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Abstract. Capillary condensation in building porous materials and the correct understanding of its underlying
physics, leading to the enhancement of vapor transfer at low moisture contents, is a challenging research theme.
In porous constrictions, the adsorbed moisture onto the solid surfaces of a porous material can grow around these
surfaces, leading to what we know as capillary condensation: these constrictions are filled with liquid and, in
consequence, form bridges, enhancing vapor diffusion through the porous material. Capillary condensation, thus,
results from the intermolecular attraction forces between the vapor and the liquid molecules that are adsorbed onto
the solid surfaces around constrictions. Vapor sorption has been modeled for materials presenting high
hygroscopicity by considering the thermodynamic stability conditions of two-phase systems in single cavities of
simple geometry, such as cylinders or spheres (Philippi et al. [1], Dutra et al. [2]). The continuous development of
more rigorous molecular-based models of fluid systems, together with advances in computational resources, has
resulted in an improved understanding of the underlying physics of these systems. In this study, an isothermal
multiphase lattice-Boltzmann model with phase transition (Siebert et al. [3]) is used to simulate vapor condensation
on the surface of a pore constriction represented by the spacing between two spheres (or cylinders in a two-
dimensional simulation). The spacing between the solid bodies dictates if the liquid layers adhered to the walls
give rise to capillary condensation. The results tend to agree with the Young-Laplace law.
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1 Introduction

A variety of factors, including an increase in environmental concerns across the past half century, has elevated
the importance of efficient use of energy in buildings to new heights. Among the main topics of study related to
it, moisture transfer through the building envelope is a critical one. Some of the lines of research are the ones
related to the effect of humidity in the building envelope and the ones that concern how the moisture and heat
transfer can affect building’s performance from the energy consumption point of view.

As Janssen [4] points out, several tools for numerical simulation of moisture transfer in buildings have been
developed in the past decades, including systems for simulation of thermal performance of whole buildings. In this
kind of system — although being useful and able to reach good accuracy levels — the phenomena that take place
inside the envelope itself is often overlooked or simplified, especially what can be perceived only at a diminutive
space scale. An analysis of such phenomena — for example: what occurs in a porous medium in the presence of
moisture — could contribute to better understand results obtained in the above-mentioned systems.

Great part of the materials used for building envelopes presents a porous structure. Assuming that humidity,
when present, is adsorbed by the solid surfaces of the porous medium, a layer of saturated liquid can grow around
these surfaces. Once liquid layers growing from different surfaces touch each other, capillary condensation takes
place. To simulate this kind of situation, it is required a multiphase flow model that includes condensation. At least
five kinds of models for condensation in general were reviewed by Szijart6 et al. [5].

In the case of condensation in porous media, Gatica et al. [6] presented a simple model, but able to simulate
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the process for media formed by solid cylinders under different porosities. Salinger and Frink [7] have presented
algorithms to simulate condensation in parallel slit pores and in a domain containing equally spaced cylinders and,
in other research, Shahraeeni and Or [8] have developed analytical models to simulate adsorption and condensation
in wedge-shaped pores, as a step to understand these phenomena in rough sand grains, comparing the results to
experimental ones.

In fluid dynamics in general, different approaches may be taken to solve problems, besides the traditional
macroscopic approach. The microscopic one, including molecular simulation models, has the main disadvantage
of high computational cost. Between these two, lies the mesoscopic approach. Within this approach, the lattice-
Boltzmann method (LBM) is one of the most important and known methods. Among its main advantages regarding
the subject of this study is the relative ease to deal with complex geometries, alongside a variety of multiphase
models available, as the ones explained by Philippi [9].

With the pseudopotential multiphase model in the LBM, Sukop and Or [10] have simulated all the steps of
capillary condensation for various geometries, including complex pore networks, and compared their results to
analytical ones. Also employing such model, simulations of adsorption and capillary condensation in nanopores
and nanochannels have been performed (Dou et al. [11], Sodagar-Abardeh et al. [12]). Using a sophisticated multi-
component and multi-phase thermal model in LBM, Kazemian et al. [13] have investigated the interactions
between air, vapor and liquid in media subject to capillary condensation. Li et al. [14] used the same model,
however as a single component, to evaluate heat flux and evaporation in a porous structure.

Although the pseudopotential method has been widely used since its development by Shan and Chen [15], it
presents some limitations, such as spurious currents, thermodynamic inconsistency, limited density and viscosity
ratios, and an undesirable dependency between properties (Chen et al. [16]) — even though some of these problems
have been mitigated in later studies. Thus, other solutions to LBM simulation of multiphase flows have been
searched that can also be employed to capillary condensation in porous structures.

Stemming from the direct derivation of the lattice-Boltzmann equation from the continuous Boltzmann
equation by He and Luo [17], studies — such as the ones by Philippi et al. [18] and Shan et al. [19] — have paved
the way to simulate a wider range of phenomena using the LBM. This path led to a multiphase model with phase
transition proposed by Siebert et al. [3]. In the present study, we aim to adapt and apply such model to simulate
the fluid-solid and liquid-vapor interactions, trying to understand in which situations capillary condensation is
more prone to take place, as well as its impact on the moisture transfer through the envelope.

2 The lattice-Boltzmann equation

A fundamental step to employ the LBM in each situation is to work with the lattice-Boltzmann equation
(LBE), which can be written, in its dimensionless form, as

of; 1
o ter Vi =0, (1)

where f; represents the discrete distribution function, t* the time, and e; the discrete velocity for each direction
denoted by i. The dimensionless gradient operator V can be obtained by h X V, where h is the distance between
two sites in the lattice. In this case, i = {0, 1, 2, ..., 16} since the lattice chosen was the D2V17, developed by
Philippi et al. [18], represented in Fig. 1. The particle interaction operator in each discrete direction, represented
by 0, is written as

Q= feqi fl+g (e; —u") foqi, )

T

where the first term on the right-hand side of eq. (2) is the model for collision of particles, known as the BGK
collision operator, developed by Bhatnagar et al. [20]. The dimensionless relaxation time 7* serves as a simulation
parameter. It equals the ratio /8, where & is the simulation time-step. The second term is related to the force
acting on the particles, where g* represents their acceleration, and u*, the macroscopic flow velocity.
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Figure 1. The D2V17 lattice

The equilibrium distribution function is represented by feq,,- and, for the D2V 17 lattice in an isothermal case,
can be obtained by

4

_ . a X at(u)?
feq,i = pyw; 1+ a?(ei-u )+ ?S(ei-u )2 -

2

_ad@)? s
2 6

(ei-u*)3 -

(e, u’)|, 3)
where p, is the reduced density, which is calculated by the ratio p/p.. The subscript ¢ denotes a property at the

critical point for a substance. The lattice scaling factor a, and the values of the weight function w; for different
directions, as provided by Siebert et al. [21], are shown in Tab. 1.

Table 1. D2V17 weights and scaling factor

W [575+193(193)"2]/8100
Wy, [3355-91(193)"2]/18000
Ws_g [655+17(193)12]/27000
Wo_15 [685-49(193)2]/54000
Wis_16  [1445-101(193)12)/162000
a, (5[25+(193)12)/72} 12

Regarding the acceleration on eq. (2), one way to show it, not considering external body forces, is

V(P — Prig) K'a*
g =TTy
Pr,id Tr

V¥, @)

where P, represents the pressure obtained by the equation of state (EOS), P, ;4 the reduced ideal gas pressure, 1*
is the interface resolution, T, the reduced temperature, k* and a* the dimensionless surface parameter and EOS
force parameter, respectively. Considering the van der Waals EOS, chosen to this study, a” has the value of 9/8,
and its dimensional form is given by 9kT,./8n., where n. is the number density at the critical point and k, the
Boltzmann constant.

The attainment of the remaining variables and properties from eq. (4) was carefully studied by Philippi [9].
One of them is the integral function

Pry
I = f Y, Yoxc dpy - (5)
Prl
Using the Maxwell area rule it is possible to obtain the saturation reduced densities of liquid p;,., and vapor p,.,,.
And v, represents the dimensionless Helmholtz energy excess (HEE) along the interface for the EOS. Now,
knowing that y is the surface tension of a fluid at a given temperature, the surface parameter is calculated using

]/2

__r 6
= 2Enzp, ©

Once the values of these variables were obtained, and assuming a linear variation in the interface density profile,
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besides knowing the value of HEE at the liquid-vapor interface middle point x,,, the interface thickness is
calculated by

(7

The interface resolution A* is chosen keeping in mind the stability of the numerical model. Since a physical
value for interface thickness is obtained, it is possible to calculate the distance between lattice sites as 1/A*. The
only value left to obtain so eq. (4) can be used is the dimensionless surface parameter, given by

K= )

3 Streaming term discretization and boundary conditions

Performing a Taylor-series expansion of the second order on eq. (1), its discrete form may be written as

fi(x,t) = fi(x — e;h,t — &) + % [Q(x,t) + Q;(x — e;h, t — )], )
which is implicit on the interaction term. Siebert et al. [3] have solved this issue inserting the modified distribution
filx —eh,t — &) = fi(x —e;h, t — 8) — %(_li(x —eht—20). (10)
The streaming step may be performed for each direction of the lattice as
fi(x,©) =fl-(x—eih,t—6)+%£_li(x—eih,t—6). (11)
Subsequently, the original distribution f;(x, t) can be retrieved for each site at each time-step by
fite 0 = et + 500t = 5). (1)
Thus, the macroscopic properties for the current time-step in each site are calculated by
pr(x,1) =Zfi(x't): (13 )
i
. 1 ~
w@0=MQOZﬁ@UﬂW (13 b)
1 ~
EDE pr(x,t)zifi(x, 0. eiy (130)

These new properties enable the user to obtain the interaction term Q; of the subsequent time-step. Using these
data, the new modified distribution may be calculated by eq. (10) for each time-step at every lattice site. Then, the
streaming step of eq. (11) is performed setting the iterative process on its course.

Regarding the simulation domain and its boundary conditions, it is a 2-D rectangular domain with initial p,.
known for each fluid site, as it is for east and west borders. The north and south borders are periodic. In the
interaction with the solids, the streaming step is treated with the half-way bounce-back approach. In the east and
west borders, the approach used is similar to the one by Zou and He [22].

On the discretization and treatment of the gradient and laplacian of gradient present in eq. (4), the procedure
followed was the same explained by Siebert et al. [3]. In the case of this study, situations arise where there is no
fluid site at a given lattice vector distance. Therefore, for the east and west borders, the values of density and
pressure that influence the gradients are those of the sites on the boundary. In the case of the fluid sites near solid
walls, they are treated as influenced by saturated liquid density and saturation pressure. It comes from the
assumption that there is always a minimal saturated liquid layer adhered to the solid surface.
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4 Results

Considering a square domain, measuring 300x300 nm filled with fluid, containing two circles of 100 nm
diameter acting as solid bodies, separated by at least 13 nm, simulations were executed in a T, range from 0.82 to
0.89. It was performed in order to observe the geometry of the saturated liquid-vapor interface for different
temperatures. Some of these results may be seen in Fig. 2.

Tr=0.82 Tr=0.84

Tr=0.86 Tr=0.88

Figure 2. Liquid-vapor interface radius for different temperatures, in 300x300 nm domain and 100 nm diameter
circles

Those simulations allow the reader to see the results through the lenses of the Young-Laplace law. Although
the numerical values of interface radius expected from the Young-Laplace depend strongly on the particular
geometry of each case, an inverse proportionality is always to be expected between the interface radius and the
liquid/vapor density ratio. Such tendency may be observed in Fig. 3, remembering that, for water, the lower the
temperature, larger is the density ratio between saturated liquid and vapor phases.
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Figure 3. Saturated liquid-vapor interface radii for different density ratios

This verification of the model — however more conceptual than a strictly numerical one — makes possible
further analyses of condensation in porous media filled with saturated fluid. In a domain similar to the previous
one, but measuring 200x200 nm containing 50 nm diameter solids, the model was used with different distances
between the solids, to check the relevance of this variable in the occurrence of capillary condensation. The results
for three different channel sizes are showed in Fig. 4, considering T;. of 0.9.

C)] (b) (c)
Figure 4. Condensation for Tr = 0.9 between solids for different distances: (a) 10 nm, (b) 20 nm, and (¢) 30 nm.

As demonstrated, a certain minimal distance between the solid surfaces has to exist in order to the saturated
liquid layers meet and coalesce. Otherwise, the saturated liquid layer adhered to the solid body will not be larger
than the calculated interface thickness and capillary condensation in the porous medium does not take place.

5 Conclusions

It is possible to assert, based on the results, that for this particular LBM model the radius of the saturated
liquid-vapor interface differs from one temperature to another, tending to agree with the Young-Laplace law. It is
also possible to observe that the distance between solid bodies is a decisive factor on the presence of capillary
condensation. Further analysis may uncover the characteristics of the interface and fluid flow when the borders
are set with distinct density values.
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