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Abstract 

The drying process of a thin polymer solution film has been studied inside a 

micro-liter cavity near the contact line. Confocal microscopy along with particle 

image velocimetry and laser induced fluorescence are used for the real time 

measurement of velocity and concentration fields during the drying process.  

In addition to the capillary flow and the Marangoni flow, the velocity field also 

reveals the possible existence of a single vortex and multiple vortices inside the 

creeping flow induced by evaporation. These vortices appear soon after the 

beginning of the evaporation process, their size shrinks over time, and they 

disappear before the end of the evaporation process. This thesis includes a study 

of the effect of rheological and geometrical parameters on the presence, size and 

endurance of these vortices.  

Significant concentration heterogeneity is observed across the film during the 

drying process, in particular near the contact line. The concentration at the 

solution-air interface is higher compared to the bulk, and it increases towards the 
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contact line and also over time. A skin layer starts forming as soon as the surface 

concentration reaches the glass transition concentration after which the 

evaporation rate starts decreasing. The drying film undergoes a similar 

concentration evolution during the evaporation process, regardless of the cavity 

depth and the initial polymer concentration; although, minor differences can be 

recognized that are associated with the flow recirculations that delay the 

concentration increase inside the vortex.    

Finally, a theory is developed based on experimental data which explains the 

existence and behavior of viscous vortices near the bottom wall of the cavity. The 

competition between the capillary flow and the Marangoni flow results in flow 

separation on the bottom wall which leads to such vortices.  

This study provides better understanding of the drying process of thin polymer 

solution films near the contact line.  Furthermore, viscous flow separation adds to 

the current understanding of flow physics during the drying process, in addition to 

the well-known evaporation induced capillary transport and the Marangoni effect. 
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1 Introduction 

1.1 Motivation 

Precise polymer deposition through the controlled drying of a polymer solution is 

used for a variety of applications in different industries. Inkjet printing and 

solvent casting of polymer solutions are two key technologies used for this 

purpose. Manufacturing of polymer light-emitting diode (PLED) displays [1], 

printing circuits [2], fabrication of electronic components such as transistors [3], 

and microlens fabrication [4][5] are applications of controlled polymer deposition 

through inkjet printing.  

Solvent casting on the other hand is the oldest technology for polymer deposition 

and was used initially in the photographic industry [6]. It requires a polymer 

soluble in a volatile solvent such as water in order to make a stable solution. The 

solution typically forms a homogeneous film after drying that is then released 

from the cast [6]. This technique is used for the production of different products 

such as photographic films, synthetic fibers, adhesives, etc. [7].  
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Polyvinyl alcohol (PVA), as a water soluble polymer is widely used in solvent 

casting processes due to its physical and chemical properties. High tensile 

strength, barrier to oxygen and resistance to abrasion are some of the properties of 

PVA films. PVA is made by hydrolysis of polyvinyl acetate and its physical 

properties depend on the hydrolysis process and its molecular weight [8]. Solvent 

casting of PVA solutions is used in a variety of applications such as the 

manufacturing of LCD displays [6], the fabrication of contact lenses [9] and the 

fabrication of micro-needles for painless drug delivery [10].  

The fabrication of microneedles through solvent casting of PVA solutions [10] is 

shown in Fig. 1-1. The casting process starts with loading the PVA solution into a 

mold including vertical pillars. As the solvent (water) evaporates from the 

solution, the PVA starts depositing in a volcanic shape around the pillars and in a 

similar way around the cavity’s side walls. The deposited PVA layer is then 

separated from the mold by mechanical or chemical means.  
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Figure 1-1 Solvent casting process for fabrication of microneedles 

 

Structural and molecular non-uniformities have been observed across the 

deposited film depending on the drying condition [11]. These non-uniformities 

are mostly caused by non-uniform polymer transport and non-homogeneous 

drying across the film. Thus, understanding the physics of the drying process is 

essential for an optimum design of these polymer microstructures; however, this 

fluid mechanics problem is quite complex, involving a changing flow domain 

including a highly curved meniscus region and a polymer concentration varying 

in space and time.  
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1.2 Literature review 

1.2.1 Polyvinyl alcohol  

PVA is the largest synthetic water-soluble resin produced in the world based on 

volume at an industrial scale. It is typically made by hydrolysis of polyvinyl 

acetate. The degree of hydrolysis of PVA determines the percentage of acetate 

groups replaced by hydroxyl groups during the reaction process [12]. 

Different properties of PVA such as solubility, flexibility, and tensile strength 

depend on the degree of hydrolysis and the molecular weight of PVA [8].  PVA 

can achieve high crystallinity levels (20% − 50%) [13], and the crystallinity 

level increases for lower molecular weight and at a higher degree of hydrolysis. 

For PVAs with a high degree of hydrolysis, the hydroxyl groups from different 

polymer chains bond to each other and produce structural orientation. On the 

other hand, for larger molecular chains it is more difficult for polymer molecules 

to align over their entire length and create crystalline structures [14].   

PVA is soluble in highly polar and hydrophilic solvents, and water is the most 

common solvent for PVA. The solubility, viscosity and surface tension of PVA 

solutions depend on temperature, concentration, degree of hydrolysis and 

molecular weight. At low molecular weight and with low degree of hydrolysis 

PVA is fully soluble at room temperature; however, at higher molecular weight 
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and higher degree of hydrolysis higher temperatures are required to assist with the 

polymer solubility [8].  

The viscosity of polymer solutions is highly affected and increases with the 

molecular weight and the polymer concentration [15][16]. The surface tension of 

water is significantly reduced by adding a very small amount of PVA (<

0.1 𝑤𝑡%), and it then decreases slightly with increasing PVA concentration 

[17][18].  

1.2.2 Drying of polymer solution films  

The drying of a flat film of polymer solution has been the topic of theoretical 

study for many years. Okazaki et al. [19] solved the diffusion transport equations 

in a drying film of PVA solution using experimental data for the diffusion 

coefficient. They used a micro-interferometric method to measure mutual 

diffusion coefficients in different concentrations of aqueous PVA solutions and 

found the water concentration across the film. In a similar theoretical study for an 

evaporating thin-film of PVA/toluene solution, Vrentas [20] reported the 

existence of a significant concentration gradient near the surface due to the 

skinning effect.  

The formation of a layer at the solution-air interface whose properties are 

significantly different from the properties of the bulk solution is known as the 

skinning effect. The reason for this effect is a higher surface concentration which 
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limits diffusional mass transport near the surface [20].  Microscopic dynamical 

studies performed with imaging techniques such as magnetic resonance imaging 

(MRI), reveal the formation of a skin layer for thick layers of polymer solution 

that dried quickly, while thinner layers which are dried slowly have a more 

uniform concentration profile [21]. The concentration heterogeneity across the 

film influences the local film structure by changing the level of crystallinity 

across the film [22].  A glassy skin layer will be formed at the surface due to the 

lack of immobility, while drying-induced crystallization can occur beneath the 

skin [23].  

1.2.3 The evaporation process near the contact line  

The drying process becomes even more complicated at the meniscus [24], as the 

evaporation-induced convection will affect the polymer transport. For an 

evaporating film near a vertical wall, the solvent evaporation rate is maximum at 

the location where the contact line is attached to the wall [25][24]. In order for the 

contact line to stay pinned to the wall, the capillary flow towards the contact line 

compensates the excess solvent mass loss at this point [26].  This flow transports 

additional polymer towards the contact line at the wall. A similar phenomenon is 

observed during the drying of a colloidal droplet on a flat substrate resulting in the 

so called “coffee ring effect” [25]. In a drying coffee spill, the capillary flow 
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towards the contact line takes the coffee particles to the contact line, resulting in a 

ring-like deposit [27][28].   

Due to the capillary transport and non-uniform evaporation at the meniscus, a 

polymer concentration gradient will exist along the surface. For many polymer 

solutions, the surface tension is a function of polymer concentration.  In particular 

for aqueous PVA solutions, the surface tension decreases with increasing polymer 

concentration [8]. As a result, the polymer concentration gradient at the surface 

leads to a surface tension gradient which generates a flow due to the Marangoni 

effect [29]. The Marangoni effect generates a flow from a region with low surface 

tension to a region with high surface tension. In the case of a PVA solution film, 

the region of low surface tension will be near the contact line where the highest 

polymer concentration exists. As a result, there will be a Marangoni flow at the 

surface away from the contact line. The two major transport mechanisms inside 

an evaporating PVA film beside a vertical wall are shown in Fig. 1-2 [30].  

 

Figure 1-2 Transport mechanisms inside a drying polymer solution 
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The effect of different transport mechanisms on the final polymer deposition has 

been studied in the literature. For an evaporating polymer solution inside a 

cylindrical micro-cavity, Kajiya and Doi [31] used optical microscopy to image 

the surface profile of the film. They observed excessive polymer deposition near 

the side walls due to the capillary flow towards the contact line; however, the 

deposition profile became flat after adding surfactant to the solution as Marangoni 

flow from the contact line reversed the capillary transport and resulted in a more 

leveled deposition inside the cavity. 

Because of significant effects of transport mechanisms on the shape and structure 

of the deposited film, it is necessary that the velocity and the concentration fields 

be known during the drying process and specifically at the meniscus. Yiantsios 

and Higgins [32] used numerical modelling with thin-film approximation to study 

the Marangoni effect during the drying of colloidal films. They reported different 

types of particle coatings based on the Peclet number. For instance at high Peclet 

numbers, they reported skin layer formation with low concentration fluid 

remaining beneath the skin.    

Chamarthy et al. [33] used 3D micro particle image velocimetry (PIV) to study 

the thermo-capillary transport of methanol evaporation near the meniscus inside a 

horizontal capillary tube. They studied the effect of tube diameter on the 

Marangoni recirculations near the contact line. In a similar study, Buffone et al. 
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[34] studied the effect of the contact angle on the Marangoni recirculation near 

the contact line by performing both PIV and infrared temperature measurement.  

They observed Marangoni recirculations in the same direction for convex, flat and 

concave surface profiles.  

Mansoor and Stoeber [30] visualized the evaporation induced velocity field 

including the Marangoni effect during the evaporation of a PVA solution inside a 

cavity near the contact line. They used 3D confocal microscopy and micro PIV to 

study the effect of temperature on the evaporation-induced flow field.  

Although the velocity field has been measured by means of advanced imaging and 

image processing techniques, the concentration field at the meniscus is not very 

well known yet.  Optical tweezers [35] or electric field tweezers [36]  have been 

used for point measurement of concentration or concentration-dependent 

properties such as viscosity or surface tension; however, most of these techniques 

are limited to point measurements at the surface of flat films and are not practical 

for concentration field measurement near the meniscus.  

In a very recent study, Komoda et al. [37] used oscillatory microdisk rheometry to 

measure the surface viscoelastic properties of a drying aqueous PVA solution at 

the center of a micro-liter cavity. The surface concentration was then estimated 

from the measured viscosity and was compared with theoretical results of a 

simplified 1D diffusion model. Based on this comparison, they found higher local 
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concentrations near the surface at the beginning, but later in the drying process the 

polymer concentration becomes uniform across the film.   

In the absence of concentration and structural data, the drying of polymer solution 

films near the meniscus is still not very well understood. Phenomena such as skin 

formation, which are known from research on flat thin films, are expected to 

occur at the meniscus as well; however, the concentration values and their 

variations across the film and during the drying process are not known. In 

addition, the effect of the evaporation-induced velocity field and different flow 

parameters on the drying process need to be studied.    

1.2.4 Low Reynolds number vortices 

Evaporation driven capillary flow and the Marangoni flow are not the only 

phenomena occurring during the evaporation of a polymer solution inside a 

microliter well. Low Reynolds number vortices might also be generated by the 

capillary bulk flow during the evaporation process.  

Viscous and resistive eddies near a sharp concave corner were first introduced in 

1964 and named after H. K. Moffatt who mathematically predicted these eddies 

[38]. The governing equation he suggested was the Stokes equation, as 𝛻4 𝜓 = 0 

with the stream function ψ. The physical explanation for these low Reynolds 

number eddies was not reported in this paper; however, it was mentioned that 

“although viscosity is usually a damping mechanism, it can also be responsible 
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for the generation of a geometrical progression of eddies”. The first experimental 

visualization of separating Stokes flows was performed by S. Taneda [39]. He 

provided images of the low Reynolds number (Re~0.01) vortices in different 

geometries such as the flow past a cavity or the flow past a square bank.  

Low Reynolds number vortices have also been observed in gravity-driven film 

flowing over strongly undulated bottom profiles [40][41][42]. It is reported that 

there is a direct relationship between the vortex generation and the thickness of 

the fluid film, and no vortices were observed in films below a certain thickness. 

Moffatt vortices have also been observed recently for creeping flows in micro-

geometries. Oliveira et al. [43] reported the formation of low Reynolds number 

vortices in creeping Newtonian fluid flows in cross-slot microchannels. They 

found good agreement between their experimental visualization and numerical 

simulations and used computational fluid dynamics (CFD) to study the effects of 

geometry and inertia on the flow behavior. They found that the appearance of the 

vortices is affected by the geometry and it is enhanced by the increase of the 

Reynolds number. Most recently, Fishler et al. [44] used both PIV and CFD 

simulations to analyze flow and vortices in cylindrical micro-cavities inside a 

microfluidic device at Reynolds numbers around unity (Re = 0.1, 1 and 10). They 

captured the transition from a non-separating flow to a single vortex and then the 

transition to recirculation systems with two and three vortices based on the 

Reynolds number and geometry parameters.  The inertial effect was found to 
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cause a break of symmetry and spatial arrangement of the vortices at Re = 1. 

Vortices were only seen in either deep cylindrical micro-cavities (tube-like 

geometries) or in cavities with a small opening. They also found that two- and 

three-vortex configurations are only  formed at a limited range of geometry 

parameters, typically in deep cavities with small openings. 

1.3 Thesis outline 

In this thesis, a comprehensive experimental and theoretical study is performed on 

the drying of a PVA solution film inside a cavity and near the contact line. The 

drying process is studied in a 2D geometry near the vertical wall. This geometry 

is different from the microneedle geometry, as there is a 3 dimensional 

evaporation induced velocity field around a pillar while a 2 dimensional velocity 

field exists near the vertical wall; however, because of the symmetry, at each 

vertical plane crossing the center of the pillar, the two dimensional velocity field 

will be similar to the flow near the vertical wall. In addition, the two dimensional 

geometry makes it possible to construct a projection image in the vertical plane to 

improve the signal to noise ratio for the PIV analysis without removing any 

velocity components.  

A velocimetry technique based on the work by Mansoor and Stoeber [30] is used 

to measure the velocity field in cavities with different heights and for a range of 

different initial polymer concentrations. A fluorescent-based optical measurement 
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technique is introduced for concentration field measurements near the meniscus. 

The effect of different flow parameters on the concentration field across the film 

are studied over time. Finally, velocity field and concentration field data are 

combined to develop a theory that explains the newly identified phenomena 

involved in the drying of polymer solution thin films.    

In Chapter 2, a parametric study is performed on the evaporation driven velocity 

field near the meniscus for a PVA solution. Confocal microscopy and particle 

image velocimetry are used to measure the velocity field in cavities with different 

depths and with different initial polymer concentrations. In addition to 

evaporation-driven flow and Marangoni flow, the velocity field also reveals single 

and multiple vortices generated within the creeping flow induced by evaporation. 

The effects of geometry and the rheology of the fluid on the presence, endurance 

and the size of these vortices are also investigated in this chapter.  

In Chapter 3, an experimental study is performed for polymer concentration field 

measurement during the drying of a thin film in a cavity near the meniscus. 

Measurements are based on optical techniques such as 3D confocal microscopy 

and laser-induced fluorescence. Here, again for a range of initial polymer 

concentrations and for different cavity heights, the polymer concentration field is 

measured across the film. Defining non-dimensional parameters, it is shown that 

the concentration field undergoes a similar evolution during the drying process, 



14 
 

regardless of initial concentration or the cavity depth. The effect of the capillary 

number on the surface concentration is also investigated.  

In Chapter 4, experimental data such as surface concentration and the surface 

profile are used with governing thin-film equations in order to develop a theory 

that explains the flow recirculation introduced in Chapter 2. The developed model 

explains the physics of the observed recirculation and predicts the flow separation 

locations on the bottom wall of the cavity.       

Chapter 5 provides a summary of the major findings of this thesis, including the 

limitations of the methodology, and provides suggestions for future work.    
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2 Evaporation-driven low Reynolds number 

vortices 

2.1 Introduction 

The capillary flow caused by enhanced evaporation near the contact line and the 

spherical geometry of an evaporating droplet and the Marangoni flow near the 

free surface have been described in the literature. However, these are not the only 

phenomena occurring during the evaporation of polymer solutions near the 

meniscus. Low Reynolds number vortices might also be generated inside the 

evaporation-driven flow field as shown in Fig. 2-1. In this chapter, we introduce 

these low Reynolds number vortices that occur inside a cavity filled with an 

evaporating polymer solution.  
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(a) 

 

(b) 

 

 

Figure 2-1 Schematic of possible flow phenomena during the evaporation of a polymer 

solution near a wall inside a well, (a) without the corner recirculation, (b) with a corner 

recirculation 

2.2 The physical problem 

The schematic of a drying polymer solution inside a cavity next to a vertical wall 

is depicted in Fig. 2-2. Assuming the domain is large in the 𝑦 −direction we will 

only consider the problem in the x − z plane. As shown, the contact line is pinned 

at the upper edge of the wall and the contact angle  is changing with time. The 

solvent evaporation induces a velocity field inside the film (Fig. 2-2) with a 

possible formation of a vortex in the corner between the bottom and the wall of 
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the cavity (Fig. 2-1). As the solvent evaporates the viscosity of the solution 

increases and after the entire solvent has evaporated a dry polymer coating will 

remain on the structure.    

 

Figure 2-2 Schematic of the physical problem of an evaporating polymer solution inside a 

cavity next to a vertical wall showing the gravity (g) and the time-varying contact angle. 

For the evaporating liquid film, the solvent mass conservation is governed by [31] 

𝜕ℎ 

𝜕𝑡
+ ∇ ∙ 𝑄 =

𝐽

𝜌
 

(2.1) 

where ℎ is the height of the film, 𝐽 is the evaporation mass flux of the solvent per 

unit area, 𝜌 is the density, and 𝑄 represents the evaporation induced flow rate 

inside the film per unit width. The flow field (U = 𝑢𝑖̂ + 𝑤�̂�) is governed by the 

Cauchy momentum equation. For polymeric solutions, viscosity, density and the 

surface tension are functions of the polymer concentration (𝐶) that is governed by 

[31] 

𝜕

𝜕𝑡
(𝐶ℎ) + ∇ ∙ 𝐶𝑄 = ∇ ∙ (𝐷ℎ∇𝐶) 

(2.2) 
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where 𝐷 is the polymer diffusion coefficient in the solution. This means that the 

mass conservation, momentum and the transport equations are highly coupled and 

should be solved simultaneously. This could be achieved through a multi-phase 

numerical simulation that takes into account the changing flow domain, the time 

varying evaporation rate, as well as the viscosity, surface tension and density 

change with time and position. Instead, we are taking an experimental approach to 

investigate this flow problem; our experimental approach is based on our 

methodology to measure the two-dimensional evaporation-induced velocity field 

in the x-z plane inside a cavity. 

2.3 Experimental methods 

2.3.1 Fabrication of the cavity 

The cavity in which the fluid evaporation will be studied is made using standard 

microfabrication techniques. Performing photolithography using the negative 

photoresist SU-8, a number of square 7 mm × 7 mm cavities are made on a 4 inch 

Pyrex wafer (Fig. 2-3(a)). The wafer is then cut by a dicing saw and each cavity 

(Fig. 2-3(b)) is used separately for a different experiment. In order to study the 

geometrical effects, cavities with different heights ranging from 300 to 800 μm 

are made with this technique. The transparent Pyrex bottom walls of the cavities 

allow observing seed particles in the solution inside the cavity with an inverted 

microscope. 
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Figure 2-3 (a) Microliter cavities fabricated on a 4 inch Pyrex wafer, (b) one single cavity 

separated from the wafer. 

2.3.2 Solution preparation and characterization 

The viscosity of aqueous PVA solutions depends on the molecular weight of the 

polymer, its degree of hydrolysis, the polymer concentration, and temperature 

[15]. Solutions of different concentrations of the same low molecular weight PVA 

(MW~6000 g mol⁄  and 80 % hydrolyzed, Polysciences Inc.) were prepared with 

deionized water using a revolver mixer at low speed (Ω = 5 rpm) until a uniform 

and clear solution was achieved. The viscosity of the polymer solutions was 

measured using a Physica MCR rheometer (Anton Paar) with a bi-cone geometry 

with a cone angle of 0.983° and a diameter of  59.975 mm. Fig. 2-4 shows the 

measured viscosity of the aqueous PVA solutions at 𝑇 = 25 ℃  as a function of 

mass concentration suggesting an exponential relationship of viscosity  

𝜇 = 0.0014𝑒0.2336∙𝐶/𝑤𝑡% 𝑃𝑎 ∙ 𝑠 (2.3) 
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as a function of PVA concentration C in wt%. At concentrations above 35 wt%, 

the solutions become highly viscous with a preparation time of several weeks. 

Consequently, 35 wt% was selected as the maximum concentration for the 

rheometry measurements. As expected for dilute PVA solutions [16], no 

significant shear-thinning behavior was observed in this concentration range. 

Aqueous PVA solutions can also have viscoelastic properties [15]; however, 

considering the typical relaxation time 𝜆 < 1 s for our solutions [45] and the 

maximum shear rates as low as �̇� < ~0.002 1 s⁄  in the evaporation-driven flow 

result in a Weissenberg number 𝑊𝑖 = 𝜆�̇� much smaller than unity so that 

viscoelastic effects can be neglected.    

 

Figure 2-4 Viscosity of aqueous PVA solutions as a function of PVA concentration. 
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2.3.3 Flow imaging 

In order to measure the velocity field of the evaporating fluid next to the vertical 

wall in the x-z plane as shown in Fig. 2-2, the fluid is seeded with fluorescent 

particles. As the solution is confined inside the cavity, there is no optical access 

for the laser sheet and camera set-up used in conventional PIV to image the seed 

particles. Instead, a combination of confocal microscopy and image processing is 

used here in order to generate vertical x − z cross-sections of the seed particles in 

the solution from planar (x − y) images.  

For epifluorescence imaging, the solution is seeded with fluorescent particles that 

are excited with a laser beam and their emission light is captured by a camera 

through a filter that blocks the excitation wavelength. Here the PVA solution is 

seeded with 2 m fluorescent polystyrene microspheres (Firefli™ Fluorescent 

Red (542/612 nm), Thermo-Scientific) to a 0.033% solid concentration of seed 

particles. A microliter pipette is used to gently fill the cavities with volumes 

ranging from about 15 μL to 40 μL.. The polymer solutions are all kept in sealed 

vials to avoid uncontrolled evaporation prior to the beginning of the test. Each 

cavity is then placed on the microscope stage at a marked position where the 

scanning is planned. Once the cavity is positioned properly on the stage, it is filled 

with a polymer solution equal to its volume from the sealed vial and 𝑡 = 0 is 

defined as the time each cavity is filled and is exposed to controlled evaporation. 
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The filling of each cavity takes a maximum of 5 𝑠𝑒𝑐 which defines the 

uncertainty involved in the definition of 𝑡 = 0.  After loading a cavity with the 

seeded polymer solution, in order to eliminate the environmental effects, it is kept 

in a temperature controlled microscope stage incubator system at 𝑇 = 25 ±

0.1℃  for the entire time of an experiment with ambient conditions of 𝑇 = 23 ℃  

and relative humidity 𝑅𝐻 = 35%. Using fluorescent confocal microscopy 

(Nikon-D-Eclipse C1), a z-stack of planar images is captured by scanning the 

fluid along the vertical Z axis from top to bottom close to the cavity’s wall. A 

schematic of the scanned volume is shown in Fig. 2-5.  

 

 

Figure 2-5 A schematic of the cavity with depth H and width 4L showing the scan volume. 
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A long working distance 10× objective lens with numerical aperture 𝑁𝐴 = 0.3 is 

used to capture the planar images with a 2.48 μm pixel size. The z-direction 

scanning step size is selected in such a way that the optical slices overlap slightly 

in order not to lose any data from volume scans. Based on the objective lens, the 

laser wave length and the confocal pin-hole size, the optical slice thickness (OST) 

of the confocal system [46] is 22 μm, and a 13 − 15 μm vertical scan step size is 

used to scan depths ranging from 300 μm to 800 μm. The time required for a full 

volume scan ranges from 40 s  to 70 s depending on the scan depth; volume scans 

are performed on a continuous basis without delay. The planar images of each 

volume scan are assembled to generate a 3D image of the fluorescent seed 

particles by defining a 3-dimensional intensity matrix. A 2D x − z projection 

image is then constructed from the center of this 3D image by adding the 

brightness values of 7 adjacent vertical slices for each pixel as shown in Fig. 2-6, 

and the resulting image is used for PIV analysis.  
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Figure 2-6 The image processing technique used to generate the vertical cross section view 

from the planar confocal images of the fluorescent seed particles. 

2.3.4 PIV analysis 

PIV determines the flow field from the displacement of the seed particles. The 

particle displacement is measured by cross-correlating the fluorescence images of 

corresponding regions in subsequent images. The velocity vector of each region is 

then calculated from the displacement vector and the time delay between 

capturing subsequent images, or here the time required for a volume scan.  The 

time series of the generated x − z images are used to perform a PIV analysis with 

the software package DAVIS 8.1.5 by LaVision. Multi-pass processing with 22 

passes is used for velocity vector calculation. The interrogation window size of 

96 × 96 pixels for the first 11 passes is decreased to 48 × 48 pixels for the final 

11 passes. The overlap percentage is set to 75% in all cases. An elliptical 



25 
 

Gaussian weighting function is used for the interrogation window, because of the 

dominant horizontal velocity components.  

Due to light absorption, the captured emission intensity of fluorescent particles 

decreases with the increase of distance between the particles and the microscope 

objective lens. This results in a lower signal to noise ratio and can limit the 

velocity measurement near the surface; however, using the projection x-z images 

helps increase the signal to noise ratio to the level required for the PIV analysis. 

In fact, PIV analysis relies on cross correlation of local emission intensities and 

does not directly depend on exact emission intensity values.  

The measurement of the velocity field in the x-y plane does not reveal any 

dependence of the velocity field on the y direction. As a result, the two 

dimensional velocity in the x-z direction is sufficient to describe the flow field.  

Due to higher evaporation and lower velocity, the fluorescent particles will have a 

higher concentration at the surface and their concentration increases toward the 

contact line. This results in particle aggregation near the contact line which 

potentiality can influence the evaporation rate. As a result, the initial seed particle 

concentration is kept very low (0.03 𝑤𝑡%) to minimize such effect. In addition, 

dissolved polymer molecules will also aggregate near the contact line, and it is 

expected that this effect is more significant since the initial polymer solution is 

much greater (> 15 wt%) than the particle concentration; consequently, the seed 
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particle aggregation is not expected to cause any major influence to the flow 

behavior near the contact line.    

2.4 Results and discussions 

2.4.1 Velocity field and vortex characterisation 

The time dependent velocity field inside an evaporating PVA solution next to a 

vertical wall is shown in Fig. 2-7 for a 20 wt% PVA solution with initial viscosity 

𝜇𝑖 = 0.17 Pa ∙ s in a cavity with a depth of 𝐻 = 650 μm and width of 4𝐿 =

7 mm; the 𝑥 −and 𝑧 −axis are aligned with the horizontal and the vertical walls, 

respectively. The principal flow direction is towards the vertical wall. The higher 

evaporation rate at the pinned contact line at the top of the wall causes a flow 

towards this region to compensate the excess mass loss. As shown in Fig. 2-7, far 

from the wall the velocity is mostly unidirectional (𝑢 = 𝑢(𝑥, 𝑧, 𝑡), 𝑤 = 0) with a 

no slip boundary condition at 𝑧 = 0. The velocity at the free surface is affected by 

the Marangoni flow due to a non-uniform PVA concentration along this surface 

resulting in near zero velocities at the surface or flow away from the wall. Later in 

the process, when the surface concentration reaches the glass transition 

concentration a skin layer forms that forces the velocity at the free surface to zero 

[47].  

Flow recirculation is observed at the corner formed by the vertical and horizontal 

walls and it is seen that the vortex size decreases during the evaporation process 
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until no recirculation is seen. Experiments were repeated several times in order to 

verify the repeatability of the vortex behavior. 

 

Figure 2-7 Time-dependent velocity field of an evaporating 20 wt% PVA solution in a cavity 

next to a vertical wall with H=650 μm and width of 4L=7 mm, where 𝒕𝒊 = 𝒊∆𝒕 indicates the 

time passed after the beginning of the evaporation with time delay of ∆𝒕 = 𝟓𝟖 s  between two 

volume scans 

A Reynolds number  

𝑅𝑒(𝑡) =
�̅�(𝑡)𝑢𝑎𝑣𝑔(𝑡)ℎ̅(𝑡)

�̅�(𝑡)
 (2.4) 

can be defined for this problem where 𝑢𝑎𝑣𝑔 is the average evaporation induced 

velocity towards the wall (0 < 𝑢𝑎𝑣𝑔 < 1 μm s⁄ ), ℎ̅(𝑡) is the mean film height and 

�̅�(𝑡) and �̅�(𝑡) are the mean bulk viscosity and mean bulk density of the solution 

inside the cavity at each time. Both, 𝑢𝑎𝑣𝑔 and ℎ̅ are determined at 𝑥 = 1.5 × 𝐻 

away from the vertical wall as indicated in Fig. 2-8 since that is the furthest 
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distance from the vertical wall that could be seen within the field of view of the 

10× objective lens for all the cavities. At this point the film thickness ℎ(𝑥, 𝑡) is 

very close to the thickness far from the wall. In order to estimate the average 

droplet viscosity, it is assumed that the solution height is ℎ̅ in the entire cavity and 

the meniscus near the walls is neglected. This seems to be an acceptable 

assumption as it leads to less than ~5% error in volume estimation in the most 

extreme case (late stage of evaporation process). The concentration of the solution 

inside the cavity is then approximated at each time from ℎ̅(𝑡) and the initial 

concentration and ℎ̅(𝑡 = 0). The viscosity is then estimated from the mean PVA 

concentration of the droplet using the correlation formula (Eq. 2.3) obtained from 

the rheometry data; the viscosity constantly increases during the evaporation 

process.  

 

Figure 2-8 Schematic of stream lines and corner vortex characterization. 
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Eq. 2.4 typically yields a Reynolds number 𝑅𝑒 (𝑡) < 10−5 where the viscous 

forces are dominant and the inertial forces are negligible. As a result, the vortices 

seen during the evaporation occur in the same low Reynolds number regime as 

Moffatt vortices.  

Similar tests were repeated in different conditions (different ambient temperatures 

and relative humidity, with and without temperature controlled chamber) and with 

different procedures  (filling at different speeds and using different sizes of micro 

litter pipettes) in order to make sure that the vortices observed here are not 

artifacts caused by side effects such as environmental conditions or any filling 

effects.  

2.4.2 Initial viscosity effects 

Identical cavities with 𝐻 𝐿⁄ = 0.35 were filled with PVA/water solutions with 

different initial viscosities in order to further investigate the effect of viscosity on 

the corner vortex size. The corresponding initial velocity fields are shown in Fig. 

2-9 where it is apparent that for the initial viscosity range from 0.1 Pa ∙ s 

to 0.26 Pa ∙ s a higher viscosity leads to a smaller vortex size.  
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Figure 2-9 Effect of the initial viscosity on the evaporation-induced velocity field in a cavity 

with 𝑯/𝑳 = 𝟎. 𝟑𝟓  at 𝒕 = 𝟏𝟎 𝒎𝒊𝒏 after the beginning of the evaporation process. 

The vortex size and position can be characterized with the two parameters ℎ𝑣 and 

𝐿𝑣 shown in Fig. 2-8. 𝐿𝑣 is the distance from the vertical wall where flow 

separation occurs on the horizontal wall and ℎ𝑣 corresponds to the height of the 

vortex center. Fig. 2-10 shows these two parameters normalized with the cavity 

depth. The vortex size and endurance decrease for an increasing initial viscosity. 

The dimensionless time is defined as 
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𝑡∗ = 𝑡�̇�𝑎𝑣𝑔, (2.5) 

where �̇�𝑎𝑣𝑔 is the time average of the shear rate (�̇�(𝑡) =
𝑢𝑎𝑣𝑔(𝑡)

ℎ̅(𝑡)
) during the life of 

the vortex; this shear rate basically stays within a short range (3 ∙ 10−4  1 s⁄ <

�̇�(𝑡) < ~20 ∙ 10−4  1 s⁄ ) for all geometries.  

The vortex could also be characterized using the vorticity values [48]; however, 

since the vortex dimensions are used later in chapter 4 to measure the location of 

the separation point, the vortex size is used for characterizing the vortex. Similar 

approach has been used in the literature to characterize the vortex in micro 

geometries using the vortex size [49][50].   
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Figure 2-10 Non-dimensional vortex parameters over time for different initial viscosities in a 

cavity with 𝑯 ⁄ 𝑳 = 𝟎. 𝟑𝟓;    (a) the vertical position of the vortex center 𝒉𝒗 ⁄ 𝑯, (b) position 

of the separation point on the horizontal wall   𝑳𝒗 ⁄ 𝑯. 
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2.4.3 Geometry effects 

Similar to other Moffatt vortices the geometry of this flow problem also highly 

affects the size and endurance of this corner vortex [38][42][41]. In order to 

investigate the effect of geometry on the vortex size, cavities with 4 different 

heights ranging from 𝐻 𝐿⁄ = 0.25   to 𝐻 𝐿⁄ = 0.44 are filled with a same 

PVA/water solution with 𝜇𝑖 = 0.17 Pa ∙ s and the behavior of the corner vortices 

is studied over time. The initial velocity fields in Fig. 2-11 show that in general 

the vortex size is smaller for smaller cavity heights, which is consistent with 

previous studies [42] [41].  

 

Figure 2-11 Velocity fields in cavities with different heights and 𝝁𝒊 = 𝟎. 𝟏𝟕 𝐏𝐚 ∙ 𝐬 at t=10 min 

after the beginning of evaporation. 

Fig. 2-12 shows the vortex parameters ℎ𝑣 and 𝐿𝑣 normalized with the mean film 

height (ℎ̅(𝑡)) for different cavity depths. It can be observed that the depth of the 
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cavity highly affects the endurance, size and even presence of the corner vortices. 

The vortex size and its endurance decrease for smaller wall heights, and for 

cavities with 𝐻 𝐿⁄ < 0.25 no vortex is observed. Initially, the relative vertical 

position of the vortex center ℎ𝑣 ℎ̅⁄  stays almost constant before it gradually drops 

to zero (Fig. 2-12(a)), because both ℎ̅ and ℎ𝑣 initially decrease with time at a 

similar rate. The initial increase of 𝐿𝑣 ℎ̅⁄  in time results from an initially constant 

position of the separation point 𝐿𝑣 while ℎ̅ is decreasing with time; later, 𝐿𝑣 ℎ̅⁄  

gradually falls to zero.  
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Figure 2-12 Non-dimensional vortex parameters over time: (a) vertical position of the vortex 

center 𝒉𝒗 �̅�⁄ ,, (b) position of the separation point on the horizontal wall   𝑳𝒗 𝒉.̅⁄    
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The vortex size as a function of bulk shear stress ratio is shown in Fig. 2-13. The 

vortex size decreases at increasing shear stress as before; however, the critical 

shear stress ratio at which the vortex disappears depends on the cavity depth. For 

cavities with a higher wall the vortex can persist even until shear stresses as large 

as 𝜏 𝜏𝑖⁄
𝑐𝑟

≅ 10,000 ; however, no vortex is observed in cavities with a wall 

smaller than 𝐻 = 300 𝜇𝑚 even for a much lower shear stress. The measurements 

show that the shear rate slowly increases during the life of the vortex, and it stays 

within a small range of 3 ∙ 10−4  1 s⁄ < �̇�(𝑡) < 20 ∙ 10−4  1 s⁄  for all four 

cavities. The dramatic increase in shear stress is mostly due to the bulk viscosity 

increase over time.  
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Figure 2-13 The non-dimensional vortex parameters as a function of characteristic shear 

stress ratio for different cavity depths (a) the normalized vortex center 𝒉𝒗 𝑯⁄ , (b) the 

normalized vortex length 𝑳𝒗 𝑯⁄ . 
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The dependence of the vortex behavior on the wall height may be explained by 

referring to the initial velocity fields shown in Fig. 2-11. The top part of each 

velocity field above the vortex is similar for each height. This part of the velocity 

field is governed by effects related to the surface, including evaporation and 

surface tension driven flows. If the vortex only has room at approximately the 

same distance from the surface, and that region becomes smaller for smaller wall 

heights, the vortex gets closer and closer to the cavity walls. As a result the 

viscous friction near the wall is increased, slowing down the vortex. At the same 

time, the shear stress caused by the evaporation-driven flow promotes vortex 

rotation. If the vortex rotates much slower than the free stream is pushing it, there 

will be substantial viscous dissipation in the vortex region, causing the vortex to 

vanish earlier, at lower shear stress.  

For cavities with a depth larger than 𝐻 𝐿⁄ ≥ 0.44 multiple vortices can be 

observed. The velocity field over time of an evaporating PVA/water solution with 

𝜇𝑖 = 0.17 Pa ∙ s inside a cavity with 𝐻 𝐿⁄ = 0.46 is shown in Fig. 2-14. During 

the initial stage of evaporation, only a single corner vortex exists; however, soon, 

another vortex forms near the free surface rotating in the opposite direction 

compared to the corner vortex. Finally, a third vortex emerges behind the free 

surface vortex close to the bottom wall rotating in the same direction as the corner 

vortex. As the solvent evaporates and the viscosity of the solution increases, the 

increased shear stress exerted by the flow onto the vortices dissipates them in 
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reverse order. Evidence of multiple vortices was also seen in the cavity with 

𝐻 𝐿⁄ = 0.44  while only the persistent corner vortex behavior over time was 

reported in Figs. 2-12 and 2-13 for comparison with the time behavior of the 

single vortices seen in the cavities with 𝐻 𝐿⁄ ≤ 0.37 . A microscope objective 

with a larger field of view and lower magnification (5 ×) was used to investigate 

the maximum number of vortices that could be observed. Repeated experiments in 

cavities with 𝐻 𝐿⁄ ≥ 0.44 revealed no more than three vortices, although 

differences were observed in the spacing between the vortices.  
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Figure 2-14 Multiple vortices generated during the evaporation of a polymer solution (𝝁𝒊 =

𝟎. 𝟏𝟕 𝐏𝐚 ∙ 𝐬) inside a cavity with 𝑯 𝑳⁄ = 𝟎. 𝟒𝟔. 
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The limited existence of viscous vortices above a critical geometry dimension has 

also been seen in other studies with different flow-generation mechanisms 

[51][44].  

2.5 Conclusions 

We have presented an experimental study to introduce and characterize the low 

Reynolds corner vortices that can occur during the evaporation of thin films inside 

microliter cavities. The observed corner vortices all show a similar unsteady 

behavior, in that they continuously shrink over time and finally disappear. As the 

bulk viscosity around the vortex is increasing over time, an excess shear stress 

dampens the vortex. The presence, size and endurance of the corner vortex are 

highly affected by the geometry, in particular the depth of the cavity. No corner 

vortex was observed in cavities with a depth smaller than 𝐻 𝐿⁄ ≤ 0.25 for 𝜇𝑖 =

0.17 Pa ∙ s while the same solution evaporating in a cavity with 𝐻 𝐿⁄ = 0.46 

showed multiple vortices.    

These vortices exist at Reynolds numbers as low as Re (𝑡) < 10−5 indicating the 

absence of inertia forces; they are therefore driven by the viscous flow. However, 

high shear stresses caused by increasing bulk viscosity finally shear these vortices 

apart. Viscous flow therefore plays a curious role in this flow problem where it is 

necessary to generate these vortices, while it also makes them disappear.  
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3 Concentration field evolution near the meniscus 

3.1 Introduction 

In the absence of full field concentration measurement techniques, the drying of 

polymer solution films near the meniscus is still not very well understood. 

Phenomena such as skin formation, which are known from point concentration 

measurement on flat thin films, are expected to occur at the meniscus as well; 

however, the concentration values and their variations across the film and during 

the drying process are not known. In this chapter, a measurement technique is 

proposed for a full field concentration measurement during the drying of a 

polymer solution film. Our measurement technique is based on using laser 

induced fluorescence (LIF) confocal microscopy. The measurement results are 

compared with the theory and also the velocity field data [52].     
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3.2 Experimental method 

3.2.1 Sample and set-up preparation 

Aqueous solutions of a low molecular weight PVA (𝑀𝑊 = ~6,000 𝑔/𝑚𝑜𝑙 and 

80% hydrolyzed, Polysciences) are made in different concentrations at room 

temperature using a revolver mixer at a low speed (~5𝑟𝑝𝑚).  

Microliter sized cavities are fabricated inside a cleanroom using photo-

lithography. These cavities are made on a transparent Pyrex substrate in order to 

allow optical imaging with an inverted microscope.  The cavities all have a square 

base area of 7𝑚𝑚 × 7𝑚𝑚 with a depth ranging from 𝐻 = 300 𝜇𝑚 to 𝐻 =

800 𝜇𝑚. For each experiment, one cavity is fully filled with an aqueous PVA 

solution. The filled cavity is then imaged using a 3D laser scanning confocal 

microscope (Nikon, D-Eclipse C1) while the solvent evaporates from the solution. 

During the imaging process, the cavity is kept inside a microscope stage 

incubation chamber (live cell instrument, CU-109) in order to maintain a constant 

temperature 𝑇 = 25 ± 0.1 ℃ and to avoid environmental disturbances.   

A fluorescent dye (Rhodamine B, Sigma Aldrich (554 627⁄ 𝑛𝑚)) is added 

(~0.0005 𝑤𝑡%) to the polymer solution for epifluorescence imaging. The laser 

scanning confocal microscope then scans the solution along the 𝑧 − axis, from top 

to bottom, and produces a stack of planar 𝑥 − 𝑦 images. A long working distance 

10 × objective lens with 𝑁𝐴 = 0.3 is used which provides a field of view of 
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512 × 512 𝑝𝑖𝑥𝑒𝑙𝑠 with a lateral resolution of 2.48 𝜇𝑚. In addition, the axial 

(𝑧 −axis) resolution for each image is ~22 𝜇𝑚 based on the laser wave length, 

objective lens specifications, and the microscope pin-hole size [46]. The scanning 

speed is 1𝑓𝑝𝑠 and  5 𝜇𝑚 vertical step sizes are used for scanning in the 𝑧-

direction.  

The stack of full-field planar images is then processed to re-construct a 3D image 

of the solution using a code developed in MATLAB. A projected side view (𝑥 −

𝑧) is then extracted from this 3D image for the measurement of the film profile 

and for the laser induced fluorescence analysis.  A schematic of the experimental 

set-up is shown in Fig. 3-1.  

 

 

Figure 3-1 The schematic showing the experimental set-up and the imaging technique.  
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3.2.2 Laser Induced fluorescence analysis  

LIF is used to measure the polymer concentration from the 𝑥 − 𝑧 projection 

images. This technique takes advantage of the fact that for dilute solutions the 

emission intensity of a fluorescent dye captured by an optical scanner, 

𝐼 = 𝐴𝐼𝑖𝐶𝜀ϕ (3.1) 

is a linear function of the dye concentration 𝐶 [53], where 𝐴 is the collection 

optics efficiency, 𝐼𝑖 is the local incident laser intensity, 𝜀  is the dye’s absorption 

coefficient and 𝜙 is the photoluminescence quantum efficiency of the dye.  

For a stable optical set-up, all the parameters in Eq. (3.1) are expected to remain 

unchanged and the dye concentration field  

𝐶(𝑥, 𝑧, 𝑡) =
𝐼(𝑥, 𝑧, 𝑡)

𝐼0(𝑥, 𝑧)
 𝐶0(𝑥, 𝑧) (3.2) 

can simply be calculated over time where 𝐶0 is the known or initial concentration 

field of the dye, and 𝐼0 and 𝐼 are the emission intensity field of the image with the 

known and unknown concentration field respectively, captured by the confocal 

scanner.   

The linear relationship between the emission intensity and the dye concentration 

is only valid for dilute solutions. At higher dye concentrations, due to light 

absorption by the dye, this linear relationship will no longer be valid [54]. As a 

result, it is important to find the concentration range for which the linear 
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relationship between the fluorescent emission intensity and the dye concentration 

is maintained.   

In order to find the concentration range for the linear behavior, a wide range of 

Rhodamine B concentrations (0.0001 𝑤𝑡% − 0.01 𝑤𝑡%) in a PVA solution were 

3D imaged inside a covered cavity (no evaporation) using our optical set-up. At 

very low dye concentrations (𝐶 < 0.0001 𝑤𝑡%) the emission intensity became 

too scarce to be captured by the confocal scanner. While a linear relationship 

between concentration and intensity was observed for a wide range of 

concentrations, at higher concentrations (𝐶 > 0.005 𝑤𝑡%) a significant intensity 

reduction was observed towards the top of the film due to light absorption.  

 Considering that the dye concentration increases between 3 to 6 times (depending 

on the initial polymer concentration) during the experiment, the initial dye 

concentration was selected in a range (0.0002 𝑤𝑡% < 𝐶0 < 0.0005 𝑤𝑡%) such 

that the linear relationship between the concentration and the mean intensity 

across the film is ensured during the experiment.  

During the calibration tests (no evaporation), with selected values for 𝐶0, less than 

5% intensity reduction observed towards the top of the film for the deepest cavity 

(𝐻 = 800 𝜇𝑚) with a constant film thickness across the film. In a similar 

calibration test (no evaporation) with an initial concentration 6𝐶0 in the same 

cavity, 15% intensity reduction was observed towards the film surface.  This 
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means that with the maximum dye concentration during the evaporation process 

(6𝐶0) and with the highest film thickness (ℎ = 800 𝜇𝑚) the uncertainty of 

concentration measurement will be 15%; however, during the evaporation process 

the film thickness decreases continuously everywhere except at the contact line. 

As a result, highest uncertainty exists for the surface concentration near the 

pinned contact line (where the largest film thickness is expected) and the 

uncertainty to be less (< 15%) anywhere else, as the film thickness decreases 

with the increasing distance from the wall.    

The evaporation process starts with a known uniform concentration 𝐶0 across the 

film. Continuous scanning of the solution provides the cross sectional images of 

the film 𝐼0(𝑥, 𝑧) and 𝐼(𝑥, 𝑧, 𝑡). Eq. (3.2) can then be used to find the concentration 

field 𝐶(𝑥, 𝑧, 𝑡) across the film at any time during the drying process.  

It should be noted that the LIF technique measures the dye concentration and not 

directly the polymer concentration; however, it can be shown that the dye and the 

polymer are transported together in the film. In fact, the species inside the thin-

film (dye and polymer) are transported by two mechanisms, by convection and by 

diffusion (Eq. (2.2)) while the convection occurs at much higher rate for both 

species. As a result, both polymer and dye are transported together by the 

evaporation induced convection.  
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The diffusion coefficient of the dye inside a PVA solution can be calculated using 

the Stokes-Einstein equation 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜇𝑅
 , (3.3) 

where 𝑘𝐵 = 1.38 × 10−23 𝐽 ∙ 𝐾−1 is the Boltzmann’s constant, 𝑇 is the solution 

temperature, 𝜇 is the solution viscosity and 𝑅 is the particle radius. Selecting 𝑇 =

298 K and a viscosity 𝜇 = 0.17 Pa ∙ s (for PVA solution with 𝐶 = 20 wt%) and 

considering a dye’s molecular radius as 𝑅 = 1 nm (based on reported diffusion 

coefficients in water [55]) results in an initial diffusion coefficient of 𝐷 = 1.28 ×

10−12 𝑚2 ∙ 𝑠−1during the evaporation process.   

The diffusion rate can be compared with the convection rate using the Peclet 

number defined as  

𝑃𝑒 =
𝑢′𝐻

𝐷
 , (3.4) 

where 𝑢′ is the characteristic evaporation-induced velocity that is defined as 𝑢′ =

𝐻 𝜏⁄  with 𝜏 being the evaporation time. Assuming 𝜏 = 60 𝑚𝑖𝑛 for a PVA solution 

evaporating inside a cavity with 𝐻 = 500 𝜇𝑚 results in 𝑢′ = 1.38 × 10−7 𝑚/𝑠 

which is also consistent with the PIV results [52]. Using all these parameters 

results in 𝑃𝑒𝑑𝑦𝑒 > 50 which reveals a negligible initial diffusion rate for the dye 

inside the solution. In fact, the diffusion rate decreases further as the viscosity 
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increases during the evaporation process while the evaporation-induced velocity 

is maintained nearly constant for a long time. A lower diffusion rate is expected 

for the PVA inside the solution compared to the dye because of the larger size of 

the PVA molecules. As a result, diffusion plays a negligible role and dye and 

polymer are transported together mainly by convection.  Assuming the radius of 

water molecule to be 1.5 Å, the diffusion rate is ~6 times larger for water 

molecules inside the solution compared to the dye resulting in an initial 𝑃𝑒𝐻2𝑜 >

~8. This means that while water molecules are mainly transported by convection, 

diffusion is also significant, especially  at the  low initial viscosity.    

3.2.2.1 Limitations.  

This method has limitations for concentration measurements very close to the 

vertical wall (𝑥 < 0.2 𝑚𝑚), due to shadow effects affecting the intensity field. In 

addition, near the end of the evaporation process (𝜃 < 45°), an artifact appears at 

the surface near the contact line. This effect is caused by total internal reflection, 

as the free surface slope reaches the critical angle of the PVA/air interface. 

Assuming that the surface concentration near the contact line is very close to 

100% near the end of evaporation process, the critical angle 𝜑𝑐𝑟 = arcsin (1/

𝑛) ≈ 42° can be derived from the refractive index 𝑛 = 1.5 for solid PVA.  

The intensity fields of cross section images of the film captured by the confocal 

microscope are shown in Fig. 3-2. At the beginning (Fig. 3-2(a)), a low uniform 
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intensity exists across the film; however, higher and non-uniform intensities can 

be detected across the film, as the evaporation process continues (Fig. 3-2(b)).    

 

Figure 3-2 The emission intensity fields captured by the confocal microscope, (a) 2 min after 

the beginning of the evaporation process, (b) 18 min after beginning of the evaporation 

process 

A very close look at Fig. 3-2 reveals a blurry interface at the film surface, caused 

by the limited axial resolution of the confocal system (~22 𝜇𝑚) known also as 

the optical slice thickness (OST) [46]. This resolution also determines the axial 

precision for concentration measurement across the film. We define the 

concentration at the solution-air interface as the highest measured concentration 

for each position 𝑥, and we define the interface as the location where this 

concentration is found; we estimate an error around 10 𝜇𝑚 for this method.  
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3.3 Results and discussion 

3.3.1 Contact angle variation 

Using the vertical cross section of the film, the contact angle can be measured 

over time by curve fitting of the surface points with an exponential function as  

  

ℎ (𝑥)

𝐻
= 𝑎𝑒−𝑏(𝑥 𝐻⁄ ) + 1 − 𝑎, 

(3.5) 

where 𝑎 and 𝑏 are time dependent constants to be determined through the fit. This 

function satisfies the condition that the contact line stays pinned at the top of the 

vertical wall at 𝑥 = 0 and 𝑧 = 𝐻 and becomes flat far away from the wall 

(ℎ(𝑥 → ∞) = 1 − 𝑎). The contact angle can be determined from 𝑎 and 𝑏 as 

𝜕ℎ 𝜕𝑥(𝑥 = 0)⁄ = −𝑎𝑏 = − cot 𝜃.  

Fig. 3-3 shows the contact angle over time for two different sets of experiments.  

The contact angle over time is representative of the evaporation process. 
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Figure 3-3 Contact angle over time for an evaporating PVA solution, (a) with  𝑪𝟎 = 𝟐𝟎 𝒘𝒕%  

in cavities with different depths, (b) in a cavity with 𝑯 = 𝟕𝟓𝟎 𝝁𝒎 and different initial 

concentrations.  
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Fig. 3-3(a) shows the contact angle versus time for a PVA solution with an initial 

concentration 𝐶0 = 20 𝑤𝑡% evaporating in cavities with different depths. The 

general behavior is similar in all cases. First the contact angle decreases at a 

constant rate followed by a short sharp decrease, after which the contact angle 

decreases slowly again until it approaches a constant final angle. The final angle 

decreases for increased cavity depths, because the same mass fraction of dried 

polymer in a deeper cavity results in a smaller final angle. We define the 

evaporation time 𝜏 as the time it takes for the contact angle to become nearly 

constant (less than 0.5 ° variation in 10 minutes). The evaporation time increases 

as the cavity depth increases.  

Fig. 3-3(b) shows the contact angle inside a cavity with depth 𝐻 = 750 𝜇𝑚 with 

three different initial concentrations. The evaporation times are close for all three 

cases; however, the final angle increases with increasing initial concentration. 

This is expected as with the same volume of solution, a higher initial 

concentration results in a larger mass of polymer to be deposited in the cavity 

which leads to a larger final angle.  

A similar trend has been reported for thickness over time of evaporating flat films 

of PVA solutions.  The changing film thickness over time (𝑑ℎ/𝑑𝑡) slows down 

near the end of the evaporation process [21][22], similar to what is seen here for 

𝑑𝜃/𝑑𝑡. This decrease in the evaporation rate has been related to the formation of 
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a glassy skin layer at the air-solution interface. The skin layer decreases the 

evaporation rate by limiting the solvent molecule diffusion towards the air-

solution interface and prolongs the existence of residual solvent trapped beneath 

the skin [21][56].  

3.3.2 Polymer concentration  

Fig. 3-4 shows the concentration field of a PVA solution with an initial 

concentration 𝐶0 = 20 𝑤𝑡% inside a cavity with 𝐻 = 550 𝜇𝑚 over time at 

different contact angles.  
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Figure 3-4 Polymer concentration field for an evaporating PVA solution with  𝑯 = 𝟓𝟓𝟎 𝝁𝒎 

and 𝑪𝟎 = 𝟐𝟎 𝒘𝒕% 

The concentration at the surface remains higher and increases towards the vertical 

wall. In fact, the solvent molecules at the surface can evaporate with an increasing 

rate towards the contact line, due to geometrical effects, resulting in a higher 
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polymer concentration at the surface; however, the bulk solvent molecules cannot 

reach the surface due to low diffusion rates [56] and are instead transported with 

the capillary flow towards the contact line and take the dissolved polymer with 

them which increases the polymer concentration near the contact line.  

Fig. 3-4 shows that significant concentration gradients exist across the film during 

the evaporation process. For aqueous PVA solutions at room temperature, the 

solvent induced glass transition occurs at 𝐶𝑠 ≈ 80 𝑤𝑡% [21]. This confirms the 

formation of a glassy skin layer at 𝜃 = 47° where 𝐶𝑆 ≈ 80 𝑤𝑡%. The skin layer 

formation explains the decrease in 𝑑𝜃/𝑑𝑡 shown in Fig. 3-4(a) for 𝐻 = 550 𝜇𝑚 

with 𝜃 < 47°.  

From Fig. 3-4, the concentration along the free-surface and the bottom wall are 

extracted and are shown in Fig. 3-5 for the same contact angles.   
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Figure 3-5 Concentration as a function of distance from the vertical wall with  𝑯 = 𝟓𝟓𝟎 𝝁𝒎 

and 𝑪𝟎 = 𝟐𝟎 𝒘𝒕%, (a) normalized surface concentration, (b) normalized concentration at 

the bottom wall 
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Fig. 3-5(a) shows that the surface concentration increases towards the vertical 

wall (𝑥 = 0) over time; however, above the glass transition concentration (𝐶 >

80%), the concentration gradient decreases at the surface. In fact, after the skin 

formation the evaporation at the air-solution interface will be very limited and the 

bulk water molecules slowly reach the skin layer and the surface concentration 

becomes more uniform. Although diffusion is found to be negligible for dye and 

polymer, it can still occur for water molecules at a low rate due to their smaller 

size. The surface concentration profile is of high importance as it affects the 

Marangoni flow.  

Fig. 3-5(b) shows the concentration along the bottom wall for different contact 

angles. Initially, the concentration gradients are much smaller near the bottom 

wall compared to the free-surface, and the concentration values stay close to the 

initial concentration. A significant concentration gradient is observed later at 𝜃 =

47° after the skin layer has formed at the surface.  The extrapolation of the curve 

at 𝜃 = 47° for 𝑥/𝐻 < 1, reveals a residual solution with high moisture content is 

trapped at the corner of the cavity.  

The effect of the cavity depth on surface concentration for an evaporating PVA 

solution with an initial concentration 𝐶0 = 20 𝑤𝑡% is shown in Fig. 3-6. The 

surface concentration undergoes a similar evolution regardless of the cavity depth. 

The concentration and the concentration gradient at the surface increase towards 
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the vertical wall until around 35% of the evaporation time. At 𝑡 𝜏⁄ = 0.5, as the 

surface concentration goes above the glass transition concentration 𝐶𝑆 𝐶0⁄ > 4, 

the concentration gradient decreases towards the vertical wall at the surface and 

becomes nearly constant near  𝐶𝑆 𝐶0⁄ = 5. The concentration at the surface shows 

a wavy behavior inside the deeper cavity with inflection points around 𝑥 𝐻⁄ = 1 

and 𝑥 𝐻⁄ = 2.  

 

Figure 3-6 Surface concentration over time for an evaporating PVA solution with 𝑪𝟎 = 𝟐𝟎%  

and different cavity depths 

Fig. 3-7 shows the concentration along the free surface for an evaporating PVA 

solution in a cavity with 𝐻 = 550 𝜇𝑚 at two different initial concentrations. 

Although some differences are apparent, in general both films have a similar 

surface concentration. At 𝑡 𝜏 = 0.3⁄  with the initial concentration 𝐶0 = 30 𝑤𝑡%, 
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the surface concentration becomes almost constant at 𝑥 𝐻⁄ < 1  as the surface 

concentration gets close to the glass transition concentration ( 𝐶𝑆 ≈ 80 𝑤𝑡%).     

 

Figure 3-7 Surface concentration over time for evaporating PVA solutions inside a cavity 

with 𝑯 = 𝟓𝟓𝟎 𝝁𝒎 with two different initial concentrations 

3.3.3 Effect of the Capillary number 

The fact that the surface concentration is not significantly affected by cavity depth 

or the initial concentration as shown in Fig. 3-6 and Fig. 3-7 can be explained 

based on the theory. Using non-dimensional parameters and neglecting diffusion, 

Eq. (2.2) can be simplified as 

𝜕

𝜕𝑡∗
(𝐶∗ℎ∗) + 𝛻 ∙ 𝐶∗𝑄∗ = 0, 

(3.6) 
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where 𝐶∗ = 𝐶/𝐶0 is the normalized concentration and 𝑡∗ = 𝑡/𝜏 is the non-

dimensional time. 𝑄∗ = ∫ 𝑈∗ ∙ 𝑑𝑙∗ is the non-dimensional flow rate with 𝑈∗ =

𝑈 𝑈0⁄  the non-dimensional velocity field and 𝑈0 = 𝐻/𝜏 is the characteristic 

velocity and 𝑙∗ = 𝑙/𝐻 is the dimensionless length.  

Eq. (3.6) shows that the normalized polymer concentration 𝐶∗ is not directly 

affected by the initial concentration or cavity depth, as these parameters cancel 

from the equation. In fact, 𝐻 and 𝐶0 can still influence the concentration field by 

affecting the velocity field.  

Fig. 3-6 and Fig. 3-7 show that the surface concentration has a wavy profile at 

large 𝐻 or at small initial concentration. On the other hand, at smaller cavity 

depths or larger 𝐶0, a more steady profile is observed.  

A Capillary number at the surface is defined as [57] 

𝐶𝑎 =
𝜇𝑈0

𝜎
 , (3.7) 

where 𝜇 (𝑥, 𝑧, 𝑡), and 𝜎(𝑥, 𝑧, 𝑡) are the local  viscosity and surface tension that 

both depend on polymer concentration, and 𝜌 is mass density of the solution. 

Using the characteristic evaporation-driven velocity 𝑈0 = 𝐻/𝜏 results in 

 

𝐶𝑎 =
𝜇𝐻

𝜏𝜎
 . (3.8) 



62 
 

 

Fig. 3-8 shows the surface concentration profile for two different Capillary 

numbers. The Capillary numbers are calculated by assuming a mean surface 

concentration at  𝑥 𝐻⁄ = 2. This results in 𝐶̅ = 1.97 × 18 𝑤𝑡% = 35.5 𝑤𝑡% and 

𝐶̅ = 2.02 × 20 𝑤𝑡% = 40.4 𝑤𝑡% for 𝐻 = 750 𝜇𝑚 and 𝐻 =

300 𝜇𝑚 respectively. The evaporation times for the two cavities (𝜏) can be 

estimated from Fig. 3-3. The Capillary number can then be calculated, using the 

equations for PVA solution viscosity and surface tension as a function of polymer 

concentration [52] [58].   

The higher viscous forces associated with the higher Capillary number dampen 

the fluctuation caused by the non-uniform surface tension [58] and a more 

uniform behavior is observed at the surface.  
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Figure 3-8 Surface concentration at  𝒕∗ ≈ 𝟎. 𝟐𝟓 with two different Capillary numbers 

For the two films whose surface concentrations are compared in Fig. 3-8 at 𝑡/𝜏 =

0.25, the concentration and velocity fields are provided at a similar time in Fig. 3- 

9. The velocity fields are measured by micro PIV through a similar imaging 

process to the LIF analysis, except that the fluorescent dye is replaced with 

fluorescent seed particles [52].  

The velocity field for 𝐶𝑎 = 10−5 shows that the competition between the 

capillary pressure and the Marangoni flow results in near zero velocity at the 

surface and separation points on the bottom wall inside the deeper cavity.  

The wavy profile of the surface concentration at 𝐶𝑎 = 10−5 can be explained in 

conjunction with the velocity filed. The velocity field shows a significant flow 
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recirculation near the surface which correlates with an elevated local 

concentration at the surface between 1 < 𝑥∗ < 1.5. At locations where the flow 

recirculates near the bottom wall, the polymer concentration is locally uniform 

with a value close to the initial concentration. In fact, the moisture inside the 

vortex cannot get out except through diffusion which is occurring at a very slow 

rate. As a result, the local concentration inside the vortex is fairly uniform.  

The steady concentration profile at the surface with 𝐶𝑎 = 4 ∙ 10−5 (Fig. 3-8) is 

associated with the largely unidirectional velocity field across the film as seen in 

Fig. 3-9. In fact, it is expected that the local velocity disturbances at the surface 

are damped here by higher viscous forces.  Comparing the Capillary numbers and 

the surface concentration profiles for different cases reveals that the wavy 

behavior starts occurring for a capillary number in the range 10−5 < 𝐶𝑎 < 4 ∙

10−5, as the surface tension forces increase compared to local viscous forces.  

The higher surface tension associated with a lower capillary number results in 

local flow recirculation near the free surface which is expected to cause the wavy 

surface concentration profile. At higher capillary numbers, the higher viscous 

forces damp local flow recirculations and a more uniform surface concentration 

profile is observed.  
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Figure 3-9 Concentration and velocity fields at 𝒕∗ ≈ 𝟎. 𝟐𝟓 for two different capillary 

numbers 

A Marangoni number can also be defined as [58] 

𝑀𝑎 =

𝜕𝜎
𝜕𝑥

𝐻

𝜇𝑈0
, (3.9) 

where 𝜎 is the surface tension of PVA solution. Since the viscosity of the PVA 

solution increases exponentially with the increase of polymer solution [52], the 

Marangoni number decreases over time and changes along the surface; however, a 

maximum Marangoni number can be estimated. Assuming a maximum of 

0.02 𝑁/𝑚 surface tension difference along the surface [58] over the length 2𝐻, 

and assuming a minimum initial viscosity of 𝜇𝑖 = 0.17 𝑃𝑎 ∙ 𝑠 with 𝑈0 =

0.1 𝜇𝑚/𝑠 results in a maximum 𝑀𝑎 = 5.8 × 105.  

This reveals that at the beginning of the evaporation process, the Marangoni 

forces are much larger than the viscous forces; however, over time the Marangoni 
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forces decay as the concentration becomes uniform along the surface and while 

the viscosity sharply increases due to solvent evaporation.  

 

3.3.4 Effect of flow recirculation on the structural properties of 

the dried polymer  

Inside the vortices near the bottom wall, the local concentration stays very close 

to the initial concentration while the bulk concentration is increasing and forming 

a rubbery phase around the vortex. While there is enough time and mobility inside 

the rubbery phase for polymer crystallization[23], this crystallization process will 

be postponed inside the vortex until the vortex disappears[52]. In fact, a 

sufficiently significant polymer interaction is required for crystallization which 

this is not possible at the low polymer concentration inside the vortex. As a result, 

it is expected that polymer crystallization inside the corner vortex occurs at a 

much slower rate during the evaporation and therefore leads to a different 

microstructure of the deposited PVA in that region [22]. This can affect the 

mechanical strength of the microstructures (e.g. microneedles) fabricated by the 

solvent casting process.   

3.4 Conclusions  

The concentration field was measured during the drying of a thin film of an 

aqueous PVA solution near a meniscus. The concentration increases in general 
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over time while concentration heterogeneities exist along the surface and across 

the film. The concentration at the solution-air interface stays higher than the bulk 

concentration and increases towards the contact line. The evaporation rate sharply 

decreases after the surface concentration reaches the glass transition concentration 

and a skin layer starts forming at the surface. After the skin layer formation, the 

concentration becomes uniform at the surface, while residual moisture is trapped 

at the corner of the cavity beneath the skin layer.  

Consistent with theory, the normalized surface concentration shows similar 

behavior as a function of normalized distance from the vertical wall during the 

drying process, regardless of cavity depth and initial polymer concentration; 

however, the capillary number is shown to be influencing the surface 

concentration profile. The viscous forces involved with larger capillary numbers 

have a damping effect on velocity disturbances at the surface, resulting in a more 

uniform surface concentration profile. Concentration results are in agreement with 

PIV results showing a uniform concentration at locations where flow recirculation 

causes a uniform local concentration. 

Results provided in this chapter, help clarify the drying process of polymer 

solutions near the meniscus. In addition, the described optical measurement 

technique could help with full-field concentration measurements in a variety of 

different evaporation studies for colloidal thin-films and droplets.   
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4 The theory of viscous flow separation  

4.1 Introduction 

The new recirculation described in Chapter 2 is different from the Marangoni 

recirculation [30], as it is initiated near the substrate and not at the free surface of 

the thin film. The fact that the flow recirculation starts on the bottom wall and 

there is a sign change in the wall shear stress, indicates possible flow separation 

on the bottom wall during the evaporation process; however, based on the current 

theory for the flow separation, separation occurs only when a fluid with 

decreasing inertia has to flow against an increasing adverse pressure gradient. As 

the flow velocity inside the boundary layer falls to zero, the flow becomes 

detached from the surface and takes the form of eddies and vortices. This chapter 

provides a mathematical model based on lubrication theory that describes this 

flow separation at the creeping flow limit in the absence of inertia during the 

drying of thin films. The model is validated by experimental data from Chapter 2 

and Chapter 3. Viscous flow separation adds to the current understanding of the 
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flow physics during the drying of thin films, in addition to the well-known 

evaporation induced capillary transport or the so-called coffee-ring effect and the 

Marangoni effect.     

4.2 Mathematical modelling 

A schematic of the flow field along with an experimental velocity field from 

micro-particle image velocimetry (PIV) is shown in Fig. 4-1.The fluid used here 

is an aqueous solution of a low molecular weight PVA (𝑀𝑊 = 6,000 g mol,⁄   

80% hydrolized) with an initial concentration 𝐶0 = 18%. There is a main 

capillary flow towards the vertical wall. In addition, flow separation occurs at the 

bottom wall at a distance 𝑥𝑠𝑒𝑝 away from the vertical wall. The gradient of the 

horizontal flow velocity 𝑢 in the 𝑧 direction on the bottom wall becomes zero at 

𝑥𝑠𝑒𝑝 and then changes sign. This satisfies the first condition required for flow 

separation [48]. As mentioned, the conventional inertial flow separation requires 

the presence of an adverse pressure gradient; however, here we show that flow 

separation can also occur at the micro-scale in absence of inertia and an adverse 

pressure gradient, but due to two different competing forces, rather than for 

conventional flow separation.   
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Figure 4-1 (a) Schematic of the flow physics and the horizontal velocity component of the 

flow field, (b) velocity field inside an evaporating aqueous PVA solution near a vertical wall 

measured by micro-PIV. 

Here 𝑢(𝑥, 𝑧, 𝑡) is the velocity in the 𝑥-direction governed by the Navier-Stokes 

equations which are simplified by the lubrication approximation to [57], [59], [60] 

−
𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧
(𝜇

𝜕𝑢

𝜕𝑧
) = 0 , 

(4.1) 

where 𝑝 is the local static pressure and 𝜇 is the dynamic viscosity that increases 

over time for a polymer solution as the solvent evaporates [61]. The lubrication 

approximation is suitable here because for a Reynolds number 𝑅𝑒 = �̅�𝜌𝐻 𝜇⁄ <

10−6  [52]  with the average flow velocity �̅� the inertial forces can be neglected 
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compared to the viscous forces; in addition, the direction of flow near the bottom 

wall is mainly unidirectional. The term including viscosity derivative 
∂μ

∂z

∂u

∂z
 in Eq. 

(4.1) is also neglected, as the viscosity gradient is minimal near the bottom wall 

where the flow separation occurs; we are interested in evaluating this equation at 

the bottom wall in order to locate the separation point. In fact, the most significant 

concentration/viscosity gradient occurs towards the free surface associated with 

the continuous evaporation. In addition, this assumption does not affect the 

prediction of the separation point location because the separation point is 

characterized by ∂u ∂z⁄ = 0 which results in 
∂μ

∂z

∂u

∂z
= 0. 

The boundary conditions for Eq. (4.1) are the no-slip condition at the bottom wall 

(𝑢(𝑧 = 0) = 0) and the Marangoni stress at the free surface 𝜇 𝜕𝑢 𝜕𝑧 (𝑧 = ℎ)⁄ =

𝜕𝜎 𝜕𝑥⁄ (𝑧 = ℎ) with the surface tension 𝜎. Solving Eq. (4.1) with these boundary 

conditions, results in [62] 

𝑢 =
𝜕𝜎 𝜕𝑥⁄

𝜇
𝑧 +

1

𝜇

𝜕𝑝

𝜕𝑥
(

𝑧2

2
− 𝑧ℎ). 

(4.2) 

The velocity profile in Eq. (4.2) does not apply to locations where significant 

vertical velocities exist in the film such as near the vertical wall as shown in Fig. 

4-1(b), but it is valid near the bottom wall where the flow is 1D and unidirectional 

parallel to the bottom wall.  

The pressure in Eq. (4.2) can be assumed as [63]  



72 
 

𝑝 = 𝜌𝑔(ℎ − 𝑧) − 𝜎

𝜕2ℎ
𝜕𝑥2

(1 + (
𝜕ℎ
𝜕𝑥

)
2

)

1.5   , 

(4.3) 

so that under the assumption of a small surface slope 𝜕ℎ 𝜕𝑥⁄ ≪ 1 and 

consequently with 1 + (𝜕ℎ 𝜕𝑥⁄ )2 ≈ 1 [62] [32] the pressure gradient becomes 

𝜕𝑝

𝜕𝑥
= 𝜌𝑔

𝜕ℎ

𝜕𝑥
− 𝜎

𝜕3ℎ

𝜕𝑥3
−

𝜕𝜎

𝜕𝑥

𝜕2ℎ

𝜕𝑥2
 . 

(4.4) 

Using non-dimensional parameters, the dimensionless pressure gradient can be 

found as [53] 

𝜕𝑝∗

𝜕𝑥∗
=

1

Ca
(Bo

𝜕ℎ∗

𝜕𝑥∗
−

𝜕3ℎ∗

𝜕𝑥∗3 − S
𝜕2ℎ∗

𝜕𝑥∗2) , 
(4.5) 

where 𝑝∗ = 𝑝/𝑝𝑐 with the characteristic pressure  𝑝𝑐 = 𝜇𝑈0 𝐻⁄ , and 𝑈0 is the 

characteristic velocity defined as 𝑈0 = 𝜇 𝜌𝐻⁄ . Also, 𝑥∗ = 𝑥 𝐻⁄ , ℎ∗ = ℎ 𝐻⁄ , Ca =

𝜇U0 𝜎⁄  is the capillary number, Bo = 𝜌𝑔𝐻2 𝜎⁄  is the Bond number, and S =

(𝐻𝜕𝜎 𝜕𝑥⁄ ) 𝜎⁄  is the non-dimensional surface tension gradient. 

Replacing the pressure gradient in Eq. (4.2) and using non-dimensional 

parameters results in 

𝑢∗ =
S

Ca
 𝑧∗ +

1

Ca
(Bo

𝜕ℎ∗

𝜕𝑥∗
−

𝜕3ℎ∗

𝜕𝑥∗3 − S
𝜕2ℎ∗

𝜕𝑥∗2)  (
𝑧∗2

2
− 𝑧∗ℎ∗), 

(4.6) 

where 𝑢∗ = 𝑢/𝑈0 and a Marangoni number can be defined as Ma = S/Ca.  
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The location of the separation and detachment point ( 𝑥∗
𝑠𝑒𝑝 = 𝑥𝑠𝑒𝑝/𝐻) on the 

bottom wall can be found from Eq. (4.6) by setting the shear-rate or equally the 

shear-stress on the bottom wall to zero  

Ca
𝜕𝑢∗

𝜕𝑧∗
(𝑧∗ = 0) = S + (Bo

𝜕ℎ∗

𝜕𝑥∗
−

𝜕3ℎ∗

𝜕𝑥∗3 − S
𝜕2ℎ∗

𝜕𝑥∗2)  (−ℎ∗) = 0.  
(4.7) 

Eq. (4.6) and Eq. (4.7) are valid near the bottom wall as the flow is unidirectional 

parallel to the wall (Fig. 4-1(b)). Eq. (4.7) can be solved to find the location of the 

separation point on the wall over time if the film thickness ℎ∗ and the non-

dimensional surface tension gradient S are known as a function of 𝑥∗ over time.  

4.3 Analysis  

We are using experimental data for ℎ∗ and S to determine the separation length 

over time using Eq. (4.7), and we then validate this result through comparison 

with the separation points measured experimentally using micro-PIV (Fig. 4-

1(b)).  

The fluid has been fluorescently dyed with an initial 0.0005 𝑤𝑡% of Rhodamine 

B [52] in order to determine the film profile over time using confocal microscopy. 

The identified film surface points are curve-fitted with an exponential profile as  

ℎ∗ = 𝑎𝑒−𝑏𝑥∗
+ 1 − 𝑎, (4.8) 

with 𝑎 and 𝑏 time dependent constants as shown in Fig. 4-2. This profile satisfies 

the condition that the contact line stays pinned to the vertical wall over time at 
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ℎ∗(𝑥∗ = 0) = 1. Also, at distances far enough from the wall, the surface profile 

becomes flat as the effect of the wall becomes negligible. The surface slope at 

𝑥∗ = 0 can be calculated from Eq. (4.8) and can be related to the contact angle 𝜃 

as 𝜕ℎ∗ 𝜕𝑥∗(𝑥∗ = 0)⁄ = −𝑎𝑏 = − cot 𝜃. Hence, 𝑎 in Eq. (4.8) can be replaced 

with 𝑎 = cot 𝜃 /𝑏 .  

 

Figure 4-2 Curve-fitting of surface data points with an exponential profile for an 

evaporating PVA solution with an initial concentration 𝑪𝟎 = 𝟏𝟖%  near a vertical wall with 

𝑯 = 𝟕𝟓𝟎 𝝁𝒎; the inset shows a cross section of the PVA solution that is fluorescently dyed 

with Rhodamine B. 

Applying the exponential film profile in Eq. (4.8) to Eq. (4.7) yields the 

separation point  
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𝑥∗
𝑠𝑒𝑝 = (

−1

𝑏
) 𝐿𝑛 [

S 𝑡𝑎𝑛(𝜃)

(𝑏2 − Bo − S𝑏)ℎ∗
] 

(4.9) 

in a compact form; it should be noted that the quantities S and h* in this equation 

need to be evaluated locally at 𝑥∗
𝑠𝑒𝑝. As a consequence, Eq. (4.9) needs to be 

solved iteratively in order to find 𝑥∗
𝑠𝑒𝑝. However, Eq. (4.9) reveals all the 

important parameters affecting the separation point location. The separation point 

location is dependent on the non-dimensional surface tension gradient S, the free 

surface profile including the contact angle and the Bond number. 

Considering the measured values of 𝑏 = 0.62, and Bo = 0.12 and a mean value 

of S̅ = 0.05, reveals that the term S𝑏 can be neglected and Eq. (4.9) can be 

simplified as 

𝑥∗
𝑠𝑒𝑝 = (

−1

𝑏
) 𝐿𝑛 [

S 𝑡𝑎𝑛(𝜃)

(𝑏2 − Bo)ℎ∗
] 

(4.10) 

The non-dimensional surface tension gradient S is also found using an 

experimental approach. The addition of the fluorescent dye Rhodamine B to the 

PVA solution allows using laser induced fluorescence (LIF) to measure the dye 

concentration over time; as shown in Chapter 3 rhodamine B and the type of PVA 

used here have different diffusion coefficients inside the solution, but the 

diffusive time scales for both species are much longer (>50 times longer) than the 

convective time scales in this flow problem. This means that convection, caused 
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by the evaporation-driven capillary flow, is the dominant transport mechanism for 

both the dye and the polymer inside the solution; consequently, the dye 

concentration is representative of the polymer concentration as they are 

transported together through convection [52].  The surface tension of low 

viscosity PVA/water solutions (𝐶 < 20 𝑤𝑡% ) was measured at different 

concentrations using an Attension Theta tensiometer (KSV Instruments). This 

data and the surface tension for solid PVA (𝐶 = 100 𝑤𝑡%), were fitted to an 

existing model [8] to yield 𝜎 (𝐶) = 0.0519 exp(−0.003𝐶 /𝑤𝑡%) N/m for 

PVA/water solutions with 𝐶 > 5 𝑤𝑡%. The measured concentration at the film 

surface over time along with 𝜎 (𝐶) then yield the surface tension 𝜎 (𝑥, 𝑡) along 

the surface over time as well as 𝜕𝜎 𝜕𝑥⁄  and S.  

The experimental values of S are shown in Fig. 4-3 for different angles during the 

evaporation process; at the very first moment when the surface profile is flat (𝜃 =

90𝑜), the evaporation rate away from the wall is nearly uniform yielding S = 0. 

As the evaporation process progresses and the contact angle decreases, the 

polymer concentration at the surface increases overall towards the wall resulting 

in a lower surface tension near the wall and higher positive S values compared 

with the near-zero S far from the wall; a local S minimum develops around  𝑥∗ ≈

1. This is correlated with a region with a slight increase in polymer concentration 

beyond  𝑥∗ ≈ 1; such non-monotonous S behavior is associated with a 
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recirculation region near the surface (Fig. 3-9).  Finally, as the solution starts 

solidifying, the concentration gradient decreases along the film surface and S 

gradually goes to zero again before the end of the evaporation process (𝜃 < 50°).  

 

Figure 4-3 Non-dimensional surface tension gradient S as a function of the non-dimensional 

distance from the vertical wall for different contact angles for a PVA solution with an initial 

concentration 𝑪𝟎 = 𝟏𝟖% evaporating near a vertical wall with 𝑯 = 𝟕𝟓𝟎 𝝁𝒎. 

Now, that both ℎ∗(𝑥∗) and S(𝑥∗) have been determined over time, Eq. (4.7) or 

Eq. (4.9) can be used to find the separation point(s) over time, or as a function of 

the contact angle. Eq. (4.7) includes the two competing forces causing the flow 

separation on the bottom wall. Here, the main capillary flow towards the vertical 

wall is caused by the shear stress applied by the pressure gradient described by 

Caℎ∗(− 𝜕𝑝∗ 𝜕𝑥∗⁄ ). The first term (S) in Eq. (4.7) describes the Marangoni effect 
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that corresponds to shear-stress due to the surface tension gradient that drives the 

fluid away from the vertical wall. The overall shear-stress on the bottom wall 

(Ca 𝜕𝑢∗ 𝜕𝑧∗⁄ (𝑧∗ = 0)) then is the sum of these two terms.  

The experimental S values in Fig. 4-4 for 𝜃 = 83° and  𝜃 = 75° are curve fitted 

with a polynomial of 6th order, as it provides the best coefficient of determination 

(𝑅2) among polynomials of different degrees (<8th order); this function is used to 

calculate Caℎ∗(− 𝜕𝑝∗ 𝜕𝑥∗⁄ ) and the overall non-dimensional shear stress on the 

horizontal wall from Eq. (4.7) at these two different contact angles; theses terms 

are both also shown in Fig. 4-4(a) and 4-4(b). The magnitudes of both S and 

Caℎ∗(− 𝜕𝑝∗ 𝜕𝑥∗⁄ ) change towards the vertical wall (𝑥∗ = 0) resulting in 

separation at locations where the Marangoni term balances the pressure term 

leading to Ca 𝜕𝑢∗ 𝜕𝑧∗⁄ (𝑧∗ = 0) = 0.  At 𝜃 = 83°, as seen in Fig. 4-4(a), 

separation occurs only at 𝑥∗
𝑠𝑒𝑝 = 0.68; however, with 𝜃 = 75° separation occurs 

at three different locations (𝑥∗
𝑠𝑒𝑝1 = 0.7, 𝑥∗

𝑠𝑒𝑝2 = 1.59,  𝑥∗
𝑠𝑒𝑝3 = 2.1) as shown 

in Fig. 4-4(b). The measured separation point from micro-PIV analysis for 𝜃 =

83° is 𝑥∗
𝑠𝑒𝑝 = 0.65, and for 𝜃 = 75° the separation points are 𝑥∗

𝑠𝑒𝑝1 =

0.67, 𝑥∗
𝑠𝑒𝑝2 = 1.64,  𝑥∗

𝑠𝑒𝑝3 = 2.19 which confirms the theoretical approach. It is 

also clear from Fig. 4-4 that S > 0 is a necessary condition for flow separation; 

otherwise, S ≤ 0 would be associated with a unidirectional flow towards the wall 

without flow separation. 
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The observed flow recirculation starts with one separation point near the vertical 

wall and as the contact angle decreases, new separation points cause additional 

recirculation away from the wall; however, Fig. 4-4(b) shows that the 

recirculation region at  𝑥∗
𝑠𝑒𝑝2 <  𝑥∗ < 𝑥∗

𝑠𝑒𝑝3 is associated with lower shear rates 

compared to the recirculating region near the wall 0 <  𝑥∗ < 𝑥∗
𝑠𝑒𝑝1. As a result, 

as S starts decreasing while the pressure gradient increases due to the surface 

curvature increase, the recirculation region away from the wall disappears before 

the one closest to the wall. Consequently, with further decrease in contact angle 

the recirculation regions disappear in sequence with respect to their distance from 

the vertical wall.  

Although a microscope objective lens with a large field of view was used, the 

field of view was still limited and no more than two separation regions could be 

observed in our experiments; however, additional separation points can exist in 

theory at locations where the Marangoni stress balances the capillary pressure 

term.   
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Figure 4-4 Non-dimensional shear stress on the horizontal wall with competing terms from 

Eq. (4.7) for an evaporating PVA solution with an initial concentration 𝑪𝟎 = 𝟏𝟖% near a 

vertical wall with 𝑯 = 𝟕𝟓𝟎 𝝁𝒎 and 𝒃 = 𝟎. 𝟔𝟐 at (a) 𝜽 = 𝟖𝟑°and (b) 𝜽 = 𝟕𝟓°. 

The separation locations predicted based on the proposed theory are in very good 

agreement with experimental results for 700 < 𝜃 < 900. For smaller contact 

angles (𝜃 < 700), a deviation is observed between theoretical and experimental 

values for the separation point locations. The deviation is expected since the 

analytical model is developed based on the simplifying assumption (𝜕ℎ 𝜕𝑥⁄ )2 ≈

0 which is not valid as the slope of the free surface increases significantly for 𝜃 <

700.  

4.4 Conclusions 

It is shown that flow separation can be caused by the Marangoni effect near a 

meniscus in conjunction with an evaporation-driven viscous capillary flow. The 

existence and locations of the flow separation/detachment points predicted by our 
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analytical model correlate well with experimental observations. The possible 

existence of such flow separation during thin film evaporation of a polymer 

solution is of high importance as it can affect the microstructure and local strength 

of the dried film [52]. The developed model adds to the known physical 

phenomena involved in the drying process of thin colloidal films, in addition to 

the extension of the flow separation theory to the creeping flow regime. While we 

partially applied experimental data to our theoretical model to predict the 

separation locations, a full CFD simulation of the problem could provide a fully 

independent prediction of the flow.  
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5 Summary and recommendations 

5.1 Summary of key findings 

5.1.1 Viscous flow recirculation 

Under certain conditions the velocity fields from micro PIV revealed the existence 

of viscous vortices during the evaporation process. These vortices all show a 

similar time dependent behavior, as they appear soon after the beginning of the 

evaporation process in their maximum size, continuously shrink over time and 

finally disappear. The presence, size and endurance of these vortices were found 

to be influenced by the cavity depth and the initial polymer concentration.  For 

initial concentrations 20 𝑤𝑡% < 𝐶0 < 25 𝑤𝑡% , the vortex is larger in deeper  

cavities while no vortices were observed with cavity depths smaller than 𝐻 =

300 𝜇𝑚. Increasing the initial polymer concentration also revealed a damping 

effect on the vortex size, as no vortices were observed with an initial 

concentration 𝐶0 > 25 𝑤𝑡%, even in deepest cavities. The low Reynolds number 

(𝑅𝑒 < 10−5) during the evaporation process shows that inertia is negligible 
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compared to other forces. For the majority of the evaporation process, Marangoni 

stress and capillary forces are the two dominant forces and the competition 

between them determines the vortex size and endurance. The low initial polymer 

concentration correlates with higher capillary forces and sharper surface tension 

gradients at the free surface in addition to a higher evaporation time, which results 

in larger vortices for a longer time. Furthermore, by decreasing the cavity height, 

the evaporation time will also be decreased which reduces the vortex endurance as 

well.     

Near the end of the evaporation process, the large increase of viscous forces, due 

to the viscosity increase, dampens the evaporation driven flow including the 

vortices.   

5.1.2 Concentration field evolution 

The concentration field was measured near the meniscus during the evaporation 

process using LIF. While the mean concentration increased over time, a 

concentration heterogeneity developed across the film.  The surface concentration 

was higher compared to the bulk region throughout the drying process.  

The effect of initial polymer concentration and the cavity depth on the 

concentration field were studied over time. Defining non-dimensional 

concentration (𝐶∗ = 𝐶 𝐶0)⁄ , it was shown that the normalized concentration field 
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goes through a similar evolution during the evaporation time, regardless of initial 

concentration or cavity depth.   

The capillary number at the surface was found to influence the surface 

concentration profile. A uniform concentration profile was observed at the surface 

with 𝐶𝑎 > 4 ∙ 10−5, while lower capillary numbers 𝐶𝑎 < 1 ∙ 10−5resulted in 

wavy patterns in the surface concentration profile.  In fact, the viscous forces 

involved with larger capillary numbers were seen to have a damping effect on 

velocity disturbances at the surface, resulting in a more uniform surface 

concentration profile.  

Comparing the velocity and concentration fields showed that at locations where 

significant recirculations exist, the concentration is lower and close to the initial 

concentration for an extended time. In fact, solvent molecules recirculating inside 

the vortex cannot exit the vortex due to low diffusion rates.  As a result, the 

concentration stays locally constant inside the vortex.  

5.1.3 Viscous flow separation 

The momentum equations with thin-film and lubrication approximations were 

used to develop a mathematical model which can explain the observed 

recirculation inside the flow field. Since not all the governing equations could be 

solved analytically, experimental results were used to determine the missing 

parameters. For instance, the surface concentration data were used to determine 
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the surface tension gradient and the film thickness profile was determined by 

curve fitting of surface data points.  

The theory supports that the competition between the two opposing flow 

generation mechanisms (capillary flow and Marangoni flow) results in a flow 

separation on the bottom wall of the cavity. The separation points were found 

using the developed model with the aid of our experimental data for fluid 

properties and concentration distribution. Results from the theoretical model were 

then compared with PIV results for separation point locations which revealed a 

very good agreement.  

5.2 Major contributions 

All contributions of this dissertation relate to 

- It has been discovered that viscous vortices can be generated during the 

drying of polymer solutions inside a shallow well, in addition to the 

capillary flow and the Marangoni flow.   

- The existence, size and duration of viscous vortices depend on geometrical 

parameters in addition to rheological parameters such as viscosity and 

surface tension.   

- Regardless of initial polymer concentration or cavity height, the 

concentration field goes through a similar evolution during the 

evaporation process. As the concentration increases over time across the 
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film, while surface concentration remains higher locally. In addition, the 

concentration stays uniform locally inside the vortex.  

- The competition between the capillary flow and the Marangoni flow can 

cause flow separation near the bottom wall of the cavity. This means the 

current theory on flow separation can be extended to the viscous flow 

regime.   

5.3 Recommendations for future work 

We studied the concentration field evolution and the effect of the velocity field on 

the concentration field during the drying process. A similar study can be 

performed on the structural properties evolution during the drying process. The 

effect of velocity field and drying process on the structural properties and degree 

of crystallization across the film are yet to be discovered.   

The current study can be extended to other types of polymer solutions and 

different geometries.  Drying of polymer solution droplets on a flat substrate is a 

related problem to be studied, as the drying process near the meniscus has not 

been reported yet for this geometry. The concentration measurement techniques 

introduced in this thesis, are expected to help with this problem as well. In 

addition, there is a different dependency of surface tension on polymer 

concentration for other polymer solutions. Thus, it will be interesting to study the 

drying process while the Marangoni flow’s magnitude or direction is different.  
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The optical measurement techniques can be improved to acquire additional 

information from the flow field. Due to some shadow effects from the cavity side 

walls, it was not possible to measure the velocity and concentration at the close 

vicinity of the wall 𝑥 < ~0.2 𝑚𝑚. In addition, possible effects of optical errors 

on the velocity and concentration measurements can be studied.   
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