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META-FOAM NUMERICAL OPTIMIZATION FOR SURFACE-
ENHANCED SOLAR STEAM GENERATION

Lan Gao, Yamin Leprince-Wang, Tarik Bourouina, Elyes Nefzaoui*
ESYCOM Lab, Univ Gustave Eiffel, CNRS, F-77454 Marne-la-Vallée, France

ABSTRACT

Enhanced solar steam generation is a promising process for water purification. Evaporation efficiency
can be increased by localizing heating process at the water-air interface using photothermal materials.
As of late, numerous black absorber sheets (BAS) have been developed, which can be seen as meta-
foams with micro/nanostructured porous media exhibiting remarkable properties in terms of solar
radiation-to-heat conversion to achieve efficient steam generation. By taking advantage of the porous
structure of the BAS, both thermal insulation and stable water capillary transport functions are
simultaneously achieved by the same material. Water heating is therefore concentrated only at the
surface, which increases the evaporation efficiency up to 85% under 1 sun illumination. In this
contribution, we report on theoretical modeling and numerical simulations of BAS-assisted steam
generation to guide the optimization of BAS regarding the maximization of the evaporation rate.
Numerical simulations are performed using multi-physical simulation tools to simultaneously account
for heat and mass transfer including photo-thermal conversion, capillary transport and water phase
change. Parametric studies are also conducted to determine the key parameters for an optimized BAS
maximizing steam generation rate. Considered parameters include the porosity ¢ and the surface
absorptivity o of BAS. An optimal porosity of 0.75 is found to maximize the evaporation rate. We also
report on the observed trend of the evaporation rate with respect to key parameters of the BAS structure.

KEY WORDS: solar energy, steam generation, porous media, evaporation rate
1. INTRODUCTION

Solar distillation is considered to be one of the most effective approaches for water purification [1-5].
The utilization of solar energy makes it possible for the water purification process to be environmentally
friendly. On the other hand, the required facilities and equipment for this process are relatively easy to
install and operate. For these reasons, solar distillation technology has drawn the attention of many
research groups over the past few decades. To achieve high efficiency solar distillation, several solutions
have been proposed such as pre-heated methods [6,7], nocturnal heated methods [8,9]or methods
coupled with additional heat sources to increase the system operating temperature [10-13]. Enhanced
Solar Steam Generation (SSG) with a Black Absorber Sheet (BAS) is one of these methods [14]. As
the evaporation only occurs at the air-water interface, with the help of a BAS, steam generation
efficiency can be increased by localizing the heating process at this interface and reducing the water
reservoir bulk heating.
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Fig. 1: Enhanced solar steam generation system schematic with single layer (a) and bi-layer (b) BAS
showing the different heat transfer phenomena involved. (c) Schematic of a bi-layer BAS-enhanced
steam generation device component geometry in the COMSOL model and involved physical phenomena.

It has been experimentally proven recently that a micro-scale porous-structured BAS improves the SSG
efficiency by switching from bulk heating to surface heating [14]. As shown in Fig. 1 (2), the BAS plays
two key roles: on one hand, localized heating because of the BAS high absorptivity and low thermal
conductivity, on the other hand, water imbibition by capillary effect in the BAS porous structure. In the
simple case of a single layer BAS, these two functionalities are ensured by the same material. A more
sophisticated strategy, shown in Fig. 1 (b); uncouples the two functionalities has been recently proposed
as a bi-layer BAS SSG; it shows and improved steam generation efficiency [15]. The top layer is a high
absorptivity photothermal layer where light-to-heat conversion is localized. The second and bottom
layer is a low thermal conductivity porous media which ensures water imbibition and reduces heat loss
into the water column. Discussion of some theoretical aspects of bi-layer BAS have been recently
reported. The water imbibition velocity which relies on the capillary effect in the porous media has been
modeled as a function of the porous layer properties. The energy conversion process during water
evaporation is also discussed. With a controlled ambient airflow velocity, the maximal enhanced steam
generation rate has been calculated and the effect of some physical parameters such as the surface
absorptivity of the top layer has been discussed [16,17]. However, modeling of the entire system and a
systematic discussion of the role of the different BAS properties have not been performed yet. In this
study, we report on a comprehensive theoretical and numerical study of BAS-assisted enhanced SSG
accounting for coupled heat transfer as well as mass transfer in the porous media, evaporation at water-
air interface and water vapor transport in air. A parametric study with respect to key physical parameters
is also performed using the developed numerical model to guide the optimization of BAS for enhanced
SSG.

The paper is constructed as follows: In section 2, we present the principle of a bilayer BAS-assisted SSG
as well as the used analytical and numerical model. In section 3, we present the main results and discuss
the system performances with respect to key parameters such as the ambient air relative humidity (RH),
the BAS absorptivity and porosity and the used materials thermal conductivity before summarizing the
main results and perspectives in the concluding section.

2. MATERIALS AND METHODS



1.1. Bi-layer BAS-enhanced solar steam generation system

We illustrate in Fig. 1 (c) the different physical phenomena governing energy and mass transport in a
bi-layer BAS-enhanced SSG. First, incident radiation is absorbed by the BAS top layer. This layer
absorptivity is the key parameter in this first step. Its thermal conductivity is also of paramount
importance if we target heat generation concentration at the device surface. This layer heat capacity has
also to be considered if we consider the device in transient regime. The BAS second layer is used for
two purposes: (i) liquid water transport from the reservoir, i.e. the water column, to the hot spot at the
device surface designed as the evaporation site; and (ii) thermal insulation to prevent heat transport to
the water reservoir and maximize temperature at the device surface.

Considering these two goals, many parameters play a key role in this second layer: porosity for water
mass transport and porosity and thermal conductivity for thermal insulation. Heat capacity has also to
be considered if we consider transient regime operation, which is not the case in the present work. The
porous material media of this second layer is assumed to be a uniform mixture of air and a solid material.
In transient operation, the time required for water rising up to the porous media surface is much smaller
than the time required for the entire system to reach equilibrium [18,19]. Therefore, we assume that the
porous media is always saturated, which means evaporation is not limited by water imbibition. Thermo-
physical properties of the porous media strongly depend on the solid material properties and the porous
structure. In this study, we use a simple Effective Thermal Conductivity (ETC) model to obtain the
thermo-physical properties of the BAS [20,21] as a volume weighed average of the thermal
conductivities of the material constituents. To study the effect of materials properties on BAS-enhanced
SSG, a numerical model implemented using COMSOL Multiphysics is used.

1.2. Analytical model
1.2.1. Energy balance and evaporation rate
Based on the physical model schematically depicted in Fig. 1 (a), the total energy input of the system is

provided by the first photothermal layer, which absorbs the incident solar radiation and converts it into
heat. Thus, the main driving quantity is the absorbed radiative heat flux g, that can be expressed as:

Qabs = Aqsolar 1)
where, a is the first layer absorptivity and g, is the incident solar radiation set equal to 1000 W/m?

under one sun illumination. If we account for the different governing phenomena described in Fig. 1,
the energy balance for the entire system can be written as follows:

aGsotar = Qevap + 9conv + Acond + Qrad (2)

Where, qconv: 9eond» draqdle the convective, conductive and radiative heat flux respectively while
devap 1S the heat flux required for water evaporation that can be written as follows:

Qevap = Ly - my, (3)
where, L, is the latent heat of water evaporation and m,, is the evaporation rate. This first set of

equations enables the calculation of the asymptotic limit of the evaporation rate using simplifying
assumptions. Additional information on governing equations can be found in [22].

1.2.2. Heat and mass transfer in the porous media

In this layer, the transport of three different species takes place: liquid phase water, water vapor and
airflow. The liquid phase water velocity is described by Darcy’s law as a function of the vapor pressure



gradient [23]. We can also describe the capillary transport in the porous media as a diffusion process,
in a similar manner than for water vapor transport, using empirical equations [24]. The effective
diffusivity of water vapor is described by Millington and Quirk equation [25]. From Brinkman
equation [26], the velocity field of water vapor is obtained as a combination of velocity fields resulting
from both convection and water vapor diffusion. On the other hand, airflow in the porous media is
described by Navier-Stokes equations, where the thermal properties of the porous media are taken into
account [27,28]. One should note that the porous media content of different phases has a non-negligible
impact on the porous media properties and heat transfer. Therefore, thermal properties of the BAS
second layer are calculated as a weighted average of the properties of the different phase accounting for
the fluids volume fraction ¢ and the bulk material volume fraction 1- ¢ [29-32].

Finally, for water vapor transport in ambient air, we assume the entire process is spontaneous and not
assisted by forced convection for vapor evacuation. Therefore, water vapor transport in ambient air is
ensured by species concentration diffusion and natural convection which results from the temperature
difference between the BAS surface and the ambient air. Compared to previously reported works [17],
we account for these two phenomena in our model by using laminar flow temperature-dependent
compressible Navier-Stokes equations implemented in a multi-physical commercial simulation software.

1.3. Numerical model

To solve the equations described in the previous section, we modeled the system using COMSOL
Multiphysics in a two-dimensional (2D) configuration. We show in Fig. 1 (c) the considered geometry
where we can clearly distinguish a BAS block (EHGF) and an ambient air block (ABCD). The BAS
block is 5 mm thick and 40 mm wide. It is nested in a larger air block which dimensions are 250 x 250
mm?. To simplify the model, we make the following assumptions: (1) The thickness of the BAS first
layer is negligible compared to the total thickness of the BAS; (2) Radiative losses are located in the
first layer of the BAS only; (3) The porous media of the BAS second layer is isotropic; (4) Ambient air
humidity is constant, hence not affected by generated steam. This requires an efficient evacuation of
water vapor from the BAS surface; (5) Only natural convection is accounted for at the BAS surface.
Boundary conditions used for simulation are listed in Table Table 1.

Table 1 : Numerical simulations boundary conditions

Case Diameter, dg [mm] f [Hz] We St
AB Open boundary bour%gig unrelated Open boundary
AD Open boundary bour%gig unrelated Open boundary
BC Open boundary bour%gig unrelated Open boundary
DE Open boundary bour%gig unrelated Open boundary
HC Open boundary bour%gi?/ unrelated Open boundary
EF Wall No flux No flux No flux
. -n-q = Coupling

EH Coupling boundary o gsolar No flux boundary
HG Wall No flux No flux No flux

GF Wall No flux Inlet No flux

A time-dependent simulation has been performed. The related variables are listed in Table S3
(supplementary materials).

3. RESULTS AND DISCUSSION



In this section, we present the main results obtained using the analytical and numerical models
introduced in the previous sections. First, using the analytical model, we calculate the ultimate
evaporation rate that can be obtained in enhanced SSG under direct solar radiation and ideal conditions.
Then, we use the numerical model to study the effect of key parameters on enhanced SSG performances
including the humidity of ambient air, the top layer absorptivity, the BAS second layer porosity as well
as the second layer material thermal conductivity. Optimal properties are obtained and discussed with
respect to the properties of common materials that can be used for this application.

1.1. Asymptotic limit of the evaporation rate

If we assume an ideal BAS-assisted enhanced SSG system operating in steady state, where all thermal
losses (convective, conductive and radiative) are neglected and where all incident solar radiation is
absorbed and exclusively used for water evaporation, the combination of equations 1, 2 and 3 leads to:

mv — ‘hz]l}ar (4)

where, m,, is the generated vapor mass flow rate per unit surface area, L, = 2453.6 K]/kg is
vaporization latent heat (we consider a constant ambient temperature T = 293.15 K and an evaporation
temperature of T = 313.15 K) and g4 = 1000W/m?,

Using these different assumptions, we obtain an evaporation rate of 1.511 kg/(h-m?). This value is the
maximal evaporation rate that can be obtained with an ideal enhanced SSG system when solar radiation
harvesting is maximized and all losses minimized. We note that this value is one or two orders of
magnitude lower than values of the capillary flow rate that can be obtained using common porous
media [33], also meaning that capillary flow-rate is not a limiting factor. This result also confirms that
the evaporation rate is mainly limited by the energy input of the system and thermal losses which are
the bottleneck to be optimized.

In the following paragraphs, we discuss using a parametric study the effect of other parameters that may
affect an SSG system performance.

1.2. Effect of ambient air relative humidity on the evaporation rate

A parametric study of SSG is performed by varying different ambient conditions, in particular the
ambient air humidity. In each simulation of the parametric sweep, we consider constant ambient air
humidity during the SSG process, which can be assumed if SSG occurs in a strictly controlled
environment or if the volume around the SSG system is large enough compared to the injected vapor
volume (in the case of an outdoor experiment for example) to ensure that evaporation does not change
the surrounding environment humidity. Obtained results are plotted in Fig. 2. The evaporation rate
gradually decreases from 1.05 kg/(h-m?) to 0.97 kg/(h-m?) as the RH increases from 0 to 0.5 when the
surface absorptivity is 0.9 and the porosity is 0.7.
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Fig. 2: (a) Evaporation rate as a function of ambient air humidity, (b) Water vapor concentration field in
the system at an ambient RH of 0 and (c) Water vapor concentration field in the system at an ambient
RH of 0.5.

1.3. Effect of surface absorptivity

In a BAS-enhanced SSG system, the BAS top layer surface absorptivity is the first key parameter for the
system operation since it governs the light-to-heat conversion process of BAS and therefore determines
the total energy input to the system. We plot in the Fig. 3 BAS equilibrium temperature and the
evaporation flow rate as a function of the surface absorptivity as computed using the multi-physical
numerical model. Plotted results indicate that the higher the absorptivity the higher the evaporation rate.
The evaporation rate increases almost linearly from 0.50 kg/(h-m?) to 0.72 kg/(h-m?) as the absorptivity
increases from 0.3 to 1 with a porosity of 0.9 using polyurethane material. Temperature fields in the
system are also shown in Fig. 3. The maximum temperature is obtained at the top surface of the BAS
which is expected since this spot is designed as the evaporation site. The BAS top surface temperature
also increases gradually form 309.15 K to 325.15 K as the surface absorptivity increase from 0.5 to 0.9
while the simulation temperature initial condition of the BAS and entire system are set to be 293.15 K.
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Fig. 3: (a) The BAS surface temperature at thermal equilibrium as a function of the BAS top layer
absorptivity and the temperature field in the system at equilibrium for an absorptivity of (b) 0.3 and (c)
0.9.

The simultaneous increase of equilibrium temperature and evaporation rate can be explained by the
dependence of evaporation latent heat to temperature. This quantity actually decreases with temperature
going from 2453.6 kJ/kg at 293 K up to 2256.4 kJ/kg at 373 K. Consequently, a further increase in the
BAS surface temperature would lead to an additional increase of the evaporation rate. However, the
larger the surface temperature the larger the heat loss to ambient air and the input energy required to
maintain the BAS top layer temperature. Such additional increase in temperature and the evaporation
rate could be achieved by a strong thermal insulation of the BAS top layer.

1.4. Effects of porosity

The porosity ¢ is the main key parameter in the second layer of BAS since it governs both BAS thermal
conductivity, hence heat transport from BAS surface to the water column, and liquid water transport
from the liquid column to the BAS surface. A parametric study is conducted in which porosity is varied
from 0.3 to 0.9 with different values of the surface absorptivity a. Results are shown in Fig. 4 and Fig.
5. By comparing the concentration fields in Fig. 4 (a) and (b), we can observe a significant increasing
of the water vapor concentration when the porosity increasing from 0.3 to 0.75. At the same time, the
temperature fields in Fig. 4 (c) and (d) indicate that the maximum temperature in the system decreases
as the porosity increases from 0.3 to 0.75. By comparing the results of porosity at 0.3 and 0.75 regarding
the temperature field and the water vapor concentration, it’s worth mentioning that the evaporation rate
of 0.75 has a higher evaporation rate than the porosity of 0.3 even though with lower surface temperature.

4 mol/m3
2 mol/m3
/A\\ 0 mol/m3

(a) (b)
320K
. - N )
e, 295 K
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Fig. 4: (a-b) Water vapor concentration fields with a porosity of 0.3 (a) and 0.75 (b) and (c-d) the
temperature fields with a porosity of 0.3 (c) and 0.75 (d). All simulation made based on polyurethane
material with a surface absorptivity of 0.9.

The effect of porosity on the evaporation rate is shown in Fig. 5, also considering different levels of the
absorptivity. In all cases, it appears that evaporation rate starts increasing linearly as the porosity
increase from 0.3 to 0.6. Within this range, the increasing porosity of the BAS improves the evaporation
area since it increases the water-air interface area. On the other hand, increasing the porosity decreases
the second BAS layer thermal conductivity which increases the BAS surface equilibrium temperature.
According to the results shown in Fig. 5, a maximum evaporation rate of 1.15 kg/(h-m?) is obtained for
a porosity of 0.75 with a surface absorptivity of 0.9 using polyurethane material. We should note that



this value slightly depends on the porosity step used in our parametric study. In our case, the parametric
sweep step is of 0.02. Before the porosity reaches the optimum value, an increasing porosity contributes
to a higher evaporation rate. In this region, the increase of the surface area of the water-air interface,
which is the evaporation site surface area, dominates which leads to the increasing trend. The existence
of an optimum and the further decrease of the evaporation rate when porosity increases after the
maximum can be explained by a competition between two phenomena: the increase of porosity increases
the evaporation site surface area and, in the same time, it decreases the solar radiation absorption area
which is located at the surface of the BAS except at the pores location, leading eventually to a decreased
surface temperature. Decreasing the photothermal surface area reduces the input energy to the system,
hence the evaporation rate. We can also note that the porosity increase is expected to lead to a decrease
of the BAS second layer thermal conductivity. This is actually true, but the effect is less pronounced
than expected since at saturation, the porous media pores are filled with water whose thermal
conductivity is almost 20 times larger than that of air.
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Fig. 5: The evaporation rate as a function of porosity.
1.5. Effect of thermal conductivity of the BAS second layer

We considered different bulk materials as candidates to be used for the BAS second layer in our
numerical simulations including: a polymer material (Teflon), a non-metallic material (silicon) and a
metallic material (aluminum) with a thermal conductivity of 0.25 W/(m-K), 130 W/(m-K) and 205
W/(m-K), respectively.
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Fig. 6. (a) The evaporation rate of the BAS-enhanced SSG system as a function of porosity in the range
from 0.3 to 0.9 with 3 different materials and (b) a zoom on the porosity range from 0.7 to 0.85 where
the optimum is located.

Results of the evaporation rate obtained using these different materials for the second BAS layer (porous
layer) are shown and compared in Fig. 6 where all materials have the same thickness equal to 5 mm.
First, the evaporation rate increases linearly as the porosity increases from 0.3 to 0.7. However, we
observe a small shift of the optimum position with respect to the porosity value. Comparison of the 3
materials under consideration, as can be intuitively expected, shows that Teflon, which has the smallest
thermal conductivity, would be the best candidate to maximize the evaporation rate. Numerical results
suggest in this case an optimal porosity of 0.77.

6. CONCLUSIONS

Theoretical modeling and numerical simulations have been conducted to study the key parameters in
enhanced black absorbing sheet assisted solar steam generation. First an estimate of the asymptotic
ultimate values of the mass transfer revealed that capillary flow-rate is not a limiting factor, suggesting
that evaporation rate is the only key performance indicator that requires optimization. To this end, a
parametric study has been conducted to assess the effect of the most relevant materials properties and
environmental conditions on vapor generation rate, including the relative humidity of the ambient air,
the surface absorptivity «, porosity ¢ and the thermal conductivity k, has been performed for optimization
purposes. We show that the BAS surface absorptivity a is the key parameter in increasing the
evaporation rate since it drives the energy input of the system. The evaporation rate increases linearly
with a. The BAS porosity is another parameter of paramount importance to maximize the evaporation
rate, whose effect is non-trivial. Interestingly, we observe a non-monotonic behavior of the evaporation
rate as a function of porosity due to competing effects between evaporation sites surface area increase
and solar radiation absorption sites surface area decrease when porosity increases. A maximum
evaporation rate is achieved with an optimal porosity ranging between 0.7 to 0.8 and which slightly
depends on the material used for the porous media and on its thermal conductivity. Obtained results can
be useful for the design of optimized bilayer black absorbing sheets solar steam generators
prototypes [22].
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NOMENCLATURE

BAS
ETC
SSG

(1]
(2]
(3]
(4]
5]
(6]
[7]
(8]
9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]
[20]

[21]

[22]

[23]
[24]

[25]

black absorbing sheet [-] Qeonv ~ CoOvective heat flux [W/m.K]
effective thermal conductivity [W/m.K] Qeond  Conductive heat flux  [W/m.K]
solar steam generation [-] Qevap  €vaporation heat flux  [W/m.K]
thermal conductivity [W/m.K] Qsolar  incident solar heat flux [W/m.K]
evaporation rate [ka/s] o surface absorptivity [-]
absorbed radiative heat flux [Wim?] € porosity [-]
temperature [K] L, latent heat [kJ/kg]
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