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Abstract

This research conducted an experimental and numerical study of the solidification process of a water saturated porous
medium. The experiments were conducted in a rectangular test cell cooled from the lateral walls to obtain quantitative
temperature distribution and solidification interface motion. Solid glass and steel particles were used as the porous medium and
distilled water was the phase-change material. A one-dimensional mathematical model considered heat conduction as the only
mode of heat transfer in both the frozen and unfrozen layer. A comparison of the experimental data with numerical predictions of
the interface position and temperature distribution showed good agreement and thus confirmed the proposed mathematical model
for a system of glass particles and water. For a system of steel particles and water, the computed results give the same trends as

the experimental data.

Keywords: numerical simulation, coordinate transformation, saturated porous media, solidification process,

solidification interface

1. Introduction

The phenomenon of the solidification process in
saturated porous media occurs widely in nature and in many
engineering systems. Some of the specific applications include
crude oil transport in permafrost regions, transportation of
coal in cold weather, formation of ice on vehicles and struc-
tures, solidification of alloys or crystals, food processing,
chemical processes, and cryopreservation of engineered
tissues.

Many problems for simultaneous heat and mass
transfer in porous media have been studied by many authors
including: Weaver and Viskanta (1986); Beckermann and and
Viskanta (1988); Chellaiah and Viskanta (1989); Ng and
Mujumdar (1998); Zhang and Hung Nguyen (1999); Ismail
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and Henriquez (2000); Rattanadecho et al. (2001); Devireddy
et al. (2002), and Lu and Zhou (2002). Apart from the above,
Javierre et al. (2006) consi-dered the convenience of
numerical techniques and the accuracy of results by a
comparison between many numerical models and analytical
solutions. Serttikul and Rattanadecho (2007) studied the
numerical analysis of the melting process in phase change
materials. The variable space grid technique was combined
with the finite difference method to solve the results for
prediction. Olguin et al. (2007) studied the free boundary of
the Stefan problem by changing the thermal coefficient of the
substance with the finite difference method and compared it
with many methods from the exacted solutions. Rattanadecho
and Wongwises (2008) considerated the moving boundary-
moving mesh of a freezing process using combined transfinite
interpolation and the partial differential equation mapping
method. Sathaporn et al. (2008) researched the phenomena of
melting ice slurry on the external surface of a copper helical
coil and studied the influence of the coil diameter. Tan (2008)
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studied the melting of phase change material inside a sphere
using n-octadecane for both constrained and unconstrained
melting at different temperatures. Seeniraj and Sankara Hari
(2008) investigated the freezing of liquids in forced flow
inside convectively cooled tubes with the transient problem.
Hosseini (2012) showed experimental and numerical data in a
study of buoyancy driven flow during the melting process.
The effect of inlet temperature of the fluid was investigated.
Rattanadecho et al. (2014) reported the numerical and
experimental analysis of heat transport and water infiltration
in a granular packed bed due to hot water to predict the
infiltration shape of hot water by gravity. Hao et al. (2014)
presented the application of the moving mesh method for two-
phase flow in porous media. It is used to distribute more mesh
near the interface to improve the efficiency and accuracy of
the result.

Only a limited amount of experimental work has
been reported on heat and mass transport with saturated
porous media. Therefore, insight of the phenomenon is
incomplete. In dealing with the moving boundary problem, i.e.
the solidification process of saturated porous media, a
complication arises due to the motion of the solidification
interface with the phase transformation. The position of the
interface is unstable within the domains over which the heat
transport varies. The purpose of this work is to systematically
conduct the numerical and experimental studies of the
freezing process in a saturated porous media. This study
focused on different types of solid particles and freezing
temperatures on the solidification interface and temperature
distribution during the freezing process in saturated porous
media.

2. Experimental Apparatus

Figure 1 shows the apparatus where the solidifi-
cation experiments were performed which included a rec-
tangular test cell with inside dimensions of 130 mm height,
110 mm length, and 50 mm depth. All test cells were made
from acrylic resin. All sides of the test cells were covered by
60 mm thick Styrofoam to protect the effect of heat loss and
condensation of moisture at the walls. The cavity of the test
cell was filled with a mixture of water and uniform size
spherical beads (0.15-mm diameter) to serve as the porous
matrix. The heat source was provided at the vertical front wall
from a multi-pass heat exchanger. The heat exchanger was
connected through a system of valves to a constant tempera-
ture bath, where an ethylene glycol-water solution was used
as the coolant solution. Throughout the experiments, the test
cell was set up at a constant room temperature of 10 °C.
Temperature distributions in the test cell were measured using
Cu—Co thermocouples (0.6 mm diameter). All thermocouples
were positioned to measure along the horizontal center plane
in the test cell at 10-mm intervals. The thermocouples were
connected to the data logger which measured and stored the
temperatures at preselected time intervals. The position of the
solidification interface in the test cell was determined by
interpolating the fusion temperature from the thermocouple
recording.

Figure 2 shows the test cell of the solidification
process. Heat exchange was at freezing temperatures of the
phase change material in a packed bed that consisted of two
layers: frozen layer (1) and unfrozen layer (2). The solidi-
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Figure 1. Experimental apparatus: 1) test cell, 2) cooling heat
exchanger, 3) insulator, 4) cooling tank with refrigerator,
5) recorder, 6) thermocouples, and 7) control room.
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Figure 2. Test cell.

fication interface moved to all positions of the thermocouples
along the horizontal center plane of the test cell. Finally, a
comparison was performed of the behavior of solidification
between the numerical results and the experimental data.

3. Analysis of the Solidification Process in the
Saturated Porous Media

In Figure 3, the physical model consisted of two
layers, namely the frozen layer and unfrozen layer. Inside the
frozen layer, only heat transport took place, whereas inside the
unfrozen layer both heat and water transport occurred.
Initially, the system was at a uniform temperature greater than
or equal to the fusion temperature of the liquid. Attime t >0, a
uniform temperature less than the fusion temperature was
imposed on the left wall. Solidification was initiated at this
wall and the solidification interface moved from left to right.
The following simplifying assumptions were made in the
analysis:

1. Analysis of the solidification was in a saturated
granular packed bed of one-dimensional. The
solidification interface was planar for good
control of the temperature gradient in the
experiment.
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Figure 3. Physical model for solidification process.

2. The energy balance equation was considered at
the solidification interface which predicted the
position of the solidification interface. It was
based on an energy balance of an infinitesimal
control volume along the planar interface.

e  The uniform porosity of the porous media was
isotropic and homogeneous. Therefore, the
volume of the average model for isotropic and
homogeneous material could be used in the
theoretical and analysis.

3. Volumetric change from solidification was

negligible.

Natural convection was absent.

The frozen—unfrozen interface was clearly

defined, i.e. the phase-change material had a

well-defined fusion temperature.

6. The thermal equilibrium condition between the
phase-change material and the porous matrix
was considered. This may occur when the
porous matrix had a slightly larger thermal
conductivity than the phase change material,
and hence the interphase heat transfer could be
properly neglected.

a s

The energy conservation equations in the frozen and
unfrozen layers are given, respectively, by the following
equations.

In the frozen layer (ice + solid particle)

oT, o°T,

<’DCp>eff,Fa: o F o2 o)

and in the unfrozen layer (water + solid particle)

oT, o°T,

<Pcp>eff U E = keff U 87 @

where < pCp> . is the effective heat capacitance of the water
€

or ice and matrix mixture and keff is the effective thermal

conductivity which depended on the water or ice saturation.
Under the thermal equilibrium condition, the effective heat
capacity is given as

keff = gkice or water T (l - 8) k50|id particle )

<pCp>eff :8<pCp>iceorwater +(1_8)<’0Cp> @

solid particle

The solidification interface was caused by the
mechanism of phase changes in the material which was the
energy fed into the system converted to latent heat used for
phase change from the liquid to solid state. The motion of the
frozen layer or solidification interface is represented by

dR

or, orT.
Lose— =k <1 -k -2 ()
pg dt o ( 6X jx—R i ( aX jx—R

The initial conditions and the boundary conditions are:
Initial conditions

e Positions x>0,t=0, T, =T, = constant
Boundary conditions

e Positions x=0,t>0,T, =T,

e Positions x=1=0.1m, t>0, ﬂ=0
OX

e Positions x=R(t),t >0, T, =T, =constant = T_=0

4. Coordinate Transformation

To order solve the moving boundary problem that
includes phase change phenomena, complications arise due to
the motion of the evaporation front with elapsed time. In this
study, the governing equations for water and heat transport
were solved using a coordinate transformation technique
based on the boundary fixing method coupled with an implicit
time.

4.1 Coordinate transformation in the frozen layer

For the coordinate transformation in the frozen
layer, the following coordinate system is

- * (6)
n R® 0 < x <R(Y)
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where R(t) is the distance between the heated surface and the
solidification interface. By using this coordinate system, the
physical space f(x,t) is transformed to a mapping

space ( f (17(x,t),t)). The differential operators with coordi-
nate transformation are mathematically related through the

following equations (Farrashkhalvat & Miles, 2003;
Rattanadecho, 2008):

o _ 9om_1 0 ™
OX on ox R on

o _ dom 0 _ 8 _nRO 8)
ot on ot ot ot R on

where R denotes the time derivative of the evaporation front
location. Corresponding to Equations 7 and 8 after some
mathematical manipulations, the energy transfer equation in
the frozen layer (Equation 1) can be transformed.

o, MRAT, Kar T, (g
(PCo)ur o = (P p%;ﬁ@* RE orf ©

4.2 Coordinate transformation in the unfrozen layer

The following coordinate transformation is utilized
in the unfrozen layer:

_ X=RO ey < ox< (10)

I —R(t)
where | denotes the total length of packed bed. Also, in
using this coordinate system, the physical space f(x,t) is
transformed to the mapping space ( f (g(x,t),t)). The dif-
ferential operators with coordinate transformation are also

5.1 Heat transport equation in the frozen layer

<pCpef‘f JF >:1+|1 Tlt]iﬂ - <pcpeff,F >:1,i Tlnl

mathematically related through the following equations (Far-
rashkhalvat & Miles, 2003; Rattanadecho, 2008):

o _ 909 _ 1 o 1)
ox dc ox  1-Roc
0 _ 00 0 _ 0 Rl-g)d 12)

&t ocot ot ot 1-R oc

Using Equations 12 and 13, the moisture and energy transfer

equation in the unfrozen layer (Equation 4) can then be trans-
formed to the following:

orT,
<pcp >eﬁ u KZ

_(pe,), RO, kay T,
Plu TR o (1-R) oc”
(13)

4.3 Coordinate transformation at the solidification
interface

The motion of solidification interface (Equation 5)
can also be transformed and is given by:

keff U aT

dR _ keff,Fal _
s (—R0s

Le— = (14)
L gdt R on

x=R

5. Numerical Schemes

In this study, the method of finite differences based
on the notion of the control volumes was used. The ge-
neralized system of the nonlinear equations (Equations 9, 13,
and 14) was integrated over typical control volumes. After
integration over each control volume within the computational
mesh, a system of nonlinear equations resulted whereby each
equation could be cast into a numerical discretization of the
generalized conservation equation.

n+l n+l

nR <pCpeff F >TM/2 Tl,nijlz - <pCpeff F >T1H/2 Tl,nijlz

At R An (15)

Tn+1 _-I-n+1 Tn+1 _Tn+l

+£i (k )”+1 Lit1 ~ i —(k )"+1 Li Li-1

RAn| N e RA7n M niye RA7n
5.2 Heat transport equation in the unfrozen layer
n+1 4 n n+l Nt n+1 N+
<PCpeff u >T2i T = <pCpeff U >T2i T (1-2)R <pCpef‘f U >TZMZ Tz,i+l1/2 - <pcpef‘f U >TZHZ T2,i—11/2

At ~ /-R Ag (16)

" 1 i ( )n+1 Tzrji:ll - 2T2n|+ ! _ (k )n+1 2T2n|+ ! —Tzrjitll

(—R) Ag| V" i (1-R)Ag TR ((-R)Ag

where n is the current iteration index and n +1 is the new iteration index.
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5.3 Solidification interface equation

3RM —4R" +R™
2At

piL

n+1 n+1 n+1
=3T,, +4T,;" —T,,

- keff,F

627
1 1 1
3T1?e;d — 4Tlt1et1d a7t Tlf]e;d -2 |
2 R n+lA n
X=R )

eff U

Finally, to obtain values for all stage variables at the
marching time, the system of nonlinear equations must be
resolved. This procedure was carried out in two distinct stages
including the outer and inner iteration phases. During the
outer iteration phase, the system of the nonlinear equation is
linearized according to the standard Newton—Raphson
method. During the inner iteration phase, the system is solved
by employing the standard successive overrelaxation method.
The conditions for numerical analysis are initial conditions of
thermal properties are used to calculate the thermal properties,
initial of solidification interface and initial of the distribution
temperature determined of a thin layer in frozen layer at the
beginning of the process to make it easier to calculate. Grid
convergence is 150 grid used to describe the improvement of
results using successively smaller cell sizes for the
calculations. The fully implicit time discretization finite
difference scheme was used to arrive at the solution in time.
The time step was 1s and relative error in the iteration pro-
cedures of 10 was chosen. Additionally, the details regarding
numerical discretization of this method can be found in the
recent literature.

6. Uncertainties Analysis

When we report a fractional uncertainty of some
parameters,U , we write it as

D} +D? +..+ D}

N

(18)

where N is the number of cases the measurement is per-
formed and U refers to the fractional uncertainty. If on the
other hand, the best estimate of a parameter is determined by
making repeated measurements and computing the average
value from the multiple trials, the uncertainty associated with
each measurement can be determined from the standard
deviation, D. Mathematically, the standard deviation can be
expressed as

n

2 =X)?
D= i=1
n-1

(19)

where N is the number of times the measurement is per-

formed, X; corresponds to the | measurement of the para-

meter X, and is the average value of X . Typically, the

2(1 _ Rn+1)g

x=R

uncertainty is small compared to the measured value, so it is
convenient to multiply the fractional uncertainty by 100 and
report the percent uncertainty as

Percent Uncertainty = Fractional Uncertainty x 100 (20)

7. Results and Discussion

In this study, the saturated porous packed bed
consisted of water and spherical solid particles. The properties
used for computations are given in Table 1. Water and ice and
two types of particles with the same diameter of 0.15 mm and
porosity of 0.385 were considered, i.e. glass and steel beads.
The following results show the effects of the type of solid
particle and power input on heat transport phenomena within
the saturated porous packed bed.

Table 1. All properties used for computations.
Properties Water Ice Glass Steel
particle particle
K 05721e°"  2.2036e ™7 14  83.693¢ °™
G 42068e** ™7 20558¢°"*" 080  389.99e" "
p 10007e ™" 917.02¢ T 2500 7870

The computed results from the unsteady problem
were extracted and analyzed with the experimental data under
various conditions. The percent uncertainty of the experi-
mental data obtained was 7.2.

Figure 4 shows the time variation of the frozen layer
thickness for the case of water-glass particle (GB) bed with
freezing temperatures Ts = -5 °C, Ts =-8 °C, and Ts = -10 °C.
It was observed that the thickness in the case of Ts = -10 °C
grew faster in the solidification process compared with Ts = -8
°C and Ts = -5 °C. These results may be explained by
considering the latent heat of freezing and heat transfer in the
frozen layer. In general, lower freezing temperatures
corresponding to the case of Ts = -10 °C resulted in higher
exothermic reaction as the latent heat leading to a higher
solidification rate. In addition, at the later stages of the
solidification process, the growing rate of the frozen layer
decreased due to the resistance to heat transfer from lateral
walls to the unfrozen layer. The calculated results were in
good agreement with the experi-mental results for the
solidification process.
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Figure 4. Predicted and experimental solidification interface for the
cases of water-glass particle (GB) at freezing temperatures
Ts=-5°C, Ts=-8°C, Ts=-10 °C.

Figure 5 shows the temperature profiles in the
packed bed for the case of the GB bed with Ts = -5 °C, -8 °C,
and -10 °C. In general, the temperature in the packed bed
dropped faster in the case of Ts = -10 °C compared with Ts = -
8 °C and Ts = -5 °C. Furthermore, a lower freezing
temperature resulted in faster propagation of the solidification
interface for the same duration in every case of Ts. This
occurred because of the latent heat and higher heat transfer
rate mentioned earlier. The results agree well with the
experimental results for the solidification process.

Figure 6 shows the time variation of the frozen layer
thickness for the steel particle (Stl) bed with freezing
temperatures Ts = -5 °C, -8 °C, and -10 °C. It was observed
that the thickness in the case of Ts = -10 °C was larger in the
solidification process compared with Ts = -8 °C and -5 °C.
These results were due to the latent heat of freezing and heat
transfer in the frozen layer. In general, lower freezing
temperatures corresponding to Ts = -10 °C resulted in more
latent heat and at the same time led to a higher heat transfer.
In addition, although heat transfer resistance increased with
time, the growing rate of the frozen layer became greater in
the later stages of the process due to the higher thermal
diffusivity of steel. The calculated results are in agreement
with the experimental results for the solidification process.

Figure 7 shows the temperature profiles in the
packed bed for the case of the Stl bed with Ts = -5 °C, -8 °C,
and -10 °C. In general, the temperature in the packed bed
dropped faster in the case of Ts = -10 °C compared with Ts = -
8 °C, and Ts = -5 °C. Furthermore, a lower freezing
temperature caused the solidification interface to move faster
for the same duration in every case of Ts. This result was
observed previously in the case of the GB bed. This is because
of the latent heat and higher heat transfer rate as mentioned
earlier. In addition, the temperature of the unfrozen zone
above 0 °C decreased more compared with the GB bed due to
the large thermal conductivity of steel. Even though the model
under-predicts temperatures during the first two hours of the
process, the overall results agreed reasonably well with the
experimental data.
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Figure 5. Comparison of the temperature distribution between the
predicted and experimental data for the cases of water-
glass particle (GB) at freezing temperatures (a) Ts = -5 °C,
(b) Ts=-8°C, (c) Ts=-10°C.
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Figure 6. Predicted and experimental solidification interface for the
cases of water-steel particle (Stl) at freezing temperatures
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Figure 7. Comparison of the temperature distribution between the
predicted and experimental data for the cases of water-steel
particle (Stl) at freezing temperatures (a) Ts = -5 °C, (b)
Ts=-8°C, (c) Ts=-10°C.

The time variation of the frozen layer thickness is
depicted in Figure 8 for the case of the GB bed and Stl bed at
Ts = -8 °C. It was observed that the thickness in the Stl bed
got larger in the solidification process compared with the GB
bed. These results were due mainly to the higher thermal
conductivity that caused a higher heat transfer rate within the
packed bed. Further, at the later stages of the solidification
process, the growth rate of the thickness in the case of the Stl
bed became partially higher compared with the GB bed due to
the fact that steel not only has higher thermal conductivity but
also heat capacity.

Figure 9 compares the temperature profiles in the
packed beds for the cases of the GB bed and Stl bed at Ts = -8
°C. In general, the temperature in the packed bed drops faster
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====  Num.GB.

91 N Exp. GB.
'E' s Num. St
= . Exp. Stl.,
O 7 4
o
o
R
2
£ -
= +
]
" 41
=
- -
5 31 i
R pammmT

Pf. A7

0 ¥ t t t

0 1 2 7 4
Time [hr]

Figure 8. Comparison between the predicted and experimental
solidification interface for the cases of water-glass particle
(GB) and water-steel particle (Stl) at Ts =-8 °C
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in the case of the Stl bed compared with the GB bed. This is
because of the higher thermal conductivity of steel that causes
higher heat transfers in the packed bed.
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Figure 9. Comparison between the predicted and measured

temperature profiles for the cases of GB and Stl at (a) at 1
h (b) at 4 h with Ts=-8 °C .

8. Conclusions

The solidification process in water saturated porous
medium was investigated experimentally and numerically
considering beds of solid particles of glass and steel and
freezing temperature to obtain quantitative temperature dis-
tribution and solidification interface propagation. The one-
dimensional solidification model associated with phase
change conditions and the coordinate transformation tech-
niques for a moving boundary problem were thoroughly pre-
sented. The proposed model is used to predict the solidi-
fication interface position and temperature distribution. The
numerical prediction and experimental data showed good
agreement and thus confirms the mathematical model for a
system of glass particles and water. However, for a water-steel
particle system, the agreement between predictions and
experimental data was not as good since the thermo-physical
properties in the unfrozen layer were inadequate.

The errors involved in the process stem from
limitations of the numerical methods. The error arisen from
the initial solidification interface and initial temperature
distribution imposed for a thin layer in frozen layer at the
beginning of the process to make it possible to calculate. The
differences between the numerical and experimental results
are attributed mainly to the heat loss during the experiments
and measurement errors. Additional discrepancies may be due
to the mathematical model that neglects the effect of natural
convection.
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Appendix
Nomenclature
C specific heat capacity [J/kgK]
k" thermal conductivity in frozen layer [W/mK]

L latent heat [J/kg]

total length [m]

length of solidification interface (m)
temperature [°C]

time [s]

coordinate axis [m]

X ~ - Qg =—

Greek letters
3 3
& porosity [m /m ]

3
P density [kg/m ]

ng coordinate transformation

Subscripts

0 initial

1,F frozen layer
2,U unfrozen layer
eff effective

Abbreviations

Exp. experiment
Num.  numerical
Stl. water-steel particle

GB water-glass particle



