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bClean Water Center, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

Abstract

Passive fluid transport, which plays a crucial role in a wide range of processes from engineering to biology field,
is becoming increasingly attractive due to the prospect of a lower energy demand. Here, we focus the attention on
passive thermal evaporation, which is considered an emerging and promising water treatment technique. In detail, we
report an extensive theoretical study of capillary-driven fluid flow in hydrophilic and porous materials to be used as
thermal evaporators in water treatment devices such as vapor generators or distillers. These materials are designed to
spontaneously and properly soak up the water to be treated and absorb thermal energy, establishing a continuous vapor
generation. Design guidelines are reported and extensively discussed with the aim of preventing dry-out phenomena,
which could compromise the correct functioning of the component and limit the performance. The results presented
here envision a potential component size on the order of meters, which is, to the best of our knowledge, two orders of
magnitude more than the size effectively explored in the experimental tests reported in the recent literature. Moreover,
this modeling framework may be leveraged to assist innovation actions on materials and/or manufacturing techniques,
further increasing the competitiveness and the widespread deployment of passive and sustainable solutions.

Keywords: Passive flow, Porous media, Capillarity, Vapor Generation, Water Treatment, Sustainability

1. Introduction

Proposing more sustainable technologies is becoming a priority in order to reduce the anthropogenic impact on
environment. [1, 2, 3, 4] Therefore, the continuous development of widely spread and needful industrial processes,
such as water treatment [5], vapor generation for sterilization [6, 7, 8, 9] and pasteurization [10] purposes, desalination
[11, 12, 13] and oil recovery [14], should require particular attention. Indeed, at present, these industrial processes
are carbon-intensive and need energy-consuming electro-mechanical auxiliaries, such as valves and pumps, to allow
the involved mass and heat transfer processes. Moreover, the related plants require high capital and operating costs.
In this context, recently proposed less energy-intensive solutions, which involve a passive transport of the working
fluid, represent an interesting and valid alternative to conventional active solutions especially in fields related to
water purification [15, 16], building cooling [17], electronics [18, 19] and thermal management. [20, 21] Due to
their high impact in daily life, passive water treatment processes based on evaporation are of particular interest.
In this context, several solar/thermal and passive vapor generation and water treatment devices have been designed
and tested at centimeter scale in the last years by several scientific research groups, as reported in many review
articles. [15, 22, 23, 24, 25] In 2014, Ghasemi and co-workers [26] have proposed a pioneering passive approach to
increase the efficiency of the solar-to-steam generation by proposing a double-layer structure consisting of a carbon
foam layer supporting an exfoliated graphite layer. Then, in 2018, Chiavazzo and co-workers [27] have proposed a
12 cm2 passive multistage desalination device, able to perform multiple complete evaporation/condensation cycles in
cascade. In these emerging techniques, the passive pumping is ensured by the use of hydrophilic and porous materials.
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Therefore, capillary action is exploited to steadily and properly pump the fluid to be treated towards the device region
where the interfacial evaporation [9] or the treatment process [27, 28] occurs. This feeding process does not involve
the use of external power supply or mechanical pumps allowing a reduction of the power consumption related to the
transport of the working fluid and the installation in off-grid regions without access to any infrastructure. As a result,
a proliferation of variants of the aforementioned devices with different levels of sophistication, and therefore cost
[29, 30, 31, 32], were proposed, driving innovation and the more widespread use of tailored porous and hydrophilic
materials.

However, the main drawback of such capillary-fed devices is represented by the reduced scalability. In fact,
the maximum length of the porous wick-based material (i.e., capillary limit) is limited by the inversely proportional
relationship between the permeability and the capillary pressure, which is the driving force. [33] The latter can be
increased by reducing the pore size of the material, but this leads to lower permeability and thus higher flow resistance
to capillary feeding. Therefore, depending on the operating conditions (such as the absorbed thermal energy, the
ambient temperature, the evaporation rate, the length and the thickness of the porous material) a proper trade-off pore
radius should be determined to prevent dry-out phenomena, which take place when the liquid evaporation is larger
than the maximum mass flow rate capacity sustainable by the structure of the porous material. [33] This critical issue
can lead to a substantial reduction in the productivity of the device, because of the limited length of the evaporating
material, in addition to the incorrect operation of the latter. [27, 28] To the best of our knowledge, few articles have
been published to date focused on the role of evaporation on the capillary transport. Fries and co-workers [34] have
proposed a model for investigating the wicking of different liquids into a dry Dutch twilled weave, under the effect of
gravity and evaporation. More recently, Liu and co-workers [35] have proposed a mathematical model, which includes
the evaporation, to predict the wicking height for fibrous porous strip. However, sensitivity studies to investigate more
in depth the effects of various parameters (i.e. external factors such as the absorbed thermal energy and intrinsic
factors of the porous material itself, such as pore radius and thickness) have not been performed. E.g., accounting for
external absorbed thermal energy may be of interest to investigate potential applications of wick-based materials in
the water treatment field. To this purpose and as underline by Tao and co-workers [15], further research is needed to
optimize the coupling between the available energy source causing the evaporation and the mass and heat transfer in
the used material. In detail, the authors emphasize the need for quantitative analyses and mechanistic understanding
of the numerous parameters affecting these evaporation-assisted systems. [15]

In this work, a fluid dynamic model is proposed to investigate the capillary-driven flows in porous wick-based
material with a focus on thermal passive vapor generation techniques. Differently from the previous works [34, 35, 36],
here the dynamic model considers the dynamic pressure contribution, which can lead to dry-out, the gravitational load,
which affects the transport through vertical feed channels, together with the velocity variation of the propagating front
due to evaporation quantifying, case by case, the maximum working extension of the envisioned device. Hence,
time-dependent sensitivity analyses are performed with the theoretical model to comprehend the effect of different
parameters such as absorbed thermal energy, geometry, pore radius and thickness of the porous material on the wicking
process. In detail, the objective of this study is to explore, quantify and discuss the potentials and limitations of
porous wick-based media used to design passive vapor generators and/or water treatment devices. A rational design
of a wick-based evaporator is crucial to increase the maximum path that the water front can overcome, and thus the
size of the passive device. In detail, the design should guarantee a passive and continuous liquid feeding without
reaching the capillary limit and preventing dry-out phenomena. We believe that the reported modeling framework
could promote the design of a new generation of hydrophilic and porous materials with tailored properties for water
treatment purposes, with the aim of realizing optimized and more scalable passive wick-based technologies.

2. Theoretical background and methods

2.1. Layout of the wick-based evaporator

A typical scheme of a passive wick-based evaporator is represented in Fig. 1. The central horizontal area represents
the evaporative region where the thermal energy is absorbed (e.g. using a tailored heat exchanger or optical selective
absorber in case of a generic waste heat or solar energy sources, respectively) and converted to vapor. Therefore, the
two vertical strips with useful height H, which are subject to gravity, work to passively supply the fluid (here water,
without losing generality) to be treated to the evaporative region. This reverse U-shaped symmetric configuration,
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has been recently proposed by Morciano and co-workers [37] and Ni and co-workers [38]. Note that the free water
surface is the reference for measuring H.
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Figure 1: Illustrative picture of a hydrophilic and porous reverse U-shaped wick-based evaporator. The two vertical strips of useful height H,
which are immersed in a basin containing water to be treated, drive the water to the horizontal evaporator of length 2 L exploiting the capillary
action. Here, the water is heated up by the incoming thermal energy and a continuous evaporation process takes place. The produced vapor is then
condensed into fresh water by means of a condenser, the characteristics of which depend on the technology employed. The wick-based evaporator
shows a thickness s and a width B. Note that, the analysis and design reported in this contribution refer to an L-shaped wick-based evaporator of
horizontal length L (i.e., half of the U-shaped component pictured here in the figure) due to symmetry.

The width of the strips (namely, B) through which the fluid is supplied by capillary action to the evaporator
does not affect the wicking performance and its value could be chosen as needed. On the other side, the thickness
s, the height H and the horizontal extension (namely, 2L) should be carefully considered in the sizing procedure,
as discussed in detail in the next paragraphs. For the sake of simplicity and due to the symmetry, only half on the
wick-based evaporator (namely, a L-shaped configuration consisting of one vertical strip of height H and half of the
horizontal portion of length L) is taken into account in the developed fluid dynamic model described below.

2.1.1. Vertical capillary flow with gravity
The linear momentum balance equation [39, 40] applied to the fluid in a vertical capillary of radius R can be used

to determine the position of the meniscus, which is indicated with z:(
z +

7
6

R
)

z̈ =
2σcos(θ)
ρR

− gz −
1
2

ż2 −
8µ
ρR2 zż (1)

where, the term at the left-hand side of the equation represents the local acceleration (the inertial term) of the fluid,
whilst the terms reported at the right-hand side of the equation represent the capillary pressure, which depends on
the surface tension σ, the contact angle θ, the density of the fluid ρ and R; the hydrostatic pressure, which depends
on the gravity g and z; the dynamic pressure, which depends on the square of the velocity ż and the viscous losses
(based on the Hagen-Poiseuille equation) in the capillary, which depend on the viscosity µ of the fluid, apart from the
aforementioned parameters ρ, R, z and ż. Derivation details are reported and extensively discussed by Bush in Ref.
[39]. It is important to note that Eq. 1 is only valid for a rising column. Then, it should be noted that the contact
angle is considered static. In fact, the dynamics of the contact angle, which varies with the velocity of the meniscus,
concerns only the initial times. As an example, if a pore diameter of 100 µm (which is a realistic number for such
appplication [37]) is considered, the velocity decays rapidly after a few hundredths of a second and the assumption
of a constant contact angle becomes reasonable. [40] In case of a homogeneous hydrophilic and porous material, the
Darcy’s law can be resorted to account for the viscous flow resistance in a more realistic way. Thus, the Eq. 1 can be
modified and re-written as: (

z +
7
6

R
)

z̈ =
2σcos(θ)
ρR

− gz −
1
2

ż2 −
εµ

ρK
zż (2)
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where ε and K are the porosity and the permeability of the material, respectively. The porosity ε is defined as the ratio
of the volume of the voids or pore space (Vpores) divided by the total volume of the porous medium (Vporous medium).
By approximating the fuid flow paths in the porous wick-based component as a bundle of capillaries, the permeability
can be expressed as K = ϵ R2

γ τ2 , based on the Kozeny-Carman equation [41, 42]. γ is a parameter which depends on the
shape and geometry of the pore (here, γ = 8 as reported in Ref. [41]), whilst τ is the tortuosity, which accounts for
the difference between the effective average length of the flow paths and the length of the porous medium. The latter
parameter can be evaluated by using the Mackie–Meares equation, namely τ = (2−ε)2

ε
. [43, 44] Then, for the sake of

simplicity, the following parameter Γ = 1
γ τ2 is introduced.

The capillary radius R has two antagonistic effects on the maximum hydraulically sustainable vertical mass flow
rate. In detail, low radius values lead to i) high viscous losses, which reduce the sustainable flow rate, and ii) higher
capillary pressure, which is instead responsible of higher sustainable flow rates. Because of this, an optimal diameter
should be figured out to ensure the maximum flow rate at steady-state condition. Thus, considering a vertical strip of
height H (namely the quote at which the horizontal evaporator is located, see Fig. 1), the inertial term negligible and
assuming hydrophilic fully-wettable material with θ = 0◦, the expression of the wicking front velocity of the flow ż
becomes:

ż (H,R) =
εµH
ρK


√√√√

1 + 2
2σ
ρR − gH(
εµH
ρK

)2 − 1

 (3)

Then, the specific (namely, per unit of cross section) mass flow rate along z can be written as:

ṁ = ερż (4)

The maximum mass flow rate can be figured out by imposing the following condition:

∂ṁ(H,R)
∂R

= 0 (5)

It is worth to point out that this condition leads to cumbersome algebraic manipulations and its resolution requires
a numerical approach. However, from a practical point of view, it is more interesting to evaluate the optimal diameter
knowing the height H of the vertical strip (which depends, among other things, on the accessible installation site and/or
the number of stages in the case of a multistage configuration device such as the ones proposed in Refs. [27, 45, 46])
and the mass flow rate ṁ that should be guaranteed (which is imposed, e.g., by the available heat source). To this
purpose, the following condition has to be imposed at steady-state conditions:

∂
(

2σcosθ
ρ

)
∂R

=
∂
(
RgH + 1

2 Rż2 +
εµR
ρK Hż

)
∂R

(6)

Imposing ∂ż
∂R = 0 and considering that K = ε Γ R2, the optimal capillary radius Ropt can be derived:

Ropt =

√√
1
Γ
µHż

ρgH + 1
2ρż

2
=

√√√ µ
Γερ2 ṁ

g + 1
2

ṁ2

ε2ρ2H

(7)

2.1.2. Horizontal capillary flow with evaporation
Having introduced the fluid flow through the vertical strip, the flow through the horizontal section can be discussed.

Here, the gravitational term can be neglected, as it is balanced by the constraint reaction exerted by the capillary walls.
In addition, evaporation process, which implies a reduction in the mass flow rate moving away from the entrance
region of the horizontal evaporator, should be considered. In order to analyze the problem in question, the first law
of thermodynamics is resorted. In particular, applying the first law of thermodynamics to a fixed Eulerian control
volume, which here represents the horizontal evaporator, we get:
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d
dt

∫
Ω

(
ρcp

)
e f f

T = −
∮
∂Ω

(
Φdi f f usive +Φadvective

)
· n+ (8)

−

∮
∂Ω

(
Φin +Φevaporative

)
· n

where T represents the temperature and
(
ρcp

)
e f f
= ερwcp,w + (1 − ε)ρwickcp,wick the effective heat capacity of the

considered control volume. In detail, cp,w and cp,wick, and ρw and ρwick are the specific heat and the density of water and
the porous wick-based evaporator, respectively. Then,Φdi f f usive,Φadvective,Φin andΦevaporative represent the diffusive,
advective, incoming thermal energy and evaporative terms. The diffusive term can be expressed as Φdi f f usive =

−λe f f∇T , where λe f f is the effective thermal conductivity, which can be written as λe f f = ελw + (1− ε)λwick, being λw

and λwick the thermal conductivity of the water and porous wick-based evaporator, respectively. Then, the advective
term is Φadvective = ṁcp,wT , where ṁ is the specific mass flow rate vector evaluated in [kg m−2 s−1]. Furthermore the
incoming thermal energy term, which is due to the absorption of thermal energy (here, for the sake of simplicity, the
thermal losses towards the environment are neglected), can be written asΦin = qin, where qin is expressed in [W m−2].
Finally, the evaporative term, which considers the thermal to vapor conversion, is Φevaporative = ṁevaphgl(T ), where
hgl(T ) is the enthalpy of vaporization at a certain temperature. Note that, we are considering the fluid incompressible
and the pressure work and the viscous heating terms, negligible. The latter becomes important only in some special
cases involving very high shear rates (namely, bearings and hydraulic systems). Then, applying the Gauss theorem
[47] and considering a one-dimensional approximation distributed model, we get:

(
ρcp

)
e f f

∂T
∂t
=λe f f

∂2T
∂x2 − ṁcp,w

∂T
∂x
+ (9)

−
ṁevap

s

(
hgl(T ) − cp,wT

)
+

qin

s

To solve the above equation it is necessary to express the specific evaporating mass flow rate ṁevap [kg m−2 s−1]
as a function of the temperature and therefore as a function of the vapor partial pressure difference at the liquid-air
interface ∆pv. In detail, as reported in Refs. [48, 49, 50], the mass evaporation rate can be interpreted via the mass
transfer coefficient Kv, due to partial pressure gradient, and the partial pressure driving force:

ṁevap = Kv ∆pv (10)

where Kv is expressed in [kg Pa−1 m−2 s−1]. It can be defined as Kv =
ξ

ρairRvT [48], where Rv is the gas constant for
vapor and ξ is the evaporation coefficient, due to humidity gradient. Indeed, the partial pressure of vapor and the
absolute humidity Y of the air on dry basis are related by the following equation Y = ρv

ρair
= Rair

Rv

pv
pair

, where the ideal

gas law was resorted. Therefore, the mass evaporation rate may also be written as ξ ∆Y = ξ Rair
Rv

(
pv(Tevap)

pair(Tevap) −
pv(Tcond)

pair(Tcond)

)
,

where, Tevap and Tcond are the temperature of the fluid in the evaporator and condenser (namely, the temperature of
the far field in case of evaporation in air), respectively. It is worth noting that, the partial pressure of air (namely,
pair = P − pv, where P represents the total pressure) may be assumed nearly constant in the diffusion layer. Such
as, its variation is less than 1%, under the considered operating conditions. Then, we get Eq. 10, i.e. ṁevap =
ξ

ρairRvT

(
pv(Tevap) − pv(Tcond)

)
, as reported by Örvös and co-workers in Ref. [48]. The here employed coefficient ξ has

been examined and tabulated on the basis of laboratory measurements by Örvös and co-workers in Ref. [48] and,
more recently, by Poòs and co-workers in Ref. [50]. Note that, the air layer directly in contact with the water in
the evaporator is saturated with moisture, so its partial vapour pressure is equal to the saturation value, which can be
calculated using Antoine’s semi-empirical correlation:

pv,sat(T ) = exp
(
23.1964 −

3816.44
T − 46.13

)
, (11)
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with pv,sat in [Pa] and T in [K]. [51] Note that, in case of aqueous solutions (e.g. seawater), the activity coefficient
should be introduced to account for the effect of the non-volatile components on the vapor pressure difference. It is
worth to point out that different models can be used to evaluate the mass transfer coefficient. [27, 52, 53, 54, 55, 56, 57]

2.1.3. Capillary flow in a L-shaped wick-based component: a full model
In this section, the Eqs. 2 and 9 used to describe the capillary flow through the vertical feeding strips under the

influence of gravity and the horizontal capillary flow under the influence of evaporation, respectively, are coupled.
The temperature will be assumed constant in the horizontal evaporator. This hypothesis is validated by means of
numerical analysis and related details are extensively reported in Supplemental Note 1.

By considering an horizontal evaporator of width B, length L, thickness s (see Fig. 1) and a fixed local reference
coordinate ζ, with origin at the entrance section of the horizontal evaporator, the velocity variation (that is, reduction)
of the water flow due to evaporation can be expressed as:

∆ẋ(ζ) =
Ṁevap,cumulative(ζ)

ρBsε
=

qinBζ
hgl(T )−cp,wT

ρBsε
(12)

=
1
ρε

qin
s

hgl(T ) − cp,wT
ζ

where Ṁevap,cumulative(ζ) is equal to ṁevapBζ and is expressed in [kg s−1]. Note that, the expression for the Ṁevap,cumulative

is obtained by considering the steady state version of Eq. 9 and uniform temperature over the considered control vol-
ume (see Supplemental Note 1). Then, the variables żinlet and z̈inlet can be introduced. These represent the velocity
and acceleration of the flow at the entrance of the vertical feeding strip, respectively. Further on, ẍ(ζ) and ẍ(ζ) are
velocity and acceleration of the flow along the horizontal evaporator due to evaporation; x f ront and ẋ f ront are position
and velocity of the advancing wicking fluid front in the horizontal evaporator. Therefore, the full model describing
the fluid flow in the L-shaped evaporator is:

(
H + 7

6 R
)

z̈inlet +
∫ x f ront(t)

0 ẍ(ζ)dζ = 2σcos(θ)
ρR +

−gH − 1
2 ẋ2

f ront −
εµ
ρK

(
Hżinlet +

∫ x f ront(t)
0 ẋ(ζ)dζ

)
∆ẋ(ζ) = 1

ερ

qin
s

hgl(T )−cp,wT ζ

ẋ(ζ) = żinlet − ∆ẋ(ζ)

ẋ f ront = żinlet −
1
ερ

qin
s

hgl(T )−cp,wT x f ront(t)

(13)

By developing the individual terms taking into account that ζ̇ = 0, being the time derivative of a fixed Eulerian
coordinate, and introducing, for the sake of compactness, the following factors:

a = H +
7
6

R (14)

b =
εµ

ρK
(15)

c =
1
ρε

qin
s

hgl(T ) − cp,wT
(16)

d =
2σcos(θ)
ρR

− gH (17)

6



we finally get the expression describing the fluid flow in a L-shaped wick-based component:

(
a + x f ront

)
ẍ f ront = d −

1
2

ẋ2
f ront+

−ẋ f ront (bH + ac) − (b + c) ẋ f ront x f ront+

−
1
2

bcx2
f ront − bcHx f ront (18)

Extensive details on the derivation of the full model are reported in Supplemental Note 2. The latter equation is
quite more complex with respect to Eq. 2 because of the evaporation. Simulink® has been used to explicitly solve the
derived time dependent differential equation. In addition, and for the sake of completeness, two relevant and simple
case studies are introduced and described hereafter.

Case study 1 - Steady state fluid flow. Considering θ = 0◦ and regime conditions, namely ẍ f ront and ẋ f ront equal to
zero, the Eq. 18 becomes:

0 = d −
1
2

bcx2
f ront − bcHx f ront (19)

Therefore, the maximum critical distance x f ront, which is indicated as Lcritic, ∂∂t=0, reached by the fluid front in the
porous material without undergoing dry-out phenomena can be expressed as:

Lcritic, ∂∂t=0 = H

√1 +
2d

bcH2 − 1

 (20)

Case study 2 - Simplified transient fluid flow with H≪ x f ront and negligible dynamic pressure. Re-arranging Eq. 18
considering that ẍ f ront = z̈inlet − cẋ f ront, the following expression can be stated:

(
a + x f ront

)
z̈inlet = d −

1
2

ẋ2
f ront (21)

− b
((

ẋ f ront + cx f ront

) (
H + x f ront

)
−

1
2

cx2
f ront

)
Then, neglecting the inertial term, relevant only during the initial steps or in the case of very fast dynamics, we

get:

0 = d −
1
2

ẋ2
f ront (22)

− b
((

ẋ f ront + cx f ront

) (
H + x f ront

)
−

1
2

cx2
f ront

)
Furthermore, to reduce the computational effort and simplify the study, we can safely consider H≪ x f ront. In fact,

in most cases x f ront is generally of the order of meters, whilst H of the order of the centimeters (see Supplemental
Note 3 for details). Thus, the aforementioned one might be an interesting engineering case. With this assumption, Eq.
22 becomes:

0 = d −
1
2

ẋ2
f ront − bx f ront ẋ f ront −

1
2

bcx2
f ront (23)
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Moreover, the latter equation can be further simplified considering that the dynamic pressure term 1
2 ẋ2

f ront is usually
neglected (see in literature the Washburn equation [34, 39, 40]). Re-arranging the previous equation, we get:

0 = d − bx f ront ẋ f ront −
1
2

bcx2
f ront (24)

A transient solution has been figured out, having set as initial condition x f ront(t = 0) = 0:

x f ront =

√
2d
bc

(
1 − e−

t
τ

)
(25)

where τ is the characteristic time equal to c−1 (see Eq. 16).

2.2. Design guidelines
Knowing the external operating conditions (namely, qin and the T of the low-temperature heat sink, e.g. sea Tsea)

and the intrinsic characteristics of the porous wick-based component, a rational sizing of the device can be performed
to figure out the maximum extent of the evaporator beyond which dry-out phenomena could occur. However, Eqs. 20
and 25 are able to identify the maximum length of the evaporator at steady state (namely when the absorbed water
is equal to the evaporated one) and the x f ront during transient operations, respectively, but neglecting the dynamic
pressure contribution. In some particular cases, and mainly in fast transient dynamics during which the wick-based
component absorbs water to compensate for evaporation, it is extremely important instead to also consider the dynamic
pressure contribution which can lead to dry-out. In this case, the maximum distance x f ront reached by the fluid front
in the porous material without undergoing dry-out phenomena, which is indicated as Lcrit,dynamic, can be expressed as:

Lcritic,dynamic =
b
c

H

√1 +
2d

b2H2 − 1

 (26)

The latter expressions is obtained by combining Eq. 3, which indicates the maximum sustainable velocity (thereby,
the maximum sustainable flow rate flowing through the vertical feeding strip) estimated by including the dynamic
pressure, and the velocity imposed by the evaporation, namely:

ż =
1
ρε

qin
s

hgl(T ) − cp,wT
L (27)

The logarithm with base 10 of the ratio between Lcrit, ∂∂t=0 (see Eq. 20) and Lcrit,dynamic (see Eq. 26) is useful for
determining the critical condition for designing the water treatment unit. Note that, as discussed above, Eqs. 20 and
26 provide an estimate of L, which is equivalent to only half (see Fig. 1) of the extent that can actually be considered
and exploited in a real application. This parameter is indicated as ∆design:

∆design = log10

 Lcritic, ∂∂t=0

Lcritic,dynamic

 = (28)

= log10


H

(√
1 + 2d

bcH2 − 1
)

b
c H

(√
1 + 2d

b2H2 − 1
)


If ∆design is negative, half of the length of the horizontal evaporator (namely, L) needs to be larger than Lcritic, ∂∂t=0,
whilst, if ∆design is positive the critical dry-out condition is avoided by ensuring L value larger than Lcritic,dynamic. A
threshold value of the capillary diameter, namely Dthreshold, for which ∆design = 0 can be figured out by equating the
Eqs. 20 and 26. In particular, it can be expressed as:

Dthreshold =

√√
4µε

(
hgl(T ) − cp,wT

)
Γ

qin
s

(29)
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2.3. Model validation
In order to validate the proposed dynamic wicking model, experimental data sets reported in the literature [34]

were considered. In detail, the experimental data reviewed report the wavefront propagation of liquids versus time
in vertical weave structures simultaneously exposed to evaporation and gravity. The proposed model, here tailored
to predict the wicking phenomenon in the L-shaped structure (see Fig. 1), was then re-adapted to be applied to a
single vertical material prone to gravity and evaporation, which represents the experimental case studies. Therefore,
re-arranging Eq. 24, we get:

0 = dσ − gz f ront − bz f ront ż f ront −
1
2

bcz2
f ront (30)

where dσ =
2σcos(θ)
ρR . For a prompt and strong validation, it is interesting to generalize the problem by adimension-

alizing the variables involved, as reported by Fries and co-workers. [58] Thus, Eq. 30 is written in dimensionless
form:

˙̃zz̃ = 1 − z̃ − z̃2 1 − Φ
Φ2 (31)

where the variable z f ront is normalized with respect to the maximum reachable height at steady-state and with no
evaporation (indicated as z ∂

∂t=0,c=0), namely z̃ = z f ront

z ∂
∂t =0,c=0

=
z f ront

dσ
g

; whilst the time t is normalized with respect to the

time which would be required for the fluid column to drain away from the porous material in the absence of capillary
forces, once it reaches z ∂

∂t=0,c=0. Thus, the dimensionless time is t̃ = t żdrain
z ∂
∂t =0,c=0

=
t g

b
dσ
g

. Finally, Φ is the ratio between the

steady-state z f ront reached in case of both evaporation and gravity (indicated as z ∂
∂t=0,c,0) and z ∂

∂t=0,c=0, namely:

Φ =
z ∂
∂t=0,c,0

z ∂
∂t=0,c=0

=

−g+
√

g2+2bcdσ
bc
dσ
g

(32)

This parameter quantifies the effect of evaporation on the wicking process. The dimensionless experimental results
reported in Ref. [34] and the related fitting curves are shown in Fig. 2. The fitting curves were obtained by explic-
itly solving Eq. 31, with Φ being the fitting parameter. The experimental and the theoretical results show a good
agreement. In detail, the relative error between Φ f itting and the experimental values Φexp is always less than 5%, as
indicated in Table 1:

Φexp - Ref. [34] Φ f itting
Φexp−Φ f itting

Φexp
[%]

Data set 1 0.40 0.3818 4.55
Data set 2 0.12 0.1148 4.33
Data set 3 0.057 0.0544 4.56

Table 1: Relative errors between Φ f itting and the experimental values Φexp reported in Ref. [34].

3. Results

3.1. Vertical capillary flow with gravity
In Fig. 3a), the logarithm of the wicking time t required by the water column to reach a given height H as function

of the pore diameter D is shown. In detail, the differential equation describing the vertical flow (see Eq. 2) was
solved explicitly. It is worth to point out that the inertial term related to the initial short and fast dynamics, which
is proportional to z̈, is neglected. Thus, the study of dynamics can be greatly simplified, without losing valuable
information. This is an approximation adopted in several fluid dynamics studies reported in the literature; one of
the most well-known examples is the Washburn equation in which, in addition to the inertial term, the dynamic
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Figure 2: Dimensionless liquid wicking front as function of the dimensionless time. Circles, triangles and squares are referred to experimental
results reported in Ref. [34], whilst the lines are referred to the values predicted by the reported model (see Eq. 31). Three different Φexp values
were considered. Note that, the higher the evaporation rate, the lower the Φ parameter, while Φ values close to 1 indicate absence of evaporation.

Figure 3: Capillary rise in the vertical porous and hydrophilic feeding strip. a) Logarithm of the wicking time t and b) sustainable mass flow rate
ṁ as a function of the height H and the capillary diameter D. The explicit solution of the Eq. 2 and the Eqs. 3 and 4 are considered, respectively.
The diameter D ranges from 0.02 to 2 mm, whilst H ranges from Hmin = 10 mm to Hmax = 4σ/(ρgD) [39, 59], where σ, ρ and g are the surface
tension and the mass density of the fluid and the gravitational acceleration. The plots are obtained using the properties (namely, ρ, σ and µ) of the
water. The porosity ε of the medium is chosen equal to 0.9. Note that, the y-axis is logarithmic.

pressure term and the gravitational term are also neglected. The integration constant is obtained by imposing the
initial condition z(t0) = 0. For diameters above 0.5 mm, the maximum heights achievable are reduced and less than
50 mm, thus the wicking process occurs within times on the order of a second or less. These H values, from an
engineering point of view, are not very attractive as these impose the evaporating structure to be located very close
to the free surface of the volume of water to be treated (see Fig. 1). Below the 0.5 mm threshold both times and
maximum heights achievable increase. For diameters between 0.1 mm and 0.5 mm, the wicking times are in the order
of minutes, while the maximum achievable heights are between 50 mm and 250 mm. For diameters below 0.1 mm,
the water front has the potential to reach heights H in the order of meters leading to a sharp increase of the wicking
times, with values in the order of hours or more. While high H value may allow the implementation of devices with
increased vertical extension, such as multistage configurations consisting of a stack of identical stages placed in series
and thus capable of recovering the latent heat of condensation (see structures reported in Refs. [27, 37]), it may
prevent the device from being powered by solar energy because of the associated high wicking time. In fact, although
cyclical, solar energy offers a reduced daily time window, therefore requiring short-term transients.

In Fig. 3b) the resulting mass flow rate ṁ, hydraulically sustainable by a vertical porous medium, is reported as a
function of the height H and the capillary diameter D. This quantity is evaluated by using Eqs. 3 and 4. The porosity of
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the medium is assumed equal to 0.9. Note that the mass flow rate trend is not monotonic. In detail, given a certain H,
an optimal diameter, which ensures the highest specific mass flow rate, exists. The reason being that capillary pressure
and viscous losses have opposite trends as the radius varies, thus a trade-off diameter should be figured out. For the
sake of clarity, the Dopt (blue line) and the Dopt/Dmax (black line) are reported in Fig. 4. A H decrease is generally

0 20 40 60 80 100
0

0.5

1

1.5

Figure 4: Optimal diameter Dopt (vertical axis on the right) and Dopt/Dmax (vertical axis on the left) as function of H. Dmax represents the diameter
which guarantees the maximum capillary rise (namely, equal to 4σ/(ρgH)), whilst Dopt provides the maximum mass flow rate and its value ranges
from 0 to Dmax(H). Dopt is evaluated by exploiting Eqs. from 3 to 7.

accompanied by an increase in the optimal diameter (see blue line), except for H values lower than approximately 10
mm because of the dynamic pressure term, which begins to weigh more heavily. Moreover, it is interesting to note
that for values of H larger than approximately 30 mm (i.e. when the dynamic pressure term becomes negligible), the
optimal diameter Dopt tends asymptotically to half the limiting diameter Dmax = 4σ/(ρgH) whose capillary pressure
is able to support uniquely the gravitational load associated with H. In detail, the capillary pressure associated with
the maximum flow rate is twice the gravitational load, in case of neglecting the dynamic pressure term. For values of
H lower than approximately 30 mm, the weight of the dynamic pressure increases proportionally, as higher flow takes
place due to decrease in viscous losses, the latter being proportional to H itself. Consequently Dopt/Dmax ≤ 0.5.

3.2. Full model: capillary flow in a L-shaped wick-based component

In Fig. 5, a sensitivity analysis of the time-dependent fluid front x f ront, propagating in the horizontal evaporator,
is reported as function of the vertical height H, the absorbed thermal energy qin, the thickness s and the ratio D/Dmax.
These results were obtained by implementing Eq. 18 in Simulink®. In fact, explicitly solving the differential Eq. 18
obtained is excessively complex since, due to evaporation, the velocity varies along the porous medium. The contact
angle is assumed fixed and equal to 0◦. In Fig. 5a), the effect of H on x f ront is indicated. Clearly, H strongly influences
the dynamics of the wicking process taking place in the horizontal evaporator. In detail, lower H values lead to larger
steady-state x f ront values. Note that, in Fig. 5a), the different H values are allowed by different D values. In fact,
D/Dmax is kept fixed and equal to 0.5, thus dealing with the optimal diameters for each configuration (when the
dynamic pressure term is negligible, see Fig. 4). Therefore, lower values of H (i.e. larger values of D) are associated
with a lower dry-out prone. The initial step is also affected by the H and D values. As can be noted from the tangent,
the velocities reached at the initial times are higher in the case of larger diameters due to the reduced viscous losses. In
Fig. 5b), the effect of the incoming thermal energy on the x f ront is represented. qin shows a negligible influence during
the start-up phase, which is reasonable as thermal evaporation takes longer than purely hydraulic dynamics. After
about half an hour the effect of thermal heating increases, in particular it is found that for high qin values the x f ront

stops after a few more than an hour from the start, reaching a distance of 2 meters. In Fig. 5c), the time-dependent
x f ront is plotted for different thickness s values. This parameter influences the volumetric absorption of the incoming
thermal energy (namely, qin

s , which is evaluated in [W m−3]) and thus the velocity variation of the water flow due to
evaporation. The effect is therefore comparable to that shown in Fig. 5b). In Fig. 5d), the effect of the ratio D/Dmax

on the x f ront is reported. Lower values of the ratio D/Dmax result in the available capillary pressure being mainly used
to sustain the horizontal flow (see blue line), while values of the ratio close to one occur when the diameter chosen D
is equal to the maximum diameter Dmax, i.e. the one which guarantees the lowest capillary pressure (see yellow line).
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Figure 5: Time-dependent horizontal wicking front x f ront as function of the a) height H, b) absorbed thermal energy qin, c) thickness s and d)
D/Dmax. In detail, the numerical solution of Eq. 18, obtained with Simulink, is shown.

As already discussed, the influence of different parameters on the fluid flow in a porous medium subject to evapora-
tion can be deduced from the previous plots, which are obtained by performing simulations with Simulink®. However,
although such simulations are accurate due to the consideration of all the terms introduced in the system of equations
13, the number of cases treated is limited. If a more comprehensive view of the phenomenon is desired, the analysis
has to be extended to a much larger number of cases. This is prohibitive in terms of computational time. For example,
fixing 3 of the 6 variables (H, R, qin, s, the reached position x f ront and time t), in the case of t = 1 h, qin = 1000 W
m−2 and s = 1 mm, about 1 hour is needed (less or more depending on the performance of the workstation) to analyse
100x100 (H,R) cases by running a simulation cycle through Simulink®. Setting t = 1 h, the number of cases (H, R,
qin, s) increases to 100x100x100x100 in order to obtain extended results, which is not feasible. In this context, and
on the basis of the approximations reported and discussed in the section 2.1.3, the Eq. 25 is used to evaluate x f ront(t,
H, qin, s, D). It is important to underline that in the simplified method, the viscous losses in the vertical feeding strip
are considered negligible with respect to the viscous losses in the horizontal evaporator.

In Fig. 6 the related color maps are reported. First, the simplified model allows the investigation of the wicking
process up to 10 hours. It is important to note that, although the model is simplified, the computed wavefront x f ront

is consistent with that shown in Fig. 5 and solved via Simulink®. Fig. 6a), which is obtained considering qin

equal to 1000 W m−2, s equal to 1 mm and the optimal pore diameter (i.e. the diameter which maximises the mass
flow rate), confirms how low H values lead to higher x f ront values. The latter are limited to about 3 m, under the
boundary conditions considered. In Fig. 6 b) and c), the effect of the thermal energy absorption qin and the thickness
s are indicated, respectively. Low qin-values and high s-values determine an higher wave-front propagation, directly
affecting the value of the flow velocity in the porous medium. In Fig. 6d), the effect of the ratio D/Dmax is reported.
As already discussed, the plot shows a maximum at D/Dmax = 0.5, whilst moving away from this value, the fluid front
decreases symmetrically. Finally, in Fig. 7, the trend of the desing parameter ∆design (see Eq. 28) is reported. The
design parameter provides an estimate of how unbalanced the vertical feeding strip and the horizontal evaporator are
with each other: if the parameter is close to 0, it means that neither section acts as a bottleneck. The curve ∆design = 0
(see black line in Fig. 7) that limits the two regions of the plan in which the sizing occurs differently is characterized
by Eq. 29, which defines Dthreshold. When the pore diameter of the wick-based evaporator is less than Dthreshold, we
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Figure 6: Time-dependent horizontal wicking front x f ront as function of the a) height H, b) absorbed thermal energy qin, c) thickness s and d)
D/Dmax. The results are here derived from Eq. 25 and thus neglecting the dynamic pressure term and considering H ≪ x.

Figure 7: The design parameter ∆design evaluated with Eq. 28 is reported as function of the absorbed thermal energy qin and the height H. The
black line satisfies the following condition: ∆design = 0.

have ∆design < 0. Then, it is required to verify that L < Lcritic, ∂∂t=0. In the range of qin
s values covered and for case

studies where H is larger than about 6 mm, ∆design is always < 0. This means that the vertical feeding strip turns out
to be suitable for hydraulically supporting the water flow to the evaporator. A thickness s of 1 mm and qin = 1000 W
m−2 implies, for example, a value of Dthreshold ≈ 272 mm, which is unrealistic high for the commonly used wick-based
porous components. Note that, the x-axis upper limit covers a value of 10 kW m−2, which mimics 10 suns in case of,
e.g., solar energy, and a thickness s of 1 µm.

On the other hand, in the case of H values lower than 6 mm and very high qin
s values, ∆design may reach positive

values. This means that the design should meet the following criterion: L < Lcritic,dynamic. In other words, the dynamic
pressure contribution plays a major role here and it must be carefully weighed and quantified, in order to avoid dry-out
phenomena. This scenario would mainly play out in fast transient dynamics during which the wick-based component
absorbs water to compensate for evaporation.
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4. Discussions and Conclusions

Water scarcity is an increasingly topical, alarming and widespread global issue. Its implications are expected
to become more acute in the coming years due to climate change and human activity. In this context, the efforts
reported in the scientific literature suggests that passive water treatment devices powered by low-temperature heat or
solar energy may be a key technology to counteract the growth in water scarcity, as the latter often affects densely
populated coastal locations where solar radiation is high throughout the year. Such passive technologies, which
involve the use of porous and hydrophilic wick-based materials to feed the device through the action of capillary
forces, have recently been attracting a considerable amount of interest as they offer features such as ecological and
economic sustainability, modularity, expandability, and the absence of moving electromechanical components subject
to wear. However, passive devices show critical aspects that need to be taken into account, namely the capillary limit
and therefore the occurrence of dry-out phenomena and crystallisation of salts in the porous matrix. These criticalities
may lead to a substantial reduction in the productivity of the device; moreover the clogging of salts may lead to
inoperability of the device itself.

Here a mathematical modelling framework is reported to investigate and describe the fluid flow in the L-shaped
porous and hydrophilic wick-based component for water treatment purposes, consisting of (i) a horizontal evaporator
able to absorb thermal energy by converting it into vapor and (ii) a vertical strip designed to soak up the water to be
treated and thus feed the evaporator. Firstly, the linear momentum balance equation, which takes account of viscous
losses, gravitational forces, capillary pressure and dynamic pressure, was applied to the vertical feeding strip. Numeri-
cal simulations have shown that the optimal diameter (i.e., able to guarantee the maximum flow rate as a function of the
height H at which the evaporator is placed) of the porous wick-based component is equal to half (in case of negligible
dynamic pressure term) of the limiting diameter whose capillary pressure is able to support only the gravitational force
relative to H. The maximum hydraulically sustainable mass flow rate from the vertical feeding strip was evaluated
together with the wicking times. To this purpose, the transient dynamics of the wicking process was analysed. Next,
the horizontal evaporator was considered. The hypothesis of assuming a constant temperature throughout the length
of the evaporator during the evaporation process was investigated and validated solving the energy balance equation
by means of Matlab’s ode15s solver. The validity of this hypothesis has considerably simplified the approach. Note
that, a non-uniform temperature profile would lead to a reduction in the useful length of the evaporator, i.e. the length
involved in vapor production.

Finally, a full coupled model of the fluid flow dynamics in the L-shaped wick-based component was developed,
modelling the vertical feeding strip where no evaporation occurs, in series with the horizontal evaporator, with constant
evaporation rate per unit length. This last consideration derives from the aforementioned assumption of constant tem-
perature in the evaporator. The differential form of the linear momentum balance equation is solved using Simulink®

to investigate the transient dynamics of the water flow, starting from the inlet section of the evaporator. These results
have been used to validate the derived simplified model, which, by neglecting some terms, allows us to obtain a more
extensive and comprehensive picture of dry-out phenomenon. Therefore, the time-dependent water front values x f ront,
as a function of several parameters such as the pore diameter and the thickness of the porous component, the height of
the vertical feeding strip and the available thermal energy, are figured out. From the x f ront value depends the dry-out
tendency of the evaporator: the higher the x f ront value, the longer the device, and thus the higher the productivity. It
is worth to point out that, in the scenario where an evaporator powered by solar energy (i.e. an intermittent energy
source) is envisioned, the configuration of engineering interest involves low H values (namely less than 20 mm, see
Fig. 6a)) in order to reduce the wicking times. In this case, x f ront is approximately equal to 2 m (see Fig. 6a)) and the
full horizontal length of the U-shaped configuration device equal to approximately 4 m. In this regard, however, we
should also highlight that, the issue of the wicking times occurs only when the device is placed in water for the very
first time. Once the device has been fully wetted, it remains so, even when the thermal flux is going to be zero (e.g. at
nightime, in case of solar energy). Therefore, at the most, a start-up time frame needed to initialize the device should
be scheduled. On the other hand, when waste heat sources recovered for example from the cooling circuit or exhaust
gases of a generator set [28], or from industrial plants (i.e. heat sources continuously available) are at disposal, higher
H values and therefore wicking times in the order of hours can be considered. In this way, it may be possible to take
advantage of i) a larger evaporating surface area (i.e. x f ront values) and ii) a multistage configuration [27] capable of
recovering the latent heat of condensation, thus increasing productivity. In the case of a multistage device, the number
N of stackable stages should meet the following criterion: H > N i, where i is the encumbrance of the single stage.
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In perspective, the developed modelling framework can be used to benefit of all the water treatment applications
proposed in the literature (such as solar steam generators and desalinators), whose operations are ensured by a com-
bination of nano-, micro- and hydrophobic-hydrophilic materials that allow the passive absorption of waste water and
its subsequent treatment. In fact, these are currently developed in a sub-optimal and lab-scale version. In detail, the
maximum explored size of the prototypes reported in the literature is of the order of centimetres. The results pre-
sented here envision a potential size of such devices in the order of meters, if properly designed and tailored to the
operating conditions. The devices therefore have the potential to become more scalable and therefore commercially
viable. Further research should be directed towards optimised hydrophilic materials with anti-fouling properties (e.g.
exploiting advanced manufacturing techniques), paving the way for the design of a new generation of porous materials
for passive thermal water treatment processes.
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