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q mass sink/source term [kg/(m3·s)]

qκ molar sink/source term [mol/(m3·s)]

qe energy sink/source term [J/(m3·s)]

R dropelt radius of curvature [m]

R universal gas constant [J/(mol ·K)]

rCA dropelt contact radius [m]

rij pore throat radius [m]

Sα saturation of phase α [-]

T temperature [K]

t time [s]

u specific internal energy [J/kg]

Vdrop droplet volume [m3]

Vi pore body volume [m3]

Xκ
α mass fraction of component κ in phase α [-]

xκ
α mole fraction of component κ in phase α [-]

Subscripts and Superscripts

XXIV



g gas phase

i related to i-direction

i related to pore body i

j related to j-direction

j related to pore body j

l liquid phase

N quantitny related to free-flow cell neighbouring to droplet–free-flow interface

s solid phase

adv advancing

ff quantitiy related to free flow

int quantitiy related to free-flow face at dropelt–free-flow interface

rec receding
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Abstract

Behavior of a coupled free-flow–porous medium system is determined by the interface

between the two domains. Formation of droplets at the interface governs transport

processes in the whole system by enormously affecting the exchange of mass, momen-

tum, and energy between the free flow and the porous medium. A droplet that forms

at the interface might grow or shrink due to the flow from the porous medium and

evaporation from its surface into the free flow. It also might be detached from the

interface by the free flow. An example of such phenomena in nature is formation of

sweat droplets on the skin by perspiration and the resulted cooling effect through their

evaporation into the surrounding air. Water management in fuel cells, cooling systems,

and inkjet printing are just a few technical applications in which droplet formation at

the interface between a free flow and a porous medium appears.

In this work, pore-network modeling is used to describe the fluid flow in porous medium.

Using a pore-network model enables us to resolve the pore-scale phenomena in more

detail and locate the droplet emerging at the interface precisely, which are crucial for

developing the coupling concepts between the domains.

All the models developed in this work are implemented in DuMux, an open-source

simulator for flow and transport in porous media.

Coupling concept for free flow and porous medium with droplets at the interface

We developed a coupling concept describing the exchange between a free flow and a

porous medium including droplet impact at the interface by taking the droplet–porous

medium and droplet–free-flow interactions into account.

Writing the mass, momentum, and energy balances at the droplet–porous medium and

droplet–free-flow interfaces, we describe the interaction between the droplet and the

flow domains. In our concept, at the droplet–porous medium interface, a droplet and
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the connected pore exchange mass, while their pressure and temperature are equal.

At the droplet–free-flow interface, droplet molecules could leave the droplet due to

evaporation into the free flow, free-flow forces and capillary force act on the droplet

surface and energy is exchanged between the droplet and the free flow.

We present an approach to describe the droplet impact on the free-flow field. In this

approach, proper droplet related properties are assigned to the part of the free-flow

domain occupied by the droplet. Using this approach enables us to describe the impact

of multiple droplets at the interface into account, while treating the free flow as a

single-phase gas flow.

Model for droplet dynamics (droplet formation, growth, and detachment) In this

work, a droplet forms at the interface as a result of liquid phase breakthrough from the

porous medium to the interface. We describe the growth and shrinkage of the droplet

by computing the mass exchanged between the droplet and the connected pore and

between the droplet and the free flow. A droplet might grow or shrink with a constant

contact angle or a constant contact radius mode, depending on the droplet contact

radius and the connected pore radius at the interface.

In our concept to predict the droplet detachment, we identify and compare the forces

acting on the droplet as a whole, i.e., free-flow forces and triple contact line (adhesion)

forces. While free-flow forces act on the droplet to detach it from the interface, the

adhesion forces, acting on the triple contact line, work to keep the droplet at the

interface.

Model for droplet evaporation We describe the droplet evaporation as a diffusion-

driven process in which the vapor from the droplet surface diffuses into the surrounding

free flow due to the concentration gradient. Having local thermodynamic equilibrium

at the droplet surface and assuming the fluid phases are ideal solutions, we compute

the vapor concentration at the droplet surface and the concentration gradient between

the droplet surface and the surrounding free flow. In the developed concept, we obtain

the total mass exchange between the droplet and the free flow by integrating the mass

flux over the droplet surface.
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Results for droplet dynamics We present an experimental verification for a droplet

formation and growth at the interface. The experimental setup consists of a cylindrical

block made of Polytetrafluoroethylene (hydrophobic material) with a pore drilled at its

center. Water is injected to the pore inlet at the bottom and a droplet forms and grows

at the surface of the block. We simulated the droplet formation and growth process

and compared the results with the experimental data, which showed that our model is

able to predict the droplet formation and growth accurately.

In a comparison with experimental data for droplet detachment, a good agreement be-

tween the predicted droplet detachment volume by our model and experiment has been

shown. We also compare the detachment predictions made using our model and using

ANSYS Fluent and analyze the impact of contact angle hysteresis and the influence of

using different descriptions of triple contact line on droplet detachment.

How neighboring droplets at the interface influence detachment of the other droplet is

analyzed and discussed. Our analysis revealed that presence of an upstream droplet

might advance or delay the droplet detachment, depending on the free-flow velocity

and the distance between the two droplets.

Results for droplet evaporation We compare the simulation results of the developed

model for evaporation of a single droplet at the interface with experimental data. Then,

we examine the impact of free-flow and porous medium properties on the droplet evap-

oration. It is shown that velocity and relative humidity in the free-flow domain and

pore temperature in the porous medium play key roles in droplet evaporation process.

We analyze and discuss the impact of the droplet evaporation on the droplet detach-

ment. Our analyses showed that when the evaporation rate is comparable to the fluid

flow rate coming from the connected pore to the droplet, it causes a significant delay

in the droplet detachment or even prevent the detachment completely.
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Zusammenfassung

Das Verhalten eines gekoppelten Systems, das aus einer freien Strömung und einem

porösen Medium besteht, wird durch die Grenzfläche zwischen den beiden Bereichen

bestimmt. Die Bildung von Tropfen an der Grenzfläche beeinflusst den Austausch von

Masse, Impuls und Energie zwischen der freien Strömung und dem porösen Medium

erheblich und wirkt sich somit auf die Transportprozesse im gesamten System aus. Ein

Tropfen, der sich an der Grenzfläche bildet, kann durch die Strömung aus dem porösen

Medium und die Verdunstung an seiner Oberfläche wachsen oder schrumpfen bzw. von

der Grenzfläche durch die freie Strömung abgelöst werden. Ein gutes Beispiel hierfür

ist der natürliche Prozess der Schweißbildung, bei dem Tropfen auf der Haut zu einem

Kühleffekt durch Verdunstung in die Umgebungsluft führen. Das Wassermanagement

in Brennstoffzellen, Kühlsystemen und Tintenstrahldruck sind nur einige technische

Anwendungen, bei denen das Phänomen der Tropfenbildung an der Grenzfläche zwis-

chen einer freien Strömung und einem porösen Medium auftritt.

In dieser Arbeit wird die Fluidströmung in einem porösen Medium mittels des
”
Pore-

Network Modelling“ untersucht. Die Anwendung dieses speziellen Modells ermöglicht-

die Phänomene auf der Porenskala detaillierter aufzulösen und die an der Grenzfläche

entstehenden Tropfen genauer zu lokalisieren. Dies ist für die Entwicklung von Kop-

plungskonzepten zwischen den beiden Bereichen von entscheidender Bedeutung.

Die Modelle, die der vorliegenden Arbeit zugrunde liegen, wurden in DuMux, einem

innovativen und quelloffenen Simulationstool für Strömung und Transport in porösen

Medien, integriert.

Kopplungskonzept für freie Strömung und poröses Medium mit Tropfen an der

Grenzfläche Ein Kopplungskonzept wurde von uns entwickelt, das den Austausch

zwischen einer freien Strömung und einem porösen Medium unter Berücksichtigung
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von Tropfen an der Grenzfläche beschreibt. Dabei wurden die Wechselwirkungen sowohl

zwischen dem Tropfen und dem porösen Medium als auch zwischen dem Tropfen und

der freien Strömung untersucht.

Durch die Aufstellung von Massen-, Impuls- und Energiebilanzen an den Grenzflächen

zwischen Tropfen und porösem Medium sowie zwischen Tropfen und freier Strömung

charakterisieren wir die Interaktionen zwischen dem Tropfen und den jeweiligen Ström-

ungsdomänen ausführlich. In unserem dargelegten Konzept erfolgt ein Massenaus-

tausch zwischen einem Tropfen und der dazugehörigen Pore an der Schnittstelle zum

porösen Medium, wobei Druck und Temperatur der beiden an der Grenzfläche gleich

sind. An der Kontaktfläche zwischen dem Tropfen und der freien Strömung verlassen

Moleküle des Fluids den Tropfen durch Verdunstung in der freien Strömung. Zugle-

ich beeinflussen Kräfte der freien Strömung und Kapillarkräfte die Tropfenoberfläche

und es kommt des Weiteren zum Energieaustausch zwischen Tropfen und der freier

Strömung.

Ein Ansatz zur Beschreibung des Einflusses eines Tropfens auf das Gebiet der freien

Strömung wird in dieser Arbeit vorgestellt. Hierzu werden dem vom Tropfen ein-

genommenen Teil innerhalb der freien Strömung charakteristische Eigenschaften des

Tropfens zugeordnet. Durch diese Methodik können Effekte mehrerer Tropfen an der

Grenzfläche berücksichtigt werden, während die freie Strömung konsequent als ein-

phasige Gasströmung behandelt wird.

Modell für die Tropfendynamik (Tropfenbildung, -wachstum und -ablösung) In

dieser Arbeit resultiert die Bildung eines Tropfens an der Grenzfläche infolge des Ein-

dringens der flüssigen Phase vom porösen Medium in die freie Strömung. Das Wachs-

tum oder Schrumpfen des Tropfens wird durch die Berechnung des Massenaustauschs,

sowohl zwischen dem Tropfen und der ihm verbundenen Pore als auch zwischen dem

Tropfen und der freien Strömung, beschrieben. Abhängig von dem Kontaktradius des

Tropfens und dem Radius der damit verbundenen Pore an der Grenzfläche kann ein

Tropfen entweder mit einem konstanten Kontaktwinkel oder einem konstanten Kontak-

tradius wachsen oder schrumpfen.

In unserem Konzept zur Vorhersage der Tropfenablösung identifizieren und vergleichen

wir die Kräfte, die auf den Tropfen als Ganzes wirken, d. h. die Kräfte der freien

Strömung und die Kräfte der dreifachen Kontaktlinie (Adhäsion). Während die Kräfte
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der freien Strömung dazu tendieren, den Tropfen von der Grenzfläche abzulösen, wirken

die Adhäsionskräfte an der Dreifach-Kontaktlinie diesen entgegen, um den Tropfen an

der Grenzfläche zu halten.

Modell für die Tropfenverdunstung Die Verdunstung von Tropfen wird als ein dif-

fusionsgetriebener Prozess beschrieben, bei dem aufgrundvon Konzentrationsgradien-

ten der Wasserdampf von der Tropfenoberfläche in die umgebende freie Strömung dif-

fundiert. Bei lokalem thermodynamischem Gleichgewicht an der Tropfenoberfläche

und unter der Annahme, dass die flüssigen Phasen ideale Lösungen darstellen, wird

die Dampfkonzentration an der Tropfenoberfläche, sowie der Konzentrationsgradient

zwischen der Tropfenoberfläche und der umgebenden freien Strömung, berechnet. Im

vorgestellten Konzept wird der gesamte Massenaustausch zwischen dem Tropfen und

der freien Strömung durch Integration des Massenflusses über die Tropfenoberfläche

ermittelt.

Ergebnisse für die Tropfendynamik Ein experimenteller Nachweis für die Bildung

und das Wachstum eines Tropfens an der Grenzfläche wurde präsentiert. Der ver-

wendete Versuchsaufbau umfasst einen zylindrischen Block aus Polytetrafluorethylen

(einem hydrophoben Material), in dessen Zentrum eine Pore gebohrt wurde, durch diese

von unten Wasser injiziert wird. Der Prozess der Tropfenbildung und des Tropfenwach-

stums wurde simuliert und die Ergebnisse mit den experimentellen Daten verglichen.

Diese Daten zeigen, dass unser Modell in der Lage ist, die Tropfenbildung und das

Wachstum präzise vorherzusagen.

Ein Vergleich unserer Modellprognosen mit experimentellen Daten zur Tropfenablösung

zeigt eine gute Übereinstimmung zwischen dem von uns vorhergesagten Ablösevolumen

des Tropfens und den experimentellen Ergebnissen. Zudem setzen wir die Ablösungs-

vorhersagen unseres Modells in Bezug zu denjenigen, die mit ANSYS Fluent berechnet

wurden. In diesem Zusammenhang wird auch die Relevanz der Kontaktwinkelhysterese

betrachtet, sowie der Einfluss unterschiedlicher Beschreibungen der Dreifachkontak-

tlinie auf die Tropfenablösung analysiert.

Es wird analysiert und diskutiert, wie benachbarte Tropfen an der Grenzfläche die

Ablösung des jeweils anderen Tropfens beeinflussen. Unsere Analyse hat gezeigt, dass

die Anwesenheit eines stromaufwärts gelegenen Tropfens die Tropfenablösung des weiter
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stromabwärts gelegenen Tropfens beschleunigen oder verzögern kann. Dies hängt maß-

geblich von der Geschwindigkeit des Fluids in der freien Strömung und dem Abstand

zwischen den beiden Tropfen ab.

Ergebnisse für die Tropfenverdunstung Die Simulationsergebnisse für die Verdun-

stung eines einzelnen Tropfens an der Grenzfläche werden mit experimentellen Daten

verglichen. Anschließend wird der Einfluss von Eigenschaften der freien Strömung und

des porösen Mediums auf die Tropfenverdunstung untersucht. Es lässt sich feststellen,

dass die Geschwindigkeit und die relative Luftfeuchtigkeit der freien Strömung sowie die

Temperatur der Poren im porösen Medium eine entscheidende Rolle bei der Tropfen-

verdunstung einnehmen.

Die Auswirkungen der Tropfenverdunstung auf die Tropfenablösung werden analysiert

und diskutiert. Es wurde festgestellt, dass die Verdunstungsrate, sofern sie mit der

Rate der Fluidströmung aus der mit dem Tropfen verbundenen Pore vergleichbar ist,

die Tropfenablösung erheblich verzögern oder sogar gänzlich verhindern kann.
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1 Introduction

1.1 Motivation

In a coupled free-flow–porous medium system, the interface plays a crucial role. Phe-

nomena occurring at the interface determine the interaction between the free flow and

the porous medium. Formation of droplets at the interface of a coupled free-flow-porous

medium system occurs in many natural processes (e.g., human perspiration, in which

droplets form at the skin to control the body temperature) and technical applications

(e.g., fuel cells, cooling systems, membrane emulsification and filtration, thermal in-

sulation and air conditioning of buildings)[Zhu et al., 2007, Arai and Suidzu, 2013,

Glass et al., 2001, Charcosset, 2009, Rashidi et al., 2018]. Figure 1.1 illustrates a few

examples of systems in which droplets form at the free-flow–porous medium interface.

Droplet formation at the interface influences the interactions between the free flow and

the porous medium significantly, in particular, the exchange of mass, momentum, and

energy between the two domains. When a droplet covers a part of the interface, the

exchange between the two domains occurs through the droplet. Thus, at the part cov-

ered with a droplet, droplet–porous medium and droplet–free-flow interactions govern

the coupling between the free flow and the porous medium. Droplet formation tends to

increase the complexity of the system through turning a simple interface to a complex

interface, which not only handles the exchange between the free flow and the porous

medium, but also stores mass and energy.

Droplets at the interface might grow or shrink, depending on the rate of fluid flow into

the droplet from the porous medium and the evaporation rate from the surface of the

droplet to the free flow. They also might spread and merge with other droplets at the

interface, or be detached by the free flow [Baber, 2014, Ackermann et al., 2021]. In
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Figure 1.1: Examples of droplet formation at the interface between a free flow and a
porous medium: a) perspiration on a fingertip (©TIMELAPSE VISION
INC.)[TIMELAPSE VISION, 2017], b) water management in polymer electrolyte
membrane fuel cells [Baber, 2014], c) thermal insulation and air conditioning of
buildings, d) membrane emulsification, e) cooling systems.

modelling of a free-flow–porous medium system, taking the impacts of such phenomena

occurring at the interface into account is of great importance.

1.2 State of the art

We review the previous findings in the research fields related to coupled free-flow–porous

medium systems, droplet dynamics at the interface, and droplet evaporation.

Porous medium

Having a clear description of the porous medium is a crucial requirement in modeling of

a coupled free-flow–porous medium system. In macro-scale modelling of the fluid flow
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in a porous medium, the fluid and porous medium properties are defined by averaging

the microscopic properties over a representative elementary volume (REV) and Darcy’s

law describes the fluid flow [e.g., Zhang et al., 2000].

Pore-scale models, on the other hand, provide more details of the transport phenomena

occurring in a porous medium. These models, as their name implies, give an under-

standing of the fluid movement in a pore using a detailed description of the fluid config-

urations as well as fluid-fluid and fluid-solid interactions in the pore space [Blunt, 2017].

Direct numerical simulations, Lattice Boltzmann method and pore-network models are

examples of methods, which can be used in pore-scale modelling. In comparison with

other methods of modeling of pore-scale phenomena, pore-network models offer a low

computational cost by eliminating the need for tracking the interfaces between the flu-

ids and solid, while preserve a high level of accuracy [Joekar-Niasar and Hassanizadeh,

2011].

Coupled free-flow–porous medium systems without droplet impact

To investigate the systems of coupled free-flow–porous medium, two approaches have

been developed: single-domain approach and two-domains approach [Jamet et al.,

2009].

In the single-domain approach, it is assumed that one set of equations is sufficient to

describe the entire domain, which consists of a free-flow and a porous medium. The

Brinkman equation [Brinkman, 1949] is valid as the momentum balance equation in

the whole domain. Assigning proper values to permeability and porosity, the free-flow

domain and the porous medium can be distinguished and the transition between them

is described by a thin transition zone or a lower-dimensional interface. Using the same

set of equations in both subdomains eliminates the need for a special coupling concept

at the interface [Jamet et al., 2009, Mosthaf et al., 2011].

However, difficulties in determining the thickness of the transition zone and choosing

appropriate values for fluid and flow properties in this zone, as well as poor applicability

of the Brinkman equation to porous media with low porosity, made using the single-

domain approach quite challenging [Mosthaf et al., 2011].
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The two-domain approach, as the name suggests, applies two different sets of equations

to the flow domains. An interface separates the free flow and the porous medium and

proper coupling conditions need to be developed to describe the interaction between

the domains through the interface. Figure 1.2 shows single- and two-domain approach

schematically.

(a) (b)

Figure 1.2: Coupling concepts: a) single-domain approach and b) two-domain approach
[Mosthaf et al., 2011].

Mosthaf et al. [2011] proposed a coupling concept for a compositional system of single-

phase free flow and two-phase porous medium on REV-scale. They used a two-domain

approach, such that the Navier-Stokes equations and Darcy’s law are employed to

respectively describe fluid flow in the free-flow domain and the porous medium. The

domains are coupled through a simple interface which transfers mass, energy, and

momentum. The numerical implementation and performance of such a coupling concept

for evaporation process from porous media is presented in Baber et al. [2012].

Due to the importance of pore-scale effects in porous media for interface-driven coupled

systems, Weishaupt et al. [2019a] used pore-network modeling to describe the porous

medium and the Navier-Stokes equations for the free-flow domain. They employed a

fully monolithic coupling approach for the two subdomains and showed the high effi-

ciency of the coupled model in terms of computational cost and accuracy in comparison

with a reference case, which used Navier-Stokes equations to describe both subdomains

in a direct numerical simulation. Figure 1.3 depicts a coupled free-flow–pore-network

system used by Weishaupt et al. [2019a].

In Weishaupt et al. [2019b], the coupling conditions between the pore network and
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Figure 1.3: A schematic of a coupled free-flow–pore-network system [Weishaupt et al., 2019a].

the free flow are improved and a model reduction concept in the free-flow domain is

developed.

Weishaupt [2020] also analyzed the impact of pore geometry and pore-network hetero-

geneity on the numerical behavior of a non-isothermal compositional coupled system,

consisting of a single-phase free flow and a two-phase pore network, for modeling of

evaporation from porous media.

To benefit from local accuracy of a pore-network model in modelling of large porous

domains, a multi-scale approach could be employed. In such an approach, a porous

medium could be divided into sub-domains according to the transport process intensity.

Then, a pore-network model could be used to describe the parts of the porous medium,

which have major impacts on the system (e.g., near-interface regions), coupled with

the remaining parts of the porous medium modeled using an REV-scale approach [see

e.g., Balhoff et al., 2007, Weishaupt, 2020].

Coupled free-flow–porous medium systems including droplet impact

To capture the impacts of droplet dynamics at the interface between a free flow and

a porous medium on REV-scale, Baber et al. [2016] extended the coupling concept for

a simple interface to include the mass and momentum of the droplet by developing a
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REV-drop concept based on the concept presented by Mosthaf et al. [2011] and Baber

et al. [2012].

Baber et al. [2016] used an area weighted averaging of the coupling conditions. In

this approach, the free flow and the porous medium interact directly at the uncovered

part, while the interaction between the two domains occurs through the droplet at

the parts of the interface which are covered by droplets. They described the droplet

dynamics in an averaged manner and did not resolve the droplet. The droplet volume

is computed by introducing an additional degree of freedom at the interface using the

mortar method. However, their concept requires prior knowledge about the number

and location of the droplets forming at the interface and is not able to capture the

impact of the droplets on the free flow.

Qin et al. [2012] investigated water flooding in gas channels of polymer electrolyte

fuel cells by applying Darcy’s law in the porous medium (i.e., gas diffusion layer) and

the free-flow domain (i.e., gas channel). In their approach, it is assumed that the

gas channel behaves as a porous medium with porosity of one, hence Darcy’s law is

applicable to describe the two-phase flow therein.

Ackermann et al. [2021] developed a three-domain approach which sees the interface

as a lower-dimensional domain to include the droplet influence on a coupled free-flow-

porous medium system. In this approach, the interface is physically a thin layer of the

free-flow domain, which is in contact with the upper layer of the porous medium. The

impacts of the droplet behavior are included in the interface description on the REV-

scale. To account for film flow on the surface of the porous medium, they employed

a similar approach as in Qin et al. [2012], which used Darcy’s law in the free-flow

channel. Accordingly, Ackermann et al. [2021] developed a liquid saturation–relative

permeability relationship for the free-flow channel based on the amount of liquid in the

channel. Although their approach can describe the droplet formation and growth in

the interface domain, they use averaging to develop the coupling conditions between

the domains. This approach can not capture the impact of the droplets on the free-flow

field.

Using the volume of fluid method, Niblett et al. [2020] analyzed the impact of pore

morphology in porous media on free-flow–porous media interactions and the perfor-

mance of fuel cells. Their results stressed the importance of the interface conditions in

optimization of fuel cell efficiency. They also found that the location of the droplets
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forming on the surface of the porous medium plays a crucial role in water management

process.

Michalkowski et al. [2022] investigated the droplet formation, growth, and detachment

at the interface between the gas diffusion layer and the gas distributor channel in a

polymer electrolyte membrane fuel cell. They used a dynamic pore-network model to

describe the gas diffusion layer. They employed the developed model to describe the

interactive behavior of multiple droplets forming at the interface. The results were com-

pared with the so-called “bulging menisci model” introduce by Quesnel et al. [2015],

which describes the interactive behavior of the droplets at the interface. The compari-

son showed the ability of their model to capture the multiple droplets interactions.

Droplet dynamics at the interface

Investigation of the droplet dynamics on a solid surface under the influence of a free

flow has gained a lot of interests [Basu et al., 1997, Amara and Nasrallah, 2015, Chen

et al., 2005, Kumbur et al., 2006, Xie et al., 2018]. A droplet at the interface could

be deformed, slides/rolls or be detached due to the forces acting on the droplet by the

surrounding free flow [Basu et al., 1997, Xie et al., 2018]. Various parameters affect the

dynamics of droplets emerging at the interface of a coupled free-flow–porous medium

system. The main effective parameters could be classified under three groups: fluid

properties, domain properties and process properties. Interfacial tension between the

gas and liquid phases and viscosity of the phases (fluid properties), pore morphology

and wettability of the porous medium (domain properties), as well as free-flow velocity,

temperature, and the rate of droplet growth (process properties) are only a few examples

of parameters which influence the droplet dynamics at the interface [Charcosset, 2009].

The total free-flow force acting on a sessile droplet can be decomposed into two compo-

nents: the lift force and the drag force. The lift force acts perpendicular to the overall

flow direction, and the drag force acts in the overall flow direction [Basu et al., 1997].

A force that keeps the droplet attached to the surface against the external forces acts

on the triple contact line. Decomposing this force, one component acts in the opposite

direction of the free-flow drag force, which stems from the deformation of the droplet

and distortion of the triple contact line [Antonini et al., 2009]. This force has been
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referred to using different names in the literature, among them adhesion force, hysteresis

force and retention force. Another force component acts perpendicular to the solid

surface.

The competition between the free-flow forces and the triple contact line forces deter-

mines the onset of the droplet detachment. It has been shown that overcoming the

hysteresis force by the free-flow drag force determines the instability of the triple con-

tact line, followed by the droplet detachment [Basu et al., 1997].

Many attempts have been made to understand and describe the hysteresis force [Chen

et al., 2005, Kumbur et al., 2006, Cho et al., 2012, Antonini et al., 2009]. The hysteresis

force is a result of the interfacial tension acting on the triple contact line [Wang et al.,

2020]. Having a clear description of the shape of the triple contact line and the contact

angle distribution is of great importance in estimation of the hysteresis force.

Chen et al. [2005] developed a simplified model based on a two-dimensional notion to

predict the onset of the droplet motion on a solid surface. The model was used to

compute a droplet-instability diagram. Using a linear description of the contact angle

distribution along the triple contact line, Kumbur et al. [2006] derived an equation to

calculate the hysteresis force. Antonini et al. [2009] employed multiple profile images

of a droplet under influence of an external force to reconstruct the triple contact line

and contact angle distribution. They used the reconstructed contact line to evaluate

the hysteresis force. Cho et al. [2012] developed a relation between the Weber number

and the Reynolds number to predict the detachment of a droplet by a free flow.

To estimate the free-flow drag force, Kumbur et al. [2006] used a simplified approach by

using a control volume around the droplet in a free-flow channel. They estimated the

drag force by summing up the forces acting on this control volume due to the free-flow

pressure along the channel and the shear force acting on the top of the control volume.

Their approach was extended by Michalkowski et al. [2022] to include also the shear

forces acting on the sides of the control volume.

Basu et al. [1997] introduced a model to predict the onset of the movement of a droplet

on a solid surface. According to their analysis, a droplet on a super hydrophobic surface

detaches by the free-flow drag force once the free-flow drag force overcomes the retention

force. However, on a solid surface of less hydrophobicity, the droplet starts sliding on

the surface at the onset of the droplet motion.
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Hao and Cheng [2010] analyzed the dynamic contact angle of a droplet sliding on the

wall of a channel driven by a shear flow. They conducted a force balance analysis and

derived an analytical solution to predict the velocity of the droplet in terms of contact

angle hysteresis.

Droplet evaporation at the interface

Various parameters affect the evaporation of droplets at the interface of a coupled free-

flow–porous medium system. Droplet–free-flow interactions, droplet–pore interactions

and droplet–solid surface interactions control the evaporation of a sessile droplet at

the interface [Fuchs, 2013, Kulinich and Farzaneh, 2009, Song et al., 2011, Erbil, 2012,

Picknett and Bexon, 1977]. The droplet–free-flow interactions occur through the droplet

surface and affect, for instance, the diffusion of vapor from the surface of the droplet

into the free flow [Fang et al., 2005]. The droplet–pore interactions determine energy

and mass exchange between the droplet and the connected pore. The mode of droplet

evaporation, triple contact line dynamics and contact angle changes are dependent on

the droplet–solid surface interactions. In comparison with a droplet floating in a gas

phase, the evaporation of a sessile droplet is slower due to the presence of the solid

substrate, which hinders the evaporation [Picknett and Bexon, 1977].

Considering the evaporation of a spherical droplet as a stationary process, Maxwell

[1890] characterized the evaporation as a diffusion-driven process. Due to variation of

the droplet properties, e.g., droplet radius and temperature, referring to the droplet

evaporation as a quasi-stationary process is more accurate [Fuchs, 2013]. Fang et al.

[2005] described the droplet evaporation into free flow (air) as it consists of two parts:

the diffusion part, which is diffusion of the vapor into the air and is controlled by the

diffusion coefficient, and the evaporation part, which is flowing of the liquid molecules

inside the droplet to the droplet surface and is regulated by the latent heat of vapor-

ization.

Two pure modes of droplet evaporation on solid surfaces are distinguished: constant

contact angle mode and constant contact radius mode [Picknett and Bexon, 1977]. The

evaporation could occur following a combination of these two modes, depending on

the surface properties and free-flow conditions [Bourges-Monnier and Shanahan, 1995].

Stick-slip motion of the evaporating droplet is observed on surfaces with low pinning
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ability, whereas on those with high pinning ability, a high contact angle hysteresis is

observed [Bormashenko et al., 2011]. It is also shown experimentally that on surfaces

with more hydrophobicity, the contact line depins more easily during the evaporation

[Orejon et al., 2011, Shin et al., 2009].

Kulinich and Farzaneh [2009] showed that the pinning ability of the surface determines

the evaporation mode of a droplet on a super-hydrophobic surface. They observed

that on a surface with a high pinning ability, i.e., high contact angle hysteresis of the

droplet on the surface, the contact area of the droplet remains almost constant during

the evaporation while the contact angle decreases constantly. However, a droplet on a

surface with low pinning ability, i.e., low contact angle hysteresis of the droplet on the

surface, follows mostly a constant contact angle and a decreasing contact area mode.

According to their results, evaporation of a droplet on a surface with a high pinning

ability occurs faster.

Sobac and Brutin [2011] carried out experiments to investigate the impact of surface

properties on the evaporation of sessile droplets. They used nano- and micro-coatings

to vary the surface roughness and wettability. They found that the impact of contact

angle on the evaporation is more significant when the contact angle is greater.

Dash and Garimella [2013] investigated droplet evaporation on hydrophobic surfaces

with small contact angle hysteresis. Comparing the experimental data with the diffusion-

only model, Dash and Garimella [2013] found a good agreement between the results for

a case of smooth hydrophobic surface. However, when a solid surface is superhydropho-

bic and shows a low contact angle hysteresis, the model overpredict the evaporation

rate.

The impact of confinement on the droplet evaporation, i.e., droplet evaporation in a

channel, is analyzed by Bansal et al. [2017]. In comparison with an unconfined droplet,

their results show an increase in the total evaporation time of the droplet due to the

accumulation of the water vapor in the channel.

Shaikeea and Basu [2016] analyzed the droplet evaporation in the presence of another

evaporating droplet on a hydrophobic surface. They found that depending on the

distance between the droplets, the evaporation rate of a pair of droplets could be less

or equal to that of a single droplet. They also observed an asymmetric shrinkage of the

droplets due to the evaporation as a result of the presence of the other droplet.
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Interaction between multiple evaporating droplets is investigated by Hatte et al. [2019].

They analyzed the influence of the contact angle, the distance between the droplets, and

the position of the droplets, i.e., if a droplet is between the other droplets or is a neighbor

of just one droplet, on the evaporation process. They present a theoretical model to

predict the evaporation of multiple droplets. According to their study, accumulation

of vapor around the droplets leads to an asymmetric evaporation flux from the droplet

surface and also increases the droplet evaporation time.

1.3 Contribution of the present work

The aim of the present work is to develop a model being able to describe multiple

droplets at the interface of a coupled free-flow–porous medium system (see Fig. 1.4).

In this work, we focus on the impact of droplet dynamics at the interface, such as

formation, growth, and detachment of the droplet, as well as droplet evaporation, on

the coupled system.

To do so, we develop new sets of coupling conditions describing mass, momentum, and

energy transport at the interface based on the droplet–free-flow and droplet–porous

medium interactions. Considering the huge impact of the phenomena occurring in the

porous medium on the interface processes, the pore-network model is used to describe

the fluid flow in the porous medium and take the pore-scale processes in more details

into account.

We develop a concept to describe the droplet formation and growth at the interface due

to the liquid breakthrough from the porous medium. In this concept, we include the

droplet growth mode, i.e., constant contact angle and constant contact radius mode.

For the sake of verification, we compare the results for formation and growth of a single

droplet with experimental data. A concept is also developed to predict the onset of the

detachment of a growing droplet from the interface due to the surrounding free flow.

In this concept, we identify the forces in favor of the detachment, such as free-flow

drag and lift forces, and forces against the detachment (i.e., forces acting on the triple

contact line) to predict the droplet detachment. We compare the prediction results

with experimental data and numerical results obtaining from other models to verify

our developed concept. Then, we analyze the impacts of free-flow and porous medium
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properties on the droplet detachment. In addition, We examine the impact of the

neighboring droplet at the interface on the formation and growth of a droplet.

In the developed concept for the evaporation, we describe the droplet evaporation as a

diffusion-driven process. We simulate evaporation of a sessile droplet in a channel and

compare the simulation results with experimental data. We use the developed model

to analyze how free-flow conditions (e.g., free-flow velocity and relative humidity), and

porous medium conditions (e.g., contact angle and pore temperature) affect the droplet

evaporation. We also investigate the influence of the droplet evaporation on the droplet

growth and detachment.

We employ the developed model to simulate test cases composed of a free-flow channel

coupled with a pore network, including formation of multiple droplets at the interface.

Figure 1.4: A coupled free-flow–porous medium (pore-network) system including droplets at
the interface.

1.4 Outline

The structure of the thesis is as follows: in the next chapter (Chapter 2), we discuss

some fundamental concepts. We explain the conceptual and numerical models used

for the free-flow domain and the porous medium in Chapter 3. Then, we focus on

the interface between a free-flow and a porous medium and introduce the coupling

concepts for free-flow and porous medium with and without droplet in Chapter 4. In

this chapter, we also present the conceptual and numerical models developed for droplet

dynamics and droplet evaporation at the interface. After that, we present the results of
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simulations using the developed models in Chapters 5 and 6. In Chapter 5, we conduct

analysis and compare the simulation results for droplet dynamics with experimental

data. Simulation results for droplet evaporation are presented in Chapter 6, where we

also perform analysis and conduct a comparison with experimental data. We provide a

summary in Chapter 7 and conclude with some perspectives for future developments.





2 Fundamentals

2.1 Fluid properties∗

Scales Transport processes in a system of coupled free flow–porous medium can be

considered on different scales. The intermolecular processes such as the movement

and collisions of molecules are described in the molecular scale. Averaging over a

volume yields continuum scale. On the continuum scale, parameters such as density

and viscosity are defined and used to describe the fluid behavior. The Navier-Stokes

equations describe the conservation of mass and momentum in the fluid transport on

the continuum scale. The pore scale is defined by a detailed geometrical description

of the solid and void space in the porous medium. Averaging of the porous medium

properties over a sufficiently large volume, the representative elementary control volume

(REV), gives quantities such as porosity and permeability, which describe the porous

medium on the REV -scale.

Phases A phase α is a continuum in a certain physical state (solid, liquid or gaseous)

with homogenous physical properties, which is characterized by its thermodynamic

state variables such as pressure and temperature on the continuum scale. Sharp in-

terfaces separate multiple phases, over which discontinuity of the physical properties

occurs. Due to inherent miscibility of gases, only one gaseous phase can exist in a

system, while more than one liquid and solid phases can be simultaneously present.

The change in the phase density due to the pressure and temperature variations during

a process determines whether a phase is incompressible or compressible. In this thesis,

liquid and gaseous phases are the mobile phases, which we describe the former one

∗Portions of this section were previously published by Transport in Porous Media (Springer)
[Veyskarami et al., 2023].
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as an incompressible fluid and the latter as a compressible fluid. The solid phase is

assumed to be immobile and not deformable.

Components Each phase consists of one or more components. A component κ is

composed of either pure chemical species (e.g., water) or a mixture of species (e.g,

air), also called pseudo component. Components can be present in several phases in a

system, and phases might exchange components in processes such as evaporation. Mass

fraction Xκ
α or mole fraction xκ

α is used to quantify each component κ in each phase α:

Xκ
α =

mκ
α

mα

,

xκ
α =

nκ
α

nα

,
(2.1)

where m stands for mass, and n shows the number of moles. The mole fraction of the

component κ in the phase α can be converted to the mass fraction using the molecular

mass of the component, Mκ and the averaged molecular mass of the phase, Mα, as

follows:

Xκ
α =

xκ
αM

κ

Mα

. (2.2)

The sum of mass/mole fractions within a phase is equal to one:∑
κ

Xκ
α =

∑
κ

xκ
α = 1 . (2.3)

Density and viscosity The density, ρ, of a phase α is the mass per unit volume of the

phase:

ρα =
mα

Vα

. (2.4)

The molar density ρmole of a phase is defined as the number of moles per unit volume

of that phase. The mass density and molar density can be converted to each other

using the following relation:

ρα = ρmole,α

∑
κ

xκ
αM

κ . (2.5)

The dynamic viscosity µ of a fluid phase defines the fluid resistance to flow and

deformation. Both phase density and viscosity are functions of the phase pressure and
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temperature.

Interfacial tension, contact angle and wettability In a system composed of two or

more phases, an interface separates two immiscible fluids (e.g., liquid and gas) or a fluid

and a solid. Formation of an interface between two phases is a result of the difference

between the inter-molecular forces and the physical properties in the phases. As an

example, if we have a water droplet surrounded by air, the net inter-molecular force

acting on a water molecule due to its neighboring molecules is zero. Surrounded par-

tially by other water molecules, a water molecule at the interface between the phases,

however, experiences inter-molecular forces different from a water molecule inside the

droplet. At the interface, the net inter-molecular force on the water molecule points

inwards of the droplet. The combined effect of the radial components of inter-molecular

forces across the entire interface surface is to make the surface contract, thereby in-

creasing the pressure on the concave side of the surface. The difference between the

inter-molecular forces of the phases can be reflected by surface or inter-facial tension,

which is a universal property of the interface [Brutin, 2015]. The surface tension acts

along the interface to minimize the free energy by decreasing the interface area be-

tween the phases. For instance, a similar strength of inter-molecular forces in adjacent

phases results in a smaller interfacial tension between them. This might cause a weaker

interface and ultimately partial or complete miscibility of the fluids.

In a system consisting of a sessile drop of liquid, l, on a solid surface, s, surrounded

by a gas, g, three phases exist. The surface tension works between each pair of phases.

In such a system, a three-phase contact line forms on which, in equilibrium state, a

balance between the three surface tensions, γ, needs to be fulfilled. This is described

by Young’s equation [Young, 1832]:

γlg cos θ = γgs − γls . (2.6)

In the above equation, θ denotes the equilibrium (static) contact angle of the liquid

phase with the solid surface. The contact angle indicates the degree of wettability

between a fluid and a solid. Considering liquid water, a surface is called hydrophilic

when θ < 90◦ and hydrophobic when θ > 90◦. Figure 2.1a illustrates a droplet on a

hydrophobic surface in static condition and the surface tensions acting on the triple

contact line.
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(a) (b)

Figure 2.1: a) A static sessile droplet: the surface tensions acting on the three-phase contact
line on a hydrophobic surface in equilibrium (static) condition and b) the advanc-
ing and receding contact angles of a sessile droplet surrounded by a fluid flowing
from left to right.

The contact angle used in Eq. (2.6) is the equilibrium (static) contact angle. The

equilibrium (static) contact angle is observed all along the triple contact line if the

solid surface is homogeneous and no external forces act on the droplet. In real appli-

cations, however, various elements perturb the equilibrium assumption in the system,

which leads to variation of the contact angle along the contact line. This variation is

called hysteresis. The main origins of contact angle hysteresis are surface roughness,

heterogeneity of the solid surface and chemical interaction between fluids and the solid

surface. In a case where external forces are present, when contact angle hysteresis

is very little (e.g., an ultra hydrophobic surface), the droplet starts moving easily [Li

et al., 2007]. Having contact angle hysteresis, a droplet deforms before it starts moving

due to the external forces.

Figure 2.1b shows advancing contact angle, θadv, and receding contact angle, θrec, which

determine the contact angle hysteresis in a system. The maximum advancing contact

angle is reached once the contact line is about to start moving in favor of the advancing

of the contact area. On the other hand, the minimum receding contact angle is the

contact angle right before the contact line moves toward the decreasing of the contact

area. The ultimate contact angle hysteresis is the difference between the maximum

advancing and minimum receding contact angles. For instance, a sessile droplet on a

solid surface in a field of gas flow can experience several contact angles along its contact

line, with values between the advancing contact angle and the receding contact angle.
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Capillary pressure The capillary pressure pc describes the pressure jump across the

interface of two fluid phases due to the interfacial tension and the consequent curvature

of the interface. The Young-Laplace equation describes such a relation as [e.g., Blunt,

2017]:

pc = γ(
1

r1
+

1

r2
) , (2.7)

where r1 and r2 are the principal radii of curvature, which are equal for spherical

geometries. Under equilibrium conditions, capillary pressure is the difference between

the non-wetting phase pressure, pn, and the wetting phase pressure, pw [Hassanizadeh

and Gray, 1993]:

pc = pn − pw . (2.8)

Partial pressure and saturation vapor pressure The partial pressure of a component

κ, pκg , which is also referred to as the vapor pressure, is the pressure that the vapor of

κ would exert if it were the only component existed in the gaseous phase at a given

temperature and volume.

The saturation vapor pressure of a component κ is the partial pressure of that compo-

nent in the gaseous phase when it is in thermodynamic equilibrium with its pure liquid

phase at a given temperature. Surface curvature of the liquid surface affects the satu-

ration vapor pressure. Using Kelvin’s law, the impact of liquid surface curvature can

be taken into account [Thomson, 1872, Lamanna et al., 2020]. According to Kelvin’s

law, the saturation vapor pressure reduces on the concave surfaces and increases on the

convex surfaces in comparison to a flat surface. Depending on the degree of surface

curvature, such an impact might be important, e.g., in porous media or at a droplet

surface. Equation (2.9) shows the correction made to the saturation vapor pressure for

a convex surface, e.g., a droplet surface:

pκsat,Kelvin = pκsat,∞ exp (
pcM

κ

ρlRT
) , (2.9)

where pκsat,∞ is the saturation vapor pressure on a flat liquid surface, which is a func-

tion of temperature. pκsat,Kelvin refers to the modified saturation vapor pressure, which

includes the impact of liquid surface curvature. Mκ is the molecular mass of the com-

ponent κ, R is the universal gas constant, and T is the temperature. In Eq. (2.9),

the capillary pressure, pc, reflects the impact of surface curvature. In this work, we
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always use Kelvin’s law to include the surface curvature in saturation vapor pressure

calculations.

Interface Dependent on the scale and application, the word “interface” might have

different meanings. In this work, we distinguish between two kinds of interfaces: inter-

faces between the phases and interfaces between the domains. Fluid–fluid and fluid–

solid interfaces are interfaces, which separate two different phases. The interface be-

tween a free-flow domain and a porous medium, however, separates two different flow

domains.

2.2 Thermodynamic basics

2.2.1 Local thermodynamic equilibrium

In a system consists of several phases, local thermodynamic equilibrium between the

phases is reached when mechanical, thermal, and chemical equilibrium hold locally and

at the same time [Helmig et al., 1997, Cengel et al., 2011]. At the interface between the

phases, mechanical equilibrium means that no net force acts on the interface. Ther-

mal equilibrium describes a condition in which the temperature of the phases at the

interface are equal. The chemical equilibrium implies that the chemical potential of

each component at the interface is the same in different phases. Local thermodynamic

equilibrium is assumed to be satisfied when the flow processes occur slowly and in a

sufficiently large timescale.

2.2.2 Phase compositions and phase change

Assuming local thermodynamic equilibrium, the phase compositions can be obtained

using the thermodynamic state variables.



2.2 Thermodynamic basics 21

Ideal solution (mixture) When dissimilar molecules in a solution have negligible

impact on each other, the solution is said to be an ideal solution. In such a solution,

the interactions between all molecules, whether from the same component or different

components, are the same. Such behavior can be observed in ideal gases as well as in

many diluted liquid solutions [Cengel et al., 2011]. In this work, we assume that both

liquid and gaseous phases can be considered as ideal solutions.

Gas phase composition The relation between the density of an ideal gas ρg with its

pressure pg and temperature Tg can be described by the ideal gas law:

ρg =
pgMg

RTg

, (2.10)

where Mg and R are molecular mass and the universal gas constant, respectively.

Dalton’s law of additive pressures states that the total pressure of a gas mixture is

equal to the sum of all component (partial) pressures:

pg =
∑
κ

pκg . (2.11)

For an ideal gas, the pressure fraction and the mole fraction of a component are equal:

xκ
g =

pκg
pg

. (2.12)

Liquid phase composition In ideal mixtures, the relation between the mole fraction

of the main component on the liquid side, xκ
l , and the partial pressure of the component

on the gas side can be described using Raoult’s law:

pκg = xκ
l p

κ
sat , (2.13)

where pκsat is the saturated vapor pressure. Substitution of Eq. (2.13) in Eq. (2.12)

and rearrangement gives the following relation between the mole fractions of the main

component of the liquid phase on the liquid and gas sides:

xκ
g = xκ

l

pκsat
pg

. (2.14)
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For a liquid solution with a small amount of dissolved gas, Henry’s law describes the

relation between the mole fraction of the solute in the liquid phase and its partial

pressure in the gas phase:

xκ
l =

pκg
H

, (2.15)

where H is the Henry’s constant, which is a function of temperature only and inde-

pendent of pressure [Cengel et al., 2011].

2.3 Pore-network modelling

Pore-network model A pore-network model is an approximate topological and geo-

metrical representation of a porous medium, which describes the void space as a network

composed of pore bodies connected with pore throats. Pore bodies represent the larger

voids, which determine the porous medium capacity to store fluids, i.e., porosity. Pore

throats are the narrower void spaces, which connect the pore bodies and control the

fluid flow between them [Blunt, 2017]. Topology and geometry of a pore network are

the main factors determining its behavior. Two pore networks with the same topol-

ogy (backbone) show different behaviors if the geometries used in those networks to

describe pore bodies and throats are different [Joekar-Niasar and Hassanizadeh, 2012,

Vogel and Roth, 2001].

Coordination number The coordination number of a pore body specifies the number

of pore throats connected to that pore body. The average coordination number of a

network indicates the degree of the network connectivity. In fact, coordination number

and the location of pore bodies characterize the network topology.

Idealized geometries for pore body and pore throat Idealized shapes are used to

represent pore bodies and throats in a pore network model. To represent pore bodies,

three-dimensional idealized objects, e.g., sphere and cube, are necessary. Choosing a

proper object to describe the pore body is crucial, in particular, in two-phase flow

modelling, where the description of pore body filling is of great importance [Joekar-

Niasar and Hassanizadeh, 2012]. For a pore throat, however, a two-dimensional figure,

e.g., circle, square and triangles, is required to describe the cross-section of the throat.
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Using angular cross-sections enables the model to account for the corner flow of the

wetting phase [Joekar-Niasar and Hassanizadeh, 2012].

Pore throat invasion and entry capillary pressure Considering a system of two pore

bodies connected with a pore throat, which is initially filled with the wetting phase,

increasing the saturation of the non-wetting phase in one of the two pore bodies leads to

increase in the capillary pressure in that pore body. As long as the threshold capillary

pressure of the pore throat is greater than the pore body capillary pressure, non-wetting

phase can not enter the pore throat, i.e., single-phase flow of the wetting phase in the

pore throat. Once the pore body capillary pressure overcomes the threshold capillary

pressure of the pore throat, the non-wetting phase enters the pore throat, which is

called pore throat invasion. In fact, pore throat invasion is a local drainage where the

non-wetting phase fully/partly displaces the wetting phase in the pore throat. The

threshold capillary pressure of the throat which determines the onset of the invasion

process is the entry capillary pressure for invasion, pc,e. the entry capillary pressure

has an inverse relationship with the contact angle and the pore throat radius, while a

direct relationship with the interfacial tension between the fluid phases. For instance,

the entry capillary pressure of a circular pore throat ij can be computed by:

pc,e,ij =
2γ cos(θrec)

rij
. (2.16)

Where rij is the pore throat radius. Since the non-wetting phase displaces the wetting

phase during the pore throat invasion, the receding contact angle, θrec, measured in the

wetting phase, is used to compute the entry capillary pressure. For a pore throat with

a non-circular cross-section, after the non-wetting phase invasion, the wetting phase

might still be present in the pore throat by forming wetting layers in the pore throat

corners. That means, the fluid phase configuration changes from a cross-section full

of wetting phase to having wetting layers in the corners and non-wetting phase in the

middle due to the invasion. To derive a relation for capillary entry pressure in such

pore throats, Mason and Morrow [1991] and Øren et al. [1998] took an approach based

on the change in free energy during the invasion process. For more details, we refer to,

e.g., Blunt [2017].
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Pore throat snap-off and snap-off capillary pressure Opposite to the pore throat

invasion, snap-off is a local imbibition process. Snap-off might occur only in pore

throats with angular cross-sections, where wetting layers can be present in the corners.

A prerequisite for the snap-off is connection between the wetting layers in the pore

throat corners and the wetting phase in the connected pore bodies. A pore throat,

which has already been invaded by the non-wetting phase, can experience swelling of

the wetting layers in the corner due to rising of the wetting phase saturation in the

connected pore body. By increasing the wetting phase saturation in the pore body,

the wetting pressure in the pore body increases correspondingly, i.e., the pore body

capillary pressure decreases. Further increase in the wetting phase saturation in the

pore body and, consequently, swelling of the wetting layers in the pore throat leads to

a point when the establishment of a three-phase contact line in the pore throat is not

possible. At this point, the wetting phase fills the throat spontaneously, which is called

snap-off. The snap-off capillary pressure of the pore throat is used as a criterion to

predict the snap-off. Snap-off occurs when the pore body capillary pressure decreases

below the snap-off capillary pressure. Equation (2.17) is used to calculate the snap-off

capillary pressure [Blunt, 2017]:

pc,s,ij =
γ cos(θadv)

rij
(1− tan(θadv) tan(βij)) , (2.17)

where βij is the corner half-angle of the pore throat. As we mentioned before, snap-off

does not occur in pore throats with circular cross-section.



3 Porous medium and free-flow

domain: Conceptual and numerical

models

3.1 Porous medium: pore-network model

In this section, we briefly discuss the balance equations in a pore-network model, which

is used to describe the porous medium flow. A pore-network model approximates the

porous medium as a network of pore bodies scattered in a solid bulk, connected by

tubes known as pore throats. Figure 3.1 shows two pore bodies, i and j, connected to

each other by pore throat ij. In this model, pore throats determine the conductivity

behavior of the system and pore bodies are responsible for the storage capacity. In

addition, the primary variables are located at the center of the pore body, where the

balance equations need to be fulfilled [Blunt, 2017].

Figure 3.1: Pore bodies i and j are connected by pore throat ij [Veyskarami et al., 2023].
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3.1.1 Single-phase flow in porous medium

Mass balance In a single-phase non-compositional flow, Eq. (3.1) describes the mass

balance on each pore body, i.

Vi
∂(ρi)

∂t
+
∑
j

(ρQ)ij = (V q)i . (3.1)

In the above equation, the storage term is the first term on the left-hand side, in which

V is the volume of the pore body and ρ indicates the density of the fluid. The second

term is the advection term, which is the sum of the fluid flow into/out of the pore body

in interaction with the connected neighboring pore bodies. Q is the volumetric fluid

flow between each pore body, i, and its neighboring pore body, j. The density used to

calculate this term comes from the upwind pore body. The term on the right-hand side

refers to the possible source/sink in the pore body.

In a compositional flow, the mass balance equation for each component κ on each pore

body i can be written as follows:

Vi
∂(xκρmole)i

∂t
+
∑
j

(xκρmoleQ)ij

+
∑
j

(jκ,pnmdiff, moleA)ij = (V qκ)i .
(3.2)

In the above equation, x is the mole fraction. The subscript “mole” indicates that the

molar value is used in the calculations. The third term on the left-hand side of Eq. (3.2)

accounts for the contribution of the diffusive mass transfer. A is the cross-sectional area

of the pore throat and the diffusive flux, jκ,pnmdiff, mole, is described using the Fick’s first law

as:

jκ,pnmdiff, mole,ij = − 1

Mκ
ρDκ

Xκ
j −Xκ

i

lij
, (3.3)

where D is the binary diffusion coefficient, X is the mass fraction and l is the length

of the pore throat connecting the two pore bodies. ρ and Dκ in Eq. (3.3) are computed
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by averaging as:

ρ =
ρj + ρi

2
, (3.4)

Dκ =
2Dκ

jD
κ
i

Dκ
j +Dκ

i

. (3.5)

Momentum equation A pore-network model uses the well-known Hagen-Poiseuille

equation as the basic principle to describe the one-dimensional flow in each pore throat

of the network. The Hagen-Poiseuille equation can be derived from the Navier-Stokes

equations by assuming a one-dimensional, fully developed, stationary laminar flow in

a single pore throat [Weishaupt, 2020]. Neglecting the impact of gravity, the general

equation to calculate the volumetric flow rate, Qij, into/out of pore body i through

pore throat ij is:

Qij = −gij(pj − pi) , (3.6)

where g is the conductance term and p is the pressure in each pore body. Depending

on the pore throat cross-sectional area, there are different relationships for computing

g [Weishaupt, 2020]. For example, when the pore throat has a circular cross-section, g

can be obtained by the following equation:

gij =
Aijr

2
ij

8µlij
, (3.7)

where µ is the fluid viscosity, l is the pore throat length, and A and r are the pore

throat cross-sectional area and the pore throat radius, respectively.

Energy balance Equation (3.8) shows the energy balance for each pore body, i, in a

system consisting of more than one component.

Vi
∂(ρu)i
∂t

+
∑
j

(ρhQ)ij

+
∑
j

(−λ∇TA)ij +
∑
j

[
A
∑
κ

(jκ,pnmdiff hκ)

]
ij

= (V qe)i .

(3.8)

From left to right, the first term is the storage term and u is the specific internal

energy. The second term describes the convective energy transport and h is the specific
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phase enthalpy, which is the weighted sum of specific enthalpy of each component, hκ,

as:
h =

∑
κ

Xκhκ . (3.9)

The conductive energy transport is described using the Fourier’s law, as in the third

term of Eq. (3.8), where λ is the heat conductivity and T is the phase temperature. λ

is computed by averaging the heat conductivity of pore bodies i and j as:

λ =
2λjλi

λj + λi

. (3.10)

The fourth term on the left-hand side of Eq. (3.8) takes the contribution of diffusive

energy transport into account. The term on the right-hand side stands for any energy

source/sink in the pore body.

3.1.2 Two-phase flow in porous medium

Mass balance In a two-phase non-compositional system, the mass balance of phase

α on each pore body, i, is described by Eq. (3.11).

Vi
∂(ραSα)i

∂t
+
∑
j

(ραQα)ij = (V qα)i . (3.11)

In the above equation, Sα indicates the saturation of phase α.

In a two-phase compositional flow, Eq. (3.12) describes the mass balance equation for

each component κ on each pore body i:

Vi

∂(
∑
α

xκ
αρmole,αSα)i

∂t
+
∑
α

∑
j

(xκ
αρmole,αQα)ij

+
∑
α

∑
j

(jκ,pnmdiff, mole,αAα)ij = (V qκmole)i .

(3.12)

The subscript “mole” indicates that the molar value of the parameter is used in the

calculations. The Fick’s first law describes the diffusive flux of component κ, jκ,pnmdiff, mole,
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in each phase α, through each pore throat ij as:

jκ,pnmdiff, mole,α,ij = − 1

Mκ
ραD

κ
α

Xκ
α,j −Xκ

α,i

lij
, (3.13)

where ρα and Dκ
α in the above equation are averaged amounts for phase α and are

computed as in Eqs. (3.4) and (3.5).

Momentum equation Neglecting the impact of gravity, the general equation to cal-

culate the flow rate of phase α, Qα,ij, in pore throat ij connecting pore bodies i and j

is:

Qα,ij = −gα,ij(pα,j − pα,i) , (3.14)

where gα can be calculated as a function of the effective cross-sectional area and the

effective radius related to the phase α in the throat. For more details about different

approaches to calculate gα, we refer to Weishaupt [2020].

Energy balance In a two-phase compositional system, the energy balance in each

pore body, i, can be written as:

Vi

∂(
∑
α

ραuαSα)i

∂t
+
∑
α

∑
j

(ραhαQα)ij

+
∑
α

∑
j

(−λα∇TAα)ij +
∑
α

∑
j

[
Aα

∑
κ

(
jκ,pnmdiff,α hκ

α

)]
ij

= (V qe)i .

(3.15)

Here, hα is the specific phase enthalpy, which is obtained by:

hα =
∑
κ

Xκ
αh

κ
α . (3.16)

Further, λα is heat conductivity of phase α and computed by:

λα =
2λα,jλα,i

λα,j + λα,i

. (3.17)

Complementary relations Two more relations are required to close the system of

equations in a two-phase system. The first relation guarantees that the sum of the
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phase saturations in each pore body i is equal to one:∑
α

Sα,i = 1 . (3.18)

Referring to the wetting phase by w and the non-wetting phase by n, Eq. (3.18) can

be written as:

Sw,i + Sn,i = 1 . (3.19)

Another relation is the local capillary pressure–saturation relationship, which describes

how the capillary pressure in a pore body i varies by the wetting phase saturation.

Joekar-Niasar [2010] derived the following relation to describe the capillary pressure–

saturation relationship in a cubic pore body:

pc,i =
2γ

ri(1− exp(−6.83Sw,i))
. (3.20)

In this equation, γ is the interfacial tension between the fluid phases and r is the in-

scribed pore body radius. Based on Joekar-Niasar [2010], Sweijen et al. [2018] proposed

a general form of equation for capillary pressure–saturation relationship in pore bodies

with platonic shapes:

pc,i =
2γ

ri(1− exp(ciSw,i))
, (3.21)

where c is a geometrical constant determined by the shape of the pore body.

3.1.3 Numerical model

Primary variables In a single-phase non-compositional model, pressure is the pri-

mary variable which needs to be computed. In a compositional model, pressure and

mole/mass fraction of the component other than the phase’s major component are the

primary variables.

In a two-phase non-compositional system, pressure of one phase and saturation of the

other phase are primary variables. In a two-phase compositional system, dependent

on the phase state in a pore body, each of two sets of primary variables might be

used. If two phases are present in a pore body, the primary variables need to be

used to describe that pore body are pressure of one phase and saturation of the other
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phase. The mole/mass fraction of components can be computed by assuming chemical

equilibrium in the pore body. However, if only one phase is present in a pore body, that

pore body is described with a single-phase compositional set of primary variables, i.e.,

pressure and mole/mass fraction of the component other than the major component. In

a case, where a pore body initially contains both phases and one of the phases vanishes

during the process, e.g., due to evaporation, the set of primary variables needs to be

changed such that they remain physically meaningful [Class et al., 2002]. For more

details about the switch of primary variables due to the change in the phase state in a

pore body, we refer to Weishaupt [2020].

If energy transport in the system needs to be taken into account, temperature is added

to the set of primary variables. Table 3.1 summarizes the model types and the corre-

sponding set of primary variables for single- and two-phase flow.

Table 3.1: Different types of model for single-phase flow and the corresponding set of primary
variables. For two-phase two-component model, case A is when both phases are
present in the pore body, case B is when only the wetting phase is present, and
case C is when only the non-wetting phase is present.

model type primary variables
Single-phase single-component (non-isothermal) 1p(ni) p, (T )
Single-phase two-component (non-isothermal) 1pnc(ni) p, xκ2 (T )
Two-phase single-component (non-isothermal) 2p(ni) pw, Sn (T )
Two-phase two-component (non-isothermal) 2pnc(ni) A: pw, Sn (T )

B: pw, x
κ2
n (T )

C: pw, x
κ2
w (T )

Discretization In the pore-network model used in this work, the box method [Helmig

et al., 1997, Huber and Helmig, 2000] is used for spatial discretization. This scheme is

also called node centered finite volume method, i.e., a control volume (box) is associated

to each grid node on which the balance equations are formulated. Each control volume

is divided into sub-control volumes. Integration of fluxes over the faces makes the

Box method locally mass conservative. In the context of pore-network modeling, the

grid nodes correspond to the center of the pore bodies and each pore body is treated

as a control volume (box). Thus, each pore body is divided to sub-control volumes

according to its coordination number. The pore throats, which connect a pore body to

other pore bodies, are treated as the faces between the control volumes on which the
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fluxes are calculated. Accordingly, the balance equations are solved for each pore body.

Figure 3.2 shows a configuration where the coordination number of pore bodies i and

j are four and two, respectively. Thus, pore body i is divided into four and pore body

j is divided into two sub-control volumes. The flux between the pore bodies i and j is

calculated at the pore throat ij, which connects the two pore bodies.

Figure 3.2: Application of the Box method for pore-network modeling. Each pore body is
divided into sub-control volumes based on its coordination number. the primary
variables, e.g., pressure, are located at the centers of pore bodies [Weishaupt,
2020].

3.2 Free-flow domain

In this work, the free flow is a single-phase gas flow, which consists of one or more

components. Thus, we present the balance equations describing a single-phase free-

flow domain in the following.

Mass balance The continuity equation, Eq. (3.22), is used to fulfill mass balance in

the single-phase single-component free-flow domain,

∂ρ

∂t
+∇ · (ρv) = q . (3.22)

The following balance equation is solved for each component κ in a compositional

flow.
∂xκρmole

∂t
+∇ · (xκρmolev + jκ,ffdiff, mole) = qκmole . (3.23)
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In the above equations, x is the mole fraction, ρ is the fluid density, v is the velocity

vector, q is the possible source or sink term and jκ,ffdiff, mole is the diffusive flux. The

subscript “mole” indicates that the molar value of the parameter is used in the calcu-

lations. The diffusive flux, jκ,ffdiff, mole, is approximated by Fick’s first law for component

κ as:

jκ,ffdiff, mole = − 1

Mκ
ρDκ∇Xκ , (3.24)

where D is the binary diffusion coefficient and X is the mass fraction.

Momentum balance The Navier–Stokes equations describe the momentum balance

in the free-flow domain,

∂(ρv)

∂t
+∇ · (ρv ⊗ v) +∇ ·

(
pI − µ(∇v +∇vT )

)
− ρg = 0 , (3.25)

where p is the fluid pressure, µ is the fluid viscosity and g is the gravity vector.

Energy balance For a non-isothermal free flow, we use the following relation to de-

scribe the energy balance in the system:

∂(ρu)

∂t
+∇ · (hρv)−∇ · (λ∇T ) +

∑
κ

∇ ·
(
jκ,ffdiffh

κ
)
= qe , (3.26)

where h is the specific phase enthalpy, which in a compositional system can be com-

puted as:

h =
∑
κ

Xκhκ . (3.27)

The contribution of diffusive energy transport in a compositional system is described

by the fourth term of Eq. (3.26),
∑

κ ∇ ·
(
jκ,ffdiffh

κ
)
. In case of non-compositional flow,

this term is zero. qe is the possible energy sink or source term.

Numerical model We employ a staggered-grid finite volume approach to discretize

the free-flow balance equations in space. In such an approach, the velocity degrees of

freedom are located at the face of the primary cell, which is the center of the relevant

secondary grid cell. The rest of the degrees of freedoms such as pressure, temperature
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Figure 3.3: Staggered grid: the solid black lines are for the primary grid, the green dashed
lines are for the secondary grids in x-direction and the red dashed lines are for the
secondary grid in y-direction.

(in case of non-isothermal flow), and mole/mass fraction (in case of compositional flow)

are located at the center of the primary grid cell (see Fig. 3.3). A detailed description on

the staggered-grid finite volume approach is provided by, e.g., Schneider et al. [2020].



4 Interface between free flow and

porous medium ∗

In this chapter, we discuss the interactions at the interface between a free flow and a

porous medium. We derive coupling conditions for the exchange of mass, momentum,

and energy between the domains with and without droplets. In addition, we discuss

droplet dynamics at the interface and introduce modeling concepts to describe them.

Furthermore, we present a concept to model the droplet evaporation.

4.1 Interface configurations

In a coupled system of a free flow and a porous medium without droplets, the two

domains interact with each other directly through an interface. When droplets form

at the interface, they cover a part of it and affect the interaction between the two

flow domains. Consequently, two different sets of coupling conditions are required to

describe the exchange of mass, momentum, and energy between the free flow and the

porous medium with and without droplets. One set for the part of the interface which

no droplet emerged, and another set for the covered part of the interface with droplets.

Figure 4.1 illustrates a pore which is in direct contact with the free flow (left), and

a droplet formed at the interface between a pore and the free flow (right). We need

to distinguish between three interfaces: Γff
pore between a pore which is not covered by

a droplet and the free flow, Γdrop
pore between the pore covered with a droplet and the

droplet, and Γff
drop between the droplet formed at the interface and the free flow. These

interfaces and their unit normal vectors are shown in Fig. 4.1. It is important to note

∗Parts of this chapter were previously published by Transport in Porous Media (Springer)
[Veyskarami et al., 2023]. Parts of this chapter have also been submitted for publication to Transport
in Porous Media (Springer).
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that since in the pore-network model used in this study, only pore bodies can be at

the boundary, the interactions between the free flow and the porous medium occurs

through the coupled pore bodies with the free flow at the interface. That means that

Γff
pore describes an area at which a pore body meets the free-flow boundary. Similarly,

Γpore
drop is the interface between a droplet and the connected pore body.

Two scenarios might lead to droplet formation at the interface: the first one is when a

droplet forms due to liquid breakthrough from the porous medium onto the interface,

and the second scenario is settlement of floating droplets in the free flow at the interface.

The focus of the present work is on the first scenario.

The models developed in this work are applicable to hydrophobic interfaces and porous

media, and can be used for hydrophilic media with minor adjustments.

Figure 4.1: Interface configurations: in the absence of droplets (left), and with a droplet
(right).
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4.2 Interface without droplets

4.2.1 Coupling concept for free flow and porous medium without

droplets

At the parts of the interface, where are not covered with droplets, the free flow and the

porous medium interact with each other directly through Γff
pore. This section discusses

the coupling concept describing the mass, momentum, and energy interaction between

a free flow and a porous medium without droplets.

Mass balance In a non-compositional system, at Γff
pore, we have the continuity of the

total mass flux:

[ρv]ff · npore
ff = −[ρv]pore · nff

pore at Γ
ff
pore , (4.1)

where ρ is density and v is velocity. The above equation can be seen as a Neumann-type

boundary condition for the free flow.

In a compositional system, writing the continuity of the mass flux for each component

κ at the interface gives:

[xκρmolev + jκdiff, mole]ff · n
pore
ff = −[xκρmolev + jκdiff, mole]pore · nff

pore at Γ
ff
pore , (4.2)

where the subscript “mole” indicates that the molar value is used in the calculation and

jκdiff is the diffusive mole/mass flux. Equation (4.2) serves as a Neumann-type boundary

condition for the free-flow cell at the interface. The mass/mole fraction of a component

κ, xκ, in the free-flow cell at the interface is used as a Dirichlet-type boundary condition

for the pore at the interface:

xκ
pore = xκ

ff at Γff
pore . (4.3)

Momentum balance Three forces contribute to the momentum exchange at the in-

terface: inertial forces, viscous forces and pressure forces. Considering no-slip condition

at the surface of the solid part of the porous medium and, thus, the low velocity at the

interface, the inertial impacts could be neglected at the interface between a free flow

and a porous medium. In the pore-network model, the viscous force is included in the
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Hagen-Poiseuille equation to describe the fluid flow. However, the pore-network model

does not explicitly provide information about velocity gradient. Thus, the normal mo-

mentum transfer at the interface between a pore and the free flow can be described

as:

[pI]pore · nff
pore = [pI − µ(∇v +∇vT )]ff · npore

ff (4.4)

In this work, we ignore the contribution of the free-flow viscous force in the normal

momentum transfer, which reduces Eq. (4.4) to:

ppore = pff at Γff
pore , (4.5)

which means that the pressure of the free-flow grid cell at the interface is assigned to

the connected pore body as a Dirichlet-type boundary condition.

We assign the velocity of the pore at the interface to the connected free-flow face, i.e.,

a Dirichlet-type coupling condition for the free flow:

vff = vpore at Γ
ff
pore . (4.6)

It should be noted that since the pore-network model does not describe the velocity as

a degree of freedom at the pore body, to obtain the pore velocity at the interface, we

use the volumetric flow rate in the pore throat connected to the interface pore body

divided by the cross-sectional area of the pore body.

To take the tangential momentum transfer between the pore and the free flow into

account, we use the concept developed by Weishaupt [2020], which approximates the

slip velocity at Γff
pore by assuming continuity of shear stress across the interface at the

interface. For more details about this approach, we refer to Weishaupt [2020].

Energy balance Having local equilibrium at the interface, we use the free-flow tem-

perature at the interface as a Dirichlet-type coupling condition for the porous medium:

Tpore = Tff at Γff
pore . (4.7)
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Conservation of energy flux at Γff
pore can be described as:[

ρhv − λ∇T +
∑
κ

(jκdiffh
κ)

]
ff

· npore
ff =

−

[
ρhv − λ∇T +

∑
κ

(jκdiffh
κ)

]
pore

· nff
pore at Γ

ff
pore .

(4.8)

In a non-compositional system, the contribution of diffusive energy flux is zero. Equa-

tion (4.8) serves as a Neumann-type boundary condition for the free-flow cell at the

interface.

4.3 Interface with droplets

4.3.1 Droplet geometry

Assuming a static condition, a homogeneous surface and a small droplet such that the

effect of the gravity field is negligible, the droplet deformation can be neglected and a

droplet forms as a part of a sphere having a circular contact area with the solid surface.

Equations (4.9) and (4.10) describe a spherical droplet shown in Fig. 4.2, with the

droplet radius of curvature, R, the contact radius of the droplet with the solid surface,

rCA, the height of the droplet, h, and the droplet contact angle, θ. Vdrop is the droplet

volume and the capillary pressure, pc, due to the curvature of the droplet surface and

the surface tension between the phases, γlg, is described using Eq. (4.11) [e.g., Baber,

2014].

R =
h

1− cos θ
=

rCA

sin θ
, (4.9)

Vdrop =
π

3
h2(3R− h) =

π

3
r3CA

(1− cos(θ))2(2 + cos(θ))

(sin(θ))3
, (4.10)

pc =
2γlg
R

2(1− cos θ) + cos θ(sin θ)2

(1− cos θ)2(2 + cos θ)
. (4.11)
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Figure 4.2: A sessile droplet and its descriptive parameters.

4.3.2 Droplet–porous medium interactions

Mass balance A droplet on the surface of the porous medium exchanges mass with

the porous medium. Equation (4.12) shows the mass flux, ṁpore
drop, between the droplet

and the connected pore through the droplet–pore interface, Γpore
drop. In this equation, ρpore

is the fluid density in the pore, vdrop
pore is the velocity vector of the fluid at Γpore

drop, and Apore
drop

is the area of Γpore
drop. The unit normal vector npore

drop is shown in Fig. 4.1. We assume that

there is no mole fraction gradient between the droplet and the connected pore body,

i.e., there is no diffusive mass exchange between the droplet and the connected pore.

ṁpore
drop = [ρporev

drop
pore ] · n

pore
dropA

pore
drop at Γpore

drop . (4.12)

Momentum balance At the interface between a droplet and a pore, Γpore
drop, as shown in

Fig. 4.3a, continuity of forces in the normal direction to the droplet surface is described

as:

Fpore + Fdrop = 0 at Γpore
drop , (4.13)

where Fpore and Fdrop are the forces exerted on the droplet–pore interface due to the

pore body and the droplet pressure, respectively. Substitution of the forces by the

multiplication of the pressure and an infinitesimal area of the droplet–pore interface,

daporedrop, results in a coupling condition based on the droplet and pore pressure.

[pporen
drop
pore + pdropn

pore
drop] · n

pore
drop daporedrop = 0 at Γpore

drop . (4.14)
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Rearrangement of Eq. (4.14) gives:

ppore = pdrop at Γpore
drop , (4.15)

which shows that the pore pressure is equal to the droplet pressure at Γpore
drop. We assume

no pressure gradient inside the droplet, which leads to equality of the pressure inside

the droplet and the pressure at the droplet–pore interface. In the pore-network model,

only one pressure is considered for each pore body. According to these assumptions,

Eq. (4.15) not only holds at the interface, but also for the entire droplet and the

connected pore, Ωdrop ∪ Ωpore .

(a) (b)

Figure 4.3: Forces acting on: a) the drop–pore interface, and b) the drop–free-flow interface.

Energy balance At Γpore
drop, the temperatures of the droplet and the pore are assumed

to be equal.

Tdrop = Tpore at Γ
pore
drop . (4.16)

Assuming no temperature gradient inside the droplet due to the small size of the droplet,

we assign one value for temperature for the entire droplet. Making the same assumption

for the pore in pore-network model, the temperature of a pore is described using only

one value. Thus, in our model, Eq. (4.15) is not only valid at the interface, but also for

the whole droplet and the pore, Ωdrop ∪ Ωpore. Consequently, energy exchange between
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the pore and the droplet, ėdroppore , occurs only through convection. The convective heat

transfer can be expressed by Eq. (4.17).

ėporedrop = [ρporehporev
drop
pore ] · n

pore
dropA

pore
drop at Γpore

drop . (4.17)

It is worth mentioning that considering the same temperature and pressure for the

droplet and the pore, the density, ρ, and the specific enthalpy, h, of the droplet and

the pore are equal as well. Figure 4.4 illustrates the droplet mass and energy exchange

with the connected pore and the surrounding free flow.

(a) (b)

Figure 4.4: a) Mass exchange between the free-flow, droplet and pore, and b) Energy exchange
between the free-flow, droplet and pore.

4.3.3 Droplet–free-flow interactions

Mass balance In a compositional system, a droplet and the surrounding free flow

exchange mass through evaporation from the surface of the droplet, Γff
drop.

ṁff
drop = ṁevap at Γff

drop , (4.18)

where ṁevap is the evaporative flux from the droplet surface to the free flow. In Sec-

tion 4.5, we discuss how to compute the evaporative flux in detail.
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The part of the free-flow domain that is occupied by the droplet, Ωdrop, is treated using

a Dirichlet-type condition for mole/mass fraction, i.e., we assign the mole/mass fraction

of the droplet for component κ to the cells that are occupied by the droplet.

xκ
ff = xκ

drop at Ωdrop . (4.19)

Momentum balance Continuity of normal forces at the drop surface, Γff
drop, at each

infinitesimal area, da, needs to be fulfilled:

Fff + Fpc + Fdrop = 0 at Γff
drop , (4.20)

where Fff is the total free-flow force acting on each point of the droplet–free-flow

interface, Fpc is the capillary force on the droplet surface and Fdrop is the droplet force

exerted by the fluid inside the droplet on the droplet surface (see Fig. 4.3b).

We have that Fff is the sum of three forces:

Fff = Fρv2 + Fp + Fτff . (4.21)

Considering an infinitesimal area of the droplet surface, daffdrop, each force can be

computed as:

• Inertial force: Fρv2 = [(ρv ⊗ v)ff ndrop
ff ] · nff

drop daffdrop ,

• Pressure force: Fp = [pff ndrop
ff ] · nff

drop daffdrop ,

• Shear force: Fτff = [(−τ )ff ndrop
ff ] ·nff

drop daffdrop , where τ is the shear stress tensor.

The capillary force, Fpc , is defined as:

• Capillary force: Fpc = [pc ndrop
c ] · nc

drop daffdrop , where the subscript c indicates

that the capillary force stems from the curvature of the droplet surface. It should

be noted that in fact ndrop
c = ndrop

ff and nc
drop = nff

drop .

The droplet force exerted by the fluid inside the droplet on the droplet surface is:

• Droplet force: Fdrop = [pdrop nff
drop] · nff

drop daffdrop .
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Thus, Eq. (4.20) can be rewritten as:

Fρv2 + Fp + Fτff + Fpc + Fdrop = 0 at Γff
drop . (4.22)

Using the definition of each force, we derive Eq. (4.23), which shows the mechanical

coupling condition at the interface between the droplet and the free flow.

[((ρv ⊗ v) + pI + (−τ ))ff + pcI − pdropI]n
drop
ff · nff

drop daffdrop = 0 at Γff
drop . (4.23)

The part of the free-flow domain that is occupied by the droplet is treated using a

Dirichlet-type condition for velocity. As mentioned before, in the discretized free-flow

domain using the staggered-grid finite volume approach, the velocity degrees of freedom

are located at the face of grid cells. Thus, we assign zero velocity to the faces that are

occupied by the droplet.

vff = 0 at Ωdrop . (4.24)

Energy balance Energy exchange between the droplet and the free flow takes place at

the surface of the droplet through two mechanisms: heat conduction and heat transfer

due to the evaporation. Heat conduction occurs as a result of temperature gradient

between the surface of the droplet and the surrounding free flow. Evaporation from the

surface of the droplet also causes energy exchange in the form of molecular diffusive

energy transfer. Summing up the energy transfers through these two mechanisms and

integrating over the surface of the droplet gives the total energy exchange between the

droplet and the free flow:

ėffdrop =

∫
Aff

drop

[−λff∇T ff
drop + fevaph

κ
drop] · nff

dropda at Γff
drop . (4.25)

Here, λff is the free-flow conductivity, ∇T ff
drop refers to the temperature gradient be-

tween the droplet surface and the free flow, fevap is the evaporative flux computed by

Eq. (4.47), and hκ
drop is the specific enthalpy of the main component, e.g., H2O, in the

droplet.

The droplet temperature is assigned to the part of the free-flow domain that is occupied

by the droplet, Ωdrop:

Tff = Tdrop at Ωdrop . (4.26)
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Droplet impact on the free-flow field We discussed the balance equations at the

droplet–free-flow and droplet–pore interfaces. We also mentioned that we assign the

droplet related properties to the parts of the free flow which are occupied by droplets,

Ωdrop. In this section, we explain how the free-flow parts invaded by the droplet are

recognized and treated.

To include the impact of the droplet on the free flow, we take a simplified approach.

In this approach, we keep the free-flow domain single-phase and the free flow sees the

droplet as an obstacle, which might grow or shrink over time. In the discretized free-

flow domain, the free-flow cell centers or faces that are occupied by the droplet are

recognized. It should be noted that we do not solve the degrees of freedom that are

inside the droplet, but they are treated using Dirichlet-type conditions. That means,

we assign a fix value to the degree of freedom which is located inside the droplet. In

what follows, we explain the steps need to be taken:

1. Considering the mass exchange of the droplet with the free flow and the pore, the

droplet volume is calculated.

2. Having the contact angle and computing the droplet radius and position using

Eqs. (4.9) and (4.10), we identify grid cells and cell faces in the free-flow region

affected by the droplet. To do so, a dimensionless variable, β, is defined and used.

For velocity degree of freedom which is located on the face of the free-flow grid

cell, βface is defined as:

βface =
Area of the face occupied by the droplet

Total area of the face
. (4.27)

For other degrees of freedom which are located at the cell center, such as temper-

ature and mole/mass fraction, we have:

βcell =
Volume of the cell occupied by the droplet

Total cell volume
. (4.28)

If βcell = 1 for a cell, the grid cell is completely inside the droplet. Otherwise, if

0 < βcell < 1, the cell is partially occupied by the droplet and it is recognized as

an interface grid cell. The cell faces are treated similarly.

3. The free-flow gird cells which are inside the droplet are treated using Eqs. (4.19)

and (4.26).
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4. The free-flow gird faces which are inside the droplet are treated using Eq. (4.24).

5. The coupled system is solved, including the droplet impact on the free-flow do-

main.

Furthermore, we calculate the temperature and mole/mass fraction gradient between

the cells which are recognized as interface grid cells and the cell inside the droplet.

The free-flow shear and inertial forces are calculated on the interface grid faces and the

pressure force on the interface grid cells. Figure 4.5 shows the free-flow grid cells inside

the droplet and interface grid cells.

Figure 4.5: The blue grid cells are completely inside the droplet and the red ones are the grid
cells that are partially occupied by the droplet.

4.3.4 Coupling concept for free flow and porous medium with

droplets

To describe the exchange through the interface between a free flow and a porous medium

including droplets’ impacts, we need to combine the droplet–pore interactions (see

Section 4.3.2), and droplet–free-flow interactions (discussed in Section 4.3.3).
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Mass balance The total mass balance for the droplet in a coupled system can be

derived through adding up the droplet mass exchange with the porous medium and the

free flow.
dmdrop

dt
+ ṁpore

drop + ṁff
drop = 0 , (4.29)

where
dmdrop

dt
=

d(ρdropVdrop)

dt
,

ṁpore
drop = [ρporev

drop
pore ] · n

pore
dropA

pore
drop ,

ṁff
drop = ṁevap .

(4.30)

The evaporation from the droplet surface to the free flow is discussed in Section 4.5.

As we discussed before, for the parts of the free-flow domain that are occupied by

the droplet, we set the mole/mass fractions of the components to the droplet values

(Eq. (4.19)).

Momentum balance Since we don’t introduce a new primary variable for the droplet,

we write the momentum coupling condition for the pore connected to the droplet,

including the droplet effect. Thus, we substitute the droplet pressure in Eq. (4.23)

with the pore pressure according to Eq. (4.15) which leads to:

[((ρv ⊗ v) + pI + (−τ ))ff + pcI − pporeI]n
drop
ff · nff

drop daffdrop = 0 . (4.31)

As we discussed before, we assign zero velocity to the parts of the free-flow domain

that are occupied by the droplet (Eq. (4.24)).

Energy balance Since the droplet temperature is equal to the temperature of the

interface pore in our model, we write the energy balance for the interface pore and take

the pore–free-flow energy exchange through the droplet into account. Considering the

configuration shown in Fig. 4.6 and having no sink/source term, the energy balance for

the interface pore body, i, can be written as:

dei
dt

+ ėji + ėdropi + ėffi = (V qe)i . (4.32)
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The first term describes the energy storage in the interface pore body, ėji is the energy

exchange between the interface pore body i and the neighboring pore body j, ėdropi is the

energy exchange between the interface pore body, and the droplet and ėffi is the energy

exchange between the interface pore body and the free flow, which occurs through the

droplet.

For a case where fluid flows from pore body j to pore body i and from pore body i to

the droplet, pore body j is the upstream pore body for pore body i, while pore body i

itself is the upwind pore body for the droplet.

Figure 4.6: Free-flow–droplet–pore energy exchange at the interface.

We have that ėji can be described using the following equation:

ėji = [ρjhjv
i
j − λji∇T j

i ] · n
j
iA

j
i . (4.33)

To describe the energy exchange between the interface pore body and the free flow

through the droplet, we assume that all energy exchanged at the droplet–free-flow



4.3 Interface with droplets 49

interface, ėffdrop, is evenly distributed throughout the droplet and the interface pore body.

Thus, the amount of ėffi is a proportion of ėffdrop that affects pore body i. Accordingly,

the ratio of the pore body volume, Vi, to the sum of the pore body and droplet volume,

Vi + Vdrop, is used to calculate ėffi :

ėffi =

(
Vi

Vi + Vdrop

)
ėffdrop . (4.34)

Rewriting Eq. (4.32) using the definition of each term gives the following relation,

which describes the energy balance for pore body i at the interface,

d(ρiuiVi)

dt
+ [ρjhjv

i
j − λji∇T j

i ] · n
j
iA

j
i + ρihiv

drop
i · ndrop

i Adrop
i

+

(
Vi

Vi + Vdrop

)∫
Aff

drop

[−λff∇T ff
drop + fevaph

κ
drop] · nff

dropda = (V qe)i .
(4.35)

In the above equation, fevap is the evaporative flux vector. We treat the energy exchange

at the interface for the interfacial pore body as a source/sink term. Such a source/sink

term is the sum of the droplet–pore convection heat transfer and the proportion of the

energy exchange between the droplet and the free flow, which impacts the pore body.

Equation (4.36) shows the computation of the source/sink term related to the droplet,

which affects pore body i at the interface, Qdrop
i :

Qdrop
i =− ρihiv

drop
i · ndrop

i Adrop
i

−
(

Vi

Vi + Vdrop

)∫
Aff

drop

[−λff∇T ff
drop + fevaph

κ
drop] · nff

dropda .
(4.36)

Using the source/sink term given by the above equation, the energy balance relation

for pore body i, Eq. (4.35), can be rewritten as:

d(ρiuiVi)

dt
+ [ρjhjv

i
j − λji∇T j

i ] · n
j
iA

j
i = (V qe)i +Qdrop

i . (4.37)

As we discussed before, for the parts of the free-flow domain that are occupied by the

droplet, we set the temperature to the droplet temperature (Eq. (4.26)).
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4.4 Droplet dynamics

After discussing the droplet interactions with a free flow and a porous medium, in this

section, first, we focus on the droplet formation and growth at the interface. Then, we

discuss the detachment of the droplet. Droplet formation and growth are functions of

the droplet–free-flow and the droplet–porous medium mass exchange. Detachment of

a droplet occurs due to the impact of the free-flow forces on the droplet.

4.4.1 Droplet formation and growth

Both the free flow and porous medium flow can affect the formation of a droplet at the

surface of the porous medium. In the case of droplet formation as a result of the porous

medium liquid breakthrough, it is the porous medium that play the role of a supplier

for the droplet and acts in favor of the droplet growth. In fact, the droplet stores the

mass coming from the porous medium. Evaporation from the surface of the droplet in

the free flow region, on the contrary, causes shrinkage of the droplet. Summing up these

two interactions, the variation of the droplet volume can be expressed using Eq. (4.29).

Growth mode A droplet might grow at the interface in constant contact angle mode,

constant contact radius mode, or a combination of them. In our concept, to describe

how a droplet grows, we divide the droplet growth process into two periods:

1. Initially, when a droplet just emerged from a pore and starts growing, the droplet

contact angle is less than the advancing contact angle of the hydrophobic surface.

In this stage, the droplet contact area is equal to the pore surface area and

the droplet contact angle grows until it reaches the surface advancing contact

angle. In other words, a constant contact radius and an increasing contact angle

describes the droplet growth and the triple contact line is pinned in this stage to

the pore perimeter.

2. The second stage begins once the droplet contact angle reaches the advancing

contact angle of the surface. At this time we switch to a constant contact angle

approach, which means that the droplet grows while its contact angle is constant,
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i.e, equal to the surface contact angle, and the droplet contact radius increases,

i.e., the droplet contact area expands.

Figure 4.7: Droplet formation and growth on a pore, where θ is the droplet contact angle
before it reaches the surface advancing contact angle, θadv, while the droplet
contact radius is equal to the pore radius, rpore. After the triple contact line
expands and leaves the pore perimeter, the droplet contact radius is rCA.

It should be noted that in both stages, we assume that the droplet is part of a sphere

(i.e., non-deformed droplet), whose radius can be calculated based on the droplet con-

tact angle and contact radius described in Section 4.3.1. Figure 4.7 shows the stages

of a droplet growth on the surface of a pore.

4.4.2 Droplet detachment

The detachment of a droplet from the porous medium surface has a significant impact

on the coupled system of a free flow–porous medium. To predict the droplet detachment
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due to the free-flow influence, it is necessary to recognize and calculate the forces acting

in favor and against the droplet detachment.

Forces involved in the droplet detachment The free flow around a droplet exerts

forces on the droplet surface on every point of the droplet–free-flow interface, Γff
drop.

Integration of the forces over the droplet surface gives the total free-flow force, which

acts on the droplet as a whole. This force can be decomposed to a force in the flow

direction (i), called drag force, and a force perpendicular to the flow direction (j) called

lift force:

F ff
total = Fdrag + Flift . (4.38)

The drag force is the main force that acts to detach the droplet from the solid surface

which can be calculated as:

Fdrag = Fτi + Fpi + Fpv2i , (4.39)

where

Fτi =

∫
Aff

drop

[(−τ )n]dropff · ni da
ff
drop ,

Fpi =

∫
Aff

drop

[pn]dropff · ni da
ff
drop ,

Fρv2i =

∫
Aff

drop

[(ρv ⊗ v)n]dropff · ni da
ff
drop .

(4.40)

Fτi,Fpi and Fρv2i are the total shear, pressure and inertial force components acting on

the droplet in the flow direction. ni is the unit vector in the flow direction (i).

The impacts of the free-flow forces on the droplet, before the detachment, are the

deformation in the shape of the droplet as well as the contact angle hysteresis on the

triple contact line between the free-flow fluid, the droplet fluid and the solid.

The adhesion force, Fadh, is the sum of forces acting on each point of the triple contact

line, which tries to keep the droplet attached to the surface in the presence of the free-

flow force. The adhesion force is influenced by the droplet deformation, the droplet

fluid–free-flow fluid interfacial tension and the wettability state of the porous medium.

The resultant adhesion force can be decomposed into two components: one tangential to

the solid surface and another one perpendicular to the solid interface. The component
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acting tangential to the solid surface results from the droplet contact angle hysteresis.

Thus, we use the name “hysteresis force”, Fhyst, to refer to it. Figure 4.8 shows a sessile

drop in two-dimension under influence of the free-flow forces acting on the droplet

surface, the forces acting on the triple contact line, and the weight force. For instance,

For the two-dimensional droplet shown in Fig. 4.8, we have the following relation in i

direction:

Fhyst = Fadh,i = Frec,i + Fadv,i , (4.41)

where Frec and Fadv are forces acting on the triple contact line at the receding and

advancing point. It should be noted, since we describe the forces acting on a droplet

as a whole, we assume the center of the droplet–solid/pore contact area as the point of

action of the resultant adhesion force. In a three-dimensional case, integration of the

forces on the triple contact line gives the total adhesion force.

Figure 4.8: Free-flow drag force and hysteresis force acting on the droplet.

Droplet detachment criteria The triple contact line becomes unstable either once the

free-flow lift overcome the sum of adhesion force component perpendicular to the solid

surface and the droplet weight, or when the free-flow drag force exceeds the adhesion

force tangential to the solid surface (hysteresis force). Whether a droplet first slides
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for some time at the interface and then detaches or detaches rather immediately once

the triple contact line becomes unstable, depends on different factors, e.g., surface

wettability, fluids surface tension, droplet contact angle hysteresis, droplet growth rate,

pore geometry and free-flow velocity [Li et al., 2012, Wang et al., 2011]. In the developed

model here, we assume that the movement of the triple contact line due to the free-flow

forces is the detachment criterion, which determines when the droplet detaches from

the solid surface. Such a criterion has shown to be a proper indicator of the droplet

detachment [Kumbur et al., 2006, Cho et al., 2012]. Thus, the detachment can occur

when either of the following criteria is fulfilled:

Flift > Fadh,j + Fw , (4.42)

Fdrag > Fadh,i = Fhyst . (4.43)

It has been shown that the first criterion, relation (4.42), is more difficult to be satisfied.

Therefore, the second criterion, relation (4.43), is the critical condition which is used

to predict the droplet detachment [Cho et al., 2012, Kumbur et al., 2006, Basu et al.,

1997].

The maximum hysteresis force The maximum hysteresis force, Fmax
hyst , occurs when a

droplet experiences the ultimate difference between the advancing and receding contact

angles. Such a situation happens just before the droplet detachment. Thus, having

a proper estimation of this force leads to a more accurate prediction of the droplet

detachment.

Several expressions to calculate the hysteresis force have been proposed [Chen et al.,

2005, Kumbur et al., 2006, Cho et al., 2012]. Kumbur et al. [2006] assumed a linear

variation of the contact angle along the triple contact line and derived Eq. (4.44) by

integrating the forces on the contact line to describe the maximum hysteresis force:

Fmax
hyst = γlgπR sin θ[

sin(∆θmax − θadv)− sin(θadv)

∆θmax − π
+

sin(∆θmax − θadv)− sin(θadv)

∆θmax + π
] .

(4.44)

In Eq. (4.44), ∆θmax is the maximum difference between the advancing and receding
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contact angle. Assuming two semi-circles with contact angles of receding and advancing

contact angles, Chen et al. [2005] proposed the following equation to calculate the

maximum hysteresis force on the triple contact line:

Fmax
hyst = 2γlgπR sin θ sin(

θadv + θrec
2

) sin

(
∆θmax

2

)
. (4.45)

Cho et al. [2012] et al. simplified Eq. (4.45) by assuming θ = (θadv + θrec)/2 and

proposed the following equation:

Fmax
hyst = 2γlgπR sin2 θ sin

(
∆θmax

2

)
. (4.46)

4.5 Droplet evaporation

The mass transfer between a droplet and the surrounding free flow occurs through

evaporation from the surface of the droplet. We describe the droplet evaporation as

a quasi-stationary diffusion driven process [Fuchs, 2013], in which the diffusion of the

vapor from the surface of the droplet to the gaseous free flow controls the evaporation

rate. In other words, the vapor concentration gradient between the droplet surface and

the surrounding free flow determines the droplet evaporation. Such a process can be

described using the Fick’s first law. Decomposing the evaporative flux, fevap, into its

Cartesian components, i.e., in i and j directions in a two-dimensional setup, we use the

Fick’s first law to calculate the diffusive flux in each direction from the surface of the

droplet into the neighboring free-flow cell, N , as shown by Eq. (4.47) for i-direction.

The flux in j-direction is calculated similarly.

fevap,i = ρg,ffD
κ
g,ff

Xκ
g,ff,int −Xκ

g,ff,N

di
. (4.47)

In the above equation, subscripts “g” and “ff” are used to emphasize that the evapo-

ration occurs in the gas phase from the surface of the droplet to the surrounding free

flow. Thus, the parameters used to calculate the evaporative flux are related to the free

flow, i.e., gas phase. The mass fraction of component κ in the gas phase at the interface

grid face and in the neighboring cell are respectively indicated by Xκ
g,ff,int and Xκ

g,ff,N ,

and di is the distance between the interface grid face and the center of the neighboring
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grid cell in i-direction (see Fig. 4.9b). It should also be noted that the subscripts “int”

and “N” indicate the values at the interface grid face and neighboring cell, respectively.

Here, the interface grid face is the face of the grid cell that is occupied by the droplet

and has a neighboring cell that is outside the droplet.

(a) (b)

Figure 4.9: a) Evaporation from the surface of a droplet into the free flow, and b) an interface
grid face (red dashed line) and its neighboring grid cell (N).

Integrating the evaporative flux over the surface of the droplet gives the total mass flux

leaving the droplet surface due to evaporation, ṁevap.

ṁevap =

∫
Aff

drop

fevap · nff
dropda . (4.48)

In the above equation, we use nff
drop to get the evaporative flux from the surface of the

droplet in radial direction.

To compute the evaporative flux using Eq. (4.47), we need the value of Xκ
g,ff,int before-

hand. To obtain that, we assume mechanical, thermal and chemical equilibrium at the

surface of the droplet, Γff
drop. Such equilibrium conditions are demonstrated in Fig. 4.10.
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Figure 4.10: Equilibrium conditions at the surface of the droplet.

The mechanical equilibrium at the droplet surface means that the droplet pressure

at Γff
drop is equal to the sum of free-flow pressure and capillary pressure. The thermal

equilibrium indicates that the temperature of the droplet and the free flow are the same

at the droplet surface. Based on the chemical equilibrium, a component κ in the liquid

phase (droplet) and the gas phase (free flow) must have the same chemical potential,

µκ, at the droplet surface.

Having chemical equilibrium at Γff
drop, for the vapor component, κ, Raoult’s law can be

employed to compute the partial pressure of that component in the gas phase using

the vapor pressure, pκvap, and the mole fraction of the component κ in the liquid phase,

xκ
l,drop:

pκg,ff = pκvapx
κ
l,drop at Γff

drop . (4.49)

Then, using the Dalton’s law, the mole fraction of the component κ in the gas phase,

xκ
g,ff, at Γ

ff
drop is computed as the ratio of the partial pressure of the component κ to the

total gas pressure, pg,ff:

xκ
g,ff =

pκg,ff
pg,ff

at Γff
drop . (4.50)

Converting mole fraction to mass fraction is straightforward. We assign the value

computed by Eq. (4.50) to the cells occupied by the droplet. To identify the grid

cells in the free-flow domain that are affected by the droplet, we take the approach

explained in Section 4.3.3. In this study, it is assumed that the mole fraction of the
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main component in the liquid phase is equal to one.

Evaporation mode In our model, the droplet evaporation mode might follow the

constant contact area mode or a combination of constant contact angle and constant

contact area modes. If the droplet contact radius is equal to the pore body radius,

the droplet shrinkage due to the evaporation occurs in a constant contact area mode.

In this mode, the contact angle, θ, of the droplet diminishes during the evaporation,

while the droplet contact area remains constant. Shrinkage of a droplet with an initial

contact radius greater than the pore radius, however, starts with a constant contact

angle mode. The droplet contact radius decreases as long as it is greater than the pore

radius, whereas the droplet contact angle remains constant and equal to the surface

contact angle, θeq. By further shrinkage of the droplet and when the droplet contact

radius reduces to the pore radius, the droplet contact angle begins to decrease and the

contact radius stays constant. Such a process is illustrated by Fig. 4.11.

Figure 4.11: Droplet evaporation modes.
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dynamics at the interface: Droplet

formation, growth, and detachment

In this chapter, at first, we focus on the droplet formation and growth at the interface

and compare the simulation results with the experimental data. Then, we discuss

simulation results of droplet detachment and compare them with experimental data

and simulation results from ANSYS Fluent. After that, we analyze the interactions

between two neighboring droplets formed at the interface on the droplet detachment.

At the end, we present a showcase consists of a free-flow channel coupled with a pore

network to show the application of the developed model in describing multiple droplets

formation and growth at the interface.

5.1 Droplet formation and growth: Comparison with

experiment∗

5.1.1 Experimental setup and image analysis

A cylindrical Polytetrafluoroethylene (PTFE) block with diameter of 1.5× 10−2 m and

height of 3 × 10−2 m is used, which a pore with diameter of 1.495 × 10−3 m is drilled

at its center. A high precision peristaltic pump (Ismatec REGLO Digital MS-2/12)

is connected to the bottom end of the pore and injects potassium iodide (KI)-doped

water with volume flow of Q = 8.85×10−10 m3/s±4.83×10−11 m3/s until a drop forms

∗A large portion of this section was previously published by International Journal of Multiphase
Flow (Elsevier) [Ackermann et al., 2023].
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Figure 5.1: High-resolution X-ray radiographies of the single pore in the center of the PTFE
cylindrical block [Ackermann et al., 2023].

on the surface. A high resolution X-ray radiography of the pore entrance is shown in

Fig. 5.1. The mass ratio of potassium iodide to water was 1:6, yielding a surface tension

of σ = 0.0681 N/m.

To monitor the drop formation and growth onto the pore, high-resolution X-ray radio-

graphies were employed. For more details about the x-ray radiographies used in this

work and the components of the X-ray microCT equipment, we refer to Ackermann

et al. [2023] and Santini et al. [2013].

Using a metrological calibration, the resolution of the X-ray radiographies was deter-

mined [Santini et al., 2016], to be used in image analysis. Measured distances have an

error twice the meter-scale, so that droplet radii could be determined with a precision

of about 1× 10−5 m.

During acquisition, the projections were corrected for charge accumulation of the de-

tector, the so called “dark-field”, and were normalized by “bright-field” correction. The

latter characterizes the response of the non-uniform radiography acquisition system due

to variation in the detector sensitivity and the X-ray source flux density. The normal-

ized projections are post-processed in Matlab®. Ackermann et al. [2023] describe the

image processing in more details. Figure 5.2 depicts some post-processed projections

for a growing droplet and the extracted contours for a droplet pinned to the pore at

different time steps.
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(a) (b)

Figure 5.2: a) Post-processed radiographies for a growing droplet, b) extracted contours for
a droplet pinned to the pore at different time steps [Ackermann et al., 2023].

To compute the drop volume, the half-droplet contours were rotated around the y-axis.

From the obtained solid of revolution, the enclosed volume was determined with the

disc method. To extract the contact angle from the obtained data, the drop profile is

fitted to the Young Laplace equation [Santini et al., 2013], which is evaluated at the

triple contact line. The absolute measurement error for contact angles smaller than

160° results less than 1° (for validation, see Santini et al. [2013] and Guilizzoni [2011]).

To estimate the droplet mean curvature, κ, droplet profiles have been approximated

as symmetrical ellipses. Measuring vertical and horizontal half axis lengths, Rver and

Rhor, respectively, the mean curvature of the droplet surface was calculated as shown

in Eq. (5.1):

κ =
κver + κhor

2
=

1
Rver

+ 1
Rhor

2
. (5.1)

The mean droplet radius of curvature, R, is the inverse of the droplet mean curvature

and can be determined with an accuracy of ±4× 10−5 m.

R =
1

κ
. (5.2)

5.1.2 Simulation setup

We use an inlet and an outlet pore bodies connected via a single pore throat to model

the hole in the cylindrical PTFE block used in the experiment. The pore bodies and

the pore throat have the same radius of 7.475 × 10−4 m and the length of the pore
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throat is 15×10−3 m. The network is initially filled with water and a Neumann in-flow

boundary condition is applied to the inlet pore body. Water is injected to the inlet pore

body with the inflow rate of 8.85 × 10−10 m3/s ± 4.83 × 10−11 m3/s. The outlet pore

body is connected to the free-flow domain. The droplet starts growing in a constant

contact radius mode. Once the contact angle of the droplet reaches the surface contact

angle, which is here equal to 140◦, the droplet contact radius expands and its contact

angle remains equal to the surface contact angle.

5.1.3 Comparison between the simulation results and experimental

data

Figure 5.3 compares the simulation results and the experimental data for the change in

droplet volume over time. The comparison of droplet contact angle is shown by Fig. 5.4.

As can be seen, the experimental data show an initial stage of growing contact angle

with time. However, after reaching the surface contact angle, the drop contact angle

remains almost constant with small fluctuations around the surface contact angle. Such

behavior shows that assuming a constant contact angle mode for the second stage of the

droplet growth is reasonable. It should be noted that the droplet is constantly growing.

That means that after depinning of the triple contact line from the pore perimeter, the

triple contact line is most of the time advancing. Thus, the contact angle measured in

the experiment is the dynamic contact angle. According to the results, the model is

able to predict the behavior of the droplet contact angle.

Figure 5.5 represents the droplet radius of curvature variation versus time. According

to the simulation results, the radius of curvature peaks early in time. Then it plunges

until it reaches the pore radius, and it starts an upward trend. Considering the droplet

formation and growth process, at a short time after the water injection into the throat,

a small droplet forms on the surface which has a small contact angle and the contact

area of the throat. That results into a large radius of curvature and explains the peak in

the simulation results. However, the experimental results do not show such a behavior

at the beginning due to the difference of time resolution in the simulation and the time

resolution used in the experiment to monitor the droplet growth. In other words, if a

smaller time-step size is applied in the simulation, a higher peak in the droplet radius

of curvature is expected at the early time. However, a small time-step size in the
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Figure 5.3: Comparison of the drop volume from the experiment (squares) and simulation
(lines).

Figure 5.4: Comparison of drop contact angle from experiment (squares) and simulation
(lines).

experiment such that the peak in the radius of curvature is observed, can not be easily

applied. In addition, looking into the whole droplet formation and growth process, such

a momentary phenomenon is not much of importance.

Overall, the results show a good match between the experiment and simulation results

and that our approach is able to describe the formation and growth of the droplet.
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Figure 5.5: Comparison of drop radius of curvature from experiment (squares) and simulation
(lines).

5.2 Droplet detachment

5.2.1 Comparison with experimental data

In this section, we compare the results obtained from the developed model in this work

and the experimental data from the study conducted by Theodorakakos et al. [2006b]

for the detachment of a single droplet by the surrounding free flow.

5.2.1.1 Experimental and simulation setup

In the experiment presented by Theodorakakos et al. [2006b], the experimental setup

consists of a 7 mm × 2.7 mm × 34 mm (width × height × length) gas channel. A

Dirichlet-type boundary condition for velocity is applied to the channel inlet, i.e., the

gas flows uniformly into the channel at the inlet. The outlet is at atmospheric pressure,

which is a Dirichlet-type pressure boundary condition. Droplets of different sizes are

placed 17 mm downstream of the inlet on the bottom wall of the channel, which is made

of carbon cloth and has a static contact angle of 145◦. The ultimate advancing and

receding contact angles of the surface are 150◦ and 90◦ respectively. The experiment

starts with generating droplets using a syringe and placing them on the solid surface.
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In the simulation, we use a free-flow channel with the same size used in the experiment.

A small porous medium composed of two pore bodies connected with a pore throat is

connected to the bottom wall of the channel to form a droplet through injection of

water at the inlet pore body until a droplet with a desirable size forms on the solid

surface. The pore bodies and the pore throat have the same radius of 0.1 mm and the

length of the pore throat is 0.8 mm length. After formation of the droplet, the gas starts

flowing into the channel at a low flow rate with a uniform velocity profile, followed by

gradually increasing of the inlet gas flow until the droplet detaches. Figure 5.6 shows

the simulation setup and the applied boundary conditions.

Figure 5.6: The setup used for the comparison between the simulation results and the exper-
imental data provided by Theodorakakos et al. [2006b].

5.2.1.2 Results

Figure 5.7 shows the comparison between the experimental results from the study by

Theodorakakos et al. [2006b] and the results of our developed model. According to

the results, the model shows a high ability to predict the droplet detachment. The

difference between the simulation and experimental data could stem from the droplet

deformation in the experiment, which is not included in the model. For a droplet with

certain diameter, the three-dimensional simulations predict a higher free-flow velocity

required for detachment than predictions by the two-dimensional simulations. This

could be explained by the more reduction in the area available for the free flow in

the two-dimensional case than in the three-dimensional case. In other words, the two-
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dimensional simulation overestimates the partial blockage of the free-flow channel by

the droplet.

Figure 5.7: Comparison of the experimental data provided by Theodorakakos et al. [2006b]
and the results of our developed model for the free flow velocity detaching the
droplets in an air channel.

5.2.2 Analysis and comparison with ANSYS Fluent†

In this section, first, we will examine the impact of grid resolution in the free-flow

domain on the simulation results. Then, we will look at the droplet dynamics and

the variation of forces acting on the droplet with the droplet growth. After that, we

will compare the results predicted by the developed model for the droplet detachment

with the ANSYS Fluent model. Then, the separation line obtained from the developed

model will be compared with the line predicted by analytical/empirical approaches. At

the end, we will present a showcase, which consists of a free-flow channel coupled with

a pore network, including multiple droplets formation at the interface.

†This section was previously published by Transport in Porous Media (Springer) [Veyskarami et al.,
2023].
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5.2.2.1 Model setup

Figure 5.8 shows the setup in which air flows through a channel with dimensions of

1.35 mm × 4.15 mm × 1 mm (width × length × height). A vertical pore consists of

two pore bodies and a pore throat with a circular cross-section (radius = 0.15 mm and

length = 0.5 mm) is connected to the middle of the bottom wall of the channel. Air

enters the channel at the inlet with a fully developed laminar velocity profile given by

[Hartnett and Kostic, 1989]:

v(y, z) = vmax ·

(
1−

(
y − a

a

)2
)

·

(
1−

(
z − b

b

)2.3
)

, (5.3)

where vmax is the maximum flow velocity at the center line, and a and b are half of the

width and height of the channel, respectively. Atmospheric pressure is assigned as the

Dirichlet boundary condition for pressure at the channel outlet. Initially, there is no

flow in the channel and the air pressure is equal to the atmospheric pressure.

Water is injected into the inlet of the pore at a constant mass flow rate of 10−5 kg/s. A

droplet forms and grows in the channel at the outlet of the throat until it is detached

due to the air flow in the channel.

For comparison purposes, we use the above-described setup for simulations using a

model based on the volume of fluid method, which is implemented in ANSYS Fluent.

ANSYS Fluent R2019 is chosen for this study due to its established and stable imple-

mentation of a multiphase solver and the applicability on high performance computing

clusters for fast calculations [Michalkowski et al., 2022].

5.2.2.2 Grid resolution in the free-flow domain

To find the suitable grid resolution in the free-flow domain such that it preserves accu-

racy but at the same time prevents high computational cost, we apply three different

grid resolutions in a case with maximum free-flow velocity of 20 m/s, mean velocity of

9.3 m/s, at the inlet of the free-flow channel. For the fine grid resolution, we use 110400

grid cells to discretize the domain. We use 16875 cells for the medium grid resolution

and 6000 cells to generate the course grids in the free-flow domain. However, in all

cases, a refinement algorithm is employed to have smaller grids around the droplet and
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Figure 5.8: The simulation setup used in the droplet detachment analysis.

larger grids in areas far from the droplet. For instance, in the fine grid resolution we

have 48000 cells in the area where droplet presence is probable, whereas there are 2700

grid cells in the coarse grid resolution. Figure 5.9 illustrates the aforementioned grid

resolutions. In this figure, the area in the middle of the channel with smaller grid cells

is where the droplet is more likely to invade, and therefore, a finer grid is used. It

should be noted that the fluid flows in x-direction in the free-flow channel.

Table 5.1 compares the predicted droplet properties once the detachment occurs for the

three grid resolutions in the free-flow channel. It can be seen that using the coarse grid

in the channel results in more deviation from the predicted values by the simulation

using the fine grid. The simulation results using the medium and fine grid resolutions

show less than one percent difference in prediction of the detachment height and a bit

more than two percent difference for the detachment volume. Since the grid resolution

Table 5.1: Predicted droplet height and volume at the detachment time using three different
grid resolution in the free-flow channel with vmax = 20 m/s. ∆ is the difference
between the predicted value using the fine grid resolution and the other resolutions.

Detachment height(m) ∆h% Detachment volume(m3) ∆V%
Fine grid 6.30× 10−4 − 1.70× 10−10 −

Medium grid 6.25× 10−4 0.73 1.66× 10−10 2.17
Coarse grid 5.97× 10−4 5.26 1.45× 10−10 14.97
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Figure 5.9: The three grid configurations used to analyze the impact of the grid resolution:
a) the fine grid, b) the medium grid and c) the coarse grid resolution.

in the free-flow domain mainly affects the forces acting on the droplet, we compare the

variation of the free-flow drag force during the droplet growth predicted by the three

aforementioned grid resolutions in Fig. 5.10. As can be seen, the drag force increases

almost steadily and free of fluctuation when the fine grid is used. Whereas by coarsening

the grid, the fluctuation increases, although the trend remains the same. This happens

because having a fine grid resolution provides a better estimation of the free-flow grid

faces invaded by the droplet in each time step. In fact, since in our approach the

invasion of the grid face happens once the droplet occupies the whole grid face, the

impact of this sudden invasion on the free-flow field is larger when the grid is coarser.

It is also noticeable that the level of fluctuation becomes stronger over time due to the

fact that the droplet invades and blocks the grid cells, which have a stronger influence

on the free-flow velocity field.

Taking all these into account, it is reasonable to use the medium grid resolution for

the remaining simulations, as it provides less computational cost while gives almost the

same results as the fine grid. It is worth to note that the ANSYS Fluent model uses

more than 2× 106 grid cells.
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Figure 5.10: The impact of the grid resolution on the free-flow drag force in the free-flow
channel with a maximum flow velocity of 20 m/s.

5.2.2.3 Droplet dynamics

Figure 5.11 shows how droplet properties and forces vary over time during a one

formation-growth-detachment period of a droplet at the interface. We use the con-

tact angles reported by Theodorakakos et al. [2006b] for carbon cloth. The equilibrium

contact angle of water with the solid surface is 145◦ at the channel wall and in the pore.

The maximum advancing contact angle is 150◦ and the minimum receding contact an-

gle is 90◦. The results shown in Fig. 5.11 belong to the case that the maximum velocity

of the free flow at the inlet of the channel is 15 m/s, i.e., mean velocity of 6.98 m/s.

Figure 5.11a shows that the volume of the droplet increases with a constant rate over

time due to the constant injection rate into the throat. Figure 5.11a also shows that

the variation rate of the radius of curvature and the height of the droplet decreases by

time, i.e., by the growth of the droplet. We can see in the Fig. 5.11b that the contact

radius of the droplet stays constant and the contact angle increases over a time frame at

the beginning of the droplet growth, followed by a constant contact angle and growing

contact radius period.
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(a)

(b)

(c)

Figure 5.11: Droplet dynamics: a) variation of the droplet height, radius of curvature and
volume over time, b) variation of the droplet contact angle and contact radius
during the droplet growth and c) the drag and hysteresis forces variation until
the droplet detaches.
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If we look at Fig. 5.11c, the drag force increases almost monotonically with the droplet

volume. The variation of the drag force becomes more extreme over time, although

the rate at which the droplet height changes is decreasing. That means that when the

droplet is larger, a change in the droplet height affects the free-flow field stronger than

when the droplet is small. The hysteresis force peaks locally when the droplet contact

angle reaches 90◦. After that, it dips and reaches a local minimum when the droplet

contact angle reaches the ultimate contact angle of the surface. By expanding the

contact area of the droplet, the hysteresis force recovers and starts an upward trend.

5.2.2.4 Comparison with the ANSYS Fluent model

As mentioned before, the model introduced in this work is implemented in DuMux

[Koch et al., 2021a], and is referred to as the “DuMux model” in the current section.

Figure 5.12 compares the predicted droplet detachment volume and height versus the

mean free-flow velocity for DuMux and ANSYS Fluent model. In the DuMux model, we

apply different descriptions of the hysteresis force, provided by Eqs. (4.44)–(4.46), to

predict the detachment of the droplet and compare the results. It should be noted that

in this comparison, the highest value used as maximum free-flow velocity is 30 m/s,

the mean velocity is 13.95 m/s, while the lowest value is determined as the minimum

velocity which detaches the droplet before reaching the upper wall of the channel. The

static contact angle of the surface is 145◦ and the advancing and receding contact angles

used in the DuMux model are 150◦ and 90◦, respectively. It can be seen in Fig. 5.12a

that the predicted detachment volumes by the ANSYS Fluent model and the DuMux

model are closer at higher free-flow velocities. By decreasing the velocity, however, the

difference between the results of the two models for the droplet detachment volume

increases. The DuMux model and the ANSYS Fluent model both predict almost the

same minimum free-flow velocity by which the droplet can be detached by the free flow.

However, the detachment volume predicted by the ANSYS Fluent model is considerably

larger than the value predicted by the DuMux model.

To get a better understanding, Fig. 5.12b compares the height of the droplet when

it detaches, which are predicted by the DuMux and ANSYS Fluent model. It shows

that although the different versions of the DuMux model and the ANSYS Fluent model

predict a similar trend, the difference of the predicted values using Eq. (4.44) with the
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other results is significant, especially at high free-flow velocities. Although such an

observation may seem opposite to what we see in Fig. 5.12a, where the graphs converge

by increasing velocity, it can be explained by looking back to Fig. 5.11a, where the

variation of the droplet volume and height is compared. As explained in Section 5.2.2.3,

a small change in the droplet volume when the droplet is small, can drastically affect

the droplet height. At a high free-flow velocity, the droplet detaches when it is small.

Thus, although the predicted values for the droplet detachment volumes differ slightly,

the corresponding difference in the predicted detachment heights is noticeable. On

the other hand, the predicted values by all models for the least free-flow velocity at

which the droplet can be detached are close. Such behavior might be related to the

deformation of the droplet which is included in the ANSYS Fluent model, whereas is

not taken into account by the DuMux model. In fact, by lowering the free-flow velocity,

the droplet can grow larger before the detachment. Therefore, the droplet experiences

more deformation during its life at the interface, which enables it to gain more volume

before it touches the upper wall of the channel.

(a) (b)

Figure 5.12: Comparison between the simulation results of the DuMux model using various
formulations for the hysteresis force and the ANSYS Fluent for a) the droplet
detachment volume and b) the droplet detachment height.

To take a deeper look at the impact of the deformation, we compare the detachment

values predicted by the ANSYS Fluent model and the corresponding value computed

by assuming no deformation in the droplet (see Fig. 5.13). For example, in Fig. 5.13a,

the detachment volumes reported for the undeformed droplet are for a droplet with

the same height as the simulated droplet by the ANSYS Fluent model, if there were
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no deformation. That means that the detachment height predicted by the ANSYS

Fluent model is used in Eqs. (4.9) and (4.10) to calculate the droplet volume. Sim-

ilarly, for the detachment height of the undeformed droplet, it would be the height

of a droplet with the same detachment volume as predicted by the ANSYS Fluent

model, if the deformation was not included. In other words, the detachment volume

predicted by the ANSYS Fluent model is used to back calculate the detachment height

by using Eqs. (4.9) and (4.10). According to Fig. 5.13a, the difference between the

detachment volume for the deformed droplet, predicted by ANSYS Fluent model, and

the undeformed droplet increases significantly by decreasing the free-flow velocity. The

comparison of detachment height by Fig. 5.13b also shows a similar behavior. That is to

say, the impact of the droplet deformation on the detachment becomes more significant

when the free-flow velocity is lower. As mentioned before, when the droplet becomes

larger, the change in its height has more impact on the drag force that it experiences.

Therefor, the change in the height of a large droplet due to the deformation affects the

detachment process more significantly than a small droplet.

One of the main differences between the DuMux model and ANSYS Fluent model is

that the ANSYS Fluent model does not take the contact angle hysteresis into account.

That means that the two models apply different criteria for droplet detachment. In

the DuMux model, the droplet detaches when the free-flow drag force becomes larger

than the hysteresis force on the contact line and consequently the droplet contact line

starts to move in the drag force direction, whereas in the ANSYS Fluent model, since

the contact angle hysteresis is not included, the triple contact line can move freely over

the surface while the droplet is still attached to the pore. That is to say, in the ANSYS

Fluent model, the surface tension force tries to hold the liquid phase together while

maintaining the minimum surface area rather than keeping the droplet on the surface.

That means that the droplet detachment occurs once the free-flow drag force overcomes

the surface tension force and phase rapture occurs. To take the impact of contact angle

hysteresis in the volume of fluid method into account, for instance, Theodorakakos et al.

[2006b] took an approach to recalculate the contact angle by considering the droplet

deformation due to a free flow. In another study, Fang et al. [2008] used a transient

modeling approach, in which the contact angle is updated locally in each time step for

each cell at the triple contact line during the simulation. Since including the contact

angle hysteresis in the volume of fluid method is not in the scope of the present work,

we refer to Theodorakakos et al. [2006b] and Fang et al. [2008] for more details.
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To show how the maximum contact angle hysteresis impacts the detachment prediction

by the DuMux model, three different values for maximum contact angle hysteresis

are used in the simulations and the results are compared with the ANSYS Fluent

simulations in Fig. 5.14. As expected, a droplet on the surface of the porous medium

with higher ultimate contact angle hysteresis, can remain longer attached to the surface

and withstand higher free-flow velocities. It can also be seen that a smaller free-flow

velocity is needed to detach a droplet with lower contact angle hysteresis before it

touches the upper wall of the channel. The results confirm that the contact angle

hysteresis as a reflection of the solid surface properties plays a crucial role in the droplet

detachment.

(a) (b)

Figure 5.13: Comparison between the predicted value by ANSYS Fluent model and the un-
deformed estimation of: a) the droplet detachment volume and b) the droplet
detachment height.
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(a) (b)

Figure 5.14: Impact of the maximum contact angel hysteresis on the detachment predictions
by the DuMux model using Eq. (4.45) to describe the contact angel hysteresis:
a) drop detachment volume and b) drop detachment height.

5.2.2.5 Comparison with analytical and semi-analytical derivations for the

droplet detachment

There are several analytic and semi-analytical approaches describing the detachment

behavior of liquid water droplets from hydrophobic surfaces in the literature [Chen

et al., 2005, Kumbur et al., 2006, Cho et al., 2012, Hao and Cheng, 2010]. Chen et al.

[2005] developed an analytical relation to predict the detachment of a droplet using a

two-dimensional (2D) description of the force balance around the droplet on a solid sur-

face influenced by surrounding gas flow. They used Eq. (4.45) to compute the hysteresis

force. The 2D approximation represents an infinitely wide channel (parallel plates) but

also an infinitely wide droplet (deformed cylindrical shape), such that shear forces at

the sides of the droplet are not included. Except using Eq. (4.44), Kumbur et al. [2006]

used an approach similar to Chen et al. [2005] to predict the detachment of the droplet.

Cho et al. [2012] extended the concept presented by Chen et al. [2005] by computing

the drag force employing a drag coefficient derived from numerical simulations. Fig-

ure 5.15 compares the separation line generated by the analytical/empirical approaches,

the ANSYS Fluent model and the DuMux model. In this figure, the dimensionless drop

height is the ratio of the drop height to the channel height. The static contact angle

and contact angle hysteresis used in this section are 145◦ and 60◦, respectively.
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Figure 5.15: Comparison of separation lines predicted by analytical/empirical approaches, the
ANSYS Fluent and the DuMux model using various description of the hysteresis
force.

The separation line generated by Cho et al. [2012] derivation shows the best agree-

ment with the DuMux and ANSYS Fluent model. However, it does not include the

possible contact of the droplet with the top wall of the channel, such that it predicts a

dimensionless drop height larger than one for low free-flow velocities. The separation

line generated by Chen et al. [2005] derivation has the same issue at low velocities.

Although the separation line predicted by Kumbur et al. [2006] approach tends to a

dimensionless drop height of one at low velocities, it suffers from lack of accuracy in

prediction of the droplet detachment. The disability of the analytical approaches to

generate a reliable separation line might stem from their two-dimensional derivation,

which Cho et al. [2012] tried to improve by using numerical simulations in a three-

dimensional channel. Another point is that the DuMux and ANSYS Fluent models

show results for a channel width of Wchannel = 1.35 mm and height Hchannel = 1 mm

(aspect ratio ≈ 0.74), which is common in modern proton-exchange membrane fuel

cells. Other studies, however, used channels with higher aspect ratios for fitting and

validating the data.
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5.2.3 Droplets interactions at the interface

Thus far, we have discussed the detachment of a single droplet at the interface between

a free-flow domain and a porous medium. In this section, we look at the impact of a

neighboring droplet on the detachment of a droplet at the interface.

5.2.3.1 Simulation setup

Figure 5.16: The simulation setup used to analyze the interactions between two neighboring
droplets at the interface.

Figure 5.16 shows the simulation setup used to analyze the impact of an upstream

droplet on the detachment of a droplet. In this setup, two pores are connected to

the bottom wall of a free-flow channel. Water is injected to the inlet of the pores with

different injection rates. Gas (air) flows into the free-flow channel with a fully developed

laminar velocity profile, and at the channel outlet, pressure is fixed. We examine the

impact of injection rate to the throats, distance between the pores at the interface, and

free-flow velocity on the process.

5.2.3.2 Results

We compare the droplet detachment volume including the impact of the upstream

droplet, Vdetachment, two droplets, with the detachment volume of the observed droplet when

it is the only droplet forming at the interface, Vdetachment, single droplet and define the

change in the detachment volume as:

∆Vdetachment = 100× Vdetachment, two droplets − Vdetachment, single droplet

Vdetachment, single droplet

. (5.4)
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To analyze the impact of throat injection rate, we use the ratio of the injection rate of

the upstream droplet, qinlet,up, to the injection rate of the (observed) droplet, qinlet,ob.

We define the upstream injection rate ratio as q∗inlet,up = qinlet,up/qinlet,ob.

Figures 5.17a and 5.17b show the change in ∆Vdetachment with q∗inlet,up and the distance

between the droplets for the free-flow velocities of 5m/s and 10m/s respectively. In

Fig. 5.17a, increasing the injection rate of the upstream droplet leads to longer delays in

the droplet detachment when the distance between the two droplets is 0.5mm whereas

in cases where the distance between the droplets is 2mm, the upstream droplet with

different injection rates has no considerable impact on the droplet detachment. Fig-

ure 5.17b, however, shows that when the free-flow velocity is 10m/s, the influence of

the upstream droplet on the droplet detachment is significant, whether the distance

between the droplets 0.5mm or 2mm is. In this figure, the delay in the droplet detach-

ment increases and peaks by increasing the upstream injection rate and then decreases.

Such a peak occurs earlier for a shorter distance.

Figures 5.18a and 5.18b compare the change in the detachment volume by free-flow

velocity for cases where the distance between the droplets are 0.5mm and 2mm, re-

spectively.

(a) (b)

Figure 5.17: Impact of injection rate ratio of the upstream droplet on the detachment volume
of the observed droplet when the maximum free-flow inlet velocity is a) 5m/s,
and b) 10m/s.

Depending on the free-flow velocity and the distance between the droplets, both neigh-

boring droplets might affect the free-flow field which the other droplet experiences. The
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upstream droplet acts similar to a shield for the observed droplet by reducing the drag

force acting on it. Such an impact is visualized by Fig. 5.19. This figure shows the

impact of the droplets on the free-flow velocity field shortly before the observed droplet

detaches when the injection rate ratio of the upstream droplet is 0.5 and the maximum

free-flow inlet velocity is 10m/s.

(a) (b)

Figure 5.18: Impact of injection rate ratio of the upstream droplet on the detachment volume
of the observed droplet when the distance between the droplets is a) 0.5mm, and
b) 2mm.

Having the observed droplet at the downstream could advance the detachment of the

upstream droplet by increasing the flow recirculation at the back of it. After the up-

stream droplet detaches, the (observed) droplet detaches due to an increase in the drag

force acting on it. As an instance, Fig. 5.20a shows the impact of the two droplets

on the free-flow velocity field in the channel shortly before the upstream droplet de-

taches. Figure 5.20b illustrates the free-flow velocity field shortly before the observed

droplet detaches. As can be seen, due to the early detachment of the upstream droplet,

the reemerged upstream droplet is not large enough to delay the detachment of the

observed droplet.

The interactions between two neighboring droplets at the interface are more significant

when the droplets are larger and closer together, which might lead to more delay in the

detachment of the observed droplet or/and earlier detachment of the upstream droplet.
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(a)

(b)

Figure 5.19: Impact of two droplets at the interface on the free-flow velocity field when the
distance between the droplets is a) 0.5mm, and b) 2mm and the maximum free-
flow inlet velocity is 5m/s.

(a)

(b)

Figure 5.20: Free-flow velocity field a) shortly before the upstream droplet detaches and b)
shortly before the observed droplet detaches for a case in which the maximum
free-flow inlet velocity is 10m/s, the injection rate ratio of the upstream droplet
is 0.9, and the distance between the droplets is 2mm.
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5.2.4 Free-flow–droplet–pore-network system‡

To show the application of the model in modeling of formation, growth, and detachment

of multiple droplets at the interface, we use a setup shown in Fig. 5.21. In this setup, a

two-dimensional channel with dimensions of 10 mm× 1 mm (length × height) is used

as the free-flow domain. A pore network, as the porous medium, is connected to the

bottom wall of the channel. The pore network consists of 142 pore bodies connected

by 190 pore throats to each other. The radii of the pore bodies vary between 0.019 to

0.063 mm. The pore throats have radii from 0.014 to 0.04 mm and lengths from 0.02

to 0.4 mm. The free-flow channel is initially filled with air and the pore network is

initially fully saturated with water. Air flows to the channel with maximum velocity of

15 m/s in a fully developed laminar profile and the outlet of the channel is exposed to

the atmospheric pressure. Water is injected to the inlet pores of the network with the

rate of 5× 10−7 kg/s. The droplets form and grow onto pore bodies with various sizes

at the interface. Figure 5.22 shows a snapshot of such a process, where the multiple

droplets formed at the interface influence the free-flow velocity field.

Figure 5.21: Simulation of formation and growth of multiple droplets at the interface of a
coupled free-flow–pore-network system: a) the simulation setup, b) formation of
multiple droplets at the interface and their impacts on the velocity field of the
free flow.

‡This section was previously published by Transport in Porous Media (Springer) [Veyskarami et al.,
2023].
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Figure 5.22: Simulation of formation and growth of multiple droplets at the interface of a
coupled free-flow–pore-network system: a) the simulation setup, b) formation of
multiple droplets at the interface and their impacts on the velocity field of the
free flow.





6 Results and discussions for droplet

evaporation at the interface ∗

In this chapter, we first look into a non-isothermal compositional coupled free-flow–

porous medium system using a small pore network in which drainage occurs in the

network and then a droplet forms at the interface. After that, we compare the sim-

ulation results for droplet evaporation with experimental data. Then, we analyze the

impact of various factors on the evaporation of a droplet at the free-flow–porous medium

interface. Furthermore, we analyze the impact of evaporation on the droplet detach-

ment. At the end, we present a showcase consists of a free flow domain coupled with

a pore network to show the application of the developed model in describing multiple

droplets formation and evaporation.

6.1 Free-flow–porous medium interactions in a

non-isothermal compositional system: Porous

medium drainage, droplet formation and

evaporation

This section focuses on the mass, momentum, and energy interactions between a

single-phase two-component gaseous free flow and a two-phase two-component porous

medium. We discuss the impacts of phenomena occurring in a simple porous medium

during a drainage process and the interactions with the free flow, as well as droplet

formation on the pressure, temperature, and vapor mass fraction of the interface pore

body.

∗Parts of this chapter have been submitted for publication to Transport in Porous Media (Springer).
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6.1.1 Simulation setup

Figure 6.1 illustrates the simulation setup that we used in this analysis. The simulation

setup consists of a free-flow channel connected to a small porous medium, composed of

three pore bodies and two pore throats. Both domains are initially completely saturated

with dry gas (air), i.e., with zero relative humidity. Dry air flows into the channel at

the inlet with the maximum velocity of 5 m/s and the temperature of 298.15 K. Liquid

(water) is injected to the inlet of the pore network with the rate of 1×10−5 kg/s and the

temperature of 288.15 K. Since the porous medium is hydrophobic, the water phase is

the non-wetting phase and displaces the air, i.e., wetting phase, in a drainage process.

After water fills the interface pore body, a droplet forms at the interface.

Figure 6.1: The simulation setup used to analyze the free-flow–porous medium interactions
in a non-isothermal compositional system.

6.1.2 Results

Figure 6.2 shows the variation of the interface pore pressure versus time. Since the

interface pore body is initially filled with gas, it interacts with the free flow directly

and its pressure is equal to the free-flow pressure at the interface, which is almost

constant (time period of 0 to 6 × 10−3 s in Fig. 6.2). Due to invasion of the interface

pore throat, water flows to the interface pore body and the saturation of the water,

i.e., non-wetting phase, starts to increase, which raises the capillary pressure in the
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pore body and a jump in the pore pressure (the first jump in the pressure shown in

Fig. 6.2). In a short time, water fills the pore body completely and a droplet emerges

at the interface. At this time, the interface pore body is covered by a droplet and it

interacts with the free flow indirectly through the droplet. Formation of the droplet

causes the second sharp increase in the pore pressure, which is followed by gradual

reduction of the pressure due to droplet growth and the consequent decrease in the

droplet capillary pressure.

In Figs. 6.3a and 6.3b, it is shown how the temperature and vapor mass fraction of the

interface pore body changes during the drainage of the porous medium, followed by the

droplet formation at the interface. As Fig. 6.3a shows, having initially a temperature of

288.15 K, the interface pore body becomes warmer and its temperature increases due

to direct interaction with the free flow with the inlet temperature of 298.15 K in a short

time. Then, due to the impact of the neighboring pore body with lower temperature,

the interface pore body temperature slightly decreases and levels off for a period. Once

water invasion occurs in the inlet pore throat, which causes falling of the temperature

in the neighboring pore body because of water flow with the temperature of 288.15 K,

the interface pore body also experiences a decrease in the temperature as a consequence

of the water front advancement toward the interface in the porous medium. Remaining

almost constant over a period of time, the temperature of the interface pore body falls

steeply to near 288.15 K due to the water invasion in the interface pore throat, i.e.,

water flow to the interface pore body. After the interface pore body is filled with water,

the droplet forms at the interface and the pore temperature remains almost constant

and equal to 288.15 K.
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Figure 6.2: Variation of the interface pore pressure during the drainage of the porous medium
and droplet formation.

Looking at Fig. 6.3b, vapor mass fraction (concentration) in the interface pore body

starts gradually increasing from zero, i.e., dry air, as water comes to existence in the

system due to injection into the inlet pore body and the advective and diffusive vapor

transport between the pore bodies. Water invasion in the inlet pore throat and flow of

water to the neighboring pore body results in a fast increase in the vapor concentration

at the interface pore body related to the moving of water front toward the interface.

By water invasion in the interface pore throat, a two-phase flow is established in the

interface pore body and the vapor mass fraction increases to the equilibrium vapor mass

fraction. Further water flow to the interface pore body raises the water saturation until

the pore body is filled with water and the droplet forms at the interface. It should be

noted that since in our numerical approach to solve the system, we don’t introduce a

new degree of freedom for the droplet at the interface and we use the degree of freedom

of the interface pore body for the whole droplet and the pore body, the vapor mass

fraction of the interface pore body after droplet formation is in fact the mass fraction

at the droplet surface.
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(a)

(b)

Figure 6.3: Variation of a) the interface pore temperature and b) vapor mass fraction (con-
centration) during the drainage of the porous medium and droplet formation.

Figure 6.4 shows the temperature field in the system before and after droplet formation

at the interface. Figure 6.4a presents a snapshot in time when the inlet throat is invaded,

i.e., the inlet and neighboring pore bodies contain water. It is evident that the pore

body at the interface has a temperature higher than the other pore bodies but lower

than the free flow. In the free flow, the cooling effect of the porous medium slightly

decreases the temperature at the interface and its downstream. Figure 6.4b shows a

snapshot of when a droplet formed at the interface. Conductive and diffusive heat

transfer between the droplet and the free flow leads to cooling of the free flow at the
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vicinity of the droplet surface. Furthermore, energy transfer due to the free flow in

the flow direction in the form of heat convection influence the temperature field in the

channel. In Fig. 6.4b, the cooling effect of the droplet is significant, especially near the

triple contact point upstream of the droplet, where fluid circulates in a low velocity

and in the wake region downstream of the droplet, in which flow circulation occurs.

(a) (b)

Figure 6.4: Temperature field: a) before droplet formation and b) after droplet formation.

Figure 6.5 shows vapor mass fraction (concentration) distribution in the system before

and after droplet formation. It can be seen that the vapor distribution and the tem-

perature field are similar and the interactions between the domains in terms of vapor

concentration can be described using the same reasoning as for the temperature field.

Before the formation of the droplet, free-flow vapor concentration increases due to the

mass exchange with the interface pore body, which is connected to the neighboring pore

body containing two phases in thermodynamic equilibrium. After the droplet forms,

evaporation from the surface of the droplet increases the vapor concentration around

the droplet through vapor diffusion. Advective vapor transfer by the free flow in the

flow direction results in unsymmetrical vapor distribution upstream and downstream

of the droplet.
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(a) (b)

Figure 6.5: Distribution of vapor mass fraction: a) before droplet formation and b) after
droplet formation.

6.2 Droplet evaporation: Comparison with

experimental data

In this section, we compare the simulation results of droplet evaporation with experi-

mental data provided by Bansal et al. [2017].

Bansal et al. [2017] examined the impact of confinement on the evaporation of a ses-

sile droplet. Their results show that evaporation time increases in a channel due to

accumulation of vapor around the droplet. The impact of vapor accumulation becomes

more significant by increasing the channel length. Bansal et al. [2017] characterized

this effect by introducing a vapor accumulation length scale, which determines how far

from the droplet the vapor concentration reduces to the ambient concentration.

We first describe the simulation setup used for the comparison. Then, we present the

comparison of simulation and experimental results for evaporation of a single sessile

droplet in a channel.

6.2.1 Simulation setup

The setup used in the experiment is thoroughly discussed in Bansal et al. [2017]. Thus,

we only focus on the simulation setup in this part. The simulation setup consists of a

two-dimensional channel with the height of 1.2×10−3 m. The channel length, L, varies
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from 2.55× 10−3 m to 1.765× 10−2 m. It should be noted that the channel length used

here is determined based on the vapor accumulation length-scale introduced by Bansal

et al. [2017], which is a length over which the vapor concentration varies from the

concentration at the droplet surface to the ambient concentration. We apply pressure

of 1 atm, temperature of 298.15 K, and relative humidity of 45% to the channel inlet

and outlet (see Fig. 6.6). Using a pore connected to the bottom wall of the channel,

a droplet with the volume of 1.5 × 10−9 m3 is formed and then evaporates until it

disappears.

Figure 6.6: Simulation setup and boundary conditions used in comparison with experimental
data for droplet evaporation. “L” is the channel length, which varies in each
simulation to examine the impact of channel length on droplet evaporation.

6.2.2 Results

Figure 6.7 shows the impact of channel length on the evaporation time and compares

the simulation results and experimental data provided by Bansal et al. [2017] for a

single droplet evaporating in a channel. According to the results, there is a good match

between the simulation and experimental data and our model is able to predict the

impact of the channel length on the evaporation time of the droplet.
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Figure 6.7: Comparison of simulation results with the experimental data given in Bansal et al.
[2017] for impact of channel length on the evaporation of a single droplet confined
in a channel.

Having validated our concept for droplet evaporation through comparison with exper-

imental data, we employ our model for further analysis in the next section.

6.3 Droplet evaporation analysis

In this section, we use the developed model to simulate the evaporation of a single

droplet formed at the interface between a free flow and a porous medium. At first, we

describe the setup that is used for the simulations and then, we analyze the impact of

free-flow and porous medium properties on the droplet evaporation.

6.3.1 Simulation setup

To simulate a single droplet evaporation, we use a setup shown in Fig. 6.8. The setup

is composed of a two-dimensional free-flow channel and a simple porous medium, which

consists of two pore bodies connected by a pore throat.
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The channel is fully filled with gas (air) initially. At the inlet, gas flows into the chan-

nel with a fully developed laminar velocity profile. Dirichlet boundary conditions are

applied at the inlet for gas velocity, temperature, and mole fraction (relative humid-

ity). At the outlet of the channel, a constant pressure is applied, and outflow boundary

conditions are used for temperature and mole fraction.

The porous medium is fully saturated with water initially. At the inlet pore body,

Dirichlet boundary conditions are applied for temperature and mole fraction of the

components. Water is injected to the inlet pore for a short time, ϵ, such that a droplet

with an intended volume is formed at the bottom wall of the channel. Then, the

injection stops and the droplet starts to shrink due to evaporation until it vanishes

from the surface. It should be noted that in comparison to the whole time of the

evaporation process, the injection time is so small that droplet evaporation during

injection is negligible.

Figure 6.8: The simulation setup used for droplet evaporation analysis: Dimensions and
boundary conditions.

6.3.2 Grid resolution in the free-flow domain

To find the suitable grid resolution in the free-flow domain such that it preserves accu-

racy but at the same time prevents high computational cost, we apply three different

grid resolutions to the channel. In all cases, a refinement algorithm is employed to have

finer grids around the droplet (see Fig. 6.9). The area in the middle of the channel

with smaller grid cells is where the droplet forms. For this area, 3050, 1240, and 750

grid cells are used in the fine, medium, and course resolutions respectively.
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(a)

(b)

(c)

Figure 6.9: Three grid configurations used to analyze the impact of the grid resolution: a)
the course grid, b) the medium grid and c) the fine grid resolution.

Figure 6.10 shows the variation of droplet volume versus time as a result of evaporation

for the three grid resolutions. Although a slight difference between the results can be

observed, refining the mesh does not have a considerable impact on the evaporation

rate for the range of grid resolution used in this analysis. However, it is expected that

using a coarser grid than what is used here makes the effect of the grid resolution on the

simulation results more visible. Since, the main purpose of this section is to find a proper

grid resolution to conduct the simulation, we use the medium grid resolution which gives

results almost similar to the fine grid resolution and also reduces the simulation time

comparing to using the fine grid resolution.
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Figure 6.10: Impact of grid resolution on the simulation of droplet evaporation.

6.3.3 Impact of pore body radius (evaporation mode)

Two main modes of droplet evaporation are: constant contact angle (CCA) and con-

stant contact radius (CCR). In this section, we analyze the impact of the evaporation

mode on the droplet evaporation. Since the pore body radius is a factor that determines

the switch of the droplet evaporation mode, using different pore radii varies the dura-

tion of the evaporation mode. Having a droplet with a specific volume, a small pore

body connected to the droplet means mainly following the constant contact angle mode

during the evaporation. That is because the evaporation of a droplet with a contact

radius greater than the pore body radius starts in the constant contact angle mode.

The evaporation mode switches to the constant contact radius mode once the contact

radius of the droplet reduces to the pore body radius. Therefore, the smaller the pore

body radius, the later the switch of evaporation mode occurs. On the contrary, a larger

pore body radius gives a greater weight to the constant contact radius mode in the

evaporation process. In our analysis, we use two different radii for the pore connected

to the evaporative droplet: a radius of 1 × 10−4 m and another radius of 5 × 10−5 m.

Figure 6.11 depicts the modes of evaporation for the two pore body radii in terms of

the contact angle and contact radius variation, as well as the change in the volume of

the droplets in the two cases. In this figure, the mode of evaporation is indicated using

CCA (constant contact angle) or CCR (constant contact radius) mode.
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Figure 6.12a shows that the evaporation occurs slightly faster when the pore body

radius is smaller, i.e., the constant contact angle mode is the main evaporation mode.

In the case that constant contact radius is the dominant mode, the contact angle of the

droplet starts to decrease earlier, which leads to reduction of the droplet surface area.

That results in a slightly slower evaporation process for the constant contact radius

mode. This effect can be seen in Fig. 6.12b, where the change of droplet surface area

versus the droplet volume for each evaporation mode is shown.

(a) (b)

Figure 6.11: Variation of a) droplet contact angle and b) droplet contact radius over time
during droplet evaporation for two pore body radii.

(a) (b)

Figure 6.12: Variation of a) droplet volume over time, and b) droplet surface area versus
droplet volume during droplet evaporation for two pore body radii.



98 6 Results and discussions for droplet evaporation at the interface

6.3.4 Impact of free-flow relative humidity

As the evaporation from the surface of the droplet is diffusion-driven, the relative hu-

midity of the free flow is one of the key parameters affecting the evaporation rate.

Figure 6.13 shows how relative humidity of the free flow influences the droplet evapo-

ration. In Fig. 6.13a, the average evaporation rate versus the relative humidity (RH),

which is applied to the inlet of the free-flow channel as a boundary condition, and

the pore body temperature is depicted. The average evaporation rate is calculated by

dividing the initial droplet mass to the total time of the droplet evaporation, i.e., how

long it takes for a droplet to completely evaporate. Expectedly, increasing the relative

humidity of the free flow decreases the average evaporation rate. It can be seen that

the average evaporation rate decreases almost linearly with the relative humidity for

each free-flow temperature. Figure 6.13b shows the evaporation rate versus time for

different relative humidities for a case that the pore body temperature is 298.15 K. The

evaporation rate reported in this figure is the rate of change in the droplet mass due

to the evaporation. The evaporation rate follows a downward trend with time for all

cases, which could be due to the shrinkage of the droplets with time, which reduces the

evaporation rate. The change in the evaporation rate varies over the life of the droplet.

Each graph experiences a major increase in slope as it approaches to the end, which

corresponds to the switch in the evaporation from constant contact angle to constant

contact radius mode. After the switch, the evaporation rate falls faster than before,

i.e., the evaporation occurs slower. In addition, when a droplet shrinks, its surface

moves toward the bottom wall of the free-flow channel. Thus, the local velocity of the

free-flow surrounding the droplet decreases, which leads to a further decrease in the

evaporation rate. The impact of the free-flow velocity on the droplet evaporation is

examined in Section 6.3.6. Figure 6.13c shows variation of the droplet volume due to

the evaporation versus time for three different values of relative humidity. This figure

is for a case where the pore body temperature is 298.15 K.
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(a)

(b)

(c)

Figure 6.13: Impact of free-flow relative humidity on droplet evaporation: a) average evap-
oration rate, b) evaporation rate for a case where the pore and free-flow inlet
temperature are 298.15 K and c) droplet volume variation over time for a case
where the pore and free-flow inlet temperature are 298.15 K.
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6.3.5 Impact of free-flow temperature

Figure 6.14 shows the change of droplet volume due to evaporation in various inlet free-

flow temperatures and relative humidities. It should be noted that the inlet pore body

temperature is the same in all cases and equal to 298.15 K. According to Fig. 6.14a,

which shows the results for a setup with inlet relative humidity of 0%, the free-flow

temperature has no impact on the droplet evaporation. Two reasons could be given for

such a behavior. The first reason could be even energy distribution over the droplet

and the connected pore body, i.e., no temperature gradient inside the droplet and the

connected pore body. In our model, the free-flow temperature affects mainly the energy

exchange between the droplet and the surrounding gas through heat conduction. Since

we assume no temperature gradient inside the droplet and the connected pore body, the

energy exchanged with the free flow is consumed not only near the surface of the droplet

but to change the temperature of the whole droplet and the pore body connected to

it. Thus, our model underestimates the change in the droplet surface temperature due

to energy exchange with the free flow. Another reason is the heat conductive exchange

between the droplet and the inlet pore body, where a constant temperature of 298.15 K

is applied.

Figure 6.14b shows that when the inlet relative humidity of the free flow is 16%, increas-

ing the free-flow temperature results in longer evaporation time. This is because the gas

phase with a specific relative humidity contains more vapor concentration in a higher

temperature, which decreases the evaporation rate with increasing the temperature in

a constant relative humidity.

In Fig. 6.14c, when gas with temperature of 308.15 K and relative humidity of 64% is

injected to the inlet of the free-flow channel, droplet evaporation does not occur and

the droplet volume remains constant. In that case, due to the cooling effect of the

droplet, the temperature drops to (near) the dew point at the vicinity of the droplet

surface, which stops the evaporation. Although, in such a case, condensation might

occur, since a concept to describe the possible condensation process is not included in

our model, the droplet volume remains constant in the simulation.
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(a)

(b)

(c)

Figure 6.14: Variation of the droplet volume over time due to evaporation in three free-flow
temperatures: a) relative humidity = 0%, b) relative humidity = 16%, and c)
relative humidity = 64%.
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6.3.6 Impact of free-flow velocity

To analyze the impact of free-flow velocity on droplet evaporation, we define two ve-

locity groups: low range (0–0.1 m/s) and high range (0.5–10 m/s). Figure 6.15 shows

how free-flow velocity affects droplet evaporation. The results shown in these figures

are for cases where inlet free-flow and pore temperatures are equal to 298.15 K and the

relative humidity of the gas flowing into the free-flow channel is 16%. Figures 6.15a

and 6.15b show the change in the droplet volume with time due to evaporation for the

two groups of free-flow velocities. The velocity values reported in these figures are the

maximum velocities applied to the inlet of the free-flow channel, which occurs on the

center line of the channel. In Fig. 6.15a, which shows the results for the low range of

free-flow velocity, the droplet volume decreases with an almost constant rate during

the whole period of time, i.e., constant evaporation rate over time. For the high range

of free-flow velocities shown in Fig. 6.15b, however, the rate of the droplet shrinkage

declines over time, i.e., decreasing the evaporation rate with time. Such a behavior is

more evident by looking at the evaporation rate versus time shown by Fig. 6.15c, where

the droplet evaporation rate experiences a rapid decrease over time when the free-flow

velocity is 0.5 m/s in comparison with the lower velocities. Considering the velocity

profile in the channel, the velocity varies from zero at the walls to a maximum at the

center line of the channel. During the shrinkage of the droplet due to the evaporation,

the droplet surface moves further from the center line and closer to the bottom wall. In

fact, the effective free-flow velocity acting on the surface of the droplet decreases with

the droplet shrinkage, which accelerates the reduction of the evaporation rate. This

change in the velocity of the free flow impacting the droplet is more considerable when

the free-flow velocity in the channel is higher.

How the impact of free-flow velocity on evaporation differs with the relative humidity

of free flow is shown by Fig. 6.16. Regardless of the relative humidity, increasing the

free-flow velocity is in favor of droplet evaporation, although the impact of raising

the velocity is greater when the original velocity is lower. Furthermore, the free-flow

velocity increases the evaporation rate more significantly when the relative humidity of

the gas flowing into the free-flow channel is lower.
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(a)

(b)

(c)

Figure 6.15: Droplet volume variation over time due to evaporation for a) free-flow velocities
in the range of 0–0.1 m/s and b) free-flow velocities in the range of 0.5–10 m/s.
c) Impact of free-flow velocity on the droplet evaporation rate.
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Figure 6.16: Impact of free-flow velocity on the average evaporation rate of the droplet in
three free-flow relative humidities.

According to our assumption, local thermodynamic equilibrium holds at the surface of

the droplet. This means that the air at the surface of the droplet is totally saturated

with vapor. That creates a concentration gradient, which causes a diffusive flux of

vapor from the surface of the droplet into the free flow. In the absence of the free flow,

i.e., free-flow velocity = 0 m/s, a low concentration gradient is established between the

surface of the droplet and the surrounding. The free flow brings the air with lower

vapor concentration, i.e., lower relative humidity, from upstream and replace the high

concentrated air surrounding the droplet. This causes an increase in the concentration

gradient and boosts the evaporation. When the free-flow velocity is so low that the

concentration gradient around the droplet remains low, a small increase in the velocity

leads to supplying the less humid air to the surrounding of the droplet and increases

the evaporation rate. However, when the free-flow velocity is high enough to maintain a

high concentration gradient around the droplet, raising the velocity might still increase

the air supply, but the degree of the consequent change in the concentration gradient is

limited. In addition, the upstream humidity determines how significant such a boosting

effect is. When the upstream air contains a high concentration of vapor, it impacts the

concentration gradient around the droplet to some extent, even in a free flow with high

velocity. Consequently, increasing the free-flow velocity influences the evaporation rate
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less when the relative humidity of the air flowing into the channel is higher, which is

in agreement with the experimental data presented by Jodat and Moghiman [2012] for

the impact of forced convection in gas flow on evaporation. It also should be noted that

the maximum concentration gradient, which theoretically can be achieved by increasing

the free-flow velocity, is limited by the difference between the relative humidity applied

at the channel inlet and the 100% relative humidity at the droplet surface.

6.3.7 Impact of pore fluid temperature

In this section, we investigate the impact of the inlet pore body temperature on the

droplet evaporation. The inlet free-flow temperature is the same for all cases and equal

to 298.15 K.

Figure 6.17a shows how the average evaporation rate changes with inlet pore body

temperature. Raising the pore body temperature increases the average evaporation

rate. Such an impact becomes more significant as the temperature goes up. Changing

the temperature of the pore leads to change in the droplet temperature. The droplet

temperature determines the vapor pressure at the surface of the droplet and, conse-

quently, the concentration of vapor at the surface of the droplet. Thus, changing the

pore temperature varies the vapor concentration gradient between the droplet surface

and the surrounding free flow. For instance, increasing the pore temperature increases

the vapor pressure, which raises the vapor concentration in the air at the surface of the

droplet.

The variation of the evaporation rate versus time is shown in Fig. 6.17b for a case

where the free-flow relative humidity is 16%. According to this figure, for all three

humidity values, evaporation rate decreases with time, which is a result of the droplet

shrinkage and less surface area available for the evaporation. Looking at the graph for

each humidity, at least two main trends with different slopes are evident. Each graph is

composed of a period of constant decrease in the evaporation rate followed by a change

in the slope and a steeper reduction of the evaporation rate. This behavior could be

related to the switch in the evaporation mode from constant contact angel to constant

contact radius mode. Figure 6.17c shows the shrinkage of the droplet with time for

different pore temperatures.
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(a)

(b)

(c)

Figure 6.17: a) Variation of droplet average evaporation rate with inlet pore temperature and
free-flow relative humidity, b) droplet evaporation rate over time for three inlet
pore temperatures for a case where the free-flow relative humidity is 16%, and
c) droplet volume variation during evaporation for three inlet pore temperatures
for a case where the free-flow relative humidity is 16%.
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6.3.8 Impact of contact angle

To analyze the impact of the contact angle on the droplet evaporation, we use three dif-

ferent contact angles. Figure 6.18a shows the variation of the droplet volume with time.

According to the results, a droplet on a surface with higher contact angle evaporates

faster. Figure 6.18b shows that by increasing the contact angle, the droplet surface

area also increases, which could be a reason for the faster evaporation of a droplet on

a surface with higher contact angle shown in Fig. 6.18a.

(a) (b)

Figure 6.18: Impact of surface contact angle on a) droplet volume over time and b) droplet
surface area versus droplet volume during evaporation.

6.4 Impact of evaporation on droplet detachment

We have analyzed droplet dynamics and evaporation so far. In this section, we examine

how droplet evaporation affects droplet detachment.

6.4.1 Simulation setup

The simulation setup used here is similar to the setup described in Section 6.3.1 with

different boundary conditions applied to the inlet pore body. Unlike the droplet evap-

oration analysis in the previous section, the droplet forms and grows continuously at

the interface as a result of water injection to the inlet pore body with a fixed injection
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rate, qinlet. At the same time, evaporation occurs at the surface of the droplet. Such a

process continues until the free flow detaches the growing droplet.

6.4.2 Results

To examine the impact of the droplet evaporation on the droplet detachment, we ap-

plied different injection rates to the inlet pore, which results in droplets with different

growth rates. We used three free-flow relative humidities (RH) in the channel. To

compare the simulation results obtained for the droplet detachment under the im-

pact of evaporation with cases without evaporation, we use a dimensionless parameter,

t∗detachment, which is the ratio of the detachment time predicted with evaporation to that

without evaporation. Figure 6.19 shows the variation of t∗detachment with the injection

rate and the free-flow relative humidity. As can be seen, t∗detachment is equal to one for

the injection rate of 10−7kg/s, no matter which free-flow relative humidity is applied,

which means that the droplet evaporation has no impact on the droplet detachment

in this case. In fact, in this case the evaporation rate is so small in comparison with

the injection rate, that the change in the droplet growth due to the evaporation is not

noticeable. By decreasing the injection rate, t∗detachment steadily increases, indicating

the growing impact of the evaporation on delaying the droplet detachment. The degree

of the evaporation influence is related to the relative humidity in the channel. For

instance, for the injection rate of 10−9 kg/s and RH = 64%, t∗detachment is 1.30 and for

the same injection rate but RH = 16%, t∗detachment is 2.45, while with the same injection

rate and RH = 0%, t∗detachment is ∞. The latter one indicates that the droplet will

never be detached by the free flow due to the impact of the evaporation. In this case,

the evaporation rate compensates the injection rate at a certain time point, i.e., the

amount of water leaving the droplet surface due to the evaporation becomes equal to

the amount coming to the droplet from the pore. Consequently, the droplet growth

stops and the droplet volume remains constant. Such a behavior can also be observed

when the injection rate is 5× 10−10 kg/s and relative humidity is 0% or 16%.
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Figure 6.19: Impact of droplet evaporation on the change in the dimensionless detachment
time, t∗detachment with injection rate to the throat.

Figure 6.20 shows the change in the detachment time with injection rate into the throat

with and without droplet evaporation for free-flow relative humidities of 0% and 64%.

This figure also shows that the droplet evaporation impacts the detachment only when

the rate of liquid (water) from the pore coming to the droplet is small.

(a) (b)

Figure 6.20: Injection rate to the throat versus the detachment time with and without droplet
evaporation.
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6.5 Multiple droplets formation and evaporation at the

interface of a free-flow–pore-network system

We use a setup shown in Fig. 6.21 to show the application of the model in describing

formation and evaporation of multiple droplets at the interface of a non-isothermal

compositional system. In this setup, the free-flow domain is a two-dimensional channel

with dimensions of 2× 10−2 m× 1× 10−3 m (length × height). The porous medium is

a pore network, which consists of 113 pore bodies connected by 154 pore throats. The

radii of the pore bodies vary between 4 × 10−5 m and 8 × 10−5 m. The pore throats

have radii from 2× 10−5 m to 4× 10−5 m and lengths from 9× 10−6 m to 8× 10−4 m.

The free flow and the porous medium are coupled at the bottom wall of the channel.

The free-flow channel is initially filled with air and the pore network is initially fully

saturated with water.

Figure 6.21: The setup used to simulate formation and evaporation of multiple droplets at
the interface of a coupled free-flow–pore-network system.

Air flows into the channel with maximum velocity of 5 m/s in a fully developed laminar

profile and the temperature of 298.15 K and the outlet of the channel is exposed to

atmospheric pressure. Water is injected into the inlet pores of the network with a rate

of 5 × 10−7 kg/s for a short time. The droplets form and grow onto pore bodies with

various sizes at the interface. Then, the injection is stopped and we let the droplets

evaporate. Figure 6.22 shows how formation and evaporation of multiple droplets affect

the temperature and vapor mass fraction (concentration) distribution in the free flow.
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(a)

(b)

Figure 6.22: Simulation of formation and evaporation of multiple droplets at the interface: a)
impact on the temperature field and b) impact on the vapor mass fraction.
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7.1 Summary

The key element of this work is the development of a novel model to describe the

formation, growth and detachment as well as evaporation of droplets at the interface

between a coupled free-flow–porous medium system. Pore-network modeling is used

as a tool to capture pore-scale phenomena occurring in porous media. New coupling

concepts between the free flow and the porous medium are developed, which include

storing mass, momentum and energy in the droplet. The formation and growth of

a droplet is described and a new approach is developed to include the impact of the

growing droplet on the free-flow field. Description of the forces acting in the system

is given and accordingly the droplet detachment is predicted. A clear description of

the droplet evaporation is provided and the impact of free-flow and porous medium

properties on the droplet evaporation have been analyzed.

We implemented all the models developed in this work in DuMux, an open-source

simulator for flow and transport in porous media.

Coupling concept for free flow and porous medium with droplets at the interface

We extended the coupling concept for a coupled free-flow–porous medium system with-

out droplets at the interface to include the droplet impact on the mass, momentum,

and energy exchange between the two domains. The new coupling concept not only

describes the interaction between a droplet formed at the interface with the free flow

and porous medium, but also accounts for storing mass and energy by the droplet.

In this work, we used pore-network modeling for the porous medium, which enables

us to describe pore-scale phenomena in more detail. Furthermore, multiple emerging
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droplets at the interface and their interactions with the porous medium could be well

described.

In the coupling concept, interactions between the droplet and the porous medium oc-

curs at the droplet–pore interface, where the droplet and the connected pore exchange

mass, momentum, and energy. Assuming no gradient inside the droplet due to its

small size, we use the thermodynamic properties at the droplet–pore interface for the

whole droplet, i.e., the droplet and the connected pore have the same thermodynamic

properties, e.g., pressure and temperature.

A droplet interacts with the surrounding free flow through its surface. Free-flow forces

(i.e., pressure, shear and inertial forces) acts on the droplet surface. Due to the surface

curvature, the capillary force acts on the droplet surface toward the droplet center.

Ignoring the shear forces inside the droplet, the force acting on the droplet surface

from inside is the droplet pressure force. Evaporation at the surface of the droplet

transfers mass from the droplet into the free flow. The droplet exchanges energy with

the free flow in the form of heat conduction and diffusive energy exchange due to the

evaporation. In the concept presented in this work, the energy exchanged between the

droplet and the free flow is distributed between the droplet and the connected pore.

A growing droplet impacts the free-flow field, which influences the whole interaction

process between the droplet and the flow domains. To capture such an impact, we used

an approach to recognize the grid cells/faces in a discretized free-flow domain, which

are occupied by the droplet. The droplet related properties are applied to such grid

cells (e.g., zero velocity is applied to the grid faces and droplet temperature to the grid

cells occupied by the droplet).

Droplet dynamics: droplet formation, growth, and detachment Having developed

the proper coupling conditions to include droplet effect on the free-flow–porous medium

interactions, the droplet formation and growth is predicted by summing up the total

mass exchanged at the droplet–pore interface and at the droplet–free-flow interface (i.e.,

droplet surface). A droplet grows if the net amount of mass exchanged between the

droplet and the other domains is positive. Droplet shrinkage occurs if the mass leaving

the droplet is greater than the mass coming to the droplet. The expansion/reduction of

the droplet contact area at the interface follows a constant contact angle mode with a

changing contact radius as long as the contact radius is greater than the connected pore
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radius. A constant contact radius mode with a changing contact angle describes the

droplet growth/shrinkage, when the droplet contact radius is equal to the pore radius.

We developed a concept for droplet detachment by identifying the forces involved, i.e.,

free-flow forces and the adhesion force acting on the triple contact line. The free-flow

drag force, known as the main driving force of droplet detachment, is estimated by

integrating the free-flow pressure, shear and inertial forces in the flow direction over

the droplet surface and summing them up to obtain the total drag force affecting the

droplet as a whole. On the other side, the net adhesion force, stemming from the

contact angle hysteresis at the triple contact line and surface tension, works to keep

the droplet at the interface. Comparing the free-flow drag force and the adhesion force

provides a criterion to predict the droplet detachment.

Droplet evaporation In this work, droplet evaporation into the free flow is described

as a diffusion-driven phenomenon. That means that evaporation occurs due to diffusive

transport of vapor from the droplet surface to the surrounding free flow, driven by

the vapor concentration gradient. To estimate the evaporation rate, we assume local

thermodynamic equilibrium at the droplet surface. Using Raoult’s law and Dalton’s

law for ideal solutions, we then compute the vapor concentration at the droplet surface

as a function of pressure and temperature. We employ the Fick’s law of diffusion to

calculate the evaporative flux at each point of the droplet surface. Integrating the

evaporative mass flux over the droplet surface gives the total mass flux leaving the

droplet due to the evaporation.

7.2 Conclusions

Coupling concept for free flow and porous medium with droplets at the interface

The new coupling concept developed in this work to include droplet impact at the

interface was implemented and used in simulations of droplet dynamics and droplet

evaporation.

Droplet dynamics: droplet formation, growth, and detachment We compared the

simulations results with experimental data for a single droplet forming and growing
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on a hydrophobic porous medium. This comparison showed that our model is able to

accurately describe such a process. It was shown that the description of the growing

mode, i.e., variation of contact angle and radius of curvature, is in a good agreement

with the experiment.

We used our model to predict the droplet detachment from the interface and compared

the results with experimental data provided by Theodorakakos et al. [2006a]. In this

comparison, a droplet forms at the interface with a specific volume. Then, the free-flow

velocity increases until it detaches the droplet. We obtained a good match between

the simulation results and the experimental data for prediction of droplet detachment

volume.

Comparing the simulation results using our model with ANSYS Fluent simulations

for a growing droplet at the interface showed that while the predictions for droplet

detachment height are in a close agreement, there are differences in predictions of

droplet detachment volume, especially in low free-flow velocities. Such a behavior

stems from the impact of droplet deformation, which is not included in our model.

We used different description of the adhesion (hysteresis) force and analyzed the impact

of droplet contact angle hysteresis on the detachment predictions.

How a neighboring growing droplet affects the droplet detachment is examined. The

results show that a neighboring droplet located upstream might significantly delay the

droplet detachment. However, when the upstream droplet detaches at an earlier time,

it could advance the droplet detachment.

Benefiting from the low computational cost of simulations using the new developed

model, we presented a show test case in which multiple droplets form and grow at the

interface between a free flow and a porous medium and finally are detached by the free

flow.

Droplet evaporation Using the developed model for droplet evaporation to simulate

evaporation of a confined single droplet in a channel with different lengths and com-

paring the results with the experimental data provided by Bansal et al. [2017] showed

that our model is able to provide a proper description of the evaporation process and

the impact of confinement on the evaporation rate.
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We carried out an analysis to examine how free-flow properties (e.g., free-flow velocity,

relative humidity and temperature) and porous medium properties (e.g., pore size and

temperature) affect the droplet evaporation. The results show that increasing free-

flow velocity and decreasing relative humidity increases the evaporation rate. Our

conceptual model underestimates the impact of free-flow temperature. That occurs

because the energy exchanged between the droplet and the free flow distributes to the

droplet and the connected pore. The connected pore size affects the evaporation rate by

impacting the evaporation mode. Increasing the pore temperature boosts the droplet

evaporation by increasing the vapor pressure.

Through examining the impact of droplet evaporation on detachment predictions, we

found that the droplet evaporation could delay the droplet detachment by decreasing

the droplet growing rate depending on the rate of fluid fed to the droplet by the

connected pore. Such an impact could be so significant that prevents the droplet

detachment.

7.3 Outlook

The modeling concepts introduced in this work help us to gain a better understanding

about the impact of multiple droplets formation at the interface between a free flow and

a porous medium on the exchange of mass, energy, and momentum between these two

flow domains. They could be used as a tool to analyze interactions of a droplet at the

interface with the free flow and the porous medium and examine the influence of the

free-flow and porous medium properties. Being able to predict the droplet detachment

and describing the droplet evaporation, the model developed here could be used in

technical applications (e.g., water management in fuel cells and cooling systems) for

optimization purposes.

Our model could serve as a basis for further developments, e.g., describing film flow

at the interface. It also could be used as an input provider for homogenization and

upscaling of transport in coupled free-flow–porous medium systems, including droplets.

Coupling concept for free flow and porous medium with droplets at the interface

The modeling concepts presented in this study has been developed for formation of



118 7 Summary and outlook

droplets at hydrophobic interfaces. Thus, to be relevant for hydrophilic interfaces,

small modifications are required.

In this work, we assume there is no gradient of pressure, temperature, and concentration

inside the droplet. However, flow circulation inside the droplet and higher change in

the surface temperature of an evaporating droplet have been observed [e.g., Hu and

Larson, 2002, 2005, Prakash et al., 2021]. Further analysis is needed to examine the

influence of no-gradient assumptions made in the development of our concepts.

The assumption of local thermodynamic equilibrium has been made on droplet–free-

flow and droplet–pore interface, as well as in the pore-network model. Such assump-

tions in the porous medium results in equality of the solid and fluid temperatures.

Employing the concept introduced by Koch et al. [2021b] to capture the local thermal

non-equilibrium effects in the porous medium, the solid and fluid could have different

temperatures. At the interface, the local thermal non-equilibrium concept leads to dif-

ference between the temperature of the droplet–pore interface and the temperature of

the droplet–solid contact area. Thus, in such a configuration, the coupling concepts

should be modified to include the conductive heat transfer between the droplet and the

solid surface.

Droplet dynamics: droplet formation, growth, and detachment We described a

droplet at the interface as a part of a sphere and did not include the effect of droplet

deformation due to the free flow in our model. Development of a concept to describe

the impact of the droplet deformation is desirable. A possible idea could be describing

a droplet using two hemispheres with different surface curvatures.

In the present model, coalescence of two or more neighboring droplets at the interface,

which could appear when the distance between the pores at the interface is short, is not

included. However, development of a simplified concept to describe such a phenomenon

has been started.

To capture the impact of a growing/shrinking droplet at the interface on the free-flow

field, we introduced an approach in which the droplet properties are applied to the

free-flow cells which are occupied by the droplet. This simplified approach enables us

to take the impact of multiple droplets at the interface into account without needing

to solve the flow inside each droplet and to consider two-phase flow in the free-flow
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domain. This approach could be improved by accounting for the mass being suddenly

captured/released during droplet growth/shrinkage through assigning the droplet prop-

erties to the occupied free-flow grid cells. One idea could be to impose corresponding

mass source/sink terms to the free-flow cells, which are beside the droplet surface and

not invaded by the droplet.

Droplet evaporation We introduced a concept to describe the mode of droplet growth

and shrinkage, i.e., constant contact angle and constant contact radius mode. This

concept could be easily extended to include the pinning and depinning behavior of a

growing/shrinking droplet observed in, e.g., Pittoni et al. [2013], Wang and Wu [2013],

in more details.





Bibliography

S. Ackermann, C. Bringedal, and R. Helmig. Multi-scale three-domain approach for

coupling free flow and flow in porous media including droplet-related interface pro-

cesses. Journal of Computational Physics, 429:109993, 2021.

S. Ackermann, S. Fest-Santini, M. Veyskarami, R. Helmig, and M. Santini. Experi-

mental validation of a coupling concept for drop formation and growth onto porous

materials by high-resolution x-ray imaging technique. International Journal of Mul-

tiphase Flow, 160:104371, 2023.

M. E. A. B. Amara and S. B. Nasrallah. Numerical simulation of droplet dynamics in

a proton exchange membrane (pemfc) fuel cell micro-channel. International journal

of hydrogen energy, 40(2):1333–1342, 2015.

C. Antonini, F. Carmona, E. Pierce, M. Marengo, and A. Amirfazli. General method-

ology for evaluating the adhesion force of drops and bubbles on solid surfaces. Lang-

muir, 25(11):6143–6154, 2009.

M. Arai and T. Suidzu. Porous ceramic coating for transpiration cooling of gas turbine

blade. Journal of Thermal Spray Technology, 22(5):690–698, 2013.

K. Baber. Coupling free flow and flow in porous media in biological and technical ap-

plications: From a simple to a complex interface description. Stuttgart: Eigenverlag

des Instituts für Wasser-und Umweltsystemmodellierung, 2014.

K. Baber, K. Mosthaf, B. Flemisch, R. Helmig, S. Müthing, and B. Wohlmuth. Numer-
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