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ABSTRACT — An innovative new translucent honeycomb solar collector and thermal energy storage
module has been designed. The honeycomb module contains two different kinds of channels, namely
empty ones and those that are filled with a Phase Change Material (PCM). The latter are sealed at the
front and back side and, therefore, form chambers. Solar radiation enters the empty channels and is
transmitted forward into them. The absorbed energy fraction at the side walls of these empty chambers
leads to a melting of the PCM in their neighboring filled chambers, where then thermal energy is
stored as latent heat. A heat transfer fluid, usually air, crosses the empty channels by forced convection
and additionally charges or discharges the storage modules. Such elements are ideal to equip “intel-
ligent” building fagades in passive houses or then to form thermal storage elements in decentralized
air-conditioning systems by integration into the fagade of e.g. an office building. The article presents
the new system and gives results on simplified two-dimensional spatial physical modeling, numerical
simulation of charging and discharging modes and of a combined mode. Further work on full system
performance, including the description of thermal behavior of buildings, is proposed for future work.

1. INTRODUCTION

Phase change materials (PCM’s), with their combined sensitive and latent heat storage,
are useful to increase thermal storage capacities of storage tanks, parts of building construc-
tions, etc. (see pioneering work by Telkes, 1949, by Lane, 1983 and Mehling and Cabeza,
2008, etc.). Such thermal systems also include cooling applications (see e.g. Haussmann and
Schossig, 2006). The use of PCMs has not only a positive effect on the economy of the energy
used in buildings, but also on the thermal comfort by a smoothening and damping effect of
daily temperature oscillations. This phenomenon is called peak shaving, and its economic fea-
sibility was, for example, demonstrated in Annex 17 of the International Energy Agency
(IEA) (see Hauer et al., 2005). This phenomenon is also described in some detail in other ex-
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tensive review articles on the PCM technology for buildings with their passive, active and hy-
brid systems (e.g. Sharma and Sagara, 2005; Zhang et al., 2007; Kenisarin and Mahkamov,
2007; Zhu et al., 2009; Kuznik et al., 2011; Bouhssine et al., 2016). However, it must be re-
marked that a slightly varying temperature is advantageous for a good human comfort (Fan-
ger, 2007). By taking this aspect into consideration, the advantage of improved comfort
remains, because in our work one is speaking only of reducing too large amplitudes of daily
temperature swings, especially in summer time.

The productively available volume that is saved by an application of PCM is very often
an economic factor of importance, especially in buildings. Often downsizing of Heating, Ven-
tilation, Air-Conditioning and Refrigeration (HVAC&R) systems are made possible by an ap-
plication of PCM building elements, as e.g. gypsum wall boards with incorporated PCMs (see
e.g. Haussmann and Schossig, 2006) or microencapsulated PCMs in concrete walls (Cabeza
et al, 2007). In a study by Takeda et al., 2003, PCM was applied in a floor supply air con-
ditioning system in granular form. Butala and Stritih, 2006, studied cold storage for building
ventilation. Lehmann et al. (2005) propose thermally activated building elements (TABS),
which contain PCM in ceilings. Pure PCMs, by their discontinuous (first-order) phase tran-
sitions, stabilize temperatures at the melting/freezing point or in mixtures, with continuous
(second order) phase transitions, make temperatures to be with higher probability in smaller
intervals around the mean melting temperature (see e.g. Egolf and Manz, 1994). These au-
thors have invented a melting/freezing model, which they call the Continuous-Properties Mo-
del (CPM). Their theoretical approach — also applied for the modeling and numerical simula-
tion in the present article — has great advantages concerning numerical stability and demanded
central processing unit (CPU) time of computers. It has led to numerous practical applications
in diverse areas, as the chocolate industry, melting of glaziers, simulation of nuclear reactor
melting, etc., but also in buildings, for example by Feustel and Stetiu (1997), who introduced
a modified enthalpy function into the basic model of Egolf and Manz.

Some applications pertain to storage vessels with PCMs that are directly penetrated by a
heat transfer fluid (see e.g. Egolf et al., 1994, 1997a, 1997b and Martin et al., 2010). The
direct contact leads to a high heat transfer efficiency. On the other hand, the PCM must be
ideally repelling the heat transfer fluid to guarantee a system that shows a sufficient reprodu-
cibility (cyclic stability). Therefore, one usually finds PCMs more frequently in plate-like,
spherical or cylindrical encapsulations mounted into a storage vessel. Numerous works have
been published on thermal and cyclic stability on nano-, micro- and macro-encapsulated
PCMs (see e.g. Zhang et al., 2007; Cabeza et al., 2007; Sinha Ray et al., 2011; Wang et al.,
2015). Today, such classical systems can be physically modeled with great success, even if
approximate approaches, as e.g. for the free convection of the liquid PCM in the capsules or
of the water surrounding the nodules are taken into consideration (Egolf et al., 1997a,b). In
experiments Egolf et al., 1994 have also visualized the temperature profiles in PCMs contain-
ing nodules of a storage tank with water showing the melting and freezing phenomena. The
encapsulation must guarantee a perfect separation of the heat transfer liquid from the solid or
liquid phase of the phase change material occupying the inner part of the PCM containers.



A fine dispersion of PCMs in a carrier fluid leads to a phase change slurry (PCS), a term
created at the beginning of the 1990s by the first author of this article. This designation is
today also used in a modified manner, namely as phase change material slurry (PCMS).
Above a critical particle concentration such a fluid is usually characterized as a Non-New-
tonian fluid. Such fluids can be applied, for example, in district heating or cooling systems
(see e.g. He et al., 1999). The simplest and unproblematic slurries are ice slurries containing
an additive (e.g alcohol or glycol) and water/ice (Egolf and Kauffeld, 2005; Kauffeld et al.,
2005; Liu et al., 2015). The small ice particles, of approximately 200 um typical extent, allow
a pumping of the ice slurry, which conceptually is treated as a Bingham substance. Heinz and
Streicher (2005) tested micro-encapsulated PCS filled into a storage tank. For renovations or
expansions of district heating or cooling systems, the higher enthalpy density of the PCS
compared to a conventional brine, to obtain a higher transport power, can avoid the necessity
of building a new piping system with larger diameters. Similar fluids, as e.g. micro-emulsion
slurries, are an alternative to ice slurries and were investigated e.g. by Hadjieva et al., 2003,
who also studied their structural stability and the thermal energy storage capacity. Such fluids
are mainly used as secondary refrigerants in large refrigeration systems.

Besides these classical applications, there were always attempts to also create new inno-
vative systems by an application of PCMs. With the utilization of solar energy in mind, tran-
sparent or at least translucent building elements with the properties of day lighting and ther-
mal energy storage were developed (see Wong et al., 2007, Kudhair and Farid, 2004, Gryn-
ning, et al., 2013). Especially salt hydrates, containing water, have the property not to absorb
visible light so much. Therefore, they are ideal as PCMs that can be used in a two-fold man-
ner: The visible diffuse light is transmitted, which is ideal for studios, libraries, etc. and the
ultraviolet and the infrared parts of the light spectrum are absorbed and lead to a desired melt-
ing of the PCM for thermal energy storage. Because such elements are utilizing solar energy
in a direct application, they are usually located in the building envelopes and, therefore, must
obey some requirements suppressing fire propagation. Viewed from this aspect, salt hydrates
are more ideal than organic groups of materials, as e.g. fatty acids or paraffins. Such a system
was, for instance, developed by Manz et al., 1997. These authors have not only scientifically
investigated their system by applying to their processes the Monte Carlo simulation method
and using experimental work; an architect, in contact with these scientists, has also initiated
some industrial production and practical building applications (see e.g. Schwarz and Nussbau-
mer, 2002). Some years later, it was shown that such a system can also perform well by simp-
ly replacing the transparent insulation by a conventional glazing (see Weinlader et al., 2005).
Balocco et al. (2001) studied the behavior of different transparent glass and plastic sheets and
films. Wong et al. (2007) performed an extensive review on transparent insulations (TI). Plat-
zer (1987) worked on the solar transmission of transparent insulation; moreover, it was also
Platzer (1992) who investigated the directional hemispherical solar transmittance in plastic
honeycomb-type structures. Finally, Ismail et al. (2008) performed a comparison between
glass windows, filled with an absorbing gas, and transparent insulations, respectively.

In the following article, a new innovative building element - also translucent - is presen-
ted. It consists of a honeycomb structure with longitudinal chambers. Some of these chambers
are filled with a PCM, to a degree of e.g. 90 %, to counterbalance volume changes between



the solid and liquid phase. On the other hand, the empty chambers, in the front and at the
back, open to the free atmosphere or covered by a glass, respectively, lead to the advantage
that the storage module, by forward transmission of direct and diffuse solar radiation, can be
easily charged also at deeper locations in the module. The absorption property of the inner
surface of the empty channels have a finely tuned absorption coefficient given by special
material coatings. This module is described in more detail in the next section. The article
describes first basic investigations by physical modeling and numerical simulations of such
PCM modules. The basic physical modeling and simulation work with Matlab tools was
performed by Amacker (2011). In a Master thesis (Noume, 2010) possible applications in
decentralized solar air-conditioning systems were evaluated by even taking, in a more
extended and expensive system, the future-oriented magnetic heating and cooling technology
into account (see e.g. Auracher and Egolf, 2006; Egolf and Rosensweig, 2007). This work
was further presented by Egolf et al., 2014 to politicians and stakeholders in an International
Special Issue of the United Nations Environmental Program, UNEP and in an Italian
industrial formation journal (see Egolf et al., 2015). A number of such and similar modules is
foreseen to be designed and technically realized in the foreseeable future.

2. THE NEW STORAGE MODULE
In certain applications, the PCM is simply filled into a tank. However, more frequently
the PCM is encapsulated in plastic containers of plate-like, cylindrical or spherical shape (see

Section 1). The encapsulation in glass blocks or transparent small plastic containers or
capsules, respectively, widens the spectrum to applications with direct light utilization.

Fig. 1. In this figure two Honeycomb-PCM (HPCM) storage modules of hexagon type are
shown. The one on the left-hand side shows a filling degree of 33.3 % and that on the right-
hand side a higher one of 66.6 %. The rectangles present periodically repeatable domains that
allow easy package degree calculations.



These panels show the honeycomb structures as being built perpendicular to the building
facade. In the physical modeling in this article regular polygons are approximated by circular
geometries (dotted red circles). The higher the order of the polygon (number of kinks) is, the
better this approximation applies. The main objective of this and further approximations is to
keep the problem azimuthally symmetric, and by this to obtain a low dimensionality, in our
case to restrict ourselves to a three dimensional problem, by introducing only a time and two
space coordinates (see below).

In the new module, the transparency, allowing direct solar light absorption, is combined
with some excellent heat transfer characteristics. This is obtained by filling certain chambers
of a transparent honey comb structure at a high package degree, with a PCM and then by
sealing them, whereas neighboring chambers are left open and empty (see FIG. 1). In the
empty channels, solar light can enter by forward transmission or/and heat can be transferred
via convective transport by a fluid into or out of the storage elements.

There are numerous honeycombs with different capillary tubes, polygon-shaped channels,
produced with inorganic or organic materials, as e.g. glass, polycarbonate (PC), etc., including
also channels of triangular, rectangular or higher-order polygonal shapes.

The filling degree of such a structure is determined by figuring out a domain which is
then periodically continued. In FIG. 1 areas of empty (white colored) and filled chambers
(gray colored) are shown for two different structures. Then the filled areas in such a domain
are calculated and put into relation to its total area, which then leads to the areal and by multi-
plying with the depth of the honeycomb structure to the volumetric package degree.

The building of such structures must be executed to achieve highest mechanical stability.
Furthermore, the industrial filling of the chambers with PCM and the sealing of the chambers
must be efficiently and economically realized. Up-to-present these two more practical aspects
have not yet been studied.

3. PHYSICAL MODELING

3.1 Absorption of direct solar radiation

The honeycomb storage module, with its empty and filled channels as shown in FIG.
2, absorbs solar radiation. In this figure only the ray tilted by the angle @ that enters the ho-
neycomb in the center cut through the module is shown. Parallel rays to the ray lying in this
center plane act differently and this will be discussed below. The empty channels reflect the
light forward into the body of the element and with each encounter of the occurring multi-
reflection process some energy is absorbed by the neighboring filled channels. For a single
solar ray, the absorption at different locations is a discrete process in space. The filled cham-
bers absorb the arriving energy flux fully at their front side. This is shown in FIG. 2 on the left-
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Fig. 2. The absorption phenomenon occurring in the vertical center plane or a cut through a
honeycomb storage module. There are two types of elements; a first type of channel is empty
and a second type filled with a PCM (see (two) gray underlain channels). The empty channels
permit radiation to enter deep into the body of the module.

hand side. Of advantage is that for the first case an effective absorption coefficient can be de-
rived.

An incoming ray of solar radiation, tilted by the angle @ with respect to the normal
vector of the building fagade module, i, is shown in FIG. 2 on the left-hand side. Notice that
all situations with a ray of angle & are laying on a conus with its tip at the facade and its axis
laying on the same line as the normal vector of the fagcade. Because our modeling shall be
reduced to a simplified azimuthal situation the cone may always be turned around its axis till
the ray lies in the vertical plane as shown in the figure, without changing the physical relevant

results of absorption at the cell walls and diffusion in the cells containing phase change mate-
rial.

If the direct solar radiation has an intensity I, then the heat flux entering an empty
channel (denoted by the subscript ech) is

~ (di *(di
QU =QU) = Aynl cos@ (3.1/1a,b)

in which Ag, is the (fractional) surface of the empty channels of the fagade.



The uniquely reflected solar ray leads to the energy flux

Qi) _ (")Q(dir) (3.1/2)

echl = 'S ech,0’
. .. . () )
with two surface coefficients of reflection ry , obeying the laws

() — () ) () i di
ri =1-a%, 0<alP r¥ <1, yeldir,dif }, (3.1/3a-f)
where ag’” denotes the dimensionless surface coefficients of absorption. Moreover, the

superscripts ‘dir’ and ‘dif’ denote direct and diffuse radiation, respectively. The subscripts ‘0’
and ‘1’ denote the incoming and only once reflected energy fluxes given by the solar rays.

This process goes on, and by recurrence for position k, one finds
5 (di dir) A (di din)k A (di
ek = Tg " Qanks = Tg " Qb (3.1/4a,b)

From FIG. 2, one may read off the geometrical relation for the number of encounters of the
solar rays onto the walls of surrounding channels for the rays

k = int (ZTkj , (3.1/5)

where a multitude of reflections is assumed to occur and int(...) denotes the nearest integer to
the argument, smaller than this argument. In a simplification, this command is dropped again
when the model will be transformed from the discrete to its continuous version (see below).

FIG. 3. Two types of rays are shown, a first in the center plane (black color) and a second one
parallel to it (blue color). Rays not in the center plane rotate in the pipe. In the projection on
the left the periodic cases lead to polygons; in the presented case it shows four kinks and,
thereby, leads to a ““square-type” absorption process. The occurring possible reflection pro-
cesses are shown in FIG. 4.
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FIG. 4. Type 1 reflections with rotation number n, =1, leading to polygons with nx =2, 3, 4
and 6 kinks are shown in the first line from left to right. A type 2 periodic solution with
rotation number nr =2, showing a closing after two rotations (small circle) and nk =8 kinks is
presented in the bottom line on the left. All these cases are commensurable processes. How-
ever, type 3 reflections are shown in the last two figures, which represent the incommensu-
rable cases, where the rays densely cover areas and there is no repetition in the to the front
projected absorption locations. In these last cases only a first few rays are drawn.

First, the simple situation in the center plane of FIG. 2 is made visible in FIG. 3 with
black colored rays in a projection toward the facade and a vertical cut through a cell. On the
right-hand side the identical situation as in FIG. 2 is observed.

However, there are other rays, which occur in vertical planes parallel to the vertical
center plane, as e.g. the blue ray shown in FIG. 3. These rays show steps between absorption
processes (points where the ray hits the cell wall) which occur at different azimuthal angles.
The occurring configurations can be assumed to be like discretizised rotational geometrical
configurations. The farther the vertical plane containing the ray is from the center plane, the
smaller the steps will be.



We distinguish three types of rotations (see FIG. 4). Type 1, is characterized by
absorption processes which, in a projection of the front, close a reflection sequence on the
circle after a single rotation of 2. The first row in this figure shows situations in which, after
a single rotation of 2z (nr =1), a ray track produces a polygon with nx = 2, 3, 4, 6... ray
segments. Type 2 also shows a closed rotation, but the closure only arises after more than a
single rotation as sketched in the lower line on the left-hand side. The ray segments from the
first vertical entry of the light ray reaches a reflection point of previous ray segments. These
first two cases are called commensurable cases: the ray sequences are periodic. Type 3 is the
incommensurable case where no such closing after a finite number of reflections occurs; the
reflection points on the circle are therefore densely distributed around the circle. Equally, the
ray segments completely fill the interior of a concentric ring (figure in the middle) or even of
the entire circle (figure on the right). This is sketched by a complete filling these interior do-
mains by a continuous blue shading. No closing occurs and the rays hit always different azi-
muthal locations and cover densely all the azimuthal angles between 0 and 2.

Finally, we notice that | (in FIG. 1) is a function of the location of the vertical plane,
where the corresponding rays are embedded. For example, in FIG. 3 it is evident that this
length is a maximum in the center plane and is smaller the farther the plane is located from
the center, becoming zero at the circle’s periphery. To study this situation please consider
FIG. 5.

d(x)
d(x*) > X
-R i R

FIG. 5. The corrected diameter as a function of the location of the vertical plane. At x*=0 it
corresponds to the diameter of a cellular chamber d =d(0) and decreases toward both sides to
yield d(-R)=d(R) =0. The portion of rays occurring in a vertical plane is proportional to this
variable distance d(x) and is an important measure to define a probability distribution (see
text).



The simplifying idea of our model is to work with a weighted (mean) step size | for
the absorption processes. It is clear that this is a crude approximation of a highly complex
geometrical situation where billions of photons enter the channel, each having its particular
(eventually rotating) path in the cylindrical cell. An accurate description could be obtained by
a Monte Carlo simulation, in which a large ensemble of photons is shot into the channel and
all the occurring reflections on the channel wall are registered and statistically evaluated. In
this manner the azimuthal light energy absorption distribution could be determined. It is
assumed that this distribution would slightly peak at the incident angle & and its opposite
location, which is found at the angle 6+z. This peaking is decreasing to the back of an empty
channel. In our model this inhomogeneity is neglected and, thereby, an azimuthally symmetric
distribution is assumed. However, with the thermal diffusion processes such minor effects are
smeared out and will not change the macroscopic energy fluxes perceptibly.

As shown in FIG. 5, one has

d(x) = 24/R* —x?, ~-R<Xx<R. (3.1/6)

It is evident that the number of rays from a uniform source entering a channel in a vertical
plane located at x is proportional to d(x). The maximum number of photons will arrive in the
center plane, whereas at =R there are none. Therefore, we can write a probability distribution
for arriving photons as a function of x

22
p() = R®—x* ZR RZ_x2 (3.1/7a,b)
I\/RZ “xfdx T
-R
a distribution that is evidentially normalized, viz.,
R
j p(x)dx=1. (3.1/8)
-R
Now, we can calculate the weighted “diameter” to yield
_ R
d= j p(x)d(x)dx, (3.1/9)
-R
which is
= 4 to (3.1/10)
d =7zR2 I(R —X )dx.



The result of the integration yields

d= 4 (R x| -3 3‘R jZER__d 0.849d . (3.1/11a-d)

7 R? -R 3 3z

For the central plane case, the length | is expressible by the diameter of an empty
channel, d (see FIG. 2)

| = tan(% - de —dcotd. (3.1/12a,b)

The diameter is now substituted by the weight-averaged diameter. With the help of (3.1/11d)
and (3.1./12b) this leads directly to the weight-averaged length

[ —dcotd= %| _0.8491. (3.1/13a,b)

In analogy to (3.1/5), the weight-averaged quantity takes the form

K=int| 2] =int[ 22 |2 int[ X tano | (3.1/14a-c)
I d cotd d

Therefore, one concludes that

N = int (dk tan Hj, N =int (ditan 0) , (3.1/15a,b)

where N is the number of reflections in a chamber of a ray in the central plane and N denotes
the weight-averaged number of hits of all rays arriving at any location between x=-R and x=
R.

Let us next substitute Eq. (3.1/14c¢) into (3.1/4b). Then, we replace zx by z and drop the
notation int(...) and obtain

QM =0 (z) = QY@= (DG =@ () (3.1/16a,b)

ech

which implies

log, QU (z) = —tan 0 log, (r™ )+ log, Q" (0). (3.1/17)



Taking the exponential function of this expression and substituting Eq. (3.1/1b) leads to
(dlr) (dir)
Q.. (2) = Al cos(0) exp{log (r )d tan 0] (3.1/18)

Using product separation, this can equally be written as

N _g@np (3.1/19)

ech ech

(dir)
ech

with the global absorption coefficienta which is not a physical, but an effective quantity

, d
(dir) _ (dir) _
Bech eXp( 4<dur>]C°S(9) “ " og, () )tan6 (3.1/20a,b)

ech

Virtual averaged rays reflected in an empty channel N times and arriving to the right end of
the module (see FIG. 2), produce an out-coming energy flow. Therefore, it follows from Eq.
(3.1/18) with z=L that

QU =QWM(L) = A, 1cos(8) exp[log (r“"”)ld‘tan 9). (3.1/21a,b)

There are numerous special cases, which make the correctness of this formula plausi-
ble. If #is 90° no radiation energy enters the device. If Aech is zero, the same is the case. If the

coefficient of reflection is r{” =1, it follows that Q" = Q") 'which is correct as it sta-

ech,out ech,in 1

tes that no radiation is absorbed. Full absorption is described by a{*” =1, and then from Eq.

(3.1/3a) it follows that r{® =0 and its logarithm approaches —oo and its exponential is equal

to zero. Therefore, no energy crosses the device. If 6=0 then the radiation crosses the device
horizontally and no energy can be absorbed. If 6=90° not only the term in front of the
exponential, of (3.1/18), but also the tangent function in the exponent contributes to a vani-
shing energy flow.

The ratio of the solar radiation crossing the storage device completely, Q&) , to that
(dir)
ech,in 7

entering the device, Q

Q(dlr) .
Q= Qe(cglf)“t = exp(;( tan 6?) , y=log, (r(dll’) )
ech,in

o

=0, (3.1/22a-d)

where y does not have the same meaning as e.g. in Egs. (3.1/2) and (3.1/3), where in these
equations it is only used as a superscript.
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The exponential power reduction, described by Eq. (3.1/22b), is directly connected
with the energy flux, which penetrates perpendicular to the fagade in the radial direction into
the PCM.

In this article, a spatially two-dimensional model is applied. This demands for filled
cylindrical cells. If polygon structures are applied, actually a spatial three-dimensional ap-
proach is required. In a simplification fictive cylindrical cells, with a volume identical to the
volume of a polygon filament and a surface that is identical to the surface of this polygonal
element, must be applied. Such approximation techniques are frequently used to simplify
engineering problems and, therefore, will not be outlined. A positive argument for this
approximation is also that a polygonal overall structure with polygons of order nk (nk =
number of kinks) with nx toward infinite, converges toward the two-dimensional modeling of
geometrically simpler cylinders, which is applied in this article. Further clarifying remarks are
given in section 3.5.

In the following the radial energy flux at the wall of the cylindrical channel with radius
r = R shall be modeled. There, one has

dQ“’(R,z) =n Q' (2) dz=—" An! F:os(e) exp(_i}dz, (3.1/23a,b)

r dz cen Con

where n denotes the ratio of the number of empty channels divided by those filled with a
PCM. To determine this, one can study again the framed rectangles in FIG. 1. Then, one finds
for the figure on the left the areas of four empty and two full channels. Therefore, four empty
channels give their energy flux to two full channels implying n=2. In the situation of the panel



on the right, one finds only the area of two empty channels, against four full ones, implying
n=1/2. With this concept, one may view the network on average as if it would consist of a
single full channel. The characteristics of the total storage is then obtained by a parallel net-
work, which corresponds to identical intensive variables of single entities (e.g. the tempera-
tures) and an additivity of extensive variables (e.g. volume, energy, etc.) by the number of full
chambers in the honeycomb storage device.

The heat flux in the radial direction is weakened by photon absorption. Introducing a
bulk absorption coefficient

1 N
al?) = pay 7 € {dir,dif }, (3.1/24)

which is a reciprocal characteristic length, called penetration length p(l), one can write

cosh[ . j
n | cos(@ (dir)
Aech ( ) P exp[_

dQ‘r(dir) (r,z)=— o

ech cosh( (Fjir) j
0

The normalized r-dependent fractional term is a reasonable approximation to the real prob-
lem. In a half-infinite extended domain, the absorption process leads to an exponentially de-
caying function. In a plate, with entering rays from both surfaces, a superposition of the
exponential functions, describing both absorption processes, leads to a hyperbolic cosines
dependence as given in our approach. To apply the model of a plate to a cylinder, one requires
the condition p™” << D, which in our example (see Sect. 4) is numerically fairly well
fulfilled (compare with numerical values in Table 1). Furthermore, we see that at the
boundary of the cell it follows that dQ‘“"” (R, z) is just identical to the special case (3.1/23D).

Then, one notices that on the cylinder axis the requirement, dQ{*”(0,z)/dr ocsinh(0)=0, is

fulfilled, guaranteeing a symmetric profile in the domain —R < x < R, where x is the extended
radius also incorporating negative values. All these features provide confidence of the useful-
ness of approximation (3.1/25).

(dir)
ech

sz, P << D. (3.1/25)

Now, the radial component of the heat flux density vector can be determined. We state

dQ’ﬁ-dil’) (r, Z)
dA ’

6\ (r,2) = (3.1/26)

r

with the radial area A, depending on the radius r,

dA = 27rdz. (3.1/27)



This representation indicates that we now replace the hexagonal form of the PCM structure
approximately by the circular cylinders as indicated in FIG. 1.

Substituting Eq. (3.1/25) and (3.1/27) into (3.1/26), the final radial heat flux density
takes the form

4 (r,2) = -

r
cosh| —
1 N Aglcos@) 1 [p(d")J
Z (dir) F R eXp
ech cosh[ (dir)J
Yol

Next, the direct radiation energy flux, encountering the front side of a full chamber (denoted
by the subscript fch), is expressible as

] _ (3.1/28)

T i)
ech

QL (r,0) =al™ Ayl cos, vre{O.R}. (3.1/29)
Then, the flux penetrating the material (z> 0) is
Qe (r.2) =af Q" (r0) =al™afy A, I cos(0), vre[o,R], (3.1/30a,b)

with the damping function

alin _ exp(— z ]
fch (din) |
P (3.1/31)

r

which contains the same bulk penetration length ,O(di as introduced in Eq. (3.1/24).

The z-component of the desired heat flux density vector is obtained by dividing the term in
Eq. (3.1/30b) by the surface area Atch

- (3.1/32)

3.2 Absorption of diffuse solar radiation

The diffuse radiation entering a full chamber in the radial direction is obtained by ave-
raging in Eq. (3.1/28) over all the occurring incident angles &, by changing | to D (see below)
and the superscript from (dir) to (dif). This process yields



cosh( : ]”
) n D (df)y |2 ()2 an
4 (r,2) =~ AaD1_ \p [E )50 s(0)d6, (3.2/1)

272 (@)
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(dif) | 2
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where in the integrand in Eq. (3.1/20b) was substituted, and D denotes the energy flux density
of diffuse radiation.

In analogy to (3.1/30) the absorption of diffuse radiation at and behind the left bound-
ary of a filled chamber is

QWD (r, 2) = aldDQW0 (1 0) = a@Da @ A D, vre[o,R], (3.2/2a,b)
with
all” =ex Z

fch = EXP —W : (3.213)

By a division with the cross-section area of a full chamber Afch, one obtains the heat flux
density component

. (di i A
49 (z) = 2" exp(— WJD _ (3.2/4)

3.3 Absorption of the global solar radiation

The volumetric absorbed energy is obtained by the divergence of the heat flux density,
for axisymmetric processes,

Qo = div(aRad ): % a[l’(qfd";: qﬁdif))]-’_ a[qﬁdir)a_zi_ qﬁdif)] | (3.311b)

Introducing the terms given by Eq. (3.1/28), (3.1/32) for the direct radiation and those in Eq.
(3.2/1) and (3.2/4) for the diffuse radiation, it follows that
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(3.3/2)
3.4 Energy conservation in the PCM storage device

The physical modeling of the PCM is performed by the application of the Continuous-
Properties Model (CPM) developed by Egolf and Manz (1994)

Neglecting convective terms in the internal energy balance and also ignoring possible
stress powers, the energy conservation law can be written as

58—‘2 + div(Gy ) div(deye ) =0, (3.4/1)

where oq in terms of the specific enthalpy h and Fourier’s law for the diffusion process
diV(aDif ) are expressed as

oq = p oh, dpir = —kVT, (3.4/2a,b)
so that Eq. (3.4/1) takes the form
p ‘;—h — div(kVT )= div(dges )= 0. (3.413)

From this, there follows, because a description of PCM behavior strictly requires h = h(T) and
k =k(T)

p%%— _KAT - %(VT T )= div (G ) = 0. (3.4/4)

With the effective specific heat capacity, cy(T), and the effective thermal diffusivity, o(7)

_ dh(T) —k(T)
%= ar (M) =

+ Py
e Ty p= w ~ const. (3.4/5a-c)
P Lo

Then, by dividing Eq. (3.4/4) by p and cp, with the help of Eq. (3.4/5b) and abbreviating

OsourcelY ds,, ONE Obtains the main differential equation with a heat source term describing
the solar energy absorption: G, ce= Uso>



% - a{AT +%[% (VT1.97)- div(ﬁSO)}} 0. (3.4/6)

An economic manner to write the two-dimensional nonlinear diffusion equation for the three
basic geometric PCM bodies (plates, spheres and cylinders) is (see Egolf et al., 1997¢)

o T T c,ar 1ldk|(eT) (eT)
— | Gt — || | +C| —
ot OX; X, X, 0% Kk [dT|{ox OX,

with the following constants for spatially two-dimensional problems (see Egolf et al., 1997c)

e, 1 0bGas,)
8X1 x; ax2

} =0, (3.4/7)

Plates : ¢,=1 ¢,=0, c;=1,
Spheres : ¢,=0, ¢,=2 ¢,=0, (3.4/8a-i)
Cylinders : ¢,=1 c,=1 c,=1,

where in this article only the last line, with the characteristic values for cylinders, is applied.

Here, the simplest geometrical situation will be studied, namely that of circular chan-
nels, which are in the total azimuthal direction of 360° surrounded by empty channels (see Fi-
gure 1 on the left-hand side). This is the situation of a cylindrical melting/freezing problem. If
the structure is of polygonal shape of higher order, e.g. equal to six (number of edges), a cy-
linder, with an equivalent diameter leading to the same volume, may be taken as an approxi-
mation for the polygon (see FIG. 1 on the left-hand side (circle in the left top corner)). How-
ever, in this case, the heat transfer area is different and a correction must be made. Higher fill-
ing degrees lead to other configurations of higher complexity. The structure of FIG. 1, on the
right-hand side, can also be roughly approximated, namely by a concentric cylindrical do-
main. For more accuracy or in other more complex situations the spatial dimension must be
chosen to be three. We only study the spatial two-dimensional cylindrical case.

For the cylindrical case, changing the denotation of the variables by x;=r and x>=z, we find

orT  [o*T 16T &°T 1|dk|(eTY [asz 0 10

— - —+-—+—+——|| — | +|— | |-—qs,, ———(rg =0. 3.4/9
ot a<ar2 ror o k{dT{[&rj o) 7ot g o) (3.419)
The source term is given by Eq. (3.3/2).

3.5 Initial and boundary conditions for cylindrical PCM elements

The initial condition is that in the PCM all temperatures are the same



Tt=0r2)=Ty,, Vre[oR], WVvzelolL], (3.5/1)
with, for example, To=293.16 K (20 °C).

The boundary condition for the front side is given by

hL

Tar0-T, 0], vre[oR], Bi == (3.5/2a,b)

Bi,
L

or
—(t,r,0)=
P ‘( )

with the Biot number Bi; for the z-direction. Analogously, one defines for the back side

Bi,

i re @ L-Ter L), vre[o,R]. (3.5/3)

oT
—|(t,r,L) =
62‘( )

The symmetry axis in the centre of the cylinder is the location of the condition describing a
vanishing radial heat flux and thereby also directional derivative, viz.,

oT
E‘(t’o’ 2)=0, vzelo,L]. (3.5/4)
The heat flux at the side walls of the cylinder must obey a further and last boundary condition

(3.5/5a,b)

Z—I‘(t,R,z): BF;r [ t.2)-Ta.R2)]  vzeloL], Bi :hTR,
with the Biot number Bir for the radial direction. In the continuous model the boundary
conditions (3.5/2a,b) and (3.5/5a,b) are complete. However, when a discretization is perfor-
med the front corner element experiences two heat fluxes arriving and two leaving. This
means that one heat flux is coming in and one is leaving in horizontal direction. For the corner
element, a combination of these four heat fluxes must be taken into consideration. This is
developed by considering the following energy conservation equation,

qr,in + qr,out + qz,in + qz,out =0. (35/6)

In the material parts these heat fluxes are fluxes given by diffusion and on the other side they
are defined by heat transfer. Expressed with finite differences these considerations lead to

Kk T, R-Ar,0)-T(t,R,0) Kk T, R,AZ)-T(t,R,0)
Ar Az

+2h[T,RO)-T,(0)]=0,  (35/7)

in which Tr is the temperature of the fluid. The last expression can be rearranged to become



T(LR-Ar0)-T(, R,O)+%[T (t.R,AZ)-T(t,R0)]= 2% Bi,[T(t,R0)-T,(0)] . (3.5/8ah)
z
Solving this for the temperature in the corner element leads to

T(t,R—Ar,0)+ irT(t, R,Az) + ZARr Bi, Tt (0)
VA

Ar .
1+—(1+2B
+40 (1+28i,)

(3.5/9)

T(t,R,0)=

In analogy, one obtains for the other corner at the back side, where now the following signs of
the increments are valid

T R—-Ar L)+ 2"

TLRL)= AL
1+—(1+2Bi
L+ 2Bir)

(3.5/10)

T(t,R,L—Az) + 2ARr Bi, T+ (L)

All the physical quantities y of the PCM are modeled by exponential functions as
outlined in Egolf and Manz (1994). For these quantities, the main parameters are the value of
the solid ysoi and the liquid phase yliq. Furthermore, important are the melting temperature of
the PCM, T,,, and the width of the transition region (mushy zone), characterized by the

temperature difference z (for its definition see in Egolf and Manz, 1994) . The exponential
functions continuously (and analytically) approximate the transition between the solid and
liquid phase, which is assumed to show identical widths for all the physical properties. This
leads to high numerical stability and low computation (CPU) time. The numerical values
(simulation parameters) are given in Table 1.

3.6 Initial condition of the fluid and determination of the downstream fluid temperature

The theory presented up-to-here describes the solar charging of the PCM storage de-
vice and the diffusion and phase transition phenomena in the PCM. However, additionally,
the “empty” channels allow a crossing of the storage device by a heat transfer fluid, which
usually is air. This can lead to an additional charging, but by counter action can also be used
for a discharging of the thermal storage device. Such convective flows also occur in these new
storage modules as part of a ventilation or an air-conditioning system. Decentralized facade
air-conditioning systems can favorably be equipped by the proposed new storage module. The
convective heat transport by a fluid is the topic of this subchapter.

The initial condition for the fluid is, e.g.

T, (t=0,2)=T,, VvzeloL]. (3.6/1)



Starting point to determine the fluid temperature as a function of time t and downstream direc-
tion z is the energy equation of a Eulerian fluid, neglecting diffusion in the fluid, pressure
related energy, viscous dissipation energy, energy produced by external forces, etc.,

p[[))—fmiv(dhex):o, (3.6/2)

where the index hex denotes heat exchange or with the substantial derivative in more detail

oe e 1 . (-
—+w—+—div{q,,, )=0.
P oz p (qheX) (3.6/3)

Because the small thermal inertia of the fluid (air) is negligible, it follows that

oe 1 ../
w— =—-—divq,., ). (3.6/4)
82 p (qhex)

Now, we integrate over an empty channel domain I', containing fluid and showing the boun-
dary surface oI . This yields

l w%dv _ —% l div(Gy, )V - (3.6/5)

The density exhibits small variation, so that the velocity and density can be assumed to be

constant. Now, the divergence theorem is applied to (3.6/5) and an integration over an infini-
tesimal slice in the z-direction is performed, which yields

oe 1 - - 1 O
AW [ ——dz = - [ G dA=-— [ G dA, (3.6/6a,b)

or oor oor
where A is the exterior unit normal vector on oI .

In differential form this can be written as

VA, 08 = N 08 = EQpey , (3.6/7)
with

and



0Qy,, (z)=27RN [T (t,R,2)-T, (z)]éz, (3.6/9)

where h denotes the heat transfer coefficient at the surface of the empty cells. Egs. (3.6/7)
with (3.6/8) and (3.6 /9) imply

WA C.. 0T, (2)=22Rh [T (t, R, 2) - T, (2)] ez, (3.6/10)

respectively with A, = mR?,

h
pWCpf’

oT (t2) 2 ) )
. —ESt[T(t,R,z) T,(2)] St=

zeo,L], (3.6/11a,b)

where St denotes the dimensionless Stanton number.

The system has quantities that are responsible for its forcing or driving, namely one geometri-
cal quantity and three physical quantities, explicitly

0, 1, D, T,(t,0). (3.6/12a-d)

The state of the storage device is described by the specific enthalpy or temperature
h(T (t,r,2)) or T(t,r,2), (3.6/13a,b)

at each time and location in the PCM, because the continuous equation of state, h(T), defines a
continuous and monotonically increasing relation between enthalpy density and temperature.
The energy contained in the entire storage module is

H() = [h(T(t,r,2))dV(r,2), (3.6/14)
I

where the zero-state enthalpy H=0 can be arbitrarily chosen. Here the volume is related just to
the domain of the ensemble of filled chambers. If one wishes to refer to the total domain, a
package degree must be defined.

The following equations are required to solve the above initial boundary value problem
problem: The basic equation Eqg. (3.4/9) with its source term (3.3/2) and the initial conditions
(3.5/1) and (3.6/1). Furthermore, the boundary conditions are Eqg. (3.5/2a,b) up to Eg.
(3.5/5a,b) and (3.6/11a,b). The state of the storage is defined by (3.6/14) and the forcing of the
system is given by Eq. (3.6/12a-d). Mathematically the ensemble of these equations define a
well-posed parabolic initial boundary value problem that was numerically solved by Ama-
cker (2011).



4. NUMERICAL SIMULATION RESULTS

4.1 Charging by direct and diffuse light absorption

The main phenomenon is the charging of the honeycomb/PCM module with direct and diffuse
solar radiation. An example is shown in FIG. 7. The small cylindrical containers are filled
with a PCM showing a homogeneous temperature field of 20 °C. At t=0 absorption of direct
and diffuse radiation starts. The incident angle & of direct radiation is 17.8°. Now, the PCM
slowly heats up and the first results show the spatial temperature distribution after 0.8 hours
(a). The further results are always displayed after another 0.8 hours and are shown in the figu-
res b) to f). The parameters of the numerical simulations are listed in Table 1. Furthermore,
one finds in the appendix also the (empirical) formulas for the heat transfer coefficients of
laminar and turbulent flow through the channels of the honeycomb structure, where,
depending on the Reynolds number, the valid relation was chosen.

The solar radiation arrives from the left and encounters the left front surface. Further-
more, some radiation enters the empty channels adjacent to the filled cylinders and this leads
to a further absorption of solar energy at the surface of filled cylinders in the interior of these
channels. Because this absorption is exponentially decreasing downstream, the ring-shaped
corner is the region which absorbs most solar energy and heats up with the largest heating
rate. In the cross section of the cylinder this shows up on the left-hand side in the lower and
higher corner regions. In this example, solar radiation continuously heats the cylinder and,
because there are no losses, and neither convective heat transfer processes, the heating
procedure would go on to an infinitely high temperature.

4.2 Discharging by convective heat transfer

Another mode is the charging and discharging of the storage device by convective heat
transfer. Because charging such modules is usually performed by solar radiation and only dis-
charging occurs by convective heat transfer, here a discharging mode is presented. In FIG. 8
six cross sections of a PCM cylindrical container of 2 cm diameter and 10 cm length are
shown. The PCM is assumed to be in thermal equilibrium with a homogenous initial tempera-
ture of 30 °C (a). After an hour, the PCM enters the mushy transition region, with a mean
melting temperature of 22 °C (b), and after one hour and a half the warm core has become
smaller in the center domain (c). A thicker core region downstream as compared to more up-
stream occurs, because the fluid in the downstream direction obtains heat from the PCM mo-
dule. By this the temperature difference between the border of the PCM and the fluid, with in-
creasing temperature, decreases and, therefore, less heat is transferred. Finally caused by this,
downstream the heat exchange is smaller, leading to less solidification. After two hours, the
PCM has left the transition region and the core becomes more circular (d). It is interesting to
see that in this stage the elliptic figure becomes broader than long (e). After two and a half
hours, with good accuracy, the PCM shows a homogenous temperature field again, but now
with the temperature of the cold fluid, which in this case is 5 °C.



4.3 Charging by light absorption and discharging by convective heat transfer

In this third case charging and discharging, as shown in the last two subsections, are
now occurring simultaneously. One sees that the PCM, after being initially again at 20 °C (see
FIG. 9a), slightly heats up at the left side by solar energy absorption (FIGs. 9b-e). On the
right, where the heat source is less effective, the cooling dominates and the temperature is
lower. After 2.4 hours, the PCM approximately reaches its spatial steady state temperature
distribution, where the absorbed solar radiation and the heat transported away by heat transfer
and fluid convection are in equilibrium (see FIG. 9f).
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Fig. 7. Six states of a cross section of a cylindrical PCM module are shown at t=0 h (a), 0.8 h
(b), 1.6 h (c), 2.4 h (c), 3.2 h (d) and 4 h (f). The initial temperature of this charging mode is
uniformly at 20 °C. Then, the storage element starts to continuously heat up. The abszissa
values are the z-coordinates in meter and the ordinate values the r*-coordinates with a spatial
translation obeying r* = r + 0.01, with the unit also being ‘meter’. Therefore, the axis of the
cylinder is found at r = 0 or r* = 0.01, respectively.



0.02

—

0.015

=————— —

0.01

0.005

30
25
20
15
10
5

O>\“\‘«“

===

0 .
0 0.02 0.04 0.06 0.08 0.1 o
0.02y e : - 0.02 N
f N
//0/ \\ 30
0015 / \ 0.015 "
0.1 0 o 20
15 15
0.005 | A 0.005
\ / 10 10
A . k |
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06

|

Fig. 8. Six states of a cross section of a cylindrical PCM module, shown at t=0 h (a), 1/2 h (b),
1h(c),11/2h(d), 2 h(e)and 2 % h (f). The initial temperature of this discharging mode is
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30 °C and the final one 5 °C. The abszissa values are the z-coordinates in meter and the

ordinate values the r*-coordinates with a spatial translation obeying r* = r + 0.01, with the
unit also being ‘meter’. Therefore, the axis of the cylinder is found at r = 0 or r* = 0.01, re-
spectively.
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Fig. 9. Six states of a cross section of a cylindrical PCM module, shown at t=0 h (a), 0.5 h (b),
1h(c), 1.5h(d), 2 h(e) and 2.5 h (f). The initial temperature of this charging and discharging
mode is 20 °C. The storage element arrives in a steady state after approximately 2.4 hours.
The abszissa values are the z-coordinates in meter and the ordinate values the r*-coordinates
with a spatial translation obeying r* = r + 0.01, with the unit also being ‘meter’. Therefore,
the axis of the cylinder is found at r = 0 or r* = 0.01, respectively.



Table 1. Parameters of the numerical simulations.

Symbol Value Unit
Cpair, Specific heat capacity of air 1000 Jkgt Kt
Cpsolid, SPecific heat capacity of PCM, solid phase 1400 Jkgt K
Cpiiquid, SPecific heat capacity of PCM, liquid phase | 2200 Jkgt Kt
D, diameter of cylinders 0.02 m

D, density of diffuse radiation 200 W m?
Deltat, time step 1 S

I, density of direct radiation 740 W m?
kiiquia,thermal conductivity of PCM, liquid phase 0.54 W mtK?
ksotia, thermal conductivity of PCM, solid phase 1.09 W mtK?
L, length of honeycomb module 0.1 m

m, number of time steps variable -

n, number of increments in r-direction plus one 8 -

0, number of increments in z-direction plus one 15 -

h, melting enthalpy 192°000 Jkg?
r@M coefficient of reflection, direct radiation 0.6 -

r  coefficient of reflection, diffuse radiation 0.6 -

R, radius of cylinder 0.01 m

7, width of mushy region 2 K

Tm, mean melting temperature of PCM 22 °C

To, initial temperature of PCM 20, 30 °C

Tro, initial fluid temperature 5 °C

V, volumetric mass flow per filled cylinder 3.0 m3ht

6, incident angle of solar rays 17.8 °

P9 absorption coefficient, direct radiation 0.003 m

9% absorption coefficient, diffuse radiation 0.003 m

p, density of PCM 1800 kg m
pair, density of air 1,293 kg m3

APPENDIX

The empirical formulas for the heat transfer applied are the following (see Incropera et al.,

2006):

Laminar flow (Re < 2300):

~ 0.0688 (ij RePr
=3.66 +

T q 2/3 "
1+0.04 {(Lj Re PI}

Nu =

(Alla,b)




Turbulent flow (Re = 2300):

Nu = 0.023 Re*/® prl/3. (A/2)

Please note that no calculations for the transition region of the flow were performed. The
calculations in this work were performed with Eq. (A/2) for turbulent flow.

5. CONCLUSIONS

A new translucent honeycomb solar energy collecting and storing module was desig-
ned. In this article this module is described in detail and scientific results of its performance
are presented. It is a successor of translucent solar energy systems, following other inventions,
as e.g. one with transparent insulation and glass blocks filled with a PCM of Manz et al., 1997
or the system of Weinlader et al. 2005, a similar system where glass windows, instead of tran-
sparent insulation, are applied.

In the context of an EU project (see acknowledgements) accurate physical models
have been developed and are now presented in this article.

Our solar radiation recursive absorption model is based on several simplifications. For
example, the varying step sizes of the solar rays into the empty channels between two ab-
sorption processes is replaced by a weight- averaged step distance. Furthermore, because the
main part of the incident rays rotates in the channel, we have assumed that the absorption di-
stribution is azimuthally symmetric, which is only approximately valid. In the end, generaliza-
tions of this method lead to much higher complexity with a small gain of higher precision;
such is left for future investigation.

The absorption model of the transparent insulation part is used as source term in the
CPM of Egolf and Manz, 1994; it describes melting/freezing in the PCM-filled horizontal
channels as a nonlinear diffusion process. Isoline plots of temperature fields of a charging
mode by solar energy absorption, a discharging mode by heat transfer and fluid convection,
and a third case, which is the superposition of the latter two, leading to a steady state solution,
are presented.

The charging by direct and diffuse solar radiation of this facade module makes it to be
an excellent candidate for passive, active and hybrid solar (building facade) systems. It also
could have numerous ideal applications as a component in decentralized air-conditioning sy-
stems, e.g. applying heat recovery apparatuses (Noume, 2010; Egolf et al., 2014, 2015).

We are in discussion involved to test and validate this new solar energy system in a
laboratory with an artificial light source, developed and investigated by Courret et al., 2011
and 2017. The new sulphur light source shows a light spectrum very close to that of the sun
(and human eye sensitivity) and by this favors a controlled testing of outdoor solar energy
equipment in indoor laboratories.



A further step is to figure out different building applications, as it was already partly
performed in the Master thesis of Noume (2010). Then, also these applications should be
numerically optimized and tested in laboratory set-ups.
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NOMENCLATURE
Symbol Unity
Standard
a Absorption coefficient -
A Area m?
c Specific heat capacity Jkgt Kt
d (Equivalent) diameter m
d Averaged (equivalent diameter) m
D Diameter of cylinder m
D Energy flux density of diffuse radiation W m
Deltat Time step S
e Internal energy Jm?3
h Specific enthalpy Jkg?
h Heat transfer coefficient Wm2K!
H Enthalpy J
I Energy flux density of direct radiation W m™
k Thermal conductivity W mt K1
I Distance between two neighboring reflections m
I Averaged distance between neighboring reflections
L Length of module m
Nk Order of polygon (number of kinks) -
Nr Number of rotations -
n Ratio of empty and full chambers -
n Normal vector building facade -
N Number of reflections -




N Averaged number of reflections -

q Volumetric energy Jm?3
g Specific heat flux W m
Q Heat flux W

r Radial coordinate m

r Coefficient of reflection -

R Radius of cylinder m

t time S

V Volume m?
w Velocity ms?
z Downstream coordinate m
Nondimensional

numbers

Bi Biot number -

Nu Nusselt number -

Pr Prandtl number -

Re Reynolds number -

St Stanton number -
Greek

a Diffusion coefficient m? s
7 Symbol for auxiliary quantity -

r Domain -

ar Surface of domain -

6 Angle of direct incident solar rays °

D Density kg m
P Penetration depth in radial direction m

0 Ratio of heat fluxes -

¢ Penetration depth in downstream direction m
Indices

air Alir -

b Bulk -

dif Diffuse -

Dif Diffusion -

dir Direct -

ech Empty chamber -

f Fluid -

fch Filled chamber (PCM containing chamber) -

hex Heat exchange -




in Entering, inlet -
k Index, spatial z-coordinate -
liquid Liquid -
m Melting

out Exit, outlet -
r Radial -
S Surface -
solid solid -
Source Source term

z downstream -
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