 

principles due to its complexity, λ/R (the ratio of radial to axial curvature) characterizes 
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the outcome of the dewatering experiments (values for each mesh summarized in Table 

4.1). 

Indeed, Figure 4.8 shows that enhanced dewatering is not observed if the spacer’s 

structure does not correspond to the criterion first identified by Plateau. If λ/R > 1, then 

reflux is not observed upon decompression. When λ/R < 1, reflux is observed, similar to 

the control experiment with no spacer. The vertical gap created by the 150W mesh spacer 

falls within range of other meshes tested in Figure 4.2 (refer to Table 4.1). However, the 

final moisture ratio of the sheet pressed with this spacer shows almost no improvement 

compared to pressing with the fabric alone. Therefore, it is clear why, of all the factors 

tested, the structural parameters of the spacer itself have the greatest impact on enhanced 

dewatering. It is primarily the shape of voids which the spacer creates that drives the 

breakup of liquid bridges. Decreasing the surface wettability can have a positive 

supplemental effect, but the basic conditions of liquid instability evidently must be met 

first. 

4.5 Conclusions 

Adding a stiff spacer layer between two porous media can allow unobstructed, rapid 

transport during compression while preventing reflux upon decompression. The structure 

of the spacer layer has a strong impact on the extent of enhanced dewatering. There was a 

tradeoff between having a large volume of fluid in the ruptured bridge and not having a 

spacer sufficiently thick to destabilize the liquid bridge effectively. Therefore, there is 

clearly a need to optimize the structure of the spacer. In the future, this optimization can 

consider design space beyond what is simply available with commercial meshes. In the 
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discussion, it was revealed how having wire curvature at the paper-spacer interface is 

generally detrimental, even though that same curvature is necessary to destabilize the liquid 

bridge within the spacer pore itself. Future designs might involve creating a spacer with a 

smooth surface that interfaces with the paper web, while retaining the internal pore 

curvature needed to break liquid bridges.  

The effects of surface tension and surface wettability, while statistically significant, 

were relatively minor. This implies that instability-enhanced dewatering can likely be 

applied to many different materials and liquids. Even in applications where harsh process 

conditions prevent surface wettability from being a viable tool to control flow, this 

approach may be helpful. In the experiments conducted in this work, a combination of 

chemical and mechanical effects led to reflux being completely eliminated in one instance: 

hydrophobic 70 mesh spacer. That is not to say, however, that further optimization is not 

needed. Moving forward, it is worth considering how the structural parameters of the 

spacer can be further optimized. The timescale of bench-top pressing conducted in this 

study may not fully reveal what further challenges of enhanced dewatering need to be 

designed around. Further geometric optimization is likely required for rapid dewatering 

processes, thinner paper webs, heavy cycling, and other practical considerations.  

Analyzing liquid bridge breakup in these complex structures is inherently difficult. 

In this study, video analysis gave some additional insight into the mechanism that prevents 

reflux. Seeing the liquid channels rupture as they flowed through the spacer layer provided 

strong evidence that the Plateau-Rayleigh instability is indeed the phenomenon responsible 

for enhanced dewatering. Based on this insight, I determined that inertial forces, rather than 

viscous forces, dictate the characteristic time of breakup in the spacer layer. However, a 
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more detailed analysis of the interfacial instability acting inside the spacer is certainly 

warranted. Modeling the motion of the interface within the spacer void, even in a simplified 

representation of the geometry, could reveal whether and to what extent key assumptions 

and conclusions from our experiments are valid.  

Finally, the characteristic breakup time is less than the dwell time of the web and felt 

in an industrial press section of a paper machine. This implies that the technology has a 

strong potential to realize unidirectional flow in an application that has long found the 

implementation of one-way flow fabrics elusory. With focus on the fundamental physics 

of interfacial instability, there is strong potential to translate this enhanced dewatering 

mechanism into a successful application. Implemented successfully, a conservative 

estimate of this technology’s impact would result in a 0.1% reduction in the world’s total 

energy usage: an impressive illustration of the importance of fluid mechanics. 
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CHAPTER 5. REWET SUPPRESSION THROUGH PRESS FELT 

ENGINEERING2 

5.1 Background and scope 

Having proved in the previous chapter that instability enhanced dewatering has 

strong potential to eliminate rewet, questions remain about practical aspects of applying 

this technology to a paper machine press section. In this chapter of the thesis, I aim to 

address questions related to the feasibility of this approach to press fabric design, insofar 

as it is possible to do on the lab scale. 

In the previous chapter, premade sheets were wetted to a moisture ratio of 2 prior to 

pressing. While this experimental design elucidated the effects of liquid bridge stability on 

enhanced dewatering, it is not the most reflective of how paper is made. In the work for 

this chapter, the paper sheets are made according to the TAPPI method, first dispersing the 

fibers in a dilute suspension, then draining through a wire screen to obtain the wet web. 

Thus, this web starts at a higher moisture content than the experiments of the previous 

chapters. One advantage of this protocol is that the dewatering of both free and bound water 

are seen in the data series of this chapter. To compensate for the higher initial water content 

of the sheet, the paper is pressed three times, much like it would be on a paper machine, 

which often has multiple nips in the press section.  

                                                 
2 Material from this chapter was published in: 

Dudick, S., D.W. Hess, and V. Breedveld, Rewet suppression through press felt engineering. TAPPI Journal, 

2022. 21(6): p. 327-332 
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The applicability of this technology to various grades of paper was tested by pressing 

sheets of varying basis weight. The basis weight is the area density of the sheet. Board 

grades, for example, have heavy basis weights, while tissue grades have lighter basis 

weights. This series of experiments also yielded data that helped me answer another 

question about enhanced dewatering. 

Experiments measuring the moisture content of the sheet after pressing have one 

limitation. Straightforward and highly replicable, they leave no doubt that dewatering is 

improved by adding a spacer. However, how do we know that this is due to eliminating 

reflux, rather than simply pressing more water out during compression? For example, 

maybe the geometry of the spacer concentrates forces applied to the sheet in such a way as 

to press more water from the matrix at a given applied load. An unlikely explanation, to be 

sure, but the question remains. Is there a way to look inside the sheet during pressing to 

determine that I am, in fact, measuring what I think I am? The videos and their analysis in 

the previous chapter offered one way of evaluating this question. By pressing sheets of 

varying basis weights, we gain another piece of evidence that the sheets are pressed to the 

same minimum moisture content regardless of press fabric design and that the spacer 

prevents rewetting thereafter. 

Another question relating to the practicality of instability-enhanced dewatering is the 

choice of material used for the spacer. Due to safety concerns—as well as wear on the 

equipment—metal should not be feed into a tight gap subject to tons of force, moving at 

hundreds of feet per second. However, I hypothesize that the required stiffness of the spacer 

is well below that of steel. In fact, many polymeric materials already used in paper machine 

applications meet this needed stiffness. This hypothesis is tested with nylon mesh spacers.  
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5.2 Experimental methods 

Wet handsheets were prepared at different basis weights from SBSK pulp, which 

was obtained as dry lap and resuspended in water. The handsheet protocol followed the 

standard TAPPI method up until pressing. Instead of pressing, the wet webs were adjusted 

to a moisture ratio of 3 (25% solids) to simulate the couch solids on a paper machine. Solids 

content (also called consistency) is defined by the mass composition of water and fiber in 

the sheet: 

     𝑠𝑜𝑙𝑖𝑑𝑠 =  
𝑚𝑓𝑖𝑏𝑒𝑟

𝑚𝑓𝑖𝑏𝑒𝑟+𝑚𝑤𝑎𝑡𝑒𝑟
    (5.1) 

The wet web was then pressed against various felt configurations in a benchtop 

screw press (Figure 5.1). A force sensor allows the applied stress to be measured and 

controlled. One primary advantage of using a platen press is that the imposed pressure 

gradient is essentially unidirectional. This simplifies the problem of analyzing flow in 

three-dimensions—which is already complicated by the heterogeneity of the materials 

involved. The paper is pressed three times at a given pressure to simulate the sequence of 

nips on the machine, to reduce variation introduced from control of the initial moisture 

ratio, and to show the limits of enhanced dewatering. Following pressing, the moisture 

content of the paper was determined by comparing the weight to that after oven-drying at 

105 °C for 8 hrs.  
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Figure 5.1 Screw press used for dewatering trials. From bottom to top are seen: the 

bottom platen, paper, press felt, top platen, force sensor, and screw press. 

5.3 Results and discussion 

5.3.1 Effect of spacer on dewatering of prepared handsheets 

The impact of sandwiching a mechanically stiff layer between the press felt and 

web is illustrated in Figure 5.2. In this case, a commercially available #70 stainless steel 

mesh was used as the stiff spacer layer (red data series). The blue series, which represents 

pressing with a commercial tissue felt, serves as the base case. The black series, in which 

the paper is pressed with a thick stack of blotters, shows the upper limit of solids that can 

be realized at a given pressure in the absence of rewet. At low pressures, no mechanical 

dewatering is done; the blotters result in increased solids content because of the strong 

capillary forces exerted. As pressure is increased, more water is expelled from the web, 

resulting in higher press solids. At pressures relevant to industrial conditions (7 MPa) the 

web is significantly deformed, resulting in dewatering. The presence of a stiff spacer layer 

enhances the dewatering potential of the press felt, as seen in the transition of the red series 

from the blue series to the black series. Pressing has shifted to a scenario where limited 
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rewet occurs. An improvement of 13% solids from 48% to 61% corresponds to a 40% 

reduction in the residual moisture content of the sheet. That translates to a 42% reduction 

in the dryer load, assuming the sheet is dried to 95% solids. 

 

Figure 5.2 Pressed solids of 120 gsm SBSK handsheet vs. applied pressure for various 

pressing conditions: (blue squares) commercial tissue felt, (black circles) stack of dry 

blotters that represents limit of maximum drying and (red diamonds) tissue felt with 

metal #70 mesh. 

To illustrate how sandwiching a spacer between the felt and web improves 

dewatering, the paper and felt were videographed as they were pressed. 

Figure 5.3 depicts frames from these videos. Fluorescent dye was added to the water 

so that it would be easily detectable under the microscope. The brighter a region, the more 

water it contains. As time progresses from left to right, the pressure is increased, then 

reduced. A stark difference can be observed between pressing only with the felt (top row 

of images) and with the mesh-added felt (bottom row). Initially, both start the same: the 
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(wet) paper is very bright, and there is no water in the felt. Upon compression, water is 

driven from the sheet into the felt. Here, the mechanism of the technology can be seen; the 

mesh layer destabilizes liquid bridges between the paper and felt. In the top images, a 

continuous bright channel spans the paper and felt. Upon decompression, water flows back 

through this channel, rewetting the paper. In the bottom row, the liquid bridges snap once 

water is transported into the felt. Upon decompression, there is no path for water to rewet 

the paper. After pressing, water has moved from the paper into the felt, regardless of the 

felt configuration. With the mesh-added felt, however, the paper is noticeably drier.  

 

Figure 5.3 Still images from videos taken during the pressing of wet chromatography 

paper (initial solids 25%) up to maximum pressure of ~5 MPa with: (top) commercial 

felt, and (bottom) commercial felt + #30 mesh (wire thickness 165 μm; openings 681 

μm). Sideview image with fluorescently labeled water; greater brightness indicates 

larger amounts of water present. 

5.3.2 Effect of mesh size 

The dimensions of the spacer layer have a significant effect on the stability of liquid 

channels between the felt and paper. The pressed solids obtained with different 
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commercially available meshes between the felt and paper are shown in Figure 5.4. The 

solids appear to go through a maximum as the mesh size is changed; this suggests a certain 

tradeoff between various contributions. If the mesh number is too low (thick wires and 

large openings), the pressure applied to the sheet will not be uniform. Also, there is a 

greater volume of fluid within the liquid bridges (i.e., mesh openings). When these bridges 

are disrupted, more fluid can return to the sheet. On the other hand, high mesh numbers 

have small mesh openings that are similar in size to the filament and pore sizes already 

present in the felt. If the gap is too small, the liquid bridges are less likely to break, and the 

mesh-added felt system begins to resemble the felt alone. The optimum mesh size depends 

on the basis weight of the sheet, since deformation of the paper web into the spacer pores 

affects the gap height and, thus, liquid breakup. 

 

 

Figure 5.4 Effect of mesh size on press solids. The dimensions of the spacer layer have 

a significant impact on dewatering. A mid-size mesh balances tradeoffs between gap 

thickness, pressure distribution, and sheet contact.   
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5.3.3 Effect of basis weight 

Figure 5.5 shows a Sweet plot of the moisture ratio obtained at different basis 

weights. Reassuringly, the technology is effective over a wide range of basis weights. At 

high basis weight, the effect of reducing rewet on solids is lower because rewet constitutes 

a lower fraction of the sheet’s mass. At lower basis weights, the spacer layers that were 

used did not perform as well as hoped. Two factors likely contribute. First, issues with 

pressure uniformity introduced by a stiff layer are exacerbated by a thinner sheet. Second, 

there is likely not enough water initially in the sheet to fill the open spaces in the mesh and 

span the gap introduced by the spacer. For low basis weight sheets, the design of the spacer 

will have to be optimized beyond these standard meshes to effectively mitigate rewet. 

Sweet plots enable regression to estimate the rewet and equilibrium moisture in the 

press. Plotting moisture ratio vs. inverse basis weight produces a line whose slope is equal 

to the rewet and whose intercept is equal to the equilibrium moisture ratio of the paper. For 

reasons mentioned above, the data point of mesh-added felt at lowest basis weight was 

excluded from the regression, because its dewatering is not fully representative of liquid 

channel breakup. As expected, the series share the same intercept, because equilibrium 

moisture of the sheet should only depend on the furnish properties and pressure applied—

not the felt characteristics. The series have different slopes, however, suggesting that rewet 

has been reduced from 61 gsm to 10 gsm by adding the mesh. These values display 

excellent agreement with those of the rewet values suggested by Figure 5.2, 62 gsm and 

9.6 gsm. 
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Figure 5.5 Sweet plot shows the effect of basis weight on dewatering. The intercept on 

each line indicated the minimum moisture content of the sheet during pressing. The 

slope of the line measures rewet. The lines have the same intercept but different 

slopes, indicating that the spacer reduces rewet. Even a simple, non-optimized, 

implementation of the instability-enhanced dewatering concept eliminates over 80% 

of rewet, effective across a range of basis weights. 

5.3.4 Nylon meshes 

For reasons of safety and wear, metal structures would be difficult to implement in 

a paper machine press nip. Metal materials, however, should not be necessary to achieve 

the desired liquid bridge breakup. Provided that the spacer layer is sufficiently stiff to resist 

significant deformation under nip loads, the approach should work well. Given that stress 

applied in the nip is around 10 MPa, any material that has a stiffness (i.e., elastic modulus) 

of at least 1 GPa will likely work. Fortunately, there are many candidate materials that 

satisfy this criterion. Among them, nylon meshes are a natural choice as nylon is already 

used in press fabrics.  
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Figure 5.6 shows the enhanced dewatering performance that nylon meshes add to a 

commercially available felt. Similar to the effect demonstrated with metal meshes, less 

water remained in the sheet after pressing when the spacer layer is included. Once more, 

the dimensional parameters of the spacer layer have a significant impact on the mitigation 

of rewet. Compared to pressing with the felt alone, each of the mesh-added felts showed at 

least some improvement in press solids. The greatest improvement was seen with the 

medium-sized mesh, implying that there is an opportunity to optimize the design of the 

spacer layer beyond the commercially available meshes. As in Figure 5.2, the gap between 

the blue and red series highlights the progress already made in developing this technology. 

The gap between the red and black series corresponds to the opportunity to further optimize 

this process. Although less improvement was seen with the nylon meshes compared to 

metal meshes, this is more indicative of only testing three structures, which is less likely to 

capture the optimum value.  
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Figure 5.6 Enhanced dewatering observed with nylon meshes. The medium size mesh 

(#61) performs best of the ones tested, for reasons previously discussed. Two of the 

mesh series, #30 and #168 fall on top of one another. 

 

 

Figure 5.7 Enhanced dewatering observed with new and used tissue felts 
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5.3.5 Compatibility of technology with different felts 

Because the technology works by disrupting the fluid phase, improved dewatering should 

be observed regardless of what felt is used, or in what condition the felt may be. Figure 5.7 

shows results obtained from pressing a 120 gsm SBSK handsheet at 1000 psi with new and 

used felts. Addition of a mesh improved dewatering in both cases. The used felt appears to 

have marginally better dewatering ability, compared to the new felt. However, this is only 

because the new felt has not been sufficiently well conditioned. Overall, it is encouraging 

to see that the technology has high potential to work over the lifetime of the felt.  

5.4 Economic Impact 

The financial value of reducing rewet comes in two main ways: energy savings and 

increased production. By removing more water in the press section, less has to be dried 

later—a notoriously intensive and costly process. Reducing the drying load by 40% would 

result in an enormous reduction in energy. Assuming that, in the base case, energy devoted 

to drying the sheet costs about $20/finished ton, the impact on energy savings would be 

$8/finished ton. In application, the control/base case—pressing with conventional press 

fabric—could perform better than suggested by experiments on the platen press, simply 

due to dynamics. Even if the drying load were only reduced by 10%, energy savings would 

still be about $2/finished ton, an attractive value for technology that is essentially drop-in.  

The value that could be created from increased production in debottlenecking the 

dryers is more difficult to estimate. For those mills currently struggling with dryer 

limitations, marginal profitability attained with higher production volume could be at least 

as valuable as energy savings. The analysis is complicated by other process streams that 
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would then become production-limiting. In theory, reducing the dryer load by 40% could 

result in up to 40% increase in production for this case. However, in practice, upstream 

processes engineered around the initial dryer limitation would quickly become new 

bottlenecks. Understanding how reducing energy use in the dryers results in higher 

production requires a detailed analysis that would have to be performed on a mill-by-mill 

basis. Additionally, the economic considerations complicate quickly. Significant increases 

in production, especially those that can be realized sector-wide, are likely to affect the 

pricing—and thus, profitability—of marginal tons. Taking conservative values for the two 

contributions to financial impact, I estimate that this technology would be worth about $1.6 

billion per year.  

Conclusions 

Enhanced dewatering can be realized by severing the liquid channels that would 

otherwise span the felt-web interface. One mechanical way of accomplishing this is to 

introduce a stiff, porous spacer between the felt and web. Doing so effectively changes the 

boundary conditions of the interface while it is in the nip. Because the mechanism works 

by disrupting the fluid phase, it should only be indirectly influenced by other parameters 

in the system like nip load, pulp furnish, or press fabric. This means that application is 

likely to be wide-ranging, although I do expect some of the design optimization to depend 

on paper grade. While there is additional work to be done, initial results of this approach 

are promising. Improved dewatering observed on the lab-scale, coupled with a preliminary 

economic analysis, shows that structures that destabilize liquid channels at the felt-web 

interface have enormous potential in paper manufacture.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1 Contributions to the field 

The study of flow in porous media can be complex, surprising, and even beautiful at 

turns. The same forces acting on these physically complex liquid-solid systems can 

manifest drastically different outcomes, by making subtle alterations in initial or boundary 

conditions. For example, surface tension of the fluid at a paper-felt interface can either hold 

the liquid neatly at the interface, or tear it apart. This outcome, as was seen, depends on 

slight differences in the interfacial geometry. Surface forces were also used to create 

capillary barriers within a material, as well as to control the adhesive transfer of fluids 

between materials. The contributions this thesis made to understand the subtleties of 

wetting in fibrous materials—and, ultimately, improved dewatering—are briefly 

summarized. 

6.1.1 Capillary barriers in fibrous materials 

In the second chapter of the thesis, I aimed to show how wetting gradients could be 

used to control the flow of fluid within a fibrous network. By hydrophobizing metal 

meshes, papers, and press-felts, wetting barriers were created that successfully resisted 

liquid penetration—up to a certain pressure. How to predict the exact value of this critical 

pressure for fibrous substrates was a question that had not yet been adequately answered 

by the existing literature on the subject. By taking direct measurements of this critical 

pressure, along with precise knowledge of the chemical and physical characteristics of the 
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substrates, I was able to adapt a mathematical model of the Laplace pressure for axially 

aligned cylindrical fibrils. This adaptation required considering the effect of stochastics on 

wetting. Although the paper and fabric samples were highly heterogeneous and physically 

complex, taking a statistical view of the effective pore size gave reproducible results. The 

utility of the approach developed in this phase of study was most evident in predicting the 

wetting behavior of nearly-wetting fluids. On the whole, two competing effects make the 

wetting of fiber networks unique. On the one hand, their reentrant pore structure increases 

resistance to wetting, when compared to straight-walled pores of the same diameter. This 

means that a sheet of paper, owing to its unique structure, can repel liquids that would wet 

other media with identical contact angles. On the other hand, statistical variability in the 

pore structure decreases resistance to wetting, mostly because large pores yield the weakest 

barriers.  

By accounting for both of these effects, I was able to accurately predict the critical 

wetting behavior of several arbitrary liquids into hydrophobized paper. Based on these 

calculations, I showed the design parameters that would be necessary to create a wetting 

barrier strong enough to resist rewet. A simple implementation of this design was executed 

on the lab scale and shown to be effective at mitigating rewet. However, the small pore 

sizes needed to bolster capillary forces made such a design impractical for application on 

a paper machine. This was because small pores also reduce the felt’s permeability, 

restricting initial dewatering of the sheet. Regardless, the insights developed from this 

investigation should be useful far beyond the constraints of the press section of a paper 

machine. Design of wetting-resistant papers, non-woven fabrics, and analogous materials 

could all benefit from this work. 
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6.1.2 Adhesion of fluids to fibrous materials 

In the third chapter, the influence of adhesion over droplet transfer between two 

fiber networks was investigated. In experiments conducted on equilibrium time scales, it 

was seen that the forces exerted on the droplet by the fiber surfaces were in good agreement 

with those predicted by the classical model developed for flat surfaces. The agreement is 

likely due to the much larger length-scale of the droplets tested, compared to the length 

scale of the fibers in the paper. That is, from the zoomed-out perspective of the macroscopic 

droplet, each surface can roughly be treated as a uniform interface with given wetting 

properties. Under the right conditions, complete control over the transfer of a droplet is 

possible. When the droplet is placed on a sheet of paper with high contact angle hysteresis, 

the amount of liquid transferred can be controlled solely by choosing how much to 

compress the drop prior to picking it up. This drastic change in transfer behavior 

corresponded to a transition in the boundary conditions that define the liquid bridge. When 

the droplet is perturbed little, the contact line remains in its original (small) position. The 

adhesive force holding the droplet is correspondingly small, and it is easily carried away. 

By simply expanding the contact line (via compression), the contact between liquid and 

solid becomes pinned outward, at a given receding contact angle, thereby increasing the 

adhesive force.  

The challenge of separating a droplet from wet paper became apparent. On the 

highly hydrophilic surface, the liquid quickly spreads to a large contact area (with a near-

zero contact angle). The best-case scenario for transfer in such a case is 50-50, when the 

alternate surface is also made to be fully hydrophilic. Still, it was seen that liquid could be 

moved against the direction imposed by surface forces, so long as a stronger force is 



 119 

leveraged. I illustrated how inertia could be used to transfer water from a hydrophilic 

surface to a hydrophobic one under dynamic transport. However, the extreme limit of this 

method would also result in 50-50 transfer, implying that adhesion of water to a highly 

hydrophilic substrate can never be fully overcome.  

6.1.3 Instability-enhanced dewatering 

With these limits on the feasibility of using wetting gradients to eliminate rewet in 

mind, a new way of controlling flow was obviously needed. In the course of conducting 

transfer experiments, observing the rupture of a liquid bridge gave me the revolutionary 

insight of how to approach rewet from an entirely new perspective. If the film between the 

felt and paper were somehow broken, there would be no way for reflux to occur, even if 

the driving force for rewet remained. Rather than eliminating or counteracting the capillary 

forces of the sheet, the order of operations during pressing was inverted. Inserting a stiff 

spacer between the press felt and the paper web was, ultimately, a simple engineering 

solution that accomplished this goal. As was explored, however, the physics underlying 

this technology were far from simple. 

First, I showed that enhanced dewatering obtained with a stiff spacer between the 

felt and web was highly sensitive to the structure of the spacer. Choosing the right 

dimensions for the spacer is critical to reducing rewet. Considering the dynamics of 

interfacial instability, the reason became clear. The stability of liquid bridges depends 

strongly on the geometry of their interfaces. By intentionally experimenting with a spacer 

that violated the necessary geometric criterion for instability, I showed that it is indeed this 

mechanism that is primarily responsible for enhanced dewatering. Additionally, surface 
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wettability contributed a modest effect to enhanced dewatering, though this was for subtly 

different reasons than the effects of wettability covered in the two prior chapters. Because 

the technology primarily works on a mechanically-imposed alteration to pressing, better 

dewatering was seen across liquids of varying surface tension and viscosity. This is greatly 

encouraging for a potential application because, while marginally beneficial, maintaining 

the proper surface chemistry is not essential to the spacer’s success. 

6.1.4 Process applicability / feasibility 

In the subsequent chapter, practical questions related to the implementation of fabrics 

with improved dewatering capabilities were investigated—insofar as it was possible to do 

so on the lab scale. Measuring the pressing performance over a range of basis weights of 

the paper substrates showed that the technology has potential to work for a wide variety of 

paper grades. Additionally, this enabled the construction of a Sweet plot, allowing me to 

quantify the magnitude of rewet with and without the spacer. Thus, I showed that—in my 

lab-scale set-up—rewet was reduced by over 85% with just a commercially available mesh 

and no surface treatments. I also examined how a spacer would work with worn vs. new 

felts. In either case, the technology for improved dewatering was a success. 

6.2 Future work 

As many questions as were answered in the course of these investigations, far more 

were raised. I’d like to reflect on some opportunities to increase the impact of these studies 

through future work. 
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6.2.1 Geometry of spacer, custom pore profile 

As was discussed in Chapter 4, the performance of the spacer is highly dependent 

on its geometry. The investigation conducted so far was limited in this respect by utilizing 

commercially-available metal (and nylon) meshes. Although their convenience made them 

indispensable for the first phase of developing this technology, an attempt to design the 

spacer from the ground up should be made in the future. Doing so would overcome the 

limitations of using ready-made meshes. For example, one cannot independently vary the 

pore size, wire diameter, and mesh thickness to a great extent in commercially available 

meshes. This unnecessarily reduces design choices. Another drawback is that the curvature 

of the wires in the mesh—while essential to inducing interfacial instability—also likely 

trap some water between the spacer and paper surface. Designing a custom spacer could 

overcome this problem by having a smooth spacer surface meet the paper and pore walls 

with the appropriate interior curvature.  

Fluid simulations might help discover what curvature for the pore walls is ideal. 

There are immense caveats, of course, to simulating multiphase breakup of fluid on the 

microscale. However, such a tool may be useful in quickly scanning potential spacer 

designs, to facilitate fabrication and testing. Because materials with known parameters 

have already been tested, it should be straightforward to assess the validity of such 

simulations. For breaking water channels, I hypothesize that more slender openings relative 

to gap thickness would be preferable; such simulations might be a convenient method for 

testing that hypothesis. 

6.2.2 Dynamic process conditions 
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One important question remaining about the applicability of the spacer layer 

concept to industrial manufacturing is to what extent it will function under process 

conditions. My analysis of the physics that govern liquid bridge breakup suggest that the 

technology will be effective at process time scales. However, the only way to make certain 

is to actually test it. Doing so would require access to a pilot paper machine. Notably, the 

path to such tests is bottlenecked by the concerns above, as well as the possibility of 

multidimensional flow. 

6.2.3 Multidimensional flow 

In the studies conducted for this thesis, care was taken to establish unidimensional 

pressure gradients in the transverse direction only. This was done to simplify the problems 

of flow and elucidate some of the fundamental aspects of enhanced dewatering, at least for 

initial investigations. In the press section of a paper machine, the curvature of the press roll 

can create pressure gradients in the machine direction as well. However, the extent to which 

this poses a real problem is somewhat unclear. Compared to lab-scale nips—with high roll 

curvature and, thus strong machine-direction pressure gradients—industrial presses have 

less curvature and are more likely to exhibit more one-dimensional pressure profiles. 

The possible influence of machine-direction pressure gradients cannot be 

overlooked in spacer design, however. In such cases, spacers that create channels along the 

machine direction could result in compromised dewatering as the press pushes water 

forward into already-dewatered paper. Since the spacer technology works by maintaining 

voids at the paper-felt interface, this is a concern that must be recognized. Given 

appropriate attention to design, these potential problems can be confidently avoided.  
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6.2.4 Effect on sheet properties 

The effect of the spacer on sheet properties is an essential question that must be 

thoroughly considered in future work on this project. First, the spacer can impart roughness 

to the sheet, which may or may not be desired, depending on the application. Understanding 

how the spacer’s structure contributes to final sheet surface roughness, after additional 

processing steps like coating and calendering is a question best investigated at the pilot 

scale. Second, the enhanced dewatering possible with a spacer means that similar sheet 

dryness can be achieved by applying less pressure. Doing so could result in a bulkier sheet, 

as it has undergone less consolidation in the press. Bulk is a highly sought after sheet 

property for grades that benefit from bending stiffness, absorbency, softness (in the case of 

tissue), and all grades sold by area rather than weight. This adds another dimension to 

fabrics for improved dewatering and is a benefit that should serve as a major focus in future 

work with this technology. 

6.2.5 Definition of stiffness 

The stiffness of the spacer layer plays an essential role in achieving enhanced 

dewatering. However, the exact definition of what is meant by stiffness has been left 

somewhat ill-defined in the thesis. Clearly, thinking of the stiffness simply in terms of a 

material parameter of the substance used to create the spacer is inadequate. The stiffness 

that is relevant to instability-enhanced dewatering is the resistance of the spacer to 

deformation, such that void volume is preserved at the felt-web interface even under the 

high stresses applied in the press nip. This apparent, overall, or bulk stiffness is a 

combination of the material composition, as well as the porous spacer’s structure. A simple 
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analogy is to consider a steel rod. Steel itself is very stiff and difficult to deform with human 

strength. However, a rod made of steel that is thin and long may easily be bent. This is 

because the rod’s bending stiffness—the structured material’s resistance to deformation—

depends on the material’s dimensions, as well as the intrinsic properties of steel. Likewise, 

a spacer made of “stiff” material may not perform well if the structure deforms under load. 

What threshold fraction of void volume that must be preserved during compression to 

prevent rewet is a question that future work in this area should consider.  

6.2.6 Introduction of air to the interface 

For breakup of the liquid channels to occur, air must be supplied to the interface to 

displace the liquid. It is unknown whether this requirement places limitations on the 

practical implementation of this technology in a paper machine. At the small scales and 

long time frame of laboratory experiments, bringing air to displace the ruptured liquid 

channels is not an issue. At larger length scales and shorter time scales, this could, however, 

be an important consideration. Preliminary experiments showed that a stiff spacer was still 

able to achieve enhanced dewatering when pressing paper samples of area 100 times those 

reported in Chapter 4. Additional work will have to consider length scales equivalent to 

those on a commercial machine. In designing the spacer, consideration should be paid to 

how air enters the interface, and whether it is possible to store this air within the spacer 

itself prior to and during compression—for example, by including hydrophobic pockets in 

the spacer pore walls.  
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APPENDIX A. VIDEO ANALYSIS CODE 

ds = imageDatastore("C:\vids\chrom"); 

framenumber = length(ds.Files); 

F(framenumber)= struct('cdata',[],'colormap',[]); 

  

for i=1:framenumber 

    img = readimage(ds,i); 

    g = img(:,:,2); 

    bv = mean(g,2); lenbv=length(bv); bv = flip(bv); 

bv(1)=256; 

  

    fitbound=810; 

     

    b = bv(fitbound:1040); d = length(b); q = (1:length(b)); 

    f = fit(q.',b, 'gauss1'); 

     

    coeffs=coeffvalues(f); lower=round(fitbound+coeffs(2)-

coeffs(3)); 

upper=min(1040,round(fitbound+coeffs(2)+coeffs(3))); 

    b=bv(lower:upper); d = length(b); q = (1:length(b)); 

    f = fit(q.',b, 'gauss1'); 

     

    coeffs=coeffvalues(f); 

    factor(i)=coeffs(1); average(i)=coeffs(2)+lower; 

stdev(i)=coeffs(3); 
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    for j=1:lenbv 

    fitt(j)=coeffs(1)*exp(-((j-

(coeffs(2)+lower))/coeffs(3))^2); 

    end 

     

    y = [1:length(bv)]; 

    p = plot(bv,y); 

    p.LineWidth=3; 

    hold on 

    fittplot = plot(fitt,y); 

    fittplot.LineWidth=3; 

    hold off 

    F(i)=getframe(gcf); 

    barea(i)=coeffs(1)*coeffs(3)*sqrt(2*3.14159); 

    peak(i)=max(fitt); 

end 

stdev=stdev'; average=average'; factor=factor'; 

barea=barea'; peak=peak'; 

  

fig=figure; movie(fig,F,1,5); v=VideoWriter('chrom1'); 

v.FrameRate=15; open(v); writeVideo(v,F); close(v); 
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