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ARTICLE INFO ABSTRACT

Keywords: This study used numerical analysis to determine the transport phenomena of hot water infiltra-
Infiltration tion in a two-dimensional granular packed bed. The present study aims to investigate the
Temperature

parameter that affects the water saturation and temperature distribution in the two-dimensional
porous packed bed. For this purpose, the problem was solved numerically using two-dimensional
unsaturated flow and heat transfer models of hot water infiltration. Novel studies on the simul-
taneous heat and moisture transfer during hot water infiltration in partially saturated porous
materials were investigated. The study illustrated the characteristics of heat and moisture transfer
during the water infiltration process in various testing conditions. The results of the numerical
model were validated with the results from previous research. It was found that the water flux
supplied, and particle size have significant effects on the distribution of water saturation and
temperature in the packed bed. The water saturation and heating area of the fine particles tended
to expand in the lateral direction faster than the downward direction. The increase in supplied
water flux resulted in a deeper and larger zone of water saturation and heating area. Furthermore,
the heating area was found to be expanding slower than the water saturation front in all
conditions.

Water saturation
Porous packed bed
Heat transfer

1. Introduction

In recent decades, a physical understanding of the infiltration process in the porous material is an important research frontier,
which is crucial for implementing novel applications in many directions. Fundamental understanding of infiltration process in porous
material can be used for numerous creative and innovative applications in several fields of engineering and medicine, including
needle-free drug delivery system, percutaneous infiltration, noninvasive ultrasonic facial rejuvenation system, subsurface flow, soil
science, crop irrigation [1-5]. In many aspects, biological tissue can also be compared with heterogeneous porous media. Biological
cells and tissues are heterogeneous in structure with cellular diversity, where the majority of the water is located in the spaces. This
pore space can be occupied by fluids. The understanding of infiltration effects in porous media is also an essential step in developing
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advanced technology within the biomedical field (e.g., tissue fluid infiltration, needle-free injection technology, and submucosal tumor
infiltration). The water infiltration process in the porous material is linked to various gravity-induced mass-transport processes. Water
infiltration is influenced by various factors. The intrinsic factors influencing the water infiltration process are the hydraulic param-
eters, transmissivity, and permeability of the porous medium. The extrinsic factors are mainly related to external parameters, such as
surrounding temperature and ambient conditions.

Several different types of factors that can influence the infiltration characteristics of unsaturated porous media have been exten-
sively investigated and highlighted by studies in this field [6-16]. Hammecker et al. [6] carried out the experiment on measurements
with various methods and found that the soil-water movement was controlled by the trapped air remained at the wetting fronts.
Gvirtzman et al. [7] carried out the experiment on tracking water movement in the unsaturated stratified media. The results indicated
that the developed hydrostatic pressure within saturated porous layers, increases the water front propagation distance. Ma et al. [8]
presented an infiltration experiment of soil to validate the proposed updated infiltration model against the standard Green-Ampt
model. The fitting of experimental data showed that the proposed model served as an efficient tool for estimation of water infiltra-
tion into layered soils, and the employed saturation parameter represented the influence of air trapping on water movement. Ayu et al.
[9] carried out to measure the infiltration rate on various types of soil in dryland areas using the double-ring infiltrometer. The data
analysis revealed that soil properties affecting infiltration rate in the research locations were sand and clay percentages, soil moisture
content, bulk density, particle density, soil organic matter, and soil porosity. Langston and Kennedy [10] developed a numerical model
to test spectroscopic parameters of NaCl beads at different sizes. The excellent literature reviews summarized the water flow in porous
material with saturation overshoot have been provided by Xiong [11]. Representative works, for related numerical problems of un-
saturated flow under infiltration conditions for different applications, include Henry and Smith [12], Romano et al. [13], Corradini
et al. [14], Gomez et al. [15], Sayah et al. [16].

However, a fundamental understanding of heat transfer behavior during water infiltration into unsaturated porous media is
important in a variety of biomedical science, soil science, and engineering, such as thermo-responsive drug delivery systems, soil
temperature regulation, and geo-heat recovery. Thus, the heat transfer investigation in the infiltration process was also considered.
Several factors that can influence the heat transfer during the infiltration process in different media have also been extensively studied.
Bandai et al. [17] experimented to investigate the influence of particle size on dispersion and heat transfer in porous media. The study
showed that the thermal dispersion coefficient was influenced by particle size. A few numerical investigations have also been carried
out by some researchers. D. Gobin et al. [18] developed a mathematical model for the solidification and infiltration of liquid metal in
porous structures. The developed model was used to determining the effect of the operating parameters on the depth and time of the
solidification in simple geometry. Our research group has also been studying for a coupled heat transfer with water infiltration in the
porous medium [19,20]. Suttisong and Rattanadecho [19] conducted an experiment to determine the water flow and heat transport in
a vertical packed column. The findings showed that larger particles result in increased infiltration rate and heat transfer. Rattanadecho
et al. [20] carried out a 1D mathematical model of the infiltration and heat transfer in a vertical packed column. The calculated
temperature distribution and water saturation were compared to experiments. It was discovered that a higher water flux supplied
corresponded to the temperature increase and water saturation. There were many attempts associated with convection flow within
porous enclosures using the recently proposed Incompressible Smoothed Particle Hydrodynamics (ISPH) method. Aly et al. [21,22]
carried out research on convective flows of a nanofluid inside porous infinite-shaped enclosures suspended by nano-encapsulated
phase change materials (NEPCM). Raizah and Aly [23] simulated the double-diffusive convection flow inside a central circular cyl-
inder mounted with two rectangular shapes. The recent research focused on the magnetic field impacts on nanofluid flow within a
finned cavity containing solid particles can be found in Ref. [24].

Although the moisture and heat transfer behaviors of porous media have been proposed in several studies [6-24]. However, there
are still very few studies that focus on modeling simultaneous heat and moisture transfer during hot water infiltration in partially
saturated porous materials. Especially the study considering the influence of infiltration process parameters on transport phenomena
with capturing moisture transport in the porous materials has still not been investigated systematically. Therefore, the thermal and
moisture dynamic responses of porous media subjected to hot water infiltration have not yet been investigated completely due to the
complication correlated with unsaturated transient flow conditions.

The purpose of this paper was to clarify in detail on transport phenomena of hot water infiltration into a two-dimensional granular
packed bed. This work was substantially extended from our previous work [20], by incorporating two-dimensional (2D) computational
simulation methodology into the calculation of flow and heat transfer during infiltration of hot water. Moreover, we further formulated
the complete set of the mathematical model that represents a two-dimensional unsaturated flow and heat transfer during hot water
infiltration. A numerical procedure was developed to determine the key characteristics of heat transfer and water infiltration by hot
water into the two-dimensional model. The results of the numerical model were validated with the results from previous research. The
influences of the water flux supplied and particle size on the water saturation and temperature in the two-dimensional model were
investigated systematically. The findings of this study can be used as a basis for further research in this area.

2. Methods and models

This study mainly investigated the transport phenomena of hot water infiltration in a two-dimensional granular packed bed. The
first step to understand the thermal and moisture dynamic responses of porous media subjected to hot water infiltration was to
calculate the water saturation and its spatial distribution in the packed bed. Thereafter, the convected thermal energy was then
transferred to the underside of the packed bed. The complete formulation of the mathematical model represents a two-dimensional
unsaturated flow and heat transfer during hot water infiltration was proposed. The numerical scheme based on the control volume
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approach was utilized to achieve the solutions of the time-dependent heat and mass transport equations.

2.1. Physical model

A two-dimensional rectangular model was applied to investigate the characteristics of heat transfer and water infiltration by hot
water into a two-dimensional granular packed bed. Fig. 1 represents the domain and coordinates information, in which the infiltration
of hot water occurred. This model also represents the transport problem in biomedical applications, such as needle-free drug delivery
systems, percutaneous infiltration, noninvasive ultrasonic facial rejuvenation system. In this study, the symmetrical model represented
the heat transfer and water infiltration within the two-dimensional granular packed bed was utilized to reduce the calculation time
while achieving similar accuracy. The granular packed bed model used in this study was considered a dry packing of particles that are
being infiltrated by the hot water. The packed bed used can be divided into the void (gas phase) and particles (solid phase). The packed
bed model was a rectangular container with 15 cm width (x) and 20 c¢cm height (). The appropriate domain size selected was directly
obtained from a preliminary experiment based on the optimal-size representation of physical phenomena. The particles were ho-
mogeneous spheres and thermally isotropic with constant thermal properties.

2.2. Assumptions

The present study emphasized examining the unsaturated flow in this two-dimensional granular packed bed in terms of the in-
fluence of the hot water which was supplied. The uniform supply of hot water on the upper surface of the model. The initial
composition within the packed bed comprises glass beads and void. A two-phase flow pattern was created around the infiltration front
inside the model. It was possible to determine the model which establishes mass and energy for any specific phase by considering
conservation equations within the model, by employing a method based on volume averaging [25,26]. Water infiltration occurred
when hot water was supplied to the granular packed bed through transfer mechanisms which include gravity and the capillary pressure
gradient.

To address the problem, the following assumptions were made:

1) The two-dimensional model exhibited rigidity.

2) No chemical reaction occurred inside the model.

3) The local thermodynamic equilibrium was assumed.

4) The flow of liquid and gas was described by Darcy’s law.

5) The gravity current was considered in performing the flow analysis.

6) Gas pressure gradient inside the two-dimensional granular packed bed was neglected.

2.3. Equations for momentum and mass conservation

The microscopic conservation of mass equation for liquid phase is given as shown below [25,26]:
Liquid phase

fI.,in

 J

A

\ water infiltration

heat transport

z
\/

Fig. 1. A symmetrical model represents the heat transfer and water infiltration within the two-dimensional granular packed bed.
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where p is density,s is water saturation,K denotes permeability, K,indicates the relative permeability, p represents pressure, g is
gravitational acceleration, v is velocity in z-direction, u is velocity in x-direction.

2.4. Equations for energy conservation

The energy equation was also modified to be valid in both solid and liquid phases under an assumption of the prevalence of the local
thermodynamic equilibrium. It is possible to ignore the kinetic energy and pressure terms since they were not deemed to be important.
The temperature distribution of the two-dimensional granular packed can be determined using the energy equation.

d 0 0 0 oT 0 oT
E [(Picpt) ] +5 [(picymi) T] +5 [(picovi) T] =% {le.ffafz} o {’Lﬂffa] 3

where (pc) represents the effective heat capacitance in the porous media, . denotes the effective level of thermal conductivity which
is dependent on the extent of water saturation. In conditions of thermal equilibrium, it was possible to calculate the effective heat
capacitance by employing the volume average method shown below:

(ﬂC,;[)T =PiCpiES +ppcp,,(l —€) “4)

where ¢ is porosity.
Considering the experimental results [18,19] employing glass beads that were fully saturated in water, it was possible to present
effective thermal conductivity in terms of the level of water saturation:

0.8

A =T 3780 555 5

2.5. Equilibrium relations

In the case of the system of conservation equations which can be derived when considering the multiphase transfer mode, it is
necessary to use the constitutive equation involving capillary pressure, p., relative permeabilityK;, as well as capillary pressure
functions, also known as Leverett functions, J,. The equation below provides the typical constitutive relationship set for gas and liquid
systems:

Ky=s’, Ky=(1-5.) ©)

in which s, denotes an effective water saturation level described as the irreducible water saturation level, s;-, which has the definition
given as [20]:
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Fig. 2. The relationship betweenK,ands,
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Fig. 2 illustrates the relationships between relative permeability in each of the phases which relate to Eq. (6).
It is assumed that capillary pressure, p,, is suitably expressed by the well-established Leverett functions, J(s.). Capillary pressure
and water saturation have a relationship that can be described b the application of the Leverett functions, J(s.) [26].

Pe=Dy —Pi = \/%%J(Se) ®

where ¢ is the surface tension, J(s.)refers to the correlated capillary pressure data provided by Leverett which can be stated as follows:
J(s)=a(l/s, — 1) ()]

In addition, for each condition, the coefficients “a” and “b” are derived from the source [27].
The permeability of the packed bed can be expressed in particle diameter term as [28]:
ed?
K= —~" (10
150(1 — &)

where K is permeability (m?), ¢ is porosity, d, is particle diameter (m).

2.6. Initial condition and boundary conditions

According to Fig. 1, boundary conditions proposed for the two-dimensional model with the dimensions of 15 cm (x) x 20 cm (2) are
shown in Fig. 3 and defined by Eq. (11). It can be supposed that the initial temperature and initial effective water saturation are
uniformed at a specific value all over the domain.

x=0,z2=0: pvi=fi iy Gin = Cpift, inTin

T
x=0,z2 >0 : pu =0, a—:O
ox
T
x=15,2 >0 : pu =0, 6—:0
Ox
x>0,z=0:pv=0
pvi=0
>0, z=20 11
=tz ’ {S: 1, q.= plCPIVIT‘;:ZO an

The physical properties of the material are given in Table 1.

3. Results and discussion

Numerical simulations of mass, momentum, as well as energy conservation equations, were used to determine the water saturation

PV = fiin
4= szfz,inTin
L pv =0 X=15cm.
- > X
piu =0 Initial Conditions puy =0
aT _ aT
ax Se = Seo T 0
T=T,
Z =20cm.
s Pm=0  s=1

Z 4z = piepvTly=z

Fig. 3. Initial condition and boundary conditions of a two-dimensional model.
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Table 1

Physical properties of the materials [29].
Material properties Air Water Particle
Density, p(kg m’s) 1.205 1000 2500
Specific heat, C,(J kg* K 1007 4186 800
Thermal conductivity, k(W m™* K1) 0.0256 0.610 1.0
Viscosity, u(kg m™s™) x 10° 1.9 54.7 -

and temperature distribution in the granular packed beds. The initial temperature of 25 °C was considered to be uniform across the
entire model. The supplied water temperature was maintained at 50 °C. The characteristics of heat transfer and hot water infiltration
were described in this work. The study employed particles hot of 0.15 mm (fine particles) and 0.40 mm (coarse particles) in diameters.
Two porous packed bed systems were investigated, F-Bed (fine particle bed) and C-Bed (coarse particle bed). The influences of two
parameters, namely, the particle size (C-Bed and F-Bed) and the fluxes of supplied water (f = 0.15 kg/m?s and f = 0.20 kg/m?s) have
been systematically investigated. We observed the effects associated with each factor and analyze their contributions to water infil-
tration, water saturation, and temperature.

3.1. Numerical procedure

The water saturation and temperature distributions in the domain subjected to hot water infiltration are calculated using the finite-
difference model of the heat and mass transfer model. Sincep.and K, are dependent on s, the equations for unsaturated flow and heat
transfer will be non-linear. The control volume concept was utilized to integrate the generalized system of non-linear equations in the
context of typical rectangular control volumes. The solutions of non-linear equations can be obtained using these equations by
applying the Newton-Raphson iteration procedure.

3.2. Model verification

In this study, the presented numerical results have been validated against the results which were directly taken from Aoki’s work
[25]. In the validation, the water was delivered at the packed bed’s surface at a constant flux f = 0.15 kg/ 'm?s with the temperatureT;
= 50 °C. The packed bed contains glass beads having a grain diameter of 0.15 mm. Table 2 shows the comparison between the
infiltration front of the present numerical study and that of Aoki. The table illustrates that the infiltration front in the packed bed model
of this study and that of Aoki showed an excellent agreement. The agreement from the comparison indicated the accuracy of the
proposed numerical model. As a result, the numerical model can be utilized to depict behaviors that occur owing to the water infil-
tration into a two-dimensional granular packed bed in this study.

3.3. Effect of particle size

The effect of the particle size on the water saturation distribution and heat transport in the two-dimensional granular packed bed
was numerically investigated. The result focuses attention on the comparison of F-Bed and C-Bed. Figs. 4 and 5 show the effect of
particle size on the transport process in the granular packed beds at the supplied water fluxes of 0.15 kg/m?s and 0.20 kg/m?s,
respectively. The two-dimensional contour plots in Figs. 4 and 5 are based on the symmetrical plane. The simulated water saturation
distributions at various infiltration times are presented in Figs. 4a and 5a. The left half part of each figure represents the F-Bed, and the
right half part refers to the C-Bed. The water permeability in the C-bed was relatively high due to a little water retention of large porous
particles, causing the water to infiltrate downward quickly and spread only a small distance in the lateral direction. As shown in the
results, the water saturation area in the C-bed grew downward faster than the water saturation area in the F-bed. While the F-bed with
small particles contained very small continuous pores, had low permeability, and transmitted water very slowly. The water saturation
area in the F-bed tended to expand in the lateral direction faster than the downward direction. This was because the capillary pressure
of fine particles in the F-bed exerted a significant effect on the water propagation behavior within the packed bed compared to the
gravitational force. The high capillary pressure of the F-bed resulted in slowing the infiltration downward and a wider spread of the
water distribution over the entire region. In conclusion, the saturation distribution took place because of gravity and capillary
backpressure. The capillary pressure gradient governed liquid phase movement, which was also heavily influenced by particle size. For
the same supplied water flux, a larger particle size allowed a faster water saturation moving particularly in the gravity direction due to

Table 2
Comparison between infiltration front obtained from the present numerical study and obtained by Aoki et al. [25].
Time (min) Infiltration front (cm) (x = 0 cm, 2) % Difference
Present study Reference [25]
10 7.0 7.2 2.78
20 9.9 10.2 2.94
30 12.3 12.5 1.60
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Fig. 4. Comparison of infiltration characteristics in F-bed and C-bed with supplied water flux of 0.15 kg/m?s at various infiltration times:
(a) water saturation distribution, (b) temperature distribution.

the gravitational force exerted downward in the z-direction as shown in Figs. 4a and 5a.

Figs. 4b and 5b illustrate the effect of particle size on temperature distribution in the granular packed beds at the supplied water
fluxes of 0.15 kg/m?s and 0.20 kg/m?s, respectively. The left half part of each figure represents the F-Bed, and the right half part refers
to the C-Bed. As seen, the F-bed had a little bit wider heat distribution in x-direction than the C-bed in the upper area, which cor-
responded to the water saturation spread across the entire area of the F-bed. This was because smaller particles in the F-bed had a large
water retention capacity, allowing the water to infiltrate and move slowly. Therefore, the heat had a longer time to be accumulated in
the pore space of the small particles on the top layer before it was transmitted down to the bottom layer. Compared to the C-bed on the
right side, it has a narrower heat-affected zone, but the heated region penetrates deeper. This is due to the lower water retention
capacity and high permeability of the large particle of the C-bed that allows the water to pass through it easily. Besides, it was observed
that the heating zone was moving slower than water saturation and a large portion of heat remain undistributed. This was because the
high-temperature gradient at the infiltration surface and the long infiltration time led to a drop in temperature in the deep region
beneath the infiltration surface.

Fig. 6 shows water saturation and temperature profile of different particle sizes with supplied water flux of 0.20 kg/m?s at infil-
tration times 15, 30, and 45 min. The water saturation on the vertical axis along the z-direction (at x = 0) is illustrated in Fig. 6a. Water
infiltration took place from the top to the bottom in the vertical direction because of both gravity and the capillary pressure gradient. In
the F-bed (d = 0.15 mm), the capillary attraction was stronger than the force of gravity, which was tended to allow a limited amount of
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Fig. 5. Comparison of infiltration characteristics in F-bed and C-bed with supplied water flux of 0.20 kg/m?s at various infiltration times:
(a) water saturation distribution, (b) temperature distribution.

vertical movement of water. The water saturation of the F-bed was, therefore, greater than that of the C-bed in the upper half of the
packed bed. While large particles in the C-bed allow the water to move more freely, the inflowing water accumulated in the lower part
of the packed bed, establishing the existence of the trapped water at the bottom of the packed bed. The water saturation of the C-bed
was, therefore, higher than that of the F-bed in the lower half of the packed bed. Moreover, the increase in time did not significantly
affect the water saturation of the F-bed and C-bed around the infiltration surface. Fig. 6b shows temperature on the vertical axis along
z-direction (at x = 0). The results show that the levels of temperature near the infiltration surface were almost the same as the water
temperature at 50 °C for both packed beds. This was because the temperature of the packed beds near the infiltration surface was
dominated more by the supplied water temperature than the water infiltration effect inside the packed beds. On the other hand, the
supplied water temperatures had almost no influence on the temperatures near the bottom of the packed bed. So, the water tem-
peratures in the lower half of both packed beds approach to the room temperature around 25 °C. However, at any given time, the C-bed
achieved significantly higher temperature in any major area of the packed bed by a higher infiltration flow rate that induced the strong
convection.

3.4. Effect of supplied water flux

The effect of the supplied water flux on the water saturation distribution and heat transport in the two-dimensional granular packed
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Fig. 6. Water saturation and temperature profile of different particle sizes with supplied water flux of 0.20 kg/m?s at various infiltration times:
(a) water saturation on the vertical axis (along z-direction at x = 0),
(b) temperature on the vertical axis (along z-direction at x = 0).

bed was also numerically investigated. The results focused attention on the comparison of two different supplied water fluxes, i.e., 0.15
and 0.20 kg/m?s. Figs. 7 shows the effect of supplied water flux on the transport process in the granular packed beds at various
infiltration times. Water infiltration took place from the top to the bottom in the vertical direction owing to both gravity and the
capillary pressure gradient. The simulated water saturation distributions at various infiltration times are presented in Figs. 7a. For the
same particle size, a greater supplied water flux allowed for faster infiltration front moving particularly in the gravity direction due to
the gravitational force exerted downward in the z-direction. The higher supplied water flux, the faster infiltration rate and the for-
mation of a higher saturation layer, which was corresponding to the distributions in Fig. 4 (0.15 kg/m?s) and Fig. 5 (0.20 kg/m?s). The
higher water saturation also led to the lower capillary back-pressure which was much less than the gravitational effect increasing water
infiltration capacity. The water saturation in the packed bed with high supplied water flux was, therefore, greater than that in the
packed bed with low supplied water flux. Moreover, the increase in time did not significantly affect the water saturation values in
different supplied water fluxes around the infiltration surface. While a higher supplied water flux allowed a faster infiltration rate, so
the inflowing water accumulated in the lower part of the packed bed, establishing the existence of the trapped water at the bottom of
the packed bed. The water saturation at the bottom of the packed bed was, therefore, higher for a longer period of infiltration time.

Fig. 7b shows temperature on the vertical axis along z-direction (at x = 0) of the packed bed at the supplied water fluxes of 0.15 kg/
m?s and 0.20 kg/m?s. It can be observed that for the same particle size, the temperature presented similar patterns along the z-axis for
all cases. When the supplied water flux was larger, the temperature increments propagated deeper and faster in the direction of gravity
along the z-direction corresponding to the saturation propagation in Fig. 7a. This was because when increasing the supplied water flux,
the gravity effect will overtake the influence of capillary pressure, allowing the infiltration front and heated layer to expand widely in
the z-direction. The levels of temperature near the infiltration surface were almost the same with the water temperature at 50 °C for
both supplied water fluxes. This was because the temperature of the packed beds near the infiltration surface was dominated more by
the supplied water temperature than the water infiltration effect inside the packed beds. On the other hand, the supplied water
temperatures had almost no influence on the water temperatures near the bottom of the packed bed. So, the water temperatures in the
lower half of both packed beds approached the room temperature around 25 °C. However, at any given time, a higher supplied water
flux gave a higher temperature in any major area of the packed bed by a higher infiltration flow rate that induced strong convection.

Fig. 8a and b illustrate the water saturation and temperature respectively at 5 cm depth (x = 0, z = 5) against time. The results show
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Fig. 7. Water saturation and temperature profile of particle size 0.15 mm (F-bed) with supplied water fluxes of 0.15 and 0.20 kg/m?s at various
infiltration times:

(a) water saturation on the vertical axis (along z-direction at x = 0),

(b) temperature on the vertical axis (along z-direction at x = 0).

the water saturation and temperature of particle size 0.15 mm (F-bed) with supplied water fluxes of 0.15 and 0.20 kg/m?s as a function
of time. As time passes, increased supplied water flux resulted in higher water saturation and temperature. The water saturation and
temperature for the supplied water flux of 0.20 kg/m?s were significantly higher than those of 0.15 kg/m?s along the infiltration time.
This was due to the greater flow velocity in the higher supplied water flux greatly contributing to increasing infiltration rate and flow
convection in the packed bed especially in a high-temperature zone. The findings suggest that the supplied water flux, therefore, plays
an important role in water infiltration and heat transfer in the granular packed bed. Thus, it can be inferred from this study that
simultaneous heat transfer and water infiltration are significantly governed by internal and external thermal interaction phenomena
associated with the hot water infiltration process.

4. Conclusions

A numerical investigation of the water infiltration and transport phenomena of hot water infiltration in a two-dimensional granular
packed bed was performed. In this study, the effects of particle size, and supplied water flux on water saturation and temperature in the
porous packed bed were addressed. In addition, we evaluated the influence of hot water on heating-shape and heating location. In the
calculation procedure, we further formulated the complete set of the mathematical model that represents a two-dimensional unsat-
urated flow and heat transfer during hot water infiltration. A numerical procedure was developed to determine the key characteristics
of heat transfer and water infiltration by hot water into the two-dimensional granular packed bed. The results of the numerical model
were validated with the results from previous research. The influences of the particle size and supplied water flux on the water
saturation distribution and heat transport in the two-dimensional granular packed bed were investigated systematically. The key
findings can be summarized as follows:

1) The water saturation distribution took place owing to gravity and capillary backpressure. Larger particle size in C-bed allowed a
faster water saturation moving especially in the direction of gravity due to the gravitational force exerted downward in the z-direction.
The water saturation and heating area in the case of fine particles (F-bed) tended to expand in the lateral direction faster than the
downward direction. This was because the capillary pressure of fine particles exerts a significant effect on the water propagation
behavior inside the packed bed compared to the gravitational force. The F-bed exhibited a little bit wider heat distribution than the C-
bed in the upper area, which corresponded to the water saturation spread across the entire area of the F-bed. At any given time, the C-
bed achieved significantly higher temperature in the major area of the packed bed by a higher infiltration flow rate that induced the
strong convection.

2) The greater supplied water flux resulted in deeper water saturation. The temperature increments of the higher supplied water
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Fig. 8. Water saturation and temperature of particle size 0.15 mm (F-bed) with supplied water fluxes of 0.15 and 0.20 kg/ms as a function of time:
(a) water saturation at 5 cm depth (x = 0, z = 5),
(b) temperature at 5 cm depth (x = 0, 2 = 5).

flux propagated deeper and faster in the direction of gravity along the z-direction corresponding to the saturation propagation. This
was because when increasing the supplied water flux, the gravity effect will overtake the influence of capillary pressure, allowing the
infiltration front and heated layer to expand widely in the z-direction. The increase in time did not significantly affect the water
saturation values around the infiltration surface in different supplied water fluxes. While the greater supplied water flux allowed the
faster infiltration rate, so the inflowing water accumulated in the lower part of the packed bed, establishing the existence of the trapped
water at the bottom of the packed bed. The water saturation at the bottom of the packed bed was, therefore, higher for a longer period
of infiltration time. Furthermore, the heating area was found to be expanding slower than the water saturation front in all conditions.

A better understanding of the influences that affect the hot water infiltration and transport phenomena in the granular packed bed
has been identified. Based on the research findings, it is possible to conclude that the particle size and supplied water flux have a
considerable impact on the water saturation and heat transfer of the granular packed bed during exposure to hot water infiltration. The
obtained results provide a function for a basic understanding of heat transfer and water infiltration in granular packed beds. The
findings can be used as basic information for numerous creative and innovative applications in several fields of engineering and
medicine.
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Nomenclatures

[ specific heat, (J/kg.K)
d, particle diameter (m)

g gravitational acceleration, (m/sz)
K permeability, (m?)

K, relative permeability

P pressure, (pa)

Pec capillary pressure, (pa)
q heat flux, (W/m3)

s water saturation

t time, (min)

T temperature, (°C)

u velocity in x-axis, (m/s)
v velocity in z-axis, (m/s)

Greek letters

€ porosity

) density, (kg/m>)

A effective thermal conductivity, (W/mK)
c surface tension, (N/m)

f supplied water flow rate, (kg/m?s)
Subscripts

1 liquid phase

g gas phase
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