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Abstract 

Evaporation from porous media requires energy and multiphase transport in support of phase change 

at surface or internal vaporization planes. Porous media evaporation is a ubiquitous process appear-

ing in many applications from soil and hydrology to biological and food processes, geothermal res-

ervoir performance, thermally enhanced oil recovery, and drying of textiles and granular materials. 

Evaporation rates and patterns affect energy balance of terrestrial surfaces and drive an array of cli-

matic processes. Notwithstanding its prominence for many natural and engineering applications, 

prediction of evaporative drying rates from porous media remain a challenge due to complex interac-

tions between ambient conditions (radiation, humidity, temperature, air velocity) and internal porous 

medium properties that lead to abrupt transitions and rich flux dynamics.  

We have developed physically based models and experimental methods for linking surface thermal 

fields with spatial and temporal distributions of evaporation fluxes using infrared thermography. 

Essentially, the method inverts surface energy balance using experimentally obtained thermal images 

and calculates spatially and temporally resolved evaporation fluxes from uniform and heterogeneous 

surfaces. Results provide a unique way to delineate evaporative fluxes in-situ and potentially resolve 

underlying heterogeneity patterns. Subsequent simplification based on the averaging of thermal 

patches (the so-called ‘MTERE’ method) provide a path for field-scale applications and yields re-

motely-sensed evaporation rates from different parts of heterogeneous and patchy surfaces. The 

modeling framework was instrumental in overcoming a long-standing closure problem related to the 

unobservable ‘thermal depth of influence’ beneath an evaporating surface. We developed an analyti-

cal approximation that was experimentally verified using IR-transparent window to obtain side view 

of the thermal field under evaporating surface. The thermal depth of influence varies with evapora-

tion rate and ambient boundary conditions (temperature and velocity) and is also dependent on the 

soil type. The thermal depth of influence approximation leads to a closed-form analytical formula-

tion for drying rate evolution based on observable surface temperature for heterogeneous patchy 

surface. The method provides a powerful tool for a quantitative localization of the evaporation sites, 

identification of the heterogeneities and determination of the contributions of different parts of the 

surface in the evaporation. 

Thermal monitoring of evaporating surface temperature field highlight dynamic response of a system 

to evaporative demand and changes in transport mechanisms from capillary flow to vapor diffusion 

as drying progresses. To investigate vapor diffusion dynamics during evaporation, we developed a 

pore scale quasi analytical model for film and capillary condensation dynamics during vapor 

transport in partially saturated porous media. The model was supported by sample scale experiments 
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to measure condensed mass deposition in known porous samples under prescribed ambient condi-

tions. We also evaluated experimentally pore scale processes including deposition of liquid and in-

terfacial dynamics using synchrotron X-ray tomography measurements. Pore scale simulation results 

provide details of liquid and vapor flows including temperature and vapor density distributions 

needed to investigate effects of capillary assisted evaporation-condensation in unsaturated porous 

media. The up-scaling of these capillary and thermally assisted vapor transport processes to Darcy 

scale provide the necessary bridge between pore scale mechanisms for enhanced vapor diffusion 

(EVD) postulated by Philip and deVries [1957] and macro scale formulation widely used by the 

scientific community.  

The research reported here addressed combined vapor, capillary and energy transport processes at 

vaporization planes based on thermal signatures and thus provides new insights on the dynamics and 

the relative importance of the various ingredients governing evaporation. We also delved into the 

issue of combined vapor transport, phase change and capillary flows at the pore scale often postulat-

ed (with little direct experimental evidence) in most continuum models for vapor transport in porous 

media. The results provide not only direct experimental measurements of process dynamics, but also 

quantitatively summarize the range of thermally and capillary vapor transport enhancement and the 

“apparent” enhancement resulting from coalescing capillary flow pathways across the porous medi-

um.  

As the last part, a preliminary theoretical and experimental study on the evaporation and mass trans-

fer processes at the interface between a porous medium surface and flowing air above has been re-

ported. Vapor diffusion from various patterns of pore scale evaporation sites may become limited by 

mass transfer across air stream boundary layer. Results show a continuous decrease in evaporation 

flux reminiscent of internal diffusion control process while capillary flow continuously supplies the 

vaporization surface. We have presented the result of a pore scale simulation of mass exchange be-

tween a population of drying pores and an air stream based on the model of Suzuki and Maeda 

[1968] which provides dynamics of surface water content during a transient drying process. The 

model provides the necessary building block for field scale studies of interaction between partially 

wet terrestrial surfaces and atmosphere during evaporation as potential continuation of this PhD 

project. 

Keywords: evaporation, porous media, heat and mass transfer, infrared thermography, pore scale 

analysis, capillary condensation, enhanced vapor diffusion, Synchrotron X-ray tomography, land-

atmosphere interactions 
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Zusammenfassung 

Voraussetzung für Evaporation aus porösen Medien ist Energie- und Mehrphasentransport welche 

die Phasenübergänge an der Oberfläche und internen Grenzflächen unterstützen. Verdunstung aus 

porösen Medien ist ein allgegenwärtiges Phänomen und spielt eine wichtige Rolle für den 

Bodenwasserhaushalt, Oberflächenhydrologie, bei biologischen Prozessen, in der 

Lebensmitteltechnologie, für die Physiologie von Pflanzen und Mikroorganismen, für die Effizienz 

geothermischer Anlagen, bei thermischen Verfahren der Erdölgewinnung, sowie bei der Trocknung 

von Geweben und granularen Materialien. Als einer der grössten Beiträge in der Energiebilanz der 

Erdoberfläche treibt die Evaporation eine Vielzahl klimatischer Prozesse an. Die komplexen 

Wechselwirkungen zwischen Umgebungsbedingungen (Strahlung, Feuchtigkeit, Temperatur, 

Luftströmung) und den Eigenschaften der porösen Medien führen zu abrupten Übergängen und 

vielfältiger Prozessdynamik, so dass die Vorhersage von Trockungs- und Verdunstungsraten von 

porösen Medien eine Herausforderung bleibt. 

In dieser Arbeit haben wir physikalisch basierte Modelle und experimentelle Methode entwickelt, 

welche es erlauben mittels Infrarot-Thermographie gemessene Oberflächentemperaturen mit der 

räumlichen Verteilung von Verdunstungsraten in Verbindung zu setzen. Dabei machen wir uns das 

Prinzip zunutze mithilfe einer Energiebilanzierung von gemessenen Temperaturfeldern einheitlicher 

und inhomogener Oberflächen auf die Verdunstungsrate schliessen zu können. Dieses Vorgehen 

erlaubt es die räumliche und zeitliche Verteilung der Evaporation in-situ experimentell zu 

bestimmen und Heterogenitäten des Materials als Ursache dieser Verteilung zu erkennen. Durch die 

Mittelung über thermisch gleichartige Bereiche (die sogenannte MTERE Methode) lässt sich dieses 

Verfahren an grossskalige Anwendungen anpassen und erlaubt somit die Fernerkundung von 

Evaporationsraten aus heterogenen Landoberflächen. Bei der Entwicklung unseres Modells bezogen 

wir die Lösung der „thermischen Tiefenwirkung“ unter einer evaporierenden Oberfläche mit ein, ein 

Phänomen welches bislang experimentell nicht zugänglich war. Ein analytisches Prozessmodell 

wurde entwickelt, welches wir experimentell mit Messungen des thermischen Feldes unter einer 

Verdunstungsoberfläche eines Sand- oder Bodenkörpers durch ein IR-transparentes Fenster 

verifizieren konnten. Die thermische Einflusstiefe der Evaporation variiert mit der Verdunstungsrate, 

den äusseren Randbedingungen (Temperatur, Bewegung des Luftstroms über der Oberfläche) und 

dem Bodentyp. Die analytische Beschreibung der thermischen Tiefenwirkung ermöglicht es den 

Verlauf von Trocknungsvorgängen heterogener Oberflächen allein durch die Messung der 

Oberflächentemperatur geschlossen beschreiben zu können. Diese Methode bietet ein wirksames 

Werkzeug für die quantitative Beschreibung verschiedenartiger verdunstungsaktiver Flächen sowie 
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für die Bestimmung des Beitrages verschiedener Oberflächen zur Gesamtverdunstung aus einem 

porösen Körper.  

Thermische Messungen an evaporierenden Oberflächen demonstrieren den dynamischen Austausch 

von Wasserdampf zwischen einem porösen System und dessen Umgebung und Verschiebungen im 

internen Transportgeschehen, welche vorwiegend durch kapillaren Fluss und Dampfdiffusion 

getragen werden. Zur Untersuchung der Dynamik des Dampfdiffusion während 

Evaporationsvorgängen entwickelten wir ein quasi-analytisches Modell für die Beschreibung von 

Dampfdiffusion in teilgesättigten porösen Materialien. Besonderes Augenmerk legten wir darauf, die 

Kondensation an Flüssigkeitsfilmen und -kapillaren im Zuge dieses Prozesses mit einzubeziehen. 

Dabei konnten wir auf die Resultate unserer Experimente zur Kondensation in porösen Proben bei 

definierten äusseren Bedingungen zurückgreifen. Zusätzlich führten wir Experimente zur 

Beobachtung von kleinskaligen Prozessen, wie der Ablagerung von Flüssigkeit oder der 

Grenzschichtdynamik in einzelnen Poren, mithilfe von Röntgenstrahlentomographie durch. Aus den 

Simulationen gewonnene Erkenntnisse, wie beispielsweise Temperatur- und 

Dampfdichteverteilungen, erwiesen sich als nützlich die Rolle der Kapillaren bei Evaporation und 

Kondensation zu untersuchen. Mit dem Up-scaling dieses thermisch und kapillar unterstützten 

Dampftransports ist es uns möglich die von Philip und deVries [1957] postulierte „begünstigte 

Dampfdiffusion“ (enhanced vapor diffusion – EVD) in einzelnen Poren mit konventionellen 

makroskopischen Ansätzen in Verbindung zu setzen. 

Die vorliegenden Forschungsergebnisse behandeln kombinierten Dampf-, Flüssigkeits- und 

Energietransport an Verdunstungsflächen, basierend auf deren thermischer Signatur. Damit 

gewähren sie neue Einblicke in die Dynamik und Gewichtung einzelner Faktoren des 

Verdunstungsprozesses. Gleichzeitig berücksichtigen wir kombinierten Dampftransport, 

Phasenübergänge und gekoppelten kapillaren Fluss, Phänomene welche häufig Eingang in 

Kontinuumsmodelle finden, zumeist ohne hinreichend empirisch behandelt worden zu sein. Die hier 

vorgelegten Resultate sind nicht nur Ergebnisse aus direkten, experimentellen Messungen; sie 

umfassen auch die gesamte Bandbreite des thermisch und kapillar begünstigten Dampftransports 

sowie die „scheinbare“ Begünstigung durch den Zusammenschluss einzelner Fliesswege und der 

damit gesteigerten Transportkapazität in einem porösen Medium.  

Im letzten Teil wird eine laufende theoretische und experimentelle Studie zu Evaporation und 

Stoffaustauschprozessen an der Grenzfläche zwischen einem porösen Körper und einem bewegten 

Luftstrom vorgestellt. Dabei kann der Stofftransport an der Strömungsgrenzschicht zu einem 

limitierenden Faktor für die Dampfdiffusion aus den verschiedenen Bereichen einer heterogenen 

Oberfläche werden. Die Resultate zeigen einen kontinuierliche Abnahme der Evaporationsrate 

welche durch kapillaren Wassertransport zur Verdunstungsoberfläche gespeist wird und 
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Ähnlichkeiten mit den Mechanismen der Diffusion aufweist. Wir ergänzen die Ergebnisse dieser 

Experimente mit Simulationen des Stoffaustausches bei der Austrocknung eines Porenbündels durch 

den darüber fliessenden Luftstrom. Unseren Berechnungen liegt das Modell von Suziki und Meada 

[1968] zugrunde, welches Wechselwirkungen des Wassergehalts an der Oberfläche während des 

Trocknungsprozesses beschreibt. Als Brückenschlag zu grosskaligen Studien über die 

Wechselwirkung zwischen evaporierenden Landflächen und der Atmosphäre weist das Modell einen 

möglichen Weg für die Fortsetzung dieses Forschungsprojektes.  

Schlüsselwörter: Evaporation, poröse Materialien, Wärme- und Stoffaustausch, Infrarot-

Thermographie, Analyse mikroskopischer Prozesse in porösen Materialien, erhöhte Dampfdiffusion, 

Synchrotron Röntgenstrahlentomographie, Land-Atmosphäre Interaktion 



 

 

 



 

1 

Introduction 

Evaporation is a commonly practiced art, but a neglected science. 

Keey R.B., Drying – Principles and Practice, (Pergamon Press 1972) 

Globally, evaporation consumes about 25% of solar energy input (40K TW), and it is a key 

process in the global hydrologic cycle whereby 60% of terrestrial annual precipitation (totaling 

110×103 km3/yr) return to the atmosphere via transpiration (40%) or soil evaporation (20%). 

Errors in assessing evaporative losses impact estimates of hydrologic reservoirs and associated 

regional surface energy balance component and thus other climatic processes. Quantifying 

evaporation is also important for many industrial, medical and engineering applications. Despite 

the ubiquity of evaporative processes and strong influence on mankind history (early agricultur-

al civilizations and their demise by salinization), the basic interactions between atmospheric 

demand and porous media properties constraining evaporative supply and dynamic remain pri-

marily empirical. Evaporation rate from an initially saturated porous medium often exhibits 

transition from a nearly constant and high mass loss rate (the so-called stage I evaporation) sup-

plied by capillary liquid flow to a lower rate (stage II) dominated by vapor diffusion when va-

porization plane recedes into the porous medium. 

Fluid flow through porous media induced by evaporation is often two-phase flow (liquid–vapor) 

including phase changes and sequential evaporation and condensation within partially-saturated 

complex pore spaces driven by capillary gradients, gravity, thermal and vapor concentration 

differences. These flows are relatively slow with velocities in the range of a few millimeters per 

day. Nevertheless, such a process is highly dynamic that may vary considerably in space and 

time, and whose prediction must consider interplay between internal processes (capillary flow to 

the vaporization surface and vapor diffusion) and ambient conditions (energy input, air tempera-

ture and relative humidity). In the context of hydrology, evaporation dynamics may be studied 

from atmospheric perspective which often requires semi-empirical treatment of the porous me-

dium (soil) controls. Alternatively one could take a soil-centric approach for known atmospheric 

boundary conditions and study the dynamics governed by properties and flow processes in the 

soil and their coupling to various atmospheric boundary conditions which is our approach in 

different sections of this work. 

The phase transition inherent to evaporation processes consumes considerable amounts of ener-

gy and alters the thermal field at vaporization planes. This strong coupling between mass and 



 

 

energy fluxes is used for the remote quantification of evaporation. Variations in evaporative 

fluxes from heterogeneous wet surfaces may induce a distinct and spatially variable thermal 

signature detectable by modern infrared thermography (IRT) methods. Combining measured 

temperature distribution for an evaporative surface with surface energy balance offers a mean 

for the extraction of spatial and temporal distributions of evaporative flux as a function of sur-

face temperature. Recent advances in IRT technology offer high resolution spatially resolved 

thermal images at unprecedented sensitivity for in situ estimation of surface evaporation flux 

distribution. Thermal images provide point-wise input data to be used in the inverted surface 

energy balance equation calculating spatially and temporally resolved evaporation fluxes from 

uniform and heterogeneous surfaces. The same idea in an integral sense leads to an approxima-

tion based on the mean surface temperatures of similar textural regions to resolve spatial evapo-

rative fluxes. An obstacle to inversion of surface energy balance equation for calculation of 

evaporation rate is the presence of unobservable subsurface thermal transport processes intro-

ducing a closure problem. A characteristic thermal decay depth is a key parameter for convert-

ing surface thermal signatures to evaporative fluxes which depends on the evaporative flux and 

boundary conditions. We obtained an analytical estimate of this thermal decay depth leading to 

a closed-form formulation for estimating spatial and temporal distributions of evaporation rates 

solely based on measured surface temperature fields. This analysis and applications to evapora-

tion from heterogeneous surfaces is discussed in more details in the first part of this work in 

chapters 1 and 2. 

In the second part, the problem of combined vapor transport, phase change and capillary flows 

at the pore scale have been addressed. Interactions between liquid phase and diffusive flux of 

vapor during evaporation renders transport patterns in a partially saturated porous medium dif-

ferent from diffusion of non-condensable (inert) gas in the same medium. The modeling of ca-

pillary assisted vapor diffusion process requires solution of a Stefan problem with moving 

boundary for the dynamics of pore scale interface evolution during capillary condensation and 

film adsorption. The solution considers energy equation to specify temperature and vapor densi-

ty distributions within a single pore. Model predictions were in good agreement with sample 

scale experiments and pore scale synchrotron X-ray tomography measurements. Having tested 

this modeling building block, we pursued simulations of vapor diffusion and sequential evapo-

ration / condensation occurring during vapor transport in the presence of liquid phase and mac-

roscopic temperature gradient across a sequence of pores (and liquid bridges). This enable quan-

titative evaluation of pore scale mechanisms for enhanced vapor diffusion in porous media pos-

tulated by Philip and deVries [1957] and has since been debated. We were able to quantify and 

constrain the range of real vapor transport enhancement and the regimes under which an appar-
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ent flux enhancement resulting from coalescing capillary pathways across the porous medium 

occur (and cannot be considered part of vapor transport). In chapter 3, dynamics of capillary 

condensation and film adsorption have been expressed mathematically and verified in macro 

scale measuring condensed mass deposition in known porous samples under prescribed ambient 

conditions. The role of ambient conditions (temperature and relative humidity) and porous me-

dium characteristics (grain size distribution and specific area of the sample or roughness of the 

grains) on the dynamics of capillary condensation and film adsorption processes have been dis-

cussed in details. In chapter 4, the performance of the pore scale evaporation-condensation 

model in capturing interface dynamics has been tested at the micro-scale using synchrotron X-

ray tomography measurements. The model was subsequently used for simulation of capillary 

assisted and thermally induced vapor diffusion processes at pore scale considering several sce-

narios imitating liquid phase presence to different extends for different magnitude and direction 

of temperature gradients in pore scale. A simple one-dimensional upscaling of the results to the 

Darcy scale provides the necessary bridge between pore scale mechanisms for enhanced vapor 

diffusion (EVD) and macro scale enhancement measurements widely reported in the literature. 

The last part (chapter 5) addressed the role of surface wetness on evaporation and mass transfer 

processes at the interface between a porous medium surface and flowing air above. Under high 

evaporative demand, even during capillary-sustained stage I, observations show a continuous 

decrease in drying rate since the onset of the evaporation from an initially-saturated surface. 

This trend occurs even in soils with no hydraulic limitations and is attributed to the limitations 

of vapor exchange between evaporating surface and atmosphere. Specifically, the interactions 

between dynamics of surface wetness and viscous sub-layer formed by air flow controls the 

vapor transport. In an early study Suzuki and Maeda [1968] have used simple steady state vapor 

convection along surface and diffusion into the air to show that sufficiently wet surface and 

thick boundary layer could support a constant rate period irrespective of the surface wetness 

until relatively dry surfaces. We have modified and implemented the results of this pore scale 

simulation to provide dynamics of surface water content during a transient drying process as the 

key factor in the prediction of the response of a porous media to the ambient demand. In outlook 

the combination of numerical model and experimental technique for remote measuring of evap-

oration provides the required basis for tackling the key challenging issue of water supply and 

evaporation demand coupling between porous medium and drying air flow in the broad vision 

of the field scale study on the interaction between land and atmosphere during evaporation. 
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Abstract 

Variations in evaporative fluxes from heterogeneous wet terrestrial surfaces may induce a dis-

tinct and spatially variable thermal signature detectable by modern infrared thermography (IRT) 

methods. Combining measured temperature distribution for an evaporative surface with surface 

energy balance offers a means for extraction of spatial and temporal distributions of evaporative 

flux as a function of surface temperature. Recent advances in IRT technology offer spatially 

resolved thermal images at unprecedented sensitivity for in situ estimation of surface evapora-

tion flux distribution currently unobservable by other methods. We studied evaporation patterns 

from surfaces of initially saturated sand columns containing sharp vertical textural contrasts 

(fine-sand inclusion in coarse-sand background) to evaluate the performance of the proposed 

method. We examined several algorithms for model validation. Spatial and temporal IRT data 

are numerically inverted to obtain evaporation flux values that are compared with rates of mass 

loss from direct weighing of the samples. Analytical solutions of some special cases are also 

compared with the experimental data. We introduce a convenient approximation based on mean 

surface temperatures of similar textural regions to resolve spatial evaporative fluxes. Estimates 

are in good agreement with experimental results. Our results also confirm the occurrence of 

lateral capillary flows from coarse to fine sand in the presence of sharp heterogeneity during 

evaporation. The proposed method could under certain conditions be used to convert highly 

resolved temperature fields to deduce drying patterns of interest in various fields from hydrolo-

gy to food processing and other engineering applications. 

1.1 Introduction 

Solar radiation intercepted by terrestrial surfaces and its partitioning to various components of 

energy balance are important for many land-atmosphere exchange processes, in particular the 

hydrologic cycle. The quantification of the resulting highly dynamic and spatially variable latent 

and sensible heat fluxes present some of the central challenges for modern hydrology and re-

mote sensing [Entekhabi et al., 1999]. The interest in remote estimation of spatially and tempo-

rally variable evaporative fluxes from porous surfaces is not limited to hydrology; it is of inter-

est to wood, paper, and food processing, waste isolation, construction engineering, biomedical 

applications, and more. 
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intrinsic capillary and transport properties of each porous medium (primarily capillary pressure-

saturation relationships [Lehmann et al., 2008]). They characterized evaporation from a system 

consisting of vertical cylindrical fine-textured inclusion of thickness 2Rf embedded in a coarse 

medium with large enough lateral extent as illustrated in Figure  1.1. 

They indicated that, “following initially uniform evaporation rate from coarse and fine saturated 

surfaces, a drying front forms exclusively in the coarse domain and capillary driven lateral flow 

from the coarse domain supplies evaporation from saturated fine textured surface.” A key as-

sumption made is that the reduction in evaporating surface as coarse domains dry out may be 

compensated for by an enhanced evaporation rate from fine-textured surfaces to maintain con-

stant areal average evaporation (reflecting constant energy input for evaporation). Consequently, 

water flows from coarse to fine domains because of capillary pressure gradient hcap, defined by 

the difference between the air-entry value of the coarse domain, c
bh , and the minimum capillary 

pressure in fine-textured region, min
fh . The capillary pressure gradient driving subsurface capil-

lary flow to evaporating fine surface must exceed gravitational head hG and viscous losses 

along horizontal and vertical flow paths (denoted hH and hV, respectively). The gravitational 

head difference hG combines the characteristic front depth in the coarse region LC (a property 

of the porous medium [Lehmann et al., 2008]) and a front depth induced by hydraulic coupling 

between the fine and coarse domains that varies with distance from fine inclusion, L(R); the 

resulting momentum balance equation is [Lehmann and Or, 2009] 

min
min

0

Δ Δ Δ Δ ( ) Δ Δ
1

c c
f c c f c fb

cap b G V V V V

c
u

h h
h h h h h h L R h h

e

K


        


  (1.1) 

with driving capillary pressure difference hcap = min
fh  − c

bh ; the averaged unsaturated conduc-

tivity of the coarse domain, Ku
c, determines the characteristic length of the coarse material; and 

0e denotes the evaporative flux from the initially water saturated cross section, which is theoret-

ically equal to the evaporation demand of the ambient.  

The resulting evaporation fluxes from a system with sharp textural contrasts become spatially 

non-uniform, reflecting internal lateral exchanges and higher evaporation rates from fine-

textured regions that support evaporation rates imposed by external conditions. Such surface 
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flux variability would potentially be reflected by variability in surface temperature. It is precise-

ly this connection we wish to exploit to deduce the rates and spatial variability of evaporation 

fluxes measured in infrared images of surface temperature fields.  

Advances in infrared thermography (IRT) resulted in a wide range of noncontact techniques for 

detecting processes and properties of objects and surfaces via their thermal dynamics [Buffone 

and Sefiane, 2004a]. In hydrology, IRT has been used to study water movement in porous mate-

rials [Avdelidis et al., 2003; Rosenbom and Jakobsen, 2005], to map surface temperature and 

circulation patterns in lakes [Anderson et al., 1995], and for modeling heat dispersion in runoff 

water or sewage [Davies et al., 1997]. 

A similar approach is used for larger spatial scales in the remote sensing context for hydrologi-

cal studies of water exchange from field soils at regional and global scales. These studies used 

mean skin temperature inferred from IRT to estimate surface moisture availability, evaporation 

and evapotranspiration rate, carbon assimilation, sensible heat flux, and thermal inertia 

[Carlson, 1986; Carlson et al., 1981; Choudhury, 1989; Kustas and Norman, 1996]. Challenged 

by attenuation and filtering issues owing to the scale of interest, a combination of infrared and 

microwave radiations and empirical algorithms are routinely used in land surface hydrology and 

hydrometeorology fields [Hall et al., 1992; Hornbuckle and England, 2004; Liu et al., 2002; 

Parlange and Katul, 1992; Schwank et al., 2004]. 

Different combinations of IR and near-IR measurements and numerical simulators are used for 

analyzing vegetation and land water status. Howington [2008] recently developed an adaptive 

hydraulics/hydrology model to represent different processes affecting an infrared image of soil. 

Lin et al [2008] used infrared remote-sensing-based soil moisture in a field-scale simulator to 

initialize soil moisture dynamics. Moran et al [2009] used IR data for partitioning between dif-

ferent contributors of evapotranspiration. A similar approach is applicable beyond the infrared 

range (e.g., radiometric data in remote sensing). Gaikovich and Troitsky [1997], for example, 

studied the dynamics of heat and mass transfer through an interface between air and water based 

on the measurement of thermal radio emissions at high frequencies. They developed a new 

method of media remote monitoring based on the results of a joint solution of transfer of ther-

mal radiation and heat conductivity equations and obtained a set of interesting data on the heat 

and mass exchange dynamics at the interface of water and air.  
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IRT has also been used to detect fractures, cracks, and other deficiencies in materials [Shiratori 

et al., 1994]. Recently, hydraulically active fracture systems were identified based on a combi-

nation of infrared thermography, fracture mapping, and regional tectonic and hydrologic 

knowledge [Rosenbom, 2005]. In this context, infrared imagery could be useful in the study of 

preferential flow and transport in variably saturated fractured porous media. 

The primary aim of this study was to quantify thermal signatures associated with evaporative 

surfaces leading to the following specific objectives:  

1. Formulation of energy and mass exchanges linking measured evaporative fluxes from 

porous surfaces with the resulting temperature fields,  

2. Introduction of a systematic approach for using surface temperature fields measured by 

IRT to infer evaporation patterns from uniform and heterogeneous surfaces, 

3. Validation of the proposed approach based on experimental data, 

4. Developing a simple approximation method for the estimation of evaporation from het-

erogeneous surfaces based on the aggregation of temperature field to some mean patch-

es of surface temperature. 

Following this introduction, we present in section  1.2 theoretical considerations including sur-

face energy balance based on temperature and its analytical solution for certain scenarios and a 

simplified evaporation estimation method based on averaged surface temperatures. In sec-

tion  1.3 we present experimental methods with a brief introduction to infrared thermography 

followed by experimental setup. Section  1.4 presents results of measured temperature field and 

calculated evaporation patterns. Section  1.5 focuses on method verification, comparing tempera-

ture-based mass loss with balance results and with analytical solutions including a useful ap-

proximation method. Section  1.6 provides the summary and conclusions. 

1.2 Theory 

1.2.1 Evaporation Term in Surface Energy Balance 

The surface energy balance (SEB) during evaporation from bare soil is expressed as [Penman, 

1948]: 

Rn G H LE    (1.2) 
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where L is the latent heat of vaporization (2450 J/g under atmospheric pressure). This equation 

serves as a boundary condition for energy exchange processes at the land surface, determining 

how available energy (net radiation flux density, Rn, minus soil heat flux density, G) is parti-

tioned between sensible heat flux density H and latent heat flux density LE. The net radiation 

flux density (Rn) is the primary source of energy flux intercepted on a surface and is composed 

of short and long wave radiation. The soil heat flux density (G) is assumed to be equal to the 

conductive flux resulting from the temperature gradient in the soil. The surface may also receive 

energy from convective air flowing over it; this exchange is included in the sensible heat flux 

(H). The sum of energy received by the surface is partitioned between the part stored in the soil 

altering its temperature with time, which is included in the sensible heat flux (G), and that 

which contributes to the evaporative phase change (LE). Hence, the energy balance equation for 

an infinitesimal element of an evaporative surface can be written as  

4 4
2σε( ) ( ) ρ

ρ
Δ Δ

a w w
p

T T h T T eLDT
K T C

h Dt h
   

   


 (1.3) 

where  is the Stefan-Boltzmann constant (5.67×10-8 Wm2K4), ε is surface emissivity, T∞ is the 

ambient temperature in Kelvin [K], ha is the convective heat transfer coefficient to air in 

[W/m2K], ρ is the average density of saturated soil in [kg/m3], Cp is the soil heat capacity in 

[J/kg], K is the heat conductivity of saturated soil in [W/mK]. ρw is the water density [kg/m3], Lw 

is the latent heat of vaporization of water [2450 J/kg], e  denotes the evaporation rate in [m/s], 

and Δh represents a penetrating depth for radiation, convection, and latent heat fluxes, all of 

which are considered surface effects and should be expressed per volume to dimensionally 

match with soil heat and sensible heat flux densities. 

Inverting equation (1.3), we may express evaporation rate as a function of surface temperature: 

4 4
2σε[ ( , ) ( , )] [ ( , ) ( , )]Δ ( , )

( , ) ρ ( , )
ρ Δ

a
p

w w

T r t T r t h T r t T r th DT r t
e r t C K T r t

L h Dt
    

    
 

  (1.4) 

Hence, with known spatial and temporal distribution of an evaporative surface temperature, the 

evaporation rate distribution could be calculated provided that physical and boundary properties 

(ε, ha, ρ, Cp, K, Δh and ρw) are also known. The calculation of these properties is the subject of 

extensive studies in hydrology that consider a wide range of boundary conditions and internal 
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situations of the medium in terms of pore size and phase distributions. Certain assumptions re-

garding these variables are needed in order to develop a method that permit the evaporation rate 

calculation from surface temperature.  

We make the following assumptions to simplify the inversion procedure of equation (1.4) and to 

calculate the boundary and physical properties. 

1. Considering the small area of evaporative surface, radiation and convection heat fluxes are 

assumed uniform over this surface. This means  and ha have constant values and T∞ is con-

sidered to be a function of time only, T∞= T∞(t). 

2. The radiation term is the sum of net shortwave and long wave radiation received by the 

surface. Under laboratory conditions without direct exposure to sun radiation, shortwave 

radiation is negligible compared to convective airflow and the long wave component of ra-

diation balance; however, for outdoor applications, the shortwave energy flux should be in-

troduced to the surface energy balance equation. Knowing cloud cover, date and time, lati-

tude, and albedo coefficient, one could consider shortwave radiation as a new term in the 

equation. In short, although shortwave radiation is of minor importance for the experi-

mental setup of this work, the general method could be modified to include this important 

input on natural surfaces. 

3. The term “evaporation zone” is assigned to the top layer of soil, where, during stage one of 

evaporation, liquid is continually driven. Experimental data show that the thermal influence 

of evaporation is of the order of 10 - 30 mm for the normal range of energy fluxes for evap-

oration [Gardner and Hanks, 1966; Hanks et al., 1971]. Gardner and Hanks [1966] used 

near-surface heat flux plates to directly measure the so called zone of evaporation, stating 

that “the heat flux indicated that the zone of evaporation moved downward at a continuous-

ly decreasing rate until after 18 days it was between the 2 and 3 cm depth.” 

Considering a homogenized control volume with evaporation at the surface, the heat trans-

fer into the control volume and in particular the depth at which the temperature depression 

is attenuated (where temperature decays to ambient value) is calculated from the one-

dimensional Fourier law for the decay depth as 
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 (1.5) 

where qevp is the heat flux due to evaporation and T∞ and Tevp are the ambient and surface 

temperatures, respectively. Normal soil surface parameters and evaporation rates support 

the observations of Gardner and Hanks [1966] predicting a narrow range for h between 20 

and 30 mm. 

The parameter h could be eliminated between equations (1.5) and (1.4), and we could rely 

on measured values of temperature and evaporation rate at each time step to estimate the in-

stantaneous value of h for validation purposes. 

4. The temperature gradient with depth is assumed to be linear within the evaporation zone. 

Mathematically, the assumption means T/z=const., which removes the vertical dependen-

cy of equation (1.4). Physically it means there is a constant conductive heat flux in the ver-

tical direction that is canceled out between the top and bottom faces of the vaporization 

zone. 

5. The liquid velocity through porous media during evaporation is of order 10-6 m/s and could 

be ignored in equation (1.4); hence T/t is substituted for DT/Dt. 

6. The convective heat transfer coefficient ha could be calculated from the average Nusselt 

number for free convection from a horizontal surface. For evaporation due to natural con-

vective airflow, the Nusselt number is calculated based on the Rayleigh number, which is in 

turn a function of Grashof and Prandtl numbers. For the top surface of a cold object in a 

hotter environment, Incropera and Dewitt [2001] suggested: 

1
4

3

0.27

β
Pr ( )

να

D

D D

Nu  Ra

g
Ra Gr T T D



  
 (1.6) 

where ν is the kinematic viscosity [m2/s], g is gravity [m/s2], a is the thermal diffusivity 

[m2/s], and  is the thermal expansion coefficient of air [1/Ka]. On the basis of these rela-

tions, ha [W/m2] could be expressed as:  
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a

K Nu
h

D
  (1.7) 

In both equations (1.6) and (1.7), D represents a characteristic length associated with rele-

vant geometry. It is an equivalent length D = A/U made up of the heat transfer area A and 

the perimeter U of the plate external edges. The rearranged equation (1.7) also provides a 

formal definition of the Nusselt number. 

For cases with no forced convective flow over evaporative surfaces, this procedure predicts 

the convective heat transfer coefficient with reasonable accuracy. For other cases, the spe-

cific conditions of the problem or a more sophisticated model that includes other control-

ling factors such as surface roughness and turbulence must be considered. 

7. Soil heat capacity during evaporation is likely to vary with changes in surface water con-

tent. Volume averaged Cp at each surface location could be calculated from constituent heat 

capacities and their volume fractions requiring knowledge of surface water content. We 

may estimate surface water content from drying front depth and the capillary saturation 

curve (assuming hydrostatic pressure distribution). For heterogeneous surfaces with sharp 

vertical textural contrast, part of the surface remains saturated, whereas in the adjacent 

coarse domain the drying front recedes [Lehmann and Or, 2009] and its depth may be used 

to estimate the evolution of heat capacity at each time step. For practical application with 

no prior knowledge regarding drying front depth, one may use various correlations linking 

surface water content with evaporation rate [Schluender, 1988; Suzuki and Maeda, 1968]. 

8. The thermal conductivity of wet porous media is a strong function of porosity and satura-

tion degree. An experimental relation proposed by Chen [2008] could be used to calculate 

the thermal conductivity of soil in different saturation levels for the fine and coarse regions 

of the experimental columns: 

 0.781( , ) 7.5 0.61 (1 0.0022) 0.0022
nn nK n S S    (1.8) 

where n is the porosity and S is the saturation degree linked with water content via θ=S×n 

and could be estimated using the aforementioned procedure. 
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   4 4σε ρs a w wT T h T T eL       (1.10) 

Equation (1.10) provides a direct algebraic relation between surface temperature and evapora-

tive flux. Defining 0e =haT∞/ρwLw and ambient temperature T∞ as reference values, equation 

(1.10) could be written in the following dimensionless form: 

   
3

*4 * *σε
1 1s

a

T
T T e

h
       (1.11) 

The asterisk indicates dimensionless quantities ( *
0/e e e    and T*=T/T∞). Equation (1.11) shows 

that temperature lower than ambient on a homogeneous surface reflects the evaporative flux 

intensity. 

 

Figure  1.4: Variations in dimensionless evaporation rate ( *e = e  /haT∞ρwLw) with dimensionless 

surface temperature T*=T/T∞ for common values of radiation-to-convection ratios, with con-

stants equal to 5.67×10-8 W/m2K4, 0.925, 1000 kg/m3 and 2450 J/g, respectively for σ, εs, ρw, and 

Lw, when ambient temperature changes in the range of 270–330 K. Considering the range of va-

lidity of equation (1.6), the main chart shows the common values of a normal environmental 

system where surface and ambient temperatures are of the same order and dimensionless tem-

perature changes between 0.9 and 1. The inset shows the full range of dimensionless tempera-

ture when surface temperature changes between absolute zero and ambient temperature. In the 

extreme case of T* = 0, the effect of radiation remains less than 10% 
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Two dimensionless groups appear in this equation, namely the radiation-to-convection ratio 

equal to σεsT∞
3/ha and 0e = haT∞/ρwLw implied on the right hand side for evaporation potential. 

These two groups characterize evaporation in this situation as depicted in Figure  1.4 for differ-

ent radiation-to-convection ratios. It is clear that the effect of radiation is less than 12% for the 

most extreme case as T∞ varies within the normal range found in terrestrial environments. 

The second dimensionless group sets the upper limit of evaporation demand based on ambient 

conditions (ha, T∞). From equation (1.11): 

   
3

*4 *
max 0 0

σε
1 1 ,

ρ
s a

a w w

T h T
e e T T  e

h L
  

     
 

    (1.12) 

For standard room temperature (T∞ = 300 K), the maximum temperature difference between 

surface and ambient could not exceed 10 K. Using T* = 0.966 based on this difference and ha = 

36 for natural convection from a horizontal surface, equation (1.12) predicts maxe  ≈ 14 mm/d as 

the maximal potential evaporation demand. Increasing the ambient temperature and applying an 

airflow regime with higher ha value would increase the evaporation rate. Also the evaporation of 

liquid with lower density or latent heat of vaporization would be higher for similar external 

conditions. 

1.2.2.2 Temperature Field Owing to Concentrated Evaporation from Fine Inclusion 

As Lehmann and Or [2009] demonstrated, the presence of vertical textural contrast results in 

lateral capillary flows and a concentration of evaporation flux to the fine textured part of the 

surface. We consider a steady state evaporation flux from a fine inclusion with evaporative flux 

from a coarse background as depicted in Figure  1.3b. Incorporating these considerations into 

equation (1.9) enables the description of heat transfer process in the coarse part of the surface 

according to 

4 4Δ
σε( ) ( )a

K h d dT
r T T h T T

r dr dr  
      
 

 (1.13) 

Using T=T∞T* and r=Rr* where T∞ is ambient temperature and R is the column radius, we may 

write equation (1.13) in dimensionless form as 
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 (1.14) 

The ratio of coefficients of radiation and convection terms are again equal to the radiation-to-

convection ratio σεT∞
3/ha which, based on similar reasoning as above, allows the radiation term 

to be dropped, obtaining a simpler form of equation (1.14). Considering Lez=R2/Δh as a charac-

teristic length of the evaporation zone, a simplified form of equation (1.14) results with the fol-

lowing boundary conditions: 

*
* * * *

* * *

*
* * *

*

* * *
,

*

1
(1 ) 0          1

BC1:  0 @  

BC2:  @  1
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2 Δ 2

ezL f

f
f

surface

a f fa ez
ez ez

d dT
r Nu T r r

r dr dr

RdT
CT C r r

dr R

T T r

h R R rh L
Nu C Nu

K K h



 
     

 

    

 

  

 (1.15) 

The Nusselt number based on evaporation zone characteristic length appears in dimensionless 

form as a coefficient of the convective term and also in the first boundary condition. This term 

contains information on the airflow regime (temperature and velocity) through ha, as well as 

physical and geometrical information through characteristic length Lez and heat conductivity K 

of the medium. 

The first boundary condition describes the cooling flux due to evaporation from the fine-

textured inclusion surface flowing toward the coarse background. During steady state convec-

tion-driven evaporation, a constant heat flux from the fine inclusion predictable based on equa-

tion (1.11) is transferred to the coarse background by conduction. The second Dirichlet bounda-

ry condition specifies the surface temperature on the outer edge of the column. Far away from 

the center, the surface temperature should asymptotically reach the ambient temperature T∞, but 

at a certain value of radius R (column radius), it is something lower than ambient temperature. 

This differential equation is the classic Bessel differential equation of order zero and its solu-

tions, I0 and K0, are the modified Bessel functions of order zero of the first and second kind, 

respectively. The general solution could be specified as T*=C1I0(r
*√Nuez)+C2K0(r

*√Nuez)+C3 for 
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this equation. The coefficients are determined using boundary conditions yielding the following 

analytical solution: 
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 (1.16) 

 

Figure  1.5: Dependency of solution (1.16) on Nusselt number (Nuez) for a known outer tempera-

ture (Tsurface,∞). The difference between surface and ambient temperature increases with the in-

crease in Nusselt number. The variation of surface temperature caused by different evaporative 

demands under room temperature (300 K) would not exceed 7.5 K (3% of Kelvin scale) 

Figure  1.5 depicts the spatial distribution of dimensionless temperature T* for different values of 

Nusselt number. Expressing temperature in Kelvin, we expect no more than 7.5K ≈ ( 0.995 -

 0.97 ) × 300 difference due to surface evaporation under room temperature. 

Thus, in the geometry under consideration, we have lower temperature than ambient. However, 

based on equation (1.16) and Figure  1.5, the resulting temperature field in the coarse part of a 

heterogeneous evaporative surface is attributed exclusively to lateral thermal conduction and not 

to own evaporation.  

The results of sections  1.2.2.1 and  1.2.2.2 are summarized in Figure  1.6 because these results 

are necessary for the next section. 
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1.2.2.3 Evaporation Field Calculated From Averaged Temperatures 

Equation (1.9) necessitates extensive calculations to consider each pixel of an infrared image to 

resolve the evaporation rate pattern. To reduce the computation burden and develop an approx-

imation for random fields of textural inclusions, we propose a simplified method based on the 

averaged values of the inclusion surfaces, fineT  and coarseT , for the delineation of evaporation 

rates. The method is termed the Mean Temperature-based Evaporation Rate Estimation 

(MTERE). 

Following similar reasoning as in sections  1.2.2.1 and  1.2.2.2, equation (1.9) for the geometry 

of Figure  1.2 is expressed as: 

  Δ 1

ρ ρ
a

w w w w

h K h d dT
e T T r

L L r dr dr
     
 

  (1.17) 

Integration of this equation over fine and coarse surfaces separately, for average values of heat 

conductivity, yield an averaged evaporation rate from each textural region. Equations (1.18) and 

(1.19) give the averaged dimensionless evaporation rate from two different parts of the surface: 
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  (1.19) 

The mathematical derivation of these equations is presented in Appendix A. The conductive 

term in both equations (1.18) and (1.19) represents that part of the cooling energy flux leaking 

from a low-temperature evaporation zone to an adjacent region. In other words, temperature 

differences between an evaporative surface and ambient is partitioned into two parts. A part 

marked by .conve is from direct evaporation from the surface, which is basically driven by air 

convection and could be predicted based on equation (1.11). This part is repeated in averaged 

form as the first term in equations (1.18) and (1.19). 
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Another part labeled by .conde is attributed to cooling induced by heat conduction from the near-

by high-evaporation rate region. This term varies from zero in the early stages of evaporation, 

because there is no lateral temperature gradient, to a maximum value where the coarse surface 

becomes dry with no evaporation while an evaporative flux from the fine inclusion surface con-

tinues. This scenario is discussed in section  1.2.2.2, and equation (1.16) gives analytical expres-

sion of temperature distribution T* as a function of dimensionless coordinate r* for this case. 

MTERE relies on the proportionality between the conductive term of evaporation ( .conde ) and the 

temperature difference between coarse and fine regions. During the early stages of evaporation, 

in the absence of temperature differences between these domains, .conde is zero. As evaporation 

becomes gradually concentrated in the fine region, the temperature difference between coarse 

and fine regions gradually increases to a maximum value attained when evaporation stops in the 

coarse region while the fine region remains saturated. Hence, assuming linear dependency be-

tween .conde and Δ c f coarse fineT T T   , one could predict .conde based on Δ c fT   provided that 

.,maxconde  and ,maxΔ c fT   are known. The analytical solution of section  1.2.2.2 permits both 

.,maxconde  and ,maxΔ c fT   to be calculated using equation (1.16). 
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The potential usefulness of MTERE stems from its reliance on averaged values for surface tem-

peratures for coarse and fine regions (and, potentially, for patches of different forms and shapes) 

that are simpler to calculate than the pixelwise calculation of evaporation flux over each region. 

In the following sections, the performance of this method as well as the full version based on 

equation (1.9) are evaluated. 

1.3 Experimental Methods 

1.3.1 Infrared Thermography for Imaging Temperature Fields 

IRT detects temperature fields based on the emission of infrared radiant energy directly related 

to surface temperature. A sensor detects the emitted energy wavelength from which the tem-

perature is obtained using material and surface properties. Key aspects of rapid technological 

advancement in this field are summarized in the work of Gaussorgues and Chomet [1994]. The 

most critical element in an IR camera is its detector, which may be configured as either a single 

detector or a multi detector. In single-detector cameras, a rotating prism scans the field of view 

line-by-line, recording the flux emitted by the object on the single detector. Focal plane array 

(FPA) IR cameras use an array of detectors that result in the enhancement of resolution and the 

sensitivity relative to single-detector technology. The drawbacks of FPA cameras are the uneven 

heat flux density caused by interference among detectors and a lack of internal temperature ref-

erence, as in the single-detector IR scanners, which are often equipped with a cold shield at 70 

K to remove unwanted flux not emitted by the object under study. Modern FPA IR cameras are 

equipped with a temperature sensor placed on the lenses to account for thermal side effects and 

enable quantitative measurements. The sensor spatial resolution of advanced IR cameras is 
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Evaporation results from a cylindrical column 190mm in diameter and 350 mm in height were 

used to test the proposed methodology. A fine-sand inclusion in coarse-sand background formed 

the heterogeneous and hydraulically coupled system with sharp vertical contrast as illustrated in 

Figure  1.8b. The diameter of the fine sand inclusion was 60 mm. 

The value of h was assumed equal to 32.5 mm. The evaporation rate and surface temperature 

changed during the experiment, rendering h time dependent in equation (1.5); however, be-

cause the range of this change is narrow (between 29.5 and 35.3 mm), based on the measured 

values of our experiment, the assumption of 32.5 mm as an approximation for this zone is in 

agreement with experiments by Gardner and Hanks [1966], who used simple one-dimensional 

calculations and analytical solutions (not presented for brevity). 

 

Figure  1.9. (a) Soil water characteristic curves and (b) particle size distribution of two different 

sands used in this series of experiments. 

Soil water characteristic curves and particle size distributions for the sands used in this study are 

presented in Figure  1.9. The physical properties of different materials used in this series of ex-

periments are summarized Table  1.1 (ascribing silica properties to sand as a pure substance). 

The evaporation column was placed on a digital balance (32 kg ± 0.1 g) to directly measure 

mass loss rates during the experiments. Data loggers measured the velocity and relative humidi-

ty of ambient air, and another balance was used to measure potential evaporation from the free 

water surface during the experiment. A digital camera was used to acquire images at 30 min 

time intervals. IR images from the evaporative surface were obtained at half-hour time intervals.  
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Table  1.1: Physical properties of different pure substances used in the experiments 
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Fine sand 2.4 1.8 0.835 - 35 0.95 0.0357 8.02 0.35 0.01 

Coarse sand 2.4 1.8 0.835 - 33 0.90 0.0198 6.49 0.33 0.003 

Water 1.0 0.6 4.181 2450 - 0.98     

Air 1.18×10-3 0.025 1.012 - - -     

1.4 Experimental Results 

1.4.1 IRT Measured Surface Temperature Distribution 

The ambient temperature of the sample slightly fluctuates around 26  2°C during 1 month of 

experiments. The evaporative surface average temperature changed between 18.5°C and 25.5°C. 

On the basis of direct weighting data, the average evaporation rate changes during this time 

from 10 mm/d to less than 1 mm/d, whereas the potential evaporation remains almost constant 

around 10 mm/d. 

The IRT results in Figure  1.10 depict measured spatial and temporal temperature fields forming 

on the evaporative surface over 30 days of the experiment. Note that the average depth of the 

drying front in the coarse area in Figure  1.10d is already at 330 mm; nevertheless, the fine in-

clusion remains significantly cooler than ambient, indicating active evaporation (as also verified 

by mass loss measurements using a balance). 

                                                      

1 Robert H. Perry, Don W. Green, James O. Maloney, “Perry's chemical engineers' handbook”, Edition 

8th, McGraw-Hill Professional, 2007 
2 Measured using standard procedure for fitting parametric SWC expression to water content – matric 

potential data 
3 From MODIS (Moderate Resolution Imaging Spectrometer) Emissivity Library, University of Califor-

nia, Santa Barbara 
4 Measured using standard procedure for fitting parametric soil water characteristic expression to water 

content – matric potential data 
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Figure  1.11: Evolution of the temperature profile along sample diameter with time, showing 

how the temperature difference between coarse and fine parts increases as evaporation pro-

gresses. Two continuous grid lines show the physical borders of the fine inclusion. 

1.4.2 Calculating Evaporation Flux Distribution 

Having obtained temporal and spatial distributions of temperature fields (Figure  1.10), we can 

directly calculate the corresponding evaporation rates for this surface. The calculated evapora-

tion rate field for four different times during evaporation (corresponding to temperature distribu-

tions of Figure  1.10) are depicted in Figure  1.12. These spatial distributions of evaporation rates 

are obtained from numerical evaluation of equation (1.9). The results show that initial evapora-

tion rates are nearly uniform in coarse and fine regions of the column and it gradually changes 

to a pattern with sharp contrast in rates from coarse and fine parts as the surface of the coarse 

region dries and the subsurface lateral exchange feeds evaporation that concentrates at the fine 

inclusion surface only. 
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textured inclusion (assuming zero evaporation from the coarse region at the end of the 

experiment).  

We thus may compare experimental results with analytical solution of equation (1.9) 

achieved as equations (1.13) and (1.16). In both cases of analytical solutions, because 

the surface temperature expresses as a function of spatial coordinate, the results of this 

comparison could be considered an index for the method’s spatial accuracy. 

1.5.1.1 Temporal Accuracy: Weight Measurements versus Surface Thermal Integration 

The results depicted in Figure  1.13a show a comparison between the temperature-based evapo-

ration rate curve obtained from numerical integration of equation (1.9) and the evaporation rate 

curve obtained from direct balance measurements. 

 

Figure  1.13: (a) Evaporation rate as the first derivative of high resolution cumulative mass loss 

recorded each minute for a month with 0.1 g balance accuracy and a calculated evaporation 

rate curve based on the temperature using equation (1.9). Results are in good agreement. 

(b) Contribution of coarse and fine parts of the surface in evaporation, based on the tempera-

ture data 

The potential usefulness of the proposed approach is clearly illustrated in Figure  1.13b where 

the contribution to evaporation from the various parts of the surface are separately distinguished 

using surface temperature data. The overall evaporation rate in Figure  1.13b is identical to that 

in Figure  1.13a; however, we were able to distinguish evaporation from coarse and fine regions. 

The analyses summarized in Figure  1.13 show how evaporation from fine inclusion remains 
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relatively constant for an extended period of the experiment, whereas evaporation from the 

coarse region, that is initially high, drops to nearly zero at the last stages of the experiment. 

The evaporation rates based on IR temperature measurements are in good agreement with direct 

mass loss (balance) values. Note that the temperature-based data resulted from pointwise mass 

flux calculations integrated over 190,000 data points representing an IR image of the evapora-

tive surface. There is a slight deviation from the balance data, especially for high evaporation 

rates, which could be attributed to energy flow in the vertical direction from the bottom to the 

evaporative surface neglected in the proposed method. 

 

Figure  1.14: Comparison of MTERE results with the integration of mass flux calculated by the 

mean of equation (1.9). Curves based on equation (1.9) are the same as in Figure  1.13b and the 

other two curves are the result of MTERE. 

These data also could be used as a benchmark for the accuracy of approximation we termed 

MTERE. Two curves of Figure  1.13b for evaporation rates from coarse and fine regions are 

calculated by writing equation (1.9) for each pixel of the IR image and integrating the results 

over the corresponding area. But in MTERE, temperature is first averaged over fine and coarse 

regions, and then coarseT  and fineT  are used in equations (1.20) and (1.21) to calculate the mass 
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flux from each region separately. Figure  1.14 compares the results of these two calculation 

methods, which are in good agreement and consistent with experimental results. 

1.5.1.2 Spatial Accuracy: Experimental Results versus Analytical Solution 

Analytical solutions of the temperature field for two special cases were presented in section  1.3:  

1. Evaporation from a homogenous surface, which is the case for real homogeneous sur-

faces as well as evaporation from heterogeneous surfaces during early stages (for which 

the process occurs uniformly due to the high saturation level), 

2. Concentrated evaporation from the fine part of a heterogeneous surface, which is the 

case in the very last stages of the process when there is no mass flux from the coarse 

part.  

Experimental data for these special cases could be used for verification of the formulation and 

checking the accuracy of results in extreme situations. The comparison of data from different 

homogeneous columns in different evaporation demands is presented in Appendix B. This com-

parison could be used as a kind of calibration for the proposed method. 

For the heterogeneous sample of Figure  1.2, based on the result of direct weighting, which was 

represented in Figure  1.13, the initial uniform evaporation rate is about 10 mm/d during the 

early stages of evaporation when uniform evaporation flux on the surface is assumed. This uni-

formity is also fairly clear in Figure  1.12a. Based on equation (1.10) and using T = 292.20 K 

and T∞ = 298.98 K as recorded by IR camera, the evaporation rate is calculated equal to 9.9 

mm/d, which is close to the directly measured value. The physical constants for the calculations 

are 5.67×10-8 W/m2K4, 0.925, 36 W/m2K, 1000 kg/m3, and 2450 J/g for σ, ε, ha, ρw, and Lw re-

spectively. 

In the second analytical test case for concentrated evaporation from fine-textured inclusion in 

the heterogeneous column, the temperature field could be calculated from equation (1.16). For 

T∞ = 301.6 K and Tsurface,∞ = 300.5 K as recorded by IR camera and considering Nuez = 3.6, the 

spatial distribution of temperature in the coarse region could be calculated based on equation 

(1.16) as illustrated in the foreground of Figure  1.15; the measured temperature field is shown in 

the background. Perfect agreement between these two sets of data could work as another indica-
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tor for validating the proposed approach. Based on equation (1.16), the dimensionless tempera-

ture in the border between coarse and fine is calculated as T* = 0.986, which results in Tfine = 

24.2°C and the measured data are somewhere between 24.0°C and 24.5°C as shown in the 

background of Figure  1.15.  

 

Figure  1.15: Temperature contour based on equation (1.16) for Nusselt number equal to 3.6 and 

temperature boundary conditions of T∞ = 301.6 K and Tsurface,∞ = 300.5 K. Measured tempera-

ture field is shown in the background. 

This is the final state of the experiment that sample remains in for a long time before evapora-

tion switches to the second stage in the fine region. All temperature depressions experienced by 

the coarse part in the current situation are attributed to the conductive cooling effect caused by 

the evaporation in the fine part. Because ambient conditions during the experiment remained 

constant, the total energy input to the column would also be constant, resulting in a nearly con-

stant total evaporation rate from the surface [Lehmann and Or, 2009], where the spatial distribu-

tion of evaporative flux adjusts to the transport capabilities of composite media (higher flux 

from fine and gradually less from coarse surfaces) as reflected in the evaporation patterns pre-

sented in Figure  1.12. 

1.5.2 Evaporation from Multi-inclusion Column: Application of MTERE 

In section  1.1, equation (1.9) was derived for a specific geometry of Figure  1.2 to map the tem-

perature field to the field of evaporative flux. Because equation (1.9) must be written for each 
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pixel of an IR image, it necessitates a large number of calculations to resolve each pattern (such 

as that illustrated in Figure  1.12 from the corresponding infrared image of Figure  1.10). For 

simplicity, we introduced MTERE in section  1.2 as a practical approximation based on averaged 

temperature values in different regions of Figure  1.2 and the resulting evaporation curve of each 

region, separately. Obviously, the significant computational advantage of MTERE requires av-

eraging and loss of the point flux information made possible by the full inversion of IRT imag-

es. We now extend this concept to the more complicated geometry of inclusions and heteroge-

neous surfaces, mimicking more realistic natural field conditions. Spatial (and temporal) super-

position offers the mathematical basis for the proposed extension. Writing equation (1.3) for 

each inclusion in a curvilinear coordinate allows for superimposing the contributions from vari-

ous inclusions to result in a realistic pattern of evaporative flux from the heterogeneous surface. 

Although the problem of a sample consisting of different inclusions could be handled using 

super positioning, the requirement of using equation (1.3) for each inclusion would make the 

estimation computationally prohibitive for practical applications. Hence, the use of surface av-

eraging, as in MTERE, offers significant advantages for complex surface geometry. MTERE 

considers the effect of the conduction-induced cooling flux of the high-evaporation area on ad-

jacent regions and distinguishes between temperature suppression by conduction and from di-

rect evaporation. A similar approach applies for multi-inclusion surfaces. Averaged tempera-

tures of different patches of the surface enable the calculation of conductive fluxes between 

these patches. These lateral thermal fluxes cause the temperature in patches with low evapora-

tive flux to appear lower and temperature in the high-evaporative-flux patches higher than what 

they should be from evaporation. Hence, a back-calculation restores the real evaporative fluxes 

from each patch based on averaged temperature. 

The details of formulation would be slightly different from what was presented in section  1.2, 

depending on the shape of the inclusion and the required coordinate system. This method was 

used in a series of experiment for different multi inclusion columns in the same setup as Fig-

ure  1.8. As illustrated in Figure  1.16, the results of MTERE averaged for the entire surface are in 

good agreement with direct weighting data. MTERE offers the possibility of separating the con-

tribution of different regions (surface patches) to the evaporative flux. The first and last IR im-

ages of the experimental column are also presented to show how initially uniform evaporation 

rates from the surface become gradually concentrated in the fine-textured regions. 
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Figure  1.16: Infrared thermography of multi-inclusion column (a) Overall evaporation rate of 

the column based on balance-recorded data and area-averaged evaporation rate based on 

MTERE result. This experiment runs on a setup as illustrated in Figure  1.8 for 13 days with 

26°C ambient temperature and around 6 mm/d evaporation potential, under a natural convec-

tion airflow regime. (b) Contribution of different parts of the surface based on MTERE analysis. 

The temperature-based curve drawn thicker and repeated from Figure  1.16a is the area aver-

aged of the other curves of this graph. (c) Temperature field in the beginning of the experiment 

in degrees Celsius. (d) Temperature field at the end of the experiment. Comparison of Fig-

ure  1.16c and Figure  1.16d clearly shows how evaporation pattern evolves on the surface. 

1.6 Summary and Conclusions 

We presented a new method for the noninvasive determination of spatially and temporally re-

solved distributions of evaporative fluxes from heterogeneous porous surfaces based on infrared 

thermal (IRT) imagery. High resolution IRT imagery of evaporating surface temperature fields 

provides input to the SEB simplified solution to yield the evaporation rate spatial distribution. 

The governing heat transfer equation is solved analytically for certain scenarios, yielding simple 

and potentially useful approximations for estimating evaporation fluxes from heterogeneous 

surfaces. 
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The performance of the proposed approach was tested for evaporation from sand-filled columns 

containing sharp vertical textural contrast (fine-sand inclusion in a background of coarser sand). 

In the absence of alternative methods for spatially resolved measurement of distributed evapora-

tive flux, we employed three different algorithms to evaluate method accuracy and compared 

these to directly measured overall evaporative flux from the column as well as to analytical 

solution for two extreme scenarios. The comparisons show reasonable agreement with measured 

data.  

Mean Temperature-based Evaporation Rate Estimation (MTERE) is a hybrid method based on 

the analytical solution of two extreme cases, has been developed and may be used with averaged 

surface temperature to yield evaporation curves for each part of the heterogeneous surface. The 

results of MTERE have been successfully tested versus numerical results of the original method 

and with direct weighting experimental data. MTERE has been extended for more realistic het-

erogeneous evaporative surfaces with several transfer equation is solved analytically for certain 

scenarios, yielding simple and potentially useful approximations for estimating evaporation 

fluxes from heterogeneous surfaces. 

The performance of the proposed approach was tested for evaporation from sand-filled columns 

containing sharp vertical textural contrast (fine-sand inclusion in a background of coarser sand). 

In the absence of alternative methods for spatially resolved measurement of distributed evapora-

tive flux, we employed three different algorithms to evaluate method accuracy and compared 

these to directly measured overall evaporative flux from the column as well as to analytical 

solution for two extreme scenarios. The comparisons show reasonable agreement with measured 

data. 

Mean Temperature-based Evaporation Rate Estimation (MTERE) is a hybrid method based on 

the analytical solution of two extreme cases, has been developed and may be used with averaged 

surface temperature to yield evaporation curves for each part of the heterogeneous surface. The 

results of MTERE have been successfully tested versus numerical results of the original method 

and with direct weighting experimental data. MTERE has been extended for more realistic het-

erogeneous evaporative surfaces with several texturally different regions and provides evapora-

tion curves distinguished from each region of the surface.  
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The methodology offers a means for resolving differential drying of heterogeneous surfaces for 

hydrological flux estimation as well as for various drying processes of engineering and industri-

al applications. We also envision the use of such a methodology for rapid delineation of spatial-

ly heterogeneous surfaces subjected to similar initial and boundary evaporative conditions based 

on thermal signatures induced by evaporation. 

In summary, in the absence of obvious surface thermal grouping for evaporative surfaces with 

random and high textural variability, a pixel-by-pixel inversion procedure to deduce evaporative 

fluxes would be required (unless the entire surface could be homogenized and represented as a 

single pixel). Equation (1.3) is applicable in such cases as the most general form. It considers 

the radiation and convective heat transfer from the top surface as well as the vertical conductive 

flux of energy from the inner layers of the medium and inverts the temperature field to the 

evaporation rate distribution on the evaporative surface. For uniform or homogenized evapora-

tive surfaces (as seen by their thermal signatures), one could use the simplified version of either 

equation (1.10) or equation (1.11) with a single value of the averaged surface temperature to 

estimate the evaporation rate. In the presence of parcels with similar evaporative flux and ther-

mal signatures, the idea of a homogeneous field could be extended for approximation based on 

mean temperatures. Similar patches in terms of pore size distribution behave similarly in terms 

of evaporation, which consequently results in patchy temperature fields. In such cases, MTERE 

could be used as the compact version of equation (1.3). The superfast averaged evaporation rate 

from different parts of the surface compared to the calculation effort needed by equation (1.3) is 

achievable at the expense of missing point wise data.  

Appendix A: Mathematical Derivation of Section  1.2.2.3 Key Equations 

Integration of equation (1.17) over fine and coarse surfaces yields the averaged evaporation rate 

from each textural region. For the fine surface area, it is written as: 
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which in dimensionless form could be written as equation (1.18). 

Similarly, for the coarse region: 
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which is equation (1.19) in dimensionless form.  

As for the maximum values of , *
.,cond coarsee  and *

.,cond finee  one could use an analytical expression 

of equation (1.16). By substituting * *
fr r  in equation (1.16), * * *( )f fT T r  could be calculated. 

Integrating this relation over the coarse part of the surface and dividing the result by the area of 

this region yields *
cT  and *Δ c fT  , which is the difference. The result would be 
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Differentiation of equation (1.16) with respect to r* and using the resultant expression for 

dT*/dr* in equations (1.18) and (1.19) yields maximum values of conductive evaporation rate 

from coarse and fine regions of the surface: 
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These relations could then be used in equations (1.20) and (1.21). 
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Figure A.1: Comparison of temperature-based and experimentally measured evaporation rate 

from homogeneous columns with different grain size distributions and different boundary con-

ditions. Equation (1.10) was used for calculating the evaporation rate based on surface tempera-

ture. 

Appendix B: Comparison of Temperature-Based Evaporation Rate Result Versus Balance 

Data for Homogeneous Columns 

Homogeneous columns filled with sand of different grain size distributions and subjected to 

different boundary conditions were used in a setup similar to that shown in Figure  1.8 to vali-

date the accuracy of equation (1.10). This could be considered the simplest case for the surface 

energy balance equation without the complexities associated with heterogeneity and lateral con-

duction of thermal energy. Each column was allowed to evaporate for about half an hour to 

reach a steady state condition before the IRT image was taken. Mass loss from the columns was 

measured directly and continuously using a digital balance while the IR camera recorded sur-

face temperatures. Owing to homogeneity of the column, the spatial dependency of the surface 

temperature vanished far enough from the wall, resulting in uniform surface temperatures. 

The results of this series of experiments are illustrated in Figure A.1. The x axis shows the tem-

perature-based mass flux calculated based on equation (1.10) and the y axis shows the mass loss 

rate based on experimental measurements using a digital balance. All data points are distributed 

uniformly along the 1:1 line as an index for the validation of this formulation. 
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Abstract 

Spatial distribution and dynamics of non-uniform evaporative mass fluxes from porous media 

are quantified remotely from their surface thermal field obtained by spatially resolved infrared 

thermometry. An important parameter for converting surface thermal signatures to the estima-

tion of evaporation fluxes is an unobservable characteristic thermal decay depth. We consider 

the quasi static evaporation fluxes combined with the measured surface thermal data in a surface 

energy balance model to obtain a general analytical approximation for the thermal decay depth. 

The estimate was subsequently evaluated using side view IR imagery of the temperature fields 

beneath the evaporative surface. The analytical approximation reveals dependency of thermal 

decay depth with the magnitude of evaporative flux which is also affected by convection and 

radiation intensity. Typical evapo-thermal decay depth for a wide range of natural surfaces is in 

the range of a few centimeters (<5cm). The solution enables remote estimation of non-uniform 

evaporative fluxes from surface temperature fields [Shahraeeni and Or, 2010a]. 

2.1 Introduction 

Radiative and thermal fluxes on the terrestrial surfaces and their partitioning to various compo-

nents of the energy balance are key drivers for many land–atmosphere exchange processes and 

are in the core of the hydrologic cycle. Quantification of the resulting highly dynamic and spa-

tially variable latent and sensible heat fluxes present some of the central challenges for modern 

hydrology and remote sensing [Entekhabi et al., 1999]. The interest in remote estimation of 

spatially and temporally variable evaporative fluxes from porous surfaces is not limited to hy-

drology, it is of interest to wood, paper and food processing, waste isolation, construction and 

material engineering, biomedical and many more applications [Datta and Ni, 2002; Huang et 

al., 2008; Lu and Shen, 2007; Nowak and Lewicki, 2004]. 

Evaporation rate from a porous medium may exhibit rich dynamics determined by interactions 

between internal transport mechanisms and media properties even under constant external 

boundary conditions. Early stages of evaporation from initially-saturated homogeneous porous 

medium are often marked by high and relatively constant drying rate and formation of a drying 

front receding into the medium. Capillary flow along hydraulically connected pathways extend-

ing from the drying front to the evaporative surface sustains high evaporation rates [Van De 
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Griend and Owe, 1994]. At a certain drying front depth, hydraulic continuity is disrupted result-

ing in the flux reduction to the lower values sustained by vapor diffusion [Shokri et al., 2008b].  

In the presence of a textural contrast, an additional element of hydraulic coupling emerges due 

to the onset of an internal capillary gradients inducing lateral flows from coarse textured to fine 

textured domain. In such columns, the evaporation drying front propagates exclusively in the 

coarse domain leaving the fine-textured patches saturated and coupled with the atmosphere. 

Lehmann and Or [2009] formulated the behavior of such coupled systems based on the intrinsic 

capillary and transport properties of the porous media in the neighboring domains. 

Not surprising, the resulting evaporation fluxes from texturally-heterogeneous systems are spa-

tially non-uniform reflecting internal lateral exchanges and higher evaporation rates from fine 

textured regions supporting evaporation rates imposed by external conditions. Such surface flux 

variability is expected to be reflected by a spatially variable surface temperature which could 

facilitate thermally-based estimation of the evaporation rates and spatial distribution. Shahraeeni 

and Or [2010a] exploited texturally-induced evaporative flux variations in a cylindrical geome-

try to develop a physically-based method for mapping surface temperature field to evaporation 

fluxes using surface energy balance equation: 

4 4
2σε[ ( , ) ( , )] [ ( , ) ( , )]Δ ( , )

( , ) ρ ( , )
ρ Δ

a
p T

w w

T r t T r t h T r t T r th DT r t
e r t c k T r t

L h Dt
    

    
 

  (2.1) 

Equation (2.1) expressed for the evaporation domain extended to the depth ∆h was used to pro-

vide the spatial and temporal evaporation fluxes from temperature fields obtained by infrared 

imagery. Certain physical properties such as: ρ bulk medium density; cp medium heat capacity; 

and kT medium thermal conductivity are dependent on the water saturation in the evaporation 

zone. The penetration depth of surface evaporation ∆h was assumed to be a medium property 

lumping heat transfer beneath the evaporative surface. Normal soil surface parameters and 

evaporation rates support the observation of Grander and Hanks [1966] predicting a narrow 

range for ∆h in soils between 20 and 30 mm used in the work of Shahraeeni and Or [2010a]. 

The integral form of the inversion approach based on equation (2.1) termed MTERE approxima-

tion, implements average surface temperatures of regions with similar evaporative fluxes as 

depicted in Figure  2.1. It worth to mention that in equation (2.1) under laboratory conditions 

without direct exposure to the sun radiation, shortwave radiation is negligible compared to con-
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surface temperature and circulation patterns in the lakes [Anderson et al., 1995], and the model-

ing of heat dispersion in runoff water [Davies et al., 1997]. A similar approach is often used for 

larger spatial scales to remotely sense land-atmosphere exchanges at regional and global scales 

using IRT measured skin temperature to estimate surface moisture availability, evaporation rate, 

sensible heat flux and thermal inertia [Carlson, 1986; Carlson et al., 1981; Choudhury, 1989; 

Kustas and Norman, 1996].  

Challenged by attenuation and filtering issues due to the scale of interest, a combination of in-

frared and microwave radiations and empirical algorithms are routinely used in land-surface 

hydrology and hydrometeorology fields [Hall et al., 1992; Hornbuckle and England, 2004; Liu 

et al., 2002; Parlange and Katul, 1992; Schwank et al., 2004]. Howington [2008] recently de-

veloped an adaptive hydrology model (ADH) to represent different processes affecting an infra-

red image of the soil. Lin et al [2008] used infrared remote sensing-based field scale soil mois-

ture simulator to initialize soil moisture dynamics. Moran et al [2009] used IR data for partition-

ing between different contributors of evapotranspiration. Gaikovich and Troitsky [1997] studied 

dynamics of heat and mass transfer through an interface between air and water and developed a 

method of remote monitoring based on the joint solution of thermal radiation and heat conduc-

tivity equations to analyze data on the heat and mass exchange dynamics at the air water inter-

face. Entekhabi et al [1994] developed a physically-based inverse algorithm for retrieving soil 

moisture and temperature profiles based on the remotely sensed observations of multispectral 

irradiance. IRT has also been used to detect fractures, cracks and other deficiencies in the mate-

rials [Shiratori et al., 1994]. Recently, hydraulically active fracture systems were identified 

based on a combination of infrared thermography, fracture mapping and regional tectonic and 

hydrologic knowledge [Rosenbom, 2005; Rosenbom and Jakobsen, 2005].  

A main challenge for remote estimation of mass exchange from evaporative surface is the esti-

mation of unobservable variables beneath the surface required for energy balance closure. In the 

field scale inverse modeling based on SVAT models might be used which implement the exper-

imental data for the estimation of the penetration depth of evaporation [Demarty et al., 2004; 

Demarty et al., 2005; Yang et al., 2005] but to attack the closure problem by a fully analytical 

approach, we have considered the problem in the lab scale, solve it analytically and compare the 

result with the experimental data to verify the accuracy for the estimation of the thermal regime 

beneath an evaporative surface. Specific objectives were: 
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  (2.2) 

The only nontrivial boundary condition for the conservation of energy equation equates vertical 

heat conduction with convection and radiation terms plus energy flux due to the heterogeneous 

evaporation field. For the other three boundaries, homogeneous Neumann boundary conditions 

∂T/∂x|x→±B=0 and ∂T/∂z|z→−∞=0 are assumed. To derive an analytical solution for this problem, 

one should first linearize the radiation term. We expand T around T∞, T∞
4−T4 could be expressed 

as 4T∞
3(T∞−T) which is in good approximation for common range of temperatures between 0 

and 60ºC in terrestrial systems. Figure  2.3 compares linearized radiation term and nonlinear 

original for ambient temperature T∞ of 298K. 

 

Figure  2.3: Comparison of the linearized radiation term [4T∞
3(T∞−T)] with the original non-

linear term [T∞
4−T4)] for the common range of natural surface temperature variations. T∞ 

was set equal to 298K (room temperature) 

Physical properties of heat conductivity (kT), convection coefficient (h), and emissivity (ε) are 

depend on the texture and phase distribution in the porous medium as well as on the air flow 

regime applied. These are known to vary over the domain, however as a first approximation the 
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use of averaged values facilitate the derivation of an analytical solution. Separation of variable 

yields analytical solution of (2.2) as: 

0

π π
( , ) exp cosm

m

m z m x
T x z C

B B





       
   

  (2.3) 

where: 
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am are cosine Fourier coefficients of the mass loss distribution on the evaporative plane.  

For a known evaporation rate spatial distribution  e x , equation (2.3) describes the resulting 

temperature distribution underneath of the evaporative surface. For example, considering evapo-

ration from a uniform patch with constant 0e  over −b≤x≤b, 0
0

2ρw w

T

L e b
a

k B



and 

02ρ π
sin

π
w w

m
T

L e m b
a

m k B
   
 


 , yields the following temperature field (surface and depth): 

   
0

03 3
1

1 π
exp

ρ π ππ
( , ) 2ρ sin cos

4σε π 4σε
w w

w w
m T

m z
L e b m b m xm B

T x z T L e B
B BB h T m k B h T




 

 
                  


   (2.4) 

The parameters and physical properties can be estimated based on the medium and boundary 

conditions. For thermal conductivity (kT), Chen [2008] proposed an empirical expression for kT 

as a function of medium porosity (n) and saturation level (S): 

    0.781, 7.5 0.61 1 0.0022 0.0022
nn n

Tk n S S       (2.5) 

The average value of thermal conductivity (kT) predicted by (2.5) over a wide range of satura-

tions (0.1≤S≤1) and porosities (0.2≤n≤0.8) is about 1.8 W/mK which is used in the analysis. 
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The exponential decay of temperature depression in the vertical direction emerges from equa-

tion (2.4). Dimensional analysis of equation (2.2) shows decaying modes of radiation, convec-

tion and evaporation with decaying constants of 4σεT∞
3/kT, h/kT and ρwLw /kTT∞, respectively, 

resulting in a decay constant of the entire process as: 

3 ρ
λ 4σε w w

c
T

L econst.
h T

k T


 
   

 


 (2.7) 

Thus, defining depth of evaporation zone as the length over which temperature difference de-

cays to less than 1% of the ambient temperature, equation (2.4) in a geometry similar to Fig-

ure  2.4 yields an estimate as: 

3

..
ρλ 4σε

T

w wc

const kconst
h

L e
h T

T



  

 
  (2.8) 

Equation (2.8) as a general estimate of the evaporation zone depth is the key to employing a 

lumped transient form of the energy conservation equation. Based on the distribution of Fig-

ure  2.4, const.= 0.15 would be calculated. 

We consider evaporation as a quasi-static process in which at each time step steady state solu-

tion (2.3) yields the temperature field based on the instantaneous evaporation rate of that time 

step. Therefore the penetration depth of evaporation (∆h) would be change by the change of the 

evaporation rate in the course of a drying experiment. A consequence of a uniform evaporation 

field is a correspondingly uniform surface temperature field with sT  as the mean temperature of 

the evaporative surface ( )sT T . Considering the evaporation zone as the volume with thick-

ness ∆h in which temperature changes along the vertical direction from surface temperature to 

0.99T∞ (the ambient temperature), mean temperature of the evaporation zone (T ) could be line-

arly related to sT  as 2sT T T  . Based on the mean temperature of the evaporative surface, the 

transient energy balance can be written as: 

   4 4σε ρ ( ) ρT s s w w p
z h

dT dT
k T T h T T L e t c h

dz dt 


         (2.9) 

e
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Dimensional analysis of equation (2.9) provides more insight regarding the relative importance 

of different terms. Using b (length scale of the evaporation zone), T∞ (ambient temperature) and 

 (maximum temperature difference to the ambient achievable on 

the top surface due to the maximum evaporation rate ) and  (time 

scale of the exchange process) as references, the nondimensional form of equation (2.9) is: 
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* *
* *

* * *
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The asterisks quantities are nondimensional defined as: 
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 (2.11) 

We implicitly assume that *
0Δ 0e T T   since evaporative temperature depression (∆T0) is 

negligible compared with ambient absolute temperature (T∞). From equation (2.10) it is clear 

that the phase change (first term) and the combination of convection and radiation (second term) 

involve in the energy balance with the order of unity while the contribution of conductive and 

storage terms are controlled by the dimensionless group Nuext designating as the extended 

Nusselt number considering radiation effect. Qualitatively, high Nusselt number diminishes the 

roles of conduction and storage in the energy balance equation. Higher convection or radiation 

flux on the surface as well as higher evaporation patch length increase Nusselt number values, 

  13
0 maxΔ ρ 4σεw wT L e h T



 

maxe   13
0 ρ 4σεpt c b h T
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whereas medium thermal conductivity can increase the importance of storage and conduction 

terms in the portioning of energy in the evaporation zone. 

Equation (2.10) results evaporation rate as: 

*

* *
* *

* * *
Δ
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s
hext z
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dT dT
e T

k Nu dz dt


 
     
 

  (2.12) 

Since ∆h is defined as the depth over which temperature reaches 99% of its final value, the first 

term in the parenthesis could be ignored resulting in the instantaneous evaporation rate estimate 

in the dimensional form as: 
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  (2.13) 

The importance of equation (2.13) is that it’s independent of the unobservable thermal data be-

low the surface. Thus temporal changes in the surface temperature enable estimate of the instan-

taneous evaporation rate. Furthermore, ignoring the relatively small storage term results in a 

very simple form: 

 
   

34σε

ρ s
w w

h T
e t T T

L





   (2.14) 

Equation (2.14) is the simplest estimation of uniform evaporation rate as a function of surface 

temperature which is now solely based on the external controlling parameters and the surface 

temperature. 

Away from the boundary within an evaporative patch, e.g. Figure  2.4, equation (2.14) could be 

used to predict the evaporation rate. However, near a patch boundary the lateral heat exchange 

between domains with different evaporation patterns takes place which is considered by extend-

ing equation (2.10): 
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  (2.15) 

A similar reasoning as before enables the elimination of vertical component of the conductive 

flux, however the lateral conduction flux must be calculated to deduce evaporation rate from 

temperature measurements. Assuming quasi static evaporation rate enables the use of tempera-

ture distribution (2.4) for a steady state uniform evaporative flux as a first estimate of . 

Nondimensional  from equation (2.4) yields: 
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  (2.16) 

Integrating (2.16) along vertical depth of the evaporation zone provides mean thermal flux con-

ducted laterally through the boundary x*= ±1 which based on the averaged surface temperature 

*
sT  results in: 
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 (2.17) 

Ebr(B*, Nuext) in (2.17) is a converging series of the extended Nusselt number Nuext and of the 

dimensionless domain length scale B*. It specifies the relation between conduction and evapora-

tion in the surface energy balance equation (depicted in Figure  2.5). Changes in Ebr(B*, Nuext) 

illustrate how the contribution of the conductive terms increase with diminishing convection 

and radiation expressed as Nuext. Lower Nusselt number imparts weaker convective and radia-

tive fluxes. It also reveals a spatial limit in the conduction zone of influence beyond which con-

ductive flux contribution remains constant irrespective of the domain boundaries away from an 

evaporative patch. 

Introducing (2.17) into (2.15) yield explicit dependency of instantaneous evaporation rate on the 

mean temperature of the evaporation patch as: 

* *
sdT dx

dT
dx x b
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  (2.18) 

 

Figure  2.5: Characteristic variations in the dimensionless group Ebr (B*, Nuext) that appears as 

the temperature gradient coefficient in equation (2.17) as a function of the dimensionless length 

of the domain B* and for different values of the extended Nusselt number Nuext (marking differ-

ent curves)  

which extended for both domains (|x*|>1 and |x*|<1) with high and low rates in terms of dimen-

sionless surface temperature ( *
sT ) becomes: 
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  (2.19) 

This physically based averaged model allows for the quantification of the patch evaporation rate 

from surface temperature dynamics. A minus sign in the denominator marks cooler areas where 

evaporation consumes positive heat flux from surrounding and depresses surface temperature. 

For low evaporation rates warmer patches develop with a plus sign. 

Another point related to the lateral spatial extent over which evaporation-induced temperature 

depression is sensed which may be estimated using (2.17) and (2.19) as: 
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∆x is the length over which maximum temperature difference ∆T0 produces a similar gradient as 

. The estimation of ∆x allows application of a correction factor for thermal footprint of 

an evaporation patch (shrinking its area) as in Figure  2.1a to estimate the evaporative patch real 

dimension as seen in Figure  2.1b. 

In summary, we developed a physical based model predicting nonstationary temperature field 

due to the evaporation from a porous substrate considering phase change alongside with convec-

tion, conduction and radiation. This model also yields length scales over which evaporation 

thermal depression will decay which is the key for mapping 2D temperature field of an evapora-

tive surface to the spatial distribution of mass flux. These theoretical predictions will be tested 

using the experiments presented in the next section. 

2.3 Experimental Method 

The experimental setup illustrated in Figure  2.6 is comprised of a FLIR ThermaCAM SC6000 

IR imager (FLIR System, MA, USA, www.flir.com) with noise equivalent temperature differ-

ence (NETD) of 0.035K at 30ºC. It is equipped with a Quantum Well Infrared Photon (QWIP) 

detector operating in the thermal radiation range of 8.0 to 9.2μm with 640×512 detector array 

(pixels). The detector is equipped with a linear Stirling cooler. The integration time of the detec-

tor is 9μs. The field of view (FoV) of the lens at the minimum focal length (13mm) is 

63.2º×52.4º. Acquired IR images are transferred to a dedicated PC with ThermaCAM Research-

er® software. More theoretical details as well as key aspects of the rapid technological ad-

vancement in the field of IR imagery can be found in the work of Gaussorgues and 

Chomet [1994]. 

Evaporation experiments from porous media filled columns – (W180mm×D80mm×H240mm) 

were used to test the proposed methodology. The column is made out of glass providing visual 

access to the drying front. Some of the experiments involved the use of the heterogeneous evap-

orative surfaces obtained by packing in the column half width with fine sand (100 – 300μm) and 

the other half with coarse sand (300 – 900μm) resulting in two hydraulically coupled domains 

dT
dx x b
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and a CR1000 data logger (CSI, Utah, USA) continuously recorded sensor data of the ambient 

conditions. 

2.4 Results and Discussion 

2.4.1 Evaporation rate and surface temperature depression temporal dynamics 

For evaporation from homogeneous surfaces (columns filled with coarse sand), we use equa-

tion (2.14) to predict temporal dynamics of the evaporation rate capitalizing on the linear rela-

tion with variations of temperature difference between evaporating surface and ambient air. 

Two different experiments with different boundary conditions have been conducted during 

which the evaporation demand varied across a wide range of values (from 1 to 16mm/day). 

Measured evaporation rates versus temperature difference between the evaporative surface and 

the ambient air are presented in Figure  2.7. 

Figure  2.7: Comparison of linear relation be-

tween evaporation rate and temperature differ-

ence between evaporative surface and ambient 

air as calculated by equation (14) and confirmed 

by experimental data from homogeneous coarse 

sand (300 – 900 m) columns for two air speeds: 

(a) high air flow velocity of 1.5m/s at 298K (b) 

mild air velocity 0.5m/s at room temperature of 

298K. Data points result from two different 

evaporation experiments over a period of 5 days 

which start with very transient high evaporation 

rates following by lower rates in steady state. 

The higher concentration of data points reveals 

near steady state behavior of evaporation. These 

steady rates then can be used in equation (2.4) to 

predict temperature profiles of Figure  2.8 along 

vertical direction 
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The slope of the line in Figure  2.7a is 5.61mm/day.K, considering recorded room temperature of 

298K, gives h equal to 4.34W/m2K which in turn results in 1.32 m/su   over the surface from 

equation (2.6). This is in agreement with independently measured velocity of 1.5m/s by the hot 

wire anemometer. In Figure  2.7b the slope decreases to 3.21mm/day.K which in similar room 

temperature resulted in h = 2.45W/m2K and 0.42 m/su  . The recorded mean air velocity by 

anemometer in this case was equal to 0.5m/s. 

2.4.2 Measured and predicted of thermal field below evaporative surface 

For evaporation from the same surface experiments approaching steady state conditions (as 

indicated by high concentration of data points in Figure  2.7), equation (2.4) predicts temperature 

profile below the surface for sufficiently large B (characterizing the whole domain) for an evap-

orative patch with b=9 cm enabling assumption of uniform temperature field T(x,z) in equa-

tion (2.4) around x=0. Figure  2.8a depicts a comparison between predictions by equation (2.4) 

and experimental data in the case of high demand – strong convective flow corresponding to the 

steady state evaporation condition of Figure  2.7a. 

 

Figure  2.8: (a) Comparison theoretical predictions (equation 4) and experimental measurement 

of temperature profiles beneath a uniform evaporative surface corresponding to steady state 

conditions for high demand evaporation (Figure  2.7a) assuming constant evaporation rate e0 of 

11.1mm/day and 2.1mm/day; (b) similar temperature profiles for low evaporative demand from 

data in Figure  2.7b. The temporal evolution of temperature profile predicted by equation (2.4) 

are also shown for intermediate evaporation rates indicated on the curves 
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To capture the exact curvature of the experimental temperature profile, we used a constant 

evaporation rate 0e  in equation (2.4) assumed to vary between 11.1mm/day and 2.1mm/day for 

high evaporative demand experiment (Figure  2.7a). Figure  2.8b is the same data for the case of 

low demand – mild convective flow corresponding to the case of Figure  2.7b. In this case the 

constant evaporation rate assumed to vary between 2.7mm/day and 0.9mm/day in equation (2.4) 

which result different curves of Figure  2.8b. 

Temperature profile evolves in time by the change of evaporation rate and ultimately would be 

equal to ambient temperature when evaporation stops on the top surface of the medium. Since 

equation (2.4) assumes steady state heat transfer in equation (2.2), deviation from steady state 

assumption causes error in the prediction of temperature field beneath evaporative surface. 

2.4.3 Effective depth of thermal perturbation below evaporative surface 

Although the depth of evaporative thermal perturbation zone ∆h is implicitly included in equa-

tion (2.14), it is instructive to check the validity of its direct approximation by equation (2.8) 

and study potential changes in ∆h during the course of an evaporation experiment.  

 

Figure  2.9: Comparison of temperature-based estimate of evaporative temperature suppression 

depth ∆h with calculations based on equation (2.8) during first 48 hours of an evaporation ex-

periment from homogeneous coarse sand (300 – 900m) surface. The measured temperature- 

estimate defines the depth where measured temperature reaches 99% of ambient temperature. 

The ∆h estimate is based on equation (8) uses balance measured mass loss rate. 
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Figure  2.9 compares results deduced from direct temperature measurements (through side IR 

window) of the “thermal depth” of evaporation zone ∆h with approximation based on (2.8) dur-

ing an evaporation experiment from a homogeneous column filled with coarse sand (300 – 

900μm), recalling that the temperature-based data reflect ∆h as the depth at which subsurface 

temperature reaches 99% of ambient temperature. The other estimate of ∆h is obtained by in-

serting the balance recorded mass loss rate e  in equation (2.8) to calculate ∆h. The magnitude 

and dynamics of these two depth estimates are in good agreement (with some discrepancies 

between thermal and weighted measurements as also seen in the results of Figure  2.11) essen-

tially confirming the utility of equation (2.8) to predict ∆h. 

2.4.4 Linking heterogeneous evaporation fluxes with surface thermal signatures 

To examine the validity of equation (2.4) for describing thermo-evaporative processes from 

heterogeneous surfaces, we have used the experimental results from heterogeneous column 

filled with fine and coarse sands focusing on the surface and subsurface thermal fields with the 

border between two domains in the middle of PIR window. 

Considering for simplicity negligible thermal conduction through side walls of the column, we 

may represent the system by b=9 cm and B=18 cm using equations (2.2) and (2.4). The results 

in Figure  2.10 compare analytical solution of equation (2.4) with the experimental data for the 

time at which the drying front enters the fine part of the heterogeneous surface. 

We selected this particular moment in the experiment when conditions postulated for the analyt-

ical solution in equation (2.4) are fully satisfied. At this stage of the experiment according to 

Lehmann and Or [2009], a very small fraction of evaporation takes place from the coarse part of 

the column (mostly as vapor transport from a deep drying front with the minimal surface ther-

mal signature), and measured mass loss by the balance could be attributed entirely to the evapo-

ration from saturated and capillary connected fine region of the column. 

Based on the balance measurements, the evaporation rate from fine-textured surface is e0 = 6 

mm/day which was used in equation (2.4) resulting temperature distribution seen from side 

view (Figure  2.10). Considering normal experimental heterogeneities the resulting consistency 

in shape and intensity of surface and subsurface temperature field provide experimental support 

for the solution in equation (2.4). 
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Approximations based on the mean surface temperatures of the patches with similar evaporation 

rates provide access for quantifying spatially distributed evaporation fluxes and their contribu-

tion to the overall surface evaporation. This is one of the primary results of this work enabling 

remote detection by IR imagery and quantification of the evaporative fluxes from a spatially 

heterogeneous patchy surface. We examine the validity of this spatially resolved detection (in 

the integral sense) using the evaporation from columns placed on a balance and obtained good 

agreement between thermally-deduced and measured mass loss. The relative contributions of 

the various parts of the column were consistent with the theory and lumped measurements. The 

study provides the necessary theoretical basis for the application of surface energy balance for 

evaporative surface considering lateral and vertical conduction and thus enables spatially re-

solved quantification of evaporation fluxes from hydraulically interacting heterogeneous surfac-

es. The results may be extended to the plot and field scales using IR remote sensing and could 

consider special cases with precipitation, crust formation, and additional effects on the surface 

evaporation. 
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Abstract 

We developed analytical models for surface- and capillary-assisted condensation and evapora-

tion dynamics considering phase-change behavior in idealized wedge-shaped pores and in ad-

sorbed liquid films as building blocks for condensation and evaporation in granular media. 

Phase-change rates are important for dust mobilization and deposition, vapor transport through 

partially saturated media, and for residence times of emitted combustion particulates. The basic 

wedge-film solution was scaled up to represent 3D transient evaporation and condensation pro-

cesses within an assembly of rough spherical particles. Model comparisons with experimental 

data for evaporation from a single meniscus and condensation rates into sand samples show 

consistent agreement for a range of media and ambient conditions. 

3.1 Introduction 

Vapor condensation or drying of porous media in response to variations in ambient conditions is 

of interest in many research fields such as food science, meteorology, hydrology, pharmacy, and 

civil engineering. The wide range of scales ranging from nano to macro scale, and the wide 

range of applications share a common fundamental process of evaporation or condensation from 

water menisci or films anchored on solid surfaces. The process can be expressed as the diffusive 

growth or shrinkage of liquid-vapor interfaces in confined geometry where interfacial forces and 

ambient conditions control phase-change rates. Vapor condensation is controlled by capillary 

and adsorptive forces resulting in a moving free boundary (interface) known as a Stefan prob-

lem [Crank, 1987] in the context of mass diffusion or heat transfer. Under certain conditions, 

analytical scaling solutions based on similarity variables such as length/sqrt(time) are possible 

[Harris, 1989; 1990]; however, the solution of most Stefan problems require numerical methods 

[Krapivsky, 1993]. In this study we have used a similarity solution to describe evaporation-

condensation in a wedge-shaped pore that is subsequently used as a building block for modeling 

capillary-assisted vapor behavior in a granular bed. Figure  3.1 illustrates different scales used 

for this purpose. Vapor density gradients induce vapor transport through capillary assisted con-

densation-evaporation and film adsorption desorption sequences that affect mass flux and ac-

cumulation in the porous medium. We harness microscale vapor-transport dynamics to deduce 

macroscale mass and energy transport mechanisms towards better quantification of vapor-

transport enhancement processes. 
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particles due to gradients in saturation (or vapor density). Following a brief literature review, we 

focus in section  3.2 on a pore-scale mathematical model for a quasi-static approximation of the 

spatial and temporal distributions of liquid accumulation (or loss) and vapor density for a pore 

and a population of rough grains. The experimental setup is presented in section  3.3 where the 

measured data are compared with upscaled modeling results. For validation purposes, we also 

examined the results of modeling versus experimental data for an evaporation experiment on the 

pore scale. And finally in section  3.4, the dynamics of capillary condensation and film adsorp-

tion are investigated using the analytical model to assess the roles of different parameters. 

3.2 Adsorptive and Capillary Evaporation-Condensation: Theoretical Considerations 

A two-dimensional wedge shaped pore with apex angle equal to 2α illustrated in Figure  3.2a is 

considered as the basic geometry for the problem. Subscript “*” is designated for the quantities 

on the interface and “0” subscript means ambient saturation values. At time t = 0, the initially 

dry pore is exposed to an ambient air with vapor density ρ* of a liquid with surface tension σ 

and vapor diffusivity D and of initial vapor density ρsatS0 defined on the basis of relative vapor 

pressure S = Pv/Psat (S should be distinguished from liquid saturation in porous media often 

representing the percent of liquid-filled void fraction). The equilibrium liquid-vapor interface 

profile in such geometry for a known ambient chemical potential is described by the AYL (or 

SYL) equation [Blunt et al., 1995; Novy et al., 1989; Philip, 1977a; b; Tuller et al., 1999]. The 

evolution of interface position during phase change dynamics relies on the simple SYL formula-

tion (schematically depicted in Figure  3.2b). Tuller et al [1999] provide an extensive discussion 

regarding SYL implementation.  

Formation of a meniscus in thermodynamic equilibrium with its vapor phase is governed by 

minimization of interfacial energy reflecting contributions of capillary condensation and adsorp-

tive terms. The Concus and Finn [1969] condition specifies critical apex semiangle αc = π/2 Θ 

(Θ is the contact angle) which defines whether a meniscus would fill the wedge due to capillary 

condensation or simply form liquid bridges to minimize interfacial energy. Considering for sim-

plicity a zero contact angle Θ, for acute or obtuse apex angles we expect both capillary conden-

sation and adsorptive terms while for reflex angles we consider only an adsorptive term. In the 

following section, we first solve for film adsorption and capillary condensation dynamics and 

then combine them into dynamic SYL model. 
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Figure  3.2: Schematic of the key phase-change processes in an idealized wedge-shaped pore. (a) 

Capillary condensation and adsorption of water in a wedge-shaped pore, where the thick curve 

is the liquid-vapor interface calculated from the AYL equation and the thin line is the interface 

according to the Kelvin equation. (b) Partitioning of deposited water as described by the capil-

lary condensation term (C) and the adsorptive term (F) based on the SYL approach. (c) Param-

eters used in the formulation of the adsorption problem; the film thickness x(t) is changing with 

time while the length of the wedge is assumed to be constant (d) Parameters used in the formu-

lation of the capillary condensation problem in a pore with wedge semiangle , where A(t) is the 

domain of the solution for equation (3.7), which is time-dependent. F(t), E(t), and κ(t) are time-

dependent functions due to the moving boundary B(t) 
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3.2.1 Dynamics of film adsorption 

The thickness of a planar adsorbed liquid film in equilibrium with S0 vapor saturation is given 

by [Derjaguin et al., 1988; Iwamatsu and Horii, 1996]: 

3

06πρ ln
svlA

x
RT S

  (3.1) 

where x is film thickness [m], Asvl is the Hamaker constant for solid – vapor interactions through 

the intervening liquid [J], R is the gas constant [J/kg.K], T is the temperature [K] and ρ is the 

density of the liquid [kg/m3] which assumed constant independent of the controlling parameters. 

For an initially dry surface introduced to S0, we calculate iteratively mass deposition rate using 

Fick’s second law until the interface reaches equilibrium (S*=S0). We thus need to solve diffu-

sion growth equation in the geometry of Figure  3.2c for a constant S*: 
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Equation (3.2) assumes diffusion extends between x=x* on the interface and x→∞ far away from 

the interface over which vapor saturation changes from S=S* for a known S* value to S=S0 ambi-

ent vapor saturation. This is the physical interpretation of the partial differential equation sub-

jected to the initial and first boundary condition. The second boundary condition expresses the 

equality of mass deposition with the integration of mass change rate. Introducing a similarity 

variable  enable transformation of the partial differential equation (3.2) into an 

ordinary differential equation as [Harris, 1990]: 

4x Dt 
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Equation (3.3) with constant S* and η* in the first boundary condition is a transient 1D diffusion 

equation, its solution can be found assuming  subjected to P = 0 as η→∞ which results 

P = dS/d = C1exp(2) which in turn results S = C2erf()+C3 subjected to S = S0 as η→∞ and S 

= S* as η = η*. From here the final solution yielded as: 
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 (3.4) 

Substituting of S from equation (3.4) to the second boundary condition of (3.3) results: 
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where  is a constant solely dependent on ambient conditions. Equation (3.5) is 

solved for η* to obtain the value of x at equilibrium. Then a procedure starting from S* = 0 and 

marching with time is applied to this solution to model film thickness dynamics which ultimate-

ly ends at the equilibrium value of x from equation (3.1). 

3.2.2 Dynamics of capillary condensation 

For capillary condensation depicted in Figure  3.2d, initially, vapor condenses at the corner and a 

liquid-vapor interface forms and grows according to the Kelvin equation where the curvature κ 

is related to vapor pressure near the interface:  
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with R the gas constant, T the absolute temperature, ρ* liquid density, σ liquid surface tension, Θ 

the contact angle between liquid and solid surfaces (Θ = 0 for calculations in this study), and ρ 

is vapor density.  

Considering the geometry in Figure  3.2d, changes in vapor saturation in the gas phase are ex-

plained by diffusion equation subjected to initial and boundary conditions as follows: 

2

0
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1
 in 
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S
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D t
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 (3.7) 

The moving boundary B(t) of Figure  3.2d renders the solution transient for which Philip [1964] 

developed a solution by replacing the moving meniscus with an equivalent circular arc, centered 

on the apex with radius r* inscribing the same liquid area as inscribed by B(t). Three dimen-

sional transient problem of equation (3.7) will be replaced by a one dimensional transient prob-

lem similar to equation (3.2) with slightly different boundary conditions on the interface 

which’s been described in detail in the original work of Philip [1964]. The stationary distribu-

tion of vapor saturation as a function of nondimensionalized radial coordinate η is: 

2
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S S
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 (3.8) 

where Ei is exponential integral function.  

The transcendental equation for η* similar to equation (3.5) is: 
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sat

sat
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Equation (3.9) is solved for η*
2 to determine the interface position. Having the solution of (3.9) 

for constant S*, one can initiate S*=0 for dry pore introduced to ambient air with vapor satura-

tion S0, calculates H and η* to calculate the new value for S* and proceed with time until S* and 

S0 satisfy the Kelvin equation indicating the interface has attained equilibrium with ambient air. 
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Converting capillary condensation and film adsorption dynamics with the SYL model 

(Figure  3.2b) to changes in mass liquid water in a sample requires conversion of 2-D representa-

tion to 3-D and application for a population of rough grains. 

3.2.3 Dynamics of Adsorptive and Capillary Condensation: Characteristic Equilibration 

Times 

Condensation process has been decomposed into capillary condensation and film adsorption. In 

Figure  3.3 we compare dynamics of each contribution and its evolution towards equilibrium 

with ambient vapor saturation values. The results describe condensation dynamics for a wide 

range of S0 values from 0.1 to saturated air with S0=1. For capillary condensation in a wedge-

shaped pore Philip [1964] introduced a time-like dimensional group termed characteristic equi-

libration time defined as: 

 

Figure  3.3: Kinetics of capillary condensation in terms of (a) x*(t) and (b) r*(t) for water at 

20ºC and 1 atm in an initially dry, wedge-shaped pore with R=π/12 for different indicated val-

ues of ambient saturation level S0 
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which characterizes the process dynamics. We derive a similar characteristic equilibrium time 

for the adsorption process. The explicit relationship between t and x*, is obtained from the as-

ymptotic expansion of the complementary error function as: 
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from equation (3.5) one obtains: 
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an expression for *
2 (obtained from truncation of the series) as an explicit function of 
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We thus obtain from equations (3.1) and (3.5): 
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Using Taylor expansion of the exponential function reduces equation (3.14) to: 
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where 
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Inserting (3.13) and (3.15) in the integral relation between t, x* and  yield explicit 

relation between t and x*: 
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A time-like dimensional group is dominant at large t as eq,adp=x0
5/LD leading to a characteristic 

equilibrium time for adsorption according to: 
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 (3.19) 

with 2.5×108 a proportionality constant to establish the equality. Different dynamics of capillary 

condensation and film adsorption are reflected in the differences between equations (3.10) and 

(3.19). For example, while teq,cap increases with increasing S0, teq,adp decreases with increasing 

ambient vapor saturation S0. Different powers of lnS0 in denominators of equations (3.10) and 

(3.19) induce change of slope of S0=1 curve for adsorption while it is constant for capillary 

condensation. These characteristic times also demonstrate that capillary condensation is a faster 

process relative to film adsorption and menisci evolution is completed sooner than film evolu-

tion for similar vapor saturation in an unbounded wedge. 

In section  3.4 we derive characteristic time scales for capillary and film adsorption for an as-

sembly of wedge–shaped pores and grain packs (whose geometric properties and other charac-

teristics will be explain in the next section). 

4x Dt 
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3.2.4 Modeling an Assemblage of Partially Saturated Rough Grains 

3.2.4.1 Roughness Modeling 

A rough surface is described by the so-called Wenzel Factor [Wenzel, 1936] (roughness factor 

or rugosity) which is defined as the ratio of rough surface to a smooth surface. Grain surface 

roughness is represented by cone shaped pits protruding into a sphere. For a sphere with radius 

R and n cones with height hi and apex angle 2i, the Wenzel Factor is: 

2
1

2
1 1

tanα tanαArea of Rough Surface 1 1
1 1 cos sin
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n n
i i i i

i ii

h h
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   (3.20) 

In Wenzel’s original work [Wenzel, 1936] a value between 1.00 and 2.24 has been reported for 

WF. Robertson and Emödi [1943] reported values of silica sand rugosity between 1.05 and 1.4. 

Borkovec et al [1993] found a fractal description of specific surface area for a wide range of soil 

particles as: 

2 3λ s sD D
sa C r   (3.21) 

with fractal dimension Ds = 2.4, C = 0.54cm3/g and 2-Ds = 0.111 for the best fit values to the 

experimental data. Equation (3.21) correlates specific surface area a [m2/g] to the particle radius 

rs [m]. With known particle density of the grains, WF is related to spherical particle radius ac-

cording to: 

0.49.8 sWF r  (3.22) 

where rs is in centimeter. Thus for particle size varies between 100μm and 1mm, the Wenzel 

Factor changes between 1.55 and 3.90. In summary, a lognormal distribution of the Wenzel 

factor between 1.05 and 4.00 is realistic for soil particles of interest in this work. 

3.2.4.2 Contact Points, Coordination Number and Condensation Sites 

The contact points between sand particles form condensation sites, the total number of which in 

a sample must be estimated. The average number of contacts per particle, known as the coordi-

nation number z, is strongly correlated with porosity [Donev et al., 2004]. The minimal average 
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coordination number for static packing of d-dimensional frictionless spheres is zn=2d 

[Alexander, 1998], whereas for spheres with friction, zf=d+1 [Edwards, 1998]. Hence in three 

dimensions, zn=6 and zf=4. Fournier et al [2005] showed by simulations and experimentally that 

the average number of capillary bridges in a pack of glass beads is 6 for a wide range of water 

contents. We note that the number of liquid bridges or condensation sites per particle is, in gen-

eral, higher than the coordination number since for a critical distance DC, condensation occurs 

even in the absence of contact between two grains [Charlaix and Ciccotti, 2009]: 

2γ cosΘ

ln sat
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lv
c P

l B P

D
n k T

  (3.23) 

where σ is the surface tension of a fluid interface [N/m], Θ is the contact angle of the liquid onto 

the solid surface, nl is the number of molecules per unit volume of the liquid [5.5×104 mol/m3 in 

room temperature], kB is the Boltzmann constant [1.381×10−23J/K], T is temperature [K], Psat is 

saturation and Pv is the vapor pressures. For subsequent applications we consider z=6 for esti-

mating the number of condensation sites in a sample. 

3.2.4.3 Water Condensation in a Pack of Rough Spherical Grains 

The volume of water deposited on a rough grain (known WF), of radius R with n wedges with 

apex semiangles αi and height hi which have been filled to the radius 1ri*(t) and covered with an 

adsorbed film of thickness x*(t), is obtained from equations (3.5) and (3.9) as: 
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    (3.24) 

In each time step for each cone we check if 1r*i < hi as a physical constraint (Figure  3.1e). 

Water deposited in pendular domains between grain contacts is approximated as the volume of 

revolution resulting from rotating the inscribed area between wedge sides and the arc 2r* along 

the centerline of the grains (Figure  3.1f). This is designated 2r* to distinguish from 1r* used for 

the interface radius of substituted arc in the wedge-shaped pits representing roughness of the 

grains. Apex angles assumed equal to 22.5º as the first approximation of the circular grains with 

two hexadecagons are in contact along a common side and separated at the first corner by 45º as 

the apex angle. The volume of the body of revolution is: 
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4π( 2 1) 3
2 2 *3( ) ( )V t r t  (3.25) 

2r* < R where R is the minimum of the grains radii in contact should be checked in each time 

step if the evolution of the interface does not exceed borders of the confinement. 

For a single grain there is no physical constraint on the amount of water can be absorbed as the 

film, therefore in fully saturated ambient with S0 = 1, thickness of the film unboundedly increas-

es. This results in the constant increase of the packing weight in fully saturated ambient. In the 

condensation simulation in fully saturated condition, increase of the mass would be continued to 

the maximum equilibrium time of the samples running in unsaturated ambient. 

3.2.4.4 Generation of a Pack of Sand Grains 

For numerical generation of a synthetic porous medium, we use random parking algorithm de-

scribed by Lehmann et al [2006]. Particle size distribution in terms of particle radius r is given 

by a lognormal distribution m(r).We estimated m(r) by fitting to a measured cumulative distri-

bution function of experimental sand samples determined by particle size analyzer. The fitted 

lognormal distribution m(r) was scaled by particle mass to estimate the number of particles per 

particle size (assuming constant particle density) and then integrated over all particle sizes and 

normalized with P(r) that denotes the probability of finding a particle of size equal to or smaller 

than r. To determine the size of modeled particles, a random number n between 0 and 1 is cho-

sen interpreted as P(r), and a corresponding spherical particle with radius r is generated. The 

procedure was repeated until the volume of the generated particles equals the measured volume 

fraction of the solid phase (1−φ)V, with φ measured porosity and V sample volume. For each 

grain a random value of WF was assigned and grain roughness was formed by random wedge 

shaped pits generated on the grain to satisfy assumed WF.  

In a second step related to spatial positioning of the spheres, particles are distributed randomly 

in space, starting with the largest particles. If a particle overlaps with another, a new random 

position was chosen. To maximize particles in contact, particles with no contact with neighbors 

were rearranged by moving them in the direction to the center of the nearest neighbor. This 

procedure of redistribution was repeated until no contactless particle is found. After redistribu-

tion, distances from neighbors are checked for each particle and compared with DC from (3.23) 

and for those less than or equal to DC, are considered as condensation sites as well. 
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3.3 Model Validation, Experimental Setup and Results 

To validate modeling results at a macro scale, we compared dynamics of a simulated process of 

condensation in a virtual pack of rough grains exposed to known vapor saturation levels with 

corresponding data from experiments using sand sample conducted under controlled ambient 

conditions. Experimental setup and procedure will be explained in detail in this section. At the 

micro scale, experimental data for an evaporation test from a recently published work by Cutts 

and Burns [2010] were compared with the simulation results of this work under similar condi-

tion as another test case for the model. 

 

Figure  3.4: Experimental setup consisting of a (1) dew point generator, (2) climate-controlled 

chamber, (3) accurate balance, (4) high-precision temperature and relative humidity sensor, (5) 

temperature-controlled water bath, (6) measurement and control data logger, and (7) computer 

for data acquisition and control. 

An experimental setup shown in Figure  3.4 was used to test key aspects of model predictions. 

Sand samples were placed on temperature-controlled surface within psychrometrically-

controlled chamber. Temperature and relative humidity were measured inside the chamber using 

Vaisala HUMICAP® humidity and temperature transmitter HMT337 (Vaisala, Finland). Meas-

urement range of this sensor is 0 - 100% for relative humidity and –40 - 80ºC for temperature. 

Accuracy of the relative humidity measurement including nonlinearity, hysteresis and repeata-
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bility is 1% for RH between 0-90% and 1.7% for RH between 90-100%. For temperature at 

20ºC, accuracy is ±0.2ºC. Two output channels of the sensor were connected to CR1000 data 

logger (CSI, Utah, USA) that recorded chamber conditions and controlled water bath tempera-

ture set point to keep the surface (and the sand sample) near target temperature. The chamber 

was connected to the dew point generator LI-610 (LI-COR, Nebraska, USA) that provided va-

por stream with precisely-controlled temperature and 100% relative humidity. Relative humidity 

inside the chamber was calculable from the temperature set point of dew point generator (DPG) 

[Li-Cor, 1991]: 

,

( )
100%

( )
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DPG set

e T
RH

e T
   (3.26) 
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( ) 0.61365exp

240.97

T
e T

T
    

 (3.27) 

where e is the saturated air vapor pressure [kPa] at a given temperature T [ºC]. 

Accurate control over sample vapor density was indirectly achieved through its temperature 

control using two temperature set points of the dew point generator and water bath. Equations 

(3.26) and (3.27) are used twice, once between dew point generator and chamber and then be-

tween chamber and sample. CR1000 data logger programmed to control temperature setpoint of 

the water bath based on desired saturation level calculated from equations (3.26) and (3.27) for 

chamber temperature and relative humidity. Equation (3.28) provides the relationships between 

water bath temperature setpoint (Tsample), desired saturation level of the sample (RHsample), cham-

ber temperature (Tchamber) and chamber relative humidity (RHchamber): 

17.502 17.502
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240.97 240.97
sample chamber chamber

sample sample chamber

T RH T

T RH T

 
     

 (3.28) 

For the experiments, we first set chamber relative humidity close to the target sample saturation 

level and then attain equilibrium in the chamber by the dew point generator air flow. Recording 

chamber temperature and relative humidity and for desired vapor saturation level of the sample, 

temperature setpoint of the water bath is calculated from equation (3.28). In this way we were 

able to control sample vapor saturation to within 0.05% error. The water bath (Thermo Scien-
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tific NESLAB, Karlsruhe, Germany) provided liquid temperature in the range of −25ºC to 

+150ºC allowing sample temperature control to within 0.1ºC. The chamber was placed on an 

accurate balance (32000.01g) connected to computer for recording mass change in the sample. 

 

Figure  3.5: Grain size distributions of the samples used in the experiments. These curves were 

obtained using a laser-diffraction particle size analyzer (LS 13 320, Beckman Coulter, CA). 

Sand samples with two different grain size distributions (coarse: 600-700μm and fine: 100-

300 μm) shown in Figure  3.5, were used in experiments under two different relative humidity 

values for each grain size for 48 hours each. Measurable water mass deposition requires more 

time for coarse than for fine sand to maintain similar accuracy. Table  3.1 summarizes sample 

and chamber conditions for different experiments. Sample mass changes recorded by balance 

are shown and compared to analytical simulations in Figure  3.6. Numerical values used for the 

simulations are listed in Table  3.2. 

Table  3.1: Sample and Chamber Conditions of Different Experiments 
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A 100-300 30 28.7 28.5 84.0 85.25 100.53 

B 100-300 32 30.0 29.6 97.5 99.6 99.49 

C 600-700 32.5 30.2 29.7 88.8 91.0 198.76 

D 600-700 35 33.4 32.9 98.6 99.7 201.23 
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The agreement between analytical results and experimental data inspires confidence in the nu-

merical procedure, despite small discrepancies attributed to differences between physical and 

numerical “samples”.  

Table  3.2: Numerical Values Used in the Simulations 

Quantity Symbol Unit Value 

Vapor Diffusivity D cm2/s 0.257 

Vapor Density ρsat g/cm3 1.73×10-5 

Liquid Density ρ* g/cm3 1 

Density Jump on the Interface ρ* − ρ g/cm3 ≈1 

Surface Tension σ mN/m 72.75 

Contact Angle Θ º (degree) 0 

Hamaker Constant Asvl J 1.9×10-19 

Specific Gas Constant of Water Vapor R J/g.K 0.4615 

Nonetheless, better fit might always be resulted using more sophisticated model considering 

nonzero contact angle and secondary effects like sequential evaporation-condensation and hys-

teresis owing to different contact angles during condensation and evaporation (evolving or de-

volving interface). 
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Figure  3.6: Water mass deposition due to condensation under different ambient conditions and 

sample grain sizes obtained by direct measurement (markers) and results of numerical simula-

tions (lines) (a) 100 g of fine sand under low relative humidity, (b) 100 g of fine sand under high 

relative humidity, (c) 200 g of coarse sand under low relative humidity, and (d) 200 g of coarse 

sand under high relative humidity. (Chamber and sample conditions are summarized in Ta-

ble  3.1) 

Another form of model testing at microscale was based on results from a recent experimental 

study that quantified the rate of water evaporation from receding pendular menisci between two 

silica spheres under isothermal conditions [Cutts and Burns, 2010]. They reported dynamics of 

air-water interface radius changes that could be simulated by reversing the process of condensa-

tion to equilibrium with prescribed vapor saturation. Model calculation based on initial and end 

values of air-water interface radii are depicted in Figure  3.7 by solid line. 
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The model predicts more rapid initial changes followed by a period of mild variation in interfa-

cial curvature. To better match experimental results we relaxed the constraint on meniscus cur-

vature end value to be equal to the measured value (see dashed line in Figure  3.7), the theoreti-

cal equilibrium time needed to reach this target curvature was longer than reported, it requires 

2.5h instead of the 0.5h reported during the experiment. The deviations between model results 

and experimental data could be attributed to incomplete equilibrium condition at the end of ex-

periment (as suggested by the non-equilibrium curve) that may also reflected vapor diffusion 

limitations from interface to bulk air, and perhaps to geometrical simplifications of pendular 

domain representation by wedge approximation. Nevertheless, the general agreement at this 

pore scale provides support for model applicability. 

 

Figure  3.7: Comparison of simulation (lines) and experimental results (symbols) for evaporation 

from pendular water meniscus held between two silica spheres describing the evolution of the 

air water interfacial radius of curvature with time (experimental data of Cutts and Burns 

[2010]). The dashed line describes the nonequilibrium condition by relaxing the end value of the 

meniscus radius to the experimentally measured curvature. (Note that the predicted character-

istic equilibrium time is about 2.5h instead of the reported value of 30min in the experiment.) 

3.4 Discussion 

3.4.1 Comparison of Different Contributions to Condensation 

The amount of deposited water due to two mechanisms of film adsorption and capillary conden-

sation is different as depicted in Figure  3.8. In general, the capillary component of chemical 

potential is dominant close to vapor saturation, whereas adsorptive processes dominate under 

dry conditions. Figure  3.8 illustrates that although film adsorption is higher even for S0 = 0.8, 
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capillary condensation increases 

by several orders of magnitude 

and overtakes film adsorption for 

vapor saturation levels higher than 

0.9. r* is of the order of microme-

ter whereas x* changes at the na-

nometer scale near vapor satura-

tion. Nevertheless, even under 

high vapor saturation x* covers all 

surfaces regardless of medium 

rugosity and adsorption may re-

main significant especially for low 

WF surfaces. 

Figure  3.8: Simulation results for dy-

namics of water mass changes due to 

capillary condensation (-) and film 

adsorption (---) for a 500-μm-diameter 

grain with WF = 2.5 for different ambi-

ent vapour saturation levels. (a) S0 = 1, 

(b) S0 = 0.9, and (c) S0 =0.8. Results 

illustrate how the dynamics of these two 

condensation mechanisms change with 

ambient vapour saturation levels and 

the rate by which the capillary conden-

sation contribution overtakes film ad-

sorption with increasing vapour satura-

tion level. 
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3.4.2 Key Parameters Controlling Capillary Condensation and Film Adsorption 

Capillary condensation and film adsorption dynamics are determined by porous medium charac-

teristics specified primarily by grain size distribution and surface rugosity, and by ambient con-

ditions represented by relative humidity and temperature. The interplay of these factors will be 

illustrated in the following sections. 

3.4.2.1 Role of Porous Medium Structural Parameters 

a) Effect of Surface Roughness 

The rugosity of a grain in our model is based on Wenzel Factor and is a function of grain size 

and apex angle. For a fixed grain size, one can deduce from equation (3.20) that grain roughness 

increases with decreasing apex angles. For a single wedge with apex semiangle α, as depicted in 

Figure  3.9, mass deposition behavior per unit angle decreases monotonically with α, as widen-

ing the apex angle weakens capillarity, however, since mass gain due to capillary condensation 

reflects the interplay between available space for deposition and strength of capillarity, total 

deposited mass is not monotonous and for a certain angle the amount of deposited mass is max-

imized. For a given grain size distribution, there is an optimum rugosity which maximizes mass 

deposition capacity of the medium under vapor saturated condition. 

 

Figure  3.9: Simulation results for equilibrium water mass deposition per unit of apex angle and 

total amount of deposited water mass as a function of apex semiangle  under different ambient 

vapor saturation. (a) S0=0.99 and (b) S0=1.00. 
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Figure  3.10: Simulation of the variation in deposit-

ed water mass with grain size (all grains with 

WF=2.5) under different saturation levels: (a) total 

water mass change, (b) variations in the capillary 

condensation contribution with grain size, and (c) 

variations in the film adsorption contribution with 

grain size. 
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b) Effect of Grain Size Distribution 

Grain size distribution is a significant factor affecting mass adsorption capacity, as shown in 

Figure  3.10, for mass deposition as a function of grain diameter. Except for very fine grains 

where storage in surface roughness is reduced, mass accumulating due to capillary condensation 

on a single grain is almost independent of grain size in a fixed WF (Figure  3.10b) whereas ac-

cumulated mass due to film adsorption increases with grain radius (Figure  3.10c). The total 

amount of water adsorbed by a single grain increases slightly with radius (Figure  3.10a). But 

when it comes to the upscaled sample, decreasing of the specific surface area with the radius 

causes the total amount of deposited mass decreases with the grain size. Figure  3.11 compares 

total deposited water mass as a function of grain size for different ambient vapor saturations for 

a fixed sample weight. We considered different packings with constant weight of 100 g generat-

ed as explained previously in section  3.2.4.4 such that their mean grain diameters varied be-

tween 110 μm and 950 μm for each value of mean grain diameter there is a normal distribution 

around the mean value (the first and last grain size distributions m(r) are illustrated in Fig-

ure  3.11b and Figure  3.11c). These packs of grains were exposed to different ambient vapor 

saturations and the resulting water mass adsorption process was calculated using the analytical 

model. The final amount of deposited water after establishing equilibrium versus mean grain 

diameter is shown in Figure  3.11. Results show that mass adsorption capacity of a medium may 

vary over three orders of magnitude with changes in grains size within common range of sand 

size. 

3.4.2.2 Effects of Ambient Conditions 

a) The Role of Ambient Temperature 

Ambient temperature affects equations (3.2) and (3.7) in different ways. It appears explicitly in 

equations (3.1) and (3.6) relating interface curvature and film thickness with chemical potential. 

Secondly, temperature affects surface tension σ hence capillarity behavior. Eötvös rule is often 

used to represent surface tension-temperature dependency as [Pászli and László, 2007]: 

2
3σ ( )cV k T T   (3.29) 
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where V is the molar volume of substance, Tc is the critical temperature and k is a constant valid 

for most substances equal to 2.1×10−7 [J/K.mol2/3]. For water it results: 

 σ 72.75 1 0.002 291T       (3.30) 

 

Figure  3.11: Simulation of the variations in accumulated water mass with changes in mean 

grain diameter under different ambient saturation levels for an initially dry sand sample of 100 

g (a) the total water mass accumulated varies over 3 orders of magnitude by varying the mean 

grain diameter between 100 and 1000 μm; (b) distribution of grain diameters for the simulated 

sand sample with a mean grain diameter of 100 μm (smallest mean grain size); and (c) distribu-

tion of grain diameters for the simulated sand sample with a mean grain diameter of 950 μm 

(largest mean grain size). 
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Figure  3.12: Simulation of the variations in the 

deposited water mass in equilibrium with ambient 

temperature for a 500-μm-diameter grain with WF 

= 2.5 at different vapor-saturation levels (a) total 

water mass deposited, (b) changes in the capillary 

condensation contribution with temperature, and 

(c) changes in the film adsorption contribution with 

temperature. 
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Figure  3.12 depicts dependency of mass change to temperature for a single grain with 500m 

diameter and Wenzel factor equal to 2.5 in different saturation level. It reveals stronger depend-

ency of capillary contribution to temperature than film absorption. As one might expect, tem-

perature reduction increases capillarity strength and enhances the amount of condensed water. 

b) The Role of Relative Humidity 

The ambient relative humidity (vapor saturation) is the key controlling variable affecting both 

amount of mass deposition and dynamics. Figure  3.13 illustrates dependency of capillary con-

densation and film adsorption on the relative humidity confirming results in Figure  3.9, Fig-

ure  3.10 and Figure  3.12. For a fixed radius, increasing WF results in more deposited water by 

capillary condensation and film adsorption as seen in Figure  3.13a and b. 

As shown in Figure  3.10, capillary condensation is independent of individual grain radius as 

also depicted in Figure  3.13c. Mass deposition increases with relative humidity non-

monotonically with respect to grain radius. In contrast, mass deposited due to film adsorption 

continuously increases with increasing grain radius as shown in Figure  3.13d. Among the four 

controlling parameters, temperature effect is the weakest in terms of deposited mass as con-

firmed by the narrow range of deposited mass variations for temperature variations in the range 

of 10ºC to 60ºC for both capillary condensation and film adsorption as shown in Figure  3.13e 

and f.  

3.5 Conclusions 

The study quantifies dynamics and amount of vapor deposition and evaporation assisted by 

capillarity and surface adsorption onto natural soil and rock surfaces. These processes play an 

important role for onset and rates of mobilization of dust and other wind erosion processes, 

travel distances and residence times of emitted particles by various combustion processes and 

more. The results of this study are particularly important for modeling pore scale phase change 

processes in unsaturated porous media to resolve issues related to vapor transport enhancement 

mechanisms. We investigated key elements affecting dynamics of condensation (and evapora-

tion) at the pore scale and upscaled the results to simulating mass adsorption / desorption pro-

cesses in a granular bed.  
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Figure  3.13: Simulation of the variations in deposited water mass on a single grain with ambient 

saturation for different Wenzel factors, grain diameters, and ambient temperatures (a) changes 

in deposited water mass due to capillary condensation versus the ambient vapor-saturation level 

for a grain with 1 mm diameter at 10 ºC for three different Wenzel factors of 1.5, 2.5 and 3.5, 

(b) water mass deposition due to film adsorption versus the ambient vapor-saturation level for 

the same conditions as in part a, (c) water mass deposition due to capillary condensation versus 

the ambient vapor-saturation level for a grain with a Wenzel factor of 2.5 and three different 

diameter values of 100μm, 550μm, and 1mmat a temperature of 35 ºC, (d) water mass deposi-

tion due to film adsorption for the same conditions as in part c, (e) water mass deposition due to 

capillary condensation versus the ambient vapor-saturation level for a grain with a Wenzel fac-

tor of 2.5 and a diameter of 550μm at three different temperature (10, 35, and 60 ºC), and (f) 

water mass deposition due to film adsorption for the same conditions as in part e. 
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At pore scale, a change of psychrometric conditions causes phase changes on interfaces and 

establishes a transient vapor flow regime which causes a series of evolutions and devolutions of 

the interfaces and change of the mass due to deposition of the liquid phase. For dry conditions, 

capillary condensation in a single pore is extremely rapid (microseconds for RH=50%) and tend 

to slow down for high vapor saturation (e.g. hours for RH = 99.99%). In contrast, water film 

adsorption (by van del Waals forces) exhibits complex dynamics with a rapid film deposition of 

microseconds that decreases with increase in RH, exhibiting considerably slow attainment of 

equilibrium at high vapor saturations (e.g. about a day for RH=99%). Figure  3.3 depicts differ-

ences between capillary condensation and film adsorption dynamics as specified by equa-

tions (3.10) and (3.19) indicating that capillary condensation attains equilibrium faster relative 

to film adsorption. At low vapor saturations, mass deposition by film adsorption is high and 

with increase in vapor density, mass deposition by capillary condensation becomes dominant. 

Results of vapor condensation and mass changes in upscaled pack of rough spheres model were 

compared with experimental data to evaluate model performance. Naturally, the dominant factor 

was vapor saturation that interacts with media structural properties such as grain size distribu-

tion and surface roughness to affect dynamics and rates of mass deposition (or loss). The struc-

ture of deposited mass and the rate by which mass is exchanged between various domains in 

partially saturated porous medium provides the basis for quantification of vapor transport due to 

capillary and temperature gradients that would be pursued in a subsequent work. 
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Abstract 

Recent theoretical and experimental examination of vapor transport through unsaturated porous 

media question the existence of enhanced vapor transport as proposed by Philip and de 

Vries [1957]. Various pore scale enhancement mechanisms were proposed to rectify limitations 

of continuum models and to reconcile discrepancies between predicted and observed vapor 

fluxes. These mechanisms however, were seldom studied at the pore scale, and recent studies 

demonstrated that the so-called enhancement could be as easily explained by presence of capil-

lary connected pathways. The objective of this study was to quantify experimentally and theo-

retically potential roles of liquid bridges and local thermal gradients on vapor transport en-

hancement at the pore scale. We conducted pore scale experiments using synchrotron X-ray 

tomography to measure and verify a mechanistic model of evaporation – condensation dynam-

ics [Shahraeeni and Or, 2010b] as a building block for the modeling of vapor diffusion dynam-

ics through porous media. Simulations of vapor diffusion in the presence of liquid phase reveal 

that the so-called enhanced vapor diffusion under isothermal condition is in fact a result of re-

duced diffusion path length. The presence of a thermal gradient may augment or hinder this 

effect depending on the direction of thermal relative to capillary gradients. We have identified 

various transport regimes based on liquid phase saturation, where the true pore scale enhance-

ment as postulated by Philip and de Vries [1957] takes place at low water contents and could 

result in, with mild thermal gradient assistance, doubling of the vapor flux relative to diffusion 

of an inert gas through the same system, Once the liquid content exceeds the percolation thresh-

old, the transport becomes dominated by capillary flow. The study offers consistent mechanistic 

explanation for complex vapor transport processes in unsaturated porous materials of interest in 

many natural and engineering porous media applications. 

4.1 Introduction 

Vapor diffusion in porous media is of interest for many natural and engineering applications 

ranging from hydrology to geothermal reservoir performance, thermally enhanced oil recovery, 

and drying of textiles, grains and food. The diversity of disciplines and applications has led to a 

certain degree of confusion in formulation and treatment of coupled heat and mass transport 

through porous media. The diffusion coefficient for inert gases diffusing through a porous me-

dium is generally lower than in free space due to the presence of solids, liquid-filled pores, and 
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tortuous diffusion pathways. In terms of Fick’s law, gas diffusion in a porous medium may be 

expressed as: 

τφ βgJ S D C D C       (4.1) 

where D [m2/s] is the free space diffusion coefficient and C [kg/m3] is the gas concentration. 

The product of tortuosity coefficient, τ [-], porosity,  [-], and gas saturation, Sg [-] define the 

porous media factor, β which for inert gas diffusion is less than unity. In contrast, the diffusion 

of condensable vapor through porous media in the presence of its liquid phase may be enhanced 

relative to inert gas diffusion [Campbell, 1985; Cary, 1963; 1964; 1965; 1979; Cary and Taylor, 

1962a; b; Cass et al., 1984; Jury and Letey, 1979; Penman, 1948; Philip and De Vries, 1957], 

and in some cases, it is claimed to exceed free-space diffusion rates [Campbell, 1985; Cary, 

1979; Cass et al., 1984; Jury and Letey, 1979]. Understanding and quantifying the underlying 

mechanisms and the relative magnitude of potential vapor diffusion enhancement through par-

tially saturated porous media are in the focus of this study.  

The study of enhanced vapor diffusion (EVD) has an old history in soil science motivated pri-

marily by empirical observations of water vapor fluxes through soils that exceeded predicted 

values based on Fick’s law [Carman, 1950; 1951; 1952; Carman and Malherbe, 1950; Carman 

and Raal, 1951a; b; Penman, 1948; Philip and De Vries, 1957]. A seminal early study by Philip 

and deVries [1957] postulated pore scale enhancement mechanisms that were incorporated into 

a macroscopic theory for simultaneous transport of water in gas and liquid phases under capil-

lary and temperature gradients in the soil (PdV). 

Figure  4.1: Vapor flux across liquid island, vapor 

condensates on the ‘hot’ side (A) of the liquid island 

and evaporates on the ‘cool’ side (B), the curvature of 

the meniscus decreases at A and increases at B, caus-

ing capillary transport of the liquid from A to B. 

Phase change affects thermodynamics of the problem 

by the alteration of vapor pressure field; The resulting 

liquid flow through the island equals the rate of evap-

oration and condensation, and the total flux adjusts 

itself to have the same vapor pressure as the alterna-

tive air-filled pathways with pure diffusive flux 

B

A
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PdV postulated two primary mechanisms for enhanced vapor transport relative to diffusion of 

an inert gas through a porous medium (under the same macroscopic gradients). The first mecha-

nism considers shortening of diffusion pathways across pendular liquid islands (Figure  4.1) via 

condensation on the ‘hot’ side (A) of a liquid island and subsequent evaporation from the ‘cool’ 

side (B). The small decrease in interfacial curvature at condensation side (A) induces a local 

capillary drive resulting in liquid flow through the island. This mechanism would decrease tor-

tuosity and shorten diffusion length, however, more importantly, the presence of liquid islands 

assist and not obstruct vapor transport as it would for inert gas.  

The second mechanism proposed by PdV considers the consequences of spatially-variable tem-

perature field forming in a porous medium in which local temperature gradients across air-filled 

pores may be higher than the average temperature gradient (due to different thermal conductivi-

ties). Based on these pore scale mechanisms, PdV provided a macroscopic enhancement factor 

as the product of capillary-assisted and thermally-induced enhancements which is often referred 

to as the mechanistic enhancement factor η [Philip and De Vries, 1957]: 

   θ θ 1
η

θ τ τ
a w a a

a g

T T

T S T

 
 

 
 (4.2) 

where τ [-] is the tortuosity, θa [-] and θw [-] are the volumetric air and water contents, respec-

tively, (T)a [K/m] is pore scale temperature gradient across air-filled pores and T [K/m] is 

the macroscopic temperature gradient. The first factor in equation (4.2) accounts for path short-

ening and the second for local thermal gradient enhancement. The resulting enhancement factor 

(η) is used to explain enhanced vapor diffusion rates under similar macroscopic gradients and 

equation (4.1) is modified as [Cass et al., 1984; Webb and Ho, 1998]: 

ητφ βgJ S D C D C       (4.3) 

where the porous media factor (β) is modified to incorporate enhancement factors into porous 

medium effective diffusion coefficient relative to diffusion in free space: 

β τφ ηgS  (4.4) 
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The porous media factor (β) in (4.4) for condensable vapor would be larger than unity and its 

value would depend on the mechanistic enhancement factor (η). 

Philip and de Vries model has been used in numerous studies including Jury and Letey [1979], 

Cary and coworkers [1963; 1964; 1965; 1979; 1962a; b; 1984], Milly [1982; 1984a; b; 1996], 

Shurbaji and Phillips [1995; 1995], Braud et al [1995] and Nassar and Horton [1997; 1997]. 

Following the PdV framework, Cass et al [1984] inferred vapor diffusion rates from heat flux 

and thermal conductivity information which provided a continuous description of enhancement 

factor as a function of water content at different temperatures. These experimental results de-

scribing an apparent change in EVD with saturation have been used in several subsequent stud-

ies e.g. Hiraiwa and Kasubuchi [2000] or Wildenschild and Roberts [2001] for the confirmation 

of enhanced vapor fluxes.  

Despite the widespread acceptance and use of enhancement factors in models for vapor diffu-

sion in porous media, the existence of such pore scale mechanisms and their effect remain de-

batable [Ho and Web, 1998; Shokri et al., 2009]. Discrepancies of the predictions based on PdV 

model with the measurements discussed widely e.g. in Hanks et al [1967] and Parlange et 

al [1998]. A recent critical review by Shokri et al [2009] reexamined several experimental stud-

ies claiming to observe enhanced vapor diffusion and have shown that based on porous medium 

properties and boundary conditions in many of these experiments the role of capillary flows 

across the sample length could not be ruled out , and vapor diffusion enhancement could be 

confused with the presence of other parallel transport mechanisms unrelated to PdV postulated 

mechanisms. 

One of the shortcomings of the PdV postulated vapor enhancement mechanisms is reliance on 

the unobservable and untested pore scale phenomena to amend macroscopic representation of 

vapor diffusion. The formulation and parameterization of enhancement mechanisms are often 

done macroscopically at the outset irrespective of their pore scale origin. We seek direct quanti-

fication of these pore scale vapor transport processes in the presence of liquid phase and tem-

perature gradients to enable direct estimation of their enhancement potential and to allow for 

upscaling to sample scale thereby bridging the scale gap and linking these pore scale mecha-

nisms with vapor diffusion at larger scale. A recently developed pore scale model for evapora-

tion and condensation dynamics [Shahraeeni and Or, 2010b] will be used. We treat vapor diffu-

sion in a partially saturated porous medium as a sequence of evaporation and condensation steps 
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into the effect of enhancement mechanisms on the transport properties in pore scale. The results 

of pore scale simulation will be used to assess impact on vapor transport at larger (Darcy) scale 

using a limited upscaling scheme.  

Following this introduction, we review in the next section the theoretical basis of the model. In 

part 4.3 we have specified details of the experimental setup and results. In part 4.4 vapor 

transport in pore scale has been simulated considering different probable configurations for the 

phase distribution and thermal gradient. These results then, in part 4.5, have been scaled up to 

give insight to the two phase coupled mass and energy transport in porous media in macro scale. 

Concluding remarks have been discussed in part 4.6. 

4.2 Theoretical Considerations 

For simplicity we consider a 2D wedge-shaped pore (Figure  4.3) where a meniscus is in equilib-

rium with ambient conditions, and calculate the evolution of the interface B(t) in response to 

changes in ambient conditions in A(t) which lead to description of the vapor saturation distribu-

tion based on diffusion growth equation [Philip, 1964]: 

 

Figure  4.3: Schematic of the wedge-shaped pore, Parameters used in the formulation of capil-

lary condensation problem in a pore with wedge semiangle , A(t) is the domain of solution 

which is time dependent; F(t), E(t) and (t) are time dependent functions due to the moving 

boundary B(t) 

2θ
B(t)

κ(t)
1

F(t)

E(t)

A(t)

r∗(t)
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 (4.5) 

Using similarity variable η / 4r Dt  and making some simplifications [Shahraeeni and Or, 

2010b], distribution of vapor saturation (S) in A(t) resulted [Philip, 1964]: 

2
*

2
0 * *

( η )
1

( η )

S S Ei

S S Ei

 
 

 
 (4.6) 

where Ei is the exponential integral function, S0 [-] is the initial value of vapor saturation and S* 

[-] is the constant vapor saturation in the vicinity of B(t) from Kelvin equation: 
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*

σκ cosΘ
exp

ρ ρsat

S
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 (4.7) 

with R [J/kgK] the gas constant, T [K] absolute temperature, ρ* [kg/m3] liquid density, ρsat 

[kg/m3] vapor density, σ [N/m] liquid surface tension, κ [1/m] interface curvature and Θ [rad] 

contact angle between liquid and solid surfaces. 

The transcendental equation (4.8) yields η*
2 for the interface position: 
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 (4.8) 

Having the solution of equation (4.8) for constant S*, one can initiate S*0 for a dry pore intro-

duced to ambient air with vapor saturation S0, calculate H and η* to calculate the new value for 

S*, and proceed with time until S0 and S* satisfy the Kelvin equation indicating that the interface 

has attained equilibrium with the ambient air. In each time step, equation (4.7) gives vapor den-

sity distribution inside the pore. 

For temperature distribution inside the pore, energy balance equation should be solved in the 

same domain A(t). In the derivation of equation (4.6), assuming isothermal condition in C = ρsat 
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S, saturation vapor density is considered constant and the governing equation (4.5) can be writ-

ten for vapor saturation (S). But in nonisothermal condition, due to the dependency of saturation 

vapor density to temperature, the governing equation has to be solved for concentration (C). 

Nevertheless the solution procedure is exactly the same as isothermal condition which results 

concentration distribution inside the pore. To let us simulate PdV second postulated mechanism 

of enhancement, we assume that there is a known macroscopic heat flux q"macro (or equivalently 

Tmacro = q''macro/kave where kave is the average thermal conductivity of the medium) which 

should be established along the pore. It can be written for the air filled part of the pore as: 

2

0

*
* B(t) B(t)

1
 in 

α
initial condition:  at 0

boundary condition 1: ρ

boundary condition 2:  far away from 

boundary condition 3: Continuity of the flux on 
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t
T T t

dr
L q k T k T
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A(t)

B(t)

E(t)

 (4.9) 

where α [m2/s] is vapor thermal diffusivity, L [J/kg] is latent heat of vaporization and k [W/mK] 

is thermal conductivity with subscripts ‘v’ and ‘l’ for vapor and liquid, respectively. In the first 

boundary condition, correct sign should be used based on the direction of the process (evapora-

tion or condensation). 

Evaporation from a meniscus is inherently a nonequilibrium process with a temperature jump 

over the interface [Carey, 2008]. Nevertheless, remaining within the framework of classical 

thermodynamics and assuming continuity of temperature over the interface, the released or ab-

sorbed heat due to phase change in an open system is partitioned on the interface B(t) in propor-

tion to thermal conductivities. Therefore one can write an energy balance equation in the geom-

etry of Figure  4.3 as: 
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The first boundary condition couples this equation to the solution of mass conservation problem 

specified as equations (4.5) and (4.8). The general form T = T0−m Ei(−r2/4αt) satisfies equation 

(4.10) as well as the initial and second boundary conditions. The exponential integral argument 

is the similarity variable η / 4αt r t for the energy balance equation. The coefficient m can be 

determined using the first boundary condition which yields the final solution as: 

 
 

2

0
2

* 0 *

η
1

η

t

t

EiT T

T T Ei


 

 
 (4.11) 
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 (4.12) 

Therefore in each time step having the interface position r* and interface velocity dr*/dt from 

(4.8), the interface temperature T* and temperature distribution in the pore can be calculated 

using (4.11) and (4.12). 

4.3 Experimental Verification of Model Dynamics 

In a recent study, Shahraeeni and Or [2010b] evaluated the model at the macro scale using ex-

perimental data of condensation dynamics in sand samples and compared with simulated con-

densation dynamics in virtual packs of rough grains exposed to prescribed vapor saturation. 

Although general agreement between the experimental results and numerical simulation indicat-

ed the model capability in the simulation of the capillary condensation physics, specific area of 

the grains and surface roughness remained ambiguous affecting macro scale results accuracy. 

We thus opted for direct evaluation of the model at the pore scale using synchrotron X-ray to-

mography measurements at TOMCAT beam line of the Swiss Light Source (Paul Scherrer Insti-

tute, Villigen, Switzerland). 

A schematic of the experimental setup is shown in Figure  4.4. The sintered glass beads cylindri-

cal sample was 8mm in diameter and 10mm in height. The sample was placed on a temperature 

controlled copper table within a climate controlled chamber. The sample temperature was con-

trolled using a water bath (Thermo Scientific NESLAB, Karlsruhe, Germany) circulating water 

through the copper table at the sample base. The chamber was connected to a dew point genera-

tor (LI-COR, USA) which supplied vapor saturated air stream at a given temperature enabling 
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nisci form in-between grains and interfaces evolve with time toward equilibrium in the new 

ambient condition of the chamber. 

 

Figure  4.5: Change of the liquid phase distribution due to condensation in the sample, dry sam-

ple (a) in room condition RH ~ 50% is placed into the chamber with RH ≥ 99.9% (b) water 

deposition after 7min (c) water deposition after 14min 

Figure  4.7 shows dynamics of interfacial evolution shown as 2D cross-sections at three time 

steps. We have used Matlab® image processing toolbox for the segmentation and registration of 

the interfaces. Radial correction for the intensity and anisotropic diffusion for noise reduction 

and edge sharpening have been applied to the images. We have considered the pendular rings 

nucleating and evolving around contact points between bead pairs and at each contact point, the 

beads radii and the curvatures of menisci are calculated from image processing. 

 

Figure  4.6: 3D structure of the menisci in-between the grains, it illustrates how the interfaces 

evolve and collide and how they would be different from the ideal pendular rings assumed in 

the calculation 

The first curvature of the pendular ring is equal to the radius of the evolving meniscus arc as 

depicted in Figure  4.7. For the second curvature, due to 3D structure of the pendular ring illus-

trated in Figure  4.6, the radius is assumed equal to the distance between the contact point and 

the interface which for small apex angle could be approximated by r* (such an assumption is 

1mm

(a) (b) (c)

1 mm

(a) (b)
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valid for a disconnected pendular ring forming between two beads ). To estimate the interfacial 

curvature for the other direction, we have used 1/κ2 = r* for the interfaces even if for merged 

rings assuming symmetry.  

 

Figure  4.7: Evolution of the interface due to the condensation in 2D cross section, curvature in 

the plane defined as the radii of circles the menisci are part of and curvature in the perpendicu-

lar direction to the plane is equal to the distance between contact point and the menisci; nonuni-

form saturation distribution in-between the beads results different rates for different interfaces 

(online version in color) 

The dynamics of mass deposition were simulated using the numerical values specified in Ta-

ble  4.1. The annular wedge between the beads can be mapped to a line wedge as described in 

Appendix A. For each time step, η* and in turn r*, are calculated from equation (4.8), menisci 

curvatures are then related to r* as: 
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where θ is apex half angle. The mean curvature κ in equation (4.7), Figure  4.8 and elsewhere 

then would be equal to |κ1−κ2|/2. 

Table  4.1: Numerical Values used in the simulations 

Quantity Symbol Unit Value 

Vapor Diffusivity D cm2/s 0.257 

Vapor Density (@ 300K) ρsat g/cm3 2.56×10-5 

Liquid Density ρ* g/cm3 1 

Density Jump on the Interface ρ*− ρ g/cm3 ≈1 

Surface Tension σ mN/m 72.75 

Contact Angle Θ º (degree) 0 

Specific Gas Constant of Water Vapor R J/g.K 0.4615 

Figure  4.8 compares simulation results with the experimental data for the evolution of a few 

interfaces obtained from different parts of the sample. Corrected for 3D effects, the discrepan-

cies in Figure  4.8 are attributed primarily to nonuniformity in the distribution of vapor satura-

tion between grains. The value of RH=99.9% inside the climate controlled chamber recorded by 

the sensor which may not reflect the actual vapor density distribution in the sample during con-

densation. 

The simulation results of Figure  4.8 are calculated assuming condensation starts from S=0.5 to a 

saturation level more than S=0.999 as the overall saturation inside the chamber. Considering 

process sensitivity to the ambient saturation discussed in detail by Shahraeeni and Or [2010b], 

condensation rates would be different in different pores because pores experience different am-

bient conditions. For the numerical simulation, ambient saturation S0 is tuned to capture the 

interface dynamics which results a slight variation in the saturation distribution inside the sam-

ple. Nevertheless agreement between analytical results and experimental data inspires confi-

dence in the numerical procedure. 



 Chapter 4 121 

 

 

Figure  4.8: Comparison of the numerical simulation of the interfaces dynamics with the exper-

imental data from X-ray synchrotron scans with t = 7min time interval, S0 ambient saturations 

of the pores for the numerical simulation have been tuned to capture the experimental data dy-

namics, it shows slight deviation of the ambient saturation in different parts of the sample from 

the recorded chamber saturation of S0 = 0.999 

An extensive experimental data set at the nano scale was reported by Kohonen et al [1999] 

which was used for the model verification during early stages of the condensation. Their exper-

iments involve bringing two back-silvered muscovite mica surfaces mounted in a contacting 

crossed cylinder configuration and placed in an atmosphere consisting of a mixture of nitrogen 

gas and undersaturated vapor of various liquids.  

Table  4.2: Physical properties [Vargaftik et al., 1983] used in the simulations of Kohonen et 

al [1999] experimental data 

Quantity n-pentane n-hexane cyclohexane 

Vapor Diffusivity, D [cm2/s] 0.0951 0.0782 0.0770 

Vapor Density (@ 300K), ρsat [g/cm3] 2.45×10-3 7.5×10-4 4.7×10-4

Liquid Density, ρ* [g/cm3] 0.626 0.655 0.779 

Density Jump on the Interface, ρ*− ρ [g/cm3] 0.624 0.654 ≈0.779 

Surface Tension, σ [mN/m] 14.95 17.93 24.23 

Specific Gas Constant, R [J/g.K] 11.525×10-2 9.649×10-2 9.880×10-2 
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Capillary condensation occurs in the annular wedge formed by the two surfaces in contact. Such 

a domain is locally equivalent to a truncated sphere on a flat surface very similar to the geome-

try we have between the grains in our sample. The interference fringes produced by passing 

white light through the surfaces enable measurement of interface dynamics at the nano scale. 

The fringes image was recorded using a CCD camera connected to a computer. The geometric 

parameters of the pore and the rate of growth of the capillary condensate were obtained from a 

subsequent analysis of the fringe images. Using properties as specified in Table  4.2, numerical 

simulation can predict condensation dynamics as depicted in Figure  4.9 in good agreement with 

the experimental data. 

 

Figure  4.9: Comparison of numerical simulation of the interfaces dynamics with the experi-

mental data from Kohonen et al [1999] for early stages of condensation in nano scale. The phys-

ical properties of Table  4.2 have been used for the numerical simulation 

4.4 Pore Scale Vapor Transport 

The enhancement mechanisms postulated by PdV link pore scale evaporation - condensation 

with alteration of a vapor diffusion field. Vapor condensation changes menisci curvatures and 

drives a capillary flow along liquid phase which would then evaporate on the other side to main-

tain a certain mass flux in response to the macro scale vapor density gradient. In this way, the 

interfacial curvature difference and capillary gradient improve vapor diffusion efficiency and 

result in ‘capillary assisted vapor diffusion’. From energetic angle, under isothermal condition 
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when there is no macroscopic temperature gradient, evaporation and condensation processes 

result a local temperature difference between two menisci which affects the vapor pressure field 

and causes ‘thermally induced vapor diffusion’. This effect is augmented in nonisothermal con-

dition. In the presence of an external temperature gradient due to the difference in thermal con-

ductivities, an air filled pore in-between two liquid islands would be locally warmer than the 

parallel pathway free of liquid phase to maintain the same temperature gradient, which in turn, 

affects vapor pressure field and diffusion pattern. Depends on the direction of the macroscopic 

temperature gradient, it may assist or oppose diffusive vapor flux. Dynamics of both mecha-

nisms for capillary assisted and thermally induced vapor diffusion can be mathematically ex-

plained with the capillary condensation model of section  4.2 and therefore one may use it for the 

simulation of enhanced vapor diffusion in pore scale. 

According to equations (4.6) and (4.11), the spatial distributions of both vapor saturation and 

temperature within a pore exhibits exponential integral pattern with about 90% decay in Y–

values (vapor density or temperature) occurring within the first 2% of the spatial coordinate (X–

values). This means the existence of a sharp, step-like change in the vapor density and tempera-

ture values in the vicinity of the interface followed by a mild variation to approach the ambient 

conditions of T0 and S0 far away. If decay constant in 
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* 0 *

1
Ei XY Y

Y Y Ei X


 

 
is defined as X  for 

which Y  exceeds 90% of the total change (Y*−Y0), then we have 0.0170X  . From this dis-

tance, in each time step t, one obtains at r  distance from the origin over which vapor saturation 

exceed 90% of the final value S0 as: 

0.0340r Dt  (4.14) 

Similarly for temperature: 

0.0340 αtr t  (4.15) 

Such behavior facilitates simple superposition of the two geometries in Figure  4.3 face to face 

forming a confined pore. In the presence of a thermal gradient or for menisci that are not in 

equilibrium a vapor flux would diffuse from higher vapor density (lower curvature) toward the 

meniscus with lower vapor density. Evaporation from a meniscus would increase its curvature 
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whereas condensation would decrease curvature until a new equilibrium is established 

(Figure  4.2). During transition for each time step t, vapor saturation or temperature vary along 

r  (or tr ) distance of the pore apex from the interface value S* (or T*) to S  (or T ), mean of the 

interfacial values for vapor density (or temperature) with an exponential integral distribution. 

However there are two technical difficulties with the simulation of such a process using the 

current version of the model. First, it works with a constant ambient saturation S0 while in the 

problem of pore scale vapor diffusion in porous media, due to the transient nature of the pro-

cess, the model must consider time dependent S0 = S0(t). Second, the original model has been 

developed for capillary condensation [Philip, 1964], and it must be extended to scenarios where 

S* (saturation level in the vicinity of the interface) approaches S0 with higher initial values than 

S0 which means that that the model should consider evaporation where r* and x* monotonically 

decrease to fulfill equations (4.6) and (4.8) on the interfaces. The solution has singularity for 

S*→S0 and a universal continuous solution for both cases of evaporation and condensation is not 

feasible. However, since equation (4.6) remains valid (with dS/d>0) one can use the same ap-

proach for both condensation and evaporation. 

As for variations in S0, time dependent boundary conditions are mathematically acceptable for 

the governing equations (4.5) and (4.9). The discrete time solution enables updates of S0 for 

each time step and thus introduce S0(t) as boundary condition. 

Figure  4.10 illustrates a numerical example for a simple case of vapor transport between two 

identical menisci with two different initial curvatures (and vapor saturation levels). Vapor satu-

ration levels (vapor density) profiles are shown for three different time steps as solid lines in 

Figure  4.10 using the approximation based on r . During transient period liquid evaporates from 

the left meniscus and the interface curvature continuously increases while the right interface 

experiences condensation which increases saturation level and decreases interface curvature. 
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Figure  4.10: Dynamics of vapor transport between two menisci initially at different curvatures 

and vapor saturation levels. Two identical pores are in equilibrium with ambient vapor satura-

tions of S01=0.95 and S02=0.85. At time zero, they face each other. Due to the vapor density gra-

dient, a time dependent vapor flux established between two menisci during transient time peri-

od till two menisci reach to a new equilibrium condition. Three time step are shown. (a) initial 

condition with interfaces curvatures k1,left = 9.88×10-7cm and k1,right = 3.09×10-7cm which after 

(b) 0.2teq become k2,left = 5.64×10-7cm and k2,right = 4.41×10-7cm and finally at equilibrium time 

(c) 1.0teq end up to the equal interfaces curvature k3,left = k3,right = 4.81×10-7cm; teq = 48.7s. The 

solid curves are the vapor density (vapor saturation level) profiles along the centerline of two 

menisci approximated assuming all variations take place with exponential integral profile in r  

distance from the interfaces 

Vapor density gradient drives vapor flux between two interfaces which decreases with time and 

ultimately vanishes. In higher mean saturation level in the pore for a constant vapor density 

gradient, one can expect higher vapor flux magnitude in longer transient time. For illustrative 

purposes and to reveal the way interface curvature radii change, artificial and strong vapor satu-

ration difference ∆S = 0.10 has been applied between two menisci. In reality, for example in the 

evaporation from a porous medium when overall diffusive mass loss rate is something like 

0.55mm/day, very slight gradient in vapor saturation (~1.33×10-5% difference in terms of rela-

tive humidity in such a geometry with ~20nm diffusive length) can persuades required vapor 

flux.  
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4.4.1 Isothermal Vapor Diffusion 

We extend the procedure used for Figure  4.10 to simulate pore scale transient vapor transport in 

porous media in the presence of liquid phase. The effect of liquid phase on vapor transport at 

pore scale can be investigated in two different scenarios of Figure  4.11 which are snapshots of a 

transient vapor diffusion driven by a vapor pressure gradient between two menisci with different 

curvatures. Figure  4.11a is pure diffusion whereas Figure  4.11b considers for the same vapor 

pressure gradient as in Figure  4.11a for a pathway that is partly blocked by a liquid island. Va-

por transport in real systems occurs under small vapor saturation gradients (S), we thus replace 

saturation gradient with vapor pressure to retain meaningful numerical values. Dependencies 

between different quantities specifying vapor concentration information in a pore volume have 

been presented in Appendix B. For a known temperature, one can calculate concentration 

C [kg/m3], vapor saturation S [-], vapor pressure Pv [Pa], matric potential Ψ [Pa or J/m3] or inter-

face curvature κ [1/m], knowing one of them. 

Table  4.3: Interfacial boundary conditions and vapor fluxes of Figure  4.11 cases 

Bottom Meniscus 

Radius of Curvature, 1/κ [μm] 100 

Vapor Saturation, S [-] 0.999989466 

Matric Potential, Ψ [Pa] -1,460 

Vapor Pressure, Pv [Pa] 3,555 

Concentration, C [kg/m3] 0.025648175 

Top Meniscus 

Radius of Curvature, 1/κ [nm] 145 

Vapor Saturation, S [-] 0.992766406 

Matric Potential, Ψ [Pa] -1,006,219.8 

Vapor Pressure, Pv [Pa] 3,529 

Concentration, C [kg/m3] 0.025462915 

Vapor Pressure Difference, Pv [Pa] 26 

Pure Diffusion Vapor Flux, J [g/cm2.s] 5.47×10-7 

Capillary Assisted Vapor Flux, J [g/cm2.s] 6.00×10-7 

Boundary conditions in the vicinity of the top and bottom interfaces are the same between case 

(a) and (b) of Figure  4.11 as specified in Table  4.3. 



 Chapter 4 127 

 

Figure  4.11: Sketch of the Scalar field of vapor pressure for two 

different scenarios of pore scale vapor transport (a) pure diffu-

sion due to vapor pressure gradient between two menisci 

(b) vapor transport in the presence of liquid phase, with sequen-

tial evaporation and condensation on the interfaces of the in-

termediate island 

For the case of Figure  4.11a vapor density changes 

sharply in r distances calculated according to equa-

tion (4.14) from interfacial values to the mean value of 

3,542Pa. Having vapor pressure (concentration) distri-

bution, one can calculate vapor flux in the domain as 

J = -DC where D [m2/s] is diffusivity. It results a 

vapor flux of 5.47×10-7g/cm2s along the pore. 

For the scenario depicted in Figure  4.11b, interface 

curvatures of the liquid island have been adjusted to 

maintain flux continuity. Considering an unsteady 

Poiseuille flow through the pore throat, Szymanski 

[White, 1991] showed that deviation from the Poiseuille 

paraboloid velocity profile vanishes for t≥0.75r0
2/ν 

where r0 [m] is the throat radius and ν [m2/s] is kine-

matic viscosity of the liquid. Given the ratio of diffu-

sive to convective process D/ν = 25, Poiseuille flow 

could be considered steady for each vapor diffusion 

time step. Next, we present equations for mass flux 

continuity used for calculation of interfacial curvatures: 
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where subscript ‘t’ and ‘b’ refer to the top and bottom interfaces of the liquid island. P [Pa] is 

the liquid phase pressure, P0 [Pa] is the reference pressure inside the pores, κ [m-1] is the inter-

face curvature, L [m] is the length of liquid island and r0 [m] is the throat radius. Vapor concen-
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trations Ct and Cb near the interfaces of liquid island are unknown, but with known exponential 

integral vapor distributions and considering continuity, the derivatives ∂C/∂r, liquid pressures, 

curvatures and vapor concentrations can be sequentially evaluated. Then from vapor concentra-

tion boundary conditions, the vapor distribution in each pore is calculated and the vapor flux is 

evaluated. For the case of Figure  4.11b with Lliquid = 200μm, a vapor flux of 6.00×10-7g/cm2s 

results which is 9.7% higher than pure vapor diffusion across the same pore. Therefore one may 

conclude that for the pore scale enhancement of vapor transport similar to what is depicted in 

Figure  4.11, there is no need to the temperature gradient and enhancement can be experienced 

even in an isothermal vapor transport process. 

4.4.2 Thermally Induced Vapor Diffusion 

The presence of temperature gradient enhances vapor transport due to impact on local vapor 

densities. The detailed picture of temperature distribution within a pore can be found in using 

equations (4.11) and (4.12). Ho [2006] showed how this temperature variations affect vapor 

pressure using Clausius–Clapeyron relation. In the numerical simulation, we solve vapor con-

centration field coupled with temperature field and apply boundary conditions of concentration 

(vapor pressure) considering temperature dependency. For sign convention we consider down-

ward flows as positive, hence upward vapor flux is negative and warmer sample surface than the 

deeper layers implies a negative temperature gradient. 

We consider three different cases of pure diffusion between two menisci with constant vapor 

pressure difference, case (a) is isothermal vapor diffusion the same as Figure  4.11a, in case (b) 

there is an assisting temperature difference of 0.075K applied as the macro scale temperature 

gradient in addition to the known vapor pressure gradient of the case (a) and in the case (c), an 

opposing temperature difference with the same magnitude of case (b) applied between two me-

nisci. Table  4.4 lists boundary conditions and resulted vapor flux of different cases. For the 

case (a) vapor flux was equal to 5.47×10-7 g/cm2s which has been increased to 5.66×10-7 g/cm2s 

for the case (b), 3.5% higher than the case (a) and decreases to 5.28×10-7 g/cm2s in the case (c), 

3.5% lower than the case (a). For (b) and (c) cases, interfacial temperature deviation owing local 

temperature variation resulted from evaporation and condensation is also considered. 
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Table  4.4: boundary conditions and vapor flux resulted for different cases of non-isothermal 

pure diffusion of vapor 

 
Case (a), Iso-

thermal 
Case (b), 

AssistingT 
Case (c), 

Opposing T 

Bottom Meniscus 

Radius of Curvature, 1/κ [μm] 100 100 100 

Vapor Saturation, S [-] 0.999989466 0.999989771 0.99998975 

Matric Potential, Ψ [Pa] -1,460.0 -1,417.8 -1,420.6 

Vapor Pressure, Pv [Pa] 3,555 3,555 3,555 

Temperature, T [K] 300 299.9999948 299.9999952 

Concentration, C [kg/m3] 0.025648175 0.025648173 0.025648176 

Top Meniscus 

Radius of Curvature, 1/κ [nm] 145 90 369 

Vapor Saturation, S [-] 0.992766406 0.988402171 0.997151855 

Matric Potential, Ψ [Pa] -1,006,219.8 -1,617,257.6 -395,217.2 

Vapor Pressure, Pv [Pa] 3,529 3,529 3,529 

Temperature, T [K] 300 300.0750052 299.9250048 

Concentration, C [kg/m3] 0.025462915 0.02545655 0.025469282 

Vapor Pressure Difference, Pv [Pa] 26 26 26 

Temperature Difference, T [K] 0 −0.075 0.075 

Vapor Flux, J [g/cm2.s] 5.47×10-7 5.66×10-7 5.28×10-7 

In the presence of liquid island along the diffusion pathway in geometries similar to Fig-

ure  4.11b, the effect of temperature gradient becomes augmented. Considering high thermal 

conductivity of the liquid phase (kl = 0.58W/m.K) relative to the vapor (kv  0.016W/m.K), sug-

gests that maintenance of a certain temperature difference, would increase average temperature 

of a pore partially filled with water. Since vapor pressure increases with temperature, higher 

overall temperature results in higher vapor pressure difference between two menisci which in 

turn, increases the vapor flux. 

Since pressure gradient and convective flow in liquid phase is negligible according to the previ-

ous section calculations, pure conduction in the liquid phase is fair enough to write the continui-

ty of heat flux between phases as: 



Pore scale enhancement of vapor transport in partially-saturated porous media 130 

 

Table  4.5: boundary values and vapor flux resulted for different cases of non-isothermal diffu-

sion of vapor in the presence of liquid phase 

 
Case (a), Iso-

thermal 
Case (b), 

Assisting T 
Case (c), 

Opposing T 

Bottom Meniscus 

Radius of Curvature, 1/κ [μm] 100 100 100 

Vapor Saturation, S [-] 0.999989466 0.999989771 0.999989471 

Matric Potential, Ψ [Pa] -1,460 -1,417.8 -1,420.6 

Vapor Pressure, Pv [Pa] 3,555 3,555 3,555 

Temperature, T [K] 300 299.9999943 299.9999952 

Concentration, C [kg/m3] 0.025648175 0.025648167 0.025648168 

Bottom Meniscus of the liquid island 

Radius of Curvature, 1/κ [nm] 344 201 1180 

Vapor Saturation, S [-] 0.996940956 0.9947763 0.999110939 

Matric Potential, Ψ [Pa] -424,633.4 -725,991.9 -123,263.5 

Vapor Pressure, Pv [Pa] 3,544 3,544 3,544 

Temperature, T [K] 300 300.0370047 299.9630042 

Concentration, C [kg/m3] 0.025569986 0.025566832 0.02557314 

Top Meniscus of the liquid island 

Radius of Curvature, 1/κ [nm] 251 164 538 

Vapor Saturation, S [-] 0.99581574 0.993595163 0.99804193 

Matric Potential, Ψ [Pa] -581,155.1 -890,678.2 -271,620.1 

Vapor Pressure, Pv [Pa] 3,540 3,540 3,540 

Temperature, T [K] 300 300.0379953 299.9619958 

Concentration, C [kg/m3] 0.025541126 0.025537891 0.025544361 

Top Meniscus 

Radius of Curvature, 1/κ [nm] 145 90 369 

Vapor Saturation, S [-] 0.992766406 0.988402471 0.997152139 

Matric Potential, Ψ [Pa] -1,006,219.8 -1,617,215.4 -395,177.8 

Vapor Pressure, Pv [Pa] 3,529 3,529 3,529 

Temperature, T [K] 300 300.0750065 299.9250058 

Concentration, C [kg/m3] 0.025462915 0.025456551 0.025469282 

Vapor Pressure Difference, Pv [Pa] 26 26 26 

Temperature Difference, T [K] 0 −0.075 0.075 

Vapor Flux, J [g/cm2.s] 6.00×10-7 6.24×10-7 5.76×10-7 
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with the same notation as equation (4.16). Having exponential integral distribution of tempera-

ture inside the pore from equation (4.11), ∂T/∂r’s, the interface temperatures and temperature 

distributions inside the pore can be found in series. Vapor pressure distribution can be then cor-

rected using corresponding temperature field and iterated to the convergence. 

Table  4.5 compares three different cases: case (a), no temperature gradient; case (b), an assisting 

(negative) temperature gradient; and case (c), an opposing temperature gradient. The resulting 

vapor flux for case (a) was 6.00×10-7g/cm2s with L = 200μm. The value of the flux increases to 

6.24×10-7g/cm2s for case (b), and reduced to 5.76×10-7g/cm2s for case (c). This amounts to 4.0% 

enhancement and 4.0% reduction as compared with isothermal diffusion which are respectively 

10% and 9% higher compared to the cases of Table  4.4 for pure diffusion without any liquid 

phase with the same temperature gradients. 

Table  4.6: The mechanistic enhancement factor () for different pore scale vapor transport sce-

narios in the pore geometry of Figure  4.11 due to the vapor and temperature gradients in the 

presence and absence of the liquid phase 

  Temperature Gradient 

  
Isothermal 

T = 0 

Assisting 

T = −1.1K/cm 

Opposing 

T = 1.1K/cm 

Liquid 

Phase Pres-

ence 

Pure Diffusion, 

Lliquid = 0 
1 1.035 0.965 

Capillary assisted diffu-

sion, Lliquid = 200μm 
1.097 1.141 1.053 

Table  4.6 summarizes pore scale enhanced vapor transport for different boundary conditions in 

the geometry of Figure  4.11 as the conclusion of this section. Diffusion length (distance be-

tween the top and the bottom menisci) was 870μm and in the presence of liquid island, length of 

it was 200μm. Temperature gradient was T 1.1K/cm for nonisothermal scenarios. 
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from Sw = 0 (Sg = 1) for pure diffusion of vapor in a dried medium to Sw → 1 (Sg → 0). For 

Sw = 1, there is fully saturated porous medium without any diffusion for an inert gas. Different 

macro scale temperature gradients are also applied to the sample. Numerical values for sample 

characteristic parameters have been listed in Table  4.7.  

Table  4.7: Characteristic properties of the porous medium used in the numerical simulation 

Porosity,  [-] 0.35 

Tortuosity, τ [-] 0.6 

Sample length, L [m] 0.3 

Averaged grain diameter, d [μm] 500 

For different cases, there is a fixed vapor pressure gradient over the sample length equal to 

2950Pa/mm which under isothermal conditions drives 15.63×10-7kg/m2s in the fully dry porous 

medium of Table  4.7. This value decreases to zero with the increase of saturation according to 

the Millington’s relation for the effective diffusion coefficient of an unsaturated porous me-

dia [Millington, 1959]. It provides the reference value for the enhancement at each saturation 

level and the other cases have been normalized to these values to calculate the mechanistic en-

hancement factor η.  

Figure  4.13 depicts simulated vapor diffusion enhancement as function of water saturation for 

different temperature gradients. Each data point is a result of simulated vapor diffusion through 

the porous sample of Table  4.7 with vapor pressure gradient of 2950Pa/mm and the specified 

temperature gradient. Results illustrate vapor diffusion interactions with the liquid phase. Phe-

nomenologically the Sw – η plane could be divided to four different zones. Zone (1) is the retar-

dation zone where vapor diffusion is lower than inert gas diffusion due to opposing temperature 

gradient affecting vapor pressure field. Thermally induced suppression is a unique feature of 

this zone causing lower rates for vapor transport than inert gas under similar saturation. For low 

water contents, the contributions of thermally induced and capillary assisted vapor fluxes are of 

the same order of magnitude suggesting that strong opposing temperature gradient would cancel 

the minor enhancement due to water saturation. 
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Figure  4.13: Enhancement of vapor flux in sample scale for different saturation level and tem-

perature gradient, the curves show while diffusive flux of an inert gas in porous media mono-

tonically reduced to zero by the increase of saturation level [Millington, 1959], in the case of va-

por diffusion in a capillary tube with disconnected liquid phase distributed along the length of 

the tube, it can enhanced over several order of magnitude. Data points are the result of vapor 

diffusion in a 3D sample of Figure  4.12 in different temperature gradients. The Sw- plane can 

be divided to four different zones, in zone (1) vapor diffusion may be retarded mainly due to the 

opposing temperature gradient; in zone (2) characterized by low saturation, thermally induced 

enhancement results higher vapor flux than the inert gas; for zone (3), characterized between 

saturation corresponding to the percolation threshold and saturation for which the mean pore 

size would be invaded by liquid phase, capillary assisted vapor diffusion leads to the vapor flux 

rates much higher than the inert gas values; and finally in zone (4), majority of the pathways 

convey mass in capillary mode and the transport phenomena would not be vapor transport an-

ymore 

As the porous medium gradually saturates the mass transport regime shifts from zone (2) to 

zone (4). Zone (2) is the conventional enhancement zone where the water content is low and the 

mass transport is dominated by diffusion. In this zone, saturation remains below percolation 

threshold of the medium and no capillary connected clusters or pathways span the sample 
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length. Nevertheless, the presence of liquid islands shortens diffusion length and vapor flux is 

enhanced relative to inert gas diffusion. In the low range of saturation, the contributions of ca-

pillary assisted and thermally induced enhancement may double or triple the vapor flux depend-

ing on the magnitude of assisting temperature gradient. 

Zone (3) marks the percolation threshold with capillary connected pathways progressively form 

across the sample and transport regime gradually shifts from capillary assisted vapor diffusion 

to pure capillary convection [Shokri et al., 2009]. Although the number of capillary pathways is 

of the same order as pathways dominated by diffusion, the contribution of capillary connected 

pathways dominates the mass transport process. The role of thermally induced fluxes becomes 

minor in this zone and the opposing temperature gradient cannot suppress the capillary assisted 

enhancement, therefore the rate would be definitely higher than inert gas transport for most 

conditions. 

In zone (4), the majority of pathways are capillary connected. The remaining disconnected air-

filled pockets further reduce the role of diffusive transport and the process is dominated by ca-

pillary convection. In a few places where some vapor diffusion takes place, a temperature gradi-

ent may assist or oppose this contribution, but the magnitude of this component would be negli-

gible. 

Admittedly, the simplified upscaling employed here and associated pathways clearly deviate 

from the true 3D structure of pathways in unsaturated porous media. Nevertheless, this simpli-

fied approach permits the use of refined pore scale models for capillary and thermally assisted 

vapor transport in the presence of liquid islands, and could serve as an upper bound for the 

magnitude of enhancement expected in fully 3D porous media. The key to the understanding of 

isothermal vapor transport enhancement mechanisms is the contribution of capillary liquid flow 

across liquid clusters that would block inert gas diffusion. The apparent vapor transport en-

hancement based on experimental data that do not consider internal transport mechanisms, may 

lead to confusion and overstate the potential role of vapor enhancement associated with zone (2) 

in Figure  4.13 which under certain conditions may double or at most triple the vapor flux. 

This is also the core of argument in the work of Shokri et al [2009] that what is known as the 

enhancement of vapor diffusion, is essentially capillary and film flow through porous media and 
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if there is no liquid phase, pure diffusion can be simply described with Fick’s law modified for 

porous media as equation (4.1).  

Temperature gradients in the case of nonisothermal vapor diffusion are additive to the effect of 

diffusive length alteration, and indeed vapor filled pores may become hotter than neighboring 

water filled pores which thus enhance transport in vapor phase. If on the other hand, the temper-

ature gradient opposes vapor transport, it may suppress vapor flux and reduce the overall rate to 

less than 50% of equivalent isothermal inert gas diffusion. In the context of conventional en-

hancement, the contribution of thermally induced enhancement or suppression is of the same 

order as capillary assisted enhancement at low saturation, direction and magnitude of the tem-

perature gradient could be tuned to cancel or augment capillary assisted enhancement. At higher 

water contents, the role of thermally induced vapor flux is reduced and vanished under saturated 

conditions. 

4.6 Concluding Remarks 

The classical approach for explaining enhanced vapor transport through partially saturated po-

rous media rely on the theoretical framework of Philip and de Vries [1957] which, in turn, is 

based on pore scale enhancement mechanisms. We examined the validity of these mechanisms 

at pore scale by means of the capillary condensation model developed in the work of Shahraeeni 

and Or [2010b] and its validity verified at pore scale in a series of synchrotron X-ray tomogra-

phy measurements conducted at Swiss Light Source, PSI, Switzerland.  

Numerical simulation of vapor transport at pore scale in different conditions of phase distribu-

tion and temperature gradients quantified the role of capillary assisted liquid flow in the facilita-

tion of vapor transport and the contribution of thermally induced vapor diffusion owing temper-

ature gradient. Depending on the configuration of the menisci and direction of the gradients, 

enhancement or suppression of the vapor flux may occur as summarized in Table  4.6. 

Upscaling the pore-scale calculations to Darcy scale was based on low order dimensionality 

scheme that provides insight on the dynamics, order of magnitude and saturation dependency of 

enhanced vapor diffusion (EVD) in porous media. Contingent upon the water content of the 

porous medium, different scenarios would be possible for vapor diffusion. Below the liquid 

phase percolation threshold where mass flow is dominated by diffusion, conventional enhance-
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ment is possible due to sequential evaporation and condensation on the interfaces of liquid 

phases which shorten diffusion length and potentially enhance vapor diffusion for two or three 

times of the inert gas diffusion in the same water saturation. With the increase of saturation to 

values higher than liquid phase percolation threshold, capillary connected pathways form and 

may span the entire sample length efficiently transporting mass by capillary convection while 

most of pathways may still serve diffusion regime. Such a situation results in high apparent 

enhancement in overall mass transport immensely increases with water saturation to the point 

when the majority of pathways are invaded by liquid phase and the flow regime could no longer 

be considered as vapor diffusion. In this sense, the classical PdV approach can definitely ex-

plain the higher rates of vapor diffusion compare with the inert gas rates in low saturation below 

percolation threshold which might be valid to some extend to the medium range of water satura-

tion as an apparent enhancement. However, for high saturation levels, the primary transport 

mechanism is replaced by capillary flow and the concept of enhanced vapor diffusion becomes 

meaningless and may be subject to experimental misinterpretation. Interestingly, the failure of 

enhancement mechanisms due to formation of capillary pathways was anticipated by PdV but 

was subsequently ignored. 
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Appendix A: Mapping of a pendular domain to a straight wedge 

The so-called Möbius transformation conformally maps a pendular domain between two cross-

ing circles to an straight wedge. Considering two crossing points at z = 0 and z = a, a family of 

circles in the z–plane passing through these points will be mapped to a family of lines in the w–

plane meet at the origin w = 0 with arg(w) = c, where c is a constant and arg is the argument of 

the complex variable w. The Möbius (bilinear) transformations map between z–plane and w–

plane are: 
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Figure A1 shows a family of circles and lines for a = 1. 

In the Matlab® code developed for the image analysis of the synchrotron X-ray data, centers and 

radii of the circles in contact will be extracted from the image and a calculated based on d dis-

tance between the centers. Having a, one can calculate w1 and w2, corresponding points for two 

arbitrary points on the circles in the z–plane, then apex half angle (θ) is: 

   1 2arg arg
θ

2

w w
  (A1-3) 

 

Figure A1: Mapping a family of circles to a family of lines using Möbius transformations (A1-1) 

and (A1-2) 

which will be used in the relations of part 4.2. The same procedure is also used to map the pen-

dular domains between the grains of Figure  4.11 to the straight wedges for the simulation of 

pore scale vapor transport in part 4.4 and 4.5. 

Appendix B: Dependencies between different quantities specifying vapor density infor-

mation in a pore volume 

Having two out of seven quantities of temperature (T), concentration (C), vapor saturation (S), 

relative humidity (RH), vapor pressure (Pv), matric potential (Ψ) and interface curvature (κ), one 

z w
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can specify information about the fraction of vapor molecules present in the pore and in the 

vicinity of an interface. Considering temperature and interface curvature as the independent 

variables (in other word assuming that we are looking at an interface with certain curvature in a 

certain temperature), all the other quantities can be calculated as: 

Ψ 2σκ [Pa]   (A2-1) 
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In these relations ρ* is the liquid density equal to 1000kg/m3 for water and ρsat is saturated vapor 

density which is a strong function of temperature and can be calculated based on saturation va-

por pressure. The Antoine equation describes the relation between saturation vapor pressure and 

temperature for pure components. In the original form it reads: 

10

1730.63
log 8.07131

233.426satP
T

 


 (A2-6) 

where Psat [Torr] is the saturation vapor pressure and T [ºC] is temperature. From here using 

proper unit conversion, one can calculated saturated vapor density as: 

ρ sat
sat

P

RT
  (A2-7) 

Surface tension σ [N/m] is also a function of temperature and can be calculated using Eötvös’ 

rule[Shahraeeni and Or, 2010b]: 

 σ 72.75 1 0.002 291T       (A2-8)
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Abstract 

Prediction of drying rates from porous media remain a challenge due to the interactions between 

energy and atmospheric conditions (radiation, humidity, temperature, air velocity) and porous 

medium properties often resulting in abrupt transitions and complex dynamics. Surface wetness 

has an important role on the control of the rates of vapor transfer from wet pores across atmos-

pheric viscous sub-layer next to surface for which a pore scale analysis has been developed in 

this chapter. To quantify the mass coupling between soil and atmosphere, the model should be 

able to simulate the variation of surface water content in the course of evaporation and to link it 

to the transport properties of the surface. We have constructed a pore scale model based on the 

work of Suzuki and Maeda [1968] calculating the change of mass exchange coefficient due to 

the change of water content under different boundary condition. Linking such a model to an 

algorithm for redistribution of evaporated mass based on the interface curvature and check for 

the invasion in each time step provides the possibility for the simulation of a transient evapora-

tion process starting from a fully saturated surface and dried out to the stage II of evaporation 

showing a continuous decrease in evaporation flux reminiscent of internal diffusion control 

process while capillary flow continuously supplies the vaporization surface. The results are 

consistent with the experiment conducted in the wind tunnel under controlled conditions for air 

velocity and provide the necessary building block for the field scale studies of interaction be-

tween partially wet terrestrial surfaces and atmosphere during evaporation. 

5.1 Introduction 

Internal flows induced by evaporation are relatively slow with velocities in the range of a few 

millimeters per day. Nevertheless, evaporation from porous media is a highly dynamic process 

that may vary considerably in space and time, and prediction must consider interplay between 

internal soil processes (capillary flow to vaporization surface and vapor diffusion) and atmos-

pheric conditions (energy input, air temperature and relative humidity). Drying rates from an 

initially saturated porous media often exhibit clear transitions where an initially constant stage I 

drying rate for mild atmospheric demands may abruptly change to a lower rate denoted as sta-

ge II) governed by vapor transport [Shokri et al., 2008a]. 

In low atmospheric demand, even with complex invasion patterns of air replacing evaporating 

water and motion of a drying front, evaporation rate observed at soil surface may remain con-
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stant for extended periods of time. Water supply to evaporating surface depends on liquid (or 

vapor) transport and on driving gradients (capillary pressure, gravity and vapor concentration 

differences) as mediated by soil pore sizes and phase continuity. Capillary liquid flow support-

ing stage I is more efficient transport process than vapor diffusion, however it requires liquid 

continuity and capillary gradients. In a 3D invasion percolation model Le Bray and Prat [1999] 

and Yiotis et al [2007; 2004] related existence of stage I to nearly constant water content at the 

surface with capillary liquid flow from the interior continuous network of liquid filled pores. To 

assess flow capacity of porous medium, capillary and viscous properties of pore system must be 

quantified. It has been shown [Lehmann and Or, 2009; Lehmann et al., 2008] that balancing 

capillarity, gravity and viscous forces, the pore size distribution and not mean pore size as pre-

viously postulated by Laurindo and Prat [1998] and Prat and Bouleux, [1999]) determine the 

hydrologic conditions needed for sustaining stage I.  

Under high evaporative demand, even during capillary-sustained stage I, observations show a 

continuous decrease in drying rate from the onset of the experiment with an initially-saturated 

surface. This trend occurs even in soils with no hydraulic limitations and is attributed to limita-

tions on vapor exchange between evaporating surface and atmosphere [Schluender, 1988]. Spe-

cifically, the interactions between dynamics of surface wetness (especially patchiness of evapo-

ration sites) and viscous sub-layer formed by air flow control vapor transport. In an early study 

Suzuki and Maeda [1968] have used a simple steady state vapor convection along surface and 

diffusion into the air to show that sufficiently wet surface and thick boundary layer could sup-

port a constant rate period irrespective of surface wetness until relatively dry surfaces; these 

findings were subsequently confirmed by an extensive pore network study by Yiotis et 

al [2007]. 

For high air velocities, decreasing surface water content would reduce evaporation rate. The 

exact mechanisms for the coupling remain unclear, some relied solely on the simplified geome-

try of surface water patches [Schluender, 1988; Schultz, 1991], while others have used area av-

eraged mass exchange coefficient [Yiotis et al., 2007]. Such approaches tend to disregard capil-

lary water supply and transient behavior of wet patches which is the exact focus of this work. 

Linking surface boundary conditions with the internal mechanisms of mass transport provides 

the base for the investigation of surface wetness dynamics and the way it affects evaporation 

rate under different boundary condition. We developed a pore scale model simulating evapora-

tion and consequent variation of surface water content coupled on top to the boundary condition 
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(air flow over the surface) and from bottom supplied by capillary flow depends on the pore size. 

Such a system yields all the dynamics of the coupling problem due to the variation of surface 

water content and provides a physically based model for the investigation of the interaction 

between porous medium and atmosphere during evaporation. 

Following the introduction we present theoretical background and details of the model for simu-

lating pore scale evaporation and coupling of internal transport mechanisms to the external flow. 

In section  5.3 some results of the simulation which are in agreement with the experimental data 

from wind tunnel have been presented. A preliminary analysis on the role of surface wetness on 

the dynamics of evaporation will also be developed in section  5.4. 

5.2 Transient modeling of mass transfer from discontinuous sources 

High and constant evaporation rate is often sustained by soils with high hydraulic conductivity 

supporting capillary flow across the zone between the primary drying front and the surface. 

Nevertheless, the relationship between drying rate and soil properties is more complex, and 

even with hydraulic continuity and sufficiently high hydraulic conductivity evaporation rates 

may continuously decrease due to limitations to mass transfer across air viscous boundary layer 

which needs a coupling model for the interface explaining mass transfer from the soil to the air 

stream. During evaporation from a porous medium, mass transfer takes place from discontinu-

ous menisci at the surface of the bed which decreases the ratio of the area of the menisci to the 

adjacent solid phase with decreasing surface moisture concentration. The menisci communicate 

with the ambient air through a mass boundary layer related to the momentum boundary layer by 

Schmidt number. Vapor emitted from the meniscus is transported across viscous sub-layer by 

diffusion and convection with driving concentration gradient defined by relative humidity of the 

ambient air above the mass boundary layer and the thickness of this layer as illustrated in Fig-

ure  5.1. 

From the receding drying front capillary connected pathways continuously supply water and 

menisci adjust curvature to maintain capillary pressure difference. For a drying surface exposed 

to the atmospheric demand, the pore evaporation rate may exceed capillary supply rate which 

results invasion by the air phase and evaporation continues from a receding drying front. The 

interface curvature as a function of pressure difference between both sides of the meniscus 

monotonically decreases with the mass loss to the minimum value equal to the pore diameter 
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supply and vapor diffusion at pore scale which provides a mean for the parameterization of the 

coupling process. They solved for the vapor concentration in a 2D boundary layer of Figure  5.2 

for three different regimes of air flow in the mass boundary layer hereafter called “basic solu-

tions” of Suzuki and Maeda [1968]. 

Figure  5.2: Schematic of the pore scale problem; 

there is a main stream of the flow above the surface 

communicating with the porous medium via mass 

boundary layer (m), dashed line rectangle indicates 

the domain of solution for equation (5.1) or (5.3) de-

pending on the regime of the boundary layer, for the 

dry part of the surface boundary condition is 

C / y = 0 and for the wet part C = Cs. Basic solu-

tions of Suzuki are available for three different veloc-

ity regimes (stagnant, uniform and linear velocity 

profiles) in the boundary layer 

In Figure  5.2, m is the thickness of mass boundary layer across which vapor concentration 

changes from saturation value to the ambient value and v is the momentum boundary layer 

thickness. These two values related to each other by Schmidt number, Sc = v/m. Such a rela-

tion gives the thickness of mass boundary layer based on the momentum boundary layer thick-

ness which in turn could be calculated based on the free air stream velocity. W is the width of a 

building block representing half a single grain (1-)W and half a single pore W, therefore  is 

the fraction of surface filled with liquid phase. 

The simplest regime would be a stagnant boundary film where pure diffusive mass flux could be 

approximated as the gradient of Laplace equation for the concentration field with the boundary 

conditions as (5.1): 

C=Cs

C=Ca
C=Ca

∂C
∂y = 0

δm

δm

δv

δv

ϕW

W

v(y) = V∞

v(y) = V∞y/δm

x
y
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 (5.1) 

in the domain of solution shown in Figure  5.2. Defining mass transfer coefficient from the sin-

gle pore: 

 

/2
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2

W

y
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C
D dx

y
k

W
C C



 
   





 (5.2) 

where D [m2/s] is the molecular diffusivity for the vapor in the air. The coefficient for a free 

surface under the same condition is equal to k0 = D/ and the ratio k/k0 specifies mass transfer 

information due to the partial blockage of the surface. The system of equation (5.1) are charac-

terized by two dimensionless parameter δ/W and  stipulating the final solution as illustrated in 

Figure  5.3a. 

 

Figure  5.3: Effect of the fraction of wet surface in the pore scale building block on the mass 

transfer coefficient in three basic air flow regimes applied to the surface (a) stagnant boundary 

layer, (b) linear velocity profile and (c) uniform velocity profile (reproducing of figures 3, 5 and 

6 of [Suzuki and Maeda, 1968]) 
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Next, Suzuki and Maeda considered a boundary layer due to air flow above the surface with a 

fully developed steady state velocity profile v(y) in the x-direction. Neglecting vapor diffusion 

in the direction of the flow considering high Péclet number, the mass transfer equation and 

boundary conditions are: 
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 (5.3) 

in the same geometry of Figure  5.2, located at x = nW from the leading edge of the mass bound-

ary layer (which has to be specified due to the directionality of the flow, although the momen-

tum boundary layer considered as fully developed). Dimensional analysis of equation (5.3) 

yields 
 2δ δ

DW
N

v
 , n and  as the controlling parameters of the problem where N reflects the 

role of pore size as well as velocity in the mass transfer problem and n is the number of discon-

tinuous sources. They showed that for an arbitrary velocity profile v(y), the solution of equa-

tion (5.3) consists of two parts: a periodic solution for the fully developed region far enough 

from the leading edge of the mass transfer boundary layer, and an entrance solution at small x 

which would be later disappeared, therefore considering fully developed mass boundary layer 

let us drop n and solve the problem independent of the absolute coordination of the pore, similar 

to the case of stagnant solution. Depending on the ratio between the thicknesses of mass and 

momentum boundary layers for Schmidt number 1Sc  and 1Sc , the velocity profile along 

the vertical direction maybe considered linear and uniform, respectively, leading to the analyti-

cal solution of equation (5.3) using the method of separation of variables. The ratio between 

mass transfer coefficients k/k0 for these two cases have been illustrated in Figure  5.3b and c. 

Three basic solutions of this figure is the base for the construction of pore scale coupling model 

as explained in the next section. 
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5.2.2 Pore scale model of coupling between an evaporation site and ambient air 

The solutions of Suzuki and Maeda provide detailed information of the coupling at the pore 

scale. We simulate a real 2D evaporative surface, as a population of square pores (Wx = Wy = W) 

with a distribution for the dimensions Wi, from which the exchange rate to the atmosphere is 

calculable as either basic linear or uniform solutions of Suzuki and Maeda in the flow direction 

superimposed to the basic stagnant solution in the lateral direction. A schematic of the building 

block, abstracted from the reality of Figure  5.1 has been demonstrated in Figure  5.4. Assuming 

evaporation as a quasi-static process, in each time step, the mass transfer coefficients kx and ky 

in two directions and rate of mass loss  1 δae kD C   from each pore could be calculated 

knowing the physical characteristics of the surface (pore size distribution Wi and surface water 

content ) and ambient air conditions (air velocity and relative humidity). 

 

Figure  5.4: Schematic of the coupling problem in 3D as the superposition of the basic solutions 

of Suzuki and Maeda, in lateral direction, stagnant solution would be used and in the flow di-

rection, depending on the ratio between mass and momentum boundary layers, either linear or 

uniform profile for the velocity (and the corresponding basic solution) would be implemented. 

Radius of curvature rc, equal between all pores, could be calculated based on the pore dimen-

sion and volume of the evaporated cap 

To couple the internal and external mass transport mechanisms, ‘redistribution’ and ‘invasion’ 

are the means for communicating data through the interface between porous medium and ambi-
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ent air. Total mass losses from the whole population of the pores would be redistributed be-

tween them based on the equality of the interface curvature. Having totalm  and pore size distri-

bution Wi, radius of curvature rc is calculated from: 

 3 33
2 3cosα cos α

πρ

α arcsin
2

tot
c i i

i

i i
i

c

m
r

W

r

  







 (5.4) 

where  [kg/m3] is water density and i is the apex half angle of the menisci. Knowing rc, redis-

tributed mass loss from pore i is rc
3(2−3cosi+cos3i)/3.  

Since the basic solutions are essentially applicable to a single pore, we have to define the sur-

face water content in a single pore in accord with the up-scaled concept. Considering the ulti-

mate point of invasion, when the curvature of a meniscus becomes equal to Wi/2, as the point 

one may assume pore as dry, in each time step started from fully saturated pore with  equal to 

the porosity, water content would be equal to the porosity times the ratio of the volume of re-

maining water to the volume of hemisphere with radius Wi/2. In this way, before invasion (at 

which the meniscus becomes hemisphere) water content is gradually changing from a value 

equal to porosity (when the interface curvature is infinity) to zero. As soon as the pore is invad-

ed, we will have a receding meniscus from which evaporation is driven with a fixed vapor den-

sity difference (1−Ca) over a longer diffusive length m+Ldried. For the next time step, the new 

value for i would be passed to the basic solution to be considered in the calculation of mass 

transfer coefficient. Drying process will be continued in the loop to the point the smallest pore is 

invaded and surface get dried. 

In order to increase the computation efficiency, in the air side, calculation will be done for a 

class of pores, with one pore from each size, but on the porous medium side a distribution of the 

pores, corresponding to the measured grain size distribution, is considered. In this way, we can 

solve the coupling problem for a realistic surface with thousands of pores, while the time con-

suming part of calculation is solved for a class of pores with different Wi which then times by 

the number of that member of the class before redistribution to the whole surface. To represent a 

realistic surface of a sand sample with known grain size distribution, as a rule of thumb we con-

sider the pore size one-third of the grain size and distribute them over the surface constrained to 
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centerline of the tunnel above the sample. Potential evaporation from water surface has been 

measured and calibrated versus air velocity for the tunnel as shown in Figure  5.6. 

 

Figure  5.6: Calibration curve for the potential evaporation versus air velocity 

 

Infrared camera installed on the top of plexi-glass section takes IR images from the evaporative 

surface and gives distribution of evaporative flux over the surface in different scale adjusted 

using lens extension. Connection on the bottom of the sample provides the mean for running 

experiments in different supply boundary conditions connected or disconnected to the water 

reservoir. The reservoir is a Marriott bottle which may be attached to the setup. In the connected 

mode, level of the Marriott bottle is controlled by a level-controlled table to adjust the level of 

water table in the sample. 

The overall evaporation rate from surface would be used as the first examination of the model. 

Experimental data for evaporation from a rectangular surface with 25cm×8cm dimension made 

of 100μm-300μm pore size with 0.40 porosity exposed to the air flow with 4.12m/s velocity for 

4 days is shown along with the simulation result in Figure  5.7. It reveals higher rate of evapora-

tion predicted by the numerical algorithm for the early stages (first 0.25d), followed by lower 

rates for the rest of the experiment. In terms of cumulative mass loss, maximum error is 27% for 

t = 0.73d which decrease to 6.25% at t = 4d. Individual consideration of the pores and neglect-

ing the spatial distribution of them over the surface, inaccuracy in the estimation of pore size 
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distribution and deviation in the estimation of boundary layer thickness may be considered as 

the source of error in the prediction. 

 

Figure  5.7: Comparison of cumulative mass loss data and evaporation rate from experiment 

with calculation for a 20cm×8cm surface filled with 100m-300m pores with the porosity of 

0.40 representing surface of a sand sample with grain size 300m-900m dried with air flow ve-

locity 4.1m/s, cumulative mass loss shows on the right Y-axis in red and evaporation rate shows 

on the left one in black, dash lines are the numerical results  

Having temporal variation of the rate from individual pores, numerical simulation may provide 

detailed data of the evaporation rate distribution on the surface as shown in Figure  5.8 for two 

different time steps for part of the surface of the sample used in Figure  5.7. Similar data are 

available from infrared thermography of the surface as shown in Figure  5.9, for that spots with 

temperature higher than a certain threshold, representing grains are filtered out and the remain-

ing pixels map to the evaporation rate based on the method explained in the first part of the dis-

sertation. Such data would be used for detailed study of the evaporation distribution on homo-

geneous and heterogeneous surfaces and the effect of non-uniformity and patchiness of the pat-

terns on evaporation. 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

200

400

600

800

1000

time [day]

C
um

ul
at

iv
e 

m
as

s l
os

s [
g]

Ev
ap

or
at

io
n 

R
at

e 
[m

m
/d

ay
]

0

5

10

15

20

25

Experimental Evap Rate
Experimental Mass Loss
Numerical Evap Rate
Numerical Mass Loss



 Chapt

 

5.4 

To in

bound

ter 5 

Figure  5.8: S

after 18h and

Figure  5.9: S

after 18h and

bar is match

Effect of s

nvestigate th

dary conditio

Spatial distribu

d 60h for the s

Spatial distribu

d 60h from inf

hed with the ra

urface wetn

he role of sur

on, we appli

ution of evapo

ample of Figur

ution of evapo

frared thermo

nge of evapora

ness on evap

rface water 

ied drying ai

oration rate ov

re  5.7 from nu

oration rate ov

ography of the 

ation rate in Fi

oration dyn

content on t

ir with differ

ver the surface

umerical simula

ver the surface

sample surfac

igure  5.8 

namics 

the interactio

rent velocitie

 in two differe

ation 

 in two differe

ce used in Figu

on between p

es to the sam

ent time steps 

ent time steps 

ure  5.7, color-

porous medi

me medium a

158 

 

 

ia and 

as Fig-



Porous Surface Wetness Affects Coupling with Atmosphere and Evaporative Fluxes 159 

 

ure  5.7 and Figure  5.8. Surface wetness, defined as the area averaged of the pore water content 

to the initial fully saturated water content could be calculated in each time step and plotted ver-

sus evaporation rate of that time step normalized to the initial evaporation rate as depicted in 

Figure  5.10. It clearly shows the way porous medium interact with the ambient air during evap-

oration. In low velocity, evaporation rate does not effectively change while the pores are invad-

ed and the surface water saturation reduced. Such a condition results fairly constant rate of ex-

change between porous medium and ambient during a long period of evaporation till the whole 

surface get dried and all pores are invaded. 

This situation enormously changes in high air velocity where the exchange rate is more sensi-

tive to the surface wetness and decrease of the surface saturation results gradual change of mass 

loss which may limit drying due to high demand; it means for low enough surface saturation it 

is even possible that the absolute rate of exchange in low air velocity becomes higher than the 

high velocity. 

 

Figure  5.10: Effect of surface wetness on evaporation rate in different velocities, evaporation 

rates in each velocity is normalized to the maximum evaporation rate in that velocity. The ratio 

0e e = 0.9   defines threshold for constant evaporation rate and surface wetness 0.89 indicates 

surface water saturation below which evaporation curve would be declining since the onset of 

experiment due to dependency of the normalized rate to the surface wetness. The inset shows 

threshold surface wetness for different velocities, below which declining pattern in the evapora-

tion curve happens 
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Considering a threshold for 0e e  below which evaporation rate variation cannot be neglected 

and “fairly constant evaporation rate” may not be assumed, the relation between dynamic re-

sponse of porous medium and surface wetness would be quantified based on the result of Fig-

ure  5.10. Setting the threshold as 0 0.9e e   , the inset of Figure  5.10 depicts the variation of 

surface wetness for which the normalized rate drops to the value lower than the threshold as a 

function of air velocity. It shows two different regimes for the interaction between surface wet-

ness and ambient demand. When there is a perceptible air flow over the surface (Vair>1m/s), 

evaporation rates decline as soon as 11% of the surface water evaporates (surface wetness = 

0.89). High demand due to high air velocity gives a positive feedback to the system and thresh-

old is passed very soon after the onset of the experiment, starting from fully saturated condition 

in high demand – high velocity systems. For calm systems, when the air velocity is less than 

1m/s, threshold surface wetness changes from zero (for imaginary zero air velocity over the 

surface) to 0.76 for the velocities in the range of 0.2m/s to 1m/s. In this regime, due to the low 

demand, decrease of the surface wetness takes place slowly and a fairly constant rate period 

would be distinguishable from the onset of experiment to the point surface saturation approach-

es the threshold. 

5.5 Conclusions 

This chapter introduced an ongoing project addressing the issues of evaporative coupling with 

atmospheric boundary layer. Analytical and numerical models for transient coupling of pore 

scale evaporation to the advection – diffusion boundary flow based on the basic solutions of 

Suzuki and Maeda [1968] has been developed. The up-scaled results of the model are verified 

versus experimental data of evaporation in controlled condition of the wind tunnel. Preliminary 

results of the model for evaporation from a porous surface exposed to different velocities re-

veals dependency of evaporation dynamics to the surface wetness. In high demand – high air 

velocity systems, evaporation rate is a strong function of the surface wetness which causes dec-

lination of the evaporation rate from the onset of experiment due to the sharp changes of surface 

wetness. On the other side, for low demand – low air velocity system, evaporation rates remain 

fairly constant over a wide range of surface wetness which results constant rate period for evap-

oration in such systems. The model provides detailed information for the distribution of evapo-

rative fluxes on the surface which will be used for further investigations on the patchiness and 

variation of the exchange rates from heterogeneous surfaces. 
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Concluding Remarks 

Main Achievements 

This dissertation consists of three different parts addressing three different aspects of evapora-

tion from porous media: 

1. The first part focuses on energetic aspects of evaporation from porous media. In chapter 

1 and 2 we have introduced a new method for non-invasive determination of spatially 

and temporally resolved distributions of evaporative fluxes from heterogeneous porous 

surfaces based on infrared thermal (IRT) imagery. High resolution IRT imagery of 

evaporating surface temperature with noise equivalent temperature differences less than 

0.035K provides input to surface energy balance (SEB) to yield evaporation rate spatial 

distribution. The performance of the new approach was experimentally tested by 

weighting samples to verify the accuracy of thermally-predicted mass loss. In the ab-

sence of alternative methods for spatially resolved measurement of distributed evapora-

tive flux, the experimental data were checked versus corresponding analytical solutions 

of the governing equation for extreme scenarios for method verification. 

2. Inversion of the surface energy balance equation for each pixel of the infrared image 

yielding highly resolved evaporation field is a time consuming and computationally ex-

pensive task. We thus proposed a hybrid method based on the analytical solution of two 

extreme cases which may use averaged surface temperature to yield evaporation curves 

for each part of the heterogeneous surface. The MTERE method was extended to con-

sider realistic heterogeneous evaporative surfaces with several texturally different re-

gions and provides evaporation curves distinguished from each region of the surface.  

3. An important ingredient for accurate temperature-based approximation of the mass ex-

change rates is the unobservable ‘thermal depth of influence’ beneath an evaporating 

surface. In chapter 2, considering quasi static evaporation rate, lateral and vertical evap-

orative temperature depression lengths have been specified as functions of evaporative 

flux for different media properties and boundary conditions. This enables consideration 

of inaccessible thermal information along vertical direction beneath an evaporative sur-

face and resolves the closure issue for surface energy balance equation. We’ve devised 

a system for experimental verification of the subsurface temperature distribution using 
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side view IR imagery beneath evaporative surfaces and successfully compared meas-

ured and predicted surface and subsurface thermal fields. 

4. The methodology developed in the first part offers a means for resolving differential 

drying of heterogeneous surfaces for hydrological flux estimation as well as for various 

drying processes of engineering and industrial applications. We envision also the use of 

such methodology for rapid delineation spatially heterogeneous surfaces subjected to 

similar initial and boundary evaporative conditions based on thermal signatures induced 

by evaporation. The results may be extended to plot and field scales using IR remote 

sensing and could consider special cases with precipitation, crust formation, and addi-

tional effects on surface evaporation. 

5. The second part of the dissertation focused on mass and heat transfer at the pore scale 

during evaporation. In this part, we addressed vapor diffusion in porous media as an ac-

tive transport mechanism during evaporation. Phase change and sequential evaporation 

and condensation exclusively occurs in the diffusion of vapor in the presence of liquid 

phase results in a transport pattern considerably different than diffusion of an inert gas 

through the same porous medium. To investigate this effect in chapter 3, dynamics of a 

liquid / vapor interface evolution due to capillary condensation and film adsorption has 

been mathematically quantified to model the pore scale phase change processes in un-

saturated porous media. We studied the key elements affecting dynamics of condensa-

tion (and evaporation) at the pore scale and verified the model accuracy by up-scaling 

the results to simulating mass adsorption / desorption processes in a granular bed. In the 

experimental part of chapter 4 the model capacity in the prediction of the interface evo-

lution in response to the variation of ambient conditions has been also examined in pore 

scale in a series of synchrotron X-ray experiments. 

6. The structural capillary deposited liquid at grain contacts and the rate by which mass is 

exchanged between various domains in partially saturated porous medium provides the 

basis for quantification of vapor transport due to capillary and temperature gradients in 

chapter 4. Dynamic model of chapter 3 was used for the simulation of vapor diffusion 

in-between a population of a few grains. Numerical simulation at pore scale in different 

conditions of phase distribution and temperature gradients shows the clear role of capil-

lary assisted liquid flow in the facilitation of vapor transport which can be augmented 

more by the alteration of physical properties of vapor owing temperature changes. Pore 

scale simulation provides the mechanistic explanation for different enhancement phe-
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nomena experienced in macro scale measurement of diffused vapor fluxes from porous 

media. Up-scaling of the resulted capillary and thermally assisted vapor transport to 

Darcy scale quantifies the range of thermally and capillary vapor transport enhancement 

and the apparent enhancement resulting from coalescing capillary flow pathways across 

the porous medium. 

7. The last part of the dissertation addresses issues of coupling between internal transport 

mechanisms and external boundary conditions at the evaporative plane. In chapter 5 we 

have constructed a 3D building block out of the analytical solutions of Suzuki and 

Maeda [1968] for the simulation of mass transfer from a series of discontinuous 

sources. In a course of evaporation, surface water saturation changes which enormously 

affect dynamics of mass exchange. By considering redistribution of mass loss based on 

the pore size and variation of the water content due to the gradual invasion of the sur-

face by the air phase, we have developed an analytical model which has all required in-

gredients for the physically based simulation of mass exchange dynamics on the inter-

face during a transient drying process. Numerical results are in good agreement with the 

result of pore scale thermal imagery of an evaporative surface conducted in the subsonic 

wind tunnel. The preliminary results will be extended and used for the further studies on 

the field scale interaction between land and atmosphere during evaporation. 

Future Perspective 

The broad range of natural and engineering applications concerned with evaporation from po-

rous media involve many spatial scales. While there is a considerable progress related to small 

scale porous media controls of evaporation dynamics, a key challenge remaining is how to link 

these phenomena with processes emerging and affecting evaporative losses at larger (field) 

scales. An obvious aspect for such up-scaling problem is proper consideration of effects of natu-

ral soil heterogeneity on evaporation, to determine whether small scale phenomena affect evap-

orative losses from larger systems of hydrologic interest. In addition to potential role of textural 

heterogeneity, we hypothesize, based on theoretical ground, that evaporation from sloping sur-

faces and hilly landscape may be enhanced relative to flat surfaces. Even for small topographic 

features evaporative losses could be affected due to interactions between gravity and capillarity 

during evaporation. The importance of such effects on regional evaporative losses from hilly 

landscape remains unknown.  
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Another important and understudied question pertains to the coupling between wet surfaces and 

flowing air above. Experimental evidence suggests that under high atmospheric demand evapo-

ration during stage I exhibits continuously decreasing flux rate. The interactions and conditions 

giving rise to such coupling-limitations and its dynamics remain unclear, but are considered 

important for large scale evaporation predictions under natural conditions. 

These open research questions propose the following researches: 

1. Developing and experimentally verifying models for evaporative coupling between wet 

soil surfaces and atmosphere for different wetness patterns and boundary conditions at 

different spatial scales and considering soil internal transport mechanisms 

2. Experimental and theoretical study on the role of gravity/slope on drying patterns and 

overall evaporative losses from hilly landscapes using thermal imagery technique 
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