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Abstract
Evaporation of droplets formed at the interface of a coupled free-flow–porous medium sys-
tem enormously affects the exchange of mass, momentum, and energy between the two 
domains. In this work, we develop a model to describe multiple droplets’ evaporation at 
the interface, in which new sets of coupling conditions including the evaporating droplets 
are developed to describe the interactions between the free flow and the porous medium. 
Employing pore-network modeling to describe the porous medium, we take the exchanges 
occurring on the droplet–pore and droplet–free-flow interfaces into account. In this model, 
we describe the droplet evaporation as a diffusion-driven process, where vapor from the 
droplet surface diffuses into the surrounding free flow due to the concentration gradient. To 
validate the model, we compare the simulation results for the evaporation of a single drop-
let in a channel with experimental data, demonstrating that our model accurately describes 
the evaporation process. Then, we examine the impact of free-flow and porous medium 
properties on droplet evaporation. The results show that, among other factors, velocity 
and relative humidity in the free-flow domain, as well as pore temperature in the porous 
medium, play key roles in the droplet evaporation process.

Keywords  Droplet evaporation · Free-flow–porous medium interface · Coupling · Pore-
network model

1  Introduction

Formation and evaporation of droplets on the interface of a coupled free-flow-porous 
medium system appears in natural processes, e.g., human perspiration, where sweat 
droplets form and evaporate at the surface of our porous skin, and in many engineering 
applications such as fuel cells, cooling systems, membrane emulsification and filtration, 
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thermal insulation and air-conditioning of buildings (Zhu et al. 2007; Arai and Suidzu 
2013; Glass et al. 2001; Charcosset 2009; Rashidi et al. 2018).

Numerous studies have been carried out to investigate droplet evaporation, a few 
of which we discuss here. Considering the evaporation of a spherical droplet as a sta-
tionary process, Maxwell (1890) characterized the evaporation as a diffusion-driven 
process. Due to variation of the droplet properties, e.g., droplet radius and tempera-
ture, referring to the droplet evaporation as a quasi-stationary process is more accurate 
(Fuchs 1959). Fang et al. (2005) described the droplet evaporation into free flow (air) 
as consisting 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 the flow 
of the liquid molecules inside the droplet to its surface and is regulated by the latent 
heat of vaporization.

Evaporation of droplets at the interface of a coupled free-flow–porous medium system 
is controlled by various parameters affecting droplet–free-flow, droplet–pore and drop-
let–solid interactions (Fuchs 1959; 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, diffusion of vapor from the surface of the drop-
let into the free flow (Fang et  al. 2005). The droplet–pore interactions determine energy 
and mass exchange between the droplet and the connected pore body. The mode of droplet 
evaporation, triple contact line dynamics and contact angle changes are dependent on the 
droplet–solid surface interactions. Compared to a liquid droplet fully surrounded by a gas 
phase, the evaporation of a sessile droplet in a gas phase is slower due to the presence of 
the solid substrate, which hinders evaporation (Picknett and Bexon 1977).

For an evaporating droplet on a solid surface, two pure modes of evaporation are recog-
nized: Constant contact angle mode and constant contact radius mode (Picknett and Bexon 
1977). The evaporation process can occur as 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 abil-
ity, whereas surfaces with high pinning ability exhibit high contact angle hysteresis (Bor-
mashenko et al. 2011). Experimental findings also demonstrate 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 
with a contact angle larger than 150◦ . 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 nearly constant during evaporation, while the contact angle stead-
ily decreases. 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. Their results indicate that evaporation of a droplet on a 
surface with high pinning ability occurs more rapidly.

To investigate the impact of surface properties on the evaporation of sessile droplets, 
Sobac and Brutin (2011) conducted experiments using nano- and micro-coatings to vary 
surface roughness and wettability. They found that the impact of the contact angle on evap-
oration is more significant when the contact angle is greater. Investigating droplet evapo-
ration on hydrophobic surfaces with small contact angle hysteresis, Dash and Garimella 
(2013) found a good agreement between experimental data and a diffusion-only model for 
a case of smooth hydrophobic surfaces. However, for super-hydrophobic solid surfaces 
with low contact angle hysteresis, the model overpredicted the evaporation rate (Dash and 
Garimella 2013).
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How another evaporating droplet affect the evaporation of a droplet on a hydrophobic 
surface was analyzed by Shaikeea and Basu (2016). They found that depending on the dis-
tance between the droplets, the evaporation rate of a pair of droplets could be less than 
or equal to that of a single droplet. They also observed an asymmetric shrinkage of the 
droplets due to evaporation as a result of the presence of the other droplet. The interactions 
between multiple evaporating droplets was also investigated by Hatte et al. (2019). They 
analyzed the influence of the contact angle, the distance between the droplets, and spatial 
arrangement of droplets, i.e., if a droplet is positioned between others or adjacent to a sin-
gle droplet, on the evaporation process. They presented a theoretical model to predict the 
evaporation of multiple droplets. Their findings indicate that vapor accumulation around 
the droplets induces asymmetric evaporation flux from their surfaces and also increases the 
droplet evaporation time.

In a case where a droplet is in a channel, the confinement affects the evaporation pro-
cess. This impact was studied by Bansal et al. (2017). Their findings reveal that compared 
to unconfined droplets, confinement in a channel extends the overall evaporation time of 
the droplet due to accumulation of the water vapor within the channel.

In Veyskarami et al. (2023), we discussed droplet formation and detachment at the inter-
face between a free flow and a porous medium. In the current work, we focus on the mod-
eling of droplet evaporation and the impact of free-flow and porous medium parameters on 
this process. The aim of the present study is to develop a model being able to handle the 
formation and evaporation of multiple droplets at the interface between a free flow and a 
porous medium. Since interface processes dominate the overall behavior of such a coupled 
system, we also focus on deriving the coupling conditions applying to mass and energy 
transport between the two flow domains through the interface and in the presence of drop-
lets. Similar to Veyskarami et  al. (2023), we use pore-network modeling to describe the 
porous medium. We simulate evaporation of a sessile droplet in a channel and compare 
the simulation results with experimental data. Then, we analyze how free-flow conditions, 
such as free-flow velocity and relative humidity, and porous medium conditions, such as 
contact angle and pore temperature, affect the droplet evaporation.

The paper is structured as follows: In Sect.  2, first, we explain the models that are 
used to describe each domain, followed by description of interactions at the interface and 
development of proper coupling conditions including droplet impact. In the last part of 
this section, we focus on droplet evaporation. In Sect. 3, we present a comparison between 
numerical results and experimental data for droplet evaporation in a channel. After that, 
we analyze the impact of free-flow and porous medium properties on droplet evaporation. 
Then, we finish Sect. 3 by presenting an example of evaporation of multiple droplets at the 
interface between a free flow and a porous medium, described by a pore network. Finally, 
we give a summary and outlook in Sect. 4.

2 � Model Description

In this section, we first describe the model and assumptions that we use to describe 
the porous medium through pore-network modeling. Then, the model used to describe 
the free-flow domain is presented. Subsequently, we discuss the droplet description and 
interactions at the interface between the domains, followed by deriving a coupling con-
cept that includes the droplet impacts. The final part focuses on droplet evaporation. It 
should be noted that a few parts of the current section have already been discussed in 
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detail in our previous paper (Veyskarami et al. 2023), which focused on droplet forma-
tion and detachment at the interface. Since they are also relevant for the present work 
with the focus on the droplet evaporation, we mention them here as well.

2.1 � Porous Medium

We use pore-network modeling to describe the porous medium. A pore-network model 
approximates the porous medium as a network of large void spaces called pore bodies, 
which are connected by narrow void spaces known as pore throats in a solid bulk. Figure 1 
shows two pore bodies, i and j, connected to each other by pore throat ij. In a pore-network 
model, the primary variables are located at the center of bodies, where the balance equa-
tions need to be fulfilled and pore throats determine the flow conductivity (Blunt 2017).

Mass balance
In a multiphase compositional system, Eq. (1) describes the mass balance for each compo-
nent � on each pore body i:

In the above equation, Vi is the volume of pore body i, x�
�
 is the mole fraction of component 

� in phase � , �mole,� is the molar density of phase � , S� indicates the saturation of phase � , 
Q�,ij is the flow rate of phase � in pore throat ij, j�,pnm

diff, mole,�,ij
 is the diffusive flux of compo-

nent � in each phase � through each pore throat ij, A� is the cross-sectional area of phase � 
in the pore throat, and q� is the possible source or sink term. The Fick’s first law describes 
j
�,pnm

diff, mole
 as:

where M� is molar mass of component � , �� is density of phase � , D�
�
 is the binary diffu-

sion coefficient of component � in phase � , which is a function of pressure and temperature 
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Fig. 1   Pore throat ij connects 
pore bodies i and j (Veyskarami 
et al. 2023)
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in each pore body, X is the mass fraction of component � and lij is the length of the pore 
throat connecting the two pore bodies.

Momentum equation 
Neglecting the impact of gravity, the general equation to calculate the flow rate of phase � , 
Q�,ij , in pore throat ij connecting pore bodies i and j is:

where the throat conductance, g� , can be calculated as a function of the effective cross-sec-
tional area and the effective radius related to the phase � in the throat. A detailed descrip-
tion of different approaches to calculate g� is given by, e.g., Weishaupt (2020) and Wu 
et  al. (2023). p� is the pressure of each phase and �� = ��g(Xj − Xi) is the influence of 
gravity, where g is the gravity vector and (Xj − Xi) is the distance vector between the cent-
ers of pore bodies i and j.

Energy balance
The energy balance in each pore body, i, can be written as:

Here, u is the specific internal energy, and h� is the specific phase enthalpy, which is 
obtained by:

Further, �� is phase heat conductivity and is computed by:

and qe is the possible energy source or sink term.

2.2 � Free‑Flow Domain

Mass balance
The following balance equation is solved for each component � in the single-phase multi-
component free-flow domain.

In the above equation, v is the velocity vector and the subscript mole indicates that the 
molar value of the parameter is used in the calculations. The diffusive flux, j�,ff

diff, mole
 , is 

approximated by Fick’s first law for component � as:
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Momentum balance
The Navier–Stokes equations describe the momentum balance in the free-flow ,

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

Energy balance
For a non-isothermal free flow, we use the following relation to describe the energy bal-
ance in the system:

where h is the specific phase enthalpy, which in a compositional system can be computed 
as:

The contribution of diffusive energy transport in a compositional system is described by 
the fourth term of equation Eq. (10), 

∑

� ∇ ⋅

�

j
�,ff

diff
h�
�

 . The possible energy sink or source 
term is accounted by qe.

Discretization method
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 
faces of the primary cells, which correspond to the centers of the relevant secondary grid 
cells. The remaining degrees of freedom, such as pressure, temperature, and mole/mass 
fractions, are located at the centers of the primary grid cells. A detailed description on the 
staggered-grid finite volume approach is provided by, e.g., Schneider et al. (2020).

2.3 � Interactions at the Interface

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. However, when droplets form at the 
interface, they cover a portion of it and influence the interaction between the two flow 
domains. Figure 2 illustrates a droplet formed at the interface between a pore and the free 
flow. We need to distinguish between two interfaces: 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. 2.
It should be noted that the models developed in this work are applicable to hydropho-

bic interfaces and porous media and can be utilized for hydrophilic media with minor 
adjustments.

In the next parts, we discuss the droplet–pore and droplet–free-flow interactions. Then, 
we derive the coupling conditions describing the exchange of mass, momentum and energy 
at the interface, including the droplet impact.
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2.3.1 � Droplet Geometry

We describe a droplet at the interface as a spherical cap having a circular contact area 
with the solid surface. Figure 3 illustrates such a droplet and its key descriptive parameters. 
This assumption holds when the surface is homogeneous and the droplet size is sufficiently 
small such that the effect of the gravity field is negligible, i.e., Bond number ≪ 1 (e.g., 
Lubarda and Talke 2011). Equations (12) and (13) are used to describe the droplet volume, 
Vdrop , and the capillary pressure at the droplet surface, pc , where �lg is the surface tension 
between the phases (e.g., Baber 2014).

(12)Vdrop =
�

3
h2(3R − h) =

�

3
r3
CA

(1 − cos(�))2(2 + cos(�))

(sin(�))3
,

(13)pc =
2�lg

R

2(1 − cos �) + cos �(sin �)2

(1 − cos �)2(2 + cos �)
.

Fig. 2   Interface configuration

Fig. 3   Description of a spherical 
sessile droplet (Veyskarami et al. 
2023). Here, R is the droplet 
radius of curvature, r

CA
 is the 

contact radius of the droplet with 
the solid surface, h is the height 
of the droplet, and � is the droplet 
contact angle
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2.3.2 � Droplet–Porous Medium Interactions

Mass balance
A droplet on the surface of the porous medium exchanges mass with the porous medium. 
Equation (14) shows the mass flux, ṁpore

drop
 , between the droplet and the connected pore 

through the droplet–pore interface, Γpore

drop
 . In this equation, �pore is the fluid density in the 

pore, vdroppore 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. 2.

We assume that the droplet contains the same fluid as the connected pore body, i.e., there 
is no mole fraction gradient. Consequently, no diffusive mass exchange occurs between the 
droplet and the connected pore.

It should also be noted that vdroppore is determined based on the fluid velocity in the pore 
throat connecting the interface pore body with the neighboring pore body. That means 
that the fluid exchange between the interface pore body and the neighboring pore bodies 
directly affects the droplet formed at the interface pore body.

Momentum balance
At the interface between a droplet and a pore, Γpore

drop
 , continuity of forces in the normal 

direction to the droplet surface is described as:

where Fpore and Fdrop are the forces exerted on the droplet–pore interface due to the pore 
body and the droplet pressure, respectively. Veyskarami et  al. (2023) showed that under 
reasonable assumptions, continuing of forces on the droplet–pore interface reduces to:

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 drop-
let 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. (16) not 
only holds at the interface, but also for the entire droplet and the connected pore, 
Ωdrop ∪ Ωpore.

Energy balance
At Γpore

drop
 , the temperatures of the droplet and the pore are assumed to be equal.

Assuming no temperature gradient inside the droplet due to the small size of the droplet, 
we assign a single temperature value 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. (16) is not only valid at the interface, but also for the whole 
droplet and the pore, Ωdrop ∪ Ωpore . Consequently, energy exchange between the pore and 
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.
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the droplet, ėdroppore , occurs only through convection. The convective heat transfer can be 
expressed by Eq. (18).

It is worth mentioning that by considering the same temperature and pressure for the drop-
let and the pore, the density, � , and the specific enthalpy, h, of the droplet and the pore are 
equal as well. Figure 4 illustrates the droplet mass and energy exchange with the connected 
pore and the surrounding free flow.

2.3.3 � Droplet–Free‑Flow Interactions

Mass balance
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 � to the cells that are occupied by the droplet:

 
Momentum balance
We have that Fff is the sum of three forces:

Using the definition of each force provided by Veyskarami et  al. (2023), we derive Eq. 
(23), which shows the mechanical coupling condition at the interface between the droplet 
and the free flow.

(18)ė
pore

drop
=
[

𝜌porehporev
drop
pore

]

⋅ n
pore

drop
A
pore

drop
at Γ

pore

drop
.

(20)x�
ff
= x�

drop
at Ωdrop .

(22)Fff = F�v2 + Fp + F�ff
.

Fig. 4   a Mass exchange between the free-flow, droplet and pore, and b Energy exchange between the free-
flow, droplet and pore
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The part of the free-flow domain which is occupied by the droplet is treated using a Dir-
ichlet-type condition for velocity. As previously mentioned, 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 which are 
occupied by the droplet.

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 evapora-
tion. Heat conduction occurs as a result of temperature gradient between the surface of the 
droplet and the surrounding free flow. Additionally, evaporation from the droplet surface 
causes energy exchange in the form of molecular diffusive energy transfer. By summing the 
energy transfers through these two mechanisms and integrating over the droplet surface, 
the total energy exchange between the droplet and the free flow is obtained:

Here, �ff is the free-flow conductivity, ∇Tff
drop

 refers to the temperature gradient between the 
droplet surface and the free flow, f evap is the evaporative flux computed by Eq. (36), and 
h�
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:

Droplet impact on the free-flow field
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 adopt a simplified approach 
introduced by Veyskarami et  al. (2023). 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 for the 
degrees of freedom inside the droplet; instead, they are treated using Dirichlet-type condi-
tions. In fact, we assign a fixed value to the degrees of freedom located within the drop-
let region. That means that the free-flow gird cells that are inside the droplet are treated 
using Eqs. (20) and (26), and the free-flow gird faces that are inside the droplet are treated 
using Eq. (24). Furthermore, we calculate the temperature and mole/mass fraction gradi-
ent between the cells recognized as interface grid cells and the cells inside the droplet. 
The free-flow shear and inertial forces are evaluated on the interface grid faces, while the 
pressure force on the interface grid cells. For more details about this approach, we refer to 
Veyskarami et al. (2023).

(23)[((𝜌v ⊗ v) + PI + (−𝜏))ff + PcI − pdropI]n
drop

ff
⋅ nff

drop
daff

drop
= 0 atΓff

drop
.
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(25)ėff
drop

= ∫Aff
drop

[
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ff
drop

+ f evaph
𝜅

drop

]
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drop
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drop
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(26)Tff = Tdrop at Ωdrop .
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2.3.4 � 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 Sect. 2.3.2), and droplet–free-flow interactions (discussed in Sect. 2.3.3).

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 (Veyskarami et al. 
2023):

where

The evaporation from the droplet surface to the free flow is discussed in Sect. 2.4.
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. 20).

Momentum balance  As we do not introduce a new primary variable for the droplet, we 
formulate the momentum coupling condition for the pore connected to the droplet, includ-
ing the droplet’s effect. Thus, we substitute the droplet pressure in Eq. (23) with the pore 
pressure according to Eq. (16) which leads to:

As we discussed before, we assign zero velocity to the parts of the free-flow domain that 
are occupied by the droplet (Eq. 24).

Energy balance  Since the droplet temperature is assumed to be 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. 5 and having no sink/source term, the energy balance for the 
interface pore body, i, can be written as:

The first term describes the energy storage in the interface pore body, ėj
i
 is the energy 

exchange between the interface pore body i and the neighboring pore body j, ėdrop
i

 is the 
energy exchange between the interface pore body and the droplet, and ėff

i
 is the energy 

exchange between the interface pore body and the free flow, which occurs through the 
droplet.

(27)
dmdrop

dt
+ ṁ
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drop
+ ṁff

drop
= 0 ,

(28)

dmdrop

dt
=

d(𝜌dropVdrop)

dt
,

ṁ
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= [𝜌porev

drop
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A
pore

drop
,

ṁff
drop

= ṁevap .

(29)[((𝜌v ⊗ v) + PI + (−𝜏))ff + PcI − pporeI]n
drop

ff
⋅ nff

drop
daff

drop
= 0.

(30)
dei

dt
+ ė

j

i
+ ė

drop

i
+ ėff

i
= (Vqe)i .
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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.

We have that ėj
i
 can be described using the following equation:

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 interface, ėff

drop
 , is 

evenly distributed throughout the droplet and the interface pore body. Thus, the amount of 
ėff
i
 is a proportion of ėff

drop
 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 
ėff
i
:

Rewriting Eq. (30) using the definition of each term gives the following relation, which 
describes the energy balance for pore body i at the interface,

In the above equation, f evap 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 
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Fig. 5   Free-flow-droplet-pore 
energy exchange at the interface
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(34) shows the computation of the source/sink term related to the droplet, which affects 
pore body i at the interface, Qdrop

i
:

Using the source/sink term given by the above equation, the energy balance relation for 
pore body i, Eq. (33), can be rewritten as:

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. 26).

2.4 � Droplet Evaporation

The mass transfer between a droplet and the surrounding free flow occurs through evap-
oration from the surface of the droplet. We describe the droplet evaporation as a quasi-
stationary diffusion-driven process (Fuchs 1959), wherein the diffusion of vapor from 
the droplet surface to the gaseous free flow governs 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 Fick’s 
first law. Decomposing the evaporative flux, f evap , into its Cartesian components, e.g., i- 
and j-directions in a two-dimensional setup shown in Fig. 6b, 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. (36) for i-direction. The flux in j-direc-
tion is calculated analogously.

In the above equation, subscripts “g” and “ff” emphasize that the evaporation occurs in the 
gas phase from the surface of the droplet to the surrounding free flow. Consequently, the 
parameters used to calculate the evaporative flux are related to the free flow, i.e., gas phase. 
The mass fraction of component � in the gas phase at the interface grid face and in the 
neighboring cell are, respectively, denoted by X�

g,ff,int
 and X�

g,ff,N
 , and di is the distance 

between the interface grid face and the center of the neighboring grid cell in i-direction 
(see Fig. 6b). 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 out-
side the droplet.

Integrating the evaporative flux over the surface of the droplet yields the total mass 
flux leaving the droplet surface due to evaporation, ṁevap.
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In the above equation, we use nff
drop

 to get the evaporative flux from the surface of the drop-
let in radial direction.

To compute the evaporative flux using Eq. (36), we need the value of X�
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. 7.

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 equi-
librium indicates that the temperature of the droplet and the free flow are the same at 
the droplet surface. According to the chemical equilibrium, a component in the liquid 
phase (droplet) and the gas phase (free flow) must have the same chemical potential, 
�� , at the droplet surface.

Having chemical equilibrium at Γff
drop

 , for the vapor component, � , Raoult’s law can be 
applied to compute the partial pressure of that component in the gas phase using the vapor 
pressure, p�

vap
 , and the mole fraction of the component � in the liquid phase, x�

l,drop
:

Then, using the Dalton’s law, the mole fraction of the component � in the gas phase, x�
g,ff

 , at 
Γff
drop

 is computed as the ratio of the partial pressure of the component � to the total gas 
pressure, pg,ff:
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.

(39)x�
g,ff

=
p�
g,ff
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drop
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Fig. 6   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)
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Converting mole fraction to mass fraction is straightforward. We assign the value com-
puted by Eq. (39) 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 Sect. 2.3.3. 
In this study, it is assumed that the mole fraction of the 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, � of the droplet 
diminishes during the evaporation, while the droplet contact area remains constant. Shrink-
age 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, �eq . 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 in Fig. 8.

3 � Results and Discussion

In this section, we first use the developed model to simulate the evaporation of a single 
droplet formed at the interface between a free flow and a porous medium in a channel 
and compare the numerical results with experimental data provided by Bansal et  al. 
(2017). Then, we analyze the impact of free-flow and porous medium properties on the 
droplet evaporation. At the end, we present a showcase of using our model to simu-
late evaporation of multiple droplets at the interface between a free flow and a porous 
medium. All the models developed in this study are implemented in DuMux , an open-
source simulation toolbox for transport in porous media (Koch et al. 2021).

Fig. 7   Equilibrium conditions at the surface of the droplet
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3.1 � Droplet Evaporation: Comparison with Experimental Data

Bansal et al. (2017) examined the impact of confinement on the evaporation of a sessile 
droplet. Their results show that evaporation time increases in a channel due to accumu-
lation 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.

First, we 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.

3.1.1 � 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 
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 that the vapor concentration varies from the concentra-
tion 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. 9). 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.

3.1.2 � Results

Figure 10 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 drop-
let evaporating in a channel. According to the results, there is a good match between the 

Fig. 8   Droplet evaporation modes
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simulation and experimental data and our model is able to predict the impact of the channel 
length on the evaporation time of the droplet.

Having validated our concept for droplet evaporation using experimental data, we 
employ our model for analysis for droplet evaporation in the next section.

3.2 � Droplet Evaporation Analysis

In this section, we analyze the impact of free-flow and porous medium properties on the 
droplet evaporation at the interface.

3.2.1 � Simulation Setup

To simulate a single droplet evaporation, we use a setup shown in Fig. 11. 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.

Fig. 9   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

Fig. 10   Comparison of simula-
tion results with the experimental 
data given in Bansal et al. (2017) 
for impact of channel length on 
the evaporation of a single drop-
let confined in a channel
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Initially, the channel is fully filled with gas (air). At the inlet, gas flows into the channel 
with a fully developed laminar velocity profile. Dirichlet boundary conditions are applied 
at the inlet for gas velocity, temperature, and mole fraction (relative humidity). At the out-
let of the channel, a constant pressure is applied, and outflow boundary conditions are used 
for temperature and mole fraction.

The porous medium is initially fully saturated with water. At the inlet pore body, Dir-
ichlet boundary conditions are applied for temperature and mole fraction of the compo-
nents. Water is injected to the inlet pore for a short time, � , 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 with the whole time of the evaporation process, the injection 
time is so small that droplet evaporation during injection is negligible.

3.2.2 � Impact of Pore Body Radius (Evaporation Mode)

The two main modes of droplet evaporation are the constant contact angle (CCA) and con-
stant contact radius (CCR). In this section, we analyze the impact of these evaporation 
modes on droplet evaporation. As the pore body radius is a factor that determines the tran-
sition between droplet evaporation modes, using different pore radii alters the duration of 
each evaporation mode. For a droplet with a given volume, a small pore body connected 
to the droplet results in the evaporation process predominantly following the CCA mode. 
This occurs because the evaporation of a droplet with an initial contact radius greater than 
the pore body radius begins in the CCA mode. The evaporation mode switches to the CCR 
mode once the contact radius of the droplet decreases 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 results in the CCR mode dominating the evaporation 
process. In our analysis, we use two different radii for the pore connected to the evapora-
tive droplet: a radius of 1 × 10−4 m and another radius of 5 × 10−5 m . Figure 12 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 or CCR mode.

Figure 13a shows that the evaporation occurs slightly faster when the pore body radius 
is smaller, i.e., when the CCA mode dominates the evaporation process. Conversely, when 

Fig. 11   The simulation setup used for droplet evaporation analysis: Dimensions and boundary conditions
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the CCR mode is dominant, the droplet’s contact angle begins to decrease earlier, leading 
to a reduction in the droplet’s surface area. This results in a slightly slower evaporation 
process for the CCR mode. This effect can be seen in Fig. 13b, where the change of droplet 
surface area versus the droplet volume for each evaporation mode is shown.

3.2.3 � Impact of Free‑Flow Relative Humidity

Since the evaporation from the surface of the droplet is diffusion-driven, the relative 
humidity of the free flow is one of the key parameters affecting the evaporation rate. Fig-
ure  14 shows how relative humidity of the free flow influences the droplet evaporation. 
It should be noted that the inlet free-flow velocity and inlet free-flow temperature, under 
which these analyses are conducted, are 5 m/s and 298.15 K , respectively. In Fig. 14a, 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, which is the duration required for a droplet to completely 
evaporate. As expected, increasing the relative humidity of the free flow decreases the 

Fig. 12   Variation of a droplet contact angle and b droplet contact radius over time during droplet evapora-
tion for two pore body radii

Fig. 13   Variation of a droplet volume over time, and b droplet surface area versus droplet volume during 
droplet evaporation for two pore body radii
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average evaporation rate. The results show that the average evaporation rate decreases 
almost linearly with the relative humidity for each free-flow temperature. Figure 14b shows 
the evaporation rate over 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 droplet mass due to evaporation. For all cases, the evaporation rate exhibits a downward 
trend over time, which could be due to the shrinkage of the droplets with time, leading to 
a reduction in the evaporation rate. The change in the evaporation rate varies throughout 
the life of the droplet. Each curve experiences a major increase in slope as it approaches its 
endpoint, which corresponds to the switch in the evaporation from constant contact angle 
to constant contact radius mode. Following this transition, the evaporation rate decreases 
more rapidly than before, indicating a slower evaporation process. Furthermore, as a drop-
let shrinks, its surface moves closer to the bottom wall of the free-flow channel. Conse-
quently, the local velocity of the free flow surrounding the droplet decreases, resulting in 
a further reduction of the evaporation rate. The impact of the free-flow velocity on the 
droplet evaporation is examined in Sect. 3.2.5. Figure 14c shows variation of the droplet 
volume due to the evaporation over time for three different values of relative humidity. This 
figure is for a case where the pore body temperature is 298.15 K.

3.2.4 � Impact of Free‑Flow Temperature

Figure  15 shows the change of droplet volume due to evaporation under various inlet 
free-flow temperatures and relative humidities. It is important to note that the inlet pore 
body temperature and the inlet free-flow velocity are the same for all cases and are set 
to 298.15 K and 5 m/s , respectively. According to Fig. 15a, which shows the results for a 
setup with an 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 uniform energy distribution over the droplet and the connected pore body in our model, 
i.e., no temperature gradient exists inside the droplet or between the droplet and the con-
nected pore body, implying no conductive heat transfer between them. In our model, the 
free-flow temperature primarily affects the energy exchange between the droplet and the 
surrounding gas through heat conduction. Given our assumption of no temperature gradi-
ent within the droplet and its connected pore body, the energy exchanged with the free flow 
is consumed to change the temperature throughout the entire droplet and pore body, rather 
than being concentrated near the droplet surface. Consequently, our model underestimates 
the change in the droplet surface temperature resulting from energy exchange with the free 
flow. Another reason is the heat conductive exchange between the interface pore connected 
to the droplet and the inlet pore body, where a constant temperature of 298.15 K is applied.

Figure 15b shows that when the inlet relative humidity of the free flow is 16% , increas-
ing the free-flow temperature leads to longer evaporation time. This is because at higher 
temperatures, a gas phase with a specific relative humidity contains higher vapor concen-
tration. As a result, as temperature increases while relative humidity remains constant, the 
evaporation rate decreases.

In Fig.  15c, 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 ceases and the drop-
let volume remains constant. This phenomenon occurs because the cooling effect of the 
droplet causes the free-flow temperature to approach the dew point in the vicinity of the 
droplet surface, which stops the evaporation. Although, condensation might be expected 
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Fig. 14   Impact of free-flow rela-
tive humidity on droplet evapora-
tion: a average evaporation 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 tempera-
ture are 298.15 K
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Fig. 15   Variation of the droplet 
volume over time due to evapora-
tion in three free-flow tempera-
tures: a inlet relative humidity = 
0%, b inlet relative humidity = 
16% , and c inlet relative humidity 
= 64%
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under these conditions, since a concept to describe the possible condensation process is not 
included in our model, the droplet volume remains constant in the simulation.

3.2.5 � Impact of Free‑Flow Velocity

To analyze the impact of free-flow velocity on droplet evaporation, we define two veloc-
ity ranges: low range (0–0.1 m/s ) and high range (0.5–10 m/s ). Figure 16 shows how free-
flow velocity affects droplet evaporation. The results presented in these figures correspond 
to cases where both the inlet free-flow and pore temperatures are 298.15 K and the rela-
tive humidity of the gas entering the free-flow channel is 16% . Figure  16a and b shows 
the change in the droplet volume over time due to evaporation for the two ranges of free-
flow velocities. The velocity values reported in these figures are the maximum velocities 
applied at the inlet of the free-flow channel, which occurs on the center line of the channel. 
Figure 16a, which presents results for the low range of free-flow velocities, demonstrates 
that the droplet volume decreases at an almost constant rate throughout the entire period, 
indicating a quite constant evaporation rate over time. For the high range of free-flow 
velocities shown in Fig. 16b, however, the rate of the droplet shrinkage declines over time, 
i.e., decreasing the evaporation rate with time. Such a behavior becomes more evident in 
Fig. 16c, showing the evaporation rate over time shown, where the droplet evaporation rate 
experiences a rapid decrease over time when the free-flow velocity is 0.5 m/s compared to 
the more gradual changes observed at lower velocities. Considering the velocity profile in 
the channel, the velocity varies from zero at the walls to its maximum at the centerline of 
the channel. As the droplet shrinks due to the evaporation, its surface moves further from 
the center line and closer to the bottom wall. In fact, the effective free-flow velocity acting 
on the droplet surface decreases as the droplet shrinks, which accelerates the reduction 
of the evaporation rate. This change in the velocity of the free flow impacting the droplet 
becomes more considerable at higher free-flow velocities.

How the impact of free-flow velocity on evaporation differs with the relative humid-
ity of free flow is shown in Fig. 17. As Fig. 17a shows, increasing the free-flow velocity 
promotes droplet evaporation across all relative humidity levels, with the effect being more 
pronounced at lower initial velocities. Moreover, the influence of free-flow velocity on the 
evaporation rate is more significant when the relative humidity of the gas entering the free-
flow channel is lower. Such a behavior is also reflected in the variation of average evapora-
tion rate with Peclet number shown in Fig. 17b. The Peclet number used here is defined as 
Pe = v�y∕D , where v is the maximum velocity applied to the inlet of the free-flow chan-
nel, �y is the grid-cell length normal to the flow direction and D is the binary diffusion 
coefficient.

According to our assumptions, local thermodynamic equilibrium holds at the surface 
of the droplet. This implies that the air immediately adjacent to the droplet surface is fully 
saturated with water vapor. Consequently, a concentration gradient is established, driving a 
diffusive flux of vapor from the droplet surface 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 its surrounding. When the free flow is present, it brings air 
with lower vapor concentration, i.e., lower relative humidity, from upstream, replacing the 
highly concentrated air surrounding the droplet. This process increases the concentration 
gradient, thereby enhancing the evaporation. When the free-flow velocity is so low that the 
concentration gradient around the droplet remains low, even a small increase in the veloc-
ity leads to supplying the less humid air to the surrounding of the droplet and increases 
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Fig. 16   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 evapora-
tion rate
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the evaporation rate. However, when the free-flow velocity is high enough to maintain a 
steep concentration gradient around the droplet, further increases in the velocity might still 
increase the air supply, but the resulting change in the concentration gradient, and conse-
quently the evaporation rate, is limited. In addition, the upstream humidity determines how 
significant such a boosting effect is. When the upstream air contains a high vapor concen-
tration, it affects the concentration gradient around the droplet to some extent, even in a 
free flow with high velocity. Consequently, increasing the free-flow velocity has a smaller 
influence on the evaporation rate when the air flowing into the channel has a higher rela-
tive humidity. This finding aligns with the experimental data presented Jodat and Moghi-
man (2012) regarding the impact of forced convection in gas flow on evaporation. It is 
important to note that the maximum achievable concentration gradient, through increasing 
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.

3.2.6 � 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 and velocity are the same for all cases and are 
set to 298.15 K and 5 m/s , respectively.

Figure 18a shows how the average evaporation rate changes with inlet pore body tem-
perature. Raising the pore body temperature increases the average evaporation rate. Such 
an impact becomes more significant at higher temperatures. Changes in pore temperature 
directly influence the droplet temperature, which in turn determines the vapor pressure and 
vapor concentration at the droplet surface. 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, thereby raising 
the vapor concentration in the air at the surface of the droplet.

The variation of the evaporation rate over time is shown in Fig. 18b for a case where 
the free-flow relative humidity is 16% . According to this figure, for all three humidity val-
ues, evaporation rate decreases with time, which is a result of the droplet shrinkage and 
less surface area available for the evaporation. Examining the graph for each humidity 
level reveals at least two distinct trends with different slopes. Each curve exhibits an initial 

Fig. 17   Impact of free-flow velocity on the average evaporation rate of the droplet in three free-flow relative 
humidities. Average evaporation rate versus a inlet free-flow velocity and b Peclet number
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period of constant decrease in evaporation rate, followed by a change in slope leading to 
a steeper reduction in evaporation rate. This behavior could be related to the switch in the 
evaporation mode from constant contact angel to constant contact radius mode. Figure 18c 
shows the shrinkage of the droplet with time for different pore temperatures.

3.2.7 � Impact of Contact Angle

To analyze the impact of the contact angle on the droplet evaporation, we examine three 
different contact angles. Figure 19a shows the variation of the droplet volume over time. 
The results indicate that a droplet on the surface with a higher contact angle evaporates 
more rapidly. Figure 19b 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 sur-
face with a higher contact angle, as shown in Fig. 19a.

3.2.8 � Multiple Droplets Formation and Evaporation at the Interface of a Free‑Flow–
Pore‑Network System

We use a setup shown in Fig. 20 to show the application of the model in describing for-
mation and evaporation of multiple droplets at the interface of a non-isothermal compo-
sitional 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 . 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.

Air flows into the channel with maximum velocity of 5 m/s in a fully developed lami-
nar 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. Fig-
ure 21 shows how formation and evaporation of multiple droplets affect the temperature 
and vapor mass fraction (concentration) distribution in the free flow.

4 � Summary and Outlook

We have developed a new model to describe formation and evaporation of multiple 
droplets at the interface between a coupled free-flow–porous medium system. In this 
model, droplet evaporation into the free flow is described as a diffusion-driven phenom-
enon. Considering the interactions at the droplet-free-flow and droplet-pore interfaces, 
new coupling concepts between the free flow and the porous medium are developed, 
which takes storing mass, momentum and energy in the droplet as well as impact of 
evaporation into account.

We simulated the evaporation of a confined single droplet in a channel with different 
lengths and compared the results with the experimental data provided by Bansal et al. 
(2017). This comparison showed that our model is able to provide a proper descrip-
tion of the evaporation process and the impact of confinement on the evaporation rate. 
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Fig. 18   a) Variation of droplet 
average evaporation rate with 
inlet pore temperature and free-
flow relative humidity, b) droplet 
evaporation rate over time for 
three pore inlet temperatures 
for a case where the free-flow 
relative humidity is 16% , and c) 
droplet volume variation during 
evaporation for three pore inlet 
temperatures for a case where the 
free-flow relative humidity is 16%
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Furthermore, we conducted 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. Finally, we presented an appli-
cation of the new model to describe evaporation of multiple droplets at the interface. 
The current study provides a foundation for further developments.

In this work, we assume there is no gradient in temperature and concentration inside the 
droplet. However, higher change in the surface temperature of an evaporating droplet have 
been observed in previous studies (e.g., Hu and Larson 2002, 2005; Prakash et al. 2021). 
Further analysis is necessary to evaluate the influence of no-gradient assumptions made in 
the development of our concepts.

Fig. 19   Impact of surface contact angle on a) droplet volume over time and b) droplet surface area versus 
droplet volume during evaporation. The inlet free-flow velocity and the inlet free-flow relative humidity, 
under which these analyses are conducted, are 5 m/s and 16 % , respectively. The inlet free-flow temperature 
and the inlet pore temperature are set to 298.15 K

Fig. 20   The setup used to simulate formation and evaporation of multiple droplets at the interface of a cou-
pled free-flow–pore-network system
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The model developed in this study provides a basis for further development and serves 
as a tool for other analysis of droplet evaporation, such as impact of droplet evaporation on 
droplet detachment and droplet evaporation in the presence of other droplets.
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