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Abstract: In porous media, the thermal transfer phenomenon is widely applied in diverse energy-intensive industrial
processes. This research paper aims to elucidate the simultaneous transfer of mass and heat within a ceramic porous tank.
To simulate these transport phenomena, a numerical method is developed: Control Volume Finite Element Method
(CVFEM), in conjunction with the utilization of a free mesh generator called Gmsh. The study showcases numerous
simulation results that depict the transport phenomenon, such as the three-dimensional evolution of three parameters
(temperature, saturation and pressure) during the heating of the ceramic tank. By employing this numerical model, a more
comprehensive comprehension of these transport phenomena can be achieved.
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1. Introduction

In porous media, mass and heat transport constitutes a foundational subject in the realms of engineering
and physics. Porous media denotes substances with interconnected empty spaces that permit the flow of fluids
such as air, water, or gases. VVarious examples of porous media encompass soils, rocks, biological tissues, as
well as numerous other natural and synthetic materials. Heat transfer in porous media entails the conveyance
of thermal energy through the material as a result of temperature discrepancies between the two phases: fluid
and solid. This transpires via mechanisms like conduction, convection, and radiation. Conversely, mass
transfer revolves around the movement of fluid or gas molecules through the porous material, predominantly
propelled by concentration gradients. The study of porous media, in particular the mass and heat transfer, bears
significance across an extensive array of applications, including geothermal energy systems, filtration
procedures, catalytic reactors, and many more. Grasping the intricate behavior of these systems necessitates
the amalgamation of experimental, analytical, and numerical techniques.

Building upon the theoretical frameworks presented by Luikov!l and Whitaker?), a mathematical
framework for modeling transport phenomena in porous media has been devised. This framework incorporates
dynamic variables such as temperature, pressure, and saturation. To obtain numerical solutions, the researchers
chose the Control Volume Finite Element Method (CVFEM), as it has demonstrated exceptional suitability for

efficiently and swiftly implementing the linearization technique. Additionally, the difference finite solution is
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overused in the study of several problems in porous media®#. Also, the CVFEM has been widely involved®,
further enhancing the methodology available for analyzing these systems. Recently, a numerical model was
created to visualize the movement of immiscible fluids through a porous medium in vertical annular microtubes
using electroosmotic flowt®,

Currently, sand tanks or sand batteries have gained significant global attention due to their impressive
thermal capabilities for heat storage within sand particles. Sand batteries represent a specific type of battery
that incorporates sand as a crucial component within the anode. The concept behind sand batteries stems from
the notion that the abundant and cost-effective resource of sand can be utilized to develop a battery technology
that is both sustainable and environmentally friendly. The fundamental principle underlying sand batteries is
that the individual sand particles function as electrode materials, wherein the extensive surface area of the sand
grains facilitates substantial electrochemical reactions. To enhance its electrical conductivity, the sand is
typically coated with a thin layer of conductive material, such as carbon.

There is a considerable amount of literature available on the use of sand tanks for studying sediment
transport: a study on the effects of sand grains on transport in a sand reservoir is established™. For solar
concentrators, the thermal performance of a sand-basalt heat storage system has been studied®. Recently, Cao
et al.® have numerically analyzed a PCM reservoir by applying natural water convection. Also, an
experimental study of the dynamics of fresh-salt water in sand reservoirs has been developed™. In 2022, Thien
et al. have studied the effects of reservoir color with sand and shelter™l. Moreover, for the foundation of the
reservoir with the hot sand, an experimental analysis of the characteristics (solidification and migration) of the
solar salt is applied*?], The reservoir (liquid storage) earthquakes on flexible soil are given by the study of Lee
et al.'®l, More recently, a seismic loading analysis in steel tank buckling is established. A 3D numerical
analysis of the flow in a thermal energy reservoir is studied®!,

Sand batteries are currently in the initial phases of development, and there exist numerous obstacles that
must be addressed before achieving commercial viability.

The aim of this paper is to investigate the thermal transfer phenomenon during heating a ceramic-based
tank. The research presents three-dimensional analyses of temperature, saturation, and pressure variations
within the ceramic tank. Several numerical results demonstrate the originality of our code in examining the
coupled mass and heat transfer occurring inside the tank: temperature (T), saturation (S), pressure (P).

2. Numerical model

A numerical simulation is presented in the present model to study the thermal transfer process within a
ceramic porous tank. The tank’s geometry is depicted in Figure 1.

Figure 1. Dimensions of tank.
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Our tank has a cylindrical shape (Length 8 m & Width 4 m) with 5 square tubes with sides of 0.5 m.
These tubes heat the grains of sand to a high temperature.

2.1. Equations system
The equations system is defined by Whitaker!?l. The assumptions for the establishment of a numerical
system of mass and heat transfer in porous media are:

e \We consider our environment as a homogeneous and isotropic environment. The three phases: solid,
liquid and gas are thermodynamically in equilibrium.

e We negligee radiative heat transfer: viscous dissipation and compression-work.

e The diffusion is established as dispersion and tortuosity and the phase of gas is considered as ideal
phase.

In porous media, macroscopic equations of heat and mass transport are presented.

2.2. Generalized Darcy’s Law
The law of Darcy provides the following average velocities:

e Phase of liquid:
Vo=——= V(5" - R) - pi'g] (1)
with P, = p,7 — P,' presents the capillary used pressure.

e Phase of gas:

_ KK, _
V, =—-—2vp,’ )
Hg

Q

2.3. Conservation of mass
e Phase of liquid:

For the phase of liquid, given that the liquid density is constant, the mass conservation equation is:
“ vy = -2 ©
dt YT h
and m presents the rate of evaporation mass.
Liquid’s fraction volume is: ;.
e Phase of gas:

The mass conservation’s equation is:

dp, _
— +V(P57V) = i @)
and p, ¥ presents the average intrinsic density of gas, which is treated as an ideal mixture of perfect gases.

e Phase of vapor:

dpy
dt B

—977 — —d77 _ P
PV, = pv‘g% - pggDeffV(p—_vg) (6)
9

+V(@,7,) = ni, ®)

and D,z presents the diffusion effectiveness coefficient of vapor phase. Also, this coefficient considers the
resistance to diffusion caused by the tortuosity and constriction terms.
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2.4. Conservation of energy
The equation of energy conservation is:

0 - .
5% (pCpT) + div = V(Aers.VT) — AH,qp, Ty, (7

(mlcmvl £y mgcpkv—k> T
k=aV
at temperature T (Kelvin), AH,,,, is the heat latent of vaporization,
and Aesr NOtes the effective thermal conductivity of the medium,
also m presents the capacity heat of the medium defined as bellow:
.D_Cp = PsCps + P1Cp1 + PaCpa + PyCpy 8)
which psCys, p1Cp1r Py Cpyy and p, Cpq presents the heat capacities of mass of three phases (liquid, gas, solid).

2.5. Relations of thermodynamic
In our model, we have used the following pressure of vapor phase:
IS Pveq(T:S)
with S presents the saturation of liquid explained as bellow:

=— 9
- ©)
The pressure (gas) is defined by:
I
Pi=ﬁliRT ;i=a,v (20)
I_?g = _a+13v'p_g = Pa t Py
For the vapor phase, the pressure is:
B, 20M, n

3. Conditions of model
For our equations system, the conditions are defined as shown below (refer to Figure 2):
e Hot air enters through the tubes (T = 100 °C; V = 10 m/s; CVam, = 0.001).

e The grains of the ceramic are heated step by step: let’s start with the grains closest to the cavities
towards the furthest grains.

Figure 2. Model’s conditions.

Conditions of our model:

Exchanging cavities:
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d(T)
Aeff d_Xl + AHvappl<Vl)ni = ht((T> —Tw) (12)
For evacuation and evaporation terms, we use the following flow of mass:
[Pi(V1) + (o) (V) In; = hpy (Cys — Cpoo) (13)
On exchanging faces, the pressure is considered as an atmospheric one:
[(Rg)g] = Patm (14)
In bottom, the face is treated as impermeable and adiabatic.
d(T)
Aeffd_Xi + AHvappl(Vl>ni =0 (15)
[puVi) + (pp)o (V) = 0 (16)
d(p,;)9
9’ | = 17
[ | = O (17)

The transport coefficients within the cavities of the tank are elucidated in the following Table 1:

Table 1. Thermal transfer coefficients within tank cavities[*6].

Coefficients Cavities
Rt A% 0.023 X Re*/5 x pr1/3
D
Rt 0.023 X D¢p X Sc'/3 x Re*/®
D
Validity conditions 10* < Re < 1.2 x 10°
0.6 < Pr <160
0.6 < Sc <160
Variables PaVaD
Re = ~2%~
c Ha
pr = aMa
Aa
9,
Sc=—2
DA,B
with:
w

hy,: coefficient of heat transfer —

he: coefficient of mass transfer ? ,

D¢ p: presents the term of diffusion (vapor in air) defined as bellow:
mZ
Dcp = Dyap,air = 0.26 X 107* v

L = 8 m: ceramic tank length.

4. Numerical solution

Our system of equations is established based on numerical CVFEM method, as described in the
studies!*”*8l, The elements triangular are used for the construction of volume control: providing flexibility in
grid design. Additionally, this numerical method guarantees the preservation of flux. To generate the mesh
required for the simulation, we employ the free mesh generator Gmsh*® (Figure 3).
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Gmsh

Figure 3. Free mesh Gmsh.

The code is written by FORTRAN and enables us to simulate the movement of mass and heat within the
tank. Based on this presented model, we aim to gain a comprehensive analysis of the thermal behavior and
mass transport phenomena occurring within the ceramic tank. This recent research provides several
information into the thermal transfer mechanisms, contributing to the advancement of ceramic tank design and
optimization in various practical applications.

The objective of our code is to plot the evolutions of the three parameters (T; S; P) as a function of time
and to have a 3D visualization of these parameters.

5. Results and discussions

In this part, we showcase the outcomes derived from our code implementation, specifically focused on
investigating the mass and heat transport occurring within the ceramic tank. Our numerical study encompasses
the analysis of temperature, saturation, pressure, and water content variations. To simulate the three-
dimensional transfer term that transpire inside the tank, we employ the Gmsh free mesh generator, as illustrated
in the following Figure 4:
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Figure 4. Tank meshing.

Numerical parameters used in this code are presented in the following table (Table 2):

Table 2. Parameters of model.
T (OC) S (%) |4 (m/s) Po (%) CVamb Pamb (atm)
100 50 10 30 0.001 1

5.1. Temperature evolution
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In Figure 5, we show the evolution of temperature for two modes: exchange surface and interior surface
(Figure 5).
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Figure 5. Temperature evolution.

Referring to Figure 5, we can observe that the profile of temperature is rapid for node closest to the
exchange surface which promotes the heat exchange during the drying process.

5.2. Saturation evolution
In this part, we present the evolution of saturation in liquid (Figure 6).
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Figure 6. Saturation evolution.

A comparison of the liquid saturation evolution is depicted in Figure 6. The figure illustrates a gradual
reduction over time, with the rate of decrease being relatively slower for the nodes located in the middle and
at the bottom of the tank.

5.3. Pressure evolution
For this part, we depict the pressure evolution (Figure 7).
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Figure 7. Pressure evolution.

From the information presented in Figure 7, it can be deduced that the significant pressure peak is
associated with the node located within the tank containing a substantial quantity of water.

5.4. Water content evolution
Also, we have studied the evolution of water content as shown in Figure 8.

o1
.

E a1fp &
g LY
3 LA
el -
(=] L
= e
2 X
*. .

ol 5
g .
€ ™
Zoorp L
3 Y
e .I
Zonef )
= "y

-.I -
i L M. = 5 5
005, 0

100 5
t(h)

Figure 8. Water content evolution.

The observation from Figure 8 reveals a gradual decrease in water content over time, eventually
approaching zero.

To better understand the mechanisms that arise during thermal transport within the tank, we have shown:

e Spatial and temporal variations of three parameters (T; S; P) (Figures 9-11).
e Slice’s view (Figures 12-14).

Figure 9. Temperature 3D breakdown.
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Figure 11. Pressure 3D breakdown.

Referring to findings presented in Figures 9-11, several observations can be made:

e Heat and mass exchange exhibit higher intensity in the cavities compared to the interior of the tank.
This disparity can be attributed to the existence of temperature slope that facilitates the energy provision
required for the evaporation process.

e The cavities promote more rapid and intense liquid evaporation, leading to accelerated changes over
time.

e Conversely, the interior of the tank experiences slower heat and mass transfer dynamics.

T("C) 1011121314 1516 17 18 192021222324 2526

Figure 12. Slice’s view for temperature evolution.



Insight - Mechanics (2023) Volume 6 Issue 1

S (%) 3032 34 36 38 40 42 44 46 48 50

Figure 13. Slice’s view for saturation evolution.
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Figure 14. Slice’s view for pressure evolution.

By examining Figures 12-14, it becomes apparent that the exchange cavities exhibit a notably heightened
level of heat and mass transfer. Furthermore, these regions display a more pronounced temperature profile,
while the quantity of liquid within the tank is comparatively greater. Additionally, the pressure distribution
within the tank is more intense, particularly in areas where the liquid content is higher.

We have also studied the effects of the following parameters:

e Liquid saturation: S = 20%-50%-80%.
e Porosity: Po = 0.3-0.5-0.7.
e Air velocity: 5-10-50 m/s.

The following table presents these effects (Table 3):

Table 3. Parameters effects.

Effect Temperature comparison Saturation comparison
Saturation '
= vy LY
. LLE
i 4 Y B
fllE TN
Em' H Eal I\"u
v f 5 g AN
o g ol b o NN
- RN
— L T

10



Insight - Mechanics (2023) Volume 6 Issue 1

Table 3. (Continued).

Effect Temperature comparison Saturation comparison
Porosity
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Based on these observations, the following effects can be noted:

e A reduction in liquid saturation (S = 20%) leads to a more intense and rapid heat and mass transfer
within the ceramic tank.

e An increase in porosity rate (Po = 0.7) results in a less pronounced distribution of temperature and
saturation over time.

e Enhanced heat transfer rate (V = 50 m/s) accelerates and intensifies the evolutions of temperature and
saturation within the tank.

Our model provides an estimation of thermal transport within a ceramic tank featuring five cavities. These
cavities are heated to 100 °C, with a hot air velocity of 10 m/s, aiming to heat the tank and investigate the heat
and mass transfer phenomena occurring between the ceramic grains. The results reveal distinct thermal
evolutions between the exchange surface and the grains within the reservoir: the grains at the exchange surface
displaying the most rapid evolutions. This observation is supported by the cross-sectional views. Furthermore,
an analysis of the effects of temperature, saturation, and velocity is presented, yielding the following findings:

e The decreasing saturation leads to faster distribution of temperature and saturation.
e The increased porosity between the grains results in more intense and rapid thermal evolution.
e The reducing the velocity leads to a slower process.

6. Conclusion

In this study, a three-dimensional code is presented to investigate the interconnected mass and heat
transport processes taking place within a ceramic tank. The implementation of this numerical code serves to
enhance our understanding of the phenomena inherent in porous transport. The mesh generation is
accomplished using the Gmsh, and a dedicated model is devised for the 3D thermal transfer in the porous
ceramic tank.

We conduct a thermal investigation on a porous ceramic tank, focusing on the study of its thermal
transport characteristics in relation to the surrounding environment. This analysis encompasses the
examination of heat and mass distribution within the tank. Additionally, we assess the impact of three key
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parameters—saturation, porosity, and air velocity—on the tank’s thermal performance. The obtained results
present an important analysis for the determining of suitability of the ceramic tank for its intended purpose, as
well as facilitating the design of an efficient insulation system to mitigate heat loss or gain.
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Nomenclature
C,: air’s specifical heat k] /kg. K
C,: specifical heat with constant pressure k] /k. gk
C,: vapor phase’s specifical heat k] /kg. K
C,,: water’s specifical heat k] /kg. K
D, p: diffusion’s coefficient m?/s
g: acceleration due to gravity m/s?
hoe: mass transfer coefficient m/s
hy.: heat transfer coefficient W/m?.°C
K: permeability m?
L: tank’s characteristic length m
Ma: air’s molecular mass kg/mol
My: vapor phase’s molecular mass kg/mol
m: evaporation rate kg/s
n;: outwardly oriented normal vector
P: pressure Pa
Pc: capillary pressure Pa
Po: tank porosity %
Py saturated vapor phase pressure Pa

R: gas’s constant k] /k. mol. K
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r: the characteristic value representing the average curvature radius of the menisci is determined when
the liquid retention forces are attributed to capillary forces

S: saturation of liquid %
T: process temperature K
t:time s
v, air’s velocity m/s
Dimensionless numbers
Re: Reynolds symbol
Pr: Prandtl symbol
Sc: Schmidt symbol
Symbols
€: medium’s porosity
g;: liquid’s fraction
w: dynamical viscosity kg/m.s
9: kinematical viscosity m?/s
p: medium density kg/m3
A: coefficient of conductive transfer W/m. °C
o tension of surface N/m

AH, - latent heat of vaporization ] /kg

Subscripts
0: state initial

a: phase of air
eff: effective term
g: phase of gas
I: phase of liquid
v: phase of vapor

vs: saturated vapor
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Appendix

Table Al. The characteristics of air.

Properties of the material

Input values

Specifical heat capacity
Thermal conductance
Air density

Dynamical viscosity

1.006 x 103 J/kg.K
2.6 %1072 W/m.K
0.117 x 10 kg/m?
0.115 x 107® kg/m.s

Table A2. The characteristics of ceramic tank.

Properties of the material Input values
Ceramic porosity 3.6 x 1071
Phase solid’s density ps = 2600 kg/m3

Solid’s specifical heat capacity
Liquid’s specifical heat capacity
Vapor’s specifical heat capacity
Liquid’s dynamical viscosity
Vapor’s dynamical viscosity
Liquid’s intrinsically permeability

Liquid’s relative permeability

Gas’s relative permeability

Capillary pressure

Pressure (vapor)

Thermal conductivity

Cps = 879 ] /kg. K
Cp1 = 4220 J/kg. K
Cpy = 0.186 x 10* ] /kg. K

W = 65x1075 kg/m.s
U, =186 x 1077 kg/m.s
0.25 x 10713 m?

K=X3X=
with X;; = 0.3

X—Xir
Xsat—Xir

Keg = (2X —=3)X2 + 1

P.= (5)% aJ(s) with

K
J(s) = 364 x

< P, >=< P,s > exp[—

1073[1 — exp(40s — 40)]
+221%x1073(1—s)

0.005
+ s —0.05
and o(T) = (0.1212 — 0.167 x 1073T
20M,
rolR<T >]

with log;, (1)
253.5%x 52 +

=216 x 1072 + 43.85 —
794.54 x §% —1333.7 x S* +

1111 x S5 — 352.5 x S¢
Aetr = (Ag(e — &) + A'g

with a = 0.25

+ 421 - &)/2 W/m.K
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