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ABSTRACT

The characteristics of heat transfer and water infiltration by hot water into a two-
layered two-dimensional granular packed bed have been investigated experimentally. This
study aims to understand the influences of the layered configuration of the granular packed
bed, supplied water temperature, and supplied water flux on the water infiltration and heat
transport in the two-layered granular packed bed. The study illustrated the dynamics of heat
transfer and water infiltration in various testing cases. The results showed that the layered
configuration of the granular packed bed, supplied water temperature, and supplied water
flux have significant effects on the water infiltration and heating pattern of the packed bed.
In the case of smaller particles on top (FC-bed), the infiltration front tends to expand in the
lateral direction faster than the downward direction. The higher supplied water temperature
results in a deeper and wider infiltration. Furthermore, the heating zone is found to be mov-
ing a little slower than infiltration front propagation. The findings can be used as basic in-
formation for research on other purposes such as heat and water movement in the ground.

Keywords: Granular packed bed; Heat transfer; Temperature distribution; Water infiltra-
tion

1. Introduction for many fields such as hydrology, soil sci-
The knowledge of the water infiltra- ence, agriculture, civil engineering, and
tion process in porous media is important chemical engineering. Infiltration of water

in dry porous media is subject to various
gravity-driven mass-transport processes.
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The infiltration of water is affected by
several intrinsic and extrinsic factors. The
intrinsic factors affecting the infiltration of
water are the hydraulic conductivity func-
tion, water retention characteristics, and
porosity of media. The extrinsic factors
mainly refer to climatic conditions, such as
water flow pattern, ambient temperature,
water flow rate, and surface tension.

Many researchers have carried out
research on water infiltration in porous me-
dia both experimentally and numerically
up to date. Hammecker et al. [1] took a
complete set of measurements at various
scales and with different techniques and
showed that water infiltration into soil is
governed by the presence of air trapped be-
tween two wetting fronts, namely, irriga-
tion in the upper part and the water table at
the lower limit. Gvirtzman et al. [2] pre-
sented two large-scale field experiments
conducted to track water flow through un-
saturated stratified loss deposits. In the ex-
periments, a trench was flooded with water,
and water infiltration was allowed unit full
saturation of the sediment column. The
processes were also simulated using a two-
dimensional numerical code that solves the
flow equation. The results indicated that
above-hydrostatic pressure is developed
within intermediate saturated layers, en-
hancing wetting front propagation. Ma et
al. [3] presented a five-layered soil column
infiltration experiment to assess the valid-
ity of the proposed updated Green-Ampt
model against the standard Green-Ampt
model. The fitting of experimental data
showed that the modified Green-Ampt
model can be used as an effective and prac-
tical method to estimate water infiltration
in layered soils, and the introduced satura-
tion coefficient reflects the effect of air en-
trapment on water infiltration. Ayu et al.
[4] measured the infiltration rate of various
types of soil in dryland areas using the dou-
ble-ring infiltrometer. The data analysis re-
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vealed that soil properties affecting infiltra-
tion rate in the research locations are sand
and clay percentages, soil moisture con-
tent, bulk density, particle density, soil or-
ganic matter, and soil porosity. Langston
and Kennedy [5] developed a numerical
model to test spectroscopic parameters re-
lated to the packing behavior of relatively
large, near-spherical NaCl beads and mix-
tures of beads of various sizes. The excel-
lent reviews concerning the flow of water
in porous media with saturation overshoot
have been performed by Xiong [6]. Repre-
sentative works, for related numerical
problems of unsaturated flow under infil-
tration conditions for different applica-
tions, include Henry and Smith [7], Ro-
mano et al. [8], Corradini et al. [9], Gomez
et al. [10], and Sayah et al. [11].

The inclusion of heat transfer into
the infiltration process was also consid-
ered. Understanding heat transfer in a gran-
ular packed bed or porous media with wa-
ter infiltration due to capillary action is im-
portant in a variety of soil science and
chemical engineering applications, such as
soil temperature regulation, geothermal en-
ergy recovery, thermal energy storage, and
various chemical reactors. Up to the pre-
sent time, the related applications of heat
transfer and water infiltration in porous
media have been investigated both experi-
mentally and numerically. In the last dec-
ade, only a few experiments have been re-
ported. Bandai et al. [12] experimented to
investigate the effect of particle size on
thermal and solute dispersion in saturated
porous media. The study showed that the
thermal dispersion coefficient was influ-
enced by particle size. A few numerical in-
vestigations have also been carried out by
some researchers. Boonwan et al. [13] de-
veloped a mathematical model to predict
soil temperature for the growth of chrysan-
themum sprouts. The result has been com-
pared with an experimental study. It was
found that the soil temperatures obtained
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from the model were slightly higher than
the measure values. D.Gobin et al. [14] de-
veloped a macroscopic model of casting a
metal foam solidification of liquid metal in
porous media and infiltration. The devel-
oped model was used to determine the in-
fluence of the operating conditions on the
penetration depth and on the solidification
time in a simplified geometry before using
this local information in a macroscopic ho-
mogenized model.

Our research group has also been
studying for a coupled heat transfer with
water infiltration in the porous medium
[15-16]. Suttisong and Rattanadecho [15]
conducted an experimental investigation of
heat transport and water infiltration in a
vertical granular packed bed column. The
results showed that the granular packed bed
with a larger particle size results in a faster
infiltration rate and forms a wider infiltra-
tion depth. Rattanadecho et al. [16] carried
out a one-dimensional model assuming the
local thermal equilibrium between water in
a vertical granular packed bed column. The
calculated temperature distribution, water
saturation, and infiltration depth were com-
pared with the experimental results. It was
found that a greater supplied water flux
corresponds to temperature along a granu-
lar packed bed for each time increment and
higher water saturation. The numerical re-
sults closely match the experimental re-
sults.

Although the process of water infil-
tration has been studied for many years,
there are still very few studies that report
the problem of heat transfer coupled with
the unsaturated flow in two-dimensional
granular packed bed systematically. Espe-
cially the work considering the effect of
particle sizes on transport phenomena with
capturing infiltration depth in the two-di-
mensional packed bed has not been inves-
tigated before. This work is substantially
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extended from our previous work [15], in
which we propose to consider the effect of
layered configuration in the analysis. The
purpose of this paper is to clarify the char-
acteristics of heat transfer and water infil-
tration into a two-layered two-dimensional
granular packed bed. The effects of layered
configuration, supplied water temperature
and supplied water flux on heat transport
and water infiltration are investigated ex-
perimentally. The obtained results provide
a basis for a fundamental understanding of
heat transfer and water infiltration in gran-
ular packed beds.

2. Experimental Apparatus

Fig. 1 shows the experimental appa-
ratus for a two-layered two-dimensional
rectangular granular packed-bed. The rec-
tangular test column is made of rigid
acrylic plastic with inside dimensions of 30
cm in length, 20 cm in height, and 5 cm in
width. The test cell is surrounded by 6 cm
thick Styrofoam to reduce heat loss and
moisture condensation at the wall. The test
column is filled with uniform size (d)
spherical glass beads with a diameter of
0.05 mm (F-Bed), and 0.15 mm (C-Bed).
Glass beads are packed in the test column
with the thermocouples on the column’s
axis in the final setup. The hot water is sup-
plied (supplied water flux, f*) from a tank,

that is heated to a specific temperature (7,

), to the top of the granular packed bed
through a distributor. A control valve con-
trolled the hot water supply where the wa-
ter flux is calculated from the measured
volume used over a period of time. Meas-
urement of temperature distributions inside
the test column is accomplished using ther-
mocouples. A data logger connected to a
computer records all 24 locations of the test
column’s thermocouples.
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1. Water tank 2. Water pump

3. Control value 4. Granular Packed Bed
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Fig. 1. Schematic diagram of the experiment set-up: (a) experimental apparatus for two-layered
two-dimensional rectangular granular packed-bed. (b) a symmetrical model represents the heat
transfer and water infiltration within the two-dimensional granular packed bed.

3. Results and Discussion
3.1 Parametric study

In this study, the dynamics of heat
transfer and water infiltration are described
for differing circumstances. The study em-
ploys particle sizes of 0.05mm (fine parti-
cles) and 0.15mm (coarse particles) in di-
ameter. We consider two porous packed
bed systems, FC-bed (fine bed attached
over coarse bed) and CF-bed (coarse bed
attached over fine bed). The result focuses
attention on the comparison of cases in
arranging a large particle layer on top (CF-
bed) and a small particle layer on top (FC-
bed). The influences of three parameters,
namely, the layer configuration (CF-Bed
and FC Bed), the supplied water tempera-
ture (25 °C, 45 °C, and 55 °C), and the sup-
plied water flux ( / = 0.15 kg/m’*s and [
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= 0.20 kg/m’s) have been systematically
investigated. From the parametric study,
we observe the effects associated with each
factor and analyze their contributions to the
water infiltration, the infiltration front, the
temperature distribution, and the tempera-
ture increase.

3.2 Effect of layer configuration

Figs. 2 and 6 show the effect of layer
configuration on water infiltration in the
granular packed beds at the supplied water
fluxes of 0.15 kg/m?*s and 0.20 kg/m?’s, re-
spectively. As shown in the results, the wa-
ter permeability in the CF-bed is faster than
the water permeability in the FC-bed. This
is due to the large particle layer (coarse par-
ticle) being placed in the upper part of the
CF-bed. In the upper part of the CF bed, the
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water permeability is relatively high due to
a little water retention of large porous par-
ticles, causing the water to infiltrate down-
ward quickly and spread only a small dis-
tance in the lateral direction. When the
small particle layer (fine particle) is placed
below, high capillary pressure results in
slowing the infiltration downward and a
wider spread of the water distribution over
the entire region. As for the FC-bed parti-
cles, the small particle layer placed in the
upper part of the FC-bed, which contains
very small continuous pores, has low per-
meability and transmits water very slowly.
The water slowly transmits through the
small particles on the upper part and tem-
porarily stops further infiltration when it
reaches the boundary between the upper
and lower porous layers due to the effect of
the high capillary pressure in the small par-
ticle layer. As a result, the water spreads in
a lateral direction of the small particles
packed bed on the top layer as shown in
Figs. 6 and 7. When the capillary pressure
drops below the liquid pressure, the water
will continue to fill the pores of the large
particle layer below.

Figs. 3 and 7 show the effect of layer
configuration on temperature distribution

CF-Bed

250C

in the granular packed beds at the supplied
water fluxes of 0.15 kg/m’s and 0.20
kg/m?s, respectively. As seen, the FC-bed
has a wider heat distribution than the CF-
bed in the top layer, which corresponds to
the water spread across the entire area of
the packed bed. This is because the top
layer with smaller particles has a large wa-
ter retention capacity, allowing the water to
infiltrate and move slowly. Therefore, the
heat has a longer time to be accumulated in
the pore space of the small particles on the
top layer before it is transmitted down to
the bottom layer. Compared to the CF-bed,
it has a smaller heat distribution but the
heated region penetrates faster and deeper.
This is due to the lower water retention ca-
pacity and high permeability of the large
particle layer placed on top of the CF-bed
that allows the water to pass through it eas-
ily. Besides it is observed that the heating
zone is moving a little slower than infiltra-
tion front propagation. This is because the
high-temperature gradient during the early
stage of infiltration causes heat dissipation
into the environment so that the heat loss
that occurs along the way leads to a drop in
temperature in the deep region beneath the
infiltration distributor.

FC-Bed

|

450C || | I
AL,

b
==

550C

M«ﬁ

20 min 50 min
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Fig. 2. Experimental results of water infiltration in CF-bed and FC-bed at various times (supplied

water flux f = 0.15 kg/m®).
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Fig. 3. Experimental results of temperature distribution in CF-bed and FC-bed at various times

(supplied water flux f =0.15 kg/m’s).

3.3 Effect of supplied water temperature
The supplied water temperature also
affects water infiltration and heat transfer
in the two- layered granular packed bed.
Figs. 4 and 8 show the effect of supplied
water temperature on infiltration front in
the granular packed beds at the supplied
water fluxes of 0. 15 kg/ m*s and 0.20
kg/m?’s, respectively. As we noted earlier,
the FC-bed had poor permeability com-
pared with CF-bed. Moreover, according to
the results in Figs. 4 and 8, when increasing
the supplied water temperature, the infiltra-
tion rate will be faster as a result of the ca-
pillary pressure reduction at the wetting
front. This is because water infiltration in
the granular packed bed takes place as a re-
sult of gravity and a capillary pressure gra-
dient. The capillary pressure gradient gov-
erns liquid phase migration, which is also
heavily influenced by temperature and cor-
responded to the surface tension.
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Fig. 4 Comparison of infiltration front in CF-
bed and FC-bed at different supplied water
temperatures: (a) infiltration front in z-axis, (b)
infiltration front in x-axis, (supplied water flux
/=0.15 kg/m?s).
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@

Fig. 5. Comparison of temperature increase in
CF-Bed and FC-Bed at the supplied water flux

f =0.15 kg/m®s: (a) supplied water tempera-
ture 45°C, (b) supplied water temperature 55°C.

3.4 Effect of supplied water flux

The supplied water flux also plays
an important role in water infiltration and
heat transfer in the two-layered granular
packed bed. Figs. 2 and 6 show infiltration
in the granular packed beds at the supplied
water fluxes of 0.15 kg/m’s and 0.20
kg/m’s, respectively. It is found that the
higher supplied water flux results in a
faster infiltration rate and forms a wider in-
filtration layer. Fig. 10 shows the effect of
supplied water flux on infiltration front in
the granular packed beds. As we know, wa-
ter infiltration takes place as a result of
gravity and a capillary back-pressure. For
the same layer configuration, a higher sup-
plied water flux allows faster infiltration
front movement, especially in the direction
of gravity due to the gravitational force ex-
erted downward in the z-direction as shown
in Fig. 10. Moreover, a greater supplied
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water flux corresponds to higher water sat-
uration. The higher water saturation leads
to lower capillary back-pressure which is
much less than the gravitational effect re-
sulting in an increase in water infiltration
capacity. As shown on the graph in Fig. 10,
the expansions of water infiltration front in
both x and z-directions are found because
capillary pressure also exerts a significant
effect on the water propagation behavior
inside the packed bed compared to the
gravity. However, in the case of smaller
particles on top (FC-bed), the infiltration
front tends to expand in the lateral direction
(x-direction) faster than the CF-bed. This is
because the capillary pressure becomes
stronger than the gravity force which con-
trols the fluids distribution in the top part
of the packed bed.

Figs. 5 and 9 show the temperature
increases in the granular packed beds at the
supplied water fluxes of 0.15 kg/m?s and
0.20 kg/m’s, respectively. As a result of
water infiltration, there is an increase rec-
orded in the granular packed bed tempera-
ture. It can be observed that for the same
packed bed configuration, the temperature
increases present similar patterns along the
z-axis for all cases. Comparison between
the temperature increases in the packed
beds while exposed to the supplied water
fluxes of 0.15 kg/m’s (Fig.5) and 0.20
kg/m?s (Fig.9). It can be seen that in the
case of higher supplied water flux, the tem-
perature increments are propagated deeper
and faster in the direction of gravity along
the z-direction corresponding to the infil-
tration front propagation. This is because
when increasing the supplied water flux,
the gravity effect will overtake the influ-
ence of capillary pressure, allowing the in-
filtration front and heated layer to expand
widely in the z-direction.
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CF-Bed

20min 30 min  Finish 30min 120 min Finish

Fig. 6. Experimental results of water infiltration in CF-bed and FC-bed at various times (supplied
water flux f =0.20 kg/m®).

CF-Bed

20min  30min  Finish 40 min 180 min Finish

Fig. 7. Experimental results of temperature distribution in CF-bed and FC-bed at various times
(supplied water flux f = 0.20 kg/m’s).
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Fig. 8. Comparison of infiltration front in CF-bed and FC-bed at different supplied water
temperatures: (a) infiltration front in z-axis, (b) infiltration front in x-axis (supplied water flux f =
0.20 kg/m?s).
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Fig. 9. Comparison of temperature increase in
CF-Bed and FC-Bed at the supplied water flux

f = 0.20 kg/m?s: (a) supplied water tempera-
ture 45°C, (b) supplied water temperature 55°C.
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(a) infiltration front in x-axis at supplied water

temperature 25°C,

(b) infiltration front in z-axis at supplied water

temperature 25°C,

(c) infiltration front in x-axis at supplied water

temperature 45°C,

(d) infiltration front in z-axis at supplied water

temperature 45°C,

(e) infiltration front in x-axis at supplied water

temperature 55°C,

(f) infiltration front in z-axis at supplied water

temperature 55°C.
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4. Conclusion

The characteristics of heat transfer
and water infiltration by hot water into a
two-layered two-dimensional granular
packed bed have been investigated experi-
mentally. The study illustrated the dynam-
ics of heat transfer and water infiltration in
various testing cases. The findings explore
the effects associated with each factor and
analyze their contributions to the water in-
filtration, the infiltration front, the temper-
ature distribution, and the temperature in-
crease. The key findings can be summa-
rized as follows:
1) The CF-bed has a fast downward infil-
tration rate compared with the FC-bed be-
cause of a little water retention of large par-
ticle layer placed in the upper part of the
CF-bed. In the case of smaller particles on
top (FC-bed), the infiltration front tends to
expand in the lateral direction faster than
the downward direction. This is because
the capillary pressure of fine particles ex-
erts a significant effect on the water propa-
gation behavior inside the packed bed com-
pared to the gravitational force. Moreover,
the water temporarily stops further infiltra-
tion when it reaches the boundary between
the upper and lower porous layers due to
the effect of the high capillary pressure in
the small particle layer.
2) When increasing the supplied water tem-
perature, the infiltration rate will be faster
as a result of the capillary pressure head re-
duction at the wetting front. The heating
zone is moving a little slower than infiltra-
tion front propagation because the heat loss
that occurs along the way leads to a tem-
perature drop at the infiltration front posi-
tion.
3) Increasing the supplied water flux re-
sults in a faster infiltration front moving es-
pecially in the direction of gravity because
of the gravitational force exerted down-
ward in the z-direction. In the case of
higher supplied water flux, the temperature
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increments are also being propagated
deeper and faster in the downward direc-
tion corresponding to the infiltration front
propagation.

A better understanding of the influ-
ences that affect the water infiltration and
heat transport in the two-layered granular
packed bed has been identified. Based on
the results, it can be concluded that the lay-
ered configuration of the granular packed
bed, supplied water temperature, and sup-
plied water flux have significant effects on
the water infiltration and heating pattern of
the packed bed. The obtained results pro-
vide a basis for a fundamental understand-
ing of heat transfer and water infiltration in
granular packed beds. The findings can be
used as basic information for research on
other purposes such as heat and water
movement in the ground.
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