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ABSTRACT

This work presents a numerical and experimental study of the transient response of a packed bed filled

with a granular phase change material (PCM). The proposed numerical model accounts for the progres- sive evolution
of the enthalpy with temperature during the phase change rather than using a constant phase change temperature. This
temperature-dependent enthalpy is included in the model as an apparent specific heat that is dependent on
temperature according to the measurements obtained by differential scanning calorimetry (DSC). The model also
includes the energy stored in the wall, which has been shown to have a non-negligible effect in several experimental

facilities.

The equations presented are non-dimensionalized, which results in the same differential equation sys- tem regardless of
whether a granular PCM or sensible heat storage material is used. In this manner, the

same numerical method can be used in cases with or without a granular PCM. Numerical and experimen- tal results are
obtained for a conventional granular material (sand) and two commercial granular PCMs with different phase change
temperatures. The numerical and experimental heating results exhibit good agreement, and the energy stored in the wall
of the bed represents between 8 and 16% of the energy stored in the granular material.
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1. Introduction

The energy storage process reduces the rate mismatch
between energy supply and energy demand. Energy can be
stored in a material in the form of sensible or latent heat
( Cabeza, 2014; Dincer and Rosen, 2002 ). Water, rock beds and
phase change materials (PCMs) are the most suitable media for
energy storage. Packed beds are typically used in air-based
storage systems. The use of a PCM as the storage medium offers
several advantages compared to using sensible heat. PCMs store
a large amount of energy in a small volume, and the heat is
charged/discharged at a nearly constant temperature ( Mehling
and Cabeza, 2008 ).

Waste heat recovery and solar thermal energy systems are
primary applications for thermal energy storage ( Beasley and
Clark, 1984 ). Waste heat recovery and thermal energy storage can
be combined in order to decrease energy consumption, as the
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energy stored by the storage system can be kept and this energy
can be used whenever the industry process needs it ( Fernandez
et al,, 2015 ). Solar air systems, though not as common as water
solar systems, can be used in many applications such as space
heating or ventilation air heating ( Zhao et al., 2011 ), drying of
agricultural products ( Chauhan et al, 1996) or regeneration of
desiccant cooling systems ( Kabeel, 2007; Rady et al, 2009 ).
When using a solar energy source, the inlet fluid temperature
will vary continuously with time and hence it is necessary to
determine the transient response of the packed bed.

Thermal storage models in packed beds include single- phase
models, in which the bed is approximated by a quasi-
homogeneous medium ( Vortmeyer and Schaefer, 1974 ), and
separate-phase models, which were first studied by Schumann
(1929), where two energy conservation equations are obtained
for the solid and fluid phases and are coupled by a heat exchange
term. Among these models, the concentric dispersion model con-
siders a temperature gradient inside the solid spheres ( Handley
and Heggs, 1969; Kaguei et al, 1977, Xia et al, 2010 ).
Furthermore, one- and two-dimensional models ( Beasley and
Clark, 1984) can be
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Notation

a superficial area per unit volume [m~!]

Bi Biot number [—]

Cp specific heat [] - kg=1.K~1]

d diameter [m]

Egtoreq  energy stored [J]

Fo Fourier number [—]

H height of the bed [m]

h interphase heat transfer coefficient [W - m=2.K!]

hw convective heat transfer coefficient from the bed to
the inner surface of the bed [W - m=2.K~1]

i enthalpy [J]

k thermal conductivity [W - m~1.K~1]

kn, x effective thermal conductivity in the axial direction
W. m 1K1

K9 stagnation effective thermal conductivity [W
m-1.K 1]

m mass [kg]

Pr Prandtl number [—]

Re Reynolds number [—]

T air temperature [°C]

Tpc phase change temperature [°C]

U superficial gas velocity [m - s71]

Uso Overall heat transfer coefficient [W - m=2.K!]

u interstitial gas velocity [m - s=1]

1% flow rate [m3 - 5]

Greek symbols

o thermal diffusivity [m=2.s1 ]
0 density [kg - m3]
Odp standard deviation of the mean particle diameter
[m]
6 solid temperature [°C]
v wall temperature [°C]
& void fraction in the bed [—]
At time step [s]
AX spatial step [m]
Subscripts
0 ambient/initial
a air
b bed
i internal
in inlet
0 outer
particle
S solid
w wall
wi inner wall
wo outer wall
X axial position

distinguished depending on whether the radial temperature profile
is considered or not.

A review on the mathematical modeling of PCMs has been
published by Dutil et al. (2011). In particular, fixed-grid
methods for solid-liquid phase change problems formulate the
governing equations for the entire region of the PCM, including
the solid and liquid phases ( Faghri and Zhang, 2006 ). The
principal problem in these methods is the spatial discretization
in the region of the solid-liquid interface. These methods include
the following: i) the enthalpy method, in which the energy
equation is considered in terms of enthalpy, ii) the equivalent
heat capacity method, which converts the latent heat into an
equivalent heat capacity

Table 1
Material properties.

Material

p [kg/m?] k [W[(m K)] dp [mm] g, [mm]
Sand 2648.1 42 0.57 0.070
GR50 1512.8 4.0 1.64 0.196
GR80 1618.0 40 1.58 0.187

of the PCM in the phase change temperature range and iii) the
temperature transforming model, which was proposed by Cao
and Faghri (1990). The enthalpy method assumes an isothermal
phase transition, whereas the equivalent heat capacity and
temperature

transforming models consider that phase change occurs in a tem-

perature range, where the enthalpy variation with temperature is

assumed to be linear. Peng et al. (2014) modeled the transient
be- havior of a packed bed of PCM capsules for high-temperature
ther- mal storage using molten salts as the heat transfer fluid.
The radial temperature distribution inside the capsules was
included due to the size of the capsules. Rady (2009a) presented
experiments and numerical simulations of the charging process in
a small, fixed bed with an internal diameter of 4.5 cm using air
as the heat transfer fluid and particles with a smaller particle
diameter (1-3 mm), which allowed the temperature variations
within the solids to be neglected. Izquierdo-Barrientos et al.
(2013) used this material with a smaller particle size (mean
diameter of 0.5 mm) in a fluidized bed and observed greater
storage efficiencies compared to a typical material, such as sand,

in fixed and fluidized beds.
The numerical model presented in this work accounts for the

heat stored in the walls of the container. Regarding the phase
change process of a pure PCM, other researchers have included the
effect of the latent heat of melting using an effective heat
capacity within the selected melting range ( Farid et al., 1998 ). In
contrast, in the literature of packed beds with PCM it is common
to assume a constant phase change temperature ( Nithyanandam
et al.,, 2014;

Xu et al, 2015) or a linear variation of the enthalpy in a
tempera- ture range ( Bellan et al.,, 2015; 2014; Karthikeyan et al.,
2014; Peng et al, 2014; 2015 ). In this work we consider a

continuous enthalpy variation with temperature from DSC
measurements. The enthalpy data obtained from DSC
measurements were interpolated wusing a cubic spline

interpolation.

The materials used in this work and the experimental set-up
are described in the following section. Then, the numerical model
of the energy storage in a fixed bed is explained. Finally, the exper-
imental and numerical results are compared, and the main conclu-
sions of the work are summarized.

2. Materials and experimental apparatus

The materials used in this study are sand, which is a typi-
cal material used for sensible energy storage, and two granular
phase-changing composites with different temperature transitions.
Both granular PCMs consist of paraffin, which is the PCM, bounded
within a secondary supporting structure of SiO,, which ensures
that the paraffin does not leak from the granulate when in liquid
form. Table 1 presents several properties of the sand and PCMs,
such as the density p, thermal conductivity k and mean diameter
of the particles dj with its standard deviation o 4.

The granular PCMs are commercially available (Rubitherm ®-
GR50 and GR80) and similar to those used by Rady (2009a) and
Izquierdo-Barrientos et al. (2013) in their studies. The phase
change temperature Tpc is approximately 50 °C for GR50 and 80 °C

for GR80. Those materials are commercialized in two different
par- ticle sizes. The finer grade (between 0.2 mm and 0.6 mm)
was em- ployed by Izquierdo-Barrientos et al. (2013) in a
bubbling fluidized bed because it has a combination of size and
density that permits 2
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Fig. 1. Enthalpy variation (a) and apparent specific heat (b) as a function of tem-
perature for the granular PCMs, GR50 and GR80.

to operate in the bubbling regime. The coarser grade, used in this
work, present a mean particle size of 1.64 mm and 1.58 mm for
the GR50 and GR80, respectively. With these sizes, the gas flow
rate necessary to fluidize the bed is too high for practical applica-
tions and they are more suitable to be used in a fixed bed, with
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superficial gas velocities under the minimum fluidization veloc-
ity. Fig. 1 (a) shows the enthalpy evolution with temperature for
the granular PCMs, which was measured by differential scanning
calorimetry (DSC) with a slow heating rate of 0.5 °C/min ( Rady,
20 09a; 20 09b ), which ensures thermal equilibrium in the sam-
ple during the DSC measurements. The tests were carried out us-
ing a sapphire standard. Rady (2009b) studied the same granu-
lar PCM used in this work and he did not observe superheating
with heating rates up to 10°C/min. For the PCM one granule was
placed in the DSC sample while for the sand a handful of granules
were used. The phase changes of GR50 and GR80 are clearly dis-
tinguished at approximately 50 °C and 80 °C, respectively. Fig. 1
(b) presents the variation of the apparent specific heat as a
function
of temperature obtained from the enthalpy curve (Fig. 1(a)) as fol-
lows:

dis
Cp, = ar (1)
The specific heat of the sand was also measured, and a mean value
of 0.776 KkJ/(kg°C) was obtained for the temperature range used in
this work.

Fig. 2 shows a scheme of the experimental apparatus used for
the heating experiments. The bed consists of a cylindrical tube
made from stainless steel with 2-mm-thick walls and filled with
particles. The air enters the plenum of the column and flows into
the bed through a distribution plate with a thickness of 1.5 mm
containing 300 perforations with a diameter of 2 mm, which re-
sults in a 3% open area. The instrumentally monitored section of
the test apparatus has a height of 500 mm and an internal diam-
eter of d; =200 mm and is insulated with 2-cm-thick glass wool.
The instrumentally monitored section of the test apparatus has a
height of 0.5 m and an internal diameter of 0.2 m; and is insulated
with 0.02-m-thick glass wool. The bed was filled with material up
to a height of H= 0.5 m. For the sand, its height was equivalent
to a mass of 18 kg because it has a higher density, whereas the
mass of both granular PCMs (GR50 and GR80) was approximately
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Fig. 2. Scheme of the experimental apparatus. Dimensions in mm.



10 kg. The bed is composed of a 12.5-cm-long entrance section to
develop the fluid velocity profile before the fluid enters the test
section ( Thoméo et al., 2004 ), where it is measured. The test
sec- tion is 20 cm long and corresponds to the numerical domain.
The air flow is produced by a blower with a variable mass flow
rate and is heated by electrical heaters before flowing into the
column. Type K thermocouples with an uncertainty of + 0.5 °C
were used to measure the temperature at specific locations inside
the test section and within the plenum chamber.

The bed temperature was uniform and equal to the ambient
temperature Ty at the beginning of every experiment. Before be-
ginning the temperature measurements, the blower is switched on
and air is introduced into the column at the desired rate. During
this process, the blower heats the air to a temperature greater than
the ambient temperature due to the compression process. The en-
tire bed reaches this temperature after approximately 2 h. Once
the bed reaches the steady state, the electric heaters are switched
on with the required power. The air is heated up to a tempera-
ture greater than the T, of each PCM (65 °C for GR50 and 95 °C
for GR80) by regulating the electrical resistance power with a PID
controller, which is controlled using the reading of the thermocou-
ple placed at the exit of the electric heaters.

3. Heat transfer model in a packed bed

The proposed two-phase model is explained in the following
sections. First, the model is described for a packed bed without
phase change in the granular material, and then, the modifications
required for the solid phase to include the phase change are de-
scribed.

3.1. Packed bed model without phase change in the granular material

A one-dimensional time dependent two-phase model is used to
describe the mean fluid and solid temperatures in the packed bed.
Both, the energy conservation equation for the fluid phase and for
the solid phase consider thermal diffusion in axial direction, but
the heat transfer from the wall of the tank is only included in the
gas equation. The effect of the wall heat capacity has been taken
into account so the wall energy conservation equation has been
solved together with the fluid and solid equations. This equation
includes the axial conduction in the wall and wall energy losses to
the ambient. The three conservation equations are

oT 02T oT
pascp,aﬁ = ska,xW +ha, (0@ -T) - pascp,aua
— Ayip hw (T = ¥r), (2)
20 2%6
ps(1— s)c,p,SW =(1- z?)lcs.xW —ha, (@ -T), (3)
oy 02y

/Opr,wW = ka + Awiw hw (T = ¥) — awow Uss (¥ — Tp),
(4)

where T is the air temperature, 6 is the solid temperature,
is the wall temperature, ¢ is the void fraction in the bed, ap =
(6 (1—¢))/dp is the superficial particle area per unit of bed vol-
ume, a;, = 4/d; is the inner wall surface area per unit of bed vol-
ume, Ay = 4d;/(d3 — d?) is the inner wall surface area per unit
volume of bed wall, awow = 4do/(d3 — d?) is the outer wall surface
area per unit volume of the bed wall and Uy is the overall heat
transfer coefficient from the outer surface of the wall to the ambi-
ent. The air flow passing through the porous bed is considered to
be steady and uniform being u the interstitial gas velocity, which

Table 2
Initial conditions and boundary conditions for Egs. (2), (3) and (4).

Gas phase Solid phase Wall
Initial condition (t = 0) T=T 0=T v =T
d diti 9%0 %y
Boundary condition (x = 0) T=T, Frele 0 T 0
. 9T 9%0 %y
Boundary condition (x = H) Tz = 0 T 0 = 0

is related to the superficial velocity as U = € u. The correlation
pro- posed by Galloway and Sage (1970) for a particular type of
packing and the constants adjusted by Beasley and Clark (1984)
were used to calculate the interphase heat transfer coefficient, h.
The model

proposed by Izquierdo-Barrientos et al. (2014) was used to calcu-

late the convective heat transfer from the bed to the inner surface
of the bed, h w, because the authors validated their results with
the same material used in this work.

The thermal conductivities, k,x and ksy, are the effective con-
ductivities in the axial direction for the gas and solid phases, re-
spectively. In Egs. (2) and (3), the conductivities k 5x and k sx

are
averaged over the volumes occupied by the gas and particles, re-

spectively. In contrast, in the literature, the effective conductivities
are typically averaged over the bed volume. Following the work of
Wakao and Kaguei (1982), k ,x can be obtained as follows:

0.7k, for Re, <0.8

0-5PrRep ks for Rep, > 0.8 ©)

kax =

where k, is the air conductivity, Rep is the particle Reynolds num-
ber based on the superficial velocity and particle diameter and Pr
is the Prandtl number. The solid effective conductivity ks is calcu-
lated from the following relationship:

kO +0.5PrRep ky — kax €
e . (6)

where k9 is the stagnation effective thermal conductivity calcu-
lated from (Krupiezka, 1967):

ks x =

k9 ks\" ks
< == with m =0.280 — 0.757loge — 0.057log | — |,
ki ki ka

(7)
and ks is the solid conductivity.

The boundary conditions and initial conditions to solve the dif-
ferential equation system formed by Egs. (2), (3) and (4) are sum-
marized in Table 2.

The proposed differential equation system can be transformed
into a non-dimensional equation by introducing non-dimensional
variables:

. T-T e 0-Tp ’
Tmax - TO Tmax - TO

jo Lol ol X
Tnax — To H H

With these changes, the non-dimensional temperatures vary
between 0, when the temperature is equal to the ambient tem-
perature (minimum temperature) Ty, and 1, when the temperature
is equal to Tpax, Which is the maximum temperature of the intro-
duced air.

As a result, the original system is converted into

~ ~

oT 92T Y L

o =Fo, o +Bi,Fo,(0 —T) — e Biyip Foa (T — ), (8)
20 920 . A A

5 =Fos Fo BisFos(6 —T), (9)



Table 3
Initial conditions and boundary conditions for Eqgs. (8), (9) and (10) in non-
dimensional form.

Table 5
Value of the non-dimensional parameters of Egs. (8), (17) and (10) for the experi-
mental data of the PCM GR50.

Gas phase Solid phase Wall Foa, Fos Foy Bi,
Initial condition (f = 0) T=0 §=0 ¥ =0 3.90 x 10-3 2.2x10°7 2.95 % 10-° 8.02 x 10*
spe o A 32(5 8211} BiS Biw1, b Biwi, w Biwo, w
Boundary condition (% = 0) T=1 Froie 0 7z =0 243 x 10° 471 x 102 2.02 x 102 495
A 92T 920 924
Boundary condition (X =1) PRl 0 7 = P 0
where

Table 4
Value of the non-dimensional parameters of Egs. (8)-(10) for the experimental data
of the sand.

Fo, Fos Foy Bi,

1.19 x 103 4.21 x 107 3.19 x 10-° 128 x 10°
Bis Biwi, b Biwi. w Biwo‘ w
2.10 x 10° 1.59 x 103 3.09 x 10? 4.77

-~

0V _ro. XV i * ) Bi 5 _ 1
?TF_FOW 7% + Biyiw Fow(T — ¥) — Biwow Fow (¥ — Tp), (10)

where Fo,, Fos and Fo,, represent the Fourier numbers of the air,

solid phase and wall, respectively, and Bi corresponds to Biot num-

bers, whijch are defingg as
Fo,= 2L “Fo, = 257 Fo, = %W
uH uH uH
. hayH? iy Qi H? ha, H?
Biy = , lwib = —F— > Iy =—"7,
kax ' kaxe kex (1 —¢)
. hyw Qi w H? . Uso Quow H?
Blwi,w = Wzilv;wv Blwo,w = %7

where «; and o are the thermal diffusivity of the air and solid
calculated with their respective effective conductivities, k 5x and
k sx . Table 4 show the values of the different non-dimensional
numbers of the governing equations for the sand.

The proposed model includes an equation for the wall of the
column, which is typically neglected in the packed bed models
published in literature, with a few exceptions ( Beasley and
Clark,

1984 ). However, the effect of the wall heat capacity has a signifi-
cant effect in the present bed, as it is 16.2% of the sand heat ca-
pacity and 76% of the GR50 mean heat capacity for the consid-
ered test section. The ratio between the energy stored in the wall
and the energy stored in the bed material, assuming that the wall
thickness is much smaller than its diameter, can be calculated as
follows:

My Cpw AT [ pw Cpw ( 4t )
mscps AT Ps Cp.s in
where t is the wall thickness. If the volumetric capacity of the bed
and the wall material are similar, the ratio between the energy
stored in the wall to the energy stored in the bed material de-
creases linearly with the bed diameter. Thus, the energy stored in
the wall is relevant in beds of small sizes, as the one used in this

work. For beds of larger diameters, it could be neglected.

The initial conditions and boundary conditions
dimensional form are presented in Table 3.

(11)

in non-

3.2. Packed bed model with phase change in the granular material

When a phase change process is included in the granular
mate- rial, the energy equation of the solid phase ( Eq. (3)) must
be writ- ten in terms of the enthalpy, which yields the following
expres- sion:

dis 020

ps(1 —8)W =1 -¢8)ksx5—> —ha, (0 —T),

ax2 (12)

Tmax
iS:/ Cpsd + s, (13)
To
is the enthalpy of the solid phase (plotted in Fig. 1 (a)), ¢ p, s is
the apparent specific heat of the granular PCM (represented in
Fig. 1 (b)) and is , is the enthalpy at the reference temperature
To. Eq. (12) can be non-dimensionalized by introducing the non-
dimensional enthalpy

. 0

2 Is — Is, f ~ A

Is= " = Cpsdo, 14
’ CP,S(Tmax - TO) 0 b ( )
where

_ ‘l Tinax de

Cps = =7 c 15
b Tmax - TO /7.'0 b ( )

is the average apparent specific heat in the range of temperatures
of the experiments and

Cps = P (16)
Cp.s

is a non-dimensional specific heat, which is defined as the ratio
of the specific heat at a certain temperature and the average spe-
cific heat defined previously. Table 5 summarizes the values of
the different non-dimensional numbers of the governing
equations for the PCM GR50.

In this manner, the non-dimensional solid equation for the
granular material with phase change is

Mg — %0 . — 5
E:FOSW—BISFOS(Q—T), (]7)

where Fos corresponds to the Fourier number defined before, al-
though the average specific heat of the PCM, ¢y, is used instead
of the constant specific heat ¢p.

A comparison of Egs. (9) and (17) demonstrates that both
equa- tions have the same form and both non-dimensional

variaples 6 .
and is are bounded between 0 and 1. Therefore, the same numeri-
cal procedure can be used to solve both equations, as explained in

the following section.

3.3. Numerical solution for the heat transfer model

The system of differential equations formed by Egs. (8), (9)
and (10), i.e., when there is no phase change in the granular
material, or by Egs. (8), (10) and (17), i.e.,, when phase change
occurs, can be numerically solved by an explicit finite difference
technique. The results are obtained with a discretization length
of Ax = 1 cm and a time step of At = 0. 1 Ax g/U, which
ensures convergence of the numerical method. The temporal
derivatives were approximated by
a fourth-order Runge-Kutta method; the first order spatial deriva-
tives were approximated using backward differences and the sec-
ond order spatial derivatives were approximated using second-
order central differences.

When the solid is a PCM, the enthalpy is calculated at each time
step from Eq. (17). Then, the solid temperature is obtained from

Fig. 1 (a). The data represented in this figure were interpolated
us- ing a cubic spline interpolation.
5
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wall.

4. Results and discussion
4.1. Numerical results

Fig. 3 (a) shows the numerical results of the dimensional tem-
perature evolution for the inlet air T;,, gas phase T, solid phase 6
and wall when the bed is filled with sand. The void fraction se-
lected ¢ is 0.4, and the chosen flow rate is V =450 1/min. The

numerical domain is 20 cm long and extends from a height of
125 cm above the distributor after the entrance section ( Thoméo

et al., 2004 ). The inlet air temperature T ;, is the temperature
mea- sured in the middle of the bed at the beginning of the
domain ( x = 0 ). The temperature profiles increase progressively
along the height of the bed. This behavior is typical of a plug

flow system,
where the front travels in the axial direction. The difference be-

tween the gas and solid temperature profiles is negligible. Further-
more, the wall temperature has nearly the same profile as the gas
and solid, although displaced approximately 1°C lower.

The energy stored in the material and in the wall is calculated
using the following expression:

m =
Estored = H (ix — ip) dx. (18)
x=0

where H is the height of the test section, m is the mass of the solid
phase or the wall for the test section (7.6 and 2.2 kg, respectively),
and iy is the enthalpy calculated at each spatial step.

Fig. 3(b) presents the energy stored in the solid phase (sand)
and wall as a function of time. The sand, in the test section,
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Fig. 4. (a) Temperature profiles modeled for the gas phase T, solid phase € and
wall v for GR50 at the following axial positions: x =5 cm, x =10 cm, x = 15 cm
and x = 20 cm. V = 450 1/min and & = 0.4. (b) Energy stored in the solid phase and
the wall.

stores an estimated 2.4 x 10° ] of energy, whereas the wall stores
3.9 x 104 J of energy (16% of the heat stored in the sand).

The numerical results for the temperature profiles and the en-
ergy stored when the bed is filled with PCM-GR50 are shown in
Fig. 4. In Fig. 4 (a), the temperature profiles plotted are similar to
those obtained for sand. The plug flow behavior of the system is
preserved, which is characteristic of the thermal storage in packed
beds. Moreover, the phase change of the material is revealed with
the abrupt change in slope at approximately 47°C, which corre-
sponds to the phase change of GR50. During this process, the ma-
terial is able to store energy at a nearly constant temperature. Ad-
ditionally, different phase change velocities occur along the bed.
For example, at a height of x = 5 cm, the phase change process oc-
curs in a short interval of time, approximately 0.5 h, whereas at
a height of x = 20 cm, the phase change process takes nearly 1 h.
This difference between phase change velocities is due to the more
progressive heating of the particles placed at a greater height as a
result of being located far away from the inlet air.

Regarding the energy stored in the solid phase and wall
shown in Fig. 4 (b), the energy stored in the wall is 3.9 x 10 4]
(the same as in the case of the bed with sand) which
corresponds to 8.2%
of the energy stored in the PCM, i.e., 4.7 x 10° ], which was calcu-
lated for the corresponding mass of the test section (4.2 kg). This
percentage, although smaller than that for sand, is still significant
and confirms the importance of including the energy conservation
equation for the wall.

The evaluation of the energy stored per unit mass for the sand
and PCM between the temperature range of 32-70°C shows that
the sand is able to store 3.2 x 104, J/kg, whereas the PCM can store
11.2 x 10* J/kg (3.5-fold more than sand). The percentage of energy
stored in latent form (between 40 and 50°C) for the PCM is 60%,

6
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Fig. 5. Measured (markers) and modeled (continuous lines) temperature profiles
for sand at the following axial positions: x =5 cm, x =10 cm, x =15 cm and x =
20 cm. V =450 I/min and ¢ = 0.4.

which corresponds to 6.7 x 10* J/kg, which is more than the sand
can store. This increased storage capacity is due to the ability of
the PCM to store energy in a small volume.

Tables 4 and 5 shows the values of the different non-
dimensional numbers obtained in the governing equations for the
sand and for the PCM GR50, respectively. Note that Fourier num-
bers are Fos < Foy, < Fo, due to the differences in the thermal dif-
fusivity of the solid, wall and air. The Biot number Biyow iS two
orders of magnitude smaller than the other Biot numbers Bi,;},
and Biy;,, because the global heat transfer coefficient Uy, is two
orders of magnitude smaller than the heat transfer coefficient be-
tween the bed and the internal wall, hy. The Reynolds number,
for a flow rate of V = 4501/min is equal to 11 for the sand and 25
for the PCM. Note that the correlation used for the interface heat
transfer coefficient h ( Beasley and Clark, 1984; Galloway and
Sage,

1970) is valid for Reynolds numbers up to 5 x 10 3. The ratio be-
tween the thermal conductivity of the solid and the gas is equal
to 5.0 for the sand and 76 for the PCM. The correlation of
Krupiezka (1967) wused to obtain the equivalent thermal
conductivities was tested for different experimental data ranging
from ks /ka = 1 up to 100. Although the non-dimensional
equations of the model are valid for different experimental
conditions, such as a liquid instead

of a gas, the correlations used to determine the heat transfer coef-
ficients and the equivalente thermal conductivities should be cho-
sen carefully according to the experimental conditions.

4.2. Comparison with the experimental results

Fig. 5 shows the evolution of the experimental temperatures
symbolized by markers and the numerical temperature evolution
represented by continuous lines for sand. The numerical results
were obtained following the procedure detailed in Section 3.3,
and the case study is the same as that described in Fig. 3 (a).

A comparison of the experimental and numerical results indi-
cates that the temperature profiles follow the same trend, although
they begin to deviate after x =5 cm. This discrepancy may be due
to the uncertainty in the calculation of the stagnation effective
thermal conductivity k2. If this value is overestimated, the velocity
of the heat wave front increases, and hence, the maximum tem-
perature at a certain height in the bed is reached before that in
the experiments ( Kubie and Broughton, 1975 ). The rate at which
the curves are propagated is controlled by the equivalent thermal
conductivity.

The results for GR50 and GR80 for the same flow rate (V =
450 I/min) are presented in Figs. 6 and 7, respectively.

The abrupt change in slope at approximately 47 °C in Fig. 6
and at approximately 78 °C in Fig. 7 corresponds to the phase
change of each material. Due to the phase change, the system
requires
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Fig. 6. Measured (markers) and modeled (continuous lines) temperature profiles
for GR50 at the following axial positions: x =5 cm, x =10 cm, x = 15 cm and x =
20 cm. V =450 I/min and & = 0.4.
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Fig. 7. Measured (markers) and modeled (continuous lines) temperature profiles for
GR80 at the following axial positions: x = 6 cm, x = 9.5 cm, x = 16.5 cm and x =
20 cm. V =450 I/min and ¢ = 0.5.

more time to reach the steady state when heating PCM compared
to when using sand. For both PCMs, the plug flow behavior is con-
served, and good agreement between the numerical and experi-
mental results is obtained.

According to Arkar and Medved (2005), the shape of the
appar- ent specific heat curves depend on the DSC heating rate;
in par- ticular, during melting, the peak temperature (temperature
peak of the DSC curve) shifts toward the lower temperatures at
the lower heating rates, and the peak becomes narrower and
higher. The same conclusions were also reached by Rady (2009b ).
Lazaro et al. (2013) carried out a Round Robin Test to define a
procedure
for DSC measurements pf PCM to determine the enthalpy temper-
ature curve, concluding that heating and cooling ramps should be
very small to ensure the thermal equilibrium of the sample , rec-
ommending a maximum of 0.5K/min. In view of these observa-
tions, the small discrepancies between the experimental measure-
ments and model predictions when approaching the peak temper-
ature could be attributed to the PCM material not being in thermal
equilibrium, due to the high heating rate experienced by the ma-
terial during some periods of the experiment.

4.3. Influence of the flow rate

The same experiments were conducted for different flow rates
and compared with their corresponding numerical outputs. The
results for GR50 for a flow rate of V =2501/min are plotted in
Fig. 8, and results similar to that obtained previously were ob-
tained. More time is required to reach steady state and obtain a
uniform temperature along the bed when considering a smaller
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Fig. 8. Temperature profiles for GR50 at the following axial positions: x =5 cm,
x=10 cm, x =15 cm and x = 20 cm. V = 250 I/min and ¢ = 0.4.
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Fig. 9. Temperature profiles for GR50 at the following axial positions: x =6 cm,
x=10 cm, x =16 cm and x = 20 cm. V = 650 I/min and ¢ = 0.4.

flow rate. Moreover, the discrepancies between experimental and
model results during the phase change are much smaller than
those observed in the previous case at V = 450 I/min. This is due
to the slow heating rate in this experiment, which is smaller than
0.5 °C/min, the heating rate applied is the DSC measurements, that
allows the sample to reach the thermal equilibrium.

Fig. 9 presents the results for GR50 at a higher flow rate, V
= 650 l/min. As before, there is nearly no difference between
the experimental and numerical results. Thus, the proposed
model is suitable for predicting heating temperature profiles for
granular PCMs at different flow rates in fixed beds.

5. Conclusions

In this paper, numerical and experimental investigations were
performed for a phase change thermal energy storage unit using
granulate material. The proposed numerical model accounts for the
progressive evolution of the enthalpy with temperature during the
phase change and includes the effect of the wall heat capacity.

The equations presented were non-dimensionalized, which re-
sults in the same differential equation system regardless of
whether the granular material contains PCM or a solid. The model
quantifies the energy stored in the wall, which can represent be-
tween 8 and 16% of the energy stored in the material.

The transient response of the packed bed was compared with
experimental measurements for sand and two phase change gran-
ular materials. Discrepancies between experimental and model re-
sults for the sand are attributed to the uncertainty in the calcu-
lation of the stagnation effective thermal conductivity. The model
presents a very good agreement with experimental result for the

granular PCM at low air flow rates (V = 2501/min). At low flow
rates, the heating rate is also low, and close to the heating rate
of the DSC measurements ( ~ 0.5°C/min) used to obtain the
enthalpy-temperature curves that has been used as an input in
the model. Negligible discrepancies are found between experimen-
tal and model results during the phase change at higher air flow
rate conditions.
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