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ABSTRACT

The present work aims to investigate a honeycomb system with PCM for solar energy applications. The solution
is to combine the qualities of PCM and the honeycomb structure, in fact it spreads out the heat all over the PCM
improving the effective thermal conductivity of the system. Transient regime numerical simulations are created
for different pores per unit of length (PPU). The Solid-liquid PCM is paraffin wax. A numerical model with
honeycomb structure is compared with a porous medium model. The porous medium is modelled with the
extended Darcy-Brinkman law and to evaluate the heat exchange between the solid and the fluid zones a Local-
Thermal Equilibrium assumption is used. By the results of the direct honeycomb model the characteristics such
as permeability, inertial resistant coefficient, effective thermal conductivity and interfacial heat transfer are
evaluated and then compared with the porous medium model. Numerical simulations were carried out using the
Ansys-Fluent code. Results in terms of melting time, temperature fields, and stored energy as function of time

A publication of IETA

International Information and
Engineering Technology Association

http://www.iieta.org/Journals/IJHT

are presented.
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1. INTRODUCTION

Nowadays, one of the major problems in solar energy
applications is the storage of the thermal energy. The energy
demand has a continue variation while the thermal energy is
depending on the wheather, therefore a buffer system that
allows to charge or discharge itself in base of the evolution of
demand is required in order to avoid the waste of the excess
energy. A Thermal Energy system (TES) resolves these
problems. In this study a Latent Heat Thermal Energy System
(LHTESS) is employed to store the thermal energy. It based
on the use of phase change materials (PCMs) to store thermal
energy at quasi-constant temperature. In fact, during the phase
change process, the heat is employed to change phase and not
to increase the temperature [1]. The most common PCMs are
the solid-liquid PCMs where the base material changes phase
from solid to liquid and vice-versa. The melting temperature
is different in base of the PCM nature. In literature [2, 3] are
discussed some different type of PCM describing their
thermophysical properties and the enhancement systems in
thermal storage applications, because one of the most problem
of the PCM is the low value of thermal conductivity. There are
many type of improvement to increase the effective thermal
performance of a thermal system using PCM, as the addition
of metal foam [4], fins [5] or using an honeycomb structure.
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An honeycomb structure has the advantage to increase the heat
exchange area between the PCM and an heat source. Moreover,
it reduces the mechanical stress due to the PCM expansion
during the phase change process [6]. The honeycomb structure
is employed in various area of application, as thermal
management area [7, 8] or building construction [9].

A honeycomb structure with phase change materials was
studied in Pal and Joshi [8], after an experimental test a
numerical number is set up. The honeycomb has a hexagonal
cross-section and it was heated from bottom with a power
input. The melting behavior of the PCM is modelled with the
enthalpy porosity method. The results showed that the natural
convection is negligible inside the honeycomb structure and
there is a good agreement between the experimental data and
numerical results. Li et al [10] prepared an inorganic PCM
mixture of KNO3/NaNOj inside a SiC ceramic honeycomb.
They characterized the thermal properties of the PCM and by
the results they found that the presence of the honeycomb
delays the phase change process of the PCM respect to the
unique PCM but the thermal energy storage rate is increased.
Hasse et al. [11] both experimentally and numerically studied
a honeycomb structure with PCM with a linear and sinusoidal
cyclic temperature variation as thermal source. In conclusion,
they affirm that the numerical results and experimental data
present a good agreement. Luo et al [12] studied a ceramic



honeycomb both experimentally and numerically. They
compared the experimental data with a one-dimensional
numerical model and by results they found that larger channels
and thinner walls lead to a faster increase of exit temperature
for the charging phase and higher decrease for the discharging
phase.

A TES system with a honeycomb structure for solar
application was studied in Andreozzi et al. [13]. The
honeycomb was modeled as a porous media using the Local
Thermal Non Equilibrium assumption (LTNE). A transient
analysis about a honeycomb system with parallel squared
channels was numerically studied in Andreozzi et al. [14].
Moreover, the honeycomb as treated as a porous media and by
the results they found that for high number of channels the
honeycomb system can be considered as a porous media.

In this paper a numerical model of an honeycomb system
with PCM is employed. Transient regime numerical
simulations are created for different pores per unit of length
(PPU). The Solid-liquid PCM is Potassium carbonate (K,CO3).
The numerical model with honeycomb structure is compared
with a porous medium model. The porous medium is modelled
with the extended Darcy-Brinkman law and to evaluate the
heat exchange between the solid and the fluid zones a Local-
Thermal-Equilibrium assumption is used. By the results of the
real honeycomb model the characteristics such as permeability,
inertial resistant coefficient, effective thermal conductivity
and interfacial heat transfer are evaluated and then compare
with the porous medium model. Results in terms of melting
time and average temperature as function of time are presented.

2. PHYSICAL MODEL

The system under consideration is an honeycomb structure
with parallel squared channels, half of them are filled of PCM
and in the others the heat transfer fluid (air) passes through in
checkerboard way. The sketch of the honeycomb is depicted
in figure 1.

The height of a single elementary channel (pore) is H and
the thickness is 6 and therefore the cross section area where
the air flows is H x H. The length L of the honeycomb system
is 1 m. The solid walls of the honeycomb are made of the
ceramic cordierite. The PCM used in this simulation is
Potassium carbonate (K,COs). The PCM is enclosed inside the
channels of the honeycomb and it is considered fixed without
any movement, while the air passes through with a mass flux
0f 0.6 Kgms'!. The thermal properties of the various material
are listed in table 1.
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Figure 1. Sketch of the honeycomb with the single channel
size
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Table 1. Thermal properties of the materials

Thermal properties Cordierite Air K2COs3
[15] [16]
Density 2300 Ideal gas 2290
[kg/m?] law
Specific Heat 900 Eq.1 1513.69
[I/kgK] [17]
Thermal Conductivity 2.5 Eq. 2 2
[WimK]
Dynamic Viscosity - Sutherland -
[kg/ms] law
Thermal expansion - - 0.00011
Coefficient
[1/K]
Melting Heat - - 235800
[J/kg]
Melting - - 1170.15

Temperature [K]

The variation of thermal properties for the air is described
by the following equations [15]:

c, =1.06-10° —0.449T +1.14-10°T*-8-10 T +1.93-10 °T*

6]

k=-3.93-10°+1.02-10"T —4.86-10°T? +1.52.10 " T*(2)

The air passes through the honeycomb system while the

PCM is confined inside it, in fact half of channels are closed

where the PCM is blocked and the others are free to be passed
through, as it showed in figure 2.

7
BN

Figure 2. Sketch of inlet cross section for a unit of length

PCM Air

Therefore, the porosity in honeycomb configuration is:

HZ
(H+25)

1
3 )

V,

total

where Vi is the air volume and V. is the packaging volume.
The factor Y% is presented because half of channels are closed.
Various honeycomb system for different pore per unit of
length (PPU) are studied at the same porosity and volume. The
honeycomb system with different PPU is reported in figure 3
in a unit length U. The relation between the channel height H
and the thickness 8 for different PPU is:

HO. 52

H, = ' n
2n

n

60
o 4)

where Hy and sy are the values for 1 PPU and n = log,PPU.
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Figure 3. Sketch of honeycomb system with 1, 2 and 4
pore per unit of length (PPU)

The direct simulation of the real honeycomb systems are
then compared with a Local Thermal Equilibrium (LTE)
porous model with the same characteristics.

The enthalpy-porosity method is employed to simulate the
melting and solidification of PCM [18]. In this method, a
mixed solid-liquid phase region is present during the phase
change. This region is described using a parameter called
liquid fraction, B. Its value varies from 0 to 1 in the mushy
region, while it is zero when the zone is fully solid and it is 1
when the zone is fully liquid:

[B=0 for T <T, —AT/2

' I'-T +AT/2

1p="2n"2 'Y py T —AT/2<T<T +AT/2
AT ) ’

| F=1 for T=I +AT/2

®)

where T is the local temperature, Ty, is the melting temperature
of the PCM. AT is the temperature range where the phase
change occurs. In this study the AT is imposed to 2K. It is
always more difficult to simulate the honeycomb system for
higher PPU, because the geometric complexity and the
computational costs are higher. Therefore, an equivalent
porous model is used and it is compared with the real direct
honeycomb system. In fact the honeycomb matrix can be
considered as a porous medium where it is necessary to define
the characteristics as effective thermal conductivity and
permeability. The honeycomb porous model is anisotropic
with an effective thermal conductivity that has a value along z
direction different respect to x and y directions; the
permeability K is considered only along the z direction, while
along the x and y directions the permeability is null. The Darcy
law is employed to describe the dynamic behavior of the flow
in the porous media along the z direction. Given that the PCM
is enclosed inside the walls of the honeycombs, it is considered
as a part of the solid phase in the porous model. Moreover, Pal
and Joshi [8] found that in a honeycomb structure the natural
convection of the PCM can be neglected. The permeability K
does not be affected by the PCM, because it depends only by
the dynamic effects of the porous media.

K is calculated by the work of Bahrami et al. [19] where the
average velocity Uayg in a single channel with a square cross

sections: (3) E_% h(zﬂ

_Ap
avg
uiL
Ap is the pressure drop along the channel, L is the channel
length and ps is the dynamic viscosity of the fluid. A porous
medium obey to the Darcy law for low values of Reynolds:

(6)
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Ap _u u
2P _Fu =2 7
L K avg cK D ( )
Therefore, the permeability K for a single channel is:
2
K:g(ij E—%tanh( j (8)
2 3 7z 2
The permeability for different PPU is
K=¢ H, 1 6As'tanh( j 9)
2 3z 2

where up is Darcy velocity, the relation between Darcy
velocity and average velocity is Up=cuavg. The validity of the
equation (11) is validated by Andreozzi et al. [14] up to
Reynold number referred to channel height equals to 1000.
The real geometry model of the honeycomb is a conjugate
heat transfer problem and it is compared with a porous model.
in the porous model the Local Thermal Equilibrium
assumption is considered to simulate the heat exchange
between the air and the solid zone in the porous model.
Obviously, the PCM s treated as a solid zone in the porous
model.
The governing equations for 3D LTE porous model are the
following:

au av ow _0 (10)
X ay oz
s Lau uou v M_u]_
le, ot e2ox e2oy & oz an
_op M o°u d°u du
= _+_+_
x g, \ox* oy oz
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g, 0t gl ox & ay g oz (12)
_op My v v v
A AT A
oy X2 oy: oz
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P g, ot g_Z&Jrg 6y+5 oz -
f f f f (13)
_op M o'w d*w  o'w) 4
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az g\ Ox° oy" oz K

Energy equation for the porous media in the case local
thermal equilibrium (LTE), Ts=T=Tecm=Tcora=T is [20]:
aT
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u,v,w are the air velocity and x,y,z are the Cartesian
coordinates. ps is the air density, p is the relative pressure, s is
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the air dynamic viscosity, K is the permeability of the porous
zone. Cp¢ and ks are respectively the air specific heat and air
thermal conductibility.

The effective heat transfer capacity is:

(pc)eff :g(pCp)f +g(pCP )PCM +(1_2€)(pcp )cord (15)

The component of the equivalent thermal conductivity of
the solid phase is:

Parallel for heat conduction in the longitudinal direction (x-
direction):

A

A =kpcm5+kfg+ks%=

k :k pcm

z pem

A
+k, —+k,
A (16)

(Kpen k¢ &+, (1-22)

The effective thermal conductivity along x and y directions
can be calculate using the real honeycomb model, supposing
the z direction adiabatic.

w

k, =k, =0.753 — 17
=k, " (17)

The effective thermal conductivities are used in LTE model,
where there the thermal equilibrium is assumed. H. is the
latent heat of fusion.

Two different model will be studied and then compared, the
direct simulation of the honeycomb system for different PPU
and the honeycomb system as a porous media at the same
PPUs and porosity.

3. NUMERICAL PROCEDURE

Ansys-Fluent 15.0 is selected as the computational software
to solve the governing equations. A grid dependence test is
accomplished in order to evaluate the best grid. The variation
of temperature is monitored and the chosen mesh has 330000
cells, because in this case the relative error with the finest grid
was 1.2%. A transient analysis is made with a time step size of
1.0 s. The SIMPLE algorithm is used for the pressure-velocity
coupling, while PRESTO algorithm is used for the pressure
calculation. Second order upwind scheme is used for energy
and momentum equation. The inlet air temperature is 1473.15
K and the initial temperature of the system is 1073.15 K.

4. RESULTS AND DISCUSSIONS

Figure 4 represents the average temperature evolution and
the liquid fraction for different PPU. It is possible to see that
for lower PPU the evolution of temperature is slower and for
higher PPU is faster. This can be explained by the fact that for
higher PPU the exchange area surface between air and the
system is higher, moreover after PPU=8 the temperature
evolution is the same.
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Figure 4. (a) Average evolution of the temperature of the
system and (b) PCM liquid fraction during the time for
different PPU

In figure 5, there is a comparison between the real
honeycomb model and the porous model for different PPU
relative to the temperature evolution and liquid fraction. For
PPU=2 there are some differences between the two model but
for PPU>2 these differences decreases up to the two models
correspond each other for higher PPU.
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Figure 5. (a) Average evolution of the temperature of the
system and (b) PCM liquid fraction during the time for the
direct and porous model

Therefore it is possible to use the LTE porous model to
simulate the honeycomb structure only for higher PPU.

5. CONCLUSION

A numerical analysis of squared channel system honeycomb
for the latent heat thermal energy is numerically studied. A
comparison between a direct honeycomb system and an
analogous LTE porous system is accomplished for different
PPU. The differences are evident only for smaller PPU,
because the heat transfer between system and air occurs
through a smaller area exchange surface during the time, while
for higher PPU this area is increased.
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NOMENCLATURE

o
Q
o

f << CEAHTTROR~AIMT
=

Cross section Area, m>

Specific heat, J.kg-!.K!

Height of a single elementary channel, m
Latent heat of fusion, J.kg™!

Thermal conductivity W.m'.K!
Porous Permeability, m?

Length of a parallel channel, m
channel(Pore) Per Unit of length (PPU)
Static pressure, Pa

Time, s

Temperature, K

Air x-Velocity, m.s™!

Unit of length, m

Air y-Velocity, m.s’!

Volume, m?

Width of the system, m

Air z-velocity, m.s™!
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X

y
z

Greek symbols

Olsf

B

u
d

AT

P
Ap

Subscripts
air

avg
cord

Cartesian axis direction, m
Cartesian axis direction, m
Cartesian axis direction, m

Area Surface density, m

Liquid fraction

viscosity

Thickness of a single elementary channel,
m

Melting range temperature, K

Density, kg.m

Air Pressure drop, Pa

air

average

cordierite

dispersion

Darcy

effective

Porous fluid phase, air

PCM melting

Phase change material
packaging

channel(Pore) Per Unit of length (PPU)
Solid phase of the porous zone





