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Nomenclatures 

A   area (m2) 

dA   dispersion constant divided by 6−  (J) 

,a b   fitting parameter in Eq. (2.1) 

ma   molecular length (m) 

c   vapor concentration (kg m-3) 

1 2,c c   coefficients in Eq. (5.15) 

3 4,c c   coefficients in Eq. (5.17) 

5c   coefficient in Eq. (5.18) 

D   diffusion coefficient (m2 s-1) 

1 2,D D   dimensionless quantities in Table 5-1 

d   channel size (m) 

F   free energy density (J m-1) 

0F   homogeneous part of free energy density (J m-1) 

f   dimensionless evaporation coefficient 

G   potential energy due to gravitational force (J m-2) 

g   gravitational acceleration (m s-2) 

H   Schrage's accommodation coefficient 

h   distance from pool to contact line (m) 

fgh   enthalpy of vaporization (J kg-1) 

J   normalized local evaporation flux 

Ĵ   normalized local evaporation flux in Eq.(5.27) 

j   local evaporation flux (kg m-2s-1) 

k   mass transfer coefficient (m s-1) 

  diffusion length scale (m) 

m   evaporation rate (kg s-1) 

n   refractive index 

P   normalized pressure 
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( )P u   potential energy due to intermolecular forces (Jm-2) 

p   pressure (Pa) 

inp   perimeter (m) 

'p   pressure scale (Pa) 

R   dimensionless reciprocal overall resistance 

1 2,R R   dimensionless quantities in Table 5-1 

vR   specific gas constant (J kg-1K-1) 

mRe   Reynolds number 

( , , )i ir z=r  cylindrical coordinate (see Fig. 4-1) 

( , , )i ir  =r  spherical coordinate (see Fig. 4-1) 

S   dimensionless shape factor 

*T   temperature (K) 

T   normalized temperature 

t   time period (s) 

*T   temperature scale (K) 

U   normalized film thickness 

u   liquid film thickness (m) 

V   volume of gas phase (m3) 

'v   liquid velocity scale (m s-1) 

w   channel width (m) 

X   normalized x  coordinate 

1 2,X X   dimensionless quantities in Table 5-1 

x   x -coordinate (m)  

y   y -coordinate (m)  

   dimensionless modification factor 

   dimensionless free parameter 

   film thickness (m) 

   pressure ratio 

   camera angle (rad) 
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   microscopic contact angle (rad) 

   apparent contact angle (rad) 

   refraction angle (rad) 

   curvature (m-1) 

1

cap −   capillary length (m) 

w   wavelength (m) 

   thermal conductivity of liquid (W m-1K-1) 

   kinetic viscosity of liquid (m2 s-1) 

   disjoining pressure (Pa) 

   density (kg m-3) 

   surface tension (N m-1) 

 

Subscripts 

e   adsorbed film in equilibrium 

cross   crosssection 

i   interface 

d   disjoining 

eq   equilibrim 

ex   excess 

  liquid 

sat   saturation 

3, [ ]sat T T=  saturation at temperature 
3[ ]T  

, 1sat T =  saturation at temperature 1T =  

v   vapor phase 

w   wall 

o  center of curvature 

ow  outer wall 

0 ~ 3   physical quantities at boundary BC-0 ~ BC-3 (see Fig.5-1) 

   far-field 
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Overline 

−   area-average 

 

Brackets 

[ ]0~3  physical quantities at boundary BC-0 ~ BC-3 (see Fig.5-1) 

 

 

List of figures 

Fig. 1-1  (a) Meniscus whose characteristic length is capillary length 1

cap − . Inset: If channel size 

d  is less than 1

cap − , the characteristic length of the meniscus is d . (b) Microscopic 

configuration of wetting liquid film near contact line (c.l.) ...................................... 12 

Fig. 1-2.  Schematic picture of temperature distribution of heated surface underneath contact-

line region (see Fig.6 in [30]). ................................................................................... 15 

Fig. 1-3. Evaporation of organic liquid in capillary tube. Marangoni convection due to 

temperature gradient was observed in [42]. .............................................................. 18 

Fig. 1-4.  Local evaporation characteristics in micro region on (a) heated solid surface and (b) 

non-heated solid surface ............................................................................................ 20 

Fig. 1-5.  Flow chart in this study ............................................................................................. 21 

Fig. 2-1.  (a) Test section (b) Schematic picture of experimental apparatus ............................. 23 

Fig. 2-2.  Temporal variation of differential pressure after opening the connecting valve between 

the enclosure and tank ............................................................................................... 24 

Fig. 2-3.  Differential pressure after pressure equalization ....................................................... 26 

Fig. 2-4.  2-dimentional shape of meniscus near test plate, illuminated by laser sheet............. 27 

Fig. 2-5.  Apparent contact angles of menisci ........................................................................... 27 

Fig. 2-6.  Wettability of test plates with and without hydrophilization (processed by Yoshida 

SKT Co., Ltd.) for (a) sessile droplet and (b) meniscus in a channel whose size is 2mm. 

Receding contact angles of evaporating menisci are 1.20 0.14 =  rad (without 



7 

 

hydrophilization) and 0.853 0.087left =  rad, 0.412 0.054right =  rad (with 

hydrophilization). ...................................................................................................... 30 

Fig. 2-7.  (a) Test section, (b) actual image of test channel, (c) test section and experimental 

apparatus in measurement for evaporation rates. Experiments were conducted under 

reduced pressure of 47.87 10 Pa. ............................................................................ 31 

Fig. 2-8.  Temporal variation of the weight data after opening the connecting valve ............... 32 

Fig. 2-9.  Temperature field of heated SU-8 film (taken by IR camera). Right half of the coating 

film was black painted. Modified emissivity in rectangle area A surrounded by white 

line is 0.89. ................................................................................................................ 33 

Fig. 2-10.  Evaporation rate and flux at 3600t = s calculated with parameters a  and b  

shown in Table 2-1. ................................................................................................ 35 

Fig. 2-11.  Apparent evaporation flux at 3600t = s vs interface curvature .............................. 35 

Fig. 2-12.  Apparent evaporation flux in present ( 3600t = s) and previous experiments to 

interface curvature .................................................................................................. 37 

Fig. 2-13.  Apparent evaporation flux in present ( 3600t = s) and previous experiments to inner 

perimeter ................................................................................................................. 37 

Fig. 2-14.  Evaporation rate and flux at 360t = s ..................................................................... 38 

Fig. 2-15.  Evaporation flux versus interface curvature. Error bars show standard deviation of 

evaporation flux for y-axis and contact angle for x-axis. ........................................ 40 

Fig. 2-16.  Thermal images minus averaged outer temperature with and without blowing air. 

Contact line exists at ~280 pixels on vertical axis. ...................................................... 41 

Fig. 3-1.  Schematic diagrams of (a) gap configurations and (b) experimental apparatus. ....... 45 

Fig. 3-2.  (a) Contact angle measuring for capillary tube (b) Interference fringes observed by 

interference technique ............................................................................................... 48 

Fig. 3-3.  (a) Test cuvettes having 4 different channel sizes 2d  of 10mm, 5mm, 2mm, 1mm. (b) 

Menisci formed in channels ( 2d : 10mm, 5mm, 2mm, 1mm from the left) ................. 51 

Fig. 3-4.  (a) Liquid film profile in parallel plates ( 0.40d = mm, 26w = mm) (b) temporal 

variation of contact angle .......................................................................................... 53 

Fig. 3-5.  Apparent evaporation flux versus perimeter .............................................................. 54 



8 

 

Fig. 3-6.  Apparent evaporation versus plate widths ................................................................. 54 

Fig. 3-7.  Apparent evaporation flux versus ratio of meniscus area to total area ...................... 56 

Fig. 3-8.  Area-averaged evaporation flux versus interface curvature ...................................... 56 

Fig. 3-9.  Temporal variation of *T  (blue), *

owT  (black) and *

vT  (red) for 0.40d = mm ........ 58 

Fig. 3-10.  (Top) Horizontal images showing deformed interface due to TC-tip (Bottom) Temporal 

variations of evaporation rate ....................................................................................... 58 

Fig. 3-11.  Receding distance of menisci with initial position of (a) 10mm (b) 20mm (c) 30mm 

apart from channel exit. Legends in top left in figure (a) shows channel size 2d  .... 60 

Fig. 4-1.  Idealized spherical (top) and cylindrical (bottom) meniscus shape. .......................... 65 

Fig. 4-2.  Comparison with experimental data and scaling law. Solid line shows Eq. (4.7). .... 67 

Fig. 4-3.  Evaporation rates in capillary tubes [42] and maximum values predicted by Eq. (4.3) 

with 1f = . ............................................................................................................... 68 

Fig. 5-1.  A conceptual drawing of a meniscus between hydrophilic solid surfaces with adsorbed 

films. .......................................................................................................................... 71 

Fig. 5-2.  Matching condition between adsorbed film and micro region, and its scaling. ........ 74 

Fig. 5-3.  Application to experimental data reported in [17,23] for (a) heptane, (b) R113 and (c) 

propanol. Solid line shows model output and dots show the experimental data. Material 

properties including Hamaker constants were presented in [16] ................................... 80 

Fig. 5-4.  Application to experimental data for water presented in Section 3.3.1: dimensionless film 

shape consisting of linear, cubic and circular subregions. .............................................. 83 

Fig. 5-5.  E/D and T/D of four conditions listed in Table 5-3. Inset shows an enlarged view. ...... 89 

Fig. 5-6.  Evaporation flux for 1 : solid circle denotes experimental data in Section 3.3.1; 

line denotes Eq. (5.28) with a fitting parameter 31 1.5 10 − =  . Diffusion length 

sale was calculated by 4Dt  with 600t = s and 
0[ ] 0vp = Pa. Error bars show the 

standard deviation of data (vertical axis) and of the fitting parameter (horizontal axis).

 ................................................................................................................................... 92 

Fig. 5-7.  Fitting (
31 2.2 10 − =  ) for hydrophilic case in Section 2.3.2. Diffusion length 

sale was calculated by 4Dt  with 600t = s, 
0[ ] 0vp = Pa, and 

cos (cos cos ) 2left right  = + . . ..................................................................................... 93 



9 

 

Fig. 5-8.  Fitting ( 31 7.3 10 − =  ) for hydrophobic case in Section 2.3.2. Diffusion length 

sale was calculated by 4Dt  with 600t = s and 
0[ ] 0vp = Pa. . ........................... 94 

 

 

List of tables 

Table 2-1.  Fitting parameters ................................................................................................... 34 

Table 2-2.  Evaporation rates (
510− g/s) obtained by experiments ............................................... 39 

Table 3-1.  Summary of characteristic length of channel size d , static contact angle   and wall 

thickness (W.T.) ............................................................................................................. 46 

Table 5-1.  Expressions for the subregions and several dimensionless quantities .................... 78 

Table 5-2.  Application to experimental data for water presented in Section 3.3.1: list of input 

and output parameters ............................................................................................. 82 

Table 5-3.  Four cases to quantify E/D and T/D ....................................................................... 88 

  



10 

 

Chapter 1  Introduction 

1.1  Background 

Evaporation, the phase-change phenomenon from liquid to vapor, constantly takes place 

around us and is an underlying phenomenon of many engineering processes. For example, in 

nuclear power plants, nuclear energy is converted into and transported as the thermal energy via 

boiling coolant, which enables us to safely and stably provide a power supply. Heat and mass 

transfer associated with evaporation is of high interest in material science (inkjet-printing [1], 

fabrication of functional materials [2], etc.) and environmental engineering (membrane 

distillation [3], solar steam generator [4], etc.), too. Especially, evaporation at a 3-phase contact 

region is essentially important in these processes. The above-mentioned examples (inkjet, 

material fabrication, and so on) are based on wetting phenomenon, hence the characteristics of 

these processes are strongly affected by how liquid contacts with solid. Evaporation of wetting 

film is also of interest in the boiling process in terms of a contribution of wetting-film evaporation 

to bubble growth. Many research efforts have been performed to study the dynamics of boiling, 

which may advance thermal management in electronics. 

 

To solve the engineering issue of predicting and controlling these processes in various 

situations, it is essential to enhance the physical knowledge of the underlying phenomenon. 

However, there exist open questions in the physics of evaporation at the wetting film. This will 

be clarified with reviewing previous important researches, in Section 1.3. Before that, in the next 

section, the basic features of the wetting film are reviewed with defining several terminologies 

used in this manuscript. 
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1.2  What is a wetting film? 

The wetting film shows a liquid film covering a solid surface, partially or entirely. As an 

example, consider a solid plate is immersed in the liquid and kept stationary, as illustrated in 

Fig.1-1(a). Solid surface perturbs liquid surface and, if the wettability of the solid surface is high, 

the wedge-shaped liquid film called meniscus forms on the solid surface. The characteristic length 

of a meniscus is called capillary length defined as follows;  

 

 1

cap
g






− = . (1.1) 

 

 ,  , g  are liquid surface tension, liquid density, and gravitational acceleration, respectively. 

The capillary length is derived by balancing capillary pressure and hydrostatic pressure. This 

length is important in wetting phenomena. If the length scale of interest is shorter than capillary 

length, the surface effect becomes significant over gravitational effect and arc-shaped meniscus 

forms (see inset of Fig.1-1(a)). In other words, the characteristic length of a meniscus is either 

capillary length 1

cap −  or channel size d , whichever is smaller [5].  

 

The shape of a wetting film is given as the condition where system free energy is minimized. 

One of the theoretical models is Young’s relation [6]. This equation derived from the principle of 

minimum free energy is well-known as balances of each surface tension (gas-liquid, solid-liquid, 

solid-gas) projected onto the solid surface. The line where the 3-phases seem to contact each other 

is called an apparent contact line and the angle between the solid-liquid and liquid-vapor 

interfaces is called an apparent contact angle. 

 

Although Young’s relation is a well-defined model, the macroscopic theory is not always 

appropriate as the length scale becomes small, typically less than 1µm. It is because the effects of 

intermolecular forces become not negligible as the contact line is focused. The pioneering study 

on the effects of the intermolecular forces on wetting film has been conducted by Derjaguin [7]. 

Derjaguin found the relationship between the pressure applied to a liquid interlayer between 

quartz and its thickness in equilibrium. The introduced excess pressure in the thin liquid layer is 

called disjoining pressure. Conventionally, the wetting film is often divided into an adsorbed film 

region characterized by disjoining pressure, the macro region characterized by capillary pressure, 

and the transitional micro region, as illustrated in Fig. 1-1(b). There are some variations in how 

to call the sub-regions; an intrinsic meniscus and an evaporating thin film [8–10], or macro- and 
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micro-regions [11–13], for example. In this study, the latter case is used. 

 

 

 

 

Fig. 1-1.  (a) Meniscus whose characteristic length is capillary length 1

cap − . Inset: If channel size 

d  is less than 1

cap − , the characteristic length of the meniscus is d . (b) Microscopic 

configuration of wetting liquid film near contact line (c.l.) 
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1.3  Studies on evaporation of wetting film 

1.3.1 Theoretical studies 

Potach & Wayner [14] conducted a pioneering study on the evaporation of wetting film. They 

built the model to describe the multiscale structure and local evaporation characteristics of a 

wetting film on a glass plate immersed in a carbon tetrachloride pool. In their model, the 

multiscale structure was described by mechanical balance considering disjoining pressure and 

capillary pressure. Heat and mass transfer is characterized by thermal resistance due to one-

dimensional heat conduction of the liquid film and the interface resistance due to kinetic theory. 

Numerically solving the governing equations, they obtained the result that local evaporation flux 

is maximum in the micro region. This is due to the dependence of attractive intermolecular forces 

and the thermal resistance on liquid film thickness. In the adsorbed region, liquid molecules 

cannot escape to the gas phase because of attractive intermolecular forces. In other words, the 

adsorbed liquid film is thermodynamically equilibrium. The effect of attractive intermolecular 

forces rapidly weakens with increasing the film thickness and the film evaporates in the micro 

region. If evaporation is limited by the thermal resistance of the film, the local maximum of 

evaporation flux can be observed in the micro region as a result of a balance of intermolecular 

forces and the thermal resistance. 

 

The menisci shapes predicted by their model showed the discontinuities due to an abrupt switch 

from one model to another at the transition region between the adsorbed and macro regions. Later, 

many researchers have proposed more sophisticated models to solve the problem. Moosman and 

Homsy [15] derived a nonlinear differential equation based on lubrication, thin liquid-film heat-

transfer, and kinetic theory, and solved it as the lowest and next order problems of the perturbation 

series with wall superheat. In their models, equilibrium menisci shapes deform due to the stress 

field associated with flow caused by evaporation. In contrast to the models proposed by other 

studies [16–18], they clearly described an additional pressure term in the interface mechanical 

balance. This term acts as a source term in an expression of the evaporation flux. By using the 

Moosman and Homsy's expression, Morris [19] proposed a theory to predict the heat flow across 

the superheated wall by using  , the pressure difference across the interface in the macro region 

normalized by the disjoining pressure at the contact line. He showed the linear and parabolic 

subregions in the micro region and used the perturbation expansion with 0 → . The nonlinear 

differential equation could be simplified by assuming a local equilibrium to give the higher-order 

differential equations for liquid film thickness [12,20]. There are so many other studies for pure 
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vapor conditions and the basic features of these thermal models can be summarized as follows; 

 

◼ Assuming continuum fluid mechanics can be applied to wetting liquid film 

◼ Evaporation flux characterized by the thermal resistance and interface resistance 

◼ Local maxima of evaporation flux and interface curvature in the micro region 

 

It must be noted that these models are only applicable to pure vapor conditions. For the open-air 

condition, several basic equations (e.g. Eqs. (2)-(7) in [21]) regarding thermodynamics and 

mechanical equilibrium do not hold. In this case, the thermodynamic approach [22] may be used 

to obtain the equilibrium shape of the wetting film. 

 

1.3.2 Experimental studies 

Evaporation on heated surface 

 

DasGupta et al. have precisely measured shapes of menisci formed at the edge of the horizontal 

parallel plate [16–18,23] and at the cell corner [24] by using an ellipsometry and interference 

method. They analyzed local evaporation flux by fitting their model to the shape data and found 

different local interface curvature between the quasi-equilibrium case and wall heated case. In the 

quasi-equilibrium case, the interface curvature goes zero (adsorbed region) to a constant (macro 

region). Since the change in capillary pressure compensates with change in disjoining pressure, 

liquid pressure was found to be constant in this case. It was confirmed theoretically [25] and 

experimentally [26–29] that the interface curvature in the micro region is linear along with the 

solid surface. On the other hand, in the heated case, the interface curvature reached a local 

maximum in the micro region. This non-linearity of interface curvature is believed to lead 

pressure gradient driving liquid flow to the micro region where evaporation is significant due to 

the small thermal resistance. 

 

The local maximum of evaporation flux on the heated wall accompanies evaporative cooling 

at the contact line, which was observed by Höhmann & Stephan [30]. They used a thermochromic 

liquid crystal to measure the heated wall temperature as meniscus evaporated between parallel 

plates. The schematic image of the temperature distribution they obtained is illustrated in Fig.1-

2. The temperature was almost constant in the macro region while it sharply dropped near the 
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contact line. They thought the temperature changing region (~30µm in width) corresponds to the 

micro region because of the cooling effect. Dhavaleswarapu and coworkers measured temperature 

by an Infrared camera for heated solid surface under wetting IR-transparent heptane film [31,32]. 

Their energy-balance model showed about 70% [31] and 45% [32] of total heat transfer takes 

place from the micro region in their experimental system.  

 

 

 

 

 

 

 

 

 

 

Fig. 1-2.  Schematic picture of temperature distribution of heated surface underneath 

contact-line region (see Fig.6 in [30]). 
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The experimental studies mentioned above supports the thermal models mentioned in Section 

1.3.1. On the other hand, there are some experimental results which cannot be explained by 

conventional models. Li and coworkers measured the water evaporation rates formed at the edge 

of nano-channel with various channel sizes [33]. The noteworthy and interesting finding was the 

evaporation rate per channel area (i.e. apparent evaporation flux) increased nonlinearly with 

reducing channel size. This result cannot be explained by the thermal models indicating 

significant evaporation in the micro region because the interface resistance due to the molecular 

kinetics in the Knudsen layer is much significant than the thermal resistance of the wetting film. 

They also found that the evaporation fluxes are several times larger than the maximum value 

predicted by the Hertz-Knudsen equation (the formula can be found [6] etc.). They postulated 

these tendencies is due to the increase in the meniscus area and analyzed their data with 

Narayanan’s model [34]. The model describes elongation of the micro region due to the effect of 

intermolecular forces, mainly electric double layer forces, in the nanopore, which indeed shows 

the increase in apparent evaporation flux with reducing channel size. However, the model showed 

the unphysical result that the accommodation coefficient in the Hertz-Knudsen equation is more 

than 1. In their later experimental study on evaporation in nanopore [35], this tendency was 

explained by the precursor nanofilm [36]. In their new experiments, they fabricated a hydrophobic 

coat on the outer surface of nanopore to prevent the effective evaporation area from increasing. 

As a result, the evaporation flux became indeed smaller than the maximum value predicted by 

Hertz-Knudsen equation. On the other hand, it was still observed that the evaporation flux 

increased nonlinearly with reducing meniscus size. They suggested it is due to a dependence of 

accommodation coefficient on the electrochemical property of liquid, although the qualitative and 

quantitative validity of their suggestion is not clear. 

 

 

Evaporation on non-heated surface 

 

Buffone & Sefiane have published many experimental reports for thermocapillary Marangoni 

convection in volatile liquid meniscus formed at the edge of capillary tubes. Marangoni 

convection is the liquid flow driven by the surface tension gradient. Because surface tension is a 

function of interface temperature, the gradient of interface temperature induces the 

thermocapillary Marangoni convection. By the IR measurement for the interface temperature of 

evaporating meniscus, they confirmed that the center of the meniscus is warm while the contact-

line region is cold [37,38] and the temperature gradient drives thermocapillary Marangoni 
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convection [39–41]. They suggested the temperature gradient could be due to the significant 

evaporation at the micro region, similar to the thermal models. 

 

Furthermore, Buffone & Sefiane measured evaporation rates in capillary tubes with various 

tube sizes [42]. Fig.1-3 is their experimental configuration to show evaporating meniscus is 

pinned at the edge of capillary tubes while the rate of evaporation into atmosphere relates to the 

receding speed of another meniscus. They observed interesting results that evaporation rate 

linearly decreased and interface-area-averaged evaporation flux increased with reducing tube size. 

They claimed the linear increase in the evaporation rate is qualitatively consistent with their idea 

of significant evaporation in the micro region.  

 

Their discussion shows evaporation rate and flux are determined by the tube radius [43]. 

However, despite solid is not heated, is such significant evaporation in the micro region really 

possible? They argued the temperature gradient from the meniscus center to the contact line 

region supports their idea, but is it correct? Another possibility is available; warm liquid is 

continuously supplied to meniscus base and evaporation at the macro region consumes the energy 

before supply to the pinned contact line. In other words, the contact line is relatively far from the 

supply of warm liquid. Indeed, in their later experiments where apparent contact angle was 

imposed by various rates of liquid supply, it was observed that the interface temperature 

distribution became flat for a flat interface, and even cold in the center for a convex meniscus 

[44]. This shows the interface temperature strongly depends on the liquid flow field. If the 

contribution of the micro region to the total evaporation rate is not significant, then, why smaller 

tube/channel size does exhibit stronger evaporation? As mentioned above, the increase in the 

effective evaporation area due to precursor nanofilm is another possible physics. However, the 

contribution of the precursor nanofilm may not be significant compared to the intrinsic surface of 

macro-liquids, according to the recent review [36].  
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Fig. 1-3.  Evaporation of organic liquid in capillary tube. Marangoni convection due to 

temperature gradient was observed in [42]. 

  



19 

 

1.4  Objectives 

As mentioned in the previous section, there are some open questions in the physics of 

evaporation of wetting film. One is whether the significant evaporation in the micro region is 

possible in the open air without artificially heating, as shown in Fig.1-4. If not, the enhancing 

effect of evaporation with reducing channel size must be re-considered. Because the experimental 

data in the presence of the vapor diffusion layer is not enough to discuss the first question, 

experiments would be necessary in this study. The important point is separating the two length 

scales; perimeter and curvature of a meniscus. The perimeter corresponding to contact-line length 

and the curvature corresponding to the characteristic length of meniscus were treated as the same 

parameter in the Buffone’s experiments. Separating these lengths can be realized by using 

rectangle channels and by using the relation between the characteristic length of a meniscus, 

channel size, and capillary length (see Section 1.2). If the channel sizes are less than capillary 

length, rectangle-shaped channels enable to adjust the curvature of a meniscus with keeping the 

perimeter almost constant. On the other hand, channels whose size is more than capillary length 

enable to adjust the perimeter with keeping the meniscus curvature constant. In addition to the 

length separation, it is also necessary to analyze local evaporation characteristics by a model 

considering the film conduction, kinetics, and vapor diffusion. The model will be used to discuss 

the mechanism for the enhancing effect. 

 

The flow chart in this study is illustrated in Fig. 1-5. First, the author researched the dependence 

of evaporation flux on geometrical configurations of channels by means of experiments with 

keeping perimeter constant and with keeping meniscus curvature constant. The circular capillary 

tubes were also used to compare the evaporation flux in the rectangle channels. The experimental 

data are used to examine the validity of the conventional theory and to make quantitatively clear 

the difference between the effects of perimeter and curvature on evaporation flux. The next step 

is to seek how to mathematically describe the experimentally-obtained dependence of the 

evaporation rate on the geometrical configuration as a general rule. The scaling law is derived by 

using a macroscopic model considering vapor diffusion transport. Lastly, the author proposes a 

conjecture for the evaporation enhancing effect in a narrow channel and introduced the missing 

term into a microscopic model considering the film conduction, kinetics, and vapor diffusion. The 

proposed model was applied to the experimental data and compared with the scaling law derived 

by the macroscopic model. 

 

Chapter 2 and Chapter 3 describe the experimental works to investigate the dependence of 
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evaporation kinetics on channel geometries. Based on the experimental data, the effects of 

curvature and perimeter on evaporation flux are discussed in Chapter 2 and Chapter 3, 

respectively. These experiments include the measurements for the evaporation characteristics 

such as contact angles and temperatures. In Chapter 4, a macroscopic model is proposed to 

mathematically show the dependence of the evaporation rate on the interface curvature. The 

resulting equation is applied to the present and previous experimental data. In the last Chapter 5, 

a phenomenological microscopic model is proposed to reveal how the evaporation enhancing 

effect comes. Finally, the conclusions and possible applications are provided in Chapter 6. 

 

 

 

 

 

 

Fig. 1-4.  Local evaporation characteristics in micro region on (a) heated solid surface 

 and (b) non-heated solid surface 
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Fig. 1-5.  Flow chart in this study 
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Chapter 2  Experiments for curvature effect 

2.1  Introduction 

This chapter discusses the experimental works for the effect of meniscus curvature on 

evaporation flux. In the previous experiments where capillary tubes were used [42], they could 

not distinguish the perimeter and curvature of meniscus because these changes were identical for 

capillary tubes. For this reason, the rectangle channel was used as a test section in the present 

experiments. The test channel used in Section 2.2.2 was designed for temperature measuring of 

the channel surfaces to quantify how much the diffusion-limited evaporation cools the surface. 

This chapter presents 2 different methods for measuring evaporation rates, indirect and direct 

methods. 

2.2  Experimental apparatus and measuring techniques 

2.2.1 Evaporation in glass channels 

The evaporation rate, evaporation flux and contact angle of purified-water meniscus in a 

rectangle channel were experimentally obtained. As shown in Fig. 2-1(a), the test channel consists 

of two test plates and two Polystyrene endplates. The test plates are soda-lime glass (Muto Pure 

Chemicals co., ltd.) whose thickness is 1.0mm. To remove organic matters, surfaces of glass 

plates were wiped out by using ethanol (99.5 wt.%, Hayashi Pure Chemical Ind., Ltd.), rinsed by 

the purified water, and dried in atmosphere prior to the experiments. The clean surfaces of 

disposable Polystyrene endplates prepared by peeling off laminating films were used. The channel 

size d  was set from 0.15mm to 0.75 mm by a thickness gauge sandwiched between the glass 

plates. The test channel consisting of the plates was stabilized in the cylindrical pool which was 

cleaned by ethanol and rinsed by purified water. Next, the working fluid was gently poured to the 

pool to form a meniscus at an equilibrium position between the plates due to the capillary force. 

As the working fluid, the author used the degassed purified water. After pouring working fluid, 

rapeseed oil was additionally poured on the pool surface to prevent water evaporation at the 

surface. The oil has low volatility as vapor pressures of the main components (Oleic acid and 

Linoleic acid) are ~0.1mPa [45] at room temperature and the vapor pressure of other components 

could also be negligible. The oil was kept from coming into the meniscus. It must be notable that 

the distance between the contact line to the channel exit was not measured in the present 

experiments, which could affect the evaporation rate because the diffusion resistance of vapor 

may be altered. In the next experiments in Section 2.2.2 and 3.2.2, the author will present the 
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experimental results obtained with a given distance between contact line to the channel exit. 

 

The important point is the relation between the channel size d  and capillary length 1

cap − . For 

water, the capillary length 1

cap −  is 2.7mm. Because 1

capd  − , the characteristic length of the 

meniscus is identical to d  (see Fig.1-1). On the other hand, the change in the inner perimeter 

inp  of the channel ( 2 2inp d w= + ) is only a few % in the present experiments and is significantly 

small compared to the change in d , where the plate width w  is 26mm. In other words, the 

meniscus perimeter can be treated as a constant while meniscus curvature is a variable. 

 

 

 

 

 

 

Fig. 2-1.  (a) Test section (b) Schematic picture of experimental apparatus 
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The test section was installed in an acrylic transparent enclosure, as shown in Fig. 2-1(b). The 

enclosure connects with an auxiliary tank in which air was evacuated prior to the experiments. 

Both of the enclosure and tank were covered by a thermal insulator. After evacuating air from the 

tank to a desired pressure, the connecting valve between the enclosure and tank was opened to 

reduce system pressure in the enclosure. The pressure difference between the enclosure and tank 

was monitored by a differential pressure gauge (KEYENCE Corp.). The output of the pressure 

gauge in the pressure equalization is shown in Fig. 2-2. The pressure difference decreased from 

atmospheric pressure to zero in 1 minute after opening the connecting valve. After the pressure 

equalization, the differential pressure slightly increased again due to the capillary evaporation of 

water.  

 

 

 

 

 

 

Fig. 2-2.  Temporal variation of differential pressure after opening the connecting valve 

between the enclosure and tank 
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Because there was no artificial heater in the experimental system, the evaporation is controlled 

by air-vapor binary diffusion. To evaluate evaporation quantities, the following correlation 

function was introduced; 

 

 ( ) erfc
b

f t a
t

 
=   

 
, (2.1) 

 

where a  and b  are fitting parameters. t  is time period after pressure equalization. The 

pressure equalization was defined as 1 minute after opening the connecting valve. The pressure 

data were correlated by Eq. (2.1), as shown in Fig. 2-3. The parameters were used to obtain 

evaporation rates defined as time-differentiation of Eq. (2.1) 

 

 
2

* * 3
exp

v v v v

V df V b
m ab

R T dt tR T t

 
= = − 

 
,  (2.2) 

 

where *, , ,v vm V R T  are the evaporation rate, volume of the gas phase, specific gas constant of 

water vapor, and temperature in the gas phase, respectively. The vapor was assumed as an ideal 

gas and *

vT  was set to room temperature 22±1℃. The apparent evaporation flux 
crossm A  was 

defined as the evaporation rate divided by a cross-sectional area 2crossA wd= . 

 

The author also analyzed the apparent contact angles of menisci. The quasi-equilibrium 2-

dimensional shapes of menisci illuminated by laser light sheet from the top were obtained by a 

camera (D7100, NIKON Corp.) coupled with the Cassegrain optical system (Seika Corp.). The 

spatial resolution was 0.9~1.4 µm/pixel. The example was shown in Fig. 2-4. After detecting the 

contour of meniscus through the image processing, the apparent contact angle (  in Fig. 2-4) 

was analyzed by software FAMAS (Kyowa Interface Science Co., Ltd.). Because the camera axis 

is inclined, the apparent contact angle was corrected with the angle   (see Fig. 2-1(b)). The 

experimentally-obtained apparent contact angles with various channel sizes are shown in Fig. 2-

5. The error of data results from the roughness of the contour. As shown in Fig. 2-5, the apparent 

contact angles in the present experiments were around 0.6~0.9 rad and not depend on channel 

size. 

 

 

 

 



26 

 

 

 

 

 

 

 

 

 

Fig. 2-3.  Differential pressure after pressure equalization 
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Fig. 2-4.  2-dimentional shape of meniscus near test plate, illuminated by laser sheet 

 

 

 

 

Fig. 2-5.  Apparent contact angles of menisci 
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2.2.2 Evaporation in germanium channels 

The test section consists of two test plates and two Polystyrene endplates. The test plates were 

made of germanium (Furukawa denshi Co., Ltd.) and these surfaces were coated with epoxy-

based photoresist SU-8 3025 (Nippon kayaku Co., Ltd.), which enabled to measure the surface 

temperatures to be mentioned later. The resist surfaces were hydrophilized with a hydrophilic 

polymer to change the wettability as shown in Fig. 2-6. Prior to the experiments, the test plates 

were immersed in isopropyl alcohol for a few minutes to remove organic matters. The clean 

surfaces of disposable Polystyrene end plates prepared by peeling off laminating films prior to 

the experiments were used. Figs. 2-7(a) and (b) show the rectangle-shaped test section for the 

evaporation experiments. The plates constituting a channel were fixed at the lower and upper parts 

of the rectangle tube. The channel size between test plates was adjusted by thickness gauges in 

the condition of 1

capd  − . The change in the inner perimeter 
inp  of the channel can be treated 

as a constant because of long plate width 30w = mm. The test section was connected with an 

inlet tube for injecting degassed purified water by a syringe. After a meniscus formed at 10±3mm 

from channel exit and checking there is no leaking of liquid, the inlet tube was closed to establish 

a steady-state condition. After removing the syringe from the inlet tube, the liquid remaining 

between the closed position and the exit was drained.  

 

As mentioned in the next section, the indirect measuring method for the evaporation rate by the 

temporal variation of system pressure yields big errors. Hence, the author newly introduced the 

electric balance (EX225D, OHAUS Corp.) for more precise measurements. The conceptual picture 

of the experimental apparatus is illustrated in Fig. 2-7(c). The test channel was stabilized on the 

electric balance in an enclosure connected to an auxiliary tank in which the air was evacuated 

prior to the experiments. By opening the connecting valve, the pressures in the enclosure and the 

auxiliary tank started to equalize. The equalization was achieved and the output of the balance 

stabilized in 3 minutes, as shown in Fig. 2-8. The weight of the test section measured every second 

was used to analyze the evaporation rates by averaging its temporal variation over 10min. The 

weight decrease is about 6mg in 10min in the present experiments, so the resolution of the balance, 

0.01mg, is considered to be sufficient for the measuring. The pressure measured by a pressure 

gauge (PPX-R01NH-6M, CKD Corp.) was 
47.87 10 Pa and constant in the measuring period 

within the error of 
40.02 10 Pa. The temperature in the test enclosure was 23.5±1.0℃. The 

outside condition (23.0±1.0℃, 7±4%RH) affects the initial condition and may yield the errors. The 

preliminary tests were conducted and the evaluated S.T.D. of the evaporation rate was 6%. 
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The author also conducted supplemental experiments by infrared thermography. As mentioned 

before, the author used the germanium-based test plate which has high transparency for long-

wavelength infrared radiation and is usually used for windows of IR cameras. To measure the 

surface temperatures of the plates, we coated a photoresist film on the surfaces by means of a spin 

coater. We used the epoxy-based photoresist SU-8 3025 to make a coating film of 30µm in 

thickness. As illustrated in Fig. 2-9, the coating film acted as a good IR absorber. This film was 

formed on the whole inside and half of the outside surfaces to measure the temperature of both 

surfaces simultaneously. The temperature distribution of the plate in the open air was observed 

with the IR camera (R500EX, Nippon Avionics Co., Ltd.) with a 52µm lens.  
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Fig. 2-6.  Wettability of test plates with and without hydrophilization (processed by Yoshida 

SKT Co., Ltd.) for (a) sessile droplet and (b) meniscus in a channel whose size is 2mm. Receding 

contact angles of evaporating menisci are 1.20 0.14 =  rad (without hydrophilization) and 

0.853 0.087left =  rad, 0.412 0.054right =  rad (with hydrophilization). 
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Fig. 2-7.  (a) Test section, (b) actual image of test channel, (c) test section and experimental 

apparatus in measurement for evaporation rates. Experiments were conducted under reduced 

pressure of 
47.87 10 Pa. 
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Fig. 2-8.  Temporal variation of the weight data after opening the connecting valve 
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Fig. 2-9.  Temperature field of heated SU-8 film (taken by IR camera). Right half of the coating 

film was black painted. Modified emissivity in rectangle area A surrounded by white line is 0.89. 
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2.3  Results and discussions on conventional theory 

2.3.1 Results of experiments in 2.2.1 

Fig. 2-10 shows the evaporation rate m  and apparent evaporation flux 
crossm A  calculated 

from the parameters a  and b  shown in Table. 2-1. The error bars are the standard deviation 

calculated from the fitting. The evaporation rate and flux in Fig. 2-1 were calculated with 

3600t = s when the differential pressure gets close to saturation. The dependence of the 

evaporation rate on the channel size is different from the previous experiments for capillary tubes 

[42] in which the rate decrease with reducing tube size. In the present experiments, the 

evaporation rates are almost constant, or even slightly increase, with reducing channel size. 

Because the channel area linearly decreases with reducing channel size, the significant apparent 

evaporation flux was found in the narrower channel. The flux of the 0.30mm case was about 40 

times larger than that of the 1.50 mm case. Fig. 2-11 shows the apparent evaporation flux with 

interface curvature   defined as cos d = . Because the apparent contact angle is almost 

constant with channel size, the apparent flux increased with increasing interface curvature.  

 

 

 

 

 

 

 

Table 2-1.  Fitting parameters 

 d=0.75mm 0.50mm 0.40mm 0.25mm 0.15mm 

a (Pa) 28.9 58.3 77.8 91.9 97.8 

S.T.D a (Pa) 10.1 21.3 32.0 36.3 8.62 

b (s1/2) 13.0 16.1 17.9 28.8 36.6 

S.T.D b (s1/2) 4.65 13.3 9.30 5.17 0.928 
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Fig. 2-10.  Evaporation rate and flux at 3600t = s calculated with parameters a  and b  

shown in Table 2-1.  

 

Fig. 2-11.  Apparent evaporation flux at 3600t = s vs interface curvature 
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Fig. 2-12 shows the apparent evaporation fluxes obained in the present experiment and previous 

experiments [42] where organic volatile liquid (Ethanol, Methanol, Acetone, and Pentane) 

evaporated to open-air from capillary tubes. The area-averaged flux in the previous experiments 

was converted to apparent flux by assuming the interface shape as a spherical cap. These 

experiments show the same tendency that narrower channel size, or larger interface curvature, 

exhibits higher evaporation. It is notable that the previous experiments were conducted in open-

air while water evaporated in reduced pressure in the present experiment. This difference in the 

boundary condition may be the reason why the flux of water in this experiment is comparable to 

that of the volatile liquid.  

 

As discussed in Section 1.3, Buffone & Sefiane proposed that the evaporation rate is a function 

of contact-line length. It predicts the evaporation flux monotonically increases with reducing 

channel size. Fig. 2-13 shows the apparent evaporation fluxes plotted with the inner perimeter 

inp  of the channel and capillary tube. In the previous experiments, the evaporation flux of 

volatile liquid increases with reducing channel size. However, if the evaporation flux is a function 

of only contact-line length, it leads to the unphysical result, the volatility of water would be much 

greater than that of volatile organic liquid. This is obvious if the evaporation flux is extended to 

0inp → . The difference is significant even considering the difference in the boundary condition. 

This result implies the evaporation kinetics may strongly depend on the characteristic length of 

the meniscus, or interface curvature. 

 

It must be noted that the above discussion is limited to near saturation state. As clearly shown 

in Fig. 2-14, these data become scatter before the experimental system reached saturation. It is 

because the resistance between the source and the detector was not constant in this experiment. It 

does not mean the channel size affects the resistance via Knudsen diffusion because Knudsen 

number in the channel is about 
310−

 which is enough small to assume vapor flow as a continuum. 

The detailed mechanism in this behavior of the resistance is unclear but the essential problem 

may lay on the indirect measurement technique for evaporation quantity. Hence, the precise direct 

measurement technique was used in the next experiments, whose results are discussed in the next 

section. 
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Fig. 2-12.  Apparent evaporation flux in present ( 3600t = s) and previous experiments 

 to interface curvature 

 

Fig. 2-13.  Apparent evaporation flux in present ( 3600t = s) and previous experiments 

 to inner perimeter 
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Fig. 2-14.  Evaporation rate and flux at 360t = s 
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2.3.2 Results of experiments in 2.2.2 

Experimental data for evaporation rates are tabulated in Table 2-2 and the apparent evaporation 

flux versus the meniscus curvature is shown in Fig. 2-15. It is observed that the evaporation flux 

increased with reducing channel size and increasing curvature, which is consistent with the results 

mentioned above. Fig. 2-16 shows the temperature distribution of the inner and outer surfaces of 

the channel. In contrast to the previous studies (e.g. [37]), the temperature drop near the contact 

line was not observed, which may be because the volatility of water is not high and the vapor 

diffusion layer limits the process. The author conducted an additional experiment to remove the 

vapor diffusion layer by continuously blowing air. In this case, it was found that the temperature 

slightly dropped at the 3-phase contact line. On the other hand, if there was a diffusion layer 

without blowing air, the temperature drop near the contact line was not observed. These results 

show that the temperature at the wall surface can be assumed to be constant. 

 

 

 

 

 

 

 

Table 2-2.  Evaporation rates (
510− g/s) obtained by experiments 

 d = 1.02mm 0.76mm 0.38mm 0.16mm 

With hydrophilization 1.15 1.02 1.08 1.12 

Without hydrophilization 1.03 0.957 0.762 0.850 
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Fig. 2-15.  Evaporation flux versus interface curvature. Error bars show standard deviation of 

evaporation flux for y-axis and contact angle for x-axis. 
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Fig. 2-16.  Thermal images minus averaged outer temperature with and without blowing air. 

Contact line exists at ~280 pixels on vertical axis. 
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2.4  Summary 

The experiments were conducted to investigate the effect of meniscus curvature on evaporation 

flux. The rectangle channel was used as a test section to distinguish the effect of meniscus 

curvature from that of the perimeter. The apparent evaporation flux was found to increase with 

reducing channel size and with increasing interface curvature. This trend is consistent with 

previous experiments where volatile organic liquid evaporated from capillary tubes. The 

remarkable result is that present data cannot be explained with the theory which shows 

evaporation flux is a function of contact-line length. This implies the evaporation kinetics may 

strongly depend on the characteristic length of the meniscus, or interface curvature. In addition, 

the separate experiments were conducted to know the temperature of solid surfaces when 

meniscus evaporates. The surface temperature measured by the IR camera was almost uniform in 

the presence of the vapor diffusion layer. 
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Chapter 3  Experiments for perimeter effect 

3.1  Introduction 

This chapter describes 2 experimental works for evaporation kinetics in various geometrical 

channels. In the previous chapter, only characteristic length of a meniscus was a variable by 

choosing rectangle channel size in the condition of 1

capd  − . In the present chapter, circular and 

rectangle channels were used to know the size-dependence of the evaporation flux in the condition 

of 1

capd  −  as well as 1

capd  − .  

 

3.2  Experimental apparatus and measuring techniques 

3.2.1 Evaporation in round- and rectangle-shaped channels 

The circular and rectangle channels made of glass were used as test sections. These gap conditions 

are illustrated in Fig. 3-1(a). These two types of geometrical gap configuration are easy to set the 

perimeter 
inp  and curvature   of the meniscus by adjusting d  which is defined as the inner 

radius of the circular opening or half-gap-distance between parallel test plates. In the case of 

1

capd  −  (2.66mm in the present experiments), the characteristic length of an isolated meniscus is 

1

cap −  [46], which means that meniscus curvature is a constant while the meniscus perimeter is a 

variable. On the other hand, if d  is smaller than 1

cap − , the meniscus curvature becomes dependent 

on the channel size d . The perimeter could be treated as a constant for rectangle channels having 

high aspect ratios, as mentioned in the previous chapter. In this case, the meniscus can be 

approximated as a spherical cap for a tube [42] and a part of the cylindrical side for a rectangle 

channel, which enables to analyze the meniscus curvature  and interface area 
iA . Table 3-1 

summarizes the experimental conditions of each test section. As tabulated in Table 3-1, the author 

used the round-shape petri dishes (AS ONE Corp.) and the tubes (AS ONE Corp.) for circular 

channels, and the disposable parallel glass-plates (Muto Pure Chemicals co., ltd.) with the 

Polystyrene ends for rectangle channel. The latter is the same configuration presented in the 

previous Section 2.2.1 except for the plate width w . In the present experiments, the plate width w  

was set 13, 26 and 40mm. These w  values were chosen based on the maximum weight on the 

electric balance mentioned before.  

 

Prior to the experiments, all test sections were rinsed with ethanol (99.5 wt.%, Hayashi Pure 

Chemical Ind., Ltd.) and purified water and then dried in atmosphere. The degassed purified water 
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was gently poured to the pool in which the tubes and parallel plates were stably set in the purified 

water pool. The meniscus is formed by capillary action at an equilibrium position in the channel. 

To prevent evaporation from the pool surface except for the menisci in the confined geometries, 

rapeseed oil having small vapor pressure was floated on the pool surface. In the petri-dish case, the 

effect of the heat conduction from the bottom substrate of test sections may appear if the liquid 

height is less than the order of a micrometer, hence the liquid height was kept more than 6mm in 

every case.  
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Fig. 3-1.  Schematic diagrams of (a) gap configurations and (b) experimental apparatus. 
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Table 3-1.  Summary of characteristic length of channel size d , static contact angle   and 

wall thickness (W.T.) 

 Petri dishes Tubes Plates 

d  [mm] 13.30 29.25 43.63 1.00 1.98 2.95 0.15~3.00* 

  [deg] 20.3 28.7 18.4 36.7 41.8 43.7 10.2, 8.6, 2.7** 

W.T. [mm] 1.95 2.10 2.43 1.00 1.03 1.05 1.00 

* Set by thickness gauges. ** These contact angles correspond to three plate widths: 13, 26 and 

40mm, respectively.  

 

 

The conceptual picture of the experimental apparatus is illustrated in Fig. 3-1(b). The 

experimental apparatus and measuring procedure are the same as Section 2.2.2. The test channel 

was put on the electric balance in an enclosure connected to an auxiliary tank in which the air was 

evacuated prior to the experiments. By opening the connecting valve, the pressures in the 

enclosure and the auxiliary tank started to equalize. The equalization was achieved and the output 

of the balance stabilized in 3 minutes. The weight of the test section measured every second was 

used to analyze the evaporation rates by averaging its temporal variation over 10min. The 

resolution of the balance was 0.01mg. The minimum weight decrease is about 0.3mg in 10min. 

The pressure measured by a pressure gauge (PPX-R01NH-6M, CKD Corp.) was 
47.88 10 Pa 

and constant in the measuring period within the error of 
40.02 10 Pa. The temperature in the test 

enclosure, measured with K-type thermocouple and data logger (34972A, Keysight), was also 

constant at 22.1℃. The standard deviation is ±1.0℃. Because the experimental system was 

enclosed with a thermal insulator, the outside environment (20.0 1.0℃, 28.0 15.5%RH) affected 

the initial condition. The standard deviation of the evaporation rate evaluated by preliminary tests 

was 6%. 

 

  in Table 3-1 represents the static contact angles of menisci in the tubes (see Fig.3-2(a)) and 

of the droplets on the petri dishes and test plates measured by DM-300 (Kyowa Interface Science 

Co., Ltd.) in open-air. The refraction effect on the meniscus in the tube was corrected considering 

the curvatures of the tube wall. The heights of the droplets (maximum 0.33mm) on the dishes and 

the plates were smaller than 1

cap − , which ensures that the gravity effect was negligible. However, 
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it did not ensure that the contact angles of droplets and menisci were identical. If these are not 

identical, the difference may lead to erroneous evaluation of interface curvature  . Therefore, 

the supplementary experiments were carried out to measure the contact angles of menisci in 

rectangle channels by the laser interferometry which has been used for visualizing microscale 

liquid film under the nucleate boiling bubble [47]. The laser light sheet (the wavelength 450w =

nm) horizontally irradiating the meniscus (refractive index 1.33n = ) with the given incident 

angle of 4  interfered with the reflection from the gas-liquid interface. The bright fringes 

appeared as the results of the interference, as shown in Fig. 3-2(b). The interference fringe spacing 

corresponding to 2 cosw n  [47], where   is the angle of refraction into the liquid from 

solid, was observed by a camera coupled with the Cassegrain optical system. The maximum 

resolution of the observed image was 0.84µm/pixel. To prevent the reflection at the outer surface 

of the test plate, a right-angle glass-prism was put on the outer surface and the gap between the 

glass surfaces was filled with silicon oil. Although the spatial resolution of this interferometry is 

not as good as the technique developed by Wayner and coworkers [24,26,28,48,49], which covers 

the adsorbed film to a few micrometers, this method is enough to achieve the purpose for 

evaluating the apparent contact angle defined as a gradient of the interface at outer edge of micro 

region ( 1µm). 
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Fig. 3-2.  (a) Contact angle measuring for capillary tube (b) Interference fringes observed by 

interference technique 
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The effects of chemical and physical impurities on the interference fringes should be mentioned. 

For chemical impurities, the oil floating on the pool surface may become the possible source, but 

the author believes the effects of oil are not significant for the following reason. To qualitatively 

know how the chemical impurities affect the measurements, consider the impurities diffusing 

from the source (oil) and coming into the meniscus. Because the impurities are not volatile, these 

should be accumulated at the interface, mainly three-phase contact line on the glass plate whose 

surface energy is high. The impurities act to make the surface energy lower and the contact angle 

higher. Hence, the contact angles should increase with time, if the assumption was correct. In fact, 

however, such temporal behaviors were not observed. On the other hand, as for the effect of 

physical impurities, the measurement could be affected in different ways. In the previous studies 

by Panchamgam et al. [26,27,50,51], the total system was enclosed by a clean glove box to avoid 

contaminants affecting the fringes, whereas the system in these experiments potentially includes 

the particles naturally existing in the surrounding environment. If the particles adhere to the 

surfaces, the interference fringes become nonparallel in some regions [24], which causes some 

errors in measurements. Hence, the parallel fringes are used for the following analysis to avoid 

the effect of these particles. It must be noted that the presence of particles also affects the wetting 

physics. Panchamgam et al. [28] studied the effect of impurities on the evaporating menisci and 

showed that the adsorbed film thickness and the dispersion constant become thicker and smaller 

in the presence of nanoparticles, which slightly deviates the wetting condition from the ideal 3-

phase system. However, the latter case could not affect the result in these experiments because all 

experimental condition is the same. 

 

3.2.2 Evaporation in cuvettes 

This section describes supplemental experiments to demonstrate the geometrical dependence of 

evaporation flux changes around 1

capd  −= . The author used borosilicate glass cuvettes which have 

4 different channel sizes 2d  of 10mm, 5mm, 2mm, 1mm, as shown in Fig. 3-3(a). The channel 

width and wall thickness are 10mm and 1.25mm, respectively. The working fluid was IPA (99.7 

wt.%, Hayashi Pure Chemical Ind., Ltd.) whose capillary length is 1.66mm at 298K. In other words, 

10mm and 5mm cases correspond to the condition of 1

capd  −  , and 2mm and 1mm cases 

correspond to 1

capd  −  . Because the glass surface has high surface energy, IPA film extremely 

extends at the 4 corners of the channel. To reduce the effect of a corner, the cuvette surfaces were 

coated with fluorine resin (FC-250, Fine Chemical Japan Co., Ltd.). The wetting condition changes 

to partially-wetting (40.9±5.3deg. of equilibrium contact angle) for 1µL IPA droplet on slide glass 
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due to this coating. The effect of corner can be effectively reduced because the wetting condition 

drastically changed and the corners were filled with the resin. The cuvettes were filled with purified 

water and capped to avoid contamination while stored. 

 

Prior to the experiments, water in the cuvettes was drained and ethanol (99.5 wt.%, Hayashi Pure 

Chemical Ind., Ltd.) was poured. Next, ethanol in the cuvettes was drained and the remaining 

ethanol droplets were removed by heating. After the cuvettes cooled to room temperature, IPA was 

gently injected by a syringe along the cuvette corner to the desired position. If there were no 

remaining droplets above the meniscus, the cuvettes were capped and placed in a grove box. The 

pressure and ambient temperature in the grove box were atmospheric pressure and 297K, 

respectively. The humidity was controlled to 0% to prevent IPA from absorbing water vapor. After 

starting the experiment with simultaneously opening the 4 cuvettes to allow the liquid naturally 

evaporating, each meniscus position was captured by a camera at 1min intervals. Finally, image 

processing was performed to analyze the receding distance of the bottom of the meniscus from its 

initial position. According to the series of the image, the meniscus kept its shape in receding. The 

inset of Fig. 3-3(b) shows the meniscus formed at the corner of the channel. The image demonstrates 

that the extended liquid film at the corners may be negligible. 
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Fig. 3-3.  (a) Test cuvettes having 4 different channel sizes 2d  of 10mm, 5mm, 2mm, 1mm. 

 (b) Menisci formed in channels ( 2d : 10mm, 5mm, 2mm, 1mm from the left) 
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3.3  Results and discussions 

3.3.1 Results of experiments in 3.2.1 

Fig. 3-4(a) shows the liquid film profile obtained by the laser interferometry prior to the 

evaporation experiment. The coordinate origin was set at the brightest fringe, i.e., 0th order fringe. 

The film thickness monotonically increases with respect to a downward direction along the wall 

surface. The gentle slope at the low order (0th and the next fringes) maybe because of disjoining 

pressure which acts to thicken the wetting film [52]. Generally, the effect of disjoining pressure 

appears in the film of which thickness is less than 1µm [20], hence, the slope in the region ~1µm 

is considered to represent the apparent contact angle. Hence,   was evaluated by linear-fitting 

the film profile from 0.86µm to 1.72µm (the maximum thickness which can be observed); for 

instance, apparent contact angle in Fig. 3-4(a) is 0.887 0.013   . Since it was observed that the 

meniscus shape kept the same during the experiment,   was found to unchange with 

experimental time, as shown in Fig. 3-4(b). 

 

Fig. 3-5 shows the apparent evaporation flux 
crossm A  of various geometrical gap 

configurations, where 
crossA  is a horizontally-projected interface area. The horizontal axis is the 

inner perimeter 
inp  of the channel. The flux increased with reducing 

inp , as reported in the 

previous study [43], however, the dependence of the flux on the geometrical configuration is 

different whether the channel size d  is greater than or less than capillary length 1

cap − . In the 

case of 1

capd  − , the flux slightly increased with reducing 
inp . Once d  became less than 1

cap − , 

the evaporation flux sharply increased and branched into 1

capd  −  and 1

capd  − . The increase 

and the branching of the evaporation flux for 1

capd  −  may show that the main factor of 

evaporation switched from the perimeter to the meniscus curvature. 

 

It must be noted that the cases of 13w = mm were excluded in the discussions. Fig. 3-6 shows 

the relative variations of evaporation flux with different w  at constant d . It can be found that 

the evaporation flux increases at 13w = mm while the cases at 26w  mm are almost constant. 

In addition, the increase in the flux was found to be significant with reducing d . This behavior 

may be due to the presence of sharp ends in the gap. If the interface area at these ends does not 

depend on channel size, the ratio of the end area to the total interface area increases with reducing 

d . Since this study did not focus on this end effect, the cases of 13w = mm were excluded in the 

discussions. 
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Fig. 3-4.  (a) Liquid film profile in parallel plates ( 0.40d = mm, 26w = mm) 

 (b) temporal variation of contact angle 

  



54 

 

 

Fig. 3-5.  Apparent evaporation flux versus perimeter 

 

Fig. 3-6.  Apparent evaporation versus plate widths 
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Fig. 3-7 shows the apparent evaporation flux versus cosin crossp A  which corresponds to the 

ratio of the contact area to the total interface area. In the petri-dish case, the static contact angle 

of the sessile droplet was substituted because it was difficult to directly measure the meniscus 

contact angle in this case. The apparent evaporation flux for 1

capd  −  was found to slightly 

increase with the increase in cosin crossp A , which implies strong evaporation at the contact area 

relative to the planer interface. The relative increase in the contact area resulted in a slight increase 

in evaporation flux for 1

capd  − . This increase is represented by the straight line in the graph. 

Once the menisci interfered with each other at 1

capd  −=  and the interface curvature became 

greater than the inverse of the capillary length, the evaporation flux sharply increased.  

 

Fig. 3-8 shows area-averaged evaporation flux with interface curvature normalized by 
cap , 

where interface area 
iA  was evaluated by approximating spherical or cylindrical interface shape. 

Although the perimeters for the circular (tube) and rectangle (parallel plate) channels are ten times 

different, the data for 1

capd  −  is on one curve. The result that area-averaged evaporation flux 

increased with the interface curvature is consistent with the experiment presented in the previous 

chapter, but it is found that the inner perimeter is not an important factor for 1

capd  − . 
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Fig. 3-7.  Apparent evaporation flux versus ratio of meniscus area to total area 

 

Fig. 3-8.  Area-averaged evaporation flux versus interface curvature 
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The author also conducted the supplemental experiments for temperature measurement near the 

evaporating interface using a miniature thermocouple. *T , the liquid temperature in evaporating 

meniscus formed in the rectangle channel was measured with a K-type 25µm-diameter miniature 

thermocouple (TC) and logged by the data logger (34972A, Keysight). This TC was fixed at the 

bottom of the test section and the tip was positioned in the liquid phase at the contact region. The 

TC-tip position was observed by a camera facing to the glass plate surface. The light and black 

fringes appeared due to the light from a metal halide lamp, whereby it is clear whether the TC in the 

meniscus touched and deformed the receding meniscus due to evaporation (see Fig. 3-10). *

owT , the 

temperature of the outer (gas-side) surface of the channel and *

vT , the air-vapor mixture in the 

enclosure were also measured with the K-type 125µm-diameter TCs. The TC-tip for *

owT  was set 

at the same height of the TC for *T  (the maximum error is ~500µm) and covered by the insulator 

to avoid the effect of gas-phase temperature. The TC position of *

vT  is far from the channel. The 

evaporation rate of the meniscus was simultaneously measured by the electrical balance. To avoid 

the TC effects on the resulting evaporation rate, the TCs for *T  and *

owT  were fixed at the bottom 

of the test section, and the large fluctuations of the weight data were removed. The experimental 

method and boundary conditions are the same as mentioned in Section 3.2.1. 

 

The initial temperatures *T  , *

owT   and *

vT   before experiments were 293.1K, 294.2K and 

295.1K, respectively. These temperatures decreased in the pressure equalization process, especially 

*

vT  sharply decreased to 287.6K which in turn recovered to 295.0K by the large heat capacity of 

the enclosure. Fig. 3-9 shows the temporal variation of *T  , *

owT   and *

vT   after the pressure 

equalization. In the figure, the temperature measurements in the liquid film and at the outer (gas-

side) surface of the plate showed the evaporation make *T  lower than *

owT , and the temperatures 

gradually increased as time progressed. The temperature of the air-vapor mixture *

vT  was higher 

than *T  and *

owT .  

 

Fig. 3-10 shows temporal variations of evaporation rate with and without TC. This figure shows 

the effect of TC on the evaporation. The TC for *T  in the meniscus touched and deformed the 

receding meniscus after 
34.8 10t =  s. There is no significant change in the temperatures, while the 

evaporation rate in Fig. 3-10 significantly increases by 30-40%. In other experiments, the 20-30% 

increase in the evaporation rate was often observed. This result may support this study’s claim that 

the curvature enhances evaporation. 
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Fig. 3-9.  Temporal variation of *T  (blue), *

owT  (black) and *

vT  (red) for 0.40d = mm 

 

 

 

Fig. 3-10.  (Top) Horizontal images showing deformed interface due to TC-tip 

 (Bottom) Temporal variations of evaporation rate 
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3.3.2 Results of experiments in 3.2.2 

3 experiments were conducted with 3 different initial positions of the bottom of the meniscus: 

10mm, 20mm, 30mm from channel exit. The maximum error is 2.7mm. Fig. 3-11 shows the 

receding distance as a function of time. It can be found that the data for 10mm and 5mm in channel 

size 2d  have almost same gradient while the gradient tends to increase with reducing 2d  less 

than 5mm. Because the gradient of data corresponds to apparent evaporation flux, the results show 

the dependence of apparent evaporation flux on channel size is significantly reduced for 1

capd  −  

because of the constant curvature. The experimental method and condition are totally different 

from the above experiments, but the change in the size-dependence around 1

capd  −=  is consistent. 
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Fig. 3-11.  Receding distance of menisci with initial position of (a) 10mm (b) 20mm (c) 30mm 

apart from channel exit. Legends in the top left in figure (a) shows channel size 2d  
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3.4  Summary 

The evaporation rates in various geometrical gap configurations made of glass were 

experimentally measured to know the dependence of evaporation flux in the condition of 

1

capd  − . The apparent evaporation flux was found to weakly depend on the inner perimeter of 

the channel for 1

capd  − . Once the capillary lengths interfered to be 1

capd  − , the area-averaged 

evaporation flux was found to depend only on the meniscus curvature and increased with an 

increase in the curvature, which is confirmed in the previous chapter. In addition, the separate 

experiments were conducted to know the apparent contact angles and temperature of evaporating 

meniscus. The apparent contact angles measured by the laser interferometry kept constant within 

the experimental period. The temperature measuring by a miniature thermocouple demonstrates 

the evaporating cooling in the presence of the vapor diffusion layer. Interestingly, it was found 

that the evaporation rate significantly alters due to the deforming meniscus by a TC-tip, which is 

believed as the curvature effect. 
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Chapter 4  Scaling law for evaporation rates 

4.1  Introduction 

The previous chapter shows the evaporation flux strongly depends on the channel size in the 

condition of 1

capd  − , while the dependence for 1

capd  −  is insignificant. The strong 

dependence of the evaporation flux in the narrow channel may be due to the interface curvature. 

Interestingly, it was reported by Sáenz et al [53] that the diffusion-limited evaporation rate from 

sessile-droplet whose size was smaller than 1

cap −  is a function of area-averaged interface 

curvature. In the report, the scaling law for the evaporation rates with various geometrical shapes 

was proposed by the curve fitting as 

 

 ( ) 0.532.24 i

D
m c c S


= − , (4.1) 

 

where 
ic c−  is the difference between the interface and far-field vapor concentrations, D  is 

mutual diffusivity of air-vapor system,   is area-averaged interface curvature and 2

iS A=  is 

a dimensionless shape factor (
iA  is interface area). This empirical correlation can be used for 

predicting the diffusion-limited evaporation rate from sessile droplets. It must be noted that the 

researchers in that study [53] argued strong evaporation at the 3-phase contact line due to the 

concentration gradient. Their discussion is based on the well-known diffusion problem [54–56], 

where the concentration gradient at the contact line exhibits significant, or sometimes infinite, 

due to the abrupt change in the boundary condition. This model is fundamentally different from 

thermal models mentioned in the Introduction, while both lead similar results that local 

evaporation maximizes at 3-phase contact-line.  

 

In the case of the meniscus evaporation, there is no modeling work directly discussing on 

relating the evaporation kinetics and its shape. If the dependence of evaporation rates on interface 

shape is clarified, it would be helpful to physically investigate why the narrow channel exhibits 

strong evaporation. This chapter describes a model to mathematically show the dependence of the 

evaporation rate on the interface curvature. The diffusion model is macroscopic and the thin liquid 

film at the contact line is not considered. Finally, the author discusses the comparison between 

the derived scaling law for evaporation rate and experimental data. 
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4.2  Model 

Consider the condition of 1

capd  −  to assume the meniscus shape as a spherical or cylindrical 

one as shown in Fig. 4-1. The diffusion-limited evaporation rate ( )
i

r
A

m D c dA=  ir  can be 

analytically rearranged in a simple manner, here, D  is mutual diffusivity of air-vapor system, 

( )c ir  is local vapor concentration at the interface location 
ir , 

r  denotes differential operator 

in the radial direction. In the cylindrical coordinate system: 1( , , )i iz −=ir , where 

0 2i    −  and 0 iz w  , the evaporation rate can be expressed as 

 

 1( ) ( )
i i i

r r
A w

m D c dA D c d dz


 −=  =   i ir r . (4.2) 

 

By introducing an area-averaged concentration at the interface ( )
i i

i
A A

c c dA dA=  ir  and a far-

field concentration c  as a constant, the following simple relation can be derived 

 

 1( )im fD c c S −

= − . (4.3) 

 

Here, 2

iS A=  is a dimensionless parameter representing for the meniscus interface shape and 

f  is termed as evaporation factor in this study. Eq. (4.3) represents the evaporation rate linearly 

increases with the curvature and the interface area if the unknown evaporation factor does not 

depend on these shape parameters. Here, the analytical expression for the evaporation factor is 
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1
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i

i

c
d

r
f
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


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=



 
 
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−




ir r

ir
. (4.4) 

 

To find the simple expression of the evaporation factor, the concentration is assumed to be linear 

between the interface 
ir  and the center of curvature (0, , )i iz=or  as follows. 

 

 
1( ) ( )

c
c c

r
 −

=

 
= −  
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i

0 i

r r

r r .  (4.5) 

 

Here, the concentration variation along the interface is assumed to be negligible. Finally, the 

evaporation factor can be expressed as 



64 

 

 

 
 

 

( ) ( )

( )

i

i

i oc c d
f

c c d









−
=

−



 i

r r

r
.  (4.6) 

 

Because the boundary value problem was not defined in this model, the evaporation factor is still 

unknown, however, its maximum can be predicted as 1f   when ( )c cor . By substituting 

1f =  to Eq. (4.3), the maximum evaporation rate is expressed as 

 

 
( )i

m
S

D c c





=
−

,  (4.7) 

 

which is a similar form with Eq. (4.1) to relate the meniscus evaporation rate to the interface 

shape. 
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Fig. 4-1.  Idealized spherical (top) and cylindrical (bottom) meniscus shape. 
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4.3  Application to present and previous data 

First, the experimental data presented in Section 3.3.1 was compared with the proposed scaling 

law for the evaporation rate. The mutual diffusivity D  of the air-vapor system was theoretically 

evaluated [57] with the temperature and pressure in the enclosure. By making use of the difference 

of the partial pressure, 
ic c−  was approximated as (1 0.78) satc−  in that experiment. Here, 

satc  is a saturation concentration of vapor. In Fig. 4-2, the maximum values of the evaporation 

rates for each shape factor experimentally obtained were compared with Eq. (4.7), except for the 

petri-dish cases because 
iA  and   were unknown. The experimental data is consistent with 

Eq. (4.7) which shows the linear relation in the dimensionless evaporation rate and S . In the 

experiments, the evaporation rate decreased as time progressed because the vapor pressure in the 

system gradually approached the saturation value. This tendency is consistent with Eq. (4.6) 

which shows the evaporation factor decreases as ( )c or  approaches the saturation concentration.  

 

Basically, the scaling law should be applicable to evaporation of any type of liquid in any 

simple interface configuration if the process is diffusion-limited. Hence, the author next compared 

the scaling law with the experimental data for the volatile liquids in the capillaries 

( 0.10 ~ 0.45d = mm) reported by Buffone [42]. Fig. 4-3 shows the maximum evaporation rates 

of the 4-type volatile liquid in the capillaries predicted by Eq. (4.7). The horizontal axis is 

measured value in reference [42]. Fig. 4-3 is intended to show the relation between the predicted 

maximum rates and the experimental data. The latter is expected to be linear with and less than 

the former, if Eq. (4.3) with 1f =  is correct. To do that, several assumptions were made for the 

experimental data [42]. The first assumption is cos 1  . This assumption could not be irrelevant 

by considering the careful preparation for the glass tubes and low surface energies of the working 

fluid. Secondary, it was assumed that the test section is isothermal at room temperature. This 

assumption leads to overestimating the saturation concentration. For example, the 10K decrease 

leads to 30% decrease in the saturation pressure for Pentane [58]. This change may not be trivial 

for discussing the linearity for high evaporation cases, but it can also be found that the predicted 

maximum rates still larger than the measured values. The last assumption is c , far-field 

concentration, equals zero. In that experimental condition [42], where the volatile liquid 

evaporated into the atmosphere, it is natural to consider c  is much smaller than the saturation 

concentration. Hence, this assumption could also not bad. In conclusion, Eq. (4.3) with 1f =  

maybe correct according to Fig. 4-3, although several assumptions must be made and more 

experimental data would be necessary for more accurate comparison. 
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Fig. 4-2.  Comparison with experimental data and scaling law. Solid line shows Eq. (4.7). 
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Fig. 4-3.  Evaporation rates in capillary tubes [42] and maximum values predicted by Eq. (4.3) 

with 1f = . 

 

4.4  Summary 

The scaling law to relate the evaporation rates to the various interface shape of the interfered 

menisci was derived from the macroscopic model. By using the maximum evaporation factor, the 

scaling law can predict the maximum evaporation rate and the good agreement is shown with the 

experimental data presented in Section 3.3.1. In addition, the applicability of the scaling law to 

volatile organic liquid in capillaries was discussed. The author confirmed the qualitative 

agreement, although several assumptions must be made and more experimental data would be 

necessary for more accurate comparison. 
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Chapter 5  Mechanisms for evaporation enhancing effect 

5.1  Introduction 

As discussed in the Introduction, the evaporation enhancing effect has been attributed to 2 

possible physics in previous studies; one is the strong evaporation flux in the thin-film region for 

pure vapor condition and another is an increase in interface area due to nanoscopic precursor film 

for nanochannel. In the case of a macroscopic evaporating meniscus in the presence of the 

diffusion layer, however, the thermal resistance of the liquid film is negligibly small and the 

additional evaporating area due to the precursor nanofilm may not be significant compared to the 

intrinsic meniscus [36]. Therefore, the author postulated that there exists a certain evaporation 

source at the gas/liquid interface and it depends on channel size. In other words, the evaporation 

enhancing effect may be attributed to the potential difference, not the resistance of liquid film nor 

additional evaporating area. This means that an additional vapor pressure term should be 

considered at the interface. Indeed, in the conventional thermal models, the excess term has been 

used to show the deviation from the equilibrium. For example, Moosman & Homsy [15] clearly 

described an additional pressure term in the interface mechanical balance, which acts as a source 

term in an expression of the evaporation flux. The other models (such as [16]) also treated it 

implicitly as the pressure difference across the gas/liquid interface. In these models, however, the 

term is treated as the stress field associated with flow caused by evaporation and local 

thermodynamic equilibrium at the interface is assumed, which leads to a given potential 

difference. In the present chapter, the author changes the interpretation of the term and 

demonstrate how the excess pressure term without local thermodynamic equilibrium in the micro 

region leads to the size-dependent evaporation flux by a modeling work.  

 

The proposed model describes local evaporation characteristics in the micro region of a 

stationary meniscus between hydrophilic vertical parallel plates. Prior to the description of the 

overall mass transfer equation, the author clarified a length scale to be focused on in the multiscale 

structure of the liquid film. Since some assumptions of previous models did not hold for a binary 

system, a minimum free-energy technique was used. The author derived the equation describing 

the overall mass transfer with some simplifications which are applicable near the contact line and 

then analyzed the experimental data for the diffusion-controlled evaporation process. In the 

present model, heat conduction in the liquid film and kinetic effects were also considered in 

addition to vapor diffusion to clarify how the result based on the conventional thermal models 
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changes in the presence of the diffusion layer. Although the evaporation resistance due to kinetics 

could be practically small in the investigated condition, it was considered because the thickness 

of the Knudsen layer is comparable with the microscopic length scale the model focuses on. 

 

5.2  Model 

Consider a two-dimensional meniscus formed between parallel plates immersed in a pool filled 

with liquid, as shown in Fig. 5-1. A vertical distance from pool to contact line is h  and a 

horizontal channel distance is 2d , where d  is smaller than the capillary length and much larger 

than an adsorbed film thickness 
e .  is the distance from contact line to channel exit. Let  

be a diffusion length scale used in diffusive vapor transfer. An apparent contact angle   is much 

smaller than unity and the film thickness u  depends only on a coordinate x  as ( )y u x= , 

where x-axis lies in a plane at the surface of solid facing the liquid phase; the coordinate origin is 

defined at the contact line. The system consists of an evaporating liquid component and an inert 

and non-condensable gas. This analysis needs 5 boundary conditions in the confined space: a 

surface of solid facing liquid phase; a gas/liquid interface at liquid side (BC-3); a gas/liquid 

interface at gas side (BC-2); a boundary between Knudsen layer where heat & mass transfer is 

kinetically controlled and a continuum region where equations of continuum fluid mechanics can 

apply (BC-1); a channel exit (BC-0). The surface temperature of the solid wall is set to constant 

and denoted as *

wT . BC-1 is located at about one mean-free-path of vapor molecule away from 

the gas/liquid interface. For simplicity, physical quantities at each boundary (BC-0 ~ BC-3) are 

denoted as [*]0~3. At equilibrium, this system is isothermal and the partial pressure of vapor 
vp  

and total pressure p  are constant. Hereafter let consider that this equilibrium is broken by 

reducing 
0[ ]vp  with * *

0[ ] wT T= . This model includes heat conduction in liquid film because 

evaporation driven by the partial pressure consumes the heat transferred from ambient, even if 

there was no artificial heating. 
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Fig. 5-1.  A conceptual drawing of a meniscus between hydrophilic solid surfaces with 

adsorbed films. 
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5.3  Microscopic structure 

If a single component system is considered, the well-known model [21] for the multiscale 

problem is applicable. However, as a binary system is considered in this study, several basic 

equations (e.g. Eqs. (2)-(7) in the reference) regarding thermodynamics and mechanical 

equilibrium for the single-component system do not hold. Hence, the author took a different 

approach to describe the microscopic structure. To describe the shape of the liquid film whose 

thickness is less than micro-scale (typically 1μm), certain intermolecular forces must be 

considered, such as universally existing dispersion forces, or electrical double layer’s forces for 

an ionic solution. Disjoining pressure ( )u  is related to the excess potential energy acting on a 

planar film per unit area ( )P u  via ( ) ( )u dP u du =− . For ( )
22' 1u du dx= , the 

decomposition of the free energy F  proposed by de Gennes [22] is given by  

 

 
2

0
0

( ) ( )
2

d du
F F dx P u G u

dx

   
= + + +  

   
 . (5.1) 

 

The homogeneous term 
0F  in Eq. (5.1) is treated as a constant. The second term is an 

inhomogeneous part and the interval of integration corresponds to the contact region. The first 

term in large brackets denotes a surface excess energy in gas/liquid interface (  is surface 

tension) and the last term ( )G u  is a gravitational effect. The minimization of Eq. (5.1) with 

respect to ( )u x  gives a mechanical equilibrium condition for x h  as follows: 

 

 
2

2

( )
( ) .

d u dG u
u gh

dx du
  + = =  (5.2) 

 

  is liquid density, and g  is gravitational acceleration. The last important equation to describe 

an equilibrium liquid-film shape is given by multiplying 'u  and rearranging Eq. (5.2) as, 

 

 

2

( ) ( ) 0.
2

d du
P u G u

dx dx

   
− + + =  

   

 (5.3) 

 

The liquid film shape can be calculated by giving a disjoining pressure ( )u . Here, the well-

known expressions for ( )u  and ( )P u  are introduced: 
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( ) , ( ) ,

2 2

d d mA A a
u P u

u u u


 = = =  (5.4) 

 

where non-retarded Hamaker constant is 6 dA−  and m da A =  is a constant called a 

molecular length scale (~ 1Å). In general, disjoining pressure is a sum of non-retarded and 

retarded dispersion forces and a double layer forces for ionic solution. However, such general 

expression is inconvenient to describe a model analytically, so only non-retarded Hamaker 

constant is considered. 

 

Eq. (5.3) was solved by neglecting a gravitational effect to obtain liquid film shape in an 

isothermal region closest to the contact line. In concrete, substituting the potential of Eq. (5.4) 

into Eq. (5.3) and performing the indefinite integration with fixing ( )G u , the following equation 

can be found; 

 

 

2 2
2

2
.madu

dx u

 
− =  

 
 (5.5) 

 

The interfacial gradient approaches a constant   with thickening liquid film. By integrating Eq. 

(5.5), a hyperbolic shape of ( )y u x=  was obtained, which had an asymptotic form of u x=   

as x→ . Because an assumption of 
2' 1u  cannot be applied near the crossing point between 

the hyperbola and x-axis, it is necessary to consider a connection between the adsorbed film whose 

thickness is 
e  and the region whose growth is characterized by  . To solve this problem, the 

author considered a mechanical equilibrium condition for which these regions coexisted. From 

this viewpoint, the grey portion in Fig. 5-2 should be filled with liquid. By matching the two 

solutions, the interfacial gradient at the micro region adjacent to the contact line, or a microscopic 

contact angle, can be described by a relation of ~ m ea  . This linear region named Ia . The 

point between Ia  and the adsorbed film should be connected smoothly by the molecular 

behavior. Here, the thickness of the adsorbed film, 
e , satisfies the following equation: 

 

 
2

233 .
cos

m
e m

a d
a d


 


=   (5.6) 

 

Eq. (5.6) includes   corresponding to a dimensionless curvature in the previous theory [16] 
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whose range is 0 to 1.  

 

 

 

 

Fig. 5-2.  Matching condition between adsorbed film and micro region, and its scaling. 
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In micro region, liquid film can evaporate if the attractive intermolecular forces weaken. The 

mechanical equilibrium of Eq. (5.2) alters in non-isothermal case. In the liquid side, there is an 

upward flow to feed liquid to the meniscus. On the other hand, evaporation causes a temperature 

gradient near the contact line and thus induces the Marangoni stress. In this analysis, the surface 

tension was treated as a constant, which gave the upper limit of evaporation flux. The flow fed 

into the liquid film takes part in interface distortion, but the interpretation in the present model is 

different from the previous theories [15]. Assuming the gas phase on gas/liquid interface (BC-2) 

can have an excess vapor pressure relative to the liquid-phase pressure (BC-3), the mechanical 

equilibrium condition at the interface can be described as follows: 

 

 

2 3

2 3

2

2

[ ] [ ]

[ ] [ ]

( ) .

eq ex

ex

gh p p

p p p

d u
u p

dx



 

= −

= − +

= + +

 (5.7) 

 

The first equality of Eq. (5.7) is appropriate if x h  and the total pressure is constant. The 

second equality shows explicitly a deviation from equilibrium by using an additional 

phenomenological pressure term 
exp . If there is evaporation, 

exp  is greater than zero and acts 

as a source for evaporation. This excess pressure must be identical to normal stress due to the 

flow fed into the liquid film to maintain a stationary meniscus, therefore the above equation is the 

same in form as a conventional stress balance. By defining a dimensionless liquid film thickness 

and x-coordinate, 

 

 , ,
e e

x u
X U

 
= =


 (5.8) 

 

and setting the boundary conditions at the contact line as 1U = , ' 0U =  and '' 0U = , the 

pressure balance can be expressed as follows: 

 

 
2

2 3

1
1 ,ex

d

p d U

p dX U
− = +  (5.9a) 

 0 as 0,ex

d

p
X

p
→ →  (5.9b) 

 
cos

1 , where as .ex

d d

p d
X

p p

 
 → − = →  (5.9c) 
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dp  is disjoining pressure at the contact line. Eq. (5.9b) shows the condition required at the 

adsorbed film. Equation (5.9c) is the boundary condition required for the macro region II, where 

the large-scale interfacial curvature is expressed as cos d .   is a ratio of macroscopic 

capillary pressure to disjoining pressure at the contact line. 1 =  shows the equilibrium and 

1   shows that the liquid flow is caused by the difference between disjoining and capillary 

pressures. 

 

It is known that, if the evaporation is controlled by liquid film conduction and kinetic mass 

transfer, a large local evaporation flux causes a local maximum of interface curvature in the micro 

region (see [11,12,59]). In this case, the mesoscopic length scale should be considered as Morris 

[19] discussed. However, this is the limiting case as mentioned later. The present model 

demonstrates that the local evaporation flux cannot be significant in the micro region and a local 

maximum of interface curvature does not appear if evaporation is controlled by diffusion. This 

means the interfacial curvature in the micro region monotonically goes from zero in the adsorbed 

region to a constant in the macro region [25]. Therefore, the present model focuses on the micro 

region characterized by the microscopic length scale of Eq.(5.8). Before describing heat and mass 

transfer for evaporation, the author attempts to demonstrate the validity of the discussion for the 

microscopic length scale by using a simple model for the wetting film profile in equilibrium. 
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5.4  Discussion on microsopic length scale 

In this section, a simple model is proposed to describe the shape of liquid film on a hydrophilic 

plate consisting of the linear region Ia , the macro region II , and the mesoscopic transition region 

Ib . The connecting points are defined at 
1X  for Ia  and Ib , and at 

2X  for Ib  and II . To 

satisfy curvature continuity, a cubic polynomial was used to express the transition region. The zeroth, 

first and second derivatives for U  at 
1X  are known. At the far left of region II , an apparent 

contact angle must be defined as an interfacial gradient. To define an “apparent” interfacial gradient, 

an empirical parameter 1 =  µm is used, i.e., 
2X X eU  = =  . Introducing such the empirical 

parameter is open to discussion, as well as introducing the polynomial function, but these 

assumptions would not affect this model’s objective to demonstrate the validity of the microscopic 

structure near the contact line. The first and second derivatives are then given by 
2

'

X XU = =   

and 
2

''

X XU = =  from the boundary condition of Eq. (5.9c). Using these boundary conditions, each 

coefficient of a cubic function can be calculated analytically. Because there is a discontinuity at each 

boundary of Ia , the additional condition 
1 2X →  was applied to the crossing point where Ia  

and adsorbed regions meet. Then, the interfacial curvature in the micro region goes linearly from 

zero in adsorbed region to a constant in the macro region II . The interface shape in the macro 

region is obtained by a circular arc smoothly connecting to Ib  at 
2X . The curvature of the arc is 

cosd   for d   as tabulated in Table 5-1. 
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Table 5-1.  Expressions for the subregions and several dimensionless quantities 

Subregions: 

 3 2

1 2 3 4 1~4 2

2

2 2 22
1 1 2 1 1 2 2 1 2

for

( ) for are functions of , , , ,

( ) for ( ) , ( ) 1

U X Ia

U f X f X f X f Ib f D

XX
R Y D R II R D D R D D

  

 

=

= + + + 

  
+ + − = = − − = − +  

    

  

Dimensionless quantities: 

 

2 1 2
1 2 1

1

2 22

2

1
3 2

2 22

2

2
2, , ,

3 6

1
, 3 2 ,

1
2 3 2 1 9 6 ( 2) , .

e

e e e

e

f f f d
X X D

f

a a
D D

D

D D a d
D






 
  

   
−

−
= − = = =

 = = − + + =

= − + + − + + − 

 

Given quantities: , , ,a d    
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A microscopic contact angle   can be related to macroscopic parameters by integrating Eq. 

(5.3) from adsorbed region to X →  in Ib  including a gravitational effect. By using Eqs. (5.2), 

(5.8) and 
ea =  , where (1)O =   is a modification factor, the dimensionless form of Eq. 

(5.3) can be expressed as 

 

 

2

2 2 2

1 2
0.

d dU U

dX dX U 

   
− + + =  
   

 (5-10) 

 

  is given by letting 
1 2X = . Integrating the above equation from 0 to 

2X  and rearranging, 

the following relationship for the contact angles was obtained: 

 

 
2

2

1 2
3 .e

e

 

  
= − + +


 (5-11) 

 

The discussion above is tabulated in Table 5-1. By using this approach, two experimental data 

were analyzed. Firstly, the author applied the model to the experimental data reported in [17,23]. It 

should be noted that the meniscus forms horizontally at the channel exit, not vertically in their study. 

The difference in meniscus orientation is trivial because hydrostatic pressure just changes to 

reservoir pressure maintained at a constant level [17]. By using the reported adsorbed film thickness 

and the material properties including Hamaker constants reported in [16], the shape of the micro 

region at isothermal condition was compared, as shown in Fig. 5-3. These graphs show a good 

agreement near the contact line and the discussion for Ia  is appropriate. On the other hand, the 

present model shows poor agreement near macro-region in all cases. The discrepancies are not the 

same but depend on the working fluid. The maximum error of the apparent contact angle relative to 

the experimental data was 106%. It is considered this disagreement is based on the value of  . As 

mentioned above, the author chose 1 = μm empirically, not theoretically. It should depend on the 

strength of disjoining and capillary pressures, by considering the definition of   , that is, the 

boundary between the micro and macro regions. Hence, it is not surprising that   is different for 

different kinds of the working fluid. In addition,   should depend on d , which is obvious for 

ed → . The analytical expression of   is difficult to derive and it needs further investigations. 
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Fig. 5-3.  Application to experimental data reported in [17,23] for (a) heptane, (b) R113 and (c) 

propanol. Solid line shows model output and dots show the experimental data. Material properties 

including Hamaker constants were presented in [16] 
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Next, the model was applied to the evaporation experiments presented in Section 3.3.1 just for 

reference. In the experiments, the meniscus formed in a narrow channel of 2d  in width between 

parallel glass plates vertically immersed in a water pool. The input parameters are listed in Table 5-

2. Hamaker constant at room temperature was obtained by the simplified Lifshitz theory [52]. The 

calculated results are listed in Table 5-2 and the resulting shape is shown in Fig. 5-4. It is found that 

the predicted apparent contact angle (
27.0 10− ) is a few times larger than the experimental value 

( 21.55 10− ) for 1 = μm, though both values are the same order of magnitude. In addition to the 

problem on  , it may be caused by another reason: the adsorbed film in the experiment is thicker 

than that obtained by the present model. It is probable if additional disjoining pressure is caused by 

the electric double-layer force which acts to thicken the adsorbed film for the purified water on the 

glass [22,52].  

 

In conclusion, although this analysis for describing the equilibrium shapes of the micro region 

needs to be further improved in some respects, the predicted micro contact angles show good 

agreements with the experimental data, which demonstrates the validity of the discussion for the 

microscopic length scale.  
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Table 5-2.  Application to experimental data for water presented in Section 3.3.1: list of 

input and output parameters 

input 

 

22

3

10

3

6

8.1 10 (J)

69.2 10 (N/m)

1.1 10 (m)

0.40 10 (m)

10 (m)

1 ( )

dA

a

d







−

−

−

−

−









−

 

output 
8

2

4

1

2

3

1.7 10 (m)

60 ( )

2.4 10 ( )

1.2 ( )

7.0 10 ( )

7.8 10 ( )

e

D

D







−

−

−



−

 −

−

 −

  −
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Fig. 5-4.  Application to experimental data for water presented in Section 3.3.1: dimensionless 

film shape consisting of linear, cubic and circular subregions. 
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5.5  Heat and mass transfer 

To describe static evaporation characteristics in the micro region consisting of Ia  and Ib , 

the model considers the liquid film conduction, kinetic mass transfer, and diffusion without the 

assumption of local thermodynamic equilibrium in the micro region. At first, several scales and 

non-dimensional quantities were defined as follows;  
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 (5.12) 

 

'v ,  and j  are characteristic velocity, kinetic viscosity, and evaporation flux, respectively. 

The characteristic velocity 'v  is undetermined at this point. Because 
e  is very small, 

mRe  is 

much smaller than 1. The mass and momentum conservation laws in liquid phase with non-slip 

condition on the solid surface and free slip condition at gas/liquid interface yields 

 

 
3
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.

3

d Pd U
J

dX dX

 
=  

 
 (5.13) 

 

The well-known expression for kinetics [21] is based on a change of thermodynamic quantities 

of liquid and vapor, and some basic equations in equilibrium do not hold in this system. Hence, 

Schrage's equation [60] was used for the rate of vapor transfer from BC-2 to BC-1: 

 

 2 1

* *

2 1

[ ] [ ]
,

2 [ ] 2 [ ]

v v

v v

p p
j H

R T R T 

 
 = −
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 (5.14) 

 

where H  and 
vR  are Schrage's accommodation factor and specific gas constant of vapor, 

respectively. Strictly speaking, an inappropriateness of Schrage’s equation was pointed out in 

[61], and it is limited to use as ( )
2* *

1 2 1 21 [ ] [ ] [ ] [ ]v vT T p p  . Under these limitations, 

Schrage’s equation can be used qualitatively. Since the original form of Schrage’s equation was 

inconvenient to describe the connection at these boundaries, the author used a linearized form 

[62] around BC-0 as follows: 
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 * *

1 2 1 2 2 1([ ] [ ] ) ([ ] [ ] ),v vj c p p c T T= − − −  (5.15) 

 0
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* * *

0 0 0

[ ]
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c c

R T T R T 
= =   

 

The coefficients were given by the first-order approximation. This equation gives an evaporation 

resistance due to kinetics at the interface, which becomes significant as the accommodation factor 

decreases and acts to suppress the strong evaporation in the micro region. 

 

The energy consumed by evaporation transferred in one-dimensional heat conduction, which 

is appropriate if 1  and 1mRe , then 
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1 2 1 2 1

2

([ ] [ ] ) ( [ ] )
.

1

v v w

fg

c p p c T T
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h c u 
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=

−
 (5.16) 

 

  and 
fgh  are thermal conductivity of liquid and latent heat of evaporation, respectively. Eq. 

(5.16) can be expressed as the following dimensionless form by using * * *

1[ ]wT T T−   , 

 

 * 4 2 1
2

3

([ ] [ ] ) 1
' ,

1

v vc P P
v J c T

c U


− −
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−
 (5.17) 

 
2 1

3 4where , .
fg e

e

h c c
c c

 

 
= =


  

 

The characteristic velocity 'v  is chosen to satisfy *

2'v c T =  . 

 

The rate of vapor transfer from BC-1 to BC-0 is given by 

 

 5 1 0 5 * *

2 0

'
([ ] [ ] ), where , .

[ ]
v v

v

D p
J kc P P k c

c T R T
= − = =


 (5.18) 

 

D  and  are diffusion coefficient and diffusion length scale, respectively. 
1[ ]vP  in the micro 

region is assumed to be independent of the macro region. In practice, a dense vapor layer exists 

above the macro region and 
1[ ]vP  in the micro region should be comparable to that in the macro 

region. Hence, this assumption gives the overestimated results for the micro region, as well as the 

assumption for thermo-capillary flow. In addition, the diffusion length scale was assumed to be 

much longer than the microscopic length scale, hence the diffusion length scale is independent on 
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the position. Substituting Eq. (5.18) into Eq. (5.17) for eliminating the pressure at BC-1, the author 

obtained an equation in which all resistances in liquid and gas phases are considered. For the static 

evaporation, the local evaporation flux must be identical to the loss of the volumetric rate of Eq. 

(5.11). 

 

The innovative point in the present model is to introduce an excess pressure balancing with the 

stress field, which means a local thermodynamic equilibrium is not assumed. The following flux 

balance equation in the micro region is obtained by letting 
2 2 2 , 2[ ] [ ] ([ ] [ ] )ex eq v v eqP P P P P= − = −  

with an empirical factor   ( 0 1 ) to show the presence of inert gas, 
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dX dX 

−   
= − + −   

  
 (5.19) 

 

where R  is reciprocal overall resistance for heat and mass transfer, namely, thin liquid film 

conduction, evaporation, and diffusion. The physical meaning of   is equality of total pressure. 

The model admitted the existence of excess vapor pressure at the interface, but uniform total 

pressure in the gas phase is preferable. This is achieved by 0 → . The third term in the brackets 

of the right-hand side of Eq. (5.19) means the vapor pressure at which vapor and liquid can coexist, 

i.e., the saturation pressure of vapor at 
3[ ]T ; 

   

 
3, 2 , [ ] 3 3[ ] , where [ ] 1 .v eq sat T TP P T c UJ== = −  (5.20) 

 

 

Since a reciprocal overall resistance R  is a function of liquid film thickness to express a thin 

liquid film thermal resistance, the mass flux balance is a nonlinear differential equation as follows; 
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Expanding the saturation pressure until the first order gives, 
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By substituting this saturation pressure into Eq. (5.21), the overall resistance 1R−  is expressed as, 

 

 
, 11 1 1 1

5 5 4 4 5 4 3( ) 1 1 .
sat TdP

R kc kc c c kc c c U
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 (5.23) 

 

This equation can be rearranged and simplified by using Clausius-Clapeyron relation and 

considering 
0[ ] 1T =  and 

, ~10v sat fg sath p , namely, 
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 (5.24) 

 

where ,v sat  and 
satp  are saturation vapor density and saturation pressure at *

wT , respectively. 

The evaporation and thermal resistances per diffusion resistance (E/D and T/D respectively) are 

shown as the second and third terms in the brackets. To evaluate the significance of these terms, 

four cases were considered as shown in Table 5-3. 
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Table 5-3.  Four cases to quantify E/D and T/D 

Liquid water water ethanol acetone 

*

wT  (K) 293 373 293 293 

  (kg/m3) 210   9.98 9.58 7.89 7.90 

satp  (Pa) 310   2.34 101 5.84 24.8 

fgh  (J/kg) 510   24.5 22.6 9.27 5.39 

  (W/mK) 0.60 0.68 0.17 0.16 

 

 

 

 

 

 

 

Fig. 5-5 shows the predicted values of E/D and T/D for k=10-3 m/s, as the example for the 1cm-

thick diffusion layer in the atmosphere. The liquid film resistance was predicted with 1eU = μm. 

Since this resistance decreases as liquid film thickness decreases, it is the maximum value for the 

micro region. It is obvious that the thermal resistance due to heat conduction in the liquid film is 

significantly small compared to the diffusion resistance, even for the high-temperature case. From 

this result, the author can assume the overall resistance to be a constant as 1 1 1

5 4( )R kc c− − − + . It 

should be noted that this discussion does not hold for k → . This situation may correspond to a 

vacuum condition, where there is no diffusion layer and the accommodation factor becomes large 

due to less molecular reflection. In this limit, evaporation is controlled by kinetic and thermal 

resistances and the differential equation becomes nonlinear and the local maximum of evaporation 

flux can be seen as shown in [15]. 
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Fig. 5-5.  E/D and T/D of four conditions listed in Table 5-3. Inset shows an enlarged view. 
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The mass flux balance equation by using Eq. (5.7) is expressed as follows; 
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−
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The Kelvin effect can be neglected for d a . The boundary conditions of Eq. (5.25a) are 

 

 1

4 , 1 0( [ ] ) as 0,ex sat T vP c P P X −

=→ − + →  (5.25b) 

 (1 ) as .
'

d
ex

p
P X

p
→ − →  (5.25c) 

 

The boundary condition of Eq. (5.25b) shows 0 →  based on Eq. (5.9b). The second boundary 

condition of Eq. (5.25c) can be obtained by the boundary condition of Eq. (5.9c). Here, the 

equilibrium conditions are 1

4(1 ) 'dp p c  −− =  and , 1 0[ ]sat T vP P= = . The former condition is 

identical to 1 =  as 0 → .  

 

Because the effect of thermal resistivity is significantly small as mentioned above, the solution 

of the above linear-O.D.E. is a monotonically increasing function with X . This result is 

remarkably different from that observed in the previous thermal models without the diffusion 

layer [15]. The sensitivity of boundary conditions at the contact line is worth mentioning. It is 

usually considered in numerical models where governing equations for heat and mass transfer are 

higher-order ODE (for example, [20]). It is known that some boundary conditions at the contact 

line extremely affect numerical results and therefore some techniques [63] are necessary to avoid 

the trivial solution (a film with constant thickness) and obtain an appropriate one. In contrast, the 

present model does not need any numerical scheme, hence the essential result in this model is 

independent on the slight change of boundary conditions (U , 'U  and ''U ) at the contact line. 

The maximum local evaporation flux appears at X →  in micro region,  
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The interfacial excess terms contribute as an excessive driving force (the first and second terms 

in the brackets), in addition to the conventional driving force (the third and fourth terms in the 

brackets). The first term exists if the system deviates from equilibrium by reducing the partial 
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pressure of the evaporative component and depends on a disjoining pressure. Because a disjoining 

pressure at the contact line is proportional to a large-scale interface curvature, the evaporation 

flux depends on the curvature. Only the first term in the brackets shows an enhancing effect on 

evaporation flux by large-scale interfacial curvatures, and it may not be negligible due to small 

  even for a small deviation from the equilibrium. If diffusion resistance is much greater than 

evaporation resistance, Eq. (5.26) can be rearranged as follows: 
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or by using Eq. (5.9c), 
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Eq. (5.28) is the resulting expression for evaporation flux in this model. It must be noted that a 

free parameter   must be included. It is because local thermodynamic equilibrium was not 

assumed. The significance in Eq. (5.28) is to show evaporation may depend on a geometrical 

configuration of the narrow channel. Actually, it can be found that this equation is the same form 

as the scaling law showing the dependence of evaporation rates on interface shape, presented in 

Chapter 4, by rearranging Eq. (5.28) and taking j  as the area-averaged evaporation flux. Fig. 5-

6 shows the experimental data in Section 3.3.1 for the same wettability condition fitted with Eq. 

(5.28). This figure shows   is much less than 1 − , for example, 57.4 10 −=   for 

1 0.1− = . j  was set to be the area-averaged flux, where the interface areas were estimated by 

assuming that an interface is a cylindrical shape. The mutual diffusivity of the air-vapor system 

was theoretically evaluated [57]. The fitting for the hydrophilic case of the experiments mentioned 

in Section 2.3.2 is shown in Fig. 5-7. The tendency that a narrower channel exhibits stronger 

evaporation was successfully correlated. Interestingly, the good agreement was also found for the 

hydrophobic case as shown in Fig. 5-8 despite the model was constructed for hydrophilic 

conditions. It may suggest that excess pressure balances with the stress fields for hydrophobic 

conditions. 
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Fig. 5-6.  Evaporation flux for 1 : solid circle denotes experimental data in Section 3.3.1; 

line denotes Eq. (5.28) with a fitting parameter 31 1.5 10 − =  . Diffusion length sale was 

calculated by 4Dt  with 600t = s and 
0[ ] 0vp = Pa. Error bars show the standard deviation of 

data (vertical axis) and of the fitting parameter (horizontal axis). 
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Fig. 5-7.  Fitting ( 31 2.2 10 − =  ) for hydrophilic case in Section 2.3.2. Diffusion length 

sale was calculated by 4Dt  with 600t = s, 
0[ ] 0vp = Pa, and cos (cos cos ) 2left right  = + .  
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Fig. 5-8.  Fitting ( 31 7.3 10 − =  ) for hydrophobic case in Section 2.3.2. Diffusion length 

sale was calculated by 4Dt  with 600t = s and 
0[ ] 0vp = Pa. 
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5.6  Discussions 

The evaporation enhancing effect has been attributed to 2 possible physics in previous studies; 

one is the strong evaporation flux in the thin-film region for pure vapor condition and another is 

an increase in interface area due to nanoscopic precursor film for nanochannel. In the case of 

evaporation of macroscopic meniscus in the presence of the diffusion layer, however, the thermal 

resistance of the liquid film is negligibly small and the additional evaporating area due to 

precursor nanofilm may not be significant compared to the intrinsic meniscus [36]. Therefore, the 

excess vapor pressure acting as a size-dependent source term for evaporation was introduced. 

Conversely, the author cannot deny the possibility that the non-isothermal effect might also exist 

for pure vapor conditions and evaporation in a nanochannel. If so, the size-dependent evaporation 

flux in the hydrophobic nanopore [35] could be explained with this effect. To further investigate 

the evaporation enhancing effect, experiments and analysis based on non-isothermal and 

isothermal models would be necessary. 

 

The present model shows the evaporation flux could depend on the interface curvature of the 

intrinsic meniscus. From this result, different size-dependence is extrapolated for the condition of 

d  longer than capillary length 
1

cap g  − = , because a characteristic length of the intrinsic 

meniscus is constant 1

cap −  and the evaporation flux is expected to be different between the 

contact area and flat area. The experimental results mentioned in Section 3.3.1 shows, if 1

capd  − , 

the apparent evaporation flux slightly depends on the ratio of contact area to total interface area, 

but the dependence of apparent evaporation flux on channel size is significantly reduced because 

of the constant curvature. The experimental results using cuvettes discussed in Section 3.3.2 also 

confirm the change in the size-dependence around 1

capd  −= . In the cuvette experiments, since 

each meniscus may have the same diffusion length scale in one experiment, the increase in the 

gradient for 5mm, 2mm and 1mm cases cannot be explained without assuming a source term 

depending on the channel size. Hence, the result supports the necessity of the excess vapor pressure 

acting as a source term for 1

capd  − .  

 

While the motivation for introducing the additional term is based on experimental results, the 

physical background is worth discussing. In the conventional theories, the pressure term was 

treated as the stress field associated with flow caused by evaporation [15]. On the other hand, the 

author uses it as a source term when the system deviates from the equilibrium. Considering that 

the equilibrium condition of Eq. (5.2) is defined by minimizing free energy, the excess pressure 

term can be interpreted to come from an excess quantity of free energy which arises when the 
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system deviates from the equilibrium. In this sense, the excess vapor pressure should be derived 

from its original free energy functional of Eq. (5.1), that is another way to substantiate its 

existence. If it is possible, there will be no necessity to introduce the difficult-to-decide parameter 

 . This will be also helpful to discuss the boundary condition under which non-isothermal effect 

should be considered, however, at this moment, the practical way may be to conduct 

comprehensive experiments at various boundary conditions. Next work would include 

comprehensive experiments at various boundary conditions (such as temperature, pressure, liquid 

property, wettability), which will lead to empirical correlations of the enhancing effect of capillary 

evaporation. 

 

5.7  Summary 

In the present chapter, a new phenomenological model is proposed for the evaporation of 

wetting liquid film in a narrow channel. The local heat and mass transfer in the microscopic liquid 

film region were described with considering heat conduction in liquid film, kinetics, and vapor 

diffusion. Because several basic equations in the previous models for thermodynamics and 

mechanical equilibrium did not hold in the investigated binary system, the minimum free energy 

technique was used to identify a microscopic length scale. In this model, the local thermodynamic 

equilibrium in micro- and macroscopic meniscus regions was not assumed, and the author 

introduced an excess pressure term balancing a conventional stress term at gas/liquid interface. 

The maximum local evaporation flux was found at the macroscopic meniscus region if the 

diffusion layer exists. Although a free parameter must be included because the local 

thermodynamic equilibrium was not assumed, the phenomenological model makes clear that a 

non-isothermal driving force causes stronger evaporation in a narrower channel. 
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Chapter 6  Conclusions 

6.1  Conclusions 

In the present study, the author investigated the evaporation in millimeter-scale channels to 

reveal how evaporation kinetics depends on the channel geometry, by means of experiments and 

modeling. The experimental setup was designed to parameterize the perimeter and curvature of 

meniscus via the channel size d  by using rectangle and circular channels. The evaporation rate 

and flux, as well as the apparent contact angle and temperature of solid wall surface, were obtained 

in the presence of air. It was found that the dependence of evaporation flux on the channel size 

d  is different whether d  is larger than capillary length 1

cap − , or less than 1

cap − . The general 

conclusions obtained by the experiments can be summarized as follows. 

 

Effect of curvature on evaporation flux 

 

In the case of 1

capd  −  where the meniscus curvature is a function of the channel size, apparent 

and area-averaged evaporation flux was found to increase with reducing channel size and with 

the increase in interface curvature. This trend is consistent with previous experiments where 

volatile organic liquid evaporated from capillary tubes, however, the present data cannot be 

explained with the theory which shows evaporation flux is a function of the perimeter. The result 

shows the evaporation flux could strongly depend on the meniscus curvature. In the case of 

1

capd  − , the meniscus curvature is not a function of the channel size. 

 

Effect of perimeter on evaporation flux 

 

The apparent evaporation flux for 1

capd  −  was found to slightly increase with the increase in 

the inner perimeter of the channel. This result implies strong evaporation at the contact area 

relative to the planer interface, and thus the apparent evaporation flux depends on the ratio of the 

contact area to the total interface area, although the size-dependence is not significant compared 

to the size-dependence due to the curvature for 1

capd  − . In the case of 1

capd  − , it was found 

that ten times difference in the perimeter did not affect the evaporation flux. 

 

In the modeling works, first, the mathematical expression to show the dependence of the 

evaporation rate on the meniscus curvature was developed. By using the macroscopic model 
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considering diffusive vapor mass transport, the scaling law relating the maximum evaporation 

rates to the interface shape was derived and the qualitative and quantitative agreement was found 

with experimental data. Lastly, to explain the evaporation enhancing effect in the narrow channel, 

the author proposed a conjecture that there exists a certain evaporation source at the gas/liquid 

interface and it depends on channel size. By introducing the excess pressure term balancing the 

conventional stress term at gas/liquid interface into the microscopic model considering the film 

conduction, kinetics, and vapor diffusion, the author demonstrated that the non-isothermal driving 

force causes stronger evaporation in narrower channels. The experimental data showing the 

enhancing effect was successfully correlated by the phenomenological model and it was found 

that the expression for the evaporation flux in the macro region is consistent with the scaling law. 
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6.2  Scientific and engieering applications 

The experiments and modeling works conducted in this study revealed fundamental aspects of 

the evaporation of wetting film. One is that the evaporation kinetics depends on the confinement 

structure. The result could be applied to the fabrication of functional material, reported in Nature 

[2]. With dip-coating and evaporation processes, they assembled chiral colloidal particles into the 

films functioning optical filters and into biomimetic tissue. The complex and hierarchically-

organized structure results from the meniscus evaporation, whereby particle interaction in a 

meniscus and interfacial forces at contact-line are involved. The size-dependence of evaporation 

in confinements could be used to control the functionality of the film. The fact that narrower 

channel exhibits strong evaporation flux could be also applied to design phase-change heat 

exchangers, such as micro heat pipes, V-grooved heat pipes. These heat exchangers demand 

thermal management with high heat fluxes. The present study gives a guideline, that the 

conflicting parameters, the interface area and interface curvature, should be maximized with 

inhomogeneities of the channels (like, obstacles, channel geometry). The theoretical prediction 

for microscopic contact angle, in the model presented in Chapter 5, may be applied to various 

wetting conditions, not only completely wetting conditions. The author believes that, if so, the 

discussion can be expanded to the controlling wettability, which will be useful for engineering 

problems. The validation for the theoretical expressions using experimental or numerical data 

would be essential for future researches. 
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