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Abstract

This study presents a systematic experimental method of estimating the extent of the phase front under the local
thermal non-equilibrium condition in porous media saturated with phase change materials (PCM). It describes a
comparison of measured temperature of the solid matrix at pre-selected sites with the average pore temperature in
order to substantiate the existence of the local thermal non-equilibrium condition. Also, the measured data are
compared with the theoretical predictions reported in the literature. The agreement between the experimental and
theoretical prediction is highly satisfactory. The results clearly show that, early during the phase change process, the
Sparrow number is relatively small and the solid matrix is not at the local thermal equilibrium with the pore
materials. At larger time, the Sparrow number rapidly increases and the system approaches the local thermal

equilibrium condition.
© 2004 Published by Elsevier Ltd.

1. Introduction

Thawing and freezing in porous media are often
encountered in the field of science and engineering.
These applications range from cryopreservation and
cryosurgery of biological tissues, freezing of soil, and
food preservation to thermal storage systems for passive
cooling of electronic devices. Solidification in a flow
through a porous medium is also commonly encoun-
tered in the formation of metal matrix composites by
infiltration of molten metals into fibrous preforms of
composite [1]. The moving boundary problems in
homogeneous materials have been the subject of inves-
tigation for many decades [2]. A review of the literature
indicates that very little work has been done to study the
phase change phenomena in porous media under the
condition of local thermal non-equilibrium (LTNE).
Ellinger and Beckermann [3] reported an experimental
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study of the melting of a pure substance in a vertical
rectangular enclosure that is partially occupied by hor-
izontal or vertical layers of a relatively high thermal
conductivity porous medium. They observed that the
differences in thermophysical properties between the
porous layer and the pure fluid layer have a strong effect
on the movement and shape of the solid/liquid interface.
Beckermann and Ellinger [4] investigated natural con-
vection (solid/liquid phase change) in porous media by
treating the entire domain as a single region governed by
one set of conservation equations. They concluded that
some deficiencies exist between results obtained from
their mathematical and experimental models. Song and
Viskanta [5] conducted a theoretical and experimental
investigation of the lateral freezing of an anisotropic
porous medium saturated with an aqueous salt solution.
In their theoretical study, they assumed local thermal
equilibrium (LTE) between the solid matrix and the
fluid. They concluded that the porous matrix phase af-
fected the freezing of an aqueous salt solution by offer-
ing an additional resistance to the motion of the fluid
and migration of separated crystals. In a numerical and
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Nomenclature

A surface area, m?

c C=¢Cp+(1—¢)C;, Im3K"!

CB containment box

C, mean heat capacitance of materials in pores,
Jm3K!

C; solid heat capacitance, Jm~> K~!

h interstitial  heat  transfer  coefficient,
Wm2K-!

H porous layer thickness, m

k thermal conductivity, W/m K

L latent heat of fusion, J/kg

LTE local thermal equilibrium

LTNE local thermal non-equilibrium

PCM  phase change material

r T¢/Ta

R, contact resistance, m> K W—!

r position vector, m

S volumetric heat source, Wm™>

SD standard deviation

SMTP solid matrix temperature probe

Sp Sparrow number, AX?2/(kery)

t time, s

T phase change temperature, K

Ty surface temperature at x = 0, K

T, mean temperature of pore materials, K

T: solid matrix temperature, K
x,y,z coordinates, m

X location of the front, m

X+ X\/2pL/[mtake(Ty — Tm)]

14 volume, m?

Greek symbols

o thermal diffusivity, k./C, m?s~!
£ /v

n /T

0p (Tprm)/(TO*Tm)

05 (Ts_Tm)/(TE)_Tm)

¢ x/ym

P density, kgm?

Ta Cyt/C + 14

Te Cry/C

Tq lag time in heat flux, s

Ty lag time in temperature, s
Subscripts

c contact

e equivalent

h hydraulic

1 liquid

p pore

s solid

experimental study on the freezing of a porous medium
in contact with a concentrated aqueous freezant, Lucas
et al. [6] analyzed the heat and mass transport through
the porous medium based on local thermal equilibrium.
They attributed the discrepancy between their numerical
and experimental results to their assumption of local
thermodynamic phase equilibrium between the solid
matrix and the fluid.

Previous investigations conducted on flow through
porous media hypothesized that the solid matrix and the
primary material within the pore satisfy the local ther-
mal equilibrium condition, thus heat transfer parameters
were predicted based on the isothermal condition. Sa-
hraoui and Kaviany [7-9] reported a one-equation
model of the heat transfer process associated with the
boundary between the fluid and solid phase in the por-
ous media. The existence of a local thermal equilibrium
condition in porous media becomes uncertain for
applications that involve rapid heating processes, and in
nuclear reactor modeling where the temperature gradi-
ent between the fluid and solid matrix is significant.
Ochoa-Tapia and Whitaker [10] reported heat transfer
analysis based on a two-equation model at the boundary
between a porous medium and a homogeneous fluid.
They found that flux jump conditions exist between a

porous medium and a homogeneous fluid when the
condition of local thermal equilibrium is invalid and, as
a result, separate transport equations are required for
each phase. Recently, Vafai and Sozen [11] reported a
two-phase equation model of flow through a porous
medium. Results obtained from their study revealed a
significant discrepancy between the fluid and solid phase
temperature distribution.

The location of the phase front in porous media
saturated with phase change material is often predicted
based on the assumption of a local thermal equilibrium
(LTE) condition. During the phase change process, it is
expected that the temperature of the solid matrix
encapsulating the pore will be higher than the temper-
ature of the pore materials during melting and lower
during freezing. Therefore, the assumption of a ther-
modynamic equilibrium condition during the phase
change process is somewhat unrealistic. Therefore, this
study emphasizes the investigation of thermodynamic
non-equilibrium phenomena during phase change in
porous media. In a theoretical investigation of the
LTNE model [12] during phase change phenomena in
porous media, an enthalpy model was developed to
predict the extent of the phase change front during the
phase change process. In that study, a two-equation
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model, from Minkowycz et al. [13], was selected and
applied to the differential element of a PCM-saturated
porous medium to get

SMPT(;t):—V~qp(r,t)+hac(Ts—Tp)—i-Sp(r,t) (1)
(1=, BED G g r0) — ha(T, — T,) + Sy(r. 1)

ot
(2)

The subscripts “p” and “‘s” refer to the materials in the
pores and the solid matrix, respectively, and r is the
position vector. The parameter H,(r,?) is local enthalpy
per unit volume, % is the interstitial heat transfer coef-
ficient, ¢ is the porosity, a; = ¢/r, and r, = V, /4, is the
hydraulic radius. The function S, (r, ) and Sq(r,?) are the
contribution of a source or a sink within the primary
phase and the solid matrix; in the absence of volumetric
heat generation in the solid matrix, Sp(r, ) = S(r,#) = 0.
The respective heat flux components by conduction are
q,(r,?) and q,(r,¢). After adding Eq. (1) to Eq. (2) and
setting q(r,¢) = q,(r,¢) + q,(r, ¢), the result is

— 0T, (r,t OTy(r,t
-V -q(r,?) :scp%)—i-(l —e)CS# (3)

where q(r, ¢) is the applied heat flux. According to Tzou
[14], prior to the onset of local thermal equilibrium, the
Fourier thermal conduction model should be modified
and replaced by the equation

q(r,t) + 14 aq(art, ) = —ke{VTp(r7 1)+ n% [VT,(r, t)]}

)

where 14 is the lag time in heat flux due to the solid-to-
solid contact resistance and 7, is the lag time in tem-
perature due to the interstitial heat transfer coefficient 7.
Eliminating the heat flux vector q between Egs. (3) and
(4) results in the relation [13].

o[V - (k.VT,
V- (kVT,) + le
_ oT, o7,
=C E—i—(re—ﬁ—rq)? (5a)

since Ty and T}, are related [13] through the relation

0T, (x, 1)
ot

while 7. = Cit,/C, 1, = 7 + 14, and C = ¢C, + (1 — &) C,.

In one-dimensional space, Ref. [12] defines a melt
front X whose location is related to heat flux at x = 0;
that is, ¢(0,¢) = —k.0T,/0x = pL0OX /0t where L is the
latent heat (J/kg). Based on Eqgs. (3)—(5) and after some
algebraic manipulations, the dimensionless phase front
is expressed as

X* = X\/2pL/[nt.ke(Ty — Tn)] (6)

Ti(x, 1) = Tp(x’ H+

(5b)

and it is related to ¢/7, and t,/t, where 1, is related to t,,
74, and other thermophysical properties, see Ref. [12].
Minkowycz et al. [13] reported the Sparrow number Sp
that would indicate the occurrence of LTNE condition.
By selecting X as the characteristic length, the Sparrow
number Sp = hX?/ (ko) reduces to Sp 2 CpX?/(tike)
since 1, = 1,C,y/h as given in [13].

The abovementioned methodology, as given in Ref.
[12], is an effective method of predicting the location of a
front during a LTNE phase change process. However, no
experimental verification of this theoretical method is
cited in the literature. This experimental study attempts to
investigate the range of validity of the theoretical model
in [12] to predict the location of the phase front. The
primary focus of this paper is to provide sufficient
experimental evidence of local thermal non-equilibrium
phenomena during phase change in porous media and to
experimentally investigate the theoretical model of the
phase front X*. The system selected for this investigation
is a stagnant PCM-saturated porous medium. The tem-
perature of the solid matrix is monitored at pre-selected
sites during the phase change process. The measured
temperature data are used to determine the phase front as
a function of time and the results are compared with a
modified theoretical prediction similar to that in Ref. [12].

2. Test facility and apparatus
2.1. Test setup

The test facility is depicted schematically in Fig. 1. It
consists of five major parts: (1) test apparatus, (2) the
water and heat supply system, (3) thermal chamber, (4)
solid matrix temperature probe (SMTP), and (5) data
acquisition system. The physical dimensions of the test
apparatus are 127-mm longx127-mm wide x40-mm
heigh, see Fig. 2. A 3.5-mm wide x40-mm long x 1-mm
thick perforated plate is mounted at the midpoint of the
base of the test apparatus to hold the temperature
probes in place during the experiment. The perforated
plate has six vertically aligned 3.2-mm diameter holes

a%

Insulation

Fig. 1. Experimental facility.
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Fig. 2. Test apparatus for the transient experiment. The black
dots are the locations of the thermocouple.

at locations: x =4.46 +:0.25, 9.8+0.22, 16.39%0.06,
22.18 £0.25, 28.33+0.37, and 35.37+£0.11 mm. The test
apparatus, including the perforated plate, are fabricated
from acrylic Plexiglas material, a low thermal conduc-
tivity thermoplastic. Due to its low thermal conductivity
value of 1.1 W/mK, the effect of lateral heat transfer
from the sides of the test apparatus is negligible. All the
external surfaces of the test apparatus, with the excep-
tion of the surface where the heat load is applied, were
insulated with a 21.3-mm thick Styrofoam board in
order to reduce heat losses from the sides to the sur-
roundings. The thermal conductivity of Styrofoam over
the range of temperature considered in this experiment is
~0.0224 W/m K.

The heat flux is applied at the top surface of the
enclosure to minimize the effect of natural convection
within porous media. The temperature of the hot plate is
maintained at a near constant temperature by re-circu-
lating hot water. The hot water is supplied by a constant
temperature bath. As shown in Fig. 1, the variation in
the bath temperature is +0.5 °C. The constant temper-
ature bath is connected to the isothermal hot plate via
a piping network system. Hot water from the constant
temperature bath is re-circulated to and from the hot
plate using a hydraulic pump.

Prior to running an experiment, it is necessary to pre-
heat the phase change materials to a pre-assigned con-
stant temperature. The thermal chamber for pre-heating
the porous medium is a Thermolyne Type-30400 auto-
matic furnace. The furnace is heated by four electric
resistance heaters, which are embedded in a refractory
material. The chamber is insulated with ceramic fiber
insulation. The temperature of the furnace is regulated
using built-in controllers.

The temperature of the solid matrix is measured at
pre-selected locations using a solid matrix temperature
probe, SMTP, fabricated in-house within the Heat
Transfer Laboratory at UTA. The selected thermocou-
ples are copper-constant, 40-gage T-type. The thermo-
couple’s head was placed inside of the solid glass sphere,
shown as dark circles in Fig. 3. To avoid thermocouple
wire interference during the melting/freezing process, the
wire was passed through a string of hollow spheres, also

Solid spheres at

the of end string Thermocouple

wires

String of glass spheres

Fig. 3. Schematic of the SMTP.

shown in Fig. 3 but as white circles. Each string consists
of a series of 3-mm outside diameter hollow spheres
bonded to each other using thermally conductive paste.
One end of the string is sealed and attached to a solid
glass sphere using a thermal paste, OMEGABOND 101.
The other end of the string is used for implantation of
the thermocouple. Each SMTP is inserted into the holes
on the perforated plate and is held in place with thermal
grease. All the SMTPs were placed parallel to the iso-
thermal plate to reduce heat loss by conduction through
the thermocouple wire.

A total of 20 copper—constantan (Type T) thermo-
couples including the SMTPs were deployed to monitor
temperature variations at pre-selected sites in the
experimental facility. Within the porous medium, seven
SMTPs were mounted on the perforated plate to mon-
itor changes in temperature of the solid matrix, at the
locations along the x-axis in the direction of heat flow.
Two additional SMTPs were placed along other direc-
tions to verify one-dimensionality of the heat flow. Four
thermocouples were attached to the isothermal plate,
one on each side of the plate; one at each fluid inlet and
exit to measure the respective temperatures. In addition,
seven thermocouples are used to measure the tempera-
ture of the surroundings: one inserted into the water
bath, two placed into the thermal chamber, two de-
ployed to monitor the ambient temperature, and two
attached to the insulation board to measure temperature
across the insulation. The error in the thermocouple
readings is estimated to be 0.2 °C and verified under
constant temperature condition while the test model is in
the constant temperature chamber.

All the thermocouple wires, including the SMTPs,
were connected to a 20-channel Reed plug-in module
with built-in temperature compensation for direct tem-
perature measurement. The plug-in module communi-
cates with the floating logic via the internal isolated
digital bus of the data logger HP34970A. Temperature
measurements from the data logger are automatically
recorded in the personal computer for further data
reduction.

2.2. Test procedure

As part of the preparation for the experimental run,
the test apparatus is randomly packed with 3-mm
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diameter solid glass spheres to form a non-consolidated
porous medium with a porosity of 0.446. The thermal
conductivity of the glass sphere is 1.3 W/m K. The test
apparatus containing the porous medium is saturated
with approximately 200 g of liquid phase tetracosane.
Tetracosane (99% pure) is a PCM used in this study. It
has a melting temperature of 49.5 °C, the thermal con-
ductivity of the liquid phase is 0.17 W/m K, the thermal
conductivity of the solid phase is 0.24 W/m K [15,16], the
density at the melting temperature is 796 kg/m? [17], and
the latent heat is 255 kJ/kg [17]. Using a guarded hot
plate technique and steady state condition, the equiva-
lent thermal conductivity of the PCM-saturated porous
medium is measured at 0.55 W/mK, details are in
Nnanna [18]. It compares well with the empirical rela-
tion in Kaviany [19]. The test apparatus is then filled
with PCM and placed into a temperature-controlled
thermal chamber (Thermolyne furnace Type-30400) for
about 6 h to solidify. During the solidification process,
adjustment was made so that the solidification begins at
the lower surface and proceeds toward the upper sur-
face. This procedure prevents the upper region from
solidifying at a faster rate than the lower region, hence
eliminating the formation of voids. Additional liquid
tetracosane is periodically added to ensure that the
porous medium is fully saturated, hence eliminating the
presence of air in the pore. When the solidification
process is complete, a preliminary temperature mea-
surement is made to ascertain uniformity in temperature
throughout the porous medium. This is accomplished by
measuring the temperature of the SMTP embedded at
the pre-selected locations.

As a prelude to a phase change experiment, the
PCM-saturated medium along with the insulation were
pre-heated in the thermal chamber to 47 °C, which is 2.5
°C below the melting temperature of the pore material.
During the pre-heating process, which lasted for about
30 h, the temperature of the porous medium is con-
stantly monitored using the SMTPs instrumented at pre-
selected sites. The pre-heating process is complete once
uniform temperature is established at all locations in the
porous medium. Next, the isothermal hot plate is pre-
heated by re-circulating hot water from the constant
temperature bath to the hot plate via its internal piping
network. Thermocouples attached to the isothermal
plate monitor the changes in temperature until the de-
sired temperature is reached, which is usually much
higher than the melting temperature of the PCM.

The experimental simulation begins following the
activation of the data acquisition system and placement
of the pre-heated isothermal hot plate on the exposed
surface of the pre-heated PCM-saturated porous med-
ium. All the experiments were performed under standard
laboratory conditions (room temperature and pressure).
The duration for the simulation is 3500 s, and the
sampling rate is 0.681 s for the 20 thermocouples loca-

tion. A total of four sets of experiments were performed
at pre-selected isothermal hot plate temperature
Ty =64.2, 71.6, 80.3, and 89 °C. A set of experiments
consists of three experiments performed at the same
temperature 7; to ensure reproducibility of the temper-
ature data. All the temperature data were automatically
transferred and recorded in a personal computer for
further data analysis.

The main source of uncertainties in this study in-
cludes error due to the measurement of temperature and
physical dimensions. The combined uncertainty of the
data logger HP34970A and the thermocouple calibra-
tion in the measurement of temperature is 0.4% or 0.2
°C. The uncertainty in the caliper (Mitutoyo) for the
measurement of the physical dimension of the test
apparatus is £0.02 mm.

3. Results and discussion

Figs. 4 and 5 illustrate a sample of temperature
profiles of the solid matrix caused by the imposed iso-
thermal surface conditions, at x = 0, for two data sets
(To = 80.3, 89 °C). In these figures, the thermal response
of the solid matrix at the selected locations, and the
temperature profile for the constant temperature hot
plate are plotted. It can be seen that the response of the
solid matrix in the near-field region was rapid while a
finite time was required for the solid matrix in the far-
field region to register a significant change in tempera-
ture. The thermal response time of the solid matrix
increased with increasing distance away from the hot
plate. This is not unprecedented since most of the energy
deposited on the porous medium at x = 0 is consumed in
the pore within the vicinity of the isothermal boundary
as the latent heat of fusion. Because the heat of fusion
for the pore material is much larger than the sensi-
ble heat of the solid matrix, the rate of change of
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Fig. 4. Variation of temperature with time, PCM-saturated
porous medium, 7, = 80.3 °C.
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Fig. 5. Variation of temperature with time, PCM-saturated
porous medium, 7, = 89 °C.

temperature in the far-field region is small. Furthermore,
since the porous medium was initially near the phase
change temperature and the melting process is slow, any
further heat addition to the medium will initiate the
phase change process in the near-field region rather than
increase the temperature in the far-field region.

An examination of data from Figs. 4 and 5 does not
reveal the thermal equilibrium or non-equilibrium con-
dition of the porous medium. One method of validating
the condition of the porous medium is to compare the
measured temperature of the solid with the average
temperature of the pore material. Direct and accurate
measurement of the transient response of the pore
material to thermal disturbance is experimentally chal-
lenging if not impossible because of the relatively large
temperature variation during melting and freezing. In
one-dimensional space, using Eq. (5), an approximate
theoretical enthalpy model, developed by Harris et al.
[12] to study the phase change process in porous media,
provides a method of calculating the average pore tem-
perature 7, for LTNE condition using the energy
equation,

T 3T. oT 0T,
o Tome = o Tege POSE<o ()

where 7, and 7, relaxation times in Eq. (5). When 7, = 0
and 7, = 0, Eq. (7a) reduces to the classical Fourier heat
conduction equation (LTE model). Therefore, 7, and 7,
are finite in the presence of local thermal non-equilib-
rium condition.

Harris et al. [12] hypothesized that the effective
capacitance during the phase change is independent of 7,
and 74. Therefore, when r = 1,/7, = 1, Eq. (7a) reduces
to

o\ [ T, or,
— — = | = <
(1 + 1 6t> (oc e o ) 0 for0<x<oo (7b)

The solution of Eq. (7b), subject to the conditions
T=T,att=0and T =T, at x =0 when 7 > 0 is

x
T, = T + (Ty — Ti)erfc 8
’ o= o) (m) ®
where o = k./C and C is the mean heat capacitance that
includes the effect of latent heat. Accordingly, Eq. (8) is
also the solution of Eq. (7a) only when r = 1.

3.1. Estimation of the location of phase front

To demonstrate the effect of the moving front, the
data in Figs. 4 and 5 are re-plotted having x as the ab-
scissa. For various times, ¢, the temperature distribution
in the direction perpendicular to the plane of the applied
heat load is presented in Figs. 6 and 7. For the purpose
of estimating the arrival of the melting front at any pre-
selected site, a horizontal dash line is drawn across each
of the plots at the melting point of the PCM. This line
demarcates the solid and the liquid region, and it indi-
cates the arrival of the phase change front at any given
location and time when 7; = Tj,,. This is evident in Fig. 4
for the location 7.5 mm, where there is a temperature

I
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Fig. 6. Variation of temperature with location, PCM-saturated
porous medium, surface temperature 7, = 80.3 °C.
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porous medium, surface temperature 7y = 89 °C.
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jump due to the arrival of the melting front. The tem-
perature jump is not seen at the location 1.5 and 4.46
mm; they are in immediate neighborhood of the wall
since the solid matrix is composed of 3 mm spheres. This
is attributed to the limitations in the response of the
temperature sensor to changes in temperature over a
short period. As expected, the temperature jump is not
noticeable in the far-field region since the melting pro-
cess is much slower, and 7y = 7. In reality, the fully
solid and the fully liquid region may be separated by
melting or mushy region. Below and above the dash line
are the solid and the liquid regions, respectively. The
solid region contains the solid matrix and the solid phase
PCM, and the liquid region consists of the solid matrix
and the liquid PCM and may include the mushy zone. It
can be seen from Figs. 6 and 7, well above and below the
melting point, that the temperature variation with
location is approximately linear. In these regions, one
can hypothesize that the solid matrix is in thermal
equilibrium with the pore materials; hence the one-
temperature equation model is adequate to predict the
temperature response of the porous medium to thermal
perturbation. However, in the neighborhood of the
melting temperature, 49.5 °C, the temperature distribu-
tion is non-linear. In this region, when 7y > Tj,, which is
the mushy or melting region, the pore material is
undergoing the phase change process and the tempera-
ture of the solid matrix remains higher than the pore
temperature until the phase change process is complete,
see Figs. 6 and 7. Because of the temperature difference
between the solid matrix and the pore material, the two-
temperature equation model is best suited for analyzing
the thermal behavior in this region.

The location of the melting front is estimated using
data obtained from Figs. 6 and 7. In Figs. 6 and 7, the
point of intersection of the dashed horizontal line with
each of the plots indicates the location of the melting
front at a given time. Fig. 8 presents the measured
location of the melting front X(r) with time for
To = 64.2, 71.6, 80.3, and 89 °C. The symbols in Fig. 8
represent the experimentally predicted phase fronts
while the lines represent expected asymptotic behavior
of the data related to the time ¢, in the form X ~ 03,
under LTE condition. The experimental data in Fig. 8§
clearly show that those for 7, = 89.0 °C are well below
the dot—dot line and the data for T, = 80.3 °C are well
below the dot—dash line, especially at smaller times. This
tendency is also detectable from data for other surface
temperatures listed in Fig. 8. Indeed, all data approach
LTE condition as time increases. Therefore, this figure
hints toward the possibility having a LTNE condition
and deserves further investigation.

An examination of data from Fig. 8 indicates that the
phase front departs from its LTE condition especially
during the early stage of the melting process while their
trend is consistent with theoretical information at larger

-
o

W b OO ~NmON
T————
\

Date for T, = 89.0 °C

X

& Datafor T =803 °C

©  DataforT =71.6°C

v  DataforT,=64.2°C
------ Asymptote, T, = 89.0 °C
----- Asymptote, T, = 80.3 °C |
----- = Asymptote, T = 71.6 °C

e  Asymptote, T = 64.2 °C

o
el

3 45678103 2 3

Phase Front X, meters

nN
>

. . .
5 678 402 2

Time t, seconds

Fig. 8. Measured phase front as a function of time for different
Ty and expected LTE condition.

time. Because, the theoretical studies in Harris et al. [12]
show that when ¢ is large, the phase front approaches
local thermal equilibrium condition; that is

X = 2%k (Ty — Tw)V7/(pLy/73) 9)

for all combinations of 7, and t4. Before the formation
of the liquid melt, the energy transferred to the porous
medium is consumed in the form of sensible heat. Upon
formation of the liquid melt layer, heat delivered to the
porous medium is partly stored in the liquid and solid
region as sensible heat and partly as latent heat at the
liquid-solid interface. At larger times, the solid tem-
perature near the phase front reduces and therefore the
rate of change of the phase front decreases. This is
responsible for the near LTE condition at a large time.

Since the capacitance is a thermophysical property, it
is independent of the boundary condition. Harris et al.
[12] used the boundary condition 7, = T; at x =0 to
facilitate the theoretical estimation of the mean heat
capacitance C. Accordingly, the mean capacitance [12]
defined as

npL

¢ 2(Ty — Tn)

IR

(10)

and the definition of the dimensionless moving front X*,
Eq. (6), is obtained using this relation. This relation is
valid because there is a near LTE condition at x =0
except for a very small time. Once the value of C is
determined, the boundary condition at x = 0 need to be
modified by assuming 7 = T; at x = 0. This is necessary
because heat transfers primarily into solid matrix and
then to phase change materials. However, in the exper-
imental setup discussed earlier, heat does indeed transfer
directly from the wall to the phase change materials and
this can affect the speed of the moving front at extremely
small times.
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3.2. Modified theoretical predictions

It is appropriate to compute the variation of the
temperature field as the front passes specific locations.
When the material domain is initially at temperature
T, in one-dimensional space, a solution for Eq. (5) is
possible. Using a dimensionless temperature 0, = (7,—
Tw)/(Th — Tr), the solution by the Laplace transform
method, assuming 7y = T at x = 0, leads to the relation

n 1 —4/5(s rs+1)¢
ep:Lp{Gp}:me s(s+1)/(rs+1)¢ (11)

where s is the Laplace transform variable, L, is the La-
place operator, ¢ = x/,/at,. In the derivation of Eq. (11)
it is necessary to have 9p at £ =0. The Laplace trans-
form of Eq. (5b) provided the condition 0,(0,s) =
1/[s(rs + 1)]. In practice, it is possible to obtain the
inverse Laplace transform of Eq. (11) numerically.
Moreover, Eq. (5b) yields the dimensionless temperature
of the solid matrix also in the Laplace transform space
as

r e Vsl /(rs+1)¢ (12)

0,=0
=t

where 0, = (Ty — Ty,)/(Ty — Tn). Once the region at and
near the wall reaches to LTE condition, most of the heat
flux at the wall is consumed as latent heat since the
sensible heat portion becomes small. Then, it is accept-
able to use the relation —(k.07,/0x)|,_, = pL0X/0t.
This relation, in conjunction with Egs. (6) and (11),
yields

s(s+1)/(rs+ 1)

Lix'} = s2(rs+1)

(13)

in the Laplace transform space. The inverse Laplace
transform Eq. (13) is

¥ = [ = 20—

1 —1 —1
xexp(—r; r) {Io(rzr ’C) +11(r2r ’L'):|Td’c

(14)

In this study, for all other values of r, the values of X*
are obtained through numerical integration of Eq. (14).
In the subsequent analysis, the following parameters
remain unchanged: p = 796 kg/m® and k. = 0.55 W/
m K. The effective latent heat of fusion L in Eq. (10) is
viewed as an unknown during the following parameter
estimation. It needs to be estimated because it should be
different from 255 kJ/kg, for pure tetracosane, for the
following reasons: At x = 0, according to Eq. (10), 7j is
the temperature of the pore materials whereas, in this
experimental study, 7j is the solid matrix temperature.
The expected value of L should be less than 255 kJ/kg

since the porosity ¢ is less than 1 and it should be larger
than 255¢ kJ/kg due to existence of the mushy zone
behind the front. The other parameters to be estimated
are 7, and 1q.

3.3. Parameter estimation

The objective is to identify a best set of 7, 74, and L
that minimizes the standard deviation defined as

1 N
SD = — Z [(x)measured - (x)calculaled]2 ( 1 5)
N-—14

The process begins by providing estimated values for 7,
74, and L. A proper initial estimate for the effective latent
heat is 184 kJ/kg, the mid point between 255¢ and 255
kJ/kg. Minkowycz et al. [13] presented a relation
7q ~ CRAV; /A4 to estimate the value of this parame-
ter. For a loosely packed bed, the contact resistance R,
depends on the geometry of the solid region and the
thermal conductivity of material in the pores. This value
of 74 for a similar porous medium, except, the pores are
filled with air, is reported in Nnanna et al. [20].
Assuming the contact region is filled with liquid tetra-
cosane instead of air, the thermal conductivity ratio
yields an initial estimate for 7y = 50 s. The parameter 7,
as defined in Ref. [13], is a local quantity related to the
interstitial heat transfer coefficient; therefore, the con-
ductance in its definition is also a local quantity related
to the latent heat of fusion of the tetracosane in the
pores. A crude method of estimating t, is to use hry, /k. =
2/3 and get 7, ~ (pL)prh/[h(Ts — Tw)] with T, — T, = 4-5
°C. Using Eq. (15) and an iterative procedure, these
three values are computed as 7, = 60.1 s, 7q =47.3 s,
and L = 208.9 kJ/kg. Fig. 9 shows the variation of these

L, kl/kg
200 202 204 206 208 210 212 214
7_7IIII'I[lll!l'lllllll'lll]ll'l
76
g |
- "
=
X |
a
w75 Sl
I —— 1q=47.3 sand L = 208.9 ki/kg i
F | m——— 1, =60.1 s and L = 208.9 kJ/kg
74F | T 7 =60.1sand1q=473s -
PRI IR B A A R

35 41 46 52 58 64 69 75
T, Or T, Seconds

Fig. 9. Variation of standard deviation with 7, 74 and ..
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parameters and their effect on the standard deviation
SD. This figure shows that the influence of 7, on SD is
less than that of 7,. According to the data plotted in this
figure, the minimum value of SD is 0.0007477 for
the entire set of data. Using the estimated L, 7, and 1,
the values of 7, computed using t, = 74 + Cs7,/C for the
surface temperatures of Ty = 64.2, 71.6, 80.3, and 89 °C
are 52.7, 55.4, 58.5, and 61.8 s, respectively. These, in
addition to » = 1(/1,, with 7, = 60.1 s, provided the in-
put for a theoretical prediction of the dimensionless
location of a moving phase front X*, see Eq. (14).

Fig. 10 is prepared to show the variation of X* as a
function of n = ¢/7, for data in Fig. 8 when T; = 89.0
°C. The dotted line shows the theoretically predicted
values using » = 0.973 and the dash lines indicate £10%
deviation from the predicted values. The standard
deviation for this set of data is 0.00054. The solid line
depicts the theoretical values of X* in the presence of
LTE. Indeed, Fig. 10 shows that, at large time, the data
converge to a limiting value. The data are within a £10%
error band also plotted in Fig. 10 except for a single data
taken at a very small time. This is an expected deviation
due to relatively larger experimental uncertainties and
the limitations of the theoretical model due to direct
energy transport from wall to PCM and lack of LTE at
x =0 at very small time. However, for 7; = 80.3 °C in
Fig. 11, the phase front data at the smallest time exhibits
a lesser deviation from the theoretical prediction. Fig. 11
is prepared similar to Fig. 10 except there are four lines
for the four predicted X* values, one set for each surface
temperature. Overall, the data for different surface
temperatures are in remarkably good agreement with
their corresponding theoretically predicted lines for this
complex phase change study.

This information points toward the LTNE condition
at small time by examining the Sparrow number,
Sp = C,X?/(tik.) where X assumes the role of L in the
definition of the Sparrow number [13]. Over the range of

H g
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4 777109
A o7 10% X T,=89.0°C
7/
) ROPPOS T,=89.0°C
2r == +10% Error band
—— LTE Condition
10.1 & 1 I & I P | n " L
456780 2 3 456784 2 3 458678,
n=t/1,

Fig. 10. Comparison of experimental data with theoretical
model when 74 = 59.0 s, and 7, = 64.9 s.
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Fig. 11. Variation X* of as a function of #/7, and comparison
with theoretical model when 74 = 59.0 s, and 7, = 64.9 s.

reported X values, Sp varies between 1.95 and 178 when
To =89 °C and varies between 12 and 275 when
To = 64.2 °C. This attests that Sp can be sufficiently
small to induce a LTNE condition. Indeed, the sparrow
number is directly related to X* through the relation

G\ [m X\’

»=(2)(3%) 9
where ?,,/C is a constant for a given (7, — T;,) value.
This indicates that the state of LTE will be achieved
rapidly since the Sparrow number increases with the
square of a dimensionless phase front. The study pre-
sented in Minkowycz et al. [13] indicates the arrival of
LTE when Sp > 100. Indeed, Sp = 100 does provide a
means to predict the critical X* values. These critical X*
values for 7j = 64.2, 71.6, 80.3, 89 °C are 4.66, 4.60,
4.55, and 4.51, respectively. Fig. 10 depicts the critical
X* = 4.51 while Fig. 11 contains all four critical X* lines,
each corresponding to a given surface temperature; the
four lines in Fig. 11 are nearly superimposed. The data
in Fig. 11 show that Sp = 100 represents a reasonable
critical Sparrow number for this application. Because,
the data clearly move away from LTE, depicted as a
solid line in the figure, as X* reduces to below the cor-
responding critical X* indicating the occurrence of the
state of LTNE condition.

Finally, it is appropriate to demonstrate the differ-
ence between 7, and 7; under LTNE condition. For two
thermocouple locations, x =3.25 and 8.40 mm, the
dimensionless temperatures 0, and 0, are computed and
plotted in Fig. 12. A special commercial Mathematica
package [21,22] performed the task of finding the inverse
Laplace transforms of Egs. (11) and (12). The solid lines
in the figure correspond to the temperature of the solid
matrix and the dash lines represent the temperature of
materials in the pores. Fig. 12a is for x = 3.25 mm and it
shows a larger temperature difference than that for
x = 8.40 mm plotted in Fig. 12b. Fig. 12a clearly shows
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Fig. 12. Predicted mean pore temperature and solid matrix
temperature at two locations for data in Fig. 10.

that the phase front arrives at the x = 3.25 mm location
before it arrives at the x = 8.40 mm location in Fig. 12b
while the LTE condition arrives faster in Fig. 12b than
Fig. 12a.

4. Conclusions

A systematic method of studying the LTNE behavior
in PCM-saturated porous media has been experimen-
tally investigated. The measured location phase front
served to estimate the coefficients that affect heat
transfer during the phase change process; they are: the
effective latent heat L, the contribution of the interstitial
heat transfer coefficient 7,, and the effect of the contact/
constriction resistance. These measured quantities lead
toward compelling experimental evidence of local ther-
mal non-equilibrium phenomena during phase change
process in porous media. Experimental evidence in Fig.
8 indicates that there is a departure from the LTE
condition during the phase change. The overall results of
this study clearly show that for the data at small time,
plotted in Fig. 11, and for times smaller than those
shown here, there is a departure from local thermal
equilibrium. This finite time needed to arrive to LTE is
as a result of substructural thermal interaction between
the solid matrix and the pore material.

It is observed that as Sp increases to above 100, the
near LTE condition will rapidly be enhanced. As Sp
moves to below 100, the deviation from LTE condition
becomes larger and LTNE is more noticeable. Accord-
ingly, the Sparrow number can provide a guide that
would signal the onset of the LTNE condition. For
many applications, under LTNE condition, one can get
reasonably accurate values of the phase front X from
theoretical considerations.

The extent of the phase front X was determined
based on experimental data. The validity of the phase
front X and the equivalent volumetric heat capacitance
C developed in the theoretical model in Harris et al. [12]
can serve as a useful tool when analyzing the experi-
mental data. This study also shows that both experi-
mental and analytical predictions are in good accord.
Therefore, in the absence of experimental data, the
theoretical study, reported in Harris et al., is a viable
method of evaluating the melting or freezing process in
porous media.
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